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Preface

This text focuses on the application of quantitative analysis to the field of chemical engi-
neering. Modern engineering practice is becoming increasingly more quantitative, as the
use of scientific computing becomes ever more closely integrated into the daily activities
of all engineers. It is no longer the domain of a small community of specialist practitioners.
Whereas in the past, one had to hand-craft a program to solve a particular problem, carefully
husbanding the limited memory and CPU cycles available, now we can very quickly solve far
more complex problems using powerful, widely-available software. This has introduced the
need for research engineers and scientists to become computationally literate — to know the
possibilities that exist for applying computation to their problems, to understand the basic
ideas behind the most important algorithms so as to make wise choices when selecting and
tuning them, and to have the foundational knowledge necessary to navigate independently
through the literature.

This text meets this need, and is written at the level of a first-year graduate student
in chemical engineering, a consequence of its development for use at MIT for the course
10.34, “Numerical methods applied to chemical engineering.” This course was added in
2001 to the graduate core curriculum to provide all first-year Masters and Ph.D. students
with an overview of quantitative methods to augment the existing core courses in transport
phenomena, thermodynamics, and chemical reaction engineering. Care has been taken to
develop any necessary material specific to chemical engineering, so this text will prove
useful to other engineering and scientific fields as well. The reader is assumed to have taken
the traditional undergraduate classes in calculus and differential equations, and to have
some experience in computer programming, although not necessarily in A AB ®

Even a cursory search of the holdings of most university libraries shows there to be a
great number of texts with titles that are variations of “Advanced Engineering Mathematics”
or “Numerical Methods.” So why add yet another?

I find that there are two broad classes of texts in this area. The first focuses on intro-
ducing numerical methods, applied to science and engineering, at the level of a junior
or senior undergraduate elective course. The scope is necessarily limited to rather simple
techniques and applications. The second class is targeted to research-level workers, either
higher graduate-level applied mathematicians or computationally-focused researchers in
science and engineering. These may be either advanced treatments of numerical methods
for mathematicians, or detailed discussions of scientific computing as applied to a specific
subject such as fluid mechanics.
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Neither of these classes of text is appropriate for teaching the fundamentals of scientific
computing to beginning chemical engineering graduate students. Examples should be typ-
ical of those encountered in graduate-level chemical engineering research, and while the
students should gain an understanding of the basis of each method and an appreciation of
its limitations, they do not need exhaustive theory-proof treatments of convergence, error
analysis, etc. It is a challenge for beginning students to identify how their own problems
may be mapped into ones amenable to quantitative analysis; therefore, any appropriate text
should have an extensive library of worked examples, with code available to serve later as
templates. Finally, the text should address the important topics of model development and
parameter estimation. This book has been developed with these needs in mind.

This text first presents a fundamental discussion of linear algebra, to provide the necessary
foundation to read the applied mathematical literature and progress further on one’s own.
Next, a broad array of simulation techniques is presented to solve problems involving
systems of nonlinear algebraic equations, initial value problems of ordinary differential
and differential-algebraic (DAE) systems, optimizations, and boundary value problems of
ordinary and partial differential equations. A treatment of matrix eigenvalue analysis is
included, as it is fundamental to analyzing these simulation techniques.

Next follows a detailed discussion of probability theory, stochastic simulation, statistics,
and parameter estimation. As engineering becomes more focused upon the molecular level,
stochastic simulation techniques gain in importance. Particular attention is paid to Brownian
dynamics, stochastic calculus, and Monte Carlo simulation. Statistics and parameter esti-
mation are addressed from a Bayesian viewpoint, in which Monte Carlo simulation proves a
powerful and general tool for making inferences and testing hypotheses from experimental
data.

In each of these areas, topically relevant examples are given, along with A AB
wwwatw r s c programs that serve the students as templates when later writing
their own code. An accompanying website includes a A AB  tutorial, code listings of
all examples, and a supplemental material section containing further detailed proofs and
optional topics. Of course, while significant effort has gone into testing and validating these
programs, no guarantee is provided and the reader should use them with caution.

The problems are graded by difficulty and length in each chapter. Those of grade A are
simple and can be done easily by hand or with minimal programming. Those of grade B
require more programming but are still rather straightforward extensions or implementations
ofthe ideas discussed in the text. Those of grade C either involve significant thinking beyond
the content presented in the text or programming effort at a level beyond that typical of the
examples and grade B problems.

The subjects covered are broad in scope, leading to the considerable (though hopefully
not excessive) length of this text. The focus is upon providing a fundamental understanding
of the underlying numerical algorithms without necessarily exhaustively treating all of their
details, variations, and complexities of use. Mastery of the material in this text should enable
first-year graduate students to perform original work in applying scientific computation to
their research, and to read the literature to progress independently to the use of more
sophisticated techniques.
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Writing a book is a lengthy task, and one for which I have enjoyed much help and
support. Professor William Green of MIT, with whom I taught this course for one semester,
generously shared his opinions of an early draft. The teaching assistants who have worked
on the course have also been a great source of feedback and help in problem-development,
as have, of course, the students who have wrestled with intermediate drafts and my evolving
approach to teaching the subject. My Ph.D. students Jungmee Kang, Kirill Titievskiy, Erik
Allen, and Brian Stephenson have shown amazing forbearance and patience as the text
became an additional, and sometimes demanding, member of the group. Above all, I must
thank my family, and especially my supportive wife Jen, who have been tracking my progress
and eagerly awaiting the completion of the book.






Linear algebra

This chapter discusses the solution of sets of linear algebraic equations and defines basic
vector/matrix operations. The focus is upon elimination methods such as Gaussian elim-
ination, and the related LU and Cholesky factorizations. Following a discussion of these
methods, the existence and uniqueness of solutions are considered. Example applications
include the modeling of a separation system and the solution of a fluid mechanics boundary
value problem. The latter example introduces the need for sparse-matrix methods and the
computational advantages of banded matrices. Because linear algebraic systems have, under
well-defined conditions, a unique solution, they serve as fundamental building blocks in
more-complex algorithms. Thus, linear systems are treated here at a high level of detail, as
they will be used often throughout the remainder of the text.

Linear systems of algebraic equations

We wish to solve a system of N simultaneous linear algebraic equations for the N unknowns
X1, X2, ..., Xy, that are expressed in the general form

anxy +apxy + - +anxy = by
ax X1 +anxy + -+ awxy = by (1.1)

ayixi +ayyxy + -+ +ayyxy = by

a;; is the constant coefficient (assumed real) that multiplies the unknown x; in equation
i. b; is the constant “right-hand-side” coefficient for equation i, also assumed real. As a
particular example, consider the system

X1+x+x3=4
2x1+ x4+ 3x3 =7 (1.2)
3x;+x +6x3 =2

for which
a11=1 a12=1 a13=1 b1=4
ax| = 2 day = 1 azy = 3 bz =7 (13)
a31=3 a32=1 a33=6 b3=2
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It is common to write linear systems in matrix/vector form as

Ax =5 (1.4)
where
ajy  app  ap ... Ay X by
ay axp a3 ... ay X2 by
A=\ . . . . x=. b= . (1.5)
ayi day2 d4nz ... dNN XN by
Row i of 4 contains the values a;i, a;2, . .., a;y that are the coefficients multiplying each
unknown x, X2, ..., Xy in equation i. Column j contains the coefficients a;;, az;, ..., ay;
that multiply x; in each equation 7 =1, 2, ..., N. Thus, we have the following associations,

coefficients multiplying
rows < equations columns < a specific unknown
in each equation

We often write Ax = b explicitly as

ay  ap ... ay X by
a)  ayp ... amw X2 by
= (1.6)
ayiy d4dN2 ... 4NN XN by
For the example system (1.2),
1 1 1 4
A=12 1 3 b=|7 (1.7)
31 6 2

In MATLAB we solve Ax = b with the single command, x = A\b. For the example (1.2),
we compute the solution with the code

A=[111,213;316];

b=1[4;7;2];

X = A\b,

X=
19.0000
-7.0000
-8.0000

Thus, we are tempted to assume that, as a practical matter, we need to know little
about how to solve a linear system, as someone else has figured it out and provided
us with this handy linear solver. Actually, we shall need to understand the fundamen-
tal properties of linear systems in depth to be able to master methods for solving more
complex problems, such as sets of nonlinear algebraic equations, ordinary and partial
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differential equations, etc. Also, as we shall see, this solver fails for certain common
classes of very large systems of equations, and we need to know enough about linear
algebra to diagnose such situations and to propose other methods that do work in such
instances. This chapter therefore contains not only an explanation of how the MATLAB
solver is implemented, but also a detailed, fundamental discussion of the properties of linear
systems.

Our discussion is intended only to provide a foundation in linear algebra for the practice of
numerical computing, and is continued in Chapter 3 with a discussion of matrix eigenvalue
analysis. For a broader, more detailed, study of linear algebra, consult Strang (2003) or
Golub & van Loan (1996).

Review of scalar, vector, and matrix operations

As we use vector notation in our discussion of linear systems, a basic review of the concepts
of vectors and matrices is necessary.

Scalars, real and complex

Most often in basic mathematics, we work with scalars, i.e., single-valued numbers. These
may be real, such as 3, 1.4, 5/7,3.14159 . . . ., or they may be complex, 1 + 27, 1/2 i, where
i = «/—1. The set of all real scalars is denoted K. The set of all complex scalars we call
C. For a complex number z € C, we write z = a + ib, where a, b € i and

a = Refz} = real part of z
b = Im{z} = imaginary part of z (1.8)
The complex conjugate, z = z*,0f z =a +ib is
z=z"=a—ib (1.9)
Note that the product zz is always real and nonnegative,
Zz = (a —ib)(a +ib) = a®> —iab +iab —i*b* =a* +b* > 0 (1.10)
so that we may define the real-valued, nonnegative modulus of z, |z|, as
Izl = VZz = Va? + b2 > 0 (1.11)
Often, we write complex numbers in polar notation,
z=a+ib=|z|(cos® +isinf) 6 =tan"'(b/a) (1.12)

Using the important Euler formula, a proof of which is found in the supplemental material
found at the website that accompanies this book,

e’ = cos@ +isinb (1.13)
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Figure 1.1 Physical interpretation of a 3-D vector.

we can write z as

z = |z|€" (1.14)
Vector notation and operations
We write a three-dimensional (3-D) vector v (Figure 1.1) as

v=| v (1.15)

v is real if vy, vy, v3 € N; we then say v € R3. We can easily visualize this vector in 3-
D space, defining the three coordinate basis vectors in the 1(x), 2(y), and 3(z) directions
as

1 0 0
=10 =1 Bl=10 (1.16)
0 0 1
to write v € N3 as
v =uviel + vyel?! + vzl (1.17)

We extend this notation to define %Y, the ser of N-dimensional real vectors,

vy
vy
v=| . (1.18)
Uy
where v; € Wifor j =1,2,..., N. By writing v in this manner, we define a column vector;
however, v can also be written as a row vector,
v=[v v2... vpy] (1.19)

The difference between column and row vectors only becomes significant when we start
combining them in equations with matrices.
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We write v € Y as an expansion in coordinate basis vectors as
v=vell +vel?l ...+ yyel] (1.20)

where the components of el/] are Kroenecker deltas § .,

eE./' ]

. 3j1
eg’] 32 1 ifj =k
Ul — — — - 1.21
¢ : Tk { 0, ifj#k (121)
el 8jn
Addition of two real vectors v € RV, w € RV is straightforward,
v wi v +wi
1) w» vy +wy
v+w = |+ . = . (1.22)
UN WnN vy +wy
as is multiplication of a vector v € RY by a real scalar c € R,
V1 CVq
1% CUp
cv=c| . | = . (1.23)
UN CUN
Forall u, v, w € R and all ¢;, c; € N,
u+@W+w)y=m+v)+w clvtu)=cv+cu
ut+v=v+u (c1 +)v=civ+ v (1.24)
v+0=w (c1¢c2)v = ci(crv)
v+(—v)=0 lv=w
where the null vector 0 € RV is
0
0
0= . (1.25)
0

We further add to the list of operations associated with the vectors v, w € RV the dot
(inner, scalar) product,

N
vV-w=vw; + Wy 4 Foywy = Vp Wi (1.26)
k=1
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For example, for the two vectors
1 4
v=|2 w=|5 (1.27)
3 6

v-w =vw +vwr +uswy = (1)(4) + (2)(5) + (3)(6)
—4410+18 =32 (1.28)

For 3-D vectors, the dot product is proportional to the product of the lengths and the cosine
of the angle between the two vectors,

v-w = |v||w]|cos6 (1.29)
where the length of v is

vl =Vv-v>0 (1.30)

Therefore, when two vectors are parallel, the magnitude of their dot product is maximal
and equals the product of their lengths, and when two vectors are perpendicular, their dot
product is zero. These ideas carry completely into N- dimensions. The length of a vector
veRVis

N
vl =vov= |Y v}=0 (1.31)
k=1

If v-w =0, vand w are said to be orthogonal, the extension of the adjective “perpendic-
ular” from 03 to MY If v-w =0 and |v| = |w| = 1, i.e., both vectors are normalized to
unit length, v and w are said to be orthonormal.

The formula for the length |v| of a vector v € RV satisfies the more general properties
of a norm ||v|| of v € Y. A norm ||v|| is a rule that assigns a real scalar, ||v| € R, to each
vector v € NV such that for every v, w € RV, and for every ¢ € ), we have

vl =0 10 =0
lv] =0 if and only if (iff) v=_0
[cvll = lellvll

[v+wl < llvll + [Iw]

(1.32)

Each norm also provides an accompanying metric, a measure of how different two vectors
are

dv,w) = lv—wl| (1.33)

In addition to the length, many other possible definitions of norm exist. The p-norm, ||v|,,
of ve RVis

N 1/p
lvll, = [Z W} (1.34)
k=1
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Table 1.1 p-norm values for the 3-D
vector (1, —2, 3)

p ol

1 6

2 J14=3.742
10 3.005

50 3.00000000009

The length of a vector is thus also the 2-norm. For v = [1 —2 3], the values of the p-norm,
computed from (1.35), are presented in Table 1.1.

loll, = [1117 4+ =217 + 1317177 = [(1)” + )" + (3)"]"” (1.35)

We define the infinity norm as the limit of ||v||, as p — oo, which merely extracts from v
the largest magnitude of any component,

Voo = plirrgo vl = max;eq m{lvl} (1.36)

For v =1 -2 3], ||v|lec = 3.
Like scalars, vectors can be complex. We define the set of complex N-dimensional vectors
as CV, and write each component of v € C" as

v]=a]+1bj a,,bjem lIV—l (137)
The complex conjugate of v € CV, written as © or v", is
ay + lb1 * a; — lbl

a, +ib ay —ib,
o = , - _ (1.38)
ay +iby ay —iby

For complex vectors v, w € CV, to form the dot product v-w, we take the complex
conjugates of the first vector’s components,

vl Wi (1.39)
1

N
v-w =
k=

This ensures that the length of any v € C is always real and nonnegative,
N N N
013 =Y vive =) (@ — ibi)ax +iby) = ) (ai + b7) = 0 (1.40)
=1 k=1 k=1
For v, w € C", the order of the arguments is significant,

v-w=mWw- -v)#w- v (1.41)
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Matrix dimension

For a linear system Ax = b,

al an . aiN X1 bl
any ann . a)N X2 b2

4= . . . x=| . b=| . (1.42)
ayiy dan2 ... 4NN XN bN

to have a unique solution, there must be as many equations as unknowns, and so typically
A will have an equal number N of columns and rows and thus be a square matrix. A matrix
is said to be of dimension M x N if it has M rows and N columns. We now consider some
simple matrix operations.

Multiplication of an M x N matrix A by a scalar ¢

ail apn aiN can capn Ca\n
2531 ajy e aN cdanq cdy) e CcasxnN

cA=c| | . =1 : : (1.43)
ayn Aadyn ... dAyN cdyn  cdyn ... CApyN

Addition of an M x N matrix A with an equal-sized M x N matrix B

ai aiN b]] b]N
any arn b21 sz
+
ayn ... aApmN le bMN
an+bn ... aiv+biw
ay +by ... an+bw
= . (1.44)
ayi +by1 ... aun +buy

Note that 4 + B = B + A and that two matrices can be added only if both the number of
rows and the number of columns are equal for each matrix. Also, ¢(4 + B) = cA + ¢B.

Multiplication of a square N x N matrix A with an N-dimensional
vector v

This operation must be defined as follows if we are to have equivalence between the coef-
ficient and matrix/vector representations of a linear system:

aiy  dp ... 4N vy apvy +apvy + -+ aiNvy

a1 A ... aN vy ar vy +anvy + -+ aNvN
Av = =

ayy anz ... Aany vy ayivy +an2vy + -+ - +ayyuvn

(1.45)
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Av is also an N-dimensional vector, whose jth component is

N
(Av); = ajvy +apvy+ - +ajnvy = Y v (1.46)
k=1

We compute (A4v); by summing a,;v; along rows of 4 and down the vector,

I

[= =ar = =] lﬁ‘

Multiplication of an M x N matrix A with an N-dimensional vector v

From the rule for forming Awv, we see that the number of columns of 4 must equal the
dimension of v; however, we also can define 4v when M £ N,

a  ap ... 4N v apvy +apvy + - +aiNvy
a1 A ... an V2 ar1v; +anvy + -+ aNvN
Av=| . ) ) .=
ayir dyz ... AMN vy ayivi +aynvr + - +aynvy
(1.47)

If v e RV, for an M x Nmatrix 4, Av € K. Consider the following examples:

1 2 3 4 ; 30 ; f ; 1 1‘1‘
4 3 2 1||5|=]2 L s sll2=15 (1.48)
112 13 14] | 130 s e aL3 "

Note also that A(cv) = cAvand A(v+w) = Av+ Aw.

Matrix transposition

We define for an M x N matrix 4 the transpose A" to be the N x M matrix

ay a2 ... 4N ay az ... dm
any ann e arn aln [25%) e aymn

AT = : : : - : : (1.49)

dyn dyn ... AaApynN aiy dadNy ... dANMm
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The transpose operation is essentially a mirror reflection across the principal diagonal

aii, ax, asz, . . .. Consider the following examples:
Ly s 14 1237 1 47
[456]:25 4 5 6| =12 5 8 (1.50)
3 6 7 8 9 36 9

If a matrix is equal to its transpose, 4 = A7, it is said to be symmetric. Then,

a;; = (AT)U. =a; Vi, jefl,2,..., N} (1.51)

Complex-valued matrices

Here we have defined operations for real matrices; however, matrices may also be complex-

valued,
i ... Cin (@i +iby) ... (aiy +ibiy)
€1 ... G (a1 +iby) ... (aay +ibay)
C=| . .= . . (1.52)
Cml ... CMN (am +iby) ... (amn +ibun)

For the moment, we are concerned with the properties of real matrices, as applied to solving
linear systems in which the coefficients are real.

Vectors as matrices

Finally, we note that the matrix operations above can be extended to vectors by considering
avector v € WY tobe an N x 1 matrix if in column form and to be a 1 x N matrix if in
row form. Thus, for v, w € RV, expressing vectors by default as column vectors, we write
the dot product as

wi
v-ow=vw=[v - vy] =vyw;+---+uoywy (1.53)

WnN

The notation v"w for the dot product v - w is used extensively in this text.

Elimination methods for solving linear systems

With these basic definitions in hand, we now begin to consider the solution of the linear
system Ax = b, in which x, b € %" and 4 is an N x N real matrix. We consider here
elimination methods in which we convert the linear system into an equivalent one that is
easier to solve. These methods are straightforward to implement and work generally for
any linear system that has a unique solution; however, they can be quite costly (perhaps
prohibitively so) for large systems. Later, we consider iterative methods that are more
effective for certain classes of large systems.
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Gaussian elimination
We wish to develop an algorithm for solving the set of NV linear equations
anxi +apxy + -+ aivxy = b

ayixiy +anx; + -+ anxy = by

: (1.54)
an1xy +ayyxy + - +ayyxy = by

The basic strategy is to define a sequence of operations that converts the original system
into a simpler, but equivalent, one that may be solved easily.

Elementary row operations

We first note that we can select any two equations, say j and &, and add them to obtain
another one that is equally valid,
(aj1x1 +ajoxa + -+ a;nxy = bj) + (aux1 + apxz + - + apnxy = by)
(aj1 +ak)xr + (a2 + ar)xa + - -+ (ajn + axn)xny = (b; + bi)

(1.55)

If equation j is satisfied, and the equation obtained by summing j and k is satisfied, it
follows that equation & must be satisfied as well. We are thus free to replace in our system
the equation

ap X1 + apxs + -+ agnxy = by (1.56)
with
(a1 + ar)xy + (a2 +ar)xz + - - -+ (ajn + arn)xy = (bj + by) (1.57)

with no effect upon the solution x. Similarly, we can take any equation, say j, multiply it by
a nonzero scalar ¢, to obtain

cajixy +cajx;+---+cajnxy = cb; (1.58)

which we then can substitute for equation j without affecting the solution. In general, in the
linear system

anxy +apxy + - +ayxy = b
ajixy+apxy;+---+a;yxy = bj
(1.59)

arix1 + apxy + -+ avxy = by

an1xy +ayaxy + -+ ayyxy = by
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we can choose any j € [1, N], k € [1, N] and any scalar ¢ # 0 to form the following

equivalent system that has exactly the same solution(s):

ajxy+---+ayxy = by

ajix;+---+a;Nxy =bj

an1xy + - +ayyxy = by

(caji +ap)x) + -+ (cajy + ary)xy = (cb; + by)

(1.60)

This procedure is known as an elementary row operation. The particular one shown here
we denote by k <— ¢ x j + k.
We use matrix-vector notation, 4Ax = b, and write the system (1.59) as

After the row operation k < ¢ X j + k, we have an equivalent system A'x = b’,

arn

aj1

ani

(2731

ani

az

Cljz

(caji +ap) (caj+ ar)

ana

as

[40%)

ana

aiy | [ x
a;N X
agN Xk
aNnN | XN

aiN
Cle

(cajn + arn)

aANN

X1

Xk

XN

by

by

by

by
b;
(cbj + br)

by

(1.61)

(1.62)

As we must change both 4 and b, it is common to perform row operations on the augmented
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matrix (A, b) of dimension N x (N + 1),
[ ar aiv - b }
aji ajN bj
(4.b) = L (1.63)
ar arn b
| ANl avy by i
After the operation k < ¢ X j + k, the augmented matrix is
[ ail aiN b
aji ajN bj
(4,b) = : : : (1.64)
(caji + ax) (cajn + arn) (cbj + by)
B ani aNN by

Gaussian elimination to place Ax = b in upper triangular form

We now build a systematic approach to solving 4x = b based upon a sequence of ele-
mentary row operations, known as Gaussian elimination. First, we start with the original

augmented matrix

ay  ap a3 ... ay b
ay  ayp ap ... ay b
(A,b)=| @1 an a3 ... an b (1.65)

ayiy an2 ans ayy by

Aslongas aj; # 0 (later we consider what to do if a;; = 0), we can define the finite scalar
Ao = azi/an (1.66)

and perform the row operation 2 < 2 — A5 X 1,

—ha(anxy +apnxy + - +aiyxy = by) + (a2 x1 + apxy + - - +anxy = by)

(@21 — Azan)xi + (a — Aara)xs + -+ - + (aoy — Aain)xy = (by — )»21171)(1 6

The coefficient multiplying x; in this new equation is zero:

ax

a — Ayay = az — (a_) ajp =axy —ax =0 (1~68)
11
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We use the notation (4, b)>! for the augmented matrix obtained after placing a zero at
the (2,1) position through the operation 2 <— 2 — iy x 1,

ag ann aiN by
0 (an —Anan) ... (aany —Axaiy) (by—Axnby)
(A’ b)(qu) — asy asn .o asn b3 (169)
ayi an2 . aANnN bN

Again, it is important to note that the linear system 4®Dx = b)) has the same solution(s)
x as the original system Ax = b.
As we develop this method, let us consider the example (1.2),

X1+x+x3=4 1 1 1 4
2x1 +x, +3x3 =7 (4, b)=|2 1 3 7 (1.70)
3x1 +x +6x3 =2 31 6 2
Since a;; # 0,
2
o= 2L (1.71)
anl 1
and the row operation 2 < 2 — A;; x 1 yields
B 1 1 1 4
(A4, 0>V = 2-@M] [1-@M] B-@M] [7-Q@]
L 3 1 6 2
M1 1 1 4
=0 -1 1 -1 (1.72)
13 1 6 2
We now define
ag b =ay; — )Lz]a]j bgz b = by — Ay by (173)
and write (4, b)*V as
[a an  oan ... aw by |
2,1 2,1 2,1 2,1
0 aéz ) a§3 ) L. agN) bg )
(4,0)*Y = | a3y ap  ay ... an  bs (1.74)
L avt  an2  ans ... ayy by |

We continue this process and place zeros in all elements in the first column below the
diagonal, considering next the element in row 3. If a;; # 0,
asy

Ay = L (1.75)
ary

and the row operation 3 <— 3 — A3; x 1 yields the new (3, 1) element

asi

az — Azan = az — <a—) ajp =az —az =0 (1.76)
1
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The augmented matrix after this operation is

ay  ap  az ... ay b
0 %D aZV . G 2D
A5V = 0 a&f" o7 ooaf” b5
Layi an2  anzy ... any by
where
agf b =az; — )\31(11] b§3 b = b3 — A31by
For the example system (1.72),
3
)»31=ai=——3
any 1
and
B 1 1 1 4
(4, b3V = 0 -1 1 —1
L [3-3(D] [1-=3D] [6-3(1)] [2—-3(4)]
1 1 1 4
=0 -1 1 -1
|0 -2 3 -—10

15

(1.77)

(1.78)

(1.79)

(1.80)

In general, for N > 3, we continue this procedure until all elements of the first column are
zero except ap;. The augmented system matrix after this sequence of row operations is

[ann  an a3 ... an
0 ) a0
N,1 3.1 (€Y 3.1
(4, )"V =10 a5 33 e A3y
(N.1) (N,
L 0 ay ays

(N, 1) (N, 1)
ayn by

by 7
bgz, 1
bf’ 1)

(1.81)

We now move to the second column and perform row operations to place zeros everywhere

below the diagonal (2, 2) position. If a%” # 0, we define
3, 2,
Az = a§2 1)/“22 !

and perform the row operation 3 < 3 — A3 X 2, to obtain

[ann an aiz ... ain
21 21 2.1
0 a,, a5y ce oy
3.2 3,2
A, b= 0 0o a3 ... a7
N1 (N V. 1)
L 0 ay, s cev Ay

by ]
b(zz, 1)
b?’ 2)

(N, 1)
pYD |

(1.82)

(1.83)
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W|le[€
3,2 3,1 2,1 3,2 3,1 2,1

For our example (4, 5)V (1.80) we obtain

hap = aly [ = (=2)/(-1) =2 (1.85)
so that
1 1 1 4
(4,552 =10 —1 1 —1
[0 [(=2)=@(=D] [B-@M] [(~10)=@)(=1)]
1 1 1 4
=l0 -1 1 -1 (1.86)
[0 0 1 -8

For N > 3, we perform another N — 3 row operations to place all zeros below the principal
diagonal in the second column, yielding

ayi;  ap a3 ... aiy by ]
en @ ey e
0 a5 ayy ce Gy b
3,2 3,2 3,2
A= 0 0 aF? ... oay? b? (1.87)
(N,2) (N,2) (N,2)
L O 0 Ay S Ay by 7

We then perform a sequence of row operations to place all zeros in the third column below
the (3, 3) position, then in column 4, we put all zeros below (4, 4), etc. When finished, the
augmented matrix is upper triangular, containing only zeros below the principal diagonal

aipy, dz2, ..., ANN:
[fan  an a3 auw ... aw by ]
@n @n @0 @1 @1
0 ay " ay ' ay e Oy by
(3.2 (.2 (3.2) (.2)
W N—1) 0 0 ay as, cee Gy by
(4, b) =1 o 0 0 “.3) 4.3) pAd (1.88)
Q4q cee gy 4
Lo 0 0 0 ... oalyvh o p(h

For our example, the final augmented matrix is

4,0 =10 -1 1 -1 (1.89)
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Solving triangular systems by substitution

The equations defined by 4AYV-¥~Dx = pV-N=1 (1.88) are

ayxi +apx; +apxs + - +ayxy = by

2,1 2,1 2,1 2,1
ay Vs + a5y Vs o+ afy gy = b5

: (1.90)
N—1,N-2 N—1,N-2 N—1,N-2
agvfl,Nq Do+ agvfl,N bey =005
N.N-1 N.N-1
g = B
For (1.89), these equations are
X1 +x2+x3=4
—Xy +x3=—1 (1.91)
X3 = -8
From the last equation, we obtain immediately the last unknown,
xy = bW JgN N (1.92)
For the example, x3 = —8/1 = —8&.
We then work backwards, next solving for xy_i,
N—1,N=2) N—1,N=2 N—1,N—2
AN-1 = [bg\/—l _ag\f—l,N ) N] a§V—1,N—1) (1.93)
then for xy_»,
N—2,N-3) N-2,N-3 N—-2,N-3 (N—=2,N-3)
AN-2 = [bgvfz - agvfz,zvq Yy - agvfz,zv )xN]/aNfz,Nfz (1.94)

until we obtain the values of all unknowns through this procedure of backward substitution.
For our example, we have

X =[(=1) = (=/(=1) = =7

(1.95)
xp=[4-M(7) = (DH=8))/1=19
so that a solution to the example system (1.70) is
X1 19
X3 —8

While we have found a solution, it remains to be established that this is the on/y solution.

Basic algorithm for solving Ax = b by Gaussian elimination

The following algorithm transforms a linear system to upper triangular form by Gaussian
elimination:
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allocate N? memory locations to store 4, and N for b
fori =1,2,..., N — 1; iterate over columns from left to right
ifa;; = 0, STOP to avoid division by zero
forj =i+ 1,i4+2,..., N;iterate over rows below diagonal
A< aji/ai
fork =1i,i 4+ 1,..., N;iterate in row j from column# i to right
Ajk < aji — Ay
endfork=i,i+1,..., N
bj < b; — Ab;
endforj=i+1,i+2,...,N
endfori=1,2,...,N—1

The basic computational unit of this algorithm is the scalar operation
d<—a+bxc (1.97)

that comprises two floating point operations (FLOPs), one a scalar multiplication and
the other a scalar addition. The term “floating point operation” originates from the binary
system for representing real numbers in digital memory that is described in the supplemental
material found at the accompanying website. It is common to describe the computational
effort required by an algorithm in terms of the number of FLOPs that it performs during
execution.

The algorithm for Gaussian elimination contains three nested loops that each run over
all or part of the set of indices {1, 2, . . ., N}. Therefore, the total number of FLOPs is
proportional to N? (the exact number, 2N?/3 is computed in the supplemental material).
If we increase N by a factor of 10, the amount of work required increases by a factor of
103 = 1000. We see here the major problem with Gaussian elimination; it can become very
costly for large systems!

Backward substitution follows the algorithm:

allocate N memory locations for the components of x

fori = N, N —1,..., l;iterate over rows from bottom to top
sum = 0
forj=i+1,i42,..., N;iterate over lower columns

sum <— sum + a;; X X;
endforj=i+1,i+2,...,N
x; < [bi —sum]/a;;
endi=N,N—-1,...,1

As there are only two nested loops, the number of FLOPs scales only as N?2. Therefore, for
large systems, it takes far (N times) longer to transform the system into triangular form by
elimination (2N /3 FLOPs) than it does to solve the triangular system by substitution (N2
FLOPs).
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Gauss—Jordan elimination

In Gaussian elimination, we convert the system Ax = b into an upper triangular form
Ux = c after 2N3/3 FLOPs,

Uy Uiz U3 ... UIN X1 C1
Uy U3 e Uryn X2 ()

Uz ... U3y X3 | = | ¢ (1.98)
UNN XN CN

that we then solve by backward substitution in another N2> FLOPs. Instead of performing
backward substitution, we could continue the row operations to place zeros above the
diagonal, to obtain a diagonal system Dx = f,

di X1 N

dy X2 f2
= (1.99)

dyn XN I

The solution is now computed very easily, x; = f;/d;;. This approach, Gauss—Jordan
elimination, is rarely used in computational practice.

Partial pivoting

Let us consider again the first row operation in Gaussian elimination. We start with the
original augmented matrix of the system,

ayy ap ap ... aiy b
a  ax ap ... ay b

(A, by=| @1 an a3 ... aN b (1.100)
ayi ay2 ayz ... ayy by

and perform the row operation 2 <— 2 4+ A;; x 1 to obtain

an ain . ain b1
(@21 —Anan) (axn —Ana) ... (any —Arnaiy) (b2 — Aaby)
(4, b)(2, D _ asg asy - asy bs
ani an? . aNnN bN
(1.101)

To place a zero at the (2,1) position, we define A, as
At = aat/ay (1.102)

but if a;; = 0, A»; blows up to +00. What do we do then?
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We avoid such divisions by zero through the technique of partial pivoting. Before begin-
ning any row operations, let us examine the first column of 4,

AG ) = | a3 (1.103)

ani

and search all elements in this column to find the row j that contains the element with the
largest magnitude,

la;i| = maxgern, n{lac |} (1.104)

Since the order in which the equations appear is irrelevant, we are perfectly free to exchange
rows 1 and j to form the equivalent system

ajl ajz aj3 ajN bj
ag ap a3 ... an b
4, b= ' : ' b‘ (1.105)
a a2 a3 ... dn 1
| a1 an2 anz ... any by |

As long as any of the elements of the first column of 4 are nonzero, a;; =aj; is
nonzero and the scalar Ap; = ap;/a;; is finite. We may then perform without difficulty
the row operations on (4, b) that place zeros in the first column below the diagonal.
By contrast, if all of the elements of the first column are zero, as they must be if a;; =
aji = 0, there can be no unique solution. We thus stop the elimination procedure at this
point.

In Gaussian elimination with partial pivoting, when moving to column 7, we first examine
all elements in this column at or below the diagonal, and select the row j > i with the largest
magnitude element,

laji| > lai|  Vk=ii+1,....N (1.106)

If j # i, we swap rows j and i, and thus, unless all elements at or below the diagonal
in column i are zero, |a;;| # 0. We then can compute the scalars A;1; . Ay,; without
having to divide by zero. If |a ;| is zero, then all of the elements a; ;, @;41,;,..., ay,; must be
Zero.

To see what happens in this case, consider the following system, obtained after placing
zeros successfully below the diagonal in the first three columns. When preparing to eliminate
the values in the fourth column, we find that all values at or below the diagonal are already
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zero,
(a1 an an ay ... ay by 7
@n an @0 @n e
0 ay  ay a4 s ayy by
3.2 (3.2 3.2 3.2
0 0 asy as, S a3y by
4,3 4,3
4, )Md =1 0 0 0 0 afm ) bi ) (1.107)
0 0 0 0 .. oaf” Y
L0 0 0 I W A O

Thus, we can write the fourth column as a linear combination of the first three columns, for

some ¢y, ¢, C3,
ajs =ciaj +cajp +cajs Vi=1,2,...,N (1.108)
so that any equation ; in this system can be written as

ajix1 +ajxy +ajx; +(craj +caj +c3az)xs + - +ajyxy =b;
a;ji(xy +cixg) + ajp(xs + cxq) + aj3(x3 +c3x4) + - +ajyxy =b;  (1.109)

This means that we can make any change to x of the form

X] = X] —C1Axy Xy = Xy — o AXy (1.110)
X3 — X3 — C3Ax4 X4 — X4 + Axy
without changing the value of Ax. Obviously, there can be no unique solution of Ax = b,
and we thus stop the elimination procedure at this point.

If a unique solution exists, Gaussian elimination with partial pivoting will find it, even
if there are zeros along the principal diagonal of the original augmented matrix. It is called
partial pivoting because we only swap rows; if we swap columns as well (which necessi-
tates more complex book-keeping, but results in better propagation of round-off error), we
perform Gaussian elimination with full pivoting.

The algorithm for Gaussian elimination with partial pivoting is

fori =1, 2,..., N — 1;iterate over columns
select rowj > i such that |a;;| = max;>i{lail, |aiz1,il, ..., lan1]}
if a;; = 0, no unique solution exists, STOP
if j # i, interchange rows i and j of augmented matrix

forj=i+1,i+2,..., N;iterate over rows j > i
A < aji/ai
fork=1i,i+1,..., N;iterate over elements in row j from left

Ajp < ajp — A
endfork=i,i+1,...,N
by < b; — Ab;

endforj=i+1,i+2,...,N
endfori =1,2,..., N—1
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Backward substitution proceeds in the same manner as before. Even if rows must be
swapped for each column, the computational overhead of partial pivoting is relatively
small.

To demonstrate Gaussian elimination with partial pivoting, consider the system of equa-
tions (1.70) with the augmented matrix

111 4
A4, b)y=2 1 3 7 (1.111)
31 6 2

First, we examine the first column to see that the element of largest magnitude is in row 3.
We thus swap rows 1 and 3,

1
1
1

(4, b) =

—_ N W
—_— W N

2
7 (1.112)
4

Note that we swap the rows even though a;; # 0. As is shown in the supplemen-
tal material in the accompanying website, we do this to improve the numerical sta-
bility with respect to round-off error. We next do a row operation to zero the (2, 1)
element.

Ao = ax/an =2/3 (1.113)
-3 1 6 2
4. p*" =12-(5)3] [1-(5)1] B-G) [7-()2]
L 1 1 1 4
31 6 2
=0 } -1 52 (1.114)
11 1 4

We then perform another row operation to zero the (3, 1) element.

A =al " /at =173 (1.115)
3 1 6 2
(4. B> = 0 3 —1 53
L[1=-(G)3] [1=-G) 1] [1=-G)e] [4-(3)2]
(31 6 2
{0t -1 52 (1.116)
[0 3 -1 3%

‘We now move to the second column, and note that the element of largest magnitude appears
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in the third row. We thus swap rows 2 and 3,

31 6 2

A, B>V =]0 3 -1 33 (1.117)
1 2
01 -1 52

and perform a row operation to zero the (3, 2) element.

1 2 1
Az = (g) /(g) =3 (1.118)

3 1 6 2
(4, 5% =10 : -1 33
0 [3-3(3)] [-1-3D] [53-(3)(33)]
3 1 6 2
=0 2 -1 3% (1.119)
00 —5 4

We now have an upper triangular system to solve by backward substitution,

3x;1 +x+6x3 =2

2xy—x3 =31 (1.120)
—%x3 =4
First, x3 = —8 from the last equation. Then, from the second equation,
x=[31+x]/(3)=-7 (1.121)
Finally, from the first equation,
X1 =2 —-6x3—x2)/3=19 (1.122)

The solution to (1.70) is thus (x1, x3, x3) = (19, =7, —8).

Existence and uniqueness of solutions

With Gaussian elimination and partial pivoting, we have a method for solving linear systems
that either finds a solution or fails under conditions in which no unique solution exists. In
this section, we consider at more depth the question of when a linear system possesses a real
solution (existence) and if so, whether there is exactly one (uniqueness). These questions are
vitally important, for linear algebra is the basis upon which we build algorithms for solving
nonlinear equations, ordinary and partial differential equations, and many other tasks.

Interpreting Ax = b as a linear transformation

As afirst step, we consider the equation Ax = b from a somewhat more abstract viewpoint.
We note that 4 is an N x N real matrix and x and b are both N-dimensional real vectors.
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A

Figure 1.2 Interpretation of a real N x N matrix 4 as a linear transformation from the domain RY
into the codomain RV .

We have introduced the notation )" for the set of all real N-dimensional vectors. The term
set merely refers to a collection of objects; however, %" possesses many other properties,
including

closure under addition

ifve fVand w € RV, then the vector v + w is also in ?RN;
closure under multiplication by a real scalar
ifve R and ¢ € N, then cv € RY.

Also, for any u, v, w € RV, any ¢, c; € R, anull vector 0 € RV, and for every v € RY
defining an additive inverse, —v € %", we have the identities

u+w+w)y=@m+v)+w ci(v+u)=civ+cu

ut+v=v+u (c1 +)v=cv+ v
v+0=w (c1c2)v = c1(crv)

v+(—v)=0 lv=w

(1.123)

As these properties hold for Y, we say that )" not only constitutes a set, but that it is also
a vector space.

Using the concept of the vector space R, we now interpret the N x N real matrix 4
in a new fashion. We note that for any v € ", the matrix-vector product with 4 is also in
MY, Av € RY. This product is formed by the rule

a  ai2 ... 4 V] anvy +apvy + - +ayvy
a  ap ... @y V2 a1 vy +anvy + - - - +axNvy
Av = =

ayy an2 ... A4nN UN anivr +anzv2 + - +ayyvn

(1.124)
Thus, A maps any vector v € R" into another vector Av e RV,
Also, since for any v, w € RV, ¢ € N, we have the linearity properties

Av+w) = Av+ Aw A(cv) =cAv (1.125)

we say that 4 is a linear transformation mapping R” into itself, 4 : WY — R, The action
of 4 upon vectors v, w € RY is sketched in Figure 1.2. From this interpretation of 4 as
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Figure 1.3 Interpreting matrix multiplication C = A B as sequence of linear transformations.

a linear transformation, we can understand better the existence and uniqueness properties
of Ax = b. We see that a solution exists if there is some vector x € R that is mapped
into b € RY by 4, and that this solution is unique if there exists no other y # x that is also
mapped into b by 4.

Multiplication of matrices

Before continuing with our discussion of existence and uniqueness, let us see how the inter-
pretation of a matrix as a linear transformation immediately dictates a rule for multiplying
two matrices. Let us say that we have an M x P real matrix 4 that maps every v € R’
into some Av € RY. In addition, we also have some P x N real matrix B that maps every
w e RV into some Bw € M. We therefore make the association v = Bw and define a
composite mapping from RV into WY, C, such that for w € RV, we obtain Cw € RM by
first multiplying w by B and then by 4 (Figure 1.3). That is,

v= Bw Cw = Av= A(Bw) = (AB)w (1.126)
This defines the M x N matrix C, obtained by matrix multiplication,
C=4B (1.127)

To construct C, we compute for w € RY the vector Bw e R’

N
bu b ... by wi > bijw;
b21 b22 N bz}v Wi =1
Bw = ] = : (1.128)
. . N
bp1 bp2 pr WnN 2:1 bijj
j=

We next apply 4 to Bw € R,

N P N
ajy  app ... app 21 bijw; Yo aw Y biyw;
Jj= = =
ay  axn ... ap ) k=t =l
: : : N P N
dyn dyp ... AaAyp Z bP]‘Wj p laMk _X:lbkjw./
j=1 = J=

(1.129)
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Comparing this to the product of an M x N matrix C and w € R" yields

- N
C11 12 ... CIN wi chjwi
o1 c» ... C)N wo Jj=1
Cw=1| . ) . ) = :
: : : : N
CyMiWi
CM1 CM2 we.. CMN WN j; MjWj
- N /P
2o\ 2 awby|w;
=1 \k=1
= : (1.130)
N /P
2\ 2 ambiy | w;
L j=1 \k=1

We therefore have the following rule for matrix multiplication to form the M x N matrix
product C = AB of an M x P matrix A and a P x N matrix B:

P
cij =Y aiby (1.131)
k=1

To obtain c;;, we sum the products of the elements of 4 in row i with those of B in column
J. The matrix product 4B is defined only if the number of columns of 4 equals the number
of rows of B.

We also note that, in general, matrix multiplication is not commutative,

AB # BA (1.132)

From this rule for matrix multiplication, we obtain the following relation for the transpose
of a product of two equal-sized square matrices,

(AB)' = BT AT (1.133)

Vector spaces and basis sets

We must discuss one more topic before considering the existence and uniqueness of solutions
to linear systems: the use of basis sets. The set of vectors {b“], A . b[P]} in WY is said
to be linearly independent if there exists no set of real scalars { ¢y, ¢a, . . ., ¢p } except that
of all zeros, ¢; =0, 7 =1,2,..., P,such that

e 4 b ot cpplP) = 0 (1.134)

In other words, if a set is linearly independent, no member of the set can be expressed as
a linear combination of the others. For vectors in iV, a set {b“], b2 .. P ]} can be
linearly independent only if P < N.

If P = N, we say that the set of N linearly independent vectors {b“], b2 .. IV ]}
forms a basis set for " . Then any vector v € RY may be expressed as a linear combination

v=c b+ b .. enb™ o en (1.135)

A common question is



Existence and uniqueness of solutions 27

Given v € %Y and a linearly independent basis {b!), b2, .. ., IV} what is the set of scalar coeffi-
cients {c, ¢2, ..., cy } that represent v as the basis set expansion v = b+ b o ey bIV1?

To answer this question, we note that we obtain a set of N linear equations by forming the
dot products of v with each b*],

cr (B B 4 ey (B - B21) 4 - ey (11T BIVY) = (b11] . o)
cr (- b1 4 ¢ (B - BN) 4 4 oy (b2 - BV = (512 v)

: (1.136)
cl(b[N] -b[l]) + cz(b[N] ~b[2]) +--+ cN(b[N] -b[N]) = (b[N] - v)
In matrix-vector form, this system is written as
(b[l] .b[ll) (b[l] .b[2]) (b[l] .b[N]) al (b[ll ~'v)
(B2 pU) (b1 B2 (2. pN) || 2 | | (6. ) 1137
(V) . b1 (b1V) . b2y . (b :b[’\’]) cN (b[Ni - v)

To compute the scalar coefficients in this manner, we must solve a system of N linear equa-
tions, requiring ~N3 FLOPs. However, if we were to use a basis set {w!, w2 wN}
that is orthogonal, i.e., the dot product between any two unlike members is zero,

_ _ . W2 =
wll bl = |wll|*s,; = Wil i= (1.138)
0, i#j
the coefficients are obtained far more easily,
(2 wlll .y
[t - €1 ( ) (W) - v)
[t €2 (Wi v) ¢j ="
= . |w[.i]|
5 : : j=1,2,...,N
wh3)| cn (WM . v)
(1.139)
For this reason, the use of orthogonal basis sets, and of orthonormal basis sets
{uM, w1 . ul™} that in addition have all |#[¥]| = 1, is common. For an orthonormal
basis, we have simply
ci=ulv  w=>" (u. v)ul (1.140)

j=1
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Figure 1.4 Gram—Schmidt method makes vectors orthogonal through projection operations.

Gram-Schmidt orthogonalization

We describe here a simple method for forming an orthogonal basis set {w!!],
w2 wVIY for RV from one, {b!'], b1, ..., BV}, that is merely linearly indepen-
dent. As a first step, we simply assign w!!l to be

Wil — plll (1.141)
Next, we write w!?l as a linear combination of 5! and w!l,
w2 =P p w5 en (1.142)

and enforce that w!l be orthogonal to w!l through our choice of s,;,

wlll. p2]
wllhowll =0 =wll. pl 4 5 (W wl) gy = ————— (1.143)
ot
so that
17, pl2
w2l —p2 _ [ WO b2 wiil (1.144)
wit]

Essentially, we “project out” the component of b[?! in the direction of w!!'l, as shown in
Figure 1.4.
We next write

Wil = BB 1 gyl 4 syl (1.145)

and choose 531 and s3, such that wB . wlll = Bl .21 — 0, to obtain

[1]1 . pl3] [2] . pl3]
wtl. b w'l. b
wBl=pBl — | ——— |l — | ——— |yl (1.146)
|w[1]| |w[2]|
This process may be continued to fill out the orthogonal basis set {w[”, NIE R— ]},

where

Jj=1

Ul pta ]
Wik = pt 3" [”’ } wli] (1.147)

|wm|2
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From this orthogonal basis set {wl, wl? . . wNM} an orthonormal one {al!l,
w?, .., u™1} may be formed by
ul/l = w[j]/ |w[j]| (1.148)
or we can normalize the vectors as we generate them,
(k] [£] S 1. plkl,, U] [£] wid
_ _ il j _ _
wit =p ;[u bM]u W= k=1,2,...,N (1.149)

While this method is straightforward, for very large N, the propagation of round-off errors is
aproblem. We discuss in Chapter 3 the use of eigenvalue analysis to generate an orthonormal
basis set with better error properties.

Subspaces and the span of a set of vectors

Let us say that we have some set of vectors {b[!1, B!, ... BIP1} in MY with P < N. We
then define the span of {11, b2, .. BIF1} as the set of all vectors v € RV that can be
written as a linear combination of members of the set,

span{pl", B, . B} = {v e Vv =c1p + b + - 4 cpblT} (1.150)

We see that span {bl'], b?1 ... bIP1) possesses the properties of closure under addition,
closure under multiplication by a real scalar, and all of the other properties (1.123) required
to define a vector space. We thus say that span{b'l, b1, ... b1} is a subspace of RV,

Let S be some subspace in RY. The dimension of S is P, dim(S) = P, if there exists
some spanning set {b!"), p1), . bLP1} that is linearly independent. If dim(S) = P, then
any spanning set of S with more than P members must be dependent. Since any linearly
independent spanning set of %" must contain N vectors, dim()MY) = N.

The null space and the existence/uniqueness of solutions

We are now in a position to consider the existence and uniqueness properties of the linear
system Ax = b, where x,b € ®R" and 4 is an N x N real matrix. Viewing 4 as a linear
transformation, the problem of solving 4x = b may be envisioned as finding some x € RY
that is mapped by 4 into a specific b € RY. We now ask the following questions:

For particular 4 and b, when does there exist some x € RY such that Ax = b? (existence
of solutions)

For particular 4 and b, if a solution x € R" exists, when is it the only solution? (uniqueness
of solution)

The answers to these questions depend upon the nature of the null space, or kernel, of
A, K4, that is defined as the subspace of all vectors w € " that are mapped by 4 into the
null vector, 0 (Figure 1.5). We know that the null space must contain at least the null vector
itself, as for any 4,

A0 =0 (1.151)
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A

Figure 1.5 The null space (kernel) of A4, K 4.

Figure 1.6 Venn diagram of linear transformation by 4 from domain )" into codomain %" showing
the kernel and the range subspaces.

If the null space contains only the null vector, K4 is said to be empty. As we now show, if
this is the case, then 4x = b must have a unique solution x € R for any possible b € RY.
However, if the null space contains any other non zero vectors (i.e., Aw = 0 with w £ 0),
there is no unique solution. Then, depending upon the particular b € R, there may be
either no solution at all or an infinite number of them.

Theorem Uniqueness of solution for Ax = b Let x € " be a solution to the linear
system Ax = b, where b € WY and A is an N x N real matrix. If the null space (kernel)
of A contains only the null vector, K 4 = 0, this solution is unique.

Proof Let y € %" be some vector, not necessarily x, that satisfies the system of equations,
Ay = b. We then define v = y — x, so that

Ay = Ax+v)=Ax+ Av=>b+ Av (1.152)

If Ay = b, then v e K4, as Av = 0. If the null space is empty, K4 = 0, we must have
v = 0 and the solution x is unique. QED

Now that we have a theorem for uniqueness, let us consider existence. To do so, we define
the range of A, R, as the subspace of all vectors y € WY for which there exists some
v € RNY such that 4v = y. Formally, we write

Ri={y e V| Fve ", dv=y} (1.153)
Figure 1.6 shows the relationship between the range and the kernel of 4.

Theorem Existence of solutions for Ax = b Let A be a real N x N matrix with a null
space (kernel) K4 and range R4, and let b € RV . Then,
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(1) the dimensions of K4 and R satisfy the dimension theorem,
dim(K 4) + dim(R4) = N (1.154)

(IT) If K4 contains only the null vector 0, dim(K 4) = 0, and so dim(R 4) = N. The range
therefore completely fills WY so that every b € Y is in the range, b € R 4, and for any
b € RN, the system Ax = b has a solution.

Proof (I) Let us define an orthonormal basis {['1, &1, ... wlP) otP+1 4V} for N
such that the first P members of the basis span the kernel of 4,

K,y= span{u[l],u[z],...,u[P]} (1.155)

Since the kernel is a subspace and thus satisfies all of the properties of a vector space, we
can always form such a basis. Therefore, we can write any w € K 4 as

w=cul" + cou + .. 4 cpul? (1.156)
and
dim(K,) =P (1.157)

We now write any arbitrary vector v € Rt" as an expansion in this orthonormal basis with
the scalar coefficients v; = v - ul/],

v=vuM 4+ 4 vpult? 4 vp WP 4y (1.158)
We now operate on this vector by A4,

Av = [leu[l] 4+ 4 vau[P]] + [vaAu[PH] +- 4 vNAu[N]]

1.159
Av = A[vlu[” —|—-~-+vpu[P]] + [vp+1Au[P“]+~-~+UNAu[N]] ( )
As vyt + - +vpul?l € K4, this equation becomes
Av=vp AulP 4 pyy AutY] (1.160)
Since the range of A is the set of Av for all v € RY, we see that any vector in the range can
be written as a linear combination of the N — P basis vectors {Aut"*1, ... Au™1} and
so dim(Ry) = N — P. Thus, dim(K 4) + dim(R,) = N.
(IT) follows directly from (I). OED

What happens to the existence and uniqueness of solutionsto Ax = b if K4 is not empty?
Let us say that dim(K 4) = P > 0, and that we form the orthonormal basis for 4 as in the
proof above, such that we can write any w € K 4 as

w=cu + cu + .. 4 cpul?] (1.161)
We now consider the arbitrary vector v € RV, written as

v=vM 4+ 4 vpul? 4 vp WP 4y (1.162)
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and use a similar expansion for our specific b € RY in Ax = b,
b=buw" + . 4 bpul® 4 bp WP 4 by ™ (1.163)
We now write Av = b to consider when a solution v = x exists,

Aot + -+ vput™] + Afvp ™ 4 oy at]
=buM + .+ bput? 4 bp P 4 by (1.164)

Noting that vl + .- + vpul?l € K4, we have

Alvpat™ 4 oyt

=b" . bpu 4+ bp WP 4 ™ (1.165)

The vector Av on the left-hand side must be in R 4, and thus must have no nonzero component
in Ky;ie., Alvppaul® 4+ ... 4+ oyut™].w =0 for any w € K 4. If any of the coeffi-
cients by, ..., bp on the right-hand side are nonzero, the two sides of the equation cannot
agree. Therefore, a solution to Ax = b exists if for every w € K4, b - w = 0. However, if
the null space is not empty, this solution cannot be unique, because for any w € K4, we
also have

Ax+w)=Ax+Aw =b+0=b (1.166)

A system Ax = b whose matrix has a nonempty kernel either has no solution, or an infinite
number of them.

We have now identified when the linear system Ax = b will have exactly one solution,
no solution, or an infinite number of solutions; however, these conditions are rather abstract.
Later, in our discussion of eigenvalue analysis, we see how to implement these conditions
for specific matrices 4 and vectors b.

Here, we have introduced some rather abstract concepts (vector spaces, linear trans-
formations) to analyze the properties of linear algebraic systems. For a fuller theoretical
treatment of these concepts, and their extension to include systems of differential equations,
consult Naylor & Sell (1982).

The determinant

In the previous section we have found that the null space of 4 is very important in determining
whether Ax = b has a unique solution. For a single equation, ax = b, it is easy to find
whether the null space is empty. If a # 0, the equation has a unique solution x = b/a. If
a = 0, there is no solution if » # 0 and an infinite number if 5 = 0.

We would like to determine similarly whether Ax = b has a unique solution for N > 1.
We thus define the determinant of A as

det(4) = |A] = {”’éo’ ifK, =0 (1.167)

0, ifdwe Ky,w#0
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If det(A4) # 0;i.e.,if A isnonsingular, then Ax = bhasaunique solution forall b € RH".
Otherwise, if det(4) = 0; i.e., if 4 is singular, then no unique solution to 4Ax = b exists
(either there are no solutions or an infinite number of them).

A fuller discussion of matrix determinants is provided in the supplemental material in
the accompanying website, but here we summarize the main results. The determinant of a
matrix is computed from its matrix elements by the formula

N N N
det(A) =D "3 ") ety @i 1@ iy N (1.168)
i=li=1  iy=I
a;, i 1s the element of 4 in row i, column k and &;, ;,, . ;, takes the values

0, if any two of {i, i», ..., iy} are equal
Eirigin = 3 1, if (i1, 72, ..., iy) is an even permuation of (1, 2, ..., N) (1.169)
—1, if(iy,i2,...,iy)is an odd permuation of (1,2, ..., N)

By an even or odd permutation of (1, 2, . . ., N) we mean the following: if no two of
{i1,i2,...,in} are equal, then we can rearrange the ordered set (iy, iz, ...,iy) into the
ordered set (1,2, ..., N) by some sequence of exchanges. Consider the set (i1, i3, ...,iy) =

(3, 2, 4, 1) which we can reorder into (1, 2, 3, 4) by any of the following sequences, where
at each step we underline the two members that are exchanged,

(.2,41)—>G21L49->GL24~> (1324~ (1,234
(3.2,4,1) —> (1,2,4,3) > (1,2,3,4)
3.2,41)—>%231)->243D~ (1,432~ (1,423)

— (1,4,3,2) > (1,2,3,4)

Some sequences reorder (3, 2, 4, 1) to (1, 2, 3, 4) in fewer steps than others, but for (3, 2, 4,
1), any possible sequence of simple exchanges that yield (1, 2, 3, 4) must comprise an even
number of steps; (3, 2, 4, 1) is therefore an even permutation. Similarly, because (3, 2, 1, 4)
can be reordered by the three exchanges

(37 gs

=

4= (3.1.2,4) - (1,3,2,4) - (1,2,3.4)

it is an odd permutation. The even or odd nature of a permutation is called its parity.

We can determine whether an ordered set (iy,ip,...,iy) has even or odd parity
by the following procedure: for each m =1,2,..., N, let «,, be the number of inte-
gers in the set {iy+1,imt2,...,in} that are smaller than i,,. We sum these «,, to
obtain

N
v="> ay (1.170)
m=1

Ifv=0,2,4,6,...,(,0,...,iy)iseven. If v=1,3,5,7,..., itis odd.
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Expansion by minors

From (1.168), it may be shown that det(4) may be written as an expansion in minors along
any row j or column j as

N N
det(A)= > auCu=Y ayCy  Cyu=(1)"My (1.171)
k=1 k=1

M;; (the minor of aj;) is the determinant of the (N — 1) x (N — 1) matrix obtained by
deleting row j and column k of 4. The quantity Cj; is the cofactor of ajy.

The determinant of 2 x 2 and 3 x 3 matrices

Expansion of minors can be useful when computing the determinant of a matrix, as the
minors are determinants of smaller matrices that are easier to compute. For example, the
determinant of a 3 x 3 matrix can be written as

a a a a a a
det(4) = an, 22 23 — a1 21 23 T 21 22 (1.172)
asy as] asy  asp
As the determinant of a 2 x 2 matrix is
a  an
det(4) = a = €12d11a2 + £21a12021 = A11A2) — dA12d2] (1.173)
1

expansion by minors provides an easy means to compute the determinants of small matrices.
A general numerical approach is discussed below.

General properties of the determinant function

We now consider some general properties of the determinant. The proofs for some are given
in the supplemental material in the accompanying website.

Property 1

The determinant of an N x N real matrix A4 equals that of its transpose, 4.

Property 11

If every element in a row (column) of 4 is zero, det(4) = 0.

Property 111

If every element in a row (column) of a matrix 4 is multiplied by a scalar ¢ to form a matrix
B, then det(B) = ¢ x det(A).
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Property IV

If two rows (columns) of 4 are swapped to form B, det(B) = —det(A4).

Property V

If two rows (columns) of A are the same, then det(4) = 0.

Property VI

If we decompose a™, the row of a matrix 4, as

a™ = p™ + d™ (1.174)
to form the matrices
v — ah — a®
A= — a(-m) — B=|— b(;") — D=|— d(.m) —
—a™m —am _am
(1.175)
then
det(A4) = det(B) + det(D) (1.176)

Property VII

If a matrix B is obtained from A4 by adding ¢ times one row (column) of 4 to another row
(column) of 4, then det(B) = det(A4). That is, elementary row operations do not change the
value of the determinant.

Property VIII
det(4B) = det(4) x det(B) (1.177)

Property IX

If 4 is upper triangular or lower triangular, det(4) equals the product of the elements on the
principal diagonal, det(4) = a;; X axn X -+ X ayy-

Computing the determinant value

Properties VI-IX give us the fastest method to compute the determinant. Note that the gen-
eral formula for det(4) is a sum of N! nonzero terms, each requiring N scalar multiplications,
and is therefore very costly to evaluate. Since Gaussian elimination merely consists of a
sequence of elementary row operations that by property VII do not change the determinant
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<~

A1
Figure 1.7 Defining A" as the inverse transformation of 4.

value and some row exchanges (partial pivots), that by property IV only change the sign of
the determinant, we obtain, after ~N3 FLOPs an upper triangular system U such that

det(A) = duyy Xup X -+ Xu (1.178)

NN

Note that it takes nearly as long to obtain the value of the determinant (within a sign
change) as it does to solve the system. Therefore, when faced with a new system, we
attempt to solve it using Gaussian elimination without first checking that the determinant is
nonzero.

Matrix inversion

Let us consider an N x N real matrix 4 with det(4) # 0 so that for every b € %", there
exists exactly one vector x € WY such that Ax = b. We have interpreted 4 as a linear
transformation because it maps every v € R into a vector Av € RY, and the properties
of linearity hold:

Av+w) = Av+ Aw A(cv) = cAv (1.179)

Similarly, we define the inverse transformation, 4~!, such thatif Ax = b, then x = A~ 'b.
This mapping assigns a unique x to every b as long as det(A4) # 0. The relationship between
Aand A~ is shown in Figure 1.7. The matrix A~! that accomplishes this inverse transfor-
mation is called the inverse of A.

If 4 is singular, det(4) = 0, dim(K,) > 0 and by the dimension theorem, the range of
A cannot fill completely SRV It is therefore possible to find some r € RY that is not in the
range of A, such that there exist no z € %" for which Az = r (Figure 1.8). If det(4) =0
it is therefore impossible to define an inverse 4~! that assigns to every v € R" a vector
A~ 'v € RY such that A(A~'v) = v. If det(4) = 0, A~" does not exist (is not defined).

We now have a definition of A~! as a linear transformation, but given a particular matrix
A that is nonsingular, how do we compute 4~'? The (j, k) element of 4~ may be written
in terms of the cofactor of a;; as Cramer’s rule

C;
det(A)

(A Y= (1.180)

Numerical use of this equation is not very practical.
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A! ntdeined r re g4

Figure 1.8 Defining 4~ is impossible when det(A) = 0.
We obtain a more efficient method of computing 4! by first noting that if 4~ exists,
then for every v € WY, A(A4~'v) = v. We next define the identity matrix, 7, for which
Iv=v VYveRV (1.181)

By the rule of matrix multiplication, / must take the form

[ = 1 (1.182)
1
Since A(A™'v) = v = A7!(Av), the inverse matrix 4~! must be related to 4 by
A" A=44""=1 (1.183)

We compute 4~ using the rule for matrix multiplication

AB=A4| bV p® . pM | =| 4pV  4p® ... 4bN) (1.184)
| | | | | |
Writing A~! and 7 in terms of their column vectors, AA4~" = I becomes
| | | | | |
Alab a® ... @™ | =1 4aV A4a® ... Aa™
| | | L | |
[ | I
=|ell e .. M (1.185)
L | | I

The column vectors of 4~! are obtained by solving the N linear systems
Aa® =" p=1,2,....N (1.186)

At first glance, it would appear that obtaining 4~' requires a factor N more effort than
solving a single linear system Ax = b; however, this overlooks the very important fact
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that every linear system A@* = el to be solved has the same matrix 4. Therefore, dur-
ing Gaussian elimination, the sequence of row operations and pivoting is the same for
each system. It would be very helpful if we could do this elimination only once, and
store all of the details of how Gaussian elimination is performed for 4, so that for sub-
sequent solution of any system Ax = b, we need only perform the backward substitution
step for the new b. Then, the work of computing the inverse scales only as N3 rather
than N*.

Matrix factorization

We have seen that the column vectors of 4~! may be computed one-by-one by solving the
N linear systems

Aa® = (k] k=1,2,...,N (1.187)

More generally, let us say that we wish to solve some set of M linear systems that have
the same matrix 4 but different vectors b1, b1 ... bIM! In this section, we show that
it is possible in this case to do the work of Gaussian elimination only once, and to factor
A into a product of two triangular matrices. Thus, each system with a new vector bl can
be solved with two successive substitutions. As these substitutions require only N> FLOPs
each, a much smaller number than the 2N3/3 FLOPs required for Gaussian elimination,
this factorization can save much effort.

LU decomposition

Let us say that we want to solve M linear systems that have the same matrix,
AxF =p® k=12, M (1.188)

Let us assume that it is possible to decompose 4 into the product of a lower triangular matrix
L and an upper triangular matrix U, 4 = LU. Then,

AxlEl = [ U = pli] (1.189)

We obtain x*! quickly by solving in succession two triangular problems, the first by forward
substitution and the second by backward substitution,

Lkl — plhl
UxtF = ¢4 (1.190)

We now show that with some additional book-keeping, Gaussian elimination without par-
tial pivoting returns just such an LU factorization, 4 = LU. We now perform Gaussian
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elimination on matrix 4 alone, without augmenting it with b,
aiy  dp a aiN
a  ax axp anN
A= | @1 a3y a3 an (1.191)
anNi1  dn2  an3 ANN
We perform the row operation 2 <— 2 — Ay x 1 with Ay; = ap1/a;; to obtain
ari an asz ... 4N
2,1 (2,1 2,1
0 ay ' ayy' ... ayy
2,1
A( D= asy asn ass asn (1192)
| an1  ady2 ANz ... 4NN |

We know from our choice of Ap; = a;;/ay that aézl‘l) = 0; therefore, we are free to use this

location in memory to store something else. Let us take the advantage of this free location
to store the value of A1,

ayn  ap ap an
2,1 2,1 2,1
A2l Gy Ay S Gyy
21y
APV =1 a3y an  ax asn (1.193)
ayi  any  aws ann

Next, we perform the row operation 3 <— 3 — A3; x 1 with A3, = a3;/a;;, and use the
location freed by the fact that ah

51 = 0 to store A3,
[ ai ap as ay |
2.1 2,1 2,1
A2l agz ) a§3 : aéN)
3.1 3.1 3.1 3.1
ACD = | a5 agz ) a§3 b agN) (1.194)
Lan1 day2  ans any |

After completing Gaussian elimination, storing after each row operation k <k — Ay; x j
the value of A, in the position freed by a;; = 0, we have in memory

[an  an  as  au ... ay |
@n @D @ @.1)
A ayp Gy Ay ... 4y
(3.2 (3.2 (3.2)
A A a a o a
A(N,N*l) — 31 32 33 3:3 3:]3 (1195)
)\.41 )\.42 )\.43 afm’ ) . afw )
N.N—1
| AN1 ANz ANz Ang aﬁvN )_
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We now extract from this matrix the lower and upper triangular matrices

1 ap a4 ... an
2,1 2,1 2,1
A2l 1 aéz ) a§3 L aéN )
= | A1 A 1 - 3.2 3.2)
L . . U as;y, S ayy
ANt Anz Anz ... ] L N-D)
L avy
(1.196)
We demonstrate that 4 = LU by forming the product
1 [an  an  as ... ay ]
2,1 2,1 2,1
M1 1 a;z ) a§3 ). a;N )
3,2 3,2
LU= |1 A 1 a? P (1.197)
)‘-Nl )\NZ )‘-N3 e 1 a(N,Nfl)
L NN

For the elements in the first row of LU, matrix multiplication yields

(LU)1; = (I)(a1;) = ay; (1.198)
Next, in the second row, we have
(LUYy; = (ha1)a)) + a5y (1.199)
But, since in Gaussian elimination, a%l) =ay; — A1 X ayj,

(LU)y; = (A2 )ai)) + [az; — A2y X a1;] = aa; (1.200)

We can continue this process to find that each row of LU equals the corresponding row of
A,and thus 4 = LU.
As an example, consider the system (1.2),

1 1 17x 4
21 3||m|=]|7 (1.201)
31 6| x 2

Gaussian elimination (without partial pivoting) for this system was demonstrated earlier,
and from (1.70)—(1.89) we obtain the factorization

1 11 1
L=1]21 U= -1 1 (1.202)
32 1 1

Multiplying these two matrices shows that indeed they satisfy 4 = LU.

We have seen that to make Gaussian elimination robust, we must include partial pivoting
so that all A;; are finite. When the factorization is performed using Gaussian elimination
with partial pivoting, the book-keeping is a bit more complex, but the result is similar. We
obtain lower and upper triangular matrices L and U, and a permutation matrix P, such that

PA=LU (1.203)
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A permutation matrix is a matrix that can be obtained from the identity matrix by performing
some sequence of row or column interchanges. Since det(/) = 1, det(P) = £1.For P4 =
LU, P records the cumulative effect of the pivot operations conducted during Gaussian
elimination. An example of a permutation matrix is

1 00 1 00 v vy
P=[0 0 1 Po=|0 0 1||wv|=]|nuv (1.204)
01 0 01 0 U3 1%

To solve Ax™ = bl we premultiply the system by P and substitute for P 4,

P AxM = pplH]
LUxM = ppl¥ (1.205)
Lelkl — pplil Uxld = ¢l

In MATLAB, LU factorization is invoked through the command lu. The following code
computes the LU factorization for the example of (1.70),

A=[111;213;316];

[L, U, P] = lu(A),

L=
1.0000 0 0
0.3333 1.0000 0
0.6667 0.5000 1.0000

U=
3.0000 1.0000 6.0000
0 0.6667 -1.0000
0 0 -0.5000

P=
0 0 1
1.0 0
01 0

Thus, we have

1 3 1 6 0 0 1
L =10.3333 1 U= 0.6667 —1 P=|1 0 0
0.6667 0.500 1 —0.5 01 0

(1.206)

The following code uses this LU decomposition to solve (1.70),

b=1[4;7;2];

x = U\ (L\(P* b)),

X =
19.0000
-7.0000
-8.0000
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For further discussion of LU factorization with pivoting, consult Quateroni et al.
(2000).

Cholesky decomposition

Since the transpose of a lower triangular matrix L is an upper triangular matrix, we might
wonder if it is possible for some matrix 4, that in the LU decomposition, we canset U = LT
to obtain

A=LL"T (1.207)

First, by taking the transpose of this equation, we see that any 4 that can be written in this
manner must be symmetric, 4 = AT,

AT =LY =LLT=4 (1.208)
Also, for A to be nonsingular, L and L™ must be nonsingular, so that for any v € ", v # 0,
(LT 'v) : (LT v) >0 (1.209)

From
v Av = vT(LLT)v = (LT'U)T(LT 'v) = (LT 'v) . (LT v) (1.210)

we see that a matrix 4 could be written as 4 = L LT only if it were symmetric and positive-
definite; 1.e.,

vAv>0 VYoeRrV, v#£0 (1.211)

While only a subset of all matrices are symmetric, positive-definite, they in fact form
an important subset, especially in numerical optimization. Thus 4 = LLT, known as a
Cholesky decomposition, is used frequently.

The special structure of a positive-definite matrix allows us to perform Cholesky factor-
ization more quickly than LU decomposition. We start by writing 4 = LL7T explicitly,

ay  ay  az ... ayi [ L1
ay ap axp ... am Ly Ly
as; ax Az ... a4y = | Lsi L3z Lss
ayy ay» anyz ... Aayn LLnt Lya Ly ... Lyn

Ly Lay L3y ... L

L22 L32 oo LN2
x Ly ... Lis (1.212)
L Lyy

From the (1, 1) element we obtain

ayy =Ly x Ly Ly = (a1)"? (1.213)
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From the (1, 2) element,

app = Ly X Ly Ly =ap/Ln (1.214)
Similarly, we compute the first column of L forj =3,4,..., N,
le :alj/L“ (1215)

Next, we move to the second column, and from the (2, 2) element obtain
ay = LyLyi + LopLo Ly = (azz - L§1)1/2
and for j =3,4,..., N,
arj = Ly Lj1+ Lnljp Lj=(azj — LyLj1)/Lxn (1.217)

Continuing this process for columns 3, 4, etc. yields the algorithm:

(1.216)

fori =1,2,..., N;iterate over each column of L
i1 172
L < |:a,-i — Z Lfk:|
k=1
for j =i+ 1,i+2,..., N;iterate over elements below the diagonal

1 i—1
Lji <~ L_” |:a,~j—k2_1: L,-ijk:|
end j=i+1,i+2,...,N
endi=1,2,..., N

As there are only two nested loops, the FLOPs required scale only as N2.

In MATLAB, Cholesky decomposition is invoked by chol; however, this function returns
not a lower-triangular matrix L with 4 = L LT but an upper-triangular matrix R = LT with
A = RTR. For the positive-definite matrix

2 1 1
A=|1 4 2 (1.218)
1 2 6

the Cholesky factorization 4 = RTR is performed by the code,

A=[211;142;126];

R = chol(A),

R=
1.4142 0.7071 0.7071
0 1.8708 0.8018
0 0 2.2039

We see that 4 = RTR by

R™ R,

ans =
2.0000 1.0000 1.0000
1.0000 4.0000 2.0000
1.0000 2.0000 6.0000



44

1 Linear algebra

We use this Cholesky decomposition to solve quickly the system

2 1 17 [x 7
1 4 2||xl|=]15 (1.219)
12 6][x 23

through the command

x=R\(R'\b),
=
1.0000
2.0000
3.0000

Matrix norm and rank

We now introduce two important definitions for matrices. We describe how “large” a vector
v e RNV is through the use of a norm ||v||. For any particular choice of a vector norm ||v]|,
we can generate a corresponding matrix norm
4l
141 = maXv;éoW = maxy|=1| 4| (1.220)
that measures how “large” the matrix is.
The determinant, det(4) remains the proper measure of singularity. However, we might
want some more information on just how singular a particular matrix 4 is if det(4) = 0.
The rank of a matrix 4 is the number of the linearly independent rows (or columns) of the
matrix. Therefore, a nonsingular N x N matrix must be of rank », and is said to be of
full rank. The rank also may be defined as the dimension of the range of 4. Matrix rank is
discussed later in Chapter 3 within the context of singular value decomposition (SVD).

Submatrices and matrix partitions

The matrix operations that we have defined previously also extend to matrices that are
block-partitioned into submatrices. For example, consider the 4 x 4 matrices

1 2 3 4 8 7 6 5
21 3 4 78 6 5

=13 2 1 4 B=16 7 38 s (1.221)
4 2 3 1 5 7 6 8

We define from A4 the submatrices

1 2 3 4 3 2 1 4
A11=[2 1} A12=[3 4} A21=[4 2} 1‘122=|:3 1} (1.222)
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to write 4 in block-partitioned form as

f1o2 03 47 [[Uo2] [3 4
2 1 3 4
I g - - B :[A” A‘z} (1.223)
3 2 1 4 3 2 1 4 A21 A22
4 2 3 1] 4 2 31
Similarly,
T8 7 6 57 [[8 7] [6 5]
7 8 6 5
g=|7 86 3|_ i - i =[B“ B”] (1.224)
6 7 8 5 6 7 8 5 By Bx»
L5 7 6 8] 57 6 8
where
8 7 6 5 6 7 8 5
B [7 8} By [6 5} By [5 7} 2 |:6 8:| (1.225)

A + B can be obtained by summing the corresponding submatrices,

A AIZ] |:311 312:| [(A11+311) (A12+BIZ)]
A+ B = + = 1.226
|:A21 A By By (A21 + Ba1) (A2 + Bx) ( )

More surprisingly, the rules for matrix multiplication and transposition also can be applied
to block-partitioned matrices, if the matrices are conformally partitioned; i.e., sized such
that all necessary products of submatrices are defined. Thus,

4B — |:A11 AIZ] |:Bn Blz] _ |:(A11311 + A12B21) (A B +A12322):|

Ay Axn | [ Ba Bn (421811 + A2 B31) (A2 Bz + A2 B2))
(1.227)
T Ay An ! Al 47
Al = = 1.228
|:A21 A22:| |:A1Tz Aszi| ( )

Example. Modeling a separation system

We consider a simple mass balance problem to demonstrate the use of MATLAB to solve a
system of linear equations. For the separation system of Figure 1.9, we know the inlet mass
flow rate (in kilograms per hour) and the mass fractions of each species in the inlet (stream
1) and each outlet (streams 2, 4, and 5). We wish to compute the mass flow rates of each
outlet stream.

Here we use the notation that ‘F is the mass flow rate of stream 7, and iw_,- is the mass
fraction of species j in stream # i. We define the unknowns

xi = x,=9%F  x3=°F (1.229)

and set up balances for
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Figure 1.9 Process diagram for separation system.

1. the total mass flow rate
F+*F +°F="F
2. the mass flow rate of species 1
Cw)CFE) + Cw)CF) + Cw)CF) = ("wi) ('F)
3. the mass flow rate of species 2

Cw2)CF) + (tw2)(PF) + Cwa) CF) = ('wa) ('F)

This yields the set of three algebraic equations

X1 +x+x3=10
(0.04)x; + (0.54)x3 + (0.26)x3 = 2
(0.93)x1 + (0.24)x, + (0.0)x3 = 6

Gaussian elimination yields

x; = 5.8238 Xy = 2.4330 x3 = 1.7433

(1.230)

(1.231)

(1.232)

(1.233)

(1.234)

sep_system_example.m performs this calculation. For further discussion of the formula-
tion of material and energy balances, and algorithms for their solution, consult Reklaitis

(1983).

Sparse and banded matrices

In the example above, the mathematical formulation of the problem was indeed a linear
system, and we could apply Gaussian elimination directly. Most mathematical problems,
however, are not expressed naturally as linear systems. Still, the availability for linear sys-
tems of rigorous existence and uniqueness conditions and an automated solution procedure
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Figure 1.10 Pressure-driven flow between two infinite, parallel, flat plates.

makes them ideal building blocks upon which to construct algorithms for more complex
problems.

Here, we solve a boundary value problem from fluid mechanics numerically by converting
it into a linear algebraic system. As this example makes clear, it is sometimes possible to
reduce greatly the computational burden of elimination when the matrix is banded,; i.e., all
nonzero elements are found near the principal diagonal.

Example. Solving a boundary value problem from fluid mechanics

Consider the case of a Newtonian fluid undergoing laminar, pressure-driven flow between
two parallel, infinite flat plates separated by a distance B (Figure 1.10). The bottom plate is
stationary and the top plate moves ata constant velocity V. Fora constant dynamic pressure
gradient, AP/Ax, P = p — g - r, we wish to calculate the resulting velocity profile.

If we assume a velocity profile of the form

u(r, t) = ve(y)ey (1.235)

the equation of continuity for an incompressible fluid, V - v = 0, is satisfied automatically
and the Navier—Stokes equation of motion

bv_ 0 + Vo= —VP + uVv? 1.236
Py = Pa v P Vo= uVav (1.236)
reduces to
AP d? v,
0=_ (21 4 U 1.237
<Ax)+udy2 ( )

A brief discussion of these equations is provided in the supplemental material in the accom-
panying website. For a more detailed treatment, see Bird et al. (2002) and Deen (1998).
We wish to solve this differential equation subject to the no-slip boundary conditions

v =0=0 v (y=B)=", (1.238)

This is a classic problem from fluid mechanics that is solved easily by integrating the
differential equation twice and using the boundary conditions to obtain the constants of
integration. The resulting solution is

y 1 (AP
v =V () + 5, (E) " = yB) (1.239)
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Figure 1.11 Placement of grid points for finite difference computation.

We now employ a numerical method to “solve” this problem by converting it into a set of
algebraic equations. For this particular example, there is little actual need to do so since an
analytical solution is available; however, the technique that we develop here can be used to
obtain numerical approximations to the solution even when no analytical solution exists.

For this example, we use the conceptually-simple method of finite differences that is
based on the following definition of the derivative of f(x):

af lim f(x + Ax)— f(x — Ax)

dx — Ax—0 2Ax
= jim JEFAD @) _ o, SE /G- AD) (1.240)
Ax—0 Ax Ax—0 Ax

In the limit as Ax — 0, all three formulas agree if the derivative indeed exists. In the
method of finite differences, we use finite, but “small,” values of Ax in one of (1.240) to
approximate the derivative by an algebraic form. We study this method in further detail
in Chapter 6; however, for now we merely note that the first approximation formula given
above, the central-difference approximation, is the most accurate.

Our differential equation in this example involves the second derivative of the velocity;
therefore, we need to construct an algebraic approximation to this higher-order derivative.
We place a grid of N points along the computational domain y € [0, B] (Figure 1.11) at the
locations

B

C= j(A Ay = —— i=1,2,...,N 1.241
yi = Jj(Ay) =N J ( )

At grid point j, we use a central-difference formula to approximate the local value of the

second derivative of the VCIOCity,
(d Ux ) (d Ux )
Y yj+(Ay)/2 Y i —(Ap)/2

A 1.242
& (1242)

d* v,
dy?

Yi

Here, the values of the first derivatives are evaluated at the mid-points between the grid
locations. We then use yet other central-difference formulas for these mid-point values,

<dvx) ~ (Vi) — () (dvx) ~ (1) — v (¥j-1)
dy

HA2 Ay dy J1y, a2 Ay
(1.243)
to obtain the approximation of the second derivative at y;
d? Ux ~ vx(yj+1)_2vx(y_/)+vx(yj—l) (1244)
dy* |, (Ay)?




Sparse and banded matrices 49

In general, this approximation is not exact, and we must reduce the value of Ay by increasing
N until the magnitude of the approximation error is below some acceptable value. For this
particular problem, as the true solution is a quadratic function, we are lucky and this algebraic
approximation is exact.

To “solve” a boundary value problem using the method of finite differences, we formulate
a set of N algebraic equations for the set of N unknowns {v, (1), v¢()2), - .., vx(yn)}. For
each grid point, we obtain an algebraic equation by requiring the differential equation to be

satisfied locally
AP d* v,
0=-— +u—

~ o (1.245)

Vi

If we insert the central-difference approximation for the second derivative, the algebraic
equation for grid point is

AP i) = 20:(v) + v (v
0=—(22) + v,(yj+l) v (YJ)"_U (YJ 1) (1.246)
Ax (Ay)?
We write this in a more compact form by defining the column vector
v vx (V1)
V2 vx(12)
v=| . | = . (1.247)
Un vr(Vv)
so that the algebraic equation for grid point j becomes
(Ay)? (AP
Vjt1 —ZUj'f‘Ujfl = 1 A_x (1248)
It is standard practice to make the diagonal elements positive,
(Ay)? (AP
—Vj41 +2Uj — V-1 = — 1 E (1249)
If we assemble these equations in matrix form, we obtain the system
2 —1 1T U] ] i G + v ]
-1 2 -1 ) G
-1 2 -1 U3 G
. = . (1.250)
—1 2 —1 UN-1 G
L —1 2 1L w | L G+ vyi |

where

G=_ & (AP> (1.251)
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and
vo = V(¥ =0) vy+1 = U (y = B) (1.252)

To enforce the no-slip boundary conditions, we merely set in the right-hand side vector of
(1.250)

vo =20 UN41 = Vup (1253)

By this technique, we have converted the original differential equation into a set of algebraic
equations for the values of the velocity at each grid point.

The matrix in (1.250) has a special structure: the only nonzero elements are located along
the main diagonal and on the diagonals immediately above and below. Such a matrix is said
to be tridiagonal. This special structure allows us to solve this system in a fraction of the
time required by brute-force Gaussian elimination.

Remember that the number of FLOPs required to perform Gaussian elimination for a
system of N equations is 2N?/3. If we want, in general, to obtain an accurate solution of a
differential equation, we may need to use a grid of 100 or more points, so that the number
of FLOPs required is on the order of one million. In addition to CPU time, the memory
required to store the matrix is significant. A matrix for a system with N unknowns contains
N? elements, each requiring its own location in memory. As N increases, these numbers
become much larger. The number of FLOPs required to perform full Gaussian elimination
on a system of 1000 unknowns is on the order of one billion, and storing the matrix requires
one million locations in memory.

Because here nearly all of the matrix elements are zero, much of the effort of brute-
force Gaussian elimination is a waste of time. As the matrix is tridiagonal, we only need
to perform one row operation per column to zero the element immediately below the diag-
onal. Also, since each row only contains three non zero values, the number of FLOPs
required for each row operation is a small number, not on the order of N as is the case
generally. Thus, we can remove two of the nested for loops of the Gaussian elimina-
tion algorithm so that the total number of FLOPs scales only linearly with N. This is a
very important point, as this trick of taking advantage of the tridiagonal structure makes
feasible the numerical solution of this system even when the number of grid points is
large.

Banded and sparse matrices

More generally, a matrix is said to be sparse if most of its elements are zero. A sparse
matrix can be stored in memory efficiently by recording only the positions and values of
its nonzero elements. Let us say that we have an N x N matrix 4 with at most only three
non-zero elements per row. While the total number of elements is N2, at most only 3N
are non-zero, and the matrix is sparse for large N. If N,, < N? is the number of nonzero
elements in 4, or at least an upper bound to the number of nonzero elements, we can store
all the information that we need about 4 in two integer vectors of length N, (for the row
and column positions of the nonzero elements) and a single real vector of length N, for
their values. For example, the matrix
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2 -1
-1 2 -1
A= 1 2 1 (1.254)
-1 2
can be stored as
17 17 M2 7] ap =2
1 2 —1 a12=—l
2 1 —1 asy =—-1
2 2 2 02222
. _ 2 . _ 3 _ —1 Cl23=—l
Trow = 3 Jeol = ) a= 1 < 4 = —1 (1.255)
3 3 2 a33=2
3 4 —1 a34=—1
4 3 —1 a43=—1
_4_ _4_ L 2 n a44:2

Obviously, this format requires much less memory for sparse matrices than does allocating
a separate location to store a real value for each element, whether it is zero or not.

Even though it is possible to store a sparse matrix efficiently, can we efficiently solve a
system by Gaussian elimination using this notation? We can if the matrix is banded; i.e., if
the nonzero values are clustered in the vicinity of the principal diagonal.

Definition A matrix A4 is said to be banded with bandwidth m if all nonzero elements
are located along diagonals removed at most by m positions from the principal diagonal.
The following matrices demonstrate this terminology, where asterisks denote the allowed
locations of nonzero elements and the principal diagonal is denoted by Ds,

- D « % -
* D * *
* * D * *
* * D * *
* * D * *
* * D * *
* * D * *

* * D * *
* * D *
* * D

bandwidth =2
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r D * * * -1
* D * * *
* * D * * *
* * * D * * *
* * * D * * *
* * * D * * *
* * * D * * *
* * * D * *
* * * D *
* * k D
bandwidth = 3
— D * * * * 1
* D * * * *
* * D * * * *
* * * D * * * *
* * * * D * * * *
* * * * D * * * *
* * * * D * * *
* * * * D * *
* * * * D *
* * * * D

bandwidth = 4

Gaussian elimination for tightly banded matrices is particularly efficient, because for each
row there are at most m elements below the principal diagonal that must be eliminated.
Likewise, for each row operation, one need perform only about m + 1 eliminations. There-
fore, the number of FLOPs required to perform Gaussian elimination on an N x N matrix
of bandwidth m scales only as m>N. For m « N, m>N « N*, and taking advantage of the
banded nature of 4 speeds up the calculation significantly. In particular, for (1.250), taking
advantage of the tridiagonal nature of 4 means that the computational effort scales linearly
with N, rather than as N2 with full Gaussian elimination.

Treatment of sparse, banded matrices in MATLAB

MATLAB is structured to employ sparse-matrix notation very easily, often with no further
complication to the user beyond initially declaring the matrix to be sparse. The command

A = spalloc (M,N,Nnz);

allocates space in memory to store an M x N matrix in sparse format, for which an upper
bound on the number of nonzero elements is Nnz. This matrix is initialized to contain all
zeros; however, the nonzero elements are declared similarly to the full matrix format. For
example, the following code sets the matrix for the 1-D flow system,
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Figure 1.12 Spy plot of tridiagonal matrix (N = 25) showing location of nonzero elements.

A = spalloc (N,N,3*N);
A(1,1) =2; A(1,2)=-1;

for k = 2:(N-1)
A(k,k-1) = -1; A(k,k) = 2; A(k,k+1) = -1;
end

A(N,N-1) =-1; A(N,N) = 2;

The locations of the nonzero elements in a sparse matrix are shown using the command
spy. The spy plot for the matrix produced by the code above is shown in Figure 1.12.

A listing of MATLAB functions for manipulating sparse matrices is returned by the
command sparfun. With these sparse functions, the matrix above can be generated more
efficiently by the code,

A = spalloc(N,N,3* N);
v = ones(N,1);
A = spdiags([-v 2*v -v],- 1:1, N,N);

The MATLAB elimination solver “\,” also known as the mldivide function, can handle
matrices stored in sparse-matrix format. If the matrix is banded, the bandwidth is determined
and the elimination algorithm modified accordingly. If the matrix is not banded, the solver
attempts to reduce the bandwidth as much as possible by applying a heuristic algorithm that
interchanges rows and columns.

Let us solve the problem Ax = b, where A has been declared as above and b is a vector
containing all ones. Then, we obtain x quickly, taking advantage of the sparse, banded
structure of 4, by typing the code

b = ones(N,1);
x = A\b;
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x1

x1

Figure 1.13 Velocity profile for 1-D laminar flow with a moving upper plate.

Solving the 1-D fluid flow problem in MATLAB

simple_flow_1D.m solves the 1-D flow example above where the fluid is water (p =
10°kg/m?, u = 1073Pas), the upper plate is stationary, and the separation between plates
is I mm. The dynamic pressure gradient is selected to give a Reynolds’ number near 1. The
computed velocity profile is shown in Figure 1.13.

Fill-in (why Gaussian elimination is sometimes impractical)

It is important to note that many sparse systems cannot be placed in a banded form, and
elimination remains costly. For such systems, the iterative techniques discussed later in our
discussion of boundary value problems are preferred. Even if a matrix is banded; however,
elimination may be too costly due to fill-in.
The flow example (1.237) and (1.238) was of the form of a 1-D boundary value problem,
d*¢

T S e =9  @(B)=gs (1.256)

Each row of the linear system resulting from finite differences on a uniform grid of spacing
Ay has only three nonzero elements

Apj—1 = ﬁ k= ﬁ Ak k1 = P br = f(yr) (1.257)
As is shown in Chapter 6, for the analogous problem on a 2-D domain,
—V2<ﬂ=—82—¢—32—(p=.f(x,y) 0<x=<L O0=<y=<H
ax2 9y
BCl ¢(0,y)=0 0<y<H
BC2 ¢(L.y)=0 O0=<y=H (1258)

BC3 ¢(x,00=0 0=<x<L
BC4 ¢(x,H)=0 0<x<L
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Figure 1.14 Sparsity patterns of 4 and its LU factors, P4 = LU, showing fill-in.

the method of finite differences on a uniform grid of Ny x N, points, with the labeling
scheme

P(xis i) = ¢n n=00—-1)xN,+j (1.259)
yields a linear system A¢ = b of the form

An,an,,(pany + An,nfl(pnfl + Ann(pn + An,n+1¢n+l + An,nJrNy(pnwLNy =D,

—1
Annf ,=Ann il EANEY)

—1
An,n—l = An,n-H = [m} (1260)

2
Ay = [m‘f‘m} by = f(xi,y;)

The nonzero elements in this system are located now on five diagonals: the principal diag-
onal, the diagonals immediately above and below the principal, and the two diagonals
offset by N, diagonals from the principal. The sparsity pattern of this matrix for a grid of
15 x 15 points is shown in the upper left of Figure 1.14. While 4 is banded, the banded
region itself is quite sparse, containing mostly zeros except on five diagonals. The LU
factors from P A = LU are shown in the upper right and lower left of Figure 1.14.

Even though A contains only 901 nonzero elements (two-fifths of which are below
the diagonal), U contains 3272 nonzero elements. Partially, this is due to the fact that
if 4 has a bandwidth m, U generally has a bandwidth of 2m + 1; however, we also see
that the banded region of U is significantly more dense than that of A. That is, Gaussian
elimination fills-in zero positions of the original matrix with nonzero values. For the rela-
tively small system here, the increased memory and CPU-time demands due to fill-in are
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manageable; however, in many problems, elimination cannot be applied because of severe
fill-in.

Boundary value problems in three dimensions, for example, cannot be solved with Gaus-
sian elimination due to fill-in. For a boundary value problem involving a single field on a
regular grid in d dimensions with N grid points in each direction, the following scaling laws
hold for the number of nonzero elements before and after fill-in from elimination:

total number of grid points = N“
matrix dimension = N? x N9
total number of elements in 4 = (N?)* = N*
number of nonzero elements per row = 1 4 2d
total number of nonzero elements in A = N9(1 + 2d) (1.261)
fraction of 4 elements that are nonzero x N ~¢
bandwidth of 4 = N~V
bandwidth of U following elimination = 2N@~1 4 1
number of nonzero elements in U if band is dense = NY 2N~V 4+ 1] o« N

As the dimension increases, the fill-in problem becomes more acute, and we may not have
enough memory to store even the contents of A. For these reasons, in our later discussion
of boundary value problems (Chapter 6), we consider iterative methods for solving linear
systems that are not susceptible to fill-in and that do not require us even to store in memory
the components of 4.

MATLAB summary

The primary tool to solve systems of linear algebraic equations is Gaussian elimination. In
MATLAB, this calculation is performed using the “backslash” operator “\.” The following
code demonstrates its use:

A=[1-22;31-4;3-21];
b=[7;-3; 8],
x =A\b,

A matrix can be stored either in full format, allocating a memory location for each element,
as above, or in sparse format. To allocate memory for a sparse M x N matrix containing no
more than NZ nonzero elements, use

A = spalloc(M, N, N2);
The matrix then may be treated essentially as one stored in full format,

N = 100;
A = spalloc(N, N, 3*N);
fork = 1:N
A(k,k) = 2;
if(k > 1)
Alkk-1)=-1
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end
if(k < N)
A(k,k+1) =-1;
end
end
b = ones(N,1);
x =A\b;

Such sparse systems may be generated more efficiently through use of specialty functions
such as spdiags. A list of sparse matrix function is generated by the command sparfun.

Gaussian elimination is used to form the decomposition P4 = LU, where L is lower
triangular, U is upper triangular, and P is a permutation matrix, by

[L, U, P] = lu(A);

When 4 is positive-definite, the decomposition 4 = R R, with R upper triangular, is
performed by Cholesky factorization,

R = chol(A);

The determinant of a matrix is computed, through LU factorization, by
det_A = det(A);

A list of functions available for matrix manipulation is returned by

matfun

Problems

1.A.1. Solve the following linear system by hand, using Gaussian elimination with partial
pivoting, followed by backward substitution.

—2x1 +3x, +x3 = —6
—x1 4+ 3x +3x3 = -8 (1.262)
2x1 —x2+x3=2

1.A.2. For the matrix of the system in problem 1.A.1, compute by hand the LU decomposition
(you do not need to use pivoting).

1.A.3. Consider the problem of fitting a polynomial to the values of f{x) at points xy < x| <
Xy < --- < xy. We wish to find the coefficients of a polynomial

px)=ao+arx + ax* + - +ayx" (1.263)

such that p(x;) = f(xp)forall £k =0,1,..., N.Using the “\” linear solver, write a routine
that accomplishes this task, of the form

a = calc_poly_coeff(x,f);

x, f, and a are vectors of xj, f(x;), and a; respectively.
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1.A.4. Using Gram—Schmidt orthogonalization, write a routine that takes as input a vector
v e WY and returns an N x N matrix V,

| |
V=|v o8 ... oV (1.264)

such that {v, v/, ..., v} forms an orthonormal basis for it".

1.B.1. Compare the number of FLOPs necessary to solve a system of N linear algebraic
equations by Gaussian and Gauss—Jordan elimination. Which one requires less work?

1.B.2. You are studying the kinetics of an enzyme-catalyzed reaction converting a substrate
S to a product P. The reaction occurs through a two-stage mechanism of reversible substrate
S binding to enzyme E to form a complex ES, followed by irreversible conversion to the
product P,

E+S < ES—E+P (1.265)

The rate of conversion of substrate to product is

r = ky[ES] (1.2606)
A mole balance on ES,
d
E[ES] = ky[E][S] — k_1[ES] — k> [ES] (1.267)
yields, under a quasi-steady state assumption (QSSA), d[ES]/dt = 0,
ki[E][S]
ES]= ——— 1.268
[ES] U+ k) (1.268)

If [E]o is the total concentration of enzyme, bound and unbound, added to the system,
[E] = [E]o — [ES], yielding

[E]o[S] ko1 +k
ES]= ——— Kypy=——— 1.269
[ ] Km + [S] kl ( )
Thus, the reaction rate follows Michaelis—Menten kinetics,
k[E][S
p = F2lELIS] (1.270)

K +[S]

[E]p is the original enzyme concentration added to start the reaction in units of grams of E
per liter. For 7 in units of grams of S converted per liter per minute, the units of [S] and K,
are grams of S per liter, and the units of &, are grams of S converted per minute per gram of
E. You have conducted a series of experiments to measure the rate of substrate conversion
at various substrate and enzyme concentrations, and have obtained the data in Table 1.2.
The rate law can be written in the form

[El, 1| Kyl

A (1.271)
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Table 1.2 Rate data for grams of S converted
per liter per minute

[Slgs/l  [E]p=0.005gs/l [E]o=0.01 gg/1

1.0 0.055 0.108
2.0 0.099 0.196
5.0 0.193 0.383
7.5 0.244 0.488
10.0 0.280 0.560
15.0 0.333 0.665
20.0 0.365 0.733
30.0 0.407 0.815

to obtain the linear model
[E]y 1 1 Km
=by+b = — =— by=— b =— 1.272
y=botbix y==7 x=0g =g b= ( )
Let us number each experiment in the table as £ = 1,2, ..., N and let values of x and y for
experiment k be x!¥ and yI#! respectively. Then, using the laws of matrix multiplication, we

can write

1 ol il
[2] [2]
xp=|" " [ZO}: T =y (1.273)
. : 1 :
1 V] JIN]

By multiplying each side by XT we obtain a system of equations for the coefficients b, b;
that fit the linear model to the data,

X"Xb=X"y (1.274)

Using this linear regression technique, compute the values of &, and K, that fit the rate
data. Plot for each [E]j the data of r vs. [S] along with the curve from the fitted model.

1.B.3. Consider reaction and diffusion of a species A in a thin catalyst slab of thickness
B. Inside the slab, the concentration field of A is governed at steady state by a diffusion
equation with a source term from a first-order chemical reaction,

0= D LD e (1.275)

dx?

The catalyst slab is in contact with a gas phase, with a partial pressure of A of p,. At the
solid—gas interfaces at x = +B/2, the local concentration of A in the slab is in equilibrium
with the gas phase, providing the boundary conditions

ca(B/2) = ca(=B/2) = Hapa (1.276)

Write the boundary value problem in dimensionless form to reduce the number of inde-
pendent parameters, and solve using the finite difference method. Plot the dimensionless
concentration profiles for various values of the dimensionless parameter(s). Make sure to
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increase the number of grid points until you no longer see a significant effect upon the
solution.

1.B.4. When solving by finite differences the Poisson equation, —V?¢ = £, ind dimensions
on a regular hypercube grid of N points in each direction, the 4 matrix has the following
nonzero elements in each row (for Ax; = 1),

Ak, ky=2d Ak, k£EN")=—-1 m=0,1,...,d—1 (1.277)

For 2-D, 3-D, and 4-D grids generate the resulting 4 matrix for various N (for higher d, you
might only be able to use very small N). For each d, plot as functions of N the numbers of
nonzero elements in 4 and in the Cholesky factor R. Show also the spy plots of 4 and R for
the largest N value considered for each d. Using cputime, plot as well the computational
time required to solve A = b, b being a vector of all ones, both by the “\” operator and by
Cholesky factorization. NOTE High dimension boundary value problems do indeed arise
in practice, especially when one is computing the positional and orientational distribution
of objects.

1.C.1. Consider the following boundary value problem involving two coupled fields gov-
erned by linear differential equations,
Loy Y _ 0<x<1
Tl Y(x) —W—fﬂ(x) on =X =
(1.278)
BC1 0(0)=0 e(1)=0
BC2 v(0)=0 Y(1)=0

We wish to solve this problem numerically using the method of finite differences for a
uniform grid of points x;, j = 1,2, ..., N, in the interior of the domain, as was done in
the flow example for a single field. We compute numerically the field values at each point,
@(x;) = ¢; and ¥ (x;) = V¥ ;, by solving through elimination the resulting linear algebraic
system.

Which of the following ways of stacking the unknowns into a single vector do you
recommend using? Explain your reasoning.

2 i $1 l
. Y1
@2
x=| % or x=| (1.279)
Y1 )
1/?2 PN
| | YN |

Write a MATLAB program to solve the boundary value problem and plot the solution.
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When a set of algebraic equations is nonlinear, there are no general uniqueness and existence
criteria, and solution can be quite difficult, even for sets of equations that appear simple.
This chapter discusses iterative techniques, in which we make an initial guess of the solution
that is refined by solving successive sets of linear equations. Hopefully, this sequence of
estimates converges to a solution. These methods are first introduced for a single nonlinear
algebraic equation, and then extended to systems of multiple nonlinear equations. The use
of MATLAB nonlinear algebraic solvers is demonstrated.

Existence and uniqueness of solutions to a nonlinear
algebraic equation

A single linear algebraic equation, ax = b, is easily solved, and the condition for existence
and uniqueness of the solution x = b/a, a # 0, is trivial. For a single nonlinear algebraic
equation

Sx)=0 2.1

there is, in general, no way to tell a priori whether a solution exists, and if so, whether it is
unique. It is easy to identify nonlinear algebraic equations with multiple real roots,

f)=x-=3)Nx—-2)x—-1)=x>—6x>+11x —6 (2.2)
with only a single real root,
f)=@x-=3)x—Dx+i)=x>—3x>+x-3 (2.3)
or with no real roots at all,
fx)=3x*+2x* +1 (2.4)

Typically, we are presented with a nonlinear function that is not simple to factorize, and
so we know nothing about the number of real solutions. The methods described in this
chapter are designed to search for a real solution starting from an initial guess and will be
demonstrated on systems with varying numbers of solutions.

61
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Iterative methods and the use of Taylor series

The techniques that we will use are iterative. We start with some initial guess x 1 of the
solution, and apply an algorithm to refine this guess to generate a sequence x'1, x2!, . . . that
hopefully converges to a solution x; with f(x;) = 0; i.e.,

lim |[x™) — x;
k— 00

=0 2.5)

We first consider Newton’s method, an iterative technique that is based on the use of Taylor
series expansions. As Taylor series are used extensively in numerical mathematics, we
briefly review their use.

Let us say that we have some function f'(x) that we wish to represent as a polynomial in
the vicinity of some point xy,

flx) = iam(x —x0)" Vxin|x — x| < A (2.6)
m=0

Given only information of the function at xy — the value of the function itself plus the
values of all of its derivatives (we assume derivatives of f(x) to all orders exist at x¢), what

coefficients ay, @), . . . should we use to match the polynomial to f(x)? First, we see that
o0 (o)
o) = anlxo—x0)" =Y an(0)" =ag 2.7)
m=0 m=0
so that
o0
fG) = f(x0)+ Y am(x —x0)" (2.8)
m=1
We differentiate to obtain
df _ m—1 _ - m—1 __
Z may, (x — xo) =a1+ Y may(0)" ' =a 2.9)
X0 Xo m=2

Taking yet another derivative yields

d? e -
d—x/: = > m(m — Dan(x —x0)" 2| =2ay+ Y _ m(m—1)a,(0)">  (2.10)
Xo m=2 X0 m=3

Continuing this process, we find that if all derivatives to infinite order of f(x) exist at xy,
we may represent the function as the infinite series
ar a’f

) = feo)+ 5 S

2 d’f 3
( —x0)” + ;ﬁ (x —x0)” +

(2.11)
If we only wish to approximate the function in the vicinity of xy, we can truncate the series

at order n:

(x —X0)+

X0

fo =3 —21

— xR (2.12)
m=0 """

X0
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where the truncation error is

1a
R,(x)= — / (x — x9)" for some ¢ € [xg, x] (2.13)
nldx"|,
When |x — x| is very small,
lx — xo| 3> |x — xol* > |x — x> > - (2.14)

and we expect that, unless the higher-order derivatives become very large at x, the truncated
expansion should be a reasonable description of the local behavior of f(x) near xy. The
smaller the truncation order, in general, the nearer that we will have to be to xy for the
approximation to be accurate.

