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Chapter 1

Applied Math Core Courses

Every student in the Program for Applied Mathematics at the University of Arizona takes
the same three core courses during their first year of study. These three courses are called
Methods (Math 581), Theory (Math 584), and Algorithms (Math 589). Each course presents
a different expertise, or ‘toolbox’ of competencies, for approaching problems in modern
applied mathematics. The courses are designed to discuss many of the same topics, often
synchronously, (Fig. 1.1). This allows them to better illustrate the potential contributions
of each toolbox, and also to provide a richer understanding of the applied mathematics.
The material discussed in the courses include topics that are taught in traditional applied
mathematics curricula (like differential equation) as well as topics that promote a modern
perspective of applied mathematics (like optimization, control and elements of computer
science and statistics). All the material is carefully chosen to reflect what we believe is most
relevant now and in the future.

The essence of the core courses is to develop the different toolboxes available in applied

Metric, Normed & Convex Measure Theory Probability &

Statistics

Topological Spaces Optimization & Integration

Ordinary & Partial Calculus of Variations Stochastic Calculus,
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Figure 1.1: Topics covered in Theory (blue), Methods (red) and Algorithms (green) during

the Fall semester (columns 1 & 2) and Spring semester (columns 3 & 4)
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mathematics. When we’re lucky, we can find exact solutions to a problem by applying pow-
erful (but typically very specialized) techniques, or methods. More often, we must formulate
solutions algorithmically, and find approximate solutions using numerical simulations and
computation. Understanding the theoretical aspects of a problem motivates better design
and implementation of these methods and algorithms, and allows us to make precise state-
ments about when and how they will work.

The core courses discuss a wide array of mathematical content that represents some of
the most interesting and important topics in applied mathematics. The broad exposure
to different mathematical material often helps students identify specific areas for further
in-depth study within the program. The core courses do not (and cannot) satisfy the in-
depth requirements for a dissertation, and students must take more specialized courses and
conduct independent study in their areas of interest.

Furthermore, the courses do not (and cannot) cover all subjects comprising applied
mathematics. Instead, they provide a (somewhat!) minimal, self-consistent, and admittedly
subjective (due to our own expertise and biases) selection of the material that we believe
students will use most during and after their graduate work. In this introductory chapter
of the lecture notes, we aim to present our viewpoint on what constitutes modern applied

mathematics, and to do so in a way that unifies seemingly unrelated material.

What is Applied Mathematics?

We study and develop mathematics as it applies to model, optimize and control various
physical, biological, engineering and social systems. Applied mathematics is a combination
of (1) mathematical science, (2) knowledge and understanding from a particular domain
of interest, and often (3) insight from a few ‘math-adjacent’ disciplines (Fig. 1.2). In our
program, the core courses focus on the mathematical foundations of applied math. The
more specialized mathematics and the domain-specific knowledge are developed in other
coursework, independent research and internship opportunities.

Applying mathematics to real-world problems requires mathematical approaches that
have evolved to stand up to the many demands and complications of real-world problems.
In some applications, a relatively simple set of governing mathematical expressions are able
to describe the relevant phenomena. In these situations, problems often require very ac-
curate solutions, and the mathematical challenge is to develop methods that are efficient
(and sometimes also adaptable to variable data) without losing accuracy. In other applica-
tions, there is no set of governing mathematical expressions (either because we do no know

them, or because they may not exist). Here, the challenge is to develop better mathematical
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Adjacent Disciplines:
Physics, Statistics,
Computer Science,

Data Science

Domain Knowlege:

e.g. Physical Sciences,

Biological Sciences, Mathematical Science:
Social Sciences, e.g. Differential Equations,
Engineering Real & Functional Analysis,

Optimization, Probability,

Numerical Analysis,

Figure 1.2: The key components studied under the umbrella of applied mathematics: (1)
mathematical science, (2) domain-specific knowledge, and (3) a few ‘math-adjacent’ disci-

plines.

descriptions of the phenomena by processes, interpreting and synthesizing imperfect obser-
vations. In terms of the general methodology maintained throughout the core courses, we

devote considerable amount of time to:

1. Formulating the problem, first casually, i.e. in terms standard in sciences and engi-

neering, and then transitioning to a proper mathematical formulation;

2. Analyzing the problem by “all means available", including theory, method and algo-

rithm toolboxes developed within applied mathematics;

3. Identifying what kinds of solutions are needed, and implementing an appropriate

method to find such a solution.

Making contributions to a specific domain that are truly valuable requires more than
just mathematical expertise. Domain-specific understanding may change our perspective
for what constitutes a solution. For example, whenever system parameters are no longer
‘nice’ but must be estimated from measurement or experimental data, it becomes more the
difficult to finding meaning in the solutions, and it becomes more important, and challenging,
to estimate the uncertainty in solutions. Similarly, whenever a system couples many sub-

systems at scale, it may be no longer possible to interpret the exact expressions, (if they can
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be computed at all) and approximate, or ‘effective’ solutions may be more meaningful. In
every domain-specific application, it is important to know what problems are most urgent,
and what kinds of solutions are most valuable.

Mathematics is not the only field capable of making valuable contributions to other
domains, and we think specifically of physics, statistics and computer science as other fields
that have each developed their own frameworks, philosophies, and intuitions for describing
problems and their solutions. This is particularly evident with the recent developments in
data science. The recent deluge of data has brought a wealth of opportunity in engineering,
and in the physical, natural and social sciences where there have been many open problems
that could only be addressed empirically. Physics, statistics, and computer science have
become fundamental pillars of data science, in part, because each of these 'math-adjacent’
disciplines provide a way to analyze and interpret this data constructively. Nonetheless,
there are many unresolved challenges ahead, and we believe that a mixture of mathematical

insight and some intuition from these adjacent disciplines may help resolve these challenges.

Problem Formulation

We will rely on a diverse array of instructional examples from different areas of science and
engineering to illustrate how to translate a rather vaguely stated scientific or engineering
phenomenon into a crisply stated mathematical challenge. Some of these challenges will be
resolved, and some will stay open for further research. We will be refering to instructional
examples, such as the Kirchoff and the Kuramoto-Sivashinsky equations for power systems,
the Navier-Stokes equations for fluid dynamics, network flow equations, the Fokker-Plank

equation from statistical mechanics, and constrained regression from data science.

Problem Analysis

We analyze problems extracted from applications by all means possible, which requires
both domain-specific intuition and mathematical knowledge. We can often make precise
statements about the solutions of a problem without actually solving the problem in the
mathematical sense. Dimensional analysis from physics is an example of this type of
preliminary analysis that is helpful and useful. We may also identify certain properties of the
solutions by analyzing any underlying symmetries and establishing the correct principal
behaviors expected from the solutions, some important example involve oscillatory behavior
(waves), diffusive behavior, and dissipative/decaying vs. conservative behaviors. One can
also extract a lot from analyzing the different asymptotic regimes of a problem, say

when a parameter becomes small, making the problem easier to analyze. Matching different
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asymptotic solutions can give a detailed, even though ultimately incomplete, description.

Solution Construction

As previously mentioned, one component of applied mathematics is a collection of special-
ized techniques for finding analytic solutions. These techniques are not always feasible, and
developing computational intuition should help us to identify proper methods of numer-
ical (or mixed analytic-numerical) analysis, i.e. a specific toolbox, helping to unravel the

problem.



Part 1

Applied Analysis



Chapter 2
Complex Analysis

The real number system is somewhat “deficient” in the sense that not all operations are
allowed for all real numbers. For example, taking arbitrary roots of negative numbers is
not allowed in the real number system. This deficiency can be remedied by defining the
imaginary unit i = \/—1. A number that is a real multiple of the imaginary unit, for
example 37, i/2 or —mi, is called an imaginary number. A number that has both a real and
an imaginary component is called a complex number.

Complex analysis is the branch of mathematics that investigates functions of complex
variables. A fundamental premise of complex analysis is that most operations between real
numbers have natural extensions to complex numbers, and that most real-valued functions
have natural extensions to complex-valued functions. Interestingly, the natural extensions of
even the most elementary functions can lead to a richness that often admits new techniques
for problem solving.

Complex analysis provides useful tools for many other areas of mathematics (both pure
and applied) as well as for physics (including the branches of hydrodynamics, thermody-
namics, and particularly quantum mechanics) and engineering fields (such as aerospace,

mechanical and electrical engineering).

2.1 Complex Variables and Complex-valued Functions

2.1.1 The Cartesian Representation of Complex Variables
For two complex numbers z; = a1 + ib; and zo = a9 + iby we have
e Addition: 2y + zo = (a1 +ib1) + (ag + ib2) = (a1 + a2) + i(by + b2),

e Multiplication: zj2zo = (a1 + ibl)(ag + ibg) = ajag + i(albg + blag) + i2b1b2 = (a1a2 -
blbg) + i(albg + b1a2).



CHAPTER 2. COMPLEX ANALYSIS 8

Im(z)

Figure 2.1: Complex numbers can be visualized as vectors in R%2. By convention, the real
component is plotted on the horizontal axis, and the imaginary component is plotted on the

vertical axis. The addition of two complex numbers is reminiscent of vector addition in R2.

The addition and subtraction of complex numbers are direct generalizations of their

real-valued counterparts.

Example 2.1.1. Let z; = 1 + 2i and 2o = 4 — i. Compute (a) 21 + 22 and (b) 21 — 29.
Solution.
(a) 1 +2=014+2))+4—-i)=(1+4)+(2—-1)i=5+1
(b) z1—22=(14+2i)—d—1)=1—-4)+2+1)i=-3+3
Because the behavior of addition and subtraction is reminiscent of translating vectors in
R?, we often visualize complex numbers as points on a Cartesian plane by associating the

the real and imaginary components of the complex number with the z- and y-coordinates

respectively.

Definition 2.1.2. The complex conjugate of a complex number z, denoted by z* or z, is
the complex number with an equal real part and an imaginary part equal in magnitude but

opposite in sign. That is, if z =  + ¢y then z* := x — iy.

The multiplication and division of complex numbers are also direct generalizations of

their real-valued counterparts with the additional definition, i = —1.

Example 2.1.3. Let z; = —1 + 2i and z2 = 4 — 3i. Compute (a) 2122, (b) 21/22.

Solution.
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(a) z120 = (=1 +2i)(4 — 3i) = —4 + 3i + 8 — 6i> = 2 + 114.

(b) To compute z1/z2, we first multiply it by z5/23, so that the denominator, 2223, is a

real number,

21z (2 —14+20 (4430 —4-3i+8i+6° 10450 21
B 0 4-3i \4+3i) 16-12i+12i+9 25 5

29 22 \ %5

Complex conjugates

Theorem 2.1.4. For algebraic operations including addition, multiplication, division and
exponentiation, consider a sequence of algebraic operations over the n complex numbers
Z1,...,%n with the result w. If the same actions are applied in the same order to zj,...,z

then the result will be w*.

*
n’

Example 2.1.5. Let us illustrate the Theorem 2.1.4 on the example of a quadratic equation,
az’?+bz+c = 0, where the coefficients, a, b and c are real. Direct application of the Theorem
2.1.4 to this example results in the fact that if the equation has a root, then its complex

conjugate is also a root, which is obviously consistent with the roots of quadratic equations

formula, 219 = (—=b+ Vb? — 4ac)/(2a).

Exercise 2.1. Use Theorem 2.1.4 to show that the roots of a polynomial with real-valued

coefficients of arbitrary order occur in complex conjugate pairs.

Example 2.1.6. Find all the roots of the polynomial, p(z) = z* — 623 + 1122 — 2z — 10,

given that one of its roots is 2 — i.

Solution. We observe that p(z) has real-valued coefficients, so its roots occur in conjugate
pairs; given that z; = 2 — ¢ is a root, then zo = 2 + ¢ must also be a root, which we verify
by evaluation. We factorize p(z) as p(z) = (z — 21)(z — 2z2)r(2), where we find r(z) by
polynomial division, giving 7(z) = (22 — 2z — 2). Therefore, the four roots of p(z) are found

by solving
0=12'—622 41122 — 22— 10 = (2 — 21)(2 — 22) (2% — 22 — 2).

Solving 22 — 2z — 2 = 0 by the quadratic formula gives z34 = 1 £ +/3. Thus, the four roots
of p(z) are:

s=2—4, z=2+414, 23=1+V3, z=1-3.

Example 2.1.7. Let z; = x; + iy1 and zo = x9 + iye. Show that if w = z1/23, then

w* = 2 /25,
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Im(2)

y = rsin(0)

Re(z)

x = rcos()

Figure 2.2: A complex number, z, has both a Cartesian representation (shown in blue) and
a polar representation (shown in orange). Its modulus, denoted by |z| or r, is non-negative

2

and satisfies |z|? = r2 := 22* = 2% + 3. Its argument, denoted by 0, is the angle measured

modulo 27, counter-clockwise from the positive real axis.
Solution. From the definition of a complex conjugate, we have
2i =z — iy, and 25 = 2 — iyo.

We must find w* and verify that it is equivalent to z{/z3. First compute w,

Lo b R S e | (1‘2 — iy2> _ T1T2 + Y1Y2 ;T2Y1 — T1y
To 4+ 1ys  To + iyo \ T2 — Y2 z3 + y3 x5+ Y3

Now compute w*,

«_TiTaHY1y2 oYy — T1ys (1 —iy1)(z2 +iy2) 71— iy
x5+ y3 x3 + y3 (22 —iy2)(z2 + iy2) w2 —iyo’

which is equivalent to z]/z3, as required.

2.1.2 The Polar Representation of Complex Variables

In addition to their Cartesian representation, complex numbers can also be represented by
their polar representation with components r and 6. Here r is called the modulus of z and
satisfies 72 = |z|? := 22* = 22 + y? > 0, and @ is called the argument of z or sometimes the

polar angle. Note that § = arg(z) is defined only for |z| > 0, and modulo 27:
x+1iy = rcosf +irsind, for r=a2?+4192, and § = arctan(y, z).

The application of trigonometric identities shows that the product of two complex num-

bers is the complex number whose modulus is the product of the moduli of its factors, and
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whose argument is the sum of the arguments of its factors. That is, if z; = ricosf; +
irysinfy, and zo = rocosfy + irgsin by, then zi1z9 = rirgcos(fy + 62) + irirosin(6; + 602).
This summation of arguments whenever two functions are multiplied together is reminiscent
of multiplying exponential functions. The polar representation is simplified by defining the
complex-valued exponential function. When expressed in their polar representation, the
multiplication of two complex numbers is simplified by elementary trigonometric identities.

For z1 = r1 cos 01 + iry sinfy and zo = 79 cos 6y + irg sin Ao, their product is

2129 = 1179 €08 01 cos Oy + 711y sin 01 sin Oy + ir1ro cos 01 sin Oy + ir17rg sin 61 cos O

= ryry cos(0y + 02) + iryry sin(6; + 62).

We make two observations: first, the modulus of the product of two complex numbers is the
product of their moduli, that is, |z122| = |21] |22], and second the argument of the product is
the sum of arguments, that is, arg(z122) = arg(z1) + arg(z2). These observations, which are
reminiscent of the multiplication of real-valued exponential functions, motivate the definition

of the complex-valued exponential function.

Definition 2.1.8. The exponential function is defined for imaginary arguments by

ret .= rcos(h) + irsin(f) = x + iy. (2.1)
Euler’s (famous) formula, €™ = —1, follows directly from this definition.
Example 2.1.9. Convert z1 = —1 + 27 and 29 = 4 — 3¢ to their polar representations and

compute (a) their product and (b) their quotient. Compare you answer to Example 2.1.3.

Solution. The polar representations of z; and 29 are:

L= 212] = V/5, = tan’l(lO/ —5) ~ 2.03, 21 = V/5e?03:

ro = 2925 = b, 0y = tan"1(—3/4),~ —0.64, 2y = He 004,
Their product and quotient are:
(a) z122 &~ (V5e203) (5¢70-641) = 5\/Bel39% = 5\/5 cos(1.39) + i5v/5 sin(1.39) = 2 + 114.
(b) 21/2z2 =~ /52031 /570640 — 5,/5e267 — 1 //5c0s(2.67)+i/v/5sin(2.67) = —0.4+0.2i.

Sometimes it is convenient to express a complex number using a mixture of Cartesian

and polar representations.

Example 2.1.10. Find 7 and 6 such that the point, w = 1 + 57, can be written as, w =
—1 + 7ell.
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]7n(z)1 Irn(z)1 Im(z)

‘ Re(z) » Re(z)

Figure 2.3: Examples of curves in the complex plane. The first two curves (red and blue)
are open and the last two curves (green and orange) are closed. The first and fourth curves
(red and orange) are simple and the second and third curves (blue and green) are not simple
because they self-intersect at points other than the end points.

Solution. Given that 1+ 5i = —1 + feié, solves for 7e? to get 24+ 51 = 7ei?. Solve for 7
and 0 to get 7 = (2 + 5i)(2 — 5i) = V29 ~ 5.39 and § = tan—!(5/2) ~ 1.19rad. Therefore,
w A~ —1+ 5.39¢!19,

Example 2.1.11. Express z := (2 + 2i)e~"/6 by its (a) Cartesian and (b) polar represen-

tations.

Solution.

(a) z = (242i)(cos(—%)+isin(—F)) = (2cos(—%)+2sin(—%)) +i(2 cos(—F) +2sin(—F)

=(1+V3)+i(vV3-1).

(b) z= (2 + 2i)e /0 = 2/2e™/4e=7/6 = 2,/2¢i7/12,

2.1.3 Parameterization of Curves in the Complex Plane

Definition 2.1.12. A curve in the complex plane is a set of points z(¢) where, a <t < b,
for some a < b. We say that the curve is closed if, z(a) = z(b), and simple if it does not
self-intersect, except possibly at the end-points. That is the curve is simple if, z(¢t) # z(¢)
for t # ¢ and a < t,t' < b. A curve is called a contour if it is continuous and piece-
wise smooth. By convention, all simple, closed contours are parameterized to be traversed

counter-clockwise, unless stated otherwise.

Example 2.1.13. Parameterize the following curves:
(a) The infinite ‘vertical’ line passing through /2.
(b) The semi-infinite ray extending from the point z = —1 and passing through /3.

(c) The circular arc of radius ¢ centered at 0.
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z(s) =7m/2 +1is

Figure 2.4: Parameterized curves for example 2.1.13. Red: The infinite ‘vertical’ line passing
through 7/2 is parameterized by z(s) = m/2 + is for —oo < s < co. Green: The semi-
infinite ray extending from the point z = —1 and passing through v/3i is parameterized by
2(p) = —1 4 pe'™/3 for 0 < p < oo. Blue: The circular arc of radius e centered at 0 is

parameterized by z(7) = g€’ for 0 < 7 < 2.

Solution.
(a) z(s) =m/2+1is for —oo < s < 0.
(b) z(p) = =1 + pe'™/3 for 0 < p < .

(c) 2(1) = e’ for 0 < 7 < 2.

The Complex Number System

Complex numbers can be considered as the resolution of the notation for numbers that
are closed under all possible algebraic operations. What this means is that any algebraic
operation between two complex numbers is guaranteed to return another complex number.

This is not generally true for other classes of numbers, for example,

i. The addition of two positive integers is guaranteed to be another positive integer, but
the subtraction of two positive integers is not necessarily a positive integer. Therefore,
we say that the positive integers are closed under addition but are not closed under

subtraction.
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ii. The class of all integers is closed under subtraction and also multiplication. However
the integers are not closed under division because the quotient of two integers is not

necessarily another integer.

iii. The rational numbers are closed under division. However the process of taking limits
of rational numbers may lead to numbers that are not rational, so real numbers are

needed if we require a system that is closed under limits.

iv. Taking non-integer powers of negative numbers does not yield a real number. The
class of complex numbers must be introduced to have a system that is closed under

this operation.

Moreover one finds that the class of complex numbers is also closed under the operations of
finding a root of algebraic equations, of taking logarithms, and others. We conclude with a

happy statement that the class of complex numbers is closed under all the operations.

2.1.4 Functions of a Complex Variable

A function of a complex variable, w = f(z), maps the complex number z to the complex
number w. That is, f maps a point in the z-complex plane to a point (or points) in the
w-complex plane. Since both z and w have a Cartesian representation, this means that
every function of a complex variable can be expressed as two real-valued functions of two

real variables, f(z) := u(x,y) + i (z,y).

2.1.5 Complex Exponentials

In Eq. (2.1) we motivated the definition of the exponential function, f(z) = e?, with the
intention to preserve the property that, e*1t22 = ¢*1¢?2 and incidentally that, e! = 2.718. ...
This is not the only property we could have chosen to motivate the definition of e*. We

could have chosen to preserve any of the following properties:
e the function’s Taylor series Y~ 2" /n!;
e the function’s limiting expression lim,, o (1 + z/n)";

e the fact that f(2) = e* solves the Ordinary Differential Equation, f'(z) = f(z), subject
to f(0) = 1.

We encourage the reader to verify that all these properties are preserved for the complex
exponential, and that any one of them could have motivated our definition and yielded the

same results.
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An immediate consequence of this observation is that the natural definitions of the

complex-valued trigonometric functions are
eiz e—iz eiz _ e—iz
cos(z) = % and sin(z) := — (2.2)
1

Example 2.1.14. Let f(z) = exp(iz) where z = z +iy. Express f(z) as the sum, u(z,y) +

iv(z,y), where u and v are real-valued functions of x and y.

Solution.

f(2) = exp(i(z + iy)) = exp(iz — y) = exp(—y) exp(iz)

= exp(—y) cos(z) + i exp(—y) sin(z) O
Example 2.1.15. Evaluate the functions along the curves : (a) z — sin z along the infinite
horizontal line passing through 7/2. (b) z — exp(z+1) along the semi-infinite ray extending

from the point z = —1 and passing through v/3i, and (c) z + 22 along circular arc of radius

€ centered at 0. See example 2.1.13 and also Fig. 2.4.

Solution.

(a) Parameterize the vertical line passing through 7/2 by 7/2 + is for —oco < s <

in/2—s _ —im/2+s - — ;8
s +im/2) = sin(m/2 + is) = & o e ; e
(3 1

= cosh(s) for —oo < s < o0.

(b) Parameterize the semi-infinite ray extending from the point z = —1 and passing
through v/3i by —1 + pe?™3 for 0 < p < 0.

F(=14 pe'™3) = exp(pe™?) = exp(p cos(in/3) + ipsin(in/3))
— /2 <Cos(p\/§/2) + isin(p\/g/Q)) for 0 < p < o0.

(c) Parameterize the circular arc of radius ¢ centered at 0 by ee’” for 0 < 7 < 2.

f(ee'™) = (e€')? = 2e*™  for 0 < 7 < 27.

Exercise 2.2. Investigate the asymptotic behavior at |z| — oo of the complex-valued func-
tions (a) f(z) = exp(z), (b) f(z) = sin(z), (c¢) f(z) = cos(z). Hint: There are many different
ways that |z| can go to infinity. For example, we could write z = x + iy and let  — $o0 for
fixed (or variable) y or let y — oo for fixed (or variable) z. We could also write z = re?
and let » — oo for fixed (or variable) 6. We are asking you to consider each function from

whichever perspectives are most informative for determining what happens as |z| — co.
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2.1.6 Multi-valued Functions and Branch Cuts

Not every complex function is single-valued. We often deal with functions that are multi-
valued, meaning that for some z, there exist two or more w; such that f(z) = w;. Recall the
parametrized curve in example 2.1.15 and consider (c)(i) where we evaluated the function
f(z) = 2% along the circle of radius e centered at the origin. Notice, in particular, that

27ri)

the function returns to its original value, that is, f(ce%) = f(ee = 2. It may be seem

surprising, but there are functions where this is not the case.

Example 2.1.16. Consider the example of w(z) = y/z. When z is represented in polar
coordinates, z = rexp(if), we know that 6 is defined up to a shift on 27n, for any integer
n. For our example, this translates to w,(z) = /rexp(if/2 + imn), where different n
will result in (two) different values of /z, called two branches, w1 = /rexp(i0/2), wa =
Vrexp(if/2 + im). If we choose one branch, say wy, and walk in the complex plane around
z = 0 in a positive counter-clockwise direction (so that z = 0 always stays on the left)
changing 6 from its original value, say § = 0, to 7/2,m,37/2 and eventually get to 27, w;
will transition to ws. Making one more positive 27 swing will return to wi. In other words,
the two branches transition to each other after one makes a 27 turn. Per definition below,

the point z = 0 is called a second order branch point of the two-valued function +/z.

Definition 2.1.17. A multi-valued function w(z) has a branch point at zy € C if w(z)
varies continuously along a sufficiently small circuit surrounding zg, but does not return to

its starting values after one full circuit.

Definition 2.1.18. A branch of a multi-valued function w(z) is a single-valued function

that is obtained by restricting the image of w(z) and disregarding all but one set of values.

A multi-valued function has the property that if we traverse a sufficiently small closed
contour around its branch point, we experience a discontinuity. One should note that the
location of this discontinuity is entirely dependent on where we choose to start and stop the

closed contour. To see this consider the following two closed contours:

a@) =e?,  0<6<2m, (2.3)
B(op) = ', T <¢<m. (2.4)

If we traverse these two contours with the function f(z) = 1/z, we see that the disconti-
nuity occurs at 8 = 0,27 in the first case, and ¢ = —m, 7 in the second case. In truth, the
location of this discontinuity was dependent on our choice of contour. We can expand on

this idea by introducing the notion of a branch cut. A branch cut is something we pick in
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order to separate the branches of a multi-valued function. For most multi-valued functions,
this means that when we attempt to traverse a cut with some closed contour, we end up
experiencing a discontinuity. Really what we have is a contour that is closed in the domain

of f, but maps to an open contour.

Definition 2.1.19. A branch cut is a curve in the complex plane along which a branch is

discontinuous.

Remark. Branch cuts are usually not unique, and are something that is defined by us, not
the multi-valued function in question. One branch is arbitrarily selected as the principal
branch. Most software packages employ a set of rules for selecting the principal branch of a

multi-valued function.

Example 2.1.20. The generalization of example 2.1.16 to w(z) = z'/" is straightforward.
This function has n branches, w1 (2), ..., wy(2) and thus z = 0 is called an n*® order branch

point of the n*™-valued function /™.

Example 2.1.21. Another important example is w(z) = log(z). We can represent z by

its polar representation, z = ret(0+2mn)

, to show that log is a multi-valued function with
infinitely many (but countable number of) roots, w, = log(r) +i(0 +2n7w), n=0,£1,....

In this case, z = 0 is an infinite order branch point.

Definition 2.1.22. (Branch points at z = 0o.) Consider a multi-valued function f(z). We
say that f has a branch point at z = oo if the function g(w) = f(1/w) has a branch point

at w=0.

Example 2.1.23. Find the branch points of log(z — 1) and sketch a set of possible branch

cuts. Choose a branch cut and describe the resulting branches.

Solution. Parameterize the function as follows, log(z—1) = log p+i¢, where z—1 = pexp(i¢)
with p > 0 (non-negative real) and ¢ real. Since ¢ changes by multiples of 27 as we travel
on a closed path around z = 1, the point z = 1 is a branch point of log(z — 1). We can
observe that z = oo is also a branch point (thus infinite branch point) by replacing z with
z = % and observing that w = 0 is a branch point. Therefore a valid branch cut for the
function should connect the two branch points as illustrated in Fig. (2.7).

To describe branches of the function, let us choose (for concreteness) the branch cut
starting at z = 1 and moving along the z axis to z = 400. Introduce potential branches of
z by z, =1+ pexp(i¢p + 2imn), n=0,1,---. Given that f(z) = log(z — 1), the family of z,
translates into the following branches: f,(z) = log p+ i¢ + 2imn. Observe that each branch
is distinct from the others and that each is a single-valued, analytic function in C excluding
the branch cut.
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1/2

Real Component Of f(z) = 21/2 Imaginary Component Of f(Z) =z

Real component of f(z) = z!/2 Imaginary component of f(z) = z/2

27
777

it

(i

NN

Real component of f(z) = 21/2 Imaginary component of f(z) = z/2

Im(z)

Re(z)

Figure 2.5: (a) Top row: The real (left) and imaginary (right) components of z — z%/2.

(b) Middle row: The representation, z = re™", with 0 < § < 2, gives a branch cut along

the positive real axis and a (single-valued) branch that is analytic everywhere except along
the branch cut. (c¢) Bottom row: The representation, z = re™, with —7 < 6 < 7, gives
a branch cut along the negative real axis and a (single valued) branch of z — 21/2 that is

analytic everywhere except along the branch cut.
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Imaginary component of f(z) = log(z)

Real component of f(z) = log(z)

Imaginary component of f(z) = log(z)

Real component of f(z) = log(z) Imaginary component of f(z) = log(z)

Figure 2.6: (a) Top row: The real (left) and imaginary (right) components of z — log(z)

(b) Middle row: The representation, z = re " with 0 < # < 2, gives a branch cut

along the positive real axis and a (single-valued) branch of z ~— log(z) that is analytic
everywhere except along the branch cut. (c) Bottom row: The representation, z = re= ",
with —m < 6§ < 7, gives a branch cut along the negative real axis and a (single valued)

branch of z — log(z) that is analytic everywhere except along the branch cut.
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Figure 2.7: Polar parametrization of log(z — 1) (left) and three examples of branch cut for

the function connecting its two branch points, at z = 1 and at z = oo.
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Example 2.1.24. Consider log(2? —1) = log(z —1) +log(z+1). As we travel around z = 1,
log(z—1) and also log(z? —1) change by 2. Therefore z = 1 is a branch point of log(z2 —1).

Similarly, z = —1 and 2z = oo are two other branch points of log(z? — 1). Fig. (2.8) show
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two branch cut examples of log(z% — 1).

Two important general remarks are in order.

21

1. The function log(f(z)) has branch points at the zeros of f(z) and at the points where

f(2) is infinite, as well as (possibly) at the points where f(z) itself has branch points.

But be careful with this (later possibility): the zeros have to be zeros in the sense of

analytic functions and by infinities we mean poles. Other types of (singular) behaviors

in f(z) can lead to unexpected results, e.g.

F(2) = exp(1/2).

check what happens at z = 0 when

2. The fact that a function f(z) or its derivatives may or may not have a (finite) value

at some point z = zg, is irrelevant as far as deciding the issue of whether or not zj is
a branch point of f(z).

Exercise 2.3. Identify the branch points, introduce suitable branch cuts, and describe the

resulting branches for the functions (a) f(z) =

1)/(z=2)).

(z—a)(z—10), and (b) g(z) = log((z —
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The graphs of complex multi-valued functions are in general two-dimensional manifolds
in the space R*. These manifolds are called Riemann surfaces. Riemann surfaces are visu-
alized in three-dimensional space with parallel projection and the image surface in three-
dimensional space is rendered on the screen. (See http://matta.hut.fi/matta/mma/SKK_

MmaJournal.pdf for details and visualization with Mathematica.)
Example 2.1.25. Find all values of z € C satisfying the equation, sin(z) = 3.
Solution. Start with the definition of complex valued sin:

el? _ iz

=3
24 ’

Multiply each side by 2i e
(€)% — 6ie”* — 1 =0.
This can be solved using the quadratic formula which, after some algebra, gives
e =i(3+£2V2).

Now, take the natural log of both sides

iz =1In(i) + In(3 £ 2v/2).
By In(z) = In(r) +i( + 2nm) where n = 1,2, 3, ..., we know that In(i) = In(1) +i(5 + 2nm),

SO

2= g + 20 +i1n(3 + 2v/2).

2.2 Analytic Functions and Integration along Contours

2.2.1 Analytic functions

The derivative of a real valued function is defined at a point x via the limiting expression

Fe) — t L) (@)

Az—0 Ax

)

and we say that the function is differentiable at x if the limit exists and is independent of

whether the z is approached from above or below as given by the sign of Ax.

Definition 2.2.1. The derivative of a complex function is defined via a limiting expression:

o) — 1 LA S

Az—0 Az

(2.5)

This limit only exists if f/(z) is independent of the direction in the z-plane the limit Az — 0

is taken. (Note: there are infinitely many ways to approach a point z € C.)
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If one sets, Az = Az, Eq. (2.5) results in
f(2) = ug + iva,
where f = u + iv. However, setting Az = iAy results in
I'(2) = —iuy + vy,

A consistent definition of a derivative requires that the two ways of taking the derivative

coincide, that is,
Uy = Vy, Uy = —Up, (2.6)
and this gives a necessary condition for the following statement.

Theorem 2.2.2 (Cauchy-Riemann Theorem). The function f(z) = u(x,y) + iv(z,y) is
differentiable at the point z = x + 4y iff (if and only if) the partial derivatives, ug, uy, vz, vy
are continuous and the Cauchy-Riemann conditions (2.6) are satisfied in a neighborhood of

zZ.

Notice that in the explanations which lead us to the Cauchy-Riemann theorem (2.2.2)
we only sketched one side of the proof — that it is necessary for the differentiability of f(z) to
have the theorem’s conditions satisfied. To complete the proof, one needs to also show that
Eq. (2.6) is sufficient for the differentiability of f(z). In other words, one needs to show that
any function u(z,y)+iv(x,y) is complex-differentiable if the Cauchy—Riemann equations

hold. The missing part of the proof follows from the following chain of transformations

Af = 1+ 82) = £(2) = G aw + FL Ay + 0 (a4 (o))

<<9f _ 6f> Asg L <f Hf) Az + 0 ((A2)2, (Ay)?, (Az) (Ay))

ox  Jy ox Oy
- gf gf Az* +0 ((Ax)?, (Ay)?, (Ax)(Ay))
=4z @f gf AAZ ) +0 ((A2)*, (Ay)*, (Az)(Ay)) | (2.7)

where O ((Az)?, (Ay)?, (Az)(Ay)) indicates that we have ignored terms of orders higher or
equal than two in Az and Ay. In transition to the last line of Eq. (2.7) we change variables

from (z,y) to (z,z*), thus using

o _o0 o0 o o
Ox  Oxrdz Ox 0z Oz  Oz*’
8_826 0z* 0 0 0

= j— —

oy —oyoz: | oy or oz oz
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and its inverse (known as “Wirtinger derivatives")

o _1(0 0\ 0 _1(d 0
dz 2\0x Oy) 0z 2\0x oy)’

Observe that Az*/Az takes different values depending on which direction we take the re-
spective, Az, Az* — 0 limit in the complex plain. Therefore to ensure that the derivative,
f'(2), is well defined at any z, one needs to require that

of
Oz* 0,

(2.8)

i.e. that f does not depend on z*. It is straightforward to check that the “independence of
the complex conjugate" Eq. (2.8) is equivalent to Eq. (2.6). O]

Definition 2.2.3 ((Complex) Analyticity). A function f(z) is called (a) analytic (or holo-
morphic) at a point, 2, if it is differentiable (as a complex function) in a neigborhood of zp;

(b) analytic in a region of the complex plane if it is analytic at each point of the region.

Exercise 2.4. The isolines for a function, f(z,y) = u(z,y) + iv(x,y), are defined to be the
curves, u(x,y) = const and v(z,y) = const’. Show that the iso-lines of an analytic function

always cross at a right angle.

Example 2.2.4. Let f(z) = u(z,y) +iv(z, y) be analytic. Given that u(x,y) = z+ 2% — ¢/
and f(0) =0, find v(zx,y).

Solution. We start by utilizing the Cauchy-Riemann conditions:

ou Ov ou ov

or 9y’ Oy Oz
This gives us the two differential equations

ov ov
Z—24l, —=2
ay x—i_ ) ax y7

v(z,y) =20y +y+ Ci(z) , v(z,y)=2zy+ Co(y).

Based on these two solutions, C(z) = k, for some constant k, and Ca(y) = y + k. Given
the initial condition f(0) = 0, v(0,0) = 0, and therefore k = 0. So, we find the solution,
v(z,y) = 2zxy + y. Therefore

f(2) = (x+2>—y*) +i(2zy + ).

Exercise 2.5. Let f(z) = u(x,y) + iv(x,y) be analytic. Given that, v(z,y) = —2zy and
£(0) = 1, find u(z, y).
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Examples of functions that are not analytic

Example 2.2.5. Determine whether (and where) f(z) = z* is analytic and compute its

derivative where it exists.

Solution. Recall: If z = x + iy, then 2z* := x — iy. We first compute u, vy, uy and v;, and

determine whether (and where) they are continuous.
Uy = 1 vy = —1
uy =0 v, =0

We confirm that the partial derivatives are continuous everywhere in C. We now check
the Cauchy-Riemann conditions and find that they are not satisfied anywhere in C because
uy = 1 # —1 = v,. Intuitively, the complex conjugate fails to be analytic because analytic
functions can be locally approximated by rotations and stretches of the complex plane,
whereas the complex conjugate function is a reflection.

1/2

Example 2.2.6. Determine whether (and where) f(z) = z'/# is analytic and compute its

derivative where it exists.
Solution. We leave it to the reader to apply the chain rule and the trigonometic identity

sin?(0) + cos?(6) = 1 to verify that the Cauchy-Riemann equations in polar coordinates are

Ou 10v
ar  roo
ov  10u
or  ro
1/2

We compute the relevant partial derivatives of z*/“ and observe that they are not defined at

z = 0. We also observe that they cannot be continuous at a branch cut because branches of

5172

are not continuous across the branch cut. The Cauchy-Riemann conditions are satisfied
everywhere else. In conclusion, a branch of z'/2 is analytic in any region of C\ {0} that
does not contain the branch cut. We leave it to the reader to show that the derivative
—1i6 (

in polar representation is given by f/(z) = e "(u, + iv,). For our example, this gives

Fi(2) = Lr1/2emi0/2 = 1,-172,
Example 2.2.7. Determine whether (and where) the function f(z) = 1/z is analytic.

Solution. Note that f is not defined at z = 0 and that lim,_,o f(z) does not exist. Rationalize
the denominator to write f(z) = z/(2% +%?) —iy/ (x> +y?). The relevant partial derivatives

are:
o2 — g2 o2 — 22

“$:x2+y2 Uy=x2+y2

u _ _—2zy v _ 2y

Y x2+y2 z x2+y2
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The partial derivatives exist and are continuous everywhere (except z = 0) and the the
Cauchy-Riemann conditions are satisfied on C \ {0}. We evaluate the derivative f’(z) and
observe that lim,_,o f'(2) does not exist. We say that f has a simple pole at z = 0 because

(z — 0)f(2) is analytic in a neighborhood of 0. We will revisit this in section 2.2.5.

Example 2.2.8. Determine whether (and where) the functions (a) exp(z), (b) zexp(z) and

(c) (exp(z) — 1)/z are analytic and compute their derivatives where they exist.

The Cauchy-Riemann theorem 2.2.2 has a couple of other complementary, geometrical

and from the world of partial differential equations, interpretations discussed below.

“Geometry" of Complex: Conformal Mapping

Let us now make a detour into the subject of conformal map describing a function of two
variables, x,y, that locally preserves angles, but not necessarily lengths. We will see, and
quite remarkably, that the the rich family of conformal functions (maps) can be analyzed
based solely on the Cauchy-Riemann condition (2.6).

Indeed, the Cauchy-Riemann conditions (2.6) can be restated in the following compact
form

of of

Z%_@

Then the Jacobian matrix of the function f : R? — R?, i.e. of the (z,y) — (u,v) map is

Ou  Ou Ou  Ou
J= oxr Oy — or Oy

v o _ou ou |

oxr Oy dy Ox

Geometrically, the off-diagonal (skew-symmetric) part of the matrix represents rotation and
the diagonal part of the matrix represents stretching/re-scaling. The Jacobian of a function
f(z) takes infinitesimal line segments at the intersection of two curves in z and rotates
them to the corresponding segments in f(z). Therefore, a function satisfying the Cauchy-
Riemann equations, with a nonzero derivative, preserves the angle between curves in the
plane. Transformations corresponding to such functions and functions themselves are called
conformal. That is, the Cauchy-Riemann equations are not only conditions for the function
analyticity, but are also conditions for a function to be conformal.

The following famous theorem of the complex analysis builds a strong theoretical foun-
dation to the conformal maps. (It is due to Bernard Riemann, who has stated it in his
Ph.D. thesis in 1851. First proof of the theorem was published in 1912 by Constantin
Carathéodory.)
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Conformal Mapping of the Unit Disk Conformal Mapping of the Unit Disk  Conformal Mapping of the Unit Disk

Conformal Mapping of the Unit Disk  Conformal Mapping of the Unit Disk  Conformal Mapping of the Unit Disk

Conformal Mapping of the Unit Disk  Conformal Mapping of the Unit Disk ~ Conformal Mapping of the Unit Disk

Figure 2.9: Exemplary functions (maps) from unit disk. Screenshots from https://

demonstrations.wolfram.com/ConformalMapping0fTheUnitDisk/.

Theorem 2.2.9 (Riemann Mapping Theorem). If A is a non-empty single-connected open
subset of C which is not entire C, A C C, than there exists a holomorphic (complex analytic)
function f(z) mapping A to the unit disk, D = {s € C : |z| < 1}, f: A — D. Moreover
f~1: D — A is also holomorphic.

The theorem allows to build various conformal maps from one single-connected domain
to another by reducing the problem to two, each mapping the respective domain to the unit
disk.

It is useful for developing geometrical intuition to consider conformal maps associated
with elementary functions. See a number of illustrations in Fig. 2.9. Notice, however that
even relatively simple Riemann mappings, such as a map from the unit disk to the interior of

a square, may not be expressible in terms of elementary functions and in general one needs
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to rely on approximate numerical methods to build the maps. (See ConformalMaps Ju-
lia package https://github.com/sswatson/ConformalMaps. jl for approximating the Rie-

mann map from a simply connected planar domain to a disk.)

“Physics" of Complex: Harmonic functions

Here we will make a fast jump to the end of the semester where Partial Differential Equa-
tions (PDEs) will be discussed in details. Consider solution of the Laplace equation in two

dimensions

(0% +07) f(z,y) = 0. (2.9)

Eq. (2.9) defines the so-called Harmonic functions. We do it now, while studying complex
calculus, because, and quite remarkably, an arbitrary analytic function is a solution of
Eq. (2.9). This statement is a straightforward corollary of the Cauchy-Riemann theorem
(2.2.2). To see it we recall that, f = u + iv, and use the following set of transformation
following from the Cauchy-Riemann conditions (2.6) also assuming that the function, f(z),

is analytic at z (which allows us to differentiate it one more time with respect to x and y)

Uy = v Upye — Vg

Y = Y = Ugg + Uyy = 0
Uy = —VUg Uyy = _/U:By
Uy = U Upy = 0

v = 4 v = Vga + Vyy = 0
Uy = —Ug Ugy = —VUzx

The descriptor “harmonic" in the name harmonic function originates from a point on
a taut string which is undergoing periodic motion which is pleasant-sounding, thus coined
by ancient Greeks harmonic (!). This type of motion can be written in terms of sines and
cosines, functions which are thus referred to as harmonics. Fourier analysis, which we will
turn our attention to soon, involves expanding periodic functions on the unit circle in terms
of a series over these harmonics. These functions satisfy Laplace equation and over time
"harmonic" was used to refer to all functions satisfying Laplace equation.

Laplace equation, and thus harmonic functions, arise most prominently in mathematical
physics, in particular in electromagnetism (electrostatics) and fluid mechanics (hydrostatics).

For example, in electrostatics it describes distribution of electrostatic potential within
the planar domain cut in a metal — domain which is free of charge, i.e. free of singularities.
On the other hand, singular points of the harmonic functions above are expressed as “point
charges" and/or continuously distributed “charge densities". Placing a point charge at the
origin, z = x+1iy = 0, results in the solution of the Laplace equation (2.9), which is singular,

i.e. non-analytic at the origin. We will see later in the PDE part of the course, that the
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analytic function correspondent to a point charge placed at the origin is, f(z) = C'log z,
where C is a constant related to the value of the charge, and then, Re(f(z)) = u = Clogr =
(C/2)log(x? + y?), is the corresponding electrostatic potential.

The family of the harmonic (complex) functions is rich. Each harmonic function which
satisfies Eq. (2.9) will yield another harmonic function when multiplied by a constant, ro-
tated, and/or has a constant added. The inversion of each function will yield another
harmonic function which has singularities which are the images of the original singularities
in a spherical “mirror". Also, the sum of any two harmonic functions will yield another

harmonic function.

2.2.2 Integration along Contours
Complex integration is defined along an oriented contour C' in the complex plane.

Definition 2.2.10 (Complex Integration). Let f(z) be analytic in the neighborhood of a
contour C. The integral of f(z) along C' is

n—1

/ 1z im 3 £(G) (Gt — G (2.10)
k=0
where for each n, (x|k = 0,--- ,n) describes an ordered sequence of points along the path

breaking it into n intervals such that (p = a, (, = b and maxy |11 — (x| = 0 as n — oo.

Remark. It is now time to utilize parametrization of the complex functions discussed earlier
in the course. Let z(t) with a < ¢ < b be a parameterization of C, then definition 2.2.10 is
equivalent to the Riemann integral of f(z(t))z'(t) with respect to ¢. Therefore,

b
/f(z) dz:/f(z(t))z’(t)dt (2.11)
C a

Example 2.2.11. In example 2.1.13 we evaluated the functions fi(z) = sinz, fa(z) =
exp(z + 1), and f3(z) = 22 along the parameterized curves described in example 2.1.15.
Now compute (a) [ fi1(2)dz, (b) [q, f2(2)dz, and (c) [, f3(z)dz where Ci is the the
vertical line segment from 7 /2 — ZM to m/2+ 1M, Cy is the ray segment extending from the

point z = —1 and to the point v/3i, and Cs is the circular arc of radius ¢ centered at 0.

Solution.

(a) Let z = /2 + is, then dz = ids for —M < s < M.

+M€i7r/2—s _ e—iﬂ'/?—‘rs +M
/sin(z)dz = / 5; ids = / icosh(s)ds = 2i cosh(M).

—-M
C -M




CHAPTER 2. COMPLEX ANALYSIS 30

(b) Let z = —1+ pe'™3 for 0 < p < 2. Then dz = e™/3dp.

2

) ) 2
iw/3 im/3
/6Z+1d2’ — /epe 67,77/3dp — ‘epe _

0
Co 0

= el cos(V3) — 1+ ie' sin(V/3).

2 cos(m/3)+i2sin(m/3) _ 1

(c) Let z = ee'™ for 0 < 7 < 27, then dz = iee"df). Therefore,

2

/22 dz = / (ee”)2 iee'Tdf =

Cs 0

2w

1_3_3:0

366 1.3 _6mi 16360—0

=38¢ —3

0

Exercise 2.6. Let C'y and C_ represent the upper and lower unit semi-circles centered at
the origin and oriented from z = —1 to z = 1. Find the integrals of the functions (a) z; (b)
22 (¢) 1/z; and (d) v/z along Cy and C_. For /2, use the branch where z is represented
by ref® with 0 < 0 < 2.

Example 2.2.12. Let C be the circular closed contour of radius R centered at the origin.
Show that

d
0, form=2,3,... (2.12)

»m
C

by parameterizing the contour in polar coordinates.

Solution. One possible parameterization of the contour is z(6) = Re® for 0 < 6 < 2r.

Therefore, dz = iRe"?df. Changing the integral to polar coordinates gives:
dz 27 7,9
f / Rew
Because m = 2, 3,4, ..., we know that m — 1 > 0. Therefore,

27 27

iRe® i 1 i L ig(m—1)
/(Reie)mde_ Rm—1 / (6i9)m—1d6_ Rm—1 <m_1e
0 0

A simple, but useful, continuation of this example would be confirming that the integral is

not 0 when m = 1.

Example 2.2.13. Use numerical integration to approximate the integrals in the examples

above and verify your results.
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2.2.3 Cauchy’s Theorem

In general the integral along a path in the complex plane depends on the entire path and not
only on the position of the end points. The following fundamental question arrives naturally:
is there a condition which makes the integral dependent only on the end points of the path?

The question is answered by the following famous theorem.

Theorem 2.2.14 (Cauchy’s Theorem, 1825). If f(z) is analytic in a simply connected region
D of the complex plane then for all paths, C', lying in this region and having the same end
points, the integral [, f(z) dz has the same value.

A more compact way of stating the theorem is to say that integrals of analytic functions
are path independent.

It is important to recognize that for Cauchy’s theorem to hold in the case of the multi-
valued functions one needs the integrand to be a single-valued function. The cuts introduced
in the preceding section are required for exactly this reason — to force the integration path
to stay within a single branch of a multi-valued function and thus to guarantee analyticity
(differentiability) of the function along the path.

The same theorem can be restated in the following form.

Theorem 2.2.15 (Cauchy’s Theorem (closed contour version)). Let f(z) be analytic in a
simply connected region D and C' be a closed contour that lies in the interior of D. Then

the integral of f along C'is equal to zero: §, f(z)dz = 0.

To make the transformation from the former formulation of Cauchy’s formula to the
latter one, we need to consider two paths connecting two points of the complex plain. From
Eq. (2.10), we see that paths are oriented and that changing the direction of the path changes
the value of the integral by a factor of —1. Therefore, of the two paths considered, one needs
to reverse its direction, then leading us to a closed contour formulation of Cauchy’s theorem.

Let us now sketch the proof of the closed contour version of Cauchy’s theorem. Consider
breaking the region of the complex plane bounded by the contour C into small squares

with the contours C}, as well as the original contour C, oriented in the positive direction

%dzf(z) = fo(z)dz, (2.13)
C k &,
where we have accounted for the fact that integrals over the inner sides of the small contours

(counter-clockwise). Then

cancel each other, as two of them (for each side) are running in opposite directions. Next,
pick inside a C} contour a point, z, and then approximate, f(z), expanding it in the Taylor

series around zj,

f(z) = flze) + f'(z) (2 — ) + O (A?) (2.14)



CHAPTER 2. COMPLEX ANALYSIS 32

where with A-squares, the length of C}, is at most 4A, and we have at most (L/A)? small
squares. Substituting Eq. (2.14) into Eq. (2.13) one derives

%dzf(z) = f(z1) jédz + f(21) ]{dz(z — zx) + %dzO (A%) =0+0+ A%, (2.15)

Ck Ck Ck Ck

Summing over all the small squares bounded by C' one arrives at the estimate A — 0 in the
A — 0 limit. [O.

Disclaimer: We have just used discretization of the integral. When dealing with inte-
grations of functions in the rest of the course we will always discuss it in the sense of a
limit, assuming that it exists, and not really breaking the integration path into segments.
However, if any question on the details of the limiting procedure surfaces one should get
back to the discretization and analyze respective limiting procedure sorely.

One important consequence of the Cauchy’s theorem (there will be more discussed in
the following) is that all integration rules known for standard, “interval", integrals apply to

the contour integrals. This is also facilitated by the following statement.

Theorem 2.2.16 (Triangle Inequality). (A: From Euclidean Geometry) |z1+22| < |21]4|22],
also with equality iff (if and only if) z; and 29 lie on the same ray from the origin. (B:
Integral over Interval) Suppose ¢(t) is a complex valued function of a real variable, defined

on a <t<b,then
b b

/dtg(t) < /dt!g(t)\, (2.16)

with equality iff (i.e. if and only if) the values of g(t¢) all lie on the same ray from the origin.

(Integral over Curve/Path) For any function f(z) and any curve 7, we have

/ f(2)dz| < / F(2)ld], (2.17)
Y Y

where dz = 7/(t)dt and |dz| = |7/(t)|dt.

Proof. We take the “Euclidean" geometry version (A) of the statement, extended to the sum
of complex numbers, as granted and give a brief sketch of proofs for the integral formulations.
The interval version (B) of the triangular inequality follows by approximating the integral

as a Riemann sum

b
oot = |3 g5 < 3 lgtue)lae = [ lgtoyae,
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[ Im (2)=y

Re (z)=x

Figure 2.10

where the middle inequality is just the standard triangular inequality for sums of complex

numbers. The contour version (C) of the Theorem follows immediately from the interval

/f(z)dz— /bf(’y( Hdt| < / FO)I (#)]dt = / 1£(2)]|dz].

version

2.2.4 Cauchy’s Formula

Recall from definition 2.1.12 that a curve is called simple if it does not intersect itself, and

is called a contour if it is piece-wise smooth.

Theorem 2.2.17 (Cauchy’s formula, 1831). Let f(z) be analytic on and interior to a simple

)= ;m/fg(c_)ic. (2.18)
C

To illustrate Cauchy’s formula consider the simplest, and arguably most important,

closed contour C'. Then,

example of an integral over complex plane, I = § dz/z. For the integral over closed contour

shown in Fig. (2.10a), we parameterize the contour explicitly in polar coordinates and derive

2
7{(12 /rdexp (16) _ / rexp(if)idf /d@ _ori (2.19)
rexp(if) rexp(i6)
0

The integral is not zero.



CHAPTER 2. COMPLEX ANALYSIS 34
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Figure 2.11

Next, recall that for the respective standard indefinite integral, [dz/z = logz. This
formula is very naturally consistent with both Eq. (2.19) and with the fact that log(z) is
a multivariate function. Indeed, consider the integral over a path between two points of a
complex plain, e.g. z = 1 and z = 2. We can go from z = 1 to z = 2 straight, or can do
it, for example first making a counter-clockwise turn around 0. We can generalize and do
it clockwise and also making as many number of points we want. It is straightforward to
check that the integral depends on how many times and in which direction we go around 0.
The answers will be different by the result of Eq. (2.19), i.e. 27i multiplied by an integer,

however it will not depend on the path.

Example 2.2.18. Compute, compare and discuss the difference (if any) between values of

the integral ¢ dz/z over two distinct paths shown in Fig. (2.11).

Solution. Firstly, note that 1/z is not analytic at z = 0, and therefore neither contour can
be deformed to the other without passing through the non-analytic point. Both curves are
simple and closed, therefore Cauchy’s formula applies. The curve on the left, C7 contains
z = 0, and makes one full turn around the origin, and therefore will be equal to the curve in

Figure 2.4, so, ¢ % = 2mi. The curve on the right, Cs, does not contain z = 0, and makes a
C1
full turn counter-clockwise around the origin, as well as a clockwise turn around the origin

on the "inner" part of the curve. So, ¢ dz—z = 0.
(&

The “small square" construction used above to prove the closed contour version of
Cauchy’s Theorem, i.e. Theorem 2.2.15, is a useful tool for dealing with integrals over
awkward (difficult for direct computation) paths around singular points of the integrand.

However, it should not be thought that all the integrals will necessarily be zero. Consider

dz

zm’

m=23:

where the integral is singular at z = 0. The respective indefinite integral (what is sometimes
called the “anti-derivative") is z=™%!/(1 —m) + C, where C is constant. Observe that the
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indefinite integral is a single-valued function and thus its integral over a closed contour is
zero. (Notice that if m = 1 the indefinite integral is a multi-valued function within the
domain surrounding z = 0.)

Cauchy’s formula can be extended to higher derivatives

Theorem 2.2.19 (Cauchy’s formula for derivatives, 1842). Under the same conditions as
in Theorem 2.2.17, higher derivatives are

C2mi ) (¢ — 2t

Theoretical Implications of Cauchy’s Theorem & Cauchy’s Formulas

Cauchy’s theorem and formulas have many powerful and far reaching consequences.

Theorem 2.2.20. Suppose f(z) is analytic on a region A. Then, f has derivatives of all

orders.

Proof. Tt follows directly from Cauchy’s formula for derivatives, Theorem 2.2.19 — that is we

have an explicit formula for all the derivatives, so, in particular, the derivatives all exist. [

Theorem 2.2.21 (Cauchy Inequality.). Let Cr be the circle |z—zp| = R. Assume that f(z)
is analytic on C'r and its interior, i.e. on the disk |z — 29| < R. Finally let Mg = max |f(2)|

over z on Cr. Then
n'MR

R’fL

Vn=1,2--: [f™(z)] <

Exercise 2.7. Prove the Cauchy’s Inequality Theorem utilizing Theorem 2.2.19. Provide
an alternative argument for the Theorem validity on examples of exp(z) and cos(z) using
a circle that is centered at the origin (you are expected to argue informally and without

reference to Theorem 2.2.19 why the inequality holds).

Theorem 2.2.22 (Liouville Theorem.). If f(z) is entire, i.e. analytic at all finite points of

the complex plane C, and bounded then f is constant.

Proof. For any circle of radius R around zy the Cauchy’s inequality (Theorem 2.2.21) states
that f’(z) < M/R, but R can be arbitrarily large, thus |f'(z0)| = 0 for every zp € C. And

since the derivative is 0, the function itself is constant. O
Note that P(2) = > r_,arz", exp(z), cos(z) are entire but not bounded.

Theorem 2.2.23 (Fundamental Theorem of Algebra). Any polynomial P of degree n > 1,
ie. P(2) =Y }_oarz", has exactly n roots (solutions of P(z) = 0).
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Proof. The prove consists of two parts. First, we want to show that P(z) has at least one
root. (See example below.) Second, assume that P has exactly n roots. Let zy be one of
the roots. Factor, P(z) = (z — 20)Q(z). Q(z) has degree n — 1. If n — 1 > 0, then we can
apply the result to Q(z). We can continue this process until the degree of @ is 0. O

Example 2.2.24. Prove that P(z) = Y 7_, axz* has at least one root.

Solution. We provide a hint and not the full solution: prove by contradiction and utilize the
Liouville Theorem 2.2.22.

Theorem 2.2.25 (Maximum modulus principle (over disk)). Suppose f(z) is analytic on
the closed disk, Cy, of radius r centered at zp, i.e. the set |z — 29| < r. If |f| has a relative

maximum at zg than f(z) is constant in C,.
In order to prove the Theorem we will first prove the following statement.

Theorem 2.2.26 (Mean value property). Suppose f(z) is analytic on the closed disk of

radius 7 centered at zp, i.e. the set |z — 29| < r. Then,

2

Feo) = 5 [ 407 G-+ rexp(it)).

0

Proof. Call C, the boundary of the |z — zg| < r set, and parameterize it as zg +re??, 0 <

0 < 2m. Then, according to Cauchy’s formula,

27

1 [ flz)dz 1 /def(zo—i-reie),

2w
. 1 .
— 10 _ 6
f(z0) = g et = o /d@f(zo +re®).
0

21 z—2y 2mi
Cr 0

O

Now back to the Theorem 2.2.25. To sketch the proof we will use both the mean value
property Theorem 2.2.26 and the triangle inequality Theorem 2.2.16. Since zg is a relative

maximum of |f| on C, we have |f(z) < |f(z0|) for z € C;. Therefore by the mean value
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property and the triangle inequality one derives

2w

1 ,
|f(z0)] = o /dﬁf(zo +re?)|  (mean value property)

0

2m
1 .
< o / df|f(zo +r€?)| (triangle inequality)
™
0

27
1 4
< 2/d«9\f(z0)\, (If(z0 + re®)| < |f(20)], i.e. zois a local maximum)
0
0

= [f(20)|

Since we start and end with f(zp), all inequalities in the chain are equalities. The first
inequality can only be equality if for all 0, f(zo + re®) lies on the same ray from the
origin, i.e. have the same argument or equal to zero. The second inequality can only be
an equality if all |f(zo + €| = |f(20)|. Thus, combining the two observations, one gets
that all f(zo + re’) have the same magnitude and the same argument, i.e. all the same.
Finally, if f(z) is constant along the circle and f(zg) is the average of f(z) over the circle
then f(z) = f(z0), i.e. f is constant on C. O

Two remarks are in order. First, based on the experience so far (starting from Theorem
2.2.22) it is plausible to expect that Theorem 2.2.25 generalizes from a disk C; to any single-
connected domain. Second, one also expects that the maximum modulus can be achieved
at the boundary of a domain and then the function is not constant within the domain.
Indeed, consider example of exp(z) on the unit square, 0 < z,y < 1. The maximum,
|exp(x + iy)| = exp(z), is achieved at x = 1 and arbitrary y, 0 < y < 1, i.e. at the
boundary of the domain. These remarks and the example suggest the following extension
of the Theorem 2.2.25.

Theorem 2.2.27 (Maximum modulus principle (general)). Suppose f(z) is analytic on A,
which is a bounded, connected, open set, and it is continuous on A = A U JA, where JA is
the boundary of A. Then either f(2) is a constant or the maximum of |f(2)| on A occurs
on JA.

Proof. Here is a sketch of the proof. Let us cover A by disks which are laid such that
their centers form a path from the value where f(z) is maximized to any other points in A,
while being totally contained within A. Existence of a maximum value of |f(z)| within A
implies, according to Theorem 2.2.25 applied to all the disks, that all the values of f(z) in
the domain are the same, thus f(z) is constant within A. Obviously the constancy of f(z)

is not required if the maximum of |f(z)| is achieved at 0 A. O
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Example 2.2.28. Find the maximum modulus of sin(z) on the square, 0 < z,y < 27.

Solution.

sin(z) = sin(x + iy) = sin(z) cosh(y) + i cos(z) sinh(y)

We want to find the maximum modulus of sin(z)

|sin(z + iy)| = \/sin2(a:) cosh?(y) + cos?(z) sinh?(y).

Using the identities, cos?(x) = 1 — sin?(z), and cosh?(x) — sinh?(z) = 1, we get

|sin(z)| = \/sinQ(:L‘) cosh?(y) + (1 — sin?(z)) sinh?(y) = \/sinhQ(y) + sin?(z).

This is maximized when sin?(z) = 1, so z = ot wheren =1,2,3,---, and y = 27, as this is

the maximum value of y in our square. So,
max(| sin(z)|) = sinh?(27) + 1 = 71688.328285.

z = 5 +12m, is on the boundary of our square, which satisfies the maximum modulus

principle.

2.2.5 Laurent Series

The Laurent series of a complex function f(z) about a point a is a representation of that

function by a power series that includes terms of both positive and negative degree.

Theorem 2.2.29. A function f(z) that is analytic on the annulus, Ry < |z — a| < Ra,
and within its interior may be represented by a power series, called a Laurent Series, that

converges on the interior of the annulus:

—+00

i)=Y alz-a)t (2.21)

k=—o00

The coefficients of the Laurent series are given by

cL = 2%” j{ (Zf(;))nﬂdz, (2.22)
C

where C' is any contour that is contained within the annulus and circling a.

¢ 1)z,
C

Suppose one needs to compute
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where the contour C circles z = a in the positive (counter-clockwise) direction such that
there are no singular points of f(z) in the interior of C, except possibly at z = a. If we

represent f(z) by its Laurent series, then the only nonzero contribution will come from the

o= ¢
c c

Definition 2.2.30. The coefficient corresponding to the k = —1 term plays such a significant

k= —1 term

> d
E cr(z —a)kdz = ¢4 7{ S 2mic_q. (2.23)
z—a
k=—00

role in contour integration that it deserved a special name — residue of f at z = a — and is
denoted by ¢; = Res(f;a).

Notice, that if f(z) has a simple pole at z = a, then

c_1 = Res(f,a) = lim (f(2)(z —a)). (2.24)

z—a

2.3 Residue Calculus

2.3.1 Singularities and Residues

Definition 2.3.1 (Singularity). Let f : C — C and consider a € C. If f is not analytic at
a (meaning that f’(a) does not exist) then we say that a is a singular point of f. If f is not
analytic at a, but is analytic in the region 0 < |z — a| < R, then we say that a € C is an

isolated singular point of f.