Newton’s method for a single equation

We now use this truncated Taylor series to develop an iterative technique for solving a non-
linear algebraic equation f(x) = 0 known as Newton s method. To start Newton’s method,
we make an initial guess x1) of the solution that we hope is close to the true value x; where
f(xs) = 0. We use a Taylor series to approximate f(x) in the vicinity of x{,

1 &*f

df 2

_ (el o Y oy 9T o2 215
f)y= f(x") + x| (x =) + x|, (x = x)"+ (2.15)

At the solution, f(xs) = 0, and the Taylor series yields

df 1 &*f 2
0= [0] _ [0 _ — xlo] ... 2.16
f(x )+ dx X101 (xs * )+ 2! dx2 xl01 (Xs * ) + ( )
Now, if 1% is sufficiently close to x,, then

g — x> g — x> [ — x> - (2.17)

In this case, as long as the first derivative is nonzero at x[’1, we obtain a reasonable approx-
imation of the solution, x!'1, from the rule

d
0= /(") + 4 ([ — x[0) (2.18)
dx xlo]
Successive application of this rule yields Newton s method for solving a single nonlinear
algebraic equation,

[K]
e 8 S (2.19)

£O(xH)

where we have used the notation f)(x) for the mth derivative of f(x). The iterations are
stopped when the function value satisfies

|f(™)| <8ws  andlor | f(xH)]| < S| £ (=) (2.20)
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Table 2.1 Performance of Newton's method
Jor f(x) = (x = 3)(x — i)(x +1)

bl 1 2 4 10

Pl -1 7 3.3200 7.0064
¥ —0.2 5.1132 3.0013 5.1558
sl 1.2345 3.9367 3.0000 3.9621
x4 —1.1938 3.2894 3.0000 3.3016
sl —0.3761 3.0401 3 3.0432
X168 0.6707 3.0009 3.0011
gl —1.3458 3.0000 3.0000
xt8 —0.5037 3.0000 3.0000
i 0.4146 3.0000 3.0000
X0 —2.7029 3 3

Performance of Newton’s method for a single equation

We demonstrate the performance of Newton’s method for various cubic polynomials, starting
with one that possesses only a single real root,

) =@ =3)x—ix+i)=x>-3x"+x-3 (2.21)

In Table 2.1, the trajectories of Newton’s method are presented starting from various values
of the initial guess, x1”7. We see that the number of iterations required to converge to the
solution at x = 3 depends strongly upon the initial guess. To see why this is so, we will
examine graphically the progress of Newton’s method. In Figure 2.1, we plot the function
and its first derivative in the vicinity of the solution. Both of these functions seem rather
uncomplicated, so why does Newton’s method converge so erratically for this example?
The reason lies in the fact that the update function

u(xW) = Xl A (2.22)
involves the ratio of two functions,
_ J)
Ul = =200 (2.23)

Because the derivative of f(x) is zero at two locations, u(x) blows up to oo at these
points, leading to large, erratic steps when the estimates are in the vicinity of such “flat”
points in f(x). Figure 2.2 plots the update function in the vicinity of the solution and
the number of iterations required for convergence to a specified accuracy, as a function
of the initial guess. In the top plot, the solid line is u(x) vs. x and the dots are the
converged solutions x, vs. the initial guess x’). The bottom graph shows the number of
iterations required for convergence vs. xI%. Even for this simple cubic polynomial, New-
ton’s method may take large steps far away from the true solution, making convergence
extremely slow for some choices of the initial guess. This is a general characteristic of New-
ton’s method — the convergence properties depend strongly upon the choice of the initial
guess.
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Figure 2.1 Plot of (a) the function and (b) the first derivative with a single real root, f(x) = (x —
3 (x —i)(x +10).
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Figure 2.2 Update function and effect of initial guess on convergence, f(x) = (x —3) (x — i) (x +
i). In the upper plot, the line is u(x) vs. x and the dots indicate the converged result of Newton’s
method vs. x1’1,

We next consider the performance of Newton’s method for a system with multiple real
roots to ask the question: is there any clear relation between the choice of initial guess and
the identity of the root that is found? Consider the cubic polynomial

fO) =@ =3)x-2)x - =x>—6x>+1lx — 6 (2.24)
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stin at 1 stin at

stin at 2

Figure 2.3 Cubic polynomial f(x) = (x —3) (x —2) (x —1).

The function is plotted in Figure 2.3, showing the positions of three real roots. Note that this
function has “flat points” where f(x) = 0 near 1.4 and 2.6, where we expect Newton’s
method to behave erratically.

The performance of Newton’s method for this example can be understood by considering
the plot of the update function in Figure 2.4 (plotted as a solid line). In addition to this plot,
for various values of the initial guess along the x-axis, the values of the corresponding
solution found are plotted along the y-axis as dots. For initial guesses that are less than 1,
the update function is positive and Newton’s method moves towards the right to find the
solution x = 1. Similarly, above 3, Newton’s method moves to the left to find the solution
at x = 3.

In 1 <x < 3, however, the behavior is more complex. Near an initial guess of 1.5,
Newton’s method finds the root at x = 3 before entering a window in which it finds the
root at x = 2 (and at least once more returns to x = 1 briefly). This unusual behavior of
the convergence of Newton’s method can be understood from the locations of divergence of
the update function. For an initial guess of 1.5, a large positive value of the update function
generates a new estimate x{!! that is far to the right, and so the trajectory enters the region
where the solution at x = 3 is obtained. For slightly larger values of the initial guess, there
is a brief window in which the positive, but only moderately large, value of the update
function generates a new estimate x[' in the vicinity of 2.5, where the large negative u(x[!1)
carries Newton’s method far to the left for x[?! so that the solution x = 1 is found. Even for
such a simple cubic polynomial, we see that Newton’s method can yield erratic behavior
and return different roots depending sensitively upon the choice of initial guess.

We also see from this example that there are many initial guesses that will identify the
roots at x = 1 and x = 3, but that there exists only a small window of initial guesses that
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Figure 2.4 Update function (line) of Newton’s method for various initial guesses for f(x) = (x — 3)
(x —2) (x — 1). Converged solutions are plotted as dots vs. the initial guess.

return the root at x = 2. This demonstrates another feature of nonlinear equations: it is
usually very difficult to identify all solutions, and while guess after guess may yield one of
some particular set of solutions, this does not guarantee that there are no other solutions
waiting to be found. We describe here a simple technique to search for additional solutions.
Let us say that we have identified the roots at x = 1 and x = 3, but want to look for
additional solutions. We can factor these roots out formally,

J(x) = (x = Dx —3)g(x) (2.25)
and then apply Newton’s method to solve

_ S(x) _

Here, because f(x) is a polynomial, we can obtain g(x) analytically. In general, this is
not possible, and g(x) must be defined as above, in a form that behaves poorly (~0/0) at
x = 1 and x = 3. Care must be taken to avoid these regions, or to provide an upper limit
on the allowable magnitude of g(x) to avoid numerical overflow. As Figure 2.5 shows, this
technique finds the third root at x = 2 from any initial guess except close to x = 1 and
x = 3 where the algorithm terminates without convergence.

Formal convergence properties of Newton’s method for a
single equation

We now consider the convergence properties of Newton’s method more formally. We have
seen that when the initial guess is not very close to a solution, Newton’s method behaves
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Figure 2.5 Convergence of a simple factoring method to find remaining root at x = 2 for f(x) =

x=3)(x—=2)(x—1).

erratically. Let us assume now that the current estimate of the solution is indeed near a
solution. Then, can we say anything about the rate at which successive Newton iterations
converge upon the true solution value? First, we write a Taylor series of f(x) about the
current estimate x!!,

S ) = £ 4 O H) + 2l!£2f(2>(x[k]) i %Szf(z»)(x[k]) fo. (27)
We define the error at iteration & as
e = x5 — x1 (2.28)
If the current estimate is very close to the true solution, ¢ is very small and
leel > |ef| > |ef]| > - (2.29)
Therefore, if we can neglect terms of third order and higher in &, we can approximate
LM+ ) = fx) =0~ f(xM) + D (xM) + &7 @ (x1H) (2.30)

Now, from Newton’s method (2.19), we have

[K]
(B ) = (B9 ) — ) (2.31)

f(l)(x[k])
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so that the errors at successive iterations are related by

/)
Ek+1 = &k + W (232)
If we divide the Taylor series approximation (2.30) by 1 (x[41),
f(x[k]) s f(2) (x[k])
0~ 7f(1)(x["]) + &+ & 4211(1)()‘[“) (2.33)
and use (2.32), we obtain
O (x4
Ehp1 = —siﬁ (2.34)

zf(l)(x[k])

This means that if we are very close to the solution, Newton’s method converges quadrat-
ically. For example, assume that we are sufficiently close to a solution for this quadratic
convergence to hold and that |s;| = 107!, Then, the sequence of errors in the next few
iterations is approximately

lerstl =107 fepal = 107% g3l =107°  [eqq] = 1071 (2.35)

Once Newton’s method is close enough to the real solution for the second-order Taylor series
approximation to be accurate, the sequence of estimates converges very rapidly (quadrati-
cally) to the solution.

The secant method

Each iteration of Newton’s method requires not only an evaluation of the function, but
also an evaluation of the first derivative. In some cases, the algebraic function may be of
such complexity that it is inconvenient to derive the analytical form of the derivative. One
alternative would be to use a finite difference approximation,

o S+ e) — /()

~
¥[8 &

df
dx

e~ Jeps (2.36)

where eps is the machine precision. This approach, however, requires two function evalua-
tions per iteration, so that in practice it is more common to use the secant method, in which
the value of the derivative is approximated by the two most recent function evaluations,

N f(x[k]) —f(x[k_l])

XU — =11

af
dx

(2.37)

x[k]
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Thus, the new estimate is

Y e [A] — y [k=1]
k+1] _ _[k] f(x )[x X ]
X =x" — (2.38)
76 = 7G)
In this method, only one new function evaluation per iteration is necessary. In comparison
to Newton’s method, there is no need to evaluate analytically the value of the first derivative;
however, convergence is slower than with Newton’s method,

lexr1] & Cleg|"01® (2.39)

When an analytical expression for the first derivative is available, Newton’s method is
preferred due to its faster, quadratic rate of convergence; otherwise, the secant method is
suggested. In practice, the loss of quadratic convergence is not as bad as one might expect,
for, in general, it is found only very near the solution.

Bracketing and bisection methods

It is far easier to find a suitable initial guess for a single equation than it is for multiple
equations. For a single equation, we can locate the region of a solution by scanning only a
single variable x; however, with even only two equations, for each trial value of x;, there
are infinitely many possible guesses of x,. Only for a single equation does it become really
practical to try various initial guesses in some planned, rigorous manner to search for a
solution.

Let us say that we have two values of x, x! and x/¥*11 and their function values, f(x!)
and f(x¥+11). If the signs of the two function values differ and f(x) is continuous, we then
know that f(x)mustcross f = 0 atleast once between x1X! and x“*11. Therefore, f(x) must
have at least one solution in [x[¥], x**11]. Once we have found such a segment that brackets
a solution, we can narrow the bracketing range by setting the bisecting point x*+2! =
(U 4 x%+11y /2 and computing f(x*+2]). We then select two consecutive members of
{xh1 U115 TE+21Y whose signs of f(x) differ, and repeat the bisection. This approach is
robust, but rather slow.

Once the bracket becomes sufficiently small that we feel that Newton’s method or the
secant method should be able to find the solution, we switch to one of those more efficient
procedures. If'this fails, we continue with bisection until the initial guess is sufficiently close
for the iterative method to succeed. In MATLAB, the routine fzero takes such an approach.
For further discussion of iterative methods to solve a single equation f(x) = 0, consult
Press et al. (1992) and Quateroni ef al. (2000).

Finding complex solutions

The previous discussion focused upon methods for finding solutions to f(x) = 0, where
both x and f(x) are real. While this is generally the case in engineering and scientific
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Figure 2.6 CSTR with two chemical reactions.

practice, we may wish to identify complex solutions to complex-valued functions. To do
S0, we write x as

x=a+ib a=Re{x} eN b=Im{x} eN (2.40)
and compute a and b by solving the two coupled real-valued equations

Re{f(a+ib)}=0  Im{f(a+ib)}=0 (2.41)

Thus, techniques for treating multiple nonlinear algebraic equations are required in this
instance.

Systems of multiple nonlinear algebraic equations

We now extend Newton’s method to solve a set of N simultaneous nonlinear algebraic
equations for N unknowns

filxy,x2, ..., xy) =0

folxr,x2, ..., xy) =0 (2.42)
SvGerm, ) =0
More compactly, we define the state vector of unknowns
x=[xix2...xy]" (2.43)
and write the system of equations as
S(x)=0 (2.44)

As an example, consider a continuous stirred-tank reactor (CSTR), operated isothermally,
with negligible volume change due to reaction, in overflow mode with a constant fluid
volume ¥, and with the two chemical reactions (assumed elementary) (Figure 2.6)

A+B—->C FRIZkchCB
C+B—>D Ry = krccoep (2.45)
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In a CSTR, we assume that the reactor is so perfectly mixed that the concentration field of
each species is spatially uniform. That is, every point in the reactor has the same concen-
tration of each species, governed by the set of mass balances

d
E(VCA) = v(ca,in — ca) + V(—kicacs)

E(VCB) = U(CB, in — CB) + V(—kchCB — kZCCCB)

d
E(VCQ) = v(cc.in — cc) + V(kicacs — kaccep)

(2.46)

d
E(VCD) = U(CD, in—¢p)+ V(szcCB)

v is the volumetric flow rate of the feed and outlet streams, V' is the fixed reactor volume,
¢j is the concentration of species j in the reactor (and in the output stream), ¢, is the
concentration of species j in the inlet stream, and kj, k, are the rate constants of each
chemical reaction.

At steady state, the time derivatives on the left are zero, and the concentrations of each
species within the reactor satisfy a set of four nonlinear algebraic equations. To put these
equations in standard form, we define the unknowns

X1 =CA Xp=CB X3=CCc X4=Cp (247)
to obtain the algebraic system

v(ca,in — x1) + V(=kixix2) =0

v(ep,in — X2) + V(=kix1x3 — kox3x2) =0 (2.48)
v(ce,in — x3) + V(kix1x2 — kax3xz) =0
v(ep,in — X4) + V(kax3x2) = 0

We see that in addition to the four unknowns, there are a number of other model parameters
whose values we must know before attempting to solve the equations. We collect these
quantities into a parameter vector ®:

T
© = [vV ki kyca inCB.inCC.in €D, in] (2.49)
and write the set of nonlinear algebraic equations as

f(x;0)=10 (2.50)

Newton’s method for multiple nonlinear equations

Again we use a Taylor series expansion to obtain Newton’s method, representing the ith
function in the vicinity of the current estimate x*) as

N
o
St = ) + 302

m=1

(xm —x[k]) (2.51)

XKl

+ 2 Z Z (Xm T )meaxn

m=1 n=1
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Assuming that x4 is sufficiently close to the true solution x, that we introduce little error
by dropping the terms of quadratic and higher order,

N
fi(x) =0~ f;(x) + Z%

m=1 axm

(xsm — x1) (2.52)

xIKl

For convenience, we collect the first partial derivatives into the N x N Jacobian matrix
JH = J(x!¥), with elements

afi
o o (2.53)
X | g
The truncated Taylor series expansion then becomes
N
0~ fi(x™) + 3 U0 (xg — ) (2.54)
m=1

We thus generate the new estimate of the solution, x[*+1]

algebraic equations

~ x4 by solving the set of linear

N
0= fi(x) + > Uhd (a1 — 1) (2.55)
m=1

Defining the update vector
AxtF = x T [k (2.56)

the set of Newton update linear equations is
N
> I AT = — 7 (x19) (2.57)
m=1

We recognize the term on the left-hand side as the ith component of a matrix—vector product
and write the linear system as

JH AR = — f(x1H) (2.58)

At each Newton iteration, we must solve a linear system of N equations, e.g. through
Gaussian elimination. This procedure is repeated until the norm of the function vector
becomes smaller than some tolerance value,

LA <t andior ()] < s A0 2.59)

The choice of norm is somewhat subjective, but a common selection is

£ = max{I Al 1Al vl (2.60)

As was the case for a single equation, convergence in the close vicinity of the solution is
quadratic. The proof is somewhat more involved with multiple equations, and is presented
in the supplemental material in the accompanying website.
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Figure 2.7 3-D surface plot of || ]|, for a system with a solution at (3,4).

Performance of Newton’s method for an example system
of two equations

Let us next consider the performance of Newton’s method for the following system of two
equations with a real solution at x; = [34]":

Sfi(x1,x2) = 3x] +4x3 — 145 =0

So(xi, x2) = 4x12 - x23 +28=0 (2.61)
The Jacobian matrix for this system is
o s
dx1  0x2 9x?  8x;
- = 2.62
g % % |:8x1 —3x2 (2.62)
8)61 3)(,‘2

Figure 2.7 shows a surface plot of the 2-norm of the function vector, || f(x)l|2, vs. (x1, x2).
The solution is a global minimum of the 2-norm, and we would like Newton’s method to
march steadily “downhill” on this surface until we reach a minimum elevation that we hope
is a solution with || £l = 0. To understand the performance of Newton’s method, we need
to keep the shape of this 2-norm surface in mind. Figure 2.8 presents a contour plot of
|| f(x)]l> with lines drawn at constant values of the 2-norm and arrows pointing in the local
direction of increasing 2-norm. “Steep” regions of rapidly varying 2-norm are identified by
larger arrows and contour lines that are close together.

Figure 2.9 overlays upon this contour plot of the 2-norm, a trajectory of solution estimates
obtained from Newton’s method with an initial guess of (2,2). Newton’s method converges
in seven iterations to the desired accuracy; however, the first step carries the estimate
too far into a region of increasing 2-norm. Such a step is not very helpful for finding a
solution.
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Figure 2.8 Contour plot of || £, for a system with a solution at (3,4).
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Figure 2.9 Trajectory of Newton’s method with the initial guess (2,2).

Figure 2.10 repeats this plot for an initial guess of (1,1). While Newton’s method again
converges (now in eleven iterations to the desired accuracy), a much larger step into a region
of high 2-norm is made. With an initial guess of (2,~1), such a departure is even more
pronounced (Figure 2.11); however, convergence to the desired accuracy still occurs after
21 iterations. While Newton’s method does converge (at least for these initial guesses), it
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Figure 2.10 Trajectory of Newton’s method with the initial guess (1,1).
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Figure 2.11 Trajectory of Newton’s method with the initial guess (2,—1).

certainly appears as if the choice of updates could be improved, by moderating the tendency
of the algorithm to make large, erratic steps. A reduced-step algorithm is proposed later
that avoids generating these erratic steps and makes Newton’s method more robust. These
plots are generated by Newton_2D_test.m.
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Estimating the Jacobian and quasi-Newton methods

With Newton’s method, to update our estimate of the solution we need to evaluate at x*) the
function vector f(x!¥) and the Jacobian matrix J ¥]. In many instances, we do not wish to
take the time to derive an analytical form for the elements of the Jacobian matrix and code a
subroutine to evaluate them. It is often easier merely to provide a subroutine that evaluates
the function vector, so we consider now how the human effort of computing the Jacobian can
be eliminated. One approach gaining use is to employ an automatic differentiation program,
a routine that reads the code that we write to evaluate the function vector and automatically
generates additional code that evaluates the Jacobian matrix. Here, we describe two more
traditional approaches: finite difference approximations and the use of approximate Jacobian
matrices generated by the past history of function evaluations.

In these methods, we use not the exact value of the Jacobian matrix, but rather some
approximation

B ~ J(x[) (2.63)
We then compute the update by solving the linear system
BH A = — f(x) (2.64)

The use of such an approximation does not change the value of the solution that we obtain,
as at a solution x,, f(x5) = 0 and Ax = (B¥)~! f(x,) = 0 no matter the value of BI¥]
(provided that it is nonsingular). This allows some freedom in the choice of B! to balance
accuracy in the approximation of the true Jacobian against computational efficiency.

The most straight forward approach to approximate the Jacobian is to use a finite differ-

ence approximation
= JW ~ gl — (2.65)

0fm
8x,, X[k mn &€

iy _ Sl +2) — 1, (x1)

el"l is the unit vector comprising all zeros except for a value of 1 for the nth compo-
_5."] = 48,. Here ¢ is some small number, typically chosen for reasons of numerical
accuracy to be the square root of the machine precision, ¢ ~ ,/eps. This finite difference
approximation can yield quite accurate approximations of the Jacobian, but at the cost of
N additional function evaluations per Newton iteration. When the Jacobian has a known
sparsity structure, the number of function evaluations may be reduced, but, in general, the
overhead associated with these additional function evaluations can be quite significant for
large systems.

To avoid the numerous and costly function evaluations required by the finite differ-
ence method, various quasi-Newton methods have been developed in which the approx-
imation B*] of the Jacobian is constructed from the recent values of the function vector
SO Fxt =10y, f(x* =21 We describe here the popular Broyden s method (Broyden,
1965) for updating the estimate of the Jacobian, which can be considered an extension of
the secant method to systems of multiple equations.

nent, e



78

2 Nonlinear algebraic systems

Let B*] be the current estimate of the Jacobian. We update the solution estimate by the
rule

BMAXH = — f(x) (2.66)

Y PR BN ()

k+1

At x5 we evaluate the function value f(x**11), but to obtain the new update by solving

the linear system
BT Ay lk+1] — _f(x[k+1]) (2.67)

we need a new Jacobian estimate B!,
Broyden’s method generates B! from B!, f(x[X1), and f(x**t1) using the path
integral formula

1
£ = () 4 / J (M + s Ax) Axgs (2.68)
0

and its approximation for very small Ax!¥l obtained by neglecting the variation in the
Jacobian,

f(x[k+1]) s f(x[k]) + J(x[k“])Ax[k] (2.69)
In Broyden’s method, we require that BI“*1] exactly satisfies this approximation:
FOEY = f(xlh) 4 Bl A (2.70)
Using (2.64), this becomes
f(x[k+1]) + B AK — BIE+1] A yI4] (2.71)
We postmultiply by (AxI*)T and use the identity Bvv" = |v|*B to write
FEE) (AT 4 |AxM) BE = | Ax¥|? glkt1) (2.72)

Division by the scalar |Ax!¥1|? yields the Broyden rank-one update rule

f(x[k+1]) (Ax["])T
| Axth [

B+ — gkl (2.73)

To start, we typically use a crude approximation of the Jacobian such as B% = I.In general,
convergence is slower with Broyden’s method than with Newton’s method. Note, however,
that the quadratic convergence of Newton’s method is only obtained near the solution,
and that this update formula does not require the N additional function evaluations of the
finite difference approximation. This reduction in workload per Newton iteration makes
the Broyden method a popular choice when we do not supply a routine to evaluate the
Jacobian matrix analytically. For more information on quasi-Newton methods and Jacobian
estimation, consult Nocedal & Wright (1999).
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Robust reduced-step Newton method

In the study of the performance of Newton’s method for a simple 2-D system, we have seen
that far away from the solution, the update steps are large and lie in erratic directions. The
efficiency and robustness of Newton’s method (and quasi-Newton variations such as that of
Broyden) are improved dramatically through use of a reduced-step algorithm, in which only
a fraction of the update vector is accepted. The full update vector is generated by solving
the linear system

BHAXMH = — f(x!M) (2.74)
but now only a fraction a € [0, 1] of the full step is accepted,
KT = X g oI AXTA (2.75)

This fractional step is chosen such that the norm of the function vector at the new estimate
is smaller than at the old one, yielding the descent criterion

[ = 16+ At [ < ()] (2.76)

Since a solution x; has f(xs) = 0, x; is a global minimum of || f(x)||. So as long as we are
decreasing the value of the norm, we feel that we are making good progress towards finding
a solution.

We now ask two questions:

Is there always some ¥l > 0 such that the descent criterion using the 2-norm, [|v||3 = v - v,
is satisfied?
Under what conditions will this method find a limiting point that is not a solution?

To answer the first question, we use the path integral relation

&
f(x[k] + EAx[k]) = f(x[k]) + / J(x[k] + sAx[k])Ax[k]ds (2.77)
0

which we may approximate for very small ¢ by neglecting the variation in the Jacobian as
FEH + eAx) ~ f(xM) 4 e (x1H) AxH (2.78)
Taking the dot product of this equation with itself yields
| £+ eax®) |2 = [£(H) + e (M) AxB] - [£(xH) + e (x¥) AxF]  (2.79)
Retaining the terms up to first order in ¢ yields
|4 ) 2 £ 4 20 7)) 250
Assuming B is nonsingular, Ax¥l = —(BUI)~! f(x!*1), and

£G4 eax) |2 | 2~ 26 () - [ (B () @)
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Figure 2.12 The reduced-step norms reduction method may also find a local minimum of the norm
that is not a solution.

Now, if the exact Jacobian is used, B = J¥, then J(x*)(B [k])71 = [ and

LA+ o) |2 () |2 = 20 £ - () = (1 = 20)] £

(2.82)
For 0 <e <1, [ f™ +eAxt))2 < || f(x"1)]|3; therefore, when using the exact
Jacobian, there always exists some very small, positive value of the fractional step length that
results in a decrease of the norm, and so it will be possible always to find some ¥ € [0, 1]
that satisfies the descent criterion. Even if we do not use the exact Jacobian, but only an
approximation of it, as long as the matrix J(x!"1)(B¥)~! exists and is positive-definite, it
is possible to find an ¥l € [0, 1] that satisfies the descent criterion.

We now consider the second question. As Figure 2.12 demonstrates, merely reducing
the norm of the cost function is not sufficient to ensure that we end up at a solution, since
we could find instead a local minimum in the cost function that is not a solution (the norm
value is nonzero).

We can identify the condition necessary for such a “false solution” through the relation

VIfI3=2J"f (2.83)

At a flat point in the 2-norm, we must have J'f = 0, and the only way that this can occur
if we are not at a solution is if det(JT) = det(J) = 0.

With reduced-step Newton algorithms, one of two results generally occurs. Either we
converge to a solution (eventually), or the method locates a “false solution” where the
Jacobian is singular. If the latter occurs, the iterations stop since we cannot solve the linear
update equations and we must start again using a different initial guess.

The backtracking weak line search method

A common method to generate the fractional step length in a reduced-step algorithm is
the backtracking weak line search. First, we attempt to take the full Newton step. If this
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step satisfies the descent criterion (the 2-norm is reduced), it is accepted. Otherwise, the
fractional step length is reduced by one-half iteratively until the descent criterion is satisfied.
The algorithm of the reduced-step Newton method with a weak line search is

Guess xI”; compute f{x!"); initialize B
fork=0,1,2,..., knax
if]| f(x*)], < 81, STOP and ACCEPT solution x; & x*]
solve linear system B AxI = — f(x[)
form =0,1,2, ..., Mmax
gkl = p—m
R — l4] 4 oM AxIH
calculate f(x**+1)

if Hf(x[k“])”;”f(x[k]) i, STOP m iterations and accept ¥’
end ofm =0, 1, 2, ..., muy for loop
endofk =0, 1, 2, ..., kn for loop

Performance of the reduced-step Newton method for an example
system of two equations

We now revisit the example system

l(xls )C2) - 3)63 +4X2 —145=0
1 2
2()61, Xz) - 4X2 +x3 +28=0
1 2

that has a real solution at x, = [34]", using now the reduced-step Newton method. Once
again, the trajectories of the solution estimates are plotted as connected circles superimposed
on the contour plot of the 2-norm. Figure 2.13 shows the trajectory for the guess (2,1) that
converges in six iterations without the erratic first step of the full-step Newton trajectory
in Figure 2.9. With the guess (1,1), the reduced-step trajectory of Figure 2.14 likewise
shows better performance than the full-step trajectory of Figure 2.10. But, with a guess of
(2, —1), Figure 2.15 demonstrates that the reduced-step method can “hang up” by taking
only very small steps when the direction of the Newton step lies nearly perpendicular to the
local gradient of the 2-norm. Then, the trust-region Newton method, described below, does
better as it varies concurrently with both the step length and direction.

The trust-region Newton method

As noted in the example above, the reduced-step Newton method can fail when the search
direction is nearly perpendicular to the steepest descent direction so that only very short
steps are taken. This problem originates from the fact that the direction of the full Newton
step is always accepted; we reduce only the magnitude of the step to attain reduction of
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Figure 2.13 Trajectory of reduced-step Newton method with the guess (2,2) (number of iterations =
6).

L_'r
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Figure 2.14 Trajectory of reduced-step Newton method with the guess (1,1) (number of iterations =
6).

the function norm. The trust-region Newton method is more robust, especially when the
Jacobian is nearly singular, because it simultaneously varies both the step direction and
the step magnitude to find an acceptable reduction of the function norm. Being a form of
numerical optimization, a detailed discussion of this algorithm is postponed until Chapter
5; however, we present here the basic concepts.
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Figure 2.15 Trajectory of reduced-step Newton method with the guess (2,—1).

The full Newton step at x/*] satisfies the linear system
B p = _ £ (xH) (2.85)
Therefore, it is also a global minimum of the quadratic cost function
2
m(p) = 1| B8 p + £ (xH) |2 (2.86)
_ 1 K1\ |12 k k 1 T (T plk
= LA+ £ - B+ 1T (81) B
If we were to apply a minimization algorithm to m¥(p), we would find the full Newton step
p™. We note, however, that p becomes erratic when we are far from the solution. We
therefore expect there to be some trust radius A*) (that we modify at each iteration) such

that we expect the quadratic model m!*I(p) to be a valid measure of locating the solution
only if ||plla < A¥l. We obtain the update vector by solving the constrained problem

minm®(p) subject to |p| < AW (2.87)

This technique is the basis of the MATLAB routine fsolve, whose use is demonstrated
below. A further discussion of the trust-region method, and the efficient dogleg method of
implementing it, is provided in Chapter 5.

Solving nonlinear algebraic systems in MATLAB

Although MATLAB contains a built-in routine, fsolve, for solving systems of multiple
nonlinear algebraic equations (using the trust-region Newton method discussed above), it
is part of the Optimization Toolkit and so is not available in every installation of MATLAB.
reduced_Newton.m implements the reduced-step Newton algorithm, and can be used if
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fsolve is unavailable. For further information on the use of reduced_Newton.m, consult
the help section at the beginning of that file.

The syntax for using fsolve to find an approximate solution x and its function value f
(near zero) is

[x, f] = fsolve(fun_name, x0, Options, P1,P2,...);

fun_name is the name of the function that returns the function vector,
f = fun_name(x, P1,P2,...);

or, if optionally it returns the Jacobian matrix as well,

[f,Jac] = fun_name(x, P1,P2,...);

P1, P2, ... are optional parameters passed through fsolve. x0 is the initial guess. Options is a
data structure managed by the command optimset that allows us to modify the performance
of fsolve. Unless the number of equations is very large, it is best to start with

Options = optimset(‘LargeScale’, ‘off’);

We then can add additional fields to override the default options (type help optimset for
further details). For example, if your routine returns as a second argument the Jacobian
matrix evaluated at x, let fsolve know this by

Options = optimset(Options, ‘Jacobian’, ‘on’);

For the example system (2.61), with an easily-computed Jacobian,

fl(x1,x2)=3x13+4x22—145=0 J—|:9x12 8x, ]
folxr, x2) = 4x? +x3 +28=0 8x; —3x2

(2.88)

the following code computes the solution, starting from x[% = [11]7,

Options = optimset(‘LargeScale’, ‘off’, ‘Jacobian’, ‘on’);
x = fsolve(‘calc_f_ex1’,x0,0ptions),

calc_f_ex1.m returns the value of the function vector and the Jacobian,

% calc_f_ex1.m

function [f, Jac] = calc_f_ex1(x);
f = zeros(2,1);

f(1) =3*x(1)"3 + 4*x(2)"2 - 145;
f(2) =4*x(1)"2-x(2)"3 +28;

Jac = zeros(2,2);
Jac(1,1)=9"x(1)"2; Jac(1,2) = 8*x(2);
Jac(2,1)=8"x(1); Jac(2,2) =-3*x(2)"2;

return ;
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We could also use @calc_f_ex1 as the first fsolve argument rather than ‘calc_f_ex1’. For
the CSTR example, with the two chemical reactions

A+B — C rry =kicacy
C+B—> D rry=kyccen (2.89)

the steady-state concentrations
X1 =CA Xp=CB X3 =CCc X4=Cp (290)
are obtained by solving the nonlinear algebraic system

v(ea,in — X1) + V(=kixixz) = 0

v(cB,in — X2) + V(=kix1x2 — kax3x2) = 0

v(ce,in — x3) + V(kixixy — kpx3xz) = 0 (2.91)
v(cp,in — X4) + V(kax3x2) = 0

CSTR_SS_ex1.m prompts the user for the values of the parameters and computes the con-
centrations, using the inlet concentrations as the initial guesses. For the parameter values

v=1 V=100 k=1 k=1
CA,inzl CB,in:2 cc,in=0 cD,in:0 (2.92)

running this program yields the output

Steady state concentrations:
[A] = 0.056614

[B] = 0.16664
[C] = 0.053409
[D] = 0.88998

infinity norm of f = 2.0326e-009

Example. 1-D laminar flow of a shear-thinning polymer melt

Again, let us consider laminar flow between two parallel plates separated by a distance B,
but now for simplicity we assume both plates to be stationary. Previously in Chapter 1, we
employed finite differences to compute the velocity profile v, (y) for a Newtonian fluid. We
now consider the same problem, but for a nonNewtonian fluid whose viscosity decreases
with increasing shear-rate, common behavior for many polymer solutions and melts. In this
problem, the (y-dependent) shear-rate is

dv,
dy

(2.93)

7'/(y)=‘

A common model of shear-thinning behavior is that of Carreau and Yasuda (Yasuda et al.,
1981), for which the shear-rate dependent viscosity n(y) is
) — Neo
o — Moo

=[1 4 (ap)* /e (2.94)



86

2 Nonlinear algebraic systems

viscsitina s

12 ; i
1 1 1 11 12
searr ateins™

Figure 2.16 Shear-dependent viscosity of poly(styrene) melt at 453 K, estimated from the Carreau—
Yasuda model.

Abdel-Khalik ef al. (1974) fit the poly(styrene) melt data at 453 K of Ballenger e al. (1971)
to obtain

Moo =0 1o=148x 10*Pas A»=1.04s n=0398 a=2 (2.95)

The predicted shear-thinning behavior is shown in Figure 2.16.

With this nonlinear dependence of the viscosity upon the local shear-rate, numerical
solution of the equation of motion is now required. For 1-D laminar flow, the equation of
motion

DY et pw V)=V 1 — VP (2.96)
Por — PP - '
reduces to
d'l,'y,c dP dvx
= —— - — = n(y 2.97
7,y is the shear-stress and P is the dynamic pressure. For a constant dynamic pressure
gradient, the equation of motion
dtyy AP
=— (2.98)
dy Ax
yields a shear-stress that varies linearly with y,
AP
Ty (V) = 7y2(0) + )Y (2.99)

By symmetry, the velocity gradient mid-way between the plates is zero, and thus the shear-
stress at y = B/2 is zero. Hence,

w(2)=0=n0+(52)(%) 2.100)
2 ; Ax 2
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and the linear shear-stress profile is

Ty (1) =(£> (y— 5) (2.101)
Ax 2

Using the Carreau—Yasuda constitutive equation, this yields a nonlinear first-order differ-
ential equation for the velocity field

dv, AP B
n(y ) _(Ax>< —5) (2.102)

To solve this system, we again use finite differences, and place evenly spaced points between
the plates,

= k(A Ay = 2.103
i =k(Ay) Ay N+ (2.103)
The local velocity and shear-rate at y; are
. Uy
ve = (k) Vi = ‘ p (2.104)
y Vi
At each grid point, we require (2.102) to be satisfied locally,
dvy AP B
n(yk) = Vk— = (2.105)
dy M Ax 2
The finite difference approximations
dvy Uk — Vk—1
N (2.106)
dy |, (Ay)

yield for each point except the first a nonlinear algebraic equation

fk=n()'/k)[w]—<£>(y —£)=0 k=23, ...,N (2.107)

(Ay) Ax 2
where
. Vi — Vg1
=|— 2.108
Vi Ay ' ( )
At the first grid point, we use the boundary condition v,(0) = 0 to obtain
. V1 AP B v
= — | = ——=1)=0 2.109
N ’7()/1)|:Ay} <Ax)<y1 2) Y= Ay ( )

The Jacobian is sparse as each row has at most two nonzero elements,

) 1 Vp — Uk | d dy
Jik-1 = 8i = U(Vk)|: ] + [M} ] Y
Vk—1 Ay (Ay)  1dyl,dviil, ., 2.110)
Sk = e _ n(Vi) |: i| + [71)/( — vk_li| dn di |
' ovy Ay (Ay) dy dvk —

We could reduce the effort required to solve the problem by providing the Jacobian as a
second output argument of our function routine. In polymer_flow_1D.m, fsolve is provided
with a sparse matrix that is nonzero only at those elements that are nonzero in the Jacobian,
through the JacobPattern option in optimset. This sparsity information helps fsolve to
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Figure 2.17 Profiles for laminar flow of poly(styrene) melt at 453 K between two parallel plates
separated by a distance of 10 cm. The imposed pressure gradient is —1 184 000 Pa/m, which in the
absence of shear-thinning yields a centerline velocity of 10 cm/s: (a) velocity profile of Newtonian
(dash-dot) and shear-thinning (solid) fluids; (b) linear shear-stress profile; (c) shear-rate profile; (d)
viscosity profile.

estimate the Jacobian more effectively, while avoiding the analytical work necessary to
evaluate the second terms on the right-hand side in (2.110).
For an initial guess, we use the analytical profile for a Newtonian fluid with the zero

shear-rate viscosity
—B)( AP
v(y) = Lyz )<—) (2.111)
1o Ax

The computed velocity, shear-stress, shear-rate, and viscosity profiles are shown in Figure
2.17 for the case of plates separated by 10 cm, with a pressure gradient that yields a centerline
velocity of 10 cm/s in the absence of shear-thinning. Here, shear-thinning results in a
five-fold increase in centerline velocity. Rather than a parabolic profile, the shear-thinning
fluid has large velocity gradients near the walls, yet a relatively flat center “plug-flow”
region.

Homotopy
Above, we have used fsolve to solve the steady-state CSTR model

v(ca,in — x1) + V(=kix1x2) = 0
v(eg,in — X2) + V(=kix1x2 — kox3x2) =0 (2.112)
v(cein — X3) + Vkixixy — kax3x;) =0

U(CD, in — X4) + V(kz)C3X2) =0
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In addition to coding a routine to return the function vector, we also had to provide an initial
guess of the solution. Above, we used simply the inlet concentration values, but ideally, we
want our initial guess to be as close as possible to the true solution for Newton’s method
to be robust and efficient. Here, we were able to find a solution with this initial guess, but
this does not always occur. We thus may have to propose many different guesses, perhaps
at random, before we find a solution.

We can take a more systematic approach to the generation of initial guesses by using
some insight into the nature of the equations through a technique known as homotopy. If
we study the structure of the equations for the CSTR model, we note that the nonlinearity
is associated with the reaction terms. In the limit that the residence time, V/v, goes to
zero (i.e., if we make the flow rate very large), the convective terms will be much larger in
magnitude than the reaction terms, and the system of equations becomes

v(cain —x1) ~ 0
v(cp,in — X2) & 0 2.113)
v(ccin — Xx3) =0 '

U(CD,in - X4) ~0

As v/ V — oo, the reactor concentrations are very near those of the inlet, providing very
natural and accurate initial guesses,

X1 A Cain X2 X CBin X3RN CCin X4 X CDin (2.114)

If we were to find it difficult to generate an initial guess that converges to a solution for some
smaller value of v/ V', a good strategy would be to solve the system first with a very large
value of the flow rate, for which Newton’s method converges quickly. Then, to compute the
concentrations at the flow rate of interest, we decrease the flow rate value incrementally,
and for each new value, use as an initial guess the solution from the previous step.

This approach, known as homotopy, allows us to move gradually from a region of parame-
ter space in which it is easy to solve the set of equations to a region where solution is difficult,
but always to operate Newton’s method in the vicinity of a solution where convergence is
robust and rapid. With a bit of insight into the structure of the equations, this approach is very
powerful. An efficient implementation of homotopy, arc-length continuation, is described
in Chapter 4. CSTR_.2D_NAE.m demonstrates the use of the simple homotopy algorithm
described above to solve the steady-state CSTR system.

Example. Steady-state modeling of a condensation
polymerization reactor

The most common form of nylon, nylon-6,6, is made by polycondensation of the two
monomers hexamethylene diamine (HMD) and adipic acid (ADA). The first step in the
reaction sequence is the condensation of two monomers to form a dimer with an amide
linkage, —CONH—, and a water molecule (the condensate).

HOOC(CH,)4COOH + H,N(CH,)sNH,
& HOOC(CH,);CONH(CH,)sNH; + H,0
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The double-headed arrow denotes that this reaction is reversible, with an equilibrium con-
stant on the order of 100. The dimer still has functional groups on each end, and so may
continue to react to produce even larger molecules. If the water is removed by evaporation to
drive the equilibrium to the right, polymer chains with molecular weights of ~20-30 kg/mol
may be produced. To achieve very high molecular weights, we use equimolar amounts of
each monomer so that the stoichiometry between the acid ends (—COOH) and the base ends
(—NH,) is balanced.

We describe the hierarchy of reactions in polycondensation using the following notation.
Let [P,] be the total concentration of chains in the system that contain x monomer units,
i.e., are x-mers. We then have the following hierarchy of reactions:

Pi+Pi <P+ W
Pi+P, &P+ W
P,+P, Py +W (2115)
Pi+P; &Py +W
P,+P; & Ps+W

The number of reactions and species in the system quickly grows very large. We can,
however, derive simple equations that describe the average chain length and breadth of the
chain length distribution with only a few state variables. We define the kth moment of the
chain length distribution, A, as

[e.¢]
A = ka[Pm] (2.116)
m=1
Of particular interest are the three leading moments
() o0 o0
ro=) [Pul A=) mlPy] da=) m’[P,] @.117)
m=1 m=1 m=1

From these three values, we can calculate the number-averaged chain length, X, = X /Ao,
and the weight-averaged chain length, ¥,, = A,/A;. Since the weight-averaged chain length
biases more the contributions of the larger chains, X,, > X,, with the equality holding
only if all chains are of the same length. The ratio of these two averages, Z = X,,/X,, the
polydispersity, provides a simple measure of the breadth of the chain length distribution.
The larger the polydispersity, the greater the disparity in the lengths (molecular weights) of
individual chains. We now need only calculate the rates of change of these three moments
to predict, for given polymerization conditions, the characteristics of the polymer produced.
For further discussion of the use of population balances and moment equations in polymer
reaction engineering, consult Ray (1972) and Dotson et al. (1996).

Rate equations for polycondensation

We obtain rate equations for these moments by counting how each x-mer species is produced
or consumed in each individual reaction in the hierarchy above. First, we represent the
sequence of reactions (2.115) as

Pm + Pn @ Pm+n + W (2118)
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that should be read as “A chain with m monomer units reacts reversibly with a chain
containing 7 monomer units, to produce a combined chain containing m-+»n monomer units
and a single condensate (water) molecule.” We then combine the contributions from each
individual reaction in the forward and reverse directions to calculate the net rate of change
of each species’ concentration and those of the leading moments.

Forward condensation reaction

Py, +P, = Pyyn + W (2.119)
The net rate of change of m-mer from forward condensation is
o0 m—1
P60y = —2kic[Pw] Y [Pu]+ ke D _[Pu][Pr—s] (2.120)
n=1 n=1

The first term is the rate of disappearance of m-mer from reaction with all other species, and
the second term is the rate of m-mer creation through the reaction of two smaller species.
The rate of change of the &th moment is

o0
Thi(fe) = ka”Pm(fc) (2.121)
m=1

After some mathematics, we get for the three leading moments of interest,

I”)‘O(fc) = —kfc)\.g V)\l(fc) = O 7’}\2({0) = 2kfc)\.% (2122)

Reverse condensation reaction
The reverse reaction
Pyin +W — P, +P, (2.123)

has a rate constant kr./K.q, where Kq is the equilibrium constant. The net rate of change
of m-mer concentration is

Py = keeKog [W142 Y [Pul = (m — D[P,] (2.124)
n=m+1

The first term is the rate of production of m-mer through the scission of larger molecules, and
the second term is the rate at which m-mer disappears when one of its linkages is attacked
by water. The rates of change of the three leading moments from reverse condensation are

Fag(re) = kch;]l[W]()‘l - AO) Fa(re) = 0
Fiatre) = ke Ko [TW1(341 — A3) (2.125)

From these results, we have the following rates of change of each leading moment due to
forward and reverse condensation:

Fro = —kehg + ke Ky W10 —20) 15, =0
Fao = 2k A3 + ke K T (501 — A3) (2.126)
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The first moment is unchanged by the reaction, as is expected since the total number of
monomer units is conserved. The equation for the second moment requires that we know
the value of the third moment. To obtain a closed set of equations, it is common to postulate
a mathematical form of the chain length distribution (see Chapter 7) to relate the unknown
A3 to the known Ag, A1, A». This approach yields the closure approximation

s A2(2h200 — A7)

2.127
; — (2.127)

Steady-state model of a stirred-tank polycondensation reactor

We now use these results to model the steady-state behavior of a polycondensation CSTR.
The mole balance on m-mer is

d A _
5 MIP,]) = FiV[P,, 10 — F[P,] 4+ Mrp, (2.128)

Here, we represent concentrations on a per-mass basis, due to volume changes during
reaction. M is the total mass of the reaction medium in the reactor. ") and F are the inlet
and outlet mass flow rates.

The first term on the right-hand side of (2.128) is the flux of m-mer into the reactor from
the inlet stream, the second term is the flux of m-mer out of the reactor, and the last term
is the rate of change of m-mer concentration due to chemical reaction. Multiplying this
equation by m* and summing over all m yields

d o0 o0 o0
a4 k _ (i) krp () _ k
dt{M;m [P,,I]}_F S - F S P+

This is simply the balance for the &th moment, and at steady state yields

[o¢]
mhrp,  (2.129)
1

m=

d o
Mg} =0= F _ F e+ Mry, (2.130)
With A; held constant (as it is unchanged by the reaction), we have
d - (in _
Mo} =0= FY — Fg — Mkgdd + Mg Ko [WI(A1 — ho)
d (in) (in) 2 . |
o {Mig) = 0= FUA" — Figy + 2Mkied] + Mk K [W](541 — A3) (2.131)

and for A3 use the auxiliary moment closure equation

2222020 — A7)
Mo

8

3 (2.132)

We contact the reaction medium with a purge gas stream to remove the water, such that the
total mass balance on the reaction medium is

F =F" _ (k,a)MMy[W] (2.133)
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Myy is the molecular weight of water,  is the interfacial mass transfer area per unit mass
in the reactor and %,, is a mass transfer coefficient. The mole balance on water is

d . .
S (MIW]} =0 = FOIwi — FIW] — (k,a) M[W] + Mry (2.134)

rw = —r}, 18 the rate of generation of condensate due to reaction, yielding
0 = FU W™ — FIW] — (kna) M[W] + Mkehs — Mke K TWI(A — Xo)  (2.135)

We next define the dimensionless quantities

(in)
i A A [W] F
(in) k k
— .2 - = — 2.136
k )\'1 Mk )\.[ w )\.[ ¢ F(m) ( )
the dimensionless Damkohler number
kfc M Al
Da = [0 (2.137)
and the dimensionless strength of mass transfer
. (kma)M
= (2.138)

such that the three dimensionless balances for {1, 2, @} are

fi = ug" = po — (Dayud + (Da)K o (1 — o) = 0
fo= 1Y = dus +2(Da) + (Da)K ' o — u3) =0 (2.139)
fi =" — po — yo + (Da)us — (Da)K ' o(1 — po) = 0
In addition to these three coupled nonlinear equations, we have two auxiliary equations from
the moment closure approximation and the overall mass balance on the reaction medium,
_ 2Quapg — 1)
o

n3 ¢p=1-yiw (2.140)

¢ is the molecular weight of a condensate relative to that of a monomer,

=My (2.141)

Effect of Da and mass transfer upon polymer chain length

polycond_CSTR.m plots the number-averaged chain length X, = 1t1/u0, the polydisper-
sity, Z = Xy/Xn = oMo, the dimensionless condensate concentration w, and the rela-
tive outlet flow rate ¢ as functions of Da and y, for input values of the fixed parame-
ters {¢, Keq, ™, ug"), /L(zin> }. The calculations are performed for a monomer-fed reactor
with ¢ = 0.2, Keq = 102, 0™ = 0,and pu" = 1" = 1.

For this system, convergence of Newton’s method can be difficult, especially at high Da.
Homotopy is used; for each y the sequence of simulations is started with the lowest Da,
for which the inlet values are reasonable guesses. Convergence can still be difficult at high

Da, thus we use here an additional convergence trick: we simulate an approximate set of
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Figure 2.18 Effect of Da and mass transfer efficiency upon operation of a monomer-fed CSTR for
polycondensation: (a) number average chain length; (b) polydispersity; (c) dimensionless condensate
concentration; (d) output mass flow rate relative to input value.

dynamics forward in time, to approach robustly the vicinity of a stable steady state before
beginning Newton’s method. Defining a dimensionless time, T = (F@¢)/M, we have the
dynamics

Woop Wanp 2oy (.14
Dynamic simulation of ordinary differential equation (ODE) systems is discussed in Chapter
4. For now, we merely note that we use ode23s to propagate the dynamics until the function
norm is decreased to a value deemed sufficiently small for the robust start of Newton’s
method.

Figure 2.18 plots ¥,, Z, w, ¢ as functions of Da and y . High-molecular-weight polymer
is achieved only for high values of both Da and y. At low Da, there is insufficient residence
time in the reactor to achieve much conversion, and at low y the water is not removed,
limiting the achievable conversion at equilibrium.

Bifurcation analysis

We have stated that we do not in general know the number or even the existence of solutions
to a nonlinear algebraic system. This is true; however, it is possible to identify points at
which the existence properties of the system change through locating bifurcation points;
i.e., choices of parameters at which the Jacobian, evaluated at the solution, is singular.
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Figure 2.19 Bifurcation point separating the region in parameter space that has two solutions from
that which has none. At the bifurcation point, both curves share a common tangent at contact.

Consider a simple case of two nonlinear equations whose solution(s) depend upon some
parameter vector ©.

Si(x1,x2;0) =0
Sa(x1,x2;0) =0 (2.143)

As a solution x; must satisfy both equations, it appears as a point of intersection between
the curves f; = 0and f;, = 0. Let us modify the parameter vector ® to move the locations
ofthese curves in x space as shown in Figure 2.19. Initially, there are no solutions, but as the
curves approach each other, they overlap to generate two solutions. Consider the particular
parameter vector ®, at which the curves first touch. Clearly this is an important choice
of parameter(s), as it separates the region of parameter space in which there are solutions
from that in which there are none. If the curves just touch at ® and do not cross, they must
be parallel to each other at the point of contact. That is, the slopes of the tangent lines in
(x1, x2) space of the two curves f; = 0 and f, = 0 must be equal at the point of contact,
which we note is a solution. At ®,, with solution x4(®.), if S = dx;/dx; is the common
tangent slope,

B 0 0 0
0= i + i S = ﬁ + ﬁ S (2.144)
ax1 d0xo x| 0x2
Therefore, the Jacobian evaluated at the solution,
o o
— 8x1 x5(0) axz x5(Oc)
J(x5(©c)) = 2 8—]{2 (2.145)
X1 @) %21y 00

is singular (i.e. ®, is a bifurcation point).
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We can search for a bifurcation point along some path ®(}) in parameter space by solving
the augmented set of N + 1 equations for x3(®.) and the value of A, ®()1.) = O, at
which the bifurcation occurs,

f(x;©() =0
|/ (xs; ©(A)] = 0 (2.146)

Computing the locations of bifurcation points allows us to carve up parameter space into

different regions, to find one in which one or more real solutions do indeed exist.

Example. Bifurcation points of a simple quadratic equation

As an example, consider the quadratic equation

fx)=x*+06x+1 (2.147)
that has solutions at
—0+V62 -4
X = — (2.148)

Obviously, this equation has two real solutions for 2 > 4 and no real solutions within
—2 < 0 < 2. There exist two bifurcation points at & = £2 at which the two real solutions
are degenerate. Let us consider the bifurcation point at 6 = 2 for which the solution is

xs = —1. The Jacobian of this system (here a 1x 1 matrix, a scalar) is
0
J(x,0)= 8_f =2x+06 (2.149)
X

At each bifurcation point # = £2, the Jacobian is singular, as

—0+£/02—4
2

J(x,0)=2|: :|+0=:|: 02 — 4 (2.150)

Here, we can compute the bifurcation point analytically, but let us see how we might do so
numerically (as we would have to do for more complex systems). Let us say that we wish
to look for bifurcation points along the path (1) = 4X, where we encompass in the range
0 < A < 1 thepoints 0 < 8(1) < 4. Obviously, there will be a bifurcation pointat A = 0.5,
but if we did not know this, we could try different values of A as the initial guess and use
Newton’s method in (x,A) space to solve the augmented system

fie, )= f(x)=x>+00)x +1=0
fox, 2) =det[J(x, )] = 2x +6(1) =0 (2.151)

P TR T Al
[A[lm]} = [x[ﬂ} + [M[k]] (2.152)

The Newton update rule is
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) e,
3x | 0 | [Ax[k]} _ I:_fl(x’ )‘)] (2.153)

() GRS 7
0x %] oA %]

The elements of the Jacobian of the augmented system are

where

afi 9,
— = —{x"+0)x + 1} =2x +0(A) = 2x + 44
dx dax o, 9 40
1 2
—=— 1S I}=x—=4
af; d 8f8)\ Bak{x o tlé?} i )
2 2
— =—{2x+60(N)} =2 — =—{2x4+00)}=—=4 2.154
oy = oy X O 0 = o X O} = (2.154)
Therefore, the augmented Jacobian is
T 2y = | BX A G0 (2.155)
2 4
At the bifurcation point, the augmented Jacobian and its determinant are
J®(=1,0.5) = [g ;4} |J@| = (0)4) — (2)(—4) =8 (2.156)

Thus, the augmented Jacobian is not singular at the bifurcation point. Newton’s method
should be able to find it, with a suitable initial guess.

Numerical calculation of bifurcation points

Asamore general formulation of the bifurcation point problem, let us search for a bifurcation
point along the linear path in parameter space

) =(1-10)+ 10, (2.157)
We apply Newton’s method to the augmented system for x, A

fx;©() =0
|/ (xs; ©(2))] = 0 (2.158)

Clearly, as we must compute the determinant of the Jacobian at each Newton iteration, and
in general must obtain the Jacobian by finite differences, finding a bifurcation point is more
costly than merely computing the solution for a fixed parameter vector. But, for systems
in which we cannot find a solution to the system at the parameter vector of interest, and
for which we wonder if there exist any solutions at all, bifurcation analysis can provide
useful insight into the existence properties of the system. Also, there are situations, such as
computing the critical points of thermodynamic phase diagrams, in which the locations of
bifurcation points are themselves of direct interest.
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search_bifurcation.m searches for a bifurcation point along a user-defined linear path in
parameter space

Q) = (1 — 1) + 1O, (2.159)

The program is invoked for the simple quadratic example above by

a = 1; % initial lambda value to try as initial guess

b = 0; % final lambda value to try as initial guess

num_lambda = 10; % # of lambda values to try as initial guess

theta_0 = 0; % parameter value at lambda =0

theta_1 = 4; % parameter value at lambda = 1

x0 = -1.1; % initial guess of solution

fun_name = ‘calc_f_quad’;

[x_b,theta_b,lambda_b,ifound_b] = search_bifurcation(fun_name, . ..
theta_0,theta_1,a,b,x0,num_lambda),

where the routine for the function vector of the nonlinear system is

function f = calc_f_quad(x,theta);
f=x.2 + theta.*x + 1;
return;

MATLAB summary

The main routine for solving nonlinear algebraic systems f(x) = 0 is fsolve,
x = fsolve(fun_name, x0, Options, P1, P2, ...);

fun_name is the name of a routine,
function f = fun_name(x, P1, P2, ...);

that returns the function vector for input x for the system under consideration. x0 is the
initial guess, and P1, P2, . . . are optional model parameters. Options is a data structure
managed by optimset that controls the operation of fsolve, e.g.

Options = optimset(‘LargeScale’, ‘off’, ‘Display’, ‘off’);

If the Jacobian matrix can be computed analytically, we use
Options = optimset(Options, ‘Jacobian’, ‘on’);

and return the Jacobian as a second argument,

function [f, Jac] = fun_name(x, P1, P2, ...);

Other options that will be found to be useful in Chapter 6 are

Options = optimset(Options,’ JacobPattern’, S);
and

Options = optimset(Options, ‘JacobMult’, Jfun_name);
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In the former option, the user supplies a sparse matrix S whose sparsity pattern (location
of nonzero elements) matches that of the Jacobian. That is, even though the Jacobian may
be difficult to compute analytically, the user can at least specify that only a small subset of
Jacobian elements are known to be nonzero. fsolve can use this information to reduce the
computational burden and memory requirement when generating an approximate Jacobian.
With “JacobMult”, the user supplies the name of a routine that returns the product of the
Jacobian matrix with an input vector. The usefulness of this option will become clearer after
our discussion of iterative methods for solving linear algebraic systems in Chapter 6.

fsolve is part of the Optimization Toolkit, and so is not available in all installations of
MATLAB. If fsolve is unavailable, the provided routine reduced_Newton.m can be used in
its place. For a single nonlinear algebraic equation, one may also use fzero, that is called
similarly to fsolve,

x = fzero(fun_name, x0, Options, P1, P2, ...);

Problems

2.A.1. Consider the following system of two nonlinear algebraic equations:

Si(x1, x2) =xl3 — 3x1x§ —x,+18=0
frlxr, xo) =xF —dxixy +x3 —2x2 +28=0 (2.160)

By hand, compute the Jacobian matrix of this system, and generate the refined estimate x{!]
starting from an initial guess of x[°! = [2 1]". In the reduced-step Newton method, would
this estimate x!!! be accepted?

2.A.2. Write a MATLAB program to solve the system of Problem 2.A.1.

2.A.3. The terminal velocity v, of a falling sphere in a Newtonian fluid is

o — 4g(pp - pf)Dp (2.161)
' 3Cppr '

pris the density of the fluid, p,, is the density of the particle, D, is the particle diameter, g is
the acceleration due to gravity, and Cp is a dimensionless drag coefficient that is a function
of the Reynolds’ number

_ Pl
R
W is the viscosity of the fluid. Table 5-22 in Perry & Green (1984) presents values of Cp
for various Re, and also provides the correlations

24
Re <0.1 Cp=—
Re

Re (2.162)

24
0.1 < Re <1000  Cp = (R—> [1+0.14(Re)™™]
e

1000 < Re < 350000 Cp ~ 0.445 (2.163)
8 x 10*

Re > 1000000 Cp=0.19 —
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Table 2.2 Drag coefficient for flow around a
smooth sphere at Reynolds’ numbers between
350000 and 1 000 000. From Table 5-22 of Perry
& Green (1984)

Re CD
350000 0.396
400000 0.0891
500000 0.0799
700000 0.0945
1000 000 0.110

Between Reynolds’ numbers of 350 000 and 1000 000, there is a transient drop in the
drag constant as the boundary layer first becomes turbulent, delaying separation on the
downstream side. In this regime, we may use interpolation (MATLAB function interp1) of
the data in Table 2.2.

Estimate the terminal velocity of a smooth spherical iron particle (density 7850 kg/m?)
in water (density 1000 kg/m?, viscosity 0.001 Pa s) as a function of the particle diameter
(in meters) over the range 0.1 mm to 10 cm.

2.B.1 Consider a CSTR, with the single gas-phase elementary reaction
A+B—C (2.164)

that has a rate constant £ of 0.05 I/(mol/s). The feed stream to the reactor, at a volumetric
flow rate vy in liters per second, is at a total pressure Py = 5 atm. It comprises reactants
A and B, and a nonreacting diluent gas. The partial pressures of the reactants are Pyg =
0.5 atm and Pgy = 0.5 atm. Assume that the ideal gas law holds, and that the reactor is
operated isothermally at 350 K. Assume that the inlet stream is at the same temperature and
pressure as the reactor contents. For a reactor volume of 1000 I, plot the conversion of A as
a function of vy. Make sure to account for the fact that the total number of moles in the gas
phase decreases with increasing conversion, so that the outlet volumetric flow rate will be
somewhat smaller than vy . For further discussion, consult Fogler (1999).

2.B.2. Consider a 1000-1 CSTR in which the following reactions are taking place:

A+B — C rr =kicacs
C+B — D rry=kyepee (2.165)
A — E rry = k3CA

We have the following kinetic data

1
k(Q98K) = 2.1 x 107 —— k(315K) = 3.6 x 1072

m(l) S m(l)ls
k(298K) = 1.5 x 1072 ——  kh(315K) =4.5x 1072 —— (2.166)
mol s mol s

k3(298 K) = 0.00012s"  k3(315K) = 0.000265~"
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Cas = Hpopa

cas=Hppa

x=-B/2 x=0 x=B/2

Figure 2.20 Reaction and diffusion in a catalyst slab.

We feed a stream at a volumetric flow rate of 0.1 1/s containing A, B, and a diluent solvent,
with cag = 0.5 M and varying y = cgo/cao- Assuming isothermal operation, and neglecting
any volume change due to reaction, plot the conversion of A as a function of temperature
and y.

2.B.3. Consider the problem of reaction and diffusion in a slab of catalyst of thickness B
(Figure 2.20). The reaction A — B proceeds within the slab with apparent second-order
kinetics, —rp = kc/i. At the surface of the slab at x = £ B/2, the concentration of A is in
equilibrium with the external gas phase, ca(£B/2) = cas = Hapa. Within the slab, the
steady-state concentration field is governed by the reaction—diffusion equation

d 2C A

0= DAW — ke (2.167)

Convert this problem to dimensionless form to reduce the number of independent parame-
ters. Then, use the finite difference method to convert this boundary value problem into a
set of nonlinear algebraic equations and solve with MATLAB. Plot the dimensionless con-
centration as a function of the remaining adjustable dimensionless parameter(s). To speed
up your calculations, have your function routine return the Jacobian matrix.

2.C.1. In this problem, we consider the thermodynamics of a mixture of 7, moles of linear
polymer chains, each containing x segments, and 7n; moles of solvent, each of which is
comparable in size to a single polymer segment. Let ny = n; + xn;, so that the volume
fractions of solvent and polymer are
ni Xny
= == 2.168

o ——— o3 ——— ( )
According to Flory—Huggins lattice theory (Flory, 1953), the free energy of mixing for such
a mixture is

AGmix = AGEMt _ T A gideal (2.169)

mix mix

The ideal entropy of mixing is

ASHal — _RinyIng; + nyIngy] (2.170)

mix
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The contact free energy of mixing is modeled as

AGE = RTn o x (2.171)
x isatemperature-dependent dimensionless parameter that is specific to the solvent/polymer
pair, where x ky, T'is a measure of the free energy penalty paid whenever a solvent molecule is
in contact with a polymer segment, &, being the Boltzmann constant. Usually x =a + b/ T,
where the contributions are from nonideal entropic and enthalpic effects respectively. As x
increases, the solvent and polymer segments dislike each other more, resulting eventually
in phase separation.

From this lattice theory, the free energy per mole of solvents and segments, Agpmix =
AGnix/no, is

Agoix = RT[$162x — 61 g1 — 2 Ing] 2.172)

We see that as the chain length x increases, the polymer contribution to the entropy of mixing
decreases, due to the constraints that neighboring segments always must be next to each
other.

The chemical potentials, with respect to the pure reference states, at constant temperature
and pressure, are

d

Mi — M? = AGpix (2173)
on; T, P.njs
Using the free energy expression above, we have

H2 — Mg
RT

M1 —M?
RT

=Ingy — (x — Dy +xx¢7

(2.174)
At x = 0 we have only the positive ideal entropy of mixing and AG,ix < 0. As x increases,
we eventually reach a point where phase separation into two coexisting phases, (I) and (II),
occurs. We wish to compute the properties of the coexisting phases. Let the volume fractions
of solvent in each phase be qb%l) and ¢>§“). From these values, we compute the volume fraction
of the system occupied by phase (I) from the lever rule

I
o1 —¢(1 )

1
=In¢, +<1 - ;) P2 +X¢§

oW = Tl _ (2.175)
o0 — 4™
To compute qﬁil) and ¢§H), we equate the chemical potentials in each phase,
(" = 1)/ (RT) = (u" = uf)/(RT) i =1,2 (2.176)

This yields the following system of two nonlinear algebraic equations
1 2 1 2
el (1= L) =0 £ 1~ =+ (1= 1)1 =) 401"
2 2
In(1 = ¢1") = v = DY +xx[8"]" = In(1 = 61") — (v = D" +xx 91"
(2.177)
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Clearly ¢>§l) = ¢§H) is always a solution; however, for fixed x, as x increases, there may arise
additional solutions for which qﬁ?) #* ¢>§H). If the free energy of this heterogeneous system,

h 1 11
Ag eterogeneous _ dD(I)Agr(n)ix + (1 _ cD([)) Agr(ni))( (2.178)

mix

is less than the free energy Agmix for a homogeneous system, phase separation occurs.
Generate a phase diagram, plotting ¢§‘> and ¢§”) on the x-axis and x on the y-axis for chain

lengths of x = 1, 10, 100, 1000.

2.C.2. For the system of Problem 2.C.1, use the concept of a bifurcation point to directly
compute ., the critical value of yx, above which phase separation occurs, given an input
value of x. Plot x. vs. x.

2.C.3. In the polycondensation reactor example above, we reduced the number of equations
by deriving moment equations. This required a closure approximation to estimate the value
of A3 given A¢, A1, Ay. Test this approximation by solving the complete set of population
balance equations

0 = FiV[p, 1™ — F[P,,] + Mrp (2.179)

m

where the net rate of generation of m-mer is the sum of (2.120) and (2.124). Solve this set
of nonlinear algebraic equations for m = 1, 2, . . . , Myax, and increase M,y until you no
longer see an effect upon the polydispersity. Note that the required values of M,,x might be
very large, as even a small number of moles of such very high-molecular-weight polymer
chains contribute greatly to higher-order moments. Generate the plots of Figure 2.18 for
this full set of population balances and note when the closure approximation (2.127) fails
to give adequate results.
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We now resume our discussion of linear algebra, which previously focused upon the solu-
tion of linear systems Ax = b by Gaussian elimination. The interpretation of 4 as a linear
transformation was found useful in understanding the existence and uniqueness of solu-
tions. Here, we consider a powerful tool in analyzing the transformational properties of a
matrix, eigenvalue analysis, based upon identifying for a matrix 4 the eigenvectors w and
corresponding scalar eigenvalues A such that

Aw = Aw 3.1

We shall encounter numerous situations in which eigenvalue analysis provides insight
into the behavior and performance of an algorithm, or is itself of direct use, as when
estimating the vibrational frequencies of a structure or when calculating the states
of a system in quantum mechanics. The related method of singular value decom-
position (SVD), an extension of eigenvalue analysis to nonsquare matrices, is also
discussed.

Orthogonal matrices

We begin our discussion of eigenvalue analysis by demonstrating how it may be used
to diagnose the transformational properties of a matrix. Here, we consider a 3 x 3 real
matrix Q that rotates vectors in 9%3. We specify the particular rotation that it performs by
designating an orthonormal basis set {«!!}, 4?1, u[31} that is obtained from the orthonormal
basis

1 0 0
M=lo| P=|1] =|o| M=s, (32)
0 0 1

by transformation under Q (Figure 3.1),
ul¥l = Qe[k] ul/l .kl — 8k (3.3)
Note that we rotate the vectors, not the coordinate system. We now ask:

If we only know the new basis vectors, can we determine the elements of O?
Given only 0, is there any way that we can recognize that it performs a rotation, and if so,
can we extract from Q any information about the particular rotation that it represents?
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To answer the first question, we write u!¥l = Qel®l explicitly,

k k k k
o 0n 0sq[4] [2ud's 0l 0nd
k 5 ; 5
W =105 0n O ||| =] 0nell+ 0nell+ 0nel (3.4)
k k k k
Os On 0Os el 031! + 036l + 033l

Using egm] = 8j, we have

On On O3
uh =| 0y =1 0n | uPl=| 0y (3.5)
03 O3 033
Taking the dot products of each el/! with each ul*! yields
O =ell.ulh (3.6)

If we want instead to rotate the coordinate system without changing the vectors, we apply the
inverse rotation Q~'. To derive the elements of Q~', we have merely to swap el/! < ul/]
to obtain

-1 j k k j T
ij =yl . olkl — plkl | (U1 — ij — ij (3.7)

We thus see that for this “rotation matrix” Q,

o'=0" (3.8)

As a rotation transforms one orthogonal basis into another, a matrix satisfying (3.8) is said
to be orthogonal. Note that matrices that perform improper rotations, i.e. that combine a
rotation with a mirror reflection, also map orthogonal bases into other ones, and also satisfy
(3.9).

A specific example of an orthogonal matrix

We now consider a specific Q that performs a counter-clockwise rotation (in the 1-2 plane)
by an angle « around el (Figure 3.1),

cosa —sina 0
Q= | sinae cosa O 3.9)
0 0 1

The effect of Q on each v € %3 is

cosae —sina 0 vy V] COSO — Uy SinK
Qv=| sina cos o 0 vy | = | vysina + vy cosw (3.10)
0 0 1 U3 U3
In particular, the basis set obtained by rotating the basis (3.2) is
cos o —sina 0
u'l = el = | sina u? = 0el?l = | cosa ull = 0Bl = | 0
0 0 1

(3.11)
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Figure 3.1 A counter-clockwise rotation in the 1-2 plane performed by Q.

To obtain the inverse rotation Q~!, we obviously set & — —a,

cos(—a) —sin(—a) 0 cosa sina O
0 !'=| sin(—a) cos(—a) O |=|—sine cosa 0 |=0" (3.12)
0 0 1 0 0 1

For this Q, el3! has the special property that it is unchanged by the rotation,
Qe = o) (3.13)

Obviously, this is because Q defines a rotation about el*!. However, if we did not know this
but rather only knew the matrix elements of Q, recognizing that Qel¥l = el3! immediately
tells us something useful about the nature of the transformation done by Q. This is the role
of eigenvalue analysis.

Eigenvalues and eigenvectors defined

If 4 is an N x N matrix, and if w is acted upon by 4 simply as if it were multiplied by a
scalar A,

Aw = iw (3.14)

then w is said to be a characteristic vector of A with the characteristic value A. This field
was developed, to a large extent, by German mathematicians, and the German word for
characteristic value is “eigenwert,” eigen meaning characteristic, individual, or unique, and
wert meaning value or worth. It is now common, if confusing, practice to use the halb
Deutsch/half English terms eigenvalue and eigenvector.

As [v = v, the “eigenpair” (w, A) satisfies the linear system

(A= 1w =0 (3.15)

For this to hold true for w £ 0, the matrix (4 — AI) must be singular, providing a charac-
teristic polynomial of degree N,

p(A) = det(4 — A1) =0 (3.16)

whose N roots are the eigenvalues of 4.



Eigenvalues/eigenvectors of a 2 x 2 real matrix

Eigenvalues/eigenvectors of a 2 x 2 real matrix

107

Before discussing general eigenvector properties, let us consider the case of a 2x2 real

matrix, for which analytical calculation of eigenvalues is easy,

ap — A 6112

det(4 — Al) = = (ai; — M(an — 1) — azap

ar) ay —
=2 —(an + azz))» + (ar1axn — azian)

As the frace (the sum of the diagonal values) and the determinant of A are
tr(A) = an +axn  det(4) = anaxn —axan

then, using the shorthand 7 = tr(4), D = det(A4),

T +£+/T?—-4D

det(A —A) =2 —Tr+D Ao= 3

In terms of the elements of 4, the eigenvalues are

Mo = 3an +an) £ 3/(an + an)? — 4anan — azar)
For any 2 x 2 real matrix A4, the trace equals the sum of the eigenvalues,
A+ Ay =aj +axn =tr(4)
Also, we have the following properties for a real 2 x 2 matrix:

1 if 7> — 4D > 0, then both eigenvalues are real;
2 if T2 —4D = 0,1 = Ay = (an +an);
3 if T? = 4D < 0, both eigenvalues are complex and A, = Al

Also, note that the determinant equals the product of the eigenvalues,
1
Ay = Z(T +/T? —4D)T —/T? —4D) = —[T2 —4D)]=D

Thus, 4 is singular if it has one or more zero eigenvalues.

We now consider some special cases of 2 x 2 real matrices.

A is triangular

A= |:a” a12i| det(4) = ayarz
0 an

The eigenvalues are

(a1 + an) + /(a1 + an)* — 4ayaxn
2

Ao = = {an, an}

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

For any upper triangular matrix, the eigenvalues are found on the principal diagonal. This

also is true for lower triangular and diagonal matrices,

A=|:t111 0 i| A=|:a“ 0 i|
ay  axn 0 az

(3.25)
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A is real, symmetric (AT = A)

As app = asy, D= apazy — a%z, and

Mo = 3an +an) £ \/(6111 — an)® + 4ai, (3.26)

Since (a1; — axn)> + 4a%2 > 0, both eigenvalues are always real in this case.

Analytical computation of eigenvectors
If w1 is an eigenvector of 4 for A;, then so is cwl/l, for any ¢ € C, since
Awll =Wl = Aewll = 3 ewl] (3.27)

Thus, wl/l can have any length and still be an eigenvector for A;. This lack of uniqueness
results from the singularity of (4 — ;7). The eigenvector wl/! must satisfy

[/
(A=, Iw = [("“ — &) @ ] [W 4 } = [g} =0 (3.28)

az (ax — X)) ng]
which yields the two equations

(an — )‘j)ng] + alzng] =0 (3.29)

azlng]+(a22—kj)w£j] =0 )
Because det(4 — A;/) =0, these two equations are dependent, so we pick only one to
satisfy, say the first one. The second then must be satisfied automatically. As we have
flexibility in setting the length of the eigenvector, we are free to choose |wl/l| = 1, which
would yield the two equations

(ai — )\j)WEj] + alzwyl =0
(ng])2 + (w£j1)2 =1

As the second equation is nonlinear, rather than finding a unit length eigenvector, we instead
try to find one with wl/! = 1 that satisfies

(3.30)

(ai — )\j)WEJ] + alzng] =0

WEJ] _ (3.31)
This linear system has a unique solution if
det |:(a11 —1)»1) ag:| — (a1 — A))(0) — ar2 = —ar; £ 0 (3.32)
in which case we obtain ng ! from the first equation,
(@n -2 +apw=0 = whl= _lan=4) (3.33)

ain

If a1, = 0, we instead set ng ! — 1. Once we have computed wl/1 we can renormalize to
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unit length if desired. Consider the example

2 1 D=det(4)=2)3)—-(A))=6—-1=5
= 3.34
4 [1 3} T=tr(4)=2+3=5 (3:34)
with the eigenvalues
1 1 1 1 5 5
oz rtrelyman ez lmmama e Y (3.35)
' 2 2 2 2 2 2
An eigenvector wl!l for
5 5
A==+ £
2 2
must satisfy
1 5
(an —rwi! +apwi=0= - (5 + “/7—) wil 1wl = o (3.36)
If we setwgll = 1, and compute wy] from (3.36), we obtain

T
Wlll — [1 (% n V;)} (337)

Above, we have selected a unique eigenvector by arbitrarily setting the value of one com-
ponent. More generally, we may select some vector v, say at random, and choose as a
normalization, v - wl/l = 1. We replace row m of the matrix (4 — A ;1) with the elements
of v to obtain a modified matrix (4 — A;7)**. We then obtain the eigenvector by solving
the linear system

(A —x Dl =em =35, (3.38)

Shortly, we consider numerical methods to compute A; and w!* without the need for
tedious analytical calculations.

Multiplicity and formulas for the trace and determinant

For an N x N matrix A4, the characteristic polynomial

N N N
py=det(d —AD =Y "3 "> e i@ — A1) (@i — Adiyx)
i=li=1  iy=I
(3.39)
is of degree N and thus has N roots, so an N x N matrix has N eigenvalues. However, these
may not all be distinct; i.e., we may have A; = A for some j # k. As an example, consider
the matrix

() =2 =11 -2
M=2 =2 A=1 (3.40)

b

Il
S o N
S N W
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In general if P < N is the number of distinct roots of (3.39), we write
p(A) =det(4d — A1) = — A" (A —A)" - (Ap — A)"7 (3.41)

my, is the (algebraic) multiplicity of A, 1.e., the number of times that it is repeated as a root
of (3.39). The multiplicities must sum to N,

my+my+---+mp=N (3.42)
From p(x = 0), we find the determinant to be the product of the eigenvalues,
det(A4) = A7'AS2 .. A" (3.43)
It may also be shown that the trace equals the sum of the eigenvalues,
tr(A) =ai1 +ap+---+ayy=r + A+ + Ay (3.44)

A proof of this result is found in the supplemental material in the accompanying website.

Eigenvalues and the existence/uniqueness properties
of linear systems

We now consider the existence and uniqueness properties of Ax = b from the viewpoint of
eigenvalue analysis. Let 4 be an N x N matrix, with the P distinct eigenvalues Ay, A2, . . .,
Ap for eigenvectors wlll, wl2l  w(F/

AwlH =y wlH] (3.45)
Let these P distinct eigenvalues be ordered by increasing modulus,
[A1] < [A2] < -+ < [Ap] (3.40)

We use the < sign, even though the eigenvalues are distinct, because with complex eigen-
values we may have the distinct, but equal modulus, values

M=a+ib My =a—ib a,beNn (3.47)
We now examine the effect of 4 on an eigenvector associated with 1,
Awlll = wll] (3.48)

If any eigenvalue is zero, it will be X, as we have ordered the eigenvalues by increasing
modulus. Also, if A; = 0, 4 is singular, as

det(4) = A™aM2 ..M =0 (3.49)

Thus, if A, = 0, the null space of 4 is not empty and there exists some w € K4, w # 0
such that 4w = 0. But, when A; =0, as

Awll = wll =0 (3.50)

any eigenvector wlll for A; = 0 is in the null space of 4 and dim(K 4) = m;.
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Estimating eigenvalues; Gershgorin’s theorem

With the significant effort required to find the roots of
det(A —2l) = — A"y =2)" - (Ap — A)"7 (3.51)

it would be convenient if we could just look at a matrix and be able to “tell” what are
its eigenvalues. Unfortunately, we cannot do this in general, although for a few cases it is
possible. For triangular and diagonal matrices

Un Un Uiv Ly
Uzz e UzN LZI L22
Unn Lyi Ly> ... Lwn | 15
Dii 4 (3.52)
Dy,
D =
Dyy
the determinant equals the product of the elements along the diagonal,
det(U): U11U22U33...UNN det(L)=L11L22L33---LNN (353)
Thus, the characteristic equation is already factored,
det(U — A1) = (Ut — A)(Unz = A)(Usz = A) -+ - (Unn — 1) (3.54)
The eigenvalues of a triangular (diagonal) matrix lie along the diagonal
A =Un A =Up ... Ay=Uyn (3.55)

For matrices that are not triangular, we cannot determine the eigenvalues by inspection,
but we can obtain upper and lower bounds using Gershgorin’s theorem. Let 4 be an N x N
matrix,

ap  diz dis aiN
azr  dyp A3 an

A= |41 dasx a4z ... d3N (3.56)
ayiy daN2 dans ... dnNN

In row £, the diagonal element is ay, and the sum of the magnitudes of the off-diagonal
elements is

Ui = lan| + laia| + - - + lag k=1 + lak g1l + - - + lagy] (3.57)

As the eigenvalues of 4 are, in general, complex, we make a graph of the complex plane and
place the eigenvalue A = a + ib at (a, b) (Figure 3.2). On this graph, we add a circle for each
row k of the matrix. The center of the circle is placed at the location of the diagonal element
axi in the complex plane, and the radius of the circle is the sum of the magnitudes of the
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4 Im(™)

T =lap|+lagp|+---+|ay]
Ty = |ag1| +|a2s| +]@24| + - +|a2n]

Figure 3.2 The complex plane, showing that an eigenvalue must lie within one of the Gershgorin
circles.

1} are diana eeents diands are eien vaes
L A 121
222
[ 2
2 ’-:‘\\
< 1 L'/ \
: \
2 N /
A=1
- Fay =
_1 L
1 1 2 2

Figure 3.3 Test of Gershgorin’s theorem for an example 3 x3 matrix.

off-diagonal elements in the row, I'y. Gershgorin's theorem states that every eigenvalue A
must be located within one of these circles; i.e.,

N
A —aw| <Ti = Z la;;|  for somek € [1, N] (3.58)

=1

J#k
A proof, relying upon the concepts of matrix norm and spectral radius introduced in the next
section, is provided in the supplemental material in the accompanying website. Figure 3.3
demonstrates the application of Gershgorin’s theorem to a 3 x 3 matrix. test-Gershgorin.m

generates this plot for any input matrix.

Gershgorin’s theorem does not tell us what the eigenvalues are exactly, but at least it
provides information about where they can be located. The eigenvalues tend to be clustered
around the diagonal values when the diagonal elements are much larger in magnitude than

the off-diagonal elements.
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Matrix norm, spectral radius, and condition number

We have defined the norm of a vector as a rule that assigns to every v € CV a scalar
lv]| € 9N that represents the “size” of v and that satisfies ||v|| > 0, where [|v] = 0 if and
only if v = 0. For each particular vector norm ||v||, we can generate a corresponding matrix
norm | A|,

| vl
4]l = maXy.0——— (3.59)

vl
How is || 4| related to the eigenvalues A1, Ao, . .., Ay of 42 Let {wl'l ... w1} € CV be
unit-length eigenvectors with Aw* = A, wl¥ and let Sy = span{w!!!, ... wI¥} We can

decompose any v € CV into a component # € Sy and a component y ¢ Sy,

v=u+y=cowl w4 ... e yw 4y

y ¢ Sy = span{w!l ... wll) (3.60)
The matrix norm can then be expressed as
A A
4] = max,cs, max s, Laet AV (3.61)
uty#0 |lu+y|
We thus must have
Au
1Al > maxs, 1220 (3.62)
0 |uel]

where the equality holds if the set of eigenvectors of 4 completely spans CV; i.e., if the set
(wll, ..., wiN} is linearly independent, Sy = CV. We define the quantity on the right-
hand side of (3.62) as the spectral radius, p(A4),

sy —— = MaXic,...cy
w0 |ull gt w4 w4 eyw V|

lerrawll] + cnaw + - 4 cpyaywl])|

[erwlT + cowll - 4 cywV |

,O(A) = MaXic,...cy) (363)
u#0

As the maximum is attained when u points in the direction of an eigenvector for the eigen-
value of largest modulus,

p(A) = max{|ri], [Azl, ..., [An]} (3.64)

The spectral radius provides a lower bound on the matrix norm,

41l = p(4) (3.65)
The condition number, k, the ratio of the largest and smallest eigenvalue magnitudes, is
Amax .
K=" e = P(A) Ao = min{[Al, ol - Ay} (3.66)
Amin

A matrix with a large condition number is said to be ill-conditioned.
Condition numbers are computed in MATLAB using cond and condest. Vector and matrix
norms are computed by norm and normest.
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Applying Gershgorin’s theorem to study the convergence of
iterative linear solvers

As a demonstration of the usefulness of Gershgorin’s theorem, we generate a convergence
criterion for the Jacobi iterative method of solving 4x = b. This example is typical of the
use of eigenvalues in numerical analysis, and also shows why the questions of eigenvector
basis set existence raised in the next section are of such importance.

We develop here a simple alternative to Gaussian elimination for solving a linear system
Ax = b. It is based on forming an initial guess of the solution, x[°!, and iteratively refining

it to form a sequence x!'), x?, ... that hopefully converges to a solution; i.e.,
lim | Ax™ - 5| =0 (3.67)
k— 00

We add to each side of Ax = b the term Bx, for some non singular B,
Ax + Bx =b + Bx (3.68)
Upon rearrangement, this yields the identity
Bx=b+ (B — A)x (3.69)
and suggests a rule for forming a new guess x*11 from x!*,
BxF = p 4+ (B — A)xM (3.70)

If B = A, this rule yields the exact solution after only one iteration, but it is equivalent
to solving Ax = b directly in the first place. We therefore want to choose some B that
approximates 4 such that: (1) ||B — A4|| is small and (2) the update linear system is easy to
solve (e.g. B is triangular). In the Jacobi method, we simply choose B to be the diagonal
part of 4,

B= . (3.71)

ANN

Under what conditions must the Jacobi method converge? To answer this question, let us
define the error vector at iteration k as

el =xM_x x=4""p (3.72)

We want limy_, « [|€f|| = 0. We obtain a rule for the transformation of the error vector at
each iteration by subtracting (3.69) from (3.70),

Belktll — (B — 4)elX] = el — g=1(B — g)elX] (3.73)

We now use Gershgorin’s theorem to find when limy_, o, [|/*!|| = 0. Let us assume that the
matrix B~!(B — A) has a set of eigenvectors {wll, wl, . . wIN} satistying B~1(B —
Aywll = ) ;wll, thatis linearly independent and forms a basis for ". We can then express
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any vector as a linear combination of the eigenvectors, and in particular, the error associated
with the initial guess can be written as

5[0] — clwll] + 02w[2] NS CNW[N] (3.74)
After the first iteration, the error is

el = B7'(B — )" = BT (B — A)[erw! + cowl + . 4 cyw™]
=B (B — AW +6,B7Y B — AWl + ... 4 ey BB — Aw!]
=ciawl + enow® 4+ eyayw (3.75)

After the second iteration, the error is

e = BB — A)el"M = BB — D[craw + capowt + -+ cyayw™]
= 3wl 2wl o eya i wt) (3.76)

After k iterations, the error is
el = clklfw[ll + czklz‘w[zl +---+ cN)»’jvw[N] (3.77)

If all eigenvalues of B~!(B — A) have moduli less than 1, |A;] < 1, then

1> A > AP > )P > - (3.78)
and limy_, o |cj)\']?| =0 for finite {c|, ca, ..., cy}, so that lim;_, « ||elF|| = 0. For the B
of (3.71), we write B~!(B — A) explicitly,
0 (—alz/an) . (—CZ]N/CI[])
1 (—az] /Clzz) 0 . (—azN/azz)
B (B—A4)= ) ) . (3.79)
(—awni/ann) (—ana/any) ... 0

By Gershgorin’s theorem, each eigenvalue A; of B~!(B — A) must satisfy the following
inequality for some k =1,2,..., N:

N N
il = D 1=l = >l (3.80)
m=1 m=1
m+#k m#k
Therefore, we can ensure that all |A;| < 1,if forevery k=1,2,..., N:
1 N
m;mm <1= ;|akm| < la| (3.81)
m#k m#k

That is, for every row of 4, the magnitude of the diagonal element is greater than the sum
of the magnitudes of all off-diagonal elements. A matrix for which this property holds is
said to be strictly diagonally dominant. For such a matrix, the Jacobi method converges to
a solution from any x!%.
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Figure 3.4 Graph for an irreducible matrix, with all nodes connected by a directed path.

Irreducible matrices

It may be shown that for matrices that are irreducible, it is sufficient only that the following,
weaker inequality be satisfied,

N
> akn| < lag (3.82)

ok
A matrix A4 is irreducible if there exists no permutation matrix P, such that PAPT takes the
block upper triangular form

(3.83)

pAPT — |:A11 A12i|

0 Ax

A1 and A4, are square submatrices. An example irreducible matrix is that obtained when
discretizing the operator —d?/dx? using finite differences,

2 -1
-1 2 -1
-1 2 ...
A= 3.84
-1 ... -1 (3.84)
2 -1
As |2|=|—1] 4+ |—1]|, we can expect Jacobi’s method to converge only if this matrix is

indeed irreducible.

To show that a matrix is irreducible, we make a graph with a node for each row (column)
number of the system, k = 1,2, ..., N (Figure 3.4 for (3.84) with N = 4). For each non
zero element, we draw an arrow from the node of the row number to the node of the column
number. If there exists a directed path that connects every pair of nodes, the matrix is
irreducible.

In the derivation above, we have assumed that we can write any arbitrary vector v € RY
as a sum of the eigenvectors of B~!(B — A). This assumption is not always valid. Next,
we derive some conditions under which a matrix is guaranteed to have a set of N linearly
independent eigenvectors.
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Eigenvector matrix decomposition and basis sets

For a given N x N matrix, when does the set of eigenvectors form a complete basis such
that any v € C¥ can be expressed as a linear combination of eigenvectors?

Can we express a matrix as a decomposition involving matrices that comprise eigenvalues
and eigenvectors?

Are there special classes of matrices for which the eigenvalues can be proved to be real, or
for which the set of eigenvectors is not only linearly independent, but also orthogonal?

Such questions may seem abstract, but they are in fact very important in practice. Above,
our proof of convergence of Jacobi’s method is based upon the assumed existence of a
complete eigenvector basis for B~'(B — A).

Eigenvector properties of a general N x N complex matrix

Because we cannot assume that the eigenvectors and eigenvalues are real, even for a real
matrix, we consider the general case where A, € C, wXl € CIV] and 4 is an N x N complex

matrix,
(@ +iby) (a2 +ibp) ... (ainv+ibiy)
(a1 +iby1) (am +iby) ... (av +ibyy)
= . . ) (3.85)
(an1 +ibn1) (an2 +iby2) ... (anny +ibwyw)

If we do not make any special assumptions about the structure of the matrix, we cannot
establish generally that the eigenvectors form a complete basis for CV. We can prove the
following statements, however.

Theorem ENVG1 Eigenvectors wUl and wi, satisfying Awll = 3wl and 4w =
Liw¥ respectively, are linearly independent if 1 j 7 A Thus, the eigenvectors of any N x
N matrix A that has N distinct eigenvalues form a complete basis for CV .

Proof We want to show that when A; # A, we cannot have cwl/! = wlkl. Let us assume,
contrary to the theorem, that cwl/l = wl¥l. We replace wll with cwl/1 in the first term of
AwlH — 3wl =0,

Aewl — ot =5 ewlh —Hwll = 0 (3.86)
and replace w!¥l with cwl/1 in the second term,
Ajewll — ewll = c(h; — 2wt =0 (3.87)

This poses a contradiction with wl/] # 0 when A; # A and thus we cannot have cwl/! =
wlk. As w1l and wl¥ cannot be parallel, they are linearly independent. Thus, if 4 has N
distinct eigenvalues, no two of {wl!l, ... wl"1} can be parallel and the eigenvectors form
a complete basis set. QED
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Theorem EVG2 For any A, it follows from the rules of matrix multiplication that we

can form the following matrices from the eigenvalues and eigenvectors satisfying Awl1 =

A

e | | |
A= , W= | wlll Wl [V (3.88)

AN
and write A as

AW = WA (3.89)

Proof By the rules of matrix multiplication, the left-hand side of (3.89) is

| I | | | I
AW = A | wlll w2 V| = | Al gl gylV] (3.90)

| I | | | I
The right-hand side is

_ A
| | | Ao
WA = | wll i ]
L | | |
AN
[ | |
= | awll Lwll o A ywV (3.91)

L | | |

Because Awl1 = ) wll, we see that AW = WA. QED

Definition Note that while we can write any 4 as AW = WA, we cannot assume that W is
nonsingular. Only if the eigenvectors form a complete basis for C¥ will det(##) # 0, such
that W' exists. If det(W) # 0, we say that 4 is diagonalizable, and we can write 4 in Jordan
form,

A=WAW™! (3.92)

From the Jordan form, we see that if Aw = Aw, then A~'w = A~!'w. Using the rule
AB)Y ' =B '47 AT = (WAW )" = WA~'W~'. This is the Jordan form of 4~,
and thus 4~'w = A" 'w.

Theorem EVG3 Let S be some arbitrary non singular N x N complex matrix. Let A and
B be N x N complex matrices related to one another by the similarity transformation

B=S"4S8 (3.93)

Then A and B are said to be similar, and share the same set of eigenvalues. Their eigenvectors
satisfy Aw = iw and B(S™'w) = A(S~'w).
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Proof The eigenvalues of B are roots of det(B — AJ) = 0. Substituting B = S~ 45,
det(B — A1) = det(S~'AS — A1) =0 (3.94)
We now use the identity / = S~'S = SIS to obtain
det(B — A1) = det(S~'4S — AS7'1S) = det(S~'(4 — A1)S) = 0 (3.95)
Now, as det(4B) = det(4) x det(B),
det(B — A1) = det(S™") x det(4 — AT) x det(S) = 0 (3.96)

As det(S) # 0 and det(S~") # 0 for a nonsingular S, A can only satisfy det(B — Al) = 0 if
it also satisfies det(4 — Al) = 0. Thus, 4 and B = S~'AS have the same eigenvalues.

Let Aw = Aw. Substituting 4 = SBS~', we have SBS~! w = Aw. Multiplying by S~!
yields the following relationship between eigenvectors of 4 and B:

Aw =w  B(S7'w)=A(S"'w) (3.97)
OQED

Definition The Hermitian conjugate of A, A", is obtained by taking the transpose of the
matrix and its complex conjugate,

Akj = dgj + ibkj {akj,bkj} eNn (AH)kj =daji — ibjk (398)
The Hermitian conjugate of a matrix product is (4B)" = BHAH,

Definition A matrix 4 is said to be Hermitian if A = A™. A real Hermitian matrix A4 is
symmetric, A = A".

Definition A matrix U is said to be unitary if U' = U~!. A real unitary matrix Q is
orthogonal, 0" = 07 '.

Definition A matrix A4 is said to be normal if AA" = A" A. Hermitian and unitary matrices
are both special cases of normal matrices.

Theorem EVG4 We can write any complex matrix A in terms of a unitary matrix U and
upper triangular matrix R as the Schur decomposition,

A=URU" (3.99)

As UM = U1, 4 and R are similar, and as R is triangular, the diagonal elements of R are
eigenvalues of A. In MATLAB, a Schur decomposition is computed by schur.

Proof We proceed by induction, showing that if (3.99) holds for (N — 1) x (N — 1) matrices,
then it also does for N x N matrices. For N = 1, we have the trivial result

U=1 A=R=2x (3.100)

2]

For an N x N matrix 4, let Aw = Aw, |w| =1, and let {w,u!, ... a1} form an
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orthonormal basis for CV. Then, the matrix
_ wh

| | ; - (,,[2])“ _
UM = | w W2 . uV (UMY = _ (3.101)

o | "
()

is unitary, (UNYHUIN = [ as((UIVHHUIVY, 0 = wl™].ul"] = §,,,. Then,
I | | | |

AUM = gl w w0 uV | = aw AP . AutM] (3.102)
| | | | |
and
_ i
(u[2])H | | |
(UMY 4u™ = _ w  Aul? AulV)
: | | |
)"
A —  —
| bn ... by
— . . (3.103)
0 : :
Ll by ... bwnn

byn = ul™ . Aul"), That is, in terms of an (N — 1) x (N — 1) matrix B,

H
(UMY 4] = [3 % } (3.104)

If the theorem holds for B, we can write V¥BV = T, for V' = V'~'and T upper triangular.
Then, defining the N x N unitary matrix

1 o7 H 1 o7
[N—1] _ [N—1\"
U _[0 V] (=1 _[0 VH:| (3.105)
we have
N—1\H NT\H N N—1 1 OT A CH 1 OT
(U[ ]) {(U[ ]) AUl ]}U[ 1 — |:0 VHi| |:0 3 0 v
A ct
= 1
|:0 (VHBV)] (3.106)
As U = UMIYIV=1 js ynitary and V"BV = T, then
Lot
HqU=R R= 1
U AU 0 T (3.107)

Thus, if the theorem holds for (N — 1) x (N — 1) matrices, it holds for N x N matrices as
well. QED
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Special eigenvector properties of normal matrices
Normal matrices, 44" = 4" 4, have additional eigenvector properties.

Theorem EVNI1 (spectral decomposition) [f 4 is a normal matrix, it is possible to find a
complete orthonormal set of eigenvectors even if the matrix has eigenvalues of multiplicity
greater than 1, i.e. det(4 — Al) = 0 has repeated roots. The matrix W whose columns are
these eigenvectors is unitary, and we can write A as

A=wAw" A =diag(h, A2, ..., Ay) (3.108)
Proof" We first write 4 as a Schur decomposition,
A=URU" (3.109)
Taking the Hermitian conjugate,
A% = (RrRUMHY = yRHUH (3.110)
we then form the two matrix products

AAY = URUMNURYUM) = URRM UM
A4 = URMUM (W RUY) = URMRUM (3.111)

For A to be normal, 44" = 4" 4, R must be normal as well, RRY = RHR. For

Ry R Rz ... Ry 1:311 )
Ry Ry ... Roy Ry Ryp
R = Rz ... Ray RHE—| Rz Rz R3xn
Ry Riy Rav Rsy ... Rww
(3.112)
RRY™ = RHR only if R is diagonal. As R is similar to 4,
A
R=A= h2 (3.113)
AN
The Schur decomposition for a normal matrix is therefore
A=UAU" (3.114)
Postmultiplication by U yields
AU =UA (3.115)

The general form of the eigenvector decomposition (3.89) is AW = WA, where W is a matrix
whose column vectors are eigenvectors of 4. Therefore, for any normal matrix 4, we can
form a unitary matrix whose column vectors are eigenvectors to write 4 in Jordan normal
form,

A=wAwH (3.116)
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For a matrix to be unitary, its column vectors must be orthogonal, as

B H
— (w" — | |
whiw = : wll IV
H
i (L) | |
[ (T l) o (i ypIN)
— : : =7 (3.117)
LM l) L (N V)

Therefore, it is always possible, for any normal matrix 4, to find a complete, orthonormal

basis for C¥ whose members are eigenvectors of 4. One can write any vector v € C as
the spectral decomposition

v=cw 4wl ... 4 cywtV] wlil e cV (3.118)

AwU) = ol ) gl =5 e =l Ly QED

CorollaryENV1-1 Let us write a normal matrix A in Jordan normal form as A = WAWH.

Taking the Hermitian conjugate, A" = WARWH. Therefore, the normal matrices A and AY

share the same set of eigenvectors, and the eigenvalues of AT are the complex conjugates
of those of A,

Awll = 3wl = AWl =3,wll (3.119)
Theorem EVN2 If A is Hermitian, A = AY, all of its eigenvalues are real.
Proof 1f A = A", then by writing the matrices in normal form,
A=wAawh AN =wAawhHH = paAipH (3.120)
we see the diagonal matrix of eigenvalues must also be Hermitian,
A=Al (3.121)
Thus foreach j =1,2,...,N,A; = Xj, and every eigenvalue must be real. QOED

Corollary ENV2-1 (spectral decomposition of R") Let A be a real, symmetric matrix,
A" = A, and thus Hermitian. From AwUl = kjw[f], as both A and X; are real, it is always
possible to find a real set of mutually orthonormal eigenvectors for A. Therefore, we may
write any vector v € RV as the eigenvector expansion

v=cwll 4+ ewl ... 4 cywtV wll e gV
. : , , (3.122)
AWUY =l Ul B — 5 o =l yen
Definition A real symmetric matrix 4 is said to be positive-definite if v- Av = v' Av > 0
for all v € RY. Let the eigenvalues and orthonormal eigenvectors of 4 satisfy Awl/] =
A wll wll k]l = 5 wll e MY A, € R, Thus, we can write any v € R as the linear
combination

N N
U:Z(w[j]~v)w[j] =chw[j] (3.123)
= j=1

Jj=1
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so that

N N N
v-Av=v-4 |:Zc»w[j]:| Z AwlU1 = [chw[k]] . chkjw[j]
j=1 Jj=1 Jj=1
N N N
S HITY -3

k=1 j=1

(3.124)

\N

Thus, a real symmetric matrix A4 is positive-definite if a// of its eigenvalues are positive. If we
have only that v Av > 0, A is said to be positive-semidefinite. If v Av < Oorv' Av < 0,
A is negative-definite or negative-semidefinite respectively. If no such condition holds for
all v e WY, 4 is indefinite.

Theorem EVN3 [ U is unitary, all of its eigenvalues have moduli of 1.
Proof We write U and U'! in normal form,
U=wAawt  yuf=wallpt (3.125)

For U to be unitary, we require

vut = wAawt(wA" W) = wANTwW =1 (3.126)

Thus A must also be unitary,
AN =whiw =whiw =1 (3.127)
For each diagonal element of AAH, Aij, to be 1, we must have || = 1. QOED

Numerical calculation of eigenvalues and eigenvectors in MATLAB

We now consider the numerical calculation of eigenvalues and eigenvectors. In this section,
we merely demonstrate the use of the MATLAB routines for computing eigenvalues and
eigenvectors. eig computes all eigenvalues and eigenvectors of a matrix, and eigs computes
only certain eigenvalues and eigenvectors of interest, e.g. those eigenvalues with the largest
moduli. In the following two sections, the algorithms used by these routines are discussed
in further detail.

Computing all eigenvalues and eigenvectors with eig

eig uses the iterative QR method (described below) to compute all eigenvalues and eigen-
vectors of a matrix. Consider the matrix

1 2 -1
A=]3 0 -2 (3.128)
-1 1 4

With a single output argument, eig returns a vector of eigenvalues,

=[12-1;30-2;-114];
e = eig(A),
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e =

-1.8284

3.8284

3.0000
With two output arguments, eig returns first a matrix # whose column vectors are the
eigenvectors of 4, and a diagonal matrix D, such that AW = WD,

[W,D] = eig(A),

W=
0.6152  -0.6198 0.7071
-0.7527  -0.6854 0.7071
0.2347 0.3823 0.0000
D=
-1.8284 0 0
0 3.8284 0
0 0 3.0000

eig cannot be used with sparse-format matrices, e.g. those set by spalloc.

Computing extremal eigenvalues and their eigenvectors with eigs

Often, we need not compute all eigenvalues, but rather only certain ones, e.g. the largest or
smallest in magnitude. In MATLAB this is done by eigs using the iterative methods discussed
below. We demonstrate the routine for a positive-definite matrix 4, such as is obtained by
discretizing a diffusion equation in one dimension. As eigs is compatible with sparse-format
matrices we use this option,

N = 25;
v = ones(N,1);
A = spdiags([-v 2*v -v], -1:1, N, N);

With a single output, eigs(A,k) returns the k eigenvalues of 4 with the largest magnitude.
eigs(A) performs this calculation for k£ = 6.

e = eigs(A,5);
e =
3.9854
3.9419
3.8700
3.7709
3.6460

We can change the types of eigenvalues computed through a third argument, SIGMA, taking
the values ‘LM’ or ‘SM’ to compute the eigenvalues of largest or smallest magnitude, ‘BE’
to compute eigenvalues from “both ends” of the magnitude spectrum, ‘LR’, ‘'SR’, ‘LI, ‘SI’ to
compute the eigenvalues of largest/smallest real or imaginary parts, and a scalar value to
compute eigenvalues closest to SIGMA. For example,
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e = eigs(A,3,'SM’),

e =
0.1300
0.0581
0.0146
and

e = eigs(A,4,1.0),
e =
1.2908
1.0706
0.8639
0.6738

In addition to this output, eigs writes information about its internal calculations to the
screen. To turn this off, use

OPTS.disp = 0;
e = eigs(A,5,'LM’,OPTS);

Other fields in OPTS allow us to modify the behavior of the algorithm, e.g. by decreasing
the tolerances. Type help eigs for more information.

With two arguments, eigs returns a matrix W of eigenvectors and a diagonal matrix D of
eigenvalues such that AW = WD. The following code computes and plots the eigenvectors
of largest and smallest magnitudes,

[w,D] = eigs(A,2,'BE’,OPTS);

figure; plot(W(;,1),"-);

hold on; plot(W(:,2));

xlabel(‘component’); ylabel(*w(k)");
title(‘Eigenvectors of 1-D diffusion matrix’);
phrase1 =['\ lambda =, num2str(D(1,1))];
phrase2 = ['\ lambda = ', num2str(D(2,2))];
legend(phrase1, phrase2, ‘Location’, ‘Best’);

The graph generated by this code is shown in Figure 3.5.

Above, we have called eigs for a sparse-format matrix 4. A matrix stored in full matrix
format can also be used. Additionally, we can merely supply a routine that returns for each
input v, the corresponding vector Av. For the matrix above, this is done by

function Av = diff_matrix_1D_mult(v);

N = length(v);
Av = zeros(N,1);
Av(1) = 2*v(1) - v(2);
for k = 2:(N-1)
Av(k) = -v(k-1) +2*v(k)-v(k+1);
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I meme ] =12 1
— ] =

cnent

Figure 3.5 Plots of the eigenvector components for the eigenvalues of largest and smallest magnitudes
for a 1-D diffusion matrix.

end
AvV(N) = -v(N-1) + 2*v(N);
return;

The five eigenvalues of largest magnitude for N = 25 are computed by

e = eigs(‘diff_matrix_1D_mult’,25,5,"LM’,OPTS),
e =

3.9854

3.9419

3.8700

3.7709

3.6460

Computing extremal eigenvalues

We now delve into the details of the algorithms behind eig and eigs, starting first with
methods for calculating extremal eigenvalues. Let us say that we want to find the eigenvalue
of largest magnitude of a matrix 4, assumed diagonalizable. That is, we assume that the
set of N eigenvectors of 4 are linearly independent, and that we can write any vector
ve CVas

v=cwl 4w 4o 4 oyw]

AwUl = wl/] cijeC (3.129)

Let us generate at random some vector v, and write it as the linear combination above. It
is highly unlikely that this random vector is an eigenvector of 4, and we expect each of the
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coefficients {cy, ¢, . . ., cy} to be nonzero. From (], we obtain a sequence of new vectors
vl o2 by the rule
Akl
[e+1] _
v —|Av[k]| (3.130)

Writing these vectors as linear combinations of eigenvectors, we have

A = A[clw[l] +-+ CNW[N]] =ciaw 4 eyaywt] (3.131)
so that
Al w4 eodowl .. AV
o1 = v _amw + crhowt -+ oyAyw (3.132)
|Av[0]| |Av[0]|
Next,
Av[]] . A[cl)qw[l] +--- CN)\.NW[N]] _ CI)L%W[I] +---+ CN)\.%VW[N] (3 133)
- ’Av[o]} o ‘AU[O]‘ '
so that
2] Clk%w[l] + Czk%w[z] +--- 4 CN)\%VW[N]
v = (3.134)
Ao x [ 4]
or in general,
Vel 4 oo abypl2 4. Ak N
L Ll L A o L (3.135)

N | MWl + oM w2+ - 4 ey 2K wiNT|

Let us assume that the eigenvalues are ordered by decreasing modulus, and that A; is both
distinct and has a larger modulus than A;:

Al > [A2] = [A3] = - = [Ay-1] = [An] (3.136)

Note that this is a stricter statement than saying that A is distinct, as if 1, = A, Ap iS
distinct, but |A;| = |A1]. If (3.136) holds, as &k — oo,

[ [A5] = (M| = - = o] = Ay (3.137)
and for any finite {cy, ¢z, ..., cy}, we eventually have
[e1ai] > |ears| = [esaf| = oo = fena Al | = fendy| (3.138)

Therefore, as k — oo,
o~ clk’fw[ll

[
(% e —
cr ikl

(3.139)

In this limit, as Avl* ~ 1,0l
PSR TT LI SR gl (3.140)

We have assumed above that ¢; # 0; however, this is not really necessary. In the presence of
round-off error, which mixes in some w!l component, this algorithm will find A; and w!!]
even if initially ¢; were zero.
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Convergence of power method with a degenerate
leading eigenvalue

We have assumed that |A;| > |X,|. What happens if |Ai| = |A2|? In general, the power
method oscillates and the sequence o!!l, v, . . . fails to converge. However, for the

special case of a Hermitian, positive-semidefinite matrix, all eigenvalues must be real and

non-negative. The only way that |A| = |A,| isif A; = A;. In the limit £ — oo,
oF & i kw4 ekl _ Merwl + cowl] (3.141)
aMwll 4 eMiwll| A [eywll] + w2 '

Therefore, the method converges to some linear combination of w!l and w?!. But, if both
wlll and w!?l are eigenvectors for A; = Ay, cyw!!l 4 c,w!?) is one as well and the power
method converges to an eigenvector for A = A,, but the exact eigenvector found depends
upon the initial guess.

Finding the next largest eigenvalues of a
positive-semidefinite matrix

Let us say that by the power method we have found the largest magnitude eigenvalue A
and its associated eigenvector wl!l for a positive-semidefinite matrix 4. We now want to
compute the next largest eigenvalue X,. To do so, we generate at random some new vector,

that we can express as a linear combination of eigenvectors,
o = ol 4 e o eywlN]

AWU] = Ajw[j] c; € C (3142)

As the eigenvectors of a Hermitian matrix are orthogonal, w!?! is orthogonal to w!!l. We
then can project out the wl'l component by the operation,

P01 — [1 — W[l](w[l])T]v[O] — 0 _ w“](w“] ) ’U[O])
= [CIW[I] + CZW[Z] 4+ 4 CNW[N]] _ w[l](CI)
= czw[z] 4+ 4 ch[N] (3.143)

We now take as our iteration rule,

R L G G ) (3.144)

T e ) |
In terms of the original expansion of v[%, the sequence is

o _ e Mwl 4 ey ah wh] (3.145)

o |C2)\§W[2] + ..+ CN)"I;/W[N”

If |As] > |A3] > |A4] > --- > |Ay], this sequence converges to w!?l. By continuing this
process, we compute the eigenvalues and eigenvectors in order of decreasing magnitude.
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Inverse inflation and shift operations to find other eigenvalues

Rather than finding the eigenvalue of largest modulus, let us find the eigenvalue A; of 4
closest to some target shift value . As the eigenvalues of (4 — /) are A; — 1, we only
need to derive a method that finds the smallest magnitude eigenvalue of (4 — ul). We do
so by applying the iterative rule

(A4 —phzW =oF = 2 (3.146)

This method can be written as
e = A — ph)~'o"

(4 = Ty o] D

Thus, it returns the largest modulus eigenvalue of (4 — w/)~'. As the eigenvalues of (4
— uD)~! are A — w)~!, this method finds the eigenvalue of smallest [A; — u]. At each
iteration, we must solve a linear system (4 — u/)z!¥1 = vI¥1, which is done efficiently by
LU decomposition, so that later iterations only require solving two triangular systems by
substitution.

The QR method for computing all eigenvalues

We next consider a method to compute all eigenvalues of a matrix concurrently by transform-
ing the matrix into a similar one whose eigenvalues are easy to calculate. The transformation
is done through iterative use of QR decompositions, described below.

QR decomposition of a real matrix

Just as a matrix may be factored into the product of lower and upper triangular matrices, it
may also be factored into the product of an orthogonal matrix Q, QT = Q~!, and an upper
triangular matrix R,

A=0OR (3.148)

We describe here an algorithm based on Householder transformations (reflections). For any
w e RV with |w| = 1, we can generate the matrix

(1 =2wiwy) (—2wiwy) ... (—2wiwy)
. (—2wowy) (1 —=2wawy) ... (—2wowy)
P=1-2ww = . . . (3.149)
(—ZWNW1) (—ZWNWZ) ce (1 - 2WNWN)
that negates the component of any w € %" in the direction of w (Figure 3.6),
Px = (I—Zw wT)xzx—2(w - X)w (3.150)

The matrix (3.149) is symmetric and orthogonal,

Pl=(U-2wwhHT=I-2wwl=P P'P=PP=1 (3.151)
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—_———————

« Px

Figure 3.6 Effect of P =1 — 2ww" on an arbitrary vector x.

We next demonstrate how a sequence of such Householder transformations performs the
OR factorization,

Rii Ry ... Ry
Ry ... Ry T
A=0R=20 ) ) 00 =1 (3.152)
Ryy

Let us examine the first column of R that has a nonzero element only at the first component.
For any vector x € R, we can find a vector v, generating a Householder reflection P, that
zeros all but the first component of x:

b
T 2v - 0

Pre 122 | = 20 7 el (3.153)
[v]? [v|? :
0

As x — 2(v - x)|v|"2v = bel'l, v must be a linear combination of x and el',
v=x+ aelll (3.154)

As
[v]* = (x + el'l) - (x + ael) = |x|* + 2ax; + o

3.155
v-x = (x+ae'l) x=|x]* +ax ( )
the Householder transformation acts on x as
2(|x[* + oxy) |
Px=x———"—"—4(x+ (1]
- |x|2 + 2ax) + o2 (x we )
2 2
_ g A e o 20X o) | o (3.156)
|x|? + 20x) + o2 |x|? + 20x) + o2
We obtain Px = belll by satisfying
2(1x? + ax)) o = elx]
1, x <0 (3.157)

x4 20x + a2 T e =sign(x)) = { 1. X >0

so that

Px = —¢|x|el!] (3.158)
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Thus, we have an orthogonal matrix P = Q!!l such that Q['14,
| | [ |
ol | 4 aM | = | (oWalM) (QMa™)
| | L |
(R R Ry
0 | |
= | (3.159)
a2 a2
L 0 | |

has all zero elements in the first column except at the (1,1) position. We next generate the
Householder reflection PP (in V~!) that transforms a>? e RV~ into a vector with all
zeros except for the first component. Then, we construct the N x N orthogonal matrix

1 0
0P — [0 Pm} (3.160)
such that
Rii Ry ... Ry
Loy~ |10 o0 |
0T = Lo PB e A Gy
0 | |
Rt Rz Rz ... Ry
0 Ry Ry3 A Ron
1 0o o | | (3.161)
D g6 PERY
L0 0 | |
This process is repeated until we have
Ry Rz Rz ... Ry
Ry Ry ... Roy
[Q[Nfl]Q[N%] o Q[Z]Q[l]]A — Ry ... Rsy (3.162)
Ryn
This yields the QR factorization after ~N3* FLOPs,
T T PN ZINT
4=0R 0 =(0") () ... (N-2)T(Ql"-1) (3.163)

which is implemented in MATLAB by the function qr.

Iterative QR method for computing all eigenvalues

Note that the upper triangular matrix R that we obtain from QR decomposition is not similar
to 4 and thus does not have the same eigenvalues. However, we can define a matrix 4[!! that
is similar to A4,

A=0R AM=07"140=0"40 (3.164)
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Applying this similarity transform iteratively, we define the rule

AR — Q[k]R[k] AT — (Q[k])TA[k]Q[k] — R[k]Q[k] (3.165)

As we demonstrate below for an example matrix, as k — 00, this sequence of matrices
becomes of block upper triangular form,

Rii Riz Riz ... Rip
Ry Rz ... Ryp
glh—ool _ Rz ... Rsp (3.166)
Rpp
where the submatrices along the diagonal, R, Rz, . . . , Rpp, are either 1 x 1 or 2 x 2.

For the former case, this diagonal element is an eigenvalue of 4. For the latter case, the
2 x 2 diagonal submatrix R;; has two eigenvalues that are complex conjugates of each
other (for real 4) and that are eigenvalues of A. This iterative QR method concurrently
yields all eigenvalues of 4, and the corresponding eigenvectors can then be computed from
(3.38).

Improving the efficiency of the QR method

In practice, we use a more complex algorithm than that above to reduce the computational
workload. For example, it is standard to use Householder reflections first to convert 4 to
upper Hessenberg form

r (0] [0] [0] [0] .
ap;  dap  dapg s arN
[0] [0] [0] [0]
ay dyy  dps a N
0 0 [0]
A0 = ay @ .. aby (3.167)
[0] [0]
L ay.N-1  9yn

Then, the work necessary to perform each subsequent QR factorization scales only as N2
rather than N3. There is only one nonzero element below the diagonal that can be zeroed
efficiently using Givens rotations, a transformation similar to that of Householder, but
that is designed to zero only a single component. For brevity, we do not consider these
modifications in detail, but refer the interested reader to Quateroni et al. (2000).

The convergence rate of the QR method can be improved using single-shift OR iterations,
in which the rule is now

QMR — 4M1 _ ;i1

A[k+1] — R[k]Q[k] +ul (3168)

A common single-shift value is © = a%{}\,, but variable shifts are also used. Note that the QR
iterations above do not converge to the Schur decomposition, because A%~ is only block
upper triangular, and still have may have nonzero elements in the diagonal immediately
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below the principal one. These lower nonzero elements can be removed, and convergence
accelerated for the case of complex eigenvalues, by using double-shift QR iterations. If at
iteration k, there appears to be a 2 x 2 diagonal submatrix R ;; with approximate eigenvalues
AT and 2%, we perform the t tep iterati .

j ;> we perform the two-step iteration

ORI = 4 _ ;14

[k+11 _  4[k] lk] [k]
Al = 4ok 4 31

Q[k+l]R[k+l] — gl _ X[{c][ (3.169)
J
Alk+2] — R[k+1]Q[k+l] +X5<k][

and then resume single-shift iterations. For discussion of more complex, and efficient,
shifting strategies and algorithms for special classes of matrices (e.g. Hermitian), consult
Quateroni et al. (2000) and Stoer & Bulirsch (1993).

Example. QR method for a real 4 x 4 matrix
We now demonstrate the QR method for the real, anti-symmetric matrix
4 0 -1 1
A= (3.170)

that has the complex eigenvalues
Ao =4 1+2.8059i 34 =41+ 0.3564i (3.171)

and is generated (along with a working copy) by

A=[40-11;042-1;1-241;-11-14]; N =size(A,1);
Aw=A;

A single-shift QR iteration is performed by

mu = A w(N,N); [Q,R] = gr(A_w - mu*eye(N));
A_w = R*Q +mu*eye(N);

We have the following first few values of A1,

40 —-1.0 -25 -03 40 —-2.7 —-0.8 0.0
1.0 4.0 06 —-03 2.7 4.0 0.1 0.1
25 —-06 40 —-00]| — 09 —-01 40 -03| —
03 03 0.0 4.0 | —0.0 —-0.1 0.3 4.0
yiu A2

4.0 —-2.8 —0.1 —-0.0
2.8 4.0 0.0 —-0.0
0.1 —-0.0 4.0 0.4 (3.172)
L0.0 00 —-04 40
ABI
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The single-shift QR iterations yield upon convergence

4 28059 0 0
28059 4 0 0 Ry R
[k—o0] _ _ 11 12
4 | o 0 4 03564 _[ 0 RZJ (3.173)
0 0 —0.3564 4

The eigenvalues of 4 are then computed easily from the diagonal 2 x 2 submatrices Ry,
and R,,, where for each we have with b € i,

(4=2)

‘RJ'J_)‘[’Z b (4_)»)‘

=@ -2 +b =0 (3.174)

The two roots are A = 4 &+ bi, yielding the eigenvalues of (3.171).

Normal mode analysis

We now provide an example in which eigenvalue analysis is of direct interest to a problem
from chemical engineering practice. Let us say that we have some structure (it could be
a molecule or some solid object) whose state is described by the F positional degrees of
freedom ¢ € 7 and the corresponding velocities §. We have some model for the total
potential energy of the system U(q) and some model of the total kinetic energy K (¢, ¢).
We wish to compute the vibrational frequencies of the structure. Such a normal mode
analysis problem arises when we wish to compute the IR spectra of a molecule (Allen &
Beers, 2005).

First, using the numerical optimization methods outlined in Chapter 5, we identify a state
q that is a local minimum of the potential energy. That is, it has a lower potential energy
than any neighboring states, and as it is an extremum, VU|; = 0 . We wish to describe
the system’s dynamics when it is perturbed slightly from this minimum energy state, and
so define § = ¢ — §. Expanding U(q) about § as a Taylor series, with dU/dgq,,|3 = 0,
yields

mlnl

U@Gi+381,....4r+8r)~UG1,...,qr)+ = ZZ (8q 0 A)S,, (3.175)

Defining the Hessian matrix H, containing the second derivatives of U(q),

02U 02U
Hy, = = = Hyp (3.176)
0Gm0qn |y 04n0qm |5
the Taylor series for U(q) in the vicinity of § becomes
U@ 481 ... Gr+8p) ~ U@ ... 4r) + ZzamHms (3.177)
m 1 n=

H, which from (3.176) is real symmetric, also must be positive-semidefinite, as for a local
minimum §, U(§ + 6) — U(§) ~ 16" H6 > 0.
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Let us assume for the moment that each degree of freedom has the same effective mass
megr, SO that the kinetic energy is

Mt
2

qt (3.178)

R

k=1

The dynamics of ¢ are governed by the equations of motion

Meff—— = Meff—— = ——— ey .
off 2 ot 72 25, q1 1 qr T OF
which, in the vicinity of the local minimum, reduce to
d*s; 3 1
—_ = UA,...,A = 8mHmn8n
Mefr— 5, |: (41 qr) + 3 n;n:l
d*s; 1< 1 & -
mer— o= =3 ;Hjnsn — E;BMHMJ- =-2 Hjnb, (3.180)
This system of second-order ODEs is written more compactly as
d2
Mett 54 = —Hé (3.181)

The eigenvalues and eigenvectors of the Hessian matrix satisfy
HwlU = ,wll =12 ... F (3.182)

Since the Hessian is real symmetric, the eigenvectors are mutually orthogonal, and so form
a convenient basis set for representing any vector. We therefore write a trial form of §(¢) as
the linear combination

d2
6(t) =it + -+ epewt =g =ewl 4wl (3.183)

dt?
The dynamical equations then become
meaferw 4+ 2wl = — Heowl 4 4 cpwlT]
meffélw[l] + -4 meffépw[F] = —[cle[l] + -+ cFHw[F]]
= —[corw 4+ -+ epapwlfl] (3.184)

Equating the left- and right-hand sides separately in each eigenvector direction yields the
following uncoupled set of equations for each c;(¢),

dZCj
meffﬁ = —)\./C/ (3185)
We propose a trial form of the solution
cj(t) = a;sin(w;t) (3.186)
and substitute it into the differential equation
d’c; _ 2 _ ~1 . _ -1 318
T2 = ajwisin(w;t) = —mghja;sin(w;t) = —mqgd;c; (3.187)
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to show that the trial form of the solution is valid. The angular vibrational frequency of the
normal mode is then

Aj

Mt

wj = (3.188)
lattice_2D_vib.m computes the normal modes of a 2-D lattice of point masses connected by
harmonic springs. animate_2D_vib.m produces a movie of the oscillations for each mode. A
derivation of this lattice model and a discussion of the results is provided in the supplemental
material in the accompanying website.

Relaxing the assumption of equal masses

Above we have assumed that each degree of freedom has an equal effective mass. We now
relax this assumption, using Lagrange s equation of motion,

d (0L aL
N\ )= (3.189)
dr \dq;/)  9q;
where the Lagrangian, the kinetic energy minus the potential energy, is
L(q.4)=K(q.9) - Ulq) (3.190)

For a system of point masses, each described by Cartesian coordinates, Lagrange’s equa-
tion reduces to Newton’s second law of motion. For small departures about a minimum
energy state, Lagrange’s equations of motion typically generate a system of the linearized
form
d2
M|—6|=—-Héb 3.191
0] (.191)

in which the mass matrix M is symmetric, positive-definite, but not necessarily diagonal.
Since M is nonsingular, we can write

d? !

—6=—-M "Héb 3.192

i ( )
We thus must perform normal mode analysis on the matrix M~!H, where

M EWU =3 Wbl = gwUl =i Ml (3.193)

The generalized eigenvalue problem
A generalized eigenvalue problem, such as (3.193), is of the form
Aw = ABw (3.194)

where B is a nonsingular matrix. While there exist general techniques to convert (3.194)
into a standard eigenvalue problem using Schur decompositions, we here describe a sim-
pler approach that may be used when B is positive-definite and A is real symmetric, as
they are for the problem above with B = M and 4 = H. We compute the Cholesky
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factorization of B,

B=LL" (3.195)
and write
Aw = ALL™w (3.196)
We now define the transformation
z=L"w w=L"T"Vg (3.197)

to obtain the corresponding eigenvalue problem
[L7'AL™ D]z =2z (3.198)

If 4 is symmetric, so is L~'ALT"". As L is lower triangular, we can compute L~ very
quickly column-by-column by forward substitution

| | | | 501 ;

LL7 =L | T i | — = | e LI =

| | | |

(3.199)

), we compute the

. . . . —1
Once we obtain the eigenvalues A; and eigenvectors zV/] of L14LT
corresponding generalized eigenvectors

wlil = [T=D 0] (3.200)

eig and eigs allow the use of an optional nonsingular matrix B in the problem Aw = ABw
(type help eig or help eigs for further details). For
2 1 -1 2 -1 0
A=1| 1 4 =2 B=|-1 2 -1 (3.201)
-1 -2 6 0o -1 2

the generalized eigenvalues satisfying Aw = ABw are computed by

A=[21-1;14-2;-1-26];
B=[2-10;-12-1;0-12];
e = eig(A,B),
e=

0.5664

3.1128

4.8207

Eigenvalue problems in quantum mechanics
Eigenvalue analysis lies at the heart of quantum mechanics. Here we consider only a simple

example involving a single electron in one dimension, but the numerical approach is the
same as that used in more realistic 3-D calculations of atoms and molecules. We wish to
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compute the energy states of a single electron in a 1-D external potential field that has the
spatial periodicity

Vix +m2P)=V(x) n=0+1,42, ... (3.202)

Such a periodic system may be interpreted to be a 1-D “crystal.”
The probability of finding an electron in [x, x + dx] is |1/ (x)|>dx, where ¥(x) is the wave-
function of the electron, satisfying the Schrodinger equation,
h* d?
———1/2[ +V(@)Y(x) = Ey(x) (3.203)
2me dx
m. is the mass of an electron and # = & /2 where & is Planck’s constant. E is the energy of
the electron. For a more detailed discussion, consult Leach (2001) and Atkins & Friedman
(1989).

Numerical solution of a differential equation eigenvalue problem

In (3.203), we have a differential equation eigenvalue problem, but we have been study-
ing techniques to solve matrix eigenvalue problems. To convert this problem into a matrix
one, we expand V(x) as a linear combination of basis functions that satisfy the appro-
priate boundary conditions; here the periodicity condition ¥ (x +n2P) = ir(x), since
if V(x) is periodic, we expect ¥ (x) to be also. We choose a plane wave basis set with
members

Kom(x) = €9 = cos(qux) + i sin(g,x) (3.204)

The reasoning behind this choice of basis set is discussed in Chapter 9. Periodicity is satisfied
if the allowable wavenumbers q,, satisfy
mi

Gn=—p m=0FL£2... (3.205)

Using this basis, we write a trial form of the wavefunction as
N N A
YE) = Y buxn@) = Y bpel™ (3.206)
m=—N m=—N

We wish to compute the coefficients {b,,} that satisfy (3.203) best and thus truncate the
expansion to order N to make the problem dimension finite. Substituting this expansion into
(3.203), we have

N W2 J? N
bm _——ZXm(x)"_ VX)) xm(x) | =E b xm (%) (3.207)
dx
m=—N

't 2me

‘We now multiply this differential equation by the complex conjugates of each basis function,
X, (x), to obtain a set of equations:

u W2 d2 N
m;N b Xy (x) [—Tmﬁxm(x) + V(x)xm(x)} = Em:Z_:N DX () xm(x)  (3.208)
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We next integrate each of these equations over [0, 2P] to obtain a set of algebraic
equations:

N N
> buhuw =E Y buSum (3.209)
m=—N m=—N
The coefficients s, are
2P
s = [ Xm0 (3.210)
0
and the coefficients 4,,, are
2P
b= [ (01 (3.211)
0
where the Hamiltonian operator is
Ry
Hy = —5——=x(x)+ V(x)x(x) (3.212)
2me dx

We compute these integrals shortly, but first let us consider the structure of (3.209), which
we write as

N N
" humbn =E Y Sumby n=0,%1,%2, ... N (3.213)

m=—N m=—N
Let us define the new indices

p=m+N+1 m=0,%x1,£2,...,£N p=1,2,...,2N+1

gq=n+N+1 n=0=%£1,£2,....,£EN ¢g=1,2,....,2N+1 (3219

so that, with B = 2N + 1, we define a B x B overlap matrix S, a B x B Hamiltonian matrix
H, and a coefficient vector ¢ € C%, such that

Hyy =hmn  Spg =Smn  C¢p = by (3.215)
The system of equations (3.213) then becomes
B B
> Hypcpy=EY Spc, q=1,2,....B (3.216)
p=1 p=1

This is the gth row of the generalized matrix eigenvalue problem
He = ESc (3.217)

H and S are both Hermitian and S is also positive-definite. Let the energy eigenvalues be
E, with Hel"l = E;Scl!l. These Ej are the allowable energy states of the system, whose
corresponding normalized wavefunctions are

I A0
S o) Pdx

with the corresponding electron probability densities

p) = [y ()| (3.219)

B
Y1) P00 =D My v (3.218)
p=1
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We first must calculate the integrals for the matrix elements of S and H, and this typically
comprises a significant fraction of the effort of quantum calculations. First, we consider the
elements of the overlap matrix

2p
Spq = Smn = / X () xom (x)d x (3.220)
0

Substituting for the plane wave basis functions,

2r 2pP Tx
Spg = Smn = / e 't dx = / exp [i <?> (m — n)] dx (3.221)
0 0

Defining 6 = 7x/ P, this becomes

P 2T
Spg = Smn = <—) / " d = 2PS,, = 2P8 (3.222)
T/ Jo
Thus, the overlap matrix is merely S = (2P)/, I being the identity matrix.
We next compute the elements of the Hamiltonian matrix, which we break into two contri-

butions, H = T + V, where

72 2P 2y
Tpy = — <2me>/(; X (X) 72 dx (3.223)

and

2P
Vg = fo X COV () Yom () x (3.224)

In general, we must compute the elements of /' numerically. A discussion of numerical
integration is not given until the next chapter, so here we merely note that we use the trapezoid
method (trapz in MATLAB) in which we evaluate the integrand f(x) = x,,*(x)V (x)xm(x)
at ng grid points,

2P

x; = — 1)(Ax) Ax:ng—l

i=12,....ng (3.225)

We then approximate the integrals (3.224) using the quadrature rule
2P ng—1 Xjt1 ng—1 . .
[ rear = Y ferydx ~ Y [M} (Ax) (3.226)
=1 Y% =1

For the selected basis functions, we can compute the elements of 7 analytically. Substituting
into (3.223) for the basis functions,

72 2P ’ 42 ’ h2 5 2p vk id
o —iqux L iqux gy — I ptdm g 3.227
n (2me> /0 ¢ aet Y (2me> A fo e G2

Using g,, = mm/P and fozp e!l@n=anx gx = 2 P§,... we have

/_zzmzn'z
qu:(T]fne>8mn m:p—N—l }’l:q—N—l (3228)
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eectrn densit

Figure 3.7 Plots of the electron densities in the ground state (solid) and first two excited states
(dash-dot) for an electron in a 1-D array of square well potentials.

quantum_1D.m computes the lowest energy states for a well potential

—Evear, (P ="h)<x=<(P+"h)

; 3.229
0, otherwise ( )

V(0<x <2P)= {
w is the width of the energy well, and Ey. is its depth. Plots of the electron densities for
the ground state and first two excited states with P =1, w = 1, Eye = 5, and N =25
are shown in Figure 3.7. The lowest energy eigenstates are computed using eigs with the
'SR’ keyword.

Singular value decomposition (SVD)

With the usefulness of eigenvalue analysis, we might wonder if it can be extended to the
case of nonsquare matrices of general dimension M x N,

ap ap aiz ... 4N
as) dyp dz; ... N

A= 431 dasxy dz ... 43N (3.230)
aylr Aam2 4aApms ... AMN

In fact, such an extension exists. For a M x N real matrix 4, we can always generate the
N x N square matrix 474 that is symmetric and positive-semidefinite; i.e., all eigenvalues
are real and are greater than or equal to zero. Let the eigenvalues of 474 be wy, us, . . .,
. We then define the singular values of 4 as

o =1 o= ... oy =y (3.231)
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Let us assume that our matrix has more rows than columns, M > N. We then can write A
in the form of a Singular Value Decomposition (SVD)

A=wxzyT (3.232)

Y isa M x N diagonal matrix containing the singular values, 7 is an orthogonal M x M
matrix whose columns are the M left singular vectors of A, and V is an orthogonal N x N
matrix whose columns are the N right singular vectors of A.

0]
02
| | |
Y= oy W= | wlll 2] WMl
0 | | |
. WT — W71
0 -
| I |
V= |l o2 [ oV (3.233)
|| | |
For M < N, the SVD also exists, but now X is
01
Y= o2 (3.234)
oy 000
andoyy;=--=0oy=0.As ATA=FVETWHWZVT) = VETWTW)Z VT, we note

that as W is orthogonal, WTW = I, I; being the M x M identity matrix, and thus we
obtain the Jordan normal form for 474

AT4 =TT (3.235)

Therefore, XTX = A is a diagonal matrix containing the eigenvalues of 474, and the right
singular vectors of A are the eigenvectors of 474,

AT 4 = 670V (3.236)

Previously, we have defined the rank of'a square matrix as the number of linearly-independent
columns (or rows); however, we can now extend this definition and provide a means for its
calculation.

Definition The rank of an M x N matrix 4 is the number of its nonzero singular values.

Above we have treated the case of a real matrix 4. For a complex matrix 4, the SVD is
A = UX VY, where now U and V are unitary. ¥ contains the nonnegative singular values,
as is the case when 4 is real.
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SVD analysis and the existence/uniqueness properties of linear systems

Let us examine how SVD aids detecting the existence and uniqueness properties of linear
systems. As noted in Chapter 1, the nature of the null space (kernel) of 4 and of the
range are vitally important; however, we have not described how we may identify these
subspaces for a particular matrix. Let 4 be a real, square N x N matrix, with the SVD
A=wWzVT,

o1 _ (v[l])T _
P 02 — (U[.Z])T —
ov) L— @yt —
| R
=l B e || T @ — (3.237)
| | | — GN(1;[N])T —
Therefore, we can write
— ol(v[  — X1
ax— | @ ] x2
— on(v )T — XN
| | | :|
— |l 2 V] (3.238)
| | | ox( 'u[N] x)
The right singular vectors {o!!l, v?, ... »M} are orthonormal. Therefore, any vector

can be written as the linear combination

- [/]
— J
2

Let us say the first  singular values of 4 are zero and that the rest are nonzero. We want to
identify the null space K, and range R4 of A. To do so, we break the linear contribution for
X into two parts

xe RV

(3.239)

xZZ( 1.

j=1
a;=0

[j]+Z

j=r+1
;>0

(3.240)

Let us now define a second vector y € RV that is a linear combination solely of the right
singular vectors for the zero singular values,
r

y=3" (W y)t/

Jj=1
o;=0

(3.241)
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and write Ay in the form of (3.238),

[ o (’U['l] 'J’) i _(O)('v[l] ~y) ]
oy ('u[;] -y) (0)(1)[:’] .y)
Ay =W Ur+1(U[r+l] y) =W (TH_](O) =wo=0 (3242)
| ON (va 1. y) | L UN.(O)

Thus, the right singular vectors for the zero singular values form an orthonormal basis for
the null space (kernel) of 4,

Ky=span{v!, ..., oy=...=0,=0 dim&K,)=r (3.243)
We obtain a basis for the range of 4 by continuing the calculation of Ax,
op (v x)
[ | 21 |
Ax = | wll . wM o2(vF+x)
L | I :
oN (’U[N . x)

Cwiloy (o1 x) + -+ wiMoy (o] - x)

W21]O—1 (v[l] ! x) + -+ WgN]O'N('U[N] . x)

= . (3.244)
L wloy (V- x) 4+ WE\]/V]O‘N('U[N] - x)
to obtain
N . .
Ax = Zaj(vm ~x)w[f] (3.245)
=1
Ifo=---=0.=0and 0; >0for j =r+1,...,N,then
N
Ax =) o;(W1- x)wl! (3.246)
J=r+1
;>0

Thus, any Ax € WY can be written as linear combination of the left singular vec-
tors {wlt11 . wIM}, so that the range of A4 is

Ry =span{wl . ow" b o >0 dim(Ky)=N-—r (3.247)

The right and left singular vectors thus provide orthonormal basis sets for the kernel and
range respectively,

K,= span{v[j]|aj = 0} Ry = span{w[j]|aj > 0} (3.248)

For Ax = b, if 4 is singular, we can check easily for the existence of solutions using SVD.
If b € 9N 4, there exist an infinite number of solutions

N
xX=z+ Z c_,-'v[j] c;eN (3.249)
j=1

/=0
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z is any particular solution satisfying Az = b. To obtain a particular solution from the SVD,
we note that if 4 were nonsingular, the unique solution would be

x=A"o=wzyy b=V Dy p=v=-'w'p (3.250)
where
»! :diag(al_l,...,ar_l, r+11,.. O‘Nl) (3.251)

Written in terms of the left and right singular vectors, the solution is

Z UL b)o; " ol/] (3.252)

If there exist zero singular values ; = 0, ' and 4A~! = V7! WT do not exist, and this
formula diverges due to division by zero. We can, however, define the pseudo (generalized)
inverse of A, in which we replace the infinite values of o~ with zero:

At=rEwT £ =diag(0,...,0,0,...,05") (3.253)

) r+l ?
For, b € N4, b must lie in span{wl!|o; > 0}, and as all wl'! are orthonormal, wU! . b =
0 for all o; = 0. Therefore, by (3.252), we still have Az = b when b € N4,

N
2= (W b)o; o =4 (3.254)

Jj=1
;>0

The general solution, for b € N, is then

N N
X = Z (w[j] -b)cr_;l'u[f] + Z cj'u[j] ci €N (3.255)
Jj=1
0;>0 ;=0

Least-squares approximate solutions

You may ask, what happens if we apply the pseudo-inverse to a vector b that is not in
the range of A? Such is often the case for an overdetermined system with more equations
than unknowns, Ax = b, x € WY, b € WM>Y_ Then, z = A~'b is not a solution, Az # b.
However, it is the “closest thing to a solution,” as it minimizes the residual norm,

|dz —b| < |Ay —b] VyenV (3.256)
As this also means minimizing |Az — b|> = (4z — b) - (Az — b) 7= A~'b is said to be
the least-squares approximate solution. The SVD solution, z = A~'b, exists for systems

Ax = b with both square and nonsquare 4 matrices.
This property makes SVD very useful in statistics. Let us fit a linear model

y = pixi + Boxa + -+ Buxy (3.257)

to a data set of M measurements of y, yI¥1, for known {x;#1, . .., x,¥}. From the data, let
us form the M x N design matrix X, the response vector y € ¥, and the vector of unknown
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parameters g € RV,

1 1 1
x{ ] x£ I ..x][V] Il B
2] 2] 2] i B2
x=|" y=|": [ex’ B=| |en’ (3258
: : : (M] :
x{M] ng] .. .x%w] Y By

Using the rules of matrix multiplication, we can write the set of relationships yl = ﬂlxgk] +
k k
,32x£]+~-+/3Nx,[v] asy = XB

r 1] [1] (1]
i Xq X5 Sl Xy Bi
2 WE e,
M . . . .
y[ ] _x{M] ng] x][VM] B

- 1 1 1
,31)6{ I +,32x£]+--~+ﬂNx][v]

2 2 2
_ ﬁlx{ ] +,32x£ ].+"’+ﬂNxJ[V] (3.259)

M M. M
LB+ ot 4 gy

In Chapter 1, we computed the coefficients 3 of a linear model by solving the system
XTXB = XTy, obtained by premultiplying y = X3 by XT. We also can obtain 3 using the
pseudo-inverse from SVD,

B=rVE'wly (3.260)

The advantage of the SVD approach becomes evident when we do not have sufficient
data to determine all coefficients B;. Then, the right singular vectors {vll|o; =0} €
MY provide information about the “missing” data points x that are necessary to deter-
mine all B;. In particular, we should add new measurements {x[V*1 . . xINTPl} such
that

span {vM/]o; = 0} C span {x['], ... &tV XV oy NPT (3.261)

Then, the new design matrix with these P additional measurements will have no zero singular
values, such that all coefficients 8; can be estimated. Equation (3.256) tells us that the SVD
solution (3.260) is the least-squares estimate that minimizes the sum of squared errors
|X3 — y|?. This subject will be discussed further in Chapter 8.

SVD in MATLAB

We wish to fit the linear model y = By + 816, + B.6, to the data in Table 3.1. Entering the
corresponding design matrix and response vector,

X=[100;111;122;133];
y=[1;6;11;16];

we compute the SVD X = US/H



Singular value decomposition (SVD)

Table 3.1 Measured data for fitting linear

model with SVD

measured y 0, 6,

1 0 0

6 1 1

11 2 2

16 3 3

[U,S,V] = svd(X),

U=0.0547 0.8349 -0.5000 0.2236
0.2979 0.4596 0.8333 0.0745
0.5412  0.0843 -0.1667 -0.8199
0.7844 -0.2909 -0.1667 0.5217

S =55405 0 0
0 1.1415 0
0 0 0.0000
0] 0 0

V =03029 09530 0
0.6739 -0.2142 -0.7071
0.6739 -0.2142 0.7071
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We see from S that the third singular value is zero, and identify the “missing” data from the
corresponding right singular vector

o =10 —0.7071

(3.262)

This is clearly related to the lack of any data points in Table 3.1 that vary 6; and 6, by
different amounts. We ensure (3.261) by adding a fifth data point x5! = xB1 4 co®], yielding
forc' =0.7071,x; =2 — 1 = l and x; = 2 + 1 = 3. For this x1J, we measurey[s] =12,
such that the new data set is

X=[100;111;122;133;113];
y=[1;6;11;16;12];

The singular values of X are now all nonzero,

s=svd(X),

s =
6.3373
1.2530
1.1264

The fitted parameters are computed by

[U,S,V] = svd(X);
S_inv = zeros(size(S"));
S_inv(1:3,1:3) = inv(5(1:3,1:3)),
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S_inv =
0.1578 0 0 0 0
0 0.7981 0 0 0
0 0 0.8878 0 0
b=V'S.inv'U"y,
b=
1.0000
2.0000
3.0000

Thus, the fitted parameters of the linear model are By = 1, 8; = 2, B, = 3. This approach
to the design and analysis of data sets for parameter estimation will be considered again in
Chapter 8.

Computing the roots of a polynomial
The eigenvalues of a matrix 4 are roots of the characteristic polynomial of degree N, det(4
— AI) = 0. Therefore, we can compute the roots of any polynomial of degree N

pv(x) =anx™ +ay_ 1 xVN M+t ax 4+ ao (3.263)

by calculating the eigenvalues of a matrix 4 for which det(4 — A7) = py(A). From expan-
sion by minors in the first row, the auxiliary matrix for py(x) is

(—an-1/ay) (—an-2/an) ... (—ai/an) (—ao/an)
1 0 e 0 0
A = 0 1 ... 0 0 (3.264)
0 0 .. 1 0

For example, consider the polynomial of degree three
p3(x)=x> —3x*+x -3 (3.265)

The auxiliary matrix is

3 3
A=|1 0 0 (3.266)
0 0

The eigenvalues of this matrix are
A =3 Ay =1 A3 =—i (3.267)
It is easy to show that these eigenvalues are in fact roots of (3.265):

33 =061 -33°+0B)—3=27-274+3-3=0
) =0y =30 +(G)-3=—i+34+i-3=0 (3.268)
pi(=i) = (=1 =3(=i)* + (=i)=3=i+3—-i-3=0

In MATLAB, this technique is employed by roots.
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MATLAB summary

The use of MATLAB to compute eigenvalues was discussed earlier in this chapter; therefore,
here only a brief summary is provided. A matrix W, whose column vectors are eigenvec-
tors of 4, and a diagonal matrix D, whose principal diagonal contains the corresponding
eigenvalues, are returned by

[W,D] = eig(A);

With only a single output argument, eig returns a vector of eigenvalues. If only a few extremal
eigenvalues are desired, use eigs. For example, the five largest-magnitude eigenvalues of 4
and the corresponding eigenvectors are returned by

[W,D] = eigs(A,5, ‘LM’);

Other options include computing the smallest magnitude ('SM’), largest and smallest real
part (‘LR’, ‘SR’), or the eigenvalues closest to a specified target shift value. Type help eigs,
or consult the earlier discussion of this chapter, for further details.

The SVD 4 = USVH is computed by

[U,S,V] = svd(A);

The condition number is computed by cond and condest; the norm by norm and normest;
and the rank by rank. Eigenvalue methods are used to compute all roots of a polynomial by
roots.

Problems

3.A.1. From Gershgorin’s theorem, derive lower and upper bounds on the possible eigen-
values of the matrix

10
A=10 2 1 (3.269)
301

3.A.2. Compute by hand the eigenvalues and eigenvectors of (3.269), and check your results
using MATLAB.

3.A.3. Consider the following matrices,

EEr R

A= B=]0 5 -1
-2 0 3 0 13 s
1 4 0 -1 -

- _ (3.270)

-1

- 0 0
C= ? 2] D=1 0 0
- 0 1
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xy=P—-(a+w) x,=P+(a+w)
2 2

Figure 3.8 Double-well potential for a 1-D quantum mechanics problem.

(a) Without computing the actual eigenvalues, can you tell if any of the matrices above must
have all real eigenvalues? Explain why you make this judgement.

(b) For each of those guaranteed to have all real eigenvalues, provide upper and lower
bounds on the eigenvalues.

(c) Show that D is unitary.

(d) Compute by hand the eigenvalues and unit-length eigenvectors of C.

3.A.4. Consider a random 4 x4 matrix generated by A = rand(4). Similarly to (3.170)—
(3.174) use the double-shift iterative QR method to find its eigenvalues, reporting each
intermediate matrix A™). Then, compute 474 and repeat the calculation, demonstrating that
its eigenvalues are real. Once the eigenvalues of 4 and 44 have been calculated, compute
their eigenvectors, and demonstrate that those of 474 are orthogonal. You may use MATLAB
to solve linear systems and perform the QR decomposition at each iteration.

3.B.1. Modify quantum_1D.m to compute the lowest-energy states for the double-well
potential system shown in Figure 3.8, with the parameters

P =10 a=2 w=1 Eyen =10

3.B.2. Consider the positive-definite matrix 4, obtained by discretizing the Poisson equation
—V?¢ = f in d dimensions on a hypercube grid of N points, with the following nonzero
elements in each row for Ax; =1,

Akk=2d Ak,k:i:N"’ =—1 m=0,1,...,d—1 (3271)

Plot as functions of N the largest and smallest eigenvalues and the condition number for
d =1,2,3. For d = 3, extend the calculation to relatively large values of N by not storing
the matrix (even in sparse format) but rather by merely supplying a routine that returns 4v
given an input value of v.

3.B.3. We wish to fit the model y = By + 101 + B, to the data of Table 3.2. Compute the
SVD of the design matrix, and show that the data are sufficient to determine all parameters
in the proposed model. Then, compute the best fit of the parameters to the data. NOTE:
The “\ ” linear solver of MATLAB returns the least squares solution for overdetermined
systems.

3.B4. It is common in mechanics to describe a rotation in R by its
three Euler angles (¢,0,v),0 <@ <2m,0 <6 < 7,0 < < 2mw. The corresponding
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Table 3.2 Data for fitting quadratic two-variable model

k 1 2 3 4 5 6 7 8
01 0 1 1 1 2 2 2 0
0, 1 0 1 2 1 2 0 2
y 1.53 111 283 439 402 592 200 323

Figure 3.9 Molecule in two dimensions with bond and angle spring energy models.

transformation involves a rotation of angle ¢ about the z-axis, followed by a rotation of 6
about the new x-axis, followed by a rotation of angle v about the new z-axis. Using the
notation, Cy, = cosy,, S, = sin g, etc., the orthogonal matrix for this rotation is

(CyCp— SyCsS,) (—CyS, — SyCaS,)  (SySy)
0=|(S,C,+CuCsS,) (=SS, +CyCsC,) (—CySs) (3.272)
(S6Sy) (86 Cy) (Co)

Write a MATLAB routine that takes a vector v and the set of three Euler angles, and returns
the rotated vector. What are the vectors that ell, j = 1, 2, 3, are transformed into by a rotation
with ¢ =7/4,0 = /4, = /47

3.C.1. Consider the simple ethylene-like 2-D “molecule” in Figure 3.9 whose six atoms are
located at the coordinates r[*) = [x,1,]",a = 1,2, ..., 6. For simplicity, we neglect here
any out-of-plane distortion, and compute the vibrational frequencies of the molecule from
a proposed energy model involving harmonic springs. There are two types of springs: bond
springs and angle springs. For each pair of bonded atoms « and S, we have a bond-stretching
contribution to the potential energy,

U (), Py = L Kylrap — 11 rap = [P — ] (3.273)
that helps to maintain the distance at the natural bond length /. The quantity K, is the
harmonic spring constant for this bond-stretching term. In Figure 3.9, the bond-stretching
springs are shown as solid lines, and there are two types, with

kpy =200 I, =1.5

274
k=100 L, =1 (3-274)

The angle-bending springs are shown in Figure 3.9 as dotted lines, and help to preserve the
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angles at their natural values of 6, = 27 /3. Let 645, be

pleBl . Iyl } plaBl — plB1 _ plel

[rLeA1] [ 0A]| VB — pI] _ i) (3.275)

Bupy (K1, 111 1177) = acos {

We resist bending of this angle away from its natural value 6, = 27/3 by adding to the
potential energy an angle-bending contribution

ytl

aﬁy( o] ,,[/3]’ ,,[V]) — %Ka[eaﬁy (,.[a]’ ,.[/3]’ r[y]) _ 93]2 (3.276)

For each angle in the energy model for this 2-D molecule, we use
K,=1 0, =2m/3 (3.277)

For a real molecule, we would include additional terms from van der Waal’s and electro-
static nonbonded interactions, but here for simplicity we consider only the bonded energy
contributions. Let the coordinate vector be

q = [X1 1 X2 92 X3 3 X4 Y4 X5 Y5 X6 6] (3.278)

The potential energy of the molecule is

Ulg) = Uy + U + U + UL + Ul
+ UYS + USL + USL + Ui+ UlsE + Ul (3.279)
and the kinetic energy is
[1] #[12] - [3] (4] (5] 6]
T e I I B e
K(q.q)= 3.280
(q.9) = 5 5 5 5 5 7 ( )
where m; = 10 and m, = 1. We can then compute the mass matrix M such that
K(q.9)=34"Mq (3.281)

Your task is to write a MATLAB program that computes the vibrational frequencies, through
the following steps:

(a) Write a routine that sets the atomic positions, with rI!l = 0, such that all bond lengths
and angles take their natural values. This is a minimum potential energy state. Store
the results as a state vector §.

(b) Write a routine that returns, for input ¢, the potential energy U(q).

(c) Using the routine from (b), write a routine to compute the elements of the Hessian

matrix
02U
LH(@)]Imn = [H(@)]nm =3 (3.282)
men q
This can be done numerically by finite differences,
a [doU AU /0G| g1eemt — (QU/3Gn)|5—cem
[H(q)]mn - ~ ( / q )|q+s [m] ( / qn)|q [m] (3283)
8qm aQn q 2¢e
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where
U(g + sel™ L gell) — U §+ celml _ geln]
1(OU/0Gn)|gsem = ( )2 ( )
£
Thus, we have the finite difference approximation, accurate for small ¢,
A [Umn(t‘), 8) - Umn(t‘?, —8)] — [Umn(—g’ ,9) — Umn(_S, —8)]
[H(q)]mn =

4e? 3.285
Umn(817 82) = U(é —|— 81e[m] + gze[n]) ( )

(3.284)

HINT: You only need to perform the finite difference calculations for » < m, and then
generate the other elements through symmetry, H = H'.

(d) Compute the angular frequencies of each vibrational mode. Note that you will have
some zero-frequency modes corresponding to net translation and rotation of the
molecule. Neglect these. Also compute the eigenvectors, and save all results in a .mat
file.

(e) Then, using animate_2D_vib.m as a guide, write a MATLAB routine that makes a movie
of the vibrations associated with a selected mode. Using this visualization, list the
modes in order of increasing frequency and describe the nature of the corresponding
oscillations. These modes are the peaks that may be observed in IR or Raman spec-
troscopy, depending upon the symmetry properties of the corresponding oscillations.
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Armed with techniques for solving linear and nonlinear algebraic systems (Chapters 1
and 2) and the tools of eigenvalue analysis (Chapter 3), we are now ready to treat more
complex problems of greater relevance to chemical engineering practice. We begin with
the study of initial value problems (IVPs) of ordinary differential equations (ODEs), in
which we compute the trajectory in time of a set of NV variables x;(f) governed by the set of
first-order ODEs

%x:fc: fx) 4.1)
We start the simulation, usually at #y = 0, at the initial condition, x(ty) = x!°. Such prob-
lems arise commonly in the study of chemical kinetics or process dynamics. While we have
interpreted above the variable of integration to be time, it might be another variable such as
a spatial coordinate.

Our task will be to develop iterative rules for updating the trajectory by taking small steps
forward in time. We would like the numerical trajectory to agree with the exact solution

x(t) = x4+ / t fx()dt' (4.2)

to

Therefore, this problem is closely related to that of numerically computing the values of
definite integrals

b
Iy = / F(x)dx (4.3)

Thus, we first consider the subject of numerical integration (quadrature). As we can compute
Iy analytically when f(x) is a polynomial,

N N
=) axt =) [ - a] (44)
k=0 k=0

our first topic will be polynomial interpolation, the representation of an arbitrary function
f(x) by an approximating polynomial.

Following a discussion of polynomial interpolation and numerical integration, a survey
is presented of the major techniques for solving IVPs, as implemented in MATLAB. Then,
the issues of numerical accuracy and stability are treated at depth for commonly-used ODE
solvers. Next, we consider differential-algebraic equation (DAE) systems that contain both
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ODEs and nonlinear algebraic equations of the general form
Mi = f(x)  x(t) = xI") (4.5)

M is a matrix, in general itself a function of x and ¢, and singular, as it contains a row of
all zeros for each algebraic equation. Finally, we present a robust method, based upon IVP
solvers, to study how the solution to a set of nonlinear algebraic equations depends upon
its parameters, parametric continuation.

Initial value problems of ordinary differential equations (ODE-IVPs)
IVPs arise when we study the dynamics of a system governed by a set of first-order ODEs,
such as the batch reactor kinetics for the network of two elementary reactions

A+B— C rry =kjcacs
C+B — D rry=kyccen (4.6)

At ty = 0, we start with the initial concentrations
calto) = cao  cB(to) = cBo  cc(to) = cplty) =0 4.7)

The time evolution of the system follows the set of first-order ODEs

dCA dCB
— =T — = —r —r

dt R1 dt R1 R2 (4 8)
dec dep .
— =7 — I — =T

di R1 R2 dt R2

We wish to use a general notation system for IVPs, and so define a state vector, x, that
completely describes the state of the system at any time sufficiently well to predict its future
behavior; here,

T
X = [CA CB CC CD] (49)
We then write the ODE system, substituting for the reaction rates, as

X1 = —kixixo = filx; ki, k) X = —kixixo — kaxsxy = fo(xs ki, k)

X3 =kixixy — kaxsxo = f3(x5 k1, ko) Xa = koxsxo = fa(xs ki, k) (10
We collect the parameters of the system into a parameter vector
O = [k k]" (4.11)
and write (4.10) in the standard ODE-IVP form
X=f(x;0)  x(to) =x"! (4.12)

We next show that this problem formulation is quite general by considering the following:

How do we express the system in the form of (4.12) if the function vector is itself time-
dependent?
What if we have ODEs of higher order than one?
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To resolve the first question, let us say that we have a problem with time-dependent
function values

x=flt, x;0)  x(ty) = x" (4.13)
Expanding the state vector to include time,
x| N
y=1|: g=|° (4.14)
XN Sn
t 1

we write the system in the standard form as

[0]
P=20:0) y(tg) =y = ["to ] (4.15)

To answer the second question let us say that we have a second-order ODE for u(¢)

2
ax(u, t)flTZ + a;(u, t)c;—zt +ap(u, t)=0 (4.16)

We define the state vector

T
x = |:u fl—L; t] (4.17)
and write the ODE as
dx,

a(x1, xz)z +ai(x1, x3)x2 +aop(x1, x3) =0 (4.18)

As long as ay(xy, x3) # 0, we can write (4.18) in the standard form

X1 X2
X=|x | = —[ai(x1, x3)x2 + ao(x1, x3)]/ax(x1, x3) (4.19)
X3 1

Thus if we can solve (4.12) by calculating (4.2), we can simulate the dynamics of a wide
variety of systems.

Polynomial interpolation

Because we can evaluate the integral of a polynomial analytically, integration techniques
typically employ polynomial approximations of the integrand. The general problem of
polynomial interpolation is as follows. Let us say that we have sampled some function
f(x) at the N + 1 support points {xo, X1, X2, . . . , Xy} to obtain the function values
{fo, fi, f2, .-, S}, fj = f(x;). We wish to construct a polynomial of degree N

p(x)=ao+arx + ax* + - +ayx" (4.20)

such that p(x) agrees with f(x) at each support point,
p(xj)zao—i—alxj+a2sz»+~-~+aNx]N=f(xj) j=0,12,..., N (4.21)
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The coefficients of the polynomial therefore must satisfy the linear system

X0 X§ x} a0 fo
1 x; xl2 xlN a fi

Xa=|1 x x5 ... x3 @ |=|N|=Ff (4.22)
|1 oxy xy ... oxy | ROV In

As long as no two support points are colocated, det(X) # 0, and there is a unique polynomial
of degree N that solves the interpolation problem. However, we would like to obtain the
interpolating polynomial without having to solve a system of N linear equations by elim-
ination, requiring ~ N* FLOPs. Also, X easily may have quite a high condition number
and thus round-off errors may be significant, as we multiply, add, and subtract numbers of
vastly different magnitudes during elimination.

Lagrange interpolation

From the drawbacks of solving (4.22) by elimination, it would be nice to have a direct way
to construct p(x) from the function values. In fact, it is possible to express p(x) as the linear
combination

N
px) =) fiL;x) (4.23)
j=0

The {L;(x)} that satisfy p;(x) = f;(x) are the Lagrange polynomials
(x —xp) - - (x —x;- )X —x;41) - - (¢ —xw)
Lj(x) =
(xj —x0) -+ (o — X)) — X)) -+ (X — xn)

(4.24)

L;(xx) = d;;. In Figure 4.1, we plot the Lagrange polynomials for support points at
{0,0.5,1.0}. We use these polynomials to approximate f(x) = /x on [0, 1]by (4.23). Note
that outside of [0, 1], p(x) and f(x) diverge rapidly. This demonstrates the drastic loss in
accuracy that may occur when extrapolating outside of the range of data using polynomials.

Newton interpolation

One disadvantage of Lagrange interpolation is that if we add another support point x|, we
have to recompute all of the Lagrange polynomials again from scratch. Newton interpolation
avoids this difficulty, and expresses the interpolating polynomial as

Py(x) = ao + ai(x — xo) + ax(x — xo)(x — x1)
+---Fay(x — xo)(x —x)(x —x2)...(x —xy-1) (4.25)

We can evaluate Py (x) rapidly through the factorization

Py(x) =ao+ (x —xo)la1 + (x —x)[ar + (x —x2)[--- + (x —xy_pay]l] (426
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Figure 4.1 (a) Lagrange polynomials for the support points {0, 0.5, 1} (b). Lagrange interpolation
of the square root function on [0, 1].

Given the function values {fy, fi, ..., fv} at {xo, x1, ..., xy}, how do we obtain the
coefficients {ag, ai, ..., ay} of the Newton interpolating polynomial?
We sequentially solve the equations

S(x0) =ao
Sx1) = ao+ (x1 — xo)ay (4.27)
S(x2) = ao + (x2 — xo)ar + (x2 — xo)(x2 — x1)az
First, ap = f(xo). We next obtain @; from
S(x1) = f(xo) +(x1 —x0)a1 = a1 = S = fxo) (4.28)
(x1 = x0)

To get ap, we subtract f(x;) from f(x,),

S(x2) = f(x1) = [ao + (x2 — xo)ar + (x2 — xo)(x2 — x1)az] — [ao + (x1 — xo)ai]

S(x2) = f(x1) = (x2 —x1)ar + (x2 — Xo)(x2 — x1)az (4.29)
S
Defining the first-order divided differences
. g = LD =100 _ 00 = fy) w30

(x; — xz) (xx — x;)
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Table 4.1 Values of the cube root
function in [0.4, 0.6]

x f)=x'73
0.4 0.7368

0.5 0.7937

0.6 0.8434
this yields

SIx1, x2] = flxo, x1]

(x2 — xp)

=ay = flxo. x1, X2] (4.31)

We define divided differences of higher orders recursively
Slxnoxil] = flxo, oo xp—i]

flxo, x1, ...y X5] = (4.32)
(x5 — x0)
and find that the coefficients a; are simply divided differences of the {f; }:
aj = flxo, X1, X2, ..., X;] (4.33)
Comparing the polynomial Py(x) for support points {x¢, x1, ..., xy},
Py(x) =ao+ai(x —xo) + -+ ay(x — xo)(x —x1)...(x —xy-_1) (4.34)
to that, Pn1(x), obtained by adding an additional support point xy 1,
Pyi(x)=ap+ai(x —xp)+---+ay(x —x0)(x —x1)...(x —xn§_1)
+ ay+1(x —x)(x —x1)...(x —xy) (4.35)
we see that
Pyi1(x) = Py(x) + ant1(x —x)(x —x1) ... (x —xn) (4.36)
Thus, all previously-computed coefficients {ay, . . . , ay} remain unchanged.

As a demonstration, we use the Newton method to interpolate f(x) = x'/3 in [0.4, 0.6]
using the support points {0.4, 0.5, 0.6} (Table 4.1). We wish to predict f(0.55) = 0.8193.
First, we compute f[x;] = f(x;),

ao = flxo] = 0.7368  f[x1]=0.7937  flx»] = 0.8434 4.37)

Next, we obtain the first-order divided differences f[xo, x1] and f[x;, x2],

fIxi1— fIxo]l  0.7937 —0.7368
X1 — Xo - 05—-04
fIx] = fIxi]  0.8434—0.7937
X2 — X| N 0.6 —0.5

= 0.5689

ar = fxo, x1] =
(4.38)

SfIx1, x2] = = 0.4973
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From these, we get the second-order divided difference f[xg, x1, x2],

f[xl, Xz] - f[xo, x1] B 0.4973 — 0.5689
X2 — Xo  06-04
= —0.3581 (4.39)

a, = f[xo, x1, x2] =

The Newton interpolating polynomial, and its value at x = 0.55, are

Py(x) = ap + (x — xo)[a1 + (x — x1)az]
— (0.7648) + (0.55 — 0.4)[(0.5689) + (0.55 — 0.5)(—0.3581)] = 0.8195  (4.40)

Thus, the approximation of f(0.55) = 0.8193 is quite accurate.

Hermite interpolation

We have interpolated a function based on its values at the support points; however, we may
wish to include as well information about the leading order derivatives at some or all of
the support points. In Hermite interpolation, we find the polynomial p(x) of degree N that
satisfies the following N + 1 conditions at the M + 1 points xo < x| < - -+ < X,

=0, 1,..., M
d* d* PR,

p0(x)) = d_IZ = d_f: =/ k=0,1,...n-1 (4.41)
X Xj X Xj Ejnj:N—i—l

That is, at each support point x;, p(x) matches the values of f(x) and its derivatives up to
order n; — 1. The interpolating polynomial is

M nj—1

p@) =Y > fPOL () (4.42)
k=0

=0

where the L j;(x) are computed from auxiliary polynomials /;;(x) by

(= x)F 5 x —x \"
[4(x) = 4.43
o === 5=, (4.43)
hj
Lj-1(x) =1 1(x) j=0,1,..., M (4.44)
nj—1
L) =) = > 1Gc)Lu(x) k=n;—2,n;-3,...,0 (4.45)
v=k+1

We demonstrate this method by approximating a function f(x) in the domain [a, b] from
the values of f(x) and f(x) at either end. The auxiliary polynomials for & = 0, 1 with
Xo =a,x; = b are

kN2 e N2
o) = &= (x b) zlk<x>=u(x ) (4.46)

k! a—>b k! b—a
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Figure 4.2 Plot of the sine function f{x) at its Hermite interpolating polynomial p(x), fitting the
function and first derivative values at each end point.

Thus, we have from (4.44)

_ 2 _ 2
Lo(x) =l (x) = (x — a) (H) Lii(x) =l (x) = (x — b) <Z = Z) (4.47)
and from (4.45), L jo(x) = Ljo(x) — I3 (x))L jo(x), yielding
x —b\? 2 x—b\?
to0=(524) [ 2] [(x -o(i=5) }
(4.48)

I _(x—a 2 2 b X —a 2
‘”(’”‘<b—a> _[w—a)} (= )<b—a>

Using hermite_ex.m, we approximate the sine function on [0, 7] by
hermite_ex(’sin’,0,pi);

to generate Figure 4.2.

Other types of interpolation

Here, we have considered interpolation using only polynomials to match function values at
a set of support points; however, many other types of interpolation exist, e.g. with trigono-
metric functions instead of polynomials. For brevity, we do not consider these methods here,
but refer the interested reader to Press et al. (1992) and Quateroni ef al. (2000). The interpo-
lation methods introduced above are sufficient to meet our immediate needs of computing
the values of definite integrals. In MATLAB, various options for polynomial interpolation
are available in interp1.
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Newton-Cotes integration
We can now address the problem of numerical integration (quadrature).

We want to integrate f(x) over [a, b]. Interpolating f(x) at the support points a = x¢ <
X1 < --+- < xy = b, we obtain

b b N N b N
/ F(x)dx ~ / [Z ijj(x)} dx = Z{f,/ Li(x)dx =Y w,f; (4.49)
a a j=0 j=0 a Jj=0

In Newton—Cotes integration, we place the support points uniformly,

x]=a~|—]h j=0,1,..., N h=(b—-a)/N (4.50)
to yield the weights
N N (t—k
w;=ha;, ;= / Lindr  Lity= ] (—) (4.51)
0 k0 \J —k

Common leading-order methods are

b f—
/ f(x)dx = bTa{fo + fi} 4+ O(lb — al®) trapezoid rule (4.52)
b _
/ f(x)dx = bTa{fo +41fi+ fo} + O(lb — alh) Simpson’s rule (4.53)

b —
/ f(x)dx = bTa{fo +3f/i+3fH+ f3}+ O(b —al’) 3/8 rule (4.54)

To improve the accuracy of the integral estimate, we can either move to a higher interpolation
order, or more conveniently, subdivide the integration domain into a number of subdomains,
a=x)g<Xx <---<xy=»,

/ab fx)dx = / fe)dx + / f)dx + - + / f()dx (4.55)

and apply to each subdomain one of the low-order Newton—Cotes rules. By this approach,
we obtain the popular composite trapezoid integration rule, implemented in MATLAB as
trapz,

(rj —x

b N - 1
/ f(x)dx ~ Z f’])[f(xj) + fxj-1)] error o ¥ (4.56)
a j=1

An efficient means to improve accuracy is to estimate the error in each interval separately,
and adaptively add new support points only to those intervals where rapid changes in
f(x) yield the highest errors. We can further increase the accuracy by computing several
approximate values of the definite integral with different values of 7 = (b —a)/N, and
extrapolating the results to the limit # — 0 . In MATLAB, adaptive refinement is applied
with Simpson’s rule in quad.
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Use of trapz and quad

We demonstrate the use of these quadrature functions by computing the integral of f(x) =
e~ over [0, 1], for which

1
1F=/ e dx = —e™
0

Using trapz, the integral and the corresponding error are computed by

1 0

=1—-e1=0.6321 (4.57)

= eix

0

1

N = 50;
x = linspace(0,1,N);
f = exp(-x);

int_trapz = trapz(x,f),
int_trapz = 0.6321

int_exact = 1 - exp(-1),
int_exact = 0.6321

error_trapz = int_exact - int_trapz,
error_trapz = -2.1939e-005

The accuracy of the calculation is improved by increasing the number of support points N.
This integral can also be computed using quad. First, we write a routine that returns the
integrand function,

function f = calc_integrand_nexp(x);
f = exp(-x);
return;

and then compute the integral using quad,

int_quad = quad(‘calc_integrand_nexp’,0,1),
int_quad = 0.6321

error_quad = int_exact — int_quad,
error_quad = -1.3768e-009

quad expects the integrand routine to return a vector of function values for an input vector
of argument values. The accuracy can be increased by adjusting the tolerance through an
additional argument,

int_quad_2 = quad(‘calc_integrand_nexp’,0,1,1e-14),
int_quad_ 2 = 0.6321

error_quad_2 = int_exact - int_quad_2,
error quad 2 =0

Gaussian quadrature

In Newton—Cotes integration, the support points are equally spaced; however, we might ask
whether there is a more accurate choice of support points. We examine this issue for the
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weighted integral

b
I, =/ w(x)f(x)dx (4.58)

[a, b] may be finite or infinite ( e.g. [0, co], [—00, 00]), and w(x) is a nonnegative weight
function, w(x) > 0, all of whose moments are finite,

b
Wi =/ *wx)dx k=012, ... (4.59)
As examples of weighted integrals, consider
b
Cartesian / f)dx wx)=1 (4.60)
R
radial in two dimensions / f(r)2mrdr w(r)=2nr (4.61)
0
R
radial in three dimensions / f(r)amridr w(r) = 4mr? (4.62)
0

We now examine the optimal placement of support points for the rule
b N
I, = / w(x) f(x)dx ~ Y w; f(x)) (4.63)
a j:()

Here for brevity, we discuss only the major results. The supplemental material in the accom-
panying website presents a more extensive discussion, with proofs of all theorems.

Preliminary definitions
Let us define the following sets of polynomials:

IT; = {p(x)|degree(p) < j} = all polynomials of degree j or less

I = {p)lp() = x7 + a4+ - +a;) (69

That is, | IT; is the set of polynomials that have degree j exactly, and that also have a leading
coefficient of 1. Thus, (I1; C II;.

Definition A function f(x) is said to be square-integrable over [a, b] for w(x) if the
following definite integral exists and is finite:

b
118 = [ welfeords = o (4.65)
Definition The scalar product of two real square-integrable functions is
b
e = [ wesegeds (4.66)

Definition Two square-integrable functions are said to be orthogonal if their scalar product
is zero,

b
<ﬂ@=[wwvummm=0:ng (4.67)
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Orthogonal polynomials

We now identify some useful properties of orthogonal polynomials.

Theorem GQ1 For the interval [a, b] and a nonnegative weight function w(x), there exists
a set of orthogonal polynomials of leading coefficient one, p;(x) e I1;,j=0,1,2,...,
such that (p;|px) = 0 for j # k. These polynomials are defined uniquely by the recursion
Sformula

pis1(¥) = (x = 8;10)p;(x) = ¥} 1pj1(x) (4.68)

where

p-1(x) =0 po(x) =1
Siv1 = (xpjlp))/{pilp;)) j=1,2,...

2 = 0./ =0 4.69
Vist {(Pj|P_/>/(Pj—1|Pj—1), j=12... (4.69)
A proof of this theorem is provided in the supplemental material.

Theorem GQ2 The Nroots {x|,x; . .., xy} of the orthogonal polynomial py(x) are real,

distinct and lie in (a, b), i.e.a <x; <x; - - - <xy < b. The roots of pn(x) may be computed
by the eigenvalue technique of Chapter 3.

A proof of this theorem is provided in the supplemental material.

Theorem GQ3 The N x N matrix

Po(x1) Po(x2) <o polxy)
Pi(x1) rx2) ... pilxy)
A= . . . (4.70)
py-1(x1)  py-1(x2) ... py—1(xn)

is nonsingular for any mutually distinct arguments {x, x, . . ., v}
A proof of this theorem is provided in the supplemental material.
Gaussian quadrature
We next find that the roots x|, xy, . . . , xy of the orthogonal polynomial py(x) provide a set

of support points that yield highly accurate estimates of weighted integrals on [a, b].

Theorem GQ4 Let {x|,x, ..., xy} be the N distinct roots of pn(x) in the open interval
(a, b). Let {w, wy, ..., wy} be the solution of the linear system
N o
(polpo), if j =0
, — 4.71
,;pf(x")wk 0, ifj=12..., N—1 7D

whose matrix (4.70) is nonsingular by Theorem GQ3. Then w; > 0 forall j =1,2, ...,
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N, and for all p(x) € Mn_y,
b N
f w(@)p)dx = w;p(x;) (4.72)
a j=1

That is, if we place the support points at the zeros of the orthogonal polynomial py(x), we
obtain the exact value of the definite integral for any polynomial integrand of degree 2N —
1 or less. This is much better than we can usually expect, since with only N support points,
we generally can represent exactly only polynomials of degree N — 1 or less.

A proof of this theorem is provided in the supplemental material.

Gaussian quadrature with w(x) = 1 and the use of quadi

To compute the integral fa b f(x)dx, with w(x) = 1, we define & such that

x(é)z[a;b]—k[l);a]é x(=1)=a x(l)y=> (4.73)

and thus

b b—a 1
[ reas =254 [ rixcenas 4.74)

We use the set of orthogonal polynomials for [a, b] = [1, 1], w(x) = 1, the Legendre poly-
nomials. We select an integration order through our choice of N, and compute the roots
of py(x), e.g. by the eigenvalue method. Then, we solve for the weights, and evaluate the
integral. The node locations and quadrature weights can be stored for repeated use.

quadl applies Gaussian quadrature adaptively. Actually, quadl uses as a default Lobatto
quadrature, which adds two more support points at a and b to the roots of py(x) within (a,
b). However, sometimes we want all support points to lie in the interior of the domain. Let
us say that we wish to integrate a function with a singularity at a < x; < b;i.e., f(xs) blows
up to £oo0.

Let us say that this singularity is integrable so that fab f(x)dx exists and is finite. Then,
we compute the integral by splitting (a, b) as

/a ' f(x)dx = f " feodx + f b f(x)dx (4.75)

and applying Gaussian quadrature to each integral to avoid evaluating f'(x;).
We demonstrate quadl to integrate f(x) = e~ over [0, 1]. Continuing the calculations
that demonstrated trapz and quad,

int_quadl = quadl(‘calc_integrand_nexp’,0,1),
int_quad! = 0.6321

Like quad, quadl expects the integrand routine to return a vector of function values for an
input vector of argument values.
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Multidimensional integrals

The techniques introduced above are extended easily to multidimensional integrals. For
example, consider the double integral

u(x)
Ip = / F(x. y)dydx (4.76)
a Jlx)

Let us define the function of x alone,
u(x)

F(x) = . S, y)dy (4.77)

such that Ip = fab F(x)dx. Applying the methods of 1-D integration,

b N
/ F(x)dx ~ Y wi F(xy) (4.78)
a k=0
We approximate each F(x;) using support points yy; € [I(xy), u(xi)],
u(xg)
Fey= | G ndy =~ Zwki FGr i) (4.79)
Xk)
such that
b pu(x) N My
= RCEUTEDS > (w1 e i) (4.80)
a Xx) k=0 j=0

dblquad applies this approach to integration domains that are rectangles in two dimen-
sions. For nonrectangular domains, we must compute the integral over a rectangular region
encompassing the domain of integration, and then set the integrand to zero outside of the
integration domain,

b u(x) b Umax

/ e, y)dydx = / Flr, »)Qx. y)dvde
a l(x) a Imin )

Umax = MaAXye[q, b] u(x) Imin = MiNye 4, b) I(x)

(4.81)
Qx, y) = {

Lifl(x) <y <u(x)
0, otherwise

In three dimensions, triple integrals are evaluated using triplequad. To integrate f(x, y) =
x? 4 2y? — 2xy over the unit circle, x> +)? < 1,
Ip = f [x? +2y? — 2xyldxdy (4.82)
x24y2<1
we write a routine that returns f(x, y) for (x, y) within the circle and a value of zero for

(x, ¥) outside of it. dblquad expects the function to accept a vector of x arguments and a
scalar y argument. Here, the function is

function f = calc_integrand_2D(x,y);
f = zeros(size(x));
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for k = 1:length(f)
var1 =x(k)"2 +y"2;

if(var1 > 1)
f(k) = 0;
else
f(k) = x(k)"2 + 2*y"2 — 2*x(k)*y;
end
end
return;

The value of the integral is computed by

int_2D = dblquad(‘calc_integrand_2D’,-1,1,-1,1),
int2D = 2.3562

Monte Carlo integration

For integrations over very complex domains or in spaces of very high dimension, we use
Monte Carlo integration, a stochastic technique in which points are generated at random,
and contribute to the integral if they lie within the domain of integration. A more efficient
implementation of Monte Carlo integration, based on importance sampling, is discussed in
Chapter 7, and applications of this method to Bayesian statistical analysis are considered in
Chapter 8. Here, we present a simple Monte Carlo algorithm to compute (4.82). We define
the indicator function for the unit circle

1, x*+3y2<1
Q<i(x, y) = T 4.83
21, ) {0, otherwise ( )
Then, for f(x, y) = x% + 2y — 2xy, the integral is
y

1 pl
Ip :/ / fCe, »)Q2<i(x, y)dxdy (4.84)

—1J-1

Using rand, a function that returns a uniformly-distributed random number in [0, 1], we
generate a long sequence of values (x[¥1, y[¥l) and compute the average value over this
sequence of the integrand of (4.84),

1 &
(fQ)s = v DY), (6, y1) (4.85)
S k=1

For large N, this sampled average should agree with the exact value

1 1 1
(f Qexact = A_/ / S, ¥)Q2e<i(x, y)dxdy (4.86)
sd J—-1J-1

where the area Ay of the sampled domain is

1 1
= - 4.8
A L [l(l)dxdy 4 (4.87)



Linear ODE systems and dynamic stability 169

Thus, as ( f'Q2)s = ([ Q2)exact, We have the approximate value for the integral
1 pl
| [ s 0t vy ~ datra,
—1J-1
Agg N
__ s k] [k [k] k]
- f(x[ » Y )Ql‘§1<x » ) (4.88)
%

The following code uses this method to obtain an approximate value for the integral of
(4.82) in good agreement with that obtained from dblquad.

Numlter = 5000000; % increase for greater accuracy
fsum =0;
for iter = 1:Numlter
x =-1+2*rand; y = -1 + 2"rand;
r=x"2+y"2;
if(r <=1)
fsum =fsum +x"2 +2'y"2-2"x"y;
end
end
f_.avg = f_sum/Numlter;
area =4;
int.22D_MC = f_avg“area,
int2D_MC = 2.3563

Linear ODE systems and dynamic stability

We now resume our discussion of IVPs, starting with a system of linear first-order ODEs
x = Ax,

X1 =anx; +apxy+ - +ayxy | x apy ap -+ ay X1
Xy = ay Xy +apx;+ - +anxy | X2 ax ap --- axy X2
Xy =an1X1 +ayyxs + ---+ayyxy [ Xy ayi ayy -+ ayy XN

(4.89)

that can be solved analytically. Hence, we use it to test the performance of numerical
integration algorithms. For a single equation, the solution is

x(t) = e x!" ¥ = ae’x% = ax (4.90)
For multiple ODEs the solution is of a similar form
x(t) = e*'x" 4.91)

where we define the matrix exponential function as

1 1 1
e =I+A+5AA+§AAA+EAAAA+ (4.92)
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We can show that (4.91) is indeed a solution, as

- d I+At+t2AA+t3AAA+t4AAAA+ x[%
X =
dt 21 31 41

12 I
= |:A +tAA+ 5AAA + gAAAA + .. ‘]x[O]

2 3
=4 [1 + At + — 5 —AA+ 3'AAA +. } O = ge'x0 = Ax(r) (4.93)

Stability of the steady state of a linear system
Obviously, X = Ax has a steady state at x; = 0 where x = 0, but is it a stable steady state?

Definition A steady state of a dynamic system is one in which the time derivatives of
each state variable are zero. A steady state x; is stable, if following every infinitesimal
perturbation away from xg, the system returns to x;. A steady state x; is unstable, if any
infinitesimal perturbation causes the system to move away from x;. A steady state for which
a perturbation neither grows nor decays with time is said to be neutrally stable. Stability is
a property of the particular steady state and not of the differential equation.

We now determine the stability of xy = 0 for x = Ax. Let us assume that 4 is diago-
nalizable, so that any v € )" can be written as the linear combination

v=cwlll + w4 ... 4 cywl cijeC

) ) (4.94)
AW[]]I)\jw[J] )»J'GC
To determine the stability of x; = 0, we compute the response, starting at xl0] = €, and
examine whether x(¢) returns to x; = 0 or it diverges. That is, if the system is stable, we
must have

lim ||x(7)|| = lim |e®e|| =0 (4.95)
—00 —00
We expand e and & = cyw!! 4 c,wll + ... 4 cywM to write x(¢) = e?'e as
x(t) = |:[+At+ —AA+- ] |:ch }

2
~|:I+At+EAA+---]wU]

'MEEMz

N
[1+t,\ +2| S+ } wlil = "cjerwl] (4.96)
j=1

j=I

In general, the eigenvalues of 4 are complex

hj=a;+ib; a;=Re(r;) b;=Im(x)) (4.97)
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Figure 4.3 Phase plot of trajectories of 2-D system from various initial states with respect to the stable
and unstable manifolds.

so that the response of the system is

N N
x(t) = Z cjettwll = Z cje“![cos(b;t) + i sin(b;t)]wl/] (4.98)
j=1

Jj=1

If b; # 0, the system oscillates during its response; however, as long as a; = Re(A;) < 0
for all eigenvalues, lim,_, o, €%’ = 0. Therefore,

If all eigenvalues 1; of 4 have Re (1;) < 0, then for all x!°, lim,_, [|x(7)|| = 0, and the
steady state is stable.

If any of the eigenvalues A; of A have Re (1) > 0, the steady state is unstable.

When every eigenvalue A; of 4 satisfies Re(A;) < 0 but there is at least one withRe (1 ;) = 0,
the system does not return always to the steady state, but it does not diverge. The steady
state is neutrally stable.

Definition The span of all eigenvectors corresponding to the eigenvalues with real parts
less than zero is the stable manifold of the system,

W) = span{wl/l|Re(%;) < 0} (4.99)

The span of all eigenvectors corresponding to eigenvalues with real parts greater than zero
is the unstable manifold of the system,

W — span{w[j]}Re()»j) = ()} (4.100)

The span of all eigenvectors corresponding to eigenvalues with real parts equal to zero is
the center manifold of the system,

W = span{w[j]|Re(Aj) = O} (4.101)

The trajectory of the state vector approaches a steady state along its stable manifold and
diverges along its unstable manifold (Figure 4.3).
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Stability of a steady state of a nonlinear system

We now generalize the stability results to nonlinear systems, x = f(x; ®), with a steady
state x5, where f(xs;®)=0.x, is stable if lim,_, . [|x(#) — xs|| = 0 following any
infinitesimal perturbation € away from x;. If we only perturb the system slightly, we can
represent each function near x; as

[+ o)~ filx)+ Y

1

N
a .
L & (4.102)

= axk

N
3
e

Xs k=1 axk Xs

Defining the Jacobian matrix, whose elements are functions of x and ®,

(@f1/0x1) (9f1/0x2) ... (9f1/0xn)

0f2/9x1)  (9f2/0x2) ... (3f2/9xnN) dfm
J(x; ®) = . . . Jn(X; 6) =
: : : 0xn |(x:0)
0fn/0x1) (fn/0x2) ... (9fn/0xn)
(4.103)
the function vector in the vicinity of the steady state is approximately
N
[+~ ) Juxi @ = f(xi+e0)~ J(x;O)e (4.104)
k=1
As x; is fixed, d(xs + €)/dt = &, and the dynamics near x; are described by
€ =J(x5;®)e (4.105)
Thus, we can apply the stability analysis presented above, using
J(xs; @ = ), wlkl (4.106)

The steady state x; of X = f(x; ©) is stable with respect to infinitesimal perturbations if
every eigenvalue of the Jacobian matrix J(x,;®) has a real part less than zero; Re(A;) < 0,
for all k.

If any eigenvalue of J(x,;®) has a positive real part, xg is unstable with respect to
infinitesimal perturbations; Re(A;) > 0 for any k.

If all eigenvalues of J(xs; ®) have nonnegative real parts, but there is at least one
with a zero real part, xg is neutrally stable with respect to infinitesimal perturbations;
Re(r) < 0 for all k£, Re(),,) = 0 for some m.

Note that in each of the statements above, we have included the restriction “with respect
to infinitesimal perturbations.” The system may very well respond unstably to large, finite
perturbations even if all eigenvalues of the Jacobian have negative real parts.

Example. Stability of steady states for nonlinear ODE systems
Consider the system of two nonlinear ODEs

1= =200 =1 =20 =D+ (= D=-2x+2x, +x2— 1 = f

Xy =—(x; — 1) —3(x2 — l)2 —4(x; — 1) = —x; — 3x§ +2042=f (4.107)
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which clearly has a steady state at (1, 1). The Jacobian matrix

afi i

ax; dxy | [(—4x+2) (1

f s | [ (=D (—6x2 + 2)}
ax; ox

J(x) = (4.108)

evaluated at the steady state is

_ (—4(1)+2) (1) _ -2 1
"("5)_[ 1) <—6<1)+2>}‘[—1 —4} i

The eigenvalues of the Jacobian are

Jac=[-21;-1-4];
eig(Jac)’,
ans=-3-3

Both eigenvalues have negative real parts and thus the steady state (1, 1) is stable. As the
eigenvalues are real, we do not expect the response to be oscillatory. Using the routine,

function f = stable_calc_f(t,x);

f = zeros(2,1);

f(1) =-2"x(1)"2 + 2" x(1) + x(2) -1;
f(2) = -x(1) - 3"'x(2)"2 + 2" x(2) + 2;
return;

the following code (ode45 is explained in further detail below) plots the system response
for a small perturbation away from the steady state,

% set initial state with small perturbation

x_0 =[1;1] + 0.1 randn(2,1);

% compute response

[t_traj,x_traj] = ode45(‘stable_calc_f',[0 2],x_0);

% make plot

figure; subplot(2,1,1); plot(t_traj,x_traj(:,1));

xlabel(‘t’); ylabel('x_1(t)’); title("Response to small perturbation’);
subplot(2,1,2); plot(t_traj,x_traj(:,2));

xlabel("t"); ylabel("x_2(t)");

A sample response is shown in Figure 4.4.

Let us next consider another system with a steady state at x; = (1, 1), but that has a
different function f;,

Y= =1 +3x —D—(—D=xi+x—x—1=f

= =1 =30 -1 =4y — )= —x; =3x2+20,+2=f5 (4.110)

The Jacobian matrix at the steady state x; is now

[@xg+D (=D ]_[3 -1
J(xs)—[ (—1) (—6xsz+2)i|_|:—1 _4} (4.111)
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Figure 4.4 Response of a nonlinear system to small perturbation for a stable steady state.

and has eigenvalues,

Jac=[3-1; -1-4];
eig(Jac)’,
ans = -4.1401 3.1401

Now, the steady state is unstable. With the routine,

function f = unstable_calc_f(t,x);

f = zeros(2,1);

f(1) = x(1)"2 + x(1) - x(2) - 1;

f(2) = -x(1) - 3"°x(2)"2 + 2"x(2) + 2;
return;

we compute the response to a small perturbation as above, but now substitute ‘unsta-
ble_calc_f' in the call to ode45. An example unstable response is shown in Figure 4.5. Here,
for this particular random perturbation, the trajectory approaches a second steady state at
x, = [—2.1761 1.5595]". x/ is a stable steady state as its Jacobian matrix

o [ @xg+ D (=1 [-33520 -1
J(xS)_[ C1 (—6x;2+2)}_[ .y —7.3570} (4.112)

has all eigenvalues with negative real parts, as is evident from Gershgorin’s theorem. Non-
linear ODE systems can have multiple steady states, each with different stability properties.
For other guesses of the initial perturbation, the response blows up to infinity.
generate_phase_plots_ex1.m plots x,(f) vs. x;(f) for random initial states, with the
trajectories shown as lines emanating from circles at the initial guesses (Figure 4.6).
The manifolds for each steady state are shown as solid lines for stable eigenvalues and
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Figure 4.5 Response of nonlinear system to small perturbation for an unstable steady state showing
the approach to another, stable steady state.

Figure 4.6 Trajectories of an unstable system in phase space, relative to the stable and unstable
manifolds of each steady state. The boundary of the domain of attraction for stable steady state is
shown as a dotted line.

dashed lines for unstable eigenvalues. Figure 4.6 also shows as a dotted line the boundary
between the points that converge to the stable steady state x (its domain of attraction)
and those that do not. This boundary passes through the unstable steady state at (1, 1),
explaining why some random perturbations converge to the stable steady state while others
do not.
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Overview of ODE-IVP solvers in MATLAB

We next provide an overview of ODE-IVP solvers. The contents of this section provide a
sufficient background to solve problems of the form

x=f(x;0)  x(tp) = x% (4.113)

First, we describe the basic time-marching approach of ODE-IVP solvers and contrast
explicit and implicit, single-step and multistep solvers. Then, we demonstrate the use of the
explicit single-step solver ode45 and the implicit multistep solver ode15s.

Time-marching ODE-IVP solvers

ODE solvers update x(¢) in discrete time steps of size Af to compute x(f;) at times ¢y < £,
<t < ---.For a constant time step, #; = ty + k(At); but often A¢ varies throughout the
course of the simulation. Az is smaller for greater accuracy when x(¢) changes rapidly and
is larger for increased simulation speed when x(¢) changes slowly. Over each time step, the
exact update of the state vector is

e+ At t+At
x(tx + A1) — x(t;) = / ' x(1)dt = / " F(x(1); ©)dt (4.114)

If x1 = x(#;), the new state at #;,; = #; + At can be estimated by a rule that approximates
(4.114), of the form

K — X = (AN F[xH, X f )] X & () (4.115)

F[xt¥, xI+11 0 £(x; ©)] is a rule involving the old and new states that defines the method.
At each step, there is introduced a new local error, proportional to some power of At, that
is the difference between the approximate update (4.115) and the exact update (4.114).

As (4.115) uses information only about the state values at the beginning, x!*!, and end,

xF+11 " of the current time step, it is said to define a single-step integration method. For

example, in the Crank—Nicholson method
Fon[xM, ¥ f(x; ©)] = L[ f(x; ©) + f(xI+1); ©)] (4.116)
and in the implicit (backward) Euler method
Fee[x™, x*H0 f(x; @)] = f(xIF1; @) (4.117)

Because f(x; ®) generally is nonlinear, (4.115) often cannot be rearranged to provide a
direct expression for x!*11. Then, (4.115) is said to generate an implicit integration method
that requires a nonlinear algebraic system to be solved at each time step.

Explicit single-step methods
By contrast, an explicit single-step integration method

UL S Y I 13 (At)F[x[k], f(x; @)] (4.118)
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yields the new state x!**!1 directly without solving an algebraic system. For example, in the
explicit (forward) Euler method

Fee[x™, f;0)] = f(x*;0) I =M+ (A f(x1; ©) (4.119)

The explicit Euler method is not very accurate and is not often used. A more popular
single-step explicit rule is the fourth-order Runge—Kutta (RK4) method

KD = (A0 f(x™) kD =(anf(xM + &D)2)
B =A™ +5272) KD = (Ar) f(x™M + &)
K I — [k(l) 4+ 2k 123 4 k(4)]

| (4.120)
6
local error ~ O(At°) global error ~ O(At)

The RK4 method is said to be fourth-order as the global error, the net difference between
the numerical and true solutions over the course of a simulation, is proportional to the fourth
power of the time step Az. For a method of order p, after some period of simulation time
ty =ty + N(A1),

x(ty) — x(tp) = f ) x()dt = x™M — X L O[(NA1)?] (4.121)

We do not derive (4.120) here, but rather the simpler RK2 method, yet the path to higher-
order RK methods becomes clear. We want to update x = f(x) from #; to t; = t; + At
by approximating (4.114). With the explicit Euler method, we neglect the time variation of
f(x(1)) to obtain the rule

VLR R (At)f(x[k]) =0 (4.122)

But, once we have computed k", we can use it to approximate the integrand of (4.114)
more accurately. We take the mid-point of the full explicit Euler step, x!! + k(1) /2, and
evaluate the function at this point

K2 = (Ar) f(xM 4+ kD /2) & (A1) f(x(t + A/2)) (4.123)

We now form a linear approximation to f(x(¢)) over the time step,

B (At/2) — (1 — &) (t—t) >
Sx(0) = f(x(tr) |:—(At)/2 i| + f(x(te + At/2)) |:(At)/2] + O(Ar)
(4.124)
which we write in terms of &) and £@,
_ (At/z)—(t—tk)i| (2)[(f—fk)i| 2
Fx(0) = k |:—(At)2/2 RO g | o) (4.125)

We substitute this approximation into (4.114),

t+At
) _ gt — M w] (2)[(1—&)} 2}
) ¥ _A {k [ (A1)?/2 +k (A1)?2)2 +OAr) i
(4.126)
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Integrating, we obtain the second-order Runge—Kutta (RK2) method

Ky = k@ 4 oA
KD = (A0 f(™) kP =(anf(xM +&D)2) (4.127)
local error ~ O(A#?) global error ~ O(A#?)

Higher-order Runge—Kutta methods are generated by using &V and &‘® to construct even
more accurate approximations for f(x()).

In MATLAB, ode45 implements the Runge—Kutta—Fehlberg 4-5 (RKF45) method, based
upon a fifth-order Runge—Kutta rule, from which a fourth-order update formula is extracted
using the same function evaluations. If the two methods agree closely, the time step can
be increased safely, but if they disagree, the time step is too large and should be reduced.
Thus, the user can specify a desired level of accuracy, and let ode45 adjust the step size as
needed. Use of ode45 is demonstrated below.

Implicit multistep methods

In a multistep integration method, the update rule also depends upon the values of x at times
in the immediate past, up to a horizon length my,. Implicit multi-step integration methods
are of the general form

a1 x4 gt = (Anpo f(:H; @) + U (4.128)

a_1, o, and B_; are dimensionless scalars and we have some rule for U] involving the
current and old values of the state vector,

U[k] = F[At, f(x; G‘)), ty, x[k], ti—1, x[k_ll , tr—o, x[k_z], ey Loy, x[k_m”]]
(4.129)
For example, we can use polynomial interpolation of the past state and function data to
approximate the exact update (4.114),

t+At 1 d t—t
x(ty + A1) — xH = / fx(t))dt = f (—x> dt 1= K (4.130)
I 0 dt At

We have available attimes {#, tx_1, ..., tx—m, } in the recent past the values of the state vector
(K, xte=1 0 xlk=mly and the time derivative function { f1F, =11 flk=mil} We
define the scaled time quantities
(d t > dx
xlk—J dt

We shall assume that the time step is constant in the recent past. If not, we can interpolate
the values for nonuniform Af to estimate the values of x and fat times in the past that are

Te—j — Ik

N = (A1) f(x7) (4.131)

T = x(/)—E

k—j]

xl
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uniformly spaced. Thus, we have available for interpolation of x(7) the data

past past past current  future
T, = —Mp n=-2 11=—1 17=0 17=1
x(T,) . x(12) x(11) x(t9)  x(t_p) (4.132)
dx dx dx dx dx
i ac| arl.  axl arl,

Ty

For uniform At, x(t;) = x/*~/1 and with (4.131), we use the data of (4.132) to approximate
x(7) by Hermite interpolation,

mp

x(m) )= Y [AL ) + (A0 L (7)) (4.133)

j=1
Above, we use both past state and function data, but a backward difference formula (BDF)
method uses only the states at the present and past times,

x(1) &~ w(t) = xFUL ) o(0) + (AN AL (o) + %x[k’j]L (1) (4.134)

j=0
Upon differentiation of (4.133), we have
dx < dL j
—x = =/ At) f=I 4.135
dt dl’ Z [ +( ns dt i| ( )

Substituting (4.135) into (4.130) yields the update rule

' rdm & dL o dL
1] _ k] am\ g = =19L70 A py £ d
x x /0 (dt) T /0 {Z[x I +( )Vf I :|} T

Jj=—1
(4.1306)
which can be written as
my mp
a1 4 Y ol = (AN [T 4 (A Y B £ (4.137)
=0 =0

where the coefficients are

VdrL_ bdr VdL;
a_lzl—/ L0 e (xo:—l—/ Ly Olje[lmh]=—/ Ly
0 dt 0 dt ’ ' 0 dt

bdL
;= d .:_1,0, 1,...,
i dt ‘ / i
(4.138)
Equation (4.137) is of the form of (4.128) with
my
= (At)Zﬂ, =71 _ Za, /1 (4.139)

We now discuss the numerical solution of (4.128). We first generate an initial guess of
the new state vector, x**1:%1 from an explicit rule such as (4.118). Then, we use Newton’s
method to generate a sequence of refined estimates x/A* 11, x[A+1.21 that should converge
to the solution of (4.128) if Az is small enough. Such an approach, using an explicit rule to
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make an initial guess of x!**!! followed by iterative solution of an implicit rule, is known
as a predictor/corrector method.

Letxt+1:41 be our current estimate of xt**1) at the gth Newton iteration, with the function
and Jacobian values f1¥+1:4] and JI¥+1-41 We approximate f(x; ®) in the vicinity of x*1-4]

as
f(x;0) ~ f[k+1,q] + J[k+1,q](x _ x[k+1,q]) (4.140)

Substituting (4.140) into (4.128) for f(x**!]; ®), we have
a1 xFH ot~ (A B | I gL (T DirLal) L g gl (4.141)

This yields the following linear algebraic system for x/+1-4+11 & x[k+1]

AU+l Lt Lg+1] _ pli+1a]

AW — o T — (Af)B_y JEH] (4.142)
plitlal — —(xox[k] + (ADB_, {f[k+1,q] _ J[k+1,q]x[k+1qq]} + yH

These Newton iterations are repeated until (4.128) is satisfied, yielding x**!1. The entire
process then is repeated for the next time step.

Clearly, an implicit method requires significantly more work per time step than an explicit
method; however, some tricks are available to reduce the computational burden. When A¢
is small, the changes in x from one iteration to the next are slight, as the difference between
X1 and xt¥+11 is proportional to Az. Thus, 4 = a_I — (At)B_,.J varies little and may be
held constant, at least temporarily. LU factorization allows us to solve a large fraction of
the systems of (4.142) without the need for elimination each time.

Stiffness and the choice of integration method

We might wonder why we bother to discuss implicit methods at all, if explicit methods allow
much easier and faster updates at each time step. The reason is that for many problems,
explicit methods may require, for reasons of numerical stability, the use of very small time
steps. Then, for a given overall simulation time, the number of updates performed with
an explicit method may be so much greater than with an implicit method that the implicit
method becomes favored.

Implicit methods are favored for IVPs that are stiff, in which the condition number of the
Jacobian matrix (the ratio of the largest and smallest eigenvalue moduli) is very large. Stiff
systems are by no means rare and so we must be prepared to use both explicit and implicit
methods. As a general rule, if we have no reason to expect that a problem is stiff, we first try
an explicit method. If it fails, i.e., it keeps running with no end in sight, we try an implicit
method. A more detailed treatment of stiffness and a comparison of the numerical stability
properties of explicit and implicit methods are provided following the demonstration of the
MATLAB ODE solvers.
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ODE solvers in MATLAB

A list of ODE solvers (and of other routines that act on functions) is returned by help
funfun, and a documentation window is opened by doc funfun. The two main rou-
tines of interest are oded5, an explicit single-step integrator, and ode15s, an implicit
multistep integrator that works well for stiff systems. We demonstrate the use of
ode45 and ode15s for a simple batch reactor with the two elementary reactions
A+B—-CandC+B—D

dea dep dCC dcp
— = T — = —r — 7 — =7 — 7 —_— =7
dt R1 dt R1 R2 dt R1 R2 dt R2
r'rl = kchCB I'rRy = kZCCCB (4143)

CA(O) = CA0 CB(O) = CBo Cc(O) =0 CD(O) =0

To use ode45 and ode15s, we must provide at least a routine that returns for input values
of ¢ and x, the value of x = f(¢, x),

function f = calc_f(t, x, P1, P2, ...);
P1, P2, ... are optional fixed parameters. For (4.143), the routine is

function f = batch_reactor_ex_calc_f(t, x, k1, k2);
f = zeros(size(x));

% extract concentrations from state vector
cA = x(1); ¢cB = x(2); cC = x(3); cD = x(4);

% compute rates of each reaction

r1 =k1°cA*cB; r2 = k2"cC*cB;

f(1) = -r1; % mole balance on A

f(2) = -r1 -r2; % mole balance on B

f(3) =r1-r2; % mole balance on C

f(4) = r2; % mole balance on D

return;

For k1 =1,k =0.5,ca0 = 1, cgo = 2, (4.143) is simulated until an end time #.,q = 10
by calling ode45 with the code

% set initial state

cA0=1;cB0=2;x0=[cA0; cB_O; 0; 0];

k.1=1;k2=0.5; % set fixed parameters

t.end = 10; % set end time

% call ode45 to perform simulation

[t_traj,x_traj] = ode45(@batch_reactor ex calc f, ...
[0tend], xO0,[1 k.1, k_2);

% plot results

figure; plot(t_traj,x_traj(:,1));

hold on; plot(t_traj,x_traj(:,2),"--");

plot(t_traj,x_traj(:,3),’-."); plot(t_traj,x_traj(:,4),"");

xlabel(“time t’); ylabel(‘concentration c_j(t)");
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cncentr atin ¢ t

Figure 4.7 Dynamic concentrations of species in a batch chemical reactor (4 + B — C,
C+ B — D).

title("Batch reactor, A + B==> C, C + B ==> D’);
legend(‘A’,’B",'C’,’D’,"Location’,'Best’);

The plot is shown in Figure 4.7. The general syntax for ode45 is
[t_traj, x_traj] = ode45(fun_name, t_span, x_0, OPTIONS, P1, P2, ...);

fun_name is the name of the routine that returns the time derivative vector. t_span is the set
of times at which the state values are desired. If only a start and an end time are given (as
above), ode45 returns state values at several times within the time span. x_0 is the initial
state. OPTIONS is a structure, set by odeset, that allows the user to override the default
behavior of ode45. To accept the default arguments, use the empty set [ ] at this position.
P1, P2, ... are fixed parameters that are passed as arguments to fun_name. t_traj is a vector
of times at which the state vector is returned, and the corresponding values of x;(¢) are
located in the kth column of x_traj.

The use of ode15s is analogous to that of ode45; however, if only the function val-
ues are returned by the user-supplied routine, ode15s has to evaluate the Jacobian matrix
itself, which is costly for large systems. Therefore, for large ODE systems, it is help-
ful to supply a second routine that returns the Jacobian matrix for input # and x. While
for (4.143) the effort is not necessary, we use it to demonstrate the procedure. The
Jacobian is

(—kic) (—kica) 0

(—kicg) (—kica —kaec) (—kacn)

(kieg)  (kica —kacc)  (—kacp)
0 (kacc) (kac)

J= (4.144)

S O O O
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We supply a routine that computes the Jacobian,

function Jac = batch_reactor_ex_calc Jac(t, x, k1, k2);

% allocate memory for the Jacobian matrix

N = length(x); Jac = zeros(N,N);

% extract state variables

cA = x(1); ¢cB = x(2); cC = x(3); cD = x(4);

% set non zero values of the Jacobian

% row 1 — mole balance on A

Jac(1,1) = -k17¢B; Jac(1,2) = -k1*cA;

% row 2 — mole balance on B

Jac(2,1) = -k17¢B; Jac(2,2) = -k1"cA-k2"cC; Jac(2,3) = -k2"¢B;
% row 3 — mole balance on C

Jac(3,1) = k1°¢B; Jac(3,2) = k1" cA-k2"cC; Jac(3,3) = -k2"¢B;
% row 4 - mole balance on D

Jac(4,2) = k2*cC; Jac(4,3) = k2”cB;

return;

and inform ode15s that this routine has been provided through odeset,

OPTIONS = odeset('Jacobian’, ‘batch_reactor_ex_calc_Jac’);
[t_traj, x_traj] = ode15s(@batch_reactor_ex_calc f, ...
[0 t_end], x_0, OPTIONS, k_1, k_2);

Other flags in OPTIONS allow us to modify the tolerances or to provide an Events function
that identifies when specified functions approach zero, and optionally stop the simulation
whenever this happens. Type help odeset for more information.

Example. Stiffness and the QSSA in chemical kinetics

We contrast the behavior of the explicit ode45 and implicit ode15s ODE solvers for a
simple chemical system that exhibits stiffness for certain parameter values. Consider a
reaction mechanism for A — B in which A first collides with an energetic third body M
to form an activated species A", This activated species then decomposes to the product B.
The mechanism

A+M—-A"+M rr1 = kjemcea

4.145
A* - B IR = kZCA* ( )
yields the batch kinetics
d
% = fi=—kicmuea cao =1
dCA*
T J2 =kiemea — kaeas caro =0 (4.146)
dCB

7=f3=k2€A* cgo =0
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Table 4.2 Comparison of oded5 and ode15s for kinetics system
with an activated mechanism that becomes stiff with increasing
ky. Here, the condition number equals k;

ky CPU time with ode45 (s) CPU time with ode15s (s)
1 0.0200 0.0401
10 0.0200 0.0901
100 0.2103 0.0801
1000 1.8226 0.0701
10 000 24.8648 0.0701

As dca + ca- + cg]/dt =0, cg = cap — ca — ca+ and thus we only need to simulate the
first two equations. The Jacobian of the system for {ca(t), ca«(?)} is

o
aCA aCA* —k]CM 0 :|

J = = 4.147
A 0fs |: kiem  —ka ( )
dca  Odcax

The eigenvalues of J are —kjcy and —k,. When the activated species is very reactive,
ky » kicy and the system is stiff. Let us examine what happens to the performances of
ode45 and ode15s. QSSA_ex.m uses cputime to compare the CPU times required to solve
the ODE-IVP with the two solvers when kjcy = 1 and k; is increased from a value of 1
(Table 4.2). As the system becomes stiff, ode45 requires more CPU time to simulate the
response, due to a need to use very small time steps to preserve numerical stability. ode15s
performs much better when the system is stiff, showing little change in performance. The
concentrations of A, A*, and B are plotted for the nonstiff case k, = 1 in Figure 4.8. As
expected, ca+ initially grows as it is produced by the first reaction, and then decreases later
as it is consumed by the second reaction.

For the stiff case &k, = 100, the dynamic concentration profiles are very different (Figure
4.9). Except for a very short initial period where ca* increases rapidly from caxg = 0, it
appears that cx* remains proportional to c. Such an observation leads to the quasi-steady
state approximation (OSSA), which states that the concentration of a very active species
such as A" is in dynamic equilibrium between generation and destruction; i.e.,

deas k
ca =kiecmea —kepar 0 = car X LM CA (4148)
dt ko
With the QSSA, the system reduces to a single ODE,
d k
% = —kiemea cao=1 cpar = ( 1ch> CA CB = CAQ — CA — Cpx (4.149)
2

that is solved by ode45 with little difficulty. For k> = 10*, ode45 requires 25 CPU seconds
to solve the full ODE system (4.146) but only 0.03 CPU seconds to solve the single QSSA
ODE (4.149). Inspection of Figure 4.9 and Figure 4.10 shows the QSSA to be quite accurate
for ky/(kiem) = 100.
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Figure 4.8 Dynamic concentration profiles for an activated reaction mechanism in the nonstiff
case,kp =1 (A+ M — A*+ M, A* — B).
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Figure 4.9 Dynamic concentration profiles for the activated reaction mechanism in the stiff case, k, =
1004+ M — A"+ M, A* — B).

Accuracy and stability of single-step methods

Above we have demonstrated the use of MATLAB solvers, with little discussion of their
performance. Here, we address these issues for the restricted class of single-step integrators

X = T (AD[(1 = 0) £(x11) + 0 f(xFH1)] (4.150)
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Batch kinetics for A + M ==> A* + M, A*==> B w/ QSSA
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Figure 4.10 Dynamic concentration profiles for the activated reaction mechanism with &, = 100,
obtained using the QSSA (4 + M — A* + M, A* — B).

This includes as special cases the explicit (forward) Euler method for 6 = 0, the implicit
(backward) Euler method for 0 = 1, and the Crank—Nicholson method for 6 = 1/2.

Numerical accuracy and the order of an integration method

We begin first with a discussion of accuracy. Let us form Taylor series expansions around
x(tx) and x(#;+1) in the forward and reverse time directions respectively, with #1; = #; +
At,

2 3
X(ts1) = x(t) + (A0 f (¥) + (Azt E o + (Ag E e + - (4.151)
2 3
x(t) = xttee) — A0 ) + B0 - E %4 @is

Multiplying (4.151) by (1 — 0), (4.152) by (—6), and adding the resulting two equations,

we obtain
X(tig1) — x(t0) = (AD[(1 — 0) f(xH) + 0 f(x*)] + LE (4.153)

where the local error introduced by truncating the two expansions is

A 2 3
18 = B0 - 0e0) — 0301+ 10— 0)0) + 0¥ + -
(4.154)
As the leading term in the local error is proportional to (A7)?, we write
x(tie1) = x(t) + (AD[0 f () + (1 = 0) f(HT) ] + Of(Ar)] (4.155)

By this analysis, we see that at every time step, there is a new local error, proportional
to (A7)?, introduced into our numerical state trajectory {x!'), x21, .. .}. Over the course of
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a simulation of duration f;y, the number of time steps taken is #n/(At?). If at each of
these steps, we introduce an additional local error proportional to (Af)?, then the global
error, the net difference between the numerical trajectory and the true trajectory x(¢), is
proportional to [tsm/(A)](At)? = t4m(At). As the global error is proportional to the first
power of At, (4.150) is said to be a first-order accurate integration method. We usually wish
to use integration methods of high orders of accuracy, as then a reduction in At yields a
dramatic decrease in the global error. Note that the most accurate choice of 6 is 6 = 1/2,
the Crank—Nicholson method, for which the (Af)? terms nearly cancel out.

Absolute stability of an integration method

Accuracy is not the only consideration when choosing an integration method. Usually, a
property of more practical importance is numerical stability. We examine here questions of
stability for the linear test equation

&= Ax (4.156)

where we assume that the matrix 4 is diagonalizable. We wish to perturb the system by a
small amount e away from its steady state x; = 0 and then compare the resulting numerical
response with a time step Af to the true response x(t) = e?’e. As A is assumed to be
diagonalizable, we can write

e=xl"= cgo]w[l] + cgo]w[z] +- 4 ng]w[N] 050] eC

. ‘ (4.157)
Aw[/]zkjw[f] )\j:aj+ibj
The true response of the system to this perturbation is
N
x(t)=ete =) etyl] (4.158)
j=1

If x; = 0 is stable, Re(%;) < 0 for all j, and the true response x(¢) returns to x; = 0 for all
perturbations. Thus, if we find that the numerical response does not behave similarly, we
obviously have a problem.

Definition Absolute stability. Let us generate a sequence of values x!¥] that are meant to
approximate the response of the system x = Ax at times ¢, = k(At) for k=0, 1, 2,....
We expand each member of the sequence as a linear combination of the eigenvectors of
A, xH =% ;Vzlcgk]w[j 1. We say that the rule generating this sequence is absolutely stable if,
for every eigenvalue of 4 with Re(2 ;) < 0, |c£k+1]| < |c£k] |. That is, the numerical response
of the system does not grow along the stable manifold of 4.