Definition 2.3.2 (Removable Singularity). Let a be a singular point of a function f, and
let ¢ be the coefficients of the Laurent expansion of f about a. If ¢ = 0 for all £ < 0,
then we say that a is a removable singularity of f. (Note that f would be analytic if f were

redefined at a single point, a.)

Definition 2.3.3 (Simple Pole). Let a be a singular point of a function f, and let ¢ be the
coefficients of the Laurent expansion of f about a. If c_1 # 1, but ¢ = 0 for all k < —1,
then we say that a is a first order pole or a simple pole of f. See Fig. 2.12(a) for an example

of a simple pole.

If f has a simple pole at z = a, we can represent f in the form

f(z) = 48 (2.25)

)
zZ—a

where g(z) is analytic in a neighborhood of z with g(a) = c¢_1 # 0.
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-1 Imaginary component of f(z) = 2~}

Real component of f(z) = z

Real component of f(z) = 272 Imaginary component of f(z) = 272

Figure 2.12: (a) Top row: The canonical example of a simple pole. The real (left) and

1

imaginary (right) components of z — z~'. (b) Bottom row: The canonical example of a

double pole. The real (left) and imaginary (right) components of z ++ 272

Definition 2.3.4 (Higher Order Pole). Let a be a singular point of a function f, and let ¢
be the coefficients of the Laurent expansion of f about a. If, for some positive N, c_n # 0
but ¢ = 0 for all kK < —N, then we say that a is a N-th order pole of f. See Fig. 2.12(b)

for an example of a double pole.

If f has an N-th order pole at z = a, we can represent f in the form
g(z
f) =22 (2.26)

where g(z) is analytic in a neighborhood of z with g(a) = c_n # 0.

Example 2.3.5. Find the removable singularity and give the order of the poles in the
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‘ 1 Re (z2) ‘ Re (z) U Re (z)

Figure 2.13: See Example 2.3.6.

following function

z—1 z—1
fz) = G 1D)z+1) (‘ (2—1)(z+1)2(z+z')(z—i)>'

Solution. Observe that z =1, z = —1, z =4, and z = —1 are singular points of f because

f is not defined at these points.

e z =1: For z # 1, f(2) = g(z) where g(z) = W which is analytic in a

neighborhood of z = 1. Therefore, z = 1 is a removable singularity of f.

o z =i For z # 14, f(z) = % where g(z) = m which is analytic in a

neighborhood of z = 1. Therefore, z = i is a first order pole (or simple pole) of f.

e z = —4: It is similar to z = 3.

o z=—1: For z # —1, f(2) = (fﬁ))% where ¢(z) = % which is analytic in a

neighborhood of z = —1. Therefore, z = —1 is a second order pole (double pole) of f.

In summary, there is a removable singularity at z = 1, first-order poles at z = 44 and a

second-order pole at z = —1.

Example 2.3.6. Use Cauchy’s formula to compute
I 7{ exp(zQ)dz’
z—1

for three contour examples shown in the Fig. 2.13.

Solution. (a) The integrand is analytic everywhere within the domain surrounded by the
contour, therefore I = 0. (b) The integrand has a single first-order pole within the domain
surrounded by the contour at z = 1. Notice, that direction of the contour is negative
(clockwise). therefore I = —2miRes (exp(z?)/(z —1),1) = —2miexp(z?)|.—1 = —2mi. (c)
Since the only singularity of the integrand is at z = 1 the contour can be reduced to the

contour in the case (b), however traveled twice. Therefore, I = 2 % (—27i) = —4mi.
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—a+ i a-+ir

-

Figure 2.14: See Example 2.3.7.

Example 2.3.7. Use Cauchy’s formula to compute

dz
I pu—
f cosh z’

over the contour shown in Fig. 2.14, where a is a positive real.

Solution. To identify possible singularities of the integrand we need to solve cosh z, = 0,
resulting in z, = im(n + 1/2), where n = 0,+£1,---. We observe that all the singularities
are first-order poles. Ounly one of the poles, z, = i7/2 is within the domain surrounded by
the contour. Therefore, according to the Cauchy’s formula, the residue formula (2.24), and

L’Hopital’s rule,

—m/2 21 2
I = 2miRes (1/ cosh z,im/2) = 2mi lim z—im/2 7” m

= = = 2.
z—ir/2 coshz sinh(iw/2)  sinmw/2 i

Exercise 2.8. Compute the integral § dz/(e*—1) over the circle of radius 4 centered around
3i.

2.3.2 Evaluation of Real-valued Integrals by Contour Integration
Example 2.3.8. Evaluate the following real-valued integral using contour integration:

* eikxdm
1:/.
2 +1

—00

Solution. Let f : C — C be given by f(z) = ¢"*¥/(2% 4 1). Observe that f has simple poles
at z = +i. Let C = Cy U CR be the contour in the complex plane show in Figure 2.15.
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Consider the integral

eikzdz eikz dz 6ikzdz
/z2+1 :/z2+1 +/z2+1‘
C Cq Cr

Our plan is to use the Cauchy’s formula to show that the integral along C' is 2wiRes(f;1),

. . ihz(y_j —k . L
where Res(f;4) = lim,_; < z2(j11) = %, and then, with the correct parameterization, we

can show that the integral along C converges to I as R — 0, and that the integral along
Cpr converges to 0 as R — oo.
First, evaluate the integral along C. Parameterize Cy by z = x 4+ 0i for —R < = < R.

Therefore, dz = dx.
eik:zdz R eikzdz i eikzxdx
/z2+1 :/22—|—1 :/x2+1 -

C -R -R

Observe that in the limit R — 0, this is equivalent to the integral we must find.
Next evaluate the integral along Cy. Parameterize Co by z = e = Rcos(6) +iRsin(6).
Therefore, dz = Rie®df. This gives

etkz g % eikR(cos(Q)Jri Sin(@))RieRine
/z2+1_/ (Rei)2 + 1
Ca

We must consider what happens to the magnitude of the above integral as R — Foc0.

etk R(cos(6)+i sin(@))RieRiG
(Re?)2 +1

df (by triangle inequality)

sz (cos(0)+1 s1n(6))R26R16’d0 A
<
/ Ret?)? +1 N /

™

etk R cos(0)—kRsin(0)
<r [ |

R26219 +1 dg

df (because ‘eikRCOS(e)} <1).

0

7| o—kRsin(0)
< R/ R2e2i0 4 1

0
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because the term R2e?? must lie

Observe that for B — oo, we have‘
between —R? and R2.

1 1
R262i9+1‘ S R2-1>

o—kRsin(0) ‘ do

w/2
—kRsin( 0)‘ 0
<oy [ Il
2
< RQR - / —kRZ 1 (because sin(6) > 2 for all 6 € [0, ]).

0

This final integral is one that we can evaluate.

w/2

2R _wr2 ., 2R [(w(l—e M)

R2—1/e ﬂdH—R2_1< STA —0 as R— oc.
0

All in all, we see that

ikzd

/622—>0 as R — oo.
z¢+1

Co

From here, we use Cauchy Formula which gives us f 2+dlz = 2miRes(f,i) = (2mi)(e™*/2i) =

me~*. This implies that our final answer is
oo
[ / ek dy o
N x24+1 ek’
—0o0
Observe that Example 2.3.8 is an application of Jordan’s lemma, formally stated in
_ 1
Lemma 2.3.9, where g(z) = 7.
Lemma 2.3.9. (Jordan’s Lemma) Let Cr be a contour of an infinite semicircle in the

upper-half of the complex plane (this is the semicircle piece shown in Figure 2.15). Let f(2)
be a function of the form f(z) = €'%%g(z), 2 € Cg and limp_,o |g(Re?)| = 0. Then,

/ f(2)dz| < T,

where Mg = maxge(o |g(Rew)|.
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Example 2.3.10. Evaluate the integral

+o0o ( )d
cos\wx)ax
e [ e
—00

Note: the respective indefinite integral is not expressible via elementary functions and one

needs an alternative way of evaluating the definite integral.

Solution. Observe that
“+o00

/ sin(wz)dx _

14 22

—0o0
just because the integrand is odd (skew-symmetric) over x. Combining the two formulas

above one derives

+o00 +oo +oo
cos(wx)dx sin(wx)dx exp(iwz)dx
L= | 5+ 2 =] Fi.2
1+z 1+z 14+
—0o0 —0oQ —00

Consider an auxiliary integral

exp(iwz)dz
IR = f W, w > O,

where the contour consists of half-circle of radius R and the straight line over real axis from
—R to R shown in Fig. 2.15. Since the function in the integrand has two poles of the first

order, at z = 44, and only one of these poles lie within the contour, one derives

Ip = 2miRes FXP(“"Z), —|—z’] _ 9 P

1322 = mexp(—w).

1

On the other hand Ir can be represented as a sum of two integrals, one over [—R, R], and
one over the semi-circle. Sending R — 0o one observes that the later integral vanishes, thus
leaving us with the answer

I = mexp(—w).

Example 2.3.11. Evaluate the integral

“+00

dx
I =
/ coshz’

— 00

reducing it to a contour integral.
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v

Figure 2.15: See Example 2.3.10.

Solution. Consider contour shown in Fig. 2.14 at a — oo. Integral along the real axis
coincides with the desired integral. Integrals over left (up) and right (down) vertical portions
give zero in the a — oo limit (because the respective integrands decays to zero exponentially).
Note that

exp(r +im) + exp(—x —im)  exp(z) + exp(—z)

cosh(z + im) = 5 = 5 = — cosh(x).
1 —00
Therefore the fourth part of the contour becomes, [ dx/cosh(z + im) = I. Summing up
im+00

the four pieces and utilizing the result of Example 2.3.7 one derives, I + 04041 = 2, i.e.
I = 7. Obviously the integral can also be evaluated directly (via anti-derivative and definite

integral)

I = 2arctan(tanhz/2)|*% = g - (fg> I

Exercise 2.9. Evaluate the following integrals reducing them to contour integrals
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0
Figure 2.16
exp(ikx)dx
@ [ SR
cosh(z)
Cauchy Principal Value
Consider the integral
/sin(aaz)dm7 (2.27)
x
0

where a > 0. As became custom in this part of the course let us evaluate it by constructing
and evaluating a contour integral. Since sin(az)/z is analytic near z = 0 (recall or google
L’Hopital rule), we build the contour around the origin as shown in Fig. 2.16. Then going

through the following chain of evaluations we arrive at

o0

/Sin(ax)d:n _ 1 / sin(az) @ (2.28)
x 2 z
0 [a—b—c—d]
1 . .
_ 1 exp(iaz)  exp( zaz)) @
43 z z
[a—b—c—d]
_ l / dzexp(iaz)
43 z
[a—b—c—d—e—a]
1 exp(—iaz) 1 ) T

[a—b—c—d— f—al
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(Note that a lot of details in this chain of transformations are dropped. We advise the
reader to reconstruct these details. In particular, we suggest to check that the integrals over
two semi-circles in Fig. 2.16 decay to zero with r — 0 and R — oo. For the latter, you
may either estimate asymptotic value of the integral yourself, or use the (Jordan’s) Lemma
2.3.9.)

The limiting process just explained is often refereed to as the (Cauchy) principal value

of the integral

PV / expliz)de / expliz)de _ (2.29)

In general if the integrand, f(x), becomes infinite at a point x = ¢ inside the range of

integration, so that the limit on the right of the following expression

R c—e R

/ f(@)dz = lim / daf(z) + / dofx) |, (2.30)

e—0
—-R —R cte
exists, we call it the principal value integral. (Notice that any of the terms inside the brackets
on the right if considered separately may result in a divergent integral.)

Consider another example

d 3
° —log - (2.31)
X

where we write the integral as a formal indefinite integral. However, if a < 0 and b > 0 the

integral diverges at z = 0. And we can still define

PV/ — lim /d‘” /dm = lim <10g€+log b) “log 2, (2.32)
e—0 —a € |al

excluding e vicinity of 0. This example helps us to emphasize that the principal value is
unambiguous — the condition that the e-dependent integration limits in [ ~© and fa are taken
with the same absolute value, and say not [ ~¢/2 and fe, is essential.

If the complex variables were used, we could complete the path by a semicircle from —e
to € about the origin (zero), either above or below the real axis. If the upper semicircle were
chosen, there would be a contribution, —im, whereas if the lower semicircle were chosen, the
contribution to the integral would be, —iw. Thus, according to the path permitted in the
complex plane we should have f; dz/z =log(b/|a|) &= im. The principal value is the mean of

these two alternatives.
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Cy

A 4

Figure 2.17: See Example 2.3.12.

2.3.3 Contour Integration with Multi-valued Functions

Contour integrals can be used to evaluate certain definite integrals.

Integrals involving Branch Cuts

We discuss below a number of examples of definite integrals which are reduced to contour

integrals avoiding branch cuts.

Example 2.3.12. Evaluate the integral

oo
/ dx
Vao(z2+1)
0
reducing it to a contour integral.

Solution. The square root in the integrand, v/z = exp((log z)/2, is a multi-valued function,

therefore it must be treated with a contour containing a branch cut. Consider

where the contour is shown in Fig. 2.17. The contour is chosen to guarantee that

r—0: /dx—>0
' Vo(x? +1) ’
Co

dx
R : —_— 0
-0 /\/E(x2+1)_> :
Cy
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where the integral is broken in four parts, [ + [ 4+ [ 4+ [. Then resulting (assuming that
Ci Cy C3 (4
r—0and R — c0) in

7{ dz B / dz n / dz B 2/ dz
V(22 +1) ) V(2 ) V(22 +1) T a4+ 1)
C1 Cs 0
On the other hand the full close contour contains two poles of the integrand, at z = 44, in

the interior, therefore

mi (Res (at z = i) + Res (at z = 1)),

P ) = lim 1 _exp(3mi/4)
Res at 2 =) = lim (F(2)(z = 1) = lim = s = PO,
1 B exp(—37ri/4)’

Res(atz:—i)Ziii)%(f(z)(z+i))_£i%\[(z_z)_ 2

Summarizing one arrives at the following answer

/ - ;1;;+ - (exp(327ri/4) - exp(—237ri/4)> _
0

T
V2
Exercise 2.10. Evaluate the following integral
/ dx
x/r —1
1
Example 2.3.13. Compute the following integral reducing it to a contour integral

1
/ A (2.33)
0

Solution. Let us analyze contour integral with almost the same integrand

dz dz
j{ 22/3(2 — 1)1/3 = 7(z)’ (2.34)

and the contour, shown in Fig. (2.18a), surrounding the cut connecting two branching points
of f(z), at z =0 and z = 1 (both points are the branching points of the 3rd order).

Recall that the cuts are introduced to make functions which are multi-valued in the

complex plain (thus the functions which are not entire, i.e. not analytic within the entire
complex plain) to become analytic within the complex plain excluding the cut. Cut also
sets the choice for the (originally multi-valued) function branches. In the case under consid-
eration f(z) := 22/3(z — 1)'/3 has the following parameterization as we go around the cut

(in the negative direction):
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Figure 2.18: See Example 2.3.13.

o1
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Sub-contour Parametrization of z Evaluation of f(z)

Cy :=[a — ] x1, 1 € [r,1 —7] xf/3|1—x1]1/3exp(i7r/3)
Cy:=[b—c] | 1+rexp(ifs), 02 € [1,—7] /3 exp(if/3)

Cs :=[c—d] x3, w3 € [l —r,7] xg 3\1—m3]1/3exp(—i7r/3)
Cy:=1[d — a rexp(ify), 04 € [27,0] r2/3 exp(i204/3 + in/3)

Next we compute integrals with the same integrand over the sub-contours, C1, Csy, C3, Cy
1

dz dxy .
B = —im/3)1, 2.35
& f(Z> / :L'?/?’(l _ xl)l/S 6Xp(i7r/3) eXp( 7’7"-/ ) ( )
dz . r ir exp(ifz)db2
flz) / (1 + r oxp(i62)) 23 (r expl(ifa) /3 " 0 (2.36)
Co T
0
dz ds .
N = - 3)1 2.37
Cs fz) / $§/3|1 — x3|1/3 exp(—im/3) exp(im/3) (2.37)
0
dz irexp(ify)dfy
4@ / (r exp(i62))273(r exp(ifs) — 118 0" (2.38)

Taking advantage of f(z) analyticity everywhere outside the [0, 1] cut and using Cauchy’s
integral theorem let us transform the integral over, C; U Co U C5 U CY4, to the integral with
the same integrand over the contour C' shown in Fig. (2.18)

dz n dz . dz n dz _ dz .
J f(z) d f(z) J f(z) J f(z) J f(z)

On the other hand the contour integral over C can be computed in the R — oo limit:
0 2

(2.39)

dz iR exp(i16)do / '
/) / R2/3 exp(2i6/3) (Rexp(if) — 1)1/ 7" mi. o (2.40)
C 2 9
Summarizing Egs. (2.33, 2.34,2.35,2.36,2.37,2.38,2.39,2.40) one arrives at
= . T (2.41)

—exp(in/3) + exp(—in/3) sin(w/3) /3
It may be instructive to compare this derivation with an alternative derivation of the
integral discussed in [1].
Exercise 2.11. Evaluate the integral
1

dx
/ e (242)

-1

by suggesting and evaluating an equivalent contour integral.
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2.4 Extreme-, Stationary- and Saddle-Point Methods (*)

In this auziliary * Section, we study the family of related methods which allow to approxi-
mate integrals dominated by contribution of a special point and its vicinity. Depending on
the case it is called extreme-point (which is also called Laplace method), stationary-point or
saddle-point method (which is also called steepest-descent method). We start discussing the
extreme-point version, corresponding to estimating real-valued integrals over a real domain,
then we turn to estimation of oscillatory (complex-valued) integrals over a real interval
(stationary-point method) and then generalize to complex-valued integrals over complex
path (saddle-point method, or steepest-descent method).

Extreme- (or maximal-) point method applies to the integral

b

I = /dxexp(f(x)), (2.43)

a

where the real-valued, continuous function f(x) achieves its maximum at a point z¢ €]a, b].
Then one approximates the function by the first terms of its Taylor series expansion around
the maximum

(x — m9)?

f(x) = f(z0) + 5

where we assume f/(x9)=0. Since zg is the maximum, f’(z¢) = 0 and f"(z) < 0, and

F"(x0) + O ((x — 20)) , (2.44)

we consider the case of a general position, f”(zg) < 0. One substitutes Eq. (2.44) in
Eq. (2.43) and then drops the O((z — z¢)?) term and extends the integration over [a, b] to
| — 00, 00[. Evaluating the resulting Gaussian integral one arrives at the following extreme-

point estimation

27
L — T(CUO) exp (f(zo)) - (2.45)

This approximation is justified if | f”(zo)| > 1.

Example 2.4.1. Estimate the following integral

—+00

I= / drexp(f(x), f(x) = az® —at/2,

—0o0
at sufficiently large positive « using the extreme-point method.

Solution. Let us find all stationary points of f(z) (extreme point of the integrand). Solving
f'(zs) = 0, one gets that either x4 = 0 or 3 = +4/a. Values of f at the extreme-points

*Here and below we will mark auziliary Sections with *. These Sections can be dropped at the first

reading. Material form the auxiliary Sections will not contribute midterm and final exams.
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are f(0) = 0 and f(+y/a) = a?/2, and we thus choose the dominating extreme point,
xs = ++/a, for further evaluations. In fact, and since the two (dominant) extreme-points

are fully equivalent, we pick one of them and then multiply estimation for the integral by

two:
+o0 +oo
Iz26xp(a2/2)/dxexp(f”(\/a)x2/2):2exp(a2/2)/dazexp(—QaazZ)
= exp(0?/2)) [ -

where we also took into account that f”(+/a) = —4a.

The same idea, known under the name of the stationary-point method, works for highly

oscillatory integrals of the form

b
I, = /dx exp (if(z)), (2.46)

a
where real-valued, continuous f(x) has a real stationary point xg, f'(xo) = 0. Integrand
oscillates least at the stationary point, thus guaranteeing that the stationary point and its
vicinity make dominant contribution to the integral. The statement just made may be a
bit confusing because the integrand, considered as a function over z is oscillatory making,
formally, integral over x to be highly sensitive to positions of the ends of interval. To make
the statement sensible consider shifting the contour of integration into the complex plain
so that it crosses the real axis at z along a special direction where i f”(zq)(z — 29)? shows
maximum at zo then making the resulting integrand to decay fast (locally along the contour)

with |z — zo| increase. One derives

Iy ~ exp (i f(x0)) /dm exp (if”(xo)/Z(x — xo)Q)

_ |f”2(7;o)| exp (i f (zo) + isign(f" (x0))7/4) ,

where dependence on the interval’s end-points disappear (in the limit of sufficiently large

" (zo)])-

Example 2.4.2. Estimate the following integral

+0o0
IL— / dzexp(if(z)), f(z) = az® —a*/2,

at sufficiently large positive « using the stationary-point method.
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Solution. We can re-use here results of the Example 2.4.1. The stationary points of the
integrand are the same: x5 = 0 and z; = ++/a. Values of f at the stationary points are
f(0) =0 and f(+v/a) = a?/2 resulting in 1 and exp(ia?/2) contributions to the integrand.
Therefore, in the asymptotic (large «) estimation we should keep all three contributions to
the integral. Computing second derivatives at the three stationary points, f”(0) = 2a and
/" (£y/a) = —4a, estimating the three contributions to Is according to Egs. (2.48), and

finally summing them up we arrive at

I ~ 2exp(z’a2/2)/dxexp(—2icmc2) —|—/dxexp(ia:c2)

= 2exp(ia?/2 — m/4)\/g + \/f exp(in/4).

Now in the most general case (of the saddle-point method, also called the steepest-descent

method) we consider the contour integral

I3 = /dzexp (f(2)), (2.47)
C

assuming that f(z) is analytic along the contour, C, and also within a domain, D, of the
complex plain, the contour is embedded in. Let us also assume that there exists a point, 2y,
within D where f’(zp) = 0. This point is called a saddle-point because iso-lines of f(z) in
the vicinity of zp show a saddle — minimum and maximum along two orthogonal directions.
Deforming C' such that it passes zg along the “maximal" path (where f(z) reaches maximum

at zp) one arrives at the following saddle-point estimation

27
I 2.48
s\ oy e (Flen). (2.49)
where the square-root sign stand for its main (standard) branch, i.e. V0 € [0,27] : /exp(if) =

exp(i6/2). In what concerns applicability of the saddle-point approximation — the approxi-
mation is based on truncating the Taylor expansion of f(z) around zg, which is justified if
f(2) changes significantly where the expansion applies, i.e. |f”(z0)|R? > 1, where R is the
radius of convergence of the Taylor series expansion of f(z) around zg.

Two remarks are in order. First, let us emphasize that f(zp) and f”(zp) can both be
complex. Second, there may be a number (more than one) of saddle points in the region
of the f(z) analyticity. In this case one picks the saddle-point achieving maximal value (of
f(20)). In the case of degeneracy, i.e. when multiple saddle-points achieves the same value,
as was the case both in the Example 2.4.1 and Example 2.4.2, one deforms the contour to
pass through all the saddle-points then replacing right hand side in Eq. (2.48) by the sum

of the saddle-point contributions.
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Exercise 2.12. * Estimate the following integrals

—+00

(a) / dx cos (ax2 - x3/3) ,

—00

“+o0

(b) / dx exp (—m4/4) cos(ax).

—0o0

at sufficiently large positive a through the saddle-point approximation.

In summary, the important lesson (take away) of extreme-, stationary-, saddle-point
analysis of the complex integrals is in our principal ability to search for regions dominating
the integrals enabled by analyticity of the integrand. We achieve it shifting the integration
contour — (a) making it go through the point(s) where the absolute value of the integrand
max out and (b) forcing the contour to ascent and descent the point(s) along the steepest
direction, therefore exploring the fact that any of the max-points are saddle-points. The
approach allows to extract asymptotic behavior of the integral in the regime where we have
a parameter making the ascent/descent infinitely steep in the limit.

Two Homework Assignments associated with the Chapter 2 are:
e HW1: Exercises 2.1-2.6.

e HW2: Exercises 2.7-2.12.



Chapter 3
Fourier Analysis

Fourier analysis is the study of how functions may be represented or approximated by their
oscillatory components. Decomposing a function into its oscillatory components (or basis
functions), which requires computing the correct coefficients for each component, is achieved
by computing an integral. Similarly, recomposing the function from its orthogonal basis func-
tions is achieved by computing a sum or an integral. When the oscillatory components take
a continuous range of wave-numbers (or frequencies), the decomposition and recomposition
are referred to as the Fourier transform and inverse Fourier transform. When the oscillatory
components take a discrete range of wave-numbers (or frequencies), the decomposition and
recomposition are referred to as a Fourier Series.

Fourier analysis grew from the study of Fourier series, which is credited to Joseph Fourier
for showing that the study of heat transfer is greatly simplified by representing a function
as a sum of trigonometric basis functions. The original concept of Fourier analysis has been
extended over time and now applies to more general and more abstract situations. The field

is often called harmonic analysis.

3.1 The Fourier Transform and Inverse Fourier Transform

Certain functions f(x) can be expressed by the representation, known as the Fourier integral,

f(x) = (271r)d /Rd dk exp (szm) f(k), (3.1)

where k = (ki,--- ,kq) is the “wave-vector", dk = dk; ---dkgy, and f(k) is the Fourier

transform of f(x), defined according to

f(k) = /Rd dx exp (—ikTm) f(x). (3.2)

57
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Eq. (3.1) and Eq.(3.2) are inverses of each other (meaning, for example, that substituting
Eq. (3.2) into Eq. (3.1) will recover f(x)), and it is for this reason that the Fourier inte-
gral is also called the Inverse Fourier Transform. Proofs that they are inverses, as well as
other important properties of the Fourier Transform, rely on Dirac’s J-function which in

d-dimensions can be defined as

o(x) = (2711)01 /Rd dk exp(ikTx). (3.3)
We will discuss Dirac’s é-function in Section 3.3, primarily for d = 1.

At first glance, it might appear that the appropriate class of functions for which Eq. (3.1)
is defined is one where both f(z) and f(k) are integrable. We will demonstrate how the
definition of the J-function permits Eq. (3.1) to be defined over a wider class of functions
in Section 3.4. More careful consideration of the function spaces to which f(z) and f(k)
belong will be addressed in the Theory course (Math 584).

In the interest of maintaining compact notation and clear explanations, important prop-
erties for the Fourier Transform will be presented for the one dimensional case (Section 3.2),
but each property applies to the more general d-dimensional Fourier transform. There are
only a few functions for which their Fourier transform can be expressed by a closed-form

representation, see Section 3.4.

Remark. There are alternative definitions for the Fourier transform and its inverse; some
authors place the multiplicative constant of (27r)~¢ in the definition of f(k), other authors

—d4/2 and

prefer the ‘symmetric’ definition where both f(x) and f(k) are multiplied by (27)
still others place a 27 in the complex exponential. It is important to read widely during
graduate school, but be warned that the specific results you find will depend on the exact

definitions used by the author.

3.2 Properties of the 1-D Fourier Transform

In the d = 1 case,  may play the role of the spatial coordinate or of time. When x is the
spatial coordinate, the spectral variable k is often called the wave number, which is the one
dimensional version of the wave vector. When z is time, k is often called frequency and
given the symbol w. The spatial and temporal terminologies are interchangeable.
Linearity: Let h(z) = af(x) + bg(x), where a,b € C, then

= x h(x)e = z (af(x z)) ek

h(k)—/Rd h(x) /Rd (af (x) + by(2))

=a / dz f(z)e ™ 4+ b / dz g(x)e™™ = af (k) + by(k). (3.4)
R R
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Spatial/Temporal Translation: Let h(x) = f(x — zp), where 2y € R, then

h(k) = /Rdac h(z)e ™ = /Rdx f(x — zp)e e = /Rdx'f(x')e_ik”l_ikxo = e ko (k).

(3.5)
Frequency Modulation: For any real number ko, if h(x) = exp(ikoz)f(z), then
h(k) = / dx h(z)e ke = / dx f(x)etkore=tke — / d f(x)e F=ho)e — f(f — ko).
R R R
(3.6)

Spatial/Temporal Rescaling: For a non-zero real number a, if h(x) = f(ax), then

h(k) = / dx h(z)e ™ = / dz f(az)e ™ = |a|™! / dz’ f(z)e **'/e = |a| ' f(k/a).
R R R
(3.7)
The case a = —1 leads to the time-reversal property: if h(t) = f(—t), then h(w) = f(—w).

Complex Conjugation: If h(z) is a complex conjugate of f(x), that is, if h(z) = (f(z))*,
then

h(k) = / dz h(z)e— ™ = / dz (f(z)) e = / dz (f(:r:)eik”“")* — (f(—k))*.
R R R
(3.8)
Exercise 3.1. Verify the following consequences of complex conjugation:

(a) If f is real, then f(—k) = (f(k))* (this implies that f is a Hermitian function.)

(b) If f is purely imaginary, then f(—k) = —(f(k))*.

A~

(¢) T h(x) = Re(f(x)), then h(k) = & (F(k) + (F(~k))")-
(@) 16 h(w) = Tm(f(2)), then h(k) = & (k) — (F(-R))°).

Exercise 3.2. Show that the Fourier transform of a radially symmetric function in two
variables, i.e. f(z1,72) = g(r), where r? = 23 +23, is also radially symmetric, i.e. f(k:l, ks) =
f (p), where p? = k? 4+ k2. (We remind that in polar coordinates (r,6) a radially symmetric

function does not depend on the angle 6.)

Differentiation: If h(z) = f’(z), then under the assumption that |f(z)| — 0 as z — +oo,

h(k) = /IR dz h(z)e™ e = /R d f(z)e~ e = [f(a;)e*ikx] io - /R d(—ik) f (x)e e
= (ik) f (k). (3.9)
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Integration: Substituting k = 0 in the definition, we obtain f(0) = 75 f(x) dx. That is,
the evaluation of the Fourier transform at the origin, £ = 0, equals the integral of f over all
its domain.

Proofs for the following two properties rely on the use of the d-function (which will not be
addressed until Section 3.3), and require more careful consideration of integrability (which
is beyond the scope of this brief introduction). The following two properties are added here

so that a complete list of properties appears in a single location.

Unitarity [Parceval/Plancherel Theorem]|: For any function f such that [ |f|dz < oo
and [ |f|* < oo,

[ awlt@p = [ s @y = [ ae [T Preb ) [T et (i)

—00 —00 —00 —co 4T —00
1 e N 2
— [ ak|fk)> (3.10)

:277 o

Definition 3.2.1. The integral convolution of the function f with the function g, is defined

as

(f % g)(x) = /R dy gz — 9)(y), (3.11)

Convolution: Suppose that h is the integral convolution of f with g, that is, h(x) =
(f * g)(x), then

~ N

(k) = /R d h(z)e = /R dz /R dy f(z — e ® = fRgh).  (3.12)

The convolution of a function f with a kernel g is defined in Eq. (3.11). Consider whether
there exists a convolution kernel g resulting in the projection of a function to itself. That
is, can we find a g such that (g* f) = f for arbitrary functions f? If such a g were to exist,
what properties would it have?

Heuristically, we could argue that such a function would have to be both localized and
unbounded. Localized because for the convolution [dyg(x — y)f(y) to “pick out" f(z),
g(z — y) must be zero for all x # y. Unbounded because we also need g(x — y) to be
sufficiently large at x = y to ensure that the integral in the middle of Eq. (3.12) could be
nonzero.

Such a degree of ‘un-boundedness’ over a localized point is impossible under the tradi-
tional theory of functions, but nonetheless, an unbound ¢(z) was introduced by Paul Dirac

in the context of quantum mechanics. It was not until the 1940’s that Laurent Schwartz
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developed a rigorous theory for such ‘functions’, which became known as the theory of dis-
tributions. We usually denote this ‘function’ by 6(x) and call it the (Dirac) d-function. See
[1](ch. 4) for more details.

3.3 Dirac’s delta-function

3.3.1 The J-function as the limit of a §-sequence

We begin our study of Dirac’s §-function by considering the sequence of functions given by

suzy = e lElse2 (3.13)
0, |z| > €/2

The point-wise limit of ¢, is clearly zero for all x # 0, and therefore the integral of the limit

of . must also be zero, that is,
limdc(x) =0 = / dx lim fe(z) = 0. (3.14)
e—0 e—0

However, for any € > 0, the integral of d. is clearly unity, and therefore the limit of the

integral of d. must also be unity

/ dzéc(z) =1 = liH(lJ dzd.(z) = 1. (3.15)
e—

Although, Eq. (3.14) suggests that d.(x) may not be very interesting as a function, the
behavior demonstrated by Eq. (3.15) motivates the use of d.(z) as a functional®. For any
sufficiently nice function ¢(z), define the functionals d¢[¢p] and &[¢] by

o0

3(6] = lim ¢] := lim [ d 6.() (). (3.16)

The behavior of [¢] can be demonstrated by approximating the corresponding integrals,
de[¢] for each € > 0:

0o €/2
5] = / dr 6.() 6 () = / dw%gb(x). (3.17)
—00 —¢/2

2In casual terms, a function takes numbers as inputs, and gives numbers as outputs, whereas a functional

takes functions as inputs and gives numbers as outputs
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Letting m,. and M, represent the minimum and maximum values of ¢(x) on the interval

—€/2 < x < €/2 gives the bounds
me < 0[p] < M. (3.18)
If ¢ is continuous at x = 0, the limit §.[¢] as € — 0 is given by

5[¢] = lim 6.[¢] = (0). (3.19)

e—0

In summary, §[¢| evaluates its argument at the point z = 0.

Now compare é.(z) to the sequence of functions given by

~ 1 €

The point-wise limit (z) is also zero for every x # 0, so as before, the integral of the limit

must be zero

ll_r)r(l) de(z) =0 = / dx 15% de(z) = 0. (3.21)

A suitable trigonometric substitution shows that the integral of Se(x) is also unity for each

€ > 0, and as before, the limit of the integrals must be unity:

/dm(i(x)zl = lim dz o () = 1. (3.22)
€—

As with 6 (z), we can use d.(z) to define the functionals d.[¢(z)] and 6[¢] by

o0

8[g] = lim bc[g] == lim | de(w)g(x)da. (3.23)

This time it takes a little more thought to find the appropriate bounds, but with some effort,

it can be shown that

0[¢] = lim 6[¢] = ¢(0) (3.24)

e—0
That is, 0[¢] also evaluates its argument at the point z = 0.
The sequences 0 (z) and d(z) both have the same limiting behavior as functionals, and
are examples of what is known as a J-sequence. Their limiting behavior leads us to the
definition of a d-function, which is defined as 0[¢] = [ dwd(x)p(x) = ¢(0).

Remark. The §-function only makes sense in the context of an integral. Although it is a
common practice to write expressions like §(x) f(x), as above, such expression should always
be considered as [, dx d(x) f(x)
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Alternative Definitions of the /-function

We have defined the J-function in Eq. (3.3) as the limit of a particular J-sequence, namely
the ‘top-hat’ function given in Eq. (3.14). One has to wonder whether there may be other
d-sequences which give the same limit. For example, consider

22
5(t) = lim — ¢

e (3:25)

To validate the suitability of Eq. (3.25) as an alternative definition of the d-function one
needs to check first that §(f) — 0 as € — 0 for all ¢ # 0, and second that [ dtd(t) = 1. (It
is easy to evaluate this integral as the complex pole integral and closing the contour, for
example, over the upper part of the complex plane. Observing that the integrand has pole
of the second order at t = ie, expanding it into Laurent series around ie and keeping the
¢ = —1 coefficient, and then using the Cauchy formula for the contour integral, we confirm

that the integral is equal to unity.)

Exercise 3.3. Validate the following asymptotic representations for the §-function

() 5(0) = iy ——exp (—t2> ,

(b) 8(t) = lim =05

n—oo Tnt2
In many applications we deal with periodic functions. In this case one needs to consider

relations hold within the interval. In view of the J-function extreme locality (just explored),

all the relations discussed above extend to this case.

Example 3.3.1. Validate the following asymptotic representation for the §-function on the

interval (—m, )

5(0) = 1i Lo
e 27(1 — 2rcos(0) +12)’

where r - 1~ meansr=1—¢, € >0, ¢ = 0.

Solution. For 0 < r < 1, define 6,(0) = 27r(1—211~;orj(9)+r2)' To show that d,(0) is a d-sequence,

we must show:

i. lim 6,(0) = 0 for each 6 # 0,

r—1-

ii. / 0r(0)df =1 for r <1 (i.e. for € > 0 where r =1 —¢).

—Tr
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i. To show that the point-wise limit of d,() is zero for each 6 # 0, note that for any 6 # 0,
lim, ;- 1 —2rcos() + 72 > 0 but lim,_,;- 1 — 72 = 0.

ii. To show that 0,(6) integrates to unity for each r. There is a clever trick that evaluates
this integral by a complex-valued contour integral. Let C' be the parameterization of the

unit circle z(0) = 1€ for —r < 6 < 7. Therefore dz = ie??df = izdf. Now consider

T

g 1 1—r?
/ 0r(6)df = o / 1 —2rcos(6) +1r? 40

—T

1 1—7r2 dz
2 ) 1 —r(e? 4 e0) 412 iz
C
1 1—r? dz

Tomi ) T—r(z+1/2)+1% 2

C
1 1—7r?
/ r dz
= om + (1 +7r2)z—rz2?

C
1 1—r2
/sz
o (I—rz)(z—r)

C

The integrand has a simple pole inside the contour at z; = r with residue equal to 1. (There

is also a simple pole at zo = 1/r with residue r, but this is irrelevant because it is outside
s

the contour.) Therefore, [ §,(6)dd = 1. O

3.3.2 Properties of the )-function

Example 3.3.2. For b, ¢ € R, show that c¢d(z — b) f(z) = cf(b)d(x —b).
Solution. We need to show that (a) the two functions are zero at x # b (which is trivial)

and (b) that their integrals are equal: f drco(x —b)f(x) =c f dyd(y)f(y+b)

Example 3.3.3. For a € R, show that §(ax)f(z) = d(z)f(0)/|al.

Solution. We need to show that (a) the two functions are zero at  # 0 (which is trivial) and
o0

(b) that their integrals are equal: 770 dzxd(azx)f(zx) = j‘o fg" () f(y/a) = ;f dzd(z)f(0)/]al =
f(0)/lal.

Example 3.3.4. Show that the Fourier transform of a d-function is a constant.

Solution. S(k) = [ dxd(z)e e = 0 = 1.

Example 3.3.5. Show that
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[k
= / ﬂexp(zkx)

(b) The Fourier transform of a constant is a d-function.

Solution. (a) We identify the expression on the RHS as the inverse Fourier transform of
[e.e]

the function f(k) = 1: f(z) = 5 [ dk1e’**. Even though the constant function is not
—o0
integrable in the traditional sense, the theory of distributions (which are functionals of the

d-function type) allows us to give meaning to this integral. We know that the J-function
is defined so that for any suitable function ¢(z), [ dzd(z)p(z) = ¢(0). Even if we cannot
integrate f(z) directly, but can show that, [ d:v f(@)p(x) = ¢(0), for every suitable test
function, ¢(x), then we can assert that, f(z) = d(x).

(v)
Flo()) = /dw / 1o = /d"" /d e —mz/;lfrwk)

- / S R = 6(0).

—00

And since, f[p] = ¢(0), for every suitable test function ¢, we say that f(z) = 0(z).

3.3.3 Using /-functions to Prove Properties of Fourier Transforms

We now return to proving (1) that the Fourier Transform and the inverse Fourier Transfrom

are indeed inverses of each other, (2) Plancherel’s theorem and (3) the convolution property.

Proposition 3.3.6. The Fourier Transform of the convolution of the function f with the

function g is the product f(k)g(k)

— [ax [y g - pse™
_ /dx /oo dy/ dkl/ 272 1§ (ko etk (2 —y)Fiky

e}

/dkl /dsz (k1)g(k )/;ire_lkx'“klx/;iyre—ikw—f—ikmy

—0o0 —0o0 —0o0
o0 o0

= / dker f (k)8 (k — k1) / dks §(k2)d (k1 — ko) = f(k)g(k)

—00 —0o0
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where in transition from the first to the second lines we exchange order of integrations

assuming that all the integrals involved are well-defined.

Proposition 3.3.7. Unitarity [Parceval/Plancherel Theorem]:

/_ O; da) f(z)[? = / df(x / / s gitie (1) / 2 oitor (f(h)”
— / dkl/ dks f( kl fk )) 2177/00 dz exp(iz (k1 — k2))
- %/_wdlﬂ /_Oodef(kl) f(kz))* (z —y)

1 [ P
— 5= [ i

Remark. Using the §-function as the convolution kernel yeilds the self-convolution property:

f(x) = / dys(x — ) (y). (3.26)

Consider d-function of a function, §(f(x)). It can be transformed to the following sum

over zeros of f(x),

1
) = Zn: m5($ — Yn)-

To prove the statement, one, first of all, recall that d-function is equal to zero at all points
where its argument is nonzero. Just this observation suggest that the answer is a sum of
d-functions and what is left is to establish weights associated with each term in the sum.
Pick a contribution associated with a zero of f(z) and integrating the resulting expression

over a small vicinity around the point, make the change of variable

df
f'(=)

Because of the §(f(x)) term in the integrand, which is nonzero only at the zero point of

/da:é(f(m)) - 5(f(@)).

f(z), we can replace f’'(x) by f’ evaluated at the zero and move it out from the integrand.

The remaining integral obviously depends on the sign of the derivative. [

3.3.4 The ¢-function in Higher Dimensions

The d-dimensional d-function, which was instrumental for introducing d-dimensional Fourier

transform in Section 3.1, is simply a product of one dimensional d-functions, d(x) = d(z1) - - - 6(xp,).

Example 3.3.8. Compute the d-function in polar spherical coordinates.
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Solution. Functional expressions for the J-function in the Cartesian frame and Polar frame

Fr) = / 5(r — 7) f(7)di = / 5z — D)0y — )0(= — 2)f (@5, )dadgds,  (3.27)
_ / 500 — 0)5(6 — )3(r — 7) (7, 6, &) didiidd. (3.28)

On the other hand the volume element transformation from the Cartesian frame to the Polar

frame is
d7 = didgdz = 72 sin 0drdfd . (3.29)
Combining Egs. (3.27,3.28,3.29) we derive

8(0 — 0)5(¢ — P)o(r — 7).

72 sin 0

(r—7) =

3.3.5 Formal Differentiation: The Heaviside Function and the Derivatives

of the j-function

The d-function is not technically a well-defined function, as it only exists in the context
of being integrated against a well-defined function. However, formally, using integration
techniques, we can write down a well-defined notion for a “derivative" of the J-function.
In fact, we can “differentiate" discontinuous or classically non-differentiable functions using
the same notion. Once again, we stress that this is not true differentiation, but rather
something that looks like differentiation in form. This technique is often referred to as
formal differentiation.

Substituting, f(z) = 1 into Eq. (3.26) we derive, [ dzd(z) = 1. This motivates

introduction of a function associated with an incomplete integration of the d(z)

0y) = /_ ’ dxd(:n):{ (1) yng (3.30)

called Heaviside- or step-function.

Exercise 3.4. Prove the relation

Hint: Yes, the step function will be useful in the proof.
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One gets, differentiating Eq. (3.30), that 6'(z) = d(x). We can also differentiate the
d-function. Indeed, integrating Eq. (3.26) by parts, and assuming that the respective anti-

derivative is bounded, we arrive at
/dy5’(y —2)f(y) = —f'(x) (3.32)
Substituting in Eq. (3.32), f(x) = zg(x) we derive
26 (x) = —6(x). (3.33)

Expanding f(z) in the Taylor series around = = y, ignoring terms of the second order (and

higher) in (z — y), and utilizing Eq. (3.34) one arrives at

f(2)d'(x —y) = f(y)d' (x —y) — f(y)d(x —y). (3.34)

Notice that ¢’(z) is skew-symmetric and f(x)d (x — y) is not equal to f(y)d' (x — y).

We have assumed so far that §’(x) is convolved with a continuous function. To extend it
to the case of piece-wise continuous functions with jumps and jumps in derivative, one need
to be more careful using integration by parts at the points of the function discontinuity. An
exemplary function of this type is the Heaviside function just discussed. This means that if

a function, f(z), shows a jump at z = y, its derivative allows the following expression

flx)=(fly+0) = fly—0)d(z —y) + g(x), (3.35)

where, f(y+0)— f(y —0), represents value of the jump and g(x) is finite at = y. Similar
representation (involving ¢’(z)) can be build for a function with a jump in its derivative.

Then the §(x) contribution is associated with the second derivative of f(x),

Exercise 3.5. Express t0”(t) via 0'(t).

3.4 Closed form representation for select Fourier Transforms

There are a few functions for which the Fourier transforms can be written in closed form.

3.4.1 Elementary examples of closed form representations

Example 3.4.1. Show that the Fourier Transform of a §-function is a constant.

Solution. See corollary 3.3.4 where we showed 6 (k) = 1.

Example 3.4.2. Show that the Fourier Transform of a constant is a §-function.
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Solution. In corollary 3.3.5 where we showed that the inverse Fourier transform of unity was
§(z). A similar calculation shows that 1(k) = 27 (k)

Example 3.4.3. Show that the Fourier transform of a square pulse function is a sinc

function:
b, |z|<a . 2b .
f(x) = = f(k) = — sin(ka)
0, |z|>a. k
Solution.
f(k) = / d:vf(ar)efikx = b/a dre e — 7b etk ’ = b (e*i’m eika)
R —a (_Zk) —a —ik
2b
== sin(ka). (3.36)

Example 3.4.4. Show that the Fourier transform of a sinc function is a square pulse:

sin(ax . w/a, |kl <a
o) = 0] g =
ax 0, |k >a.

There are a number of different solutions to this problem and it is instructive to look at

each one.
Solution.
R sjn(a;p) ik elax _ o—iax ik / e—z(k—a)ac / e_z(k_;,_a)x
k)= dr ———e "W = dr ———— 7T — dr —— dr ——
o) / Tar / YT 2iar ¢ ¥ Siax i
s e . o
I II
r/a, |kl <a
0, k| > a.

where the integrals I and 11 are computed by transforming them to contour integrals anal-
ogous to Eq. (2.28) with contours (distinct for the two contributions) shown in Fig. 2.16.

For both integrals, there is a simple pole at z = 0 with residue 1/(2ia). The contribution
from the pole is £(1/2)(27i)/(2ia) where the (1/2) arises from the fact that the pole lies
on the contour of integration and the 4/— is determined by the orientation of contour
(Contours that are closed in the upper-half plane do not need to be reversed (+) whereas
contours closed in the lower-half plane must be reversed (-)).

When k£ < a, the contour for I must be closed in the upper half plane and clockwise
traversal coincides with the orientation of I (i.e I = +7/(2a)). When k > a, the contour for
I must be closed in the lower half plane and clockwise traversal must be reversed to coincide
with the orientation of I, (i.e. I = —7/(2a)).
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Similarly, when k& < —a, the contour for I1 must be closed in the upper half plane and
clockwise traversal coincides with the orientation of IT (i.e II = +n/(2a)). When k > —a,
the contour for II must be closed in the lower half plane and clockwise traversal must be

reversed to coincide with the orientation of I, (i.e. 11 = —m/(2a)).

Solution. This solution uses the technique of ‘differentiating under the integral’, more for-
mally known as Leibniz’s integration rule. The integral is tricky because of the x in the
denominator. If we consider the integrand as a function of two variables, x and a, and
differentiate with respect to a, the x will disappear. We can then integrate with respect to
x without concern. Taking the anti-derivative of this result with respect to a to ‘undo’ the

earlier differentiation will yield the final answer. Define a function I(a) such that

. sin(az) _;
I(a) = g(k) = [ do 22 eike
(@ =gt = [ =00
The
a A7 mm»%z_f amm>_m_7 ite
T (al(a)) = 7o (/ dx pa— ) = [ dzx %a . e = [ dxzcos(ax)e

=nd(a—k)+ mo(a+ k)

So we know that (a I(a)) = nd(a—k)+md(a+k). Taking the anti-derivative with respect to
a to find a I(a) will give a square pulse function plus a constant of integration. The constant

of integration is determined to be zero by observing that lim,_al(a) = 0. Therefore

a

w/a k| <a
0 k| > a

I(a)zi/ﬂ5(d—k)+wé(d+k)dd:
0

Example 3.4.5. Find the Fourier transform of a Gaussian function

f(z) = aexp(—=bz?), a,b>0.

Solution.
f(k) = /dxf(:c)eik‘r =a / dze b e~k
R —00
A ik 2
= aexp (4()) / dx exp (b (1: + 2b> )

—0o0

~ % e ﬁ27d~w
—\/Bep I z'e

_ AW

= aexp 1 b
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Example 3.4.6. Let a > 0. Show that

(a) f@):ﬁ = f(k;):ge*alkl;
(b) gla) =e = g(k):= 1@23,2

Solution.

(a) If k < 0, the integral f (k) can be computed with a complex-valued contour integral.

Consider the semi-circular contour in the upper-half plane. The contour encloses a

simple pole at z = ia with residue e /(2ia).

. 1 1 A 1 m
k)= ———e 3y = omi ——eht = — ek,
1 (k) /z—i—iaz—ia 7r27§a, a
C
Similarly, if £ > 0, the integral f (k) can be computed with the semi-circular contour
in the lower-half plane. The contour encloses a simple pole at z = —ia with residue

—e~%/(2ia). For this contour, we must multiply to —1 to reverse the orientation of

the contour.

P 1 1 - 1 T
k) = fzkzd — 97 —ka _ 7ka.
1 (k) /z—i—iaz—iae ‘ m2z’ae ae

C

Combining these results gives f(k) = (m/a)e /¥,

(b) Split the integral for < 0 and for > 0.

[e.9]

0 00
g(kﬁ) _ / dr 67a|z|6fik:p — / dr eazefik::r +/ dr efaacefikz
—00 0
—00
1 1 2a
=
thk—a tk+a Kk +a

Exercise 3.6. Find the Fourier transform of

(8) f(a) = —

x4 4+ at’

(b) f(x) = sech(ax).

3.4.2 More advanced examples of closed form representations

We can find closed form representations of other functions by combining the examples above

with the properties in Section 3.2.
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Example 3.4.7. Let f(z) = e~ and define g(z) = (f % f * f % f)(2). Find (a) §(k) and
(b) g(z).

Solution. From Example 3.4.5, we know that f(k) = y/me ¥4, Therefore,
Gk = (F T = T )R = FR) - k) - FOR) - k) = (7))’
(Ve e

We recognize (k) as a Gaussian function (see example 3.4.5), and we know that if (k) is
a Gaussian in the form ay/(7/b)e */(4) then g(z) is the Gaussian ae ", A little algebra

shows we can re-write §(k) in this form by setting a = %7['3/2 and b = %:

g(x) = %W3/26_I2/4. O

Example 3.4.8. Let g(z) = max(0,1 — |z|) (sometimes called a ‘tent’ function). Compute
9(k).

Solution. Let f(x) = 1 if |x| < 1/2 and 0 otherwise. Note that (f x f)(z) = g(x). From
example 3.4.3, we know that the Fourier transform of a square pulse is a sinc function.

Therefore,

. 2
o) = F ) = () —sinca/2), 0

Example 3.4.9. Let f(t) be given by

cos(wot), |t| < A;
ft) =
0, otherwise;
where wy, A € R with A > 0. (a) Compute f(k), the Fourier transform of f, as a function
of wp and A. (b) Identify the relationship between the continuity of f and wy and A, and

discuss how this affects the decay of the Fourier coefficients as |k| — oo.
Solution.

(a) By the convolution theorem,

—

f(t) = cos(wot)rect 4 (t) = F(k) = Goseg (k) * Tect A (k),

where
COSmy (k) = m0(k — wp) + 7k +wo) and  recta(k) = QSink(f‘”f),
Therefore,
f(k:) — oo (k) R/ect\A(k) _ 27 sin(A(k — wo)) N 2 sin(A(k + wo)).

k‘—wo k+OJ0



CHAPTER 3. FOURIER ANALYSIS 73

Definition

+00 oo
f(k) = /f(:r)e—ik:xdx PEN f(z) = % / F(k)e= dk

Fourier Transforms Pairs

f(z) = d(z) f(k) =

f(x) = (2a)" ' H(1 = |z/al) f(k) = sinc(ak)
f(xz) = (2a)7" exp(—|z/al) flk)y=(1 ( k)?)~!
fx) = (V2ma)™' exp(—(2/a)?/2)  f(k) = exp(—(ak)?/2)
f(z) = (\/ﬂa)—lsech(m/za) fk) = ch(wak/Q)
f(z) = (ma)™t (1 + (x/a)?) 7" f(k) = exp(—|ak])
f(z) = (wa)~'sinc(z/a) f(k) = H(l — |ak|)
f(z) =1 F(k) =27 8(k)

(b) Some basic algebra shows that we can write f(k) as follows:

(k) = 27 <2k: sin(Ak) cos(Aw%—_iuéo cos(Ak) sm(Awo))

In general, the f(k) ~ 1/k as |k| — oo, unless wy and A satisfy sin(Ak) cos(Awg) = 0,
(ie. Awg = nm+ 3), then f(k) ~1/K2.

2
Exercise 3.7. Let a € C with Re(a) > 0 and define f,(z) := 7a2. If also b € C

a? + (2wx)
with Re(b) > 0, show that (f, * fp)(x) = fars(x).
Exercise 3.8. Show that

(a) g(z) =exp(iax)f(bx) = g(k):= f (k—ga)
(b) flz) =" = (k)= —%(H(k —1) =Tk +1)).

Here we have that
Lokl <1
(k) =

0, |kl >1.

3.4.3 Closed form representations in higher dimensions

Example 3.4.10. Let * = (21,22,...,24) € R? and use the notation |z| to represent
\/x% + 23 + -+ + 2%, Find the Fourier transform of g(z) = exp(—|z|?).




CHAPTER 3. FOURIER ANALYSIS 74

Solution.
~ _iT _ 2 _ 1.7
Gk) = [ g(x)e * Tdx = /e 2P etk @ g
Rd
— e—zf—z%—-~~—:z:§e—i(k1$1+k2z2+~~~+kdxddm

o o . . .
/~--/<e Tle ™2 | e xd) (e lklxle’k”?..e’kd“) dxidxs . . .dxg
R R

e~ o1 gy /e_mge‘ikmdxz /e_wg"'e_ikd”dl‘d
R R
= rexp(—k2/4) T exp(—k2/4) ... /7w exp(—k3/4) = 7% exp(—|k[2/4).

A P A E—

3.5 Fourier Series: Introduction

Fourier Series is a version of the Fourier Integral which is used when the function is periodic
or of a finite support (nonzero within a finite interval). As in the case of the Fourier
Integral /Transform, we will mainly focus on the one-dimensional case. Generalization of
the Fourier Series approach to a multi-dimensional case is straightforward.

Consider a periodic function with the period, L. We can represent it in the form of a

series over the following standard set of periodic exponentials (harmonics), exp(i27mnx/L):

fl@)= > foexp(2minz/L). (3.37)

n=-—oo
This, so-called Fourier series, representation of a periodic function immediately shows that

the Fourier Series is a particular case of the Fourier integral:

oo o0

o0 oo
Z fnexp (2minz /L) / dk§(k —n) = /dk: exp (2mikx /L) Z fnd(k—n). (3.38)
n=—00 e e n=—00
Like in the case of the Fourier transform and inverse Fourier transform, we would like to
invert Eq. (3.37) and express f,, via f(z). By analogy with the Fourier transform, consider
integrating the left hand side of Eq. (3.37) with the oscillating factor, exp(—2wikz/L)/L,
where k is an integer, over x € [0, L]. Applying this integration to the right hand side of
Eq. (3.37), we run into the following easy to evaluate integral (for each term in the resulting

sum)

L

' ' i(k—n)2m _ 1. k=
/d'rezkx%r/Le—znx%r/L _ ; — 6k,n — { ) n : (339)

L i(k—n)27r 0, k#n
0
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Definition
. +oo . 1 too )
fy = [ r@ettan e fa@ =g [ fgetar
Property Original Function Fourier Transform
Transformations
Linearity af(x)+bg(x) a f(k) +bg(k)
Space-Shifting flx —x) e~ ko f ()
k-Space-Shifting kot f () F(k — ko)
Space Reversal f(==z) f(=Fk)
Space Scaling f(ax) la| =1 f(k/a)
Calculus
Convolution g(x) * h(x) G(k) h(k)
Multiplication g(x)h(x) = (g(k) * iL(k))
Differentiation % (x) ik f (k)
Integration foxf(f) d¢ (%) f(k)
Real-valued vs Complex-valued functions
Conjugation (f(2)) * (f(—k)) i
Real and Even  f(z) real and even f(k) real and even

Real and Odd f(x) real and odd  f(k) imaginary and odd

Parseval’s Theorem / Unitarity

+oo 1 +oo
| it@P = o [ 1w a

75
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where expression in the middle is resolved via the LHopitale rule and Ok,m is the common
notation for the so-called Kronecker delta. We observe that only one term in the sum is
nonzero, therefore arriving at the desired formula
‘ d
fn= /;f(x) exp (—QWi%) . (3.40)
0
Notice that one may also consider Fourier Transform/Integral as a limit of the Fourier
Series. Indeed in the case when a typical scale of the f(z) change is much less than L, many

harmonics are significant and the Fourier series transforms to the Fourier integral

(o] L 0
S (. 41
> ﬁ%/ (3.41)

Let us illustrate expansion of a function into Fourier series on example of f(z) = exp(aux)
considered on the interval, 0 < x < 27. In this case the Fourier coefficients are

2 27 — in

2m
d 1 1
fn= / or exp(—inz + az) = ———— (2™ - 1).. (3.42)
0

Notice that at n — oo, fn, ~ 1/n. As discussed in more details in the following section,
the slow decay of the Fourier coefficients is associated with the fact that f(z), when con-
sidered as a periodic function over reals with the period 2, has discontinuities (jumps) at
0,2, +4m,---.

Exercise 3.9. Let f(z) = x and g(x) = |z| be defined on the interval —m < x < 7. (a)
Expand both functions as a Fourier series. (b) Compare the dependence of the n-th Fourier

coefficient on n for the two functions.

We conclude this Section reminding the reader that our construction of the Fourier Series
assumed that the set of harmonic functions forms a complete set of basis functions. Proving
this assumption is outside the scope of this course. This proof (and many other proofs) will

be discussed in detail in the companion course, Math 584.

3.6 Properties of the Fourier Series

Properties of Fourier series follow their related properties of Fourier transforms discussed in
section 3.2. We list the properties in the Table. The presentation is formal, without proofs

and made mainly for reference convenience.
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Definition
Let f(x) be periodic with period L.
RS nx i dx nx
flz) = Z fnexp (2m'f> & fn = / ff(a:) exp (—27m'f>
n=-—o00 0
Property Periodic Function Fourier Series Coefficients
Scaling
Linearity af(x)+ bg(x) afn + bgn
Space-Shifting flx —x0) e2minzo/L £
k-Space-Shifting e2mik/L f () fr—k
Space Reversal f(==z) fn
Space Scaling f(az) (with period L/a) f,
Calculus
L
Periodic Convolution / f&)g(x —&)dE Lfngn
0
Multiplication f(x)g(x) Z fm9n—m
m=—00
Differentiation % (z) amin f,
Integration / def(€) (%) fa
0
Real-valued vs Complex-valued functions
Conjugation f*(z) .
Real and Even f(z) real and even fnreal; fr,=f_p
Real and Odd f(x) real and even fn imaginary; f, = —f_n

Parseval’s Theorem / Unitarity

L 00
o RO SR

0 n=-—00

3.7 Riemann-Lebesgue Lemma

In general, the Fourier series of a function is an infinite series (that is, it contains an infinite
number of terms). This means that it is computationally prohibitive to represent an arbitrary
function exactly, but a function may be approximated by truncating it’s Fourier series. The
Riemann-Lebesgue Lemma helps to justify the truncation. The Lemma states that for any

integrable function f, the Fourier coefficients f,, must decay as n — oc.
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Theorem 3.7.1 (Riemann-Lebesgue Lemma). If f(x) € L', i.e. if the Lebesgue integral of
|f| is finite, then lim, o fn = 0.

We will not prove the Riemann-Lebesgue lemma here but notice that a standard proof
is based on (a) showing that the lemma works for the case of the characteristic function
of a finite open interval in R!, where f(x) is constant within ]a, b[ and zero otherwise, (b)
extending it to simple functions over R!, that are functions which are piece-wise constant,
and then (c) building a sequence of simple functions (which are dense in L') approximating
f(x) more and more accurately.

Let us mention the following useful corollary of the Riemann-Lebesgue Lemma: For any
periodic function f(x) with continuous derivatives up to order m, integration by parts can
be performed respective number of times to show that the n-th Fourier coefficient is bounded
at sufficiently large n according to |fy,| < \nl%“’ where C'= O(1).

In particular, and consistently with the example above, we observe that in the case
of a “jump", corresponding to continuous anti-derivative, i.e. m = —1, |f,| is O(1/n)
asymptotically at n — oo. In the case of a “ramp", i.e. m = 0 with continuous function but
discontinuous derivative, | f,| becomes O(1/n?) at n — oco. For the analytic function, with
all derivatives continuous, |f,| decays faster than polynomially as n increases.

Further details of the Lemma, as well as the general discussion of how the material of
this Section is related to material discussed in the theory course (Math 584) and also the

algorithm course (Math 589), will be given at an inter-core recitation session.

3.8 Gibbs Phenomenon

One also needs to be careful with the Fourier Series truncation, because of the so-called
Gibbs phenomenon, called after J. Willard Gibbs, who has described it in 1889. (Apparently,
the phenomenon was discovered earlier in 1848 by Henry Wilbraham.) The phenomenon
represents an unusual behavior of a truncated Fourier Series built to represent piece-wise
continuous periodic function. The Gibbs phenomenon involves both the fact that Fourier
sums overshoot at a jump discontinuity, and that this overshoot does not die out as more
terms are added to the sum.
Consider the following classic example of a square wave
fa) = w/4, if 2nr<x<(2n+1L)m, n=0,1,2,... (3.43)
—r/4, if Cn+l)r<zx<(2n+2)mr, n=0,1,2,...

[e.9]

sin((2n + 1)z)
=y T (3.44)
nz;) 2n+1
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where definition of the function is in the first line and the second line describes expression
for the function in terms of the Fourier series. Notice that the 27-periodic function jumps
at 2nm by 7/2.

Let us truncate the series in Eq. (3.44) and thus consider N-th partial Fourier Series

N .
(2n+1)x)
. 4
Z:: 2n+1 (3.45)

Gibbs phenomenon consists in the following observation: as N — oo the error of the approx-
imation around the jump-points is reduced in width and energy (integral), but converges to
a fixed height. See movie-style visualization (from wikipedia) of how Sy (x) evolves with V.
(It is also reproduced in a julia-snippet available at the class D2L repository.)

Let us now back up this simulation by an analytic estimation and compute the limiting

value of the partial Fourier Series at the point of the jump. Notice that

N .
%SN(e) = ZCOS((QTL +1)e) = W (3.46)
n=0

where we have utilized formula for the sum of the geometric progression. Observe that
%SN(E) — N+ 1 at e — 0, that is the derivative is large (when N is large) and positive.
Therefore, Sy (€) grows with € to reach its (first close to € = 0) maximum at €, = 7/(2(N +

1)). Now we estimate the value of Sn(ex)

. 1
N «in ((Zn-‘r )

N
Siv(er) = zm Z )+ oam)

N—0

t
/Smdt T 4014, (3.47)

thus observing that at the point of the closest to zero maximum the partial sum systemati-

cally overshoots, f(01) = /4, by an O(1) amount.