From (4.150), the numerical response for X = Ax is generated by the rule
= M (AN[(1 = 0)AxM + 9 AxtFH1] (4.159)

We expand the old and new states in eigenvectors of 4,

N N
k K. [ & k11 [
xH = E c‘E. LUl xlk+11 — E CE- LUl (4.160)
j=1 j=1
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and substitute these expansions into (4.159),

N
> ool Zc w[”+(At)[(1—9)AZc["w +9AZc["+1 .1}

=1
(4.161)
Using AwUl = 1 ,wU], collecting terms yields
N
=3 { = 4 Bana — ey + L anen, ! (4.162)
j=1
Setting to zero each component of (4.162) yields
[k+1]
1@ —0) “163)
cg,kl 1 —(AD)A;0

For simplicity, let us assume that each A; of interest for the determination of absolute stability
is real. Then, A; < 0 and absolute stability requires

e ' 1= w;(1—0)

J
e I+ 6o,

C

1w =—(ADx; >0 (4.164)

Let us consider the three cases of interest:

N CE_kJrl] I—w
explicit Euler T = N =| <1 only whenw; <2 (4.165)
€ lo=o
piag) 1
implicit Euler / T = <1 VYw;>0 (4.166)
Jle=1
[k+1] 1
, J 1 — 50
Crank—Nicholson i = ; <1 Vw;>0 (4.167)
G o=t /2 I+ 29J

For both the implicit Euler and the Crank—Nicholson method, we find that for any w; > 0,
(4.164) is satisfied and the methods are absolutely stable.

Definition A method is A-stable if it is absolutely stable for all positive time steps.

Thus, the implicit Euler and Crank—Nicholson methods, or more generally (4.150) when-
ever 0 > 1/2, are A-stable. Here, we have only shown this to be true when all stable eigen-
values are real For four values of 6, Figure 4.11 plots the modulus of the growth coefficient
Wy =c; [e+1] / c I'as a function of w; in the complex plane. The region of absolute stability,
Il < 1 lies w1thin the contour |u;| = 1. When the rules are biased more towards the
future state than the old state, & > 1/2, the method is A-stable.

By contrast, the explicit Euler method loses absolute stability whenever w; > 2 for
any stable eigenvalue. To see what happens in this case, Figure 4.12 plots the numerical
trajectories for ¥ = —x, x(0) = 1, for which the true solution is x(¢) = e~'. The explicit
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Figure 4.11 Magnitude of the growth coefficient vs. real and imaginary parts of the dimensionless
time step. The region of absolute stability lies within the contour of 1.
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Figure 4.12 Numerical trajectories for dx/dt = —x, x(0) = 1 for explicit Euler and implicit Euler

at various time steps less than 2 and greater than 2. Upper right shows loss of absolute stability for
the explicit method. Time steps below 2 are {0.1, 0.5, 1.0, 1.5, 1.9}. Time steps above 2 are {2.1, 2.5,
2.75,3}.
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Euler method becomes unstable for Az > 2 resulting in spurious oscillations and divergence.
By contrast, the A-stable implicit Euler method remains well-behaved, though not accurate,
even for large time steps.

Time step restrictions for stiff systems

We can now see why explicit methods have difficulty with stiff systems. For x =
Ax, AwV! = 1;wl], (4.159) yields the numerical response

N
. l—w;(1-10)
_ (01 k11 _ ] o .
= Z e wtl == b = (A1), (4.168)
For absolute stability, we must have | ;| < 1 for every stable eigenvalue with Re(w;) > 0;
however, when 6 < 1/2, we have an upper limit on the allowable time step (Figure 4.11). If
Amax 18 the largest eigenvalue magnitude, for absolute stability we must have

Wmax = (A max < @ w, = 2 for explicit Euler (4.169)

Thus, the time step must be smaller than (Af), = w./Amax. But, inspection of (4.158) shows
that the time required for x(#) to relax back to the steady state x; = 0 is governed by the
smallest eigenvalue Amin, as c;(t) = cgo]eAf !, Thus, we shall have to continue the simulation
until fepg ~ )‘;ilw To maintain absolute stability, the number of time steps has to be greater

than

Tend _ )‘x:un _ ()‘max/)\min) _ K(A)
(Af)c @c [ Mmax We We

Npin ~ (4.170)
k (A) is the condition number of A. Therefore, for stiff systems with high condition numbers,
explicit methods are forced to take a very large number of time steps, requiring many
function evaluations and much CPU time. The restriction (4.169) is not present for A-stable
integrators.

Error rejection

There is another benefit that accrues from absolute stability. Let us start a simulation at
an initial state slightly perturbed from the previous one at x[°) = ¥ j-V:l(c[iO] + 805.0])w[f I to
generate the numerical trajectory

N
=) (! 4 8ty k] (4.171)
j=1

As in (4.168), u; is the growth coefficient. The difference between the original trajectory
(4.168) and the perturbed trajectory (4.171) is

N
) = 3 ()t (4.172)
j=1

When all |u;| < 1, the effect of this perturbation decays to zero. This property, error
rejection, is important and desirable in numerical simulation, as then the round-off errors



Accuracy and stability of single-step methods 191

that are continually introduced do not accumulate but remain manageable, as their effects
become less and less important at later times. By contrast, ifany [u ;| > 1, round-off errors
grow exponentially and may drown out the true response with random noise.

Stiff systems from discretized PDEs

These issues of stability and error rejection become very important for stiff systems, as
the time step must be chosen to accommodate the largest eigenvalue (fastest mode). We
have seen above an example of a stiff system from chemical kinetics, but another important
source of stiff systems is the simulation of time-dependent PDEs such as the diffusion
equation

dp 3%
Y __ 7 4.173
ot dx? ( )
The finite difference method yields the linear ODE system, ¢; = ¢(x;),
do; -1 —=2¢; + ¢4
L -12 St @:——ZASO
dt (Ax) (Ax)
2 -1
-1 2 -1
4= 12 (4.174)
oo =1
-1 2

The eigenvalues and eigenvectors Aw¥l = 3wkl of this diffusion matrix are

k krj
)\k=4sin2[2(N4’jrl)] w_E”:sin[NZ]l] k=1,2,...,N (4.175)

The largest (fastest mode) eigenvalue occurs for £k = N,

N Nrj
oy =dsin? | —— | ~4  w = sin| 2| ~ sin(r)) (4.176)
2(N + 1) J N+1

The wavelength of this eigenvector is the spacing of the grid; i.e., it describes variations on
the smallest length scale that can be resolved by the grid (Figure 3.5). The smallest (slowest)
eigenvalue occurs for k£ = 1,

2 .
A1 = 4sin’ LI (PO [ (YN R (4.177)
2N +1) 2N+ Nz M N+1

The slowest mode eigenvector describes variations across the entire domain on the largest
length scale that can be resolved by the grid.

The condition number in the limit of large N is

Ay 4N?
K= —~ —— (4.178)
)\1 T

Unless the number of grid points is very small, the set of first order ODEs obtained from
discretizing a partial differential equation is very stiff.
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Stiff stability of BDF methods

Above, we have studied in detail the stability properties of simple single-step methods of
the class (4.150). More generally, explicit methods always have time restrictions of the form
(4.169), and the more a method makes use of past data to predict the future, the more strict
the time step restrictions become. We consider here the stability properties of implicit multi-
step BDF methods

mp
g 3 " o, = (A fHY (4.179)
n=0
The coefficients are computed from (4.138) by substituting the Hermite interpolation poly-
nomial (4.134) into the update formula (4.130). An efficient implementation of BDF
methods is presented below in the discussion of DAE systems. For the test equation
x = Ax, AwUl = ) ;wl], we again expand the states in the numerical trajectory in eigen-
vectors of 4, xK = Ef’:lcg.k] Ul and define the growth coefficient for each mode as
wy = C_E.Hl] /C_E.k]. Absolute stability requires |u;] < 1. In terms of the {c*1}, we write
the states at other times as x¥=" = Ejvzlcgk]ujf”w[/ 1. Substitution into (4.179) with
SUHT = gxU+1 yields

mp

N N
k]l —n i K .
E a,,{ E CE-]/,LJ wm} = (At),BlAl E cglujwm} (4.180)
=1 =1

n=—1

Using AwlU! = A ;wl/] and collecting terms, yields

N my
k —n i
0="> :cﬁ.]{ > i -/s_l(m),\,uj}w[ﬂ (4.181)

n=—

Equating the sum in the braces to zero, defining again w; = —(Af)A;, and multiplying by
M’;’”, we obtain
my
0= ™" = poro;u"" (4.182)
n=—1

For absolute stability, all growth coefficients that are roots of this stability polynomial must
have |u;| < 1. Figure 4.13 shows the regions of absolute stability for BDF methods of
various orders p = my + 1 in the complex plane of w;. As we are concerned only with
Re(X;) < 0, a method is A-stable (absolutely stable for all A¢ > 0) if the entire half-plane
Re(w;) > 0 lies within the region of absolute stability. This is the case for p = 1 and p = 2,
but not for p > 3, as the methods become unstable for complex eigenvalues.

However, we see from Figure 4.13 that even though these higher-order methods are
not A-stable, they do remain absolutely stable when Re(w;) = —(Af)Re(;) » 1. Thus,
when we use a time step much larger than the characteristic time [Re(A; )]~! of the mode,
|c£k+l] / cgk]| < 1 and these modes decay to zero. Thus, these methods are said to have stiff’
decay.

From our discussion of the discretized time-dependent diffusion equation (4.174), we

have seen that the fastest modes have spatial wavelengths comparable to the distance between
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grid points, and that the slowest modes have longer wavelengths comparable to the dimen-
sions of the physical domain. Often, the real physical behavior occurs on these long wave-
lengths and the true solution has little variation from one grid point to the next. Thus,
for the true solution, the fast modes with [Re()»_,-)]’1 « (At) should have ¢; ~ 0, and we
only observe significant activity in these modes, ¢; # 0, due to the exponential growth of
round-off errors when |u;| » 1. If we use a BDF method with stiff decay, even though we
are not simulating the fast mode dynamics accurately, they do correctly decay to zero in the
true solution. The fast modes therefore do not corrupt the dynamics of interest taking place
on the slow time scales. Therefore, integrators with stiff decay can simulate the dynamics
occurring on the slow time scales of a stiff system using time steps that are very large on
the scale of the fast modes. Essentially, a QSSA is made on the fast mode dynamics.

Symplectic methods for classical mechanics

The integration methods discussed above have been compared in terms of stability and
accuracy; however, no integration method with a finite time step is perfectly accurate. Over
long simulation periods, the discrepancy between the predicted and actual system behavior
may be significant.

This is of importance for applications such as celestial mechanics and molecular dynam-
ics, in which we simulate the motion of a number of interacting particles of masses 1,
positions r,, velocities v,, with a total potential energy function V' (ry,r;, ..., ry). The
motion of each point mass is governed by Newton’s second law of motion

dv, 0
Ry L 4183
Mo~ ors (ry, ra ry) ( )

In the absence of an external potential or dissipation (frictional forces), the total system
energy is constant,

N
E=> imy(vy-vy)+ V(ry, ra..... ry)= constant (4.184)

a=1

Due to integration errors, this property is generally not satisfied by the numerical trajec-
tory of the system; however, for a special class of integrators, total energy is conserved
(approximately) even over long simulations.

From Noether’s theorem (Arnold, 1989), it is known that the conservation of energy is
related to the invariance of Newton’s equation of motion to time reversal. That is, if we
follow a conservative system for some period of time and then reverse the direction of time,
the system will exactly retrace, in reverse, its previous trajectory. It may be shown that
integration rules that are symplectic (i.e., symmetric with respect to the direction of time)
have favorable energy conservation properties that make them most suitable for simulating
the classical mechanics of conservative systems. A more complete discussion of symplectic
integrators is found in Frenkel & Smit (2001). Here, we merely provide a popular symplectic
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integrator, the velocity Verlet rule,

At)?
Foy < Fo + Ve (A1) + (A7)
2m

F, a=1,2,...,N

o

F,
vo,<—'ua+2 (At) a=1,2,..., N
M (4.185)

compute new forces F, a=1,2,..., N

F,
Vy < Uy + (At) a=1,2,..., N
2my,

Differential-algebraic equation (DAE) systems

In the previous sections, we have treated systems described by a set of ODEs. We now
consider the addition of algebraic equations to obtain a DAE system. We show how the
BDF method can be modified to accommodate a system of mixed differential and algebraic
equations. Consider the DAE system

Mx)x = f(x) (4.186)

M(x) is a state-dependent mass matrix. If M(x) is nonsingular, we can decouple the set of
equations into standard ODE form

x=M"f(x) (4.187)

We consider here the case where M(x) is singular, as when the system is modeled by a
combination of differential and algebraic equations. As a particular example, consider the
system

y=F@.2)
0= Gy 2) (4.188)
System (4.188) is expressed in the DAE form (4.186) as
[ 01[#] _[Fu. 2] _
we=[g o] [1]=[ao )= (159

BDF method for DAE systems of index one

We now show how the BDF method can be modified to simulate a DAE system when M(x)
is singular (Ascher & Petzold, 1998). The first step is to generate an explicit predictor
polynomial that extrapolates the state behavior at past times (not necessarily uniformly
spaced) into the future,

. Te—j — Ik
At
This polynomial is constructed easily with Newton interpolation,

70(t;) = x(z;) = x1 ¢ j=0,1,2,..., my (4.190)

7.‘-(1))(.[) = do + (11(1' - Tmh) + aZ(T - Tmh)(t - Tmhfl)

4.191
+ o a1 (T = T (T = Tiy—1) - (T — T )(T) ( )
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where ay = X[Ty,, Tmy—1, - - -, Tmy—k]- We then generate a corrector polynomial that agrees

with the predictor at uniformly spaced times in the recent past,
7= =aP(—j) j=0,1,2,...,m,
and that also matches the time derivative at ;.| = #; + At,

dn©
dt

dx
= (AH)—
=@y

T=

With x#1 = 7@ (1) and MU+ = M(x+1), this yields the equation

[/38]

M[k+1]7-r(c)(1) — (At)f(x[k+l])

that we solve for the state x“*1] at the new time #,, = #; + At.
Rather than construct 7w(®)(t), we find it easier to form the polynomial

sm(t) = ) — wP(1) dm(—j)=0 j=0,1,2,..., my
Using Newton interpolation,

dw(r) = ow[l]+6=[1, O](r — 1)+ d6=[1, 0, —1](z — 1)(7)
+8n[1, 0, =1, =2](r — D)zt + 1)+ ---
+8n[1, 0, =1, =2, ..., —mp](r — D)+ 1)...(t +my— 1)
Starting with §7[1] = 8m(1) = #©(1) — #P)(1), from §7(0) = 0 we have
ém[0] — ém[1] 0 —édm(1)

sw[l, 0] = 0D = =ém(l)
Next, we use d7(0) = ém(—1) = 0 to compute
sw[l. 0, —1] = 3w[0, —1] —8=[1, 0] _ 0—dm(l) 187\'(1)

(—1—1) -2 2
Similarly, as §7(0) = §7(—1) = dw(—2) =0,

(4.192)

(4.193)

(4.194)

(4.195)

(4.196)

(4.197)

(4.198)

éw[1, 0, =1, =2] = (—2—1) (=3)

Continuing this approach, we find the general result

Sw[l, 0, =1, =2, ..., —/]

The difference polynomial is then

mp+1 1 Jj—2
Sm(r)=sm() {1+ > <—|> []‘[ (t + k)
j=1

! k=—1

Taking the derivative of this polynomial at t = 1,

mp+1 1 Jj—=2 Jj=2
s7c(1) = s(1) (7) S TIa+p
o k=—1

J=1

w0, —1, —=2] —8x[1, 0, —1] 0 —33m(1)  ém(1)

(4.199)

(4.200)

(4.201)

(4.202)
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In the sum over £, all terms with £ # —1 evaluate to zero, because in the product over p, a
factor for p = —1 contributes a value of 1 + p = 0. As

j—2 j—1
Z ]_[(1+p) =j1_[(1+p)=jl_[l:(j—1)! (4.203)
p=—1 p=0 =1

PpFk

we find that

mpy+1 1 my+1 1
87(1) = 8m(1) I > <7) (j— 1)!} =oém(Da_y o=y (;> (4.204)

j=1 j=I
Substituting 7w (1) = 7c(1) 4+ 7P (1) into (4.194) and using (4.204),
MY Mo s(1) + 7P(1)} = (A1) f(x1) (4.205)

As xIFH 11 = 7£O(1) = §7(1) + 7wP(1), we substitute for §7(1) in (4.205) to obtain a non-
linear algebraic equation for the new state xt<+11,

0= g(x[k+1 ) — oy MU (At)f( [k+1] ) Mk

(4.206)
Ul — ot_lﬂ‘(p)(l) _ 7:‘-(1))(1)

Starting with an initial guess of x!**1:91 = 7r(P)(1), we solve (4.206) using Newton’s method,
for which the Jacobian matrix is

o8 ,_3f
axT axT
As x changes little from one iteration to the next and «_; is fixed by my, (fixed leading-
coefficient BDF method), B varies slowly and we can save much CPU time through LU
factorization. This algorithm marches forward in time similarly to an ODE system; however,
for the Newton iterations to be successful, the matrix BI**! must be nonsingular. This is

B = o M () = (Ans (x) B = (4.207)

unfortunately not always the case. We can identify the condition that must be met for BlF*1]
to be invertible for the special case of (4.188),
. I 0] y F(y,z)
(0% = f(x) [0 0| [z] £ [ P (4.208)

The Jacobian matrix of f(x) takes the partitioned form

[ (OF oF

J(x) = <8y—T> (ﬁ> (4.209)
G G

() ()

The Newton update matrix (4.207) for this system is then

[a u(m)i} [—(At)(i)}

- ayT azT . |:Bll Blzi|
0G 0G ~ LBa Bxn

e ()] [Fen ()]

B(x) = (4.210)
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If (0G/dz") is singular, then as At — 0, B(x) also becomes singular. To see this, consider
a system with two differential and two algebraic equations. Then, as Az — 0, writing
bij = (At)a;j, we have

o [((ADar] [(At)aiz] [(Ab)ais]
[(At)ax] o [(At)ax] [(At)ans]
[(AD)az] [(At)az] [(AD)asz] [(At)ass]
[(Aayn] [(At)asw] [(ADasz] [(At)as]

The determinant of this matrix is

4.211)

4 4

4 4
det(B) = Z Z Z Z Sil,iz,i3,i4b1,i1bz,izbS,i3b4,i4 (4.212)

h1=1i=1iz=1i4=1

As At — 0, the terms with i; = 1, i, = 2 dominate the others, and

4 4 4 4
det(B) ~ Y Y erpi (oo )bsibas, = o2 Y > e ibsnbas,  (4.213)
=1 iy=1 is=1is=1
Thus, det(B) &~ o2 det(By), and if By, = (0G/dz") is singular, so is B(x) and Newton’s
method (4.207) fails, even in the limit as Az — 0.

If, however, (3G /dz") is nonsingular, then B(x) will not be singular as At — 0, and the
linear system at each Newton update has a unique solution. If (3G /dz") is nonsingular,
it is also easy to determine a set of consistent initial conditions, i.c., one that satisfies all
algebraic equations. We set y, and then compute z using Newton’s method to solve

0=G(.7) (4.214)

If (3G /dz") is nonsingular, we can take a single time derivative,

d[y=Fy,z) L (OFN. (OF\. (3G . (3G,
$[0=G(y,z)] - = <ayT>y+(azT)z 0= <ayT)y+(azT)z

(4.215)
to obtain an equivalent system with a nonsingular mass matrix,
I 0 B F(y,2)
oG [ ] = G (4.216)
0 [— ; (=
<3zT> ¢ <8yT>F(y’ 2

Definition The index of a DAE system is the number of differentiations required to convert
it into an ODE system with a nonsingular mass matrix.

For the example above with nonsingular (G /dz"), the index is 1. High-index DAE
systems are not uncommon, and one must perform the necessary reduction in index to 1
through differentiations in order to use the BDF method presented above. Also, for high-
index problems, it can be challenging to identify a consistent set of initial questions.

In MATLAB, ode15s can simulate index-1 DAE systems. In other languages, the package
DASSL by Petzold and coworkers is popular and performs well. A further discussion of
DAESs may be found in Ascher & Petzold (1998).
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Example. Dynamics on the 2-D unit circle

We demonstrate using ode15s to solve a DAE-IVP for a simple system in which an algebraic
equation constrains a 2-D trajectory to the unit circle,

dX1 .
rrie J1 = —[x1 — cos Oena] + [x2 — Sin Oeng]

0=fo=xt+x3—1 (4.217)

The trajectory is a simple relaxation to (cos Gend, Sin feng) along the unit circle. The following
routine returns the function vector:

function f = calc_f(t,x);

f = zeros(2,1);

theta_end = 10/180"pi;

f(1) = -(x(1) - cos(theta_end)) + (x(2) - sin(theta_end));
f(2) =x(1)"2 + x(2)"2 - 1;

return;

We solve this DAE-IVP from an initial guess with x{O] =0by

x_0 =[0; 0.8]; % set initial guess
M =[10; 00]; % set mass matrix
Options = odeset(‘Mass’,M,’MassSingular’,'yes’, ...
‘MState Dependence’,'none’); % inform ode15s of mass matrix
[t_traj,x_traj] = ode15s(@calc_f, [0 10], x_0, Options);

Here, we have a constant mass matrix, but we also could have provided a function that returns
M(t, x) were the mass matrix state-dependent (see help odeset for further details). Note
that for xl[o] = 0, the two possible values of x, that satisfy the algebraic equation f, =0
are xg)] = =1, but here the initial guess is x£0] = 0.8. The resulting trajectory (Figure 4.14)
shows that the trajectory starts on the unit circle, satisfying f> = 0 and demonstrates that

ode15s first computes a consistent initial state.

Example. Heterogeneous catalysis in a packed bed reactor

We demonstrate the DAE-IVP use of ode15s for a more realistic chemical engineering
problem of modeling an isothermal packed bed reactor with a solid-catalyzed gas-phase
reaction A < B+ C. First, A adsorbs reversibly to a vacant site S on the catalyst. The
adsorbed species A - S then reacts to form an adsorbed B - S and a free C molecule in the
gas phase. The adsorbed product B - S must then desorb, freeing again the active site.

A+S&A-S Faa = kaapacy — kqacas

A-SeB-S+C fszks[cA.S—cB;pC} (4.218)

S

B-S< B+S ”;dB = kqpcp.s — kaBpBCv
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1

Figure 4.14 Trajectory for DAE-IVP along the unit circle.

ca.s, CB.s, and ¢, are the concentrations (moles per unit mass of catalyst) of adsorbed A,
adsorbed B, and vacant sites S. A site balance yields

Crot = Cy +Cas T CBS (4.219)

where ¢y is the total concentration of active sites. pa, pp, and pc are the partial pressures
of A, B, and C in the gas phase. If we assume that the surface reaction step is rate limiting,
the reaction rate (moles per unit time per unit mass of catalyst) is

P A =k, [CA.S _ sp C} (4.220)
Ky
and the absorption/desorption steps are in equilibrium,
Faa =0 = 0= Kjapacy —cas Kaoa = kaa/kaa 4.221)

Fag =0 = 0= Kgpppey —cps K = kan/kan

We obtain K4, K,p, and ¢, from the adsorption isotherms of A and B.

We conduct the reaction in a packed bed reactor, assuming that the heat transfer is
sufficiently fast for the reactor to be isothermal. The mass ¥ of catalyst in a region of
volume V in the reactor is W = ps(1 — @)V, where p; is the density of the solid catalyst
and ¢ is the void fraction of the bed. Let F5 (/) be the flow rate (moles per unit time) of
A passing through the particular surface in the reactor for which the mass of catalyst in
the region between this surface and the inlet is . The mole balance on A for the region
between Wand W + §W is

0= FA(W) — Fa(W +8W) — (§W)ir (4.222)
As §W — 0 we obtain an ODE for F (W) (and likewise for B and C),

dFa . dFg . dFc .

2hA_ il - = 4.22

aw =% aw T gw TR (4223)
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Let the feed stream be a gas mixture of A and a nonreactive diluent gas G. Then, for a
specified volumetric flow rate vy, total pressure Py, and inlet temperature 7, ideal-gas
behavior yields

PAOVO _ (Po— pao)vo

4.224
RT, Go R, (4.224)

Similarly, from the molar flow rates, local pressure P, and local temperature 7, we can
compute the local partial pressures and volumetric flow rate,

FioRT
v =

P Fiot = Fa+ Fs + Fc + Fao (4.225)
F;RT F;
v Flot

We compute the local pressure using the Ergun equation to model the pressure drop across
a packed bed (Fogler, 1999). For a bed of cross-sectional area 4., catalyst solid density ps,
and void fraction ¢,

I
dw Ac(1 — ¢)ps T P Fiot,0
where
y(1—¢) [150(1 — P ] PoVo
= 1.75 = 4228
’ pOchp¢3 Dp * v v A ( )

D, is the particle diameter, py is the inlet gas density, u is the gas viscosity, and in SI units
the conversion factor g is 1.

Above we have a set of governing equations, some differential and some algebraic.
Here, we could manipulate the equations analytically to obtain a set of purely differential
equations, but this may not always be possible. Thus, we simulate the system as a DAE-IVP
with the state vector

x=[Fa Fg Fc P cas cps ] (4.229)

For the DAE format Mx = f(x), the mass matrix is

Lysa 04><3:|
M = 4.230
[03x4 O3x3 ( )

where 7 and O are respectively the identity and zero matrices of the specified sizes. The
functions in the DAE model are

fi=—r =7 f3=7r

_ :30 & Eot
= [Ac(l - ¢)ps:| <P> <Ftot7 0) (423D

J5s = Kaapacy — cas Jo = KappBCy — CBS

f7 = Ctot — Cy — CA.S — CB-S
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Figure 4.15 (a) Molar flow rate and (b) catalyst site concentrations as functions of catalyst mass in a
packed bed reactor.

To evaluate these functions, we first have to compute some intermediate quantities from a
set of auxiliary equations

Fiot = Fao + Fg + Fc + Foo

)t me(m)r ()
_(fa)p —(£B)p (=) p 4.232
pA <F'lot pB Rot pC Ftot ( )
I;R = ks [CA.S - CB;PC]

s

For our system, we use the parameters

Py = 1atm pao = 0.1atm Tho =T =373K
ot = 107 moles of sites per kilogram of catalyst
po=29kg/m*  p=2x10"Pas vy =0.00lm’/s
Dy=5mm ¢ =064 A.=0.0079m> p;=900kg/m’
Kopn =42 x107°Pa”! K =25x10"Pa"!
ks=30s"! K,=9.12x10°Pa

(4.233)

PBR_DAE _sim.m simulates the packed bed reactor for a user-specified total mass of catalyst
in the reactor (example results are shown in Figure 4.15).
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Figure 4.16 Arc length continuation of a nonlinear algebraic system, showing solution path passing
through a turning point.

Parametric continuation

Above, we have focused upon simulating dynamic systems Mx = f(x; ©); however, we can
use these techniques to study how the solution x4(®) of an algebraic system f(x;®) =0
depends upon ©. Let the parameters vary along some path &(1), 0 < A < 1, such as

O = (1 — 1O + 1O, (4.234)

We wish to study how the solution x,( ®())) varies along this path. An obvious approach
would be to derive a system of ODEs for d® /d) and dx/d); however, as shown in the sup-
plemental material, the resulting ODE system encounters difficulties at turning points where
the slope of dx;/dA diverges (Figure 4.16). By contrast, if we define s to be the arc length
along the path in (x5, 1) space, and solve a system of ODEs for dx;/ds and d) /ds, turning
points pose no difficulty as both derivatives remain finite. An algorithm for this arc length
continuation method is presented in the supplemental material. arclength_continuation.m
constructs the curve (x;, 1) for a specified linear path (4.234). The syntax is

[x_c, Param_c, lambda_c, fnorm_c, stab.c] = ...
arclength_continuation(fun_name, ...
Param_0, Param_1, x0, AcrLenParam);

fun_name is the function that returns the function vector,
function f = fun_name(x, theta);

Param_0 and Param_1 are ®, and ®;. The initial guess of the solution for 0 = f(x; ®,)
is x0. ArcLenParam is an optional structure that varies the performance of the algorithm;
see the help utility for its description. x_c and Param_c are arrays in which each column
vector contains the state xg(A) or parameter vector ® () for a point along the solution curve
0 = f(xs(1); ®(1)). lambda_c contains the value of A for each point. fnorm_c contains the
function norms for each point (should be near zero). stab_c stores a value of 1 if the point is
stable or critically stable and a value of 0 if the point is unstable. This routine traces only a
single curve. For a more complex routine that can handle branching, see the AUTO package
(indy.cs.concordia.ca/auto/).
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Example. Multiple steady states in a nonisothermal CSTR

We demonstrate the use of arclength_continuation.m for the study of multiple steady states
in a nonisothermal CSTR. Consider a perfectly-mixed stirred-tank reactor with A reacting
to form B

A—B r=k(T)ca (4.235)
The temperature dependence of the rate constant is
E, (1 1
ki(T) = ki(T; — === 4.236
1(T) = k( ef)exp[ r <T Tref>] (4.236)

For constant volume CSTR with no volume change due to reaction, the mole balances for
a volumetric feed rate v are

d
E{VCA} = v(ca,in —ca) — Vki(T)ca

! (4.237)
E{VCB} = v(cB,in — cB) + Vki(T)ca

Assuming constant density p and specific heat capacity é'p of the reaction medium, the
enthalpy balance on the reactor is

%{VpépT} = vpCy(Tin — T) — V(AH)ky(T)ep — UA(T — To) (4.238)

AH is the heat of reaction (negative for exothermic reactions), UA is the product of the heat
transfer coefficient and area for a coolant jacket, through which flows at high rate a coolant
of temperature 7.

Dividing by V and setting the time derivatives to zero, we have the following three
algebraic equations for the steady-state behavior

dc v —E : l

d_tA = ?(CA,in —ca) — ki(Trer) exp [_ Ra (F T f>:| =0

des " E, (1 1

_— = — in — k T;*e - T :0 4239
= V(C‘B, CB) + 1( f) CXp |: R <T Tref)] o ( )
T o . UA

— = —pCy(Ty—T)— (AHki(T)epn — —(T —T,) =0

= 2pCol(Tn = T) = (A (T)er = (T = T)

Defining the dimensionless time, concentrations, and temperature

tv CA CcB T
V oA CA.in vB CA,in Tin ( )

the dimensionless Damkohler number
_ kl(Tm)V

v

Da (4.241)

and the scaled heat of reaction, cooling efficiency, and activation energy
(AH)ca.in UA E,

= = X = = =
pCpTin vpCp RT;

(4.242)
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the governing equations (4.239) can be written in dimensionless form

d 0—1
% =1 —(pA—(Da)epr:M} 0, =0
T 0
d . o1
5 — o — g5 + (Da)exp [M} 91 =0 (4.243)
dt 0
d6 o—1
— =1-0— B(Da)exp [u} p4—x0—-6)=0
dt 6

This is a set of three nonlinear algebraic equations with the six dimensionless parameters
o, Da, B, x, v, 0. We set " = 0, and note that ¢ can be obtained directly from the
values of p and 6,
y(@©—1)

@B = (Da)exp [T @A (4.244)
Therefore, we can remove it from the list of unknowns and compute it whenever needed;
i.e., we make it an auxiliary variable. Moreover, we note that ¢g does not appear in either
the equation for ¢4 or that for 6, and thus we do not need to compute its value until the
solution is found. We therefore reduce the system to two equations,

J/(90— 1)} on =0

v -1
0

Silga, 0) = 1 — pa — (Da) exp [
(4.245)
f2(</)A,9)=1—9—ﬁ(Da)exp[ ]§0A—X(9—9c)=0
with the five dimensionless parameters Da, 8, x, v, ..

We now use arc-length continuation to draw curves of the dependence of ¢4 and 6 upon
Da for fixed, B, x, y and 6, = 1. We start our calculations at Da = 1072, for which good
initial guesses are s = 0 = 1. Defining the parameter vector as

O =[log(Da) B x y 61" (4.246)

using the fixed values B, x, ¥, 0. = 1, we vary Da from Day = 1072 at A =0to Da; =
10? at A = 1. nonisothermal _CSTR_Da_scan.m performs this calculation using nonisother-
mal_CSTR_calc_f.m.

We presentresults with § = —1 (exothermicreaction), x = 0 (no heat transfer to coolant
jacket), and 6. = 1, for various values of y, the dimensionless activation energy. When
y = 1, the temperature increases smoothly from a low Da limit of 1 to an upper Da limit
of 2 (Figure 4.17). As we increase the activation energy to y = 5, the upturn becomes
more pronounced (Figure 4.18). At y = 8 the curve becomes vertical, and the change in
temperature is very sudden (Figure 4.19).

At higher activation energies, e.g. y = 12, the system exhibits multiple steady states
(Figure 4.20). As we initially increase Da from a small value, we reach a turning point at
which the steady state becomes unstable. Further increase in Da at this point results in a
sudden jump to a different steady state with a higher temperature (ignition). If we were then
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Figure 4.18 Nonisothermal CSTR behavior for y =5(8=—1,x =0,0. = 1).

to decrease Da, we would reach another turning point at which the system jumps back to
the low-temperature steady state (extinction). For Da values between the turning points, the
system has three steady states, but only the upper and lower ones are stable. Clearly, it is best
to design the system to operate safely away from this region of rapid, difficult-to-control,
transitions.



MATLAB summary 207

Pa

12 9 1 1 41

a

1

Pa

1 -2 1 - 1
a

2
1 L K’x i
1L s |

> N

1 | AN ]
12 | i

—_—
|
n
_
|
_

Figure 4.20 Nonisothermal CSTR behavior for y =12 (8 = -1, x = 0,6, = 1).

MATLAB summary

The two main routines for solving ODE-IVPs are ode45 and ode15s. For nonstiff
problems, the explicit ode45 method is recommended. For stiff systems, the implicit
ode15s is preferred. A list of available ODE solvers is returned by help funfun. For
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the ODE system X = f(z, x; ®), we must at a minimum supply a routine that returns
f(t, x; ®) with the syntax

function f = calc_f(t, x, P1, P2, ...);
P1, P2, ... are optional fixed parameters. The IVP is solved by
[t_traj, x_traj] = ode45(@calc_f, t_ span, x_0, Options, P1, P2, ...);

t_span contains the start and end times of the simulation, or optionally a list of discrete times
at which the states are needed. x_0 is the initial state and Options is a structure, managed
by odeset, that allows the user to modify the solver behavior (use [ ] to accept the default
options). P1, P2, ... are optional fixed parameters passed to the function routine, here
calc_f.

Implicit methods such as ode15s require the Jacobian matrix J = df/dx". If only a
routine such as calc_f is supplied, ode15s estimates the Jacobian by finite differences.
For large, sparse systems, the work associated with Jacobian estimation can be reduced
significantly by supplying a matrix with the same sparsity pattern as the Jacobian, through
the “JPattern” field of Options. Even better, we can supply a routine that computes the
Jacobian,

function Jac = calcJac(t, x, P1, P2, ...);

and set the “Jacobian” field of Options to its name, here ‘calc_Jac’.
For a DAE system Mx = f(t, x; ®), ode15s may be used if the system is of index one,
supplying either a constant mass matrix or a function,

function M = calc_Mass(t, x);

and informing ode15s of its identity through the “Mass” field of Options, along with the
appropriate specifications of “MStateDependence” and “MassSingular.” More general
DAE systems of the fully implicit form F(¢, x, x) = 0 can be solved by ode15i. The low-
order implicit methods ode23s and ode23tb can be useful for very stiff systems, such as
discretized PDEs (discussed later in Chapter 6).

odeplot plots the state trajectory, and odeprint prints it to the screen. Related functions
for 2-D and 3-D plots are odephas2 and odephas3.

Problems

4.A.1. Consider the following ODE system with a steady state at (1, 2),

B = filxn ;) = =20 = D =27 + (@1 = Dl = 2) = (12 = 2) = 301 = 1)
X2 = folxr,x2) = —(x1 — D)+ (x1 — 1)*(x2 — 2) (4.247)

Derive the linearized ODE system that describes the response of the system to small per-
turbations around the steady state. Is the steady state stable? Will the steady state exhibit
an oscillatory response to small perturbations? Confirm your results by writing a program
to simulate the response to a random, small perturbation.
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Figure 4.21 Tank of variable cross-sectional area.

4.A.2. Compute the value of the following definite integral using both dblquad and Monte
Carlo integration,

2 U
Ip = / / [(x — 1)* 4+ y*1dydx (4.248)
1 0

4.A.3. Consider the 1-D motion of a point mass, connected to the origin by a harmonic
spring, that experiences a frictional drag force and a time-dependent external force. The
equation of motion is

d*x dx

T - _Kx —
m X Cdt

= + Foalt) (4.249)

Let the mass be 1 kg, and let the harmonic frequency w. = +/K/m be 27 rad/s. Let the
external force be Fi(f) = (1072 N)sin (wt), where w is set at 0.01we, 0.1we, 0.5w, 0.9,
0.99w., and 0.999w.. Plot x(¢) for each of these cases when ¢ = 0 and describe what
happens as w — w,. Repeat for non zero ¢, and describe how the behavior changes as ¢
increases.

4.B.1. Consider the axisymmetric tank shown in Figure 4.21. We want to estimate the time
that it takes for the tank to drain if filled with water (density 1000 kg/m?3, viscosity 0.001
Pa s). Let A(f) be the height of water in the tank, /(0) = 2m. vy(¢). The mean velocity in
the drain pipe and the volumetric flow rate out of the tank is

dh

T T
vlt) = 7 Doy = DT | =

(4.250)

To obtain vy, we use the engineering Bernoulli equation to relate the velocity and pressure
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at z = h(t) to the values at the pipe outletat z = —L,,

1 (dn\’ 1 :
|:5,0 (E) +patm+;0gh:| — [Epvg + pam + pg(—Lp)i| = net viscous loss > 0
(4.251)
The net viscous loss is dominated by the entrance flow at the pipe outlet and the viscous
dissipation within the outlet pipe itself,

. loss A [ Lo\ (1 >
net viscous loss & K, E'OUP + /o D_p E,ovp (4.252)

For a well-rounded entrance, K | & 0.2. The friction factor fj, is a function of the Reynolds’

number in the pipe,

_ pvp Dy
7

For laminar flow when Re < 2100, fp = 64/Re. For Re > 4000, the friction factor can be
estimated from the empirical Colebrook equation

L (e/Dy) 2.5l
77 = o[ S e )

e is the characteristic surface roughness length of the pipe wall, and for commercial steel is
0.045 mm. In the intermediate range 2100 < Re < 4000, it is difficult to predict the friction
factor.

Plot the height of water and the volume of water in the tank as functions of time. How
long does it take for the tank to empty?

Re (4.253)

(4.254)

4.B.2. For the test equation, X = Ax, Re(X) < 0, plot the region of absolute stability for the
RK4 method in the complex plane of w = —(Af)A.

4.B.3. Consider the calculation of radial integrals in three dimensions,
R 1
Iy = / f(r)Anridr = R / f(ERYAnE dE (4.255)
0 0

Write a routine that computes the Gaussian quadrature weights and nodes {&, &1, ..., &n}
for N=3,57.For f(r)y=1+r +r>+---+r", R = 1, plot the error in the computed
integral as a function of degree m. Compare the errors to those obtained from Newton Cotes
integration with N + 1 support points.

4.C.1. Consider again the tank in Problem 4.B.1. We want to maintain the height of water
at hger = 1.5m by adding an input water stream of volumetric flowrate vy,. Compute the
inlet flow rate v, st that maintains /g at steady state.

Next, let us say that there is a second inlet whose flow rate vi,2(#) we cannot control.
We then must use feedback control to vary vj,(f) in order to maintain a constant height. Let
the error of the height from its set point be e(¢) = /(¢) — hget and let viy(¢) = Vi set + u(?),
where for a proportional integral derivative (PID) controller

I de
u(t) = Kc [e(t) + T_I /o e(s)ds + ‘L'DEi| (4.256)
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For various choices of the controller tuning parameters {Kc, t1, 7p}, simulate the closed-
loop response for several perturbations. Start at steady state with #(0) = e(0) = vy 2(0) = 0
and immediately change vin» to a constant value chosen at random within 0 < vj,, <
(0.1)Uinser. For each response, a measure of how well the controller rejects the disturbance
is

tH
F(Ke, 1, ) = [ le(t)Pd (4.257)
0

ty is a horizon time suitably long for the response to be measured; for example, the time
required for the height to approach within 99% of its new steady-state value if we were to
take no control action for vi, 2 = (0.1)vj set. Of all the {Kc, 71, Tp} sets that you try, report
the one with the best F(K¢, t1, Tp), averaged over many disturbances. If at any time during
a simulation, A(7) exceeds 2 or drops below 0, stop and reject the controller design.
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Many problems in chemical engineering are expressed mathematically as optimization
problems, and involve finding the particular x that minimizes some cost function F(x).
Each component of x may vary either continuously or discretely. In this chapter, we assume
that each x; varies continuously. In Chapter 7, we consider stochastic techniques that can be
used with discretely-varying parameters.

An optimization problem may be unconstrained, in which case each x; can take any real
value, or it can be constrained, such that an allowable x must satisfy some collection of
equality and inequality constraints

gx)=0 or  h(x)>0 (5.1)

We consider first unconstrained problems, and then treat constraints. Here, the focus is
upon methods that identify local minima; i.e., points that are lower in cost function than
their neighbors. The stochastic methods of Chapter 7 return (eventually) global minima;
therefore, the reader is referred to that discussion if identifying the global minimum is
necessary.

Numerical optimization problems arise in many contexts. To predict the geometry of a
molecule, we find the conformation of its atoms with the lowest potential energy. In process
design x contains parameters such as equipment sizes, flow rates, temperatures, etc., and
the cost function is a measure of the economic cost of operating the process. We fit a
mathematical model for a system by minimizing the sum of squared differences between
the model predictions and experimental data. In optimal control, we choose the best set of
control inputs to maintain a process at the desired set point.

In addition to a discussion of the basic techniques for identifying local minima in con-
tinuous parameter space, the use of optimization routines in A AB  is demonstrated. As
these routines are part of an optional tiiatin tit , an alternative routine is provided
that can be used without the toolkit.

Local methods for unconstrained optimization problems

We begin by considering iterative techniques that start at some initial guess x!°), and gen-
erate a sequence of estimates x[!1, x[?1, ... that (hopefully) converges to a local minimum
Xmin Of F(x). That is, for x within |x — x| < €, > 0, F(x) > F(xmin). If we envision
F(x) to be a physical elevation, a local minimum lies at the bottom of a “valley,” and
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we move to it from x[%1 by descending “downhill” until we cannot decrease F(x) any
further.

To use these methods, we must supply at least a routine that returns the cost function
value F(x) for an input x. Gradient methods in addition require knowledge of the gradient
vector y(x) = V F|,, and Newton methods require knowledge (or an approximation) of
the Hessian matrix

I F
. 0x0x;

02F
0x;0xy

_
8x_,-

H=V’F=HT Hjp(x) = = Hy;(x) (5.2)

X

X

While these derivatives can be estimated by finite differences, for large systems it is helpful
to supply them directly for an input x. With knowledge of higher-order derivatives, an
optimization routine has a better understanding of the local shape of the cost function
surface, and can search more efficiently for a local minimum.

The simplex method

The simplex method, implemented as fminsearch in the optional MATLAB optimization
toolkit, requires only a routine that returns F'(x). While simplex methods are used commonly
for linear programming problems with linear cost functions and constraints (Nocedal &
Wright, 1999), for unconstrained optimization with nonlinear cost functions, the gradient
and Newton methods discussed below are preferred. Thus, we provide here only a cursory
description, and refer the interested reader to the supplemental material in the accompanying
website for further details.

The basic idea is easiest to see for a 2-D problem (Figure 5.1). In 9i2, we form a triangle
with vertices at x[%! and the two points

x0T = [0 lle[ll x21 = x[0 lze[z] (5.3)

We want to move {x[%1, xt!1, x12I .} so that the triangle comes to enclose a local minimum

Xmin While shrinking in size. In Figure 5.1, a typical sequence of simplex moves is shown,
if the farther away a point is from X, the higher is its cost function. First (upper left),
the vertex of highest cost function value is moved in the direction of the triangle’s center
towards a region where we expect the cost function values to be lower (upper right). After a
sequence of such moves (lower right), the triangle eventually contains in its interior a local
minimum (we hope). At this point, the size of the triangle is reduced until it tightly bounds
the local minimum (lower left). In practice, both vertex moves and triangle shrinking occur
throughout the calculation, as the vertex moves are most likely to succeed when the triangle
is small enough that F(x) varies linearly over the triangle region. In )i" the triangle becomes
a simplex with N + 1 vertices.

Gradient methods

Algorithms that use knowledge of the gradient vector ~(x) = V F|, are more efficient,
because the gradient points in the “uphill” direction of steepest increase in cost function
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Figure 5.1 The simplex method moves the vertices of the simplex (in two dimensions, a triangle)
until it contains the local minimum, and shrinks the simplex to find the local minimum.

(Figure 5.2). Thus, the opposing direction of steepest descent d(x) = —~(x) points directly
“downhill” and any vector p with p - vy(x) < 0 also points downhill. If x* is the current
estimate of the minimum, we generate a search direction p such that pll . v(x[¥) < 0.
Then, we move a step length a¥l > 0 in this direction to a new estimate x*+!l = x[*I ¢
a'® pl*] with a lower cost function value

F(xF = x84 glH I < p(xl4) (5.4)

As pM . ~(xIF) < 0, this is possible to achieve, at least for very small a!*l, when
[y ()] # 0 as

F(xM + ept) = F(xM) + &[pH - v (x)] + O[?] (5.5

When |y(x¥)] = 0, x[¥] is an extremum (“flat point”), and as we move downhill in cost
function at each step, x* is likely a local minimum. In practice (5.4) is insufficient to
ensure convergence, as it may happen that |F(x**+11) — F(x")| — 0 too quickly. Thus,
we require a¥l to also satisfy a criterion for a minimum acceptable rate of descent
(Figure 5.3),

|F(x[k]) _ F(x[k] + a[k]p[k])|

T >x[ =~ pM]  xi€0,1) (5.6)
and a sufficient decrease in steepness (Figure 5.4),
- VF|xm+a[k]p[k]| < x| pH - 4] X2 € Gas 1) 5.7)

The algorithm for a gradient minimizer is easy to program,
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Figure 5.2 Contour plot of F(x) showing the gradient and steepest descent directions at x'*. Accept-
able search directions point downhill.

o ) large step moves beyond minimum,
\ slope of Fat initial point average slope over step is too small
/ compared to initial slope

\
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\ large compared to initial slope (unacceptable step)
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Figure 5.3 Taking too large a step in the search direction violates the criterion of sufficient rate of
descent.

Make initial guess xt%

Compute initial cost function, gradient F(x[%1), 41 = ~(x1°)

fork=0,1,2,..., knax
if |y < 84ps, STOP and accept x*] as local minimum
Generate search direction pl*! such that pt¥ . 441 < 0
Find ¢!¥] > 0 such that descent criteria are met,

(x4 o) < F(x18)
|F(x) — F (x4 ol pt)|
P

p™- VF|x[kJ+a[k1pu-J| < xe[p™ A

= [ A p]
k]|
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Figure 5.4 Taking too small a step in the search direction violates the condition of sufficient decrease
in steepness.

Set new estimate, x¥+11 = x[kl 4 gl plk]
repeat for loop k =0, 1,2, ..., kpax

The two unspecified steps in this algorithm are: (1) the selection of a search direction p¥],
and (2) the selection of a step size al¥l. We discuss each in turn, starting with the choice of
step size.

Strong and weak line searches

There are two general approaches to compute al*1. In a strong line search, we find the value
of a'* that minimizes F(x) along the line emanating from x*! in the direction p*. However,
as the search direction probably does not point directly at x;,, much of this effort is wasted.
Thus, a weak line search, in which we use a simple method to generate an acceptable a¥!
without requiring it to be a line minimum, is often used instead.

Because a strong line search is a minimization in only one variable, a™, we can use
robust search methods that are infeasible in multiple dimensions. Essentially, we have the
problem of minimizing the cost function

flay= F( g apl) O gy (o) 58)
Because df/dal, < 0, we can increase a from zero until we find a segment in which df/da
changes sign; thus, a line extremum must lie within this region. Then, either through interval-
halving or by fitting a polynomial 7 (a) to f(a) and/or d f/da and finding where dx /da = 0,
we identify the a!*! that minimizes (5.8).

It may be of little help to identify the line minimum if the search direction itself does not
point at x,i,. Thus, a weak line search is often an attractive option. A common method is

the backtrack line search, which starts with an initial step amax. If amax does not satisfy the
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Figure 5.5 Steepest descent method results in a zig-zag trajectory in steep valleys that yields poor
convergence.

descent criteria, it is halved until an acceptable value is found:
alkl

= Omax (5.9)
al®l < 4¥/2 iterate until acceptable step size found ’

amax 18 obtained by fitting a low-order polynomial in a to F' M +a p[k]),
F(x[k] + ap[k]) ¢ +cia+ cZaz (510)

The expansion coefficients are obtained at the cost of one additional function evaluation at
a large step size o,

[F(x[k] + a/p[k]) —cp — cla’]

co=F@M) o =pH.4H <0 =

(a')?
(5.11)
The minimum of this quadratic polynomial in [0, a'] sets apax,
—c1/2¢cy, >0
max — 12
Ama {a/, ¢y <0 (5.12)

If F(x) isitself quadratic, and d’ is large enough, ap,y is the line minimum, and this approach
is a strong line search.

Choosing the search direction

Once an appropriate ¥ has been found (since we require the search direction to be one
of initially decreasing cost function, such a step always exists, even if it is very small),
XU = K 4 ¥ plk] ig the new estimate of the minimum. The new gradient, v+ and
steepest descent, dl\ ™11 = —~k+11 yectors are computed, and we then choose a new search
direction p*+11. Tt must be a descent direction, v+ . plk+11 < 0, but which of the infinite
number of descent directions should we choose?

The most obvious choice, the method of steepest descent, searches always in the direction
of steepest descent, pl‘+11 = —~¥+11_For the first iteration, this is the logical choice. At
successive iterations, however, the steepest descent method converges slowly as it often
yields zig-zag trajectories when travelling down steep valleys (Figure 5.5).
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In the conjugate gradient method, this zig-zag behavior is reduced by mixing-in a portion
of the previous search direction such that the trajectory tends not to double back upon itself,

P = i)y Ikl ik (5.13)
B¥+11 is commonly chosen by one of the following two formulas:
LT yliet1]
_ Fletcher—Reeves (CG-FR)
[k] . ~/L4]
T
pH = (5.14)
1] . (1] _ TR
-y ") pojak Ribiere (CG-PR)
'-y[k] . »-y[k]

The CG-FR formula yields search directions with very favorable convergence properties for
quadratic cost functions, as is explained below. The CG-PR formula gives the same search
direction as CG-FR for quadratic cost functions, but its extra term biases the search direction
towards the direction of steepest descent when the cost function is far from quadratic. As
steepest descent is more robust in this case, CG-PR is preferred.

A gradient minimizer routine

gradient_minimizer.m implements either the CG-PR method as the default or the steepest
descent method. It uses a weak line search starting from an initial step based on quadratic
approximation. Thus, when the cost function is (locally) quadratic, a strong line search is
conducted. The syntax is

[x, F, grad, iflag, x_traj] = gradient_minimizer(. ..
func_name, x0, OptParam, ModelParam);

func_name is the name of a routine that returns F'(x) and ~y(x),
function [F, grad, iOK] = func_name(x, ModelParam);

Here, iOK is 1 if the cost function was evaluated correctly.

ModelParam is a structure that contains the fixed parameters of the cost function. x0 is
the initial guess, and OptParam is an optional structure that controls the behavior of the
minimizer. As output, x is the local minimum, F and grad are its cost function and gradient,
iflag is 1 if the minimizer converged. x_traj is an optional array recording the progress of
the minimizer.

The steepest descent and gradient methods are demonstrated in Figure 5.6 and Figure 5.7
for the cost function

F(x) = (x; — 1> +100xz — 2)* + c(x; — D* + c(xy — 2)* (5.15)
The following routine returns the cost function and its gradient:

function [F, grad, iOK] = simple_cost_func(x, ModelParam);
iOK = 0; c = ModelParam.c;
dx1 =x(1) - 1; dx2 = x(2) - 2;
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iter

initia ess

initia ess — iter initia ess - iter

Figure 5.6 Gradient minimizers applied to a quadratic cost function. Results at left from steepest
descent method and those at right from conjugate gradient method.

grad = zeros(size(x));

F=dx1"2 + 10*dx2"2 + c*(dx1"4) + c*(dx2"4);

grad(1) = 2*dx1 + 4*c*dx1"3; grad(2) = 2*10*dx2 + 4*c*dx2"3;
iOK=1;

return;

For the quadratic case (¢ = 0) with the default (CG-PR) method, the minimization is per-
formed by

ModelParam.c = 0;

x0 = [5; 0];

[x, F, grad, iflag, x_traj] = gradient_minimizer(‘simple_cost_func’, ...
x0, [1, ModelParam);

To use the steepest descent method, we type

OptParam.method = 0;
[x, F, grad, iflag, x_traj] = gradient_minimizer(‘simple_cost_func’, ...
x0, OptParam, ModelParam);
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o
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Figure 5.7 Gradient minimizers applied to a nonquadratic cost function. Steepest descent (left) and
conjugate gradient (right) with ¢ = 0.1 (upper) and ¢ = 1 (lower).

Figure 5.6 compares the conjugate gradient and steepest descent methods for the quadratic
case, ¢ = 0. While the steepest descent method generates a zig-zag trajectory, the conjugate
gradient method avoids this and reaches the minimum after only two iterations (we note that
2 is also the dimension of x). Figure 5.7 compares the two methods with nonzero quartic
terms. The conjugate gradient method is no longer able to find the minimum after only two
iterations, yet it is still more efficient than the steepest descent method.

Conjugate gradient method applied to quadratic cost functions

We now consider the origin of the excellent performance of the conjugate gradient method
for a quadratic cost function, defined in terms of a symmetric, positive-definite matrix 4
and a vector b,

F(x) = ! TAx b'x ~y(x)=Ax—b (5.16)

As the cost function is minimized when Ax = b, this method is often used to solve linear
systems when elimination methods are too costly (more on this subject in Chapter 6). Let
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Figure 5.8 At the minimum along the line, the local gradient is perpendicular to the search direction.

the current estimate be x!¥1. We perform a line search in the direction p*l, and as F(x)
is quadratic, we can compute analytically the line minimum a*! where the gradient is
perpendicular to the search direction (Figure 5.8),

Py (69 g1 pl) = plk (x84 gFplk) — p) = g (5.17)

Using M1 = 4x!¥] — p, this yields the update

1] _ K] K] TA] %] P A
We next select a new search direction p!**1 to identify the next estimate
X2 1] ] plhH] (5.19)

How should we choose the new search direction pl**11 ? We see from Figure 5.8 that we
have already minimized the cost function in the direction pl¥l. It would be nice if, when
we do the subsequent line searches in the directions p*+!1, plé+21  we do nothing to
“mess up” the fact that we have found an optimal coordinate in the direction p!*l. If so, and
if the set of search directions is linearly independent, then after at most A iterations, we are
guaranteed to have found the exact position of the minimum, in the absence of round-off
error.
We thus choose p!**!1 such that x*+2! remains optimal in the direction p!*],

%F(x[k“] + ap[k])|a:0 = pld. 'y(x[k+2]) =0 (5.20)

Writing v+ = 4x¥*+2] — p and using (5.19), we have

p[k] . {Ax[k+2] _ b} — p[k] . {[Ax[k“] _ b] + a[k+1]Ap[k+1]} =0
plil . et +a[k+1](p[k] . Ap[k+11) =0 (5.21)

As we have already established that p!* . 4[*+11 = 0, if we choose the new search direction
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to be A-conjugate to the old one,
pH L 4ptl = ¢ (5.22)

then pl . ~(x[*+2!) = 0, and performing a line minimization along p**!1 will do nothing
to alter the fact that we have found the optimal coordinate in the direction p!*. The N vectors
p, pl ., pI"1 generated by this method are linearly independent. As after N iterations
we will have found the correct coordinates of the minimum in each of these directions, we
are guaranteed to have found the exact position of the minimum. Thus, in the absence of
round-off error, the conjugate gradient algorithm terminates after at most N iterations. Note
that this method is somewhat misnamed, as by (5.22) it is the search directions {p!*l} that
are conjugate, not the gradients {71}, which in fact may be shown to be orthogonal.

To implement the A-conjugacy condition, p*l . 4pls11 = 0, we write the new search
direction as the linear combination

p[k+1] — _’Y[k+1] + ,B[klp[k] (5.23)
Multiplying by 4 and enforcing A-conjugacy yields

P Al — g = ikl L g1 gk Tk g 1K
g _ AT APt A1)yl
P A plh TS

(5.24)

The latter form for B*) is obtained from the first through use of conditions that follow
from A-conjugacy. If this formula for B! is applied to a nonquadratic cost function,
the CG-FR method is obtained. Because the relations above assume the cost function to
be quadratic, the CG-FR method is not guaranteed to terminate in N iterations; however, once
the algorithm is close enough to the minimum for quadratic approximation to be accurate,
the self-terminating aspects of the conjugate gradient method become useful. The CG-FR
and CG-PR formulas agree for a quadratic cost function (as 41 . 4¥+11 = 0). Whenever
the cost function is far from quadratic, the orthogonality of the gradients will be lost, and
the additional term in the CG-PR formula pushes the search direction towards the steepest
descent direction. This usually improves the performance, and the CG-PR method is the
recommended choice of gradient method.
The conjugate gradient algorithm to minimize F(x) = %xTAx — b"x, solving Ax = b,

is
make initial guess x[%; set initial gradient, 1 = 4x[?1 — p
set initial search direction, p!% = —glf]
fork=0,1,...,(1 +&)N, where ¢ > 0 allows for round-off error

if |y < 8,01, STOP and ACCEPT x!*] as solution

perform line search.

P = Api g8 = (plh] A1) /(pl . Ik
ST G B

compute new gradient, vF+11 =~k 4 gk 4]
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get new search direction, g1 = (yW1 . 4+ /(1K1 4 I)
p[k+1] _ _,.),[kJrl] + ,B[k]P[k]

endfork=0,1,...(1+¢&)N

An alternative expression for the step length, equivalent to (5.18), is

a® = (,.),[k] ,,.),[k])/(p[k] ,y[k]) (5.25)

In MATLAB this algorithm is used by pcg (more on this routine in Chapter 6). Note that
at each CQG iteration, we only need to multiply the current solution estimate by 4, a quick
procedure when 4 is sparse. Note also, that as no fill-in occurs, this method is well suited
to large, sparse systems.

Newton line search methods

The gradient vector provides information about the local slope of the cost function surface.
Further improvement in efficiency is gained by using knowledge of the local curvature of
the surface, as encoded in the real, symmetric Hessian matrix, with the elements

Oy O°F I’ F

Hj = = =
ox; Ox;0x;  0x;0x;

= H; (5.26)

Again, we use an iterative method with a line search direction p!*,
Xl = XK 4 TR K] (5.27)

We use the Hessian to make better selections of the search directions and step lengths. For
small p, Taylor expansion of the gradient yields

JE 4 ) — 7o) = H()p + O[lpP) 529
As v(xmin) = 0, we set v(x] + p) = 0 to yield a linear system for p!*:
H(x[k])p[k] _ —’Y(x[k]) (5.29)

This appears to be equivalent to solving vy(x) = 0 by Newton’s method, but there is an
important difference. Newton’s method just looks for a point where the gradient is zero,
but we specifically want to find a minimum of F(x). Yet, the gradient is zero at maxima
and at saddle points as well. Thus, we must ensure that p¥l . 4] < 0, so that we can use a
backtrack line search, starting from al*l = 1, to enforce

F(x[k+1]) _ F(x[k] +a[k]p[k]) < F(x[k]) (5.30)

How can we be assured that the search direction generated by (5.29) is indeed a descent
direction?
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To make things general, let us use not the exact Hessian, but some real-symmetric
approximation to it:

B ~ H(x) (B[kJ)T — Bk (5.31)
The search direction is obtained by solving
B[k]p[k] — _7[k] (5.32)

For small "1, we approximate the change in F(x) as

Fe 4 api) — F(x) ~ ol (p . 41 1 0[ ()] (533)
But, from our update rule v = — Bl pl#; therefore,
P 4+ M) — F(x) ~ —aB(pM . B pi1) 4 O[(al)’] (534)

We first try al = 1, and iteratively halve its value until we find that the descent criteria
are satisfied. Thus, a*! eventually will be small enough for (5.34) to be valid, so that F(x)
will reduced if pt . B plFl > 0, i.e., if B is positive-definite (all of its eigenvalues are
positive).

Let xmin be a local minimum such that no neighboring points have a lower cost function.
Then, as for very small p,

1
F(Xmin + p) = F(Xmin) ~ EPTH(xmm)p +Ollpl*1 = p"H(Xmin)p = 0 (5.35)

It is possible for H(xp,) to have one or more zero eigenvalues and for x,;, still to be
a local minimum, but there can be no negative eigenvalues. Thus, at (and very nearby) a
minimum, the Hessian is at least positive-semidefinite. Away from the near vicinity of a
local minimum, however, it is quite possible for the Hessian to have negative eigenvalues,
so that the search direction generated by H (x)pl¥] = —~(x!"1) is not a descent direction.

It is not necessary, however, that we use the exact Hessian when computing p*l. As
~(Xmin) = 0, BU plFl = —~(xin) has for any nonsingular B! the unique solution p*! = 0,
so that x(*+11 = x ... We can get the same eventual solution even if Bl % HI¥ Thus, if
B is (nearly) singular, we could add a value 7 > 0 to each diagonal element, such that
by Gershgorin’s theorem (Bl + 77 is positive-definite. Then, we solve (B! + t1)plkl =
—~I1 to generate a search direction that is guaranteed to point downhill.

Often we construct B from past gradient evaluations. As the Hessian is the Jacobian
of the gradient, we generate B**!I from BI¥] so that it satisfies the secant condition

BV Ax = A~y Ax = xlFH1 _ x4 A~y = 'y[k+l] — 'y[k] (5.36)
or, a corresponding condition for the Hessian inverse
(B Ay = Ax (5.37)

The smallest update consistent with (5.37) is achieved by the Broyden—Fletcher—Goldfarb—
Shanno (BFGS) formula, which ensures that if B[ is positive-definite (e.g., B! = I), so
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is BIY, BRI

Ay(A~)"T B Ax(Ax)" BIK
(Ay)" Ax (Ax)" BIF Ax
Equivalent update formulas exist for the approximate Hessian inverse or Cholesky factor,

which are more commonly used in practice than (5.38). For further details of such quasi-
Newton methods consult Nocedal & Wright (1999).

Bl — Bkl (5.38)

Trust-region Newton method

Newton line search algorithms perform badly when B! is nearly singular, as the search
directions become erratic. The trust-region Newton method, in which step length and search
direction are chosen concurrently, is more robust in this case. For small p, the cost function
may be approximated in the vicinity of x*! by a quadratic model function

1
F(™ 4 p) ~ F() + 41 p+ 2 p - B8p = mP(p) (5.39)

We assume that m"l(p) agrees well with F(x) within a trust region |p| < A¥l. The trust
radius A is modified from one iteration to the next based on the observed level of dis-
agreement between the true and model cost functions. We obtain Ax™*] by finding (at least
approximately) a minimum, within the trust region, of the model function m™*1(p).

The advantage of the trust-region method is that even if Bl is nearly singular, m*(p)
still has a useful minimum within the trust region. As long as F(x) is reduced, x[**1]
x4 Ax™ is accepted, else the old value is recycled and the trust radius is reduced. If the
agreement between F(x**+11) — F(x[¥) and m™M(Ax!H) — m*1(0) is good (poor), the trust
radius is increased (decreased) for the next iteration.

The dogleg method

The dogleg method solves the trust-region subproblem approximately, assuming that B
is positive-definite, although perhaps nearly singular. We say that this method solves the
problem approximately, because we do not bother to find the true minimum, but merely an
easily-found point within the trust region that lowers m*1( p) more than the steepest descent
method does.

The dogleg method is based upon an analysis of how the trust-region minimum changes
as a function of the trust radius A%l When Al¥l is very large, we have effectively an
unconstrained problem and the trust-region minimum is the full Newton step p), the
global minimum of m™¥1(p),

B p — _yH (5.40)

On the other hand, when Al is very small, the curvature of m*l(p) may be neglected, and
the minimum is found by moving in the steepest descent direction as far as is allowed,

P = — A 41K /|y 18] (5.41)
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Figure 5.9 The trust-region Newton dogleg method finds the position on the two connected line
segments that minimizes the model function while lying within the trust region.

When B is positive-definite, the local model function value is greater than that predicted
by neglecting the curvature. Thus, the actual minimum of m¥1( p) along the line connecting
the origin and p'? is found at some intermediate point p(©), the Cauchy point,

P =ap® 0<a<l1 (5.42)
where
0= im[k] (ap®) = a {F(x[k]) oy p@ 4 “_21,«0 . glk p<d>} (5.43)
da da 2
such that
o = [y p@]/[p - BH p] (5.44)

For any intermediate A%, we first compute the full Newton step. As p is a global minimum
for m(p), if it lies within the trust region, |p™| < AW, we accept it as the update,
Ax"l = p™_Otherwise, we must approximate the minimum, accounting for the constraint,
as follows.

We form the “dogleg” curve p(s) from the connected line segments running from 0 to
p© and from p© to p™ (Figure 5.9),

sp, if0<s <1

p(S) = {p(c) +(S _ 1)(p(n) _p(c))7 if1 <s< ) (5.45)

The constrained minimum lies along this curve when Al is very large or very small,
and thus for intermediate A* it poses a convenient 1-D restricted problem that is quickly
solved,

minimize m"(p(s)) subject to| p(s)| < Al (5.46)

It may be shown that along this curve, |p(s)| increases monotonically and m*(p(s))
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decreases monotonically,
d d
—Ipe)* >0  —m"(p(s)) <0 (5.47)
ds ds

As we are considering the case where p™ lies outside of the trust region and p(¥ lies within
it, the minimum along the curve occurs at | < s, < 2 where p(s) crosses the trust region
boundary,

2 2
pII” = [P + (e = D(P™ = p9)[" = (a1) (5.48)

In this case, the accepted new estimate is
K = oM AR A = p(se) = p9 + (se — D(p™ — p') (5.49)

The dogleg method allows us to identify quickly a point within the trust region that lowers
the model cost function at least as much as the Cauchy point. The advantage over the
Newton line search procedure is that the full Newton step is not automatically accepted as
the search direction, avoiding the problems inherent in its erratic size and direction when
B is nearly singular. Further methods to find approximate trust-region minimums are
discussed in Nocedal & Wright (1999).

Newton methods for large problems

In the line search and trust-region Newton methods, we must obtain the full Newton step
p™ by solving a linear system at each Newton iteration,

Bl p(n) _ _7[16] BIF ~ H(x[k]) Bl < ¢ (5.50)

As B is real-symmetric/positive-definite, the conjugate gradient method can be used. As
discussed in Chapter 1, fill-in during elimination for large, sparse systems yields very long
computation times and massive memory requirements; however, in the conjugate gradient
method, no elimination is necessary (see algorithm above). We only need to compute at
each conjugate gradient iteration the product of B! with the current estimate of p™. When
B* is sparse, this product is fast to compute and we only need to store the nonzero elements
of BIH,

BFGS can be applied to large problems when the Hessian is sparse if the update formula
(5.38) is provided with the sparsity pattern so that only the nonzero positions are stored
and updated. Alternatively, only the most recent gradient vectors may be retained and used
in (5.38). Both approaches allow the construction of approximate Hessians with limited
memory usage. For a more detailed discussion of memory-efficient BFGS methods, consult
Nocedal & Wright (1999).

The need in Newton’s method to store Bl and to solve a linear system (5.50) at each
iteration poses a significant challenge for large optimization problems. For large problems
with Hessians that are dense or whose sparsity patterns are unknown, the tricks above
cannot be used. Instead, the nonlinear conjugate gradient method, which does not require
any curvature knowledge, is recommended.
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Unconstrained minimizer fminunc in MATLAB

The routine fminunc, part of the optional MATLAB optimization toolkit, uses either a
gradient or a Newton algorithm to solve an unconstrained, continuous optimization problem,
with the choice of method depending upon the size of the problem and upon the level of
information about the gradient and Hessian provided by the user. It is called with the syntax

[x, F, exitflag, output] = fminunc (fun, x0, OPTIONS, P1, P2, .. .);
fun is the name of a routine that returns the cost function value,
function F = fun(x, P1, P2, ...);

x0 is the initial guess, and P1, P2, . . . are optional parameters to be passed through fminunc
to fun. OPTIONS is set by optimset. If fun supplies the value of the gradient as well, use

OPTIONS = optimset(‘'GradObj’, ‘on’);

and give fun the syntax,

function [F, grad] = fun(x, P1, P2, .. .);

If in addition, you supply the Hessian matrix, add to OPTIONS,
OPTIONS = optimset(OPTIONS, ‘Hessian’, ‘on’);

and write fun as

function [F, grad, Hessian] = fun(x, P1, P2, .. .);

The output arguments include the local minimum x and its cost function value F.

For large problems, fminunc can be informed of the sparsity pattern of the Hessian
through the ‘HessPattern’ field. Instead of supplying the Hessian itself, one can merely pass
the name of a routine that computes the product of an input vector with the Hessian through
the ‘HessMult’ field. fminunc can be told explicitly to use algorithms effective for large
problems by setting the ‘LargeScale’ field to ‘on’. The ‘Display’ field controls the level of
detail printed to the screen about the progress of the minimization and ‘Diagnostics’ can be
set to ‘on’ to gain further information about the optimizer performance.

Example. A simple cost function

We demonstrate fminunc for the simple cost function (5.15) used to compare the per-
formance of the steepest descent and conjugate gradient methods. The routine sim-
ple_cost_func.m that returns the value of this cost function was presented previously fol-
lowing (5.15). The code below uses fminunc to find the minimum at (1, 2),

x0 = [5;0];

ModelParam.c = 1;

[x,F] = fminunc (@simple_cost_func, x0, [], ModelParam),

Warning: Gradient must be provided for trust-region method;
using line-search method instead.

> In fminunc at 241
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Optimization terminated: relative infinity-norm of gradient less than
options.TolFun.

x=1;2

F=0

To let fminunc know that the routine returns the gradient vector, use the ‘GradObj’ field of
optimset,

Options = optimset(‘GradObj’, ‘on’);

[x,F] = fminunc (@simple_cost_func, x0, Options, ModelParam),

Optimization terminated: first-order optimality less than
OPTIONS. TolFun, and no negativel/zero curvature detected in
trust region model.

x=1;,2

F=0

To suppress the printing of messages on the screen, use the ‘Display’ field,

Options = optimset(Options, ‘Display’,’off’);

[x,F] = fminunc (@simple_cost_func, x0, Options, ModelParam),
x=1;2
F=0

For this problem, the steepest descent method required 58 iterations and the conjugate
gradient method 29. From the additional output arguments,

[x,F.exitflag,output] = fminunc (@simple_cost fung, . . .
x0, Options, ModelParam),
x=1;2
F=0
exitflag = 1
output =
iterations: 4
funcCount: 5
cgiterations: 4
firstorderopt: 0
algorithm: ‘large-scale: trust-region Newton’
message: [1x137 char]

we see that fminunc was quite efficient at finding the minimum. To avoid using a large-scale
algorithm on this small problem, type

Options = optimset(Options,‘LargeScale’, off’);
[x,Fexitflag,output] = fminunc (@simple_cost_func, x0, Options, ModelParam),

x=1;,2
F=0
exitflag = 1

output =
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iterations: 1
funcCount: 2
stepsize: 0.0417
firstorderopt: 0
algorithm: ‘medium-scale: Quasi-Newton line search’
message: [1x85 char]

Example. Fitting a kinetic rate law to time-dependent data

There need not always be an analytical expression for the cost function. Often, the cost
function itself is computed by a numerical calculation. For example, let us say that we are
studying the enzymatic conversion of a substrate S to a product P in a batch bioreactor.
We expect the rate of conversion, in units of micromoles converted per minute per mil-
ligram of enzyme, to be described by Michaelis—Menten kinetics, with possibly substrate
inhibition,

Vi[S]

—ry = K+ [S]+ Ks_il[s]z (5.51)

For a bioreactor of volume Vr, the number of micromoles of substrate, Ng, is related to the
substrate molar concentration [S] by

Ny = ae VR[S] (5.52)

o is 10° pmol/mol. Thus, the mole balance on the substrate in a bioreactor containing
mg mg of enzyme is

dis] _ < me )r _ _< e ) FmlS] (5.53)
dt @ @ Vo ) | Km +[S]+ K;'[SP

For a reactor of volume 100 ml containing 10 mg of enzyme, Table 5.1 records the substrate
concentration as a function of time, starting from an initial concentration of 2 M. We wish
to fit @ = [V, Ky Ki]" by minimizing the cost function

Fo(0) = L 30 [Sprea(tis 0) — Sons(10)]? (5.54)

At each time #;, Sobs is the observed [S], and Sreq is the predicted value from (5.53). Here,
there is no analytical expression for the cost function, as we must solve the initial value
problem for [S] as a function of time numerically. fit_enzyme_batch_sim1.m uses ode45 to
simulate the batch kinetics for input values of the rate law parameters in order to evaluate the
cost function. Either fminsearch or fminunc is used to perform the optimization. Here, we
rely upon the optimizer to estimate the gradient through finite difference approximations.
The agreement between the fitted equation and the data is shown in Figure 5.10.
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Table 5.1 Measured substrate
concentration (in M) in batch
enzymatic reactor

time (min) [ST(M)
30 1.87
60 1.73
90 1.58
120 1.43
180 1.07
240 0.63
300 0.12
315 0.04
330 0.01
2 T T r r T .
1 J
1| _
1 4
12 -
1 - .
2 r o
1 1 2 2
tie in

Figure 5.10 Measured substrate concentrations vs. time and predictions from fitted rate law with
Vi = 200 pmol/(min/mgg), K, = 0.201 M, and K = 0.5616 M.

Lagrangian methods for constrained optimization

In the preceding sections, we considered only unconstrained optimization problems in which
x may take any value. Here, we extend these methods to constrained minimization problems,
where to be acceptable (or feasible), x must satisfy a number n. of equality constraints
gi(x) = 0 and a number #; of inequality constraints / ;(x) > 0, where each g;(x) and / ;(x)
are assumed to be differentiable nonlinear functions. This constrained optimization problem
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is expressed mathematically as

minimize F(x)
gix)=0 i=12,...,n,

bject t
subject to hijx)>=0 j=1,2,....n

(5.55)

One approach to solve (5.55), the penalty method, is to add to F(x) penalty terms that push
x away from regions in which constraints are violated,

1 ne n;
Fue) = F(x) + 72 {Z [ + Y H(=h;()[h;(0)) (5.56)
i=1 J=1
The Heaviside step function H(x) is
1 0
H(x) = {o’i i ; (5.57)

The problem with this approach is that to enforce the constraints exactly, we must take the
limit © — 0. But as this limit is approached, the penalty terms come to dominate the actual
cost function of interest, and so the numerical minimization of F,,(x) in this limit is difficult.

Here we consider the augmented Lagrangian method, which converts the constrained
problem into a sequence of unconstrained minimizations. We first treat equality constraints,
and then extend the method to include inequality constraints.

Optimization with equality constraints

For simplicity, we first restrict our discussion to the case where we have only equality
constraints,

minimize F(x)
subjectto  gi(x) =0 i=1,2,...,n¢ (5.58)

To make things even simpler, we consider at first only a single constraint,

minimize F(x)
subjectto  g(x) =0 (5.59)

For an unconstrained problem, a necessary condition for X, to be a minimum is that the
local gradient be zero,

VFly, =0 (5.60)

What is the similar necessary condition for a point to be a constrained minimum in the
presence of an equality constraint?

Let xpin be a constrained minimum. Then, the curve g(x) = 0 and the contours of F(x)
will look something like Figure 5.11. If xy;, is a constrained minimum, we cannot move in
either direction along the curve g(x) = 0 and decrease the cost function.

If ¢ is a tangent vector to the curve at xp;,, a first-order Taylor approximation in the
tangent direction gives

F(Xmin + €t) — F(Xmin) = eV F|y,,, -t (5.61)

Thus, at a constrained minimum, V F must be perpendicular to any tangent direction of the
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Figure 5.11 First-order optimality conditions for a constrained minimum of F(x) along g(x) = 0.

constraint curve g(x) = 0,
VFl t=0 (5.62)
If we use a similar Taylor approximation for g(x), we obtain
(Xmin + £1) — g(Xmin) = £V gl - ¢ (5.63)
As in the limit ¢ — 0, both g(xmin + ) and g(xmin) lie along g(x) = 0,
Vgl =0 (5.64)

At the constrained minimum, both V F" and Vg are perpendicular to any tangent vector of
the curve. Does that mean that V " and Vg are parallel?

We can always write (through orthogonal projection) any vector p as p = AV g + v, the
sum of a vector parallel to Vg and a vector v that is perpendicular to Vg. Applying this to
VF,

VFlyy =AVEley, +v Vg v=0 (5.65)
After a move ewv, the changes in F(x) and g(x) are

F(Xmin + €0) — F(Xmin) = 8VF|xmin -
g(Xmin + €v) — g(Xmin) = 8Vg|xmm =0 (5.66)

If there is indeed some v # 0 contributing to V F', we can decrease F'(x) by moving in the
direction of +v and still satisfy g(x) = 0, as then

F(xmin + £0) — F(Xmin) = e[AV g|Xmin +v] - v =¢(v - v) (5.67)
Thus, at a constrained minimum, V F must be parallel to Vg,
Ve = AVZlx, (5.68)

This yields our generalization of the condition V ' = 0 to accommodate an equality con-
straint. Rather than finding a flat point in the cost function, we search for a flat point of the
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Lagrangian
L(x;\) = F(x) — Ag(x) (5.69)
where at the constrained minimum,

VL0, =VFl, —AVgl, =0 (5.70)

A is known as a Lagrange multiplier, and its value must be chosen so that at the minimum
of the Lagrangian, g(x) = 0.

The Lagrangian gives us a powerful technique to convert a constrained optimization
problem into a familiar unconstrained one, but there remains the problem of computing the
Lagrange multiplier used to define L(x; A). In the augmented Lagrangian method, we add
a quadratic penalty to the Lagrangian that serves to enforce g(x) = 0 whenever we use the
incorrect value of A. Starting with an initial guess A% of the multiplier, we choose some
wl® > 0 and define the augmented Lagrangian

1
0
LR, i) = o) = 2000) + o g or (5.71)
We then find a point X[ minimizing L', where
0]
VLES]yxM =0=VF|u — |:A[°] - gLT]) Vg0 (5.72)
This yields the following update of the Lagrange multiplier estimate
[0
S0 — 000 g(_o) (5.73)
0]

With this updated multiplier, we define a new augmented Lagrangian and optionally make
the penalty stronger, 0 < 'l < 1%, We take x[¥) as the initial guess in a minimization of

the new Lagrangian
1

2ull]

We iterate this process until convergence to the proper multiplier value is reached; i.e.,
until at the unconstrained minimum of the augmented Lagrangian, the equality constraint
is satisfied.

How do we treat multiple equality constraints? If x,,, satisfies all constraints, g; (Xmin) =

0,i =1,...,ne, then we can only move away from x;, in a direction v that is tangent to
all constraints,

L (e, ul) = Fe) — aMg(x) + = [g(0)]? (5.74)

Vgiley, v=0 Vi=1,2,...,n, (5.75)

If xXpmin 1s a constrained minimum, we cannot decrease the cost function by moving in any
such tangent direction, so that for any v satisfying (5.75),

VF|, v=0 (5.76)

We can always write VF'|, as a linear combination of the Vg;|, . plus some tangent
vector v satisfying (5.75),

Vi =) %iVilty, +v (5.77)

ne

i=1
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Taking the dot product with v, at a constrained minimum (5.76) requires that v = 0; hence,
VFl, = Z b Vil (5.78)
i=1
For multiple equality constraints we thus define the Lagrangian as
L(x; M) = F(x) — ikigi(x) (5.79)
i=1

and use the same technique as before. Note that the existence of a constrained minimum is
not guaranteed, for there may exist no points that satisfy all constraints simultaneously.

Example. Finding the closest points on two ellipses

We consider here a simple example in which we wish to find the points on two ellipses that
are nearest to each other. Let (x, y;) and (x3, y») be the coordinates of the points on the
first and second ellipses, centered at (x.p, yc1) = (0, 0) and (x2, ye2) = (5, 5) respectively.
For (x1, y1) and (x3, »») to lie on the ellipses, they must satisfy the two equality constraints

ai(x1 — xe1)* + b1y — yar)* = 1 a; = 0.5 by =03
a(x2 — X2)* + bo(y2 — y2)* = 1 a =02 by=04 (5.80)

ellipse_min.m uses the augmented Lagrangian method to minimize

F(x1, 1, X2, y2) = (x1 — x2)* + (1 — »2)° (5.81)

subject to (5.80). The initial guesses are the ellipse centers and the Lagrange multipliers are
set initially to zero.

Figure 5.12 shows the trajectories at each multiplier iteration of (xi, y;) (circles)
and (x3, y,) (diamonds), with a line connecting the final optimal points. fminunc is
used to minimize the augmented Lagrangian at each multiplier iteration. In practice, the
MATLAB constrained minimizer fmincon would be preferred; ellipse_min.m is meant only
to demonstrate the augmented Lagrangian technique. Both fminunc and fmincon are part
of the optional MATLAB optimization toolkit. If your installation of MATLAB does not
include this toolkit, you must apply the augmented Lagrangian procedure directly, as in
ellipse_min.m, and use the provided routine gradient_minimizer.m to perform each uncon-
strained minimization. The code for solving this problem with fmincon is presented below,
following our discussion of inequality constraints.

Treatment of inequality constraints

We now consider methods to solve the problem

minimize F(x)
gi(x)=0 i=1,2,...,n,

bject t
subject to hjx)>0  j=1,2,...,n

(5.82)
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Figure 5.13 Geometry of a feasible set with two inequality constraints.

It will help to visualize the set of feasible points that contains all points that satisfy the
constraints (Figure 5.13). At any feasible point x, each inequality constraint may be either
active or inactive. It is inactive if 4 ;(x) > 0, as we can move in any direction from x by
at least a small distance without violating the constraint. By contrast, if /2 ;(x) = 0, we can
only move in directions p of nondecreasing 4; with VA, - p > 0.

What are the conditions that a feasible point x must satisfy to be a constrained minimum?
First, at a constrained minimum X, let Sa(xmin) be the set of all active inequality
constraints,

J € SA(Xmin) ifhj(xmin) =0
J & Sa(min)  ifhj(Xmin) > 0 (5.83)

Now, we can always write V |, . as

Vlemin = Z )‘ngi |xmin + Z Kj th |xmin +v (584)
j=1

i=1 o=
JE€SA(Xmin)
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where v is tangent to all equality constraint curves and all active inequality constraint
curves,

v-Vgily., =0 V- Vhjes, |y =0 (5.85)
Thus, we can move a differential distance in v and still satisfy all of the active constraints,

gi(xmin + E’U) ~ gi(xmin) +ev- Vgi |xmin =0
B jesy(Xmin + 60) X hjes, (Xmin) + €0+ Vhjes, | =0 (5.86)

Xmin

Now, using (5.84) and (5.85), the change in cost function associated with this move is
F(Xmin + V) — F(Xmin) ® ev- VF|y = elv)? (5.87)

Thus, to have a constrained minimum, v = 0, so that

Ne nj
VPl =2 2iVeilew + D KV e, (5.88)
— —
l jES/,\(;Cmin)
In (5.87) we considered only movement along the active constraint surfaces, but now we
require as well that F'(x) cannot decrease whenever we move anywhere into the interior of
the feasible region. That is, we must not be able to decrease F(x) by moving away from

Xmin 0 any direction p that is tangent to each equality constraint curve and that points in a
direction where each active /4 ;(x) is nondecreasing,

PVl =0 p-Vhjes,| >0 (5.89)

The change in F(x) during the move xi, — Xmin + €p must be nonnegative,

< F(xmin + 817) - F(xmin) ~
- )

0

p-VF|. (5.90)

Substituting from (5.88),

F(xmin + SP) - F(xmin) Ze <
- —p- ;Ai Vgl + Z k; Vil (5.91)
J €Sa(Xmin)
As p - Vgily,.. =0, only the second term in the square bracket contributes,
F(Xmin + €p) — F(Xmin) <
0< min i min) _ Z ki (P VRl ) (5.92)
JES i)
Let us now write
P= Y. nVhale, tu  u-Vhyesle, =0 (5.93)

m=1
mESA(Xmin)



238

5 Numerical optimization

Then, (5.92) becomes

0< Y k5 D> eVl Vhlk,,) (5.94)

j=1
JESA(Xmin)  MESA(Xmin)

Defining the real-symmetric matrix I" with elements
Poj = Vhnlsy, - Vhjlew = Tjm (5.95)
the requirement (5.90) becomes
0< K’,(A) . (FC) KI(A) = [KjGSA] c= [CmGSA] (596)

If the active inequality constraint gradients are linearly independent, I" is positive-definite.
Now, by moving in the direction p, each active inequality constraint function must also be
nondecreasing,

hjeSA(xmin + 811) - hjeSA(xmin) _

0 < e =D VhJESA | imin

ni

= Z Cijm - (Fc)j (597)

m=1
M€ SA(Xmin)

Thus, for the active inequality constraint functions to be nondecreasing we must have
(I'e); = 0, and (5.96) then requires that for the cost function to be also nondecreasing in
this direction, each active inequality constraint multiplier must be nonnegative,

Kies, = 0 (5.98)

What about the multipliers for the inactive inequality constraints?
Let us rewrite (5.88) as

Vi = O 2iVeilews + O KVl (5.99)
i=1 j=I1

where « j¢5, = 0 for the inactive constraints with /1 ;(Xmin) > 0 and «jes, > 0 for the active
constraints with / ;(xmin) = 0. We avoid treating the inactive and active constraints sepa-
rately if we require all constraints to satisfy

ICJ'ZO thJ':O (5100)

The latter of these is known as the complementarity condition, and requires that whenever
a constraint is inactive with 4; > 0, its Lagrange multiplier is zero, so that it does not
influence the local search for a minimum.

Combining these results, we identify the first-order optimality conditions that are satisfied
at a constrained minimum X ,;,, known as the Karush—Kuhn—Tucker (KKT) conditions. We
define the Lagrangian as

LA m) = FO— 3 kg0 — 3 i) (5.101)
i=1 j=1
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A constrained minimum X, must satisfy

VL|xmin =0
gi(xmin) =0 i=12,...,n,
hi(xmin) >0 j=1,2,...,n (5.102)

K'jZO j=1,2,...,n,«
lcjhj(xmm)zo j=1,2,...,ni

To find xpin, we again use the augmented Lagrangian method, writing each inequality
constraint /2 ;(x) > 0 in an equivalent form similar to an equality constraint by introducing
a slack variable s;,

hi(x)—s; =0 s5;>0 (5.103)

The advantage of this transformation is that the inequality is applied now to a “bare” variable
s;, rather than to a function /% ;(x).

Again, we make initial guesses of the multipliers, define a Lagrangian augmented with
penalty functions that enforce the constraints, find the unconstrained minimum of this
function, and use the results to update the multiplier estimates. At iteration £, the multiplier
estimates A¥ and k[¥] and the penalty tolerance u[¥! > 0 define the augmented Lagrangian

k SN i
L (e i AL 8, ) = P = 30800 = i 00 — )]
i=1 j=1

1
2plh

+ D IGCOF + ) [hyx) —s; TPt (5.104)
i=1 j=1
We vary x and s to minimize this augmented Lagrangian subject to the conditions s; > 0.
For a specified x, the optimal s; satisfies

oLy

1
0= = K+ 20 21 ) = s;1(=1)} (5.105)
J

Enforcing s; > 0 yields the constrained optimal s; for a particular x:

s; = max {h;(x) — u9, 0} (5.106)
We use (5.106) to remove the slack variables from LK‘]. At each x, we define Iya(x) as the
subsetof j € [1, n;] for which 4 ;(x) — u[k]K_E.k] > 0. The complement set /4 (x) contains all
other j for which £ ;(x) — ,u[k]/cj[k] < 0. Thus,

_ h(x) — M[k];(][,k], if j e Ina(x)

Sj . .
0, if j e Ia(x)

(5.107)

As hj(x) — ,LL[k]Kj[k] is the unconstrained optimal s; for x, if j € Iya(x), we can attain this
optimal value without violating the condition that s; > 0. s; > 0 is merely a restatement
of h;(x) > 0 when we enforce 4;(x) —s; = 0. Thus, if j € Ina(x), we can optimize s;
without worrying about / ;(x) > 0, and associate /ya (x) with the set of inactive constraints
atx. If j € Ix(x), we cannot optimize s; without violating / ;(x) > 0, and so associate /4 (x)

with the set of active constraints at x.
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We substitute into (5.104) the constrained optimal s; from (5.107), to obtain a Lagrangian
that is a function solely of x,

LA, k1, uH) = Fx) - Zx gi(x)
Y - Y o
jeINA(x) jEIA(x)
+m{2[gi(x)]2+‘2 WO+ 3 Iy (x)]} (5.108)
i=1 Jjelna(x) J€la(x)

We then find a minimum x[*! of LK{] where
VL = (5.109)

Neglecting the variation of /ya(x) and /4 (x) with x,

] [ &) w hy (x)
VLY _VF—Z[)\,. - ’u[k]i|Vg,v— > [Kj i Vh; (5.110)

i=1 Jeln()

This yields the following update rule for the equality constraint multipliers:

(xclkl
X
NERIDENG & (+™) (5.111)
i i I’L[k]

For the active inequality constraints, j € Ia(x), we have a similar rule but as well must
enforce the KKT condition «; > 0,

b (¥
Kj[_k+1] < max {Kj[_k] . J( )’ 0} (5.112)

For the inactive inequality constraints, j € Ina(x), we want to set /chkH] = 0 to enforce

k;h; = 0.Butsince for j € Ina(x), h;(x) — u¥ > 0, (5.112) in this case automatically
sets Kj[k—H] = 0. Thus, we apply (5.112) to all inequality multipliers, both active and inactive.

With these new estimates of the Lagrange multipliers, we set ulf+!1l < plfl to
enforce more strongly the constraints, and define the new augmented Lagrangian
LK‘H](x, s AL Uet1] I+ 10y This procedure is repeated until the multiplier estimates
converge, at which point we have a local constrained minimum that meets the KKT condi-

tions (5.102).

Sequential quadratic programming (SQP)

The augmented Lagrangian method is not the only approach to solving constrained opti-
mization problems, yet a complete discussion of this subject is beyond the scope of this
text. We briefly consider a popular, and efficient, class of methods, as it is used by fmincon,
sequential quadratic programming (SOP). We will find it useful to introduce a common
notation for the equality and inequality constraints using slack variables,

minimize F(x)
subjectto ¢, (x) — s, =0 (5.113)
SmeS, = 0 SmeS; = 0
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Se 1s the set of equality constraints, ¢,,cs,(x) = 0 and S; is the set of inequality constraints,
Cmes;(x) > 0. If p is the vector of Lagrange multipliers that enforce the constraints, the
constrained minimum satisfies

VF—Zm ,bLmVCm _ 0
7 Bl ]

Let us examine the Newton update to (5.114) from the current estimates of the constrained
minimum x!¥1 and the multipliers 4],

T
(VLle) —(CO) )T axt1] [ =9 Flan + ()t 5.115
CiH 0 Ap |~ s — ¢kl (5.115)
where
— (Ve)' —
C= VzL = VZF - z:m,umzvzcm (5116)
— (Ve )' —

Equation (5.115) is equivalent to the two coupled linear systems

(V2L ) A — (CW) A = — W Fl + ()T

CHIALH _ g _ oK (5.117)
We can subtract (CU)T 1[4 from the first of these linear systems to obtain
(V2L I ) Ax) — (CN) T = v | (5.118)

where pl 1 = pll + Aplfl Thus, (5.115) is equivalent to

(VL) —(CH)T [ Axt —V | <1
CH 0 plertl || s — eld (5.119)

Let us now consider the quadratic optimization problem

min, 1 p"(V2L|wu)p + VF | - p

subject to C™p + ¢l — s =0 (-120)
The Lagrangian of this problem is
L(p)= 39" (V*LIw)p + VFlur - p — p- [CHp + M —5] (5.121)
and the constrained minimum of (5.120) occurs at VL = 0,
(V2LIww)p + VFlan — (CH) ' p =0 (5.122)

which is equivalent to (5.118). Thus, we have the quadratic problem to compute x**+11 =

x4+ p,
min,, 1 p"(V2L|u)p + VF |0 - p
subject to Ve, [y - p + il =0 m e S, (5.123)
Venla -p+cf >0 m e S
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Because the constraints of (5.123) are linear, it is easier to identify how far one may move
before violating them. Quadratic problems such as (5.123) thus can be solved efficiently
with specialized techniques. For more on this topic (interior point, active set methods),
consult Nocedal & Wright (1999) or view the documentation for fmincon.

Constrained minimizer fmincon in MATLAB

The fmincon constrained minimizer
fmincon solves constrained optimization problems with the structure
minimize F(x)
subject to the constraints (linear and nonlinear)

(5.124)
Ax<b  ADx=b  x)<0 Px)=0

and the upper and lower bounds LB; < x; < UB;
The routine is called with the syntax

[x, F, exitflag, output, grad, Hessian] = fmincon (. . .
fun, x0, A, b, A_eq, b_eq, LB, UB, nonlcon, OPTIONS, P1, P2, ...);

fun is the name of a function that returns the cost function (and optionally the gradient and
Hessian),

function F = fun(x, P1, P2, ...);

x0 is the initial guess, and A, b, A_eq, and b_eq specify the linear constraints (if any). The
nonlinear constraint functions are returned by a user-supplied routine,

function[c,c_eq] = nonlcon(x, P1, P2, ...);

If any constraint is not present, use [ ] as a placeholder. The vectors of lower and upper
bounds for each parameter are LB and UB. If x; has no lower bound, set LB(j) = -Inf. If x;
has no upper bound, set UB(j) = Inf. OPTIONS is set by optimset. P1, P2, . . . are optional
parameters to be passed to fun.

The output variables are the constrained local minimum x, the cost function value F,
exitflag and output that provide information around the work done by fmincon.

Example. Finding the closest points on two ellipses

We revisit the problem of finding the closest points on two ellipses by minimizing the
squared distance between them,

F(x1, y1, X2, y2) = (x1 — x2)* + (11 — »)* (5.125)
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subject to the two equality constraints

ai(x; — xe1)* + b1y — yer)* =1
a(x2 — X2)* + bo(y2 — y2)* = 1

where

X =0 yc1=0 a1 =05 b, =03
X2=5 yo=5 a=02 b =04

Here, we use fmincon to find the closest points,

% specify ellipse data

ELL(1).xc = 0; ELL(1).yc = 0; ELL(1).a = 0.5; ELL(1).b = 0.3;

ELL(2).xc = 5; ELL(2).yc = 5; ELL(2).a = 0.2; ELL(2).b = 0.4;

% set initial guesses to ellipse centers with random offset

thetaO = [ELL(1).xc; ELL(1).yc; ELL(2).xc; ELL(2).yc];

theta0 = theta0O + 0.1*randn(size(theta0));

% call fmincon to find closest points

Options = optimset(‘LargeScale’, ‘off’);

[theta, dist_sq, exitflag, output] = fmincon (@ell_cost_fcn, theta0,...
[0, [1, [1, [1, [1, [1,@ell_nonicon, Options, ELL);

x1 = theta(1); y1 = theta(2); x2 = theta(3); y2 = theta(4);

The following routine returns the cost function:

function F = ell_cost_fen(theta,ELL);

x1 = theta(1); y1 = theta(2); x2 = theta(3); y2 = theta(4);
F = (x1-x2)"2 + (y1-y2)"2;

return;

The equality constraint functions are returned by the routine

function [c,c_eq] = ell_nonicon(theta, ELL);

¢ = 0; % no inequality constraints

c_eq = zeros(2,1); % two equality constraints

% extract positions

x1 = theta(1); y1 = theta(2); x2 = theta(3); y2 = theta(4);
% constraint function that states that(x1, y1)is on first ellipse
dx = x1 - ELL(1).xc; dy = y1 - ELL(1).yc;

c_eq(1) = ELL(1).a*dx"2+ELL(1).b*dy"2 - 1;

% similiarly for the second ellipse

dx = x2 - ELL(2).xc; dy = y2 - ELL(2).yc;

c_eq(2) = ELL(2).a*dx"2 + ELL(2).b*dy"2 - 1;

return;

fmincon reports the two closest points to be
(x1, 1) = (0.83, 1.48) (x2,12) =(3.22,4.04)

in agreement with the results shown in Figure 5.12.

243

(5.126)

(5.127)

(5.128)



244

5 Numerical optimization

Example. Optimal steady-state design of a CSTR

We wish to design a 1-1 CSTR to produce C from A and B by the reactions

A+B—C VRlzkl(T)CACB
A= S rro=k(T)ea (5.129)
C— Sz IRy — k3(T)CC

The rate constants depend upon the temperature as

Ea' Tref
k(T) = k;(T, 11— 5.130
_1( ) j( ef)eXp{RTref[ T :|} ( )
where
. 1 Eal
reaction 1 k(T = 298 K) = 2.3m RTo =154
E
reaction2  k(Tyer = 298K) = 0.2h~! 2 179 (5.131)
RTref
E
reaction3  k3(Tyer = 298 K) = 0.1 h~! S 223
RTref

We wish to vary the volumetric flow rate v, the concentrations ca and cgy of A and B in the
inlet stream, and the temperature 7'to achieve various design goals. The vector of adjustable
design parameters is

0 =[vecao cpo T'1Y (5.132)
To maximize the production of C, the cost function is
F1(0) = —vcc (5.133)

Equation (5.133) does not take into account the loss of A and C to side product formation.
Let us say that we can easily separate the products and recycle the unreacted A and B. For
simplicity, let us also neglect any heating/cooling or power costs. The net economic cost of
operating the reactor is then

F3(0) = (—v)[—S$a(cao — ca) — S(cBo — cB) + Sccc — $Ds, ¢s, — $Ds,c5,]  (5.134)

$a, 88, Sc are the prices per mole of A, B, and C, and $Ds,, $Ds, are the disposal costs of
the side products. By minimizing this cost function, we get the maximal economic benefit.
Let us assume the prices

$Aa=45 $p=1.1 $c=82

5.135
$Dg, = 1.0 $Dg, = 1.0 (5.133)

A and B are fed into the reactor in a carrier solvent, with initial concentrations subject to
the constraints

ca0 > 107*M cgo = 107*M  cag+cpo <2 M (5.136)
The volumetric flow rate is constrained to be in the interval

107*1//h < v < 360//h (5.137)
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and the temperature is constrained to lie within the interval
298 K < T <360 K (5.138)

To compute the steady-state concentrations, a dynamic model of the CSTR in overflow
mode is integrated until steady state is reached,

d&_U(CAO_CA)_r ., dﬁ_U(CBO_CB)_r
Jr T RI — I'R2 i e RI
(5.139)
dee vee n dcs, vcs, dcs, vcs, n
— = ——— 4R — T — Y =—— 47 = - 7
dt R RETIRS dt kR R dt VR R

Initially, the concentrations equal the inlet values. Time integration ensures that we
design only for stable steady states. The constrained optimization is performed by opti-
mal_design_CSTR.m. Starting at the initial guess

v = 1 B = 0.5 (Y =05 TE =310 (5.140)
maximizing the production of C by minimizing (5.133) yields

initial F; = —0.182 final F; = —27.148
v =360 CA():l CB()=1 T = 360
ca=0913 ¢ =0.924 cc=0.075
cs, =0.011 ¢5, =9.8x107*

(5.141)

Thus, the optimal design is found at the limits of the constraints. A high flow rate yields
a low residence time and thus a small concentration of C in the outlet stream (note that
we maximize the product of this concentration with the volumetric flow rate). The A and
B inlet concentrations are maximized to yield the fastest rate of the first reaction, and the
temperature is at the upper limit. The loss of C by the third reaction is slight, as the short
residence time and low C concentration make the rate of this reaction small compared to
the first one.

Next, we maximize the economic benefit, by minimizing (5.134), starting at the design
(5.141), to yield the optimal design

initial />, = —46.37  final F, = —48.36
U =360 cpo=0.832 cpo=1.168 T =360
ca=0.749 cg=1.094 cc=0.073

cs, =0.009 ¢s, =9.5x107*

(5.142)

Here, at the cost of producing slightly less C, we have increased the economic benefit by
reducing the side product formation and the consumption of A by enriching the feed stream
with B.

Optimal control

Let us consider a dynamic system, described by the state vector x(t) € %", and governed
by the ODE system

%= f(t, x(1), u(t); 0) (5.143)
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u(t) € WM is a set of tunable control inputs and @ is a set of fixed system parameters.
For simplicity, we drop explicit reference to the latter and write the ODE system as x =
f(t, x, u). At time 1, we start at the initial state x(zy) = x[°], and wish to determine the
trajectory of control inputs u(f) within ¢ € [fy, t1] that minimize a cost functional

Flu(t); x] = / o (s, x(s), u(s))ds + m(x(ty)) (5.144)

fo

ty is the horizon time for this optimal control problem. For example, we may wish to maintain
the system at some set point x, in which case a suitable choice of cost functional is

H
Flu(t);x"] = / {(1x(s) — Xsall” + Culu(s) — ueal’}ds + Culx(tn) — xeal®  (5.145)
to

U 1s the input necessary to maintain the system steady at the set point and Cy, Cy > 0.

How do we find the “best” u(¢) that minimizes (5.144)? We describe first a direct approach
for an open-loop problem in which we compute the entire optimal trajectory for a specific
initial state. Then, we outline an alternative dynamic programming approach that turns the
integral equation (5.144) into a corresponding time-dependent partial differential equation,
and generates a closed-loop optimal feedback control law.

As a first approach, let us parameterize u(¢) as a piecewise-constant function by splitting
[#o, tr1] into Ng subintervals separated by the time points

H— 1
tho=to+ k(A1) At =22 (5.146)
Ns
In the subinterval f;,_; < t < t;, we hold u(¢) constant at u[*]. Thus, we write
u() = i W) Q)= b B SE<i (5.147)
- — k K= 10, otherwise '
and characterize the trajectory u(¢) by the vector U € R¥sM |
UT = [(@™M) (@) @) (5.148)
Let x(¢; U) be the solution to the ODE-IVP
d
Ex(z; U)= f(t, x(t;U), u(t;U)) x(tp) = x* (5.149)

where u(t; U) is computed by (5.147). The cost functional (5.144) then is approximated by
a cost function of U,

N | %
F(U;x) = Z / o (s, x(s; U), uM)ds | + 7 (x(tn; U)) (5.150)
k=1

lr—1

We then minimize (5.150) using the techniques described above. As U can be of quite high
a dimension, this optimization problem can be costly.
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An open-loop optimal control routine
optimal_control.m implements the procedure described above, and is called with the syntax
function [TRAJ, iflag] = optimal_control(FUN, PARAM, SIM, TRAJO);

FUN is a structure containing the names of the user-supplied routines that define the
optimal control problem. FUN.f is the routine that returns the time derivative vector for

x = f(t,x,u),
function f =FUN.f(t, x, u, PARAM);

PARAM is an optional user-specified structure of fixed system parameters. FUN.sigma
returns the integrand o (¢, x, u) of the cost functional,

function sigma =FUN.sigma(t, x, u, PARAM);
FUN.pi returns the value of 7 (x(ty)),
function pi =FUN.pi(xH, PARAM);

FUN.constraint is an optional routine that defines the set of constraints that apply to the
control input in each subinterval,

Au < p A0 = peo L B(j) <ul? < UB()) (5.151)

and is called with the syntax
function UCON =FUN.constraint();

UCON contains the fields UCON.A, UCON.b, UCON.A_eq, UCON.b_eq, UCON.LB, and
UCON.UB. FUN.u0 is a routine that returns the initial guess of the time-dependent con-
trol input u(?),

function u0 =FUN.u0(t, PARAM);

SIM is a data structure that contains information about how the optimization calculation is
to be performed. SIM.10 is the initial time and SIM.tH is the horizon time. SIM.NS is the
number of subintervals. SIM.x0 is the initial state. SIM.isRestart is 0 if the simulation is to
start at the initial guess supplied by FUN.u0 and is nonzero if the information in the optional
input parameter TRAJO sets the initial input trajectory. SIM.constraint is 0 if the control
inputs are not constrained, and is nonzero if FUN.constraint is to be used to define a set of
input control constraints. SIM.verbose is 0 if no information is to be printed to the screen
and is nonzero if the status of the calculation is to be displayed.

The output is TRAJ, a data structure that contains information about the optimal tra-
jectory. TRAJ.t is a vector of the times that separate the piecewise-constant subintervals,
TRAJ.t(k)=1;. The ul*l for that subinterval are found in row k of TRAJ.u. The state tra-
jectory for the optimal control inputs is returned in TRAJ.t xtraj and TRAJ.x_xtraj in the
same format used by the ODE solvers. The control inputs at these times are returned in
TRAJ.u_xtraj.
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Figure 5.14 (a) Optimal state and (b) control trajectories for the set-point problem.

test_optimal_control.m demonstrates the use of this routine for the simple example of
minimizing for the system

i=—-(—-1+u (5.152)

a cost functional that forces x to a set point xgy = 2,
H
Flu(t); x"] = / {1x(s) = xgee|* + Culu(s) — usee|*}ds + Culx () — xsal>  (5.153)
t

where ug = 1,1ty = 10, Cy = 0.1, Cy = 10, and the control inputs are subject to the
constraints —10 < u < 10. Fifty piecewise-constant subintervals are used to parameterize
u(t). From an initial uniform guess u(¢) = ugs = 1, the optimal state and control trajectories
are shown in Figure 5.14.

Dynamic programming

We revisit the optimal control problem of finding the trajectory of control inputs u(¢) for
t € [to, ty] that minimizes the cost functional

tn
Flu(t); ] = f o (s, x(s), u(s))ds + m(x(ty)) (5.154)
1)
for a system governed by the ODE-IVP,
X = f(t, x, u) x(ty) = x" (5.155)

We introduce here a dynamic programming approach due to Bellman (1957), and define
at each ¢ € [t, ty] the Bellman function V(t, x) to be the optimal “cost to go” value; i.e.,
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the additional cost accrued after time ¢ if we were to implement the optimal inputs at all
subsequent times s € [¢, fy],

1

V(t, x) = minys) /o(s, x(s), u(s))ds + m(x(t)) (5.156)

t

V (to, x[%1) is the optimal value of F[u(t); x!°!]. At the horizon time V(#, x) = m(x), but
how do we work backwards in time from this known result, and how from such a calculation,
do we determine the optimal z(#)?

We obtain a differential equation for V' (¢, x) by taking the derivative of (5.156), evaluated
at the optimal control input u(?),

d
7 Vit x)=—o(t, x(t), u(t)) (5.157)
We relate this total time derivative to partial derivatives of V' (¢, x),
d v dx oV
—V(it,xt)=—+VV.-—=—+VV- f(t, x, 5.158
T x0) = S+ VIV = S L VY S x W) (5.158)

Thus, for the optimal control trajectory, (5.157) and (5.158) yield the partial differential
equation
oV
ot

=—o(t,x, u)—VV-f(t, x, u) (5.159)

opt
We next define the “backward” time t = #y — ¢, and rewrite the Bellman function as
o(t,x) = V(t, x). We have for this equation the “initial” condition ¢(0, x) = w(x). We
then rewrite (5.159) as
%

3 =o(ty—71,x, u)+Vo- f(ty — 1, x, u) (5.160)
T

opt

For nonoptimal trajectories, ¢(7, x) increases faster with increasing 7 than for the optimal
trajectory, so that, in general,

0

% >o(ty—1, %, 4)+ Vo fltu—1, X, ) (5.161)
Thus, for the optimal trajectory, we have the following PDE for ¢(t, x), known as the
Hamilton—Jacobi—Bellman (HJB) equation:

) .
% = ming ylo(tn — T, X, 4)+ Ve - fltn — 1. X, 0)] (5.162)

We work backwards in time, and at each (z, x), use the input (7, x) that minimizes the term
in the square brackets. Note that it is possible for dp/dt < Oevenifo(ty — 7, x, u) > 0, as
the requirement for monotonic decrease in V' (¢, x) with increasing ¢ is d¢/dt = d¢ /It —
Ve - f>0.

In an open-loop control problem, we compute the optimal control input trajectory and
then fully implement it over the entire period 7y < ¢ < ty. For this, the direct approach
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of the last section is sufficient. In a closed-loop control problem, we only implement the
initial input u*(ty) = u(ty — to, x'%) for some period At, after which we measure the result-
ing new state Xney. This may not be equal to x*(A¢) due to random error or inadequacy
of the model. We use feedback to compensate for this, by computing a new “best cur-
rent input” by minimizing the functional again, shifting 7y — #y + At, ty — ty + At, and
x[ — x,.... Note, however, that if neither the system’s time derivative function nor the
cost functional integrand depend upon the absolute value of time, then we have exactly
the same dynamic programming problem that we have just solved from (5.162). Therefore,
we do not need in this case to redo the entire calculation, but just implement as the new
control input u(ty — ty, Xnew). Thus, we obtain from u(t = ty — to, x) the optimal feedback
control law for the system, and this is the primary advantage of the dynamic programming
approach.

For further description of this subject, and its implementation in process control, con-
sult Sontag (1990). Of course, to apply this method, we must be able to solve (5.162).
The numerical solution of such partial differential equations is the subject of the next
chapter.

Example. A simple 1-D optimal control problem

We consider again the problem in which we wish to control x(¢) at a set point xgy = 2. The
system is governed by the ODE

)= fr,u)=—(x -1 +u (5.163)

We wish to determine a control law for this system by solving the HIB equation. The cost
functional that we wish to minimize is

t

Flu(t);x] = / {%[u(s) — tusel]? + [x(5) —xset]z} ds + Culx(ty) — Xset]?
0

(5.164)
uget = 1 1is the steady value that maintains the system at the set point. Thus, this functional
penalizes both excessive departure from the set point and very large control inputs. The
HJB equation for this system is

d . C d
_(p = MmNy (¢, x) _U[M - uset]2 + [x - xset]2 + _(p[_(x - 1) + u] (5165)
at 2 dax

Note that if Cy = 0, the extremum condition becomes d¢/dx = 0, and so if d¢p/dx > 0, u
should be decreased until it reaches its lower bound, and it should be increased to its upper
bound if d¢/dx < 0. Thus, Cy > 0 is necessary for an unconstrained minimum to exist. If
so, the optimal control input is

d¢

u(T, X) = tger — cgla (5.166)
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We thus have the following PDE problem,

9 _ CUlue, x) = use? + I — vl + L — 1) + u(z, )]

initial condition ¢(0, x) = Cy[x(ty) — Xset]*

To solve this problem numerically, we use the method of finite differences, explained in
further detail in Chapter 6. We restrict the x-domain to xj, < x < xp;, where the limits are
chosen to be larger than any conceivable x-value that could be encountered in practice.
Then, we place a grid of N points, uniformly-spaced, in this domain,

Xp = xio + (k — 1)(Ax) Ax = x;_ xll" (5.168)
At each x;, we use a finite difference approximation to estimate d¢/dx,
R 1
=l = E[Alo(Pk—l + Amia®x + Anivk+1] Ao + Amia + Ani =0 (5.169)

where ¢i(t) = (7, x;). For reasons that will become clear in our discussion of convection
in Chapter 6, we choose here the set of one-sided differences,

if f(x, u) <0 A=—-1 Ana=4+1 4 =0
if f(x, u) < I 4=+ h (5.170)
else A, =0 Apg=-1 An=+1
Note that if xy,; is large enough, f(¢, x, u) = —(x — 1) + u < 0, and we have the one-sided
difference pointing “into” the grid, and we have no problem applying (5.169). Similar
reasoning holds at the lower boundary.
We now solve the HIB equation numerically by integrating the set of ODEs
dop C 0
S8 = = () — o + Dok — xlP o+ oo| Sk, k()
dt 2 ax |,
S w(0) = =0 = D+ ur(t)  @r(0) = Culxr(tn) — xeail”  (5.171)
d¢

up(T) = tser — C[jl a

Xk

The feedback control law o, (x) is then
Ucon(Xx) = ui(T = ty) (5.172)

The optimal control at any point may be computed from (5.166). control_1D_HJB.m solves
this HJB equation for specified ty, Cy, Cy. For ty = 10, Cy = 1, and Cy = 10, the resulting
feedback control law is shown in Figure 5.15. For this simple linear system and quadratic
cost functional, the optimal control law is a simple proportional controller with a gain of
K = —0.732. The advantage of this approach is that it can be extended (though at perhaps
great numerical cost) to nonlinear systems and to systems involving input constraints.
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Figure 5.15 Optimal feedback control law.

MATLAB summary

The optional MATLAB optimization toolkit contains useful routines for finding local min-
ima. fminsearch uses the nonlinear simplex method, but for unconstrained problems, fmi-
nunc is preferred. The latter uses either a gradient method or a trust-region Newton method
depending upon the size of the problem and the level of information about the gradi-
ent and Hessian supplied by the user. fmincon finds a local minimum in the presence
of linear and nonlinear equality and inequality constraints. The syntax of these routines
is detailed in the corresponding sections of this chapter. If the optimization toolkit is not
available, gradient_minimizer.m can be used to perform unconstrained minimizations. Con-
straints could then be handled explicitly using the augmented Lagrangian method described
above. optimal_control.m uses a direct approach to solve open-loop optimal control
problems.

Problems

5.A.1. Compute by hand a minimum of the cost function, for x € 9>
F(x)=(x1 —=3)+ (2 — D)+ (x1 — 1)* + (x — 3)? (5.173)
Check your results by solving the problem numerically.

5.A.2. Compute the point x € :? that minimizes the cost function

F(x)=g-x+ix. Hx gz[_ﬂ H:ﬁ ;] (5.174)

Now, compute the constrained minimum subject to

xP4xi=1 (5.175)



Problems 253

Table 5.2 Measured data of

system performance

0, 0, F(6)

2.653 2.639 0.948
2.625 2.703 0.744
1.865 2.699 0.381
2.591 3.104 0.393
1.337 2.772 0.648
1.779 2.699 0.411
2.470 2.515 1.162
1.265 3.247 0.784

Then, compute the constrained minimum along the unit circle with the additional require-
ments that both x; and x, be nonnegative.

5.B.1. We wish to use the enzyme whose kinetics, described by (5.51), were studied earlier
in this chapter, in an immobilized-enzyme packed bed reactor. Neglecting any internal
mass transfer resistance (we assume the enzyme is immobilized in very small pellets), we
compute the outlet substrate concentration by solving the ODE-IVP

dCs N 1 VmCs
Km+es+K;'c2

AW~ ae

} es(W = 0) = cso (5.176)

cso is the substrate concentration in moles, and is constrained to lie in [10™4, 2]. Wis the mass
of enzyme in the reactor in milligrams, and we integrate (5.176) to the total mass Wx = 1 g.
The volumetric flow rate v through the reactor is in liters per minute. o, = 10°umol/mol
is a conversion factor, and the kinetic constants are V;, = 200 pmol/(min mgg), K, =
0.201 M, K = 0.5616 M. Plot the inlet substrate concentration cgy that maximizes the
outlet molar flow rate of product, as a function of v.

5.B.2. We wish to optimize the performance of a process with two adjustable parameters.
Table 5.2 contains measured data of the cost function that we wish to minimize. Fit to this
data some general ( e.g. polynomial) model and use this model to propose a design that you
think might have an even lower cost function value. To avoid extrapolating outside of the
region of data, use a set of constraints that will limit the amount to which we can search far
away from the existing data points.

5.B.3. We wish to determine the best path for a road connecting two points in hilly ter-
rain. Let r € %2 be the coordinates of a point in kilometers and let the elevation at that
point, also in kilometers, be z(r). We represent the measured ground elevation data as
a sum of contributions from individual hills, each hill being represented by a Gaussian
function,

Ni

=3 A e (- 4 =) (5) ) 6177
k=1
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k4

Figure 5.16 Contour map of region, showing lines at constant elevation. Start and end positions of
the planned road are shown.

In the region of interest, we use a representation with four hills,

M o=12 B =08 B =05 M =05

max max

3 4 ~1 ~1
o[ -] e[ e[
1.0 0.1 3.0 0.5 25 04
sl — 2] sB1 —
[0.1 1.5} 0.5 1.0 0.4 0.8

3.0 02
[4] —
> _[0.2 1.2}

(5.178)

Figure 5.16 shows the elevation contours along with the start (4, —2) and end (2, 7) positions
of the planned road.

All land is available to build upon. Our task is to find the shortest path between the two
end points subject to the constraint that the grade cannot be greater than 8%, i.e., the slope
cannot be larger in magnitude than 0.08.

Let 0 <s < 1 be a contour variable and r(s) be the path of the road, subject to
V(O) = Fyant = [4 _2]T l“(l) =rend = [2 7]T (5179)

We discretize the path by setting N contour positions s; = k(N + 1)~! and the coordinates
= r(sp) =[x yT. We wish to minimize

=

—1
Fo= (i1 = rgan)’ + Y (¢4 — p ) 4 (ppg — V) (5.180)
1

=
Il
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subject to the constraints that for each road segment,
(1) — 2(1)|

\/(x[k+1] — x[k])2 + (y[k+1] _ y[k])2

Using this approach, propose a path for the road to follow.

< Tmax Timax = 0.08 (5.181)

5.B.4. We wish to produce C from A and B by the reaction network

A+B—-C+D VRlzkl(T)CACB
C+B— S;+D rr2 = ka(T)cccen

A+D— S, rr3 = k3(T)cacp (5.182)
A+B — S3 R4 = k4(T)cacn
C+B— S, rrs = ks(T)ccen

A CSTR has an input stream with a velocity of 1 I/s containing species A and B in a carrier
solvent, such that

ca0 + ey <2M (5.183)

We have the following temperature-dependent rate constant data,
1 1
k1(298K) =0.01 —— &1 (310K) =0.02 —— k(7)) = ki(T)
mol s mol s
1

1
k(298 K) = 0.001 ——  £3(310K) = 0.005 —— (5.184)
mol s mol s

l 1
k4(298K) = 0.001 ——  £4(310K) = 0.005 ——  ks(T) = k4(T)
mol s mol s

We wish to design the reactor (assumed operated isothermally) to maximize the concentra-
tion of C in the output stream. We vary the inlet concentrations cao and cg, the volume of
the reactor V, within the range

101 <V <100001 (5.185)
and the temperature 7 within the range

298K < T <335K (5.186)
Propose an optimal steady-state CSTR design.

5.C.1. You wish to control the height /(#) of water in a cylindrical tank of diameter 50 cm
by varying the inlet volumetric flow rate vy(¢) in liters per second. There is an outlet hole
at the bottom of the tank of diameter 1 cm. Use Bernoulli’s equation to propose an ODE
model for /(). Then, compute the optimal feed control law vy(%), based on minimizing the
cost functional

%

Fluo@: n] = / {%[UO(S) — v, sl + [A(s) —hset]z} ds + Culh(tn) = hsal’

0
(5.187)
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Figure 5.17 Shooting angles for the targeting of a projectile.

hset = 1 m s the set-point. vy g is the flow rate that maintains the height at the set-point at
steady state. Use fy; = 600 s, Cy = 0.1(hget/Vo.set)>, and Cyy = 103k 2. Enforce the control
input constraints that 0 < vy(#) < 10vg st

5.C.2. An early application of computing was the tabulation of accurate ballistic tables for
artillery to account for wind and drag. Consider the case shown in (Figure 5.17) in which
a projectile leaves a gun at an elevation of /g, and is intended to hit a stationary target
at an elevation A, and relative coordinates (x,r, ytar). For specified values of the elevation
and deflection angles (6, ¢), we can integrate Newton’s equation of motion to predict the
impact location (Ximp, Vimp), as the position where the projectile passes through the target’s
elevation on the way down. Then, to aim the projectile we minimize the cost function

F9@, ¢) = [Ximp(0, ) — Xl + imp(©, &) — Viarl® (5.188)

The equation of motion for the projectile is
d
My =V = Mmpg — (3 PairAp) CoUn (5.189)

Pair 18 the density of air, 4, is the cross-sectional area of the projectile, Cp is an empirical
drag coefficient, and u is the relative velocity of the projectile with respect to that of the
wind w,

u=v—w U= u| (5.190)

For projectile velocities less than about a third of the speed of sound in air, compressibility
effects may be neglected and the drag coefficient is a function of Reynolds’ number alone,
defined as

. Pair U(Z Rp)
Mair

Re (5.191)
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The viscosity of air is i and the projectile radius is R,. Drag coefficient data may be
found in Table 5-22 of Perry & Green (1984) or the empirical correlations in (2.163) and
the data of Table 2.2 may be used instead. We assume that the atmospheric conditions take
their standard sea-level values (25 °C, 1 atm). For simplicity we neglect any variation of
wind speed with altitude.

Write a program that computes the optimal angles for a specified compass bearing ®
and distance D to the target, the gun elevation A4, and that of the target /., the density ps
and mass m,, of the projectile, the wind speed W and the compass bearing of the wind ®w
(e.g. 360° if the wind is from the north), and the speed vgu, at which the projectile leaves
the gun.

Using this program, compute the optimal angles for the case where the gun and target
are both at the same elevation, the projectile is made of steel and weighs 10 Kg, and the
gun barrel velocity is 100 m/s (chosen to be quite low so that compressibility effects are
negligible, for a more realistic case the gun velocity would be higher). The target is at a
distance of 500 m to the east, and the wind is at 15 mph from the north.

How much of a lateral distance error would you have made if you had neglected wind
and drag?

5.C.3. Modify your program from Problem 5.C.2 to account for a moving target.
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Boundary value problems (BVPs) involve the solution of ODEs or partial differential equa-
tions (PDEs) on a spatial domain, subject to boundary conditions that hold on the domain
boundary. Many problems from solid and fluid mechanics, electromagnetics, and heat and
mass transfer are expressed naturally as BVPs. The forms of these differential equations
often resemble each other because they arise from similar conservation principles. Here the
emphasis is upon BVPs that arise from problems in transport phenomena.

This chapter focuses upon real-space methods, in which a computational grid is overlaid
upon the domain. The BVP is then converted into a set of ODEs for a time-dependent
problem or a set of algebraic equations for a steady problem. This technique can be used
even when no analytical solution exists, and can be extended to BVPs with multiple equations
or complex domain geometries. Here, the focus is upon the methods of finite differences,
finite volumes, and finite elements. These methods have many characteristics in common;
therefore, particular attention is paid to the finite difference method, as it is the easiest to
code. The finite volume and finite element methods also are discussed; however, as the
reader is most likely to use these in the context of prewritten software, the emphasis is upon
conceptual understanding as opposed to implementation.

BVPs from conservation principles

Let ¢(r, t) be some time-varying field, i.c., a function that assigns to each position r and
time # a unique value ¢(r, t). Common examples of fields in chemical engineering include

p=0p mass density

@ = pv linear momentum density 6.1
Q= % olv|> + pit total kinetic and internal energy density ©6.1)
©=c concentration of species i

Each of these fields represents the density of some quantity . Let us consider a closed
domain €2, a control volume (CV), with boundary 02 (Figure 6.1), and write a balance for
the total amount of ® within €2,

% fgo(r, tydr | = f¢[v~(—n)]dS+ /[JD (—n)]dS + fs(r, t,p)dr (6.2)

Q Q2 Q2 Q
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Figure 6.1 Fixed control volume (CV) in space.

The left-hand side is the rate of change of the total amount of ® within 2. The first term
on the right-hand side is the net convective transport of ® across 92 into €2 by the velocity
field of the medium v(r, ), n being the outward normal vector at the boundary. The second
term is the net diffusive transport of ® across 92 into €2, with the flux vector Jp, often being
related to the local field gradient by a constitutive equation of the form of Fick’s law,

anisotropic diffusion Jp=-T-Vop r=3,%,T,,e" e

6.3
isotropic diffusion Jp=—-TVpgp Fef 6.3)

The third term on the right-hand side is a source term, s(r, t, ¢) being the amount of &
generated per unit volume per unit time at (r, ¢). Equation (6.2) is known as a macroscopic
balance, as it applies to a control volume of finite size. A corresponding microscopic balance
is obtained through use of the divergence theorem,

/n~wdS=/V-de (6.4)
aQ Q
to convert the surface integrals into volume integrals,

d
/ a—(fdr = —/[V - (pv)]dr — /[V - Jpldr + /S(l’, t, )dr (6.5)
Q Q

Q Q
As all integrals are over the same domain, we can combine them,

/[Z—f+V-(<pv)+V~JD—s(r,t,<p):|dr:0 (6.6)
Q

This balance must hold for any arbitrary fixed control volume, requiring the field to satisfy
everywhere the partial differential equation

9
B—‘f =V - (pv) =V - Jp 45, 1, 0) 6.7)
Substituting (6.3) for the diffusive flux yields
9
a—f — V- (pv)+ V - [['Vg] +5(r, 1, 0) (6.8)

For isotropic diffusion with a constant I, this takes the form of a classic convection/diffusion
equation with a source term,

0
B_‘f = -V (pv) + TV +5(r 1, ) (6.9)
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As source terms often arise from chemical reaction, (6.9) is also known as a convec-
tion/diffusion/reaction equation.

In this chapter, we consider the numerical solution of PDEs of the form (6.9). We focus
first upon stationary problems, for which the steady-state field ¢(r) satisfies the PDE

0=—V-(pv)+ TV +s(r 1, ¢) (6.10)

and then treat time-dependent problems. Here, we consider general transport-type PDEs,
but do not address the particular numerical issues that arise in computational fluid dynamics
(CFD). While the methods of finite differences, finite volumes, and finite elements, described
here, are used in CFD, a few additional concerns arise, particularly involving the coupling
of the pressure and velocity fields. To do justice to this subject would require a dedicated
text; therefore, for further details the reader is referred to Ferziger & Peric (2001).

Real-space vs. function-space BVP methods

There are two general approaches to solving BVPs. In a function-space method, we write
the solution as a linear combination of basis functions {x,,(r)}, each satisfying all boundary
conditions,

o, 1) =Y enl)xm(r) (6.11)

o(r, f) then automatically satisfies all boundary conditions (assumed to be linear in ¢), and
we have merely to find the {c¢,,(r)} that best satisfy (6.9).

Alternatively, in a real-space method, we specify a number of grid points /1 € Q and
compute numerically the field values ¢(r U1, 7) at these points. While function-space methods
can yield analytical solutions for some linear PDEs in simple domains, real-space methods
require numerical solution yet are more generally applicable, especially for problems with
nonlinear source terms or complex domain geometries. We thus restrict our focus to real-
space methods, although the finite element method will be seen to mix both approaches. For
further discussion of function-space approaches, consult Bird et al. (2002), Deen (1998),
and Stakgold (1979).

The finite difference method applied to a 2-D BVP

Let us consider a steady 2-D BVP on a rectangular domain involving only diffusion and
a position-dependent source term, —V2¢ = f(r), the Poisson equation. We require the
solution to be zero on all boundaries, a Dirichlet-type boundary condition. Thus, the BVP
is

02 02
Ve=-i5-ge= /@y 0sxsL 0sysH
BCl  ¢(0,0)=0 0<y<H
BC2 ¢o(L,y)=0 0<y<H (6.12)

BC3 o(x,0)=0 0<x<L
BC4 ox,H)=0 0<x<L
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B1

Figure 6.2 Regular 2-D grid with the labeling scheme for the finite difference method.

This BVP arises in fluid mechanics for the case of laminar flow of a Newtonian fluid through
a rectangular duct, where

1 AP
@(x, y) =v:A(x,y) fx,y)= m [— (—) + pgz} (6.13)

Az
We solve (6.12) numerically using the method of finite differences, encountered earlier in
Chapters 1 and 2. We place a regular grid of points as shown in Figure 6.2. To the point at
(xi, yj), we assign a unique integer label n = (i — 1)N,, + j. The neighboring points, and
their labels, are

north (N) (xi Yj+1) m=n+1
east (E) (Xit1,¥)) m=n+ N,

6.14
south (S) (X, ¥j-1) m=n-—1 ( )
west (W) (xi—1, ;) m=n—N,

We wish to compute the vector of grid point values,
p=lpeR’ N=NN, ¢, =9, y;) n=>1—DN, +j (6.15)

For each grid point on a boundary (circled in Figure 6.2), we obtain from the boundary
condition a corresponding linear algebraic equation

en=¢(xi,y))=0 n=>G@—-1DN,+j
BC 1 i=1 1<j=<N,
BC 2 i=N, 1<j<N, (6.16)
BC3 l1<i<N, j=1
BC 4 1 <i <Ny J =N,

1A

We obtain an algebraic equation for each grid point in the interior by requiring the PDE to
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be satisfied locally:

82<p
dx2

82<p

_B—yZ = f(xi,y)) (6.17)

(Xn)//)

(X/J/j)

The key idea of finite differences is to approximate these local derivatives by algebraic
differences of the field values at neighboring grid points.

Finite difference approximations

In the finite difference method, we approximate the value of the derivative of f(x) at x
using a truncated Taylor series approximation for small Ax,

f(xo + Ax) = f(xo) + (Ax) g o Ol(Ax)*] (6.18)
to yield
% = S+ AAX)? SEACONIINS (6.19)
Similarly, from the expansion in the opposite direction,
f(xo — Ax) = f(x0) + (—Ax) % ) + O[(Ax)*] (6.20)
we obtain
% = S = gxo —29 4 oax] 621)

Both of these one-sided difference approximations have errors proportional to Ax, the
spacing between successive grid points. Subtracting the two,

2 g2
If(xO Fan) = [ +an L ELET) 0[<Ax)3]}
X |y, 2 dx*|,,
d 242
_{ f(xo — Ax) = f(x) — (Ax) d—f (&) —J; + O[(Ax)3]} (6.22)
X |y, 2 dx* |,

the zeroth-and second-order terms cancel out, and the resulting central difference approxi-
mation is second-order accurate,

af :f(X0+Ax)—f(x0—Ax)

2
- 2 + O[(Ax)] (6.23)

xo

The error of (6.23) is proportional to the square of the grid point spacing, thus it decays
to zero as Ax — 0 more rapidly than the errors of one-sided formulas. Equation (6.23) is
more accurate than (6.19) or (6.21).
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We can approximate second derivatives similarly by adding the expansions,

d Ax)* d?
{0+ a0 = s G|+ G
(Axy & f 4
3 W i + 0[(Ax) ]}
de (Ax) & (6.24)
+ {f(xo—Ax) = f(xo)—(Ax)E X0+ > il .
(Ax)* &f
- St 0[(Ax)4]}
The first-and third-order terms cancel, yielding
d2
Fxo Ax)+ [ — Ax) = 2/Go) + (0021 95| 4 01an 629)
and an approximation for the second derivative,
df| fxo— Ax) =21 (x0) + f(xo + Ax) 2
T2 . = (Ax) + O[(Ax)7] (6.26)

that has the same order of accuracy as (6.23). For partial derivatives, similar finite difference
approximations exist:

af ~ SO0+ Ax, yo) = flxo = Ax, yo)
0X | (x5 30) 2(Ax)
~ SO0+ Ax, yo) = f(xo, y0)  f(x0, ¥0) = (xo = AX, yo) 6.27)
(Ax) (Ax) '
*f ~ SO0 = Ax, yo) = 2f(x0, yo) + f(xo + Ax, o) (6.28)
dx? (x0.30) (Ax)2
Finite difference solution of a Poisson BVP
We apply (6.28) to approximate the local partial derivatives in (6.17),
% ~ Pi—1,¥)) = 200, y)) + ¢(Xis1s p))
x| . (Ax)?
L (6.29)
I ~ PO Yj-1) = 2005, yj) + ¢(Xis pj+1)
9% |z, (Ayy?

and obtain a linear equation for each (x;, ;) (a discretization of the PDE),

—o(xi—1, ¥;) + 20(x;, ;) — ¢(xit1, ¥;) n —o(x;, yi—1) + 20(x;, ;) — o(xi, yj+1)
(Ax)? (Ay)y?
= f(xi, y)) (6.30)

We write this equation in standard matrix-vector form by employing the labeling
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Figure 6.3 Solution by finite differences of the Poisson BVP with a source term /= 1.

scheme, ¢, = @(x;, y;).n = (I — DN, +J,

An,an},-(pany + An,nflgonfl + Ann‘Pn + An,n+1(pn+1 + An,nJrNy(PnJrNy = bn

-1 —1
Ann-n, = Apnin, = | ——= Apn-t = Apnv1 = | 7 6.31
= duew =g ] = =[5 e

Lo [.2 27, _
nn_|:(A—)C)2+wi| n = f(xi, ;)

For each row corresponding to a boundary point, we merely set 4,, =1,b, =0 to
enforce the boundary condition. BVP_2D_Poisson_FD.m solves this BVP (solution shown in
Figure 6.3) and is invoked with the code

L=1; H = 1; fun_name = ‘f_rD_uniform’; num_pts = 51;
BVP_2D _Poisson_FD(fun_name,L,H,num_pts);

Extending the finite difference method

We next extend the finite difference method to treat BVPs of greater complexity, with
non-Cartesian coordinates and nonuniform grids, von Neumann-type boundary conditions,
multiple fields, time dependence, and PDEs in more than two spatial dimensions. We do so
through the examples in the following sections.
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Figure 6.4 Nonisothermal reaction within a catalyst pellet with internal diffusion and thermal con-
duction.

Chemical reaction and diffusion in a spherical catalyst pellet

Consider the case of a nonisothermal reaction A — B occurring in the interior of a spherical
catalyst pellet of radius R (Figure 6.4). We wish to compute the effect of internal heat and
mass transfer resistance upon the reaction rate and the concentration and temperature profiles
within the pellet. If Dy is the effective binary diffusivity of A within the pellet, and we have
first-order kinetics, the concentration profile ca(r) is governed by the mole balance
d d
2D BN 2 [k(Theal = 0 (6.32)
dr dr
Similarly, if 1 is the effective thermal conductivity of the pellet, the temperature profile
T (r) is governed by the enthalpy balance
d dT
— [rzk—:| +rH(—=AH)[K(T)ca]l =0 (6.33)
dr dr
Neglecting external heat or mass transfer resistance, we have known values of the concen-
tration and temperature at the surface, » = R. At the pellet center, we use the symmetry
conditions dca /dr = dT/dr = 0. Thus, we solve (6.32) and (6.33) subject to the boundary
conditions

BC 1 CA(R) = CAS T(R) = TS (634)
d dT
BCc2 AL _o 4] (6.35)
dr r=0 dr r=0
The temperature dependence of the rate constant is
Ea TS
k(T) = k(T — — —1 6.36
(T) (s>exp[ RTS(T )] (6.36)

This BVP introduces several new issues: (1) nonCartesian (spherical) coordinates, (2) more
than one coupled PDE, and (3) a BC at » = 0 that specifies the local value of the gradient (a
von Neumann-type boundary condition). Also, experience tells us that when internal mass
transfer resistance is strong, reaction only occurs within a thin layer near the surface over
which the local concentration of A drops rapidly to zero. Thus, we use a computational
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grid that is nonuniform, with closer spacing between the points near the surface than deep
within the interior of the pellet.

Actually, for this problem if we assume constant Dy, A, and AH, we can reduce the BVP
to a single equation; however, we return to the question of multiple fields later. Let us divide
(6.33) by —AH,

df[, » dr]
kea) =0 6.37
dr|: (AH)d}”(CA) (6.37)
and add (6.37) to (6.32),
d [, deca dl, » dT
D =0 6.38
ch[ Am}+w[ (—AH) dr (638)
Integrating this equation once yields
dc A dT
2l D=2 =C 6.39
r[ Aar T Camar | T (6.39)
Dividing by #? gives
T ppent —r|=& (6.40)
— ¢ = — .
dr | A (—AH) r2

From the symmetry boundary condition (6.35), C; = 0, and a second integration yields

D r=C,=D T 6.41
ACA+(_AH) 2 ACAS+(_AH) S (6.41)
Thus, there exists a linear relation between ca(7) and 7'(r),
Da(AH
16)~ 75 = 2201000~ exs) (642)

that allows us to solve only a single equation, (6.32).

Dimensionless formulation

We next reduce the number of independent parameters by rephrasing the problem in terms
of the dimensionless quantities

r ca(r = &R) T(r=£&R
§=4 o) = AU ZER) ey - T =ER) (6:43)
Cus TS
After some manipulation, the BVP takes the dimensionless form

d(pA:| 2.2 |: yB(l — @A) :|
—— | &P exp| ——— =0 6.44
£ | e e [t e 4

N
oa(l)y =1  —— =0 (6.45)
A d |._,

There are now only three dimensionless parameters

k(Ts) = Da(=AH)cas Ea

®=R - y =
Da A Ts RTs

(6.46)

® is the Thiele modulus, and represents the strength of internal mass transfer resistance.
When & « 1, diffusion is so fast compared to reaction that mass transfer resistance is
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negligible. When & > 1, the opposite is true and mass transfer resistance becomes rate-
dominant. B is a measure of the relative importance of the heat of reaction, so that for 8
> | there is significant internal heating, 7'(r) > Ts, and when B < —1, significant internal
cooling. y is the dimensionless activation energy, and a large y means that the reaction rate
is very sensitive to the local temperature.

Finite differences on a nonCartesian, nonuniform grid

To solve (6.44), we use finite differences on a grid 0 < &< &, <- - -<&y < 1 and require
that at each &;, (6.44) be satisfied locally:

d [ézdﬂ} — 202 exp [M] 9, =0 (6.47)
J

de |° dk 1+ B(1 —¢))

where @; = @a(§;). As we expect strong gradients near § =1 when & > 1, we use a
nonuniform grid with closer grid points near the surface. Defining the mid-points in the
intervals between grid points,

Eiip=13CE +&41) Eo1p=13E+&-1) (6.48)

we use a central difference approximation for the second derivative,

12\ g —Sji—i2 | g
d§ dg ||, Ejr12 —§j-12)
For the first derivatives, we use similar approximations,
d —w:  d R
aPA ~ Pi+1 — @Qj apa ~ Qi —@Pj-1 (6.50)
d§ Ejvip §jr1 — & d§ Eio1p2 §/ =&
to obtain from (6.49) and (6.50) the finite difference approximation
d d(DA
dE [Ezg] . ~Aj 1@+ Ajjej + A 194 (6.51)
where
(lo) (lo) (hi) (hi)
djja=a;" A =—[a;" +a;"] Ajj =0
5 5 (6.52)
MO 1) o — §i12
! & —&-DCEwnp—&-1p) &j1 — &) w12 —§j-12)
For each interior point j =2,3,..., N — 1 that does not neighbor a grid point at the

boundary, the nonlinear algebraic equation obtained from (6.44) by finite differences is

YPU=9) ]¢, =0 (653

= A 01+ A0+ A . _2(1)Zex|:
Jj Ji—19j—1 JiPJ S 1941 51 p T+ —g)

Treatment of Dirichlet and von Neumann boundary conditions

The boundary conditions (6.45) are of Dirichlet-type (specified ¢) at the surface and of von
Neumann-type (specified dp/d&) at the center. At the last grid point £y < 1, we enforce
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oa(1) = 1 by placing a hypothetical (nonexistent) grid point at &y, = 1 for which we
set gy41 = 1. We then modify (6.53) for j = N to use this value for the nonexistent grid
point,

yﬁ(l—ww)} o
L+ B(1L—gy)] "

v = A N-19n-1 + Avnvon + An n1 — Endexp [

(6.54)
We treat the von Neumann boundary condition similarly, applying (6.53) to j = 1, referring
to a nonexistent point at & = 0,

(6.55)

1_
N =A10<P0+A11</71+A12§02—§12q’26XP|: yAU = o) ] 1=0

1+ B —¢1)

To enforce do¢/d&|) = 0 we might think to set ¢y = ¢;. However, this approximation is
based upon the first-order finite difference

doal _ 1= ¢o
dé: 0 Sl

When solving diffusion equations it is common to use second-order accurate approxima-
tions, so that simply setting ¢y = ¢; is not the preferred way to treat a von Neumann
boundary condition. Rather, we obtain second-order accuracy by fitting a quadratic poly-
nomial to (&) near & = 0,

+ 0() (6.56)

2 —
o)~ o) + oL+ aa®) L, =[] [ £ ] (657)
k=0 J

K

The discretized form of the von Neumann boundary condition is then

QA _ 0 = oL (0)+ @1 L' (0) + paLh(0 6.58
Eo_ = @oLy(0) + @1 L7(0) + @2 L,(0) (6.58)
where
’ _(El +EZ) / 52 / _Sl
L,(0)= ——— L1(0)= ——— )= ——— 6.59
o(©) &1& 1) &5 —&) £200) &5 —&) (6.39)

For a locally uniform grid with & = A¢, & = 2(A£), (6.58) becomes
doal _ o _ 3o tdo — e

=0= (6.60)
dg |, 2(A%)
From this discretized boundary condition, we write the nonexistent grid value as
g0 =aip1 +apr  a; = —[L}(0)]/[L(0)] (6.61)

and substitute for ¢ in (6.55),

1_
fi = A +aidi0)gr + (A2 + ayA10)pr — EL D exp|: vPQ = ¢1) ] 1=0

L+ B(1—¢1)
(6.62)

Together, (6.53), (6.54), and (6.62) provide a set of N nonlinear algebraic equations for the
Nunknowns {¢1, ¢2, . .., ¢y} that can be solved numerically (e.g. by fsolve). The nonzero
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elements of the Jacobian in each interior row j =2,3,..., N — l are
Jij-1=4-1 Jjje1=4jjn
4 A1 ) (6.63)
14 -
= Ay — £20%g(g, A, [—}
J i —&; glp;))  gle) do p 1+ 81—
In the first and last rows, the nonzero elements are
Jiu=An +aidy — EP°g(e1) Jin= A +aydy (6.64)

It =Ayn-1 JIvy = Ayy — Ex D g(on)

The linear system comprising (6.63) and (6.64) is thus tridiagonal, and elimination is per-
formed rapidly, even for large N.

Definition of the effectiveness factor

From the solution of the BVP (6.44) and (6.45), we use the resulting concentration and
temperature fields to compute the total rate of reaction within the pellet,

R
Rt = / K(T)ea(r)Amr?)dr (6.65)
0

Rewriting this integral in terms of the dimensionless quantities yields

(4 s : yB(l—oa€) 7.,
Riot = [(gnR )(kscA,a] [3 /0 soA(S)exp[—l n ﬂ(l_%@))}s ds] (6.66)

The product in the first set of square brackets is the total reaction rate if there were no con-
centration (or temperature) gradients within the catalyst particle. We define the effectiveness
factor n from the relation

Riot = (§WR3> (kseas)n (6.67)
such that
: yB(1 — oa(§)) } )
. 3/0 goA(s)exp[Hﬁ(l_%@)) £2de (6.68)

Numerical solution in MATLAB

catalyst_nonisothermal_scan.m plots n vs. ® for fixed y and various values of 8. Fory =1,
and A& = 0.01 in the interior and A& = 0.001 near the surface, the results are shown in
Figure 6.5.

For zero or moderate reaction heating, 8 ~ 0, increasing ® reduces 7. This is easily
understood, as slow diffusion causes a depletion zone of low A concentration to form in the
center of the pellet, where the reaction rate is consequently low. By contrast, if there were
significant heating relative to conduction, 8 > 1, for ® ~ 1, n would be greater than 1;
i.e., the rates of reaction are higher than in the absence of internal transport resistance. This
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n

eectiveness actr

iee ds (o)

Figure 6.5 Effectiveness factor vs. Thiele modulus for nonisothermal first-order chemical reaction
within a spherical catalyst pellet.

effect arises due to an increase in k(7") by (6.36). In practice, this behavior is not observed,
as solids are better transmitters of heat than mass. Therefore, n < 1 when internal mass
transfer resistance is strong.

Finite differences for a convection/diffusion equation

Above we have considered problems in which transport is solely diffusive. We now consider
the treatment of convection terms that introduce new numerical difficulties. We consider
the simple PDE

d¢ dp ¥
- X 4r—2= 1, 6.69
o = Vo Tlan T5E@ 09 (6.69)
At steady state and with no source term, this equation becomes
do d*¢
—v—+4+TI—=0 6.70
Uiz * dz? (6.70)
With the Dirichlet boundary conditions
p0) =90 @(L)=9¢L (6.71)
the solution for 0 <z < L is
ez(Pe)/L -1
@(z) = o + ?WL — ¢0) (6.72)
elfo —1

where the dimensionless Peclet number is defined as

p vL  strength of convection 6.73)
e=—= .
r strength of diffusion

This solution is plotted in Figure 6.6 for various Pe values. When Pe « 1, diffusion is dom-
inant and we observe a linear increase from ¢y = 0to ¢; = 1. When Pe > 1, convection
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Figure 6.6 Analytical solution of a 1-D convection/diffusion equation at various Peclet numbers.

is dominant, and the flow (which is from left to right) “pushes” the incoming fluid at z = 0
downwind to the right and causes a sharp increase in ¢ near the exit outflow at z = 1.

Central difference scheme (CDS)

To solve this problem numerically, we apply the finite difference method for a grid of points,
0 <z <z <---<zy < L, and require the differential equation to be satisfied locally at
each point,

d*g
dz?

dy
_%®

r
dz +

=0 (6.74)

Zj

For simplicity, we place the grid points uniformly with Az = L/(N + 1), z; = j(Az). For
the second derivative, we have the approximation
d’¢

| Pi-1 =20, T ¢4
dz?

(Az)?

(6.75)

Zj
For the first derivative, we consider two alternatives. In the CDS, we choose the more
accurate approximation

do (©DS) Qj+1 — @j—1 )
al ran+OlA] (6.76)
which yields the linear equation for grid point j,
Qirl — Qi1 i1 —20; + @1
V| r =0 6.77
[ [ ©1
We multiply by —2(Az)?/ T to obtain
v(Az)
[0jt1 —¢j1] =2¢j1 +4¢; = 2¢;11 =0 (6.78)

r
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Figure 6.7 CDS solution of a 1-D convection/diffusion equation for various values of the local Peclet
number below and above the critical value of 2 (N = 50).

‘We next define the local Peclet number

Pejoe = U(?Z) — (Pe) <(ALZ)> - prl (6.79)

to write the CDS equation for grid point j as
—(Peioe +2)pj-1 +4¢; + (Peoc — 2)pj41 =0 (6.80)

With @ = Pejoc — 2, B = Pejoc + 2, the CDS linear system is

4« @i Beo
—B 4 o © 0
-8 4 . : = : (6.81)
.o PN-1 0
—-B 4 DN —Qag

While for all Pej,. > 0 we have B > 0, o changes sign at Pej, = 2. We expect some
qualitative change in the solution when this occurs. The CDS solution is plotted in Figure 6.7
for various values of Pey,. for a grid of 50 points. When Pey,. > 2, the numerical solution
exhibits oscillations that are not present in the true solution. Also, as this equation models the
convection and diffusion of a density field, it is physically unrealistic for ¢ to take negative
values, but it does so in the numerical solution when Pe,. > 2. To remove such spurious
oscillations, we can make the grid finer, thus decreasing Pey,. for fixed Pe. However, often
we do not know a priori how small to make the grid to avoid the oscillations, whose effect
on the convergence of numerical algorithms may be severe.
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Upwind difference scheme (UDS)

‘We now show that it is possible to remove the oscillations by using a different approximation
for the first derivative in the convection term, an upwind difference, defined in this case for
v > 0 (flow from left to right) as

UDS

(s _ % ¢

= H T o(A2)] (6.82)

do
dz

Zj

We take here a one-sided difference, and thus this formula is not as accurate, for finite Az,
as the central difference approximation. The UDS equation for grid point ; is

;i — @i 01— 20; + @it
—v | r =0 6.83
o[ e [ 8

Multiplying by — (Az)?/L and defining Pey, as before yields
—(Pewc + Dgj—1 + (2 + Peioc)p; —¢j11 =0 (6.84)

Defining 8 = Pejoc + 2 and y = Pejy. + 1, the UDS linear system is

g - o ] [rve]
v Bl $2 0
R % 0 (6.85)
_, . . = . .
g -1 YN-1 0
-y B 2 B2

Note that for all Pejoe > 0, 8 > 0, y > 0, and that the matrix elements have the same signs
as they do in the CDS system when Pej,. < 2. As Figure 6.8 shows, the UDS solution
remains well-behaved for all values of Pey,..

Even though the UDS equations use a less accurate approximation for the convection
derivative than the CDS equations, they are safer and better behaved. If too few grid points
are used with the CDS method, large oscillations appear that can be disastrous with nonlinear
source terms, but with the UDS method, the effect of too large a Az is merely a loss in

accuracy.

Why does upwind differencing work?

To see why upwind differencing works, we relate the upwind and central difference first-
derivative approximations through the identity

Cji—@ji—1 _ Pji+1l —¥j-1 T |:§0j —Pi-1 P+l — 90]‘1}

Az 2(4z) Az AAz)

d_(p (UDS) _ d_(p (CDS) 20; =291 @it1 — Qi1 (6.86)
i, iz, 2(A2) 2(Az) .
do | _ o[ (82 [ gy 420, i

dz dz 2 (Az)?

Zj Zj
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Figure 6.8 UDS solution of 1-D convection/diffusion equation at various Peclet numbers (N = 50).

Recognizing the factor within the square brackets as an approximation of —d?¢/ dzz|z,, we
have the relation
(UDS)

d do|PY Az &?
S e ) (6.87)
dz |, dz |, 2 ) dz? .
Thus, the UDS discretization of the equation
dy (UDS) d? @
— - —| =0 6.88
v dz . de ., ( )
is equivalent to a CDS discretization with “extra” diffusion,
do (€DS) Az\ d*¢ Fdzgo 0
U —— - I I - —_— )
dz |, 2 ) dz? |, dz? |,
! ' ! (6.89)
de

(€DS) B [F n v(Az)i| d’e

dz2

v
dz Zj 2 5

Upwind differencing is equivalent to adding additional numerical diffusion, or artificial
diffusion, to obtain an effective diffusion constant
v(Az)

Cep =T+ 7 (6.90)
such that the effective local Peclet number is always less than 2:
A A 2
Peloc,eff - v( Z) - U( Z) (691)

Ter T +0(Az2)/2  1+2/Pee

We could achieve the same effect if we used the CDS equations and increased the effec-
tive diffusion constant by a sufficient amount to avoid oscillations. In multiple spatial
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dimensions, it is common to add numerical diffusion only in the streamline direction, to
obtain an effective anisotropic diffusion tensor,

’U’UT

F=TI+Twn—7>
[v|?

(6.92)

For an in-depth treatment of methods for BVPs with strong convection, see Finlayson
(1992).

Numerical solution of the HJB equation of optimal control

We now are in a position to analyze the numerical solution of the HIB equation from optimal
control (Chapter 5) to minimize the cost functional

H

Flu(t); x] = / o (s, x(s), u(s))ds + m(x(ty)) (6.93)
)

for a system governed by X = f(z, x, u). In terms of the backward time v =ty — ¢, we

solve the HIB equation

0 .
% = minyq ylo(tu — 7, x,u) + Vo - f(tu — 7, x, u)] (6.94)

with the initial condition ¢(0,x) = m(x). The optimal value of the cost functional
Flu(t);x"] is ¢ (t = tq — 1, x1°!) and the “best™ feedback control law for the system
1S Ueon(x) = u(t = ty — ty, x). In Chapter 5 we solved the HIB equation for a simple 1-D
control problem, and are now in a position to explain the choice of discretization used
there. We now recognize that (6.94) is a reaction/convection equation with o taking the
role of a source term and f taking the role of —wv. Thus, at each point in the calcula-
tion, we should examine the local sign of f and choose the appropriate upwind one-sided
difference. This is in fact what was done in the example of Chapter 5, but without expla-
nation. In practice, it is also common to add an artificial diffusion term £V?¢ to the HIB
equation to obtain a “viscosity solution.” Diffusion makes dynamic programming more
robust as it smooths out any discontinuities in the dynamics, cost functional, or control
input.

When solving (6.94), the spatial domain should be extended to very large positive and
negative values of x to limit any corruption of the solution in the region of interest by the
boundary condition employed at the limits. To see how one might treat the boundaries, refer
again to the example in Chapter 5.

Characteristics and types of PDEs

We see from our discussion of the 1-D convection/diffusion equation that the qualitative
nature of an equation, and of its numerical solution, can change as we vary the parameters.
These changes are related to the nature of how information about the field is propagated by
the differential equation in space and time. The importance of information flow is reflected
in a common naming convention for second-order PDEs. As this nomenclature is employed
often in the literature, we briefly review it here.
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Consider the general form of a second-order differential equation,

Po e Py dgp ¢
t’ s , Ty, —— fred O 695
or 3taz+cazz+f< BRGNP 82) (695)
For example, the time-varying 1-D convection/diffusion equation
do 3% d¢
— —-I— — 1 =0 6.96
o a2 |Ve: (6.96)

in the limit of Pe <« 1 takes the form above with
a=1 b=0 ¢c=-T (6.97)

In the limit Pe < 1, b*> — 4ac < 0, and the PDE is said to be parabolic. By contrast, in the
limit Pe >> 1, we have a PDE dominated by convection,

d¢ d¢
9L 1,% 20 6.98
ot [v 82i| (698)
Differentiating once with respect to time yields
=1
9% ) “
ik ~— 7 -0 b= 6.99
a2 " droz - o (6.99)

Now, b> —4ac > 0, and the equation is said to be hyperbolic. Thus, by changing Pe we
alter the type of the PDE, and as we see below, this changes significantly the way the field
is propagated.

The steady-state diffusion equation

9%¢
—-I'— =0 6.100
932 (6.100)
has the general form of a second-order PDE with
a=0 b=0 c=-T (6.101)

Here, b*> — 4ac = 0 and the equation is said to be elliptic.

Consider some point P at position z,, and time #,. What are the set of points in space-time
whose field values influence the field value at (P) and the set of points in space-time whose
field values are influenced in turn by the value at (P)? As a concrete example, consider the
1-D convection equation

d¢ d¢

T + |:v8_zi| =0 (6.102)
which describes purely convective transport of ¢ in the direction of increasing z for v > 0.
At future times 1 > t,, P only influences points (¢, z) that are downstream with z, < z < z, +
v(t — t,). Similarly, only past points (¢, z) that are upstream with z, —v(f, — 1) <z < z,
influence P. The space-time diagram is shown in Figure 6.9. The two lines that separate the
regions of influence from those of no influence are the characteristic lines for P.

We now relate the characteristic lines to the coefficients a, b, ¢ in (6.95). Let us consider
the point P and a point Q on one of its characteristic lines (Figure 6.9). If P and Q are
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Figure 6.9 Space-time diagram of the 1-D convection equation showing characteristic lines.

infinitesimally close together,
zg=12zp+dz fg=1t, +dt (6.103)

we use a truncated Taylor expansion to relate the field values at P and Q,

0 d
Go—gp=dt 2| 4dz (6.104)
ot |p 0z | p)
We apply similar expansions to the first derivatives,
0 d 02 92
do| v 4P| g P
0t |y 9 |(p 0% |p) 0201 | p)
(6.105)
dg dg ¢ ¢
—| - —| =dt +dz —
9z | 9z |p 010z | (p) 9z | (p)

We now combine these two expansions of the first derivatives with the condition that the
differential equation be satisfied at P,

R R 3%
a— +c—| +fm=0 (6.1006)
12 | p) 319z | p) 3z% | (p
to obtain the linear system
- 92 -
a—;p d¢ d¢
dt dz 8% ® 3 | g ot | p)
dt dz =| ¢ ¢ (6.107)
a b ¢ 919z | p) 0z 0z
820 @ P ®)
| 927 |py | ®




278

6 Boundary value problems

Now, if Q were either within the interior of the region of influence or somewhere outside
of it, then small changes in the first derivatives would correspond to small changes in the
second derivatives. If Q is on a characteristic line, however, even an infinitesimal change
in the first derivatives may have a finite effect upon the second derivatives, requiring the
matrix of (6.107) to be singular,

dt dz
det dt dz | =0=c(dt)? + b(dz)(dt) + a(dz)? (6.108)
a b ¢

Dividing by (dt)?, we obtain the slope of a characteristic line,

% = —b & Vb~ dac (6.109)
dt 2a
The sign of »*> — 4ac controls the number of real characteristic lines. For the 1-D time-
varying convection equation, we find as expected,
dz vE/v2—-41)(0) vEv
dr 2(1) )

Thus, we distinguish the three characteristic types of second-order PDEs.

=v,0 (6.110)

Hyperbolic equations, b*> — 4ac > 0

Two real characteristic lines exist; therefore, there exist distinct regions of space-time that
are influenced, or not influenced, by each point P. Examples of hyperbolic equations are, of
course, the 1-D convection equation, and also the wave equation

2 9%
— —— =0 6.111
0t 9z2 ( )
which has eigenfunctions of the form of traveling waves,
9 9 i(kz—wt) 2 2\ i(kz—wr)
i(kz—wt) __ i(kz—wt

In hyperbolic equations, information about the field is transmitted as traveling waves, and
the effects of numerical error usually appear as oscillations.

Elliptic equations, b* — 4ac < 0

Here, there exist no real characteristic lines and no distinction can be made between regions
of influence and no influence. In such problems, the value of the field at each point affects the
value of the field at all other points. As an example, consider the 2-D steady-state diffusion
equation

¢ 0%

—+—=0 6.113

ax2 09y ( )
that, with @ = 0,5 = 0, ¢ = | has b* — 4ac = —4.

In elliptic problems, information about the field is transmitted diffusively in all directions,

and thus numerical error is “smoothed out.”
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Figure 6.10 Tubular chemical reactor with dispersion.

Parabolic equations, b —4ac=0

Here, there exists only one real characteristic line. Consider the time-varying 1-D diffusion
equation

ap LR

£ _r—=

ot 0z2
that, with @ = 0,b = 0,c =T has b?> — dac = 0. The slope of the single characteristic
line is indeterminate as a = 0, and thus corresponds to a vertical line running through P in
the space-time diagram. Therefore, we find that each point P influences all points in space
at all future times, and is influenced in turn by the field values at all spatial positions at all
past times. Past numerical errors therefore are smoothed out with increasing time.

(6.114)

Modeling a tubular chemical reactor with dispersion; treating
multiple fields

Many problems of interest involve multiple fields, each with its own governing equation.
Consider a tubular chemical reactor of length L (Figure 6.10) with the reactions A + B — C
and B + C — D. A fluid medium comprising initially only A and B flows through the reactor
with a mean axial velocity v,. In addition to convection, we also have a diffusive-like mixing,
known as dispersion, due to the coupling of diffusion to inhomogeneities in the velocity
field. We employ a common dispersion coefficient D as an effective axial diffusivity for
each species. Dispersion is usually of minor importance compared with convection, with
high values observed for the Peclet number

v, L

D

The concentration fields of A, B, C, and D at steady state are governed by the coupled
set of PDEs

Pe= (6.115)

3CA BCA 320A
—_— = — U,/ —_— — k - O
a1 Ve, TP T e
d 0 92
%:—Uz?‘i‘ a—CZB—kchCB—kchCc=0
z 4
(6.116)
8CC 3C‘C BZCC
a7 v Py + ) + K1cacs 2CBCC
aCD aCD BZCD
—_— = —V,— D—— k =0
o7 v 57 + 572 + kacBec
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At the reactor inlet and outlet we use Danckwerts’ boundary conditions. At the inlet, the
flux of species j = A, B, C, D entering the reactor is v.cjo, but once inside the reactor and
in the presence of dispersion, the flux is v.c; — D(dc;/dz). Balancing these two fluxes at
z = 0 yields the inlet boundary condition

de

=0 6.117
7 (6.117)

0

v:[c;(0) — cjo] —

When D — 0, ¢;(0) = cjo, but when D — oo, this boundary condition correctly enforces
dc;/dz|y = 0. If the reaction stops once the stream leaves the reactor, the concentration
profile becomes uniform, and we use the outlet boundary condition
]
dz

=0 (6.118)
L

Solution by upwind finite differences

We solve the coupled set of PDEs (6.116) with the inlet boundary conditions (6.117)
and outlet boundary conditions (6.118) using upwind finite differencing. We place

a grid of N uniformly-spaced points 0 <z} <zp <---<zy <L,z = k(Az), Az
= L(N + 1)~! and write each PDE of (6.116) as
de dZCj

0= —UZE+Dﬁ + s [{em(2)}] (6.119)

where {c,,(z)} denotes the set of local concentrations, and the source terms for each field
are

sallem(2)}] = —kicacs  sgl{cm(2)}] = —kicacs — kacgec

6.120
scliem(2)}] = kicacs — kacgee  splicm(2)}] = kacpec ( )

Applying upwind finite differences, we obtain for each grid point z; and each species
j = A, B, C, D anonlinear algebraic equation

0=—u. |:Cj(Zk) - Cj(Zkl)] D |:Cj(Zk1) — ZCj(Zk) + Cj(Zk+1)

] + 5 H{em(zo}]

Az (Az)?
(6.121)
Collecting terms, we have
0 = a10¢;(zk—1) + omiac;(zx) + onicj(Zks1) + 55 [{cm(zi)}] (6.122)
with the coefficients
v, n D v, 2D D (6.123)
U="—tF 5 md=— 5 Ohi= :
© T Az T (Az)p 17 TAz (A2 T (AR

We enforce the boundary conditions by removing the nonexistent unknowns c;(zo) and
¢j(zn+1) through the discretizations of (6.117) and (6.118),
(in)] _D [C_/(Zl) —¢;(20)

0 = v.[c;(20) — ¢ A~ ] cj(zn41) = ¢j(zn) (6.124)
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Figure 6.11 Effect of stacking on the sparsity pattern of the Jacobian for a BVP involving the 1-D
transport of four fields, with local coupling of each field through the source terms. A grid of 50 points
is used to discretize the PDEs. Plot generated by BVP_field_JPattern.m.

From the inlet boundary condition, we obtain

Peygccjo +cjz1) _v:zZy
1+ Pejoc

¢;(z0) = (6.125)

Thus, for £ = 1 we have the modified version of (6.122),

Ollopeloccjo

T+ Pan, TemciE) +silienE] (6126)

0= |:Olmid + } cj(z1) +

Ao
1+ Peioc
Similarly, for £ = N we have the modified version of (6.122),

0 = ajo¢j(zn—1) + [@mia + anile;(zn) + 5 [{cm(zn)}] (6.127)

We now stack the set of all unknowns into a single state vector using a labeling system
that assigns to each unknown a unique integer. Equation (6.122) forms a set of nonlinear
algebraic equations with a sparse Jacobian, and thus to avoid the fill-in problems discussed
in Chapter 1, we make the bandwidth as small as possible (i.c., cluster the nonzero values
around the principal diagonal). We see that (6.122) relates c;(z;), the values of the same
field ¢; at the neighboring points, c;(z;—1) and c;(z;41), and the values of all other fields
at the same point, c,,-;(z;). Thus, from the two ways to stack the state vector,

Scheme I x" = [ca(z1) ca(z2) - - - calzn) ea(z1) - - - ca(zn) - - - eplzn)]

Scheme I x" = [ca(z1) ca(z21) cc(z1) ep(z1) ca(z2) ea(22) - - - cc(zy) ep(zy)] (6.128)

we choose scheme II, as it yields a Jacobian with a smaller bandwidth (Figure 6.11).
We thus assign to c;(z;) the label n = Ni(k — 1) + j, Ny =4 being the number of
fields.

When coding a BVP with multiple fields, it is easiest to write the routines to use, as much
as is possible, natural names and indices, e.g. ¢;(zx), and to rely upon routines to stack and
unstack the state vector and to place the matrix and vector elements in the appropriate
positions. This approach is used in tubular_reactor_2rxn_SS.m. Sample results are shown
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Figure 6.12 Steady-state concentration profiles in a tubular reactor (with reactions — (4 + B —
C,B+C— D)).

in Figure 6.12 for a simulation with the parameters

L=10 v.=1 D=10"* ki =k =1

(6.129)
cao=cp =1 cco=cpo=0

Time-dependent simulation

We now simulate the dynamics of this tubular reactor by retaining the time derivative in
each PDE of (6.116). Then, instead of a nonlinear algebraic equation (6.122), we obtain for
each c¢;(z;) an ODE

de;(zr)

dt

As discussed in Chapter 4, discretized PDEs yield ODE systems that are very stiff; therefore,
to avoid a very small time step, an implicit method such as the Crank—Nicholson method,
ode23s, or ode15s should be used. Using ode15s, tubular_reactor_2rxn_dyn_sim.m sim-
ulates the reactor start-up dynamics. Initially the reactor is at steady state with an input
stream containing only A, and then B is introduced to start the reaction (Figure 6.13).

= a1oC;(Zk—1) + dmia€;(zk) + anic;(Zxs1) + 5 [{cm(zi)}] (6.130)

Numerical issues for discretized PDEs with more than
two spatial dimensions

Consider a BVP involving the Poisson equation in three dimensions

e g
_v2¢:_a_xz_a_yz_g=f(x,yvz) (6.131)
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Figure 6.13 Dynamic concentration profiles during reactor start-up. Solid lines show the initial profile
and the final profile at a time twice that of the mean residence time. Dashed lines show profiles at
every 0.2 of the mean residence time.

on 0 <x <L,0<y<W,0<z < H subject to the Dirichlet boundary conditions

BC1l ¢0,y,2)=0 0<y<W 0<z<H
BC2 ¢(L,y,z)=0 0<y<W 0<z<H
BC3 ¢(x,0,2)=0 0<x<L 0<z<H
BC4 ox,W,z)=0 0<x<L 0<z<H
BCS5 ¢x,y,00=0 0<x<L 0<y<W
BC6 okx,yv,H)=0 0<x<L 0=<y<W

(6.132)

We set a uniform grid of points over the domain and substitute finite difference approx-
imations for each second derivative to obtain for each interior point (x;, y;, z;) a linear
equation

—@(Xi—1, ¥, zk) + 20(xi, i, zk) — @(Xix1, Vs Zk)

(Ax)?
+ _QD()C[, Vi—1, Zk) + 2(,0(Xi, Yis Zk) — (p(xl-’ Vit Zk)
(Ay)?
—g(i, ¥, 241) + 2906, 3, 26) = 9, 3 Zir)
- ’ (Az)zj L = S iy ), zi) (6.133)

N, N,, N; are the numbers of grid points in the x, y, and z directions respectively. We stack
all unknowns in a single vector of dimension N, N,N. by assigning to each grid point (x;, y;,
z;) the unique label

n=(k—1DNN,+(@G— DN, +j (6.134)
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Figure 6.14 Numbers of nonzero elements in the 3-D diffusion matrix 4 before elimination and in
the upper triangular matrix U obtained by LU decomposition as functions of N.

such that
O(Xi, Yj, Zk) = Pn O(Xi, Vit1s Zk) = @t (6.135)
P(Xit1s Vj» Zk) = Pnin, @(Xi, Vs Zkx1) = PN, N,
We then have the linear equation for each interior grid point
Ann-NNPn-NN, + Ann—N,Pn-nN, + Ann—19n—1 + Ann@Pn
+ Apns19ns1 + Anne N, Onan, + Anns NN, PnenN, = Ja (6.136)
with nonzero elements
Awn-n.N, = Annin,y, = — (Az)7?
Ay, = Anniy, = = (Ax)7 (6.137)

An,nfl = An,n+1 = - (AJ’)_Z
Awn = 2[(Ax) 2 +(AY) 7 + (A2) 7]

This yields a positive-definite system Ax = f, with a matrix of bandwidth N N,, containing
seven nonzero elements per row (7NN, N in total).

In Figure 6.14, we plot as a function N, = N, = N; = N the numbers of nonzero
elements in the original matrix 4 and the upper triangular matrix U obtained by Gaus-
sian elimination. Even at very small , the number of nonzero elements increases signifi-
cantly during Gaussian elimination, due to the problem of fill-in discussed in Chapter 1
(Figure 6.15). For all but very small 3-D grids, it is impossible to perform Gaussian elim-
ination because we would run out of available memory. Even without fill-in, the number
of nonzero elements in 4, 7N, makes it difficult to store 4, even in sparse-matrix format,
when N is large. Thus, although solving a BVP in three dimensions is not any different
conceptually than solving are in one or two dimensions, we must solve the resulting linear
systems with alternative methods.
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n 12 n 1

Figure 6.15 Sparsity patterns of a 3-D diffusion operator matrix (a) before and (b) after Gaussian
elimination for N = 6.

We consider here iterative methods to solve 4x = b that begin at an initial guess x[!
and generate a sequence xI', X2, . .. that (hopefully) converges to a solution. We have
encountered a few such methods earlier in this text.

The Jacobi, Gauss—Seidel, and successive
over-relaxation (SOR) methods

In Chapter 3, we examined the Jacobi method for diagonally-dominant A4,
BxFH1 = p 4+ (B — A)x¥ (6.138)

where B contains only the diagonal values of 4. Thus, solving (6.138) requires no elimina-
tion. Some improvement in the convergence rate is obtained in the Gauss—Seidel method,
where again we apply (6.138) but now with B being either the upper-triangular, B = triu(A),
or lower-triangular, B = tril(A), part of 4. The SOR method is a more efficient modification
of the Gauss—Seidel method, in which we partition 4 as

Dy 0
Dy, Lo 0
D33 Ly Ly 0
A= + 0
Dy Lyi Ly> Lns 0
Dy Ly
0 U]z U13 UlN
0 Uy Uy
0 Usn
+ S (6.139)
L 0
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In the lower-SOR method, we extract the lower-triangular part of 4 and divide the diagonal
values by an over-relaxation parameter » > 1,

B:éDA+LA l<w<?2 (6.140)
to obtain an update system
(0'Dy+ L)x* N =b+[(w ' = 1)Dy— UyJx™M (6.141)
that is solved by forward substitution. In the upper-SOR method, we select

1
B =

=-D,+U; l<w<2 (6.142)
w

to obtain the update system
(0 "Dy + Us)x* M = b+ [(0 " = 1)Dy — L4]x (6.143)

which is solved by backward substitution. For a positive-definite matrix, SOR converges
for all 1 < w < 2. Some tuning of w is required to optimize the rate of convergence
(1.9 being a good initial guess); however, the convergence rate can be made somewhat
less sensitive to the choice of w if we alternate lower and upper-SOR steps, yielding the
symmetric SOR (SSOR) method. We do not consider these methods in further detail, because
the methods described below are preferred and are implemented directly in MATLAB. For
further discussion, consult Stoer & Bulirsch (1993) and Quateroni ez al. (2000).

The conjugate gradient method for positive-definite matrices

In Chapter 5, we considered the conjugate gradient method which solves Ax = b by mini-
mizing the quadratic cost function

1
F(x) = ExTAx —b'x (6.144)

in no more than N steps. At each iteration, we need only compute a single matrix-vector
product; therefore, no elimination occurs and we take full advantage of sparsity. The method
is implemented in MATLAB as pcg. It can be used for 4 stored in either full- or sparse-matrix
format,

A=[2-100;-12-10;0-12-1;00-12];
b=[1;11:1];
x = pcg(A,b),
pcg converged at iteration 2 to a solution with relative residual 0
X =
2

N W W
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It can also be used without even having to store 4 in memory if we supply a rou-
tine that returns the vector 4v for an input vector v. Such use of pcg is demonstrated in
BVP_2D_Poisson_FD_cg.m.

The generalized minimum residual (GMRES) Krylov subspace method

The efficiency of the conjugate gradient method leads us to consider the existence of methods
that solve linear systems in a similar manner but without requiring positive-definiteness.
Such methods exist and are invoked in MATLAB by the keywords bicg, bicgstab, and gmres.
We present here a brief discussion of gmres.

We wish to solve 4Ax = b, but, as A is no longer required to be positive-definite, we
introduce the term residual for the vector that we have previously called the steepest descent
direction, r = Ax — b. Given an initial guess x!), the initial residual is

rl0 = p — 4x (6.145)
We wish to generate a sequence xI', x [?I, . . . such that the sequence of residual norms
[rD[, #1]], . . . converges to zero. The GMRES method looks for new solution estimates
that minimize the residual among the members of a Krylov subspace of rl], that at order

k+11is
Kk+1(r[0]; A) = span {r[o], Arl0 4200 , Akr[o]} (6.146)

This subspace is sufficiently large to include all searches based on taking some step al*! in
the residual direction at each iteration,

X = x84 g R [H] (6.147)
This follows from the relation among residuals at successive iterations,

b — AxPT = p — 4xH — o1H 4,141

6.148
Pl = (1 — g™ 4)p0 (6.148)
from which we obtain
k=1 ‘ '
=" (1 — a1 4)rt)) (6.149)
j=0
We thus find that rl¥1 € K 1 (#[%; A). It also follows that
M = x4 pli plH e K (r17); 4) (6.150)
In GMRES, we compute successive estimates
X = 0 pll pll — g 00
X2 = (10 pi2) P2 = aror® 4y, Arl0) (6.151)
X = X0 4 pB1 P = g p 0 g 00 g 42600

by finding the p € K (r[”); A) that minimizes the 2-norm of the residual,
[ = b — 4G + pM)|3 < |6 — A + p)|3 Vp e Ki(F4)  (6.152)
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This is done by storing at iteration kan N xk matrix V¥ whose column vectors are
orthonormal basis vectors of Kk(r[o]; A). We then can write any p € Kk(r[O]; A) as the
linear combination

p=VHe cenf (6.153)
We find p¥] = VIH et by minimizing the quadratic cost function
2 2

F(e) = |b— A"+ v¥e) | = [« — av¥e|] (6.154)

It may be shown that the GMRES method converges in at most N iterations; however, the
memory required to store V14 for large k is considerable, and the GMRES method becomes
unwieldy after a few iterations. In practice, we restart the method every m < N steps, so
that V%] never becomes larger than an N' x m matrix.

To demonstrate gmres, we start with the matrix 4 used to demonstrate pcg above, and
add 1 to the (1, 4) element, destroying its symmetry. While this is a problem for pcg, it is
not for gmres.

A2 =A; A2(1,4) - A(1,4) + 1;
x = pcg(A2,b), % this should not work
pcg stopped at iteration 4 without converging to the desired tolerance
1e-006 because the maximum number of iterations was reached.
The iterate returned (number 4) has relative residual 0.16
X =
0.6356
2.1460
2.6616
1.8970
x = gmres(A2,b), % but this should work
gmres converged at iteration 4 to a solution with relative residual 1.2e-015
X =
0.6667
2.0000
2.3333
1.6667

To restart gmres every restart iterations, use x = gmres(A,b,restart).

The use of preconditioners

The conjugate gradient and GMRES methods converge in at most N iterations, but is it
possible for them to converge in significantly less than N iterations? Consider for the linear
system Ax = b the first conjugate gradient or GMRES update

xlh = Xl 4 gl [0 — 10 (6.155)

Let W be a matrix whose columns are eigenvectors of 4 and A be the diagonal matrix
containing the eigenvalues of 4, AW = AW. Let us assume that 4 is diagonalizable, such
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that
A=WAW™' b=Ax=WAW 'x (6.156)
Then, the first update is
= Xl 4 gl — 42l p] = (1 — a”4)x +
X = W (1 = D A) X O A x (157

Consider what happens when all eigenvalues of 4 are equal; i.e., 4 has a condition number
of 1 and A is isotropic, A = AI. Then,

M =w(1 = d"Nn)y w5 + M x (6.158)
and as WW~=! = I, we have
xt = (1 — a[o]k)x[o] +ax (6.159)

Therefore, when A = A [, the conjugate gradient and GMRES methods converge in a single
iteration to the solution x with a step-size al! = A=, from any initial guess.

This result is the motivation behind the use of a preconditioner, a transformation of
the linear system into a related one whose condition number is closer to 1. This reduces
the number of iterations necessary for iterative methods to converge to a solution, and
is common practice in the numerical solution of BVPs. Let us choose some nonsingular
upper-triangular matrix M, defining a coordinate transformation,

X=Mx x=M'% (6.160)
We then write Ax = b as
AM;'% =b (6.161)

We next define a lower-triangular matrix M, and a perturbation matrix P such that P4 ~
M, M = M, M,. That is, if the exact LU factorization is PA = LU, M, =~ L, M, =~ U.
Multiplying (6.161) by M; ' P, we have

[M{'PAM; )% = M ' Pb (6.162)
Substituting for P A4, this becomes
[M{'PAM; & = [M7'LUM; |2 = [(M7'L)(UM; )& =¢ (6.163)
where we obtain ¢ by solving
c=M'"Pb & Mc=Pbh (6.164)

by forward substitution.
Let the current estimate of the solution to (6.163) be (], and let the conjugate gradient
or GMRES update be

Rl — glA 4 f)[k] (6.165)

Now, if we indeed use the exact LU factors M| = L and M, = U, (6.163) becomes X = ¢
and (6.165) converges in a single iteration. Of course, we cannot use the exact factors
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because, being generated by elimination, fill-in causes them to have many more nonzero
elements than the original matrix 4. However, it still may be possible to find approximate
factors PA ~ MM, such that M 1PAM2_ ! has a condition number closer to 1 than the
original system PA. Then, the conjugate gradient or GMRES search directions point more
closely towards the solution and require fewer iterations to reduce the residual norm to near
zero. PA ~ M, M = M, M, is then said to serve as a preconditioner for A. The update to
the original system at each iteration is obtained by backward substitution of

Mok = 3K 4 plk] (6.166)

For a positive-definite matrix 4, the existence of the Cholesky factorization 4 = RR,
allows us to use a preconditioner A4 &~ MJ M,, such that the transformed system

MIVAM N2 = MTe=b 6.167
2 2 2

is also positive-definite, and thus can be solved by conjugate gradients.

How should we choose the preconditioner?

There are many possible approaches, and sometimes one uses a preconditioner specifically
tailored to the PDE being solved. Here, we consider only general approaches. The simplest
preconditioner is the Jacobi preconditioner, for which M is merely the diagonal part of 4,
M = diag(diag(A)). More effective preconditioners are obtained from incomplete factor-
izations of A, using an incomplete Cholesky factorization if A4 is positive-definite (and we
are using pcg) or an incomplete LU factorization if A is not (and we are using gmres or
bicgstab).

What do we mean by an incomplete factorization?

Consider the Cholesky factorization of a positive-definite matrix, 4 = RTR, where R is
upper-triangular. While this decomposition is exact, it is inefficient to use because it fills in
zero elements of 4 with nonzero values. However, we can generate an incomplete Cholesky
factorization 4 ~ M, M = MJ M, if we execute the Cholesky algorithm, but throw out
some fraction of the new nonzero values introduced by fill-in to control the number of
nonzero values to a manageable amount. Alternatively, in a modified incomplete Cholesky
factorization, we subsume the discarded nonzero values into the diagonal elements. A similar
procedure for Gaussian elimination yields an incomplete LU factorization, 4 ~ M, M =
LU, that can be applied if 4 is not positive-definite. Using either of these factorizations,
A~ M, M = M, M, we supply the preconditioner with the syntax

x = pcg(A,b,tol,maxit,M); x = pcg(A,b,tol,maxit,M1,M2);
x = gmres (A,b,restart,tol,maxit,M1,M2);

tol sets the desired level of accuracy, maxit is the allowable number of iterations, and
restart asks GMRES to rebuild the Krylov subspace every restart iterations. The pre-
conditioner is supplied as M or as M1, M2. To specify the initial guess of the solution,
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Figure 6.16 Effect of an incomplete Cholesky preconditioner on the convergence of the conjugate
gradient method (N = 20).

use an additional argument x0 after these. Incomplete factorizations with no fill-in are
done by

R = cholinc(A,"0’); [L,U,P] = luinc(A,’0");

The “0” argument demands that no fill-in be allowed. In practice, better performance is
obtained if we allow at least some fill-in, as controlled by a drop tolerance droptol, passed
with the syntax

R = cholinc(A,droptol);

cholinc_pcg_test.m examines the performance of pcg with an incomplete Cholesky pre-
conditioner to solve —V?¢ = 1 in three dimensions for a grid of N x N x N points (Figure
6.16). As droptol is increased, more nonzero values are discarded. While the memory usage
decreases, the incomplete Cholesky factorization becomes less effective at preconditioning
the system and more conjugate gradient iterations are necessary. Here, droptol values of
1073 — 1072 result in moderate fill-in, but are effective at reducing the number of conjugate
gradient iterations necessary to find the solution. Sparsity patterns of 4 and of the incom-
plete Cholesky factors for various values of droptol are shown in Figure 6.17. Such tuning
of the preconditioner (here by varying droptol) to improve its performance is a standard
part of the practice of numerically solving BVPs. cholinc_pcg_test.m further demonstrates
how an options structure can be substituted for droptol to control further details of the
algorithm.

It should be noted that the factors M, and M, may be singular if too much discarding is
done (from too high a drop tolerance). This can be avoided by adding droptol to any zero
diagonal elements of the incomplete U matrix to avoid zero values there, by calling [L,U,P]
= luinc(A, OPTS); with OPTS.udiag = 1. OPTS.droptol stores the drop tolerance. Type doc
luinc and doc cholinc for further details.
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Figure 6.17 Effect of drop tolerance on the sparsity of incomplete Cholesky factors.

Example. 3-D heat transfer in a stove top element

Consider the following “kitchen” transport problem. We have an electric stove top compris-
ing several heating elements (Figure 6.18). Each element contains within a ceramic matrix
two annular regions in which heat is generated by electrical resistance at a volumetric rate
S. The thermal conductivities of the ceramic matrix and heat generation material have a
constant value A. The dimensions of an individual element are defined in Figure 6.18.

We wish to calculate the temperature profile within a single element, assuming that it
is part of a periodic array (the same boundary conditions apply if it is insulated on all
sides). We assume that a metal pot containing boiling water has been placed on top of the
heating element. If the thermal conductivity of the metal pot is much higher than the thermal
conductivity of the ceramic matrix, we expect that at steady state, the temperature of the
upper surface will be equal uniformly to that of boiling water, 7. On the bottom surface,
we assume that there is an underlying insulator layer, so that the heat flux out of the bottom
is zero, implying a zero gradient there.

We define a dimensionless temperature and dimensionless coordinates,

T—-T x 1 y 1 z

e A (6.168)

6
n X712 "Tr72 71

0
————————=0H(x,n,0) (6.169)

The following function “switches on” the heat generation only within the specified annular
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@ (b) BC6 T(x,y,z=0)=T,
O|O| -

z=-D

BC507/0z=0  peqt generation material
BC29T/dy=0 .

(©) \ setr 2 % ctatina y=L
\ | dain

BC3 BC4
dT/ox=0 dT/dx=0

setr

ceramic material

b
x=0 BC1 07T/dy=0 x=1L

y=0

Figure 6.18 Stove top geometry: (a) 2 x 2 grid of heating elements; (b) side view of an individual
element in a periodic array; (c) top view of an individual element.

regions,
1, if (x,n, ¢) is within an annular region
H(x,n,¢)= : 6.170
O 6) { 0, otherwise ( )
This reduces the number of independent parameters to seven,
SL?
ri/L t/L r/L t/L a=L/D b=d/L o= (6.171)
b
As we expect the solution to possess the symmetry
O, m. ) =0(=x.n.8) 0(x.n. &) =06(x,—n.%) (6.172)

we restrict the domain to 0 < y < 1/2,0 <n < 1/2 (dashed lines in Figure 6.18), and
enforce symmetry at x = 0, n = 0, to yield the boundary conditions:

1 1 00
BCl n=0 0<x<; ——=<¢=<0 —=0
2 a an
1 1 1 20
BC2 n=5 0=x=5; —--=<¢(=<0 ——=0
2 2 a an
1 1 20
BC3 x =0 0§n<§ ——<¢<0 8_=0
a X
BC4 _ ! 0< <1 1< <0 89—0 e
X_Z _71_2 a_g_ ax
BCS5 = ! 0< <1 0< <1 89—0
‘= a =X=5 ="=3 ac
1 1
BC6 ¢=0 05)(55 051755 0=0
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We now apply the finite difference method, to obtain a linear equation for each interior point
(Xi» mj» ¢) with the label n = (k — 1)N, N, + (i — DN, + j,

An,n—NxN‘,en—NxN‘, + An,n—NJ,en—Nv + An,n—len—l + Annen + An,n+19n+1
+An,n+N‘,9n+Nv + An,n+NXNyen+NxNy = GH(Xi’ N, {k) (6174)

Previously, when solving the Poisson equation with Dirichlet boundary conditions, we
obtained a matrix that was positive-definite and could be solved with the conjugate gradient
method. For this problem, however, we have a number of von Neumann boundary condi-
tions, e.g. at the grid points, ( x;, 71 = 0, {x), for which an approximation of the boundary
derivative,

% ~ _G(Xl'a ns, é‘k) + 49(}(1’ n2, Ck) - 39()(17 ni, é‘k)

=0 (6.175)
an 2(An)
yields a linear equation for row 7 of the system,
360, — 40,41+ 042 =0 (6.176)

This row destroys the symmetry of the matrix (and its diagonal dominance as well). There-
fore, we use a method that does not require 4 to be positive-definite, e.g. bicgstab or gmres.
stove_top_3D_FD.m performs this calculation for the parameters

o=1 a=0.67 b=05

6.177
r/L=0.1 t/L =005 ry/L =025 t,/L=0.05 (6.177)

Options exist for solving the linear system by Gaussian elimination (impractical except
for very small grids), or by the bicgstab and gmres iterative methods. The program also
compares the total heat generation rate within the element to the net heat flux across the
upper surface. As these numbers must agree for the exact solution, comparing their values
provides a measure of accuracy. The results for a grid of 51 x 51 x 25 points are shown in
Figure 6.19 and Figure 6.20.

The MATLAB 1-D parabolic and elliptic solver pdepe

Above, we have focused on solving BVPs by implementing the finite difference method
directly. MATLAB also has a dedicated 1-D BVP solver, pdepe, for systems of equations of
parabolic and elliptic type. Its use is rather straightforward, and for further details type doc
pdepe.

Finite differences in complex geometries

We have used the finite difference method to solve BVPs in rather simple geometries. The
finite difference method can be extended to domains that are composites of these basic
shapes (Figure 6.21) or that can be “stretched” into one of them (Figure 6.22).
For the system in Figure 6.22, we define the transformed coordinates
X y

e=7 =i (6.178)
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X

Figure 6.19 Side view of temperature field within stove top element. The highest temperature occurs in
the center of the element, near the bottom of the heat generating regions. (o0 = 1, Ny, = 51, N. =25.)

Figure 6.20 Top view of heat flux at upper surface. The center of the element is at the lower left.
(Total heat flux out = 0.054, total heat generation rate = 0.063.)
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[

Figure 6.21 Grid placement in a domain comprising fused rectangles.

n1

setr centerine

I N

n 1

¢ ¢ 1

Figure 6.22 Coordinate transformation of a domain into a rectangle.

so that the domain becomes a simple rectangle,
0<&<1l —-1=p=<l (6.179)

We then place a grid in this rectangular domain, and solve the BVP in transformed space.
To do so, we need to express the derivatives with respect to x and y in terms of (¢, n). For
(6.178), the chain rule yields

dp 09 0d&  Odpdn 10dp ¢ y dh] 10¢ nh'(EL)] d¢
ax 9§ 0x | anox _[_[h(x)]%] [h(éL) }%

L&

dx  9Edx  anax L AE | an

so _vse dpon e del 1] _[ 1 T
a 3€3y+3n3y_35(0)+3n[h(x)}_[h(€L)}3n

(6.180)
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The second derivative with respect to y then takes a simple form

%0 0 <8(p> 1 8%

0> oy \dy)  [hEL)P on?

6.181
= (6.181)

By contrast, the second derivative with respect to x is much more complex,

3% 0 (o) [l nh'(EL)] o 1 dp nh'(EL)7] d¢ (6.182)

ax2  ax \ax/) | Lot hEL) | on ) | L ag h(EL) | an '
Through this approach, we can employ a finite difference discretization on a regular grid
in (&, n) space; however, the differential equation now involves more complex derivatives.
The finite element method, described below, allows us to solve BVPs in complex geome-

tries without performing such coordinate transformations (which are not always possible
anyway).

The finite volume method

Above, our focus has been on the finite difference method, which is easy to implement in
domains of rather simple geometry. In complex domains, it is difficult to place a grid and
keep track of neighbors when the grid points are required to lie along the coordinate axes.
Here, we discuss another method that is not subject to this condition. We again consider the
2-D Poisson equation but now instead of the microscopic equation

—V2<ﬂ=———7 =f(x.y) (6.183)
we consider the corresponding macroscopic balance

0= /[(—n) (=Vp)ldS + /f(x, yydv (6.184)
a0 Q

where we have used the equivalence between (6.2) and (6.7). In the finite volume method,
we apply this macroscopic balance to each of a number of control volumes, or cells, that
partition the computational domain (Figure 6.23). In the center of each cell, we place a
computational node, at which we would like to compute the solution. To compare the
resulting finite volume method to that of finite differences, let us consider a regular grid of
uniformly-spaced points, with each cell having a “2-D volume” V7, = (Ax)(Ay). The nodal
coordinates are (x;, y;), x; = i(Ax), y; = j(Ay) and each cell is surrounded by neighbors
to the “north,” “south,” “east,” and “west.”

To obtain a set of algebraic equations for the node field values, we apply the macroscopic
balance to each cell, denoted as the control volume £2(; ;), that is centered on the nodal
position (x;, ¥;),

0= /[n-Vgo]dS—f- /f(x,y)dV (6.185)

082, Q. j)
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Figure 6.23 Regular control volume/node pattern in the finite volume method applied to a regular
2-D grid.

For the volume integral, we use for each cell the approximation

[ resar ~ s ypana (6.156)
4.5)
We partition the surface integral into contributions from each face,
[n-VldS~ Aw[nm - Volu |+ Aelne - Vol ]
0% A [ne) - Vol 1+ Aw e - Vol ] (6.187)

Vo|m) is an averaged gradient value over the north face. Substituting for the “areas” and
unit normals of each face,

/ [n- Vlds ~ (Ax)e, - Vol ]+ (A0)[ex - Volo ]

%) +(AX)[ — e, - Vol |+ (An)] —ex - Vol ] (6.188)
and using the fact that the normals point in the coordinate axes, we have

17 R17 dp de

[ nvouas~@an ¥ vanit| -0 -
9 lny X |(e) Wl x|

ag(i-/)
% % % %
Vi 9l Yl Xl

(6.189)

For the averaged partial derivative on each face, we use the value at the face center, which
is simply approximated from the difference between the nodal values on each side:

99| Pij+) — Py 99| i)~ P
ay Ay Y | Ay

™ © (6.190)
0x | () Ax 0X |y Ax
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Figure 6.24 Irregular cell geometries that may be treated using the finite volume method.

The macroscopic balance for each cell is then

}+mw[?
(s) X

If we now divide by the cell “volume” (Ax)(Ay), we have

} + (Ax)™! [a—"’
©) ax

Substituting in the approximations for the derivatives, we obtain exactly the same algebraic
equations as we had for the finite difference method using the central difference approxi-
mation.

Why introduce the finite volume method if it gives the same algebraic system as the
finite difference method in this example? One reason is that we can extend the finite volume
method to complex geometries. With finite differences, the grid points must lie along the
coordinate axes, a restriction that is inconvenient in complex geometries or when we wish
to subdivide only particular cells (Figure 6.24). Also, if we use the same approximation
for the integrals over each face for the cells on both sides, the approximation errors cancel
out when we apply a macroscopic balance to the total system. This property is particularly
convenient in computational fluid dynamics, and thus the popular CFD package FLUENT™
uses a finite volume approach.

dp

0x

dp

w

dp

0 =(Ax) |: oy

} + f(xi, y)I(AX)(Ay)]
(6.191)

(e) (w)

dp

ox

g

w

oAl | 99
0=(Ay) |:8y

} + f(xi,y;)  (6.192)

(e) (W)

The finite element method (FEM)

Use of a regular grid, with the points lined up along the coordinate axes, is difficult in a
complex geometry as labeling the points and identifying the neighbors is tedious. It is much
easier to generate an irregular, or unstructured grid. The FEM is popular as unlike the finite
difference method it does not require the grid to be regular.
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1 1

Figure 6.25 Automatic partitioning of a 2-D region into nonoverlapping triangles, subsequent steps
in the clockwise direction from upper left.

Automatic mesh generation

Here we consider a simple algorithm to form a nonstructured grid on a closed region in two
dimensions. First, we parameterize the outer boundary as a number of line segments, and
number the vertices that connect the line segments (upper left in Figure 6.25). Subsequent
steps are shown moving clockwise. Next, we identify (1) as the vertex with the smallest
interior angle, and draw a new line segment between its neighbors (2) and (6). Then, in the
remaining polygon connecting nodes (2)—(3)—(4)—(5)—(6)—(2), we identify (3) as the vertex
with the smallest interior angle and connect its neighbors (2) and (4). Finally, we identify
in the remaining polygon (6) as the vertex with the smallest interior angle and connect its
neighbors (2) and (5) to finish the partition of the domain into nonoverlapping triangles.
Sometimes, the algorithm calls for a line segment to be drawn that is unacceptable as it lies
partially outside of the domain (Figure 6.26). The remedy is to identify a node, here (4),
such that (1)—(4) does lie within the domain, and then to proceed independently for the two
polygons on either side of (1)—(4).

Once the domain has been partitioned into nonoverlapping triangles to form an ini-
tial mesh (i.e., node positions with the associated topology of connections that describe
the partition), it can be refined for more accurate calculations. In global mesh refinement
(Figure 6.27), we add new nodes at the mid-points of the segments, and connect them so
that each old triangle now contains four smaller ones. Alternatively, if there is some region
where the solution changes rapidly, say near (2), we can perform a local mesh refinement
only within this region.

Here, we have described only a simple algorithm for partitioning a 2-D domain, but
more efficient alternatives (also in three dimensions) exist and are described in O’Rourke
(1993). FEM is often performed with rectangular elements rather than triangular (or in
three dimensions, tetrahedral) elements, but here for brevity we restrict our discussion to
triangular elements in two dimensions.



The finite element method 301

1

Figure 6.26 Corrective action to avoid a vertex connection that lies partially outside of the domain.

1 1

Figure 6.27 (a) Global and (b) local refinement of a mesh, starting from upper left and moving
clockwise.

The optional MATLAB PDE toolkit (doc pdetool), created by the developers of
FEMLAB™ (www.comsol.com), has tools for forming meshes and solving simple PDEs
in two dimensions. pdetool opens a graphical user interface (GUI), in which we can draw
the domain, mesh it, specify boundary conditions and PDE parameters, solve, and plot the
solution. As tutorials are provided on the use of the GUI, here our focus is upon use of the
command-line interface to access the functions of the PDE toolkit directly.

First, we demonstrate specifying the domain geometry, using a polygon of the shape
shown in Figure 6.25 with the vertex positions

0 1 0 1.5
[ _ Ll _ Bl _ 4
Sl e I R Y

rBl = B} rlo = [f’)} (6.193)
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Figure 6.28 Plot of the initial mesh topology for polygon domain example.

This is done through a geometry m-file, a data file that informs the PDE toolkit functions
how to draw the boundary curves of the domain. For this system, polygon1_geom.m defines
the geometry, and its comments explain how to write a geometry m-file for an arbitrary
domain. With this file, a plot of the domain geometry is returned by

pdegplot(‘polygon1_geom’);

An initial mesh is constructed by

[P, E, T] = initmesh(‘polygon1_geom’);

with a plot of the mesh topology (Figure 6.28) being generated by
pdemesh(P, E, T);

P contains the coordinates of the nodes, E information about the edges that form the
domain boundaries, and T information about which nodes form which triangle. For a mesh
of N, nodes, P is of dimension 2 x N,. The coordinates of each node #» € [1, N,] are stored
as x, = P, and y, = Py,.

It is sometimes necessary to partition the domain into a number of nonoverlapping
subdomains, to be able to set different PDE parameters in each subdomain. For example,
this must be done in a heat transfer problem with regions of different thermal conductivity.
We then label each subdomain with an integer 1, 2, . . ., but here, we have only a single
subdomain “1.” All remaining regions in 2-D space outside of the computation domain are
labeled “0.”

To understand the geometry of the domain, and its partitioning into subdomains, we
need to know which line segments between nodes form either part of an external boundary
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or part of an internal boundary between two subdomains. For each of these N, “edge”
line segments in the mesh, the 7 x N, array E has a corresponding column. £;,, and £5,,
identify the nodes that “start” and “end” the line segment; their positions are stored in the
corresponding columns of P. We denote a “direction” along the line segment by defining a
contour variable E3, <s < Eg, such that the segment “starts” at node E,, with the value
Es,, and ends at node Ej3,, with the value Ey4,,. The label E5,, denotes the boundary section
of which this edge segment is a part. Moving in the direction of increasing s, there are
well-defined left-hand and right-hand sides to the line segment. The identity of the region
on the left-hand side (“0” if it is outside of the domain or the subdomain, number 1, 2, ...
if it is inside) is stored in E§,, and the identity of the region on the right-hand side is stored
in E7 m-

Finally, for each of the N, nonoverlapping triangles in the mesh, there is a corresponding
column in the 4 x N; array 7. The indices in [1, N,] of the three nodes that are vertices of
the triangle are stored in 7, T2, and T3,,. T4, is the identifier of the subdomain inside
which the triangle lies.

The accuracy of FEM calculations is best for isosceles triangles. To move the node
positions to increase the “quality” of the triangles, type

P = jigglemesh(P, E, T);

Local or global mesh refinement is done by refinemesh. For a global refinement, followed
by quality improvement and plotting, type

[P2, E2, T2] = refinemesh(’‘polygon1_geom’, P, E, T);
P2 = jigglemesh(P2, E2, T2); pdemesh(P2, E2, T2);

The algorithms above add points as they deem fit in the interior of the domain using
Delaunay tessellation, an algorithm that can partition a region into non overlapping triangles
for any specified set of nodal positions. For example, from the nodal positions stored in P,
the triangular partition can be constructed from

x=P(1,5); y =P(2,2);
tri = delaunay(x,y);
triplot(tri,x,y);

Some triangles are formed outside of the domain, but these can be discarded. From the
tessellation, the domain can be partitioned into nonoverlapping Voronoi polyhedra with
nodes at the center of each polyhedron by

voronoi(x,y,tri);

Information about the polyhedra are returned as optional output arguments in voronoi
and voronoin, its extension to three dimensions, four dimensions, etc. (for tessellation, the
extension is delaunayn).

Finally, various 2-D and 3-D plots of functions such as f(x, y) = x> + »? can be made
from the nodal function values by pdeplot. pde_ex1.m demonstrates the use of this plotting
routine, as well as of the mesh functions described above.
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Weighted-residual methods and the Galerkin formulation of FEM

We now examine how the FEM solves transport-type PDEs such as (6.9) using an unstruc-
tured grid. First, we collect in the PDE all nonzero terms and bring them to one side of the
equation to define a residual function that is zero everywhere and at all times for the true
solution,

3
R(t,r) = a_(f LV (pv) = TV20 — s(r,1,9) = 0 (6.194)

We can multiply (6.194) by any weight function w(r) and integrate over the domain 2 to
obtain a weighted residual that similarly must be zero at all times for the true solution,

/w(r)R(t, r)ydr = /w(r) [E;—(f + V- (pv) — V3¢ — s(r, t, (p):| dr =0 (6.195)
Q Q

Let us consider the time-independent problem

/ w(r)R(r)dr = / w(r)[V - (pv) — T'V2p — s(r, ¢)]dr =0 (6.196)
Q Q
Equation (6.196) forms the basis of a numerical method if we parameterize a trial form
for ¢(r) by some vector ¢ € RV of coefficients ¢,. In FEM, these coefficients are the
field values at each node p. We then choose N weight functions w ,(r) to generate a set of
algebraic equations

Jolp) = / w,(F)R(r)dr =0 (6.197)
Q

What weight functions should we use? One choice originates from seeking to minimize the
integral

minimizey,) IR|? = f |R(r)|* dr (6.198)
Q
for which the first-order optimality conditions yield
dIRIZ @ dR
0= IRz _ —/IR(r)|2dr :2/R(r)—dr (6.199)
09, 09, J J ¢,

Thus, the least-squares weight functions are w, = dR/d¢,. These may be difficult to
compute and thus simpler methods are often favored in practice.

In the collocation method, we define the weight functions to be Dirac delta functions
centered on each node, so that the residual must be zero at each node. Unfortunately, even
though the residual is zero at each node, it may be large between nodes, especially with
strong convection. In simple geometries, accuracy is improved when the nodes are placed
at the zeros of orthogonal polynomials (see Chapter 4). This orthogonal collocation method
is discussed in Villadsen & Michelsen (1978).

Here, we use the Galerkin method, which is based upon writing the trial form of the
solution as a linear combination of each nodal value multiplied by a corresponding global
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Figure 6.29 The global shape function for a node in a 2-D triangular mesh.

shape function

N, =
o(r) = ;‘prp(r) Xp(r[q]) =3y = { O,i ” Z (6.200)

The global shape functions interpolate the field from the nodal values and in two dimensions
are also called “tent” functions due to their shape (Figure 6.29). x,(r) has the value of 1
at node p and decays to 0 linearly over the triangles for which node p forms a vertex. It is
uniformly 0 on all elements for which node p is not a vertex.

In the Galerkin method, we choose the weight functions to be the global shape functions
themselves, w,(r) = x,(r), so that for each node p we have

501 = [ 10RO = [ 10T o) = IV s oldr =0 (6201

This is a good choice of weight functions for several reasons. First, w,(r) > 0 and w ,(r) is
nonzero only in the vicinity of node p. Thus, we force the residual to “average” to zero near
node p. Each node has a corresponding (6.201), and so no part of the domain is “uncovered”
by weight functions. Because these weight functions are nonzero on only a few elements,
the integrals are easy to compute. Finally, the method has an appealing interpretation, as it
requires the residual function to be orthogonal to any linear combination of basis functions
(and hence to any trial form of the solution),

To(p) = /Xp(r)R(r)dr =(XpIR)=0 (6.202)
Q

Solving Poisson’s equation in two dimensions with the FEM

We demonstrate implementing the FEM for Poisson’s equation

R(r)= V3¢ — f(r,9)=0 (6.203)
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on a closed domain © C %? with boundary Q. We partition 32 into two sections, 3%
and 3Q!"1. On 917, we apply a Dirichlet boundary condition

o(r)=gp(r)  ondQ! (6.204)
On 3", we use a von Neumann “no-flux” boundary condition
Vo-n=0  onaQ" (6.205)

We generate an unstructured mesh for the domain, and wish to find the nodal field values
that make the residual zero, subject to the imposed boundary conditions. We enforce the
boundary conditions by augmenting (6.202) with two additional integrals involving weight
functions wl¥l(r) > 0, wl"l(r) > 0, defined respectively on QL9 and dQ1"],

0= / Xp(r)R(r)dr + / wll[p — gpldS + / wl[ Ve - nlds (6.206)

Q aQld] 9Qln]

We evaluate the integrals in this equation, starting with the first:

f X (F)R()dr = / o P=V¢ — f(r. p)ldr (6.207)

Q Q

As the global shape functions interpolate the field using the node values,
NH NYI
~Vip=-V [Z gopxpm} =2 (=Vx) (6:208)
p=I p=1

But, since the global shape functions vary only linearly with position, —V?y,, = 0. There-
fore, even though the exact solution has nonzero second derivatives where f # 0, the global
shape functions, and our approximate solution, never can. Where /" # 0, the residual is never
exactly zero.

Although we could try using interpolation functions of higher order to allow our approx-
imate solution to have a uniformly zero residual, we instead modify the integrals to remove
any reference to second derivatives. We then obtain what is called a weak solution, in which
we do not enforce that the residual itself actually be zero, but merely that it “integrates out”
to zero locally on the scale of each element.

The integrals (6.207) that we need to compute are

[rrrrir = [x0=0lar = [ 1,001 prar (6.209)
Q Q Q
We rewrite x p[—V2<p] using the chain rule identity
V-Vl = (Vi) (Vo) + xp(V - Vo) = (V) - (Vo) + x, Ve (6.210)
to obtain for the first integral on the left of (6.209)

/ Xol=V2eldr = / (V) - (Vo)ldr — / (V- [y Velhdr 6.211)
Q Q

Q
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We next use the divergence theorem

/[V-v]dV:/v~ndS (6.212)

Q IR

on the second integral of (6.211) to obtain

[t = [ Fonar = [ 5,190 mias (6.213)
Q Q Q2

Equation (6.209) then becomes

/ %o Rr = / (V) - (V)ldr — / [V - nldS - / P/ @)dr (6214)
Q

Q aQ Q

The algebraic equation (6.206) for node p is therefore

0= / (V) - (Vo)ldr — / o[V - nlds — / X fdr
Q

Q2 Q
+ fw[‘”[w — ¢pldS + /w["][V¢~n]dS (6.215)

QL] QL]

We next collect the integrals over Q) and 9",

0= / (V) - (Vo)ldr — / X fdr + / (W — pp) — %,[Vg - n]}dS

Q Q aQldl

+ / (W — %, ][V - nldS (6.216)
QL

We are still free to choose the boundary weight functions wl4l(r) > 0, w(r) > 0, and
now do so in a convenient manner to simplify (6.216).

If we set in (6.216) wl"l = x,, this is acceptable as if p is on 9QM, x, > 0. If not,
X, = 0 on 9Q[" and the value of ¢, does nothing to affect ¢(r) on 3Q"). Thus, by setting
wll = x, = 0 we merely neglect this boundary condition. With this choice wl"! = x,,, the
last integral of (6.216) is zero.

To treat the Dirichlet boundary condition, we simply remove ¢,, from the list of unknowns
for any node p that lies along dQ[?, and replace @, with @g(r?1y in all other equations.
Thus, we no longer need a boundary weight, and set w!“l = 0. Equation (6.216) for node
p ¢ 3QL then simplifies to

0= [1Tx)- (o~ [ wpfir— [ 2,V mds (6217)
Q Q aQldl

Since we only have an instance of (6.217) for nodes that are not on dQL%, the last integral
is zero and we have the further simplification

0= / [(Vxp) - (Ve)ldr — / xpfdr (6.218)
Q

Q
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We substitute into (6.218) the expansion (6.200) that we now write as

o) = D @axg@+ Y s(r)x,(r) (6.219)

ggaQld gedQld

so that for each p ¢ QL9 (6.218) becomes

oz/ Vi) | Y eV + Y es(r)Vy, dr—/x,,fdr (6.220)
Q

2 g¢aqld) geaqld

Upon rearrangement, this becomes

0= > Apog+ Y qu(pB(r[q])—fxp(r)f(r,w)dr (6.221)
q¢9Qldl qedQldl o
where
Apy = / (Vi) - (Vxy)ldr (6.222)
Q

The elements of 4 are easy to compute once we know the node positions and mesh topology.
Let Q%) denote the region occupied by triangular element &, and let the volume of this
element be V¥, Then, since the elements are nonoverlapping, we can partition the integral
in (6.222) into contributions from each element,

Apg =) / [(Vxp) - (Vxg)ldr (6.223)
k Qlkl

Now, each element integral is zero unless both p and g form a vertex of the element;
therefore, A is a very sparse matrix. For those elements & that do have p and ¢ as vertices,
the gradients of the shape functions are locally constant since we use linear interpolation
(Figure 6.29). Thus, the elements of 4 are simply

Apg = Z [VXP|Q[k] : VXq|Q[k1] yi (6.224)

ks

Sép 4] is the set of elements that have both p and ¢ as vertices.
To evaluate the final integral of (6.221), we interpolate the source term from its values
at the nodes,

[ =Y fr 9 0)xg)+ D £ on () xg () (6.225)
g¢aQld qedQld)
to obtain
f Xp@ @, @)dr = Y7 Sy [ 0) + Y Spg S (r), on(r))) (6.226)
5 q¢0Qld) geaQld

where we have another sparse matrix S, with elements

Spy = / o Exg@dr = /Q X e (6.227)

Q kGSl[ip'q]
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Therefore for each node p ¢ 321!, we have an algebraic equation

0= > App, —by(p) (6.228)
q¢aQl
where
bp(p) = Z Squ("[q]» (Pq) + Z Squ(r[q], QOB("[q])) - Z quﬁ"B(r[q])
q¢0Qld geaQld gedQld
(6.229)

For a source term with no field-dependence, (6.228) is a sparse linear system. If not, it must
be solved with Newton’s method; however, the Jacobian matrix is also sparse.

Convection terms in FEM

Above, we have considered only diffusive transport; however, it is not difficult to extend
the method to include convective transport as well. The choice of linear shape functions
used above results in a system of algebraic equations with similar accuracy to central
finite difference approximations and shares the tendency of CDS to exhibit unphysical
oscillations when convection is strong. The oscillations are reduced by mesh refinement (to
reduce the local Peclet number) or by adding additional numerical diffusion, especially in the
streamline direction. Upwind versions of FEM are obtained by biasing the shape functions
to weight more heavily the upstream direction. Such subjects are beyond the scope of
this chapter, and the reader is referred to a dedicated text on FEM such as Akin (1994).
The relationship between FEM with linear shape functions and CDS finite differences is
examined in the supplemental material in the accompanying website for the case of the 1-D
convection/diffusion equation.

FEM in MATLAB

In MATLAB, an optional pdetool toolbox allows one to solve 2-D BVPs and to perform var-
ious low-level mesh generation and assembly operations. There exists also a more advanced
software package, FEMLAB™, (www.comsol.com), from the developers of pdetool, that
can solve multiple PDEs of various types in two and three dimensions. The supplemen-
tal material in the accompanying website contains an example of the use of FEMLAB™
to model a microfluidic H-filer, requiring the simultaneous solution of the Navier—Stokes
equations and a mass balance. A second FEMLAB™ example in the supplemental mate-
rial models natural convection between two flat, vertical plates at different temperatures
(Figure 6.30).