Exercise 3.10. Generalize the two functions from Exercise 3.9 beyond the [—, 7) interval,
so they are 27m-periodic functions on [—57, 57). Compute the respective partial Fourier series
Sn(z) for select N, and study numerically (or theoretically!) how the amplitude and the
width of the oscillations near the points © = mm,m € {—5,—4,...,4} behave as N — co.

We complete our discussion of the Fourier Series by mentioning its arguably most signif-
icant application in the field of differential equations. Most differential equations of interest
can only be solved numerically. Mathematicians often find approximate solutions to a dif-
ferential equation by representing the solution as a Fourier series and then truncating the
series to a finite sum according to the desired accuracy. This method, called the spectral

method, will be discussed in the algorithm core course (Math 589).


https://en.wikipedia.org/wiki/Gibbs_phenomenon#/media/File:SquareWave.gif
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3.9 Laplace Transform

Recall that to evaluate some Fourier transforms, f(k), of the functions, f(z), which do
not decay with, x — o0, like exp(ix) or exp(—z), we needed to consider k£ with nonzero
imaginary part to make the resulting Fourier integrals finite.

Let us discuss the two cases, of the oscillatory, exp(ix), and the exponential, exp(—x),
asymptotic behaviors, separately. The Fourier Series, just discussed, may be considered as
a way to avoid the integrability difficulty in the case of the periodic function. Indeed, recall
that the coefficients of the Fourier Series, described by Egs. (3.40), required evaluation of
the integral only over a domain of a finite support, like [0, L].

The Laplace transform, we are about to discuss, suggests an elegant way around for
another important class of functions, these which decay with # — +o0, like exp(—x). Instead
of working with the functions defined over all real z, like in the case of the Fourier Transform,
or with the periodic functions (or functions defined over a finite support interval) like in the
case of the Fourier Series, we turn to discussion of the so-called Laplace Transform (LT)
operating on functions defined over the semi-infinite interval, z € R>¢ = [0, +00).

Equivalently, we may also introduce the Laplace Transform as a Fourier transform ap-

plied to the functions which are nonzero only at x > 0:

(e o]

k) = / dz exp (—kz) f(z). (3.48)
0

We consider complex k and require that the integral on the right hand side of Eq. (3.48) is

converging (finite) at sufficiently large Re(k). In other words, f(k) is analytic at Re(k) > C,

where C' is a positive constant.

Inverse Laplace Transform (ILT) is defined as a complex integral

f(x) = ﬁ / dk exp (kz) f(k). (3.49)
C

over the so-called Bromwich contour, C, shown in Fig. (3.1). C can be deformed arbitrarily
within the domain, Re(k) > 0, of the f(k) analyticity. Note that by construction, and
consistently with the requirement imposed on f(x), the integral on the right hand side of
Eq. (3.49) is equal to zero at 2 < 0. Indeed, given that f(k) is analytic at Re(k) > 0 and
it approaches zero at k — oo, contour C' can be collapsed to surround oo, which is also a

non-singular point for the integrand thus resulting in zero for the integral.
Properties of the Laplace Transform, following related properties of the Fourier Trans-

form discussed in Section 3.2 are listed formally in the Table below.
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Im (k)
o

Re (k)

Figure 3.1: The Bromwich integration contour, C, in Eq. (3.48) is shown red. C' is often
shown as straight line in the complex from € — ico to € 4+ i00, where € is an infinitesimally
small positive number. Possible singularities of the LT Cf'(k) may only be at the points with

negative real number, which are shown schematically as blue dots.

Property Function Laplace Transform
Scaling

Linearity af(z)+ bg(z) af +bg(k)
Space-Shifting fz —z0)0(x — x0), xo € Rxo e~ ko f(k)
k-Space-Shifting  h(x) = exp(koz) f(z) h(k) = f(k — ko)
Space Scaling h(z) = f(ax), Ya € Ry h(k) = %f (%)
Differentiation  h(z) = f'(x) h(k) = kf(k) — f(07)
Integration W) = [ fy)dy R(k) = (k)

0
Convolution h(z) = (f*9)(x) = [ fW)g(x —y)dy h(k) = f(k)g(k)

It is instructive to illustrate similarities and differences between the LT and the FT on
basic examples.

Consider, first, the one sided exponential

f(x) =60(z)exp(—ax), o >0, (3.50)
fk) = m (3.51)
fk) = kia Re(k 4 ) > 0. (3.52)

Considered in the limit @ — 0% Egs. (3.50,3.51,3.52) turn into the following set of
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relations for the step function, 6(z):

f(z) = 0(z), (3.53)
Fk) = o (k) — % (3.54)
f(k) = % (3.55)

Shifting and re-scaling the theta-function we transform Egs. (3.53,3.54,3.55) into the

following expressions for the Laplace transform of the signature function

f(x) =20(x) — 1 = sign(x), (3.56)
fky =2, (357)
f(k) = % (3.58)

Exercise 3.11. Find the Laplace Transform of (a) f(z) = exp(—Az) where Re(\) > 0,
(b) f(z) = 2™ where n € Z, (c) f(x) = cos(vz) where v € R, (d) f(z) = cosh(A\x) where
Re(A\) > 0, (e) f(z) = 1/y/z. Show details.

Exercise 3.12. Find the Inverse Laplace Transform of 1/(k? + a?). Show details.

3.9.1 Integral Representations and Asymptotics of Special Functions

The Laplace transform is often used to describe (and to manipulate) integral representations
of the special functions. Consider, f(x) = z”. Upto an elementary factor its Laplace

transform is related to the so-called Gamma, I', function (of the parameter v)
r v, — —v— v, — v+1
f(k‘)Z/dmekxzk‘ l/dyyeyzkm,

0 0

where the integrals are well defined at £ > 0. Then, the inverse Laplace transform returns

"definition" of the I' function in terms of a contour integral

e+ioco
¥ 1 I ek
T(v+1) 2m v+

£—100

(3.59)

where € > 0 to guarantee that we are on the right of the singularity at £ = 0 which is a pole
if v is positive integer and a branch point for noninteger v.

In the general case of the branch point at k = 0, the second branch point of the integrand
in Eq. (4.24) is at k = 0o, and we ought to introduce the branch cut connecting the branch

points to guarantee analyticity of the integrand. We choose the branch cut along the negative
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Figure 3.2: Contour transformation for the integral representation of the I' function via the
Inverse Laplace Transform. Integrand of Eq. (3.59) is analytic in the domain surrounded by

the (blue) contour, therefore returning zero for the integral.

real axis. Then the integral, fdk%, over C, shown (blue) in Fig. (3.2), contains no
C

singularities in the interior and it is therefore equal to zero according to the Cauchy theorem.
(Here, C = C1 +C} +C4 +Cr 4+ C_ + Cx, R — o0, 7 — 0 and Cy =|e — ico, e + iocol.)
We can show (using the Jordan’s lemma) that the integral along C;{F and C, tend to zero
at R — oo, r — 0. Therefore, the Bromwich contour in Eq. (3.59) can be replaced by
the integral over the —C'y — C_ contour, i.e. the contour consisting of first going along the
negative part of the real axis from —oo to 0 a tiny bit under the cut and then returning

back from 0 to —oo above the cut. We arrive at

1 1 ek
—-C_—C4

Eq. (3.60) just derived is quite useful for evaluating asymptotic expression of the function
f(z) at 2 — oo with f(k) which requires introduction of the branch cut (on the left from the
Bromwich contour). Indeed, consider the Inverse Laplace Transform formula (3.49). The
idea is that at z — 400 the integral is dominated by the singularity furthest to the right in
the complex k plane. (The idea obviously applies not only to the cuts but also to the poles
of the integrand in Eq. (3.49).) Then, we can expand around the right-most singularity of

f(k), ie.
Flk)y =Y ek — ko)™, (3.61)
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where kg is the position of the right-most singularity of f (k) and A, may be non-integer.
A loop integral around the branch point at kg results in an asymptotic series that can be

obtained integrating (3.61) term by term

1 = 1 c
=— | dkf(k)e™ ~ — [ dk ok — ko) | e =eory
fla) =5 / f(k)e 5 / (Zc ( 0) )e e ZF(—Ay)x/\v“’
Cho Cho Y

v

where C, is the contour surrounding the kg singularity anti-clockwise around the cut and
we have used Eq. (3.60) for the I' function.

3.10 From Differential to Algebraic Equations with FT, FS
and LT

The Fourier transform, the Fourier Series and the Laplace transform, introduced and dis-
cussed in the current Chapter of the notes, will be utilized extensively in the next Chapters
of the notes, especially in the following one where we discuss differential equations.

To facilitate the transition consider the simplest possible Differential Equation, relating

linearly derivative of the scalar function, f(x) of x € R to its derivative

@)+ ar@) = gla), (362)

where ¢ is a positive constant, ¢ > 0, and g(x) is a known scalar function.
Assume that the FT of the function, g(z), on the right hand side of Eq. (3.62) has a
well-defined Fourier Transform (FT). Then applying the FT to the differential equation we

arrive at a much simpler algebraic equation

A A~

ikf(k) + qf (k) = g(k), (3.63)
which is solved trivially,
i 9(k)
f(k) = G ik (3.64)

Applying Inverse Fourier Transform to the result we derive

1 +oo A(k) 1 +oo e +0o0o
_ = g ikr _ _© ik(z—y)
f@) =5, /qu—l—ike or | q+ik /dyg(y)e
= / dyg(y)e 1Y), (3.65)

—00
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which provides an explicit solution of the original differential equation stated in quadratures,
i.e. as an integral over the known integrand. Note, that in transition from the first line in
Eq. (3.65) to the second line we have exchanged the order of integration and evaluated the
pole integral at k = iq, also observing that the integral returns non-zero only at y < .

In summary, when g(x) is well defined over the entire x € R we solve the differential
Eq. (3.62) in three straightforward steps: (a) applying FT and arriving at (much simpler)
algebraic equation; (b) solving the algebraic equation; (c) applying the Inverse FT.

Let us now assume that g(z), f(z) # 0 only at > 0. In this case we repeat the logic of
the preceding derivation, however substituting the F'T by the LT. We derive

e+1i00

() F07) + 5(F) o
1) =55 / A
0( ) e+i00 dk “+00
=5 [ o0 [ gkt
£—100 0
— o) | F(0F)e o + / dyg(y)e 1@ || (3.66)
0

where in transition from the first to the second line we have accounted for the fact that the
LT version of the Eq. (3.63) acquires the additional f(0") factor, and then, in transition from
the second line to the third line we have exchanged the order of integration and evaluated
the pole integrals at k = —g. We also observe that Eq. (3.65) transitions into Eq. (3.66) if
we set f(x),g(x) to be nonzero only at = > 0.

Finally, consider Eq. (3.62) in the case supporting 2m-periodicity of f(x), i.e. requiring
that ¢ = im, where m € Z, and 27m-periodic g(x). In this case we arrive, after application
of the FT to Eq. (3.62) at the discrete version of the algebraic Eq. (3.63), where f(k) and
g(k) are substituted by the Fourier coefficients, fi and g, valid at k € Z. Then the Fourier

Series version of the Eq. (3.65) becomes

+o00 +oo +o0 z
9k ikx —imx Ik'—m iK'z —imx 1 ik’
g _— = = ! R d Y
fx) Z i(kz—f—m)e e T e Z Gk'—m | +/ ye
k=—00 k'=—o00 k'=—o0 0
S Ik [ (y—=) S (y—=) [ (y—=)
_ dyeim™y—z ik’ (y—x L= dyeimy—z )
> s [ 3T Mg = g0+ [ e g(y)
k':—OO 0 k?l:—OO 0
(3.67)

Notice that in the 27-periodic F'S case, like in the semi-infinite LT case, final expressions,

given by Eq. (3.67) and Eq. (3.66) respectively, require providing an additional condition
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on f(x), chosen to be imposed at z = 0. This is reflection of a more general fact that
an n-th order ODE requires fixing n condition. The FT expression Eq. (3.65) does show
this dependence (on f(—o0)) only because for the Fourier integral to be well defined we

effectively required that f(—oo) = 0.



Part 11

Differential Equations
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Chapter 4
Ordinary Differential Equations.

A differential equation (DE) is an equation that relates an unknown function and its deriva-
tives to other known functions or quantities. Solving a DE amounts to determining the
unknown function. For a DE to be fully determined, it is necessary to define auxiliary
information, typically available in the form of an initial or boundary condition.

Often several DE’s may be coupled together in a system of DE’s. Since this is equivalent
to a DE of a vector-valued function, we will use the term “differential equation” to refer
to both single equations and systems of equations and the term “function” to refer to both
scalar- and vector-valued functions. We will distinguish between the singular and plural
only when relevant.

The function to be determined may be a function of a single independent variable, (e.g.

f

differential equation, or it may be a function of two or more independent variables, (e.g.

f(t) or f = f(x)) in which case the differential equation is known as an ordinary

f=f(z,y),or f = f(t,z,y,2)) in which case the differential equation is known as a partial
differential equation.

The order of a differential equation is defined as the largest integer n for which the nt®
derivative of the unknown function appears in the differential equation.

Most general differential equation is equivalent to the condition that a nonlinear func-
tion of an unknown function and its derivatives is equal to zero. An ODE is linear if the
condition is linear in the function and its derivatives. We call the ODE linear, homoge-
neous if in addition the condition is both linear and homogeneous in the function and its
derivatives. It follows for the homogeneous linear ODE that, if f() is a solution, so is c¢f(t),
where ¢ is a constant. A linear differential equation that fails the condition of homogeneity
is called inhomogeneous. For example, an n'* order, inhomogeneous ordinary differential
equation is one that can be written as oy, (t)f (t) + - 4+ a1 () f'(t) + ao(t)g(t) = g(t),

88
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where «;(t),i = 0,...n and g¢(t) are known functions. Typical methods for solving linear
differential equations often rely on the fact that the linear combination of two or more solu-
tions to the homogeneous DE is yet another solution, and hence the particular solution can
be constructed from from a basis of general solutions. This cannot be done for nonlinear
differential equations, and analytic solutions must often be tailor-made for each differential
equation, with no single method applicable beyond a fairly narrow class of nonlinear DEs.
Due to the difficulty in finding analytic solutions, we often rely on qualitative and/or ap-
proximate methods of analyzing nonlinear differential equations, e.g. through dimensional
analysis, phase plane analysis, perturbation methods or linearization. In general, linear dif-
ferential equations admit relatively simple dynamics, as compared to nonlinear differential
equations.

An ordinary differential equation (ODE) is a differential equation of one or more functions
of one independent variable, and of the derivatives of these functions. The term ordinary
is used in contrast with the term partial differential equation (PDE) where the functions
are with respect to more than one independent variables. PDEs will be discussed in the
Chapter 5.

4.1 ODEs: Simple cases

For a warm up let us recall cases of simple ODEs which can be integrated directly.

4.1.1 Separable Differential Equations

A separable differential equation is a first order differential equation that can be written so
that the derivative function appears on one side of the equation, and the other side contains
the product or quotient of two functions, one of which is a function of the independent

variable, and the other a function of the dependent variable.

de _ J() x)dr = f T =
dt — g(x) = glo)d - / 7 /f “y)

Example 4.1.1. Solve the differential equation i(t) = az(t)t>

Solution.
da(t d v t
::l(t ) =az(t)t* = o atdt = / aéf = [ ar’dr = log(x)+c = gts +c2
x
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4.1.2 Variation of Parameters

To solve the following linear, inhomogeneous ODE
dy
L= pOy(t) = 9(t),  ylto) = w0 (42)

let us substitute,
¢

y(t) = c(t) exp /dTp(T) , (4.3)

to
where the second term on the right is selected based on solution of the homogeneous version
of Eq. (4.2), i.e. % = p(t)y(t), and one makes the first term, c(t), which would be a
constant in the homogeneous case, a function of . This results in the following equation for

the t-dependent c(t)
t

de(t

Wew | [atr) | = o0
to

Applying the method of separable differential equations (see Eq. (4.1)) and then recalling

the substitution (4.3), one arrives at

t

. T
y(t) = exp / drp(t) | | yo + /t drg(t)exp | — / drp(T)
0
to to

The method just applied to the first order differential equation is called the method
of variation of parameters because, ¢(t), in the derivation above can be considered as a
parameter which we vary, i.e. allow to depend on ¢.

Let us extend the idea of the parameter variation method to the case of the second order

inhomogeneous differential equation of a general position

— —p(t)— —a(t)y(t) = g(b), (4.4)

and try to find its general solution. Recall that the general solution of a linear inhomogeneous
equation is a sum of the general solutions of the respective homogeneous equation and of a
particular solution of the inhomogeneous equation.

Consider, first, solution of the homogeneous equation, i.e. solution of Eq. (4.4) with zero
right hand side, g(t) = 0. This is a homogeneous differential equation of the second order
which should therefore have two independent solutions (we call them linearly independent
solutions). Let us denote the two solutions, y; (¢) and y2(t) and form the so-called Wronskian

of the two

W (t) = y1h — Y2y} (4.5)
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Next we compute the derivative of the Wronskian and use the fact that y; and ys are
solutions of the homogeneous version of Eq. (4.4). We derive

d
£W=m%ﬂ%%ﬁﬂFw%=m%+ﬂwywmﬁﬂmﬁZMV

Therefore, the Wronskian becomes

W (t) = exp /dTp(T) ) (4.6)

to

where ¢y can be chosen arbitrarily. Moreover, given the relation (4.5), we can express one
of the two independent solutions via another one and the Wronskian (which we now know
explicitly).

Now the question becomes if we can find a particular solution (just one of many) of the
inhomogeneous Eq. (4.4)? Let us follow the idea of the method of the variation of parameters
and look for a particular solution of the Eq. (4.4) as a linear combination of z1(¢) and xa(t)

multiplied by unknown parameters A(t) and B(t):
y(t) = A()y1(t) + B(t)ya(t)- (4.7)
Substituting Eq. (4.7) into Eq. (4.4) we derive
A"y + B"yo + 24" + 2By — p (A'y1 + B'yz) = g. (4.8)

Recall that we are looking for a particular solution. Therefore, we can choose to relate the
two unknown coefficients, A(t) and B(t), as we find fit, leaving only one of them as a degree
of freedom. The form of Eq. (4.7) suggests to pick the relation so that the dependence on
p(t) in Eq. (4.8) disappears, i.e.

A/yl + B/yg = 0. (49)
Then Eq. (4.8) becomes
Ayl + Byl = g. (4.10)

Notice that the order of derivatives in Eq. (4.10) is reduced in comparison with Eq.(4.8) we
started with. Furthermore, expressing B’ via A’, y1, y2 according to Eq. (4.9) and substitut-
ing the result in Eq. (4.10) we arrive at

t

WA +ys9g=0 = A= —/dTyQ(M?(gf;). (4.11)

to
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Similarly expressing A’ via B’,y1,y2 according to Eq. (4.9) and substituting the result in
Eq. (4.10) we derive the B-analog of Eq. (4.11)

t

GG
B_/d T (4.12)

In summary, to construct solution of Eq. (4.5) we follow the steps
e Find the Wronskian, W (t), given by Eq. (4.6).

e Find a homogeneous solution, x1(t), and express its linearly independent counterpart,

xa2(t), via z1(t) and the previously found Wronskian, W(t).

e Compute the time dependent factors A and B according to Eq. (4.11,4.12), therefore
presenting a particular solution of the original (inhomogeneous) equation according to
Eq. (4.7).

e The resulting general solution is a sum of x1 and x2, each multiplied by a time inde-
pendent coefficient, with the particular solution of the inhomogeneous equation (just

found) also added to the sum.
The general scheme is illustrated on the following two examples.
Example 4.1.2. Find the general solution to t2z”(t) +tx'(t) — x(t) = t (where t # 0) given

that z(t) =t is a solution.

Solution. Set the leading coefficient to unity by dividing by ¢ to get " +t o/ —t 2z = ¢~!
(where t # 0). Therefore p(t) = —t~!. We compute the Wronskian

W (t) = exp (/t: p(T)dT) = exp (/t: —TldT) =¢!

The second linearly independent solution is found by

1
W(t) =yyy — 211 = ;:tyé—yﬂ = pt)=—=

Computing A and B
t t _ltfltfl 1
At) = - / 2090 _ / dr=2 " — "log(t)
to

to W(r) t1 2
I A G L'l Y A S
Ble) = /to T /to T =3

The general solution to the differential equation is

1 t
z(t) = crt + ot ™1 + itlog(t) ~ 1
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Example 4.1.3. Find the general solution to r”(0) + r(0) = tan(f) for —7/2 < 0 < 7/2.

Solution. We compute the Wronskian

W (6) = exp (/900 d@’) _1

Let r1(6) = cos() be the first linearly independent solution. The second linearly indepen-

dent solution is found by
W (t) = r1(0)rh(0) — m2(0)r1(0) = 1=rcos(0)r2(0) +75(0)sin(d) = ro(f) = sin(f)
Computing A and B

O e (6)g(0 O sin an
A0) = — /90 dQIZ(V?/zg/()e) =— /90 dﬁ’w = sin(f) — log(sec(f) + tan(6))

[t (090 o cos(f) tan(6) B
B(6) _/eodng(@’) _/00 df' == = —cos(0)

The solution to the differential equation is

x(0) = ¢1 cos(0) + co sin(0) + cos(f) log(sec(6) + tan(f))

Exercise 4.1. (a) Find a general solution, z(t) to the following ODE,

da _ (@)

where A(t) and f(t) are known functions of ¢.
(b) Solve the following general second-order, constant-coefficient, linear ODE
2

d d
T(?@yﬂ”l@y +y=g(t),

with the initial conditions y(0) = yo, %y‘tzo = 9.

4.2 Direct Methods for Solving Linear ODEs

We continue our exploration of linear by gradually increasing the complexity of the problems

and by developing more technical methods.

4.2.1 Homogeneous ODEs with Constant Coefficients

Consider the n-th order homogeneous ODE with constant coefficients

dnfm

i 413
dtn—m (4.13)

Lx(t) =0, where L= Z Qp—m
m=0
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(Here and below we will start using bold-calligraphic notation, £, for the differential opera-
tors.) Let us look for the general solution of Eq. (4.13) in the form of a linear combination

of exponentials

x(t) = ch exp(Axt), (4.14)

where ¢ are constants. Substituting Eq.(4.14) into Eq.(4.13), one arrives at the condition

that the A; are roots of the characteristic polynomial:

(Z Un—m (Ak)”‘m) =0. (4.15)
m=0

Eq. (4.14) holds if the Ay are not degenerate (that is, if there are n distinct solutions). In the
case of degeneracy we generalize Eq. (4.14) to a sum of exponentials (or the non-degenerate
Ar and of polynomials in ¢ multiplied by the respective exponentials for the degenerate
Ak, where for the degrees of the polynomials are equal to the degree of the respective root

degeneracy.

Z (Z c(l) > exp(Axt), (4.16)

k=1
where dj; is the degree of the k-th root degeneracy.

4.2.2 Inhomogeneous ODEs
Consider an inhomogeneous version of a generic linear ODE
Lx(t) = f(t). (4.17)

Recall that if the particular solution is x,(t), and if z¢(t) is a generic solution of the homo-

geneous version of the equation, then a generic solution of Eq. (4.17) can be expressed as

x(t) = zo(t) + zp(2).
Let us illustrate the utility of this simple but powerful statement on an example:

Example 4.2.1. For (a) wp # 3 and for (b) wy = 3, solve
Lz := i 4 wiz = cos(3t). (4.18)

Solution. The general solution to the homogeneous equation, Lx = 0 is zo(t) = ¢1 cos(wot) +
ca sin(wot). For wy # 3, a particular solution to Eq. (4.18) is x,(t) = cos(3t)/(wi —9), which
can be found by variation of parameters (Section 4.1.2). Therefore, for wg # 3, the solution

to the inhomogeneous Eq. (4.18) is

x(t) = ¢ cos(wot) + co sin(wpt) + ———
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When wg = 3, the natural frequency of the system coincides with the forcing frequency of
the right hand side and the system resonates. We must look for a new particular solution
because the particular solution we found above is already represented in the solution to the
inhomogeneous problem. This particular solution can be found by variation of parameters

(Section 4.1.2). Therefore, for wp = 3 the solution to the inhomogeneous Eq. (4.18) is

1
2(t) = e1 cos(wot) + ep sin(wot) + ¢ ¢ sin(3t).

4.3 Linear Dynamics via the Green Function

So far our analysis of ODEs was formal. Often, even though not always, we can associate
ODE with dynamics of a system, thus the term “dynamical system". In this case ODE
describes evolution of the system variable, z, in time ¢, i.e. it studies x as a function of ¢,
x(t).

The dynamic considerations are very rich and in this course we will only scratch a surface
of interesting phenomena it covers. For example, in Section 4.6 we discuss the so-called
"conservative" dynamics. ODE may also describe a “dissipative" system which relaxes to an
“equilibrium". If a dissipative system is in equilibrium, its state does not change in time. If
the system is perturbed away from a stable equilibrium, the perturbation is small the system
relaxes back to the equilibrium. The relaxation may not be monotonic, and the system may
show some oscillations. If the relaxational (dissipative with possible oscillations) dynamics
is close to the equilibrium we model it by a linear ODE. There are also many interesting
situations when linear ODEs explain oscillations which do not decay.

The method of Green function, or “response" functions, will be the working horse of
our analysis for such dynamics, when the ODE is linear. The Green function method offers
a powerful and intuitive approach which also extends (in the next chapter) to the case of
PDEs.

Let us start with the following general consideration. Given a linear differential equation,
Lx(t) = f(t), the goal is to find an operator, L=, such that “z(t) = L~ f(t)". Since L is
a differential operator, it is reasonable to expect £~! to be an integral operator, which can

be expressed as
£ = [ arGien s,

where G(t,7) is the so-called Green Function which is to be determined. Formal manipula-

tions show that

f(t)y=LLlf(t) zﬁ/dTG(t,T)f(t) = /dTﬁG(t,T)f(t).
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We have already seen this equation as one of the properties of the §-function. That is
ft) = /dT,CG(t,T)f(t) & LG(t,T)=0(t—T).

The Green function for a differential operator, £, is the function G(¢,7) that solves the
differential equation LG(t,7) = (¢t — 7) subject to the prescribed side conditions. The
Green function describes the ‘response’ of the system at time ¢ to a ‘impulse’ applied at

time 7.

Notation. Technically, the Green function is a function of two variables, t and 7, where 7
represents the time of an impulse and ¢ represents the time that we observe the system’s
response to the impulse. Notice that if £ is a differential operator with constant (time-
independent) coefficients, then the response of the system to an impulse does not depend on
t and 7 independently, but instead it only depends on the difference ¢t — 7. In this situation,

G(t, ) reduces to the “homogeneous in time" or “time-invariant” G(t — 7).

We will proceed exploring the method by revisiting the simple constant coefficient case
of the linear scalar-valued first-order ODE (4.2).

4.3.1 Evolution of a linear scalar

Consider the simplest example of the scalar relaxation

Lotz = f0) (4.19)

where 7 is constant and f(¢) known function of ¢. This model appears, for example, when
we consider an over-damped driving of a polymer through a medium, where the equation
describes the balance of forces where f(t) is the driving force, vz is the elastic (returning)
force for a polymer with one end positioned at the origin and another at the position x; and &
represents friction of the polymer against the medium. The general solution of this equation
(recall discussion of the integral operator above, and also notice the time-homogeneous form

of the Green function) is
t

2(t) = / dr G(t — 1) f(7), (4.20)

—0oQ
where we have assumed that the evolution starts at ¢ = —oo with lim;—,_ x(t) = 0; and

G(t,7) is the Green function which satisfies

%G(t, ) 4G T) = 5t — 7), (4.21)

and 6(t) is the d-function.
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Notice that the evolutionary problem we discuss here is an initial value problem (also
called a Cauchy problem). Indeed, if we would not assume that back in the past (at t = —o0)
x is fixed, the solution of Eq. (4.19) would be defined unambiguously. Indeed, suppose x(t)
is a particular solution of Eq. (4.19), then z4(t) = Cexp(—~t), where C is a constant,
describes a family of solutions of Eq. (4.19). The freedom, eliminated by fixing the initial
condition, is associated with the so-called zero mode of the differential operator, d/dt + .

Another remark is about causality, which may also be referred to, in this context, as the
“causality principle". It follows from Eq. (4.20) that defining the Green function, one also
enforces that, G(t — 7) = 0 at t < 7. This formal observation is, of course, consistent with
the obvious—solutions of Eq. (4.19) at a particular moment in time ¢ can only depend on
external driving sources f(7) that occurred in the past, when 7 < t. The solution cannot
depend on external driving forces that will occur in the future, when 7 > ¢.

Now back to solving Eq. (4.21). Since §(t —7) = 0 at t > 7, one associates G(t — 7) with
the zero mode of the aforementioned differential operator, G(t — 7) = Aexp(—y(t — 7)),
where A is a constant. On the other hand due to the causality principle, G(t —7) = 0 at
t < 7. Integrating Eq. (4.21) over time from 7—e < 0, where 0 < € < 1, to 7, we observe that
G(t — 1) should have a discontinuity (jump) at ¢t = 7: G(t —7) = Aexp(—y(t —7))0(t — 1),
where 6 is the Heaviside function. Substituting the expression in Eq. (4.21) and integrating
the result (left and right hand sides of the resulting equality) over 7 — e < t < 7 + €, one
finds that A = 1. Substituting the expression into Eq. (4.20) one arrives at the solution

t

z(t) = / drexp(—(t — 7)) f(7). (4.22)

—00

We observe that the system “forgets" the past at the rate v per unit time.
Lets sketch out a few different ways to solve Eq. (4.21).
Method 1: Multiply by the appropriate integrating factor. For this problem, the inte-

grating factor is e7*.

LG(t,T)=0(t—T1),

% (MGt 7)) = et — 1),

t [e%¢}
Gt 7) = / S — 1)t = / ot — 1) st — o)t

Gt,7) =0(t — 7)e 77,
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Method 2: Take the Fourier transform of both sides, solve the subsequent algebraic
equation for #(k), and then use a contour integral to compute the inverse Fourier transform
of (k).

F|G(t, 1) +~G(t, 1) = F[o(t —71)],
ikG(k,7) +1G(k, ) = e 7,

. efikr
Gk, 7)=
() = S
1 % e—sz -
t.7) = — et dk,
G(t.7) 2 / V—Hk:

G(t,T) =0(t — T)e_V(t_T).

Here in the last line, we have computed the contour integral by closing the contour with an
semi-circular arc of radius R and taken the limit R — oco. To ensure that the closing arc
has a vanishingly small contribution to the integral, the contour is closed off in the upper
half plane for ¢ > 7 and in the lower half plane for ¢ < 7. The integrand has a simple pole
at k = iy with residue 5 ¢ —7(t=7)  Because the pole is in the upper half plane, the integral
is equal to e~ 7(t=7) for t > 7 and because there are no poles in the lower half plane, the
integral is equal to O for ¢ < 7. O

Method 3: Construct the Green function based on a number of properties that it must

satisfy. Given LG(t,7) = 6(t — 1), we see that G(¢,7) must satisfy:
(i.) G(t,T) solves LG(t,7) = 0 whenever ¢ # T.
(ii.) G(t,7) must satisfy the initial condition.

(iii.) G(t,7) must have a jump of size unity at ¢ = 7. This can be explained by integrating

from 7 — € < t < 7 + € and taking the limit ¢ — 0". The calculation is as follows:

T+e€ T+e€
. T+€
/G( T)dt' +7 / G(t' —7)dt +/ S(t'—7)dt! = G(t+e)—G(t—€)+0=1.

T—€

Generalization of property (#i): In general, the Green function of an n'" order differential
operator has a jump in the (n—1)%® derivative at ¢ = 7. All further derivatives are continuous.
The size of the jump is equal to the magnitude of the leading coefficient.

Let’s use these properties to construct the Green function.
Step 1. Find candidate solutions by solving (% + 'y) G(t,7) = 0. We know there is only one

(non-trivial) linearly independent solution because the ODE is linear and first order. This
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solution is Ae™ 7. There is also the trivial solution. To construct the Green function, we
must to mix and match between the candidates G(t,7) = 0 and G(t,7) = Ae™ ",
Step 2. Apply the initial condition. Our initial condition is lim;—,_, = 0. The only
candidate solution that satisfies the initial condition is the trivial solution. That is, G(t,7) =
0 for t < 7. We are not yet prepared to say what happens for ¢t > 7.
Step 3. Apply the jump condition. Given that G(¢,7) = 0 for ¢ < 7, we must now determine
G(t,T) for t > 7. We realize that Ae™"" is the only candidate that can produce a jump at
t = 7. Furthermore, to ensure the jump is size unity, we must set A = 7.

In summary, G(t,7) = 0(t — 7)e 7=7), O

Exercise 4.2. Solve Eq. (4.19) at ¢t > 0, where 2(0) = 0 and f(t) = Aexp(—at). Analyze

the dependence on « and +, including o — .

Recall that Eq. (4.21) assumes that the Green function depends on the difference between
t and 7, t — 7, and not on the two variables separately. This assumption is justified for the
case considered here, however it will not be correct for situations where the decay coefficient
v(t) depends on t. In this general case one needs to consider the general expressions for the
Green function discussed above, G(t,7). In the case of the constant v the Green function
depends on the difference because of Eq. (4.21) symmetry: invariance with respect to the
time translation (time homogeneity), i.e. the equation does not change under the time shift,

t—t4 1.

4.3.2 Evolution of a vector

Let us now generalize and consider

d .
—x+T'e = f(t), (4.23)
dt

where = (z1,...,2,)" and f = (f1,...,fn)" are n-dimensional vector-valued functions

oftand T'isnxn time-independent matrix. We consider the two possible cases for I': first,
when T is either diagonal or diagonalizable, and second, when it is not diagonalizable.

IfTis a diagonal matrix, the vector-valued differential equation decouples into n scalar
valued differential equations z;(t)+~izi(t) = fi(t), where 1, ..., are the n diagonal entries
of I'. Each of the n scalar-valued differential equations can each be solved independently of
each other as discussed in section 4.3.1.

IfTisa diagonalizable matrix (but not necessarily diagonal), then we find the eigen-set
of T

Ta; = \a;, (4.24)
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and expand x and f over the {a;|i} basis,
T=> yiai, f=)Y dia. (4.25)

Substituting the expansions into Eq. (4.23) one arrives at the n scalar-valued differential
equations
dy;

— + Ay = ¢, 4.2
o A= 9 (4.26)

therefore reducing the vector equation to the set of scalar equations of the already considered
in section 4.3.1.

If T is not diagonalizable, it can be decomposed into Jordan Canonical form. This occurs
when two (or more) eigenvalues share an eigenvector. As before, one introduces the Green

function G(t, 7), which satisfies

(C‘Zt + f) G(t,7) = 0(t — 7)1. (4.27)

The explicit solution of Eq. (4.27) is
G(t, 1) = 0(t) exp (—f‘(t - 7)) , (4.28)

which allows us to state the solution of Eq. (4.23) in the following invariant form

2(t) = /_ too drG(t— 1) f(r) = /_ too dro(t — ) exp (Lt~ 7)) £(7) (4.29)

Notice that matrix exponential, introduced in Eq. (4.28) and utilized in Eq. (4.29), is

the formal expression which may be interpreted in terms of the Taylor series

exp (—(t — T)f‘) = Z (—(t—n7!'))"l""7 (4.30)
n=0

which is always convergent (for the matrix G with finite elements).
To relate the invariant expression (4.29) to the eigen-value decomposition of Egs. (4.25,4.26)

one introduces the eigen-decomposition

=AJA ! (4.31)
where J is the matrix of Jordan blocks formed from the eigenvalues of T, and the columns
of A are the respective eigenvalues of I'. Note that I = AJ"A~1.

To illustrate the peculiarity of the degenerate case consider

. Al A A ~ 01
= [0 /\] ,  which can be re-written as A\ + N where N = [0 0] ,
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which is the canonical form of the Jordan (2 x 2) matrix/block. Observe that N2 = 0, which
indicates that N is a (2 x2) nilpotent matrix. The nilpotent property can be leveraged when

taking the matrix exponential,
exp (—(t - T)f‘) =Mt (i —(t— T)N) ) (4.32)

where we have accounted for the nilpotent property of N. Incorporating Eq. 4.32 into

Eq. 4.29, the solution can therefore be expressed as

z(t) = / t dri(t — 1)e A=) (i— (t—T)N) £(7). (4.33)

—0oQ
Alternatively, we could write Egs. (4.23) in components

dxq B dzs _
E‘F)\ibl‘{‘l?—fla 7 + Ax2 = fo,

integrating the second equation, substituting result in the first equation, and then changing

from x1 to 1 = x1 + txo, one arrives at

1 -
— 4+ A7 = tfs.
7 + A1 = fi+1fe

Note the emergence of a secular term, (a polynomial in ¢), on the right hand side, which is

generic in the case of degeneracy which is then straightforward to integrate.

Exercise 4.3. Find the Green function of Eq. (4.23) for

A1 0

r=|0 A 1

0 0 A
Note that vector-valued ODEs appear as the result of the “vectorization" of an nt"
order scalar-valued ODE for y(t). The vectorization occurs by setting z; = y, xy =
dy/dt, ---, x, = d" ly/dt""!. Then dx/dt is expressed via the components of x and

the original equation, thus resulting in Eq.(4.23).

4.3.3 Higher Order Linear Dynamics

The Green function approach illustrated above can be applied to any inhomogeneous linear
differential equation. Let us see how it works in the case of the second-order differential

equation for a scalar. Consider
d2
727 + w?z = f(t). (4.34)
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To solve Eq. (4.34) note that its general solution can be expressed as a sum of its
particular solution and solution of the homogeneous version of Eq. (4.34) with zero right
hand side. Let us choose a particular solution of Eq. (4.34) in the form of convolution (4.20)
of the source term, f(t), with the Green function of Eq. (4.34)

(;;2 + w2) G(t) = 6(t). (4.35)

As established above G(t) = 0 at t < 0. Integration of Eq. (4.35) from —e to 7 and checking
the balance of the integrated terms reveals that G jumps at t = 0, and the value of the
jump is equal to unity. An additional integration over time around the singularity shows
that G(t) is smooth (and zero) at ¢t = 0. Therefore, in the case of a second order differential
equation considered here: G = 0 and G = 1 at t = +0. Given that 6(+0) = 0 these two
values can be considered as the initial conditions at ¢ = +0 for the homogeneous version
(zero right hand side) of the Eq. (4.35), defining G(t) at ¢t > +0. Finally, we arrive at the

following result

G(t) = 0(t) : (4.36)

where 0 is the Heaviside function.

Furthermore, Eq. (4.20) gives the solution to Eq. (4.34) over the infinite time horizon,
however one can also use the Green function to solve the respective Cauchy propblem (initial
value problem). Since Eq. (4.34) is the second order ODE, one just needs to fix two values
associated with z(t) evaluated at the initial, ¢ = 0, for example z(0) and #(0). Then, taking
into account that, G(+0) = 0 and G(+0) = 1, one finds the following general solution of
the Cauchy problem for Eq. (4.34)

t

2(t) = $(0)G(t) + 2(0)C(t) + / A Gt — 1) (1), (4.37)
0

Let us now generalize and consider

dn—m

— 4.38
iy (4.39)

‘C:B:f(t)? L= zn:an—m
m=0

where a; are constants and L is the linear differential operator of the n-th order with constant
coefficients, already discussed in Section 4.2. We build a particular solution of Eq. (4.38) as
the convolution (4.20) of the source term, ¢(t), with the Green function, G(t), of Eq. (4.38)

LG = (1), (4.39)

where G(t) =0 at ¢t < 0.
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Observe that the solution to the respective homogeneous equation, Lz = 0, (the zero

modes of the operator £) can be generally presented as
x(t) = Z b; exp(z;t), (4.40)
i

where b; are arbitrary constants.

Let us now use the general representation (4.40) to construct the Green function solv-
ing Eq. (4.39). Recall that, considering first and second order differential equations in the
preceding Sections, we have transitioned above from the inhomogeneous equations for the
Green function to the homogeneous equation supplemented with the initial conditions. Di-
rect extension of the “integration around zero" approach (doing it n times) reveals that
initial conditions one needs to set at ¢ = 40 in the general case of the n-th order differential
equation are

qn—1 dm

TarG0T) =1, Yo<m<n—1: —2GO7)=0. (4.41)

Gp—1

Consider, formally, £, as a polynomial in z, where z is the elementary differential op-
erator, z = d/dt, i.e. L£(z). Then, at t > 0" the Green function satisfies the homogeneous
equation, £(d/dt)G = 0. Solution of the homogeneous equation can generally be presented
as

t>0": Gt) = Z b; exp(z;t), (4.42)
i

where b; are arbitrary constants which are defined unambiguously from the system of alge-

braic equations for the coefficients one derives substituting Eq. (4.42) in Eq. (4.41).

Example 4.3.1. Let v,v € R with v > 0. Find the Green function for the differential
operator and use it to solve the ODE
2 d 2 . . o
T + 2’y£x + vz = f subject to: xEIPoox(t) =0, t_l}r_nooaﬁ(t) = 0. (4.43)

Consider the case v < vy and v > v

Notation. As before, G(t,7) is a function of both ¢ and 7, where the variable 7 represents
the time that an impulse is applied. For any fixed 7, G(¢,7) is the response of the impulse
a function of t. It’s Fourier transform, G(w, ), is the decomposition of G(t,7) into its

oscillatory modes.

Solution. Longer method: Solve LG = 6(t—7) by taking Fourier Transforms: To find G(¢t, 1),
take the Fourier transform of LG(t, 7) = 8(t — 7) and solve for G(w, 7).

ZE(w;r):g(w;T) = (~w? —2iyw+1*)G=e" = Gw;T) = (@ ;6)_(w w_)
—wi)(w— w_
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where wy = —iy &+ \/m . The inverse Fourier transform of G is computed by a contour
integral where the contour must be closed off by a semi-circular arc of radius R under the
limit R — oco. To ensure that the semi-circular arc has vanishing contribution to the integral,
we must close off the contour in the upper-half plane if ¢ < 7 and in the lower-half plane if

t > 7. The integrand has poles with associated residues at:

o Ifv>n:
Simple poles at w = wy = —iy++/v2 — 42 (with both real and imaginary components)
Res(f,w_) = (w_—wy) Lexp (—iw_7) = —(12—42) "2 exp (—7) exp (—i\/I/2 - 727‘>
Res(f,wy) = (wy—w_ ) lexp (—iw,7) = +(1/2—72)_1/2 exp (—y7) exp (—i\/y2 — 727'>.
o Ifv<y:
Simple poles at w = wy = —iy +i4/7% — 2 (purely imaginary)

Y

Res(f,w_) = (w_—wy ) texp (—iw_7) = —(72—1/2)_1/2 exp (—77) exp <f\/7277,/27.),
Res(f,wy) = (wy—w_)"texp (—iwyt) = +(72—12) Y2 exp (—77) exp <_\/,m7).

The Green function is given by

[e.9]

G(t,7) = 217r/ eWltqt = % (27‘(’ Res(f,w-) + 27 Res(f, w+)).

Because there are no singularities in the upper half plane, G(¢,7) = 0 if ¢ < 7. Physically,
this means that the system has no response to an impulse that will happen in the future
(also called causality). Simplifying the algebra (expressing the complex exponentials as sines

or hyperbolic sines where appropriate), we get

9(t — ) e(t=7) | sin (\/I/Q -2 (t— 7')), v <
VIvE =2 sinh (\/’72—V2 (t—T)), v > .

Finally, the solution to the ODE is given by
sin (\/V2 -2 (t— T))f(T)dT if v < w;
sinh <\/72 -2 (t— T))f(T)dT if v > wv.

Git—r1)=

t e—'y(t—'r)

z(t) = —0o / V2 —~2|

t e_'Y(t_T)
—o0 \/[V2 =2
O

Solution. Shorter Method. Construct the Green function based on the properties it must
satisfy. We solve it for the case v > 7. The case v < ~ follows analogously. Given
LG(t,T) = d(t — 7), we see that G(t,7) must satisfy:

(i.) G(t,T) solves LG(t,T) = 0 whenever t # T.
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(ii.) G(t,7) must satisfy the initial conditions.

(iii.) G(t,7) must be continuous everywhere, including ¢ = 7, and the derivative of G(t, 7)

must have a jump of magnitude unity at t = 7.

Generalization of property (ii): In general, the Green function of an n'" order differential
operator has a jump in the (n—1)%t derivative at t = 7. All further derivatives are continuous.
The size of the jump is equal to the magnitude of the leading coefficient.
Let’s use these properties to construct the Green function.

Step 1. Find candidate solutions by solving (% +27% —}—1/2) G(t,7) = 0. We know
there are two linearly independent solution because the ODE is linear and second or-
der. The solutions are Ale*”*mt and Age*'yt*mt where A; and Ay are func-
tions of 7. The solution in this form correct, but not very helpful. We take linear com-
binations of the two solutions and express them as ¢;e=7(=7) sin(\/m(t — 7)) and
coe=Y=7) cos(\/v2 +42(t — 7)). To construct the Green function, we must mix and match

the two linearly independent candidate solutions. Tentatively, we can write

c1e~ =) sin (\/1/2 -2 (t— 7')) +coe”7T) cos (\/1/2 -2 (t— T)), ift <;
cze =) sin < v2—~2 (t— 7')) +c4e 77T cos <\/1/2 — 2 (t— T)), ift > 7.

Step 2. Apply the initial conditions. Our initial conditions are lim;, o, G(t,7) = 0 and

G(t,7)=

lim;,_ o G(t,7) = 0 . The only candidate solution that satisfies the initial condition is the
trivial solution. That is, G(t,7) = 0 for t < 7. We are not yet prepared to say what happens

for t > 7. We can improve our tentative Green function by
0, ift<T;
cze =) sin (\/ v2— 2 (t— 7')) +cqe” 7T cos (\/1/2 -2 (t— T)), ift>r.

Step 8. Apply the continuity and jump conditions. Given that G(t,7) = 0 for t < 7, we

G(t,7)=

must now determine G(t,7) for ¢ > 7. The continuity condition requires that ¢4 = 0. We
compute 2 G(t,7) = —czye ") +e50/v2 — 42677 cos(/v2 — 42(t—7)), and find that

lim,_,.+ = c3y/v2 — 2. To ensure the jump is size unity, we must set cg = \/v2 — 2.
In summary, the Green function is given by

ot — e vt 55 .
Git—r1)= N sm(\/l/ —’y), it v<o,

and the solution to the ODE is

t —y(t—7)
z(t) = 3 \;V;_—’ﬁsin <\/1/2 — 2 (t— T))f(T)dT, if v<uw

A similar calculation can be used to find the Green function and the solution for v <. O
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Exercise 4.4. Follow the logic of Example 4.3.1 and suggest two methods of finding the
Green function ((a) based on Fourier transform, and (b) based on properties of the Green
function) for solving <% + 1/2)2 z(t) = f(t), where (5722 + y2>2 = (;Té + 1/2) (5722 + 1/2),
at t > 0, assuming that z is real-valued and z(07) = %x(o_) = %m(o_) = j—;x(o—) = 0.

4.3.4 Laplace Transform and Laplace Method

So far we have solved linear ODEs by using the Green function approach and constructing
the Green function as a solution of the homogeneous equation with additionally prescribed
initial conditions (one less than the order of the differential equation). In this section we
discuss an alternative way of solving the problem via, first, application of the Laplace trans-
form introduced in Section 3.9 for solving linear ODEs with constant coefficients, and then
discussing the so-called Laplace method for solving linear ODEs with coefficients dependent
linearly on the (time/space) variable. Connection between the two is not only via the name
of Laplace, who has contributed developing both, but also due to the fact that the Laplace
method can be considered as utilizing a generalization of the Laplace transform.

The Laplace transform is natural for solving dynamic problems with causal structure. Let
us see how it works for finding the Green function defined by Eqgs. (4.38,4.39). We apply the
Laplace transform to Eq. (4.39), integrating it over time with the exp(—kt) Laplace weight
from a small positive value, €, to co. In this case, the integral of the right hand side is zero.
Each term on the left hand side can be transformed through a sequence of integrations by
parts to a product of a monomial in k with G(k), the Laplace transform of G(t). We also
check all boundary terms which appear at ¢ = € and ¢t = co. Assuming that G(oco) = 0 (which
is always the case for stable systems), all contributions at t = +o0 are equal to zero. Allt =€
boundary terms, but one, are equal to zero, because VO < m <n —1, d"G(e)/dt"™ = 0.
The only nonzero boundary contribution originates from d"~'G/(¢)/dt"~! = 1. Overall, one

arrives at the following equation
L(k)G(k) =1, L(k):= ) am-i(-k)"" (4.44)
m=0

Therefore, we just found that G(k) has poles (in the complex plain of k) associated with
zeros of the L(k) polynomial. To find G(t) one applies to G (k) the inverse Laplace transform

c+o0o

/2mexp (kt)G (k). (4.45)

c—100

The Laplace method allows us to solve ODEs where the coefficients are linear in t.
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Remark. Notice, again, that the Laplace’s method for differential equations is not to be
confused with Laplace Transforms or Laplace’s method for approximating integrals. They

are not the same, even though related.

Consider an ODE that can be written as
(am + bpt) — =0, (4.46)

We look for solutions in the form of the integral

y(t) = /C dk Z(k)eM, (4.47)

where Z(k) is a function of the complex variable k£ and C' is a contour in the complex plane

of k that will depend on Z(k) but that will not depend on ¢.

Remark. Notice, that the substitution (4.47) is similar to the inverse Laplace transform
(4.45), however with an important difference that the contour C' in the former does not
necessarily coincides with the contour used in the latter. We remind that the contour used
in the basic formula of the inverse Laplace transform, i.e. in Eq. (4.45), goes up, on the

right to the imaginary axis.

The derivatives of y are computed from Eq. (4.47),

-2 = / dk Z(k)k™ ekt
C

and are substituted into the left hand side of equation 4.46 which gives

/ de(k)((ao+a1k+---+ank”) + (b0+b1k+---+bnk”)t) =0
c ~-

P(k) Qk)

where we have introduced the notation P(k) and Q(k) for convenience. We integrate by

parts to get

0= /Cdk Z(k) (P(k) +Q(k)t)ek’t

+ [ (20w - 4 (zwew)e) )

ko

= |Z(Q(k)e"]

k1

where k1 and kg represent the two endpoints of C. If we can pick Z(k) and a contour C
such that Eq. (4.48) holds, then we can use them to express the solution to the ODE (4.46)
by Eq. (4.47). In summary, we must find Z(k) and the contour C' such that

ko

(QZ(M) ~ P Z(E) =0 and [Z(Q(0)M] " =0,

k1

4
dk
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The differential equation above, for Z(k), can be solved either by finding an integrating

factor, or by separation of variables, as follows:

dQz] _ P _ [P
0z —Qdk: = ln(QZ)—/Qdk:—i-const

d[QZ) = PZdk

Z(k), is given by

Z(k) = Q(Ck) exp ( / dk SE’Z;) (4.49)

Once Z(k) is determined, we must find a contour with endpoints k1 and ks such that

Qk1)Z(k1)eMt = Q(ka) Z (kg)ek2t.

Example 4.3.2. Use the Laplace’s method to find the general solution to the boundary

value problem:
d3

oL
da3

Solution. For this problem, we compute

u+2u=0, u(0)=1, wu(co)=0.

2
Ce_l/k

T Q(k)Z(k)et = ek—1/k? (4.50)

Pk)=2, Qk)=k, Zk)=-

We see that e"*=1/k* 5 0 as k — —oo and that e**~1/% =0 as k — 0. Therefore, we take

the contour of integration to be along the negative real axis. The solution is

0 ek:z:—l/k2

—00

which can be expressed as
o

u(z) = /ex/‘/zzdz
0
by the change of variables z = t~2. The constant ¢ = 1/2 was chosen to satisfy the boundary
condition u(0) =1
Exercise 4.5. Consider the sum
n

S) =Y (il)?'

n=0

Find a second order, linear differential equation which, when supplied with proper initial
conditions at x = 0, results in S(z) as a solution. Solve the initial value problem by the

Laplace method, therefore, representing S(x) as an integral.
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Example 4.3.3. (a) Use Laplace’s method to find a general solution to the Hermite equation

d?y dy
I Lony=o0. 4.51
72 7 +2ny =0 ( )

(b) Simplify your result for the case where n is a non-negative integer.
Solution. (a) In this case we derive

2 c@*k2/4 Kt ektfk2/4

(4.52)

thus resulting in the following explicit solution of Eq. (4.51), defined up to a multiplicative

constant, is
ekt—k?/4

Let us make the change in variables k — z according to k = 2(t — z) which gives

y(t) = e’ / / m, (4.54)

where C’ is a suitable contour in the complex plane of z, which is yet undefined, that is we
have a freedom in choosing the contour (as above we had a choice with contour C' in the
complex space of k).

(b) When n is a non-negative integer, the integrand in Eq. (4.54) has a simple pole,
and thus choosing the contour to go around the pole both satisfies the requirement on
the boundary terms and allows us to evaluate the integral by residue calculus. Applying
Cauchy’s formula to the resulting contour integral, one therefore arrives at the expression

for the so-called Hermite polynomials

() = Hy(t) = (-1)7e Se (4.55)

where re-scaling (which is a degree of freedom in linear differential equations) is selected

according to the normalization constraint introduced in the following exercise. O

Hermite polynomials will come back later in the context of the Sturm-Liouville problem
in Section 4.5.3.

Example 4.3.4. Consider another example particular case of Eqs.(4.46) that can be solved

by the Laplace method,
d2



CHAPTER 4. ORDINARY DIFFERENTIAL EQUATIONS. 110

\\ I 7T/g//
N4
Y
/

VPN

/ AN

ol /c

Figure 4.1: Layout of contours in the complex plane of k needed for saddle-point estimations
of the Airy function described in Eq. (4.58).

Solution. Following the general Laplace method described above we derive
P(k)=k* Q)= -1, Z(k)=—exp(—k?/3). (4.57)

According to Eq. (4.47) the general solution of Eq. (4.57) can be represented as

y(t) = const / dk exp (kt — k‘3/3) , (4.58)
C

where we choose an infinite integration path shown in Fig. (4.1) such that values of the
integrand at the two (infinite) end points coincide (and equal to zero). Indeed, this choice
guarantees that the infinite end points of the contour lie in the regions where Re(k?) > 0
(shaded regions I, II, III in Fig. (4.1)). Moreover, by choosing that the contour starts in
the region I and ends in the region II (blue contour C' in Fig. (4.1)) we guarantee that the
Airy function given by Eq. (4.56) remains finite at ¢ — 400. Notice that the contour can
be shifted arbitrarily under condition that the end points remain in the sectors I and II.
In particular one can shift the contour to coincide with the imaginary axis (in the complex

k plane shown in Fig. (4.1), then Eq. (4.58) becomes (up to a constant) the so-called Airy

. 1 T 23 1 T 2B
Ai(t) = ﬂ/dz cos | = +z2t) = %Re / dz exp iy +itz | | . (4.59)
0 — 00

Asymptotic expression for the Airy function at ¢ > 0, ¢ > 1, can be derived utilizing the
saddle-point method described in Section 2.4. At k = ++/%, the integrand in Eq. (4.58) has

an extremum along the direction of its “steepest descent" from the saddle point along the

function

imaginary axis. Since the contour end-points should stay in the sectors I and II, we shift

the contour to the left from the imaginary axis while keeping it parallel to the imaginary
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axis. (See C; shown in red in Fig. (4.1) which crosses the real axis at k = —+/t.) The
integral is dominated by the saddle-point at k& = —v/%, thus resulting (after substitution
k = v/t + iz, changing integration variable from k to z, making expansion over z, keeping
quadratic term in z, ignoring higher order terms, and evaluating a Gaussian integral) in the
following asymptotic estimation for the Airy function

—+00

, 1 2 exp(—2t3/2/3
t>0,t>1: Ai(t)~ o / exp (—3t3/2 _ \/{Z2> dz = W. (4.60)

(Notice that one can also provide an alternative argument and exclude contribution of the
second, potentially dominating, saddle-point k = v/ simply by observing that Gaussian inte-
gral evaluated along the steepest descent path from this saddle-point gives zero contribution

after evaluating the real part of the result, as required by Eq. (4.59).)

4.4 Linear Static Problems

We will now turn to problems which normally appear in the static case. In many natural
and engineered systems, a dynamic system that reaches equilibrium may have spatial char-
acteristics that are non-trivial and worthy of analysis. Here we discuss a number of linear

spatially one-dimensional problems that are relevant to applications.

4.4.1 One-Dimensional Poisson Equation

Poisson’s equation describes, in the case of electrostatics, the potential field caused by a
given charge distribution.
Let us discuss the function u(z) whose distribution over a finite spatial interval is de-

scribed by the following set of equations

d2
@u(m) = f(z), Vzx € (a,b) with wu(a)=u(b)=0. (4.61)
We introduce the Green function which satisfies
d2
Va<z,y<b: @G(x;y) =d(x—y), G(a;y)=G(b;y)=0. (4.62)

Notice that the Green function now depends on both x and y.
According to Eq. (4.62), %G(m; y) = 0if x # y. That is, G(z,y) is a linear function of
x for all  # y. Then enforcing the boundary conditions one derives
r>y: G(z;y) =Bz —b), (4.63)
y>z: Gzyy)=A(r —a). (4.64)
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Furthermore, given that the differential equation in (4.62) is the second order, G(x, y) should
be continuous at x = y and the jump of its first derivative at x = y should be equal to unity.

Summarizing, one finds

1 Jy=bz—a) z<y
b—a (y—a)(z—0), z>uy.

G(zy) = (4.65)

The solution the Eq. (4.61) is given by the convolution operator

b

u(z) = / dyG: ) f (). (4.66)

a

Example 4.4.1. Find the Green function for the equation, Lu(x) = f(x), where the oper-
d

d

ator £ = T (xd>, and the boundary conditions on u(z) are u(1) = 0 and v'(2) = 0.
x T

Solution. We construct the Green function by finding a function that satisfies the necessary

properties. Property (i.): The Green function satisfies LG(z;y) = 0 for x # y. Two linearly

independent solutions to the homogeneous equation are u(z) = const and u(z) = log(x).

Therefore for any y in 1 < y < 2, we can write

1+ exlog(z), =<y
Glasy) =
c3 +eqlog(z), x>y.

Property (ii.): The Green function satisfies the boundary conditions. Enforcing the boundary

conditions u(1) = 0 and v/(2) = 0, gives ¢; = ¢4 = 0,

colog(z) xz<y
Glasy) =
c3 >y

Property (iii.): G(x;y) is continuous and Gz(x;y) has a jump of magnitude —1/y at x = y.
To ensure continuity at y, we must set c2log(y) = ¢3. This ensures continuity, but does not
yet give the appropriate jump condition. Computing the derivative of G as * — y~ and
as v — yT gives lim,_,,- Gy = c2/y and lim,_,,+ G, = 0. That is, we must set ca = 1 to

ensure that the derivative has a jump with magnitude —1/y at = y.

log(z), = <uy;
G(z;y) =
log(y), = >uy.
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Remark. Ezxplanation for Property (iii.): To determine the magnitude of the jump at =y,
integrate the ODE on the interval y — e < x < y + € and take the limit ¢ — 0.

5 (o) o) =00 -

Y+e d d y+e
lim —— (mx> u(z)dr = lim §(z — y)dzx,

e—0 y—e dx d e—0 y—e
d vre
lim {—xu(w)} =1,
e—0 dx y—e
d 1
& _ =7y

Exercise 4.6. Find the Green function for the equation, Lu(x) = f(z), where the operator

L= f% — k2, and the boundary conditions on u(z) are

(b) u(x) is periodic with the period 2.

4.5 Sturm-Liouville (spectral) theory

We enter the study of differential operators which map a function to another function, and

it is therefore imperative to first discuss the Hilbert space where the functions of reside.

4.5.1 Hilbert Space and its completeness

Let us first review some basic properties of a Hilbert space, in particular, condition on its
completeness. (These will be discussed at greater length in the companion Math 527 course

of the AM core.) A linear (vector) space is called a Hilbert space, H, if

1. For any two elements, f and g there exists a a scalar product (f, g) which satisfies the

following properties:

(a) linear with respect to the second argument,

(f7 agi +1892) = a(f?.gl) + 5(]07.92)7

for any f,g10 € H and o, € C.

(b) self-conjugation (Hermitian)

(f.9)=1(9, /)"
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(¢) non-negativity of the norm, | f|? := (f, f) > 0, where (f, f) = 0 means f = 0.

2. H has a countable basis, B, i.e. a countable number of elements, B := {f,, n =
1,---,00} such that any element g € H can be represented in the form of a linear

combination f,. that is, for any g € H, there exist coefficients ¢, such that g = > ¢, fr.

Remark. The Hilbert space defined above for complex-valued functions can also be consid-

ered over real-valued functions. In the following we will use the two interchangeably.

Any basis B can be turned into an ortho-normal basis with respect to a given scalar

product, i.e. x = S (z, fu)fn, |zl|?> = 3 (=, fu)]?. (For example, the Gram-Schmidt
n=1 =1

process is a standard ortho-normalization pr_ocedure.)

One primary example of a Hilbert space is the L?(Q) space of complex-valued functions
f(z) defined in the space 2 € R" such that [dz|f(z)[*> < co (one may say, casually, that
the square modulus of the function is integra%le). In this case the scalar product is defined
as

(.9) = [ daf*@)g().
Q
Properties la-c from the definition of Hilbert space above are satisfied by construction and
property 2 can be proven (it is a standard proof in the course of mathematical analysis).

Consider a fixed infinite ortho-normal sequency of functions

{f?% n= 17 , 00, (fnafm) = 5nm}

The sequence is a basis in L?(€2) iff the following relation of completeness holds

Y fa@) faly) = 6z — y). (4.67)
n=1

As custom for the § function (an other generalized functions), Eq. (4.67) should be under-
stood as equality of integrals of the two sides of Eq. (4.67) integrated with a function from
L?(Q).

4.5.2 Hermitian and non-Hermitian Differential Operators

Consider a function from the Hilbert space L?(a,b) over the reals, i.e. function of a single
variable, x € R, over a bounded domain, a < x < b with an integrable square modulus and

a linear differential operator L acting on the function.


https://en.wikipedia.org/wiki/Gram-Schmidt_process
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A differential operator is called Hermitian (self-conjugated) if for any two functions (from
a certain class of interest, e.g. from L?(a,b)) the following relation holds:

b b

(.L9) = [ dof@)lgla) = [ dwg@)Lf(@) = (9. L1). (1.68)
a a

It is clear from how the condition (4.68) was stated that it depends on both the class

of functions and on the operator L. For example, considering functions f and g with zero

boundary conditions or functions which are periodic and which derivative is periodic too,

will result in the statement that the operator

2
L= % + U(x), (4.69)
where U(x) is a function mapping from R to R, is Hermitian.
The natural generalization of the Shrodinger operator 4.69 is the Sturm-Liouville oper-
ator
L= d—2+Qi+U(x). (4.70)
dx? dx
The Sturm-Liouville operator is not Hermitian, i.e. Eq. (4.68) does not hold in this case.
However, it is straightforward to check that at the zero boundary conditions or periodic
boundary conditions imposed on the functions, f(x) and g(z), and their derivatives, the

following generalization of Eq. (4.68) holds
b b
/dmp(l‘)f(iﬂ)ﬁg(ﬂ?) = /dﬂﬁﬂ(ﬂ?)g(ﬁ)ﬁf(x% (4.71)

d
where P = QRp = p=exp </ de) . (4.72)
x
Consider now the eigen-functions f, of the operator L, which satisfy

ﬁfn = )\nfna (4'73)

where ), is the spectral parameter (eigenvalue) of the eigen-function, f,, of the Sturm-
Liouville operator (4.70), indexed by n. (We assume that, Vn #m: X\, # \p.)