In general, if you have a simple geometry and are solving a system of transport-type
PDE:s of the form of (6.9), it is not too difficult to write your own finite difference program.
For more complicated systems, it is not worth writing an FEM program from scratch, as
the FEM is more tedious to implement than finite differences, and canned software libraries
and packages already exist that are suitable for these problems (unless your system has
PDEs that are not of standard type, e.g. when solving a fluid mechanics problem with a
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Figure 6.30 (a) Velocity and (b) temperature profiles for natural convection of a fluid between two
vertical plates maintained at different temperatures. Results from FEMLAB™ (www.comsol.com).

novel non Newtonian constitutive equation). Below, we demonstrate use of the MATLAB
PDE toolkit.

Numerical solution of a 2-D BVP using the MATLAB PDE toolkit

pde_ex1.m demonstrates the use of the PDE toolkit functions to solve a BVP with Poisson’s
equation

—Vu=f(x,y)=x>+y*+1 (6.230)

on the domain described above, whose geometry is defined by polygon1_geom.m. On the
boundary sections on the left-hand side, a Dirichlet condition u = 1 is enforced, and on the
right-hand boundary section, we again enforce # = 1. Atthe top and bottom boundaries, we
use zero-flux von Neumann boundary conditions. These boundary conditions are defined
in a boundary m-file pde_ex1_bound.m. Finally, pde_ex1.m calls the adaptive mesh solver
adaptmesh, which computes the solution to a system of elliptic PDEs on the domain. Plots
of the mesh and solution are shown in Figure 6.31. During the solution process, the routine
estimates where the discretization errors are highest and adds new nodes.

Here, we have only a single field, but the solver can treat multiple fields and field-
dependent source terms (if we set the “nlin” flag to “on” or use pdenonlin). Type doc
adaptmesh for further details. There are also lower-level commands available that perform
isolated tasks such as assembling the various matrices, and interpolating fields from node
values; however, the use of such routines is beyond the scope of this text. Finally, routines
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Figure 6.31 Solution of Poisson’s equation on an irregular domain in two dimensions; (a) mesh
showing adaptive refinement; (b) source term; (c) contour plot of solution; (d) solution with arrows
showing local gradient vector of solution.
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also exist for solving systems of parabolic and hyperbolic equations. The GUI also has
specialized modes for heat and mass transfer, solid mechanics, and electromagnetics. Here,
we have demonstrated use of the command-line interface, but the GUI often makes solving
problems easier.

Further study in the numerical solution of BVPs

This chapter has introduced the major real-space numerical methods to solving BVPs;
however, this subject is far more vast than could be covered even in a dedicated text.
For further reading on the subject of CFD, consult Ferziger & Peric (2001). An in-depth
discussion of simulations involving coupled transport and chemical reaction is provided
by Oran & Boris (2001). Much current research in numerical methods for BVPs involves
multigrid methods in which the computation cycles through coarse to fine grids and back
again to improve the performance of iterative methods (Trottenberg ef al., 2000).

MATLAB summary

For a BVP in a simple geometry, it is fairly straightforward to discretize the system oneself
using finite differences. For 1-D BVPs with equations of parabolic and elliptic type, pdepe
can be used instead. For BVPs in a complex domain in two dimensions, the PDE toolkit
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can solve systems of equations of elliptic, hyperbolic, and parabolic type using FEM. The
software package FEMLAB™ | built upon MATLAB by the developers of the PDE toolkit
(www.comsol.com) can solve more general and complex BVPs in two and three dimensions.
Three dimensional BVPs do not pose any new conceptual issues, but elimination can no
longer be used to solve the resulting linear systems. Iterative methods are necessary, such
as pcg if the system is positive-definite and bicgstab or gmres if it is not. Preconditioners
improve significantly the efficiency of these methods, and one may either use cholinc or
luinc to perform an incomplete Cholesky or LU factorization respectively.

Problems

6.A.1. Use finite differences to discretize the following BVP in three dimensions:

—Vip=exp[— (x*+)*+2)/2] —1=<x,y,z=1

6.231
Dirichlet condition =0 on all boundaries ( )

Solve the linear system with pcg, for a grid of 50 x50 x 50 points. How many iterations
are necessary with no preconditioner? Next, use an incomplete Cholesky preconditioner
with no fill-in, and report the number of iterations required for convergence. Finally, as a
function of droptol, plot the number of iterations and the number of nonzero elements in the
Cholesky factor. What value of drop tolerance do you recommend using? For this optimal
value of the drop tolerance, change the number of grid points, and report how the number
of iterations and CPU time (doc cputime) varies with the size of the grid.

6.A.2. Solve the system Ax = b that discretizes the BVP of problem 6.A.1 without storing
the matrix 4 in memory. Supply a routine that returns 4v for input v.

6.A.3. Solve the 2-D version of problem 6.A.1 with z = 0 by the FEM using the PDE toolkit
or FEMLAB™.,

6.B.1. Consider the following heat transfer problem. A fluid with thermal conductivity A,
density p, and specific heat capacity é’p flows at a Reynolds number Re < 100 through a
cylindrical pipe of radius R. The fluid viscosity is ©, and you may neglect viscous heating. If
z is the axial position, for z < 0 the wall temperature is 7)) and at z = 0 the wall temperature
jumps abruptly to 7 for z > 0. This is known as the Graetz problem, and an analytical
solution exists if conduction in the axial direction is neglected. Transform this problem
into dimensionless variables and write a program to compute numerically the steady-state
temperature profile without neglecting axial conduction. Have your program take as input
the values of the dimensionless parameters that characterize the system. Report your results
for values of the parameters in the range [ 1072, 10?]. Try reducing the number of independent
parameters through clever rescaling.

6.B.2. You are conducting the enzymatic conversion of a substrate S into a product P, with
the micromoles of S converted per minute per milligram of enzyme being described by

Michaelis Menten kinetics,
VinS umol

Vp =200 —— K, =02M (6.232)
Kn+S min mgg
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You use an immobilized enzyme system in which the enzyme is encapsulated in beads of
radius R of a polymer hydrogel at a mass loading density pg = 1072 mgg/ml of gel. The
substrate diffusivity in the hydrogel is 107¢ cm?/s. The bulk substrate concentration is 1
M. Neglect external mass transfer resistance. Define an internal effectiveness factor, and
compute its value as a function of R in the range 10~* — 1072 m. Since the enzyme is
expensive, what radius would you use, and why?

6.B.3. Consider a system in which a charged surface, maintained at a constant electric
potential @, is in contact with an aqueous solution of NaCl, with a bulk salt concentration
cnacl- If @ > 0, the surface selectively attracts the C1™ anions, else if @ < 0 it attracts the
Na™ cations. In either case, near the surface there is a region of charge imbalance in the salt
solution that counteracts the surface potential. As the distance z from the surface increases,
the electric potential decays to zero, as the surface electric charge is screened by the salt
solution.

We present here a model for the electric potential near a charged planar surface known as
Gouy—Chapman theory. Let ¢, (z) and c_(z) be the ion molar concentrations as functions
of the distance z from the surface. The charge density, also a function of z, is then

p(2) = geNay[c1(2) — ¢ (2)] (6.233)
ge = 1.602x 107! C is the charge of an electron and N, = 6.022x 10>}, The electric
potential is governed by the Poisson equation

d*® _p(2)
dz2  goe;

(6.234)

g9 = 8.854x 10712 C?/(Jm) is the permittivity of free space and &, = 78 is the dielectric
constant of water.

We obtain a closed-form equation for ®(z) at equilibrium using statistical mechanics. The
potential energy of a cation is £, (z) = g.P(z), and that of an anion is £_(z) = —g.D(z).
Then, with the far-field condition ®(z) — 0 as z — oo, the Boltzmann distribution predicts
the ion concentration fields

) o
¢+ (2) = Cnaci €XP [—q‘}{ : ;Z)} ¢ (2) = Craci XD [+ qj(b ;Z)] (6.235)
The charge density is then
O(z d(z
P(E) = geNaeract { exp [—%kb ! )} ~ exp [+%]} (6.236)

The electric potential field at equilibrium is obtained from the following BVP, involving
the nonlinear Poisson—Boltzmann equation,

_dz_® _ p(2) _ qeNavCnacl { |:_Qe(b(z)i| . |:+Qed>(z)i|}
dz2  sper  €0&: exp kT exp kT
BC1 D(0) = D
BC2 D(00) =0

(6.237)

The quantity ge N, cnaci/€0€r on the right-hand side must have the same units as the left-
hand side (electric potential divided by length squared). Likewise, from the argument of
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the exponential functions, &, 7/g. must have the units of electric potential. Therefore, from
dimensional analysis, the characteristic decay length of ¢(z) satisfies

quav(chaCI) _ ka/qe A = [ 808rka j|1/2

E0&r B )"2 qe2 Nav(chaCl)

(6.238)

We have placed an additional factor of 2 here to agree with the usual definition of A as
the Debye screening length. Note that in this equation, cn,c 18 in units of moles per cubic
meter. We next define the dimensionless quantities

qed z
= == 6.239
Y= T § T ( )
so that the BVP in dimensionless form is
2

_Yo _ l[e—w@ — etvO)]
g 2 (6.240)

BC 1 (surface) ©(0) = g Do/ (kp T)

BC 2 (far-field) p(00) =0

Make a plot of Debye length (in meters) vs. [NaCl] in moles at room temperature in the
range of 107°~1 M. Does it make sense to have a Debye length less than 107'°m? Solve
this BVP numerically using finite differences, and plot ¢(&) for various values of ¢(0).
Show that when || < (k,T/g.), the solution is a simple exponential decay. For a further
discussion of screening in ionic solutions, consult Stokes & Evans (1997).

6.B.4. In problem 6.B.3, we assumed a constant surface potential; however, we can modify
the problem to impose a known surface charge density o . Electroneutrality of the surface
and the neighboring salt solution requires

o0
o0 = — f p(2)dz = soe,
0 0

* d*P do|™
Z = E0ér——

T - (6.241)

0

In the second equality we have used the Poisson equation. Since as z — o0, ®(z) becomes
uniformly zero, the derivative at z = oo is zero and the surface charge density is simply
related to the derivative value at the surface:

dd
0y = — €08 ——

6.242
7 (6.242)

0

Thus, we need only modify the boundary condition at the surface to move from a specified
surface potential value to a specified charge density. Modify your program from problem
6.B.3 to plot the dimensionless solution as a function of dimensionless charge density.

6.B.5. We focus in this text on problems of direct interest to chemical engineers; however,
the solution of BVPs is important in other fields as well. In finance, a common means to
assign a value to a derivative is to solve the Black—Scholes equation. Let S(t) be the spot
price of some asset (e.g. a stock) at time ¢. We are considering purchasing a European call
option that gives us the opportunity to buy the asset at specified future time 7 > ¢ for an
exercise price E, yielding a payoff if the future price S(7') is above E of

payoff = max{S(7) — E, 0} (6.243)
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Figure 6.32 Reaction-enhanced diffusion into a falling film.

The current value (fair price) V' of the option should depend upon the current asset
price S and the time remaining to expiry, 7' — ¢. The Black-Scholes equation (derived in
Chapter 7) states that V'(S, ¢) satisfies

A 25282V+ s =0 (6.244)
_ —0 _— ryo— —r = .
a2 352 S

with the final and boundary conditions
final condition V(S, T)=max{S — E, 0}

Vv 2V
spatial boundary conditions 0= —| = 57
0

(6.245)
952

S nax>max(S(1),E)

r is the (risk-free) interest rate used to define the time value of money. o is the volatility of
the underlying asset, and measures how vigorously the price varies with time,

s DR — (R S+ A= S@m) L SR
(No—D(an  F S(t) N

This model is based upon a treatment of the asset price as a random walk, the mathematics

of which will be discussed in Chapter 7. While an analytical solution exists for this “plain

vanilla option,” more realistic cases generally require numerical solution. Write a program

that computes V' (S, ) for a European call option. For more on this subject, consult Wilmott
(2000).

(6.246)

6.C.1. Consider a system with a reversible reaction A + B < C + D, with kinetics g =
k(cacs — Kequcch) occurring inside a catalyst pellet that is the shape of a long, narrow
cylinder of radius R. Given R, k, K., the effective binary diffusivities D; within the catalyst
pellet, and the surface concentrations c;s of each species j = A, B, C, D, write a program
that computes the net reaction rate per unit volume of catalyst. Report your results for the
following parameter values (make sure to use proper concentration units that agree with the
other terms in your equations),

1
R=0.lcm D; =10""cm?/s k=10—3—1 Keq = 10°

mol s (6.247)
CASZIM CBSZIM Ccs=CDszo
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6.C.2. Modify the program of problem 6.C.1 to account for external mass transfer resistance,
given the effective binary diffusivities D ;r of each species in the external fluid, the Sherwood
number S%, and the bulk concentrations c ;. Report your results for the parameter values of
problem 6.C.1, replacing the known surface concentrations with those computed by external
mass transfer with

Djr=107cm’/s  Sh=10

(6.248)
CAbIIM CBb=1M CCbICDbZO

6.C.3. Solve problem 6.C.1. by FEM using the PDE toolkit or FEMLAB™.

6.C.4. Instead of assuming a given Sherwood number for the external mass transfer coeffi-
cients, use FEMLAB™ to compute the laminar velocity profile around the cylinder to directly
model the effect of forced convection on the external mass transfer rate. Report your results
for Reynolds’ numbers of 1074,1072,1071, 1, 10, using a viscosity u = 103 Pas and
density p = 10° kg/m?>.

6.C.5. A common technique to remove a minor component from a gas stream is reactive
absorption (Cussler & Varma, 1997). A gas phase containing a minor component A is passed
through a column where it contacts a liquid phase containing a species B that reacts with
A. The depletion of A through reaction with B allows the removal of more A from the gas
stream than would be possible from considerations of solubility alone.

Let us consider the problem of reactive absorption into a falling film (Figure 6.32) from
a large volume of gas with a constant partial pressure of A, pa = 10~* atm. At the inter-
face, the concentration of A is in equilibrium with the gas according to Henry’s law, Hx =
10° M/atm. We assume that the amount of 4 entering the film has a negligible effect on the
viscosity u and density p (use the values for water) and that the film travels so slowly that the
flow is laminar. Within the liquid, A reacts with B according to a reversible first-order reac-
tion A + B < ABattherate g = k(cacg — K~ 'cap), K = 103 and k = 1072 L/(mol s).
The feed stream has cpg = 1M, c40 = c450 = 0, and model B and AB as being nonvolatile
by using no-flux BCs at the liquid—gas interface. For a dilute solution of A and B, we neglect
the heat of absorption and assume a uniform temperature.

Propose a model for this system in the form of a BVP, specifying both the set of PDEs
and the appropriate boundary conditions. Assume a film of thickness b = 1 mm, length
L =50 cm, inclined at 6§ = 80°. Use effective binary diffusivities in the film of D; =
1073 cm?/s, j = A, B, AB. Compute the steady-state concentration profile of each species
within the film and the average absorption rate per unit area. Then, decrease the rate constant
to zero to see what the mass transfer rate would be without reaction.



/7 Probability theory and
stochastic simulation

We now consider probability theory, and its applications in stochastic simulation. First, we
define some basic probabilistic concepts, and demonstrate how they may be used to model
physical phenomena. Next, we derive some important probability distributions, in particular,
the Gaussian (normal) and Poisson distributions. Following this is a treatment of stochastic
calculus, with a particular focus upon Brownian dynamics. Monte Carlo methods are then
presented, with applications in statistical physics, integration, and global minimization
(simulated annealing). Finally, genetic optimization is discussed. This chapter serves as a
prelude to the discussion of statistics and parameter estimation, in which the Monte Carlo
method will prove highly useful in Bayesian analysis.

The theory of probability

A stochastic system is one whose behavior is not purely deterministic and predictable, but
rather has (assumed inherent) randomness. The theory of probability provides a mathemat-
ical framework for understanding and modeling such systems. Rather than provide abstract
definitions, we introduce the subject through an example: modeling the distribution of
polymer chain lengths in condensation polymerization.

Condensation polymers

Letus consider a reacting system comprising two chemical species. The first has a number o
ofacid groups, e.g. —COOH, and the second has a number 8, of base end groups, e.g. —OH
or —NH;. These acid and base end groups react with each other to form linkages, —-CONH—
or —COO— and a condensate molecule (e.g. water) (Figure 7.1). An example is terephthalic
acid and ethylene glycol (Figure 7.2), which react to form poly(ethylene terephathalate),
PET, a common material found in soda bottles and clothing. As each molecule contains two
functional groups, the reaction produces linear polymer chains with no branching.

If one of the species contains more than two functional groups, the polymer chains are
not linear, but rather contain many branches, and at sufficiently high conversions (above
the gel point) a cross-linked network is formed (Figure 7.3). We wish to apply probability
theory to understand how the distribution of chain lengths depends upon the conversion of
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Figure 7.1 Condensation reactions among acid and base groups.
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Figure 7.3 Cross-linked network forms for multifunctional monomers when the conversion exceeds
the gel point.

the end groups, in both the linear and nonlinear (multifunctional) cases. By doing so, we
encounter many basic definitions in probability theory.

Chain length distribution in linear condensation polymers; joint and
conditional probabilities

First, we consider the linear case with «; = B, = 2. Initially, we have equal concentrations
of the two monomers, [M;], = [Mz],. As each monomer has two end groups, the initial
acid and base concentrations are also equal, [A], = [B], = 2[M;],. As the acid and base
groups react, they form longer and longer chains. How does the distribution of chain lengths
vary as a function of conversion?
We define the conversions of the acid and base groups respectively as
[A] Bl

N PB [Blo

(Al (7.1
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Because [A], = [B], and the reaction consumes equal numbers of acid and base end
groups, pa = pg = p. At 0 < p <1, let [P,] be the concentration of chains that com-
prise n monomer units, i.e., that have a chain length or degree of polymerization equal to n.
Each of the monomers has a chain length of 1; thus, at p = 0, [P1] = 2[M;], = [A], and
all other [P,.1] = 0.

We wish to compute as functions of 0 < p < 1 the chain length distribution [P,], the
number (DP,) and weight (DP,,) averaged chain lengths, and their ratio (the polydispersity
Pisp), which is a measure of the breadth of the distribution. If Py, = 1, all chains are of
the same length, and if Py, » 1 there is considerable variation in chain length.

> onei 1[Ps] Soan’P] , DR
Z;.,Czl[Pn] Zzo:ﬂ[Pn] P DPn

We compute these quantities using statistical techniques developed by Paul Flory (Flory,
1953, Odian, 1991, Dotson et al., 1996).

First, we make the assumption (the equal reactivity hypothesis) that the reactivity of an
end group does not depend upon the length of the chain to which it is attached. As defined
above, pa = pp = p is the fraction of all acid or base groups that have reacted, and the
fraction that remain unreacted is (1 — p). If all groups are equally likely to have reacted or
not, and we randomly select a group, the probability that it will have reacted is p and the
probability that it will not have reacted is (1 — p).

DP, = DP, = (7.2)

Defining the probability of an event

Above, we have invoked an argument of frequentist statistics to define a probability p from
the conversion p. That is, the probability of observing an event E is determined by the
expected number of observations of £, Ng, in a very large number N of independent random
trials,

p(E)~ =F (7.3)

It is not necessary to invoke such a large-population argument to define a probability. We
can say that the probability of observing an event E is p(E) if we have no preference between
making the following two bets:

In a random trial, event E is observed.
or
A perfectly uniform random number generator in [0, 1] returns a value u
less than or equal to p(E).

The latter definition of a probability is less restrictive, but it also appears to be open to
subjective interpretation. That is, we are making a personal value (belief) judgement about
which bet to accept. This subject will be revisited in our discussion of statistics and parameter
estimation. For now, we accept the latter definition as being more general, but note that the
frequentist approach provides a convenient choice of belief when the necessary frequency
information is available. It is always incumbent upon us to assign probabilities in such a
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way as to avoid inconsistencies. For example, the sum of the probabilities that £ occurs and
that £ does not occur must always equal 1. Similarly, we define probabilities such that they
satisfy the rules of joint and conditional probabilities outlined below.

We now use this probabilistic (frequentist) interpretation to compute [P, ]. Each chain in
the system, being linear, has on average one unreacted acid group and one unreacted base
group. As the acid and base concentrations are equal, the total number of chains is

]

Y [P =[A] = (1 - p)[Aly (74)
n=I
What fraction of this total number of chains has a length equal to n? Or, equivalently, what
is the probability that a randomly selected unreacted acid group is attached to a chain with
exactly » monomer units? If this probability is P(4 is attached to chain of » units), then

[P,] = (1 — p)[A]o x P(Ais attached to chain of # units) (7.5)

To compute this quantity, we use the rules of probability theory, for which we need a few
basic definitions.

Probability theory deals with events. Here, the event of interest is the observation that
a randomly-selected chain has exactly » monomer units. Let us say that we have selected
at random an unreacted acid end group that must lie at a chain end. If we march down the
chain, we find that to achieve a length of exactly » units, the first (» — 1) encountered acid
groups must have reacted and the n” group must not have reacted. Thus, the event that our
chain has exactly » units can be related to a sequence of simpler events — whether each
of the acid groups encountered along the chain has reacted or not. We now compute the
probability of the composite event (the chain contains # units) from the probabilities of
these simpler events.

Foreach j =1,2,..., N, let R; be the event that the ™ acid group along the chain has
reacted, and U; be the event that it is unreacted. Since these are the only two possibilities,
their probabilities must sum to 1,

P(Rj))+ P(U;) =1 (7.6)

Our composite event, (A is attached to chain of # units), is equivalent to saying that the
following sequence of events occurs, Ry, Ry, ..., R,_1, U, so that P(A is attached to chain
of n units) is equal to the joint probability

P(A s attached to chain of nunits) = P(RiN Ry N---NR,_1 NU,) (7.7)

N is the symbol for intersection, and here signifies that the events on both sides of the sign
occur.

Defining joint and conditional probabilities

The joint probability of two events E| and E; is the probability P(E;N E3), also written
P(E,, E,), that both occur. If P(E)) is the probability that £, occurs,

P(E\NEy) = P(E1)P(E,y | EY) (7.8)



The theory of probability 321

where P(E;|E)) is the conditional probability that if E| occurs, so does E,. If the probability
of observing event £, does not depend upon whether £, occurs or not, the two events are
said to be independent, and

P(E>|Ey) = P(E;) P(EiNE;) = P(E)P(E>) (7.9)

The conditional and joint probabilities are related by Bayes’ theorem, whose application to
statistics forms the basis of the next chapter,

P(E1NEy) = P(E1)P(E2Ey) = P(E2)P(E|E) (7.10)

This structure is quite flexible and is easily extended to multiple events. Using this frame-
work, we write the probability that a randomly-selected chain has exactly » units as a product
of conditional probabilities as
P(A is attached to chain of # units)
= P(Ry) x P(R2|R)) X P(R3|Ri N Ry) X -+ - x P(Ry—1|[RiN Ry N---NR,_3)
xP(U,,|RlﬁRzﬁ~~~ﬂR,,_1) (711)

If we assume that the probabilities of every group having reacted or not are equal and
independent, the events in this sequence are independent, and we have

P(Ais attached to chain of n units) = P(R;) X P(R;) X - -- x P(R,_1) x P(U,)

The probabilities of observing a reacted or unreacted group are "
PRj)=p PU;)=(-p) (7.13)

therefore,
P(A s attached to chain of n units) = p"~'(1 — p) (7.14)

The concentrations of each chain length polymer at conversion p thus are predicted to follow
the Flory most-probable chain length distribution:

[P,]= (1= p)[Al x p"~'(1 = p) = [Alo(1 — p)*p""" (7.15)

The average chain lengths and polydispersity are computed using the formulas of geometric
progression

DP, = Z;ozln[Pn] _ 1 DP. = Z:ilnz[Pn] _ 1+P
Y] 1-p tinP] 1-p
DP (7.16)
Pdisp = D—P: =1l+p

We only achieve high chain lengths at conversions near 1, and in this limit Pg;sp~ 2. Figure
7.4 shows the distribution (7.15) at 99% conversion.
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Figure 7.4 Flory most-probable chain length distribution at a conversion of 0.99. The locations of
number and weight averaged chain lengths are noted. Polydispersity is 1.99.

Gelation of multifunctional monomers (more on conditional
probabilities and mathematical expectation)

We now extend this statistical approach to the case of multifunctional monomers in which
either a; or B, exceeds 2 so that above a critical gel point conversion, the system forms
a cross-linked network that extends throughout space (Figure 7.3). To do so, we use the
Macosko—Miller method (Macosko & Miller, 1976), in which we compute at a given con-
version the average mass ¥ of a chain that is attached to a randomly-selected monomer
unit. The gel point is the conversion at which ¥ diverges to infinity.

First, we must be more precise about what we mean by “average.” Let us say that we
perform a number of trial experiments v = 1,2, 3, ..., Neyp, in which we select at random
a monomer unit in the system, and for each trial we measure the mass /), of the chain
that contains the randomly-selected unit. As W, varies in a stochastic manner from one
experiment to the next, it is a random variable. If M, is the mass of a single monomer unit
of type 1 and M, is the mass of a single monomer unit of type 2, W, takes the value for a
chain of m; type-1 units and m; type-2 units,

Wiy, = miMy + my M, (7.17)

We obtain DP,, by setting M| = M, = 1. If P(W,,, m,) is the probability of observing in
any single trial the value W, .,, we define the expectation of the random variable ¥ as

EW)= 3" Worns Py m) (7.18)

my,my
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If the number of trials Ny, that we perform is very large, we expect

N,
1 exp
E(W)= (W)~ v oW, (7.19)
exp v=1
To predict the gel point, we compute E(}) at the specified conversions
[A] [B]
=1-— =1-—-— 7.20
pa (Al pB [Blo ( )

Unlike our previous discussion, we do not assume that ps = pg. We start with Ny monomers
of type 1 per unit volume, each with «; acid groups, and N, monomers per unit volume of
type 2, each with 8, base groups. The initial acid and base end group concentrations are

[Alo =a1N1 [Blo = B2 V2 (7.21)

As the numbers of acid and base groups consumed by reaction are equal,

[Alo —[A]=[Blo—[B] = [Alopa =I[Blops (7.22)
Hence, the conversions of the acid and base groups are related,
[Alo (05 1V )
=0 (2 7.23
PB [Blo PA BN, PA ( )

The conditional probability that if we select an acid group, it is unreacted, is
P(Ala) =1 — pa (7.24)
and the conditional probability that it has reacted to form a linkage is
P(L|a) = pa (7.25)

As any randomly-selected acid group must be either reacted or unreacted, these two condi-
tional probabilities must sum to 1:

P(Lla)+ P(Ala) =1 (7.26)
Similarly for the base group, we have the conditional probabilities
P(B|b)=1—pg P(L|b)= ps (7.27)

From these conditional probabilities, we compute £(#). First, we note that if we randomly

select a monomer unit at random, the probabilities that it is of type 1 or 2 are
M N,

— PO =

N+ N, Ny + N

Here M, and M, denote the events that the randomly-selected monomer unit is type 1 or
type 2 respectively.

If E(W|M,) is the conditional expectation of W when we have selected a type 1 monomer
unit, and E(W|M,) is the corresponding value for a type-2 monomer, we expand E (W) in
terms of the mutually exclusive events M, and M,;:

P(M)) = (7.28)

E(W) = E(W|M)P(M) + E(W|Ma)P(My) (7.29)
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Figure 7.5 Expected weights looking “out” or “in” from functional groups.

We first consider E(W|M,). If we select a type-1 unit, the mass W of the chain must at
least equal the mass M of a single type-1 unit, as well as the contributions from the masses
observed by looking “outwards” from each of the o acid groups (Figure 7.5). E(WQ™) is
the expected weight of the section of chain attached to a type-1 unit through one of its acid
groups. Thus,

E(W|My) = My + o E(W™) (7.30)

Similarly, the expected weight observed if we select a type-2 monomer equals the weight of
a single type-2 monomer unit plus the expected weights E(W3™) looking outwards across
each of the B, base groups:

E(W|Mp) = M, + BE(WS™) (7.31)

To compute E(Wg"), we note that a randomly-selected acid group must be either reacted
or unreacted, so that we expand in the possible outcomes:

E(W™) = E(WS™|L)P(L|a)+ E(W"|A) P(A|a) (7.32)

If the selected acid group is unreacted, there is no chain attached to this group and
E(W"|4) = 0. Also, as P(L|a) = pa, we have

E(W™) = E(W"|L) x pa (7.33)

Next, from Figure 7.5, we note that the expected weight looking “out” from an acid group
on monomer | equals the expected weight observed looking “in” from a base group on a
monomer of type 2, and hence

E(WM|L) = E(Wg') = My + (B, — DE(Wg") (7.34)

[I398 1]

Here, we have used the fact that if we come “in” across one of the base groups, there are
only (8, — 1) other possible ways to go “out.” Combining (7.33) and (7.34) yields

E(W™) = E(Wi) x pa = pa[ M + (B2 — DE(W™)] (7.35)
Applying the same logic to E(Wg"),
E(W3") = E(WY) x ps = ps[ My + (@1 — DE(WRY)] (7.36)
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Equations (7.35) and (7.36) provide two equations for the two unknowns E(W3™) and
E(Wg™), yielding
M. —1 M
E(W) = PAlM> + (B2 — 1)peMi]
1 — paler — Dpp(Ba — 1)
from which E(Wg™) is computed by (7.36). The expected weight attached to a randomly
selected group is then

(7.37)

EW) =M+« E(W")P(My) + [ Mz + B E(WE™) | P(M>) (7.38)

Gelation occurs when E(W) — oo, which happens as 1 — pa(a; — 1)ps(B2 — 1), the
denominator of E(WQ™), goes to zero, yielding the gel point condition

palag — Dpp(fr— 1) =1 (7.39)

Using the relation between the two conversions posed by the reaction stoichiometry (7.23),
the conversion of A at the gel point is

BaN> 1
= 4
o \/ (le) @ - DB -1 (740

For balanced end group concentrations, with «; = 2, 8, = 3,

/ 1 /1
c=PRec=pc=. | ————=,/=-=0.7071 7.41
DA, DB, V4 2-13-1) 5 ( )

Figure 7.6 shows the predicted DP,, vs. p, up to the point where it diverges to infinity as the
gel forms (denoted by vertical dashed line).

Above, we have computed the gel point only for a mixture of two reactants. This theory is
extended to the case of multiple monomers (with a more general treatment of the conditional
probabilities) in Beers & Ray (2001). This probabilistic approach can also be used to
compute the gel and sol mass fractions following gelation.

Important probability distributions

We now consider some important, and common, forms of probability distributions for a
random variable. First, we state some basic definitions.

Definition Probability distribution of a discrete random variable

Let X'be a random variable that may take one of a countable number M of discrete values X,
X5, ..., Xy Letus conduct some very large number 7 of trials in which we measure the value
of X. Let N(X;) be the number of times that we observe the value X;, 77/ N(X;)=T.
Then, the probability distribution of X is defined in the frequentist manner for very large 7
as

NX;,) X
P(X;) = (T ) Y Pxy)=1 (7.42)
j=1
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Figure 7.6 DP,, vs. p for gel formation with a bifunctional acid and a trifunctional base, with balanced
end group concentrations. Gelation occurs at a conversion of 70.7%. ([4]o = [Blo, @1 = 2, B, = 3.)

Definition Probability distribution of a continuous random variable

Let x be a random variable that may take any value between xj, and x;;. We define the
continuous probability distribution of x to be the function p(x), such that the probability
of observing a value between x and x + dx is p(x)dx. This probability distribution is
normalized to 1:

/ " p(x)dx = 1 (7.43)

Xlo

and the expectation, or average, value of x is

E(x)=(x) = /Xhi xp(x)dx (7.44)

Xlo

To generate the continuous probability distribution from a number of trial measurements,
we subdivide the region xj, < x < xy; into B nonoverlapping bins, each of width Ax =
(Xni — X10)/B. Bin j contains the subdomain x; — (Ax)/2 < x < x; + (Ax)/2. Again we
perform a very large number 7 of trials, in which we count the number of times N(x ) that
we observe a value of x in bin j. Then, the value of p(x;) is approximately

N(x;)
) A 7.45
PO RS (7.45)
and we approximate the distribution using piecewise-constant interpolation,
B
N(x;)
~ Q:
ro~ 3 [ |2
j=1
1, iffx; = (Ax)/2] < x < [x; + (Ax)/2]
Q)(x) = { 0, otherwise (7.46)
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Definition Cumulative probability distribution
We define from either a discrete or a continuous probability distribution the cumulative
probability distribution,

k X
F(Xy) =Y P(X;) or F(x)= / p(x)dx’ (7.47)
=1 Xlo

J

that satisfies the normalization condition
F(Xy)=1 or F(xp)=1 (7.48)

From the cumulative probability distribution, we can generate values of X or x at random
according to the specified probability distribution. For example, in the case of a contin-
uous variable, we generate a uniformly distributed number 0 < u < 1 using rand. The
corresponding random value of x, generated according to the probability distribution p(x)
satisfies

F(x) = /x p(xNdx' = u (7.49)

Xlo

Definition Variance and standard deviation

We have defined the expectation for both discrete and continuous probability distributions
that gives the average, or mean value, of a random variable. To obtain a measure of the breadth
of the distribution of X, we define the variance to be the expected quadratic variation from
the mean,

var(X) = E[(X — E(X))’] = E(X*) — [E(X)] (7.50)
The square root of the variance is known as the standard deviation,
o = y/var(X) (7.51)
If X and Y are independent, the variance of their sum is simply

var(X + Y) = var(X) 4 var(Y) (7.52)

Later we extend these definitions to multiple, interacting random variables, but first consider
some common forms of discrete and continuous probability distributions.

Bernoulli trials

Let us say that we are tossing a coin for which we have a probability py of observing heads
and a probability pr of observing tails. Each coin toss, assumed independent, is an example
of'a Bernoulli trial. If the coin is fair, py = pr = 1/2. We now ask the following question:

If we make » independent coin tosses, what is the probability that we will observe heads 7 number
of times, i.e. that our sequence of tosses will return heads ny times and tails nt = n — nyt times?

While this may seem like a question that is only important for those planning a trip to
Las Vegas, it is directly relevant to a wide variety of physical phenomena. Let us say that
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Figure 7.7 One-dimensional random walk showing the net displacement x vs. the number of random
steps of length 1.

we are performing an experiment, and observe that even if we hold all of the parameters
constant (insofar as we can identify, measure, and control them), we still do not measure
exactly the same result from one experiment to the next. The result of any single experiment
contains some random effect of noise. Often, we do not know exactly from where this noise
originates, yet we do suspect that it comes not just from one source. Rather, the observed
error is the net sum of many (say N,) small random errors. A reasonable model for ¢, the
random error in an experiment, is then

e=c2a—D+co -1+ +cty, — 1) (7.53)

¢; is a random variable whose value is determined by a coin toss,

1, ifheads
g =

0, if'tails (7.54)

and is independent of the values of the other error contributions. Thus, (2¢; — 1) = £1
With this model, the error in any single experiment is determined by the total number of
heads Z;V;l ¢; in a set of N, coin tosses.

The random walk problem

Models of Brownian motion and of the geometry of ideal polymer chains are based on the
concept of a random walk. Let us start at time ¢ = 0 and flip a coin. If heads, we take a step
to the right of length /. If tails, we take a step to the left. We continue to do this, taking n
steps, and measure the net displacement x (our final position) (Figure 7.7).
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After N steps (coin tosses) the net displacement that we have traveled is

1 1, if heads
x=1) 04 -1 ¢ = {0 if tails (7.55)
j=1 ’

The average (and most likely) displacement is zero, as we double back upon our path at
random,

- 1<Z(2;,- - 1)> =1y @y -D=1) (2 G) - 1) =0 (7.56)
j=1 j=1 j=1

but, the mean-squared displacement is not zero,

- <[1 > g - 1)] [1 > @u - I)D =1 Qg - DG — 1)
=1 k=1

j=1 k=1
—IZZIkZ el o =2 —1= {_li, Lends (7.57)
J
Using the independence of the coin tosses,
€ =on=1{y 5 (1.59)

we find that the mean-squared displacement is linear in the number of steps,

_IZZZ &) —IZZZM—I Z(l)—l2 (7.59)

j=1 k= j=1 k=1

The binomial distribution

Now that we have seen some possible applications of this coin toss question, let us derive
the answer. First, let us say that we make ten coin tosses. We wish to compute the probability
of observing an exact ordered sequence of heads and tails, e.g.

H T T H H T H H T H

If the outcomes of each coin toss are independent, and if py is the probability of a coin toss
returning heads and pr = 1 — py is the probability that it returns tails, the probability of
observing the exact sequence above is

PH X PT X PT X Pi X pu X Pt X Pp X Py X Pr X P = pYpy (7.60)

In general, the probability of observing an exact ordered sequence of ny; heads and nr tails
is pi' pT". Note that the sequence above is only one of the possible sequences containing

ny heads and n tails. Others include

H H T T H H T
H H T H H T H
H T H H T H T H H T

Since every sequence with the same number of heads and tails has the same probability of
being observed, the probability that we observe any sequence of ny heads and ny = n — ny

T H H
T H T
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N =
—_

Figure 7.8 The binomial distribution for four fair coin tosses.

tails (without regard to the order in which they appear) follows the binomial distribution

n P n n n—n
P(n,np) = <71H) PH PT = <HH> pa(l— PH)( W (7.61)

< )15 the number of possible sequences of n tosses with ny heads, and is known as a
ny

binomial coefficient,

!
Ty M i —ax@m—Dx--x3x2x1 (7.62)
ny ny!(n — ny)!

As a check, consider the case of n = 4, ny = 2, for which

4 4! _4x3x2x1_24
2 2xDh2x1l) 4

= a1 = =6 (7.63)

The six possible sequences are

HHTT THHT TTHH HTHT THTH HTTH

- (C)E G- e

hence, we have the distribution of sequences shown in Figure 7.8.

The optional MATLAB statistics toolkit contains several functions for evaluating the
binomial distribution. binornd generates random numbers according to the binomial dis-
tribution, binofit fits a binomial distribution to a data set, binostat computes the mean and
variance, binopdf returns the probability distribution, and the cumulative distribution and
its inverse are returned by binocdf and binoinv. Similar routines are available for a host of
other common probability distributions (see the toolkit documentation for a list).

For a fair coin,
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Let us return to the example of the random walk, in which the net displacement after n steps

of length [ is

& 1, ifheads
= 2w —1) ;=12
* l;( G=D g {0, if tails

If we perform n coin tosses, and ny are heads, the net displacement is
X

7:nH—nT:nH—(n—nH)ZZI’lH—I’l

Hence for a given displacement, the numbers of heads and tails are

nH=%<Vl+;) nT=n—nH=%(n—§>

For a fair coin, we obtain from the binomial distribution,

n 1 n n! 1 "
P(n,ny) = <nH> <§> - [m] <E>

the probability of observing a net displacement x after # steps of length /,

n!

l n
Pesn D = ey = =20 (5)

We evaluate this equation in the limit » — oo, taking the natural logarithm,
In[P(x;n,l)] =In(n!) — In{[(n +x/1)/2]!} — In{[(n —x/1)/2]'} —n1n2

We remove the factorials by using Stirling s approximation

N N N
In(N!) = In (]‘[ m) = Zln(m)%/ Inxdx = NInN — N
m=1 m=1 1

Therefore, for large n, we have

- Mo l 1
In[P(x;n, D]~ nlnn —n — n+2x/ }ln n+2x/ }+[n+2x/ ]

n—x/l__ n—x/l__ n—x/l
==

i|—nln2

After cancelling out terms, this simplifies to
[n +x/l] (n+x/1]
In

In[P(x;n, )]~ —

- 2 - 2 -
_ n—x/l In n—x/l —nln(ﬁ)
| 2 L 2 ] 2

We further simplify the expression by noting

()= {5+ [ G)

(7.65)

(7.66)

(7.67)

(7.68)

(7.69)

(7.70)

(7.71)

(7.72)

(7.73)

(7.74)
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hence,

sy [ on)

- |:n —2x/l] {m |:n —;/1} i (g)} (1.75)

The rule In(ab) = In(a) + In(d) yields

B )

)]

< [PFE il - S el - S o

In the limit of large #, the high degree of backtracking in the random walk means that |x|
« nl, hence we use the Taylor expansions around x/(nl) = 0,

IH[H%]%%_%(%)Z ln[l_%]*—%—%(%)z (1.77)
to obtain
e e PR O R SR
(7.78)

Collecting terms yields the particularly simple result

x2

In[P(x;n, )] =~ 5 (7.79)
Taking the exponential and renormalizing to ff;o P(x;n,ldx = 1 yields
P(x;n,l)= ! exp |:—x—2] (7.80)
2rnl? 2nl?
Defining o> = ni? produces the Gaussian (normal) distribution
P(x;0) = #exp [—i:| (7.81)
o2 202

We note by symmetry of the exponential argument that the average is zero:
+00

+00 X xz
xP(x;0)dx = / ——exp|—=—=|dx =0 (7.82)
202

- O 27T

) =£w = [

—00

The variance is

+00

) i 400 x2 x2 4 5
x“P(x;0)dx = ——eXp|———=|dx =0

(x;0) /—oo o2 p[ 2021|
(7.83)

Therefore, o is the standard deviation of the Gaussian distribution. The Gaussian distribu-
tion is plotted in Figure 7.9 for various values of o.

var(e) = £[x ~ £ = [

—00
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Figure 7.9 Gaussian (normal) probability distributions with means of zero and various values of the
standard deviation.

The central limit theorem of statistics

We have seen that the binomial distribution of a random walk reduces to the Gaussian
distribution as n — co. We now make this result more general.

Let &1, &2, ..., {u be a set of independent random variables with means p; = E(¢;) and
variances 01.2 = var(¢;). The distributions of these random variables need not be Gaussian.
According to the central limit theorem of statistics, the statistic

1 g — 1y

S = J J
! ﬁ Z lof
= J

(7.84)

itself a random variable, is normally distributed in the limit » — oo with a variance of 1:

P(Sn) =

! [ S'q S (7.85)
exp|—-2| asn :
2 P 2

This theorem is what makes the normal distribution “normal.”

The Gaussian distribution with nonzero mean

We define the probability distribution N(jt, 0'2) to be the normal distribution with a mean

2
[ (x — M)Z}
exp| ————

w and variance o<,
202

1
N ,02:Px; ,0) =
(n,0%) (x;pm,0) ors

(7.86)
Ex)y=(x)=u var(x) = o

2
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In MATLAB, we generate a random number distributed according to N(0, 1) using randn.
From such a random number r, we obtain a random number " distributed according to
N(u, 0%) from the rule

r'=upu+or (7.87)

or we can use the statistics toolkit function normrnd to directly generate random numbers
from N (i, o%). Both randn and normrnd can also generate matrices of independent random
numbers.

The Poisson distribution

We next consider another limiting case of the binomial distribution. Let us perform a number
n of Bernoulli trials in which we have for each a probability p of “success” and a probability
(1 — p) of “failure”. For each trial, we define the random variable

1, iftrial is a success
q—{ (7.88)

0, iftrial is a failure

The expectation is £(¢;) = p and the variance is

var(¢;) = E(¢7) — [E@)F = p—[p)* = p(1 = p) (7.89)

The total number of successes in the trial, itself a random variable, is

t=) ¢  EQ=) E¢)=) (p)=pn (7.90)
j=1 j=1 j=1
As each trial is independent,
var(¢) = Y _var(g;) = Y p(1 — p)=np(l — p) (7.91)
j=1 j=1
This sum is distributed according to the binomial distribution,
n e
P(¢n, p) = (C)p‘;(l -t (7.92)

We now derive a limiting form of this probability distribution that is valid in the limit n —
oo when the probability of success in any single trial is very small, p « 1. First, from the
series expansion

p2
erml—p+ o (7.93)

we obtain for p « 1, and the corresponding condition ¢« 7,
(I=p) ()t x () =t (7.94)

Writing the binomial coefficient explicitly yields

¢ |
P(¢;n, p)~ %ewn [(n i'g)!} (7.95)
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Next, we take the natural logarithm and apply Stirling’s approximation,

In |:n7'i| =In(r)—In[r —¢)Nl~nlnn—n—m—¢)Inn —¢)+n—¢

(n =20
~nlnn—n—m—-¢)Inn—-¢)+n—-¢~¢Inn (7.96)
Hence,
!
LJL_}@ﬁ (7.97)
(n—20)!
and the binomial distribution reduces to the Poisson distribution
¢
P(;n, p) = (p ;,) e (7.98)
with the normalization
n n {‘
}:PGMJﬂ=5“§:@Q—=5“ﬁW=1 (7.99)
=0 =0 ¢

and the same expectation and variance as the binomial distribution,

E(@)=pn var() = np(l — p) (7.100)

The statistics toolkit offers several functions for the Poisson distribution, whose value is
returned by poisspdf. The cumulative distribution and its inverse are returned by poisscdf
and poissinv. To fit a Poisson distribution to a data set use poissfit; the mean and standard
deviation are returned by poissstat. Random numbers are returned by poissrnd.

A classic application of the Poisson distribution is the question

If we buy a very large number » of lottery tickets, each with a very small probability p of winning,
what is the probability that we will have bought at least one winner?

Applying the Poisson distribution, this probability is

Pt = 1in,p)=) P(n,p)=1-P0Onp)=1—e"" (7.101)
¢=1

The Poisson distribution finds common use in the study of many physical phenomena. For
example, consider the case of anionic living polymerization. Using an initiator such as
n-butyl lithium that forms a carbanion, we can polymerize vinyl monomers (Figure 7.10).
Initiation is rapid, so that we start growing each chain at the same time. In a very small
time interval Af¢, the probability that we add a monomer unit to a specific chain during
this interval is &,[M](A?), where k, is a propagation rate constant and [M] is the monomer
concentration. To account for the changing monomer concentration, we define a scaled
time

T =k /0 t [IM](¢)dt’ (7.102)

and take » steps forward in t, each of duration At. The probability of adding a monomer
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Figure 7.10 Anionic polymerization of a block copolymer.
unit during this time interval is
P = k[M](At) = At (7.103)

Taking this event to be a success, and taking the limit At — 0, n — 00 so that the Poisson
distribution applies, we find that the probability that a particular chain has grown to a length
x, starting from a length x =l at Tt =0 is

[(Ar)n](x_ D e—[(Ar)n]

P(x;n, At) = G _ D) (7.104)

The distribution of chain lengths at a scaled time t = n(A7) is

.[xfl .
Plx;7) = — (7.105)
and the average chain lengths and polydispersity are
T T

DP, =1 DpP, =1 — Pip=14+4——— 7.106
+T +T+1+T dsp +(1+[)2 ( )

In the limit of very long chain lengths, Pgis, — 1; i.e., the chains are of uniform length. This
ability to generate chains of precise, uniform lengths, combined with the ability to switch
monomers in the middle of the synthesis to produce block copolymers, makes anionic
living polymerization an important tool in polymer science, particularly in the formation of
nanoscale-ordered materials through microphase separation.

Random vectors and multivariate distributions

We now extend the concept of random variables to treat random vectors, for which we need
a number of additional definitions.

Definition Covariance and correlation of two random variables
Let X and Y be two random variables. The covariance of X and Y is

cov(X, Y) = E{[X — E][Y — E(Y)]} (7.107)
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A related concept is the correlation of Xand Y, corr (X, Y) = cov(X, Y)//var(X) + var(Y).
If X and Y are independent, cov(X, Y) = 0; however, a covariance of zero does not neces-
sarily imply that the two variables must be independent (although it suggests that they are).
If cov(X, Y) > 0, then when X'is greater than its mean £(X), Y tends also to be greater than
its mean E(Y). Conversely, if cov(X, Y) < 0, then if X > E(X), it is more probable that ¥
is less than £(Y). A nonzero covariance means only that the two variables tend to behave in
a related manner, it does not mean that there is a cause and effect relationship among them.
Asserting the latter is a common fallacy.

Definition Covariance matrix of a random vector
Let v be a vector whose components are random variables, not necessarily independent.
Then, the covariance matrix of v, cov(v), has elements

[cov@)]y; = E{lvi — E@)]lv; — E(v))]) (7.108)
If each component of v is independent of all others, cov(v) is diagonal,
var(vy)
var(v,)

cov(v) = . (7.109)

var(vy)
If in addition, each component of v has the same variance o2, then
cov(v) = o%1 (7.110)
If v = Ax, where A is a constant matrix and x is another random vector, then
cov(v) = cov(Ax) = A[cov(x)]AT (7.111)
If v is a random vector and ¢ is a constant vector,
var(c - v) = var(c'v) = ¢'[cov(v)]e = ¢ - [cov(v)]e (7.112)
The covariance matrix is always symmetric and positive-definite.

Definition Multivariate Gaussian (normal) distribution

Let v be a random N-dimensional vector with a mean p = F(v) and a covariance matrix
¥. Since ¥ is symmetric, positive-definite, %~ always exists. The Gaussian (normal)
distribution of v is

P(v;p, ) = —%(v—u)TEI(v—m} (7.113)

1
Qr R ] P {

The Boltzmann and Maxwell distributions

Many applications of probability theory to chemical engineering arise in statistical mechan-
ics, the microscopic theory that underpins thermodynamics. Consider a system whose state
is described by the state vector ¢, such that the energy in this microstate is £(q). A key result
of statistical mechanics is the Boltzmann distribution. For a system closed to its surround-
ings with respect to the exchange of mass, held at a constant temperature 7 and volume V,
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the probability of observing the system in microstate g is

1 E(q) E(q)
P(q) = 0 exp [—kb—T} 0= Xq:exp [_kb—T} (7.114)

ky 1s Boltzmann’s constant, the ideal gas constant R divided by Avagadro’s number. 7 is the
absolute temperature, in kelvin. Applying this formula to the kinetic energy distribution
of a moving particle of mass m at thermal equilibrium, we obtain the Maxwell velocity
distribution:

2
P(v) o exp _m|'v| (7.115)
2ky T

Brownian dynamics and stochastic differential equations (SDEs)

We next consider an important application of probability theory to physical science, the
theory of Brownian motion, and introduce the subject of stochastic calculus. Let us consider
the x-direction motion of a small spherical particle immersed in a Newtonian fluid. As
observed by the botanist Robert Brown in the early 1800s, the motion of the particle is very
irregular, and apparently random. Let V(#) be the x-direction velocity as a function of time.
For a particle of mass m and radius R in a fluid of viscosity u, the equation of motion is
dvy
dt

where ¢ = 6w R is the drag constant (predicted for very small particles by Stokes’ law)
and Fr(?) is a random, fluctuating force due to collisions between the particle and the fluid
molecules. Even though V. (¢) fluctuates randomly, we can characterize deterministically
the velocity autocorrelation function Cy,(t). Let Vy(¢) be the velocity at time ¢, and V. (#,)
be the velocity at time #,. If we measure the product of these two values and take the
average, we obtain a function that should depend only upon the time elapsed between the
two measurements,

m—= = ¢V, + Fa(t) (7.116)

(Ve (1) V() = Cy, (12 — 1) = (Vi(t1 — 12)V:(0)) (7.117)

This function should have the property Cy, (—t) = Cy,(¢), and at ¢t = 0 should agree with
the average (V?) predicted by the Maxwell velocity distribution,

kT

Cy,(0)=(V7) = (7.118)

Also, since the velocities measured at very different times should be uncorrelated, we expect
lim,_,», Cy,(¢t) = 0. In general, we expect this correlation function to take the approximate
form of an exponential decay,

Cy.(t = 0)~ Cy (0)e /™ (7.119)

where 1y, is a velocity correlation time.
How is 7y, related to the properties of the particle and fluid? Let us say that the particle
is moving through the fluid at some velocity, and then at time ¢ = 0, we turn off the random
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force and allow the drag force to dissipate the kinetic energy. The particle motion then
follows
dVx
m
dt

=—=¢Vy = Vi) = Vi(0)exp [—%} (7.120)

Therefore, the velocity correlation time is

" (2apm : 20K (7.121)
y=—=\=-n = )
& ¢ 3 P 6T LR o

For the example case of a neutrally buoyant particle in water, p = 10> kg/m>, u = 103Pas.
For a very small particle with a diameter of 10 nm, on the size of macromolecules, the
velocity autocorrelation time is

(10° kg/m*)(10~% m)?
(103 Pas)

Ty, =101 g =10"1¢ (7.122)
Even for a much larger particle of 100 um = 10~* m, the correlation time is still quite
short,

(10° kg/m*)(10~* m)?

=103 s=10"2 7.123
(10-3 Pa s) ° s (7.123)

Ty,

Now, if we take velocity measurements at times much further apart than 7y, the results will
be independent and uncorrelated from each other. From the above analysis, we see that the
correlation times of a particle in water are quite short. Thus, in many applications where
we are only concerned with the dynamics of the particle on time scales larger than 7y, we
can neglect the effect of velocity correlation and derive our governing equation in the limit
7y, — 0. Even in this limit, however, we must have a nonzero value of (V,(0)V,(0)) =
([V+(0)]?); therefore, we write our approximate velocity autocorrelation as

(Ve(0)Vx(0)) = 2Dé(1) (7.124)
where §(7) is the Dirac delta function:
2 +00
8(t) = lim exp |:—x—:| f(@)d(t)dt = f(0) (7.125)
o—0 g /21 20’2 — 00

Strictly speaking, the Dirac delta function is not a function at all, but is rather defined solely
through the integral relation in (7.125). See the discussion of the theory of distributions in
Stakgold (1979).

To see that D is consistent with the common definition of the diffusivity, we compute the
average displacement over the time period [0, 7],

Ax(t) = /0 t Ve(t)dt (7.126)

with

<[Ax(r)]2>=<[ /0 Vx(rl)dn} [ fo Vx(lz)df2]>= fo fo Fe)WVb)dnds,  (1.127)
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Using the fact that the statistical properties of the velocity are independent of absolute
time,

(Ve(@)Vi(2)) = (Ve(ty — 22)V:(0)) (7.128)
and taking the limit 7, — 0, we have
(Vx(@)Vi(t2)) = 2Dé(t) — 1) (7.129)

Therefore,
Ax(t)] / / [2D§(t, — tp)]dtdt, = ZD/ / 8(ty — th)dtdt,
= 2D/ (1)dt, = 2Dt (7.130)
0

The mean-squared displacement varies linearly with time, and D is indeed the diffusivity,
as commonly defined.

The Langevin equation

We again consider the 1-D motion of a spherical particle, and now include a conservative
force arising from an external potential energy field U(x). The equation of motion is then

dv,

dU
m— = Ve =+ F(0) (7.131)

dx

We want to take the limit vy, — 0. As ty, = m /¢, we achieve this limit by letting m — 0,
but retain the constant value of the drag constant ¢ (i.e., we neglect inertial effects). The
equation of motion then becomes

= —=———+4+ —IR( 7.132
v = ¢ dx + : R(7) ( )
This is known as the Langevin equation. Assuming that the statistical properties of the
random force are independent of U(x), we analyze Fr(¢) in the absence of an external
potential, where

dx 1
Ve(t) = i EFR(I) (7.133)

The autocorrelation of this equation yields the statistical properties of Fr(?),

(Fr()FR(0)) = £* (Ve (t)V,(0)) = 2D¢?8(t)

(Fa(t)) = 0 (7.134)

We next reintroduce the potential U(x) and integrate the Langevin equation over an interval
from time ¢ to time ¢ + At,

1 (A qdU
x(t+ At)—x(t)= —— —

t+At
dr' + — Fr(t"dt' 7.135
S e [ R (1.139)

x(t")
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Assuming the gradient of the potential to be constant over the interval Af,
1 (dU
x(t+ At)—x(t) = —E (d_> (A1) + Xr(t, t + At) (7.136)
X

where we have defined the random displacement due to the random force,

t+At
Xe(t,t + At) = c / Fr(t))dt' (7.137)
t

The Wiener process

Let us consider the statistical properties of the random displacement (7.137). First, we see
that the average displacement is zero:

1+ At
(Xr(t, t + Ab)) = : / (Fr(t'))dt' =0 (7.138)
t

Next, we compute the autocorrelation function of Xy:

1 t+At 1 t'+AL
(Xr(f, 1 + ADXR(, 1 + AL)) = <[E/t FR(tl)dtl:| |:E/t FR(fz)dtzj|>

1 t+At t'+At
/ { f <FR(t1)FR(tz)>dt2}dn

S
(7.139)
Substituting ( Fr(t1) Fr(%2)) = 2D§'23(Z‘1 — 1) yields
t+At t'+At
(XR(t,  + AOXR(L, £ + A1) = 2D / f Sty — t)dn b, (7.140)
t t

If ¢/ # t,as At — 0, the right-hand side of (7.140) goes to zero as thereisno #, € [¢/, ¢’ +
At] that equals any ¢ € [¢, ¢t + At]. But, if ¢/ = ¢, then

t+At { t+At
t t

(Xr(t, t + At)XRr(t,t + At)) = 2D 8(t — tz)dtz} dt

t+At
= 2D/ {1}dt = 2D(At) (7.141)

Therefore, the correlation function of the displacement due to the random force during a
time interval At is

(Xr(t, t + ADXR(, 1"+ At)) =2D(AN)S(t — 1) (7.142)

We see that the statistical properties of this random displacement depend upon the value of
the diffusivity and upon the time step Az. We separate these two dependences by defining
the random variable AW, with the statistical properties,

(AW,) =0 (AW,AW,) = (ADS(t — 1)) (7.143)
such that
Xr(t, t + A1) = 2D)'2 AW, (7.144)

AW, is said to be the finite increment of a Wiener process.
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Let us take a random walk in one dimension, stepping a distance / every §¢ time interval.
After n such steps, the elapsed time is ¢ = n(§¢t). The mean-squared displacement during
the random walk is

([(Ax(OP) = Pn =1 (i) (7.145)

8t
Now, to be a model of diffusive motion, we must have the mean-squared displacement
growing linearly with elapsed time; therefore, we set

P=st 1=+t (7.146)
so that
([Ax()]) =1t (7.147)

In the limit 6z — 0, this random walk becomes a Wiener process. A Wiener process has
the same long-time behavior as a random walk with steps of +/8¢ each 8¢ time period, but
the steps are taken infinitely close together. This is unphysical; however, when modeling
Brownian diffusion, we are really only interested in behavior on time scales longer than the
velocity autocorrelation time.

Note that for 8¢ « 1, /8¢ » 8t. The “derivative” of this process for small, but finite 6z,
is approximately

A / ot 1
T~ Vor_ 1 (7.148)

&N T
Thus, as 8¢ — 0, the “derivative” of x(¢) diverges. In fact, it diverges so badly that the
integral

dr’ (7.149)

¢

146t dx
x(t+6t)—x(t)= / —
‘ dt

is not defined according to the rules of deterministic calculus.

Stochastic Differential Equations (SDEs)

The lack of a proper definition for (7.149) means that we cannot apply the traditional rules
of calculus to Brownian motion; rather, we must use the special rules of stochastic calculus.
Thus, integrals of the form of (7.137) and ODEs of the form of (7.132) are not to be defined
using deterministic calculus as we have done above. Let us now write (7.132) in a form that
is well defined by multiplying it by df,

1

dx = —— <d—U> dt + lFR(t)alt (7.150)
dx e

For a small time interval, (7.144) yields

1
EFRaft =dXg = (2D)?dw, (7.151)
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dW, is a differential update of a Wiener process. We are now faced with choosing the time
in [t, t 4+ dt] at which we evaluate dU /dx; here, we do so at the beginning of the time step,
to obtain an SDE that is an /t6-type SDE,

1 (dU
dx =—— | —
* {(dx

) dt + [2D]"*dw, (7.152)
x(1)

Equation (7.152) is also called the Langevin equation for the particle.
For a description of SDEs, see Kloeden & Platen (2000). An abbreviated discussion is

found in Ottinger (1996), with a focus on polymer science.
The simplest rule to integrate (7.152) is the explicit Euler SDE method:

1 {dU
x(t+ At) —x(t) = I (E

) (At) + [2D1V2(AW,) (7.153)
x(1)

AW, is an approximation to dW, for a finite At and is drawn at random from a Gaussian
distribution with mean p = 0 and variance o> = At. In MATLAB, we generate AW, by the
code,

dW_t = sqrt(dt) * randn;

BD_1D.m uses the explicit Euler method to simulate the Brownian dynamics of a spherical
particle in a quadratic energy well, U(x) = kspx?/2 with kg, = 1. Trajectories are plotted
in Figure 7.11 for ¢ = 1, D = 1 and various At. As At decreases, the path fluctuates more
wildly for short times, but has the same long-time properties.

Ité’s stochastic calculus

While the explicit Euler method is simple, it is not very accurate. For a deterministic
differential equation, we build higher-order methods through Taylor series expansions;
however, the rules of stochastic calculus are different. Consider the SDE

dX = a(t, X)dt + b(t, X)dW, (7.154)

Using #41 — tr = At, X,, = X(), we have an exact update

7o Lkt
X, — Xy = / a(t, X(t))dt +/ ' b(t, X(t))dw, (7.155)
N t
In deterministic calculus (no dW, term), we expand a(¢, X) in time using the differential da =
(0a/ot)dt + (da/dX)(dX/dt)dt; however, here we have a stochastic integral involving a
Wiener process. How do we interpret this integral, and what is the proper form of differential
for a stochastic process?

We use here 110 s stochastic calculus, in which we approximate the stochastic integral
by quadrature using the values at the beginning of each subinterval:

153 N
/ bW, ~ Y bt )W, — W] =" (7.156)
0 j=1
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Figure 7.11 Brownian dynamics trajectories of the 1-D motion of a particle in a quadratic potential.

As the time step is decreased, the path becomes more irregular at short times, but the long-time
properties remain similar.

Next, we write the differential of any F(¢, X), with X being governed by the SDE (7.154).
Assuming F depends continuously upon ¢ and X, we use an expansion to second order:

oF oOF 10°F )
F(t+dt, X(t+dt)— Ft, X\)~ — dt + — e dX
at (. %) X . %) 20X €. )
1 9°F 10°F 5
- dXdt + 5 — dt=  (7.157)
20Xt X.0) 2 0t . %)
For the first-order term in X, we substitute the SDE (7.154),
aF
- = | [a(t, X)dt + b(t, X)dW,] (7.158)
X4 X4
Substituting similarly for the mixed partial derivative term,
LoF t~ Lor [a(t, X)dt + b(t, X)dW,]dt (7.159)
20X0t |, T 20X01 |y T '

As d W, is a random number of magnitude +/dt, this term is of higher overall order in time
than (7.158) and thus is dropped. Similarly, the last term of (7.157) that is second order in
time is dropped. We then have

dt + or
D¢

1 9%F

2
9%, dX®  (7.160)

oF
dF ~ —

[a(t, X)dt + b(t, X)dW,] +
U lx

(t,%)
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Substituting for d X2,
dX? = [adt + bdW,)* = a*(dt)* + 2ab(dt)(dW,) + b*(dW,)? (7.161)

While the first two terms are of higher order than 1 in time, the last term is not, as d W, ~
J/dt. Thus, we must retain it, and replace it with its “average” value (dW;)* — dt.

We provide here a heuristic argument for accepting this replacement. Consider approxi-
mating the Wiener process as a random walk in which in one unit of time we make » steps
each of length /. After one unit time interval, the mean-squared displacement is n/?> = 1.
Thus, we obtain the same mean-square displacement if we replace the Wiener process by
a random walk with /> = n~! = dt. Thus, the replacement (dW,)> — dt is valid, in the
“mean-square sense”.

Using d X? ~ b*(dW,)> — b?dt in (7.160), we have It6 s lemma

OF oF 19%F
dF = [ b(t, X)d W,

R R I,X I
ot ox |, Ot o

0 20X2

s IF
[b(t, X)] :|dt + 3%

(t,X) (t,X)

(7.162)
This demonstrates the major difference between the stochastic and deterministic forms of
calculus. In stochastic calculus, we expand functions to higher orders, replace (dW,)*> — dt,
and then keep all terms that contribute up to the desired order.

We now use this formalism to demonstrate the derivation of a higher order integration
method than the explicit Euler one. In the explicit Euler method we neglect the time-variation
of @ and b over the time step. This is particularly bad for the second integral as dW, is of
order #'/2, and thus the explicit Euler method is only 1/2-order accurate for predicting the
actual trajectory. Thus, let us increase the order of accuracy of this term by using a 7'/2
accurate expansion of b in #; <t < f34:

ab

b(t, X,) ~ b(lk, ka) + 8_X

X

— (W, — W] (7.163)
wox,) W '

(1, X))

Using d.X/9W = b, we have for the second integral of (7.155),

b(tkvth)[VVt - Wlk] dVVt

(1, X1)

t—1 /38 0ob
/ b(t, X(O)d W, ~ / bt X,) + —2
" f 0oX

(7.164)
This yields
th+1 ~ th + a(tkv Xlk)(tk+l - tk) + b(tka Xlk)[VVlk+l - VV[k]
ob [738]
bavl b)) [ D= waw, (7.165)
(0. X,) i

The last term is the leading-order correction to the explicit Euler method to raise the order
of accuracy to 1. We next evaluate the stochastic integral

tit1
Iy, = / [Wt - Wtk]th = %{[VVUHA - Wtk]2 — (tgg1 — tk)} (7.166)

3

To show that (7.166) is valid, we define
Gt,Yy=2I ., =Y -W,*—(t—1t) dY =dW, (7.167)
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and apply (7.162),

dG = [ — 14 JQP]dt +2[Y — W, |J(DHdW, = [Y — W, ]dW, (7.168)
to yield the integrand of (7.166). Using (7.166) in (7.165), we obtain the Mil shtein rule
ab
th+l ~ Xlk + a(tkv Xf/:)(At) + b(tk’ Xl/()(AVVY) + a v b(tlﬁ th)%[(A Wl‘)z - At]
(1, X))
' (7.169)

Further higher-order methods are discussed in Kloeden & Platen (2000).

Example. Stochastic calculus in quantitative finance

Stochastic calculus is used heavily in quantitative finance, a significant employer of numerate
engineers. In Problem 6.B.5, we solved the Black—Scholes equation for the fair value of an
option. Here, we show how this equation is obtained, through stochastic calculus.

Consider the spot (market) price S(¢) of some financial asset as a function of time. We
sample the price at uniform time periods #; = k(At)andlet Sy = S(#). A reasonable model
of the behavior of many assets is the lognormal random walk, which assumes that the return
between successive time periods

Sei1 — S,
R, = % (7.170)
k

is normally distributed so that the spot price is governed by the SDE
dS = pSdt +oSdWw, (7.171)

w is the drift rate, and is computed from a sequence of returns by

=% (AI) Z , (7.172)

o is the volatility of the asset, and is estimated from

2
R) = (At 7.173
(N_l)(m)Z(k (R) = u(A) (7.173)
In a simple type of derivative, a European option, we purchase at time 7 the right to either
buy (a call option) or sell (a put option) the underlying asset at some time 7" > ¢ in the future
at an exercise price E. Thus, at time 7, if we purchase the option, we will have a payoff

max(S(T) — E,0), calloption

max(E — S(T'),0), putoption (7174

payoff(S(T)) = {

What is the fair price V' (S, ¢) of this option at # < 7 when the spot price of the underlying
asset is S?

To compute this value, assume that we purchase an option and at the same time short

(i.e., sell assets we don’t actually have — this is often possible and legal) a quantity A of the

underlying asset. The value of this portfolio is IT = V' (S, #) — AS. Applying (7.162), the



Brownian dynamics and SDEs 347

SDE for the portfolio value is

av 19%V

drl =
{a (“)+2as2

av
ZSZ]} dt + ﬁ(aS)th — A[uSdt + o SdW,]
(7.175)
Collecting terms, we have
v v 1 3V v
dll ={ — +uS|— —A)+ =08 dt+oS|— —A)dw, 7.176
{at+“ (as >+20 8S2} to ( 35S ) r (179)
Now, if we make the special choice A = dV//9S, then the random nature of the portfolio
disappears and we have the purely deterministic result

a1 3V
o }dt (7.177)

Such reduction of risk is known as hedging, and the strategy above is called delta-hedging.
Of course, in practice not all risk is removed as the model is not completely accurate. Also,
this approach involves modifying A continually as 97 /9.5 changes, which exposes the
holder to transaction costs that should be modeled as well to design an optional hedging
strategy.

If we follow this strategy, our model predicts that all risk will have been removed. It
would not be fair if this strategy were to yield higher or lower returns than the alternative
risk-free strategy of taking the initial value of our portfolio T1(S, ¢) and putting it in a bank
account to earn interest at a rate 7. Using this “no free lunch,” or “no arbitrage,” argument,
we should have

dIl = rlldt = r(V — AS)dt

a1, oy
. s di=r (v —228)ar 7.178
{Bt 3 352} r( 35S ) (7.178)

This yields the famous Black—Scholes equation

8V+ SaV—i—l 252—8 Y v =0 (7.179)
R —r = .
at s ' 2 352

which is solved backwards in time starting at the final condition (7.174). For more on the
modeling of derivatives, consult Wilmott (2000).

The Fokker—Planck equation

We have proposed an SDE model (7.152) for the 1-D Brownian motion of a particle, and
now relate this SDE to the time-evolution of the probability distribution p(z, x), where the
probability of finding the particle at time zin [x, x 4+ dx]is dx. We know that at equilibrium,
this probability density should converge to the Boltzmann distribution

Peg(®) = Z L exp [— l/fb(;)] Z= f_ m exp [— Zb(’;)} dx (7.180)

Figure 7.12 shows the plot produced by BD_1D.m that contains the measured probability
distribution of x generated by a histogram of the Brownian dynamics trajectory along with
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Figure 7.12 Comparison between probability distribution generated by Brownian dynamics (BD)
trajectory and that from Boltzmann distribution.

the expected result at equilibrium with &, 7 = 1. We see from their agreement that somehow
setting ¢ = 1 and D = 1 results in the correct sampling at k,7 = 1.

What is the fundamental relationship between ¢ and D, and how can we obtain an equation
for the probability distribution from the SDE? Let us frame our discussion somewhat more
generally for the SDE

dX = a(t, X)dt + b(t, X)d W, (7.181)

The update in a time interval §¢ is
(t+61) (t+61)
Xiyst — Xy = / a(t', Xp)dr' —{—/ b(t', X)dW, (7.182)
t t

Consider some F'(x), for which (7.162) yields the differential at #,
oF
dF = | —
X

Integrating this differential over the path X, — X;,s; yields

19%F
a(t/’ Xt’) + =

. b(t', Xo)d Wy
) 29X2

(t/’Xl,)

0F
b(t', X | dt + —
[b( t)]:| t3x

(t/st’)
(7.183)

F(Xyi50) — F(X)) / e aF ', X))+ Lo°r [b(t', X)]* | dt’
t+6t) — t) = P a ) t P —— ) t
t 3X (l‘/,X,/) 2 3X2 (t/,X,/)
(t+46t) 9F
+ / — b(t', X, )d Wy (7.184)
t aX (t/,X,/)

Let us define an operator L, that generates an “expected time derivative,”

1
LiF(x) = lim <{E[F(Xisa)|X, = x] = F(x)) (7.185)
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Taking the expectation of (7.184) over a very small time step, the stochastic contribution
cancels out as (dW,) = 0. Thus,
oF 1 (9*F 5
LiFx)=\—)alt.x)+ = | — | [b(t, x)] (7.186)
dx 2\ ox?

Let p(¢, x|t’, x") be the transition probability that if the particle is at x at time 7, then at
time ¢, it is at x. Then, we could write (7.185) as

1 +o00
L’F("):sltigloﬁ {/ F@"pt + 6t,x"|t, x)dx”—F(x)} (7.187)
—o0

Let us multiply (7.187) by p(¢, x|t/, x") with # < t and integrate over x:

/Jroo[LtF(x)]p(t,x|t',x’)dx

oo

1 +oo +oo
= lim {/ |:/ F(x"p(t + 8t, x"|t, x)dx”:| p(t, x|t', x"dx

o §t—0 g 00 00
+00
— / F(x)p(t,xlt/,x/)dx} (7.188)
—0o0
We now use the Chapman—Kolmogorov equation,
+00
/ p(t + 8¢, x"t, x)p(t, x|t', xYdx = p(t + 8t,x"|t', x") (7.189)
—00

to write (7.188) as

+00

/ [L:F(x)]p(t, x|t', x")dx
—0o0

1 +o0 +o00

= 51imo 5 {f F&"p@t + 8t x"|t', x")dx" —f F(x)p(t, x|t', x’)dx}
t— —00 —00
(7.190)

In the first integral on the right-hand side x” is only a dummy variable of integration, and
we are free to replace it with x,

/+w[L,F(x)]p(t,xlt’,x')dx

oo
+00

1 +oo
= lim 5 {/ F(x)p(t + 8t x|t', x"Ydx — /

§t—0 0 —x

F(x)p(t, x|t', x’)dx}
(7.191)

Collecting the integrals on the right-hand side, taking the limit 6z — 0, and using the finite
difference approximation

) 1
Ep(t, x|t x") ~ g[p(t +8t, x|t x") — p(t, x|t', x")] (7.192)
we have
+00 +oo b
f [L:F)]p(t, x|t x")dx = / F(x) [Ep(t, x|t', x/)i| dx (7.193)
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If we define the adjoint operator Lj such that

/ +oo[L,F(x)]p(t,x|t/,x’)dx = / m FOIL! p(t, x|t x")]dx (7.194)
then (7.193) becomes
+00 +oo B
/ F(x)[Ljp(t,xn’,x’)]dx:f F(x)|: p(t, x|t x)i| dx (7.195)

and hence the transition probability distribution is governed by the forward Kolmogorov
equation

d .
Pl xll 3y = Lip(t, x|t x") (7.196)
For the operator (7.186), one can show by integration by parts that
o+ a 1
L = a(t xX)+ = X 2[b(t X)) (7.197)
and thus
1
Ep(t,xlt',x’) = |:— a(t,x)+ = e 2[b(t x)] ] p(t, x|t’, x") (7.198)
Using the relation
400
p(t, x) =/ p(t, x|t', x"p(t', x")dx' (7.199)
—0Q0

we multiply (7.198) by p(¢’, x") and integrate over all x’ to obtain the Fokker—Planck equation
for p(t, x),

1
P att, p(, 01 +

b(t, t 7.200
- L (a0, ) (7.200)
For 1-D Brownian motion with the SDE (7.152),
1 /dU
a(t,x) = Ju(x) = —— <—> [b(t, x))* = 2D (7.201)
¢ \dx
the Fokker—Planck equation is
op 9 02
— = ——1J. t, —{Dp(t, 7.202
o = 5 [L@)p(t. 0]+ 5 (Dp(t. ) (7.202)

This looks somewhat like a convection/diffusion equation, where the first term is the con-
vective flux due to the presence of the external potential and the second term is the diffusion
caused by the random Brownian motion. If we have a system of N noninteracting particles,
each governed by an independent SDE (7.152), the concentration field of the particles is
c(t,x) = Np(t, x) and is governed by

ac

ot
Thus, we see that there is a strong relationship between macroscopic diffusion and micro-
scopic Brownian motion.

2
= —i[Jc(x)C(t, x)]+ a—{Dc(l‘, x)} (7.203)
ax dx?
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Some care must be taken if the diffusivity is itself a function of position, as the correct
microscopic balance for the concentration field is

dc 0 0 ac
—=——1J — | D(x)— 7.204
T C]+8x[ (x)ax} (7.204)
Applying the chain rule,
0 9 a ac a [ dD
——[Dc]=— | D— — |c— 7.205
8x3x[ ‘] 8x|: 8x:|+8x |:cdxi| ( )

we rewrite (7.204) as the correct form of the Fokker—Planck equation for a position-
dependent diffusivity D(x):

dc 9 dD 92
o= o [(J + %) c] + 55 [DE)e(r. 2)] (7.206)

The corresponding Langevin equation is
dD
dx = { Jo(x) + I } dt + [2D(x)]"*dw, (7.207)
X

The additional deterministic contribution from the position-dependent diffusivity is known
as spurious drift.

The Einstein relation

We are now ready to derive the proper relationship between the drag constant ¢ and the
diffusivity D. If the diffusion is constant, the Fokker—Planck equation (7.202) takes the

form
ap a [1 [/dU op
—=—|—-— t, D— 7.208
ot ox |:§ (dx)p( )+ 8xi| ( )
As t — 00, the system approaches a stable steady state for D > 0 at which
d [1/dU dp
— = — D—|=0 7.209
dx [C(dx)p(x)—l_ dxi| ( )
Integrating yields
1 (dU dp
— | — ) p(x) + D— = constant = 0 (7.210)
¢ \dx dx

In the latter equality we use the fact that since the probability field is conserved (there is no
source term), the net flux (convective and diffusive) is zero everywhere at the steady state.
We want this condition to be satisfied by the equilibrium Boltzmann distribution (7.180).
Taking the derivative of pq(x) yields

dpeq d Z-1 Ux) Z-1 1 dU Ux) 1 dU
= — exp | — = ———|exp|— =—— "D
dx  dx P TT kwl dx | S| " kT kT dx o
(7.211)

Substituting this into the no-flux condition (7.210) we obtain

oo L(4UN, L pl 14U | _(dU\(1 D a12)
¢ \ax )P T dx P = \ax J\¢ " kot ) P '
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This yields the famous Einstein relation
kT

¢
Combining this expression with Stokes’ law for the drag constant yields the Stokes—Einstein
relation, predicting the diffusivity of a sphere through a Newtonian fluid,
kb T
- 6w R

D (7.213)

(7.214)

The Einstein relation is a special case of a more general result known as the fluctuation-
dissipation theorem (FDT). The FDT relates the strength of the random thermal fluctuations
(here D) to the corresponding susceptibility to external perturbations (here ¢ ') in such a
way that ensures that the probability distribution converges to the proper equilibrium result
at steady state.

Using the Einstein relation, the random Brownian force on the particle has the statistical
properties

(Fr(@) =0 (Fr(D)FR(0)) = [2¢k T18(2) (7.215)

General formulation of SDEs; Brownian motion in multiple dimensions

Above we have considered only a single SDE, but systems of coupled SDEs can also be
solved. Consider the 3-D isotropic Brownian motion of a paticle, in which each component
of the position vector is governed by a SDE:

dx = —;*l%dt +@2D)"2dw
dy = —;*1%& + @2D)\ 2w’ (7.216)
dz = ¢ aa—lzjdt +@D)aw?

d W,(x), d Wt(y ), and d W,(Z) are increments of independent Wiener processes and the Einstein

relation requires ¢~! = D/(kyT). Defining the position, conservative force, and Wiener
update vectors,

X —3U/ox "
r=|y| FO=-vUu=|-3ujay | dw,=|daw? (7.217)
z —aoU/oz th(z)
(7.216) is written more compactly as
dr = ¢ 'FOdt + (2D)2dw, (7.218)

For diffusion in three dimensions, in the absence of an external potential, we have
dx = 2D)'2dw  dy = (2D)"2dw? dz = @D)"Pdw? (7.219)
The mean-squared displacement in 3-D space is

(Ar)?) = ((Ax)* + (Ay)* + (Az)?) (7.220)



Markov chains and processes; Monte Carlo methods 353

But, since the random motion in each direction is independent,
(Ar)) = ((Ax)") + (AY)*) + (Az)) (7.221)
and from the stochastic properties of the Wiener process, we have
((Ax)’) = 2Dt = ((Ay)*) = ((Az)?) (7.222)
Therefore, in three dimensions,
((Ar)?) = 2Dt + 2Dt + 2Dt = 6Dt (7.223)

Similarly, for diffusion in two dimensions, ((Ar)?) = 4Dt.
In general, we relate the Langevin and Fokker—Planck equations as follows. Let us have
an ensemble whose members propagate according to an SDE

dx =a(t,x)dt + B(t,x)-dW, (7.224)

with a state-dependent drift a(¢, x) and a state-dependent tensor B(¢, x). Then, defining
from B(¢, x) the positive-semidefinite diffusion tensor

D(t,x) = B(t,x)- B'(t, x) (7.225)
the probability distribution of the ensemble follows the Fokker—Planck equation
d
8—"; =~V - [a(t, x)p(t, )] + 1V V: [D(t, x)p(t, )] (7.226)

Given D(t, x), a corresponding B(¢, x) may be obtained by Cholesky factorization; however,
this choice of B is not unique as BQ, for any orthogonal Q, also satisfies (7.225).

Markov chains and processes; Monte Carlo methods

In our discussion of polymerization and random walks, we have been using the concept
of Markov chains. Many simulation and computational methods are based on the random
generation of states (events) according to a defined probability distribution. Because these
techniques involve random number generation, they are known generally as Monte Carlo
methods, after the famous casino in Monaco.

Markov chains

Let us consider a stochastic system whose state is characterized by a vector ¢. Using the
laws of conditional probability, we write the probability of observing a particular sequence
of states (%, g1, ..., ¢ as

P(g™ ™. q™) = P(q") x P(¢™|¢™) x P(q2]q"", 4

X x P(qgM]glv=1, gl glon)
(7.227)

In a Markov process of order m, each conditional probability of adding a new value g!*!
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depends only upon the values of the previous m members of the sequence,
P(q[k]|q[k71]’ q[kfz]’ o q[”, q[O]) - P(q[k]|q[k’1], q[ku]’ o q[kfm]) (7.228)
Of particular importance are first-order Markov processes,

P, g, q™) = P(q%) x P(¢"M|¢™) x P(q?]|q") x P(¢)]¢?)

(7.229)
x - x P(g™M]gN 1)
Here, the conditional probabilities take the form of transition probabilities,
P(q[k]‘q[k_”) = T(q[k_ll — q[k]) (7.230)
Each sequence ¢[%, ¢!, . . . ¢! generated by a Markov process is called a Markov

chain. Markov chain Monte Carlo (MCMC) simulation is the general term given to the
use of computers (with hopefully good random number generators) to generate Markov
chains. Here, we focus on the case where the transition probabilities are defined such that
the members of the Markov chain are distributed according to some specified distribution

P(q).

Monte Carlo simulation in statistical mechanics

Consider a system at constant temperature and volume, with a state vector ¢ and an energy
function U(q), such that at equilibrium, the probability of finding the system in state ¢ is
described by the Boltzmann distribution

1 U(q) Ulq)
P(q) = 7 oXp [—kb—T} Z= Xq:exp [— T ] (7.231)

As T'— 0, the system is confined more closely to its minimum potential energy state,
until at 7 = 0%, only the minimum energy state has a nonzero probability of being
observed.

In Monte Carlo simulation, we generate a random sequence ¢!}, g?1, B3l .. of states that
are sampled according to the probability distribution P(g). That is, the number of members
of such a sequence within some region of volume dg around ¢ is proportional to P(q)dq.
Let us assume that we have some way of generating a random sequence with the correct
probability distribution, and that at iteration k we are at the state gl¥l. We then propose at
random a move to a new state ("), where the probability of proposing this move is y (g
— ¢"")). We now either accept or reject this move in such a way as to sample correctly
from P(q).

To do so, we define an acceptance probability a(g*! — ¢"™")), and if we generate a
random number u, distributed uniformly on [0, 1], that is less than or equal to this probability,
we accept the move. That is, the new state is generated by the rule

[k+1] _ q(new), ifu < a(q[k] N q(new))
T 1gM, ifu > g™ — glew)

(7.232)

Note that if we reject the move, we then count the current state again.
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The acceptance probability is related to the generating probability distribution P(g) by
the condition of detailed balance,

P(gM)y (¢ — g (gl — g0o)
— P(q(new))y(q(new) N q[k])a(q(neW) N q[k]) (7233)

To understand the origin and meaning of this relation, consider the following thought
experiment. Let us say that we were generating not one sequence, but many sequences
independently and in parallel. At each step, the number of sequences in our ensemble at or
near ¢ should be proportional to P(q). Therefore, from one step to the next in simulating
our ensemble of sequences, the number of sequences that move away from any point ¢
to any other point should be balanced by the number moving to ¢ from all other points.
The condition of detailed balance goes yet further, and states that the number of sequences
making the move g!¥! — ¢(™*) must be balanced by the number making the move g("*") —
¢t¥]. This is represented mathematically as the flux balance (7.233). From this condition,
we obtain the following rule for the ratio of the acceptance probabilities,

O[(q[k] N q(new)) P(q(new))y(q(new) N q[k])
a (g = qik) ~ P (qF)y (g — giew)

We often pick a generating process that is symmetric,

(7.234)

)/(q[k] N q(new)) — y(q(“ew) - q[k]) (7235)
For example, we can displace each component at random,
qr(;ew) <« qr[,f‘] + Ap(uy, —0.5) (7.236)

where u,, is a random variable (independent for each component) that is uniformly dis-
tributed between zero and one. A,, is some maximum allowable displacement that may be
tuned dynamically to optimize the fraction of moves that are accepted to the range 0.1-0.5.

With a symmetric process for generating the moves, the ratio of acceptance probabilities
becomes

Ol(q[k] — q(new)) P(q(new))

og(q(neW) — q[k]) = P(q[k]) (7237)
A choice that satisfies this condition is
Oé(q[k] — q(new)) — min{l, P(q(new))/P(q[k])} (7.238)

which yields the Metropolis Monte Carlo method, based upon iterating the following
procedure:

generate a proposed move g%l — g™ at random from y (¢'¥1 — g™V
compute P(q®V)/P(gq'1)

generate a random variable u, uniformly distributed on [0, 1]

ifu < min{1, P(q(new))/P(q[k])}’ q[k+1] — q(“ew);else, q[k+1] — q[k]

To simulate a physical system using this method, we start at some initial state, and perform
some large number of Monte Carlo steps to equilibrate the system. Initially, we may start at
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Figure 7.13 Exact and Monte Carlo sampled probability distributions of a particle in a 1-D quadratic
energy well.

some state that is not very likely. After a large number of steps, the system will evolve to a
more likely state at which point we can begin measuring the properties of the system. From
our sequence of generated states, we measure any property A(¢q) and compute the average,

1 & ‘
A= — Y A(qgV! 7.239
(4) NS; (¢") (7:239)

When simulating from the Boltzmann distribution, this should agree with the thermody-
namic equilibrium value of 4 in the NVT (constant mole number, volume, and temperature)
ensemble as Ny — oo. For more on Monte Carlo simulation, consult Frenkel & Smit (2002).

MC_NVT_im1.m simulates a particle trapped in the same quadratic potential energy well
as in the Brownian dynamics example of Figure 7.12. Figure 7.13 shows the probability
distribution measured from the Monte Carlo simulation, compared to the exact result. For
the large number of samples in this run, we see that the sampled distribution agrees quite
well with the Boltzmann distribution.

Example. Monte Carlo simulation of a 2-D Ising lattice

Lattice models often are used to introduce statistical mechanics, because they are simple to
understand and easy to simulate. A 2-D Ising lattice comprises N x N sites in a rectangular
array, in which each state has a spin variable that takes on a value of 41 if the spin is “up”
and —1 if the spin is “down.” A state v of the system assigns to each of the N? sites a spin

sl —

1, ifspinisup
ij { (7.240)

—1, if spin is down
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If two sites (i, j) and (m, n) are neighbors (to the “north,” “south,” “east,” or “west”), they
interact with a coupling strength J to favor parallel alignment (either both up or both down),
with an energy contribution

—J, if spins are parallel

Eiimn = —JSMsM) —
v 5" S J, if spins are anti-parallel

(7.241)

In addition, each site interacts with an external magnetic field H according to the state of
its spin, which has a magnetic moment w. The total energy of the lattice in state v is then

N N
= Hpu 21: 21: s - 21: Z SUISM s st st (7.242)
i=1 j= i j=

We divide by 2 in the second sum in the energy expression to avoid overcounting each
interacting pair. To mimic the behavior of an infinite lattice, we use periodic boundary
conditions, in which for neighboring points outside the N x N simulation cell we assume

[v] vl [v] [v] vl [v] [v] [v]
ST =Sn Snii,, =81, Sisi=Siy Sivea =50 (7.243)

s i,

For each state v, we define the net magnetization and the order parameter

N N 1 N N
m=ud 38 M= 3 s (7.244)

i=1 j=1 i=1 j=1

If all spins are “down,” o*1 = —1, and if all spins are “up”, o'l = 1. If o[ = 0 there is
no net order of spins in the lattice. Ising_lattice_.MC.m simulates a 2-D Ising lattice and is
called by the following code:

MCOpts.N = 50; MCOpts.mu = 1; MCOpts.H = 0;

MCOpts.J = 1; MCOpts.kb_T = 5;

MCOpts.Nequil = 50" (MCOpts.N"2); MCOpts.Nsamples = 50000;
MCOpts.freq_sample = MCOpts.N; MCOpts.make_plots = 1;
Ising_lattice_ MC(MCOpts);

make_Ising_lattice_MC_movie.m uses the results of Ising_lattice_.MC.m to make a movie
showing the spin fluctuations.

Aninfinite 2-D Ising lattice has a critical point at the Curie temperature T, ky T, ~2.269 ],
above which there is no net order in the absence of an external field, and below which the
system has a net surplus of either “up” or “down” spins. A strong external field can induce
spin order even above T, but higher fields are required at higher temperatures. Figure 7.14
shows two sample states from Monte Carlo simulations. Figure 7.14(a) shows the positions
of spin-up sites in a disordered state for the base case simulated by the code above, while
Figure 7.14(b) shows that imposing an external field # < 0 results in mostly spin-up sites.
For further discussion of Ising lattices, see Chandler (1987).
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Figure 7.14 Sample states from Monte Carlo simulation of a 2-D Ising lattice at a temperature above
the Curie point, with points showing spin-up sites: (a) in the absence of an external field, the lattice
has a mixture of spin-up and spin-down sites; (b) with A < 0, lattice sites are mostly spin-up with a
few spin-down sites due to thermal fluctuations (N =50, u =1, H=0,J =1, K, T =5.)

Field theory and stochastic PDEs

Above, we have considered only ordinary SDEs, but many models in statistical physics are
of the form of stochastic PDEs. Let us consider a system such as the Ising lattice that at high
temperatures is disordered, but in which as the temperature is lowered, some form of order
emerges below a critical temperature 7,. We define an order parameter ¢ such that ¢ = 0
denotes a completely disordered state. We have defined such a spin order parameter for the
lattice model (7.244); however, the concept is quite general. For example, when modeling
the phase separation of two species A and B, we could take ¢ to be the difference in the
local densities of each species, ¢ = pa — pB.

Commonly, near 7, the system experiences significant long-range fluctuations in ¢ (you
can observe this with the Ising MC program). Modeling the system on length scales large
compared to the lattice size, we define a local order parameter field ¢(x) that characterizes
the local degree of order atx. As ¢ is presumed to be small near 7t (the order is just beginning
to emerge), we approximate the local free energy density f(x) as a Taylor series in ¢(x),
and write the total free energy Hamiltonian of the system as the Landau phenomological
free energy model:

1 2 4 1 2
H{p(x)] =/{—W(x)<ﬂ(x)+ o) + ulp)) + 5S¢Vl }dx (7.245)

For an Ising lattice,

kb w sz ka H,LL _
r:a—d(T—T') T*:k—b u=g w=—r c=Ja*? (7.246)

where a is the lattice spacing and d is the dimension of the lattice. If we neglect any
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fluctuations in the order parameter, a mean-field approximation, we identify the thermody-
namic prediction of the uniform order parameter () as that minimizing the mean-field free
energy

Ar((@) = —w(p) + 37 (@) + ulp)* (7.247)

Taking dfvp/0(p) = 0, we have —w + 2r(@)mr + 4”<‘P>13\/1F = 0. In the absence of an
external field, w = 0, this becomes

0, r>0T>T*
5 ) 2 10 _ — 7.248
(‘P)MF[V + u(‘ﬂ)MF] = (@)vr + lz—r,r <0, T <T* ( )

Thus 7" is the predicted transition temperature from mean-field theory. This mean-field
picture of the phase transition is only valid when c¢ is so large that spatial modulations in
the local order parameter field are suppressed; however, we see from (7.246) that this is
unlikely, especially when the dimension d is small.

One way to sample the fluctuations in the order parameter, and thus model their effect
upon the phase transition, is to propose a stochastic model for the order parameter field
such as the time dependent Ginzburg—Landau model A (TDGL-A) dynamics:

o §H
— =-T—+n(, x) (7.249)
at %)
where I > 0. The functional derivative of H [¢(x)] is
SH H Sx—xN]—-H
SH | _ gy HIO) 60— HIO (g 5Py
) X £—> &

(7.250)
and (¢, x) is a random noise field. Here, we have taken the “naive” approach of dividing
the field differential by dt, as this is common in the physics community, even though the
time derivative is not well defined. Equation (7.249) is a stochastic PDE, and to discretize
it, we place a uniform grid of points x,,, where m is a unique label. If ¢, is the field value
at m, we discretize (7.249) as the set of ordinary SDEs

§H

dow =T [_
3¢

§H
S¢

dt + n,dt
Xm

(7.251)
= —w(xp) +re, + 4u(p,3n - cV2g0|xm

Xm

We use finite differences to relate V2¢|,,, to an algebraic difference of field values at
neighboring grid points. Let us compare (7.251) to the set of SDEs for Brownian motion in
multiple dimensions,

19U

1
dx, = ————dt + — Fr,(¢)dt 7.252
fn = =7 gdt+ T Frn(® (7.252)

where the random force vector has the statistical properties
(Frm(®) =0 (Frm(O)FRn(t)) = 2ko TES(t — 1 )3mn (7.253)

We see a strong resemblance between (7.251) and (7.252), except that (7.251) has the
functional derivative evaluated at x,, rather than the “traditional” derivative of the energy
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with respect to the grid value. For a lattice of cells with a volume v, around each point,
if we use quadrature to approximate the functional H[¢(x)] as a function H(¢p) of the grid
values,

SH _,0H
—| mv, — (7.254)
8¢ L, Iom
so that the analogous form to (7.252) is
L [oH
dow = —T'v, To dt + nydt (7.255)
Pm

Thus, we associate ¢ ~! < 1"vc’1 and by analogy to (7.253) define the statistical properties
of n,, to be

<77m(t)> =0 (nm(t)nn(t/)) = ZkaFU;lam,n(S(t - t,) (7256)

As v — 0, v 16,,,, an — 6(x, — Xy), so that the statistical properties of the random noise
field n(z, x) in (7.249) are

(nt, x) =0 (nt, x)nt",x")) =2k TTS(x — x)3(t — 1) (7.257)
The SDE for the field value at each grid point is then
SH m
dgm = —T [5_ }dr + 2k 7T Paw ™ (7.258)
Xm

where the dW,(m) are independent Wiener processes. TDGL-A_2D.m uses this method to
sample the order-parameter field fluctuations at a specified temperature. For more on field
theory applications in statistical physics, consult Chaikin & Lubensky (2000).

Monte Carlo integration

In Chapter 4, we considered a simple method to estimate by Monte Carlo simulation the
value of a definite integral

P = / f(x)dx (7.259)
Q

We consider here an alternative method employing importance sampling that may be used
when we can compute the volume Vg, of 2 easily. We start by writing (7.259) as the integral
over all space

1, ifxeQ

0 ifxgQ (7.260)

® =/ Hox) f(x)dx  Ha(x) ={
RV

Then, we write the integral in terms of the average of f(x) over €2, which we determine by
Monte Carlo simulation,

1 & ‘
®=Valfla  (Na=g PFACED! (7.261)
=1

The {xV1}, uniformly distributed in ©, are obtained from Metropolis Monte Carlo sampling
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using the sampling distribution

Py = o () (7.262)

Simulated annealing

Consider again the Boltzmann distribution for a system with a state vector x and an energy
function E(x), such that the probability of finding the system at state x is

P(x) o exp [—%} (7.263)

As T — 0, the system is confined more closely to its minimum energy state, until at 7 = 0"
only the minimum energy state is observed. By analogy to this result, we obtain a method
for finding the global minimum of a cost function known as simulated annealing. Unlike
the methods of Chapter 5, simulated annealing may be used for both continuously-varying
and discretely-varying parameters. We merely replace the energy with the cost function and
set ky, to 1:

P(x) x exp [—@} (7.264)
We sample from this distribution using the Metropolis Monte Carlo method, starting initially
at a very high temperature so that the system is able to move efficiently around parameter
space. We then slowly decrease the temperature to zero, to allow the system sufficient time
to escape from higher-lying local minima and find the global minimum (which is easier
said than done).

This method is implemented by simulated_annealing.m, called by

[x,Fiflag,x_traj] = simulated_annealing(func_name,x0,0ptParam,ModelParam);
func_name is the name of a routine that returns the cost function,
function f = fun_name(x,ModelParam);

ModelParam is a structure of fixed parameters passed to the cost function routine. x0 is the
initial guess of the state vector. Here, all components of x are assumed to vary continuously,
but the routine can be modified easily to treat discretely-varying parameters. OptParam
is an optional structure that allows the user to modify the behavior of the algorithm. Type
help simulated_annealing for further details. The output includes the estimated minimum
x and its cost function value F, an integer iflag for which 1 denotes success, and x_traj, a
trajectory of state values sampled during the annealing.

The performance of this simulated annealing routine is examined for the following cost
function, which has two minima, one at ¥’ = (=3, 3) and a lower one at ¥» = (3, —3):

104 0.1llx — %P3, ifflx —%V)2 < |x — @3

. 7.265
x — %22, otherwise ( )

F(x):{

test_simulated_annealing.m performs this calculation, and calls global_min_cost_func.m,
that returns the value of the cost function.
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1

Figure 7.15 Partial trajectory of a simulated annealing run of a cost function with multiple minima.

Figure 7.15 shows the contour plot of this cost function, overlaid with the trajectory of the
simulation (not all points are shown). The simulation was started at ¥, a local minimum
but not the global minimum, at which any of the deterministic optimization methods of
Chapter 5 terminate immediately. Eventually, the stochastic simulation is able to overcome
the barrier to settle finally at the global minimum. We see also that the irregular shape of
the cost function surface near the partition between points closest to ¥ and those nearest
to ¥ does not pose a significant problem but would for the deterministic algorithms of
Chapter 5. The program sim-anneal-ext.m generates a movie showing the progress of
simulated annealing for a 1-D cost function with multiple local minima.

Genetic programming

We mention here another method, genetic programming, to identify global minima. While
simulated annealing is based on an analogy from physics, genetic algorithms take their
inspiration from biology. The general idea is to let an initial guess of the parameter vector
evolve to improve the cost function in a manner that mimics natural selection. At each
generation of the evolutionary process, there are n, members of the population, but only
the “best” ng < n, survive to the next generation. In contrast to simulated annealing, at
each iteration, the best population member is at least as good as the initial guess, so this
algorithm is popular for those wishing merely to improve a design and not necessarily to
obtain the optimum. Genetic algorithms are easily adapted to problems with discrete-valued
parameters, although the method is presented here for a continuous parameter vector.
First, we start the calculation with some initial first member x[!l. From this guess, the
generation is filled by creating new members through a combined process of single-member
mutation and dual-member crossing. For each k= 2,3, ..., n,, we add a new member
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xI¥ to the population. We define two probabilities: a,, the probability that x!*! will be
created by a mutation, and «., the probability that it will be created by crossing. These
two probabilities must sum to 1. Here, we only present one type each of mutation and
crossing, but more complicated combinations of random offspring production are used in
practice.

To decide which process to use to add xI*], we generate a random number u;, uniformly
distributed on [0,1]. If u; < a, we generate x by selecting at random some previous
member of the population xU1, with j < &, and mutating it. A simple mutation is to displace
each component randomly:

xM e xU 4 g (7.266)
Zm 1s a random number normally distributed with a standard deviation of 1 and oy, is the
standard deviation for the displacement of x;,. We choose a normally distributed random
variable so that there is a finite probability of selecting even large displacements. If we
have components that take on a discrete number of values, a common mutation is to select
one discrete component randomly and to give it a new value at random from among the
possibilities.

If uy > oy and k > 2, we generate xI*! by a random crossing of two previous members
of the population. We select at random some j < k and / < k to serve as “parents.” One
simple way to perform the crossing is to select at random for each component the value of
one parent or the other:

(/1 e
Kl _ Xm 1fum < 0.5
xl — 7.267
m x,gi], ifu, > 0.5 ( )

Such a crossing generates a new offspring member that may be in a significantly different
region of phase space than either of the parents. This allows the genetic algorithm to take
large steps in parameter space, thus aiding the search for the global minimum.

Once a generation is filled completely, the selection of members that survive to the next
generation begins. We order the population by increasing values of the cost function F(x),
or equivalently by decreasing order of the fitness, —F(x). The best members are found at
the beginning of this list. We want to select some sub population of ng < n, survivors that
will be passed to the next generation; however, it would be a mistake to take merely the first
ns members of the list. As in biology, in-breeding is to be avoided, so before we accept a
new member as a survivor, we ensure that it is not too similar to one previously accepted.
For some positive-definite metric matrix I', we define the squared distance between two
members as

dp; = (M — x70) .7 (M — xUT) (7.268)

When considering a member x'*! for admittance into the set of survivors, we check to see
whether for all previously identified survivors xU1, d,fj > déﬁn. Only if x[f g sufficiently
different from all of the previous survivors will it be accepted. If we cannot find ns sufficiently
diverse survivors, we move on to the next generation with less than ng, as propagating two
nearly identical members does little good.
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Figure 7.16 Cost function of best population member vs. generation number.

In Figure 7.16, we plot the best cost function value among members of the population
vs. the generation number for a sample run of this genetic_.minimizer.m routine with the
cost function (7.265). Again, we start from the higher minimum at (—3, 3), and simulate
for 100 generations with n, = 100, ny = 10, A = 1. After a few iterations, the algorithm
has found its way to the vicinity of the global minimum, but more iterations are required to
reduce the cost function value further.

The supplemental material at the accompanying website contains an additional example
of a genetic algorithm. This example converts the process of solving a Sudoku puzzle into
a discrete optimization that is then solved by a genetic algorithm.

MATLAB summary

The Statistics toolkit contains many useful functions for stochastic simulation. A uniform
random number in [0, 1] is returned by rand; randn returns a random number distributed
by the normal distribution with a mean of zero and a variance of 1 (for more general,
and multivariate, normal distributions, use normrnd). The normal probability distribu-
tion, cumulative distribution, and inverse cumulative probability distribution are returned
by normpdf, normcdf, and norminv respectively. Similar routines are available for other
distributions; for example, the Poisson probability density function is returned by poisspdf.
A GUTI tool, dfittool, is available to fit data to a probability distribution. The mean, standard
variation, and variance of a data set are returned by mean, std, and var respectively. For
a more comprehensive listing of the available functions, consult the documentation for the
Statistics toolkit.
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Problems

7.A.1. Consider a game involving two six-sided dice. Plot the probability of observing each
total value 2—12 if the dice are fair. How many times, on average, must one roll the dice
before a 7 is observed? How many times, on average, can one roll the dice before a 2, “snake
eyes,” is observed?

7.A.2. Consider again the log normal random walk model of the spot (market) price S(¢) of
an asset,

dS = uSdt + o Sdw, (7.269)

Consider a stock with its price sampled each business day (assume 252 business days per
year), with time measured in years. Let the (annual) drift rate be 8%, and let the volatility of
the stock be 20%. Write a program that generates typical characteristic random trajectories
over a year, starting from a price of 100. Make a histogram of the final stock price after one
year.

7.A.3. The central limit theorem of statistics states that the sum of many independent random
variables tends towards a normal distribution without regard to the shape of the underlying
distribution. Consider the statistic X that is a sum of N random variables u;, each uniformly
distributed on [0, 1],

N
X=> u (7.270)
j=1

For large N, compute the distribution of X and fit it to a normal distribution. As N increases,
does P(X) indeed approach a normal distribution? Repeat the calculations for Y defined
as

N
Y=> wu, (7.271)
j=1

where the w; are random weights determined at the beginning of the calculation from a
uniform distribution on [0, 1]. Does P(Y) also approach a normal distribution?

7.A.4. Consider again the 2-D Ising lattice model, for which a Monte Carlo simulation
program has been provided. Using this program, you are asked here to investigate the
nature of the order—disorder transition as a function of the external field H and thermal
energy k, 7. Simulate a 100 x 100 lattice, with u = 1, J = 1. In the absence of an external
field, H = 0, the order—disorder transition occurs at the Curie point &, 7, ~ 2.269 J (for an
infinite lattice). Using the provided Monte Carlo program, compute the average magnetic
order parameter as a function of H at various temperatures above and below the Curie point.
Plot the order parameter for a very small field H > 0 as a function of temperature and
describe the qualitative nature of the transition. Then, plot the order parameter vs. H at
several temperatures. How does the transition from positive to negative H change above and
below the Curie point?
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7.A.5. A simple model for the geometry of a polymer chain is to treat it as a 3-D random
walk of N steps, each of length /. The chain is described by a set of coordinates r[1, p[!1 r[2],
..., ¥ where the vector r*+11 — r[¥l between successive coordinates is of length / and is
distributed isotropically in 3-D space. To generate a random vector v € i that is isotropically
distributed, first generate a vector w with components w; = 2 x (rand — 0.5) € [—1, +1],
where rand is uniformly distributed on [0, 1]. Then, if w lies within the unit sphere, rescale
it to 1 and accept the scaled vector as v. Otherwise, if it lies outside of the unit sphere,
generate a new w and try again.

Write a program that generates random conformations of a polymer chain with this model,
and construct the resulting probability distribution of the end-to-end distance |ry — rl.
Show that this model results in a Gaussian distribution of the end-to-end distance,

U(lry —rol)

K
T } U(|rzv—ro|)=5|rzv—ro|2 (7.272)

P(lry — rol) oc exp {—

K s an effective spring constant that describes the free energy required to stretch the polymer
chain. Using your program, demonstrate that K is related to V and / by
_ 3k, T
TN
7.B.1. For the asset price model of Problem 7.A.2, compute the corresponding Fokker—
Planck equation and solve it for the probability P(S, #) that the asset has a price S at time ¢

over the year-long simulation period. Use the parameters and the initial condition given in
Problem 7.A.2.

(7.273)

7.B.2. Here, we demonstrate once more how Brownian dynamics relates to diffusive behav-
ior, by simulating spherical particles of radius I mm in water at room temperature. At time
t = 0, a particle is released at the origin and undergoes 3-D Brownian motion. Write a
program that repeats this simulation many times and plots the radial concentration profile
of particles as a function of time. It is easier to do the data analysis if you do the simulations
concurrently. Then, solve the corresponding time-dependent diffusion equation in spherical
coordinates and compare the results to that obtained from Brownian dynamics.

7.B.3. Diffusion limited aggregation is a process by which an agglomerate of small particles
grows through the slow addition of particles to its surface through diffusion. Here, you
are asked to simulate this process in two dimensions using a simple model of diffusion
on a lattice, to observe the fractal shape that results from this mode of growth. We first
define several radii Ry < Reng < Ry < Ry, and form a 2-D lattice of N x N unit cells with
N > 2R, + 3. The center of this lattice is identified as the origin, and a matrix with elements
©mn for each site (m, n) in the lattice is allocated to store a 0 if the cell is empty and 1 if it is
filled with a small particle. Let r,,, be the distance from the cell to the origin. Initially, only
cells within a “seed particle” region with r,,,, < Ry are filled and the others are empty.
Then, a simulation is begun that consists of a sequence of particle insertions in an empty
cell (m, n) with r,,,, & Ry, followed by random displacements of the particle by one cell to
the top, right, bottom, or left. If at any time, the inserted particle neighbors a filled site, it is
assumed to “stick” to the aggregate, the current site is filled, and a new particle insertion is
performed. If at any time the particle diffuses outside of the escape radius R,, the diffusion
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iterations are terminated, as it is assumed to be very unlikely that the particle will find its
way back to stick to the aggregate. No site is then filled, but another particle insertion at R;
is performed. After each insertion, compute the radius of gyration of the aggregate,

2:n't,n(/)lnn\/(m - xc)z + (I’l - yC)2 Xe = (Zm,n(pn1nm)/(2m,n§0mn)
Em,nq)mn yC = (Em,n(p"‘[nn)/(zn‘[,ngpmn)

R? =

2 (7.274)

and stop the simulation when R, exceeds R.,q. Using spy, make a plot of the fractal geometry
of the resulting aggregate for the parameters

Ro=1 R =30 Ry=060 Reg=15 (7.275)

7.B.4. Consider an ideal polymer chain of N freely-jointed segments of length /. We wish to
simulate the evolution of the polymer chain under flow without accounting for any entan-
glements between chains (this is valid as long as the molecular weight is less than ~1000).
We coarse-grain the geometry of the chain by treating it as a collection of NV, “beads,” each
subsequent pair of beads being connected by a “strand” of Z = N /N, segments. The set
of SDEs that describe the motion of the chain under flow in a velocity field v(x) is

dR, = |:’v(0) + (V)" R, + %Fff)] dt + /ZkT"Td w (7.276)

dWﬁ”) is an independent vector of three Wiener processes for each bead. ¢ is the drag
constant for each bead, and the total conservative spring force acting on bead v € [0, N] is

FY) = F(R, — R,1) + F(R, — Ry_y) (7.277)
where we use the finitely-extensible (FENE) spring law
—-KQ 3k, T
@ =110 ze Om 7279

When the chain is stretched only a little, this force law agrees with the Gaussian model
of Problem 7.A.5. As the spring is stretched more, it becomes stiffer so that the chain can
never be extended beyond its contour length.

Write a MATLAB program that simulates and animates the motion of a polymer chain in
a shear velocity field v(x) = yx,el'l. For clarity in the animation, shift the center of mass
to the origin after each time step. Perform a number of simulations at varying shear rates
y > 0 with the parameters

N=100 I=1 Ny=10 kT =1 ¢=1 (7.279)
Describe the nature of the motion and how the shape of the chain is altered.

7.B.5. Another approach to global minimization is the particle swarm optimization (PSO)
method (Kennedy & Eberhart, 1995). Let F(x) be the cost function surface. We simulate a
population of N particles using an algorithm that is meant to mimic the motion of a swarm of
animals in a search for food (www.swarmintelligence.org). Each particle « has a position

x!1 and velocity vI*! that are updated at each iteration. Let p[*) be a’s “personal best,” i.e.
the coordinates with the lowest F(x) that have been visited to date by particle «. Let g be
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the position of lowest F(x) found by any particle to date. The update in the velocity and
position of each particle is then

1l e () e o o) ke D1, dimeo)

x4 el 4 gl (7.280)

u, u' are vectors of independent random numbers, uniformly distributed on [0, 1] and ¢y,
¢, are tunable learning parameters. A maximum allowable velocity may be specifed as
well. Write a program that uses PSO with approximately 1050 particles, and compare its
performance to simulated annealing and genetic algorithms for the cost function (7.265).

7.C.1. Atoms of an ideal gas such as argon interact only through dispersion forces that are
modeled by the Lennard—Jones pairwise interaction:

12 6
ULi(Rqop) = 4¢ [(;ﬁ) — (Ri‘) } rap = | Ry — Ryl (7.281)

This interaction includes a strong short-range repulsion when R,p « o and a weaker long-
range attraction when Ryg » 0. As Urj(Ryp) — 0 as Ry — 00, it is common to set the
interaction energy to zero with Reg > 7y, Wwhere a common choice of cutoff radius is
Feut = 3.50.
For a system of N Lennard—Jones atoms, the total potential energy of the system is the
sum of the pairwise interactions from each unique pair of atoms:
N

N
Uol@) =Y Y Uii(Rop) (7.282)

a=1 f=a+l1

q is the state vector of all atomic positions. Using a cutoff radius, when computing Uy we
need consider only those pairs of atoms with Ryg < 7.

If the molecular weight of each atom is m,, we simulate the system at density p by
using periodic boundary conditions on a cubic box of dimension L x L x L, such that
pL® =m,N. We assume that this simulation cell is surrounded by identical copies, with
images of atom « at

Rl — Ry +myLet + myLe™ +myLePl m; =0,£1,£2,... (7.283)

If L > rey, then for each pair («, B8) of atoms in (7.282), we need only consider the images
of each atom that are closest to each other.

At constant N, constant volume V' = L3, and constant temperature T, we sample the
system at equilibrium using the Metropolis Monte Carlo method for the Boltzmann distri-
bution P(q) ox exp[—U(q)/ ky» T]. The state is updated by selecting at random one or more
atoms, and then randomly translating them. If only one atom is selected, then only a small
fraction of the pairwise interactions in (7.282) change value and need to be recomputed.
In practice, the CPU time necessary to compute the pairwise interactions is reduced by a
strategy such as using a cell list, in which the simulation box is divided into nonoverlapping
subcells of length just greater than r,. Then, each atom is assigned to one of these subcells,
and when computing the total energy, only atoms in the same or neighboring subcells need
to be considered.
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Figure 7.17 Summation, multiplication, and sigmoidal nodes used in neural networks.

For this problem, you are asked to write a program for Monte Carlo simulation of a
system of Lennard—Jones atoms. For argon, the Lennard—Jones parameters are ¢/kp =
119.8K, o = 3.405 x 10~ m. From the ideal gas law, compute the density of argon at
standard atmospheric conditions, and then simulate a system of at least 100 atoms at these
conditions. The pressure of the system can be computed from the formula

P = pkyT + — iﬁ:F R O (7.284)
= PKp 3L3 pelrdl of af af = 3Raﬁ .

Since evaluating the pressure requires computing the forces, to save CPU time it is common
to only compute the average in (7.284) over some subset of states from the total trajectory,
each separated by a large number of MC steps. Subsequent states in the Monte Carlo
simulation are nearly identical, and thus it makes little sense, from the standpoint of sampling
phase-space, to compute the pressure at each Monte Carlo step. From the simulation at room
temperature, compute the compressibility factor Z = PV /Nk, T, which is 1 for an ideal
gas. Then, reduce the density, keeping the temperature constant at 298 K, and find where Z
starts to diverge from the ideal gas result.

If the temperature were to be reduced and the density increased, this system would
transition from a gas to a liquid and then to a solid. For more on atomistic simulation,
how we extract material properties from such simulations, and how we simulate systems at
constant pressures, constant chemical potentials, etc. consult Frenkel & Smit (2002).

7.C.2. Earlier, we have used statistical arguments to compute the average molecular weight
as a function of conversion for condensation polymerization of multifunctional monomers.
Here, you are asked to model the evolution of the chain length distribution by kinetic Monte
Carlo simulation. Again, consider the case of a bifunctional acid type-1 monomer and a
trifunctional base type-2 monomer, with the numbers N, and N, of each monomer chosen
to balance the acid and base end group concentrations. We have estimated the gel point
to occur at an acid conversion of ~70%. To simulate the evolution of the chain length
distribution up to this point, rather than just compute DP,,, we generate a data structure that
can represent the connectivity of the monomers at any time. Let this data structure be State,
with the level-one members
.M1(N1), .M2(N2), .alpha1, .beta2, .molStartA, .molStartB.

State.alphal = 2 and State.beta2 = 3 for the case described above. State.M1(k)
contains information about the state of the kth type-1 monomer in the array
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Table 7.1 Measured data of system

performance

0, 0, F(6)
2.653 2.639 0.948
2.625 2.703 0.744
1.865 2.699 0.381
2.591 3.104 0.393
1.337 2.772 0.648
1.779 2.699 0.411
2.470 2.515 1.162
1.265 3.247 0.784

Figure 7.18 Three-layer neural network for representing a continuous function f(x).

State.M1(k).A(State.alpha1,2). If acid group ; of this monomer is unreacted,
State.M1(k).A(j,1) = 0. Else, if it has reacted with base group m of type-2 monomer n,
State.M1(k).A(j,1) = n and State.M1(k).A(j,2) = m. Similar state information is stored for
each type-2 monomer k in State.M2(k).B(State.beta2,2).

State.molStartA (N1) and State.molStartB(N2) are vectors with components that take
the value of 1 if the monomer is a unique “starting position” of a molecule and 0 if it is
not. Using this approach, we can measure the chain length of the molecule attached to each
“start” position by a simple recursive algorithm, and sample each unique molecule only
once.

We start our simulation with all end groups unreacted, so that each monomer is a unique
molecule and all “start” values are 1. Then, we conduct a simulation in which we select a
pair of unreacted acid and base groups at random. We connect these by reaction, and set to
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0 the “start” values of the participating monomer units. At each 0.05 increment of the acid
conversion, plot the chain length distribution, up to near the gel point. Unless the number
of monomers that you simulate is very large, the simulation will not be accurate near the
gel point. Plot the measured DP,, as a function of conversion, and compare to the previous
analytical result.

7.C.3. Often, we wish to represent some function fof x € %Y by an empirical approximation
f(x) ~ f(x). Acommon approach (especially in the IT community) is to construct a neural
network from nodes such as those in Figure 7.17. In theory, a three-layer neural network
(Figure 7.18) of such nodes can represent a continuous function, if the number M of nodes
in the middle layer is sufficiently large (Dean et al. 1995).

To compute the value of f(x), we work backwards, to obtain

M M
f =) "wit;—Q=> wips) -  ox)= = (7.285)
j=1 j=1
where
N
)= Wik — o (7.286)
k=1

The parameters used to fit the network are stored in 8 € #°, P = M(N +2) + 1,
0: [Wl"'wMWII"'WlN Wol - WoN - WyYN @O+ Wy Q]T (7287)

We obtain 6 by minimizing the sum of squared errors between the predictions of the network
and a set of training data, { /171 = f(xIP))}, p € [1, N4],

1 Qe 2

S0) = = > [F(x) — f11] (7.288)

2 post
Write a program that uses a stochastic algorithm to fit the neural net. Demonstrate its use
to fit the data of Table 7.1, which are measurements of a cost function representing how
poorly a system performs as a function of two tunable parameters, 6, and 6,. Using the
fitted model, 6; and 6, could be varied automatically to improve the performance through
learning from past experience.
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parameter estimation

Throughout this text, we have considered algorithms to perform simulations — given a model
of a system, what is its behavior? We now consider the question of model development.
Typically, to develop a model, we postulate a mathematical form, hopefully guided by
physical insight, and then perform a number of experiments to determine the choice of
parameters that best matches the model behavior to that observed in the set of experiments.
This procedure of model proposition and comparison to experiment generally must be
repeated iteratively until the model is deemed to be sufficiently reliable for the purpose at
hand. The problem of drawing conclusions from data is known as statistical inference, and
in particular, our focus here is upon parameter estimation. We use the powerful Bayesian
framework for statistics, which provides a coherent approach to statistical inference and a
procedure for making optimal decisions in the presence of uncertainty. We build upon the
concepts of the last chapter and find, in particular, Monte Carlo simulation to be a powerful
and general tool for Bayesian statistics.

General problem formulation

The basic parameter estimation, or regression, problem involves fitting the parameters of a
proposed model to agree with the observed behavior of a system (Figure 8.1). We assume
that, in any particular measurement of the system behavior, there is some set of predictor
variables x € WM that fully determines the behavior of the system (in the absence of any
random noise or error). For each experiment, we measure some set of response variables
Y e REIFL = 1, we have single-response data and if L > 1, multiresponse data. We write
these predictor and response vectors in row form,

x=[xix...xn]  yO =Dyl (8.1)

We propose a mathematical relation, which maps the predictors x to the responses y®, that
involves a set of adjustable model parameters 6 € R, whose values we wish to estimate
from the measured response data. Let us say that we have a set of N experiments, in which
for experiment £k =1, 2,... N, x[*1 is the row vector of predictor variables and the row
vector of measured response data is y*I. For each experiment, we have a model prediction
of the response

M) = F(x; 6) (8.2)
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Figure 8.1 The parameter estimation problem.

The basic regression problem is: given a proposed model f(x*]; 8), how do we choose
0 such that the model predictions p¥1(9) agree most closely to the observations y'¥1? Of
course, we need to ask —how do we define “close agreement,” and how close is close enough
to accept the model?

Given the data at hand, which generally include some uncontrolled random errors, how do
we estimate the accuracy with which we have estimated 8? Here, we use Bayesian statistics,
a framework for describing how our uncertainty in the values of the parameters changes
by doing the experiments. Before doing the experiments, we characterize our knowledge
about @ — which we treat as a random vector — by a prior probability density p(0). If we
have accurate prior knowledge, this distribution is sharply peaked; if not, it is diffuse. After
obtaining new data {y!*1} from the experiments, we use the rules of Bayesian analysis to
compute a posterior density p(@|{y'¥1}) that describes our new uncertainty after taking into
account the additional data. With this posterior, we can test hypotheses, form confidence
(credible) intervals, and make rational decisions based on uncertainty in € using numerical
simulation.

The Bayesian view is at odds with the traditional frequentist approach to statistics, which
does not treat @ as itself being random. The formation of confidence intervals, selection of
parameter estimation rules, etc. in the sampling approach are not as direct, and sometimes not
as well behaved, as those of Bayesian statistics. A large fraction of the statistics community
has been resistant to the Bayesian paradigm, but this situation is changing and the modern
practice of statistics is increasingly Bayesian. Thus, we take this framework for this chapter,
and provide an overview of its general and powerful tools for parameter estimation.

Example. Fitting kinetic parameters of a chemical reaction
Before proceeding, let us consider some simple examples of parameter estimation problems.

We are studying the kinetics of the chemical reaction A + B — C, which if assumed
elementary, has the rate law

rr1 = ki1(T)cacn (8.3)
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ca and cp are the concentrations of the two reactants in M, rg; is the reaction rate per
unit volume in M/s, and k;(7) is a temperature-dependent rate constant in (Ms)~'. We
determine the value of k;(7) by studying the behavior of well-characterized reactors such as
a perfectly-mixed CSTR or a batch reactor (a well-mixed vessel with no inflow or outflow).

Fitting the rate law to steady-state measurements of a CSTR

For a CSTR, we measure k(7) by operating the reactor at steady state at constant volume

V, constant volumetric flow rate v, constant inlet concentrations ci.m), and measuring the

outlet concentrations c;. We obtain a measurement of the rate though the balance on C,
— =0= U[an) — cc] + VR = rr1 = E[CC — c(Ci“)] (8.4)
dt 14

Measurements of cy and cp are necessary to determine k(7) from (8.3). For each CSTR

experiment, the set of predictor variables is x = [ca cg]. The parameter that we wish to

estimate is @ = [k;]. The response variable is y) = [rg;].

In these equations, we have assumed that the reaction is elementary. To relax this assump-
tion, we fit the data to the rate law rr; = k¢ cp’, in which case the model parameter vector
isnow 0 = [k; v, vp]".

Alternatively, if we wish to study the temperature dependence of the rate constant, we
repeat the experiments at different temperatures. The predictor vector is now x = [ca ¢ T].
Assuming an Arrenhius form of the rate law, k(7)) = 4, exp[—E1/RT], the vector of
model parameters is 8 = [v, vy 4 £1]7. In each case above, we have single-response data,
with a nonlinear analytical model relating the predictors to the response.

Fitting the rate law to initial rate measurements in a batch reactor

We can also study the kinetics of the reaction in a batch reactor. We charge the reactor with
known initial concentrations ca (0) and cg(0), and measure the concentrations of the species
as functions of time, governed by the initial value problem:

dCA dCB dCC Va Vb

dr = —Iri1 dr = —Iri dr =TRI1 rr1 = kicy'cg 8.5)
calt=0)=ca(0)  cpt=0=cp(0) cc(t=0)=0 '

For each run, we keep the temperature constant at 7. From the slope of cc(7) at ¢t = 0, we
obtain the initial reaction rate:

dCC

| == ki (T)[ea(0)]™ [cp(0)]™ (8.6)
t =0

Let us say that the results of these experiments are those in Table 8.1. Now, the predictor
variables are x = [ca(0) cg(0)] and we have a single response, y = rg;. The set of model
parameters is 6 = [k{(T) v, vp]T. Again, we have single-response data and an analytical,
nonlinear model relating the predictors to the response.
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Table 8.1 Instantaneous rate data for chemical
reaction A+ B — C

Experiment ca (M) cg (M) Rate rg; (M/s)

1 0.1 0.1 0.0246 x 1073
2 0.2 0.1 0.0483 x 1073
3 0.1 0.2 0.0501 x 1073
4 0.2 0.2 0.1003 x 1073
5 0.05 0.2 0.0239 x 1073
6 0.2 0.05 0.0262 x 1073

Table 8.2 Predictor and response variables in modified linear form

Experiment log,y ca = X1 log,, cg = X2 log,y rri =¥
1 —1.0000 —1.0000 —4.6096
2 —0.6990 —1.0000 —4.3157
3 —1.0000 —0.6990 —4.2999
4 —0.6990 —0.6990 —3.9988
5 —1.3010 —0.6990 —4.6224
6 —0.6990 —1.3010 —4.5818

Transforming the batch reactor data to obtain a linear
regression problem

As written, the model rr; = ki(T)ciicy is nonlinear; however, if we take the base-10
logarithm,

log,orr1 = log k1(T") + valogo ca + v logy, ca (8.7)
define new predictor and response variables
y=log,yrri x1 =logyca x2 =log,,cn (8.8)
and define new model parameters
Bo=lognki(T) Br=va Ba=mp (8.9)
we obtain a model that depends linearly upon its parameters:
y = Bo+ Bix1 + Baxz (8.10)

The modified predictor and response variables are listed in Table 8.2. From this single-
response linear regression, we obtain estimates for the reaction exponents v,, vy, and the
rate constant & (T). Such transformations are common in practice, but care must be taken in
drawing the proper statistical conclusions as the transformations also act upon the random
noise that is assumed present.
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Table 8.3 Batch reaction kinetic data for reaction A + B — C
with initial concentrations of 0.1 M for A and B

time (h) ca(M) cg (M) cc (M)
0.5 0.0985 0.0995 0.0010
1.0 0.0637 0.0651 0.0357
1.5 0.0500 0.0496 0.0501
2.0 0.0462 0.0453 0.0512
3.0 0.0363 0.0384 0.0682
4.0 0.0248 0.0247 0.0747
5.0 0.0171 0.0174 0.0809
6.0 0.0168 0.0203 0.0818
7.0 0.0131 0.0136 0.0858
8.0 0.0150 0.0121 0.0863
9.0 0.0140 0.0142 0.0872

10.0 0.0134 0.0134 0.0928

Fitting the rate law to the entire dynamic profile of a batch reactor run

Above, we have used only the initial slope of cc() to measure the reaction rate at the
initial concentrations ca(0) and cg(0). We could fit the rate law to the complete data set
of concentrations vs. time, such as is found in Table 8.3 for the experiment with c(0) =
0.1 M and ¢g(0) = 0.1 M. If we use only the data for the concentration of C, we have a
single-response data set. If we include all concentration values, we have a multiresponse
datasetwith L = 3. For this regression problem, we obtain the model predictions by solving
the IVP (8.5) numerically.

Fitting the rate law from multiple sources

Here, we have provided several data sets that each give information about the rate law,
but each is obtained in different experiments, with perhaps different levels of experimental
errors. When we have such a collection of data from multiple sources, we would like to con-
sider all of'it, even if some of the data may be more accurate than others. Below, we see how to
treat such composite data sets, where some data sets may be single-response and others multi-
response.

These example data sets also provide a good overview of parameter estimation problems
of varying complexity. Easiest is a single-response linear regression problem in which, as
for the data of Table 8.2, we have a linear model that relates the predictors to the response.
Next is the case of nonlinear single-response regression, such as for the data of Table 8.1,
where now the response is an explicit nonlinear analytical function of the predictors. If
we fit the rate law to the cc(7) data of Table 8.3, we still have a nonlinear single-response
regression, but now the model predictions must be obtained by numerical simulation of
(8.5). Finally, if we consider as well the ca(¢) and cg(¢) data of Table 8.3, we have a multi-
response nonlinear regression problem, for which the predictions again must be made by
numerical simulation.
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Single-response linear regression

We first discuss the regression, or estimation, of parameters in linear models from single-
response data. Let us say that we have performed a set of N experiments in which for each
experiment k = 1, 2, ..., N, the set of predictor variables {x%k], xgk], e, xj[(;]} is known a
priori, and a measurement is made of the single-response variable yI¥1. We assume that this

single-response variable depends linearly upon the predictors,

P = By + Bixt + BoxlT + - 4 Bl + e @.11)
elkl is some random measurement error for the kth experiment. Due to this error, the
measured response is not equal to the “true” response of the system, and the statistical
properties of the error are very important, although generally unknown at the time of
measurement. The “true” parameters {By, Bi, ..., By} are those that describe the sys-
tem behavior perfectly in the absence of any random, model, or predictor error. That
is, we hypothesize that the model is indeed a valid one. Thus, the set of predictor vari-
ables chosen indeed completely specifies the response of the system (in the absence
of random error) and the relationship between the response and each predictor is truly
linear.

In some instances, we wish to fit a model with a zero y-intercept Sy = 0, such that

P = g+ Box - Bualy] + e (8.12)

We introduce a common notation for both cases by defining for each experiment the vectors
of predictors and parameters,

XK = [1 x{k] xgk] ...x,[l];]] 0 =1[ByBiBa...Bul" with y-intercept

(8.13)
XM = [x{k] xgk] .. .xj[\];]] 0=1[B1B...8u]" without y-intercept
Then, the response in the kth experiment is
Yl = WK1 gltrue) 4 lA] (8.14)

Because we do not know the “true” values 8™ of the parameters, we must consider
the parameter vector to be adjustable. The predicted response in the kth experiment, as a
function of 0, is

(@) =+ 0 (8.15)

We further define for our set of experiments the design matrix X to contain for each exper-
iment, the row vector of the predictor values,

S 1) B

) B
X= : (8.16)

XM

For dim(@) = P, X isan N x P matrix. X is specified when we design the set of experiments
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and is known prior to collecting the response data.

ot I K B 14

R R R NI
X=|_: : : : X = : : :
T AT 3 /2 MM

with y-intercept without y-intercept

The vector of predicted responses in each experiment is then

)
o= : |=x6

M)

Linear least-squares regression

(8.17)

(8.18)

We vary 6 until the model predictions ¥1(@) agree most closely with the observed y1¥1. We
must define what we mean by “close agreement,” but a readily apparent choice of metric is

that we select the value 6y g that minimizes the sum of squared errors
N

5@) =Y [y 30O = Iy - 50)

k=1
That is,
asS
90"
Substituting y(0) = X0 yields

=0 V2S(@)g, >0
Ors

S(O) = [y — XOI'[y — X601 = y'y — (X60)'y — y'(X6) + (X6)"(X6)

Taking the derivative with respect to 8,
A
00
and setting it equal to zero yields a linear system for 6yg,

X'X)0,s=XTy = 0,5=[X"X)"X]y

=0 XTy — XTy + [XX + (X"X)']0 = —2XTy +2(X"X)0

(8.19)

(8.20)

(8.21)

(8.22)

(8.23)

XTX is a P x P matrix; its size is governed by the number of fitted parameters. The (i, /)

element of XTX is

N
(XTX);; = Z Xy Xy
pmy

(8.24)

As we increase the number of experiments N, the magnitudes of the elements of XTX
increase. X T X contains information about the ability of the experimental design to probe the
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parameter values. X7 X is a real, symmetric matrix that is at least positive-semidefinite. For
a well-designed set of experiments that provides sufficient data to estimate each parameter
to at least some finite accuracy, XX is positive-definite.

Solving the least-squares linear system

Often, X' X may be ill conditioned, i.e., it has one or more eigenvalues near zero, when the
experimental design does not provide sufficient information to measure well one or more
linear combinations of parameters. Therefore, O R decomposition is the favored solution
method,

X'X = OR
T ~1 . . (8.25)
0 =0 R is upper-triangular
As Q is orthogonal, we write (XTX)0 s = X'y as
QOROs=X"y = ROs= 0" X"y (8.26)

The solution of the latter system requires only backward substitution.
A more expensive approach, but one that provides further insight into experimental
design, is to diagonalize the real, symmetric matrix X' .X:

X' X=vAv? (8.27)

V is an orthogonal matrix, VT = V' ~!, whose columns are the normalized eigenvectors of
XTX and A is a diagonal matrix whose principal diagonal contains the eigenvalues of X' X,
The least-squares estimate 6y g is

Os =[VAT'VTIXTy (8.28)
Note also that since XTX0; s = X"y, we have an overdetermined system,

that can be solved by SVD (Chapter 3). The SVD approach is popular; however, here we
use the familiar eigenvalue decomposition (8.27) in lieu of SVD to analyze experimental
designs.

Example. Least-squares fitting of rate law parameters to transformed
batch data

We now apply the least-squares method to the transformed batch reactor data of Table 8.2
for the kinetics of A + B — C, using the model

log,orr1 = log,o k1 + v, log;oca + vy logg ca (8.30)
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The data of Table 8.2 yield the design matrix and response vector

1 —1.0000 —1.0000 | [ —4.6096 |
1 —0.6990 —1.0000 —4.3157
1 —1.0000 —0.6990 —4.2999
1 —0.6990 —0.6990 Y —3.9988 (8.31)
1 —1.3010 —0.6990 —4.6224
| 1 -0.6990 —1.3010 | | —4.5818 |
The vector of parameters that we fit is
0 =[loggki vi w]" (8.32)
We compute X' X, and solve the linear system (8.23) to obtain
Os = Va = 1.0224 (8.33)
Vb 0.9799
The estimated rate law for A + B — C from those data is then
rr1 = kiCRCR = (0.0025)C %4307 (8.34)

For an elementary reaction, we expect v, = vy, = 1, and our fitted values are indeed close
to 1. But, is the discrepancy from v, = v, = 1 due solely to measurement error? To answer
this question we need tools for testing hypotheses.

Example. Comparing protein expression data for two bacterial strains

Let us say that we have performed experiments to measure the protein expression rates of
wild-type and mutant cell strains.

wild-type mutant
121.9 sample 120.7 sample
113.4 119.
3 subset mean 93 subset mean (8.35)
Mzt 113.41 16.5 = 120.16
106.1 o 1240) — 77

Is the difference between strains significant in a statistical sense or just an artifact of mea-
surement noise?
To answer this question, we fit the data to the linear model

y=0+6x+e (8.36)

with the predictor variable

_ {0, wild-type (837)

1, mutant
If we estimate probable bounds for the value of 65,

010 <6 < Orni (8.38)



The Bayesian view of statistical inference 381

and find that 6, j, > 0, then the data suggest that the difference in means between the two
subsets is statistically significant; i.e., it is probably not due solely to random error.

The least-squares estimates for this model are computed easily. The design matrix X, the
vector of measured responses y, and X'y are

107 121.97]
10 113.4
10 112.2
1o | 106.1 T+ [9343
Y=l Y=o | YYE [480.7] (8.39)
11 119.5
11 116.5
11 ] | 124.0 |
Thus, for n = 4 data points for each strain,
2n) n 8 4
X'x = ( =
|: n ni| |:4 4]
(8.40)

-1 -1 r
Tyl | n —n | 025 =025
(xx) - = |:—n_1 (2n_1)i| T 1-025 0.5

and the least-squares estimate is

si] orvirora [025 —0257[93437 [ 1134
[QLS,J_(X)Q XrI=1025 o5 | 480.7 | T [ 6.7750 (841)

O1s, 1 is the sample mean for the wild-type strain, and 6y g, , is the value of the sample mean
of the mutant strain minus that of the wild-type strain, 120.16 — 113.41 = 6.75. But, is it
still within the realm of plausibility that the “true” value of 6, is zero?

The Bayesian view of statistical inference

In practice, it is insufficient merely to identify the values of the parameters that minimize
the sum of squared errors. We need also to consider the accuracy of our estimates. Here,
we address this topic with Bayesian statistics, which describes how our uncertainty in the
parameter values is changed by doing the experiments. Let us consider single-response
regression of a model

M = f(x;0) + &M (8.42)

We have a particular set of N measured responses y € ", and wish to estimate the unknown
parameter vector 6 € R’ and the statistical properties of the random error ¢ € ). While
the error may not be truly stochastic, we assume that it has the properties of a random
variable, since presumably we have no practical way of predicting the error value in any
single experiment.

As statistics is based upon probability theory, it is helpful to cite again two possible
means of defining probabilities. One way to think about probability — the frequentist
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approach — is based upon the relative occurrences of events in many repetitive trials. Let
us say that the probability of observing an event £ in an independent random trial is p(E).
The frequentist way of defining the value of the probability of observing £, 0 < p(E) < 1,
is to say that if we perform a large number 7 of such trials, with the observed number of
occurrences of E being Ng, then p(E) ~ Ng/T.

We can also define probabilities as statements of belief (de Finetti, 1970). I say that the
probability of observing £ during a random trial is p(E) if I have no reason to prefer one of
the following two bets over the other:

event E is observed in a particular trial;
or
a perfectly uniform random number generator in [0, 1] returns a value u that is less than

p(E).

It is then necessary for me, as the holder of this belief system, to ensure that the probability
values that I assign satisfy the appropriate conditions, e.g. are nonnegative, sum or integrate
to 1, follow all laws of conditional and joint probabilities, etc.

Bayesian statistics is based upon manipulation of the probability p(8| y) that the model
has a parameter vector @, given a set of measured response data y. While the Bayesian
approach dates to the work of Thomas Bayes in the mid-1700s, it was slow to gain acceptance
because, by treating 6 as arandom vector, it violates the philosophical principle of Laplacian
determinism, stating that nature is deterministic and predictable. Such criticisms were muted
by the interpretation of probabilities as statements of belief, leading to a resurgence in the
Bayesian approach.

But by resorting to the use of a belief system to define p(@| y), we introduce the issue of
subjectivity, as it is possible that two different analysts will hold different belief systems,
and thus arrive at different conclusions from the same data. The complaints of the frequen-
tist school about the subjectivity of the Bayesian approach persist to this day, but can be
countered by showing that implementations of the Bayesian paradigm exist such that two
analysts, given the same data and working independently, reach (nearly) the same conclu-
sions. These implementations are not quite objective, but they are highly reproducible from
one analyst to another.

The development of tools to ensure the use of such “objective” belief systems, and
computational methods such as Monte Carlo simulation have brought the Bayesian approach
to the fore in recent years in areas such as parameter estimation, statistical learning, and
statistical decision theory. Here, we focus our attention primarily upon parameter estimation,
first restricting our discussion to single-response data.

Bayes’ theorem

Bayesian analysis is based upon Bayes’ theorem, itself simply an axiom of probability
theory. It is not the theorem that is controversial; it is its application to statistics. Thus, it
is best first to understand the theorem, before considering how it is applied to statistical
inference.

Let us consider two random events £ and £, that are not mutually exclusive (i.e. none,
one, or both may occur). Let the probability that £, occurs be P(£) and the probability
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that £, occurs be P(E5). The joint probability that both occur, P(E N E), is related to the
conditional probability that £ occurs if £, occurs, P(E||E,), by

P(E1 N Ey) = P(E\|E2)P(Ey) (8.43)

Similarly, if P(E>|E}) is the conditional probability that £, occurs if £ occurs, we may
write the joint probability as

P(E\ N Ey) = P(EL2|EV)P(EY) (3.44)

Bayes’ theorem simply states that these two expressions for the joint probability must be
equal,

P(E\ N Ey) = P(E\|E)P(Ey) = P(ER|E)P(E)) (8.45)
and thus
_ P(EV|E2)P(Ey)
P(E2|Ey) = Py (8.46)

So how do we get from this axiom of probability theory to a framework for making inferences
from data?

Bayesian view of single-response regression

Let us consider the single-response regression problem, where the response value in exper-
iment k of a set of N experiments equals the value determined by the “true” model plus
some random error,

Y = g (xlH1; grue)) 4 o (8.47)

&l" is a random error whose stochastic properties are unknown. Here, we have used 6
to denote that the random error is added to the model predictions with the “true” values of
the parameters (which are, of course, unknown to us). The predicted response value in each
experiment, as a function of 8, is

@) = 1(x1";0) (8.48)

If we were to do the same set of experiments again, we would get each time a new vector
of measurement errors

e=[e1 & ... en” (8.49)

The general difficulty that we face is we do not really know much about the properties of
the random error, but the accuracy of the model parameter estimates is largely determined
by these errors. Therefore, to obtain a tractable approach to analysis, we make a number of
assumptions about the nature of the error. We will need to check these assumptions later
for consistency with the data, especially if we use our analysis to test hypotheses.

If € is truly a measurement error and not a deficiency of the model, we expect that if we
do the set of measurements over and over again many times, the expectations (averages) of
each "l will be zero:

E(™) =0 (8.50)
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We also assume that the error value in each experiment is independent of the values in
the other experiments, i.e., they are uncorrelated, so that the covariances among errors
are

cov(el, el = E{[e! — E(s)][11 — E(eM)]} = §yyvar(e™) (8.51)

That is, the covariance matrix of e is diagonal:

g
o3
cov(e) = ) of = var(elM) (8.52)
oy
Finally, we assume that all variances are equal,
of=0> k=1,2,...,N (8.53)

Combined, these are known as the Gauss—Markov conditions:
E(™) =0 cov(e™, ell) = 5402 (8.54)

We make one additional assumption: that the error is distributed according to a Gaussian
(normal) distribution. This distribution is to be expected when the error in the measured
response is the net result of many independent sources of error being added together.

The probability of observing a particular value of the error in the kth experiment between

¢ and ¢ + de is then
1 (S[k])z
———exp| — (8.55)
o2 202
We now make a subtle, though important, shift in our point of view about the “true” value
of 6. Previously, we have considered the random error to be added to the model prediction
with the “true” parameter vector ™ such that il = yIfI — HIFl(g(rue)) Buyt, as we do
not know 6™ we cannot relate e/ to yl. Therefore, let us drop all reference to the
“true” value completely, and assume that the relation el! = yI¥I — $[k1(@) holds for all trial

values of 6. That is, for any trial 8 and o, we propose that the probability of observing a
response Y1, given @ and o, is

(o) =

p(1M16,0) = p(e" =y — 31()l0) = exp

. 2
1 B [V — 31H(6)]
o2m 202

(8.56)

As we assume that the errors in each experiment are independent, the joint probability of
observing the complete vector of responses y is

P10, 0) = Hp 116, 0)

1\ 1 & S8 5
() e o] e
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We simplify our notation by defining the sum of squared errors as
N N

S(0) = Z [y[k] _ )A,[k](e)]Z _ Z [y[k] _ f(x[k];e)]z (8.58)
k=1 k=1
We then write the probability of observing a particular response vector p, given specified
values of @ and o, which follows from the Gauss—Markov conditions and the assumption
of normally-distributed errors, as

N
p(»10,0) = (\/%) o Vexp [—;75(9)} (8.59)
Now, in our particular application, we know y, but do not know, and wish to estimate, 8 and
o . Thus, we turn to Bayes’ theorem to invert the order of the arguments, from the p(y|0, o)
that we propose in (8.59), to the p(0, o |y) that describes our uncertainty in 8 and o, given
the known value of y.

Bayes’ theorem states that

py,0,0)=py|0,0)p0,0) = p0,o|y)p(y) (8.60)
and thus
p0,oly) = r16.0)p®. o) (8.61)
p(y)

We have proposed a functional form and interpretation for p(y|8, o).

What do the probability densities p(8, o), p(0, o|y), and p(y) represent? We say that
p(0, o) represents our belief system about the values of 6 and o before we do the experi-
ments, and so is called the prior probability distribution, prior density, or simply the prior.
In our analysis, we must propose some functional form for this probability, and we discuss
the selection of the prior in further detail below. If we start from a state of near-complete
ignorance, the prior should be a very diffuse function, whose density is spread out over a
large region of ( 8,0) space.

Our belief system about the values of 6 and o after we do the experiments is rep-
resented by p(6@, oly), and so is called the posterior probability distribution, posterior
density, or the posterior. This is the function that we wish to determine. Ideally, we would
like the posterior to be sharply peaked about a localized region in (6, o) space, so that
there is little uncertainty in the values of these parameters and little dependence upon the
prior.

The interpretation of p( y) seems problematic, until we recognize that upon integrating
in 6 and o, p(y) is independent of 8 and o as p(0, o|y) must normalize to 1:

/ de/ dop(8,oly)=1= / de/ d"i((yyl)"’ o)p(6, )

(8.62)
p(y) = / 40 / dop(y10.0)p(0. o)

Thus, Bayes’ theorem simply states that the posterior density is proportional to the product
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of p(y10, o) and the prior p(8,0):

p(0,0ly) x p(y|6,0)p(0,0) (8.63)

Note that p(y|60, o) is the probability of observing a particular response y, given specified
values of 0 and o. But, at the time of analysis, it is y that is known and 6 and o that are
unknown. It is common practice to switch the order of the arguments and so define the

likelihood function for 6 and o, given specified yp,

1\
10,0y = |8, o =(—> o Vex [—
0.0ly)=p(»|0,0) N p

While we switch the order of the arguments, the meaning of this quantity remains

unchanged — it is the probability that the measured response is y, given specified values of

6 and o.

The posterior density is then written as

p(0,aly) x1(8,0|y)p(8, o) (8.65)

In the Bayesian approach, we take as estimates 6y, oy the values that maximize the pos-
terior density p(0, o|y). The frequentist rule is to take the value @y p that maximizes the
likelihood function (6, o |y). If the prior p(@, o) is not uniform in O, the Bayesian most
probable estimate 0y and the maximum likelihood estimate O\ g disagree.

LS(O)} (8.64)
o

Some general considerations about the selection of a prior

Clearly, the choice of the prior is crucial, as it influences our analysis. It is this subjective
nature of the Bayesian approach that is the cause of controversy, since in statistics we would
like to think that different people who look at the data will come to the same conclusions.
We hope that the data will be sufficiently informative that the likelihood function is sharply
peaked around specific values of @ and o; i.e., that the inference problem is data-dominated.
In this case, the estimates are rather insensitive to the choice of prior, as long as it is non-
zero near the peak of the likelihood function. When this is not the case, the prior influences
the results of the analysis.

In some problems, the explicit dependence upon a prior is quite useful. If we know a
priori that certain regions of the parameter space are inadmissible (e.g. certain parameters
must be nonnegative), then the prior can be set to zero in those regions to exclude them
from consideration.

Using an explicit prior also allows us to blend learning from different sets of data in
a seamless manner. Let us say that we measure a response vector y‘!! in some set of
experiments, and compute the posterior density

p(81y™") o1 (61y") p(6) (8.66)

We later perform a new set of experiments on the same system and measure a response
vector y‘?. When we perform the analysis on these new data, an apparent choice of prior
for the second set of experiments is the posterior density from the first. The posterior density
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after having conducted both sets of experiments is

(01", y®) o 19(6]y*) p(01y™") (8.67)

Bayes’ theorem provides a framework for learning from new experiences.

Finally, in some instances we may wish to use a prior based upon past experience with
similar systems. While such priors violate the ideal of objectivity in statistical analysis, they
can provide better estimates if the subjective prior is chosen well (i.e., the “expert” choosing
the prior knows what he is talking about). Several approaches to constructing priors to agree
with preexisting conditions, data, or experience are discussed in Robert, (2001).

Here, we consider a method for generating priors that is “objective” in the sense that
as long as different analysts agree to use this approach, they will independently come to
(nearly) the same statistical conclusions given only the predictors, response data, model, and
likelihood function. The basic technique, discussed below, is to identify a data-translation,
or symmetry, property that the likelihood function has, and choose the prior so that the
posterior density retains the same property. Such a prior does not give undue emphasis to
any particular region of parameter space and thus is said to be noninformative. As we later
show, for the single-response likelihood (8.64), a noninformative prior is

p@.0)=p@O)pl0)  p@~c  plo)oxo (8.68)

As we use a prior that is uniform in 6, the Bayesian most probable estimate 6\ agrees with
the maximum likelihood estimate Oy .

The noninformative prior (8.68) is improper as it does not satisfy the normalization
condition

/ (0, 0)dodf = 1 (8.69)
NP o>0

and furthermore does not integrate to a finite value. For some aspects of our analysis, this
is not a problem as the posterior density is still proper, but when testing hypotheses, it is
important that the prior density also be a proper distribution. We suggest here a very simple
fix to this problem, by providing the a priori upper and lower bounds,

Qo =1{010j16 <0; <Ojni,j=1,2,....,N} 010 <0 <0y (8.70)

with indicator functions 7,(€)and I, (o )thatequal 1 for parameters that satisfy these bounds
and equal 0 for values outside of the bounds. We then define the proper prior density

p(0,0)=coo  1(0),(0) ;' = /19(9)d0 /a‘llg(a)da (8.71)

NP o>0

We show below why this prior is used, but for the moment, let us accept it as valid and
continue our discussion.
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The least-squares method reconsidered

Our proposed prior (8.68) makes use of the assumption of prior independence,

p(0,0) = p(@)p(o) (8.72)

which states that, prior to the experiment, the belief systems about 8 and o are independent.
The posterior density is then

p0,aly) (8, 0|y)p(@)p(o) (8.73)

Assuming the Gauss—Markov conditions hold and that the errors are normally distributed,
the likelihood function is

1Y 1
10,0)y) = (E) o Nexp [—st)} (8.74)
and thus the posterior is
1" 1
p(6.01y) o (E) o exp [—msw)] P(O)p(o) (875)

If, as we have assumed in (8.68), the prior is uniform in the region of appreciable nonzero
likelihood, p(@) ~ c, then the most probable value of 8, for any value of o, is that which
minimizes S(0), (8.58). Therefore, the least-squares method is justified statistically, as long
as the Gauss—Markov conditions hold and the errors are normally distributed.

It is shown in the supplemental material in the accompanying website that, in the fre-
quentist view, least squares is an unbiased estimator of the true value (i.e., if we repeat
the set of experiments many times, the average estimate is the true value) if merely the
zero-mean Gauss—Markov condition (8.50) is satisfied.

Numerical treatment of nonlinear least-squares problems

For a linear model y = x¥1. 4 £[%1 we obtain the least-squares estimate by solving an
algebraic system [XTX]0.s = X"y. For a nonlinear model

Y = (x4 9) 4 ¢ (8.76)

we must find the least-squares estimate through numerical optimization. For notational
convenience, we define the cost function as

1 1 g 2
Feon(0) = 580) = 5 3 [y" = f(x"; 0)] (8.77)
k=1
The gradient v = AF of this cost function has components

3 Feost N 3
va(0) = — =—Z[y“‘]—f(x[k];9)]<3;{

k=1

) (8.78)
x40

We find a local minimum by applying either the nonlinear conjugate gradient method or,
as below, a variation of Newton’s method. For the latter technique, we use the Hessian
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x["];9>

(8.79)

H(0) = V2 Fyos with the elements
af
H,,(0) =
ab(6) ; ( 30, xw;o> (3@,

We note again that convergence of Newton’s method does not require the use of this
exact Hessian, but convergence to a minimum does require the approximate Hessian to
be positive-definite at each iteration. If we define the linearized design matrix with the
elements

N 32f
Xl 9) Z ,0)] <89a89b

k=1

af

Xka(e) = 90

(8.80)

10

that agrees with our previous definition in the special case of a linear model, the Hessian
then has elements

T S [k] 9’ f
Hap(0) = (X"X1g),, — S [! )
a»(0) = 0)as - S 0)] 96,00,

) (8.81)
x[*1;0

If we approximate the Hessian by retaining only the first contribution, we have an approxi-
mation that is always at least positive-semidefinite,

X'X|, ~ H(0) (8.82)
The gradient components also are expressed simply in terms of X,
N
va(@) ==Y [V = £ (x™;0)]( Xsalp) (8.83)

k=1
As in the linear least-squares method, it is possible that (8.82) may have eigenvalues near or
equal to zero that make the Newton update system ill-conditioned. This may be corrected by
adding a small positive scalar along the diagonal. Newton iteration using this modification
is the most common approach to nonlinear least squares, and is known as the Levenberg—
Marquardt method. Starting from an initial guess 0%}, the Newton update at iteration m
is

ot = giml 4 gt plml [ XT X iy + "1 ] pl™) = —(01)) (8.84)

al™1 is obtained from a weak line search. For a linear model, this method converges after a
single iteration. When the approximate Hessian is (nearly) singular, the trust-region Newton
method is preferred over the line-search algorithm shown here.

Selecting a prior for single-response data

We now return to the question of proposing a prior, based first upon the assumption of prior
independence, p(6@, o) = p(0)p(o), such that

p(0,0ly) < l(8,0]y)p(0)p(o) (8.85)
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Using the likelihood function that follows from the Gauss—Markov conditions and the
assumption of normally-distributed errors, we have

1
P8, 0ly) o™V exp [—ES(G)} pO)p(o) (8.86)

How do we propose priors p(60) and p(o)?
Let Oviig = OLs be the maximum likelihood estimate of 0, i.e., that maximizing the
likelihood by minimizing S(6). Let us now write S(8) as

S(6) = [S(0) — S(OLs)] + S(Ovs) (8.87)

so that the posterior becomes

[S(0) — S(O1rs)] S(Os)
B 202 P 202

2.

p(0.0ly) oo™V exp { } p@)p(a) (8.88)

We now define the sample variance s
1

s? = —8(0rs) v =N —dim(9) (8.89)
v

In the supplemental material in the accompanying website, we show that if the Gauss—

Markov conditions (8.54) hold, s? provides an unbiased estimate for o'2. That is, if we redo

the set of experiments many times and average the computed s? in each, E[s?] = o2.
Using the definition of the sample variance, the posterior becomes

2

1
p(0.0ly) oo™V exp {_F[S(e) - S(eLs)]} exp {—;%

} p(O)p(o) (8.90)

We now define a likelihood function for o given s,

2
l(ols)daNexp{—;iz} (8.91)
o

and a “conditional likelihood” function for 8 given y and o,

1
61y, o) ox exp {— 2o5150) - S(eLs)]} (8.92)
The posterior density then partitions into two contributions,

p(0.0ly) < [1(Bly. 0)p()] x [l(o]s)p(o)] (8.93)

We now consider each contribution independently to search for priors that seem most
satisfying, in terms of being reproducible by different analysts.

Noninformative prior for 6

We begin first with the “conditional posterior” for @, treating o as known,

1
pOly, o) < 1(Bly,0)p(6) = exp {_W[S(O) - S(9Ls)]}p(9) (8.94)
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Although the posterior density above appears to be of a simple functional form, for a
general nonlinear model, S(@) by (8.58) may depend in a very complicated manner upon 6.
Therefore, we approximate S(8) in the local neighborhood of 8 s by a quadratic expansion
(for a linear model, this expansion is exact),

S(8) — S(Bis) ~ 5(8 — O15)'[V>S(815)I(0 — O1s) (8.95)

V25(8;5) is the Hessian of S(@), evaluated at 8y g. Following our numerical treatment of
nonlinear least squares, we define the matrix H(6s) as

H(B1s) = V2 [15(615)] (8.96)

with the elements

N 32f
Hap(015) = (X" Xloy)ab — Y — f(x™; 0 (

(8.97)
x[K:0 5

The linearized design matrix is again given by (8.80). It is consistent with a quadratic
expansion of S(@) to neglect the second contribution to H,,(0s), so that

X" Xlg,s ~ H(Bs) (8.98)

Again, for a linear model, this approximation is exact. The quadratic expansion for S(8),
using %VZS(OLS) = H(01s) ~ X" X|g,,, is then

S(0) — S(OLs) ~ (6 — O1s)'[X' X]p, 1(0 — O1s) (8.99)
Thus, an approximate “conditional posterior” for 8 given y and o is
1
m(8]y, o) o exp {_E(O —015) [X"X]o, 16 — OLS)} p(6) (8.100)
The approximate “conditional likelihood function”
1
Lapprox (6], 0) O exp {_F(O . eLS)T[XTX( 1(6 - aLS)} (8.101)
o OLs
is of the form of a multivariate normal distribution
1
p(x[p, X) ocexp [—E(X -w'E T x- u)] (8.102)
with
p=0s T =0X"Xl|g,)" (8.103)

For a linear model, the design matrix X 'is completely specified at the time that we choose the
predictor values in each experiment, and thus so is XTX. From one trial set of experiments
to the next, the only quantity that varies significantly is 81s, and this quantity merely sets the
center of the distribution, but does not affect its shape. Therefore, the likelihood function
(8.101) is said to be translated by the data, or data-translated. For a linear model, where
X does not vary, this data-translation property is exact. For a nonlinear model, this data-
translation property is only approximate.
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Figure 8.2 Data-translation of conditional likelihood function with a standard deviation of 0.25 and

four data sets with sample means of —1, 0, 1, 2. For each data set, the location of the distribution
changes, but not the shape.

Data-translation becomes clearer if we consider the simple problem

S g 4 gl (8.104)

After N measurements, XX = N, and the conditional likelihood is
; N Y D (e )
Cly. ) e =350 V| y=bs=5 Dy (8.105)

Thus of all the data in the response vector y, the only value that affects the shape of this
conditional likelihood function is the sample mean y. Data obtained from different sets of

N measurements yield likelihood functions that have the same shape, but are centered at
different locations (Figure 8.2).

The conditional posterior density is
N i,
p@ly, o) O“fxp{—F(G —y)z}p(e) (8.1006)

If we choose the prior to be uniform in the parameter 6 that is data-translated, the pos-
terior density will also be data-translated. The concept of data-translation is important to
the generation of priors. Here, the prior is said to be noninformative about 0, because
the data-translation property for 0 of the likelihood function is retained by the posterior
density; i.e., the prior does not favor any particular region of 6-space. We posit that by
choosing the prior to be noninformative, we try to be as impartial as possible about the
value of € without trying to “spin” the data. We identify a translation property that the like-

lihood function possesses, and then choose the prior so that we retain this property in the
posterior.
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A noninformative prior provides a reference standard that other researchers can repro-
duce and accept as not reflecting the analyst’s personal bias. It is not quite true to say
that the noninformative prior is objective, as it must be made proper, and this can be
done in many different ways. Also, if likelihood function has more than one symme-
try property available, it is then a subjective choice of which one to use to generate the
noninformative prior. Still, noninformative priors are perhaps “least subjective” or “most
reproducible,” and several results obtained using (8.68) agree with those of frequentist
statistics.

For the single-response model, using a quadratic expansion for S(0), the likelihood func-
tion (8.101) is data-translated by the least-squares estimate 8y s. Thus the noninformative
prior is uniform in this same parameter 8, p(0) ~ c, at least in the region of appreciable
nonzero likelihood. Again, a uniform prior in @ is justified on the grounds of being non-
informative. The Bayesian most probable estimate 6\ therefore agrees with the maximum
likelihood and least squares estimates,

Oy = Oyie = O1s (8.107)

Non informative prior for o

We next consider the problem of estimating the error standard deviation, using the posterior
density for o,
2

p(ols) < (ols)p(o) = o exp{—"s }p(o) (8.108)

202
We see that the likelihood /(o|s) is not data-translated in o. Even though the likelihood
[(o|s) is not simply translated by the data, there still may exist a one-to-one transformation
n = n(o) such that I(n|s) is simply translated by the data. That is, the shape of /(n]s) does
not change from one data set to the next, but the location of its maximum does. Once we
find such a transformation, we should choose our prior to be noninformative in n(o); i.c.,
such that the posterior density in the transformed coordinate, p(n|s), is also data-translated.
This is the case if the prior is locally uniform in n = n(o), i.e., p(n) ~ ¢, in the region of
appreciable nonzero likelihood.

While there exists a technique, due to Jeffreys, for generating noninformative priors
directly from the likelihood function, here we simply propose a transformation n(c) = Ino,
and then show that its likelihood is data-translated. For a discussion of automated procedures
for constructing noninformative priors, consult a general text on Bayesian statistics such as
Box & Tiao (1973).

Writing o = e”, we have the transformed likelihood

2 2
I(nls) & (€)™ exp {_22’:n)2} — exp {—N - 2%} (8.109)

Substituting 1 = sVs~V, we write

_ US2 _ US2
I(nls) o< sVs™ exp {—Nn - ﬁ} =sVexp {N(lns —n) — 26—2n} (8.110)



394

8 Bayesian statistics and parameter estimation

2lns

Using s? = ™, we have

Ils) oc s~V exp [N(lns —p)— gexp[Z(lns - n)]} (8.111)
Adding the proper normalization, we have finally

exp {N(lns -n)— g exp[2(lns — n)]}

max

/ exp {N(lns -n)— %exp[2(lns — r))]} dn

Nmin

I(nls) =

(8.112)

Thus, /(n]s) is data-translated. We should choose our noninformative prior to be uniform
in n(o)=Ino,

=o! (8.113)

dn d
p(n) ~c= plo) x ‘d_o‘ = ‘d—alna

where we have used p(o)do = p(n)dn = p(n)|dn/do|do.

The posterior density for single-response data

Putting together the results of the two previous sections, we use for single-response data the
prior density

p(0.0) = p@)p(e) p@)~c po)xo™ (8.114)

such that the posterior density is
1
(0, 0ly) x o~ Dexp {—FS(O)} (8.115)
o

Because S(0) may depend in a complicated manner upon € for a nonlinear model, use of
(8.115) often requires numerical computation. We discuss such techniques later, but first
consider analytical calculations based on the approximate posterior density

1 vs?
(0, 0ly) cco~ NV exp {—m(e — O\ [ X" X6,1(6 — 0M)} exp {_F}

(8.116)

that is obtained from a quadratic expansion of S(8) about 8y = 6. In general, S(0) varies
more rapidly than its quadratic approximation, and so the posterior density p(@, o|y) decays
to zero as one moves away from @y; more rapidly than the approximate posterior 7 (8, o|y).
It has been traditional to use (8, o |y) when generating confidence intervals; however, with
the Markov chain Monte Carlo (MCMC) techniques discussed later, this approximation need
not be made.

We again note that for a linear model the quadratic expansion for S(6) is exact, and
(0, cly) = p(0, oly). Thus, the confidence intervals that we compute analytically from
(0, oy) are exact for a linear model.
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Confidence intervals from the approximate posterior density

The approximate posterior density 7 (6, o|y) for single-response data (8.116), describes
the joint uncertainty in both 6 and o. Of more interest is the marginal posterior density for
0,

7(0y) = /Ooo 7(0, oly)do (8.117)

This is the posterior for 6, without regard to the exact value of o. As we discard o by
“integrating it out,” it is called a nuisance parameter.
For the approximate posterior (8.116), the marginal posterior density can be calculated
analytically,
00 1 —N/2
7 (Oly) = ‘/0 (0, 0ly)do x |:1 + F(G — O\ [ X" X6,1(6 — BM):| (8.118)

Note again that for a linear model, this marginal posterior is exact.

Confidence interval for the mean of a population and
the t-distribution

We now form confidence intervals for the model parameters and the predicted responses
using this approximate marginal distribution. First, it is best to consider the simple model
(8.104), y = @ + ¢lF. After N measurements, the posterior density is

1 -
PO, oly) x o~V exp {—F[vsz + N — y)z]} (8.119)
where the sample mean and sample variance are
N | 5
=Ny M 2= (-3 v=N-1 (8.120)
k=1 Vs
The marginal posterior density for 0 is
0 N —(v+1)/2
p@ly) =/0 p0,0ly)do [1 +oa2 —ﬁ)z} (8.121)
Defining the t-statistic,
y—0
= ﬁ (8.122)
whose distribution satisfies p(¢|v)dt = p(6|y)d6, we have
29—(v+1)/2
ptlv) « [1 + ;} (8.123)

This is the famous #-distribution of Student, a pseudonym for W. S. Gosset ( Gosset, 1908).
As the number of degrees of freedom v approaches infinity, the #-distribution reduces to a
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2
1
v 1 v 2
2 2
1 1

Figure 8.3 Student ¢-distribution vs. N(u = 0,02 = 1) for v =2, 5, 10, 25. The ¢-distribution are
the solid lines and the normal distribution are the dashed lines.

Gaussian (normal) distribution of mean zero and variance 1:

lim p(elv) = J%_ne—fz/z (8.124)
For finite values of v, the f-distribution is somewhat broader than N(0, 1), to account for
the extra uncertainty in the estimate of 6 due to the uncertainty in o. plot_t_distribution.m
plots the #-distribution and compares it to the normal distribution for various values of v
(Figure 8.3).

How do we form a confidence interval for the population mean from the marginal pos-
terior density? Let us say that we know the value of o so that the conditional posterior
is

=2
M} (8.125)

61y, —
p@ly, o) x eXp[ 752

We define next a scaled variable Z = (8 — 7)/(o N~'/?) that is normally distributed with
a mean of 0 and a standard deviation of 1,

+00

_ L zp _
p(Z) = me /; p(Z)dZ =1 (8.126)

o0

We then specify Z,,, > 0 as the value of Z for which

Za)2
/ PZ)dZ =1—« (8.127)

Zap
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There is a 100 x (1 — )% chance that

16—yl
— O'N—l/z < Za/2 (8128)

so that the 100 x (1 — «)% confidence interval for the parameter is

1Z]

0 =3+ ZypoN /2 (8.129)

Typically, we form 95% confidence intervals, with o« = 0.05, and 99% confidence intervals
with @ = 0.01. Using the MATLAB Statistics toolkit, we compute the value of Z,, with
the command

Z_alpha_2 = norminv(1-alpha/2,0,1);

For a = 0.05, Z,/» = 1.9600 and for o = 0.01, Z,,» = 2.5758.

Here, we use the frequentist term confidence interval, as it is standard usage, but more
accurately, in the Bayesian perspective, we should call this a credible interval, meaning that
the parameter has a probability (1 — «) of lying in this interval. A frequentist confidence
interval, by contrast, states that if we repeat the same set of experiments many times, we
obtain an estimate of the parameter in this interval (1 — «)th of the time. The Bayesian
viewpoint is more direct.

Now, for our problem, we do not know the exact value of o, so instead of forming
the confidence interval from the unit normal distribution N (0, 1), we form it using the
t-distribution (8.123) which is somewhat broader due to the extra uncertainty in the value
of o. We define 7, o/, as the value for which

Toep2
/ ptvydt =1—« (8.130)
—Tvep
There is a 100 x (1 — @)% chance that the f-statistic is in the range
|| y=9 | _r (8.131)
- = Iy a/2 .
(s/V/N !

The 100 x (1 — «)% confidence interval on 6 is then
=5 +T,qpsN 2 (8.132)
With the MATLAB Statistics toolkit, we compute T, ,/» by the command

T_val = tinv(1-alpha/2,nu);

Confidence intervals for model parameters

We now use the #-distribution to form confidence intervals from the approximate posterior
density (8, o|y), (8.116), and its approximate marginal posterior density 7 (8|y), (8.118).
Once again, let us assume that we know the exact value of o. The conditional posterior for
0 is then

1
m(6ly, o) o exp {—E(O — Om)' [ X" X0, 16 — 0M)} (8.133)
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This is of the form of a multivariate Gaussian distribution (8.102) with a mean 6,, and a
covariance matrix

Y =0?’[XTX|p, 17" = cov(B) (8.134)

We wish to obtain a confidence interval for each parameter 6;. The rule for covariances,
with a constant vector ¢ and a random vector x,

var (¢ - x) = ¢ - [cov(x)]e (8.135)
yields for ¢ = el/! the variance of 6;,

var(0;) = V! - [cov(0)]el] = o2el] . [XTX’OM]fleU] = OZ[XTX|9M]

—1
, (8.136)

where [XTXl.gM]jj_-1 is the j diagonal element of (XTX)~!. Thus, the 100 x (1 — a)%
confidence interval on 6, assuming exact knowledge of o, is

; e
6) = by = Zupoo |[X"x], T} (8.137)

As the marginal posterior density (8.118) is a multivariate #-distribution, the confidence
interval on the model parameter, accounting for the extra uncertainty in o, is

-l }1/2 (8.138)

Qj = QM,j + Tv,ot/Zs H[XTX|9M]}']

where v = N — dim(6).

Confidence intervals on the model predictions

How much does uncertainty in @ affect the model predictions? The predictions with 6,
are

P OM) = f(; 00) (8.139)

In keeping with our use of a quadratic approximation for S(8), we expand the predictions
in the vicinity of 8 ;:

S ) _ ol —~ f
O =3O ~ Y

a=1

0y — On.a) (8.140)

x[*1:0)

Using the definition (8.80) of the linearized design matrix, we have
P
IH0) — 5MO0M) ~ Y Xialoy (Ba — Ora) = [Xlo,, (6 — O] (8.141)
a=1

Thus, the expansion of the vector of predicted responses is
P(O) — p(Om) = Xlp,,(0 — On) (8.142)

Treating Xlg,, as approximately constant (as it is for a linear model), from (8.142) and



Confidence intervals from the approximate posterior density 399

X *
S SN
o X .
S ¢
s X 3
¢ g( ¢ :
, XX
R B X easred resnse

redicted resnse

P

redictin cnidence interva

1

Figure 8.4 Plot of measured vs. predicted responses (with confidence intervals) to check for model
adequacy with respect to variation in predictor values. Here, the model appears to agree with the
data.

(8.134), the covariance matrix of p(0) is
A T —1 T
cov[§()] = Xlg, cov(6)(Xle,) = 0 Xlo, (X" Xlo,)  ( Xlo,,) (8.143)
The 100 x (1 — )% confidence interval for the predicted response in experiment £ is then

(@) = p1NOM) £ 5T a2 {[ Xlgy (X" Xloy) ™" (Xloy)' ]}

It is common to plot, as in Figure 8.4, the model predictions and their confidence intervals
vs. the model estimates to gauge the reliability of the fitted model. Such plots allow one to
identify outliers, i.e., points whose residual errors seem to be larger than the others. For an
outlier, the measured response lies far outside of the confidence interval of the prediction.
Such points may be due to “extra” amounts of error for that particular data point. For
example, the investigator may have transposed the digits of a measurement when recording
them in a laboratory notebook. As points with such “extra” error corrupt the analysis, they
should be removed from the data set. Of course, we should not discard such points based on
our subjective expectation of the outcome, as outliers that are actually valid, but have large
residuals due to model error, have been known to change the course of scientific history. If
possible, redo any experiments that appear to be outliers. If the excessive error appears to
be reproducible, it may be due to model inadequacy.

12 (8.144)

Least-squares fitting and confidence interval generation in MATLAB

The MATLAB statistics toolkit contains several functions that perform least-squares param-
eter fits and generate confidence intervals for linear and nonlinear models from single-
response data.
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Linear least-squares calculations in MATLAB
For linear models, we use the function regress,
[theta, theta_CI, residuals, res_Cl, Stats] = regress(y, X, alpha);

y is the vector y € RV of measured responses. X is the N x P design matrix of predictor
variables. alpha sets the width of the confidence intervals (¢ = 0.05 for 95% CIs). theta
is the vector @y € M’ of fitted parameters. theta_Cl contains lower and upper bounds on
each parameter. residuals contains the values in each experiment of the residual errors
ekl = yIF _ $[Kl(@y) and res_Cl contains lower and upper bounds on these errors. Stats
contains various goodness-of-fit measures.

We demonstrate the use of regress for the data set comparing the protein expression levels
of wild-type and mutant bacterial strains, (8.35). The following MATLAB code performs the
least-squares calculation:

y =[121.9; 113.4; 112.2; 106.1; 120.7; 119.5; 116.5; 124.0];
X=[10;10;10;10;11;11;11;11];

alpha = 0.05;

[theta, theta _Cl, residuals, res_Cl, Stats] = regress(y, X, alpha);

The results of these calculations are

theta =
113.4000
6.7750
theta_Cl =
107.1646 119.6354
—2.0432 15.5932

Thus, we have the 95% confidence intervals,
0y =113.40£6.33 6, =678 +£8.82 (8.145)

As the confidence interval for 6, includes 6, = 0, the difference in protein expression levels
between the two strains is not statistically significant.

Nonlinear least-squares calculations in MATLAB

For nonlinear models, the MATLAB statistics toolkit contains functions to compute the
least-squares estimates and generate confidence intervals using the approximate posterior
density. First, the least-squares estimate is found using the function nlinfit,

[theta, residuals, Jac] = nlinfit(X_pred, y, fun, theta_0);

X_pred is a matrix that contains in each row the set of predictors for the correspond-
ing experiment. y is the vector of measured response values. fun_name is the name of a
function,
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y_hat = feval(fun_name, theta, X_pred);

that returns the vector of predicted responses y_hat for input values of the parameters theta
and the predictor values in X_pred. theta_0 is an initial guess of the parameter vector.
theta is the least-squares estimate of the parameter vector. residuals contains the residual
errors, and Jac contains the Jacobian of the model functions (i.e. the linearized design
matrix).

For the data of Table 8.1, we fit the model rr; = kjccp’ using the code

X_pred =[0.1 0.1; 0.2 0.1; 0.1 0.2; 0.2 0.2; 0.05 0.2; 0.2 0.05];

y = [0.0246e-3; 0.0483e-3; 0.0501e-3; 0.1003e-3; 0.0239e-3; 0.0262e-3];
theta 0 =[0.01 1.0 1.0]; % initial guess

fun_name = ‘calc_yhat kinetic_ex1";

[theta, residuals, Jac] = nlinfit(X_pred, y, fun_name, theta 0);

where we supply the following routine to compute the predicted responses,

function y_hat = calc_yhat kinetic_ex1(theta, X_pred);
N = size(X_pred,1); % # of experiments

% extract predictors

conc_A = X_pred(:,1); % [A] in each experiment
conc_B = X_pred(:,2); % [B] in each experiment
% extract parameters

k_1 = theta(1); % rate constant

nu_a = theta(2); % exponent for [A]

nu_b = theta(3); % exponent for [B]

% make predictions

y_hat = k_1.*(conc_A."nu_a).*(conc_B."nu_b);
return;

From the output of nlinfit, 95% confidence interval half-widths are generated (using a
quadratic expansion of S(8)) for the model parameters and predictions by the commands:

theta_Cl = nlparci(theta, residuals, Jac);
[y_hat, y_hat_ HW] = nlpredci(fun_name,X_pred,theta, residuals,Jac);

theta_Cl contains the confidence interval bounds on the parameters, y_hat is the vector
of model predictions, and y_hat_HW contains the confidence interval half-widths of the
predictions. Through additional optional output arguments, nlpredci can also return joint
confidence intervals and half-widths for other values of « than o = 0.05. The results of
these calculations are

theta =
0.0025
1.0001
1.0001

theta_Cl =
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0.00719 0.0031
0.9057 1.0946
0.9057 1.0946

Thus, the fitted rate law is
rr1 = (0.0025)c k0% L0001 (8.146)
with the approximate 95% confidence intervals
0.0019 < k; <0.0031 0.9057 < v, <1.0946 0.9057 < v, < 1.0946 (8.147)

Therefore, the data do appear to be consistent with an elementary reaction. Below, we test
this hypothesis more rigorously using MCMC simulation with the exact posterior.

Example. Fitting the rate constant from the full curve of concentration
of Cvs. time for a batch reactor experiment

We also can estimate the rate law parameters from the data of Table 8.3. Here, since we
consider single-response regression techniques, we use only the data for cc(#), and assume
an elementary reaction v, = v, = 1. The following code performs the single-response
regression of the c¢(¢) data,

time_hr =[0.5; 1; 1.5; 2; 3; 4; 5, 6; 7; 8; 9; 10];

cC =[0.001; 0.0357; 0.0501; 0.0512; 0.0682; 0.0747; ...
0.0809; 0.0818; 0.0858; 0.0863; 0.0872; 0.0928];

time_s = time_hr*3600; % convert hr to sec

X_pred = time_s; % set predictor matrix

y = ¢C; % set vector of measured resposnes

k1.0 = 0.0025; % initial guess of k1

% call nlinfit to compute fitted parameter

fun_name = ‘calc_yhat_reaction_ex_dynamic’;

[k1, residuals, Jac] = nlinfit(X_pred, y, fun_name, k1.0);

k1_cl = nlparci(k1, residuals, Jac);

We supply a routine that returns the vector of the model predictions by solving the IVP with
the trial value of the rate constant:

function y_hat = calc_yhat_reaction_ex_dynamic(k1,X_pred);

t_span = X_pred’; % set times at which to report concentrations

x_0 =[0.1; 0.1; 0]; % set initial condition

[t_traj,x_traj] = ode45(@ batch_kinetics_dynamics ex, . . .
tspan, x 0, [], k1);

y-hat = x_traj(:,3); % extract predictions from trajectory

return;

and we supply as well a routine that computes the time derivatives of each of the state
variables for the batch kinetic model:
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function x_dot = batch_kinetics_dynamics_ex(t,x,k1);
cA = x(1); cB = x(2);

r1 = k1*cA*cB;

x_dot = zeros(3,1);

x_dot(1) = -r1; x_dot(2) = —r1; x_dot(3) = r1;

return;

We obtain from these calculations an estimate k; = 0.0025 and a 95% confidence interval
0.0022 < &y < 0.0027.

MCMC techniques in Bayesian analysis

The confidence intervals derived above are based upon a quadratic expansion for S(0) about
O\ that is only approximate for a nonlinear model. The exact single-response posterior
without this approximation is

1
p(0,0ly) x oV Vexp| ——5(0) (8.148)
202

While analytical manipulation of this formula is difficult, MCMC simulation is a powerful
tool to obtain posterior expectations of the form

Elgly] ://g(@,a)p(0,0|y)dod0 (8.149)

R0

Many statistical questions can be posed in this form. For example, let us say that we wish
to compute the probability that some hypothesis Hg, is true. Let 2 be the region in (@, o)
space in which the hypothesis Hy, is true, and outside of €2, the hypothesis is false. Let
1o(0, o) be the indicator function

1, if(8,0)eQ

0, if(0,0)¢Q (8.150)

[Q(G, U) = {
For example, if we wish to test the hypothesis that 6, < 6; < 6, we use the indicator
function

1, if6 <6; <6y

Io(0.0) = 151
a(0.0) {o, if0; < B or0; > by (8.151)

The probability that the hypothesis is true then takes the form of a posterior expectation of
the indicator function:

P(Hszly)=E[1sz|y]=//1sz(0, o)p(0,0|y)dodb (8.152)

"0

When the dimension of (0, o) space is small, it may be possible to compute (8.152) by
quadrature, but MCMC simulation is generally more efficient.



404

8 Bayesian statistics and parameter estimation

Such calculations also arise when we wish to use knowledge gained from analysis of the
data to choose an optimal course of action, and form the basis of statistical decision theory.
We want to consider which of a set {a;} of actions to take, given a loss function L(a;|0)
that measures how “bad” is choosing action a;, for a particular value of 8. For some values
of 8, a; will be a good action to take (low L(a;|0)) and for other values of 0, a; will be a
bad action to take (high L(a;|0)). Given p(0, o|y), we select the action that has the lowest
posterior expected loss

Liajly) = / / L(a)10)p(0. o|y)dod® = E[L(a;|0)ly] (8.153)

Re 0

MCMC computation of posterior predictions

To compute an expectation E[g|y]using MCMC simulation, we rewrite (8.149) to integrate
over all values of o € ) as

+00
Elgly] = / / L-o(0)g(6, 0)p(, o|y)dodd (8.154)

NP —00

where we introduce the indicator function

Io~0(0) = {é Z 28 (8.155)
We then define the sampling density
75(0, 0ly) = Is=0(0)p(0, 0ly) (8.156)
such that
+00
£lgbl = [ [ 86.0m6.alydado (8.157)

9P —oo

We use MCMC simulation to generate a sequence (61, o"]) that is distributed according
to 5(0, o|y), such that for a large number N; of samples, the expectation is approximately

Ns
Elgly] ~ Ni > g(e™, o) (8.158)
S m=1

The error of this approximation is normally distributed with a standard deviation pro-
portional to +/Nj if the samples are independent. To generate this sequence, we use the
Metropolis algorithm, known in statistics as Metropolis—Hastings sampling. While other
MC algorithms (e.g. Gibbs sampling) may yield superior performance, here we use only
the Metropolis algorithm, which we have encountered already in Chapter 7. From the cur-
rent state (O, o"1), we propose a move (8", o™y — (9W) 5 (MeW)) and then decide

whether to accept this new state as the next member (8U"+!1 g["+11) of the sequence. We
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generate a new trial state by displacing at random either 6 or o. For some specified fraction
of @ moves fy € (0, 1), if a random number u, drawn from a uniform distribution on [0, 1],
is less that or equal to fy, we propose a random displacement of 6:

(new) [m]
9./ = 0.1' —|— Ag Mj ]/j
(8.159)
{y,} are drawn at random from N(u =0, o = 1)
where M; = min{(|0,]), \/eps}, (|0;|) being the running average of the magnitude of 6;.
Else, we propose a random displacement of o'

a(new) — O,[m] 4 Aa)//

8.160
y'is drawn at random from N(x = 0,0 = 1) ( )

Ay and A, are relative step sizes that are adjusted throughout the simulation to meet a target
fraction of moves that are accepted (e.g. 0.3).
The probability of accepting the proposed move is

T (e(new)’ J(new)|y)
T (0[’”]’ olml ‘y)

a([m] — (new)) = min | 1, (8.161)

To decide whether to accept the move or not, we generate a random number ' drawn
from a uniform distribution on [0, 1]. If «’ < «a([m] — (new)), we accept the move
and (O glmt1ly = (90 5(eW)) Else, we reject the move and reuse the old value
(@1 glmt1ly = (@™ 5]y Tt is common to run the MCMC simulation for some num-
ber of steps to “equilibrate” the sequence before beginning the sampling stage to compute
the expectation.

The routine Bayes_ MCMC _pred_SR.m implements this method to compute the posterior
prediction of a function g(8, o) using single-response data, and is invoked by the command

g_pred = Bayes MCMC _pred_SR(X _pred, y, fun_yhat, fun_g, ...
theta 0, sigma_0, MCOPTS, Param);

X_pred is a matrix that contains in each row the predictor values for the corresponding
experiment. y is the vector of measured responses. fun_yhat is a user-supplied function that
returns the vector of predicted responses:

y_hat = feval(fun_yhat, theta, X_pred);
fun_g is a user-supplied function that returns the value of g(0, o):
g = feval(fun_g, theta, sigma, Param);

Param is an optional structure of parameters that can be passed through
Bayes_ MCMC_pred_SR to fun_g. theta_0 and sigma_0 are the initial values of 6 and o
that initiate the Markov chain.

MCOPTS is a structure that controls the operation of the MCMC simulation and contains
the following fields (and default values):
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MCOPTS.N_equil, the number of equilibration MC iterations to be performed before sam-
pling begins (1 000);

MCOPTS.N_samples, the number of samples taken to compute the prediction (10,000);

MCOPTS.frac_theta, the fraction of Monte Carlo moves that displace 8; the remainder
displace o (0.5);

MCOPTS.delta_theta, the initial relative size of the random Gaussian displacement in each
0 during proposed move (0.1);

MCOPTS.delta_sigma, the initial size of the random Gaussian displacement of
o (min{0.1]01)], /eps});

MCOPTS.accept._tar, the target fraction of moves that are accepted (0.3). The sizes of the
proposed MC moves are adjusted dynamically to achieve this target.

Example. Protein expression data for bacterial strains

We consider again the protein expression data (8.35), where we have fitted the linear model

0, wild-type
= = .1 2
y=0i+6bx+e x {1’ mutant (8.162)
and have obtained the least-squares estimates
Ors1 =113.4 65, = 6.7750 (8.163)

We now compute the probability that 8, > 5; that is, that the protein expression of the
mutant strain is five units above that of the wild-type strain. We use MCMC simulation to
compute the expectation of the indicator

I, 6,>5

Ipos = 164
0225 {0, 0, <5 (8.164)

We perform this calculation with the code

Xpred=[10;10;10;10;11;11;11;11];

y =[121.9; 113.4; 112.2; 106.1; 120.7; 119.5; 116.5; 124.0];

theta_0 = [113.4; 6.7750]; sigma_0 = 5;

MCOPTS.N_equil = 2000; MCOPTS.N_samples = 50000;

fun_yhat = ‘calc_yhat_linear_model’;

fun_g = ‘calc_g_1Dinterval’;

Param.j = 2; Param.val_lo = 5; Param.val_hi = 1e6;

g_pred = Bayes MCMC_pred_SR(X_pred, y, fun_yhat, fun_g, . ..
theta_0, sigma_0, MCOPTS, Param),

where we have supplied the routines,

% calc_yhat_linear_model.m

function y_hat = calc_yhat_linear_model(theta,X);
y_hat = X*theta;

return;
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and

% calc_g_1Dinterval.m

function g = calc_g_1Dinterval(theta,sigma,Param);

if((theta(Param.j) >= Param.val_lo) & ...
(theta(Param.j) <= Param.val_hi))

g=1;
else

9=0;
end
return;

The output from this program is
g_pred =0.7233

Thus, we compute a ~72.3% chance that the mutant strain has a protein expression level
that is greater than or equal to five units above that of the wild-type strain.

MCMC computation of marginal posterior densities

Monte Carlo simulation can also be used to generate marginal posterior densities using
indicator functions fitted to histograms — a technique known as kernel marginalization. We
estimate the marginal posterior p(6;|y) by partitioning the 6; interval [} 1o, 6, pi] into Npins
bins of width A pin = (6 ni — 6},10)/ Nvins. We measure the relative number of visits to each
bin through use of the indicator functions

L, [0j10+ (k= 1DA;pin] <60; <[0)10 + kA pin]

. 8.165
0, otherwise ( )

gjx(0,0) = {

The marginal density at the bin mid-point §j,k =01+ (k— %)A j.bin 18 then approxi-
mately

Elg;kly]

J,bin

PO xly) ~ (8.166)
For a discussion of alternative marginalization methods, consult Chen et al. (2000).
calc_g-1Dmarginal.m uses the kernel method to construct 1-D marginal densities con-
currently for multiple parameters, and is used by

function [bin_1Dc, bin_1Dp, frac_above, frac_below] = ...
Bayes MCMC_1Dmarginal_SR( X_pred, y, ...
fun_yhat, j_plot_1D, val_lo, val _hi, ...
N_bins, theta_0, sigma_0, MCOPTS);

X_pred, y, fun_yhat, theta 0, sigma_0, and MCOPTS take the same definitions as in
Bayes_ MCMC_pred_SR. j_plot_1D contains the numbers of the parameters whose marginal
densities are desired. val_lo and val_hi are vectors that set the lower and upper limits of
the histogram for each parameter. N_bins is the number of bins in each histogram (we use



408

8 Bayesian statistics and parameter estimation

0>

Figure 8.5 Marginal 1-D posterior density for the difference in protein expression levels between the
two strains (total probability = 0.99848).

the same number for each histogram). bin_1Dc and bin_1Dp contain the histogram rep-
resentations of the marginal densities. bin_1Dc(m,k) contains the value of 2 7 _plot(m),k and
bin_1Dp(m,k) contains the value of p(§ Jj_plotim),ky). frac_above and frac_below give the
fractions of the MC samples that fall outside of the histogram ranges for each parameter.

For the protein expression data, we generate the marginal posterior densities for 6 in 90
<60; <130andf, in —10 <6, <25 by

Xpred=[10;10;10;10;11;11;11;11];

y =[121.9; 113.4; 112.2; 106.1; 120.7; 119.5; 116.5; 124.0];

theta 0 = [113.4; 6.7750]; sigma 0 = 5;

MCOPTS.N_equil = 20000;

MCOPTS.N_samples = 1000000;

fun_yhat = ‘calc_yhat_linear_model’;

val_lo = [90; —10]; val_hi = [130; 25];

N_bins = 100; j_plot_1D = [1; 2];

[bin_1Dc, bin_1Dp, frac_above, frac_below] = ...

Bayes_MCMC_1Dmarginal SR( X_pred, y, ...

fun_yhat, j_plot_1D, val_lo, val_hi, ...
N_bins, theta_0, sigma_0, MCOPTS);

The 1-D marginal distribution of #,, the difference in expression levels between the two
strains, is shown in Figure 8.5.

A similar approach is used by Bayes. MCMC_2Dmarginal SR.m to compute the 2-D
marginal posterior density p(6;, 6;|y). For the protein expression data, p(6, 6,|y) is com-
puted by typing the following commands, after executing the code above:
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1 1 11 11
04

Figure 8.6 Marginal 2-D posterior density for the protein expression data, computed from MCMC
simulation.

i_plot_2D = 1; j_plot_2D = 2;
[bin_2Dic, bin_2Djc, bin_2Dp] = ...
Bayes MCMC_2Dmarginal SR( X _pred, y, ...
fun_yhat, i_plot_2D, j_plot_2D, val_lo, val hi, ...
N_bins, theta_0, sigma_0, MCOPTS);

X_pred, y, fun_yhat, val_lo, val_hi, N_bins, theta_0, sigma_0, and MCOPTS retain the same
definitions as when computing 1-D marginal distributions. i_plot_2D and j_plot_2D are
the parameters whose 2-D marginal density p(6;_piot, 0 _piot|y) is desired. bin_2Dic(m) and
bin_2Djc(n) contain the values of §i_p10tym and ai-plot,n respectively. bin_2Dp(m,n) contains
the computed value of p(@,-_plot,m, 5(,‘_},1(”,” |») . The routine generates contour, contourf,
and surf plots of p(6; piot, @) plotl¥). The contourf plot for the protein expression data is
shown in Figure 8.6.

Computing highest probability density (HPD) regions from marginal
posterior distributions

From marginal posterior densities, we can identify the regions of HPD that contain a specified
fraction of the total marginal posterior density. This allows us to compute credible regions
without the need of a quadratic expansion of S(8). Let p(w|y) be a marginal posterior
density, where 1 = (0, 0) and let Q = dim(t)) be small enough that p(1|y) can be
computed feasibly using the histogram technique. Let W, be the set of all 1) € NQ, where
p(1]y) exceeds some contour value p.:

W, = {¢ € R p(¥ly) > p} (8.167)
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62

Figure 8.7 The 95% HPD region for (8, 6,) for the protein expression data is enclosed within the
boundary curve plotted above.

Such a set is called a Highest Probability Density (HPD) region. We wish to find the HPD
region that contains some fraction (1 — «) of the total marginal posterior density; i.e., we
identify the contour value p., such that

/ ply)ydyp =1—a (8.168)

Pe,a

v

This approach enables us to compute Bayesian HPD credible regions for any form of the
posterior density, without quadratic approximation of S(8). Once we have computed the
marginal posterior density on a regular grid, it is fairly straightforward to compute the «
for various p. through quadrature of the grid values. From p. = p.(«), we identify the
particular p. that yields the desired «HPD, and then approximate the HPD region as the
union of bins whose probabilities exceed this p..

From the results of Bayes. MCMC_1Dmarginal.m, HPD regions are identified by the
routine Bayes_1D_HPD_SR.m,

alpha = 0.05;
[HPD _lo, HPD_hi] = Bayes_1D_HPD_SR(bin_1Dc, bin_1Dp, ...
j_-plot_1D, alpha);

We compute an approximate 2-D HPD in (6, 6,) space using the routine Bayes 2D _HPD_
SR.m, using as input the results from Bayes MCMC_2Dmarginal.m:

HPD_2D = Bayes_2D_HPD_SR(bin_2Dic, bin_2Djc, bin_2Dp, . . .
i_plot_2D, j_plot_2D, alpha);

The 95% HPD for (6,, 8,) for the protein expression data is shown in Figure 8.7. The 1-D
HPDs are 107.8 < 6; < 119.0and —1.78 < 6, < 14.0, see (8.145).
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Example. Batch reactor chemical reaction data

We next use the MCMC approach to study again the hypothesis that the reaction
A+ B — C is elementary, given the data in Table 8.1. We compute the 95% HPD
for the 2-D marginal posterior density p(6,, 65]y). If this HPD region contains the
point (6, = 1,65 = 1), we cannot support the conclusion that the hypothesis is false
(i.e., the reaction is not elementary). We compute this marginal density using MCMC
simulation by

% input predictor and response data
X_pred =[0.1 0.1; 0.2 0.1; 0.1 0.2; 0.2 0.2; 0.05 0.2; 0.2 0.05];
y = [0.0246e-3; 0.0483e-3; 0.0501e-3; 0.1003e-3; 0.0239e-3; 0.0262e-3];
% provide name of routine that returns predicted responses
fun_yhat = “calc_yhat_kinetic_ex1’;
% provide initial guess of parameters
theta_0 = [0.0025 1.0 1.0];
% compute sample variance with initial guess, and use its
% square root as initial guess for sigma
y_hat = feval(fun_yhat,theta_0,X_pred);
RSS_0 = dot(y-y_hat,y-y_hat);
sample_var_0 = RSS_0/(length(y)-length(theta_0));
sigma_0 = sqrt(sample_var_0);
% select the parameters whose 2-D marginal density
% is desired
i_plot_2D = 2; j plot 2D = 3;
% set the histogram properties
val_lo = [0.8; 0.8]; val_hi = [1.2; 1.2]; N_bins = 50;
% perform the MCMC simulation to compute the
% 2-D marginal posterior density
MCOPTS.N_equil = 50000; % # of equilibration iterations
MCOPTS.N_samples = 25000000; % # of samples
[bin_2Dic, bin_2Djc, bin_2Dp] = ...

Bayes MCMC_2Dmarginal SR( X_pred, y, ...

fun_yhat, i_plot_2D, j_plot_2D, val_lo, val_hi, ...
N_bins, theta_0, sigma_0, MCOPTS);

% generate from the results the 95% HPD region
alpha = 0.05;
HPD_2D = Bayes_2D_HPD_SR(bin_2Dic, bin_2Djc, bin_2Dp, . . .

i_plot_2D, j_plot_2D, alpha);

The computed boundary of the 95% HPD is shown in Figure 8.8. As the HPD contains
(6, = 1,05 = 1), the data are consistent with an elementary reaction. The code above calls
the same routine to predict the responses, calc_yhat kinetic_ex1.m, as used previously in
the least squares fitting of the parameters.
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Figure 8.8 Boundary of the 95% HPD for (6,, 65) for the 2-D marginal posterior density of the rate
law exponents from the batch reactor data set.

Applying eigenvalue analysis to experimental design

Above, we have generated confidence intervals from the covariance matrix cov(6) =
o2(XTX)~!. While the value of o> may be determined by fluctuations in experimental
conditions that are beyond our control, we can control, through our choice of experimental
design, the design matrix X. We would like to design our experiments so that they provide
enough information to estimate the parameters to sufficient accuracy. We now consider the
application of eigenvalue analysis of XT X to experimental design.

We diagonalize the positive-semidefinite matrix XTX = VAV, where A =
diag(A1, A2, ..., Ap),and P = dim(8). The matrix Vis an orthogonal P x P matrix, V' =
V'™, whose columns contain the normalized eigenvectors of XTX. The covariance matrix
of B is

cov(@) = o [ VAV L =2V TEVA Ly =62 AL T (8.169)
where A~! = diag(A7!, Az_l, ceey A;l). We see that the small eigenvalues of X7 X, with the

corresponding largest diagonal elements in A~!, contribute the most to the uncertainty.

When is an eigenvalue 1 ; satisfying (X7 X)vl] = A ;0l/) small? Writing

o Xl U0
. ' - | 21 . i
Aoh = (XT Xl = X7 : | = XT , (8.170)
s :
X | XM o]

we see that we obtain a small eigenvalue whenever no row in the design matrix has a
significant dot product with the corresponding eigenvector.
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As an example, consider fitting the model
y=01+6x1+6:3x,+¢ (8.171)

to a data set with the design matrix

L 10 10
X = X'x=1]10 30 30 (8.172)

b33 10 30 30

1 4 4

We see that XX is singular, as a result of the lack of any experiments with x; # x,. But,
let us say that this deficiency of the data set was not so immediately obvious. We could still
diagnose the situation using the eigenvector decomposition (8.27),

0.0000  0.9728  0.2317 0.0
V=1 07071 —0.1639 0.6979 A= 0.6312 (8.173)
—-0.7071 —0.1639 0.6879 63.3688

The eigenvector corresponding to the zero eigenvalue is of the form [0 + ¢ — c], suggesting
that we need to add an experiment that varies x; and x; in opposite directions. Therefore,
we add an experiment whose predictor variables equal those in the second experiment plus
[0 1 -1,

[1 2 2]4[0 1 —1]=[1 3 1] (8.174)

so that the span of the row vectors in the new design matrix contains the eigenvector for the
zero eigenvalue. For the new design, we have

11 1
1 2 2 5 13 11
X=1{1 3 3 X'x=|13 39 33
1 4 4 11 33 31
1 3 1
(8.175)
0.5868
A= 1.8796
72.5338

The zero eigenvalue has been removed, and we now are able to estimate all parameters to
finite accuracy.

This analysis is useful for designing a set of experiments to yield the desired accuracy.
Given an a priori estimate of o2, we estimate the corresponding width of the confidence
intervals. If this accuracy is insufficient, we add more experiments, until the expected
accuracy is deemed sufficient.

For a nonlinear model, we also must provide a ballpark estimate of 8, where we evaluate
the linearized design matrix. We then apply the eigenvalue analysis above, but use the
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linearized design matrix. In cases where it may be very costly to come back later to perform
additional experiments, we may wish to try multiple estimates of 0, repeat the eigenvalue
analysis for each linearized design matrix, and accept only a design that appears to provide
sufficient accuracy for all plausible values of 6.

Example. Determining the number of additional experiments
necessary for the protein expression data

We consider once again the data for the protein expression levels of wild-type and mutant
bacterial strains (8.35) with XT.X and its inverse again given by (8.40). For a specified o,
the standard deviation of 6, is

std(6) = 0/ (XTX)3, = ov/2n~! (8.176)

The expected width of the confidence interval in this parameter is then
162 — Oua| & Zoppov/2n=1 (8.177)
Or, to account roughly for the extra uncertainty in o, we could use
|65 — Ori2| & Tyozayp s3/2n1 (8.178)

We can use (8.178) with n = 4 + m and the s-value from the existing data to estimate the
number m of additional experiments necessary to reduce the uncertainty in 6, to a desired
level.

Here, our emphasis has been upon experimental design; however, eigenvalue analysis
and SVD of the design matrix can also be used to extract at least partial results when XX
is singular. This subject is discussed in further detail in the supplemental material in the
accompanying website.

Bayesian multiresponse regression

Previously, we have considered only the analysis of single-response data. Here, we discuss
multiresponse regression, focusing primarily upon the extension of the least-squares method
to the case of multiple, perhaps correlated, responses in each experiment.

Again, we perform a number N of experiments, where in the Ath experiment, we
have a known set of M predictor variables, x¥ € %, and we observe the L responses
y* e RL. We wish to estimate the values of P unknown parameters 8 € R’ in a model
whose predicted responses for each experiment form a vector f(x); 9) € R’. We assume
that the measured responses are equal to the model predictions plus a random error
vector,

Y = £ 0) 4 e (8.179)

el®l ¢ RE isassumed to be independent of the other e/#*], but we allow that the components
of €l¥l may be correlated. The L x L covariance matrix (unknown) of each error vector is
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¥ = cov(e). From the measured responses, we form the N x L response data matrix

_ y[1]
_ y[2]

Y = . (8.180)
_ y[N]

We assume that the errors in each experiment are drawn independently from a multivariate
normal distribution with zero mean,

1 I 1

Thus, the probability of observing a response y*l in experiment & is

P16, £) = @) 217 exp {—%[y[“ — f(0)] = M - f(x; e)]}
(8.182)

Assuming independent errors in each experiment, the likelihood function for the multi-
response data is

N

16.21Y) = p(r16.3) =] | p(»™6. ) (8.183)
k=1

a b a+b

Using the rule e“e” = e?™”, we have

16, 2|Y) = 27) N2z |~V
X exXp {—% Zivzl [yH — f(x[k];e)]TE—l[y[k] _ f(x[k];e)]} (8.184)

We next define the L x L positive-definite matrix S(@) with the elements
N

Sa(0) = [y — (M 0) ][5 - £ (1 6)] (8.185)

k=1

and write the likelihood function as
16, 21Y) = 2r) M2z V2 exp {1t =715(0)]} (8.186)
For this /(6, £1Y), the noninformative prior is (Box & Tiao, 1973)
PO, ) =p@Op(E) pO)~c  pE)oc|T|TEHD2 (8.187)
Therefore, the posterior density p(6, X|Y) x [(0, Z|Y)p(0)p(X) is

1
p(0, =|Y) o< Q) V2| m|mWHLAD2 exp {—Etr[E_'S(H)]} (8.188)

For this posterior density, of the form of a Wishart distribution, the marginal posterior
density for 6 can be computed analytically:

p(@u/):fp(@,mY)azzo<|S(¢9)|*N/2 (8.189)

>0
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Reduction of the multiresponse posterior density to the previous

result for single-response data

We now show that this marginal posterior, p(8]Y) o |S(@)|~"/2, agrees with our previous
result (8.118) for single-response data, by considering a linear model. For L = 1, () =

(XO)y,

N N

50) = 3~ [ - xon] = 3~ {1 - (xus)] + [X(6is - 0)),)

k=1 k=1

k=1

+

- 1411

[X(6s - 0)];

=
Il

1

Writing the sum in the middle term of the right-hand side as

N
Z(y — XOrs)k |:Z Xij (0Ls — 0)/‘:|
k=1

—Z(BLS 0); Z(XT),ky X01s),

N
[V — (xOLs)]” +2 > M = (XBLs)][X(BLs — 0)],

(8.190)

—Z(eLs 0),[XT(y X015)]; = (B1s — 0) - [X(y — X6y5)]

J

we see that this term is zero, as X"X0; s = X"y. Therefore,

N N
S(0) = Z [P — (X61s), T4 [X(OLs — 0)
k=1 k=1
Using our previous definition (8.89) of the sample variance,
N
vs? = S(Bs) = Z [ — (XaLs)k]2
k=1
and
N
> [X(Bis — O)]; = (0 — 615 X" X(0 — 61s)
k=1
we have

S(0) = vs* + (0 — 0.5)" XTX(0 — Oy5)

Thus, the marginal posterior for 8, p(8|Y) o |S(@)|~"/?, becomes

1 —NJ2
pOY) x [1 + F(e —615)" X X (0 — 0LS)i|

This is the same multivariate #-distribution as (8.118).

(8.191)

(8.192)

(8.193)

(8.194)

(8.195)

(8.196)
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Numerically computing the parameter estimate

From the marginal posterior density p(8|Y) o |S(@)|~"/2, we identify the most probable
estimate @y as that minimizing |S(0)|. We compute |S(0)| by performing a LU decompo-
sition,

P(6)S(6) = L(O)U(O) (8.197)

As |S(0)| > 0 for the positive-definite matrix S(8), we have
L
1S(0)] = H |Un(0) (8.198)
I=1

Here, we have used the fact that |L| =1 and |P| = £1. As f(x) and In[ f(x)] have the
same minima, we find 8y by minimizing the cost function

L
Feost(0) = In[S(O) = ) In|Uy(0))] (8.199)
=1

which varies more slowly with 6 than does |S(0)|.

Because the gradient vector of this cost function is difficult to determine, we use the
nonlinear simplex method that only requires us to compute the cost function value for each
trial 6. This technique returns only a local minimum; therefore, we augment it by simulated
annealing to search for a global minimum, as is done by the routine sim_anneal_MR.m:

[theta, det_S, det_S_0] = sim_anneal _MR(...
X_pred, Y, fun_yhat, theta 0, N_iter, ...
freq_quench, freq_reset, T_0);

X_pred is the N x M matrix that contains in each row the predictors for the corresponding
experiment. Y is an N x L matrix containing the responses for each experiment in the
corresponding row. fun_yhat is the name of a user-supplied routine that returns the predicted
response data matrix for input values of theta (the parameters) and X_pred:

Y_hat = feval(fun_yhat, theta, X_pred);

theta_0 contains the initial guesses of the parameters. N_iter is the total number of iterations
during the simulated annealing run. freq_quench is a number in [0, 1] that sets the frequency
with which the simulation is “quenched” at random times during the simulation. Here,
“quenching” refers to running the nonlinear simplex minimizer fminsearch to find a local
minimum of the cost function. freq_reset specifies the frequency with which the state is
reset, at random times, to the best one (lowest cost function) found to date. T_0 is the initial
annealing temperature. If this argument is not included, a default value of 10| Fox(8!")] is
used.

The routine returns the theta value with the lowest cost function found during the
simulation. det_S is the value of [S(0)| for this optimal parameter value (at least a local
minimum). det_S_0 is the value of |S(8[%))|.
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Use of this routine requires the MATLAB optimization toolkit, for access to fminsearch,
when freq_quench is nonzero. If fminsearch is unavailable, the routine may be modified
to use the conjugate gradient minimizer routine provided in Chapter 5.

Example. Fitting the rate constant from multiresponse dynamic
batch reactor data

Here, we apply this routine to estimate the value of the rate constant k; of the reaction,
assumed elementary, A + B — C, from the multiresponse data of Table 8.3. The following
code employs sim_anneal_MR.m to fit the rate constant:

% input predictors and response data

time_hr =[0.5; 1; 1.5; 2; 3; 4; 5; 6; 7; 8; 9; 10];

time_s = time_hr*3600; % convert hr to sec

X_pred = time_s; % set predictor matrix

cA =[0.0985; 0.0637; 0.0500; 0.0462; 0.0363; 0.0248; ...
0.0171; 0.0168; 0.0131; 0.0150; 0.0140; 0.0134];

cB =[0.0995; 0.0651; 0.0596; 0.0453; 0.0384; 0.0247; ...
0.0174; 0.0203; 0.0136; 0.0121; 0.0142; 0.0134];

¢C =[0.001; 0.0357; 0.0501; 0.0512; 0.0682; 0.0747; ...
0.0809; 0.0818; 0.0858; 0.0863; 0.0872; 0.0928];

N = length(time_hr); L = 3;

Y = zeros(N,L); % set response data matrix

Y(:,1) =cA; Y(:,2) = cB; Y(:,3) = cC;

% set parameters for simulated annealing run

N_iter = 1000;

k1.0 = 0.001;

fun_yhat = “calc_Yhat_reaction_ex_dynamic_MR’;

freq_quench = 1e-2; freq_reset = 1e-2;

% perform the simulated annealing run

[k1, det_S, det.S 0] = ...

sim_anneal_MR(X_pred, Y, fun_yhat, . ..
k1.0, N_iter, freq_quench, freq_reset),

The results of this calculation are

k1 =0.0024
det S =5.7277e-013
det_S_0 = 2.3605e-011

Here, we have supplied the following routine to predict the response data matrix as a function
of 0:

% calc_Yhat_reaction_ex_dynamic_.MR.m
function Y_hat = calc_Yhat_reaction_ex_dynamic_MR(k1, X_pred);
t_span = X_pred’; % set times at which to report concentrations
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x_0 =[0.1; 0.1; 0]; % set initial condition

% perform dynamic simulation

[t_traj,x_traj] = ode45(@batch _kinetics_dynamics_ex, ...
t_span, x_0, [], k1);

% extract response predictions

Y_hat = x_traj;

return;

batch_kinetics_dynamics_ex.m is the same routine as used previously in the least-squares
fitting of &, from the single-response data set cc vs. 7.

MCMC simulation with the multiresponse marginal posterior density

With the multiresponse marginal posterior density p(8|Y) o |S(0)|~"/2, we use MCMC
simulation to estimate posterior predictions of the form

Elglv1 = [ g@p(@1r)s (8.200)
I

We generate, with the Metropolis algorithm, a sequence of states {81} drawn from p(8|Y),
and approximate the expectation by

1 &
ElglY]~ > (o) (8.201)
S m=1

Such calculations are performed by the routine

g_pred = Bayes MCMC _pred MR(X pred, Y, ...
fun_yhat, fun_g, theta_0, MCOPTS, Param);

X_pred, Y, fun_yhat, and theta_0 take their previous definitions. fun_g is the name of a
function that computes g(0):

g = feval(fun_g, theta, Param);
Param is an optional structure that can be passed to fun_g.

MCOPTS controls the performance of the MCMC simulation and has the following fields
(and default values):

MCOPTS.N_equil: the number of equilibration MC iterations to be performed before sam-
pling begins (1000).

MCOPTS.N_samples: the number of MC iterations run during sampling. The larger this
number, the more accurate the prediction (10 000).

MCOPTS.delta_theta: the size of the displacements in each parameter during an MC move
relative to average magnitudes of each parameter (0.1). This value is changed to meet
the target fraction of accepted moves.

MCOPTS.accept_tar: target fraction of proposed MC moves that are accepted (0.3).
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Figure 8.9 Marginal 1-D density for k; computed from multiresponse data of a chemical reaction
using MCMC simulation.

This MCMC routine is used in turn by other routines that compute marginal posterior
densities and generate HPD regions. 1-D marginal densities and their corresponding HPD
regions are generated by the routines

[bin_1Dc, bin_1Dp, frac_above, frac_below] = ...
Bayes MCMC_1Dmarginal MR( X_pred, Y, ...
fun_yhat, j_plot_1D, val_lo, val_hi, ...
N_bins, theta_0, MCOPTS);

and

[HPD _lo, HPD _hi] = Bayes 1D _HPD MR( ...
bin_1Dc, bin_1Dp, j_plot_1D, alpha);

The definitions of the arguments in these routines are the same as for the corresponding
single-response routines.

For the multiresponse data of Table 8.3 for the chemical reaction A + B — C, the
following code computes the 1-D marginal posterior density for k; (Figure 8.9) and the
corresponding 95% HPD.

k1.0 = k1;

j-plot_1D = 1;

val_lo = 0.001; val_hi = 0.004;

N_bins = 100;

MCOPTS.N_equil = 1000;

MCOPTS.N_samples = 25000;

[bin_1Dc, bin_1Dp, frac_above, frac_below] = ...
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Bayes MCMC_1Dmarginal MR( X_pred, Y, ...
fun_yhat, j_plot_1D, val_lo, val_hi, ...
N_bins, k1.0, MCOPTS);

% compute 95% HPD

alpha = 0.05;

[HPD_lo,HPD _hi] = Bayes_ 1D _HPD_MR( ...
bin_1Dc, bin_1Dp, j_plot_1D, alpha),

About the most probable estimate of k| = 0.0024, this analysis of the multiresponse data
of Table 8.3 yields a 95% HPD region for k; of

0.0022 < k; < 0.0026 (8.202)

2-D marginal posterior densities and HPD regions are computed from MCMC simulation
for multiresponse data using the routines

[bin_2Dic, bin_2Djc, bin_2Dp] = ...
Bayes MCMC_2Dmarginal MR( X_pred, Y, ...
fun_yhat, i_plot_2D, j_plot_2D, val_lo, val hi, ...
N_bins, theta_0, MCOPTS);

and

HPD_2D = Bayes_2D_HPD_MR(bin_2Dic, bin_2Djc, bin_2Dp, . ..
i_plot_2D, j_plot_2D, alpha);

Again, the arguments in these routines carry the same definitions as the corresponding ones
in the routines for single-response data.