Notice that the value of A, is not specified in Eq. (4.73) and finding the values of
An for which there exists a non-trivial solution, satisfying respective boundary conditions
(describing the class of functions considered) is an instrumental part of the Sturm-Liouville
problem.

Observe that the conditions (4.71,4.72) translates into

[ dzotaL = [ dootutn=o [ dootut
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that becomes the following eigen-function orthogonality condition

/dxpfnfm =0 (Vn#m). (4.74)

As a corollary of this statement one also finds that in the Hermitian case the distinct
eigen-functions are orthogonal to each other with unitary weight, p = 1.
Let us check Eq. (4.74) on the example, Ly = d?/dz?, where Q(z) = U(x) = 0, over

the functions which are 27m-periodic. cos(nzx) and sin(nx), where n = 0,1,--- are distinct
eigen-functions with the eigen-values, A, = —n?. Then, forall m # n,
2 2 2
/d:v cos(nzx) cos(mx) = /d:v cos(nz) sin(mx) = /d:c sin(nx) sin(mz) = 0. (4.75)
0 0 0

Note that the example just discussed has a degeneracy: cos(nz) and sin(nz) are two
distinct real eigen-functions corresponding to the same eigen-value. Therefore, any combi-
nation of the two is also an eigen-function corresponding to the same eigen-value. If we would
choose any other pair of the degenerate eigen-functions, say cos(nz) and sin(nx) + cos(nz),
the two would not be orthogonal to each other. Therefore, what we see on this example is
that the eigen-functions corresponding to the same-eigenvalue should be specially selected
to be orthogonal to each other.

We say that the set of eigen-functions, {f,(z)|n € N}, of L is complete over a given
class (of functions) if any function from the class can be expanded into the series over the

eigen-functions from the set

f = chfn- (4.76)

Relating this eigen-functions’ property to completeness of the Hilbert space basis, one
observes that eigen-vectors of a self-adjoint (Hermitian) operator over L?(£2) form an ortho-
normal basis of L?(Q2).

Multiplying both sides of Eq. (4.76) by pfn, integrating over the domain, and applying

(4.74) to the right one derives
_ Jduph
" S dzp(fn)?

Note that for the example Lg, Eq. (4.76) is a Fourier Series expansion of a periodic

(4.77)

function.
Returning to the general case and substituting Eq. (4.77) back into (4.76), one arrives
at

flz) = / dy (p(y)zn: T df})(é)){}giaﬂ) fw). (4.78)
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If the set of functions { f,(x)|n} is complete relation (4.78) should be valid for any function
f from the considered class. Consistently with this statement one observes that the part
of the integrand in Eq. (4.78) is just the &(x), which is the special function which maps

convolution of the function to itself, i.e.

fn(x)fn(y) _ 1 r—
2 Taep@ @y~ s Y (4.79)

fu(x))? p(y)

Therefore, one concludes that Eq. (4.79) is equivalent to the statement of the set of functions

{fn(x)|n} completeness.

Example 4.5.1. Check validity of Eq. (4.79), and thus completeness of the respective set
of eigen-functions, for our enabling example of Ly = d2 /dx? over the functions which are

2m-periodic. Add solution

4.5.3 Hermite Polynomials.

Let us now depart from our enabling example and consider the case of Q(x) = —2z and
U(z) =0, ie.
[ (z) (—2?) (4.80)
= —_ = eX - .
2= o5 — 2w, pz) =exp(-27),

over the class of functions mapping from R to R, which also decay sufficiently fast at x —

+00. That is we are discussing now

Lofn = Anfn. (4.81)

Changing from f,(z) to ¥, (z) = fu(x),/p one thus arrives at the following equation for
v,

2

~ dr?

Observe that when A\, = —2n, Eq. (4.81) coincides with the Hermite Eq. (4.51).

Let us look for solution of Eq. (4.81) in the form of the Taylor series around z = 0

e*zz/ZlAlgfn(a:) =% 2f, (exz/Q\Iln(x)> U, + (1 —2HT, =\, T,,. (4.82)

ful@) =D apa®. (4.83)
k=0

Substituting the series into the Hermite equation and then equating terms for the same

powers of x one arrives at the following regression for the expansion coefficients:

2k + Ay

Vk:(),l,---: ak+2:mak.

(4.84)
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This results in the following two linearly independent solutions (even and odd, respec-

tively, with respect to the z — —z transformation) of Eq. (4.81) represented in the form of

a series
4
£)(z) = ag (1 + %xQ + And+ M) 4—:_ An)$4 + - ) ; (4.85)

where the two first coefficients in the series (4.83) are kept as the parameters. Observe that
the series (4.85) and (4.86) terminate if A\, = —4n and A\, = —4n — 2, respectively, where
n = 0,1,---, then fY(Le) are polynomials — in fact the Hermite polynomials. We combine
the two cases in one and use the standard, H,(x), notations for the Hermite polynomials
of the n-th order, which satisfies Eq. (4.82). Per statement of the Exercise 4.7, Hermite

polynomials are normalized and orthogonal (weighted with p) to each other.

Exercise 4.7. (a) Prove that
+00
/ dt e Hy(t) Hp(£) = 2"n!\/T6m, (4.87)
—o0
where 0, is unity when n = m and it is zero otherwise (Kronecker symbol).
(b) Verify that the set of functions
{\Iln(x) _ W exp(—22/2)Ho(z) | n=0,1,--- } (4.88)

satisfies -
D U (@)Wn(y) = 6z — y). (4.89)
n=0

Hint: The following identity may be useful

+00
a exp(—a*) = V7 / @(iQ)n exp (—¢*/4 + iqx) .
dx™ 2m
—o0

A corollary of the Exercise 4.7 is the statement of “completeness": the set of functions
(4.88) forms an orthogonal basis of the Hilbert space of functions, f(z) € L?, i.e. satisfying
25 |f(2)Pdz < oo. (A bit more formally, an orthogonal basis for the L? functions is a
complete orthogonal set. For an orthogonal set, completeness is equivalent to the fact that
the 0 function is the only function f € L? which is orthogonal to all functions in the set.)

Note that the last equality in Eq. (4.82) is the spectral version of the the Schrodinger
PDE (in the imaginary time) in the quadratic potential

20 (t;x) + (1 — 22V (t; ) = -0,V (t; x), (4.90)

discussed next.
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4.5.4 Case study: Schrodinger Equation in 1d *
Schrédinger equation *
d*>V ()
dx?

described the so-called (complex-valued) wave function describing de-location of a quantum

+ (E-U(x))¥(x) =0, (4.91)

particle in € R with energy E in the potential U(x). We are seeking for solutions with
|¥(z)] — 0 at z — oo and our goal here is do describe the spectrum (allowed values of E)
and respective eigen-functions.

As a simple, but instructive, example consider the case of a quantum particle in a
rectangular potential, i.e. U(xz) = Uy at x ¢ [0,a] and zero otherwise. General solution of
Eq. (4.91) becomes

Uy>FE >0:

;

cr exp(zv/Uy — E), x <0
Up(z) =< apexp(izVE)+a_exp(—izVE), x€[0,a] , (4.92)
crexp(—zv/Uy — E), x>a

cr+ exp(izy/E — Up) + cp— exp(—izvE —Uy), x<0
Wp(z) = ay exp(ieVE) + a_exp(—ieVE),  wela , (49
cr+ exp(izvV E — Up) + cr—exp(—iz/E —Upy), x=>a

where we account for the fact that F cannot be negative (ODE simply does not allow
such solutions) and in the Uy > E > 0 regime we select one solution (of the two linearly
independent solutions) which does not grow with x — +o0.

The solutions in the three different intervals should be "glued" together - or stating it
less casually ¥ and dW/dx should be continuous at all z € R. These conditions applied to
Eq. (4.92) or Eq. (4.93) result in an algebraic “consistency" conditions for E. We expect to
get a continuous spectrum at E > Uy and discrete at Uy > E > 0.

Example 4.5.2. Complete calculations above for the case of Uy > E > 0 and find the
allowed values of the discrete spectrum. What is the condition for appearance of at least

one discrete level?

Consider another example.

*This auxiliary Subsection can be dropped at the first reading. Material form the Subsection will not

contribute midterm and final exams.
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Example 4.5.3. Find eigen-functions and energy of stationary states of the Schrédinger

equation for an oscillator:

d?V(z) 9
where z € R and ¥ : R — C2.

Solution. As we saw already in the preceding section analysis of Eq. (4.94) is reduced to
studying the Hermite equation, with its spectral version desribed by Eq. (4.81). However, we
will follow another route here. Let us introduce the so-called “creation" and “annihilation"

operators

a_\%(CZJer), aT_\%<$—x>, (4.95)

and then rewrite the Schrodinger Eq. (4.94) as
. 1
HU(z) = a'av(z) = <2E - 2> (z). (4.96)

It is straightforward to check that the operator H is positive definite for all functions from
L2
/quﬁ(x)mf(x) = /dx\w(:c)aahp(x) = /dm|d\11(x)|2 >0,

where the equality is achieved only if
a ( ) L dx ( ) 0
aVo(z) = +z | Yolx) =
0 \/i XL 0 ’

thus resulting in Wo(x) = Aexp(—22/2) and Ey = 1/4. We have just found the eigen-
function and eigen-value correspondent to the lowest possible energy, so-called ground state.
To find all other eigen-function, correspondent to the so-called “excited" states, consider the

so-called commutation relations

aal(z) = alav(z)+ ¥(x), (4.97)
ata (aT)n U(r) = (aT)Q P (aT)M U(z) + (a*)n U(z)
= n (eﬁ)n U(z) + (&T)"H av(z). (4.98)

Introduce ¥, (z) := (a’)"¥o(x). Since a¥o(x) = 0, the commutation relations (4.98) shows

immediately that
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We observe that eigen-functions ¥, (x) of the states with energies, 2E,, = n + 1/2 are
expressed via the Hermite polynomials, H,(z), introduced in Eq. (4.55),

i (d " x?

mie) = (5 (7)) e (-5)
" 22\ d" 9

Anm exp <2> ﬁ exp (—fL' ) N

where we have used the identity, (-4 — z)exp(2?/2) = exp(2%/2) L. From the condition of

the Hermite polynomials orthogonality (4.87) one derives, A, = (n!\/7)~1/2.

4.6 Phase Space Dynamics for Conservative and Perturbed

Systems

4.6.1 Integrals of Motion

Consider equation describing conservative dynamics of a particle of unit mass in the potential

(conservative means there is no dissipation of energy)

t=v, 0=-0,U(x). (4.99)
The energy of the particle is
.2
E= % +U(2), (4.100)

which consists of the kinetic energy (the first term), and the potential energy (the sec-
ond term). It is straightforward to check that the energy is constant, that is dE/dt = 0.

Therefore,
T =42/FE —-U(x), (4.101)

where £ on the right hand side is chosen according to the initial condition chosen for
#(0) (there may be multiple solutions, corresponding to the same energy). Eq. (4.101) is
separable, and it can thus be integrated resulting in the following classic implicit expression

for the particle coordinate as a function of time

dx
— =+t (4.102)
/m VE —U(x) ’
which depends on the particle’s initial position, xg, and its energy, E which is conserved.
In the example above, E is an integral of motion or equivalently a first integral, which is
defined as a quantity that is conserved along solutions to the differential equation. In this

case E was constant along the trajectories x(t).
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The idea of an integral of motion or first integral extends to conservative systems de-
scribed by a system of ODEs. (Here and in the next section we follow [2, 1].) For example,
consider the situation where a quantity H, called Hamiltonian, is a twice-differentiable
function of 2n variables, p1,- -+ ,p, (momenta) and ¢qi,- - , ¢, (coordinates). Corresponding
system of the dynamic equations is called the Hamilton’s canonical equations,

) ) |
pl_ aq27 ql_apl

(Vi=1,---,N). (4.103)

Computing the rate of change of the Hamiltonian in time

N N

dH OH ., O0H. o

dt Z <3p.pi+ da; %'> = E (—=Gipi + Pidi) » (4.104)
! ! i=1

1=
we observe that H is constant, that is, H is an integral of motion.

This dynamical system with a single degree of freedom ("single" particle), described by
(4.99), is an example of a canonical Hamilton system. Energy (4.100) of the Hamiltonian
system, considered as a function of x and v, is the Hamiltonian. x and v correspond to
(scalar) ¢ and p respectively. We continue exploring a single particle, N = 1, Hamiltonian
system in the next Subsection — Section 4.6.2.

We will also discuss Hamiltonian systems, as derived from the variational principle,
in the optimization part of the course (early second semester). We reiterate that reader
interested in a broader and comprehensive mathematical introduction into the subject of

the Hamiltonian dynamics is advised to consult with [2].

4.6.2 Phase Portrait

Following [2] and Section 1.3 of [1] we now turn to discussing the famous example of a
conservative (Hamiltonian) system with one degree of freedom (4.99).

We have established above that the energy (Hamiltonian) is conserved, and it is thus
instructive to study isolines, or level curves, of the energy drawn in the two-dimensional
(z,v) space, {{z,v} | % +U(x) = E}. To draw a level curve of energy we simply fix E and
evaluate how {z,v} evolves with ¢ according to Eqgs. (4.99).

Let us build some intuition for level curves using an analogy. Suppose that the potential
curve is the same shape as a length of wire (literally the same shape, i.e. if the potential
curve is a parabola the wire is shaped like a parabola). We will say that this wire is perfectly
rigid, and frictionless. Now imagine that there is a ball or bead which slides along the wire,
subject to gravity. One may start the bead at any position on the wire, with any initial
velocity (left or right). The path that the bead traces out in position-velocity space is

(qualitatively) a level curve of the corresponding potential function.
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Figure 4.2: Phase portrait, i.e. (x,v) level-curves of the conservative system Eq. (4.99) with

the potential, U(x) = kx?/2 with k > 0 (top) and k < 0 (bottom).
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\/a\ ‘J\b/—x
\/Q/\ W
Figure 4.3: What is appearance of the level curves (phase portrait) of the energy for each
of these potentials?

Consider the quadratic potential, U(z) = %ka. The two cases of positive and negative

k are illustrated in Fig. (4.2), see the snippet Portrait.ipynb. We observe that with the
exception of the equilibrium position (z,v) = (0,0), the level curves of the energy are
smooth. Generalizing, we find that the exceptional points are critical, or stationary, points
of the Hamiltonian, which are points where the derivatives of the Hamiltonian with respect
to the canonical variables, ¢ and p, are zero. Note that each level curve, which we draw
observing how a particle slides in a potential well, U(x), also has a direction (not shown in
Fig. (4.2)).

Consider the case where k& > 0, and fix the value of the energy E. Due to Eq. (4.100),
the coordinate of the particle, x, should lie within the set where the potential energy is less
than the energy, {x | U(z) < E}. We observe that E > 0, and that equality corresponds
to the particle sitting still at the minimum of the potential, which is called a critical point,
or fixed point. Furthermore, the larger the kinetic energy, the smaller the potential energy.
Any position where the particle changes its velocity from positive to negative or vice-versa is
called a turning point. For any E > 0, there are two turning points, 4+ = +2F/k. Testing
different values of E > 0, we sketch different level curves, resulting in different ellipsoids
centered around 0. This is the canonical example of a oscillator. The motion of the particle
is periodic, and its period, T', can be computed evaluating Eq. (4.102) between the turning

points
Ty V2E/k
dx dx
T:= / _— = / — =27 (4.105)
VE—-U(z) VE — kx?/2
T —\/2E/k

For this case, the period is a constant, 27, and we note that it is independent of k.
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In the k£ < 0 case where all the values of energy (positive and negative) are accessible,
x =v = FE =0 is the critical point again. When E > 0 there are no turning points (points
where direction of the velocity changes). When E > 0 the particle may turn only once or
not at all. If x(0) # 0 and regardless of the sign of E, xz(t) increases with ¢ to become
unbounded at t — co. As seen in Fig. (4.2)b, in this case the (z,v) phase space splits into
four quadrants, separated by the v = +v/kx separatrices. The level curves of the energy are
hyperbolas centered around x = v = 0.

A qualitative study of the dynamics in more complex potentials U(z) can be conducted

by sketching the level curves in a similar way.

Example 4.6.1. Sketch level curves of the energy for the Kepler potential, U(z) := — 2+ %
and for the potentials shown in Fig. (4.3). Add solution.

4.6.3 Small Perturbation of a Conservative System

Let us analyze the following simple but very instructive example of a system which deviates

very slightly from the quadratic potential with £ = 1:
t=v+ef(z,v), v=-—x+cg(x,v), (4.106)

in the regime where ¢ < 1 and 22 + v? < R2.

For £ = 0, and assuming that z(0) = xg, one derives
x(t) = xzocos(t), v(t) = —wxosin(t).

We calculate the energy and find that E = (22 + v?)/2 (within the limit) is conserved and
so the system cycles with the period given by T' = 27.
The general case where 0 < € < 1 is not conservative. Let us examine how the energy

changes with time. One derives

d
%E =zxi4+vo=c(af+vg) =c¢ (x(o)f + v(o)g) + O(e%). (4.107)
Integrating over a period, one arrives at the following expression for the gain (or loss) of
energy
2
AE = 5/ dt (az(o)f + U(O)g) +0(3?) =¢ ?4 (—fdv + gdz) + O(c?), (4.108)
0

where the integral is taken over the level curve, which is also iso-energy cycle, of the unper-
turbed (¢ = 0) system in the (z,v) space. Obviously AE depends on z.
For the case of increasing energy, AE > 0, we see an unwinding spiral in the (x, v) plane.

For the case of decreasing energy, AE < 0, the spiral contracts to a stationary point.
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There are also systems where the sign of AE depends on xg. Consider for example the
van der Pol oscillator
i =—x+ei(l—z?). (4.109)

As in Eq. (4.108), we integrate %E over a period, which in this case gives

21 21
AE = 5/9’52(1 —2¥)dt + O(e?) = 5x(2)/sin2 t(1—afcos®t) dt + O(e?)
0
A
:w(ﬁ—-£>a+0@%. (4.110)

The O(e) part of this expression is zero when zy = 2, positive when xy < 2 and negative
when xg > 2. Therefore, if we start with zg < 2 the system will be gaining energy, and
the maximum value of z(t) within a period will approach the value 2. On the contrary, if
xo > 2 the system will be lose energy, and the maximum value of x(t) over a period will
decrease approaching the same value 2. This type of behavior, established for AF including
only O(e) contributions (and thus ignoring all contributions of higher order in small ¢) is

characterized as the stable limit cycle, which can be characterized by
d
AFE(zg) =0 and —AF(zg) <0.
dl’o

In summary, the van der Pol oscillator is an example of behavior where the perturbation
is singular, meaning that is categorically different from the unperturbed case. Indeed, in
the unperturbed case the particle oscillates cycling an orbit which depends on the initial
condition, while in the perturbed case the particle ends up moving along the same limit

cycle.

Exercise 4.8. Recall properties of stable / unstable limit cycles:

Limit Cycle is Stable at x = ¢ if AFE(zg) =0 and diAE(l‘o) <0
L0

Limit Cycle is unstable at z = z if AFE(xg) =0 and diAE(ajo) >0
Lo

Suggest an example of perturbations, f and g, in Eq. (4.106) which leads to (a) an unstable
limit cycle at 9 = 2, and (b) one stable limit cycle at xyp = 2 and one unstable limit cycle

at o = 4. Illustrate your suggested perturbations by building a computational snippet.

Consider another ODE example

I=c(a+bcos(B/w)), 6=uw, (4.111)
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where w, £, a, b are constants, and e-term in the first Eq. (4.111) is a perturbation. When ¢
is zero, I is an integral of motion, (meaning that it is constant along solutions of the ODE),
and we think of # as an angle in the phase space increasing linearly with the frequency w.

Note that the unperturbed system is equivalent to the one described by Eq. (4.106).
Example 4.6.2.

(a) Show that one can transform the unperturbed (i.e. € = 0) version of the system
described by Eq. (4.106) to the unperturbed version of the system described by

Eq. (4.111) via the following transformation (change of variables)
v=1/I/2cos(0/w), x=+/I/2sin(f/w). (4.112)

(b) Restate Eq. (4.111) in the (z,v) variables.

The transformation discussed in the Example 4.6.2 is the so-called canonical transforma-
tion that preserves the Hamiltonian structure of the equations. In this case the Hamiltonian,
which is generally a function of 0 and I, depends only on I, H = Iw, and one can indeed

rewrite the unperturbed version of Eq. (4.111) as

. OH

y _ 0H

therefore interpreting # and I as the new coordinate and the new momentum respectively.
Averaging perturbed Eq. (4.111) over one (27w) angle revolution, as done in Section

4.6.3, one arrives at the following expression for the change in I over the 27-period (of time)
Al = 27ea. (4.114)

Taking many, 27nw, revolutions, replacing 2mn by ¢, and Al by J, where the latter is the

action averaged over time ¢, one arrives at the following equation
J=ea, (4.115)

which has the solution, J(t) = Jy + eat.
In fact Egs. (4.111) can also be solved exactly

I(t) = eat + ebsint, (4.116)

and one can check the consistency, that is indeed solution of the averaged Eq. (4.115) does

not deviate (with time) from the exact solution of Eq. (4.111)

w#0: |J(t)—I(t)] <O(1)e. (4.117)
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In a general n-dimensional case one considers the following system of bare (unperturbed)

differential equations
I=0, 0=w(I), I:=(I,---,I,), 60:=, - ,0,), (4.118)

where thus each component of I is an integral of motion of the unperturbed system of

equations. Perturbed version of Eq. (4.118) becomes

I=cg(I1,0,e), 0=w(I)+cf(I,0,¢), (4.119)
where f and g are 2ww-periodic functions of each of the components of 8. Since I changes
slowly, due to smallness of ¢, the perturbed system can be substituted by a much simpler
averaged system for the slow (adiabatic) variables, J(t) = I(t) + O(¢):

_ $9(1,0,0)d6

J=eG(J), GJ): a6 ,

(4.120)
where as in Section 4.6.3 § stands for averaging over the period (one rotation) in the phase-
space. Notice that the procedure of averaging over the periodic motion may brake at higher
dimensions, n > 1, if the system has resonances, i.e. if ), Njw; = 0, where N; are integers.

If the perturbed system is Hamiltonian @ plays the role of generalized coordinates and

I of generalized momenta, then Egs. (4.119) become

OH . OH

=% ?=ar

(4.121)
In this case averaging over 6 the rhs of the first equation in Eq. (4.121) results in J = 0. This
means that the slow variables, Jp,--- ,J,, also called adiabatic invariants, do not change
with time. Notice that the main difficulty of applying this rather powerful approach consists

in finding proper variables which remain integrals of motion of the unperturbed system.



Chapter 5
Partial Differential Equations.

A partial differential equation (PDE) is a differential equation that contains one or more
unknown multivariate functions and their partial derivatives. We begin our discussion by
introducing first-order ODEs, and how to resolve them to a system of ODEs by the method
of characteristics. We then utilize ideas from the method of characteristics to classify (hy-
perbolic, elliptic and parabolic) linear, second-order PDEs in two dimensions (Section 5.2).
We will discuss how to generalize and solve elliptic PDE, normally associated with static
problems, in Section 5.3. Hyperbolic PDEs, discussed in section 5.4 are normally associated
with waves. Here, we take a more general approach originating from intuition associated
with waves as the phenomena (then wave solving a hyperbolic PDE is a particular example
of a sound wave). We will discuss diffusion (also heat) equation as the main example of a

generalized (to higher dimension) parabolic PDE in Section 5.5.

5.1 First-Order PDE: Method of Characteristics

The method of characteristics reduces PDE to multiple ODEs. The method applies mainly
to first-order PDEs (meaning PDEs which contain only first-order derivatives) which are
moreover linear in the first-order derivatives.

To motivate this technique we will first consider a function u of two independent variables

(z,y), u(z,y). Suppose that u(z,y) solves

a(x,y,u)gz + b(x,y, u)gz = c(x,y,u). (5.1)
Now consider some arbitrary differentiable parametric curve (z(t),y(t)) and consider the
total derivative CC%‘. By the chain rule we have
du dxrdu dyou

129
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Observe, that since the parametric curve was arbitrary we may chose to define it by

dx

E - a(:v,y,u),

dy

dt b(x y? )7

du

7 = @y (5.3)

Substituting this into (5.2) gives us precisely (5.1). Thus we have a family of characteristic
curves from which we can construct our solution to (5.1). (It is a family of curves since we
never gave an initial condition for the system (5.3).)

At this point I think we should illustrate this idea with an example. Preferably one that
demonstrates how to get the homogeneous and particular solutions to a problem. Good
idea. Please add an example.

Let u(x) : RY — R be a function of a d-dimensional coordinate, @ := (x1,...,2q).
Introduce the gradient vector, Vzu := (0y,u;i = 1,...,d), and consider the following linear

in V u equation

(V- Vau) : ZV@xlu— 1, (5.4)

where the velocity, V (x) € R? and forcing, f(z) € R are given functions of x.

First, consider the homogeneous version of Eq. (5.4)
(V- Vgu) =0. (5.5)

Introduce an auxiliary parameter (or dimension) ¢t € R, call it time, and then introduce the

characteristic equations
dx(t)
dt
describing the evolution of the characteristic trajectory @(t) in time according to the function

=V(x(t)), (5.6)

V. A first integral is a function for which %F (z(t)) = 0. Observe that any first integral of
Egs. (5.6) is a solution to Eq. (5.5), and that any function of the first integrals of Egs. (5.6),
g(Fy,..., Fy), is also a solution to Eq. (5.5).

Indeed, a direct substitution of u = ¢ in Eq. (5.5) leads to the following sequence of

equalities

The system of equations (5.6) has d — 1 first 1ntegrals independent of t (directly). Then a
general solution to Eq. (5.7) is

w(z(t)) = g (Fi(2(1)), ..., Faa(2(1))), (5.8)
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where ¢ is assumed to be sufficiently smooth (at least twice differential over the first inte-
grals).

Eq. (5.5) has a nice geometrical/flow interpretation. If we think of V', which is the d
dimensional vector of the coefficients of V,g, as a “velocity", then Eq. (5.5) means that
derivative of u over & projected to the vector V is equal to zero. Therefore, the solution to
and ODE by the method of characteristics is reduced to reconstructing integral curves from
vectors V' (x), defined at every point @ of the space, which are tangent to the curves. Then,
the solution u(x) is constant along the curves. If in the vicinity of each point x of the space,
one changes variables,  — (¢, F1, ..., Fy_1), where t is considered as a parameter along an
integral curve and, if the transformation is well defined (i.e. Jacobian of the transformation
is not zero), then Eq. (5.5) becomes du/dt = 0 along the characteristic.

Let us illustrate how to find a characteristic on the example of the following homogeneous
PDE

Opu(x,y) + yoyu(z,y) = 0.

The characteristic equations are dx/dt = 1, dy/dt = y, with the general solution z(t) =
t+c1, y = cagexp(t). The only first integral of the characteristic equation is F(x,y) =
yexp(—x), therefore u = g(F(z,y)), where g is an arbitrary function is a general solution.

It is useful to visualize the flow along the characteristics in the (x,y) space.

Example 5.1.1. Find the characteristics of the following PDEs and use them to find the

the general solutions to the PDEs. Verify your solutions by direct substitution.
(a) dpu — y*0yu = 0,
(b) 20yu — yOyu =0,
(c) yOpu — x0yu = 0.

Visualize the characteristics in (z, y)-plane.

Solution.

(a) The goal is to find curves parameterized by t expressing the left hand side as a total
derivative giving Lu(z(t),y(t)) = 0. By the chain rule, this is equivalent to d,u &(t) +
dyuy(t) = 0, which is equivalent to our PDE if we set #(t) = 1 and g(t) = —y?. These
are the characteristic equations. Their solutions are x(t) = t+c; and y(t) = (t+c2) L.
Eliminating ¢ gives ¢ = y~! — 2z =: F(x,y) as the only first integral. General solutions

1

to the PDE are in the form u(z,y) = g(y~ — ) where g : R — R can be any function.
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Figure 5.1: Characteristic curves for PDEs in example 5.1.1

(b) The goal is to find curves parameterized by ¢ expressing the left hand side as a total
derivative giving %u(az(t), y(t)) = 0. By the chain rule, this is equivalent to O,u &(t) +
Oyuy(t) = 0, which is equivalent to our PDE if we set ©(t) = « and y(t) = —y. These
are the characteristic equations. Their solutions are z(t) = cie’ and y(t) = cge™t.
Eliminating ¢ gives ¢ = zy =: F(z,y) as the only first integral. General solutions to

the PDE are in the form u(z,y) = g(zy) where g : R — R can be any function.

(¢) The goal is to find curves parameterized by ¢ expressing the left hand side as a total
derivative giving £u(z(t),y(t)) = 0. By the chain rule, this is equivalent to 9, u & (t) +
Oyuy(t) = 0, which is equivalent to our PDE if we set ©(t) = y and §(t) = —z. These
are the characteristic equations. Their solutions are x(t) = ccos(t) and y(t) = csin(t).
Eliminating t gives ¢ = 22 +y? =: F(z,y) as the only first integral. General solutions
to the PDE are in the form u(z,y) = g(2? +y?) where g : R — R can be any function.

Consider the following initial value (boundary) Cauchy problem: solve Eq. (5.5) subject

to the boundary condition
w(®)|zyes = Vo), (5.9)

where S is a surface (boundary) of the dimension d — 1. This Cauchy problem has a
well-defined solution in at least some vicinity of S if S is not tangent to a characteristic
of Eq. (5.5). Consistently with what was described above solution to Eq. (5.6) with the
initial/boundary condition Eq. (5.9) can be thought as the change of variables.

Example 5.1.2. Let us illustrate the solution to the Cauchy problem on the example

Opu = yayuv u(0,y) = cos(y).
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Solution. The characteristic equations, £ = 1, y = —y, have solutions x(t) =t — t1, y(t) =

exp(ta — t), and one first integral
F(z,y) = yexp(x) = constant,

therefore

u(z,y) = g(y exp(z)),
where ¢ is an arbitrary function, is a general solution. Boundary /initial conditions are given
at the straight line, 2 = 0, which is not tangent to any of the characteristic, y = exp(—z+x1).
Therefore, substituting the general solution in the boundary condition one finds a particular

form of the function g for the specific Cauchy problem:
u(0,y) = g(y) = cos(y)-
This results in the desired solution: u(z,y) = cos(yexp(x)). O

Exercise 5.1. (a) Solve

YOz u — x0yu = 0,

for initial condition, u(0,y) = »?. (b) Explain why the same problem with the initial
condition u(0,y) = y is ill-posed. (c) Determine whether the same problem with the initial

condition u(1,y) = y? is ill-posed.

Example 5.1.3. Let (q,p) = (¢1,---,qn,P1,---,Pn) be a set of canonical coordinates for a
Hamiltonian system with Hamiltonian H(q,p), and let f = f(¢,q,p) be any function of ¢

(time), g and p. Liouville’s theorem states that

" (0f OH Of 0H
atf+{f7H}:07 where {f7H}:Z<agap_8]{aq>’

i=1
where {f, H} is the so-called Poisson bracket of f and H. Find the characteristics of the
Liouville’s PDE.

Solution. We wish to find a V(¢,q,p) such that the left hand side of the PDE can be
expressed in the form V' - Vf. This is satisfied for V' = (1,0pH, —04H). We interpret
V as the vector field V = (%, %, %) Introducing V' we also define a family of curves,
(t(s),q(s),p(s)), called the characteristic curves. A little algebra allows us to simplify the
curves to

d oH . OH Vi1

g = — R 7 = cee o n.

dt ql 8p2 b pl 8ql ) b )

Interpretation: In the next chapter, we will see that the Hamilton’s equations, dq/dt = 0pH,

and dp/dt = —0qH, describe the evolution of the state of the system in phase space.
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Since the characteristic curves are precisely the solutions to the Hamilton’s equations, which
reduces Liouville’s PDE to % = 0, we infer that for a Hamiltonian system any function of

the system’s state variables (g, p) does not change as the system evolves in time. O]

Now let us get back to the inhomogeneous Eq. (5.4). As is standard for linear equations,
the general solution to an inhomogeneous equation is constructed as the superposition of
the a particular solution and general solution to the respective homogeneous equation. To

find the former we transition to characteristics, then Eq. (5.4) becomes

(V- Vz)u=(x-Vz)u= %u: f(z(t)), (5.10)

which can be integrated along the characteristic thus resulting in a desired particular solution
to Eq. (5.4)

Uinh = /f(a:(s))ds where x(s) satisfies (V - Vg)u = (& - Vg)u. (5.11)

Notice that this solution is not constant along characteristics.

Example 5.1.4. Solve the Cauchy problem for the following inhomogeneous equation
axu - yayu =Y, ’U,(O, y) = Sln(y)

The method of characteristics can also be generalized to quasi-liner first-order ODEs,
(first-order ODEs (5.4) where V' and f depend not only on the vector of coordinate, &, but
also on the function u(x)). In this case the characteristic equations become

du
— =V (z,u), e f(x,u). (5.12)
The general solution to a quasi-linear ODE is given by g(F}, Fs, ..., F,) = 0, where g is an
arbitrary function of n first integrals of Eq. (5.12).
Consider the example of the Hopf’s equation in d = 1

Oru + udzu = 0, (5.13)

which, when u(¢; z) refers to the velocity of a particle at location z and time ¢, describes the
one dimensional flow of non-interacting particles. The characteristic equations and initial
conditions are

t=u, 4t=0, x(t =0) =x0, u(t =0) = up(zo).

Direct integration produces, = ug(zo)t + z¢ giving the following implicit equation for w

u = ug(x — ut). (5.14)
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Under the specific conditions, ug(z) = ¢(1 — tanhz), this results in the following (still
implicit) equation, v = ¢(1 — tanh(x — ut)). Computing partial derivative, one derives
Dy = —c/(cosh?(z — ut) — ct), which shows that it diverges in finite time at t, = 1/c and
x = ut. The phenomenon is called wave breaking, and has the physical interpretation of
fast particles catching slower ones and aggregating, leading to sharpening of the velocity
profile and eventual breakdown. This singularity is formal, meaning that the physical model
is no longer applicable when the singularity occurs. Introducing a small kK92u term to the
right hand side of Eq. (5.13) regularizes the non-physical breakdown, and explains creation

of shock. The regularized second-order PDE is called Burgers’ equation.

5.2 Classification of linear second-order PDEs
Consider the most general linear second-order PDE over two independent variables:
an@gu + 2a120,0,u + a228§u + b10;u + b20yu + cu+ f =0, (5.15)

where all the coefficients may depend on the two independent variables x and y.
The method of characteristics, (which applies to first-order PDEs, for example, when
aj; = a2 = agz; = ¢ = 0 in Eq. (5.15)), can inform the analysis of second-order PDEs.

Therefore, let us momentarily return to the first-order PDE,
b10,u + bzayu + f=0, (5.16)

and interpret its solution as the variable transformation from the (x,y) pair of variables to
the new pair of variables, (n(z,y),&(x,y)), assuming that the Jacobian of the transformation

is neither zero no infinite anywhere within the domain of (z,y) of interest.

0zn ayn
=d . .
J = det < 0. 0,6 > # 0,00 (5.17)

Substituting v = w(n(z,y),£(z,y)) into the sum of the first derivative terms in Eq. (5.16)

one derives
b18$u + bz(?yu =b (8957787711) + 6;,;58510) + by (8y77877w + 8y§85w)
= (b10zm + bgay'ﬂ) Opw + (010:€ + bgayf) 8511). (5.18)
Requiring that the second term in Eq. (5.18) is zero one observes that it is satisfied for all

x,y if £(y(x)), i.e. it does not depend on z explicitly but only via y(z) if the latter satisfies
the characteristic equation, bidy/dx + by = 0.
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Let us now try the same logic, but now focusing on the sum of the second-order terms
in Eq. (5.15). We derive

allagu + 2a128x8yu + azgagu = (Aag + 2385877 + 0872]) w, (5.19)
where

A = a11(0:€)” 4 2a12(0:€) (9,€) + a22(9,€)*

B 1= a11(0:8)(9n) + a12(02£0y1 + 0y§021) + a22(9,€) ()

C = a11(9:m)” + 2a12(920) (1) + azz(9yn)°.
Let us now attempt, by analogy with the case of the first-order PDE, to force first and last
term on the rhs of Eq. (5.19) to zero, i.e. A = C' = 0. This is achieved if we require that
£(y+ (x)) and n(y_(z)), where

d ++vD
v _ G2 ., where D := a%Q — ay1a. (5.20)
dx all

and D is called the discriminant. Egs. (5.20) have in a general case distinct (first) integrals
4 (xz,y) = const. Then, we can choose the new variables as £ = ¢4 (z,y) and n = ¥ _(z,y)

If D >0 Eq. (5.15) is called a hyperbolic PDE. In this case, the characteristics are real,
and any real pair (z,y) is mapped to the real pair (n,£). Eq. (5.15) gets the following
canonical form

OeOu + b10¢u + baOyu + éu+ f = 0. (5.21)

Notice that another (second) canonical form for the hyperbolic equation is derived if we
transition further from (&,7) to (o, 5) = ((n+&)/2,(§£ —n)/2). Then Eq. (5.21) becomes

O2u — ﬁgu + 5%2)6au + 5%2)85u + &y + F =, (5.22)

If D < 0 Eq. (5.15) is called an elliptic PDE. In this case, Eqgs. (5.21) are complex
conjugate of each other and their first integrals are complex conjugate as well. To make the
map from old to new variables real, we choose in this case, @ = Re(vy(z,y)) = (V4 (z,y) +

Y_(z,9))/2, f=Im(4(x,y)) = (Y4 (x,y)—_(z,y))/(27). This change of variables results
in the following canonical form for the elliptic second-order PDE:

02u + 0%u + b9 00 + b ug + u + £ =0, (5.23)

D = 0 is the degenerate case, ¥4 (z,y) = ¥_(z,y), and the resulting equation is a
parabolic PDE. Then we can choose 8 = ¢4 (z,y) and a = (z,y), where ¢ is an arbitrary
independent (of ¥4 (x,y)) function of z,y. In this case Eq. (5.15) gets the following canonical
parabolic form

O%u+ bgp)aau + bgp)agu + Py fP) = 0. (5.24)
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Example 5.2.1. Define the type of equation and then perform change of variables reducing

it to the respective canonical form

(a)
(b)
()

aiu + 0, 0yu — 28§u — 30,u — 150yu + 272 = 0,
2w+ 20,0yu + 500u — 32u = 0,

O2u — 20,0,u + 8§u + 0pu+ Oyu —u = 0.

Solution.

(a)

The coefficients of the second order terms are a;; = 1, aj2 = 1/2 and age = —2. The
discriminant is D = a2y — ajjazs = 9/4. The equation is hyperbolic (everywhere)
because the discriminant is positive (everywhere). There are two families of char-
acteristics, defined by dy/dz = (a12 + D)/a11 giving dy/dx = 2 and dy/dz = —1,

respectively. The general solutions of the two equations are
y=2x+¢ y=-z+,

where ¢ and 7 are arbitrary constants. Expressing, £ and n via x and y one derives
E=y—2z, n=y+x.

Transitioning to the new variables one derives

O¢Opu 4 Ocu + 20,u + 3(n — §) = 0.

The coefficients of the second order terms are a1; = 1, a;2 = 1 and ags = 5. The
discriminant is D = a%Q — ajjaze = —4. The equation is elliptic (everywhere) because
the discriminant is negative (everywhere). There are two families of the characteris-
tics, defined by dy/dx = (a12 &+ D)/ay1 giving dy/dx = 1+ 2i and dy/dx = 1 — 21,

respectively. The general solutions of the two equations are
y=01-2)z+& y=(1—2i)z+7.

Setting & := (5+ n)/2=y—xandn = (5— 7)/2i = 2z as the new variables, we arrive

a the following canonical form

8§2u+8,3u — 8u = 0.

The coefficients of the second order terms are a1; = 1, a2 = —1 and agse = 1. The

discriminant is D = a%Q — ajraze = 0. The equation is parabolic (everywhere). We



CHAPTER 5. PARTIAL DIFFERENTIAL EQUATIONS. 138

have one characteristic, dy/dz = (a12 + D)/a11 = —1, giving y = —x + & therefore
one of the new variables is the integral of the characteristic equations, £ = = + y. We
can take any independent function of x and y as the second new variable. Let us pick,

1n = x. Then the equation becomes,
8%14 +20¢u + Ohu — u = 0.

(Notice that the condition of functional independence consists in the requirement that
Jacobian of the transformation is nonzero. Any other choice of second (independent)

variable will result in another canonical form.) O

5.3 Elliptic PDEs: Method of Green Function

Elliptic PDEs often originate from the description of static phenomena in two or more
dimensions.

Let us, first clarify the higher dimensional generalization aspect. We generalize Eq. (5.23)
to

d
Z ;0 0z ;u(x) + lower order terms = 0, (5.25)
ij=1
where we assume that it is not possible to eliminate at least one second derivative term from
the condition of the respective Cauchy problem. Notice that in d > 2 Eq. (5.25) cannot be
reduced to a canonical form (introduced, in the previous Section, in d = 2).

Our primary focus will be on the generalization where a;; = d;; in Eq. (5.25) in d > 2,
and also on solving inhomogeneous equations, where a nontrivial (nonzero) solution is driven
by a nonzero source. It is natural to find solutions to these equations using Green functions.

We have discussed in Section 4.4.1 how to solve static linear one dimensional case of the
Poisson equation using the Green functions. Here we generalize and consider the Poisson
equation in d > 2,

Viu = ¢(r), (5.26)

where V2 := A,. is the Laplace operator. In d = 2, » = (z,y) € R? and A, = 92 + 85.
Ind=3r= (2,92 € R and A, = 92 + 83 + 92, The Poisson Eq. (5.26) has many
applications, for example, its solution u(r) describes the electrostatic potential of the charge
distributed in R? with the density p(r), for this example, ¢(r) = —4mp(r).

The Poisson’s equation, defined in all of R? can be solved by the method of Green
functions. Recall, that the Green function is the solution to the inhomogenous equation

with a point source on the right hand side,

ViG = 6(r). (5.27)
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Then the solution to Eq. (5.26) becomes

u(r) = /dr'G(r —r)p(r'). (5.28)

The solution to Eq. (5.27) can be found by applying the Fourier transform, resulting in the
following algebraic equation, k2G(k) = —1, where k = |k|. Solving (trivially) for G and

applying the Inverse Fourier transform, one derives for d = 3,

o =- | (d?’k expli(k-1)) _ / &k, 7° )

21 k2 (27) I K+ k3
&Pk, 1
/(%)3 W exp(—kor) gy (5.29)

where for each r, we change from the Cartesian to cylindrical representation associated with
r,i.e. k= (k), kL), the one-dimensional kj = (k- r)/r is along r and the two dimensional
vector, k|, stands for the remaining two components of k orthogonal to . Substituting
Eq. (5.29) into Eq. (5.28) one derives
fu,('r) = _/d3,r/ ¢(r) _ /d3,’,/ p(’l‘)/|7 (530)
—-r

dlr — | |r

which is thus expression for the electrostatic potential of a given distribution of the charge
density in the space.

Note, that for d = 2, we usually write ¢(r) = —27p(r). In this case the Green function
is found to be G(r — r’) = In(|r — /|).

The homogeneous case of ¢ = 0 is often called the Laplace equation. We will distinguish
the two cases calling them the (inhomogeneous) Laplace equation and the homogeneous
Laplace equation respectively.

We will also discuss in the following the Debye equation
(V2 — k) u=¢(r), (5.31)

which describes distribution of charge p(r) in plasma for ¢(r) = —4mp(r).

Functions that satisfy the homogeneous Laplace equation are called harmonic functions.
Notice that there exists no nonzero harmonic function defined on the whole of R? that
approach 0 as |r| — co. This can be seen by applying Fourier transform to the homogeneous
Laplace equation. One derives k%i(k) = 0, which results in @(k) ~ 6(k), and then (applying
Inverse Fourier transform), u(r) = const. Finally, requiring that v — 0 at r — oo one
observes that the constant is zero. This argument extends to any dimension, and it also
applies to the Debye equation; there exists no solution to the (homogeneous) Debye equation

defined in the entire space that decays to zero at r — co.
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Consequently, nonzero harmonic functions must be defined in a bounded domain. For
many physical applications, the homogeneous Laplace equation is supplemented with some
form of boundary conditions. For example, u, or the normal component of its gradient to

the boundary, Vu - n, may be fixed at the boundary.

Example 5.3.1. Find the Green function for the Laplace equation in the region outside of

the sphere of radius R and zero boundary condition on the sphere, i.e. solve
ViG(r;r') =6(r — 1), (5.32)

for 7 such that R < r,7’, with the boundary condition G(r;r") =0, for R =r < /.

Solution. The Green function can be constructed by recognizing that |r — »”|~! solves
V2G(r;7') = 0 for all » # »”. The trick is to find for each r’ € D a fictitious image point
r” ¢ D such that G(r;r') = 0 whenever |r| = R. The problem distills down to finding
the correct strength and position of the image point to enforce the boundary condition at
every point on the boundary. Using symmetry, it is clear that ' and 7 must be collinear.
Therefore, we can write r” = ar’

1 A

Find 4, o such that  G(rir') =~ 5t o S

=0 whenever |r|=r =R,

For any r on the boundary and 7’ € D, |r — /| = \/R2 + |r/|2 — 2|r/| Rcos(f). Similarly,

|7 —7"| = \/R2 + a2|r'|2 — 2a|r'| R cos(0) (See blue and orange triangles respectively in the
Fig. 5.2). To enforce the boundary condition, their contributions must cancel. That is,

1 A
- +
i/l + B2 2 Reos(9) | dm/aPlr T R — 2alr | Reos(0)

We are looking for values of A and « that are independent of . The algebra is a bit tedious,
but we find that A = R/|r'| and o = (R/|r’|)?. Hence, the Green function is

1 R/|r|

Al — 7| Axr — |

G(r;r') ==
where 7" = (R/|r'|)?r'. O
Exercise 5.2. Find general solutions to the inhomogeneous Debye equation
(V7 — &%) f = —4mp(r),

where the charge density, p(r) depends only on the distance from the origin (zero), i.e.
p(r =1r|). (Hint: Consider finding the Green function first, acting by analogy with how we

found the Green function of the Laplace equation above.)
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T\
r// rl
(a) For each 7' € D, identify the associated (b) Contributions from 7’ and /" must cancel
image "' ¢ D to find response at any r to enforce the boundary condition

Figure 5.2: Method of images applied to the exterior of a sphere in the example 5.3.1.

5.4 Waves in a Homogeneous Media: Hyperbolic PDE (*)

Although hyperbolic PDEs are normally associated with waves *, we begin our discussion by
developing intuition which generalizes to a broader class of an integro-differential equations
beyond hyperbolic PDEs. In other words, we act here in reverse to what may be considered
the standard mathematical process; we begin by describing properties of solutions associated
with waves, and then walk back to the equations which are describing such waves.
Consider the propagation of waves in homogeneous media, for example: electro-magnetic
waves, sound waves, spin-waves, surface-waves, electro-mechanical waves (in power systems),
and so on. In spite of such a variety of phenomena, they all admit one rather universal
description. The wave process at a general position in d-dimensional space r and time t is

represented as the following integral over the wave vector k
dk . . .
ult;r) = / e O () V(). vlt) = exp (<iw(k)). (533)

where w(k) and u(k) are the dispersion law and wave amplitude dependent on the wave
vector k. (Notice the similarities and the differences with the Fourier integral.) In Eq. (5.33)
i (t) is a solution to the following first-order (in time) linear ODE

(jt + iw(k)) Y =0, (5.34)

or alternatively of the following second-order linear ODE
d? 9
a3 T (wk)? ) v =0. (5.35)

These are called the wave equations in Fourier representation. The linearity of the equations

is principal and is due to the fact that generally nonlinear dynamics is linearized. Waves

*This is an Auxiliary Section which can be dropped at the first reading. Material from the Section will

not contribute midterm and final exams.
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may also interact with each other. The interaction of waves can only come from accounting
for nonlinearities in the original equations. In this analysis, we focus primarily on the linear

regime.

Dispersion Laws

Consider the case where wy = c|k|, where ¢ is a constant having dimensionality and sense

of velocity. In this case, the inverse Fourier transform version of Eq. (5.35) becomes

d2
(g - @v2) wier =o. (5.36)

Note that the two differential operators in Eq. (5.36), one in time and another in space,
have opposite signs. Therefore, we naturally arrive at the case which generalizes the hyper-
bolic PDE (5.22). It is a generalization because 7 is not one-dimensional but d-dimensional,
d>1.

Eq. (5.26) with ¢ constant, explains a variety of important physical situations: as men-
tioned already, it describes propagation of sound in a homogeneous gas, liquid or crystal
media. In this case 1 describes the shift of an element of the matter from its equilibrium
position and ¢ is the speed of sound in the material P.

Another example is given by the electro-magnetic waves, described by the Maxwell equa-

tions on the electric, E, and magnetic, B, fields,
OE=cV,xB, 0B=-cV,xE, (5.37)

supplemented by the divergence-free conditions,
(Vo-E)=(V,-B)=0, (5.38)

where X is the vector product in d = 3°, and c is the speed of light in the media. Differ-
entiating the first equation in the pair of Eqgs. (5.37) over time, substituting the resulting
OV, x B by —¢(V, x (V, x E)), consistently with the second equation in the pair, and
taking into account that for the divergence-free, E, (V, x (V, x E)) = V2E, one arrives
at Eq. (5.36) for all components of the electric field, i.e. with 1 replaced by E.

PNote, that there is a unique speed of sound in gas or liquid, while 3d crystal supports three different waves
(with different three different ¢) each associated with a distinct polarization. For example, in an isotropic
crystals there are longitudinal and transversal waves propagating along and, respectively, perpendicular to

the media shift.
(Vy x B); = €ijx VB, where i,j,=1,-3 and €, is the absolutely skew-symmetric tensor in d = 3
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The dispersion law in the case of sound and light waves is linear, w(k) = +c|k|, however
there are other more complex examples. For example, surface waves propagating over the

surface of water (with air), are characterized by the following dispersion law

w(k) =+/gk+ (c/p)k3, (5.39)

where g, 0 and p are gravity coefficient, surface tension coefficient and density of the fluid,
respectively. Eq. (5.39) is so complex because it accounts for both capillary and gravita-
tional effects. Gravitational waves dominate at small ¢ (large distances), where Eq. (5.39)
transforms to w(q) = ,/gq, while the capillary waves dominate in the opposite limit of large
¢ (small distances), where one gets asymptotically w = (o/p)"/2¢%/2.

Recall that Eq. (5.34) or Eq. (5.35) are stated in the Fourier k-representation. Transi-
tioning to the respective r-representation in the case of a nonlinear dispersion relation, for
example associated with Eq. (5.39), will NOT result in a PDE. We arrive in this general case
at an integro-differential equation, reflecting the fact that the nonlinear dispersion relation,
even though local in the k-space becomes nonlocal in r-space.

In general, propagation of waves in the homogeneous media is characterized by the
dispersion law dependent only of the absolute value, k = |k| of the wave vector, k. w(k)/k
and dw(k)/dk, both having dimensionality of speed, are called, respectively, phase velocity

and group velocity.

Example 5.4.1. Solve the Cauchy (initial value) problem for amplitude of spin-waves which
satisfy the following PDE
Ofh = —(Q — bV2)?h, (5.40)

in d = 3, where ¥(t = 0;7) = exp(—r?) and dv/dt(t = 0;7r) = 0.

Solution. Note, first, that applying the Fourier transform over r to Eq. (5.40) one arrives at
Eq. (5.34), where
w(k) = Q + bk, (5.41)

is the respective (spin wave) dispersion law. The Fourier transform of the initial condition
over k is, 1(t = 0; k) = m3/2 exp(—k?/4). Since dip/dt(t = 0;7) = 0, the Fourier transform
of the initial condition is zero as well, that is, dz/}/dt(t = 0;k) = 0. Then, the solution to
Eqs. (5.34,5.41) becomes 9)(t; k) = m3/2 exp(—k?/4) cos(( + bk?)t). Evaluating the inverse
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Fourier transform one derives

3
b(tir) =7 [ e cos((2-+ D)0 expliCh - 7)

o

= / Qkf/"; e R/ cos((Q + bk?)t) sin(kr)
7T T

0
0o

=— / dk e/ cos((2 + 17162)25)i cos(kr)

2ml/2y dr
0

exp(iQt) d [ 1 dibt ,

= —Re W% dk exp { — 1 k + Zk?‘
—o0o

exp (iQt — %)

R
N A ame

Example 5.4.2. Solve the Cauchy (initial value) problem for the wave Eq. (5.36) in d = 3,
where 1(t = 0;7) = exp(—r?) and dv/dt(t = 0;7) = 0.

Stimulated Waves: Radiation

So far we have discussed the free propagation of waves. Consider the inhomogeneous equa-

tion generalizing Eq. (5.35) that arises from a source term x(¢; ) on the right hand side:

d2
<dt2 + (w(—in))2> U(t;r) = x(t7). (5.42)

where we have used —iV, exp(ikr) = kexp(ikr). You may assume that the dispersion law,
w(k) is continuous value of its argument (absolute value of the wave vector) so that the
operator w(—iV,))? is well defined in the sense of the function’s Taylor series.

The Green function for the PDE is defined as the solution to

d2
(dtQ + (w(—in))z) G(t;r) =(t)o(r). (5.43)

The solution to the inhomogeneous PDE, Eq. (5.42), can be expressed as the convolution of

the source term x(t1;71) with the Green function, G(¢;r)

Y(t;r) = /dhdﬁG(t —ti;r —r)x(ti ), (5.44)

The solution to Eq. (5.42) is expressed as sum of the forced solution (5.44) and a zero

mode of the respective free equation, i.e. Eq. (5.42) with zero right hand side.
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To solve Eq. (5.43) for the Green function, or equivalently equation for its Fourier trans-

form 2 )
(dt2 + (w (k:))2> G(t; k) = 6(t). (5.45)

Recall that the inhomogeneous ODE. (5.45) was already discussed earlier in the course.
Indeed Eq. (4.36) solves Eq. (5.45). Then recalling that w depends on k and applying the

inverse Fourier transform over k to Eq. (4.36) one arrives at

3k sin(w
G(t;r) = H(t)/ (;iﬂl;g fu(g;) )
(

Example 5.4.3. Show that the general expression (5.46) in the case of the linear dispersion

exp (i(k-r)). (5.46)

law, w(k) = ck, becomes

o(t)

4mer

G(t;r) =

(0(r —ct) — 6(r + ct)), (5.47)

where 7 = |r|.

Solution. The linear dispersion law means that w(k) = ck, where k = |k|. Then

sin ckt A3k

G(t;r)=0(t ——exp(ir - k)———=.

() =000 [ S explir k)

Compute the integral by rotating the coordinate system so that = is pointed in the z-

direction (i.e. = (0,0,7)") and then switch to spherical coordinates (i.e. (ki, kg, k3)
(k cos0sin ¢, ksin 0 sin ¢, k cos ¢)). The scalar product -k then evaluates to 0+0+rk cos ¢.

2
G(t;r) 0(t>3 / / / sin th exp(irk cos ¢)k? sin ¢ dk d¢ df

o(t oS zckt _ e—zckt 6ikr _ e—zk’r
k2 . . . dk via the sub. ©w = —cos @
(2 )2 2ick k
)% Jo ic ikr
e(t oo ik(r—ct) + e tk(r—ct) etk (rtct) + e tk(r+ct) "
B (27‘(‘)26’1”/0 2 B 2
(¢
= Tner (6(r —ct) — 6(r + ct)),
which is equivalent to the expression we were given. O

Substituting Eq. (5.47) into Eq. (5.44) one derives the following expression for linear

dispersion (light or sound) radiation from a source

d
Y(tir) = 47302 /}?x (t—}j;m). (5.48)

The solution suggests that action of the source is delayed by R/c correspondent to propa-

gation of light (or sound) from the source to the observation point.
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Example 5.4.4. Solve the radiation Eq. (5.42) in the case of the linear dispersion law for

the case of a point harmonic source, x(¢;r) = cos(wt)d(r).

Solution.
1 d
Yt r) = /dtldrlG(t —t;r —r)x(ti;r) = T2 / % cos(w(t — R/c))d(r1)
1
= WCOS(W(t*R/C)) OJ
5.5 Diffusion Equation

The most common example of a multi-dimensional generalization of the parabolic equation

Eq. (5.24) is the homogeneous diffusion equation
Ou = kV2u, (5.49)

where k is the diffusion coefficient. The equation appears in a number of applications, for
example, this equation can be used to describe the evolution of the density of number of
particles, or the spatial variation of temperature. The same equation describes properties
of the basic stochastic process (Brownian motion).
Consider the Cauchy problem with u(t;7) given at ¢ = 0. The Fourier transform over
r € R?is
u(t; k) = /dy1 ...dygexp (ik - ) u(t;y). (5.50)
Integrating Eq. (5.49) with the Fourier weight one arrives at
Ov(t; k) = —k*a(t; k) (5.51)

Integrating the equation over time, (t; q) = exp(—¢*t)a(0; k), and evaluating the inverse
Fourier transform over q of the result one arrives at

z— )2
u(t;x) = /Wexp <m> u(0;y). (5.52)

If the initial field, u(0;x), is localized around some x, say around x = 0, that is if
u(0; ) decays with |z| increase sufficiently fast, then one may find a universal asymptotic
of u(t;x) at long times, ¢ > (%, where [ is the length scale on which u(0;x) is localized. At
these sufficiently large times dominant contribution to the integral in Eq. (5.52) is acquired
from the |y| ~ [ vicinity of the origin, and therefore in the leading order one can ignore
y-dependence of the diffusive kernel in the integrand of Eq. (5.52), i.e.

x2

A
u(t;x) ~ Wexp (_4t) , A= /u(O; y)dyy . .. dyqg. (5.53)
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Notice that the approximation (5.53) corresponds to the substitution of u(0,y) — Ad(y) in
Eq. (5.52). Another interpretation of Eq. (5.53) corresponds to expanding, exp (—%),
in the Taylor series in g, and then ignoring all but the leading order term, O(y"), in the
expansion. If A = 0 one needs to account for the O(y!) term, and drop the rest. In this
case the analog of Eq. (5.53) becomes
2

u(t;x) ~ (4(7TB15);U:1;11 exp (—L) , B= 27r/yu((); y)dyr . .. dyq. (5.54)

Exercise 5.3. Find asymptotic behavior of a one-dimensional diffusion equation at suffi-

ciently long times for the following initial conditions

(a) u(0;7) = zexp <—2$;)
) o) =exp (~17),

() u(0;2) = zexp (—l),

(@) u(0:0) = .
(e) u(0;x) = m

Hint: Think about expanding the diffusion kernel in the integrand of Eq.(5.52) in a series

over y.

Our next step is to find the Green function of the heat equation, i.e. to solve
G — KVEG = 5(t)d(x), (5.55)

In fact, we have solved this problem already as Eq. (5.52) describes it with u(0;y) =
G(+0;x) = 0(x) set as the initial condition. The result is

1 x

2
Gt;x) = Wexp <_4t> . (5.56)

As always, the Green function can be used to solve the inhomogeneous diffusion equation
O — kV2u = ¢(t; ), (5.57)

which solution is expressed via the Green function as follows
¢
utio) = [ dt [ ayGiigpote iz -y, (5.58)
—00

where we assume that u(co;x) = 0.
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Example 5.5.1. Solve Eq. (5.57) for ¢(t; &) = 6(t) exp (—2?/(2[?)) in the d = 4-dimensional

space.

5.6 Boundary Value Problems: Fourier Method

Consider the boundary value problem associated with sound waves:

DPu(t; ) — 2dPu(t;x) = 0, (5.59)
0<z<L, u(t0)=u(tL)=0, u(0,z)=¢), O0u0,z)=-1(x). (5.60)

This problem can be solved by the Fourier Method (also called the method of variable
separation), which is split in two steps.

First, we look for a particular solution which satisfy only boundary conditions over
one of the coordinates, x. We look for u(t,z) in the separable form u(t,z) = X (z)T'(¢).
Substituting this ansatz in Eq. (5.59) one arrives at

X"(x)  T"(t)
X(x) T(t)

= —), (5.61)
where A is an arbitrary constant. General solution to the equation for X is
X = Acos(VAz) + Bsin(VAz).

Require that X (z) satisfies the same boundary conditions as in Eq. (5.60). This is possible
only if A =0 and LVA = nm, n = 1,2,.... From here we derive solution labeled by

integer n and respective spatial form of the solution

An = (%)2, Xp(z) = sin (ﬂLx) .

We are now ready to get back to Eq. (5.61) and resolve equation for 7'(¢):

t t
To(t) = Ay, cos (”ZC > + B, sin (”Zc ) ,

where A,,, B,, are arbitrary constants. X, (x) form a complete basis and therefore a general

solution can be written as a linear combination of the basis solutions:
o0
U(t, "E) = Z Xn(x)Tn(t)
n=1

On the second step we fix A, and B, resolving the initial portion of the conditions
(5.60):

o(@) =Y AnXn(x), ¥(z) = AnBnXa(z). (5.62)
n=1 n=1
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Notice that the eigen-functions, X, (z), are ortho-normal

i L
/ 4 X (2) Xon(2) = & b

0

Multiplying both Egs. (5.62) on X,,(x), integrating them from 0 to L, and accounting for
the ortho-normality of the eigen-functions, one derives

L L

Ay =2 / drp(@)Xm(z), Bm— —— / dats(2) X (2). (5.63)
L Am L

0 0
Example 5.6.1. The equation describing deviation of a string from the straight line, u(¢; x),
is 0?u — c20?u = 0, where z is the position along the line, ¢, is the time, and, ¢, is a
constant (speed of sound). Assume that the string has at t = 0 a parabolic shape, u(0;z) =
4hx(L — x)/L?, with both ends, at z = 0 and = = L, respectively, attached to the straight
line. Let us also assume that the speed of the string is equal to zero at ¢t = 0, i.e. Vx €
[0,L], Owu(0;x) = 0. Find dependence of the string deviation, u(t;x), on time, ¢, at a
position, x € [0, L], along the straight line.

Let us now analyze the following parabolic boundary value problem over x € [0, L]:

90 x, x < L/2
O = a“0yu, u(t,0) =u(t,L)=0, u(0,z)= (5.64)

L—z, x>L/2
Here we follow the same Fourier method approach. In fact the spectral part of the
solution here is identical to the one just described above in the hyperbolic case, while

the temporal components are obviously different. One derives, T), = —\,T,,, which has

T, = A, exp (— (%)2 aQt) .

Expansion of the initial conditions in the Fourier series is equivalent to conducted above,

a decaying solution

therefore resulting in
AL & (=) @2n+ D)7\ 5\ . /2n+1
u(t,.’l}') = 7-‘-2,,’1420(277)4_1)2e}(li) (- <L a“t | sin L T | .

Notice that the solution is symmetric with respect to the middle of the interval, u(t,x) =

u(t, L — x), as this symmetry is inherited from the initial conditions.

Exercise 5.4. Solve the following boundary value problem

dyu = a28§u — Pu, u(t,0) =wu(t,L) =0, u(0,z)=-sin <22I> .
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5.7 Case study: Burgers’ Equation (*)

* is a generalization of the Hopf’s equation, Eq. (5.13), discussed when

Burgers’ equation
illustrating the method of characteristics. Recall that the Hopf’s equation results in a wave
breaking which leads to a non-physical multi-valued solution. Modification of the Hopf’s

equation by adding dissipation/diffusion results in the Burgers’ equation:
dru + udpu = 9. (5.65)

Like practically every other nonlinear PDE, Burgers’ equation seems rather hopeless to
resolve at first glance. However, Burgers’ equation is in fact special. It allows the Cole-

Hopf’s transformation, from u(¢; z) to ¥(¢; x)

0.V (t; x)
tix) = —2————+ 5.66
u(tia) = 220, (5.66)
reducing Burgers’ equation to the diffusion equation
o = 020. (5.67)

The solution to the Cauchy problem associated with Eq. (5.67) can be expressed as an inte-
gral convolving the initial profile ¥(0; x), with the Green function of the diffusion equation
described in Eq. (5.56)

Wt z) = / %exp (-W) W(0:y). (5.68)

This latter expression can be used to find some exact solutions to Burgers’ equation. Con-

sider, for example, ¥(0;x) = cosh(ax). Substitution into Eq. (5.68) and conducting in-
tegration over y, one arrives at W(t;2) = cosh(ax)exp(a®t), which results, according to
Eq. (5.66), in stationary (time independent, i.e. standing) “shock" solution to Burgers’
equation, u(t; x) = —2atanh(ax). Notice that the following more general solution to Burg-

ers’ equation corresponds to a shock moving with the constant speed ug
u(t; x) = up — 2atanh(a(x — z¢ — uopt)).

Example 5.7.1. Solve the diffusion equation Eq. (5.67) with the initial conditions ¥ (0, z) =
cosh(ax)+B cosh(bx). Reconstruct respective u(¢; ) solving the Burgers Eq. (5.65). Analyze
the result in the regime b > a and B > 1 and also verify, by building a computational
snippet, that the resulting spatio-temporal dynamics corresponds to a large shock “eating"

a small shock.

*This auxiliary Section can be dropped at the first reading. Material from this Section will not contribute

midterm and finals.
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Chapter 6
Calculus of Variations

The main theme of this chapter is the relation of equations to minimal principles. Over-
simplifying a bit: to minimize a function S(q) is to solve S’(¢) = 0. For a quadratic,
S(q) = %qTK q — q"g, where K is positive definite, one indeed has the minimum of S(q)
achieved at ¢, which solves S’(¢x) = Kq. — g = 0.

In the example above, ¢ is an n-(finite) dimensional vector, ¢ € R™. Consider extending
the finite dimensional optimization to an infinite dimensional, continuous, problem where
¢(z) is a function, say, ¢(z) : R — R, and S{q(z)} is a functional, typically an integral with
the integrand dependent on ¢(x) and its derivative, ¢'(x), for example

Sta()) = [ de (@) - glala(a).
The derivative of the functional over ¢(z) is called the variational derivative, and by analogy
with the finite dimensional example above, one finds that the Euler-Lagrange (EL) equation,
65{q} _
dq(x)
solves the problem of minimizing the functional. The goal of this section is to understand

0,

the variational derivative and other related concepts in theory and on examples.

6.1 Examples

To have a better understanding of the calculus of variations we start by describing four

examples.

6.1.1 Fastest Path

Consider a robot navigating in the (z,y)-plane, and define the function y = ¢(x) so it
describes the path of the robot. For small dx, the arclength of the the robot’s path from

152



CHAPTER 6. CALCULUS OF VARIATIONS 153

(z,y) to (z + dz,y + dy) can be approximated by +/(dx)2 + (6y)2 by the Pythagorean
theorem, which simplifies to /1 + (¢/(z))2dz for infinitesimal §x . If the plane constitutes
a rugged terrain, then the robot’s speed may differ at each point in the plane, so we define
the scalar-valued positive function u~!(z,y) to describe the speed of the robot at each point
in the plane. The time it takes for the robot to move from (z, q(z)) to (x + dx, q(z + dz))
along the path ¢(x) is

Liw, q(x),d (2)) == p(a, q(2))v/1 + (@ (@))d.

The total time taken to travel along the path which starts at an initial point (x;,y;) := (0,0)

and ends at a terminal point (z¢,y:) := (a,b), where a > 0 is
S{a(e)) = [ dele.a(a). @)
0

Subject to a few modest conditions on u(z,y), the calculus of variations provides a way to
find the optimal path through the domain, that is, the path which minimizes the functional
S{q(z)}, subject to ¢(0) = 0 and ¢(a) = b.

6.1.2 Minimal Surface

Consider making a three-dimensional bubble by dipping a wire loop into soapy water, and
then asking whether there is an optimal bubble shape for a given loop. Physics suggests
that the bubble will form in whatever shape minimizes the surface area of the soap film.
We formalize this setting as follows. The surface of a bubble is described by the con-
tinuously differentiable function, ¢(x) : ¥ = (x1,22) € D — ¢(z) € R, where D C R? is
bounded. We also assume that at the boundary of D, denoted 0D and representing a closed
line in the (z1,x2) plane, ¢(x) is fixed /known, i.e., ¢(0D) = ¢g(0D), where g(9D) describes
the coordinate of the wire loop along the third dimension. Then the optimal bubble results

from minimizing the functional
S{a(@)) = [ day/ T+ [Voafa)P (61
D
over ¢(x), subject to ¢(0D) = g(9D).
Example 6.1.1. Show that Eq. (6.1) represents a general formula for the surface area of

the graph of a continuously differentiable function, ¢(x), where x = (x1,z2) € D C R? and

D is a region in the (x1,z2) plane with the smooth boundary.
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Figure 6.1: Illustration for construction of an infinitesimal surface element in the Exam-
ple (6.1.1).

Solution. 1t is sufficient to derive the differential version of Eq. (6.1), i.e. to show that area
of a surface element, represented by ¢(z) around a point, z(9) = (xgo),xgo)) € D, is described
by

V1+|Veq(2)2de = /1 + (05,q(z1,72))2 + (02,q(71, 2))2dx1da,

where /1 + [V,q(z)|? is evaluated at = = z(9). In this (infinitesimal) case, we can represent

the surface of the infinitesimal element by the plane

3 — ng) =a(xy — :c§°)) + b(xg — :Ugo)),

in R3, where wgo) =q(z©),a = 0214| 0 and b = 04,9, . Specifically, we can describe
the plane in terms of the following three points in the three dimensional space (see Fig. (6.1)

for the illustration)
0) (0) (0
A= (xg ),xg ),xg )> ,
(xgo) + dxq, :Ugo),:rgo) + adm) ,

B =
C = (2,08 + duy, 2§ + bdas)
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Then area of the surface of the infinitesimal element becomes the absolute value of the cross

(vector) product of the following two infinitesimal three dimensional vectors:
luxv|=](B—-A)x (C—A)| =|(—adx1dxs, —bdx1drs,dr1d2s)| = dr1draV/ 1+ 0% 4 b2,

where we have used standard vector calculus rules for the cross/vector product in three di-
mensions, (yxz); = >_ i k=1,2,3 EijkYj 2k with ;5 being Levi-Civita (absolute anti-symmetric)

tensor in three dimensions. O

6.1.3 Image Restoration

A gray-scale image is described by the function, ¢(z) : [0,1]? — [0, 1], mapping a location, =
within the square box, [0,1]? €C R?, into a real number between 0 (white), and 1 (black).
However, the true image is often corrupted by a noise, and we only observe this noisy image.
The task of image restoration is to restore the true image from the noisy observation.
Total Variation (TV) restoration [3| is a method built on the conjecture that the true
image is reconstructed from the noisy image, f(z), by minimization of the following func-
tional
Sta) = [ de((alo) ~ £@) + A Vaa(a)]) . (6.2)
U=[0,1]2
subject to the Neumann boundary condition, n - V,q(x) = 0 for all € §U, where n is the

(unit) vector normal to U, which is the boundary of the domain U).

6.1.4 Classical Mechanics

Classical mechanics is described in terms of the function, ¢(t) : R — R? mapping a time,
t € R, into a d-dimensional real-valued spatial coordinate, ¢ € R%. The evolution of the
coordinate in time is described in Hamiltonian mechanics by the minimal action, also called
Hamiltonian, principle: trajectory, that is understood as describing the evolution of the

coordinate in time, is governed by the minimum of the action,
to
Stabi= [ L (0.4, (63
t1

where L (t,q(t),4(t)) is the system Lagrangian, and ¢(t) = dq(t)/dt is the momentum, under
the condition that the values of the coordinate at the initial and final moment of time are
fixed, q(t1) = ¢1, q(t2) = ¢2. An exemplary Hamiltonian dynamics is that of a (unit mass)

particle in a potential, V' (q), then

L(t,q(t),4(t) = 5 = V(g)- (6.4)
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6.2 FEuler-Lagrange Equations

All the examples can be stated as the minimization of the functional

S{q(x)} = — deL (z,q(x), Veq(r)),

over functions, ¢(z), with the fixed value at the boundary, z € 9D : ¢(x) = g(x), where D
is bounded with the known value at all points of the boundary, and the Lagrangian L is a

given function
L:DCR" xR x R>*™ 5 R,

of the three variables. It will also be convenient in deriving further relations to consider the
three variables in the argument of L and then denoting the respective derivatives, L, Lg,
and Ly,. (Note that the variables are: z € D C R", ¢ € R? and V,q € R™*" We will

assume in the following that both L and g are smooth.

Theorem 6.2.1 (Necessary condition for optimality). Suppose that ¢(x) is the minimizer
of S, that is

S{g(z)} > S{q(x)} & Vx € 9D §(z) = q(z) (Vz € D, ¥g(x) € C*(D =DUID)),
then L satisfies the so-called Euler-Lagrange (EL) equations

Ve (Lyg (#,4(7), Vaq(2))) = Lg (2, 4(2), Vaq(2)) =0 (Vo € D). (6.5)

Sketch of the proof: Consider the perturbation ¢(z) — ¢(x) + sé(z) = ¢(x), where s € R
and d(x) sufficiently smooth and such that is does not change the boundary condition, i.e.

d(x) =0 (Vx € 9D). Then according to the assumption
S{q(z)} < S{q(z)} = S{q(z) + s0(z)} (Vz €D, Vs €R).

This means that

=0.

L 5ala) + ()
s=0

Notice that
S{q(z) + so(x)} = /de (z,q(x) + s0(x), Vyq(x) + sV(x))
D

Then, exchanging the orders of differentiation and integration, applying the differentiation

(chain) rules to the Lagrangian, and evaluating one of the resulting integrals by parts and
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removing the boundary term (because d(xz) = 0 on 9D), one derives

dx

/
/

L 5al@) + s(2)

s=0

— L (z,q(x) + s6(x), Voq(z) + sV.0(x)) .,
)

d
ds
(L

D

= /dw (Lq (2, q(2), Vaq(2)) = Ve - Ly (2,4(x), Vaq(z))) - 0(z).
D
Since the resulting integral should be equal to zero for any d(x) one arrives at the desired

statement. O

Remark. Solutions to the EL Egs. (6.5) g(x) are stationary curves of the functional, S{q(x)},
and could be minimizers, maximizers or saddle-points. It’s for this reason that theo-

rem (6.2.1) provides a necessary, but not sufficient, condition for minimizing S{q(z)}.

Example 6.2.2. Find the Euler-Lagrange equations (conditions) for

(a) / dz ((d(2))% + expla(x)),
(b) / do q(2)q (2),

© [ dea’(a (@)
where ¢ : R — R.

Solution. In one dimension the FKuler-Lagrange equation simplifies to
d (0L oL 0
dx \ 9q' dqg
Since we are not asked to solve the equations this is only a matter of constructing the

respective equation for each case.

(a) We identify L(z,q,q') = (¢')? + exp(q) and derive

d (0L d
et o - 2 / :2 "
dx <8q’> dm(q) T

oL

5 = expla)

Then the Euler-Lagrange equation is

2q¢" —exp(q) = 0.

(6.6)

q \ T, Q(ZE ava(x)) : 5(55) + Lp ($7 Q(:‘C)a va(x)) : Vx5($))

(
dzLg (z,q(x), Vyq(x)) - 0(z) + /da:Lp (x,q(x), Vzq(z)) - Vid(x)
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(b) We identify L(z,q,q") = q¢’ and derive

d (OL\ d
de \dq' ) dx
oL ,
o~
q
Then the Euler-Lagrange equation is
qd—q =0.

158

This implies that any function ¢ satisfies the Euler-Lagrange equation, which in turn

implies that the functional does not have any minima or maxima.

(c) We identify L(z,q,q’) = 2?(¢')? and derive

dr \dq') ~ dx

Then the Euler-Lagrange equation is

x2q” +2z¢ =0.

d L d
(8 > _ a4 (2x2q’) — 2224 + 4,

Example 6.2.3. Consider the shortest path version of the fastest path problem set in

Section 6.1.1, that is the case of g(z,y) = 1:

a

min / do/TF (¢ (@) 2de

{g(2)|z€[0,a]}
0

Find the Euler-Lagrange (EL) condition on ¢(z).

q(0)=0, g(a)=b

Solution. The Euler-Lagrange condition on g(x) becomes

0 = V,(Lv

q (a;,
o d  d@ _0
dz \/1+ (¢'(z))?
/
d (m) = constant

1+ (¢'(z))?
— ¢ (z) = constant

b

q(2), Vaq(x))) = Lq (2, 9(2), Vaq(z))
)

where at the last step we accounted for the boundary condition. The shortest (optimal)

path connects initial and final points by a straight line.
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Exercise 6.1. (a) Write the Euler-Lagrange equation for the general case of the fastest
path problem formulated in Section 6.1.1. (b) Find an example of, u(x,y), resulting in the
quadratic optimal path, i.e. g(x) = a—an:Q. (Your solution for p(x,y) should be independent

of a and b.)

Example 6.2.4. Let us derive the Euler-Lagrange condition for the Minimal Surface prob-

lem introduced in Section 6.1.2:

min /dx\/l + | Vaq(x)|?
{a(=)}
D q(0D)=g(9D)

Solution. In this case Eq. (6.5) becomes

0 = Vac (LVq (x, Q(x)7 vxq(x))) - Lq (.T, Q(x)7 qu(x))
_ v ( Vaq(z) >
1+ |Vaq(z)]?
= —Vaq(@) - V2qVeq + (14 |Vaq(x)|*) Vig = 0. (6.7)

6.3 Phase-Space Intuition and Relation to Optimization
(finite dimensional, not functional)

Consider the special case of the fastest path problem of Section 6.1.1, which is still more
general than the shortest path problem discussed in the Example 6.2.3, where p(z) depends

only on x. In this case the action is

Sta()) = [ " dep(a)VTF @@)E = / " dsu(a),

0

where ds is the element of arc-length of the curve u(x):

ds = /1+ (¢'(x))2dx = \/dz? + dq?.

The Lagrangian and its partial derivatives are, L(z;q(x); ¢'(z)) = p(z)\/1+ (¢'(x))?, Ly =
0, Ly = pu(z)q'/+/1+ (¢')?. Then the Euler-Lagrange equation becomes

d ( pl@)q () ):0
dr \ I+ @@2)

w(z)q (z)
14 (q'(x))?

where 6 is the angle in the (g, x) space between the tangent to ¢(z) and the z-axis.

which results in
= p(z) sin(f) = constant, (6.8)
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Figure 6.2: Variational Calculus via Discretization and Optimization.

It is instructive to derive Eq. (6.8) bypassing the variational calculus, taking instead
perspective of standard optimization, that is optimizing over a finite number of continuous

variables. To make this link we need, first, to discretize the action, S{q(z)}:

~ ) = - g(zy) — glzr1)\?
Sa(x)} =~ S ak,--) = Z,Uk:Ask = Z,uk 1+ A A
k k

2
_ qr — qk-1
= zk:,uk\/l + (A > A

where A is the size of a step in z. i.e. A = x5 — xk, Yk, and Asy is the length of the

k-th segment of the discretized curve, illustrated in Fig. (6.2). Then, second, we look for
extrema of Sy over g, i.e. require that V k : 09, S; = 0. The result is the discretized

version of the Euler-Lagrange Eqs. (6.8):

v - Pt (o1 — ar)  pe(qe — qu—1)

2 2
q —4 9k —qk—
\/H(WA ‘) \/H(k,A“)

— M1 SinOgp1 = g sin .
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6.4 Towards Numerical Solutions of the Euler-Lagrange Equa-

tions (*)

Here * we discuss the image restoration problem set up in Section 6.1.3. We will derive the
Euler-Lagrange equations and observe that the resulting equations are difficult to solve. We
will then use this case to illustrate the theoretical part (philosophy) of solving the Euler-
Lagrange equations numerically. Following [4], we will use the example to discuss gradient

descent in this Section and then also primal-dual method below in Section 6.7.

6.4.1 Smoothing Lagrangian

The TV functional (6.2) is not differentiable at V,q(x) = 0, which creates difficulty for

variations. One way to bypass the problem is to smooth the Lagrangian, considering

sap= [ ar (WETOE @), (69

[0,1]2
where ¢ is small and positive. The Euler-Lagrange equations for the smoothed action (6.9)
are

Vaq
e2 4+ (Vyq(x))?

Vr€[0,1%: ¢—AV,- = f, (6.10)
with the homogeneous Neumann boundary conditions, Yz € 9[0,1]? :  dq(z)/On = 0,
where n denotes normal to the boundary of the [0, 1]? domain. Finding analytical solutions
to Eq. (6.10) for an arbitrary f is not possible. We will discuss ways to solve Eq. (6.10)

numerically in the following.

6.4.2 Gradient Descent and Acceleration

We will start this part with a disclaimer. The discussion below of the numerical procedure for
solving Eq. (6.10) is not fully comprehensive. We add it here for completeness, delegating
details to Math 589, and also aiming to emphasize connections between numerical PDE
analysis and optimization algorithms.

A standard numerical scheme for solving Eq. (6.10) originating from optimization of
the action is gradient descent. It is useful to think about the gradient descent algorithm
by introducing an extra “computational time" dimension, which will be discrete in imple-

mentation but can also be thought of (for the purpose of analysis and gaining intuition) as

*This auxiliary Section can be dropped at the first reading. Material from this Section will not contribute

midterm and finals.
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continuous. Consider the following equation
AV, - Vv
Ve + (Vau(2))?

for, v(t; x), representing estimation at the computational time ¢ for ¢(x) solving Eq. (6.10),

Vee[0,1% t>0: Ow4v— =f, (6.11)

with the initial conditions, Vx : ©(0;2) = f(z), and the boundary conditions, Vz €
0[0,1)?:  dv(x)/On = 0. Eq. (6.11) is a nonlinear heat equation. Close to the equilibrium
the equation can be linearized. Discretizing the linear diffusion equation on the spatio-
temporal grid with spacing, At, and, Az, and looking for the dynamic (time-derivative)
term balancing the diffusion term (containing second order spatial-derivative) one arrives at
the following rough empirical estimation
e(Az)?

S

The estimation suggests that the temporal step needs to be really small (square of the spatial

At ~

step) to guarantee that the numerical scheme is proper (not stiff). The condition becomes
even more demanding with decrease of the regularization parameter, €.
One way to improve the gradient scheme (to make it less stiff) is to replace the diffusion
Eq. (6.11) by the (damped) wave equation
AV, - Vet
Ve + (Vau(2))?

where a is the damping coefficient. Acting by analogy with the diffusive case, let us make an

Vee[0,1)% t>0: 0?v+adv+v— = f, (6.12)

empirical estimate for the balanced choice of the spatial discertization step, Ax, temporal
discretization step, At, and of the damping coefficient. Linearising the nonlinear wave
Eq. (6.12) and then requiring that the 07 (temporal oscillation) term, the ad; (damping)

term and the (\/g)V?2 (diffusion) term are balanced one arrives at the following estimate

At e(Az)?
2 —_—
(At ~ =5 BT

which results in a much less demanding linear scaling, At ~ Ax.

This transition from the overdamped relaxation to balancing damping with oscillations
corresponds to the Polyak’s heavy-ball method [5] and Nesterov’s accelerated gradient de-
scent method [6], which are now used extensively (often with addition of a stochastic com-
ponent) in training of the modern Neural Networks. Both methods will be discussed later in
the course, and even more in the companion Math 575 course. Notice also that an additional
material on modern, continuous-time interpretation of the acceleration method and other
related algorithms can be found in |7, 8|. See also Sections 2.3 and 3.6 of [4]

We will come back to the image-restoration problem one more time in Section 6.7.2

where we discuss an alternative, primal-dual algorithm.
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6.5 Dependence of the action on the end-points

Consider z € R and let the points Ay := (z9,q0) and A; := (x1,q1) be given, and let F
be the family of continuously differentiable functions on [z, 1] that satisfy ¢(z¢) = go and

q(z1) = ¢1. For a given Lagrangian L(x,q,q¢), let S: F — R be the functional
1
S{a@)) = [ Liwa(o).d/ (@) do. (6.13)
o

In section 6.2, we showed that if a function g(x) satisfies the EL equations, %Lq/ —Ls=0,
then ¢(z) is a stationary curve of S and therefore a candidate for a minimizer of S. (See

also discussion of the EL Theorem 6.2.1 and the following remark.)

Notation. In the following, we abuse notation a little and use the symbol S to denote both

the action-functional o
Stae)) = [ Llwa(e).d(a)) da
o

and also the action-function

T1
S(Ao, A1) = S(z0,90,21,q1) = min/ L(x,q(x),q(x)) dx.
q(@)EF J g

Therefore, S(Ag, A1) corresponds to S{q(x)} evaluated at solutions ¢(z) of the associated

EL equations and should thus be understood as a function of the end-points, Ag and Ay, of
q().
The following statement gives a very intuitive, geometrical interpretation for the deriva-

tives of the action over the end-point parameters

Theorem 6.5.1 (End-point derivatives of the action).

020S(Ag; A1) = — (L — q/Lq’)
8qoS(AO;Al) = - Lq"

=1 x=xo’

(a) Dy S(Ao; A1) = (L — ¢'Ly)
(b) 04, S(Ag; A1) = Ly

T=x1 r=x0"

Proof. Here (and as custom in this course) we will only sketch the proof. Let us focus,
without loss of generality, on the part of the theorem concerning derivatives with respect to
x1 and g1, i.e. the final end-point of the critical path.

Let us first keep the final independent variable fixed at z; but move the final position
by dg, as shown in Fig. 6.3. The trajectory ¢(z) will vary by dq(x), where dq(zp) = 0 and
6q(x1) = dg.

At each time z, we can estimate the value of L(x,q + 0q,¢' + §¢') from the first-order

Taylor expansion

L(x,q+0q,¢ +6¢') = L(x,q,¢') + Ly(x,q,4") - 6+ Ly (x,q,q") - 0q. (6.16)
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N 4

q(z) A (1 +dz,q1 + Z—ZLI dx)

Figure 6.4: Critical curves from (z9, qo) to (z1,¢1) (green) and to (z1 + dx,q1 +dq) (purple)

where dq = % dx.

1

(z1,q1) (#1 +dz,q1)
.

Figure 6.5: Critical curves from (zo, qo) to (z1,¢1) (green) and to (x; + dz, q1) (purple).
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Therefore, the variation of the Lagrangian is given by

dL = Lydéq + Ly déq', (6.17)
and the variation of the action is

dsS = /dx (Lq/6q’ + Lq6q) ) (6.18)

Zo

The relation 6¢' = ddq/dz, together with the Euler-Lagrange Eqs. (6.21), allows us to rewrite
Eq. (6.18) as

1 1
d d x
ds = /d:C <Lq’d$5fl+5quLq’> = /d (Lydq) = (Lgdq) ’z(l) = L¢|,,
o

zo

dg. (6.19)

Therefore, as we kept the final independent variable fixed, dS = 9,,Sdq, and one arrives at

the desired statement

oS

9o _ 6.20
o0 (6.20)

q ‘x1 :
Now consider variation of the action extended from A; = (21, ¢1) to (1 +dx, ¢1 + ¢ (x1)dx),
as illustrated in Fig. (6.4):

oS oS oS

- Idadipv) —
s = de—a dx +8 ¢ (x1)dx = o,

where we utilize Eq. (6.20). Finally, we derive (see also Fig. (6.5))

0S
e (L—d'Ly)|,,-

Example 6.5.2. Find the minimzers of the functional

Sia(x)} = /q+:vq

for the case where (a) ¢(0) =1 and ¢(1) = 0, and where (b) ¢(0) =1 and ¢(1) is free.
Solution. The stationary curve (by definition) satisfies the EL equations:

d d
@Lq/—quo = %2q’—az:0 = ¢"—2=0,
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thus resulting in g(z) = ;2% 4 ¢z + co. For part (a), the values of ¢; and ¢, are determined
from the requirements that ¢(0) = 1 and ¢(1) = 0 giving ¢; = % and cg = 1. For part (b),
given that the value ¢(1) is free, we must find the optimal value of ¢(1) by solving 9,, S = 0:

oS

0:7:L/
on 7

et = 4]y

Therefore, in this case the optimal value of ¢(1) occurs when ¢/(1) = 0. In this case, the

corresponding values of ¢; and ¢y are ¢ = —% and ¢y = 1.

Exercise 6.2. Find all the critical function(s), ¢(x), of the functional
a
S{a@) = [ (@ +2d + (4P +1)da
0

where ¢(0) = 0 and at some positive but not fixed, a (i.e., such, a, that is by itself subject

to optimization), ¢(a) = 1.

6.6 Variational Principle of Classical Mechanics

In this Section we apply the principle of minimal action (also called variational principle, or
Hamiltonian principle), to the case of the classical mechanics, already highlighted in Section
6.1.4. (See also [9], which we follow in this Section.)

6.6.1 Noether’s Theorem & time-invariance of space-time derivatives of

action

In the case of the classical mechanics, introduced in Section 6.1.4, the Euler-Lagrange
Egs. (6.5) are

d
Li— Ly =0, (6.21)
where L(t,q(t),q(t)) : R x R? x R? — R. Let us consider the case when the Lagrangian
does not depend explicitly on time. (It may still depend on time implicitly via ¢(¢) and ¢(¢),
i.e. L(q(t),q(t)).) In this case, and quite remarkably, the Euler-Lagrange equation can be
rewritten as a conservation law. Indeed,

d . . oo d . . . d
a(q-Lq*L) = q~Lq‘+q-dtLq'Lq'qu'qzq'<dtLq'Lq>=0,

where the last equality is due to Eq. (6.21).
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We have just introduced the Hamiltonian H = ¢-L;— L representing energy stored within
the mechanical system instantaneously, and proved that if the Lagrangian (and thus Hamil-
tonian) does not have explicit dependence on time, the Hamiltonian (energy) is conserved.
This is a particular case of the Noether’s theorem.

Notice, that symmetry under a parametrically continuous change, such as one just
explored (consisting in invariance of the Lagrangian under the time shift), is generally a
stronger property than a conservation law.

To state theorems expressing the invariance(s) we need the following definition.

Definition 6.6.1 (Invariance of the Lagrangian). Consider a family of transformations of
RY, he(q) : RY — R, where s € R and hg(q) is continuous in both ¢ and in (parameter) s
and ho(q) = q. We say that a Lagrangian L(q(t),q(t)) : R" x R™ — R is invariant under the
action of the family of transformations of R h(q) : R® — R, if L(g,q) does not change
when ¢(t) is replaced by hs(q(t)), i.e. if for any function ¢(t) we have

hs(a(t) = Lla(t), Sa0)

Common examples of hs(q(t)) in the classical mechanics include

L(hs(q(t))

e translational invariance hs(q(t)) = q(t) + se where e is the unit vector in R™ and s is

the distance of the transformation;

e rotational invariance hs(q(t)) = Re(s)q(t) around the line through the origin defined

by the unit vector e;

e combination of translational invariance and rotational invariance (cork-screw motion):

hs(q(t)) = aes + Re(s)q(t), where a is a constant.

Theorem 6.6.2 (Noether’s theorem (1915)). If the Lagrangian L is invariant under the

action of a one-parameter family of transformations hs(g(t)) then the quantity

Ha(6),4()) = Lg- - (hafa(8)) o (6.22)

is constant along any solution of the Euler-Lagrange Eq. (6.21). Such a constant quantity

is called an integral of motion.

Proof. Following discussion of Section 6.5, we consider the action-function, S(tg, qo,t1,41),
i.e. a minimum value of the action-functional, analyzed as a function of the end points,

(to,qo) to (t1,q1). Theorem 6.5.1, applied to the case of the classical mechanics, states that

(a) O, S(Ao; A1) = (L — 4Lg)t=t, 01y S(Ao; A1) = —(L — qLg) =10,
(0) 015 (Ao; A1) = Lgl,—y, 0g0S(Ao; A1) = —Lgl,—y, -
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The assumptions of Noether’s theorem require that the Lagrangian is invariant under the

transformation ¢(t) — hs(q(t), which gives

S(to, hs(qo)st1, hs(q1)) = S(to, qo;t1, q1), Vs. (6.23)

Differentiating both sides of Eq. 6.23 with respect to s, applying Theorem 6.5.1, and evalu-

ating the result at s = 0, leads us to
d
= - —hs(q(t
0 =045 ds s(q(to)) N

=~ Lilalto). (to)) - -hslalto))] g + Lafa(tr),d(t)) - -helate)] g

Since t; can be chosen arbitrarily, it proves that Eq. (6.22) is constant along the solution of
the Euler-Lagrange Eq. (6.21). O

d
N, + 8(115 ' £h5<Q(t1))

Exercise 6.3. For q(t) € R3, where t € [tg,t1], and each of the following families of trans-
formations, find the explicit form of the conserved quantity given by the Noether’s theorem

(assuming that the respective invariance of the Lagrangian holds)

(a) space translation in the direction, e: hs(q(t)) = q(t) + se.
(b) rotation through angle s around the vector, e € R3: hy(q(t)) = Re(s)q(t).

(c) helical symmetry, hs(q(t)) = aes + Re(s)q(t), where a is a constant.

6.6.2 Hamiltonian and Hamilton Equations: the case of Classical Me-

chanics

Let us utilize the specific structure of the classical mechanics Lagrangian which is split,
according to Eq. (6.4), into a difference of the kinetic energy, ¢?/2, and the potential energy,

V(q). Making the obvious observation, that the minimum of the functional

/dté(dp)Q,

over {p(t)} is achieved at V¢t : ¢ = p, and then stating the kinetic term of the classical

mechanics action, that is the first term in Eq. (6.4), in terms of an auxiliary optimization

¢ p?
dt— = max /dt ( ] — > , 6.24
/ 2 (1) PI= (6.24)

and substituting the result in Egs. (6.3,6.4), one arrives at the following, alternative, varia-

tional formulation of the classical mechanics

{r;un} {Izrolax/dt pqg— H(q;p)), (6.25)
2
H(gp) =" +V(g), (6.26)

2



CHAPTER 6. CALCULUS OF VARIATIONS 169

where p and H are defined as the momentum and Hamiltonian of the system. Turning
the second (Hamiltonian) principle of the classical mechanics into the equations (which,
like EL equations, are only sufficient conditions of optimality) one arrives at the so-called
Hamiltonian equations

i= OH(g;p) . 9H(g;p)

Example 6.6.3. (a) [Conservation of Energy| Show that in the case of the time independent
Hamiltonian (i.e. in the case of H(q;p) considered so far), H, is also the energy which is
conserved along the solution of the Hamiltonian equations (6.27).

(b) [Conservation of Momentum| Show that if the Lagrangian does not depend explicitly on
one of the coordinates, say ¢(!) where ¢ = (q(l), -++), then the corresponding momentum,
oL/ ¢, is constant along the physical trajectory, given by the solutions of either EL or

Hamiltonian equations.
Solution. (a) Full time derivative of the Hamiltonian is

an _ o on
at 8qq 6pp'

The Hamiltonian equations are

Combining the two expressions

dH_OH, OH . o
at 8(](] app_ pq+4gp =Y,

we arrive at the desired statement.
(b) Suppose that L does not depend on ¢(!), then L/d¢™") = 0. Then, the EL equations

g_d (0oL _ 9L _d (oL
—dt \ 9 oq) — dt \g¢m) )’
imply that L/d¢™) is constant in time.

Notice, that the Hamiltonian system of Eqs. (6.27) becomes even more elegant in the

vector form

i = —JV.H(z) = —V,JH(2), z:= (i ) , J = ( _01 (1) ) : (6.28)

where the 2 x 2 matrix represents two-dimensional rotation (clock-wise in the (g, p)-space).
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6.6.3 Hamilton-Jacobi equation

Let us work a bit more with the critical/optimal trajectory/path, {q(t);t € [to = 0,%1]},
solving the Euler-Lagrange Eqs. (6.21), choosing the initial time to be equal to 0, fixing
the initial position, ¢(0) = qo, then analyzing dependence of the action on the final time,
t1, and position, ¢;. That is we continue the thread of the Theorem 6.5.1 and consider the
action-function as a function of A; = (¢1,¢1), i.e., of the final position of the critical path.
Indeed, let us re-derive in a bit different, but equivalent, form the main results of the
Theorem 6.5.1. Assuming that the action-function is a sufficiently smooth function of the
arguments, t; and g1, one would like to introduce (and interpret) derivatives of action over ¢;
and ¢1, and then check if the derivatives are related to each other. Consider, first, derivative

of the action-function over ¢i:

t1 t1
Sy, =0,S(ti;q1) = 8t/dtL (q(t),q(t)) = L(t1,q1) + /dt (L0, q(t) — LgOr, 4(t))
0 0
t1 d
= L(t,, q1) + / dtdy, q(t) <Lq n dtLq) — Lida(®)| = (L = Lid),_,. (6.29)

where we have made an integration by parts and used that, 0.q(t)|t=0 = 0, 0, q(t)|t=t, =
G(t1), utilized the Euler-Lagrange equations Eq. (6.5), Vt € [0,t1] : Ly — £Lg = 0.
Next, let us evaluate the derivative of the action-function over the coordinate at the final
position, qi:
t1 t1
S = 0yS(t ) =0y, [ AL (0000 = [ b (Lydialt) + Lidyi(t)
0

0
t1

d
0

In the case of the classical mechanics, when the Lagrangian is factorized into a difference
of the kinetic energy and the potential energy terms, the object on right hand sides of
Eq. (6.29) turns into the minus Hamiltonian, defined above in Eq. (6.26), and the right
hand side of Eq. (6.30) becomes the momentum, then p = ¢. In the case of a generic (not
factorizable) Lagrangian, one can use the right hand side of and Eq. (6.29) and Eq. (6.30)
as the definitions of the minus Hamiltonian of the system and of the system momentum,

respectively,

Vt: p:=1Ly, H(t;q;p) :=L4q— L, (6.31)
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where the Hamiltonian is considered as a function of the current time, ¢, coordinate, ¢(t),
and momentum, p(t).

Combining Egs. (6.29,6.30,6.31), that is (a) and (b) of the Theorem 6.5.1 and the def-
initions of the momentum and the Hamiltonian, one arrives at the Hamilton-Jacobi (HJ)

equation
Stl ~|—H(t1;q1;6q15) =0, (6.32)

which provides a nonlinear first order PDE representation of the classical mechanics.

It is important to stress that if one knows the initial (at ¢ = 0) values of the action-
function, S, and of its derivative, 9,5, and also of the explicit expression of the Hamiltonian
in terms of the time, coordinate and momentum at all moments of time, Eq. (6.32) combined
with the initial conditions represents a Cauchy initial value problem, therefore resulting in
solving of the HJ equation unambiguously. This is a rather remarkable and strong state-
ment with many important consequences and generalizations. The statement is remarkable
because because one gets the unique solution of the optimization problem in spite of the fact
that solution of the EL equation is not necessarily unique (remember it is a sufficient but
not necessary condition for the minimum action, i.e. there may be multiple solutions of the
EL equations). Consequences of the HJ equations will be seen later when we will discuss its
generalization to the case of the optimal control, called the Bellman-Hamilton-Jacobi (BHJ)
equation. HJ equation, discussed here, and BHJ discussed in Section are linked ultimately
to the concept of the Dynamic Programming (DP), also discussed later in the course.

Let us re-emphasize, that the schematic derivation of the HJ-equation (just provided)
has revealed the meaning of the action derivative over (final) time and over the (final)
coordinate. We have learned that 0; S is nothing but minus Hamiltonian, while d,, S is
simply momenta p; = p(t1) (also equal to velocity as in these notes we follow the convention
of unit mass).

Let us provide an alternative (and as simple) derivation of the HJ-equation, based pri-
marily on the differentials. Given transformation from representation of the action as a func-

tional of {q(¢);t € [0, 1]} to its representation as a function of t; and ¢, S{q(t)} — S(t1;¢1),

S:/pdq/Hdt,

which then implies the following differential form

oS oS
dS = —dt;1 + —d
S 8751 1+ 8q1 q1,

one rewrites Egs. (6.3,6.4)

so that
0y S = —H(t1;q15p1), 0q,S = pu,



CHAPTER 6. CALCULUS OF VARIATIONS 172

resulting (in combination) in the HJ Eq. (6.32).
So far it was important to differentiate the current moment of time ¢ € [0,¢;] and the
final moment of time ¢;. However, and once the HJ equations are derived we may return,

simplifying notations (and when it does not lead to a confusion), to using ¢ interchangeably
for both.

Example 6.6.4. Find and solve the HJ equation for a free particle.

In this case

="
5
Therefore, the HJ equation becomes
0,5)?
( q2 ) — _8t5~

Look for solution of the HJ equation in the form S = f(q)—Et. One derives f(q) = V2Eq—c,

and therefore the general solution of the HJ equation becomes
S(t;q) = V2Eq — Et — c.

Exercise 6.4. Find and solve the HJ equation for a two dimensional oscillator (unit mass
and unit elasticity) in spherical coordinates, i.e. for the Hamiltonian system with the action

functional
S{r(), (1)) = / dt (; (72 + 125%) — ;7«2) .

We conclude this very brief discussion of the classical/Hamiltonian mechanics by men-
tioning that in addition to its relevance to the concepts of Optimal Control and Dynamic
Programming (to be discussed in Section 7), the HJ-equations are also most useful in estab-
lishing (and using in practical setting) the transformation from the pair of the coordinate-
momentum variables (g, p) to the so-called canonical variables for which paths of motion

reduce to single points, i.e. variables for which the (re-defined) Hamiltonian is simply zero.

6.7 Legendre-Fenchel Transform (*)

This Section * is devoted to the Legendre-Fenchel (LF) transform, which was in fact used in
its relatively simple but functional (infinite dimensional) form in Eq. (6.24). Given LF im-

portance in variational calculus (already mentioned) and finite dimensional optimization (yet

*This auxiliary Section can be dropped at the first reading. Material from this Section will not contribute

midterm and finals.
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to be discussed), we have decided to allocate a special section for this important transforma-
tion and its consequences. We will also mention in the end of this Section two applications of
the LF transform: (a) to solving the image restoration problem by a primal-dual algorithm,

and (b) to estimating integrals with the Laplace method.

Definition 6.7.1 (Legendre-Fenchel (LF) transform). Legendre-Fenchel transform of a
function, f: R™ — R, is

fr (k) == sup (z-k— f(x)). (6.33)

rER”™

Often LF transform also refers to as “dual" transform. Then f*(k) is dual to f(z).

Example 6.7.2. Find the LF transform of the quadratic function, f(x) =2z -A-z/2—b-x,
where A is symmetric positive definite matrix, A > 0.

Solution: The following sequence of transformations show that the LF transform of the
positively define quadratic function is another positively defined quadratic function

1
sup <$'/{7—2:L‘-A'£L'+b'l‘>

x

xT

= sup <—;(as —(k+b)- A A (- AN E+ D) + %(b—l— Ey-A71 (b + k:)>
1
= S0+k)- AT b+ k), (6.34)
where the maximum is achieved at x, = A~ (k +b).

Definition 6.7.3 (Convex function over R"”). A function, u : R®™ — R is convex if
Ve,y e R", A€ (0,1): u(Az+ (1—Ny) < du(z) + (1 — Nu(y). (6.35)

The combination of these two notions (the Legendre-Fenchel transform and the convex-
ity) results in the following bold statements (which we only state here, delegating proofs to
Math 527).

Theorem 6.7.4 (Convexity and Involution of Legendre-Fenchel). The Legendre-Fenchel

transform of a convex function is convex, and it is also an involution, i.e. (f*)* = f.

6.7.1 Geometric Interpretation:

Supporting Lines, Duality and Convexity

Once the formal definitions and statements are made, let us consider the one dimensional
case, n = 1, to develop intuition about the LF and convexity. In one dimension, the LF
transform has a very clear geometrical interpretation (see e.g. [10]) stated in terms of the

supporting lines.



CHAPTER 6. CALCULUS OF VARIATIONS 174

f)

Figure 6.6: Geometric interpretation of supporting lines.

Definition 6.7.5 (Supporting Lines). f: R — R has a supporting line at = € R if
Vil e R:  f(2)) > f(z) + a(z' — ).
If the inequality is strict at all 2’ # z, the line is called strictly supporting.

Notice that as defined above supporting lines are defined locally, i.e. not globally for all
x € R, but locally for a particular/fixed, x.

Example 6.7.6. Find f*(k) and the supporting line(s) for f(z) = ax + b.
Solution: Notice that we cannot draw any straight line which do not cross f(x) unless they
have the same slope. Therefore, f(z) is the supporting line for itself. We also observe that

the LF transform of the straight line is finite only at a single point k = a, corresponding to

f*(k)={ o b

the slope of the line, i.e.

oo, otherwise.

Example 6.7.7. Consider the quadratic, f(r) = ax?/2—bx. Find f*(k), supporting line(s)
for f(x), and supporting line(s) for f*(k).

Solution: The solution, given by one dimensional version of Eq. (6.34), is f*(k) = (b +
k)2/(2a), where the maximum (in the LF transform) is achieved at z, = (b+ k)/a. We
observe that f*(k) is well defined (finite) for all & € R. Denote by f.(y) the supporting
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line of, f(x), at x. In this case of a nice (smooth and convex) f(z), one derives, f,(z') =
f(@)+ f'(z)(2' —2) = ax?®/2 — bz + (ax — b)(z' — ), representing the Taylor series expansion
of, f(z), around, x = y, truncated at the first (linear) term. Similarly, fi (k') = f*(k) +
(f) (k)K= k) = (b+k)*/(2a) + (b + k)(K — k) /a.

What we see in this example generalizes into the following statements (given without

proof):

Proposition 6.7.8. Assume that f(x) admits a supporting line at = and f'(z) exists at x,
then the slope of the supporting line at 2 should be f’(x), i.e. for a differentiable function

the supporting line is always a tangient line.

Theorem 6.7.9. If f(x) admits a supporting line at = with slope k, then f*(k) admits
supporting line at k£ with the slope .

Example 6.7.10. Draw supporting lines for the example of a smooth non-convex function
shown in Fig. (6.6).
Solution: Sketching supporting lines for this smooth, non-convex and bounded from below

example of a function with two local minima we arrive at the following observations:

e The point a admits a supporting line. The supporting line touches f at point a and

the touching line is beneath the graph of f(z), hence the term supporting is justified.

e The supporting line at « is strictly supporting because it touches the graph of f only

at * = a.

e The point b does not admit a supporting line, because any line passing through (b, f(b))

crosses the line f(x) at some other point.

e The point ¢ admits a supporting line which is supporting, but not strictly supporting,
as it touches f(x) at another point, d. In this case ¢ and d share the same supporting

line.

The supporting line analysis yields a number of other useful statements listed below

(without proof and only with limited discussion):
Theorem 6.7.11. f*(k) is always convex in k.
Corollary 6.7.12. f**(x) is always convex in x.

The last statement tells us, in particular, that f** is not always convolutive, because f**

is always convex even for non-convex f, when f # f**. This observation generalizes to
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00 fr (k)

Figure 6.7: Function having a singularity cusp (left) and its LF transform (right).

Theorem 6.7.13. f**(z) = f(x) iff f(z) admits a supporting line at z.

The following two statements are immediate corollaries of the theorem.
Corollary 6.7.14. f** = f if f is convex.
Corollary 6.7.15. If f*(k) is differentiable for all k& then f**(z) = f(z).

The following two statements are particularly useful for visualization of f**(x)

Corollary 6.7.16. A convex function can always be written as a LF transform of another

function.
Theorem 6.7.17. f**(x) is the largest convex function satisfying f**(z) < f(x).

Because of the last statement we call f**(z) the convex envelope of f(z).
Below we continue to illustrate the notion of supporting lines, as well as convexity and

duality, on illustrative examples.

Example 6.7.18. Consider function containing a non-differentiable point (cusp), as shown
in Fig. (6.7a). Utilizing the notion of supporting lines, draw and explain f*(k). Is f**(z) =
f()?

Solution: When a function has a non-differentiable point it is natural to split the analysis

in two, discussing the differentiable and non-differentiable parts separately.

o (Differentiable part of f(x):) Each point (z, f(z)) on the differentiable part of the
function curve (parts a and b in Fig. (6.7a) admits a strict supporting line with slope
f'(x) = k. These points maps under the LF transformation into (k, f*(k)) points
admitting supporting lines of slopes (f*)'(k) = z, shown as I’ and r’ branches in
Fig. (6.7b). Overall left (1) and right (r) branches in Fig. (6.7a) transform into left (1’)
and right (1) branches in Fig. (6.7b)).
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f

A Q)

JANE))

d x

Figure 6.8: (a) An exemplary nonconvex function, f(x); (b) its LT transform, f*(k); (c) its
double LT transform f**(z).

(The cusp of f(x) at x = z.:) The nondifferentiable point z. admits not one but
infinetily many supporting lines with slopes in the range [k, k2]. This means that
f*(k) with k € [k, ko] must admit a supporting line with the constant slope z., shown
as branch (¢/) in Fig. (6.7b), i.e. () branch is linear (affine).

The example is convex, therefore according to Corollary 6.7.14, f**(z) = f(x).

Example 6.7.19. Show schematically f*(k) and f**(x) for f(z) shown in Fig. (6.6).

Solution: We split curve of the function into three branches (I-left), (c-center) and (r-right),

and then built LF and double-LT transform separately for each of the branches, as before

relying in this construct of building supporting lines. The result in shown in Fig. (6.8) and

the details are as follows.

e Branch (1) and branch (r) are strictly convex thus admitting strict supporting lines.

LT transforms of the two branches are smooth. Double LF transform returns exactly

the same function we have started from.

Branch (c) is not convex and as a result none of the points within this branch, extending
from x1 to x3, admits supporting lines. This means that the points of the branch are
not represented in f*(k). We see it in Fig. (6.8b) as a collapse of the branch under
the LF transform to a point. Supporting line with slope k. connects end-points of
the branch. The supporting line is not strict and it translates in f*(k) into a single
(ke, f*(kc)) point. This point of f*(k) is not differentiable. Notice that f*(k) is

convex, as well as, f**(x). LF transformation extends (k., f*(k.)) into a straight line
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with slope k. (shown red in Fig. (6.8c). This straight line may be thought as a convex

extrapolation, envelope, of f(x) in its non-convex branch.

Example 6.7.20. (a) Find the supporting lines and build the LF transform of

Pll“‘f‘bla T < Ty
f(fﬂ)—{

P2x + ba, x> )

where x, = (ba — b1)/(p1 — p2), and ba > by, pa > p1; and find the respective f**(x)
(b) Suggest an example of a convex function defined on a bounded domain with diverging

(infinite) slopes at the boundary. Show schematically f*(k) and f**(z) for the function.

6.7.2 Example of Dual Optimization in Variational Calculus

Now we are ready to return back to the image restoration problem set up in Section 6.1.3.
Our task becomes to by-pass e-smoothing discussed in Section 6.4.2 by using LF transform.
This neat theoretical trick will then in developing computationally advantageous primal-dual
algorithm. We will use Theorem 6.7.4 to accomplish this, transformation-to-dual, goal.

In fact, let us consider a more general set up than one discussed in Section 6.1.3. Assume

that f: R™ — R is convex and consider

min [ dz (g(z,q(z)) + f(Veq(z)))

: (6.36)
{q(z)} nT-V4q=0, Vz€oU
U

where ¢ : U — R and as before n is the normal vector to QU. Let us now restate the

formulation in terms of the Legendre-Fenchel transform of f, thus utilizing Theorem 6.7.4:

o ) / dz (g(z, q(x)) + p(x) - Voq(z) — f*(p(z))) (6.37)

{a(2)} {p(2)} A nT.V,q=nT p=0, VocdU’

where p : U — R™ and we also require that p (which is a vector) does not have a projection
to the boundary, i.e. it is elongated with V,q. ¢(x) is called the primal variable and p(x)
is called dual variable. We “dualize" only the second term in the integrand on the right
hand side of Eq. (6.36) which is non-smooth, leaving the first (smooth) term unchanged.
The optimization problem (6.37) is also called saddle-point formulation, due to its min-max
structure.

Given the boundary conditions, we can apply integration by parts to the term in the
middle in Eq. (6.37) then arriving at

min max [ do (9(s.q(x)) - a(@)7 - pla) — I (p(2))) (6.38)

{a(@)} {p(=)} J nTp=0, VacdU
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We can attempt to solve Eq. (6.37) or Eq. (6.38) by the primal-dual method which con-
sists in alternating minimization and maximization steps in either of the two optimizations.
Implementations may be, for example, via alternating gradient descent (for minimization)
and gradient ascent (for maximization).

However in the original problem we are trying to solve — the image restoration problem
defined in Section 6.1.3 — we can carry over the primal-dual min-max formulation further
by exploring the structure of the argument (effective action), evaluating minimization over
{q(z)} explicitly and thus arriving at the dual formulation. This is our plan for the remainder
of the section.

The case of the Total Variation image restoration corresponds to setting

(a— f(=)?

S Fw= Vag@) = ful,

g(w,q) =

in Eq. (6.36) thus arriving at the following optimization

min / da <(‘];Af)2 + ]qu\> . (6.39)
U

q
nT -V q=0VrcoU

Notice that f(w) = |w| is convex and thus, according to the high-dimensional generalization
of what we have learned about LF transform, f**(w) = f(w). The LF dual of f(w) can be

easily computed

0, |w|<1
f*(p) = sup (p-w —|w|) = (6.40)
weRn 00, |w|>1.
And then convexity of f(w) = |w| allows us, according to Theorem 6.7.4, to “invert"
Eq. (6.40)
0, <1
fw) = |w|=sup |p w— Ipl < = maxp - w. (6.41)
p oo, |p|>1. lpl<1
Then min-max Eq. (6.38) becomes
2
mqin f]r)lz%)lc/dm <(C]2)\f) —qVy p)> . (6.42)

nT.p=0, Vze€dU

Remarkably we can swap min and max in Eq. (6.42). This is guaranteed by the strong

convexity theorem (see Appendix)

max min / da (W v, -p) . (6.43)
U

lpl<1 2\
z€dU: nT.p=0
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This trick is very useful because the "ultra-local" optimization over g can be done explicitly.
One finds that the minimum of the quadratic over ¢ function in the integrand of the objective
in Eq. (6.43) is achieved at

q=f+AVa-p, (6.44)

and then substituting the optimal value back in the objective we arrive at

max/da: <fvx p— 5(% -p)2> . (6.45)

lpl<1 2
nT.p=0, Vz€oU:

which is thus the optimization dual to the primal optimization (6.39). If we are to ignore the

constraint in Eq. (6.45), the objective is minimal at V - p = f/\. To handle the constraint

[11] has suggested to use the so-called projected gradient ascent algorithm

k k
) k1 b +Tvx'(vx'p _f/>‘)
Ve: p" i (z) = [ S YR (6.46)

initiated with p° satisfying the constraint, [p’| < 1, iterating in time with step 7 > 0 and
taking appropriate spatial discretization of the V- operation on a grid with spacing Ax.
Introduction of the denominator in the ratio on the right hand side of Eq. (6.46) guarantees
that the condition is enforced in iterations, [p¥| < 1. When the iterations converge and the

optimal p is found, the optimal pattern, u is reconstructed from Eq. (6.44).

6.7.3 More on Geometric Interpretation of the LF transform

Here we inject some additional geometric meaning in the LF transform following [12]. We
continue to draw our intuition/inspiration from a one dimensional example.

First, notice that if the function is f : R — R is strictly convex than f’(x) is increasing,
monotonically and strictly, with . This means, in particular, that the relation between
the original variable, z, and the respective optimal dual variable, k, is one-to-one, therefore
providing additional explanation for the self-inverse feature of the LT transform in the case
of convexity (strict convexity, to be precise, but we know that is also holds in the convex
case).

Second, consider relation, illustrated in Fig. (6.9), between the original function, f(z),

at x allowing strict supporting line and the respective LT transform, f*(k), evaluated at

k= f(x), e f*(f'(z)):
Vo: kx=f(z)+ f*(k), where k= f'(x). (6.47)

As seen clearly in the figure the LF relation explains f*(k) as f(z) extended by kx (where

the latter term is associated with the supporting line). Notice remarkable symmetry of
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fO)+ (k) = kx

T
ARG ;

Figure 6.9: Graphic representation of the LF transform.

Eq. (6.47) under = «<» k and f < f* transformation, also assuming that the variables, x
and k, are not independent - one of the two is to be selected as tracking the change while

the other (conjugated) variable will depend on the first one, according to k = f’(x) or

z = (f7)'(k).

6.7.4 Hamiltonian-to-Lagrangian Duality in Classical Mechanics

LF transform is also the key to understanding relation between Hamiltonian and Lagrangian
in classical mechanics. Let us illustrate it on a “no ¢"-example, i.e. on the case when the
Hamiltonian, generally dependent on t,q and p depends only on p. Specifically consider
example of a free relativistic particle, where H(p) = \/m , m is the particle mass and
the speed of light is set to unity, ¢ = 1. In this case ¢ = 0,H = dH/dp = p/\/m
according the Hamilton equation, and the Lagrangian, which generally depends on ¢ and ¢
but now only depends on ¢ is L(¢) = pg — H(p). This relation, rewritten in the symmetric

form,
pg = L(q) + H(p),

should be compared with the LF relation Eq. (6.47). We observe that p and -g, like x and &,
are conjugated variables while L should be viewed as the LF transform of the Hamiltonian

L = H* or vice versa H = L*.
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See [12] for further discussion of other examples of LF transform in physics, for example in
statistical thermodynamics (where inverse temperature and energy are conjugated variables,

while free energy is the LF dual of the entropy, and vice versa).

6.7.5 LF Transformation and Laplace Method

Consider the integral
F(k,n) = / dzxexp (n (kx — f(x))).
R
When n — oo the Laplace methods of approximating the integral (discussed in Math 583a
in the fall) consists in

log F(k,n) = nilelg (kx — f(x)) + o(n).

6.8 Second Variation (*)

Finding extrema of a function involves more than finding its critical points *. A critical
point may be a minimum, a maximum or a saddle-point. To determine the critical point
type one needs to compute the Hessian matrix of the function. Similar consideration applies
to functionals when we want to characterize solutions of the Euler-Lagrange equations.

We naturally start the discussion of the second variation from the finite dimensional
case. Let f: U C R® — R be a C? function (with existing first and second derivatives).
The Hessian matrix of f at z is a symmetric bi-linear form (on the tangent vector space R7}

to R™ at x) defined by

O f(x + se + wn)

Ve,n € R} :  Hessy(e,n) = 550w

(6.48)

s=w=0
If the Hessian is positive-definite, i.e. if the respective matrix of second-derivatives has only
positive eigenvalues, then the critical point is the minimum.

Let us generalize the notion of the Hessian to the action, S = [dtL(q,¢) and the
Lagrangian, L(q, ), where q(t) : R — R" is a C? function. Direct generalization of Eq. (6.48)

*This auxiliary Section can be dropped at the first reading. Material from this Section will not contribute

midterm and finals.
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becomes
2S{u s€ w
Hess;{e(t),n(t)} = altl —gsag) el —w— (649
d (9S{q(t) + se(t) +wn(t }
- (o ) ),
B " 6L(q+se;q+se) d (q+se;q+sé) i
- /dt;< oq’ cdt 9 )n 0

/ﬁtzz

. 9’L . d [ 0°L . 9°L ;
¢ — — e 4+ ——¢ n
by 8q38q (9q38q’ dt \ 0¢I 0¢" 0§ 0¢"

/dtZJwen,

i,j=1

where J;; is the matrix of differential operators called the Jacobi operator. To determine if
the bilinear form is positive definite is usually hard, but in some simple cases the question
can be resolved.

Consider, ¢ : R — R, ¢ € C?, and quadratic action,

T
S{a(t)} = /0 at (¢ — ). (6.50)

with zero boundary conditions, ¢(0) = ¢(7") = 0. To get some intuition about how the
landscape of action (6.50) looks like, let us consider a subclass of functions, for example

oscillatory functions consisting of only one harmonic,
_ . 7t
g(t) = asin <nT> , (6.51)

where a € R (any real) and n € Z \ 0 (any nonzero integer). Substituting Eq. (6.51) into
Eq. (6.50) one derives,

T

n2n2q? nmnt
S{qt)} = 72 /dtcos2 <T)

0
h 2 2 2
t T
—a’® /dtsin2 (?) = 7@ <nT72r — 1) .
0

One observes that at T" < 7, the action, S, considered on this special class of functions, is

positive. However, when some of these probe functions will result in a negative action when
T > w. This means that at T' > m, the functional quadratic form, correspondent to the

action (6.50), is certainly not positive definite.
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One thus came out of this “probe function" exercise with the following question: can it
be that the functional quadratic form, correspondent to the action (6.50), is not positive
definite? The analysis so far (restricted to the class of single harmonic test functions) is not
conclusive. Quite remarkably one can prove that the action (6.50) is always positive (over
the class of zero boundary condition, twice differentiable functions), and thus the respective

quadratic form is always positive definite, if T' < 7.

Example 6.8.1. Prove that the action S{q(t)} given by Eq. (6.50) is positive at, T' < 7, for
any twice differentiable function, ¢ € C? with zero boundary conditions, ¢(0) = ¢(7") = 0.

(Hint: Represent the function as Fourier Series and show that the action is a sum of squares.)

Solution. Consider the general Fourier series expansion of ¢(t), that is
oo
2mnt 2mnt
q(t) = % + Z [an cos (?) + by sin <7?)] :
n=1
Calculating fOT (4*> — ¢*)dt and noting the orthogonality of the terms in the expansion, one

T 2 2 4 32 2,2
9 9 ag a; + by, (4n‘n
—q)dt=-T—+T -1]).
/O(Q q°) i n§:1 5 ( 72

If we consider the ‘worst-case’ scenario of T' = 7 we then have to show that

arrives at

© 2 | 12 2

Stz
to ensure positivity of the action. Note that from the boundary conditions we have that,
ag/2+ >, an = 0. Without loss of generality let us scale ¢(t) such that ag = —2. Then it
will suffice for us to show that

2
n

ST (n 1) = 1.

n=1
We can do this by constructing the dual problem and demonstrating that the minimal value
of the left-hand-side is 1 when varying the a,. Specifically, our problem is

k

min Z @ (4n2 — 1)
2 )

a=(a1,--a) ==

k
s.t. Z an =1,
n=1

where we first consider the partial sum case and then take the kK — oo limit. The Lagrangian
is
ko 2
n

k
L’(a,u)zzc;(4n2—1)—u<2an—1>.
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We compute VL = 0 to get
an(4n? —1) —p =0, Vn=1,... k.

This implies a,, = u/(4n? — 1). If the equality constraint is enforced we derive

o

= 1.
Z4n2_1
n=1

One can compactly represent the partial sums as

k
> T = 5
4n?2 -1 2k+1

n=1

which yields p = (2k + 1)/k. Substituting this back into the original objective function we

arrive at
2
a, ;. o  2k+1
2 o -1 =5 = 21

n=1

Therefore in the £k — oo limit we are still larger than 1, thus proving positivity of the

action. O

6.9 Methods of Lagrange Multipliers

So far we have only discussed unconstrained variational formulations. This Section is devoted

to generalizations where variational problems with constraints are formulated and resolved.

6.9.1 Functional Constraint(s)

Consider the shortest path problem discussed in Example 6.2.3, however constrained by the

area, A as follows

a

min dz/1+ (¢ (2))%da
{q(:v)lxe[o,a]}/ (¢'(z))
" q(O)ZO’ q(a):b, foa q(I)d1':A

The area constraint can be built in the optimization by adding,

a

A /dxq(:c)d:):—A ,
0
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to the optimization objective, where )\ is the Lagrangian multiplier. The Euler-Lagrange

equations for this “extended" action are

0 = VZL‘ (LV(] (JZ, C_I(x)7 va(‘r))) - Lq (x7 Q(J“)a VCIEQ(QZ)) —A
& it @@

W = constant =+ )\ZU
q (T

Example 6.9.1. The principle of maximum entropy, also called principle of the maximum

likelihood (distribution), selects the probability distribution that maximizes the entropy,
S = — [, dzP(z)log P(x), under normalization condition, [, dzP(z) = 1.

e (a) Consider D € R™. Find optimal P(x).

e (b) Consider D = [a,b] C R. Find optimal P(z), assuming that the mean of x is
known, Eqp(,yy (z) = [}, deaP(x) = p.

Solution:

(a) The effective action is,

5:S+)\<1—/Dde(x)>,

where \ is the (constant, i.e. not dependent on z, Lagrangian multiplier. Variation of S

over P(x) results in the following EL equation

58S
0P (x)

=0: —log(P(z))—1—-X=0.

Accounting for the normalization condition one finds that the optimum is achieved at the

equ-distribution:

where ||D]| is the size of D.
(b) The effective action is,

S=8+2A <1 —~ /D d:cP(:n)) + M (u - /D de(x)> ,

where A and \; are two (constant) Lagrangian multipliers. Variation of S over P(x) results

in the following EL equation

=0: —log(P(z))—1—-A=XMz=0 — P(z)=e "Pexp(—Aix).
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A and A; are constants which can be expressed via a,b and p resolving the normalization

constraint and the constraint on the mean,

P _exp(—Aiz) 1 el _wexp(—Mz)  exp(—Aiz)
A ’ A1 M

b b

a

a

Exercise 6.5. Consider the setting of Example 6.9.1b with a = —o0, b = co. Assuming
that mean and variance of the probability distribution are known, i.e. E{p(,) () = p and

E{p(2)} (332) = 02 4 2, find P(x) which maximizes the entropy.