Analysis of composite data sets

Above, we have assumed that we measure the same set of responses in each experiment;
however, often we estimate parameters from composite data sets that mix different types of
data. Here, we treat composite data sets using the sequential learning aspects of Bayesian
analysis; hence, the routines take the suffix "MRSL for multiresponse sequential-learning.

Let us say that we have some sets of response data YV Y _ _ Y{P) that provide
information about the same set of parameters 6 € %R’ but that are dimensioned differently
and have different error properties. We want to compute the marginal posterior density,
taking into account the information provided by all sets of data,

p(O|Y™M, Y@, Y (8.203)

For each data set, we propose a model that predicts the responses v )(@), and compute the
LY x LY “sum of squared errors” matrix

s @) =[rY — §z<j>(9)]T[Y<j> _ f/m(g)] (8.204)
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We analyze each data set in turn, using for the first data set a noninformative prior. The
marginal posterior after the first data set is

N<1>/2

p(8]Y") oc|S ()| (8.205)

N is the number of experiments in the first data set.

We thenuse p(0]Y ") as the prior for the second set of data, in lieu of the noninformative
prior p(@) ~ c. Thus, after analyzing the two data sets, Bayes’ theorem yields the marginal
posterior density

p(0]Y", ¥?) |S<1>(0)|’N“>/2|S<2>(0)|’N(2>/2 (8.206)

Continuing this process, the marginal posterior density with all D sets is
D e
p(O]Y™W, v y®y o [T |50 " (8.207)
d=1

Therefore, the most probable @-value, obtained by considering all sets of data, minimizes
the cost function

Feo(@) = —In[p(6]Y™", Y?, .. YP)] = 130 N In |5 (0)| (8.208)

Let 6y be the most probable estimate that minimizes (8.208). We then can test hypotheses,
compute marginal 1-D or 2-D densities, and generate HPD regions, from MCMC simulation
with the marginal posterior density (rescaled to reduce round-off error),

—_ N 2
o[ [s9) N/
1y (D) B
p(OlYD, Y@ Y )O(d|_|]{|S<d)(0M)| (8.209)

Use of the routines that perform these calculations is demonstrated below for the example
of fitting the rate constant k; for the reaction A + B — C from the combined batch reactor
data of Table 8.1 and Table 8.3.

Example. Numerical analysis of composite data sets, applied to the
problem of estimating the rate constant of a reaction from multiple
reactor data sets

We employ a structure MRSLData to store the predictor and response values for each data
set with the following fields:

MRSLData.num_sets: the number of data sets in the composite set of data;

MRSLData.P: the number of parameters to be fitted;

MRSLData.M: a vector containing for each data set the number of predictors;

MRSLData.L: a vector containing for each data set the number of responses;

MRSLData.N: a vector containing for each data set the number of experiments;

MRSLData.X_pred._j: for each data set j, the N x M matrix of predictors;

MRSLData.Y_j: for each data set j, the N x L matrix of measured responses;

MRSLData.fun_yhat_j: for each data set j, the name of a routine that predicts the response
values,
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Y _hat = feval(fun_yhat j, theta, X_pred_j);

The following code sets the MRSLData structure for a composite data set combining the
results of Table 8.1 and Table 8.3:

% specify the number of data sets
MRSLData.num_sets = 2;
% specify the number of parameters to be fitted
MRSLData.P = 1;
% allocate memory for dimensioning parameters
MRSLData.N = zeros(MRSLData.num_sets, 1);
MRSLData.L = zeros(MRSLData.num_sets,1);
MRSLData.M = zeros(MRSLData.num_sets,1);
% -- DATA SET # 1 -- TABLE 1
% For the first data set (the contents of
% Table 1), input the predictor matrix.
MRSLData.X_pred_1=[0.10.1;0.20.1; 0.10.2; ...
0.2 0.2; 0.05 0.2; 0.2 0.05];
% input the response data matrix
MRSLData.Y_1 = [0.0246e-3; 0.0483e-3; 0.0501e-3; ...
0.1003e-3; 0.0239e-3; 0.0262e-3];
% specify the name of the routine that predicts
% the responses.
MRSLData.fun_yhat_1 = ‘calc_yhat_kinetic_ex_table1’;
% set the dimension parameters for the data set
MRSLData.N(1) = size(MRSLData.Y_1,1);
MRSLData.L(1) = size(MRSLData.Y_1,2);
MRSLData.M(1) = size(MRSLData.X_pred_1,2);
% -- DATA SET # 2 -- TABLE 3
% For the second data set (the contents of Table
% 3), input the predictor matrix
time_hr =[0.5; 1; 1.5; 2; 3; 4; 5; 6; 7; 8; 9; 10];
time_s = time_hr*3600; % convert hr to sec
MRSLData.X_pred_2 = time_s; % set predictor matrix
% input the measured response data matrix
cA =[0.0985; 0.0637; 0.0500; 0.0462; 0.0363; 0.0248; ...
0.0171; 0.0168; 0.0131; 0.0150; 0.0140; 0.0134];
cB =[0.0995; 0.0651; 0.0596; 0.0453; 0.0384; 0.0247; ...
0.0174; 0.0203; 0.0136; 0.0121; 0.0142; 0.0134];
cC =[0.001; 0.0357; 0.0501; 0.0512; 0.0682; 0.0747; ...
0.0809; 0.0818; 0.0858; 0.0863; 0.0872; 0.0928];
MRSLData.N(2)= length(cA);
MRSLData.L(2) = 3;
MRSLData.M(2) = size(MRSLData.X_pred_2,2);
MRSLData.Y_2 = zeros(MRSLData.N(2), MRSLData.L(2));
MRSLData.Y_2(:;,1) = cA;
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MRSLData.Y_2(:,2) = cB;

MRSLData.Y_2(:,3) = cC;

% specify name of routine that predicts the response

% data matrix for this set of experiments
MRSLData.fun_yhat_2 = ‘calc_Yhat_reaction_ex_dynamic_MR’;

calc_Yhat_reaction_ex_dynamic_.MR.m is the same routine as used previously in fitting the
rate constant using the data of Table 8.3 alone. The following routine predicts the results in
the experiments of Table 8.1 for a trial value of the rate constant:

% calc_yhat_kinetic_ex_table1.m

function y_hat = calc_yhat kinetic_ex_table1(k_1, X_pred);
conc_A = X_pred(:,1); % [A] in each experiment

conc_B = X_pred(;,2); % [B] in each experiment

y_hat = k_1.*conc_A.*conc_B;

return;

The cost function and marginal posterior density for the composite data set are computed
by the routine

[F_cost, det_S, posterior_density] = ...
calc_MRSL_posterior(theta, MRSLData, det_S_ref);

For the input value of theta, and the composite data set MRSLData, F_cost is the cost function
value, det_S is a vector of the |S?(8)| values in each data set. det_S_ref is an optional vector
of values |S@(0"D)| used to rescale the posterior density, as above for 8¢ = @y,. If this
argument is not included, default values of 1 are used.

The following code computes the cost function and |5/ ()| values for an initial rate
constant guess of k{‘” = 0.001:

theta_0 = 0.001;
[F_cost 0, det_S_0] = calc MRSL _posterior(theta_0, MRSLData),

The results are

F_cost_ 0 = —203.6059
det_S_0 = 1.0e-008 *
0.6012
0.0024

From an initial guess of the parameters, simulated annealing with quenching is used to search
for the global minimum (the returned value is at least a local minimum). This calculation
is performed by the routine

[theta, F_cost, det_S] = sim_anneal _MRSL(. ..
MRSLData, theta 0, N_iter, ...
freq_quench, freq_reset, T_0);
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The arguments N_iter, freq_quench, freq_reset, and T_0 have the same definitions as pre-
viously. If T_0 is not included in the list of arguments, a default value of 10|F.. (0| is
used.

The following code fits the rate constant to the composite data of Table 8.1 and Table 8.3:

N_iter = 1000; freq_quench = 0.01; freq_reset = 0.01;
[theta, F_cost, det_S] = sim_anneal_MRSL(. ..
MRSLData, theta 0, N_iter, ...
freq_quench, freq_reset),

The results are

theta = 0.0025
F_cost = —246.3639
det.S =1.0e-011%
0.5624
0.0620

Thus, we have an estimate k; = 0.0025 from the composite data.
From MCMC simulation, we can compute posterior expectations and 1-D and 2-D
marginal densities with the routines

g_pred = Bayes MCMC _pred MRSL(. ..
MRSLData, det_S_ref, ...
fun_g, theta_0, MCOPTS, Param);
[bin_1Dc, bin_1Dp, frac_above, frac_below] = ...
Bayes MCMC_1Dmarginal MRSL(. . .
MRSLData, det_S_ref, ...
j-plot_1D, val_lo, val_hi, ...
N_bins, theta_0, MCOPTS);
[bin_2Dic, bin_2Djc, bin_2Dp] = ...
Bayes MCMC_2Dmarginal MRSL(. . .
MRSLData, det_S_ref, ...
i_plot_2D, j_plot_2D, val_lo, val_hi, ...
N_bins, theta_0, MCOPTS);

The results from these routines can be used with Bayes 1D _HPD_MR.m and
Bayes_2D_HPD_MR.m to compute HPD regions.

The following code computes the marginal density for the rate constant from the com-
posite data and the corresponding 95% HPD region:

det_S_ref = det_S; % use most probable state as reference.
j-plot_1D = 1;

val_lo = 0.002; val_hi = 0.003;

N_bins = 500;

MCOPTS.N_equil = 1000; MCOPTS.N_samples = 25000;
[bin_1Dc, bin_1Dp, frac_above, frac_below] = ...
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Figure 8.10 Marginal posterior density for the rate constant computed from the composite data set.

Bayes MCMC_1Dmarginal MRSL(. . .
MRSLData, det S ref, ...
j-plot_1D, val_lo, val hi, ...
N_bins, theta, MCOPTS);
% generate the 95% HPD for k1
alpha = 0.05;
[HPD _lo, HPD _hi] = Bayes_1D_HPD_MR(bin_1Dc, bin_1Dp, ...
j_plot_1D, alpha);
HPD_HW = 0.5*(HPD_hi-HPD lo),

These calculations return the parameter estimate and the half-width of the 96% confidence
interval:

theta = 0.0025
HPD_HW = 4.8e-005

As expected, the confidence interval using both data sets is tighter than those computed
using either one individually. The 1-D marginal posterior density is shown in Figure 8.10.
Compare the breadth of this marginal density to that obtained from the data of Table 8.3
alone, Figure 8.9.

Bayesian testing and model criticism

Above, we have said that we cannot state with confidence that 8 does not take any particular
value that lies with a HPD credible region. While this argument is common, it falls outside
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of the structure of statistical decision theory. We present here the Bayesian approach to
evaluating the relative merits of alternative hypotheses or models, Bayesian testing.

Null hypothesis testing

We begin by considering, after taking the data Y, which of two hypotheses is more probably
true. Let the null hypothesis Hy be that 8 € Qo C R’ , and let the alternative hypothesis H,
be that 8 € Q; c M”. Often, ; is the complement set to €2 so that H, is the hypothesis
that @ ¢ . The prior and posterior probabilities of each hypothesis being true are

P(H)) = / PO P(H,|Y) = / p(O1Y)d0 (8.210)

Q; Q;

where the marginalized priors and posteriors are p(6) and p(6|Y) respectively. For P(H;)
to be defined, we again require p(0) to be proper. We would like to control, in some sense,
the effect of the prior to see what the data are telling us about which hypothesis is more
likely to be true. Therefore, to compare the relative amounts by which the data increase or
decrease our beliefs in the hypotheses, we compute the Bayes factor

P(Hy|Y)/P(Hy)

If Boi1(Y) > 1, Hy is favored by the data. If By;(Y) <« 1, H, is favored. The exact value of
By1(Y) is quite sensitive to the choice of prior, and in particular, we cannot use improper
priors here. Let us say that we have used the simple fix (8.71) of setting p(6) to zero outside
of ¢ and to a uniform value inside 2. Then, P(H;) is merely the ratio of the volume
of ; to that of 2, and is thus highly sensitive to the (subjective) choice of £2y. For an
improper prior with €2; of finite volume, P (/) is zero and the Bayes factor is not defined.
Robert (2001) discusses alternative means to make proper a prior using training sets to fit
a prior and then applying Bayesian analysis to the remaining data; however, such methods
fall somewhat outside of the Bayesian paradigm. For now, we retain the use of (8.71), yet
note that the boundaries of €24 should be selected with some care. Clearly, we should attach
significance to the value of the Bayes factor only if it is far greater or far less than 1. Jeffreys
(1961) suggests the following interpretation:

0 < logo[Boi1(Y)] < 0.5 evidence against Hy is  poor

0.5 < logo[Boi1(Y)] <1 evidence against Hy is substantial
1 < logp[Boi(Y)] <2 evidence against Hy is  strong

2 < logo[Boi1(Y)] evidence against Hy is  decisive

(8.212)

It is common in frequentist statistics to consider a point-null hypothesis that 0 takes exactly
a specific value €’. When 6 is continuous, such a hypothesis has zero probability of being
true and is ill posed in the Bayesian framework. We can approximate such a point-null
hypothesis as Hj: {9| 0 —0'| < 8}, as long as the prior is proper.
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Model criticism and selection

Similar techniques are used to judge which of several models best fits the data. Let us
propose several models o = 1, 2, ... of which one is believed to be the “true” model. Let
M, be the event that model « is the true one, and let Y be the event that we observe the
particular data set Y. Then, Bayes’ theorem applied to the joint probability P(M, NY)
yields the posterior probability that model « is the true one, given the data Y:

P(Y|My)P(Mo)

P(My|Y) = Z P(Y|My)P(My)

(8.213)

To remove the dependence on the priors P (M, ), we compare models « and 8 by computing
the Bayes factor

P(M,|Y)/P(M,) _ P(Y|M,)

Bop(Y) = = (8.214)
P P(MpIY)/P(My) T P(YIMp)
These probabilities P(Y|M,,) are the priors of the data set, under model «:
P(Y|M,) = f / P (Y|, =N p (6« =@)dx“ae" (8.215)
mP(H) pICIEN)

0@ e RP is the vector of parameters for model « and @ is the covariance matrix of
the random error. The prior is p'® (0@, =) and the likelihood is p@ (Y]0@), ().

The integrals (8.215) can be computed by MCMC simulation. We generate a sequence
(@@»m sf@my at random from a sampling density 7g(6*, £*)). For a number Ny of
samples, we approximate P(Y|M,,) as

Ny (@) (@la).m E(a),m)

(o) (@), (ay.m\ P ( ;
mglpa (Y|90€ m’za m) ns(g(a),m72(a),m)
% p<a) (g<a>,m, E(a),m)

o] ns(e((x),m , E(a),m)

P(Y[My) ~

(8.216)

A common choice of 7y is the integrand of (8.215). This approach is quite general, but
the sampling is carried out more easily for single-response data, for which @ = o, In
addition to the importance-sampling method described here, a number of other MCMC
techniques tailored to the computation of Bayes factors are available, see Chen et al.
(2000).

Schwartz’s Bayesian information criterion (BIC)

Here we provide an approximation of the Bayes factor for single-response data that does
not require MCMC simulation. Let the sum of squared errors for « model be

N

S O@) =Y [ (0) — w]’ (8.217)

k=1

where the model prediction for experiment £ is y,§“>(9<w>) and the observed responses are
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stored in the vector y € RV, The likelihood function is

” o ” B DN Sl (gle)
p< >(y|9( )7 o! >) = (2m) N/Z(G( )) exp _(72) (8.218)
2(0—(‘1))
and the integral (8.215) is
o0
p(ot>0,|Ma) :/ do@ / p(ot) (y|0<°‘>,a(">)p<°‘> (0<a), O_(oc))de(a) (8.219)
0
QP

Let 0#5? be the least-squares estimate minimizing S (0®)), and let a,f/‘,xﬁE be the value
maximizing the likelihood (8.218):

o 1 o o
(ol.)? = 55 '(6%) (8.220)

For general forms of the prior p® (8, (¢*)), we expect the integral over all o to be
dominated by values in the vicinity of UI\%E, so that

P (yIMy) = Ac / D (p10, oe) P (0, oyl )d0 (8.221)
9P

where Ao is a measure of the breadth of the ol dlstrlbutlon Contrlbutlng to (8.219).
Let us use the prior (8.71) that is zero for 8 ¢ Qyw and/or o ¢ Qo'

PO, 6 @) = ¢ (o) Ly (1) I, (@) (8.222)
Upon substitution of (8.222), (8.221) becomes
POWIM) = Aywcy 2r) N (o) "V gl (8.223)
where

o o ( ) o
0 = / Iy (6 >)exp{ 2ol de* (8.224)

i@ ( oML

Now, the value of S (8'“)) scales roughly linearly with the number N of observations, and
is larger when o,\s’; is larger. To correct for these effects and gain a better measure of the
systematic departure of the model predictions from the data, let us define

sl (gle)
h (0) = % (8.225)
N (oyiie)
Then, (8.224) becomes
0 = f Iy (6) exp {—%W (0<“>)} do® (8.226)

r@

7 (0'“)) has a minimum at the same 01(\‘,’[‘) as @ (0'“)); therefore, let us use the quadratic
(Laplace) expansion,

R (0) ~ h@ (0)) + (0 — 014) H'™ (0 — 02" (8.227)
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where H'® > 0 is the Hessian of 4/(6®)) at 6\, Substituting this quadratic expan-
sion into (8.226) and assuming /5« (8‘“') = 1 everywhere where exp{—31NA (0 )} is
significantly nonzero yields

0 = exp |~ iNn (617} 7 (8.228)
where
T@ = / exp{—%((w—0ﬁ>)T(NH<“>)(9<“>—9ﬁ>)}d9<“> (8.229)
RPe

Using the Gaussian integral

1 T T (27.[)1’/2 1 T 4—1
o | gtz 7e] e = T o 771 (8230
nP
we obtain
PW/Z 2
@ (2m) AT\ P92y prla) ~1)/2
T _W_ N |H'| (8.231)

Thus, from (8.228) and (8.223), we have

N 2\ P2
P9yIM,) = C® exp {—7h<ﬂ> (ef\?)} <W) (8.232)
where
A (a) {o)

ce = 7 % o (8.233)

Qm)N/2 (g le))(N+D) |H<a>|

We have then an approximation for the Bayes factor (8.214):

Sl 9(“) 2 P /2
oo 2250 3)
M, 2(oy

Bup(y) = POIM) (i) (8.234)

M, (B (p'B) P /2
p(y|Mp) O exp _SP(eN) | [(2m
2(003) )2 N
MLE

where we have used (8.225). Taking the natural logarithm of (8.234), we have

S (9 ple 2
In[Bus(»)] & InC® — % + ( 5 )m (Wn)
2("MLE)

S8 (9P P 2
—|mc® — M +{—In - (8.235)
B) \2 2 N
Z(UMLE)

If we assume that C'® and C‘#’ are of the same order of magnitude, and define Schwartz’s
Bayesian Information Criterion (BIC),

s@ (o) (P N
@) = — M -
BIC®)(y) = [2(0%)2 + ( 5 >ln (2n> (8.236)

ML




MATLAB summary 431

then
In[Bus(y)] ~ BIC™ () — BIC)(y) (8.237)

This approximate result tells us that we should choose the model with the largest value
of BIC. The second term in the square brackets in (8.236) adds to the weighted sum of
squared errors an additional penalty per parameter, encouraging the use of models with
smaller numbers of adjustable parameters. Clearly, this is only an approximation of the
Bayes factor, and should be applied only when N is large. For more exact analysis, the
Bayes factor should be computed by MCMC evaluation of the integrals (8.219).

Further reading

This chapter has merely introduced the subject of Bayesian statistics, a field that is far
broader than the subject of estimating parameters from data with normally-distributed errors
discussed here. For further reading, comprehensive graduate-level overviews of Bayesian
statistics are provided by Robert (2001) and Leonard & Hsu (2001). A text suitable for
undergraduates is Bolstad (2004). Among specialized texts, Box & Tiao (1973) treats in
further depth the problem of parameter estimation; however, it does not discuss advanced
MCMC techniques. For more on Bayesian Monte Carlo methods, consult Chen et al. (2000).
For a more philosophical, conceptual treatment of Bayesian statistics see Bernardo & Smith
(2000).

MATLAB summary

In this chapter we have addressed the Bayesian approach to estimating parameters from data
that are assumed to have normally-distributed errors. The MATLAB statistics toolkit offers
several functions for parameter estimation, whose results agree with both the Bayesian
approach taken here and the traditional frequentist formalism. regress fits a linear model to
single-response data and returns confidence intervals on the model parameters and predicted
responses. nlinfit fits the parameters of a nonlinear model to single-response data, with
confidence intervals on the parameters and predictions returned by nlparci and nlpredci
respectively. These routines use a quadratic expansion of the sum of squared errors and
thus, in general, give confidence intervals that are too wide. When the MATLAB statistics
toolkit is unavailable, linear models may be treated explicitly quite easily, and for nonlinear
models the MCMC routines presented here may be used (and give more accurate results
without using quadratic expansions of S(8)).

For single-response data, Bayes. MCMC_pred_SR.m computes the expectation of a
vector g(0,o0). This routine is used in turn by Bayes_ MCMC_1Dmarginal SR.m and
Bayes_ MCMC_2Dmarginal_SR.m to compute 1-D and 2-D marginal densities. The outputs
of these routines are used to compute 1-D and 2-D HPD regions by Bayes_1D_HPD_SR.m
and Bayes_2D_HPD_SR.m respectively.
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Table 8.4 Measured values of Nu for values
of Re, Prin the laminar flow regime of
forced convection through a packed bed

Nu Re Pr
1.9676 1 0.73
0.8986 0.1 0.73
0.4261 0.01 0.73
2.5098 1 1.5
1.1521 0.1 1.5
0.5520 0.01 1.5

The most probable parameter vector is computed from multiresponse data using
sim_anneal_MR.m. The resulting marginal posterior density on 6 is used to compute expec-
tations of g(@) by Bayes MCMC_pred_MR.m. Marginal densities and HPD regions are
computed by similar routines to those above, with _MR substituted for _SR.

Parameters in a nonlinear model are fit to a composite data set of single-
and/or multiresponse data by sim_anneal MSRL.m. Bayes MCMC_pred_MSRL.m com-
putes posterior estimates, and is used by Bayes.MCMC_1Dmarginal MRSL.m and
Bayes_MCMC_2Dmarginal _MRSL.m to compute 1-D and 2-D marginal posterior densities.
The output from these routines can be used with the ‘MR HPD algorithms to generate HPD
regions.

Problems

8.A.1. We are studying a system in which a fluid flows slowly through a packed bed of solid
pellets, and are interested in the transfer of heat between the solid pellets and the fluid. We
expect the heat transfer coefficient 4 to have the dependence

h=h(v, D, p, w, k, Cp) (8.238)

where wvr is the superficial velocity of the fluid, D is the pellet diameter, p is the
fluid density, p is the fluid viscosity, k is the fluid thermal conductivity, and C, is
the specific heat of the fluid. Through dimensionless analysis, we write this dependence
as

Nu = Nu(Re, Pr) (8.239)
where the Nusselt, Prandtl, and Reynolds numbers are
hD C D
Nu="2 pr=t po_PU (8.240)
k k n

We have taken the data of Table 8.4 in the laminar flow regime. We propose the model

Nu = ap(Re)*™ (Pr)® (8.241)
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Table 8.5 Measured substrate concentrations vs. time in a batch bioreactor

time (min) [S],=0.5M [S],=0.75M [S],=1M [S],=1.5M [S],=2M

10 0.4288 0.6735 0.9299 1.4175 1.9265
20 0.3554 0.6048 0.8504 1.3615 1.8773
30 0.2701 0.5089 0.7767 1.2832 1.8091
45 0.1827 0.3977 0.6652 1.1763 1.7191
60 0.1210 0.2893 0.5448 1.0999 1.6278
90 0.0196 0.1064 0.3030 0.8661 1.4420

To obtain a linear model, we take the base-10 logarithm,
log,y Nu = log;, oo + o log,y Re + vy log;, Pr (8.242)

Set up the system of linear algebraic equations that is solved to obtain the least-squares
parameter estimate. Then, solve this system by Gaussian elimination. Provide 95% confi-
dence intervals for each of the model parameters. Do all calculations by hand and show
complete results.

8.A.2. Repeat problem 8.A.1, but now use regress.

8.A.3. Fit again the heat transfer data of problem 8.A.1, but now do not transform the data
to make the model linear. Compute the fitted parameter estimate and the 95% confidence
intervals using the nontransformed nonlinear model.

8.A.4. Compute more accurate 95% confidence intervals for the data of problem 8.A.1,
without taking a quadratic expansion of S(8), through MCMC simulation.

8.B.1. We are studying the enzymatic conversion of a substrate S to a product P. For several
batch reactor kinetic experiments at the same temperature and pH, but at different initial
substrate concentrations [S]y, we have measured [S] vs. time (Table 8.5). The reactor has
a fluid volume Vg of 0.1 1 and contains a mass mg of 10 mg of enzyme. A balance on the
substrate yields the governing ODE

d Mg \ .
—[S]=— - 8.243
dt[ ] (acVR>rS P ( )

where o, = 10° umol/mol is a conversion factor and #5_, p is the rate of substrate conversion
in micromoles per minute per gram of enzyme. We propose a Michelis—Menten model with
substrate inhibition,
B VinlS]

K +[S]+ K '[SP

Fs—p (8.244)

From these data, find the most probable parameter values and use MCMC simulation to
generate 1-D 95% HPD credible regions for each one.

8.B.2. In problem 8.B.1, we fit the data only to measurements of the substrate conversion as
a function of time, but let us say that we also measure the product concentrations (Table 8.6).
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Table 8.6 Measured product concentrations vs. time in a batch bioreactor

time (min) [S], =0.5M [S],=0.75M [S],=1M [S],=1.5M [S],=2M

10 0.0712 0.0695 0.0653 0.0767 0.0656
20 0.1476 0.1576 0.1531 0.1461 0.1123
30 0.2265 0.2382 0.2274 0.2202 0.1912
45 0.3120 0.3423 0.3450 0.3116 0.2821
60 0.3770 0.4671 0.4599 0.4022 0.3682
90 0.4722 0.6402 0.6833 0.6379 0.5502

Table 8.7 Additional rate data for enzymatic
substrate conversion reaction

rate of substrate conversion

[S1(M) (pmol/(min mgg))
0.1 36.512
0.25 63.224
0.5 76.881
0.75 77.607
1.0 74.444
L5 65.001
2.0 58.391

From stoichiometry, we expect the instantaneous substrate and product concentrations to
be related by

[Slo — [S]=[P] (8.245)

Due to random measurement errors, (8.245) may not be satisfied exactly, but still it is likely
that concurrent measurements of the two concentrations are highly correlated. Using the
data from Table 8.5 and Table 8.6, find the best fit of the parameters and generate 1-D 95%
HPD credible regions for each.

8.B.3. Using the bioreactor data of Table 8.5 and Table 8.6, compute the probability that the
reaction rate (8.244) at a substrate concentration of 1 M is between 70 and 80 pmol/(min

mgg).

8.B.4. You have available additional rate data (Table 8.7) for this substrate conversion
reaction at the same conditions, but from experiments that were conducted in a different
apparatus and so may have a different level of accuracy than those of Table 8.5 and Table 8.6.
Using all available data, find the most probable values of the parameters and generate 1-D
95% HPD credible regions for each parameter.

8.C.1. Using all available data on the enzymatic kinetics of the substrate conversion reaction,
generate the probability distribution for the value of the reaction rate at a concentration of
I M.
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8.C.2. From the substrate conversion rate data, we would like to design a CSTR bioreactor
by choosing the inlet substrate conversion and inlet volumetric flow rate, within the limits
OM<[S]p <2M Oi_gufli_ (8.246)
min min
that maximize the conversion rate in the bioreactor. If the uncertainty in the parameter values
is not too great, we get a reasonable design by simply using the most probable parameter
values. However, this approach completely neglects the uncertainty in the parameters them-
selves. Using statistical decision theory, compute the optimal inlet substrate concentration
and inlet flow rate, taking into account the effect of uncertainty.

8.C.3. Using the single-response data of Table 8.5 for the enzymatic substrate conversion
reaction, compute the Bayes factor for comparing the following models: (1) Michaelis—
Menten kinetics with substrate inhibition and (2) Michelis—Menten kinetics with no sub-
strate inhibition. Do the data strongly suggest that substrate inhibition is significant for this
system?
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Fourier analysis treats the representation of periodic functions as linear combinations of sine
and cosine basis functions. In chemical engineering, Fourier analysis is applied to study
time-dependent signals in spectroscopy and to analyze the spatial structure of materials
from scattering experiments. Here, the basic foundation of Fourier analysis is presented,
with an emphasis upon implementation in MATLAB.

Fourier series and transforms in one dimension

We begin our discussion of Fourier analysis by considering the representation of a periodic

function f(t) with a period of 2P, f(t +2P) = f(¢). If f(¢) has a finite number of local

extrema and a finite number of times ¢; € [0, 2P] at which it is discontinuous, Dirichlet’s
theorem states that it may be represented as the Fourier series

f)y = %ao + i [amcos <mTi”) + by, sin (’"Ti”ﬂ ©.1)
m=1

such that at all # where f(¢) is continuous, f(#') = f(¢'), and at all points tj where f(t)is
discontinuous, .;’(t_ ;) 1s the average of the right-and left-hand limits:

Fup =TT oy = tim ) S0 =lim @ -0 ©02)

ap, {ai, az, ... },and {by, by, . . . } are calculated using the orthogonality properties of sine
and cosine functions. First, to compute a, we integrate f(¢) over the period [0, 2P], and do
the same for 7(¢):

2P 2P

fdt = | f(ydt
of 0/
2P

2P
> t t
- %dt—}—’;/[am cos<%)+bm sin (%)}dt 9.3)
0

0

As the cosine and sine terms integrate to 0,

2P
ao = % / f(t)dt (9.4)
0
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Next, we compute a,, n = 1, 2, 3, . . . by multiplying both f(¢) and f(¢) by cos(nrt/P)
and integrating over [0 2P]'

/ f(t)cos < > dt = / 7(t)cos ( ) dt 9.5

Using the orthogonality properties

2p 2P

/cos mrt cos ot dt = /sin mrt sin ot dt = Py
P P P P

0

- 0 (9.6)
[ mxt nmt
/sm(—)cos( >dt—0
P P
0
we obtain
| 2P
t
aHZF/f(t)cos<%>dt n=123,... 9.7)
0

A similar procedure, but multiplying by sin(ns¢/P) instead, yields

2P
1
=F/f(t)sin("%t>dt n=1203,... (9.8)
0

The summations above are over an infinite number of terms, but if we truncate the series to
some finite order &V, we obtain an approximate Fourier representation of the function:

f(t)y= lao+Z|:am cos( ; ) + by sm(m;t)] 9.9)

m=1

To compute the 2N + 1 coefficients of this expansion, we might consider using numerical
quadrature for the necessary integrals; however, as N increases, so does the required number
of quadrature points, as the sine and cosine basis functions vary more rapidly with increasing
m. Thus, the amount of work necessary to obtain an approximate Fourier representation in
this manner scales as N2. Below, we consider an alternative method that requires only
N log, N « N? operations.

Gibbs oscillations

Convergence of the Fourier representation to the true function f(¢) with increasing N can
be quite slow, particularly when the function is discontinuous or varies rapidly over a small
interval. As an example, consider the square pulse function
I, n/2<1t<3n/2 P=mr
J() = {

0, t<m/2ort>3m/2 f(t+2m)= f(¢t) (9.10)

This function, and its approximate Fourier representations for N = 10, 20, are shown in
Figure 9.1. The Fourier series representations exhibit artificial Gibbs oscillations that are
not found in the true square pulse function.
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t

Figure 9.1 Approximate Fourier representations of a square pulse showing Gibbs oscillations for: (a)

N =10 and (b) N = 20.

Exponential form of the Fourier series

In practice, it is more convenient to write the Fourier series in terms of complex exponential

functions, using Eulers formula

¢ = cosf +isin®

from which we obtain
1 . ) 1 . )
cosf = —[e" + 7] sinf = —[e'? — %]
2 2i

Substituting (9.12) for the cosine and sine terms in (9.1), we obtain

f(t): la +i a_m+b_m eimnt/P_i_i Cl_m_b_m e—imnt/P
P AN —\2 2

Collecting terms, we have the exponential-form Fourier series
©0 .
f(t) — Z Cm etmnt/P
m=—00

with the coefficients (complex-valued)

1 am bm ap bm
co= =a Cm>0 = — + — Cpe = — — =
0= %0 0T Ty 0T T

©.11)

(9.12)

(9.13)

(9.14)

9.15)

These coefficients may be computed directly from f(¢) through use of the orthogonality
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property
+P
/efimrrt/PeiW”/Pd[ = 2P5mn
-P
to obtain
| +P
_ —inmt/P Hdt
“=op / ¢ o
-P

The Fourier transform
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(9.16)

(9.17)

The Fourier series representation assumes a known period 2P; however, often we wish to
analyze a function whose periodicity is unknown. From the exponential form of the Fourier
series, we obtain the Fourier transform by taking the limit P — oco. We begin by writing

the Fourier series as

+P
- > . > 1 N .
f(f) — Zoo cmemmt/P — ;oo ﬁ/ e—imnt /Pf(t/)dl/ etmﬂt/P
m= m= “p
We now define
mim g
a)mz? Aw:a)m-}—l_wm:F
such that
1 1 /@ 1
= ()= e
2P 2w \ P 21
and thus
+P
F S 1 Wt j Wy
1) = . —lwp ZL’ dt/ oM A
Fo= 3 oo | [ s e s
m=—0oQ p
In the limit P — 0o, Aw — 0, and the summation becomes an integral,
o0 +OO
Z F(on)Aw — / F(w)dw
m=—00
—0oQ

Thus, assuming that f(f) = f(t), we obtain in the limit P — oo, the relation

1 +oo[ +o0
f(t) === f / e [l | € dw
2
—00 [0
This relation is satisfied by the Fourier transform pair
F(w)e' dw

+00 +00
1 . 1
F@) = = [ rweerar o= = /

(9.18)

(9.19)

(9.20)

(9.21)

(9.22)

(9.23)
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One can propose alternative definitions that also satisfy (9.22), such as

+00 +oo
. 1 .
F(w) = / f(He'™dt f@) = T / F(w)e " dw (9.24)

As long as one is consistent, the convention used for the Fourier transform is arbi-
trary. Here, we use the definition consistent with MATLAB, (9.23). Note that as F(0) =
(1/8/27) [72° f(t)dt, we assume that f(¢) integrates to zero.

The discrete Fourier transform

We next consider computing the Fourier transform from the N sampled data
{1, fas -y SN} fk = f(t), taken at the N uniform times # = (k — 1)A¢. If we have
samples taken at nonuniform times, we use interpolation to generate the values of f(¢) at
time values that are uniformly-spaced before computing the Fourier transform. We have no
data outside of the time period [0, (N — 1)Af7], so let us assume that f(¢) is periodic outside
of this range. As generally f1 # fy, the period is

2P = N(A1) (9.25)

We wish to compute the Fourier transform

1 +00
F(w) = — / He " dt 9.26
(o) et S(@) (9.26)
—00
but as we have only N pieces of information {f;, /3, . . . , fv}, we can determine F(w)

independently at only N different frequencies w,. What are the frequencies for which we
compute F(w)? First, if f(t +2P) = f(t), we can represent f(¢) as the Fourier series

> mmt

— iyt _
f(6)= _Z Cme on === (9.27)
m=—00
Thus, F(w) takes the form
o0
F@)=4 Y Flon)e—own) (9.28)

m=—00

as is shown by substitution into the inverse Fourier transform:

+00 +o0
1 iwt _ L = _ iwt
(1) = E, / F(w)e dw = 7 / [A m;oo F(wm)d(w wm):| e dw

+00
= A iwt — A iy, t
f@0)= ;,o (E) F(wm)_ / 3w — wp)edw = m:Z_OO [(E) F(wm>] e
(9.29)

Thus, for a function with f(# + 2P) = f(¢), the Fourier transform is nonzero only at the
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discrete frequencies
on =m(Aw) Ao = % m=0,+1,42, ... (9.30)

While there are an infinite number of such frequencies, we have available only N data {f7,
fa, - - -, fn}- Let us choose the {w, } to be the lowest ones satisfying (9.30),
N N
Wy = m(Aw) Ao="2 m=0,£1,£2,....,(=—-1),+— (9.31)
P 2 2
The frequency resolution Aw is determined by the length of the sampling period 2P. The
highest frequency that we resolve from the sampled data is

N Nrm T T
Omax = | — | Aw=— = = — (9.32)
2 2P (2P/N) At

Toresolve higher frequencies, we need to sample f'(¢#) more often (decrease A¢). If F(w) =0
forall |w| > wmax, f(¢)1s said to be bandwidth-limited, and the sampled data are sufficient to
characterize F'(w). Otherwise, if F'(w) # 0 forsome |@| > wpnax, there exist high-frequency
components of f(¢) that are sampled incorrectly and that can corrupt the values of f(w,,).
This is known as aliasing, a subject that we discuss later in more detail.

To obtain the normalization constant 4 in (9.28), we match

+00 o0
/ F(w)G(w)dw = A4 Z F(wy) / S(w — wy)G(w)dw
=4 ) Flon)G(on) (9.33)
to the quadrature formula
+o0
/ F(w)G(w)dw ~ Z F(wmn)G(wn)(Aw) (9.34)
to yield
A= Aw= % (9.35)
From (9.17) and (9.29), we have
2p
(Aw) e = it
mF(wm) = =35 O/f(t)e dt (9.36)

Using
War) 1 (VP _ 1
2P (Aw) 2P m  x

the Fourier transform values are

2P
1 4
F(wp) = i / F(t)e i dt (9.37)
0
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Applying quadrature, we write (9.37) as
Flwn) ~ _Z f()e " (Ar) = _Z Sy~ MBI A (938)

We next show that the F(w,,) values have w-periodicity,

F(wn + Rogmax) = F(wy) [=0,%+1,42,... (9.39)
Using (9.31) and (9.32),
N
W+ R2wmax = m(Aw) + 12 ( ) (Aw) =[m +IN](Aw) (9.40)

We next use (9.38) and e“™” = e?e to obtain

t
F(wp, + Rom) = a )Z S ImAONE=1(AN p=ilN(Aw)(k= )AL (9.41)
V2 £
Now, as
(Aw)(Af) = (n) 2P _ 2
ORED=API\N )TN
we have

o~ IN@ONK=1)(AN) _ —iIN(e=D@7/N) _ ,—i(27)k—1) (9.42)
Using e® = (e)’, this becomes
) . (k—1)
e—i02mk=1) _ [e*’(”’”] — [cos(—127) + i sin (=127)]%D = 1 (9.43)

Therefore, we have w-periodicity,

At
F(wm + 20max) = 5/2_) Zf —im(Aw)k—1)(At) __ = F(wn) (9.44)

Rather than evaluating F(w) at the frequencies w,, = m(Aw) in (—wp,,, ®max), We thus
could instead evaluate F(w) at w, = (n — 1)(Aw) in [0, 2wmax), and then obtain the values
at “negative” frequencies using F(w, — 2wmax) = F(w,). We then have

(n—n

F((,() \/_ Zf —i(n—1)(Aw)(k—1)(At) Wy = T (945)
Again using e’ = (e)’,
Flay) ~ (_ ﬁ: iAo an DD (9.46)
V21 iz

As (Aw)(At) =2/ N, we have e /(ANA) — ¢=27/N = i/ and thus

N
F(w,) ~ Z S worh=D (9.47)
k
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From these results, we define the discrete Fourier transform

N
Fy=) " fiw@ DDy =N =12, N (9.48)
k=1
such that
(A1) (n—m
F(wy) ~ —an Wy = (9.49)
Similarly, we approximate the inverse Fourier transform
| 400 | 2Wmax
f(t) = — / F(w)e' dw — —— / F(w)e'" dw (9.50)
2 s 2
by
1 & :
J~ = > F(on)e ! (Aw) (9.51)
n=1
Substituting for F(w,) and w,, we have at #, = (k — 1)At
(Aa)):| [(At)} N _
) A F, el Do) k=1)an 952
[t [ = || = ; (9.52)
Using again e?® = (e*)? and (Aw)(At) = 27/N,
1 : ) GV Qi
f(tk) ~ N ZFn I:el(Aa))(At)] — N Z Fn[W*](nfl)(kfl) (953)
n=1 n=1

where W* = [e™2T/N]* = ¢I27/N = (i(A0)NAN) These relations define the discrete Fourier

transform pair

N N
1
Fn — kaW(n—l)(k—l) fk — N ZFn[W*](n—l)(k—l)
=l _ "=l (9.54)
W = e 27/N n=12,....,N

that is related to the original, continuous Fourier transform pair by

(A?) 7 (n—Dm

= W, = —
/—27-[ n n P

The fast Fourier transform (FFT)

F(wn) » S = fi  te=(k—1A1 (9.55)

Computing the discrete Fourier transform directly from (9.48) requires a number of oper-
ations that scales as N2. Here, we present an alternative decimation procedure that scales
only as Nlog, N « N2. Let us break the summation over & into contributions from the even
and odd terms,

N N
Fy=Y" fiwe=h=D L 3 == (9.56)

1 k=1
ven k odd

=~

k

Q
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Let us extract the even and odd f; as

9= ficy SO =ficur  1=1,2,...,N)2 (9.57)

such that (9.56) becomes
N/2 N/2
F, = Z fl(e) n=nei=1 4 Z fl(O) w(r=12l=2) (9.58)
=1 I=1

Using the relations for the even and odd contributions respectively,
D@1 =) (gpr2yn=1i-1) wr=DCI=2) — (p2)n=hi=1) (9.59)

where W2 = [e7/(A@)AN]2 = o=I(A0)2AD (9 58) becomes
N/2 N/2
F, = W(n—1)2 ﬁ(e)(W2)(n—l)(l—l)+Z fl(o)(W2)(n—1)(l—1) (9.60)
=1 =1

Comparing (9.60) to (9.48), we see that the two summations contributing to F, themselves
are discrete Fourier transforms, but each over only half of the data sampled at an interval
2At. If N = 2%, then after this partition, we have two sums over 2“~! terms. Performing a
similar partition on each of these, we have four sums, each over only one fourth of the data.
If we recursively perform this partition ¥ = log, N times, we have “sums” of only one term.
The FFT algorithm applies this decimation approach to obtain the values of all F), after only
Nlog, N « N? operations. The computation savings offered by FFT are so significant that
many common applications of Fourier analysis would be prohibitively expensive if FFT
were not available.

While the decimation procedure may still be applied if N is not a power of 2, the additional
book-keeping is expensive. Therefore, it is common in this case to “pad” the data set with
zeros until we obtain a total of 2 > N points. The only change in the Fourier transform
due to this padding is that the frequencies are now

i (2 — N)(A?)
“P+0 9772
20 is the time duration of the “padding” of the signal f(#) with zeros.

w, =(n—1DAw Aw (9.61)

Special properties of the Fourier transform of a real function and the
power spectrum

For a real function with f*(#) = f(¢), we have the property
1 +00 | +00
F(—o)]' = — / (e df = —— / e ''dt = F(w 9.62
[F(-w)] Ner 17 Nt Q) (@) (9.62)
—00 —0o0

This holds as well for the Fourier transform computed from sampled data:
[F(—wn)]" = F(wn) (9.63)
Using F(wy, + 2wmax) = F(wy), the discrete Fourier transform (9.48) satisfies

Fi, =F, (9.64)
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Thus, we can extract all of the independent information of the Fourier transform of a sampled
real signal f(¢) from only one half of the discrete Fourier transform values, say the first
half.

Even for a real signal f(¢), the Fourier transform F(w) is complex; therefore, it is
common practice to compute the real-valued, nonnegative power spectrum |F(w)|* vs.
w. The quantity |F(w)|> > 0 is a measure of the contribution to f(¢) from dynamics with
a frequency . The symmetry Fj_, = F,, leads to the property |F(Q2wmax — @n)* =
| F(w,)|?, and thus all independent information in the power spectrum is contained in the
lower-frequency half 0 < @ < @yax-

1-D Fourier transforms in MATLAB

The discrete Fourier transform and its inverse (9.54) are computed in MATLAB using fft and
ifft respectively. The following code demonstrates their use for the signal f(¢) = sin(¢) +
2 cos(2¢), which has two peaks in the power spectrum at w = | and @ = 2. The signal is
sampled at uniform times over the period [0, /27], such that P = /7 and At =2P/N,
where N = 2F for some integer e.

% generate sampled f(t) data

N = 278; P = 10*pi; dt = (2*P)/N;

t_val = linspace(0,2*P-dt,N);

f_val = sin(t_val) + 2*cos(2*t_val);

% compute discrete FT

F_DFT = fft(f_val);

% generate sampled frequencies

omega_max = pi/dt; d_omega = pi/P;
omega_val = linspace(0,2*omega_max-d_omega,N);
% compute continuous FT and power spectrum
F_FT = dt/sqrt(2*pi)*F_DFT; F_PS = abs(F_FT);

% plot signal and power spectrum

figure; subplot(2,1,1); plot(t_val,f_val);
xlabel(‘t’); ylabel(*f(t)");

title("f(t) and |F(\omega)|’);

subplot(2,1,2); plot(omega_val,F_PS);
xlabel("\omega’); ylabel(’|F (\omega)|’);

Plots of the time signal f(¢) and |F(w)| are shown in Figure 9.2. There appear two peaks
at w =1 and w = 2 with a 2:1 relative intensity. These peaks are repeated again at high
frequencies due to the w-symmetry for a real signal, Fy,_, = F,. Thus, we obtain all the
useful information from the low-frequency half w € [0, wmax]. From the discrete Fourier
transform, the time signal can be reconstituted from the inverse discrete FT function ifft,

f_2 = real(ifft(F_DFT));

The real() operation is done to remove any near-zero imaginary contributions that are
introduced due to numerical error.
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Figure 9.2 (a) The sampled time signal f(¢) and (b) the computed power spectrum from fft, f(z) =
sin(z) + 2 cos(2¢) .

Aliasing

In the example above, the sampling interval A was sufficiently small to observe all con-
tributing frequencies w to F(w). Let us now consider what happens to the discrete FT when
£ (t) is not bandwidth-limited. Consider sampling the signal with N = 2% points during an
interval 2P, P = 37. The maximum resolvable frequency is

7 Nm (% 2

I AR 10.666 (9.65)

Wmax =
Let us now sample a signal with an added high-frequency component wp; > @pax,
f(t) = sin(t) + 2 cos(2¢) + sin(wp;t) whi = (1.2)wmax (9.66)

Using a procedure similar to that above, we obtain the power spectrum shown in Figure 9.3.
The peaks at w = 1 and w = 2 are sampled correctly; however, the peak at wp; > Wmax
generates through the symmetry F(w,, — 2wmax) = F(w,,) apeak at 2wmax — Ohi < Omax-
The true signal has no such frequency component, but our usual experience would lead us
to conclude that f(¢) does contain a component at 2w, — wpi and that the peak at wy; is
the “fictitious” one due to sampling artifacts. Thus, inadequate sampling of high-frequency
components (Figure 9.4) can corrupt the low-frequency spectrum.

To guard against aliasing, we could filter the data prior to computing the Fourier transform
to remove the frequency components above wp,x. Of course, the best approach is to reduce
At and thus increase wmax. Increasing N from 2° to 28 for the same P increases wpax t0
Nr Q4 27

_ T = —4266 (9.67)
2P~ (Q@Bn) 3

Wmax

and thus removes the aliasing in the power spectrum (Figure 9.5).
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Figure 9.3 Power spectrum of time signal showing aliasing due to incorrectly-sampled high-frequency
component.

tre t
-8 -saed

Figure 9.4 Comparison of the “true” f(¢) signal to the sampled signal showing the incorrect sampling
of the high-frequency component that leads to aliasing.

Convolution and correlation

Convolution of two signals

The convolution of two functions g(¢) and f'(¢) is the function of ¢

[g"f1(0) = g(r)f(t —t)d (9.68)

+00
el
2
—00
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Figure 9.5 Fourier transform of a signal with a high-frequency component shows no aliasing when
the sampling interval is sufficiently small.

Such an operation occurs often in the analysis of dynamic systems and signal processing,
when one assumes a linear relationship between the time-dependent input to a system x(¢)
and the time-dependent output y(7):

+o00
y(t) = / x(O)r(t — tv)dt = [x*r](@) (9.69)
—o0o
For a causal relationship between input and output, (¢ < 0) = 0.
If we were to apply numerical quadrature directly to the formula above, the required
work scales with the number of time values N as N2. One may use FFT methods to compute

the convolution in a much smaller number of operations that scales only as Nlog, N « N?
using the convolution theorem:

[G* Fl(w) = G(w)F (o) (9.70)

G(w), F(w), and [G*F](w) are the Fourier transforms respectively of g(¢), f(¢), and
[g" 1)

Proof The Fourier transform of the convolution is

+00

+00
1 1 )
G*F = — — Of(t —1)dt y e ' dt 9.71
[G* Fl(w) m/ m/g( )~ 1) ©.71)
Changing the order of integration,
1 +00 | +00
G*'Flw) = — { — t—T)e N dt } dt 9.72
(G F(w) m/ 2(0) m/ - 9.72)
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Introducing the change of variable t — s = — 7, e7'¥ = e/ 7197 dt = d&,

+00 +00
* _ ; L —iws —iwT
[G*Fl(w) = m/ g(7) «/H/ f(s)e ds ¢y e dt

+00 +oo
[G*Fl(w) = «/%Tr / f(s)e ' ds «/;2_71 / g(n)e T dt
[G*Fl(w) = G(w)F(w) (9.73)
QED
Correlation of two signals
A similar operation to convolution is the correlation of two functions,
+00
Cor(t) = \/% f gt +1)f(v)dr (9.74)
—o0

which measures how similar the signal g is to the signal f after a lag time t. The autocor-
relation of a signal g is its correlation to itself, C,,(f). Like convolution, the correlation
of two signals can be computed efficiently by FFT methods. The Fourier transform of the
correlation function is

1 +00
Co (@)= —= | Cqrt)e ™ dt 9.75
@ =—= [ cow ©.75)
—00
Substituting for Cy, £(¢) and switching the integration order, we have
1 +00 | +o0
C, (@ :—/ —/ T+1)f(r)e ™ dt § dt 9.76
g./(@) T T gz +0)f(7) (9.76)

Defining s = 7 + ¢, we can write dt = ds in the inner integral, where 7 is fixed, and using
e*iwt — e*iw(sfr) — e*iws eian:7 we have

+oo +00
1 1 —iws iot
Cg,/-(a))zﬁ/ E/ 2(s) f(v)e ds ¢ " drt (9.77)
Thus,
1 +00 1 +00
Cq (@) = T / g(s)e " ds T f f(r)e'" dt (9.78)

and we have the simple result

Co. (@) = G(@)F(—w) (9.79)
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If fis a real signal, [F(w)]* = F(—w), and thus

Cq r(w) = G(w)F(—w) = G(w)[F(w)]* for real functions (9.80)

Fourier transforms in multiple dimensions

The d-dimensional Fourier transform pair satisfies the relation

f(r)——(2 )d/ /f(r )e @) g’ ¥ ') dg (9.81)

DILI OIt
and, in agreement with the result for d = 1, (9.23) is defined as

/ fee N dr fr) =

Rd

Flg) = f F@da"dg  (9.82)

(2 )d/2 (2 )d/2

As in one dimension, alternative definitions of the Fourier transform exist, but as long as
one is consistent and satisfies (9.81), the choice is rather arbitrary.

Convolution and correlation
The convolution of f(r), g(r), r € N4, is
1
[g"f1(s) = 2yl /g(r)f(s —r)dr [G*Fl(q) = G(q)F(q) (9.83)
od

The correlation of f(r)and g(r) is

Cy s(s) = / g +9)/)dr  Cq (q) = Glg)F(—q) (9.84)

nd

When f(r) and g(r) are real, Cg s(q) = G(q)F(—q) = G(q)[F(g)]".

1
(2m)d/2

The discrete d-dimensional Fourier transform
The FFT algorithm is similar in multiple dimensions d > 2 to the case d = 1. Here, we
consider d = 2:

1 1 +00 +00
Flq)= — / fr)e M dr = — / f f(x, p)e @) dxdy (9.85)
(2m) 27)
R2 —00 —00
We sample f(x, y) uniformlyin 0 <x <2P;and 0 <y < 2P, at
= — 1)(Ax) Ax =Q2P)/N, j=12,..., N,
= (k— D(Ay) Ay =Q2P)/N, k=1,2,...,N,
N, =2and N, = 2.

(9.86)
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We assume periodicity outside of the domain,

S +L2P, y+1,2P) = f(x,y) Ly=0,%£1,%2,... (9.87)
and thus determine F (q) at g™, where m = 1,2,..., Ny, n = 1,2, ..., Ny:
(m,n] _ [m] [m] _ (m — 1)7'[ ] _ (}’l — 1)7[ 0.88
q ex+qe qy T CE e (9.88)
The maximum resolvable frequencies and the frequency resolutions are
N i T )
qjmax = ZLP_,- = (M) Agy = P J=0Y (9.89)
The computed F(g"1) have g-periodicity,
F(gx + L:2qx max> ¢y + 1,29y max) = F(qx, qy) Ley=0,£1,£2,... (9.90)
The F(q'") are obtained by quadrature of (9.85),
Ax)(A
PRI o Sy L 9.91)
@Qm)  Hio
In terms of the 2-D discrete Fourier transform values F,,,, this becomes
m,n (Ax)(Ay) l A x- E_ﬂ]
F(am)~ Sy e s ZZ fue el 0.0

j=1 k=1

Defining W, = e (A4)89) 7, = ¢~ I(A0)A) we have

N [N
F,, _Z{Z i W= 1)} == (9.93)

k=1

Thus, we obtain the 2-D discrete Fourier transform by first computing the 1-D discrete
Fourier transforms over y with x fixed at each x;,

Ny
Fi(xy) =" flxj. yyw = DE=D (9.94)
k=1

and then performing a 1-D discrete Fourier transform over x,
Ny
an = Z Fk(xj)W)Emil)(jil) (995)
Jj=1

Thus, multidimensional discrete Fourier transforms can be obtained from recursive appli-
cation of the 1-D FFT algorithm.

FFT in multiple dimensions in MATLAB

In MATLAB, the multidimensional discrete Fourier transform and its inverse are computed
using the definitions above by fftn and ifftn respectively. A separate routine fft2 is provided
for the 2-D case. The code provided below computes the 2-D power spectrum of the function

f(x,y) =cos(x)+ cos(3x) + 2 sin(x) cos(2y) + cos(4y) (9.96)
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Figure 9.6 Surface and contour plots of a 2-D periodic function f(x, y).

that has four peaks at (g, q,) = (1,0), (3,0), (1, 2), and (0, 4) from sampling over the
domain 0 < x <4m, 0 <y < 4m,

% generate real-space (x,y) grid

P_x = 2*pi; N.x = 2°6; dx = 2*P_x/N_x;

x_val = linspace(0, 2*P_x - dx, N_x);

Py = 2*pi; N.y = 2°6; dy = 2*P_y/N y;

y-val = linspace(0, 2*P_y - dy, N_y);

[X,Y] = meshgrid(x_val,y_val);

% generate f(x,y) values

F = zeros(size(X));

F = F + cos(X) + cos(3.*X) + 2*sin(X).*cos(2.*Y) + cos(4.*Y);
% generate the g-space grid

dg_x = pi/P_x; g_-x_-max = pi/dx;

g-x_val = linspace(0, 2*q_x_max - dq_x, N_x);
dq.y = pi/P_y; q_y_max = pi/dy;

q.y.val = linspace(0, 2*q_y_max - dq.y, N_y);
[QX,QY] = meshgrid(g_x_val, q_y_val);

% compute the 2-D FT and power spectrum
F_FT = (dx*dy/2/pi).*fft2(F); F_PS = abs(F_FT);

Plots of f(x, y)and |F(qx, q,)| are shown in Figure 9.6 and Figure 9.7.

Scattering theory

This section introduces the theory underpinning scattering experiments, which provide
structural information about materials from observing the interaction of a sample with
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Figure 9.7 Power spectrum of f(x, y) obtained from a 2-D FFT.
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Figure 9.8 Generation of scattered light/X-ray radiation from an electron.

a light, X-ray, or neutron beam. In light and X-ray scattering, an incident beam of
electromagnetic radiation causes the electrons of the sample to oscillate and emit sec-
ondary “scattered” electromagnetic waves, each with the same frequency as the incident
beam. The intensity of this scattered radiation is measured as a function of orientation from
the incident beam. From the observed interference pattern, the relative spatial positions of
the electrons are extracted through Fourier analysis. In neutron scattering, the mechanism
for scattering is different, but the mathematical treatment is the same.

Consider a system in which an incident electromagnetic wave interacts with a single
electron (Figure 9.8). The wavelength is A and its speed of propagation is c; thus, the
frequency in radians per second is w = 2w ¢/A. The incident electromagnetic wave imparts
a force to the electron and causes it to oscillate at the same frequency w as the incident
radiation. As an accelerating charge emits its own electromagnetic wave, there arise waves
of scattered radiation from each electron, each at the same frequency w as the incident
radiation, but propagating in all directions from the electron (although not uniformly — the
intensity varies as 1 4 cos® ).
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Figure 9.9 Interference diagram for the scattered waves of two electrons.

For the incident beam, the wave vector k; points in the direction of wave propagation
and has a magnitude equal to the wavenumber
o 27
kil = — = — (9.97)
c A
As the scattered radiation has the same frequency (and thus wavelength) as the incident
radiation, |ks| = |ki|. We define the scattering vector q as

q =k, — k; (9.98)

which is related to the angle 0 between the incident and scattered waves by

= 47 sin(6/2)

lq .

(9.99)

In a scattering experiment, we measure the time-averaged intensity of scattered radi-
ation as a function of ¢ # 0 with a detector located at a distance rp » A from the
sample. ¢ is varied by rotating the sample and/or detector with respect to the incident
beam.

This scattered intensity (except at ¢ = 0 none of the detected intensity is due to the
incident beam) arises from interactions involving a large number of electrons in the sample
and in the intervening atmosphere. This latter source is removed by subtracting from the
measured intensity the background intensity observed when there is no sample. It is the
interference between the scattered waves from each electron in the sample that encodes
information about their relative spatial positions.

Let us consider first the interference between the scattered waves coming from only
two electrons (Figure 9.9), one at R; and the second at R,. When the distance between the
sample and the detector is much greater than the physical extent of the sample, both scattered
waves have the same wavevector ks = k; + ¢. The interference, dependent upon the relative
position of the electrons R,; = R, — R, originates from the different path lengths traveled
by the two waves from the incident beam source to the detector; specifically the difference
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between the segment lengths
S 1 S 1
A1By = —%(k,» - Ry)) AyB, = —%(kS - Ryy) k= |ki| = |k (9.100)

If E(0) is the common amplitude of the two scattered waves (we neglect any polarization
effects), the scattered electric fields emitted from each electron vary as a function of position
and time as

Ei(r, t;q) = E0)e %0 Ex(r, t;q) = Ey0)e' koo (9.101)

where ¢, is the phase lag due to the path-length difference 4,8, — 4, B;,
(A42By — A1 By)

Y21 = f(zﬂ)=k(1‘1232—1‘1131) (9.102)

Substituting for the path lengths,
o =k (-%) [(ks - Ry1) — (ki - Ry1)] = —[(ks — ki) - Roi] = —(q - Ray) (9.103)
The total electric field from both scattered waves is
E(r, t;q) = Ei(r, t;q) + Ex(r, t;q) = Ey0)e"® = [1 + /'] (9.104)
Thus, the net intensity from the two scattered waves at the detector is
L(rp. 1:9) = | Ew(r. t:q)* = 2| E(0)[1 + cos ¢a] (9.105)

In the decoherent limit ¢ — 0, ¢,; — 0, there is no interference between the waves, and
the time-averaged intensity at the detector is

[Liot(@)]decon = Tior(q — 0) = 4| E4(0)] (9.106)

Thus, the structure factor — the ratio of the observed scattered intensity to that in the
decoherent limit — for this two-electron system is

S(q) = Mol _ l[1 + cos 1] = l{1 + cos[—(g - Ry1)]} 9.107)
(lot(qg — 0)) 2 ) 2 '

From S(gq), we obtain information about the relative electron position Rj;.
We now extend this analysis to the case with N scattered waves emitted from electrons at

the positions {R;, R,, ..., Ry}. The phase angle ¢, of the scattered wave at ¢ from electron
Jis
vj=—(q-R)) (9.108)
and the phase lag between electrons j and m is
Omj =¢m —@; =—(q-Rnj)  Ry; =Ry —R; (9.109)

Thus, the electric field at the detector arising from all N scattered waves is
N
Etot("D» t; q) — ES(Q)ei(ks.r—wt) Z P (9.110)
j=1

We assume that the sample is so small, or the interaction is so weak, that the scattered waves
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are not themselves scattered before they strike the detector. The measured intensity is then

N N
Itot(rDv té‘]) = |Etot(rDs f?‘l)}z = |Es(9)|2 |:Ze_i¢j:| |:Z ei(pm:|
j=1 m=1
N N
= |EL(0))? ZZel(“’m D= |E(O)F Y etk 9.111)

j=lm= j=1m=1

The structure factor — the ratio of time-averaged scattered intensity at g # 0 to that in the
decoherent limit ¢ — 0 — is therefore

<]tot(q)> _
S _ _ VwtH)] § : E : i(q-Ruj) 9112
(q) <1tot(q > 0)) < ¢ > ( )

j=1m=

Applying Fourier analysis

‘We now show that this structure factor is closely related to the Fourier transform of the corre-
lation function of the electron density p(r). If we know the exact positions {R;, Ry, ..., Ry}
of each electron (we neglect quantum effects), the density function is merely a sum of Dirac
delta functions:

N
pr) =) 8(r —R)) (9.113)
j=1

Let us consider the autocorrelation function of p(r),

1
Cp.p(s) = W/P(" + 8)p(r)dr

1 " _ 9.114)
Cor(@) = P@P(—4) = 1P@ = 5= f C, () 49ds

9N

Substituting for C,, p(s) and p(r) in the expression for C, ,(q),

Con) = oz [ [ ot #5300 0
gid i
- - @ drds

v [Za(r +s m)] |:Z(S(r R, )]

“ar ]|
N N

= @y Z Z f/&(r +s—R,)S(r — Rj)e_i("'s)drds
m=lI=l G g
(9.115)

From the Dirac delta functions, the integral is nonzero only if

r=R;, r+s=R,=s=R,—R; =R, (9.116)
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therefore,

1 XL
Cpp(q) = ) DD etk 9.117)

j=1 m=1

The structure factor thus is related to the time-averaged autocorrelation function of the
electron density:

N N ) NS
(Con@) = 55 <Z > e"(""‘mf>> = QT(;Id) = () (9.118)
j=1 m=1

The autocorrelation function is obtained from an inverse Fourier transform:

1 NS .
/(p(r +s)p(r))dr = Q)2 / |: (271,(;151)i| el(qIS)dq (9.119)
R

1
Cor(5) = Gy

9d

Scattering peaks from samples with periodic structure

When (C, ,(s)) has a peak at a particular §', it means that when we have an electron at
¥, we tend to have another electron at r’ + s’. For example, let us consider the case of a
periodic lattice (e.g. a crystal) with lattice vectors a, b, ¢ such that

(p(r + lia + Lb + I3¢)) = (p(r)) L, =0,%1,+£2,... (9.120)
C,.»(s)) then has intense peaks at every s =/ja + L,b + [3¢, as can be seen by par-
titioning the sample volume into unit cells Q,,«a =1,2,..., Nes, €ach of volume
la - (b x c)l:
Ncells

(Copthia+bb-+ho) = )MZ / (ol + La + b + he)o(r))dr

Ncells

= s [t dr ©.121)
Qq

This periodicity (p(r + lia + [,b + I3¢)) = (p(r)) also yields peaks of S(g) and (C, ,(q))

in g-space. Let us assume that (C, ,(s)) consists of infinitely-narrow peaks about each

lla + lzb + 136‘2

(Cpp(8)) =no Y _ 8[s — (ha + b + l50)] (9.122)
INRE

In practice, peaks have finite widths, but, assuming this “sharp-peak” limit, the Fourier
transform of the autocorrelation function is

1 .
Coo(@)) = (27r)d/2 / {no Z 8[s — (lha + b —}-]30)]} e 19) g

NCNE

no —i[q-(hha+hLb+l5¢)] 12
= 5Nz Z € ©-123)
@)Y [
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Now, if ¢ - (l1a + Lb + l3¢) = m2m, m = +1,£2, ..., then

. N,
Y et = 0§ (g = Mol (9.124)

(Cop(gh) = = =
PP I (zn)d/z , (ZJT)d/Z

no
a2
(2m) s

Thus, (C, ,(q)) has sharp peaks at all ¢’ such that ¢’ - (/ya + b + I5¢) is a multiple of
27 . If we define the reciprocal lattice vectors a, (3, =y to satisfy

a-a=2m a-b=0 a-c=0
B-a=0 B-b=2r B-c=0 (9.125)
~y-a=0 ~v-b=0 y-c=2m

these peaks occur in g-space at
q =nia+nB+n3yy (9.126)
since

q - (ha+Lb+¢) =(nia+nB+n3y)-(ha+hLb+c)
— (1l 4 2 by + n33)(27) (9.127)

Above, we have assumed that the periodicity p(r +[1a + LLb + I5¢) = p(r) extends
throughout the entire sample; however, often (unless we go to great lengths to anneal
the sample or crystallize it slowly from a single nucleation site) the sample contains many
different crystal domains, with the crystal lattices in each domain isotropically oriented at
random. In such a case, we measure a powder spectrum, and obtain not the full structure
factor S(q) but rather merely an isotropically-averaged structure factor S(g). When S(g) is
nonzero (it usually appears as a circular “halo” at some scattering angle 6), this signifies
that the material has structural periodicity on a length scale

2
ey ~ 7” (9.128)

Smaller g-values denote structures on larger length scales. Hence, when X-ray scattering
(for a Cu-Kar; source, A is 1.54 A) is used to measure the angstrom-scale periodicity of
crystals, we measure S(gq) at large values of ¢, and thus also at large scattering angles 6
(Figure 9.10). By contrast, when we attempt to probe longer nanometer-scale O(10~ m)
structure, we must measure the scattering at small angles. Thus, when X-ray scattering is
performed to probe the atomic-scale structure of crystals, it is known as WAXS (wide angle
X-ray scattering). When it is used to probe the structure on the order of tens of nanometers
of materials such as self-assembled block copolymers and micellar emulsions, it is known
as SAXS (small angle X-ray scattering). At very small 0, the scattered intensity is buried
within the intensity of the incident beam, resulting in an effective upper limit of resolution
for SAXS of O(100 nm). With special facilities, this technique can be extended to longer
length scales, as at the USAXS (ultra small angle X-ray scattering) facility at Argonne
National Laboratories.
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Figure 9.10 Scattering angle dependence for a typical Cu X-ray source. Large (1-10 nm) scale
structure is observed at small scattering angles (SAXS) and small (0.1 nm) atomic-scale structure is
observed at large angles (WAXS).

MATLAB summary

The discrete Fourier transform and its inverse are implemented as fft and ifft. In N dimen-
sions, the routines are fftn and ifftn. In two dimensions, fft2 and ifft2 should be used. The
examples in this chapter demonstrate the use of these functions. To compute convolutions
and correlations, multiply the Fourier transforms appropriately.

Problems

9.A.1. Compute in MATLAB the Fourier transform of f(¢#) = cos(2t)+ 3sin(z) —
0.5 sin (3¢) from sampled data in [0, 9] at uniform intervals of no greater than 0.1.

9.A.2. Compute in MATLAB the correlation and convolution functions of the signal f(¢)
from problem 9.A.1 with g(f) = cos (2t + 1) — 2sin(t — 0.5).

9.A.3. Assume that you have been given sampled data of the signal f(#) of problem 9.A.1.
You identify that it has a component at @ = 1 that you wish to remove. Using Fourier
techniques, filter out this component and plot the remaining signal. Compare your result to
cos (2t) — 0.5 sin (3¢).

9.B.1. Let x(¢) be the position of an object of mass m, connected by a spring to the origin,
that experiences a drag force and is acted upon by an external force F(¢). The equation of
motion is
d*x dx
— =—Kx—-¢—+F(t 9.129
m=5 = —Kx =t + F(1) (9.129)
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9 Fourier analysis

Let the Fourier transforms of x(¢) and F(¢) be X(w) and F(w) respectively. Relate the two
through a convolution, X(w) = R(w)F(w). At what frequency w, does R(w) become very
large, exhibiting resonance? What effect does ¢ have on the resonance phenomenon? Hint:
Relate first the Fourier transforms of derivatives of x(¢) to that of x(¢) itself.

9.B2.For m =1, K =1,and ¢ =10,k =2,1,0, —1, =2, =3, plot the response x(#)
to F(t) = cos(wt) for w/w. =1+ 105k = —1, =2, =3.

9.B.3. Let us say that we wish to measure some signal x(¢) by a device whose output d(#)
is related to the signal by the convolution D(w) = R(w)F(w). For a device that is only
sensitive near wgey,

2
(lo] — wdev) ] (9.130)

R(w) = roexp [— 792

For ry =1, wgey =5, 0 = 1, compute the output signals for input pulsed calibration
signals,

11 0 <t= tpulse

o) = {0, otherwise (-131)

with #,u5e = 0.01, 0.1, 0.5, 1. Then, let us say that we did not know the device response
function but rather only the results of these calibration experiments. For each calibration
experiment, estimate R(w).

9.C.1. In problem 9.B.3, we estimate R(w) separately from the results of each calibra-
tion experiment. Propose a method that uses all of the data to generate the best estimate
of R(w).
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Index

A-conjugacy 222
Aliasing 446
Arc length continuation 203
Example. multiple steady states in a nonisothermal
CSTR 204-206
Augmented Lagrangian method 231-240
Automatic mesh generation 300-303
Delaunay tessellation (see also Delaunay
tessellation) 303
Voronoi polyhedra (see also Voronoi polyhedra)
303

Balances
constitutive equation 259
control volume 258
field 258
macroscopic 259
microscopic 259
Bayesian statistics 372—432
Bayes’ factor 427
Bayes’ theorem 321, 382-383
Bayesian Information Criterion (BIC) of Schwartz
430
Bayesian view of statistical inference 381-387
composite data sets 421-426
marginal posterior for model parameters
422
Credible (Confidence) Interval (CI) 397
approximate analytical CI for single-response
data 395-399; for model parameters 398; for
predicted responses 399
calculation of Highest Probability Density (HPD)
CI's 409-411
MATLAB nlparci 401
MATLAB nlpredci 401
MATLAB norminv 397
outliers 399
design matrix
for linear regression 377
linearized for nonlinear regression 389
eigenvalue analysis; Principle Component Analysis
(PCA) 412-414
Example. comparing protein expression levels of
two bacterial strains
as linear regression problem 380-381
MCMC analysis of hypothesis 406407
MCMC calculation of marginal posterior density
408-409

Example. fitting the kinetic parameters of a
chemical reaction
fitting kinetic parameters to rate data by
transformation to linear model 380
fitting rate constant and generating CI from
dynamic reactor data 402
fitting rate constant to multiresponse kinetic data
418419
MCMC analysis of elementary reaction
hypothesis 411
MCMC generation of CI for rate constant from
multiresponse data 420—421
MCMC rate constant fitting and CI generation
from composite data set 422-426
Gauss-Markov conditions 384
general problem formulation 372-373
hypothesis testing 426-427
Bayes’ factor 427
probability of hypothesis being true as posterior
expectation 403
likelihood function 386, 415
Markov Chain Monte Carlo (MCMC) simulation
Metropolis-Hastings sampling 404
multiresponse data 419-421
single-response data 403-411
model parameters 372
model selection 428
multiresponse regression 414421
definition 372
fitting by simulated annealing 417419
likelihood function 415
marginal posterior for model parameters 415
Markov Chain Monte Carlo (MCMC) simulation
419-421; calculation of highest probability
density (HPD) CI'’s 420; calculation of
marginal posterior densities 420; calculation
of posterior expectations 419
noninformative prior 415
posterior density 415
sum of squared errors matrix 412
posterior probability distribution 385
marginal posterior density 395; for
multiresponse data 415; kernel method 407;
nuisance parameter 395
multiresponse data 415
single-response data 394
predicted responses 377
predictor variables 372
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prior probability distribution 385
assumption of prior independence 388
criteria for selection 386-387
data translation 391
noninformative prior; defined 392; for
multiresponse data 415; for single-response
data 389
probability as statement of belief 382
probability in frequentist view 381
random measurement errors 377
response variables 372
single-response regression
approximate analytical confidence interval
395-399; for model parameters 398; for
predicted responses 399
Bayesian treatment 383-386
definition 372
estimate of highest posterior probability 386
estimate of maximum likelihood (MLE) 386
least-squares method 378412
linear models 376; design matrix 377,
MATLAB regress 400; numerical treatment
of linear least-squares problem 379
Markov Chain Monte Carlo (MCMC) simulation
403—411; calculation of Highest Probability
Density (HPD) regions 409-411; calculation
of marginal posterior densities 407—409;
calculation of posterior expectations 404—407
MATLAB routines 399
noninformative prior 389
nonlinear least squares, numerical treatment
388-389; Levenberg-Marquardt method 389;
linearized design matrix 389; MATLAB
nlinfit 400; MATLAB nlparci 401
MATLAB nlpredci 401
sample variance 390
sum of squared errors 378
statistical decision theory 404
Student #-distribution 395-397
MATLAB tinv 397
Wishart distribution 415
Bellman function 248
Bernoulli trials 327-328
Bifurcation point
of nonlinear algebraic system 94
Binomial coefficient 330
Binomial distribution 329-330
MATLAB binocdf 330
MATLAB binofit 330
MATLAB binoinv 330
MATLAB binopdf 330
MATLAB binornd 330
MATLAB binostat 330
Black-Scholes equation 314-315, 346347
Boltzmann distribution 337
Boundary conditions
Danckwert’s type 280
Dirichlet type 260
von Neumann type 265, 268
Boundary Value Problems (BVPs) 258-312
Black-Scholes equation 314-315
BVPs from conservation principles 258-260
Dirichlet boundary condition 260
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Example. 1-D laminar flow of Newtonian fluid
47-54
Example. 1-D laminar flow of shear-thinning fluid
85-88
Example. 3-D heat transfer in a stove top element
292-294
Example. 3-D Poisson BVP 282-285
Example. chemical reaction, heat transfer, and
diffusion in a spherical catalyst pellet 265-270
Example. modeling a tubular chemical reactor with
dispersion 279-282
Example. optimal control of 1-D system 250-251
Example. solution of 2-D Poisson BVP by finite
differences 260-264
Example. solving 2-D Poisson BVP with FEM
305-309
function-space solution methods 260
Poisson equation 260
real-space solution methods 260
solution by finite differences (see also Finite
difference method) 260-263, 264, 265-267,
270, 279282
solution by finite element method (see also Finite
element method (FEM)) 299-311
solution by finite volume method 297-299
MATLAB pdepe 294
modeling electrostatic screening 313-314
numerical issues for problems of high
dimension 282-286, 294
time-dependent simulation 282
von Neumann boundary condition 265, 268
weak solution 306
weighted residual methods (see also Weighted
residual methods) 304-305
Brownian dynamics (see also Stochastic simulation)
327
Einstein relation 352
Fluctuation Dissipation Theorem (FDT) 352
Langevin equation 340, 343
Stokes-Einstein relation 352
velocity autocorrelation function 338
Broyden’s method 77
Broyden-Fletcher-Goldfarb-Shanno (BFGS) formula
224

Cauchy point 226
Central limit theory of statistics 333
Chapman-Kolmogorov equation 349
Chemical reactor modeling
Danckwert’s boundary condition 280
effectiveness factor 269
Flory most probable chain length distribution 321
Example. chemical reaction, heat transfer, and
diffusion in a spherical catalyst pellet
265-270
Example. dynamic simulation of CSTR with two
reactions 181-183
Example. fitting enzyme kinetics to empirical data
230
Example. fitting the kinetic parameters of a
chemical reaction
fitting kinetic parameters to rate data by
transformation to linear model 380
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Chemical reactor modeling (cont.)
fitting rate constant and generating CI from
dynamic reactor data 402
fitting rate constant to multiresponse kinetic data
418-419
MCMC analysis of elementary reaction
hypothesis 411
MCMC generation of CI for rate constant from
multiresponse data 420-421
MCMC rate constant fitting and CI generation
from composite data set 422-426
Example. heterogeneous catalysis in a packed bed
reactor 199-202
Example. modeling a tubular chemical reactor with
dispersion 279-282
Example. multiple steady states in a nonisothermal
CSTR 204-206
Example. optimal steady-state design of CSTR
244-245
Example. steady-state CSTR for polycondensation
89-94
Example. steady-state CSTR with two reactions
71-72, 85, 88-89
Example. stochastic modeling of polymer chain
length distribution 318-321
Example. stochastic modeling of polymer gelation
321-325
Macosko-Miller method 322
Michaelis-Menten kinetics 58
Thiele modulus 266
Cholesky factorization 42
algorithm 43
incomplete Cholesky factorization 290
MATLAB chol 43, 57
MATLAB cholinc 291
Complementarity condition 238
Complex numbers
conjugate 3,7
dot (inner, scalar) product 7
matrices 10
modulus 3
Euler formula 3
vectors 7
Condition number 113
MATLAB cond, condest 113
Conditional probability 321
Conjugate Gradient (CG) method 218-223,
286-287
linear algebraic systems 286287
MATLAB pcg 223,285
performance for quadratic cost functions
220-223
Constitutive equation 259
Continuous probability distribution 326
Control volume 258
Convolution (see Fourier analysis)
Correlation (see Fourier analysis)
Cost function 212
Covariance 336
matrix 337
Crank-Nicholson method 176
Credible (Confidence) Interval (CI) 397
Cumulative probability distribution 327

Danckwert’s boundary condition 280
Debye screening length 314
Delaunay tessellation 303
MATLAB delaunay 303
MATLAB delaunayn 303
Design matrix 377, 389
Determinant 32
as product of eigenvalues 110
expansion by minors 34
general formula 33
MATLAB det 57
numerical calculation 35, 57
properties 34-35
Diffusion Limited Aggregation (DLA) 366
Dirac delta function 339
Dirichlet boundary condition 260
Dirichlet’s theorem 436
Discrete probability distribution 325
Dispersion 279
Divergence theorem 259, 307
Divided differences 159
Dogleg method 225-227
Dot (inner, scalar) product
complex vectors 7
real vectors 5
Dynamic programming (see also Optimal control)
248-251
Dynamical systems
dynamical stability 169-174
Jacobian matrix 172
numerical simulation (see also /nitial value
problems) 154-208
Quasi-Steady State Approximation 183
state vector 155
steady states 170, 174, 175,204
stiffness 180
time-dependent PDEs 282

Effectiveness factor 269
Eigenvalue analysis 104-149

characteristic polynomial 106

characteristic value 106

characteristic vector 106

condition number 113

determinant 110

diagonalizable matrix 118

differential equation eigenvalue problem
138

dynamic stability 171, 172

eigenvalue 104, 106

eigenvector 104, 106

expansion of arbitrary vector 122

Example. quantum states of a 1-D system
137-141

Example. stability of steady states of nonlinear
dynamic system 172—175

existence and uniqueness of solutions to linear
systems 110

generalized eigenvalue problem 136

Gershgorin’s theorem 112

Hermetian matrix 119

multiplicity 110

normal mode analysis 134
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numerical calculation
demonstrated use of MATLAB routines 123-126
inverse inflation for smallest, closest eigenvalues
129
MATLAB eig 123, 149
MATLAB eigs 124, 149
power method for largest eigenvalues 128
QR method 131
orthogonal matrix 119
positive-definite matrices 122
Principle Component Analysis (PCA)
412414
properties of general matrices 117-120
properties of normal matrices 121-123
quantum mechanics 138
real, symmetric matrix 119
relation to matrix determinant 110
relation to matrix norm 113
relation to matrix trace 110
roots of a polynomial 148
Schur decomposition 119
similar matrices 118
Singular Value Decomposition (SVD) (see also
Singular Value Decomposition) 141-148
spectral decomposition 122
spectral radius 113
unitary matrix 119
Einstein relation 352
Elliptic PDEs 278
Euler angles 150
Euler formula 3, 438
Euler integration method
backward (implicit) method 176
forward (explicit) method 177
Example problems.
1-D laminar flow of Newtonian fluid 47-54
1-D laminar flow of shear-thinning fluid 85-88
3-D heat transfer in a stove top element 292-294
3-D Poisson BVP 282-285
chemical reaction, heat transfer, and diffusion in a
spherical catalyst pellet 265-270
comparing protein expression levels of two
bacterial strains
as linear regression problem 380-381
MCMC analysis of hypothesis 406407
MCMC calculation of marginal posterior density
408-409
dynamic simulation of CSTR with two reactions
172-175
dynamics on the 2-D circle 199
finding closest points on two ellipses 235
fitting enzyme kinetics to empirical data 230
heterogeneous catalysis in a packed bed reactor
199-202
modeling a separation system 45-46
modeling a tubular chemical reactor with dispersion
279-282
Monte Carlo simulation of 2-D Ising lattice
356-357
multiple steady states in a nonisothermal CSTR
204-206
optimal control of 1-D system 250-251
optimal steady-state design of CSTR 244-245

467

quantum states of a 1-D system 137-141

solution of 2-D Poisson BVP by finite differences
260-264

solving 2-D Poisson BVP with FEM 305-309

stability of steady states of nonlinear dynamic
system 172-175

steady-state CSTR for polycondensation 89-94

steady-state CSTR with two reactions 71-72, 85,
88-89

stochastic modeling of polymer chain length
distribution 318-321

stochastic modeling of polymer gelation 321-325

Expectation 322
conditional 323

Fast Fourier Transform (FFT) (see Fourier analysis)
Field 258
Field theory 358-360
Landau free energy model 358
mean-field approximation 359
Time-Dependent Ginzburg-Landau Model A
(TDGL-A) dynamics 359
Flory most probable chain length distribution 321
Fluid mechanics
Example. 1-D laminar flow of Newtonian fluid
47-54
Example. 1-D laminar flow of shear-thinning fluid
85-88
Fick’s law 259
Finite difference method
accuracy of approximations 262-263
approximation of first derivative 48, 262-263
approximation of Jacobian matrix 77
approximation of second derivative 48, 262-263
Central Difference Scheme (CDS) 271-272
complex geometries 294-297
Example. 1-D laminar flow of Newtonian fluid
47-54
Example. 1-D laminar flow of shear-thinning fluid
85-88
Example. 3-D heat transfer in a stove top element
292-294
Example. 3-D Poisson BVP 282-285
Example. chemical reaction, heat transfer, and
diffusion in a spherical catalyst pellet 265-270
Example. modeling a tubular chemical reactor with
dispersion 279-282
non Cartesian, non uniform grid 267
numerical (artifical) diffusion 274
numerical issues for problems of high dimension
282-286, 294
treatment of convection terms 270-275
treatment of von Neumann BC 268
Upwind Difference Scheme (UDS) 273-275
Finite element method (FEM) 299-311
automatic mesh generation (see also Automatic
mesh generation) 300-303
convection terms in FEM 309
Example. solving 2-D Poisson BVP with FEM
305-309
Galerkin method 304-305
MATLAB pdetool 301-303, 309-311
mesh refinement 300
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Index

Finite element method (FEM) (cont.)
residual function 304
weight function 304
weighted residual methods (see also Weighted
residual methods) 304-305
Finite volume method 297-299
Floating Point Operation (FLOP) 18
Fokker-Planck equation 347-351
in 1-D 350
corresponding SDE 351
in multiple dimensions 353
corresponding SDE 353
spurious drift 351
Forward Kolmogorov equation 350
Fourier analysis 436459
aliasing 446
convolution 447-449
convolution theorem 448
correlation 449450
Dirichlet’s theorem 436
discrete Fourier transform 443
Fast Fourier Transform (FFT) 444
MATLAB fft, ifft 445446
MATLAB fft2, ifft2, fftn, ifftn 451452
Fourier series 436439
Fourier Transform (FT) pair 439-446
exponential-form Fourier series 438
Gibbs oscillations 437
in 1-D 436
discrete Fourier Transform 443
Fourier Transform pair 439
MATLAB fft, ifft 445446
in multiple dimensions 450452
convolution 450
correlation 450
discrete Fourier Transform 451
Fourier transform pair 450
MATLAB fft2, ifft2, fftn, ifftn 451-452
periodic function 436
power spectrum 445
scattering theory (see also Scattering theory)
452458
Functional derivative 359

Galerkin method 304-305
Gauss-Markov conditions 384
Gaussian elimination 10-23

basic algorithm 17

elementary row operation 12

fill-in 54, 284

Gauss-Jordan elimination 19

MATLAB mldivide ¢/> 53, 56

partial pivoting 20, 21

solution of triangular systems by substitution 17, 18
Gaussian (normal) distribution 331-332

MATLAB normrnd 334

MATLAB randn 334

multivariate distribution 337
Gaussian quadrature 163-166

accuracy 166

Legendre polynomials 166

Lobatto quadrature 166

MATLAB quadl 166

orthogonal functions 164
orthogonal polynomials 165
scalar product 164
singularities 166
square integrable functions 164
weighted integrals 164
Genetic algorithm 362-364
Gershgorin’s theorem 112
Gibbs oscillations 437
GMRES method 287-288
Gouy-Chapman theory 313
Gradient optimization methods 213-223
Gradient vector 212
Gram-Schmidt orthogonalization 28

Hamilton-Jacobi-Bellman (HJB) equation 249
numerical solution by finite differences 275
Heaviside step function 232
Hermetian
conjugate 119
matrix 119
Hessian matrix
approximation by BFGS formula 224
normal mode analysis 134
optimization 212,223
Homotopy 88, 203
Householder transformation (reflection) 129
Hyperbolic PDEs 278

Identity matrix 37
Index of DAE system 198
Initial value problems (IVPs) 154-208
arc length continuation 203
Differential Algebraic Equation (DAE) systems
195-202
consistent initial conditions 198
index 198
mass matrix 195
MATLAB ode15s 198
standard form 195
Example. dynamic simulation of CSTR with two
reactions 181-183
Example. dynamics on the 2-D circle 199
Example. heterogeneous catalysis in a packed bed
reactor 199-202
Ordinary Differential Equation (ODE) systems
standard form 155
time-marching algorithms 176-184; A-stable
methods 188; absolute stability 187;
Backward Difference Formula (BDF) methods
179, 195-198; backward (implicit) Euler
method (see also Euler integration method)
176; Crank-Nicholson method 176; error
analysis; local errors 186; global error 187;
order of accuracy 187; rejection properties
190
forward (explicit) Euler method (see also Euler
integration method) 177; explicit methods
176; implicit methods 176; MATLAB ODE
solvers 181-183; multi-step methods 178;
MATLAB ode15s 182, 208
numerical stability 187, 188; predictor-corrector
methods 180; Runge-Kutta method, 2nd order
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(RK 2) 178; Runge-Kutta method, 4th order
(RK 4) 177; Runge-Kutta-Fehlberg method
(RKF 45) 178; MATLAB ode45 182, 206
single-step methods 176; stiff system algorithms
180, 182, 192; stiff decay 192; symplectic
methods 194; time step restrictions 190-191;
velocity Verlet method 195
Partial Differential Equation (PDE) systems
Example. dynamic simulation of a tubular
chemical reactor 282
stiffness 191
stochastic PDEs 358-360
state vector 155
Stochastic Differential Equations (SDEs) (see also
Stochastic simulation) 342-353
explicit Euler SDE method 343
Mil’shtein SDE method 346
Integration
Initial value problems (IVPs) (see also Initial value
problems) 155
MATLAB quad 163
MATLAB trapz 140
Monte Carlo method (see also Monte Carlo) 168,
360-361
numerical (see also Quadrature) 162
orthogonal functions 164
scalar product 164
square integrable functions 164
weighted integrals 164
Interpolation
Hermite method 160
Lagrange method 157
MATLAB interp1 100, 161
Newton method 157
polynomial methods 156-161
support points 156
Iterative linear solvers
Conjugate Gradient (CG) method (see also
Conjugate Gradient (CG) method) 286287
Gauss-Seidel method 285-286
Generalized Minimum RESidual (GMRES) method
287-288
Jacobi method 114, 285-286
Krylov subspace 287
MATLAB bicg 287
MATLAB bicgstab 287
MATLAB gmres 287
MATLAB pcg 285
preconditioners (see Preconditioner matrix)

469

Jordan form 118
of a normal matrix 121

Karush-Kuhn-Tucker (KKT) conditions 238
Kroenecker delta 5
Krylov subspace 287

Lagrange multiplier 234
Lagrange’s equation of motion 136
Lagrangian function
classical mechanics 136
optimization 234
Landau free energy model 358
Langevin equation 340, 343
Lennard-Jones interaction model 368
Levenberg-Marquardt method 389
Line searches 216-217
backtrack (Armijo) line search 216
strong line search 216
weak line search 216
Linear algebraic systems 1-57
as linear transformation 23
BVPs of high dimension 282-294
dimension theorem 31
Example. 1-D laminar flow of Newtonian fluid
47-54
Example. modeling a separation system 45-46
existence of solution 30, 110, 143
least-squares approximation solution 145
MATLAB mldivide /> 53, 56
null space, kernel 29, 144
range 30, 144
solution by Gaussian elimination (see also
Gaussian elimination) 10-23, 284
solution by iterative methods (see also /terative
linear solvers) 285-291
solution by SVD 143
uniqueness of solution 30, 110, 143
LU factorization 38
incomplete LU factorization 290
MATLAB lu 57
MATLAB luinc 291
use in calculating matrix inverse 37

Macosko-Miller method 322
Markov chain 354
Markov process 353
Mass matrix
classical mechanics 136

288-291 of DAE system 195
Successive Over-Relaxation (SOR) method MATLAB commands
285 adaptmesh 310
Symmetric SOR (SSOR) method 286 bicg 287
use for BVPs of high dimension 282-294 bicgstab 287
[to-type SDE 343 binocdf 330
1t6’s lemma 345 binofit 330
binoinv 330
Jacobi method 114, 285 binopdf 330
Jacobian matrix 73 binornd 330
approximating by Broyden’s method 77 binostat 330
dynamic stability 172 chol 43,57
estimating by finite differences 77 cholinc 291
Joint probability 320 cond 113
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MATLAB commands (cont.)
condest 113
cputime 60
dblquad 167
delaunay 303
delaunayn 303
det 57
diag 290
eig 123,149
eigs 124, 149
fft 445-446
fft2 451-452
fftn 451-452
fmincon 242-243
fminsearch 213
fminunc 228-230
fsolve 83,98
fzero 70, 99
gmres 287
ifft 445-446
ifft2 451-452
ifftn 451-452
initmesh 302
interp1 100, 161
jigglemesh 303
lu 57
luinc 291
matfun 57
mean 364
mldivide ‘/* 53, 56
nlinfit 400
nlparci 401
nlpredci 401
norm 113
normest 113
norminv 397
normrnd 334
ode15i 208
ode15s 182, 198, 208, 282
ode23s 208, 282
ode23tb 208
oded5 182,206
odephas2 208
odephas3 208
odeplot 208
odeprint 208
odeset 208
optimset 84, 98, 228
pcg 223,285
pdegplot 302
pdemesh 302
pdenonlin 310
pdepe 294
pdeplot 303
pdetool 301-303, 309-311
poisscdf 335
poissfit 335
poissinv 335
poisspdf 335
poissrnd 335
poissstat 335
qr 131
quad 163

quadl 166
rand 168, 327
randn 334
refinemesh 303
regress 400
roots 148
schur 119
spalloc 52,56
sparfun 57
spdiags 53
spy 53

std 364

svd 146, 149
tinv 397
trapz 140, 163
tril 285
triplequad 167
triplot 303
triu 285

var 364
voronoi 303
voronoin 303

Matrix

addition 8

banded 51

Cholesky factorization (see also Cholesky
factorization) 42

complex 10

condition number (see also Condition number) 113

covariance matrix 337

determinant (see also Determinant) 32

diagonal dominance 115

diagonalizable matrix 118

dimension 8

eigenvalue (see also Eigenvalue analysis) 104

exponential function 169

Hermitian conjugate 119

Hermitian matrix 119

Hessenberg matrix 132

Hessian (see also Hessian matrix) 134,212,223

inverse (see also Matrix inverse) 36

irreducible matrix 116

Jacobian (see also Jacobian matrix) 73, 172

Jordan form 118

Jordan normal form 121

kernel (null space) 29, 144

list of available functions with MATLAB matfun
57

LU factorization (see also LU factorization) 38,57

multiplication 26

multiplication by scalar 8

multiplication by vector 8,9

norm (see also Norm) 44,113

normal matrix (see also Normal matrix) 119

null space (kernel) 29, 141

orthogonal 105, 119

partitioned matrix 45

positive-definite 42, 122

preconditioner (see also Preconditioner matrix)
288-291

principal diagonal 10

QR factorization (see also QR factorization) 130

range 30, 144
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rank 44, 142
real, symmetric matrix 10, 119
Schur decomposition 119
similar matrices 118
Singular Value Decomposition (SVD) (see also
Singular Value Decomposition) 141-148
sparse (see also Sparse matrix) 50, 51,52, 53
spectral radius 113
square matrix 8
submatrix 44
symmetric 10, 119
trace 110
transpose 9
tridiagonal 50
unitary matrix 119
Matrix inverse
calculation by Cramer’s rule 36
definition 36
pseudo (generalized) inverse 145
numerical calculation 37
MCMC (Markov Chain Monte Carlo) simulation (see
Monte Carlo)
Mean
MATLAB mean 364
of a random variable (see also Expectation) 322
Metric
for vector space 6
Metropolis Monte Carlo method 353-357
Michaelis-Menten kinetics 58
Monte Carlo
Bayesian Markov Chain Monte Carlo (MCMC)
simulation 403411, 419-421
Example. Monte Carlo simulation of 2-D Ising
lattice 356-357
integration method 168, 360-361
kinetic Monte Carlo 369
Markov chain 354
Markov process 353
Metropolis algorithm 353-357

Newton’s method
for interpolation 157
for optimization (see also Optimization) 223-227
Broyden-Fletcher-Goldfarb-Shanno (BFGS)
formula 224
Newton line search method 223-225
Newton trust-region method 225-227
for solving nonlinear algebraic systems
Broyden’s method 77
demonstrated performance 74-76
finding “false” solutions 80
quadratic convergence 69
quasi-Newton method 77
reduced-step line search 79, 80
single equation systems 63; demonstrated
performance 64—67; Jacobian matrix 73;
MATLAB fzero 70, 99; MATLAB fsolve
83, 98; multiple equation systems 71, 72
trust-region Newton method 81
Nonlinear algebraic systems 61-99
arc length continuation 203
bifurcation point 94
complex solutions 70

471

Example. 1-D laminar flow of shear-thinning fluid
85-88
Example. multiple steady states in a nonisothermal
CSTR 204-206
Example. steady-state CSTR for polycondensation
89-94
Example. steady-state CSTR with two reactions
71-72, 85, 88-89
homotopy 88,203
Jacobian matrix 73
solving a single equation
bracketing and bisection 70
MATLAB fzero 70, 99
solving by Newton’s method (see also Newton's
method) 63
solving by secant method 69
solving multiple equations
MATLAB fsolve 83,98
reduced-step line search 79, 80
solving by Newton’s method (see also Newton s
method) 72
trust-region Newton method 81
Norm
MATLAB norm, normest 113
matrix 44, 113
vector 6
2-norm (length) 6
infinity norm 7
p-norm 6
Normal distribution (see also Gaussian distribution)
331-332
Normal matrix 119
eigenvalue properties 121-123
Normal mode analysis 134
Null
vector 5
space (kernel) 29, 144

Optimal control 245-251

Bellman function 248

closed loop problem 250

cost functional 246

dynamic programming 248-251

Hamilton-Jacobi-Bellman (HJB) equation 249
numerical solution by finite differences 275

horizon time 246

open loop method 247-248

Optimization 212-218
applied to parameter estimation 388-389,
417-419

augmented Lagrangian method 231-240

complementary condition 238

conjugate gradient (CG) method 218-223
MATLAB pcg 223, 285
performance for quadratic cost functions

220-223

constrained problems 231-245

cost function 212

deterministic local methods 212-251

discrete parameter optimization 361-364

dogleg method 225-227

equality constraints 232-235

Example. finding closest points on two ellipses 235
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Optimization (cont.)
Example. fitting enzyme kinetics to empirical data
230
Example. optimal control of 1-D system
250-251
Example. optimal steady-state design of CSTR
244-245
feasible point 236
global minimum search 361-364
gradient methods 213-223
gradient vector 212
inequality constraints 235-240
Karush-Kuhn-Tucker (KKT) conditions 238
line searches (see also Line searches) 216-217
local minimum 212
MATLAB fmincon 242-243
MATLAB fminsearch 213
MATLAB fminunc 228-230
MATLAB optimset 228
Newton line search method 223-225
Newton trust-region method 225-227
optimal control (see also Optimal control)
245-251
penalty method 232
search direction 214
Sequential Quadratic Programming (SQP)
240
simplex method 213
slack variables 239
steepest descent direction 214
steepest descent method 217
stochastic optimization 361-364
genetic algorithm 362-364
Particle Swarm Optimization (PSO) 367
simulated annealing 361-362
unconstrained problems 212-230
Orthogonal
basis set 27
Gram-Schmidt method 28
collocation 304
functions 164
matrix 105, 119
polynomials 165
vectors 6
Orthonormal
basis set 27
Gram-Schmidt method 28
vectors 6

Parabolic PDEs 279
Parameter estimation (see Bayesian statistics)
Example. fitting enzyme kinetics to empirical data
230
Partial Differential Equation (PDE) systems (see also
Boundary Value Problems)
characteristic lines 275-279
elliptic equations 278
from conservation principles (see also Balances)
258
hyperbolic equations 278
parabolic equations 279
Poisson equation 260
stochastic PDEs 358-360

Particle Swarm Optimization (PSO) 367
Peclet number 270
local Peclet number 272
tubular reactor definition 279
Permutation
matrix 41
parity 33
Poisson-Boltzmann equation 313
Poisson distribution 334-336
MATLAB poisscdf 335
MATLAB poissfit 335
MATLAB poissinv 335
MATLAB poisspdf 335
MATLAB poissrnd 335
MATLAB poissstat 335
Poisson equation 260
Polymer
Brownian dynamics 367
ideal chain model 366
Polynomial
approximation by Taylor series expansion 62
calculating roots by eigenvalue analysis 148
MATLAB roots 148
characteristic polynomial of a matrix 106
interpolation (see also Interpolation) 156-161
Legendre polynomials 166
orthogonal polynomials 165
Preconditioner matrix 288-291
definition 289
incomplete Cholesky factorization 290
incomplete LU factorization 290
Jacobi preconditioner 290
MATLAB cholinc 291
MATLAB luinc 291
Principal Component Analysis (PCA) 412414
Probability theory 317-338
Bayes’ theorem (see also Bayesian statistics) 321
Bernoulli trials 327-328
binomial distribution 329-330
Boltzmann distribution 337
central limit theorem 333
conditional expectation 323
conditional probability 321
continuous probability distribution 326
covariance 336
covariance matrix 337
cumulative probability distribution 327
discrete probability distribution 325
expectation 322
Gaussian distribution (see also Gaussian (normal)
distribution) 331-332
independent events 321
joint probability 320
normal distribution (see also Gaussian (normal)
distribution) 331-332
Poisson distribution 334-336
probability as statement of belief 382
probability distributions 325-338
probability in frequentist view 319, 381
probability of an event 319
random variable 322
random walks 328-329
Stirling’s approximation 331
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QR factorization 130
Hessenberg matrix 132
Householder transformation (reflection) 129
iterative use for eigenvalue analysis 131
MATLAB qr 131
Quadrature (numerical integration) 162
dynamic simulation (see also Initial value
problems) 155
Gaussian (see also Quadrature) 163—-166
Lobatto 166
MATLAB dblquad 167
MATLAB quad 163
MATLAB quadl 166
MATLAB trapz 140, 163
MATLAB triplequad 167
multidimensional integrals 167-169
Monte Carlo integration 168
Newton-Cotes integration 162
3/8 rule 162
Simpson’s rule 162
Trapezoid rule 162; composite rule
162
Quantum mechanics 137-141
use of eigenvalue analysis 138
Quasi-Steady State Approximation (QSSA)
183

Random
number generators
MATLAB normrnd 334
MATLAB rand 168, 327
MATLAB randn 334
variable 322
conditional expectation 323
covariance 336
expectation 322
MATLAB mean 364
MATLAB std 364
MATLAB var 364
standard deviation 327
variance 327
vector
covariance matrix 337
walks 328-329
Rank
of matrix 44, 142
Regression (see Bayesian statistics)
Residual function 304

Scalars 3
complex conjugate 3
complex modulus 3
Scattering theory 452458
lattice vectors 457
powder spectrum 458
reciprocal lattice vectors 458
Small Angle X-ray Scattering (SAXS) 458
structure factor 455
Wide Angle X-ray Scattering (WAXS)
458
Schrodinger equation 138
Schur decomposition 119
MATLAB schur 119
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Search direction 214
Secant condition 224
Sequential Quadratic Programming (SQP)
240
Shape function 305
Similarity transformation 118
similar matrices 118
Simplex optimization method 213
Simulated annealing 361-362
applied to parameter estimation 417419
Singular Value Decomposition (SVD) 141-148
existence and uniqueness of linear systems 143
least-squares approximate solution of linear system
145
left singular vectors 142
MATLAB svd 146, 149
pseudo (generalized) matrix inverse 145
right singular vectors 142
rank of matrix 142
singular values 141
Slack variables 239
Span
of set of vectors 29
Sparse matrix
allocation with MATLAB spalloc 52, 56
banded 51
BVPs of high dimension 282-294
defined 50
fill-in during Gaussian elimination 54
list of available functions with MATLAB sparfun
57
storage format 51
viewing structure with MATLAB spy 53
Spectral decomposition 122
Stability
dynamic 170
eigenvalue analysis 171
manifolds 171
Example. stability of steady states of nonlinear
dynamic system 172—175
numerical stability of ODE-IVP methods
A-stability 188
absolute stability 187
error rejection 190
stiff stability 192
time step restrictions 190-191
Standard deviation 327
MATLAB std 364
Statistical mechanics
Boltzmann distribution 337
Example. Monte Carlo simulation of 2-D Ising
lattice 356-357
Field theory (see also Field theory) 358-360
Lennard-Jones interaction model 368
Maxwell velocity distribution 338
statistical field theory 358-360
Statistics (see Bayesian statistics)
Steepest descent
direction 214
optimization method 217
Stiff dynamical systems 180
numerical simulation 192
Stirling’s approximation 331
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Stochastic simulation
Boltzmann distribution 337
Brownian dynamics (see also Brownian dynamics)
327
Diffusion Limited Aggregation (DLA) 366
Example. Monte Carlo simulation of 2-D Ising
lattice 356-357
Example. stochastic modeling of polymer chain
length distribution 318-321
Example. stochastic modeling of polymer gelation
321-325
kinetic Monte Carlo 369
Markov chain 354
Markov process 353
Metropolis Monte Carlo method 353-357
condition of detailed balance 355
optimization 361-364
genetic algorithm 362-364
Particle Swarm Optimization (PSO) 367
simulated annealing 361-362
probability theory (see also Probability theory)
317-338
random walks 328-329
stochastic calculus 343-347
Chapman-Kolmogorov equation 349
Fokker-Planck equation (see also Fokker-Planck
equation) 347-351
Forward Kolmogorov equation 350
1t6’s lemma 345
Stochastic Differential Equations (SDEs)
342-353
explicit Euler SDE method 343
It6-type SDE 343
Mil’shtein SDE method 346
stochastic integral 343
Stochastic Partial Differential Equations 358-360
stochastic system 317
transition probability 349
Wiener process 341-342
Stokes-Einstein relation 352
Successive Over-Relaxation (SOR) method 285
Symmetric SOR (SSOR) method 286

Taylor series 62
Thiele modulus 266

Trust radius 225
Trust-region Newton optimization method 225-227

Variance 327
MATLAB var 364
Vector
addition 5
column vector 4
complex vectors 7
complex conjugate 7
dot product 7
dot (scalar, inner) product 5, 7
length 6
linear independence 26
metric 6
norm 6, 7
null vector 5,29
orthogonal vectors 6, 27
orthonormal vectors 6, 27
row vector 4
set of complex vectors 7
set of real vectors 4
Vector space
basis set 26
basis set expansion 27
definition, required properties 24
Krylov subspace 287
linear independence 26
linear transformation 24
orthogonal basis 27
orthonormal basis 27
span 29
subspace 29
von Neumann boundary condition 265
Voronoi polyhedra 303
MATLAB voronoi 303
MATLAB voronoin 303

Weight function 304
Weighted residual methods 304-305
collocation method 304
orthogonal collocation 304
Galerkin method 304
least-squares method 304
residual function 304
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