6.9.2 Function Constraints

The method of Lagrange multipliers in the calculus of variations extends to other types of
constrained optimizations, where the condition is not a functional as in the cases discussed
so far but a function. Consider, for example, our standard one-dimensional example of the

action functional,
Statt)} = [ atLeateyae), (652

over q : R — R, however constrained by the functional,
YVt G(t;q(t);4(t)) =0. (6.53)

Let us also assume that L(¢; ¢; ¢) and G(t; q; ¢) are sufficiently smooth functions of their last

argument, ¢. The idea then becomes to introduce the following “modified" action

S{a(t), A1)} = /dt (Lt q(t); 4(1)) — AMBG(E q(t); 4(1))) » (6.54)

which is now a functional of both ¢(t) and A(t), and extremize it over both ¢(¢) and A(t). One
can show that solutions of the EL equations, derived as variations of the action (6.54) over
both ¢(t) and A(t), will give a sufficient condition for the minimum of Eq. (6.52) constrained
by Eq. (6.53).

Let us illustrate this scheme and derive the Euler-Lagrange equation for a Lagrangian
L(q; ¢; §) which depends on the second derivative of a C? function, ¢ : R — R and does
not depend on t explicitly. In full analogy with Eq. (6.54) the modified action in this case

becomes

S{q(t), M)} = /dt (L(q(t); ¢;0) = A(t) (v(t) — 4(1))) .- (6.55)
Notice Then the modified Euler-Lagrange equations are

oL d <aL A>7 ,_doL
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Eliminating A\ and v one arrives at the desired modified EL equations stated solely in terms

of derivatives of the Lagrangian over ¢(¢) and its derivatives:

oL d oL  d® 9L

qu_%aiq‘Jr@aTj_ (6.57)

Exercise 6.6. Find extrema of S{q(¢)} = fol dt||g(t)|| for q : [0,1] — R3 subject to the
norm constraint, V¢ :  ||g(¢)||*> = 1, and with generic boundary conditions, i.e. q(0) = qo

and ¢(1) = ¢1, where both boundary points satisfy the norm constraint.

We will see more of the calculus of variations with (function) constraints later in the

optimal control section of the course.



Chapter 7

Optimal Control and Dynamic

Programming

Optimal control problem shall be considered as a special case of a general variational calculus
problem, where the (vector) fields evolve in time, i.e. reside in one dimensional real space
equipped with a direction, and constrained by a system of ODEs, possibly with algrebraic
constraints added too. We will learn how to analyze the problems by the methods of the
variational calculus from Section 6, using optimization approaches, e.g. convex analysis and
duality, described in Appendix B.1, and also adding to arsenal of tools a new one called
“Dynamic Programming" (DP) in Section 7.4.

Let us start with an illustrative (as sufficiently simple) optimal control problem.

Example 7.0.1. Consider trajectory of a particle in one dimension: {g(7) : [0,¢{] — R}
which is subject to control {u(7) : [0,¢] — R}. Specifically, the control means that at any
moment in time, the velocity of the particle can be set to any value less than or equal to
one. That is ¢(t) = u(t) where u(t) < 1. Solve the following constrained problem of the

variational calculus type:

t

min dr(q(1))? , 7.1
{um,q(T)}/ (a(r) (7-1)

7€(0,t]: ¢(7)=u(7), u(r)<1
where ¢t > 0 and the initial position, ¢(0) = qo, is known (fixed).

Solution. If gy > 0, one can guess the optimal solution right away: jump to ¢ = 0 immediately
(at 7 = 0%) and then stay zero. To justify the solution, one first drops all the constraints
in Eq. (7.1), observe that the minimal solution of the unconstrained problem is, 7 € (0,¢] :

q(7) = u(r) = 0, and then verify that constraints dropped are satisfied. (Notice that the

189
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resulting discontinuity of the optimal ¢(7) at 7 = 0 is not a problem, as it was not required
in the problem formulation.)

The analysis in the case of gg < 0 is more elaborate. Let us exclude the control variable,
turning the pair of constraints in Eq. (7.1) into one, V7 : ¢ < 1. Our next step will be to
use the Duality Theory and KKT conditions, discussed in Math 584 (see also Appendix B)
in the context of finite dimensional optimization. We can therefore view what follows as a
practical lesson (just a use case, no proofs) on how to extend this important approach from
the case of finite dimensional optimization to the variational calculus.

We introduce the Lagrangian function,

L(q(r), u(7)) = ¢* + p(q - 1),
and then write the following four KKT conditions:
1. KKT-1: Primal Feasiblity: ¢(7) <1 for 7 € (0, ¢].
2. KKT-2: Dual Feasibility: u(t) > 0 for 7 € (0,1].

3. KKT-3: Stationary point in primal variables - which is simply the Euler-Lagrange

condition of the variational calculus: 2q = p for 7 € (0, ¢].
4. KKT-4: Complementary Slackness: pu(t)(¢(t) —1) =0 for 7 € (0, t].

We find that,
q(t) =7 +qo, pu(r)=7"+2q7 +c, (7.2)

where c¢ is a constant, satisfy both the KKT conditions and the initial condition, ¢(0) = go.
Can we have another solution different from Eqs. (7.2) but satisfying the KKT conditions?
How about a discontinuous control? Consider the following probe functions, bringing ¢ to

zero first with the maximal allowed control, and then switching off the control:

(7.3)

go+71, 0<7< —qo 7‘2—1—2q07'+q8, 0<7< —q
q(t) = pw(r) =
07 _QO<T§75 O) _QO<T§t

We observe that, indeed, in the regime where the probe function is well defined, i.e. 0 <
—qo < t, Egs. (7.3) solves the KKT conditions (7.3), therefore providing an alternative to the
solution (7.2). Comparing objectives in Eq. (7.1) for the two alternatives one finds that at,

0 < —qo < t, the solution (7.3) is optimal while the solution (7.2) is optimal if t < —gp. O

Exercise 7.1. Solve Example 7.0.1 with the condition u < 1 replaced by |u| < 1.
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7.1 Linear Quadratic Control via Calculus of Variations (*)

Our next extra-curricular topic * is Linear Quadratic (LQ) control. Consider d-dimensional
real vector representing evolution of the system state in time, {g(7) € R%|r € [0, ]}, governed

by the following system of linear ODEs
V1 e (0,t]:  q(1) = Aq(7) + Bu(r), ¢(0) = qo, (7.4)

where A and B are constant (time independent) square, nonsingular (invertible) and possibly
asymmetric, thus A # AT and B # BT, real matrices, A, B € R? x R?, and {u(7) € R €
[0,¢]} is a time-dependent control vector of the same dimensionality as ¢. Introduce a

combined action, often called cost-to-go:

S{q(7),u(r)} := Sepp{u(r)} + Saes{a(T)} + Spin(ar), (7.5)
t
Serp{u(r)} = ;/dTUT(T)RU(T), (7.6)
0
Suesla(7)} i= % / drqT (1) Qq(7), (7.7)
0
Srin(q(t)) = %qT(t)Q find(t), (7.8)

where Scf¢, dependent only on {u(7)}, represents required efforts of control; Szes, dependent
only on {q(7)}, expresses the cost of maintaining desired state of the system {q(¢)} proper;
and Sy, dependent only on ¢(t), expresses the cost of achieving the final state, g(t). We
assume that R, Q) and @) 74, are symmetric real positive definite matrices. We aim to optimize
the cost-to-go over {q(7)} and {u(7)} constrained by the governing ODEs and respective
initial condition in Egs. (7.4).

As custom in the variational calculus with function constraints, let us extend the action
(7.5) with a Lagrangian multiplier function associated with the ODE constraints (7.4) and
then formulate necessary conditions for the optimality stated as an unconstrained variation

of the following effective action
t
Sta.u} = S{g.u} + [ drXT(r) (<q+ g+ Bu), (79)
0

where {A(7)} is the time-dependent vector of the Lagrangian multipliers, also called the

adjoint vector. Euler-Lagrange (EL) equations and the primal feasibility equations following

*This auxiliary Section can be dropped at the first reading. Material from this Section will not contribute

midterm and finals.
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from variations of the effective action (7.9) over ¢, v and X are

Euler-Lagrange : % =0: Vre(0,t]: Qe+Ar+ATx=0, (7.10)
0819uA — 0. wrel0,t]: Ru+BTA=0, (7.11)
primal feasibility: % =0: Egs. (74). (7.12)

The equations should also be complemented with the boundary condition,

0S{q,u, \}
dq(t)

derived by variations of the effective action over ¢ at the final point, ¢(¢). The simplest

boundary condition at 7 = ¢, =0:At) = Qring(t), (7.13)

way to derive the boundary condition Eq. (7.13) is through discretization: turning temporal

integrals into discrete sums, specifically

/0 drAT(T)q() = M(A)(g(A) = q(0) + - + X (1) (a(t — A)) — a(1)), (7.14)

where A is the discretization step, and then looking for a stationary point over ¢(t).
Notice that alternatively the boundary conditions can be derived from the “main theorem
of classical mechanics — Theorem 6.5.1 — proving that the gradient of S with respect to the
terminal point (t1,q1) is VS = (L —¢Lg, Ld>|(t1,q1)' (See Theorem 6.5.1). This result
suggests that given that ¢(7) is optimal, the action cannot be improved by variations in the

terminal value, ¢(t) and therefore the boundary condition at 7 =t is:

boundary condition at 7 =t¢, 0= 85;{;}’(;’)\} = At) + Lgl._, = Mt) — Qring(t). (7.15)
q

Observe that Eqgs. (7.11) are algebraic, thus allowing to express the control vector, u,

via the adjoint vector, A
u=—-R BT\ (7.16)

Substituting it into Eqs. (7.10,7.12) one arrives at the following joint system of the original

and adjoint equations

()05 7)) (50) = (ome ) o
A -Q AT A )T LA Qring(t) '

The system of ODEs (7.17) is a two-point Boundary Value Problem (BVP) because it has two
boundary conditions at the opposite ends of the time interval. In general, two-point BVPs
are solved by the shooting method, which requires multiple iterations forward and backward

in time (hoping for convergence). However for the LQ Control problems, the system of



CHAPTER 7. OPTIMAL CONTROL AND DYNAMIC PROGRAMMING 193

equations is linear, and we can solve it in one shot — with only one forward iteration and

one backward iteration. Indeed, integrating the linear ODEs (7.17) one derives

A7)\ _ iy [ 90
( " ) i >(w ) 719
[ Whir) WA (r) . A —-BR'BT
W(r) = ( WEl(r) W2(r) ) := exp (r( o AT )) (7.19)

which allows to express A(0) via ¢(0) = qo
A0) = Mgy, M :=— (W*2(t) + QW (1)) ™" (WL () + QW (1)) . (7.20)

Substituting Egs. (7.18,7.20) into Eq. (7.16) one arrives at the following expression for the

optimal control via ¢
u(r) = —R7'BT (W' () + W»*(1)M) qo. (7.21)

A control of this type, dependent on the initial state, is called open loop control. That is, the
control policy u(7) doesn’t explicitly depend on the current state ¢(7), and instead only on
the initial state gg. While in ideal conditions this does not pose an issue, under uncertainty
it is often better for the control policy to depend on the current state of the system g(7).
Such a control scheme is called feedback loop control, which may also be called the closed
loop control. The feedback loop version of Eq. (7.21) requires us to express u(7) in terms of
q(7). To do this we seek a map from ¢(7) to A\(7), which for LQ control is a matrix P(7)
such that P(7)q(7) = A\(7). This allows us to write

u(r) = —RilBT)\(T) = —RilBTP(T)q(T).

We derive this matrix by expressing A\(7) and ¢(7) via ¢p according to Eq. (7.18,7.20) and
then substituting the result in Eq. (7.16):

Vre (0,4 wu(r)=-R'BTA(r) = —R'BT (W>!' (1) + W*?*(1)M) qo

= —R7'BT (W (7) + W22(r)M) (WhH(r) + W (r)M) ™ g(7)
= —R7'B'P(r)q(r), (7.22)
P(r) i= (W (r) + W22()M) (WH () + W) w) (7.23

At any moment of time 7, i.e. as we go along, the feedback loop control responds to the
current measurement of the system state, ¢(7), at the same time, .
Notice that in the deterministic case without uncertainty/perturbation (and this is what

we have considered so far) the open loop and the feedback loop are equivalent. However, the
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two control schemes/policies give very different results in the presence of uncertainty /per-
turbation (consistently with what was already mentioned above). We will investigate this
phenomenon and have a more extended comparison of the two controls in the probability/s-

tatistics/data science section of the course

Example 7.1.1. Show, utilizing derivations and discussions above, that the matrix, P(7),

defined in Eq. (7.23), satisfies the so-called Riccati equations:
P+ ATP+PA+Q=PBR'BTP, (7.24)

supplemented with the terminal/final (7 = t) condition, P(t) = Q fin.

Solution. To solve this problem we will not actually be using the explicit expression for P

given in (7.23). Instead we will use the important relation Pg = X. First, we note that
G=Aq—BR'BT)A, and A=-Qq— AT\
With these three relations we may write
Pq+ Pg =),
—  Pq+ P(Aq— BR 'BT)) = —Qq — AT,
= Pq+ P(Aq— BR 'B"Pq) = —Qq— A" Pq,
—  Pg+ ATPq+ PAq+ Qq= PBR 'BTPq,
— (P+ATP+ PA+Q)q=PBR 'BTPy.

Since this holds for arbitrary ¢ we must have that
P+ ATP+PA+Q=PBR'BTP.
Example 7.1.2. Consider an unstable one dimensional process
7€ [0,00[  4(r) = Ag(7) + u(7),

where u € R and A is a positive constant, A > 0. Design an LQ controller u(7) = —Pq(7)/R

that minimizes the action
o0
Statr).u(r)) = [ dr (¢ + Re?).
0

where P is a constant (need to find) and R is a positive known constant. Discuss/explain

what happens with P when R — 0 or R — oo.
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Solution. We note that since P is a constant, P = 0. Moreover, since we are in one dimension
the Riccati Eq. (7.24) can be simplified to

2

B

Since B = Q = 1 the quadratic form for P becomes
P=RA+VR?A% + R,

that is it shows two branches. We must consider both of these branches in the context of

the optimization problem. Substituting « in the ODE, we arrive at
a(r) =exp (A~ P/R)7) =exp ((+VAZ+1/R) 7).

Observe that the cost is infinite if we do not take P = RA + vV R2A2 + R. If we consider
R — 0 it results in P — v R. However, if we consider R — oo the result is P — 2RA.

We can even write down the action explicitly:
oo
S :/ (¢* + Ru?)dr
0

_ /00(1 +24% £ 1/R -2/ A+ 1/R)exp (~2r /A2 + 1/R) dr
0

1+24%2+1/R—-2\/A2+1/R
2,/A2 +1/R '

7.2 From Variational Calculus to Hamilton-Jacobi-Bellman

Equation

Next we consider optimal control problem which is more general, in terms of governing
equations and optimization objective, than what was considered so far. We study controlled
dynamical system, which is nonlinear in our primal variable, {g(7) : [0,#] — R?}, but still

linear in the control variable, {u(7) : [0,¢] — R%}
Vr e 0t q(r) = flq(r)) + u(r). (7.25)

As above, we will formulate a control problem as an optimization. We aim to minimize the
objective

t

0/ dr GUT(T)U(T) " V(q(T))> , (7.26)
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over {u(7)} which satisfies the ODE (7.25). Here in Eq. (7.26) we shortcut notations and use
(u(7))? for u”'(7)u(7). Notice that the cost-to-go objective (7.26) is a sum of two terms: (a)
the cost of control, which is assumed quadratic in the control efforts, and (b) the bounded
from below “potential", which defines preferences or penalties imposed on where the particle
may or may not go. The potential may be soft or hard. An exemplary soft potential is the
quadratic potential

1

d
1
_ T — A
Vi) =54 Ag=3 > " qihija;, (7.27)

i=1
where A is a positive semi-definite matrix. This potential encourages ¢(7) to stay close to
the origin, ¢ = 0, penalizing (but softly) for deviation from the origin. An exemplary hard

constraint may be

0, lg|<a
Vig) = { o <a (7.28)
o0, |q| >a

completely prohibiting ¢(7) to leave the ball of size a around the origin. Summarizing, we

discuss the optimal control problem:

t

. u” (T)u(7)
min dr | ——————= +V(q(7 , (7.29
{u(rmm}of ( 2 Vi ))> vre[0,t]:  4(r) = flq(r)) +u(r) (72

q(0) = qo, q(t) =@

where initial and final states of the system are assumed fixed.

In the following we restate Eq. (7.29) as an unconstrained variational calculus problem.
(Notice, that we do not count the boundary conditions as constraints.) We will assume
that all the functions involved in the formulation (7.29) are sufficiently smooth and derive
respective Euler-Lagrange (EL) equations, Hamiltonian equations and Hamilton-Jacobi (HJ)
equations.

To implement the plan, let us, first of all, exclude {u(7)} from Eq. (7.29). The resulting

“g-only" formulation becomes

t

- (d(r) = fla(m))" (4(r) = f(a(7)))
{S%i?}o/dT( 5 +V(Q(T))> . (7.30)

q(0)=qo, q(t)=q:

Following Lagrangian and Hamiltonian approaches, described in details in the variational

calculus portion of the course, see Section 6, one identifies action, Lagrangian, momentum



CHAPTER 7. OPTIMAL CONTROL AND DYNAMIC PROGRAMMING 197

and Hamiltonian for the functional optimization (7.30) as follows

t . T ,.
0
b= o —i- 1), (7.3
oL T T
T
= SR+ f0) - V(). (7.34)
Then the Euler-Lagrange equations are
. d oL 0L
Vi=1,---.,d aaiqlzaiql (7.35)
d
= ) = =32 (0 F@); 00.55(0) + 0,V (@)

j=1

where we stated the vector equation by components for clarity. The Hamilton equations are

. ) oH
Vi=1,---.,d:¢ = o =pi + fi(q), (7.36)
. oOH
pi = - dqi = _piqu'f(q) + tiV(q). (7.37)

Considering the action, S, as a function (not a functional!) of the final time, ¢, and of the
final position, ¢, and recalling that,

flS__| 95 _ oL )
ot =t ge = gl Pl=t

T=t

one arrives at the Hamilton-Jacobi (HJ) equations

o8 o8 1 /0S\T /08 oS\ 7T
i -H| _,=—-H <Qt, (9qt) =3 <8qt> <6qt> - <8qt> fla) +Vig). (7.38)

We will see later on that it may be useful to consider the HJ equation backwards in time.
In this case we consider the action, S = th dr'L, as the function of 7 and ¢(7) = ¢. This

results in the following (backwards in time) modification of Eq. (7.38)

B @) e o
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where we use the relations, 0;S = H|; and 0,8 = —04L|,. (Check Theorem 6.5.1 to recall
how differentiation of the action with respect to time and coordinates at the beginning and
at the end of a path are related to each other.)

Notice, that the HJ equation, in the control formulation, is called Bellman or Hamilton-
Jacobi-Bellman (HJB) equation to commemorate contribution of Bellman to the field, who
has formulated the problem and resolved it deriving the HJB equation.

In Section 7.4 we derive the HJB equation in a more general setting.

Exercise 7.2. Consider one-dimensional optimal control problem where we know where we

want to arrive and we must learn how to steer there from any location, formally:

{u*(7),q" (1)} (7.40)

t

= argmin /dT (u(7)” +252(q(T))2 . .
{u(r)a(r)er} Y Vrel0,t]:  q(1) = —aq(T) + u(r)

q(0) =qo, q(t)=0

Use a substitution to eliminate the control variable, and derive the Euler-Lagrange equations,
the Hamiltonian equations, and the Hamilton-Jacobi equations. Find the optimal trajectory
q*(7) and verify that it is consistent with the three equations. Reconstruct the optimal
controller v*(7) and express it via (a) ¢*(7) (closed loop control); (b) go (open loop control).

[Hint: In your solution, you many find it convenient to define 72 = 32 + o2

7.3 Pontryagin Minimal Principle

Let us now consider the following even more general optimal control problem formulated for

a dynamical system in a state, {q(7) € R?|vr € [0,1]}:

)} = (7.41)

ar{g mln —I— O/dTL (T,C](T),U(T)) q(T) _ f(T,q(T)7U(7'))a V1 € (O,t]; ’

u(t) € U CRY, V7 €[0,t);
q(0) = qo

where the control {u(r) € U € RYr € [0,1]} is restricted to the domain U of the d-
dimensional space at all the times considered.

The analog of the standard variational calculus approach, consisting in the necessary
Euler-Lagrange (EL) conditions over {u(7)} and {¢(7)}, is called Pontryagin Minimal Prin-
ciple (PMP), commemorating the contribution of Lev Pontryagin to the subject [13] (see
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also [14] for extended discussion of the PMP bibliography, circa 1963). We present it here
without much elaboration, as it follows the same variational logic repeated by now many

times in this Section. Begin by introducing the effective action,

S = o(q(t)) + /dTL (1,q(7),u(1)) —|—/0 dr () (f(T»Q(T)aU(T)) - 4(7))7 (7.42)
0

where {\(7)} is a Lagrangian multiplier that is a function of 7. Then, by optimizing over
{u} and {q}, we arrive at the following set of variational equations for the candidate solution
of Eq. (7.41):

V1 €0, : 1?1?5’ : (7.43)
u'(r) = argmin (L (7,¢"(7), a(r)) + A(7) f(7, ¢" (1), a(7)))
5S
2| =0: (7.44)
A7) = _82* (L (7,q" (1), u™(7)) + X (1) f (7, ¢"(7),u" (7)) ,
aS
T 9a(t) g(r)=q"(7) "

A (t) = 09(q"(t))/9q" ().

Notice that Eq. (7.45) is the result of variation of S over ¢(t), providing the boundary
conditions at 7 = t by relating ¢(t) and A\*(¢). (Derivation of Eq. (7.45) is equivalent to
the derivation of the respective boundary condition (7.15) at 7 = ¢ in the case of the LQ
control discussed in Section 7.1.) Combination of Eqs. (7.43,7.44,7.45) with the (primal)
dynamic equations and the initial condition on ¢(0) (from the first line in the conditions
of Eq. (7.41) completes description of the PMP approach. This PMP system of equations,
stated as a Boundary Value (BV) problem, with two boundary conditions on the opposite
ends of the temporal interval, is too difficult to allow an analytic solution in the general case.
The system of equations is normally solved numerically by the shooting method. Solution

of the PMP system of equations is not guaranteed to be unique.

Exercise 7.3. Consider a rocket, modeled as a particle of constant (unit) mass moving
in zero gravity (empty) two dimensional space. Assume that the thrust/force acting on
the rocket, f(7) is a known (prescribed) function of time (dependent on, presumably pre-
calculated, rate of the fuel burn), and that the direction of the thrust can be controlled.

Then equations of motion for the controlled rocket are

Vr e (0,t]: G = f(r)cosu(r), ¢o= f(7)sinu(r).
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(a) Assume that V7 € [0,t], f(7) > 0. Show that ming,(;) g, (r),e(~)} ?(q(t)), where ¢(q) is
an arbitrary function, always result in the optimal control stated in the following, so-called

bi-linear tangent, form:
a—+br

c+dr

tan (u* (1)) =

(b) Assume that the rocket starts at rest at the origin and that we want to drive it to a
given height, g2(t) = g«, at the final moment of time ¢, such that the final velocity in the

horizontal direction, ¢;(¢), is maximized, while ¢2(t) = 0:

ax (t)

m lh .
{1 (7)a2(7)u(m)} 01(0)=42(0)=0, g2(t)=x, d2(t)=0

Show that the optimal control is reduced to a linear tangent law,

tan (u* (7)) = a + br.

7.4 Dynamic Programming in Optimal Control and Beyond

7.4.1 Discrete Time Optimal Control

Discretizing Eq. (7.41) in time one arrives at

n—1
o D (¢>(qn) A Uk)) ; (7.45)
' ' k=0 k:O, ,TL—lZ Qk+1:‘1k+Af(7'kan7uk)
where k = 1,-- ,n: 7 = kt/n, q = q(7%), ux—1 = u(g), A :=t/n, and qo is assumed

fixed.

The main idea of Dynamic Programming (DP) consists in performing the optimization
in Eq. (7.45), not over all the variables at once, but sequentially, one after another, that is
in a greedy fashion. Specifically, let us first optimize over ¢, and u,_1. In fact, optimization
over g, consists simply in the substitution of ¢, by ¢,—1 + Af(Th—1, ¢n-1, Un—1), according

to the condition in Eq. (7.45) evaluated at k = n — 1. One derives

S(n, qn) = ¢(qn), (7.46)
Up—y i= arg min S (1, gn-1 + Af (Ta-1,¢n-1,tn-1)) + AL (Ta-1, dn-1, tn-1) , (7:47)
Un—1

Stn—1,qn-1) =8 (n,qn-1+ Af (Tn=1,@n-1,u5_1)) + AL (Tn—1, gn—1,u_1) , (7.48)

where making optimization over u,_1 we took advantage of the locality in the causal struc-

ture of the objective in Eq. (7.45), therefore taking into account only terms in the objective
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dependent on u,_1. Repeating the same scheme by first excluding, ¢,—1, and second opti-
mizing over u,_s, and then repeating the two sub-steps (by induction) n — 1 times (back-
wards in discreet time) we arrive at the following recurrent generalization of Eqgs. (7.47,7.48),
k=mn,---,1:

uj_q = arg minU (S (kyqr—1+ Af (Tk—1, k-1, ug—1)) + AL (Tk—1, q—1, ug—1)), (7.49)

Up—1€

S(k - 1,%—1) = S (k7Qk—1 + Af (Tk—l,Qk—l,Uz_1)) + AL (Tk—h qk—lvuZ—l) 3 (750)

where Eq. (7.46) sets initial condition for the backward in (discrete) time iterations. It is
now clear that S(0, qo) is exactly the solution of Eq. (7.45). S(k,qx), which is defined in
Eq. (7.49), is called the cost-to-go, or the value function, evaluated at the (discrete) time 7.
L(7,q,u) and f(7,q,u) are called (incremental) reward and (incremental) state correction.
Egs. (7.46,7.49,7.50) are summarized in Algorithm 1.

Algorithm 1 Dynamic Programming [Backward in time Value Iteration]

Input: L(7,q,u), f(r,q,u), VT,q,u.

=

S(n,q) + ¢(q)

2: for k=mn,---,0 do

3 UZ((]) — argminu (AL(T/% Q7u) + S(Tk + 11 qx + Af(Tk’)Qk’vu))) ) vq
4: S(k)q) <_AL(TI€7Q7UZ(Q))+S(I€+17q1€+Af(Tk7Qa UZ(Q)))) VC_[

5: end for

Output: u;(q), V¢, k=n-1,---,0.

The scheme just explained and the resulting DP Algorithm 1 were introduced in the
famous paper of Richard Bellman from 1952 [15].

In accordance with the greedy nature of the DP algorithm construction—one step at a
time, backward in time—is an example of what is called a greedy algorithm in Computer
Science, that is an algorithm that attempts to find a globally optimal solution by making
choices at each step that are only locally optimal. In general, greedy algorithms offer only
a heuristic, i.e. an approximate (sub-optimal), solution. However, the remarkable feature
of the optimal control problem, which we just sketched a proof of (through the sequence
of transformations of Egs. (7.46,7.49,7.50) resulted in the optimal solution of Eq. (7.45)) is
that the greedy algorithm in this case is optimal/exact.
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7.4.2 Continuous Time Optimal Control

Taking a continuous limit of Eqgs. (7.46,7.49,7.50) one arrives at the Bellman (also called
Bellman-Hamilton-Jacobi) equation ( which is already familiar from the discussion of the

Section 7.2, where it was derived in a special case)
—0;8(7,q) = Inel[I]l (L(T, g, u) + 0;S(7,q) - f(, q,u)). (7.51)

Then expression for the optimal control, that is continuous time version of the line 3 in the
Algorithm 1, is

V1 e (0,t]: u*(r,q) = arggg{} (L(T, q,u) + 0,8(7,q) - f(T,q,u)>. (7.52)

Notice that the special case considered in Section 7.2, where

u2
Lraqu) > 5+ V@), fraw = fo)+u

and U — RY, leads, after explicit evaluation of the resulting quadratic optimization, to
Eq. (7.39).

Example 7.4.1 (Bang-Bang control of an oscillator). Consider a particle of unit mass on

the spring, subject to a bounded amplitude control:
7€ (0,t]: %(7) = —2(7) +u(r), |u(r)] <1, (7.53)

where particle and control trajectories are {z(7) € R|7 € (0,t]} and {u(7) € R|T € (0,t]}.
Given z(0) = zp and (0) = 0, i.e. particle is at rest initially, find the control path {u(7)}
such that particle position at the final moment, z(¢) is maximal. (¢ is assumed known too.)

Describe optimal control and optimal solution for the case of x(0) = 0 and ¢ = 27.

Solution. First, we change from a single second order (in time) ODE to the two first order
ODEs
vre0.8: q=(")=("), ¢=A4¢+Bu, (7.54)
a2 x

A= ( 0 1) , B:= <0> . (7.55)
-1 0 1

We arrive at the optimal control problem (7.41) where, ¢(q) = CTq, CT := (—1,0), L(t,q,u) =
0, f(t,q,u) = Aq + Bu. Then, Eq. (7.51) becomes

Ve (0,4 —0,8 = (9,9)" Aq — ‘(aQS)T B) . (7.56)
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The absolute value here comes from the fact that the optimal value for u(7) is at one of it’s
extremes, either +1 or —1, depending on the sign of (9,8 )T B. Let us look for solution by the
(standard for HJ) method of variable separation, S(7,q) = (¢(7))Tq + a(7). Substituting
the ansatz into Eq. (7.56) one derives

vre (0,t]: =-ATy, a=[yTB| (7.57)

These equations must be solved for all 7, with the terminal/final conditions: ¥ (¢) = C and

a(t) = 0. Solving the first equation and then substituting the result in Eq. (7.52) one derives

Ve (0,4]: w(r) = (_ cos(r = t>> . u(r,q) = —sign(s(r)) = —sign (sin(r — 1)),

sin(r —t)
(7.58)

that is the optimal control depends only on 7 (does not depend on ¢) and it is £1.

Consider for example ¢;(0) = 2(0) = 0 and ¢t = 27. In this case the optimal control is

-1, 0<71<
u(r) = e (7.59)
1, 7w<7<27

and the optimal trajectory is

(cos(t) — 1,—sin(7)) O<7T<m

(3cos(T) +1,—-3sin(7)) 7 <7< 27w (7.60)

qT = (q1,92) = {
The solution consists in, first, pushing the mass down, and then up, in both cases to the
extremes, i.e. to u = —1 and u = 1, respectively. This type of control is called bang-bang
control, observed in the cases, like the one considered, without any (soft) cost associated
with the control but only (hard) bounds.

Exercise 7.4. Consider a soft version of the problem discussed in Example 7.4.1:

N =

min CTq(t) +

t
dr(u(r))? , 7.61
{u(r}.{a(m)} 0/ (u(r) ( )

v7€(0,t]: ¢(m)=Aq(T)+Bu(T)

where (¢(0))” = (20,0) and A, B and C are defined above (in the formulation and solution of
the Example 7.4.1). Derive Bellman/HJB equation, build a generic solution and illustrate
it on the case of t = 27 and ¢1(0) = 29 = 0. Compare your result with solution of the
Example 7.4.1.
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7.5 Dynamic Programming in Discrete Mathematics

Let us take a look at the Dynamic Programming (DP) from the prospective of discrete
mathematics, usually associated with combinations of variables (thus combinatorics) and
graphs (thus graph theory). In the following we start exploring this very rich and modern

field of applied mathematics on examples.

7.5.1 FKETEX Engine

Consider a sequence of words of varying lengths, wq, ..., w,, and pose the question of choos-
ing locations for breaking the sequence at ji, jo, - into multiple lines. Once the sequence
is chosen, spaces between words are stretched, so that the left margin and the right margins
are aligned. We are interested to place the line breaks in a way which would be most pleas-
ing for the eye. We turn this informally stated goal into optimization requiring that word
stretching in the result of the line breaking is minimal .

To formalize the notion of the minimal stretching consider a sequence of words labeled
by index ¢ = 1,--- ,n. Each word is characterized by its length, w; > 0. Assume that the
cost of fitting all words in between i and j, where j > 4, in a row is, ¢(7,j). Then the total

cost of placing n words in (presumably) nice looking text consisting of [ rows is
o(L,j1) +c(r + L, j2) + -+ + (i + 1,n), (7.62)

where 1 < j1 < jo < -+ < j; < n. We seek an optimal sequence that minimizes the
total cost. To make the description of the problem complete, one needs to introduce a
plausible way of “pricing" the line breaks. Let us define the total length of the line as a sum
of all lengths (of words) in the sequence plus the number of words in the line minus one
(corresponding to the number of spaces in the line before stretching). Then, one requires
that the total length of the line (before stretching) to be less then the widest allowed line
length L and define the cost to be a monotonically increasing function of the stretching

factor, for example

+o0, L<(j—i)+ Zi:z Wk

S o , 3
c(i,j) = (L (- =Y, wk) — (7.63)
i |

(The cubic dependence in Eq. (7.63) is an empirical way to introduce preference for smaller
stretching factors. Notice also that Eq. (7.63) assumes that j > 4, i.e. any line contains

more than one word, and it does not take into account the last string in the paragraph.)

PThe exemplary Dynamical Programming problem is borrowed from [16]. See Section 3.3.1.
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At first glance the problem of finding the optimal sequence seems hard, that is exponen-
tial in the number of words. Indeed, formally one has to make a decision whether to place a
break (or not) after reading each word in the sequence, thus facing the problem of choosing
an optimal sequence from 2"~! of possible options.

Is there a more efficient way of finding the optimal sequence? Apparently the answer
to this question is the affirmative, and in fact, as we will see below that the solution is of
the Dynamic Programming (DP) type. The key insight is the relation between the optimal
solution of the full problem and an optimal solution of a sub-problem consisting of an early
portion of the full paragraph. One discovers that the optimal solution of the sub-problem is
a sub-set of the optimal solution of the full problem. This means, in particular, that we can
proceed in a greedy manner, looking for an optimal solution sequentially - solving a sequence
of sub-problems, where each consecutive problem extends the preceding one incrementally.
(In general the greedy algorithms follow this basic structure: First, we view the solving of
the problem as making a sequence of "steps" such that every time we make a "step" we
end up with a smaller version of the same basic problem. Second, we follow an approach of
always taking whichever "step" looks best at the moment, and we never back up and change
the "step".)

Let f(i) denote the minimum cost of formatting a sequence of words which starts from
the word i and runs to the end of the paragraph. Then, the minimum cost of the entire
paragraph is

£1) = min(e(1,5) + (G + 1), (7.64)

while a partial cost satisfies the following recursive relation

Vi f()= min(e(i,) + G+ 1), (7.65)
which we also supplement by the boundary condition, f(n + 1) = 0, stating formally that
no word is available for formatting when we reach the end of the paragraph. Eq. (7.65) is
a full analog of the Bellman equation (7.50). Algorithm 2 is a recursive algorithm for f(7)
implementing Eq. (7.65).

Algorithm 2 answers the formatting question in a way smarter than naive check men-
tioned above. However, it is still not efficient, as it recomputes the same values of f many
times, thus wasting efforts. For example, the algorithm calculates f(4) whenever it calcu-
lates f(1), f(2), f(3). To avoid this unnecessary step, one should save the values already
calculated, by placing the result just computed into the memory. Then, by storing the re-
sults we win calling, computing and storing the functions f(i) sequentially. Since we have
n different values of i and the loop runs through O(n) values of j, the total running time of

the algorithm, relaying on the previous values stored, is O(n?).
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Algorithm 2 Dynamic Programming for INTEX Engine
Input: c(i,7),Vi,j =1,--- ,n, e.g. according to Eq. (7.63). f(n+1) =0.

1: fori=mn,---,1do

2 f(i) =400

3 for j=1i,--- ,n do

4: £3) = min (£(), (i, 5) + £(G +1)
5 end for

6:

end for

Output: f(i), Vi=1,---,n

7.5.2 Cheapest Path over Grid

Let us now discuss another problem. There is a number placed in each cell of a rectangular
grid, N x M. One starts from the left-up corner and aims to reach the right-down corner. At
every step one can move down or right, then “paying a price" equal to the number written
into the cell. What is the minimum amount needed to complete the task?

Solution: You can move to a particular cell (i,7) only from its left-most (i — 1,75) or
upper-most (i, — 1) neighbor. Let us solve the following sub-problem — find a minimal

price pli, j] of moving to the (7, ) cell. The recursive formula (Bellman equation again) is:

p<Z7]) = min(p(i - 1a.j)7p(i7j - 1)) + a(i,j),

where a(i,j) is a table of initial numbers. The final answer is an element p(n,m). Note,
that you can manually add the first column and row in the table a(i, j), filled with numbers
which are deliberately larger than the content of any cell (this helps as it allows to avoid
dealing with the boundary conditions). See Algorithm 3.

Algorithm performance is illustrated in Fig. (7.1).

Exercise 7.5. Consider a directed acyclic graph with weighted edges (a directed acyclic
graph is a directed graph with no cycles). One node is the start, and one node is the end.
Construct an algorithm to compute the mazimum cost path from the start node to the
end node recursively. That is, beginning with the start node (say node 1), propagate by
adjacency and keep an updated list of the max cost path from node 1 to node j. Your
algorithm should not arbitrarily compute all possible paths. Provide pseudo-code for your

algorithm and test it (by hand or with a computer) on the graph given in Fig. 7.2
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Algorithm 3 Dynamic Programming for Minimum Cost Path over Grid

Input: Costs assigned: a(i,j),¥i=1,--- ,N; ¥j =1,--- , M. Boundary conditions fixed:
p(7,0) < 4+o00,Vi=1,--- | N. p(0,5) < +00,Vj =1,---, M. Initialization: p(1,1) < 0.

1: fort=2,--- N+ M do
2: fori+j=t, i,57>0do

4: end for
5. end for

Output: p(i,j), Vi=1,--- ,N; j=1,--- , M.

e | 1 ) o o o o g=0o | o [ o
13—3—b?7 ’ 1030703013307030
: ’ &_2_,? ’ "o o[ oo |[ e o o e
) ’ " S0 |0 [ 0 0 0 || @[ 0 0 e

(a) A sample path. (b) Initialization step. (c) First step.

e [ o | oy | g
g =S R = = R = = ==
g*gozosogi—g—:éwzososi—g—vi—z—:imso
e T e e e "8 e e e |k oo

(d) Second step. (e) Third step. (f) Fourth step.
T e e
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S5 S5 S iy SS SSSE g S S5 S5

| ottt [0 GOt Ot G ||| Gt Gt Gt 3

(g) Fifth step. (h) Sixth (final) step. (i) Optimal path(s).

Figure 7.1: Step-by-step illustration of the Cheapest-Path Algorithm 3 for an exemplary
4 x 4 grid. Number in the corner of each cell (except cell (1,1) is respective a;;. Values in

the green circles are respective final, p;;, corresponding to the cost of the optimal path from
(L,1) to (2,5)-
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Figure 7.2: Example of a weighted directed acyclic graph.

7.5.3 DP for Graphical Model Optimization

The number of optimization problems which can be solved efficiently with DP is remarkably
broad. In particular, it appears that the following combinatorial optimization problem, over

binary n-dimensional variable, x:
FE = min Ei(a:i,xiﬂ), (766)
=1

which requires optimization over 2" possible states, can be solved efficiently by DP in efforts
linear in n. Here, in Eq. (7.66) E;(x;, z;+1) is an arbitrary, known, and possibly different
for different i, real-valued function of its arguments, which are both binary. In the jargon
of mathematical physics the problem just introduced is called “finding a ground state of the
Ising model".

To explain the DP algorithm for this example it is convenient to represent the problem
in terms of a linear graph (a chain) shown in Fig. (7.3). The components of = are associated
with nodes and the “energy" of “pair-wise interactions" between neighboring components of
x are associated with an edge, thus arriving at a linear graph (chain).

Let us illustrate the greedy, DP approach to solving optimization (7.66) on the example
in Fig. (7.3). The greedy essence of the approach suggests that we should minimize over
components sequentially, starting from one side of the chain and advancing to its opposite

end. Therefore, minimizing over x1 one derives

n—1
E = min (min Eq(x1,x9) + Z Ei($i7$i+1)>

T2, ,Tn 1 ‘
=2

n—1
= min (EQ(:BQ,xg) + ZEi(xi,xiH)) , (767)

T2, Tn ‘
1=3

Ey(xo,x3) := Eay(x2,23) + II%lln Eq (21, x2), (7.68)

where we took advantage of the objective factorization (into sum of terms each involving only

a pair of neighboring components). Notice, that computing min F;(x1,z2), we need to track
1
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Ei(x1,x5)  Ep(xz,x3)  Es(x3, x4) Eg(x4,xs5) Es(xs,xg)

o 2 ® 4 S 6/

X1 X X3 X4 Xs5 X6

Ez(xz'x3) E3(x3,x4) Eg(x4,x5)  Es(xs, %)

Figure 7.3: Top: Example of a linear Graphical Model (chain). Bottom: Modified GM
(shorter chain) after one step of the DP algorithm.

the result for all possible (two) values of x3. The end result of the (greedy) minimization
(over x1) we arrive at the problem with exactly the same structure we started with, i.e.
a chain. However, the chain is shorter by one node (and edge). The only change in the
new structure (when compared with the original structure) is “renormalization" of the pair-
wise energy: FEs(xg,23) — Fa(g,x3). Graphical transformation associated with one greedy
step is illustrated in Fig. (7.3). It shows transition from the original chain to the reduced
(one node and one edge shorter) chain. Therefore, repeating the process sequentially (by
induction) we will get the desired answer in exactly n steps. The DP algorithm is shown
below, where we also generalize assuming that all components of x; are drawn from and
arbitrary (and not necessarily binary) set, 3, often called “alphabet" in the Computer Science
and Information Theory literature.
Consider generalization of the combinatorial optimization problem (7.68) to the case of
a single-connected tree, 7 = (V,£), e.g. one shown in Fig. (7.4):
E := min Z E; j(zi,xj), (7.69)
vexMl e
where V and £ are the sets of nodes and edges of the tree respectively; |V] is the cardinality
of the of nodes (number of nodes); and ¥ is the set (alphabet) marking possible (allowed)

values for any, x;, ¢ € V, component of x.
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Algorithm 4 DP for Combinatorial Optimization over Chain
Input: Pair-wise energies, E;(x;, zjt1), Vi=1,--- ,n— 1.

1: fori=1,---,n—2do

2: for x;11,7i42 € ¥ do

3: Ei1(Tig1, Tig2) = Eip1(ziq1, xig2) + H;:Izn Ei(zi, xi11)
4: end for

5. end for

Output: £ = min E,_i(zp—1,2n)

Tn—1,Tn

Figure 7.4: Example of a tree-like Graphical Model.
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Exercise 7.6. Generalize Algorithm 4 to the case of the GM optimization problem (7.69)
over a tree, that is compute F defined in Eq. (7.69). (Hint: one can start from any leaf node

of the tree, and use induction as in any other DP scheme.)
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Chapter 8

Basic Concepts from Statistics

8.1 Distributions and Random Variables

Consider a system that can exist in a number of different states. State spaces can be either
continuous or discrete. An example of continuous state space is the angle between the two
hands of a clock, measured clockwise from the hour hand, so ¥ = [0,27), and an example
of a discrete state space is the number showing on the top of a die, so ¥ = {1,2,3,4,5,6}.
If the state of the system is influenced by a source of randomness, then each state z € ¥ is

associated with a probability, P(z), which describes the likelihood that state x is observed.

8.1.1 Discrete Random Variables

For discrete state spaces, P must satisfy

Ve: 0< P(z)<l1, (8.1)
Y Pz) =1, (8.2)
reEX

It is often useful to work with state spaces that are quantitative. For example, the set of
possible outcomes of a single coin toss, {Tail, Head}, can be mapped to the quantitative
state space, ¥ = {0, 1}, by asking how many heads are observed after a single toss. For this
example, the probability mass function associated with this binary discrete sample space is
completely determined by a single parameter, call it 8. So if P(1) = 3, then P(0) =1—- 0
(See also Fig. 8.1.)

Terminology. In the example of the coin toss, we defined a random variable to be the
number of heads after one coin toss. If we call this random variable X, then the notation
P(1) = g and P(0) = 1 — j is really shorthand for P(X =1) = and P(X =0) =1 - 5.

213
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Figure 8.1: Probability mass function (left column) and cumulative distribution functions
(right column) for a Bernoulli random variable with parameter 5 = 1/2 (top) and for a

Bernoulli random variable with parameter 8 > 1/2 (bottom).

Another common notation is Px (1) = 8 and Px(0) = 1 — 3. All three notations mean “The

probability that exactly one head is observed after a toss is §5."

We could also write

1—p3, fork=0;
P(X =k)= (8.3)
5, for k =1.

The probability distribution described by (8.3) is called Bernoulli distribution with
the parameter 5. A random variable X that follows the Bernoulli distribution is called
a Bernoulli random variable, and we state it as, X ~ Bernoulli(3).

Eq. (8.3) and Fig. 8.1 describe the Bernoulli distribution by its Probability Mass Function
(PMF). A PMF is written in the form in the form P(X = x) = ... because it defines the
probability that a random variable takes certain values. Distributions can be described by
their Cumulative Distribution Functions (CDF). A CDF is written in the form P(X < z) =
... because it defines the probability that a random variable is less than or equal to a certain
value. For example, the CDF of the Bernoulli distribution (8.3) is

1—-p8, fork=0;
P(X <k)= (8.4)
1, for £k =1.
See also Fig. 8.1 for illustration.
We can take our example further and ask what happens when we toss the coin n times.

The set of possible outcomes of our experiment is the set of sequences of length n consisting
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Figure 8.2: Probability Mass Functions (left column) and cumulative distribution functions
(right column) for Binomial random variables with parameters n = 2 and 8 = 1/2 (top)

and with parameters n =5 and 5 > 1/2 (bottom).

of heads and tails, for example the sequence (H,T, H, H,...,T) is one possible outcome. If
we define the random variable X; to be the number of heads showing on the i'" toss, then the
sequence (Xi)?zl is a (quantitative) sequence of ones and zeros that represents the outcome
of n tosses.

For this example, we say that the random variables X; are independent because the
outcome of each coin toss does not depend on the previous tosses, and we say they are
identically distributed because the underlying principles that determine the outcome of a
toss do not change from toss to toss. Random variables that are both independent and
identically distributed are given the shorthand i.:.d.

Let us define a new random variable, Y, to be the number of heads after n coin tosses,
soY = X; 4+ Xo+ -+ X,,. In this situation, {X;} are i.i.d., so the probability of tossing a
sequence with exactly k& heads is precisely the proportion of sequences that contain exactly

k heads, which can be computed from the binomial formula giving

P(Y =k)= (Z) BR1 — By (8.5)

The probability distribution described by (8.5) is called a binomial distribution with param-
eters n and k (Figs. 8.2). A random variable Y that follows a Binomial distribution is called
a binomial random variable, and we say that Y ~ B(n, ) or Y ~ Binom(n, 3).

Let us now discuss an example of an unbounded discrete state space. Consider some
event that occurs by chance, for example, observing a meteor in the night sky. Let K be the

random variable that counts the number of such occurrences during a given period of time.
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Figure 8.3: Probability mass functions (left column) and cumulative distribution functions
(right column) for Poisson random variables with parameter A = 0.5 (top) and with param-

eter A = 2 (bottom).

Then ¥ = {0,1,2,...}, (i.e, it is possible, that there are no occurrences, one occurrence,
two occurrences, and so on). It can be shown that under certain conditions, K will have the
probability distribution

Aree—A
P(K =k)= o

for k =0,1,2,... (8.6)

The probability distribution described by (8.6) is called a Poisson distribution with parame-
ter A (Fig. 8.3). A random variable K that follows a Poisson distribution is called a Poisson
random variable, and we say that K ~ Pois(A). (Check that the probability defined in
Eq. (8.6) satisfies Eq. (8.2).)

Other real-life examples of random processes associated with the Poisson distribution
(called Poisson processes) are: the probability distribution of the number of phone calls
received at a call center in an hour, the probability distribution of the number of customers
arriving at the shop or bank, probability distribution of the number of typing errors per

page page, and many more.

Example 8.1.1. Are the Bernoulli and Poisson distributions related? Can you “design" a

Poisson process from Bernoulli process?

Solution. Consider repeating the Bernoulli process n times independently, thus drawing a
sequence consisting of zeros and ones from a Binomial distribution. Check only for the ones

and record the times (indexes) associated with their occurrences. Analyzing the probability
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distribution of k£ arrivals in n steps in the limit n — oo and assuming than ng converge to
a constant, i.e., n8 — A will recover a Poisson distribution. (The statement, also called in
the literature the Poisson Limit Theorem, will be discussed in more detail in the following

lectures.) O

8.1.2 Continuous Random Variables

The state space ¥ can also be continuous. Random variables on continuous states spaces

are associated with a probability density function that must satisfy

VeeX: p(z)>0, (8.7)

drp(x) =1, (88)

It is customary to use lower case p for the Probability Density Function and upper case, P,
to denote actual probabilities. The Probability Density Function (PDF) provides a means
to compute probabilities that an outcome occurs in a given set or interval.

For example, for A C %, then the probability of observing an outcome in the set A is
given by

P(.A)—/Ap(m) dx.

Consider the probability that a real-valued X will take a value less than or equal to z:
x
P(X <z)= /p(:z:’)dx’. (8.9)
—00
Eq. (8.9) extends to continuous space example the notion of CDF (we remind that the abbre-
viation stands for the already familiar from Section 8.1.1 Cumulative Distribution Function).
The setting can be extended from infinite to finite intervals. The uniform distribution

on the interval [a, b] is an example of a distribution on a bounded continuous state space:

Vo € [a,b] 0 p(x) = P (8.10)

A random variable X with a probability distribution given by equation (8.10) can be de-
scribed by the notation X ~ Unif(a,b). Fig. 8.4 illustrates PDF and CDF of Unif(a, b).
The Gaussian distribution is perhaps the most common (and also the most important)

continuous distribution:

I — )2
VeeR: p(zlo,u) = a\}ﬂ exp (—(205)> . (8.11)


https://en.wikipedia.org/wiki/Poisson_limit_theorem
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Figure 8.4: PDF (left column) and CDF (right column) for uniform random variables on
(0,1) (top) and on (0,7) (bottom).

Figure 8.5: Probability density function (left column) and cumulative distribution func-
tion (right column) for normally distributed random variables N(0, 1) (top) and N(1,0.52)
(bottom).



CHAPTER 8. BASIC CONCEPTS FROM STATISTICS 219

Po.u(2) another possible notation. The distribution is parameterized by the mean, i, and
by the variance 0. Standard notation for the Gaussian/normal distribution is N'(u, 0?) or
N(p,0?). Fig. 8.4 illustrates PDF and CDF of N (u,02).

The probability distribution given by (8.11) is also called a normal distribution—where
“normality" refers to the fact that the Gaussian distribution is a “normal/natural" outcome
of summing up many random numbers, regardless of the distributions for the individual
contributions. (We will discuss the law of large numbers and central limit theorem shortly.)

Let us make a brief remark about the notations. We will often write, P(X = z), or a
short-cut, P(z) and sometimes you see in the literature, Px(z). By convention, upper case
variables denote random variables. A random variable takes on values in some domain, and
a particular observation of a random variable (that is, it has been sampled and observed
to have a particular value in the domain) is then a non-random value and is denoted by
lower case e.g. . X ~ P(z) denotes the fact that the random variable X is drawn from
the distribution, P(x). Also, and when it is not confusing, we will streamline the notations
(and thus abuse them a bit) and use the lower case variables across the board — for both a

random variable and for a deterministic value the random variable takes.

8.1.3 Sampling. Histograms.

Random process generation. Random process is generated/sampled. Any computational

package /software contains a random number generator (even a number of these). Designing
a good random generation is important. In this course, however, we will mainly be using the
random number generators (in fact pseudo-random generators) already created by others.
Histogram. To show distributions graphically, you may also "bin" it in the domain -
thus generating the histogram, which is a convenient way of showing p(o) (see plots in the

attached julia notebook with illustration breaking [0, 1] interval in N > 1 bins).

8.2 Moments & Cumulants

8.2.1 Expectation & Variance

It is often useful to use as few numbers as possible to describe a probability distribution as
meaningfully as possible.

The cumulants of a probability distribution are one of the most common set of descriptors
of the distribution. The first two cumulants are well known: the mean measures the central
tendency of a distribution and the variance measures the spread of a distribution about

the mean. The third and fourth cumulant are less well known: the skewness measures
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Figure 8.6: The first cumulant describes the central tendency (mean) of a probability dis-
tribution (green). The second cumulant describes the spread about the mean (orange). The
third moment should be: cumulant describes the asymmetry of the distribution (blue). The
fourth moment should be: cumulant describes whether extreme values are unusually rare or

common (red).

asymmetry about the mean and the kurtosis measures whether extreme values are unusually
rare or common (Fig. 8.6).

The cumulants of a distribution are often found by taking combinations of the distri-
bution’s moments, which can be computed directly by summation or integration of certain
quantities (see below). Alternatively, the moments and the cumulants of a distribution can
be derived from its moment generating function and its characteristic function (see below
for details).

The moment generating function and the characteristic function are also frequently used
in more theoretical analysis, which is beyond the scope of this course.

For a random (discrete or continuous) variable X, the expectation of X is defined as

E[X]:= ) xP(z), (discrete) (8.12)
rEX
E[X] := /ez dxxz p(x), (continuous). (8.13)

Notation. Common notation for the expectation of a random variable X with probability
mass function P includes E[X], Ep[X], (X) and (X)p.

Example 8.2.1. Consider the example of tossing a pair of fair coins. The set of possible
outcomes is {(T,T), (T, H),(H,T),(H, H)}, each outcome occurring with equal probability.
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Define the random variable X to be the number of heads that are observed, so X ~ B(2,1/2)

and

1/4, for z =0;
P(X=x)=141/2, forxz=1;
1/4, for z =2.

The expected number of heads is

EX]= > aP@)=0-1/4+1-1/2+2-1/4=1.
z={0,1,2}
The expectation can also be defined for functions of a random variable. Consider a

function, f(x), and its expectation over the probability, P(z):

Example 8.2.2. Consider a scenario where a gambler wins $200 for tossing a pair of heads,
but loses $100 for any other outcome. If we define f : ¥ — R to be the earnings, then the

expectation of f is calculated to be
E[f] = —100-3/4+200-1/4 = —25.
The variance of a random variable is defined as
Var[X] := E [(X — E[X])?]. (8.14)

The wvariance of a random variable measures its expected spread about its mean. Note that
the mean and the variance do not have the same units (the units of the variance are the
square of the units of the mean), so it can be difficult to meaningfully interpret the variance.
Consequently, it is common to consider the standard deviation of a random variable, o,

which is defined as the square root of the variance.
Example 8.2.3. Compute the variance and the standard deviation of X and f for the
Example 8.2.1 and the Example 8.2.2.

Solution. Var[X] = (1-0)2-1/4+(1-1)2-1/2+(1-2)2-1/4=1/2, and 0 = 1/4.
Var[f(X)] = (=100 + 25)% - 3/4 + (200 + 25)2 - 1/4 = 4275, and o = 65.4.
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Example 8.2.4. The Cauchy distribution plays an important role in physics, since it de-
scribes the resonance behavior, e.g. shape of a spectral width of a laser. The probability
density function of a Cauchy distribution with parameters a € R and v > 0 is given by

1 Y

. o<z < oo 8.15
T@oaEiqr o SESEe (8.15)

p(l"a,’y) =

Show that the probability distribution is properly normalized and find its mean. What can

you say about its variance?

Solution. To verify that equation (8.15) is properly normalized, we must show that the prob-
ability density integrates to unity, which can be done with the trig-substitution, tan(f) =
(x—a)/v.
To compute the mean of the Cauchy distribution, we evaluate
+oo
¥ / xdr
mean = — ————=ua
7 ) (x—a)?++2
—0o

which is calculated using using a principal value integral from residue calculus. To compute

the second moment, we attempt to evaluate the integral

™
—00

v i (v —a)?dx
/

variance = —
(x —a)? +~2’

and find that it is unbounded. Since this integral is unbounded, we conclude that the

variance of a Cauchy distribution does not exist (it it is infinite). O

8.2.2 Higher Moments

The concept of expectation and variance can be generalized to the moments of a distribution.
For a discrete random variable with probability distribution P(x) the moments of P(x) are

defined as follows

F=0,, pi=Ep X = (X5)p = 3 ok P(a). (8.16)
€Y
For a continuous random variable, X with probability density p(z) = px(z), the moments
of X are:
k=0,---, pp:=E, [Xk] = (xh), = /d:z:a:kp(a:). (8.17)
by
From the definitions in equations (8.16) and (8.14), it follows that the first moment of a
random variable is equivalent to its mean, E[X] = u1, and the second moment is related to

the variance according to VarX = us — 2.
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Example 8.2.5. Give a closed-form expression for the moments of a Bernoulli distribution
with parameter 8. Use the first and second moment to find the mean and variance of the

Bernoulli distribution.

p(x) = 6(1 - 2) + (1 - B)é(x). (8.18)
Solution. -
k=1,---: pp=(XF= / 2* p(x)dz = B. (8.19)

The mean of a distribution is equal to it’s first moment: p = pi. In this case p = £.
The variance of a distribution is equal to the combination of its first two moments given by

02 = pg — p2. In this case the variance is 02 = 8 — 82 = 3(1 — ). O

Example 8.2.6. What is the mean number of the events in the Poisson process, Pois(\).
What is the variance of the Poisson distribution?

Solution. For this example, we will compute the mean and the variance of the Poisson

distribution by first computing its first and second moments:

O 2 U P L U o O LS W
ka k'e —Zm@ —)\Zﬁe —)\
k=0 k=1 n=0
The second moment is
> 2 k2Ak > k:)\k (n + 1
o 2 _ A _ —A
=> K P(k) = e _Z(k )\Z A= AN+ 1),
k=0 k=0 k=1

Therefore, the mean (average) and the variance of the number of events is

pwi=pu; =X and 02::/12—#%:)\

Note that the expectation and the variance of a Poisson distribution are both equal to the

same value, A. This is not generally true for other distributions.

8.2.3 Moment Generating Functions.

The moment generating function of a random variable is defined as

o0

Mx (t) = E [exp(tx)] = / dxp(x) exp(tx). (8.20)

— 00

where ¢t € R and all integrals are assumed well defined. When exp(tx) is expressed by its

Taylor series, we find that the moment generating function can be expressed as an infinite
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sum involving the moments, ug, of the random variable.
oo o0

SaRURY k
Mx(t) = /d:rp(x)exp(tx)— /dwp(a:)z(tk') = MZT . (8.21)

—0oQ —00
The name ‘moment generating function’ arises from the observation that differentiating

Mx (t) k times and evaluating the result at t = 0 recovers the & moment of X.
(Z | = Kk (8:22)
t=0 :

dk
Mx(t) = ik

dtk

t=0

Example 8.2.7. Consider standard example of Boltzmann distribution from statistical

mechanics, where the probability density, p(z), of a random state (variable), X is

1

pla) = e D, Z(B) =) e P, (8.23)

where 5 = 1/T is the inverse temperature and E(x) is a known function of z, called energy
of the state x. The normalization factor Z is called the partition function. Suppose we
know the partition function, Z(3) as a function of the inverse temperature, 8. Compute the

expected mean value and the variance of the energy.

Solution. The mean (average) value of the energy is

1 107 0lnZ
— - — —BE(@) _ _ Y% _ _
(OO} = L pla)Bl) = 5 T B@e P =250 = -SpS (52
The variance of the energy (energy fluctuations) is
*Inz
Var [E(X)] = ((E(X) — (E(X)))?) = TR (8.25)
Notice that up to sign inversion of the argument of the partition function is equivalent to
the moment generating function (8.20), Z(8) = Mgx)(—f3). O

8.2.4 Characteristic Functions

The characteristic function of a random variable is defined as the Fourier transform of its

probability density:

+oo
G(t) = E, [exp(it)] = / dap() exp(itz), (8.26)
—0o0
where i2 = —1. The characteristic function exists for any real ¢ and it obeys the following

relations

G0)=1, |G®)<1. (8.27)
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The characteristic function contains information about all the moments ui. Moreover it

allows the Taylor series representation in terms of the moments:

=Y (Zg (XY, (8.28)
and thus
(8.29)

This implies that derivatives of G(t) at ¢ = 0 exist up to the same m as the moments jy.

Example 8.2.8. Find the characteristic function of a Bernoulli distribution with parameter
s.
Solution. Substituting Eq. (8.18) into the Eq. (8.26) one derives

G(t) =1— B+ Be", (8.30)
and thus ok
— it —
LT s
The result is naturally consistent with Eq. (8.19). O

Exercise 8.1. The exponential distribution has a probability density function given by

Ae*)‘“”, x>0,
pl) = (8.32)
0, xz <0,

where the parameter A > 0. Calculate
(a) The normalization constant A of the distribution.
(b) The mean and the variance of the probability distribution.
(c) The characteristic function G(t) of the exponential distribution.

(d) The k' moment of the distribution (utilizing G(t)).

8.2.5 Cumulants

The cumulants kp of a random variable X are defined by the characteristic function as

follows

InG(t) = i (it)kmk. (8.33)

k!
k=1



CHAPTER 8. BASIC CONCEPTS FROM STATISTICS 226

According to Eq. (8.27) the Taylor series in Eq. (8.33) start from unity. Utilizing Eqgs. (8.28)

and (8.33), one derives the following relations between the cumulants and the moments

K1 = Ui, (8.34)
Ko = g — i = o, (8.35)

The procedure naturally extends to higher order moments and cumulants.

Notice that moments determine the cumulants in the sense that if the all the moments
of any two probability distributions are identical then all the cumulants will be identical
as well, and similarly the cumulants determine the moments. In some cases theoretical

treatments of problems in terms of cumulants are simpler than those using moments.

Example 8.2.9. Find the characteristic function and the cumulants of the Poisson distri-
bution (8.6).

Solution. The respective characteristic function is

A ik e (e it
G(t) = Z e et =e Z o = oXP A" =1)], (8.36)
k=0 k=0
and then
InG(t) = A —1). (8.37)
Next, using the definition (8.33), one finds that K, =\, k=1,2,.... O

Example 8.2.10. Birthday Problem Assume that a year has 366 days. What is the
probability, p,,, that m people in a room all have different birthdays?

Solution. Let (b1,ba,...,by) be a list of people birthdays, b; € {1,2,...,366}. There are
366™ different lists, and all are distributed identically (equiprobable). We should count the
lists, which have b; # bj, Vi # j. The amount of such lists is ]}, (366 — ¢ + 1). Then, the

final answer
m

Pm = H <1 - i3g61> : (8.38)

=1

The probability that at least 2 people in the room have the same birthday day is 1 — p,,.
Note that 1 — pag > 0.5 and 1 — paa < 0.5. O

Exercise. (not graded) Choose, at random, three points on the circle of unit radius. Inter-
pret them as cuts that divide the circle into three arcs. Compute the expected length of the
arc that contains the point (1,0).
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8.3 Probabilistic Inequalities.

Here are some useful probabilistic inequalities.

e (Markov Inequality) For all non-negative random X

E[X]

P(X >a)< - (8.39)

e (Chebyshev’s inequality)

o2
PUX —pl 2 ) < 7, (8.40)
where p and o2 are the mean and the variance of X.
e (Chernoff bound)
tX

P(X >a) = P(e > 1) < Ele ], (8.41)

where X € R and ¢t > 0.

Example 8.3.1. Prove Markov, Chebyshev and Chernoff inequalities/bounds.
Solution. We prove the Markov inequality (8.39) in two steps. First, let us introduce the

indicator function, 1(y), which returns unity if y > 0, and is zero otherwise, and observe
that the left hand side of Eq. (8.39) can be restated as E[1(a — X)]. Second, notice that
VX >0, 1(X — a) < X/a. Taking expectation of (averaging) the inequality we arrive at
the desired result (8.39). O

Notice that 1(X — a) = X/a only if X =0 or X = 1. Therefore, the Markov inequality
becomes equality iff, P(X € {0,a}) = 1.

The Chebyshev inequality (8.40) and the Chernoff bound (8.41) are corollaries of the
Markov inequality (8.39).

Indeed, to prove the Chebyshev inequality (8.40) we consider an unbounded random X,
X € R, and apply the Markov inequality (8.39) to the following auxiliary random variable,
Y = (X —E[X])? = (X —u)?, which is thus non-negative by construction. Then substituting
a by b?, and observing that, E[Y] = 02, and P(Y > b?) = P(vVY > b), we arrive at the
Chebyshev inequality (8.40). O

Similarly, to prove the Chernoff bound (8.41) we consider Z = exp(tX), where X is
unbounded random variable, X € R, and ¢t > 0. Z is positive by construction. Therefore,
observing that, P(X > a) = P(e!® > €!%) and applying the Markov inequality (8.39) to Z,
where a is substituted by e'®, we arrive at the Chernoff bound (8.41). O

Notice that the Chernoff bound (8.41) can be viewed as the Markov inequality applied

to the moment generating function.
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We will get back to discussion of some other useful probabilistic inequalities in the lecture

devoted to entropy and to how compare probabilities.

8.4 Random Variables: from one to many.

Transition from one to many random variables is natural. We will review notions which
are instrumental for the transition in this Section. However, it is also useful to note that
we have already touched on the issue of the multi-variate probability distributions in the
preceding Section when we constructed more complex (but still single-variate) probability
distributions from simpler ones. In particular, we have generated a sequence of independent
random variables X1, Xo, -+ and then created a new variable by taking a function, e.g. a
sum, of the original random variables. The assumed independence was useful for reaching
the goal of designing a new random variable (e.g. for transitioning from Bernoulli random
variable to Poisson random variable), however not all random variables are independent.
In the coming Section we will learn how to describe dependencies or correlations, that is

opposite of the independence, in high-dimensional statistics.

8.4.1 Multivariate Distributions. Marginalization. Conditional Proba-
bility.

Consider an n-component random vector, X, and let P(x) be the probability that the
state x is observed, where ) P(x) = 1. (Recall: @ (lower-case) represents a particular
realization of the random variable X (upper-case).) So if each component X; takes values
in ¥ = {0,1}, then X is the random vectors of length n with entries zero or one, and =
might be (1,1,0,...,1).) We wish to ask two related questions about P:

1. Marginalization: The probability of observing a state where one or more of the com-

ponents attain certain values.

2. Conditioning: The probability of observing a state given that the value(s) attained by

one or more component is known.

Example 8.4.1. Let X; be the random variable for the number of heads observed after
flipping a fair coin on the " toss. So X = {0,1}, and P(X; = 0) = 1/2 and P(X; = 1) =
1/2. Let X = (X3, X2) be the random vector showing the outcome of two successive coin

flips. So the probability of each possible outcome is
P(X =(0,0))=1/4, P(X=(1,0)=1/4, P(X=(0,1))=1/4, P(X =(11))=1/4,

See Fig. (8.7) for illustration. The following questions are examples of marginalization and
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OO 00 00 00

P(H,H) =1/4 P(H,T)=1/4 P(T,H)=1/4 P(T,T) =1/4

Figure 8.7

conditioning:

1. Marginalization: What is the probability of observing a state where the outcome of

the first toss was a “1"?

2. Conditioning: It is known that the outcome of the first toss is a “1", what is the set

of possible outcomes and their respective probabilities?

Solution. 1. From the list of all possible outcomes, we see that there are two outcomes
with a “1" in the first entry (namely, (1,0) and (1, 1)) each with probability 1/4.

P(X;=1)=P(X =(1,0)) + P(X = (1,1)) = 1/4+ 1/4 = 1/2.

2. Under the condition that the outcome of the first toss is “1”, all other outcomes must
have zero probability. The only two possible outcomes are (1,0) and (1, 1) which each

occur with equal probability. Therefore,
P(Xo=0|X1=1)=1/2, P(Xe=1]X;1=1)=1/2

Example 8.4.1 is relatively straightforward because X; and X, are independent. The
next example will be more interesting.

Consider the statistical version of the Ising model which was discussed in Section 7.5 in
the context of discrete optimization. (We have used it back then to illustrate application
of the Dynamic Programming in the combinatorial optimization.) Historically, the Ising
model was first used to describe the polarization of a magnet at different temperatures in
the context of physics. In this present context, it might be used to model predictions for
outbreaks of an epidemic in different neighborhoods.

We introduce the following probability distribution over the 2"-dimensional space %

(space of cardinality 2"):

n—1
x=(x;==%1li=1,---,n): P(x)=Z 'exp (Z inwzurl) , (8.42)

i=1

n—1
Z = Zexp (Z Jﬂ:ixiH) , (8.43)
x =1
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Figure 8.8: Two possible realizations of the n-component Ising model on a line.

P(+1,+41) xexp(+J) P(+1,-1) xexp(—=J) P(-1,41) xexp(—J) P(-1,—1) xexp(+J)

Figure 8.9: Set of all possible outcomes for the 2-component Ising model and their relative
probabilities. The normalization constant, Z is found by summing the probabilities over all

states.

where J is a constant that determines the coupling strength between adjacent components
and Z is the normalization constant (See figure 8.8.). The normalization constant, also
called the partition function, is introduced to guarantee that the sum of probabilities over
all the states is unity. (See also Example 8.2.7.)

For n = 2 one gets the example of a bi-variate probability distribution

exp(Jzix2)
P =P = —. 8.44
(@)= P(ar.a2) = G2 (5.44)
P(x) is called a joint or multivariate probability distribution function of & = (x1, -+, zy,),
because it shows probability of all the components, x1,- - , x,, together.

It is useful to consider conditional probability distribution. For the example above
with n = 2,

Pl |2s) = P(x1,x9) _ exp(Jz1x2)
e ZP(:El,xQ) 2 cosh(Jz2)

(8.45)

is the probability to observe 1 under condition that x5 is known. Notice that, ) P(z1]r2) =
1, V.%‘Q.
We can marginalize the multivariate (joint) distribution over a subset of variables. For

example,

— Z P(x) = Z P21, ,xp). (8.46)

z\z1 T2, ,Tn



CHAPTER 8. BASIC CONCEPTS FROM STATISTICS 231

Multivariate Gaussian (Normal) distribution

Now let us consider n zero-mean random variables X1, Xo, ..., X, sampled i.i.d. from a

generic Gaussian distribution

p(x1,...,xn) = %exp —% | Z x;Aijx; |, (8.47)
i,j=1,,n

where A is the symmetric, A = A" positive definite, A > 0, matrix. If the matrix is

diagonal then the probability distribution (8.47) is decomposed into a product of terms, each

dependent on one of the variables. This is the special case when each of the random variables,

X1, , X,, is statistically independent of others. Z in Eq. (8.47) is the normalization factor

(remind that we call it, consistently with examples above, the partition function) which is

(27r)"/2
7 = . 8.48
vdet A ( )
Moments of the Gaussian distribution are
Vii E[X]=ps Vig: E(Xi—p)(X— )= (A7)y =5y, (849)

where Ai_j1 = 3J;; denotes 4,7 component of the inverse of the matrix A. The 3 matrix
(which is also symmetric and positive definite, as its inverse is by construction) is called
the co-variance matrix. Standard notation for the multi-variate statistics with mean vector,
= (uili =1,--- ,n) and co-variance matrix, X, is N'(u, X) or N, (i, ).

The Gaussian distribution is remarkable because of its “invariance" properties.

Theorem 8.4.2 (Invariance of Normal /Gaussian distribution under conditioning and marginal-
ization). Consider X ~ N, (1, X) and split the n dimensional random vector into two com-
ponents, X = (X1, X3), where X7 is a p-component sub-vector of X and X» is a g-component
sub-vector of X, p+¢q = n. Assume also that the mean vector, u, and the covariance matrix,

3., are split into components as follows

Y11 X2
n= (M1,M2)§ Y= ) (8-50)
(221 Em)

where thus p1 and ug are p and ¢ dimensional vectors and 11, Y19, X921 and Y99 are (p X p),

(p x q), (g x p) and (g x g) matrices. Then, the following two statements hold:

e Marginalization: p(z1) := [ dxop(x1,x2) is the following Normal/Gaussian distribu-
tiOI’l, N(/’Ll) Z]ll)'
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e Conditioning: p(z1|zg) := % is the Normal /Gaussian distribution, N (112, X1p2),

where
M2 = M1 + 21222_21(1‘2 — ,ug), El|2 1= Dlgg — 2{221_11212. (851)

Proof of the theorem is recommended as a useful technical exercise (not graded) which re-
quires direct use of some basic linear algebra. (You will need to use or derive explicit formula

for the inverse of a positive definite matrix split into four quadrangles, as in Eq. (8.50).)

8.4.2 Central Limit Theorem

Take n random instances, also called samples, X1, - , X,, generated i.i.d. from a distribu-

tion with mean p and variance, o > 0, and compute Y, = > | X;/n. What is Prob(Y;,)?

Theorem 8.4.3 (Weak Version of the Central Limit Theorem). /n(Y,, — u), converges in

distribution to a Gaussian with mean, p, and variance, o2, i.e.

n— oo : ﬁ(izn:Xi—,u> ~ N(0, o?). (8.52)
i=1

Let us sketch the prove of the weak-CLT (8.52) in a simple case = 0, 0 = 1. Obviously,
w1 (Yn4/n) = 0. Compute

p2(Yov/n) =E

<X1 +--~+Xn>2 _E[XT] . 2izg EIXi X
NLD n n

Now the third moment:

<X1 +.\/-T-7+ Xn>5] ) %)if?] Y

at n — oo, assuming E [Xﬂ = O(1). Can you guess what will happen with the fourth
moment? It is, ps(Ynv/n) = 3 = 3ma(Y,).

N3(Yn\/ﬁ) =K

Example 8.4.4 (Sum of Gaussian variables). Compute the probability density, p,(y,), of
the random variable Y,, = n_lz?zl X;, where X1, Xo,...,X,, are sampled i.i.d. from the

normal distribution

T — )2
p(x) = N(p,0%) = \/;—m exp (—(205)> :

exactly.
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Solution. First, recall that the characteristic function of a Gaussian distribution is a Gaussian

o?t?

G(t) = /emp( )dx = exp <i,ut - 2) .
R
Let us now evaluate the characteristic function for p, (yy)

Gn( ) /dJUl -dx, exp (Z Z xz) (xn)

= (G(t/n)" :ﬂi;p <iut - ";5) .

The inverse Fourier transform of G,,(t) results in

242
Pu(yn) = dtG et —/eXp <—Zty u)—na;>

L ()

- 2o 20

Example 8.4.5 (Failure of the central limit theorem). Calculate the probability density dis-
tribution of the random variable Y;, = n_lz?zl X;, where X1, Xo, ..., X, are independently
chosen from the Cauchy distribution with the following probability density

_r 1
p(ﬂ?) - 7TI2 +72) (853)

and show that the CLT does not hold in this case. Explain why.

Solution. The characteristic function of the Cauchy distribution is

“+oo
_ l dx ikx __ _—vk
G(k) = - / PR 726 =e 7" (8.54)

The resulting expressions for the characteristic functional is
Glk) = (Glk/))" = G(k). (8.55)

This expression shows that for any n the random variable Y,, is Cauchy-distributed with
exactly the same width parameter as the individual samples. The CLT “fails" in this case
because we have ignored an important requirement /condition for the CLT to hold — existence
of the variance. (See Example 8.2.4.) O

Exercise 8.2. Assume that you play a dice game 100 times. Awards for the game are as
follows: $0.00 for 1,3 or 5, $2.00 for 2 or 4 and $26.00 for 6.
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(1) What is the expected value of your winnings?
(2) What is the standard deviation of your winnings?
(3) Estimate the probability that you win at least 4008.

Exercise (not graded). Experiment with the CLT for different distributions mentioned in

the lecture.

The CLT holds for independent but not necessarily identically distributed variables too.
(That is one can use different distributions generating different variables in the summed up
sequence.)

We may be interested in not only deviations on the order of the standard deviation but

would also like to discuss arbitrary deviations.

Theorem 8.4.6 (Cramér theorem (strong version of the CLT)). The normalized sum, Y;, =
o Xi/n, of the i.i.d. variables, X; ~ px(x), satisfies

Vo > e nh_)ngo % log Prob (Y,, > z) = —®*(x), (8.56)
O*(x) := supyep (tx — O(1)), (8.57)
O(t) :=log (Eexp (tX)), (8.58)

where, ®(t), is the cumulant generating function of px (x) and ®*(x) is the Legendre-Fenchel

transform of the cumulant generating function, also called the Cramér function.

Three comments are in order. First, an informal (“physical") version of Eq. (8.56) is
n—oo: Prob(Y;,) «cexp(—nd®*(x)). (8.59)

Second, the cumulant generating function, ®(t), is equal to the characteristic function (8.26)
of the minus imaginary argument, i.e., ®(¢) = G(—it). Also, and third, the weak version of
the CLT (8.52) is equivalent to approximating the Cramér function (asymptotically exact)

by a Gaussian distribution centered around its minimum.

Exercise (not graded). Prove the strong-CLT (8.56,8.57). [Hint: use saddle point/station-
ary point method to evaluate the integrals.| Give an example of an expectation for which not
only vicinity of the minimum but also other details of ®*(x) are significant at n — co? More
specifically give an example of the object which behavior is controlled solely by left /right
tail of ®*(x)? ®*(0) and its vicinity?
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Example 8.4.7. Compute the Cramer function for the Bernoulli process, i.e. (generally

unfair) coin toss

5 i

Solution.
D(t) = log(Be' +1 - B), @61)
0=l ‘P*<fﬂ)=wlogg+(1—x)1ogi_;- (8.62)

Egs. (8.61,8.62) are noticeable for two reasons. First of all, they lead (after some algebraic

manipulations) to the famous Stirling formula for the asymptotic of a factorial
n\n
n!=+v2mn (—) (14+0(1/n)).
e

(Do you see how?) Second, the xlog  structure is an “entropy" which will appear a number
of times in following lectures - stay tuned.

The Cramer theorem (8.4.6) gives a powerful asymptotic result, however it says nothing
about the rate of convergence, i.e., the behavior at large but finite n. Quite remarkably the

deficiency can be cured by the following application of the Chernoff bound (8.3.1).

Theorem 8.4.8 (Chernoff Bound Version of the Central Limit Theorem, adapted from [17]).
Let Xi,---,X, be iid. random variables with E[X;] = p and a well-defined (bounded)
Cramer function ®*(x) = sup,(tx — log(E[exp(¢X;)]). Then,

P <Z X; > nm) < exp (—n®*(x)), YV > pu,

P (i: X; < n:):) <exp (—n®*(x)), Va < p.

=1

Proof. Consider the case of x > u:

n t i X;
P <Z X; > n:r) = P (e =1 > et””"> for any ¢t > 0 (to be chosen later)
i=1

Bpe
e R [e i=1 ] by Markov’s inequality (its Chernoff bound’s version)

IN

n
N HE[etXi] = eftnernq)(t) since X; are i.i.d.
=1

< exp <—n sup(tx — <I>(t))> = exp <—n sup(tx — <I>(t))>

>0 teR
= exp(—nd*(x)).
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Here, ®(t) = log(E[exp(tX;)]) is convex in t; ®*(x) is convex in x and it achieves its minimum

at © = p. Therefore, for x > p the sup in, ®*(x) = sup(tx — ®(t)), is achieved at t > 0
teR

(positive slope) and we can thus replace, sup by sup. This completes the proof for z > p.
>0 teR
In the case of x < u, one needs to pick ¢ < 0, and otherwise the proof is fully equivalent.

O

Exercise 8.3. Let X = )" | X;, where the X; are independent (not necessarily identically
distributed) Poisson random variables. That is, each X is independently drawn from a Pois-
son distribution with parameter \;, i.e. X; ~ Pois();). Denote the characteristic function
of X by Gx(t) and the characteristic function of X; by Gx;,(¢). Show that

(1) Gx () =TT, G, (0)

(2) X ~ Pois(\), where A =>"" | As.

8.4.3 Bayes Theorem

We already saw how to get conditional probability distribution and marginal probability
distribution from the joint probability distribution

P(z,y)
P(z)

P(xly) = Pylz) = (8.63)

Combining the two formulas to exclude the joint probability distribution we arrive at the

famous Bayes formula
P(zy)P(y) = P(ylz)P(x). (8.64)

Here, in Egs. (8.63,8.64) both x and y may be multivariate. Rewriting Eq. (8.64) as

P(y|z)P(x)
P(y)

one often refers (in the field of the so-called Bayesian inference/reconstruction) to P(z) as

P(xly) = (8.65)

the "prior" probability distribution which measures the degree of the initial “belief" in X.
Then, P(z|y), called the "posterior", measured the degree of the (statistical) dependence of
z on y, and the quotient % represents the “support /knowledge" y provides about x.

A good visual illustration of the notion of the conditional probability can be found at

http://setosa.io/ev/conditional-probability/.

Example 8.4.9. Consider the three component Ising model. (a) Compute the normaliza-
tion constant. (b) Compute the marginal probability, P(x1). (c¢) Compute the conditional
probability, P(x3|x1).


http://setosa.io/ev/conditional-probability/
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%o o oo o

(z) o< exp (+2J) P(x) < exp (0-J) P(x) ocexp (0

<

(x) < exp (—2J

°0 Sme

P ) P )
P(x) o exp (+2J) P(x) o exp (0 - J) P(x) o exp (0-J) P(x) o exp ( —2J)

Figure 8.10: Set of all possible outcomes for the 3-component Ising model and their relative
probabilities. The normalization constant, Z, is found by summing the probabilities over

all states.

Solution. The set of all possible outcomes is shown in Figure 8.10. (a) The normalization

constant, Z, is found by summing the probabilities over all the states:
Z=e 4+ 4+ e e+ + e =44 4cosh(2J).

Therefore, the probabilities of the states are, P(1,1,1) = ¢?/ /(4 4 4 cosh(2.J)), etc.
(b) The marginal probability, P(x1), is given by summing all the probabilities corresponding
to P(x1 = +1) and all the probabilities corresponding to P(z; = —1):

Pz = +1) = P(1,1,1) + P(1,1,-1) +
€2J+€0+€0+€_2J _1
4 4 4 cosh(2J) 2
P(zy = —1) = P(—1,~1,-1) + P(~1,-1,1) + P(~1,1,1) + P(~1,1, -1)
4l p e 1
4 + 4 cosh(2J) 2

P(la _13 _1) + P(la _17 1)

The conditional probability is found by

P L ) P(z3 = +1,21 = +1) Z7 e +e7%) cosh(2.J)
€T = €T prnd = — —
3 ! P(z1 = +1) Z e +1+1+e2))  1+cosh(2J)
P(xs =+1,21 = —1) Z71(e + %) 1
(3 = +1fs ) Pz = -1) Z e +14+1+e2/) 1+ cosh(2J)’
P(zg =—1,z1 = +1) Z71 (e + %) 1
P(xs =—-1llz; =+1) = = =
(3 o1 =+1) P(z1 = +1) Z e +141+e2/) 1+ cosh(2J)’
P(zg=—1,z1 = —1) Z (e +e7%) ~ cosh(2J)

P(zz = —1]z; = —1) = = - '
(23 |z ) Pl = 1 Z e +14+1+e2/) 1+ cosh(2J)
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Exercise 8.4. The joint probability density of two real random variables X; and X5 is

1
Vay,x9 € R plxy,x0) = Eexp(fx% — X1Xo — x%)

(1) Calculate the normalization constant Z.
(2) Calculate the marginal probability density, p(x1).

(3) Calculate the conditional probability density, p(x1|z2).

8.5 Information-Theoretic View on Randomness

8.5.1 Entropy.

Consider a random variable X that takes outcomes x € X. The goal is to develop a
systematic and meaningful way to quantify the amount of information gained when we learn
that a particular outcome actually occurred. We suppose that the information content of
an outcome, x, which we denote h(z) and will also be calling surprise, depends only on the
probability of the outcome.

The question becomes: how to quantify the information content? Let us start formulating

a list of requirements that the information content (surprise) must satisfy:

1. Deterministic outcomes provide no information. If an outcome is certain to occur,

then its information content, h(z), must be zero. That is,

h(z) =0 if P(z)=1.

2. Learning that an unlikely outcome has occurred provides more information than learn-
ing that a likely outcome has occurred. The information content of an outcome must

be a strictly decreasing function of its probability. That is,

h(z1) > h(ze) for P(z1) < P(x2).

3. Independent events provide original information. If two independent events occur, then
the information content of the pair of outcomes must be the sum of the information

content of each individual outcome. That is,

h(z,y) = h(z) + h(y) provided that P(x,y) = P(x)P(y).
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h(z)

1 P(x)

Figure 8.11: The information content h(z) of an outcome x plotted against the probability
of x. Negative-logs are the only family of functions that satisfy the requirements of h(z).
The base of the logarithm (or equivalently, the multiplicative scaling constant) can be chosen

arbitrarily.

With a little work, it can be shown that only one family of continuous functions satisfies this
modest list of requirements. We are forced to define the information content of an outcome
to be the log of the probability:

h(z) = —log (P(z)). (8.66)

The base of the logarithm, or equivalently, the multiplicative scaling constant, can be chosen
arbitrarily. Convention, which is standard in the information theory, is to use a unit scaling

and log base 2, i.e. log — log, in Eq. (8.66).

Terminology. Standard scientific term used for the information gained by learning the out-

come x, which we also called the surprise of x, is the configurational entropy.

Consistently with all of the above, but now introducing the entropy of all possible out-
comes, i.e. entropy of a random variable X, is defined as the expectation of the configura-

tional entropy over the outcomes

H(X) = —Ep(x[log (P(X))] =) _ P(x)h(z) = - > _ P(x)log (P(z)), (8.67)
TEX zeX
where x is drawn from the space X. We can also say that the entropy is a measure of
uncertainty. In the case of a deterministic process, i.e. when there is only one outcome with
thhe probability 1, the configurational entropy becomes equal to the entropy and according
to Eq. (8.67) both are zero, 0log 0 = 0.

Terminology. Yet another term associated with the entropy of a random variable, X, is the

measure of uncertainty. Following the tradition of information theory, we use the symbol H
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H(B)p

Figure 8.12: The entropy of a Bernoulli random variable as a function of 5. The entropy
is zero when 8 = 0 or 8 = 1; this is precisely when one of the outcomes is certain and the
random variable is actually deterministic. The entropy is maximized at 5 = 1/2; this is

precisely when the two outcomes are equi-probable

for entropy. However, be aware that an alternative notation, S, is customary in Statistical

Mechanics/Physics.

Let us familiarize ourselves with the concept of entropy on example of the Bernoulli(3)
process (8.60). In this case, there are only two states, P(X = 1) =fand P(X =0)=1-3,

and therefore

H=—Blog 8 — (1 B)log(1 - ). (8.68)

Notice that H, considered as a function of §, is concave and has a global maximum at
B = 1/2 (Fig. 8.12. Therefore, 8 = 1/2, corresponding to the fair coin in the process
of coin flipping, is the least uncertain case (maximum entropy). If we plot the entropy as
the function of 5. The entropy is zero at 8 = 0 and § = 1 as both of these cases are
deterministic, i.e. fully certain and thus least uncertain.

The expression for entropy (8.67), has the following properties (some of these can be

interpreted as alternative definitions):
e H>0
e H =0 iff the process is deterministic, i.e. 3z s.t. P(x) = 1.
e H <log(|X|) and H = log(|X|) iff z is distributed uniformly over the set X.

e Entropy is the measure of average uncertainty.
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e Entropy is less than the average number of bits needed to describe the random variable

(the equality is achieved for uniform distribution) .

e Entropy is the lower bound on the average length of the shortest description of a

random variable

Example 8.5.1. The so called Zipf’s law states that the frequency of the n-th most frequent

word in randomly chosen English document can be approximated by

(8.69)

Y for nel,... 12367;
=N 0, for n> 12367

Under an assumption that English documents are generated by picking words at random

according to Eq. (8.69) compute the entropy of the made-up English per word.

Solution. Substituting the distribution (8.69) into the definition of entropy one derives

BT o1 01 f 1

. . . nr

H=— —log, — ~ —— —dr = = In?12 —1n210) ~ 9.9 bits.

; - 1ogy — o / . dx 201n2(n 3670 — In” 10) ~ 9.9 bits
- 10

It is known, from the famous work of Shannon [18], that entropy of English alphabet per
character is fairly low, ~ 1 bit. Therefore, the character-based entropy of a typical English
text is much smaller than its entropy per word. This result is intuitively clear: after the
first few letters one can often guess the rest of the word, but prediction of the next word in

the sentence is a less trivial task.

8.5.2 Comparing Probability Distributions: Kullback-Leibler Divergence

The concepts of information content (surprise) and of entropy provide a number of useful
tools in probability. One of the most important tools is a method of comparing two proba-
bility distributions. For illustration, let X be a random variable taking values z € X', and let
Py be the probability distribution of X, which we consider as the ground truth. Assume that
P is approximated or modelled by the probability distribution P(z), then the difference in

the information content of z, as measured by the two probability distributions, is

log (Pi(z)) —log (Pa(z)) = log (i;gg) .

#Take integers which are smaller or equal than n, and represent them in the binary system. We will need
log,(n) binary variables (bits) to represent any of the integers. If all the integers are equally probable then
log,(n) is exactly the entropy of the distribution. If the random variable is distributed non-uniformly than

the entropy is less than the estimate.
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The Kullback-Leibler (KL) divergence is defined as the expectation of the difference in the
information context between the ground truth and its proxy (approximation) with respect

to the probability distribution of the former, P,

Di(z)

D(P||P,) : %Pl ) log Pyl (8.70)
Note that the KL divergence is not symmetric, i.e. D(P;||P,) # D(Pz||P;). Moreover it
is not a proper metric of comparison as it does not satisfy the so-called triangle inequality.
A metric, d(a,b), is a function mapping two elements a and b from the same space to R that
satisfies (1) non-negativity, i.e. d(a,b) > 0, and zero if and only if a = b, i.e. d(a,a) = 0; (ii)

symmetric, i.e. d(a,b) = d(b,a), and (iii) the triangle inequality, d(a,b) < d(a,c) + d(b, c).
The last two conditions do not hold in the case of the KL divergence. However, an
infinitesimal version of the KL divergence, the Hessian of the KL divergence around its

minimum, also called the Fisher information, satisfies all the requirements of a metric.

Example 8.5.2. An illusionist has a biased coin that comes up heads 70% of the time. Use
the KL divergence to quantify the amount information that would be lost if the biased coin

were modeled as a fair coin.

Solution. We regard the biased probability distribution as the ‘ground truth’, P;, and the
fair probability distribution, P, as our approximation. The KL divergence between the two

becomes
D(Py||P) = Ep, [log (P1/P)] ZPl )log (Py(z)/Ps(x))

= 0.310g,(0.3/0.5) + 0.710g,(0.7/0.5)
= 0.118.

We lose approximately 0.118 bits of information by modeling the biased coin as a fair coin.

Exercise 8.5. Assume that a random variable X5 is generated by the known probability
distribution P (x), where x € X and X is finite. Consider the vector (P;(z)|xz € X) that
satisfies Py(z) > 0 for all z € X and ) ., Pi(2) = 1. Show that D(Py|P,), as a function

of P;(z), is non-negative and that it achieves its minimum when P;(z) = Pa(x) Vo € X, i.e.

ar min  D(P|| P = (Py(x)|x € X). 8.71
g pmin_ (P1][P2) S Pi) = (Pa(z)]| ) (8.71)
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8.5.3 Joint and Conditional Entropy

The notion of entropy naturally extends to the multivariate statistics. If we have a pair of
discrete random variables, X and Y, taken values x € X and y € ) respectively, their joint

entropy is

H(X,Y):=-E[log(P(X,Y))] == ) P(x,y)log (P(z,y)). (8.72)
reX ,yey

One must ask whether H(X,Y) L H(X)+H(Y), that is, one asks whether the expected
information in the entire system is equal to the sum of the expected information of X and
Y individually. To answer this question, we examine the expected amount information in
the system beyond that which can be gained from X, that is, we examine the quantity
H(X,Y) - H(X),

H(X,)Y)—-H Z Pmylog (z,9) +ZP log ))
reX ,yey reX
= — Z P(x,y)log (P(x,y)) + Z P(x,y)log (P(x))
zeX,yey zeX,yey
or [ F@:9)
2 P! (7))

If X and Y are independent, then P(z,y) = P(x)P(y) and the result is H(Y). However, if
X and Y are not independent, then P(x,y)/P(z) = P(y|x) by Bayes theorem. We define
the conditional entropy H(Y|X) := H(X,Y) — H(

by

X) and observe that it can be computed

H(Y|X)=-E[log (P(Y|X))] = - Z P(z,y)log (P(y|z)). (8.73)
TEX YEY

The definitions of the joint and conditional entropies naturally lead to the following

relation between the two
H(X,)Y)=H(X)+ H(Y|X), (8.74)

called the chain rule (Fig. 8.13).
One can naturally extend the chain rule from the bi-variate to the multi-variate case
(X1, ,Xpn) ~ P(x1,- -+ ,xy,) as follows
n
H(Xn, -+, X1) = ) H(Xi| X1, X0) (8.75)
i=1

Notice, that the choice of the order in the chain is arbitrary.
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H(X,Y) H(X) H(Y|;(/)N/

H(X,Y) ) }}(X|Y) H(Y)

Figure 8.13: Venn diagram illustrating the relationship between entropy, joint entropy and
conditional entropy. (It is customary in information theory to use venn diagrams to illustrate
entropies, conditional entropies and mutual information. Be advised that the shapes in the
diagram do not actually represent sets of objects. See e.g. pp 141 of [19] for a detailed

discussion with examples.).

8.5.4 Independence, Dependence, and Mutual Information.

Comparing the two information sources, say tracking events x and y, one assumption, which
is rather dramatic, may be that the probabilities are independent, i.e. P(x,y) = P(x)P(y)
and then, P(z|y) = P(z) and P(y|z) = P(y). Mutual information, which we are about to
discuss, will be zero in this case. Thus, naturally, the mutual information is introduced as

the measure of dependence

I(X;Y) = Epgy) [log JZJE;” ; ] Z;(Z;P z,y) log P](Dg’?@) (8.76)

Intuitively the mutual information measures the information that X and Y share. In other
words, it measures how much knowing one of these random variables reduces uncertainty
about the other. For example, if X and Y are independent, then knowing X does not give
any information about Y and vice versa - the mutual information is zero. In the other
extreme, if X is a deterministic function of Y then all information conveyed by X is shared
with Y. In this case the mutual information is the same as the uncertainty contained in X
itself (or Y itself), namely the entropy of X (or V).

The mutual information is obviously related to respective entropies,

I(X;Y)=H(X)-HX|Y)=HY)-HY|X)=HX)+HY) - HX,Y). (8.77)
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H(X,Y) H(X[Y) H(Y[X)
Figure 8.14: Venn diagram explaining relations between the mutual information and respec-
tive entropies for two random variables. (It is customary in information theory to use venn
diagrams to illustrate entropies, conditional entropies and mutual information. Be advised
that the shapes in the diagram do not actually represent sets of objects. See e.g. pp 141 of

[19] for a detailed discussion with examples.)

The relation is illustrated in Fig. (8.14). Mutual Information also possesses the following

properties

I(X;Y)=1(Y; X) (symmetry) (8.78)
I(X; X) = S(X) (self-information) (8.79)

The conditional mutual information between two random variables (two sources of in-

formation), X and Y, given another random variable, Z, is

uxywyzﬂauyJﬂmxm:Emw@P%PP@M@ (8.80)

(z2)P(ylz)
The entropy chain rule (8.74) when applied to the mutual information of (X1, -+, X,,) ~
P(xy,--- ,xy,) results in
n
I(Xp, -, X53Y) =Y (X Y[Xioq,, X1) (8.81)
i=1
See Fig. (8.14) for the Venn diagram illustration of Eq. (8.81).
We recommend the reader to check [19] for extended discussions on entropy, mutual
information and related.
The notions of joint, conditional entropy and mutual information in the context of two

random variables is illustrated in the following three examples.

Example 8.5.3. Consider two Bernoulli random variables X and Y with a joint probability
mass function P(X,Y) given by

\yZO y=1
z=0 0 0.2
z=1| 08 0
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H(X,Y) ~ 0.722

H(X)~0.722 —— H(Y|X)=0

H(X|Y)=0— H(Y) ~ 0.722

Figure 8.15: Schematic for example 8.5.3. The entropy of the whole system (blue) is the
same as the entropy of X (orange). The conditional entropy of Y given X is zero (illustrated
by the bar of ‘zero’ width at the end of the second row). The bottom row shows that the
entropy of Y (pink) also coincides with that of the entire system (and, incidentally, is fully
shared with that of X).

Compute the entropy of X, the joint entropy of X and Y, and the conditional entropy of Y’

given X. Discuss the results.

Solution. The joint probability mass function indicates that the outcome of Y is completely
determined by the outcome of X, and vice versa. Intuitively, we should expect that all the
information in the entire system is fully contained in X, and that once X is known, no
additional information can be gained from Y. Lets do the calculations to verify that our

intuition is correct. The entropy of X is

H(X)=-) P(x)log, (P(z)) = —0.2log, (0.2) — 0.81og, (0.8) = 0.722.
TeEX

The joint entropy of X and Y is

H(va) == Z P(:’Uay) 10g2 (P(:’Uay))
z,yeX,y

= —0log,(0) — 0.81log, (0.8) — 0.21ogy (0.2) — 01ogy(0) = 0.722.

For this situation, the expected information content of the entire system is exactly the same
as the expected information content of X alone. No additional information can be expected
from (X,Y) that cannot be expected from X. We anticipate (and verify) that there is no

additional information that can be expected from Y once X is known.

HY|X)=— Y P(x,y)log (Pylx))
z,yeX,y

= —01logy(0) — 0.81log, (1) — 0.21og, (1) — 0logy(0) = 0.

See Fig. 8.15 for illustration.
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Comment: Similar calculations for H(Y') and H(X|Y) would show that Y also contains
all the expected information in the system, and that no additional information can be

expected from X once Y is known.

Example 8.5.4. Consider two Bernoulli random variables X and Y with a joint probability
mass function P(X,Y") given by

\yZO y=1
r=0]| 045 045
z=1| 005 0.05

Compute the entropies of X and of Y. Compute the joint entropy of X and Y. Compute

the conditional entropy of Y given X. Discuss the results.

Solution. The marginal distributions are:

09, =0 0.5, y=0
P(X =x) = ; and PY=y) = .
0.1, z=1 0.5, y=1
We observe that X and Y are independent, so we should intuitively expect that there is
no ‘overlap’ in the information in X and Y. Let’s do the calculations to verify that our

intuition is correct. The entropy of X is

=~ P(x) log, (P(z)) = —0.91og, (0.9) — 0.1log, (0.1) = 0.469.
zeX

The entropy of Y is

=Y P(y) log, (P(y)) = 0.5log, (0.5) + 0.510g, (0.5) = 1.0.
yey

The joint entropy of X and Y is
z,yeX,y
= —0.4510g,(0.45) — 0.45log, (0.45) — 0.051logy (0.05) — 0.051og,(0.05) = 1.469.

For this situation, the expected information content of the entire system is more than the
expected information content of X alone. The additional expected information of the system
(X,Y) beyond that of X must be information expected from Y that is not contained in X.
We anticipate (and verify) that the additional information that can be expected from Y
when X is known is non-zero.
HY|X)=- Y P(x,y) log, (P(ylz))
z,yeX,y

= —0.451log,(0.5) — 0.45log, (0.5) — 0.051log,(0.5) — 0.051log, (0.5) = 1.0.
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H(X,Y) ~ 1.469

H(X) ~ 0.469

H(Y) =10

Figure 8.16: Schematic for example 8.5.4. The entropy of the whole system (blue) is equal to
the entropy of X (orange) plus the entropy of ¥ conditioned on X (pink, shaded). Observe
that in this example, the entropy of Y conditioned on X is equal to the entropy of Y (pink)

because the there is no overlap in information between X and Y.

Furthermore, X and Y are independent so X actually contains no information about Y. We
anticipate (and verify) that all the expected information content of Y will contribute to the

expected information of the entire system.

ZP 10g2 P(y ))

yey
= 0.5logy, (0.5) + 0.51og, (0.5) = 1.0.

Performing similar calculations for H(Y') and H(X|Y) would show that Y also contains
all the information content in the system, and that no additional information is gained by

learning X once Y is known. See Fig. 8.15 for illustration.

Example 8.5.5. Consider two Bernoulli random variables X and Y with a joint probability
mass function P(X,Y") given by

xr=0] 0.2 0.3
r=1 0 0.5

Compute the entropies of X and of Y. Compute the joint entropy of X and Y. Compute

the conditional entropy of Y given X. Discuss the results.

Solution. The entropy of X is

ZP ) log (P(x))

= —0.5log, (0.5) — 0.51og, (0.5) = 1.0.
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H(X,Y) ~ 1.485

Figure 8.17: Schematic for example 8.5.5. The entropy of the whole system (blue)is equal to
the entropy of X (orange) plus the entropy of ¥ conditioned on X (pink, shaded). Observe
that in this example, the entropy of Y conditioned on X is less than the entropy of Y (pink)

because the some of the information content in Y overlaps with that of X.

The conditional entropy of Y given X is
HY|X) = ZP (z,y)log (P(y|z))

= —0.210g2 (0.4) — 0.41og, (0.6) — 0 - logy (0) — 0.41og, (1) = 0.485.
The entropy of Y is

Z P(y)log (P(y)) = —0.2log, (0.2) — 0.8log, (0.8) = 0.722.

The conditional entropy of X given Y is
H(X|Y) = ZP (z,y) log ($|y))

= —0.2log, (1) — 0.41og, (0.375) — 0 - log, (0) — 0.41og, (0.625) = 0.764.

The joint entropy is
x7y

= —0.2log, (0.2) — 0.41og, (0.4) — 0 - log (0) — 0.41og, (0.4) = 1.522.

See Fig. 8.17 for illustration. Comment: In this example, X and Y are not independent, and
therefore some information is shared between the two. This explains why the joint entropy
is less than the the sum of the individual entropies, i.e. H(X,Y) < H(X)+ H(Y'). This also
explains why the information content of X conditioned on Y is less than the information
content of X alone, i.e. H(X|Y) < H(X). (Similarly, it explains why H(Y|X) < H(Y).)

Exercise 8.6. The joint probability distribution P(x,y) of two random variables X and Y is
described in Table 8.1. Calculate the conditional probabilities P(x|y) and P(y|x), marginal
entropies H(X) and H(Y'), as well as the mutual information I(X;Y).
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P(z,y) X P(y)
1 Z2 x3 T4
yi | 1/8 1/16 1/32 1/32| 1/4
Y oy | 1/16 1/8 1/32 1/32| 1/4
ys | 1/16 1/16 1/16 1/16 | 1/4
ya| 1/4 0 0 0 | 1/4
Px) | 12 1/4 1/8 1/8

Table 8.1: Exemplary joint probability distribution function P(z,y) and the marginal prob-
ability distributions, P(z), P(y), of the random variables = and y.

8.5.5 Probabilistic Inequalities for Entropy and Mutual Information

Let us now discuss the case when a random one dimensional variable, X, is drawn from the
space of reals, z € R, with the probability density, p(z). Now consider averaging a convex
function of X, f(X). One observes that the following statement, called Jensen inequality,
holds

E[f(X)] = f(E[X]). (8.82)

Obviously the statement becomes equality when p(z) = d(x). To gain a bit more of intuition
consider the case of the Bernoulli-like distribution, p(z) = 8d(z — 1) + (1 — B)d(x — z¢).
We derive

FEX]) = f (@18 4+ zo(1 = B)) < Bf (1) + (1 = B)f(w0) = E[f(X)], (8.83)

where the critical inequality in the middle is simply expression of the function f(x) convexity
(taken verbatim from the definition).

See also Fig. (8.18) with another (graphical) hint on the proof of the Jensen inequality.

In fact, the Jensen inequality holds over any spaces.

Notice that the entropy, considered as a function (or functional in the continuous case)
of probabilities at a particular state is convex. This observation gives rise to multiple

consequences of the Jensen inequality (for the entropy and the mutual information):
e (Information Inequality)

D(p|lg) > 0, with equality iff p=g¢q

e (Conditioning Reduces Entropy)

H(X|Y) < H(X) with equality iff X and Y are independent
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C.OPN

Figure 8.18: A graphical hint for Jensen inequality.

e (Independence Bound on Entropy)

n
H(Xy, -, X,) < Z H(X;) with equality iff X;are independent
i=1

Another useful inequality [Log-Sum Theorem]|
- @i - 2 im @i
; a;log b > <; az-) log S (8.84)

with equality iff a;/b; is constant. Convention: 0log0 = 0, alog(a/0) = oo if @ > 0 and

0log0/0 = 0. Consequences of the Log-Sum theorem
e (Convexity of Relative Entropy) D(p||q) is convex in the pair p and ¢

e (Concavity of Entropy) For X ~ p(z) we have H(P) := Hp(X) (notations are ex-

tended) is a concave function of P(x).

e (Concavity of the Mutual Information in P(z)) Let (X,Y) ~ P(x,y) = P(x)P(y|x).
Then I(X;Y) is a concave function of P(z) for fixed P(y|x).

e (Concavity of the Mutual Information in P(y|x)) Let (X,Y) ~ P(z,y) = P(x)P(y|x).
Then I(X;Y) is a concave function of P(y|z) for fixed P(x).

We will see later (discussing Graphical Models) why the convexity/concavity properties of

the entropy-related objects are useful.

Example 8.5.6. Prove that H(X) < logyn, where n is the number of possible values of

the random variable x € X.
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Solution. The simplest proof is via the Jensen’s inequality. It states that if f is a convex

function and U is a random variable then
E[f(U)] > f(E[U]). (8.85)

Let us define
flu) = —logou, u=1/P(z)

Obviously, f(u) is convex. In accordance with (8.85) one obtains
Eflogy P(X)] > —log, E[1/P(X)],
where E[logy, P(X)] = —H(X) and E[1/P(X)] = n, so H(X) < log,n.

Note, in passing, that the Jensen’s inequality leads to a number of other useful expres-
sions for entropy, e.g. H(X|Y) < H(X) with equality iff X and Y are independent, and
more generally, H(X1,...,X,) < >" | H(X;) with equality iff all X; are independent.



Chapter 9

Stochastic Processes

In Chapter 8, we discussed random vectors and their probability distributions (for example
X = (X1,...,Xn) with X ~ Px). In Chapter 9, we will discuss stochastic processes,
which are a natural extension of our inquiry into random vectors. A stochastic process is a
collection of random variables, often written as a path, or sequence, {X;|t = 1,--- , T}, or
simply (Xt)thl, whose components X; take values from the same state space . Typically
we think of ¢ as time, and we consider the cases where T is finite, T' < oo, and where it is
infinite, T' — oco. Both the state space, ¥, and the index set, ¢, may be either discrete or
continuous.

We will discuss three basic examples: (a) of Bernoulli process, which is space-time dis-
crete, (b) Poisson process, which is space discrete but time continuous, and (c) continuous
space and continuous time process described by Langevien equation, which is an example of
the so-called Stochastic Differential Equation (SDE), in Section 9.1, Section 9.2 and Section
9.3, respectively.

The three basic examples of the stochastic processes can also be classified in terms of
the amount of memory needed to generate them.

In our first two examples (Bernoulli processes and Poisson processes), the random vari-
ables X; are independent, i.e. memory-less, meaning that the outcome of each X; does not
influence, and is not influenced by, the outcomes of any of the other X;. In general, how-
ever, the components X; within the path {X (¢)}, need not be independent. Thus, stochastic
process described by the Langevien equation results in dependent, i.e. correlated in time
X;.

Time-correlations within a random path {X(¢)} described by an SDE may be compli-
cated and difficult to analyze. Consequently, one often considers a discrete-time simplifica-

tion, called a Markov process, discussed in Section 9.4, where the memory holds only for a

253
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single time step, i.e. Xy depends only on the outcome of the previous step X;_1.
We conclude this Chapter with a brief discussion in Section 9.5 of the Markov Decision
Process (MDP), which is controlled formulation involving (conditioned to) Markov process.

(Queuing theory, discussed in Section 9.6, is a bonus material.)

9.1 Bernoulli Process (Discrete Space, Discrete Time)

A Bernoulli process is a sequence of independent Bernoulli random variables that are often
called events or trials. For the case where each event can take only one of two outcomes,
say “success" or “failure", then a typical sample path of a Bernoulli process may look like
x% 5% 5% S*%xxS5, where S here stands for “success", or equivalently 00101010001. We will
discuss only stationary Bernoulli processes, meaning that the probability of success is the
same for each Xy, that is P(success) = P(X; = 1) =  and P(failure) = P(X; =0)=1—-p
for each t.

Examples of processes that can be modeled by a Bernoulli process include the number
“arrivals” when checked at fixed intervals, such as the “arrival" of a monsoon on each day of
a Tucson summer, or any sequence of discrete updates, such as the (random) ups and downs

of the stock market.

9.1.1 Probability distribution of the total number of successes

As we discussed in Eq. 8.5, the number of successes k in n trials follows the binomial

distribution
k=0, n: P(S = kin,8) = ( " > BH(1 - By, (9.1)
The mean and variance are found by computing E[S] and E[(S — E[S])?] respectively:
mean : E[S] = npg, (9.2)
variance : var(S) = E[(S — E[S])?] = nB(1 — B). (9.3)

9.1.2 Probability distribution of the 15* success

Let T} be the number of trials until the first success (including the success event too). The
Probability Mass Function (PMF) for the time of the first success is the product of the

probabilities of (¢ — 1) failures and one success:

t=1,2,---: P(Ty=t|8) =501 —-p)"" [Geometric PMF] (9.4)
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The distribution in Eq. 9.4 is called a geometric distribution because the calculation to
verify that the probability distribution is normalized involves summing up the geometric
sequence: Y oo B(1 — B)t = B(1 — (1 — B))"! = 1. The mean and variance of the

geometric distribution are

mean : ET] = =, (9.5)
1-p
B

The Bernoulli process is memoryless, meaning that each outcome is independent of the

|

variance : var(Ty) = E[(Ty — E[T1])?] =

(9.6)

past. If n trials have already occurred, the future sequence 11, Tpt2,- - is also a Bernoulli
process and it is independent of the first n trials. Moreover, suppose we have observed the
process for n times and no success has occurred. Then the PMF for the remaining arrival

times is also geometric,

P(T —n=FkT>n,p)=p(1-p)F"1 (9.7)

9.1.3 Probability distribution of the k*" success

What about the k™" arrival? Let T} be the number of trials until k" success (inclusive),

then we write

t—1,

t=kk+1,---: P(Ty=t|3)=
(T, = t|B) <k—1

> Bk — B)*  [Pascal PMF], (9.8)

The mean and variance are found by computing E[Ty] and E[(T}, — E[T}])?] respectively:
k

=3
variance : var(Ty) = E[(Ty — E[T}])?] = I{:(lﬁ;ﬁ) (9.10)

The combinatorial factor accounts for the number of configurations of k arrivals in T}, trials.

mean : E[Tk] (9.9)

Exercise 9.1. Define 7, = T, — Tp_1, k = 2,3,---, so that 74 is the inter-arrival time
between the (k — 1)** and &*" arrivals. Write down the probability density distribution

function for the k™ inter-arrival time, 7.

The following two sections discuss two different continuous-time limits of Bernoulli pro-

cesses, namely Poisson Processes and Brownian motion.
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9.2 Poisson Process (Discrete Space, Continuous Time)

We will build on the material of the previous Section, where a discrete-time, discrete-space
Bernoulli process was discussed, and extend it to continuous time, thus arriving at Poisson
process.

Formally, a Poisson process is defined in terms of a collection/sequence of random vari-
ables {N;} indexed by time that count the number of independent ‘arrivals’ on the interval
[0,t]. Recall the Poisson distribution which was defined in Section 8.1.1:

N Nee—N
Vke€{0,1,2,...}: P(N=k\) = X

In the following derivation, we will show that the outcomes of a Poisson process follow a

(9.11)

Poisson distribution with parameter At.

The distribution for the Poisson Process can be derived by subdividing the interval [0, ¢]
into n subintervals of length At := ¢/n. For sufficiently small At, the probability of two
or more arrivals on any subinterval is negligible and the occurrence of arrivals on any two
subintervals are independent. Under these conditions, the probability of k arrivals in n
sub-intervals can be modeled by a binomial distribution. The probability of an arrival, 3,
is proportional to the length of the sub-interval: 5 o t/n, or equivalently S = At/n where A

is the constant of proportionality. In the limit as n — oo, we get

P(N; = k;\) = lim <Z> BE(1L = )" = lim kl(n”lk)' <At>k <1 - At>n_k (9.12)

n— 00 n n
’f By O\ A\
= i 2O () <1 - ) (9.13)
n—0o0 k! n n
()\t)ke—At
= (9.14)
where we have used the facts that (1 — 21" — e=* and (1 — 2)* — 1. Notice that the

dimensionless parameter A in Eq. (9.11) is replaced by At in Eq. (9.14). Hence X has the
dimension of inverse time: [A] = [1/t].
Common examples of Poisson processes:

e E-mail arrivals with infrequent check. Should be “frequent check!"

e Collision of high-energy beams a high frequency (10 MHz) where there is a small

chance of actual collision.

e Radioactive decay of a nucleus with the trial being to observe a decay within a small

time interval.
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Figure 9.1: One realization of a Poisson process over the interval [0,¢] (blue) in which
five “arrivals" occurred at the random times 71,...,7T5, therefore N(t) = 5. Two other
realizations are shown (grey) in which 6 arrivals and 3 arrivals occurred on [0,t]. The
random variable V; follows a Poisson distribution (right) with parameter A\t where \ is a

fixed parameter.

e Spin flips in a magnetic field.

Properties of Poisson Processes

The Poisson process has the following key properties:
e Initialization: No arrivals have occurred at ¢t = 0, that is N(0) = 0.

e Independence: The number of arrivals that occur on two time intervals are indepen-

dent if on only if the two time intervals are disjoint.

e Distribution: The number of arrivals that occur on an interval depends only on the
length of the interval and not its location. In particular, in the limit At — 0 one finds
that P(N(At) = 1) — AAt and P(N(At) > 2) =0.

With a small amount of effort it can be shown that these three properties are both necessary
and sufficient conditions to define a stochastic process whose components follow a Poisson
distribution with parameter At.

A summary of the relationship between the Bernoulli process and the Poisson process is

given in table 9.1.

Probability Distributions of the 15t and the k*! Arrival Times

Let T3 be the (random) time of the first arrival. The probability density of 7} per unit time
can be found from Eq. (9.11) by (1) recalling that a PDF is the derivative of the CDF, and
(2) recognizing the equivalency P(T} < t) = P(Ny > 1) since the event that first arrival
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Bernoulli Poisson
Times of Arrival Discrete Continuous
Arrival Rate p/per trial | A/unit time

PMF of Number of arrivals | Binomial Poisson

PMF of Interarrival Time | Geometric | Exponential

PMF of k*® Arrival Time Pascal FErlang

Table 9.1: Comparison between the Bernoulli process and the Poisson process

occurs before time ¢ is equivalent to the event that the number of arrivals by time ¢ is greater

than or equal to 1. Therefore,

P(Ty =1) = lim L(P(Ty <t+At)—P(Ty <t)) = 4P(Ty < t)

=4P(N;>1)=24(1 - P(N; =0))

= %(1 — e*)‘t) = e M.

Hence the time of the first arrival follows an exponential distribution with parameter A.
The three properties above imply that, like the Bernoulli process, the Poisson process is

Memoryless and that it has Fresh Starts.

e Memoryless: if we observe the process for ¢ seconds and no arrival has occurred, then

the density of the remaining time of arrival is exponential.

e Fresh Starts: the time of the next arrival is independent of the past, and hence is also

exponentially distributed with parameter .

The probability density that the first arrival occurs before time ¢ can therefore be found
by integration:
t t
P(Ty <t)= / dt'pr, (V') = / dt' \e N =1 — exp(—\t).
0 0

By extension, the probability density of the time of the k'™ arrival, one derives

AL exp(—At)

p(Tp =t; \) = D) , t>0 (Erlang “of order" k).

Merging and Splitting Processes

One of the most important features shared by the Bernoulli and Poisson processes is their
invariance with respect to mixing and splitting. We will show it on the example of the

Poisson process but the same applies to Bernoulli process.
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Ni+ N - O- QD O-AO- 00 O-CO

Figure 9.2: Merging and Splitting Poisson Processes

Merging: Let Ni(t) and Na(t) be two independent Poisson processes with rates A
and A2 respectively. Let us define N(¢) = Ni(t) + Na(t). This random process is derived
combining the arrivals as shown in Fig. (9.2). The claim is that N(t) is the Poisson process
with the rate A1 + \o. To see it we first note that N(0) = N1(0) + N2(0) = 0. Next,
since Nj(t) and N(t) are independent and have independent increments their sum also
has independent increments. Finally, consider an interval of length 7, (¢, 4+ 7]. Then the
number of arrivals in the interval are Poisson(A7) and Poisson(A27) and the two numbers
are independent. Therefore the number of arrivals in the interval associated with N(t) is
Poisson((A14A2)7) - as sum of two independent Poisson random variables. We can obviously
generalize the statement to a sum of many Poisson processes. Note that in the case of the
Bernoulli process the story is identical provided that collision is counted as one arrival.

Splitting: Let N(t) be a Poisson process with rate A\. Here, we split N(¢) into Ny (t)
and Na(t) where the splitting is decided by coin tossing (Bernoulli process) - when an arrival
occur we toss a coin and with probability 8 and 1 — 8 add arrival to N7 and N> respectively.
The coin tosses are independent of each other and are independent of N(¢). Then, the

following statements can be made

e N is a Poisson process with rate AS.
e N, is a Poisson process with rate A(1 — j3).

e Ny and Ny are independent, thus Poisson.

Example 9.2.1. Astronomers estimate that the meteors above a certain size hit the earth
on average once every 1000 years, and that the number of meteor hits follows a Poisson

distribution.

(a) What is the probability to observe at least one large meteor next year?
(b) What is the probability of observing no meteor hits within the next 1000 years?

(c) Calculate the probability density p(T}), where the random variable T} represents the

k,th

appearance time of the meteor.
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Solution. The probability of observing k meteors in a time interval [0, ¢] is given by

Pk = O e, .15

where A = 0.001 (events per year) is the average hitting rate and we simplify notations,
P(k[t,\) — P(k|t).

(a) P(k > 0 meteors next year) = 1 — P(0[1) = 1 — e~%91 ~ 0.001.

(b) P(k = 0 meteors next 1000 years) = P(0/1000) = e~ ! ~ 0.37.

(c) It is intuitively clear that

(probability that T > t) = (probability to get k — 1 arrivals in interval [0, ¢]),

Therefore

/toop(Tk)di = P(k —1]t),

O

Exercise 9.2. Customers arrive at a store with the Poisson rate of 5 per hour. 40%/60%

of arrivals are men/women.

a) Compute probability that at least 10 customers have entered between 10 and 11 am.

(
(b

)

) Compute probability that exactly 5 women entered between 10 and 11 am.
(c) Compute the expected inter-arrival time of men.

)

(d) Compute probability that no men arrive between 2 and 4 pm.

9.3 Stochastic Processes that are Continuous in Space-time

The stochastic processes discussed so far were memory-less

In this Section we discuss the stochastic dynamics of continuous variables governed by the
Langevin equation. We discuss how to derive the Fokker-Planck equations which describe
the temporal evolution of the probability of a state. We then go into some additional detail
for the foundational example of stochastic dynamics in free space (no drift) that describe

Brownian motion where the Fokker-Planck equations simplify to the diffusion equation.
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9.3.1 Random Walks on the Integers

For a binomial process Y = (Y1,...Y,,) that takes outcomes +1 with equal probability, the
stochastic process X where X; := Zgzl Y; is called a random walk on the integers. The
PMF of this random walk is a binomial distribution. The PMF converges to a Gaussian
distribution with mean zero and variance /n, which is a direct consequence of the central

limit theorem.

Example 9.3.1. A grasshopper is dropped on a number-line and proceeds to take a random
walk by making either a unit jump to the right with probability 8 or a unit jump to the left
with probability 1 — 8. The starting location of the grasshopper is random, and is Xg =0
with probability 0.7, and Xy = 5 with probability 0.3. Find the probability distribution of
the grasshopper at time t.

Solution. Begin by examining the case where Xg = 0. The possible outcomes after one jump
either X; = —1 (by jumping left) or X; = 41 (by jumping right). The possible outcomes
after two jumps are Xy = —2 (by making two jumps to the left), Xo = 0 (by either jumping
left then right, or right then left), or Xy = +2 (by making two jumps to the right). Define
the function F'(n,k) to be the number of possible combinations of n left and right jumps
ending at X,, = k. Specifically F(n,k) = ((n-&?)/?) if (n+ k)/2 is an integer between 0 and
n, and F'(n, k) = 0 otherwise. Hence, the probability of jumping to k in n steps from k =0
is F(n,k)B*(1 — B)"~*. Repeating for Xy = 5 and applying Bayes theorem gives:

P(X,, = k) = P(X, = k| X = 0)P(Xo = 0) + P(X,, = k| Xo = 5)P(Xp = 5)
— 0.7F(n, k)85 (1 — B)"* + 0.3F (n, k — 5)8F(1 — )" *

Exercise. Modify example 9.3.1 for the random starting location P(Xy = z) = 2~ 1#1/3.

9.3.2 From Random Walks to Brownian Motion

Example 9.3.2. Consider a random walk on the line with n jumps that occur at times
t=A2A, ... ,nA, where At = 1/n. Find the PMF of the random walk if the jumps are
++/A with equal probability, so P(Xj11 = Xj +VA) = P(Xj41 = X; — VA) = 1/2, and
use your result to show the stochastic process has mean zero and unit variance when ¢ = 1.
Solution. P(X, = (n—2k)vVA) = () (1)". The mean and variance are found by recognizing
that X, = VA(2Y — n), where Y ~ B(n,1/2). Therefore, E[X,] = VAQRE[Y] —n) = 0
and Var[X,| = 4AVar[Y] = 1.

Example 9.3.2 could be further extended by using the Central Limit Theorem to show
that the CDF of the random walk converges to the CDF of a standard normal distribution in
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the limit as n — oco. This result informs when and how to approximate a high-dimensional
discrete-time stochastic processes by a continuous-time stochastic process and vice versa.
(Solutions to continuous-time are often easier to analyze and solutions to discrete stochastic
processes are often easier to compute numerically.)

The central limit theorem further implies that the jumps need not be Bernoulli pro-
cesses—every random walk with steps i.i.d. random variables will have the same limit,
provided that the variance of the random variables scales as 1/y/n as n — oo. This limit is

Brownian Motion.

9.3.3 Langevin equation in continuous time and discrete time

Many stochastic processes in 1d can be described in the continuous-time and discrete-time

forms as follows

@ =v(x)+ V2DE(), (€(1t) =0, (E(t1)&(t2)) = d(t1 —ta), (9.16)
Tt — Tn = Av(zp) + V2DA (tn),  (n(t)) =0, (n(ta)n(te)) = Ok, (9.17)

where 7/vV/A — & at A — 0 to guarantee that the limit is well defined. The first term on
the rhs of the Stochastic Differential Equation (SDE) (9.16) determines the (deterministic)
drift and the second term (called the Langevin term) determines the random “noise", which
has mean zero and variance determined by D. The properly normalized noise, i.e.

eta, is considered independent at each time step. These equations, also called the Langevin
equations, describe the evolution of a “particle" positioned at x € R. The two terms on
the rhs of Eq. (9.16) correspond to deterministic drift/advancement of the particle (also
dependent on its position at the previous time step) and, respectively, on a random correc-
tion/increment. The random correction models uncertainty of the environment the particles
moves through. (We can also think of it as representing random kicks by other “invisible"
particles). The uncertainty is represented in a probabilistic way — therefore we will be talking
about the probability distribution function of paths, i.e. trajectories of the particle.

To clarify origin of the v/A term on the rhs of Eq. (9.17), which may seem mysterious,
let us analyze the basic “no (deterministic) drift" example of v(z) = 0. (This will be the
running example through out this lecture.) In this case the Langevin equation describes the
Brownian motion. Direct integration of the linear equation with the inhomogeneous source

results in
t
ViE>0: z(t) = \/QD/ dt'e(t), (9.18)
0

t t t
vVt >0 (23(t)) :/ dtl/ dta2Dd(t — to) :2D/ dt; = 2Dt, (9.19)
0 0 0
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where we also set (0) = 0. Infinitesimal version of Eq. (9.19) is
((@ng1 — x0)%) = 2DA, (9.20)

which can thus be derived from the Brownian (no drift) version of Eq. (9.17).

9.3.4 The Wiener Process: A Rigorous Defintion of Brownian Motion

Note that the notations introduced above for the SDE, in its continuous time form (9.16),
and in the discrete time form (9.17), are originally from physics and custom in (at least
some part of) applied mathematics. The notations are intuitive and simple, however they
are formally ambiguous as dependent on the notion of the J-function, i.e. a generalized
function. This is similar to the ambiguity associated with the §-function use, for example,
as a source term in a linear ODE describing the Green function. Recall that to resolve the
ambiguity associated with the d-function we should either regularize the ¢ function or use
it only under an integral. Therefore in theoretical mathematics, statistics and engineering,
we more often see the SDE (9.16) restated in the differential form

dz(t) = v(x(t))dt + V2DdW (t), (9.21)

where W (t) denotes the so-called “standard Brownian motion", also called the Wiener pro-
cess/term. (In some of the mathematics literature, dB(t), is used instead of dW (t).) For-

mally:

Definition 9.3.3 (Wiener Process). The Wiener process, {W (t)};>0+, is a continuous time

stochastic process in R that is characterized by the following three properties:
1. W(0) =0;
2. W(t) is almost surely continuous (i.e. with probability 1, W (¢) is continuous in t);

3. W (t) has stationary independent increments, that are normally distributed with mean
zero and variance equal to the length of the increment, that is Wy — Wy ~ N (0,t —t')
(for 0 <t/ <t).

The differential form (9.21) of the Langevin equation is advantageous because it naturally
leads to the following integral version of the Langevin equation resolving the aforementioned
ambiguity

t+A t+A t+A

2t +A) — a(t) = / do(t') = / o(x(#))dt + 2D / AW (#), (9.22)

t t
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where the first term on the rhs is the standard (Lebesgue) integral, while the second term
is the so-called Ito integral. According to Egs. (9.18,9.19), and consistently with the formal
definition of the Wienner process above, the heuristic intepretation of the Ito integral is
that when A — 0, the increment, z(t + A) — x(t), becomes Gaussian, zero mean normally
distributed with the variance, 2DA.

9.3.5 From the Langevin Equation to the Path Integral

The Langevin equation, in its continuous (9.16) and discrete (9.17) representations, can also
be viewed as relating the change in z(t), i.e. its dynamic increment, to stochastic dynamics
of the d-correlated source &(t,)/v'A = ¢, characterized by the Probability Density Function
(PDF)

N
p(nlv T 777N) = (QW)_N/Q P <_ Z 772%) . (923)
n=1

Note that Eqs. (9.16,9.17,9.23) are the starting points for our further derivations, but
they should also be viewed as a way to simulate the Langevin equation on computer by
generating many paths at once, i.e. simultaneously. Notice, for completeness, that there are
also other ways to simulate the Langevin equation through the so-called telegraph process.

Let us now formally express n,, via z,, from Eq. (9.17) and substitute it into Eq. (9.23)

p(7717"‘ 777N71) — p(xla'” 7$N)

1 N1 Tt — Tn — Av(z))?
T (rpy ™0 P (‘an ST > (9-24)

One gets an explicit expression for the measure over a path written in the discretized way.
And here is a typical way of how we state it in the continuous form (e.g. as a notational
shortcut)

T

p{2(t)}  exp <—4§) [ari - v(:z:))2> . (9.25)

This object is called (in physics and math) "path integral" and /or Feynmann-Kac integral.

9.3.6 From the Path Integral to the Fokker-Plank (through sequential

Gaussian integrations)

The Probability Density Function (PDF) of a path is a useful general object. However
we may also want to marginalize it thus extracting the marginal PDF, for being at the

position xx at the (temporal) step N, from the joint PDF (of the path) conditioned to
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being at the initial position, z1, at the moment of time tg, p(z1,--- ,zn|z0), and also from

the prior/initial (distribution) po(zo) — both assumed known:

pN(.Q?N) = /dl‘o cee de_lp(wo, s ,iL'N) = /d.%'l e de_lp(.CL‘l, tee ,.%'N‘xo)po(xo).(926>

It is convenient to derive relation between py(-) and po(-) in steps, i.e. through an induc-
tion/recurrence, integrating over dzg, - - - , dry_1 sequentially. Let us proceed analyzing the

case of the Brownian motion where, F' = 0. Then the first step of the induction become

pi(21) = (4nD)~1/2 / daxg exp (- o (@1 - x0)2) po(zo) (9.27)
= (47TD)_1/2/d6 exp (-421) po(z1 +€) (9.28)
~ (4 D)"V/? / de exp (— 4;2 A) (po(ajl) + €Oy, po(z1) + iaﬁlpo(xl)) (9.29)
= po(z1) + ADI?2 po(z1), (9.30)

where transitioning from Eq. (9.28) to Eq. (9.29) one makes Taylor expansion in €, also
assuming that e ~ v/A and keeping only the leading terms in A. The resulting Gaussian in-
tegrations are straightforward. We arrive at the discretized (in time) version of the diffusion

equation
p(z|t) = DOZp(alt), (9.31)

where we write, p(x|t), to emphasize that this is the probability of being at the position z at
the moment of time ¢, i.e. the expression is conditioned to ¢ and thus: V¢ : [ dzp(z|t) = 1. Of
course it is not surprising that the case of the Brownian motion has resulted in the diffusion
equation for the marginal PDF. Restoring the deterministic drift term, v(z), (derivation
is straightforward) one arrives at the Fokker-Planck equation, generalizing the zero-drift

diffusion equation

Oep(zt) + x(v(2)p(xlt)) = DIp(zlt). (9.32)

9.3.7 Analysis of the Kolmogorov-Fokker-Planck Equation: General Fea-

tures and Examples

Here we only give a very brief and incomplete description on the properties of the distribution
which analysis is of a fundamental importance for Statistical Mechanics. See e.g. [20].

The Fokker-Planck equation (9.32) is a linear and deterministic Partial Differential Equa-
tion (PDE). It describes continuous in phase space, x, and time, ¢, evolution/flow of the

probability density distribution.
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Derivation was for a particle moving in 1d, R, but the same ideology and logic extends
to higher dimensions, R¢, d = 1,2,---. There are also extension of this consideration to
compact continuous spaces. Thus one can analyze dynamics on a circle, sphere or torus.

Analogs of the Fokker-Planck can be derived and analyzed for more complicated proba-
bilities than just the marginal probability of the state (path integral marginalized to given
time). An example here is of the so-called first-passage, or “first-hitting" problem.

The temporal evolution is driven by two terms, often called “diffusion" and “advecton".
The terminology originates from fluid mechanics and describes how probabilities can “How"
in the phase space. The diffusion originates from the stochastic source, while the advection
is associated with a deterministic (possibly nonlinear) force.

Linearity of the Fokker-Planck does not imply that it is simpler than the original non-
linear problem. Deriving the Fokker-Planck we made a transition from nonlinear, stochastic
but ODE to linear PDE. This type of transition from nonlinear representation of many
trajectories to linear probabilistic representation is typical in math /statistics/physics. The
linear Fokker-Planck equation can be viewed as the continuous-time, continuous-space ver-
sion of the discrete-time/discrete space Master equation describing evolution of a (finite
dimensional) probability vector in the case of a Markov Chain.

The Fokker-Planck Eq. (9.32) can be represented in the ‘flux’ form:

Ap(xlt) + 8T (L) = 0 (9.33)

where J(t; x) is the flux of probability through the space-state point  at the moment of time
t. The fact that the second (flux) term in Eq. (9.33) has a gradient form, corresponds to the
global conservation of probability. Indeed, integrating Eq. (9.33) over the whole continuous
domain of achievable z, and assuming that if the domain is bounded there is no injection (or
dissipation) of probability on the boundary, one finds that the integral of the second term is
zero (according to the standard Gauss theorem of calculus) and thus, & [ dzp(z|t) = 0. In
the steady state, when 9;p(z|t) = 0 for all z (and not only in the result of integration over
the entire domain) the flux is constant - does not depend on x. The case of zero-flux is the
special case of the so-called ‘equilibrium’ statistical mechanics. (See some further comments
below on the latter.)

If the initial probability distribution, p(x|0) is known, (z|t) for any consecutive ¢ is well
defined, in the sense that the Fokker-Planck is the Cauchy (initial value) problem with
unique solution.

Remarks about simulations. One can solve PDE but can also analyze stochastic ODE
approaching the problem in two complementary ways - correspondent to Eulerian and La-

grangian analysis in Fluid Mechanics describing “incompressible" flows in the probability
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space.
Main and simplest (already mentioned) example of the Langevin dynamic is the Brow-
nian motion, i.e. the case of zero drift, v = 0. Another example, principal for the so-called
‘equilibrium statistical physics’, is where the velocity (of the deterministic drift) is a spatial
gradient of a potential, U(z): v(z) = —0,U(z). Think, for example about x representing a
over-damped particle connected to the origin by a spring. U(z) is the potential /energy stored
within the spring. In this case of the gradient drift the stationary (i.e. time-independent)

solution of the Fokker-Planck Eq. (9.32) can be found explicitly,
p(z|t) e~ pst(2) = Z L exp <_Ul()33)> . (9.34)

This solution is called Gibbs distribution, or equilibrium distribution.

9.3.8 Examples and Exercises

Example 9.3.4. Consider the motion of a Brownian particle in the parabolic potential,
U(z) = yx?/2. (The situation is typical for the particle, which is located near minimum or

maximum of a potential.) The Langevin equation (9.16) in this case becomes

W e = VADE(®D), (6(0) = 0. ((tE(t) = 6t — 1) 9.35)

Write a formal solution of Eq. (9.35) for x(t) as a functional of £(¢). Compute (x2(t))
as a function of ¢ and interpret the results. Write the Kolmogorov-Fokker-Planck (KFP)
equation for p(x|t), and solve it for the initial condition, p(z|0) = 6(z).

Solution. Multiply Eq. (9.35) by the integrating factor 7 to get

9 (s()er) = vaDe(e™,

which has the formal solution
t
2(t)e" = 2(0) + V2D / () e dr.
0
The formal solution simplifies to

z(t) = 2(0)e™ " + V2D / t g(t)e 7 ay
0

We wish to find the mean and the variance of z(t). The first two moments, (xz(¢)) and

(x2(t)), become
(z(t)) = <x(0)wt +v2D / tf(t’) e~ =) dt’>
= (2(0))e” MF/ ) e 1) gy

= 2(0)e
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where we have used that ((£{(¢)) =0,
t t
(22(t)) = <<x(0)e—7t ++2D / gty e 7t dt’) (x(O)e—Wt ++2D / gty et dt”>>
0
< (O) —2vt —|—2D/ / t// 'y(tft’) ef'y(tft”) dt' dt”
(0)2 2’yt+2D62’yt/ / 5 t/+t//)dt dt//
= z(0)%e ! + {Y) (1- 6_2'”) .

The interpretation of the solution is as follows: (i) The contribution to {(z?(¢)) from the
initial condition decays at a rate of 2+t. (ii) At the smallest times, t < 1/, we expand the
term (1 —e~27) as a first order Taylor polynomial to find the usual diffusion (2%(¢)) ~ 2Dt,
since the particle does not feel the potential. (iii) At larger time scale t > 1/~ the dispersion
saturates, (22(t)) ~ D /7).

The Kolmogorov-Fokker-Planck equation, dyp(z|t) = (y0,x + Dd?)p(z|t), should be
supplemented by the initial condition p(x|t) = §(z). Then, the solution (the Green function)

1 z?
p(zlt) = m exp <_2<332(t)>) . (9.36)

The meaning of the expression is clear: the probability function p(z|t) is Normal/Gaussian

is

with the variance which is time-dependent. O

Example 9.3.5. Prove that the moments (x2*(t)) for the Brownian motion in R obey the

following recurrent equation
By (z%) = 2k(2k — 1) D (z>*+= D). (9.37)

Solve this equation for a particle starting from =0 at ¢t = 0.

Solution. Recall the definition of the £ moment or a random variable and recall Eq.(9.31).

+o00

400 +oo
z%k) 0/ Fp(x|t) dt = / 2%k 9yp(x|t) dt:/ 228 DOup(z|t) dt

—00

—0o0
+o0 4o
= D/ Ouaa™ p(at) dt = D/ O(2k — 122 2p(alt) dt = 2k(2k — 1)D (26D,

Example 9.3.6 (Brownian motion in parabolic potential). The conditional probability
distribution for a Brownian particle in a parabolic potential, U(x) = az?/ is described by

the advection-diffusion equation

D2p + ady(xp) = Osp. (9.38)
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Write down stochastic ODE for the underlying stochastic process, x(t), and, given the initial

condition for, p(x|t) = d(x), compute respective statistical moments (z*(t)).

Solution. We propose that the corresponding Langevin equation is
T = —ax + V2DE(t),

and verify our proposal by going through derivations similar to these shown in Example
9.3.4.

Let ux(t) be the k™ moment of the random process, so pux(t) := ((x(t)) = [ z*n(z,t) dx.
A differential equation for py(t) can be derived from the KFP equation:

O (i (1)) = &y /_O; * p(alt) dz
_ /_: % 00, (ap(alt)) + o* Bun (p(a]t)) do
— g /Z ax® p(aft) dz + k(k — 1) /Z 252 p(alt) da
— —akuy(t) + k(k — )pps(t). (9.39)

where the boundary terms from integration by parts vanish at 0o because n and its deriva-
tives are smaller than any polynomial as z — 4-o0.

In the case where p(z|0) = §(z), then uo(t) = 1 and p;(t) = 0. Applying the recursive
relationship, we get pori1(t) = 0 for all odd-order moments. For even order moments, the
solutions are subjected to solving Eq. (9.39). For example, the second moment can be found

by solving the differential equation
Dupia(t) = —2ap12(t) + 2,
hence po(t) = 1(1 — e720%).

Example 9.3.7. Consider the following expectation over the Langevin term, £(t),

U(t;z) = ( exp /dTQ(JJ(T)) (9.40)
z(t)=z, =(0)=0

0
- ‘ Uy () = /dﬁo edanap (52N 1, |30) 8 (20) eAQEN-1)H Q)

(9.41)

:/ dry  deyoy o @—ano) 4 A ) a@uo-r@)
V2rDA  V4rDA 4DA ’

N—oo
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where z(t) is the Brownian motion, thus satisfying, (t) = £(t), with x(¢) set to zero initially,
x(0) = 0; Q(x(t)) is a given function of x, which is finite everywhere in R; and Eq. (9.40)
and Eq. (9.41) show, respectively, continuous time and discrete time versions of the same

expectation of interest.

e (a) Derive partial differential equation governing "evolution" of W(¢;z) in ¢ and x.

t

e (b) Suggest a scheme allowing to compute the first and second moments of [ drQ(z (7)),
0

t ¢ 2
pU(t) == </d¢Q(m(r))> , () = < /dTQ(ﬂﬁ(T)) > , (942)

0 z(0)=0 0 z(0)=0
explicitly, i.e. bypassing solving the PDE (derived in (a)), which does not allow explicit

solutions for a general Q(z(t)).
Solution. (a) First of all notice that U(0;z) = §(x). Further, observe that when Q(x) = 0,
the resulting PDE becomes the diffusion Eq. (9.32) with p(¢;x) substituted by ¥(t;z),
respectively. We can rewrite Eq. (9.41) as a recurrence

dzk—1 (_ (x — zp-1)°

Vk:].,"'7N: \Ijk(flf): \/ﬁexp 1DA

+AQ(xp—1) | Yi—1(Tr—1),

(9.43)
where Wo(xz) = §(z). Changing the integration variable, z;_1 — € = xx_1 — x, keeping the
Gaussian expression in the integrand intact and expanding all other terms in the Taylor series
in €, then evaluating the resulting Gaussian integrals, we arrive at the following differential

version of the recurrence:
Vk=1,---,N: Uy(z) = (1+AQ(z) + ADI2 + O(A?)) ¥y_y(z).
The continuous time version of the Eq. (9.43), and therefore the desirable Cauchy (initial
value) problem stated as a PDE supplemented with the initial condition, becomes:
OV (t;x) = Q(x)¥(t; ) + DI2V(t;2), W(0;2) = 6(x). (9.44)

(b) Let us substitute Q(z) in the expressions above, e.g. in the PDE (9.44), by 0 * Q(x),
expand the PDE (9.44) in the Taylor series in ¢ and write down relations for the zero, first
and second terms in §. We derive the following set of diffusion equations (first homogeneous
and two other inhomogeneous)

00 (t;2) = DO (t; ), ¥ O(0;2) = 6(x), (9.45)
o (t:2) = Q) (1 2) + DO (1), v (0:2) = 0, (9-46)
o) (t:2) = Qa)yV (t: 2) + DI (1), v (0:2) = 0, (9-47)
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where
n

t
n=0,1,---: ¢(”)(t;:p) = < /dTQ(CL’(T) >
0 z(t)=z, z(0)=0
Egs. (9.45,9.46,9.47) can be resolved explicitly

1 z?
PO (t;2) = N xp< 4Dt)
¢(2)(t;9€):/0 /_Oodde\/m exp <_4(1:;(;E)j)> ¢(1)(TS )

Finally, observe that

k=0,---: gb(k /da:z[)(kt:n
O

Exercise 9.3 (Self-propelled particle). The term “self-propelled particle" refers to an object
capable to move actively by gaining energy from the environment. Examples of such objects
range from the Brownian motors and motile cells to macroscopic animals and mobile robots.
In the simplest two-dimensional model, the self-propelled particle moves in the xy-plane
with fixed speed vg. The Cartesian components of the particle velocity, &(t) and y(t), in the
polar coordinates are

& = v Cos , Y = vp sin ¢,

where the polar angle ¢ defines the direction of motion. Assume that ¢ evolves according

to the stochastic equation
d
i: — V2D, (9.48)

where £(t) is the Gaussian white noise with zero mean and the following pair correlation
function, (£(¢1)&(t2)) = d(t1 —t2). The initial condition are chosen to be ¢(0) = 0, z(0) =0
and y(0) = 0.

(a) Calculate (x(t)), (y(t)).
(b) Calculate (r2(t)) = (x2(t)) + (y2(t)).

Hint: Derive equation for probability density of observing ¢ at the moment of time ¢, solve
the equation and use the result. You may also consider using first and second derivatives of

the object of interest over ¢, as well as evaluations fro the Example 9.3.7.
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9.4 Markov Process (discrete space, discrete time)

It may be tempting when studying stochastic processes to assume that the random events
are independent and identically distributed (i.i.d). However, complex systems in the real
world often “jump" from one random state to another in such a way that previous states
influence future states. In general, the memory may last for more than one jump, but there
is also a large family of interesting random processes which do not have long memory and
the jumps are only directly influenced by the current state, and not by any previous states.
More precisely, the Markovian simplification is P(Xpy1|Xe, Xe—1, Xi—2,...) = P(X¢41]|Xt).
These random processes are called Markov Processes (MPs) or, equivalently, Markov Chains
(MCs).

9.4.1 Transition Probabilities

The Markovian simplification allows us to think of a Markov chain as a random walk on a
directed graph. The vertices of the graph correspond to the various states and the edges
correspond to transitions between the states and are associated with the probability of
transitioning between the corresponding states®.

The graphical representation of a MC is as follows: introduce a directed graph, G =
(V, E), where the set of vertices, V = {i}, is associated with the set of states, and the set of
directed edges, £ = {j < i}, which correspond to possible transitions between the states.
Note that we may also have “self-loops", {i < i}, included in the set of edges. To complete
the description we need to associate to each vertex the probability P(X; = j|Xy—1 = i) of
transitioning from the state ¢ to the state j, which we write as p;j.; or pj;. Since pj; is a
probability, it must statisfy

Vij—i)e&: pji>0 (9.49)

and

Vi : Z pji = 1. (9.50)

The combination of G and p := (pj;|(j < i) € £) defines a MC. Mathematically we also say
that the tuple (finite ordered set of elements), (V, &, p), defines the Markov chain.

We will mainly consider stationary Markov chains, where p;; does not change in time.
However, for many of the following statements/considerations generalization to the time-

dependent processes is straightforward.

®A useful interactive playground can be found here http://setosa.io/ev/markov-chains/


http://setosa.io/ev/markov-chains/
http://setosa.io/ev/markov-chains/
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0.3

0.7 0.5

0.5

Figure 9.3: An example of a two-state Markov chain.

9.4.2 Sample Trajectories and Analysis by Simulation

One way to analyze a Markov chain is by generating sample trajectories. How does one
relate the weighted, directed graph to samples? The relation, actually, has two sides. The
direct side is about generating samples, which is done by first initializing the trajectory at
a particular state, and then advancing the trajectory from the current state to a randomly
selected adjacent state according to the transition probability p;;. The inverse side is about
verifying whether given samples where indeed generated according to the rather restrictive

MC rules, and even reconstructing the characteristics of the underlying Markov chain.

Example 9.4.1. Describe how a sample trajectory may be generated for the Markov chain

illustrated in Fig. 9.3. Assume the system begins in state A at time 0.

Solution. Since the system is in state A at time 0 set Xg = A. At time 1, the system may
either remain in state A with probability 0.7 or transition to state B with probability 0.3.
Formally we write, P(X; = A|Xo = A) = 0.7 and P(X; = B|Xo = B) = 0.3. One can
generate a sample trajectory by first drawing a random number on the interval [0,1) and
then setting X; = A if the random number lies on [0,0.7) and setting X; = B if it lies on
[0.7,1). By the Markov property, the state of the system at time 2 depends only on the
state at time 1, so one can then generate a second random number on [0,1) and define X»
accordingly. Samples of the trajectory (z:);2, can be generated efficiently in this manner
and may look something like AABABBAA....

The Markov chain defines a random (stochastic) dynamic process. Although time may
flow continuously, Markov chains consider time to be discrete (which is sometimes a matter
of convenient abstraction and sometimes, actually quite often, events do happen discretely).
One uses t = 0,1,2,--- for the times when jumps occur. Then a particular random trajec-

tory /path/sample of the system will look like

’il(O),ig(l),--- ,ik(tk), where i1, ,ip €V
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We can also generate many samples (many trajectories)
n=1,,N: i0),i),- i), where iy, i, €V

where IV is the number of trajectories.

It can be interesting to ask about various statistics of a trajectory, for example, (i)
the proportion of time spent in a particular state, or (ii) the probability that the system
takes longer than k steps to return to a particular state once leaving it. Although it may
be tempting to assume that the statistics measured from a particular trajectory will be
representative of those that would be measured from any other trajectory, this is not true
for all Markov chains. In the following section, we will demonstrate the necessary property,
which will be called ergodicity, that guarantees whether individual trajectories are actually

representative of the Markov chain.

Basic Properties of Markov Chains

Definition 9.4.2 (Irreducible). A Markov chain is said to be irreducible if one can access

any state from any state, formally
Vi,jeV: dn>1, st P(X,=jXo=1) >0. (9.51)

The Markov chain in Fig. (9.3) is obviously irreducible. However, if we replace 0.3 — 0

and 0.7 — 1 it becomes reducible because state 1 would no longer be accessible from 2.

Definition 9.4.3 (Aperiodicity). We say that state ¢ has period k if every return to the

state must occur at times that are multiples of k. Formally the period of state is k where
k = greatest common divisor {n > 0: P(X,, =i|Xo =1) > 0},

provided that the set is not empty (otherwise the period is not defined). If £ = 1 than the
state is said to be aperiodic. If all the states of a Markov Chain are aperiodic, then we say

that the Markov chain is aperiodic.

An irreducible MC only needs one aperiodic state to imply all states are aperiodic. Any
irreducable MC with at least one self-loop is aperiodic. The Markov chain in Fig. (9.3) is
obviously aperiodic. However, it becomes periodic with period two if the two self-loops are

removed.

Example 9.4.4. Consider the Markov chain shown in Fig. 9.4. Is this Markov chain re-

ducible or irreducble? Periodic or aperiodic?
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1.0

1.0 1.0

Figure 9.4: An example of a three-state periodic Markov chain.

1.0

0.1

Figure 9.5: An example of a three-state reducible Markov chain.

Solution. The Markov chain shown in Fig. (9.4) is irreducible and periodic. The Markov
chain is irreducible because each state is accessible from each other state. The Markov chain
is periodic because if we start in state C', we can return to it only after 3,6,9, ... steps (the
system will never forget its initial state). We say that state “C" has period 3. We say that
a Markov chain is aperiodic if and only if each state has period 1. One can make the this

Markov chain aperiodic by adding a self-loop to any of the three state. O

Example 9.4.5. Consider the Markov chain shown in Fig. 9.5. Is this Markov chain re-

ducible or irreducble? Periodic or aperiodic?

Solution. The Markov chain shown in Fig. (9.5) is reducible and periodic. The Markov chain
is reducible because states “A" and “B" cannot be accessed from state “C". Notice that once
the system enters state “C", it will remain there forever. It cannot escape from state “C".

This Markov chain is periodic because state “A" has period 2. O

It is often of interest whether the system is guaranteed to return to a given state upon

leaving it, and if so, how many steps we should expect this to take. Define the time of the
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1/2 1/2 1/2 1/2
1/2 (XX XX

1/2 1/2 1/2

Figure 9.6: An example of a Markov chain with countably many (thus infinite number of)
states. In this example, P(A4,11 < A,) =1/2 and P(A; < A,,) = 1/2. This Markov chain

is positive recurrent. See Example 9.4.8.
1 1/2 2/3 1-1/i
SONCHONETO
1/2 13 1/i

Figure 9.7: An example of a Markov chain with countably many states. In this example,
P(Ap+1 < Ap) =1—1/n and P(A; < A,) = 1/n. This Markov chain is recurrent, but

not positive recurrent. See Example 9.4.9.

first return to a state by
7 = inf{n: X,, = Xo}. (9.52)

n>1

The expected time of return to a particular state is
o0
E[ri|Xo] = > nP(r =n). (9.53)
n=1

Example 9.4.6. Consider the Markov chain illustrated in Fig. 9.3. Compute the probability
that the first return to state A is in exactly n steps. (b) Compute the expected return time

to state A.

Solution.
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(a) Observe that if the first return to state A is in exactly 1 step, then the state must have
transitioned from A back to A (a self-loop). If the first return to state A is in exactly n
steps (where n > 2), then the state must have transitioned from A to B on step 1, and then

remained at B n — 2 times, and then returned from B to A on step n.

P(ri=n|Xg=A) =
0.7, ifn=1,
0.3-(0.5)""2-.0.5, otherwise.

(b) The expected return time to state A is

E[Tl‘X[):A]:1-P(T1:1)+2~P(T1:2)+3‘P(7’1:3)+"'
= 1(0.7) +2(0.3)(0.5) + 3 (0.3)(0.5)(0.5) + --- = 1.6

O

Example 9.4.7. Consider the Markov chain illustrated in Fig. 9.4. Compute the probability
that the first return to the state A occurs in exactly n steps. (b) Compute the expected

return time to the state A.
Solution.

(a) Observe that when the state transitions out of A it is guaranteed to transition to B, and
from there to C, and from there back to A.

1, ifn=23,
P(ri=n|Xo=A4) =

0, otherwise.
(b) The expected return time to state A is

E[Tl‘XOZA]:lP(T1:1)+2P(T1:2)+3P(T1:3)+
—1(0)+2(0)+3(1) +4(0)--- = 3.

O

Example 9.4.8. Consider the Markov chain illustrated in Fig. 9.6. Compute the probability
that the first return to state A; is in exactly n steps. (b) Compute the expected return time
to state Aj.

Solution.
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(a) Notice that if the first return time is n, then the state must have transitioned from A;

to Ay to Az and so on up to A,_1, and then returned to A; in the n'™ step.

11 1 1

(b) The expected return time to state A is
E[TllX():Al] :1-P<7‘1 :1)+2-P(7’1 :2)+3P(7’1 :3)+
=1(1/2)+2(1/4)+3(1/8)+4(1/16)--- = 2.
0

Example 9.4.9. Consider the Markov chain illustrated in Fig. 9.7. Compute the probability
that the first return to state A; is in exactly n steps. (b) Compute the expected return time
to the state Aj.

Solution.

(a) Notice that if the first return time is n, then the state must have transitioned from A;

to Ay to Az and so on up to A,_1, and then returned to A; in the n'™® step.

(b) The expected return time to state A is

E[T1’X0:A1] :1'P(T1 :1)+2-P(7’1:2)—|—3'P(T1 :3)+
—1(0) 4+ 2(1)(1/2) + 3 (1/2)(1/3) + 4 (1/3)(1/4) - - - = o0,

O

Definition 9.4.10 (Transient, Recurrent, Positive Recurrent). A state 7 is said to be tran-
sient if, given that we start in state ¢, there is a non-zero probability that we never return
to 4. A state i is said to be recurrent if the probability that we never return to ¢ is zero
(even if the expected return time is infinite). A state i is said to be positive-recurrent if the

expected return time is finite.

The distinction between recurrent and positive recurrent becomes important when ana-

lyzing Markov chains on countable state spaces.

Exercise 9.4. Give an example of a Markov chain with an infinite number of states, which is
irreducible and aperiodic (prove it), but which does not converge to a stationary probability

distribution.
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Figure 9.8: Sampling on a Hypercube

Definition 9.4.11 (Ergodic). A state is said to be ergodic if the state is aperiodic and
positive-recurrent. A Markov chain is said to be ergodic if it is irreducible and if every state

is ergodic.

Ergodicity can be restated as follows: A MC is ergodic if it is aperiodic and if there is
a finite number k, such that any state can be reached from any other state in exactly ki
steps. (For the example of Eq. (9.58) k. = 2.)

There are other (alternative) descriptions of ergodicity. A particularly intuitive one is:
the MC is ergodic if it is aperiodic and irreducible. (Notice that ergodicity still holds
if we replace positive-recurrence by irreducibility, but the combination of irreducibility and
positive-recurrence without aperiodicity does not guarantee ergodicity.) In this course we
will not go into related mathematical formalities and details, largely considering generic, i.e.
ergodic, MC.

Ergodicity and Sampling

Markov chains are often used to generate samples of a desired distribution. One can imagine
a particle that travels over a graph according to the weights of the edges. If the Markov
chain is ergodic, then after some time the probability distribution of the particle becomes
stationary (one say that the chain is mixed) and then the trajectory of the particle will
represent the sample of a distribution. Important information about the distribution, such
as its moments or the expectation values of functions, is provided by analyzing the trajectory
of a particle.

Imagine that you need to generate a random string of n bits. There are 2™ possible

configurations. You can organize these configurations on a hypercube graph with 2" vertices
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where each vertex has n neighbors, corresponding to the strings that differ from it by a
single bit as in Fig. 9.8. Our Markov chain will walk along these edges and flip one bit at
a time. The trajectory after a long time will correspond to the series of random strings.
The important question is how long should we wait before our Markov chain becomes mixed
(loses a memory about initial condition)? To answer this question we should look at the

MC from a more mathematical point of view.

9.4.3 Evolution of the Probability State Vector

We began the section by defining a Markov chain in terms of the weighted, directed graph
(V,&,p) and attempting to analyze by generating sample trajectories. A rigorous analysis
involves the probability state vector, or simply the state vector, which is the vector where the
ith component represents the probability that the system is in the state i at the moment of
time t:

7T(t) = (Wi(t))iev where Wi(t) = P(Xt = 2) (9.54)

Thus, 7 > 0 and ) ;.\, m = 1.

The probability state vector evolves according to

VieV, Vt=0,--: mt+1l)= > pim(t) (9.55)
ji(ij)eE

We can also rewrite Eq. (9.55) in the vector/matrix form
w(t+1) = pn(t), (9.56)

where p := {pj;}, called the transition probability matriz, is the matrix whose (,j) compo-
nent is the probability of transitioning from state j to state ¢ and is therefore matrix. It is

a stochastic matrix (defined below).

Definition 9.4.12. A matrix is called stochastic if all of its components are nonnegative

and each column sums to 1.

To analyze the Markov chain acting after k sequential step, we consider repeated appli-

cation of Eq. (9.56) which results in
m(t+ k) = pFn(t), (9.57)
We therefore are interested in analyzing the properties of the matrix p*,.

Example 9.4.13. Find the stochastic matrix associated with Fig. 9.37 Is the corresponding

Markov chain reducible?
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Solution. For Fig. (9.3), the stochastic matrix is:

(0.7 05
b 0.3 0.5
To determine whether the Markov chain is irreducible, we estimate p* for large k:

0.64 0.6 0.625 0.625
p? = , plaptlx . (9.58)
0.36 0.4 0.375 0.375

A Markov chain is irredcuible if each state is accessible from every other state. If 7(k) is
the vector of probabilities for each state at time k, given initial probabilities 7(0), then we
observe that for the initial conditions corresponding to each of the two states, w(0) = (J),
and 7(0) = ({), we find that every entry of (k) = p*r(0) is non-zero. Therefore every state

has non-zero probability at time k£ and we conclude that the Markov chain is irreducible. [

Example 9.4.14. Find the stochastic matrix associated with Fig. 9.57 Is the corresponding

Markov chain reducible?

Solution. For Fig. (9.5), the stochastic matrix is:

0.8 0.9 0.0
p=102 0.0 0.0
0.0 0.1 1.0
Subsequent powers of p are:
0.82 0.72 0.00 0.71 0.65 0.00
p*=10.16 0.18 0.00|, and p'~ [0.14 0.133 0.00
0.02 0.10 1.00 0.14 0.21 1.00

Repeated matrix multiplication shows that the the first two entries of the third column are
zero for all k. This means that states “A" and “B" are inaccessible from state “C". Therefore
the Markov chain is reducible. O

Steady State Analysis

Definition 9.4.15 (Stationary Distribution). The probability state vector (if it exists) that
satisfies
= pr* (9.59)

is called the stationary distribution or invariant measure. (Recall, to be a state vector, each

component must be positive, and the components must sum to unity).
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Theorem 9.4.16 (Existence of a Stationary Distribution). A Markov chain has a stationary
distribution iff it is ergodic. (Equivalently, a MC has a stationary distribution iff it is

aperiodic and all of its states are positive recurrent.

Solving Eq. (9.59) for the example of Eq. (9.58) one finds

0.625
T = , (9.60)
0.375

which is naturally consistent with Eq. (9.58).
In general, the stochastic matrix for an ergodic Markov chain has one eigenvalue satisfy-
ing A* = 1. The stationary distribution 7* is the ¢! normalized eigenvector associated with

the unit eigenvalue

e
Ziei’

And how about other eigenvalues of the transition matrix?

7_‘_*

(9.61)

An important practical consequence of the ergodicity is that the steady state is unique
and it is universal. Universality means that the steady state does not depend on the initial
condition. It may now be timely to ask: why do we care about uniqueness of the steady state,
invariance with respect to the initial condition and ergodicity? The most straightforward
answer is because it allows us to design powerful techniques to explore complicated phase
space. Markov Chain Monte Carlo (MCMC), which will be discussed in chapter 10, is one
such technique. At the moment, it is important to appreciate that understanding different
properties of MC (and latter MCMC algorithms) allows us to use Markov chains to solve
complicated inference and (machine) learning problems in Data Science and related disiplines
efficiently. When we turn from analysis of a particular MC to the design of a desirable MC we
will be stating the “desires" in terms of uniqueness, invariance and ergodicity. Ergodicity will
ensure convergence to a unique desirable probability distribution. Moreover, MCMC allows
us to generate samples which are drawn independently from ANY probability distribution.
Generating independent samples is generally difficult, but Markov chains helps us to solve the
problem bypassing independence and creating much easier to generate dependent samples.
We will eventually make the samples independent if we repeat MC many times and show

that the sample/state we have started with is forgotten after sufficiently many steps.
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Spectrum of the Transition Matrix & Speed of Convergence to the Stationary

Distribution

Assume that p is diagonalizable (has n = |p| linearly independent eigenvectors) then we can

decompose p according to the following eigen-decomposition
p=UXU", (9.62)

where ¥ = diag(A1, -+, An), 1 = A1 > |A2| > |-+ |\y] and U is the matrix of eigenvectors
(each normalized to having an [y norm equal to 1) where each row is a right eigenvector of
p. Then, the evolution of an initial stochastic vector, m(0), in the discrete time ¢t = 1,--- ,

is given by
7(t) = p'w(0) = (USUHin(0) = US'U7(0). (9.63)

Let us represent the initial 7(0) as an expansion over the normalized eigenvectors, u;,---i =

1,---,n, of p:
n
7(0) =) asu. (9.64)
i=1

Taking into account orthonormality of the eigenvectors one derives

A\ A’
m(t) =M |aur+ax | =) uat+-tan () un |- (9.65)
)\1 )\1

Since limy_, oo 7(t) = 7 = uy, we get that a; = 1 and the second term on the rhs of Eq. (9.65)
describes the rate of convergence of 7(t) to the steady state at t — oo. The convergence is

exponential in ¢ with the rate, log(A1/A2).

Example 9.4.17. Find eigenvalues for the MC shown in Fig. (9.9) with the transition

matrix
0 5/6 1/3
p=15/6 0 1/3]. (9.66)
1/6 1/6 1/3

What does define the speed of the MC convergence to a steady state?

Solution. Let us start by noticing that p is stochastic. If the initial probability distribution
is (0), then the distribution after ¢ steps is

7(t) = p'm(0). (9.67)
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5/6
5/6

1/6 1/3
1/3 1/6

1/3
Figure 9.9: Illustration of the Detailed Balance (DB)

As t increases, 7(t) approaches a stationary distribution 7* (since the Markov chain is

ergodic - this property is easy to check for the MC), such that
pr*t =w*. (9.68)

Thus, 7* is an eigenvector of p with eigenvalue 1 with all components positive and normal-
ized. The matrix (9.66) has three eigenvalues \; = 1, A2 = 1/6, A3 = —5/6 and correspond-

ing eigenvectors are

2 2 1\7* 1 1 \7" .
x_ (222 | =(-1.1 . 9.69
Tr <57575> 7u2 < 27 27 ) 7u3 ( b 70) ( )

Suppose that we start in the state "A", i.e. 7(0) = (1,0,0)T. We can write the initial state

as a linear combination of the eigenvectors
T0)=7n"———— (9.70)
and then
7(t) = p'n(0) = 7 — Pug — “Bus. (9.71)

Since |A2| < 1 and |A3] < 1, then in the limit ¢ — oo we obtain 7(t) = 7*. The speed
of convergence is defined by the eigenvalue (A2 or Az), which has the greatest absolute

value. O

Note, that the considered situation generalizes to the following powerful statement (see
[16] for details):
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Theorem 9.4.18 (Perron-Frobenius Theorem). Ergodic Markov chain with transition ma-
trix p has a unique eigenvector 7* with eigenvalue 1, and all its other eigenvectors have

eigenvalues with absolute value less than 1.

Some Additional Properties of Markov Chains

Definition 9.4.19 (Reversible). MC is called reversible if there exists 7 s.t.
Wi, jt € € pjm = pymj, (9.72)

where {7,j} is our notation for the undirected edge, assuming that both directed edges

(i < j) and (j < 7) are elements of the set £.

In physics this property is also called Detailed Balance (DB). If one introduces the so-

called ergodicity matrix
Q= (Qji = pjimi|(j 1) € £), (9.73)

then DB translates into the statement that @ is symmetric, @ = Q7. The MC for which
the property does not hold is called irreversible. @ — QT is nonzero, i.e. Q is asymmetric
for reversible MC. An asymmetric component of @) is the matrix built from currents/flows

(of probability). Thus for the case shown in Fig. (9.3)

o 0.7%0.625 0.5%0.375 \ [ 0.4375 0.1875 074)
1 0350625 05%0.375 )\ 0.1875 0.1875 '

Q is symmetric, i.e. even though pio # po1, there is still no flow of probability from 1 to 2
as the “population" of the two states, 77 and 73 respectively are different, Q12 — Q21 = 0.
In fact, one observes that in the two node situation the steady state of the MC is always in
DB.

Note that if a steady distribution, 7*, satisfies the DB condition (9.72) for a MC, (V, &, p),
it will also be a steady state of another MC, (V, £, p), satisfying the more general Balance

(or global balance) B-condition

J:(ji)e€ ji(i<—j)e€
This suggests that many different MC (many different dynamics) may result in the same
steady state. Obviously DB is a particular case of the B-condition (9.75).
The difference between DB- and B- can be nicely interpreted in terms of flows (think wa-

ter) in the state space. From the hydrodynamic point of view reversible MCMC corresponds
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to irrotational probability flows, while irreversibility relates to nonzero rotational part, e.g.
correspondent to vortices contained in the flow. Putting it formally, in the irreversible case
skew-symmetric part of the ergodic flow matrix, @ = (pi7|(i < j)), is nonzero and it

actually allows the following cycle decomposition,
Qi — Qji =Y Ja (C5—CF), (9.76)
[0

where index « enumerates cycles on the graph of states with the adjacency matrices C'*.
Then, J,, stands for the magnitude of the probability flux flowing over the cycle a.

One can use the cycle decomposition to modify MC such that the steady distribution stay
the same (invariant). Of course, cycles should be added with care, e.g. to make sure that
all the transition probabilities in the resulting p, are positive (stochasticity of the matrix
will be guaranteed by construction). The procedure of “adding cycles" along with some
additional tricks (e.g. the so-called lifting/replication) may help to improve mixing, i.e.
speed up convergence to the steady state — which is a very desirable property for sampling

m* efficiently.

Example 9.4.20. Given a stationary solution, 7* = (n}, 75, 73), construct a three-state
Markov chain, i.e. present a (3 x 3) transition matrix, p, (a) of a general position (satisfies
global balance), (b) satisfies detailed balance. Are the constructions unique? Find the
spectrum of the transition matrix in the case (b) and verify that the Perron-Frobenius
theorem 9.4.18 holds. In the case (b) formulate and solve example of the fastest mixing
MC. Can one generalize solution and find the fastest mixing MC of size n, given 7* =
(7}, -+ ,m:)? Return back to the three state MC and impose the constraint that all the
diagonal elements of the transition probability (correspondent to self-loops on the fully
connected three state graph) are zero, p(1,1) = p(2,2) = p(3,3) = 0. Is the MC unique in

this case? Is it ergodic?

Example 9.4.21. Let ¥ = {xg,z1, -+ ,xx_-1} be K equidistant points on the circle, i.e.,
z, = 2R/ K Tet o, € (0,1) be constants that satisfy a + 8+ v = 1, and consider the
random walk (X;) defined by

P(Xiy1 = zpq1| Xy = 75) = a, (9.77a)
P(Xiy1 = 21| Xy = 7)) = B, (9.77b)
P(Xip1 =mp | Xe=121) =7. (9.77¢)

Let 7 be the unique stationary distribution.

(a) For what values of «, 3, and « (and K) is the Markov chain ergodic?
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(b)
()
(d)

What is the stationary distribution? (intuitive arguments preferred.)
For what values of v and § does the Markov chain satisfy detailed balance?

Let p denote the transition matrix. Find exact expressions for the eigenvalues of p.
Hint: the linear transformation represented by p is a convolution operator, i.e., there
is a g such that (pv)r = (g *x V) = Y_p9(xr—r)v(ze) for all k-vectors v (identifying
k wectors with functions on %), and thus can be diagonalized by the discrete Fourier

transform.

The spectral gap of p is 1 — |N|, where X\ is the second largest (in absolute value)
eigenvalue of p. The size of the spectral gap determines how fast an ergodic chain
converges to its stationary distribution: the larger the gap, the faster the convergence.
Suppose 7 = 0.98 and a = . Use the result of the previous part to find the spectral
gap of p to leading order in 1/K as K — oo.

Are there initial distributions that converge to the stationary distribution at a rate
faster than the second largest eigenvalue? If so, give an example. If not, explain why

not.

Solution.

(a)

(b)

()

The Markov chain is irreducible if v < 1 and aperiodic if v > 0. (If K is odd, then

a, 8 > 0 is also sufficient for aperiodicity.
First, observe that the stationary distribution satisfies
Br(xpr1) + am(zr—1) + ym(xg) = m(xg). (9.78)

If we set m(z) = 1/K, we see that this solves the equation. Since the chain is irre-

ducible, the uniform distribution is therefore the unique stationary distribution.
To satisfy detailed balance, we must have
Br(xps1) = am(Tr—1). (9.79)

This holds if and only if 8 = a. So the chain satisfies detailed balance whenever
B=a=(1-7)/2
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(d) The transition matrix has the form

Yy a 0 0 - B
By
0 A a -+ 0
S (9.80)
0 B8 7 «
o - 0 0 B 7

i.e., p is "circulant." The matrix acts by convolution on K-vectors, and so can be
diagonalized by the discrete Fourier transform. That is, if we let U be the K x K

matrix with elements
2mikl

Uhe ZGXP< I

then p = UAU ™!, where A is diagonal. We can check this directly: let u, denote the
fth column of U. Then

), ke {0, K —1}, (9.81)

1 (7 + ae?™/ K 4 Be2mi/ Ky .
2mi/ K —2mi/KY | 2mi/ K
puo = 1 , pup = Oy ae™ +6.e e R (9.82)
1 (7 + ae2m /K 567‘27@/[() L 2mi(K—1)/K
In general, t}_le—eigenvalues ;Lre _
Ao = 7+ 2T E | ge—2mit/K
=+ (a+ B)cos(2ml/K) + i(a — B) sin(27l/K).
From the above, we have
M= (74 (@+5) Cos(27r€/K))2 (9.83)
Setting o = 8 = (1 — 7y)/2, we have
M = (7 + (1 -7) cos(27r€/K))2. (9.84)

To find the second largest eigenvalue, we observe that |\,|? = f(27¢/K) where

2
5(0) = (7+ (1= 7) cos(®)) (9.85)
A simple calculation shows that the only critical points of f are § = 0 and 0 = 7, with
f(0) =1and f(r) =2y —1 € (0,1). By continuity, when K is large we expect the
second largest eigenvalue to occur at £ = +1, i.e.,
A1 =7+ (1 —7)cos(2n/K). (9.86)
To leading order in 1/K, this is 1 — 272/K?, and thus the gap is 272/ K?2.
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(f) If we take the eigen-vector uy for ¢ ¢ {0,1}, then |A/| < |[A1|. By orthogonality, the
entries of uy sum to 0, and Re(uy) lies in the eigen-space of A\g. Therefore any initial
distribution of the form 7 + aRe(us) would converge to the stationary distribution

with a rate given by |\g].

Exercise 9.5 (Hardy-Weinberg Law). Consider an experiment of mating rabbits. We follow
the inheritance of a particular gene that appears in two types, G or g. A rabbit has a pair
of genes, either GG (dominant), Gg (hybrid — the order is irrelevant, so gG is the same
as Gg) or gg (recessive). In mating two rabbits, the offspring inherits a gene from each of
its parents with equal probability. Thus, if we mate a dominant (GG) with a hybrid (Gg),
the offspring is dominant with probability 1/2 or hybrid with probability 1/2. Start with a
rabbit of given character (GG, Gg, or gg) and mate it with a hybrid. The offspring produced
is again mated with a hybrid, and the process is repeated through a number of generations,
always mating with a hybrid.

Note: The first experiment of such kind was conducted in 1858 by Gregor Mendel. He
started to breed garden peas in his monastery garden and analyzed the offspring of these

matings.

(a) Write down the transition matrix P of the Markov chain thus defined. Is the Markov

chain irreducible and aperiodic?

(b) Assume that we start with a hybrid rabbit. Let m(n) = (mgg(n), mgge(n), mgq(n)) be
the probability distribution vector (state) of the character of the rabbit of the n-th
generation. In other words, mgg(n), mgge(n), mgg(n) are the probabilities that the n-th
generation rabbit is GG, Gg, or gg, respectively. Compute (1), 7(2),m(3). Is there

some kind of law?
(c) Calculate P™ for general n. What can you say about 7(n) for general n?

(d) Calculate the stationary distribution of the MC, 7* = (7, TGy m,,)- Does Detailed

Balance hold in this case?

9.5 Stochastic Optimal Control: Markov Decision Process

We have discussed in the preceding sections of this chapter Markov Processes. We have also
discussed Optimal Control two chapters ago. Let us now merge the two topics and consider
what comes under the name of the Markov Decision Process (MDP).

Specifically, a MDP represents a stochastic, discrete space, discrete time version of the

stochastic optimal control problem, which is stated as follows [21]:
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Figure 9.10: General Scheme of Markov Decision Process. Given the current state, s; and
available rewards, r;, the Agent chooses an action which is influenced by the environment

and gives a new state, s;11, and new set of rewards, r;4;. Drawing is from [21].

e Given:

— Set of states, S [nodes of a graph, or squares if we play the example of the 4 x 4
grid World discussed in the following].

— Set of actions, A [associated with arrows connecting nodes/squares].

P:SxAxS —[0,1] - Transition probabilities between states, dependent on

actions and sliced (sequentially) in time, P(s,a,s’) = P(st41 = §'|st = s,ar = a).

R:Sx AxS — R - rewards/costs, R(s,a,s’), for s;11 = s'- next state, s; = s

current state, a; current action taken.

We consider the problem over the infinite time horizon.

4t discount factor (less reward as time progresses).
e Goal:

— to maximize the expected sum of rewards over the policy, 7 : S — A, defined as

a function mapping s; to a:

T :argm(a)XE > V' R(si,w(st), se41) | (9.87)
N t=0

where averaging is over the random transitions, governed by P(s,a, s).

Notice that in the present formulation, R(-,-,-), P(:,-,-) do not depend explicitly on time.
(Generalizations are possible but we will not discuss these in the lectures leaving it for an

independent studies.)

9.5.1 Bellman Equation & Dynamic Programming

Expectation on the right hand side of Eq. (9.87) is called the global reward, i.e. the reward

accumulated over the entire (infinite) time horizon under the given (not necessarily optimal)
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policy, m. However, it has a sense to discuss not only the global reward but also respective

expected value of the reward, evaluated for the time horizon 7, called the value function:

T—1
Vrell,---,00], Vsg: VI(so) = Eg s, [Z vtR(st,W(st),stH)] (9.88)
t=0

T—1 71

= Z (H P(St/7ﬂ(8t/),8t/+1)> Z’YtR(St,W(St),St+1),
81,587 \t/=0 t=0

which depends on the initial state, sg, and the policy, m(-). Observe that the right hand side

of Eq. (9.88) can also be expressed in terms of the value function evaluated at the preceding,

7 — 1, step:
T—1 T—2
= > (H P(sp,m(se), St'+1)> (R(SO,W(SO), 1)+ V' R(ser1,m(se41), 5t+2))
51,587 \t/=0 t=0
= Ey [R(so,m(s0),s") + vV 1(s)] - (9.89)

Let us now introduce the current optimal (over policy) value

V7, Vs : VX(s) :== max V[ (s).

()
Then, optimizing both sides of Egs. (9.89) over policy we derive
VT, Vs: Vi(s) =maxEy [R(s,a,s") + V71 (s)]. (9.90)

The recursion, suggested by Bellman in his seminal 1948 paper, shows that the optimal
solution of Eq. (9.87) can be found by solving Eq. (9.90). Moreover, once the optimal value

at the step 7 is found we can also find the so-called optimal policy:

V7, Vs mi(s) = argmaxZP(s, a,s") [R(s,a,s") +yV7_1(s)], (9.91)

T

defined as a function/map from S to A. These, Egs. (9.90,9.91), called Bellman equations,
represent yet another example of what also comes under the (already familiar) name of the
Dynamic Programming.

Few important remarks are in order:

e Recurrent Egs. (9.90) translate into the value-iteration Algorithm 5, which we illus-

trate on the example of the Grid World below.

e Similarly to the state-dependent value function, one may also introduce the value of

taking action ag in a state sy under a policy 7:
7—1

VT, 80,00 : Q7 (s0,a0) = Eg, sy | R(S0,0a0,81) + Z"th(St,ﬂ(St), St+1)
t=1

=Ey [R(s0,a0, ") + 7V 1(s)] . (9.92)
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A +1 q
B —1 P
C Start q

1 2 3 4

Figure 9.11: Left: Canonical example of MDP from ’Grid World’ game. Right: When the
agent chooses to move to the right, this will occur with probability p, and moves above or

below will occur with probability q.

Therefore, instead of working with V" (so) we can re-state the entire DP approach and
the optimization procedure in terms of Q7 (s, ap) — the action-value function of the
state sg and action ag under policy m — also called the @Q-function. In particular, the

action-value version of Eq. (9.89) becomes
VT, 80,a0 @ QF(s0,a0) = Eg | R(s0,a0,8) + ymaxQF_,(s',a)| . (9.93)
a/

e There exists an alternative iterative way of solving the optimization problem (9.87)
via a policy-iteration algorithm. In this case the approach is to alternate between
the following two steps till convergence: (a) policy evaluation: for a current (not
optimal) policy run the value iteration algorithm solving Eqgs. (9.89) for either fixed
number of steps (in 7) or till a pre-defined tolerance is achieved; (b) policy improve-

ment: according to

V1, Vso: mr(s) < arg maxzp(s, a,s") [R(s,a,s") + VI (s)].
a
S/
This policy iteration approach may be algorithmically advantageous when policy "freezes"

faster than the value/cost.

9.5.2 MDP: Grid World Example

MDP may be considered as an interactive probabilistic game one plays (against computer).
The game consists in defining transition rates between the states to achieve certain objec-
tives. Omnce optimal (or sub-optimal) rates are fixed the implementation becomes just a
Markov Process.

Let us play this ’Grid World” game with the rules illustrated in Fig. (9.11). An agent
lives on the grid (3 x 4). Walls block the agent’s path. The agent actions do not always go
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A +1
B =1
C

1 2 3 4

Figure 9.12: Optimal solution set of actions (arrows) for each state.

as planned: for example 80% of time the action 'North’ take the agent 'North’ (if there is no
wall there), 10% of the time the action 'North’ actually takes the agent West; 10% East. If
there is a wall the agent would have been taken, she stays put. Big reward, +1, or penalty,
—1 comes at the end — the game ends after reaching either of the two states. Visiting any
other state does not result in a reward.

Let us now translate these rules into formulas:

se{(1,1),(1,2),(1,3),(1,4),(2,1),(2,2),(2,4),(3,1),(3,2),(3,3),(3,4) }
a€{tl| +,—}

P((2,1)](1,1),1) = 0.8, P((1,D[(1,1),7) = 0.1, P((1,2)|(1,1),1) = 0.1,
P((1,2)|(1,1),—)=0.8, P((1,1)|(1,1),—)=0.1, P((2,1)[(1,1),—) =0.1,--- .

+1, s=(3,4)
R(s,a,s') =1 —1, s=(2,4)
07 S # (37 4)7 (2’ 4)

V7 (s) is the expected sum of rewards accumulated when starting from state s and acting
optimally for a horizon of 7 steps.

To find the optimal actions (policy), one may consider the Value Iteration algorithm
(MDP — Value Iteration). One can show that the algorithms outputs solution of the value
iteration Egs. (9.90).

The MDP value iteration algorithm is illustrated for the Grid World example in Fig. (9.13).

Some of the numbers (for the optimal value function) at the first three iterations, are derived
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Al oo | oo J@r 1 | A ooo | ose | | 1| A oo | 0es | Gsa | 42
B o o || s . s . L
1 2 3 4 1 2 3 4 1 2 3 4
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Figure 9.13: Value Iteration in Grid World.

Algorithm 5 MDP — Value Iteration (finite horizon version)
Input: Set of states, S; set of actions, A; Transition probabilities between states, P(s|s, a);

rewards/costs, R(s,a,s’); v discount factors

Vs: Vi(s)=0
for 7=0,---,H—1do

Vs: VI (s) < max, ), P(s'|s,a) [R(s,a,s") + vV} (s")] - [ Bellman update,/back-
up| — the expected sum of rewards accumulated when starting from state s and acting
optimally for a horizon of 7+ 1 steps

end for
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as follows:

Vi((3,3)) = P((3,4)](3,3),—=) « V5 ((3,4)) *vy=0.8 %« 1 0.9 ~ 0.72,

V2((3,3)) = (P((3,4)[(3,3), =)« V1'((3,4)) + P((3,3)(3,3), =) * V'((3,3))) * v
~ (0.8%1+0.1%0.72) ~ 0.78,

V5 ((2,3) = (P(3,3)[(2,3),1) * 151((3,3)) + P((2,4)|(2,3),1) * V5'((2,4))) * v
~ (0.8%1%0.7240.1%(—1))*0.9~0.43.

We also observe (empirically) that as 7 — oo the optimal value functions show a well defined
limit, i.e. the expected sum of rewards accumulated when acting optimally freezes (becomes

stationary) in the limit.

Exercise 9.6. Consider the following modification of the Grid World example: no discount,

~ = 1; the terminal penalty at s = (2,4) increases by absolute value (from —1) to —2, i.e.

+1, s=(3,4)
R(s,a,8') =1 =2, s=(2,4)
0, s#(3,4),(2,4)

(a) Compute optimal values of the expected sum of rewards for the first three iterations of
the Algorithm 5, i.e. find Vs : V{*(s), V5 (s), V5'(s);

(b) Find optimal policy for the first three iterations, i.e. find Vs : af = 7{(s),a3 =
m3(s), a3 = mi(s).

(c) Re-state the original MDP formulation (9.87) as a linear programming. |[Hint: take
advantage of the linearity of the value iteration way of solving the MDP according to
Egs. (9.90).]

(d) What we have discussed so far in this Section is the case of a deterministic policy, where
7 is a map/function from S to A. It may be advantageous to consider stochastic policy
where for each state a number of actions can be taken with different probabilities, in which
case 7(s,a) becomes function of two variables (state and action) describing the probability

of taking action a when the state is s. Suggest stochastic policy modification of Eq. (9.87).

We will return to the MDP (and the grid world example) in Section 10.5, discussing

reinforcement learning.
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9.6 Queuing Networks (*)

9.6.1 Queuing: a bit of History & Applications

* There are number of books written on the subject. The book of Frank Kelly and Elena
Ydovina [22] is recommended.

Agner Krarup Erlang, a Danish engineer who worked for the Copenhagen Telephone
Exchange, published the first paper on what would now be called queueing theory in 1909.
He modeled the number of telephone calls arriving at an exchange by a Poisson process and
solved the M/D/1/oo queue in 1917 and M/D/k/oco queuing model in 1920.

The notations are now standard in the Queuing theory — which is a discipline traditionally
considered as a part of Operation Research with deep connection to stochastic processes. In
M/D/k/o, for example,

e M stands for Markov or memoryless and it means that arrivals occur according to a

Poisson process. Arrivals may also be deterministic, D.

e D stands for deterministic and means that the jobs arriving at the queue require a
fixed=deterministic amount of service/processing. Processing can also be stochastic,
Markovian (or non-Markovian, in which case it is custom to mark it as G - generic

sevice; arrival can also be G=generic).

e k describes the number of servers at the queueing node k = 1,2, .... If there are more

jobs at the node than there are servers then jobs will queue and wait for service.

e oo stands for the allowed size of the queue (waiting room) - in this case no limit to

the waiting room capacity (everybody arriving is admitted to the queue - not denied)

We will only be dealing with the case of oo waiting room, thus dropping the last argu-
ment.

The M/M/1 queue is a simple model where a single server handles jobs that arrive
according to a Poisson process and have exponentially distributed service requirements.

In an M/G/1 queue the G stands for general and indicates an arbitrary probability
distribution.

Many mathematicians and math-engineers contributed the subject since 1930 — Pol-
laczek, Khinchin, Kendall, Kingman, Jackson, Kelly and others.

Applications: call centers, logistics (at different scales), manufacturing, checkout at the

super-market, processing of electric vehicles at the charging stations, etc. In general, any

*This is an Auxiliary Section which can be dropped at the first reading. Material from the Section will

not contribute midterm and final exams.
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Xo At o Ay A— @ -
@ @ @ oo @ eoe Waiting Service
m 1o N Area Node
Figure 9.14: On the left: Markov Chain representation of the M/M/1 queue. In the standard
situation considered Vi :  A; = A, y; = . On the right: reduced graphical description of a

single queue.

kind of practical systems where arrivals (of whatever coming in units) and processing fits

the framework. We are talking about design which would

e Manage queue (controls its size).
e Keep processing units busy (good utilization).

e Have waiting time in the queue under control.

9.6.2 Single Open Queue = Birth/Death process. Markov Chain repre-

sentation.

Let us discuss in details M /M /1. We start by playing with the Java modeling tool — JMT
(can upload it from http://jmt.sourceforge.net/Download.html)

The process is also called birth-death process - the name is clear from the Markov-Chain
representation shown in Fig. (9.14). The MC has infinitely many states, each representing #
of customers in the system (waiting room). Arrival of customers is modeled as the Poisson
process with the arrival rate, A. We assume that all customers are identical. The customers
are taken from the waiting room based on availability of the servant, and the service is
completed with the rate p of the other Poisson process.

Everything is Poisson in here (recall that mixing and splitting of the Poisson processes
is Poisson again).

Let us analyze the (relatively simple) system. Let us start from finding the steady state
of the Markov Chain: Vi =0,--- ,00 P;, where F; is the probability that the system is in
the i-th state, i.e. with ¢ customers in the queue.

The balance equations are

# 0 customers: uP; = AP (9.94)
~~ ~~
arrival departure

# 1 customer: APy + puPy = (A+p) Py (9.95)

# n customers: AP,y + uPpi1 = (A+p) P, (9.96)


http://jmt.sourceforge.net/Download.html
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Resolving the equations (sequentially), and requiring that the total probability is normalized,
Yoico P =1, we derive

n—1 n
P, = (H 2) Py = (2) Py=p"Py (9.97)

=0

o (o) P
1:ZPn:POZp”:T0p (9.98)
n=0 n=0
Py=(1-p)p" (9.99)

where p := \/p is the traffic intensity.

The average size of the queue is:

o0 o0 p
S nPi=(1-p) Y np" = - (9.100)
n=0 n=0

We observe that the average queue becomes infinite at p = 1, i.e. the steady state exists
only when p < 1. This criterium (existence of the steady state) can also be referred to as
“stability".

Exercise: Consider a single M/M/m queue, i.e. the system when the number of servers
is m. Derive steady state? What is the modified stability criterium? Can a single queue
system withe m = 2 be unstable?

In this simple queue system we can also study transient time dynamics. The steady state

system of Eqgs. (9.96) transitions to

d
Vn : ﬁPn = AP, 1+ pPpi1— AN+ p) Py (9.101)

arrival departure

Solution of this system can be found in an analytic form

Pi(t) = e Otmt <p(k_i)/2lk_i(at) (9.102)

+ pFIP LG (at) + (1= )t Y P_j/QIj(at)>
j=hrit?

where a := 2v/Ap, Ii(z) is the modified Bessel function of the first kind, where it is assumed
that the system was in the state ¢ at ¢t = 0.

Example 9.6.1. Derive Eq. (9.102) from Eq. (9.101). Compute distribution time of the
busy period of server. Assuming first come-first served policy, compute distribution of the

waiting time and distribution of the total time in the system.
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o1

2,0 /\372
Figure 9.15: Example of a Queuing network.

We can also write the dynamical Eq. (9.101) in the following matrix form

%P:P“Y)P, P | g po— ) A0 - | (9.103)

Notice that in the steady state (achievable at p < 1) the Detailed Balance (DB) does not
hold, Pt plst) . pltr) plst).

9.6.3 Generalization to (Jackson) Networks. Product Solution for the
Steady State.

It appears that the description of a single Q- can be extended to a network, e.g. of the type
shown in Fig. (9.15). A are arrivals and processing rates — now denoted in the same way and
indexed by nodes/stations from where the process is coming from and where it is going to
(two indexes). We study, P(nq,--- ,ny;t), probability over the entire network and, like in
the single queue case, write the balance (also called Master) equation — stated for any state

of the network at any time

QPnt Z )\Z]<nl_|_1 P(-ni+1,- nj—1,--5t) =nP(-- ,ng, -+ ,nj, - 5t)
(L.y)ee customers leaving i for j customers staying at ¢
+Z>\o¢(P('--,m—l,-“;t)—P(“',ni,-'-;t))
1Y
+> X (ni+ DP(- ni+ 1, 58) =P+ ng, -+ 1)) (9.104)
1Y

This equation is written here for the case of M /M /oo - when the number of servers is infinite

- this is the case when jobs are not waiting but are taken for processing (by tellers which
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are always available) immediately.
Example 9.6.2. Write down a M /M /m version of Eq. (9.104).

Remarkably the (complicated looking) Eq. (9.104) allows an explicit steady state solution
(for any graph!)

h}
Pn)=2"]] ==
ieg Llli=1"
(i.5)e€ (48)e€
VieV:— h; Z /\ij+ Z )\jihj+)\0i—/\i0hi:0
Jj#0 J#0

which is also called product solution/factorization (name is according to the structure).

Few important things to mention in here

e This is a product form solution which IS NOT a Gibbs (equilibrium) distribution.

|[Remember our discussions of the Fokker-Planck.|
e The system is stable (solution is finite) if: Vi € V, h; < m;
e h is a “single-customer" object

Example 9.6.3. Generalize the steady state formula and reformulate the stability for the

general M /M /m case.

Example 9.6.4. By analogy with what was discussed for a single queue case, state the
skewed detailed balance relation. Show how analysis of the skewed DB leads to the product

state solution for the steady state.

9.6.4 Heavy Traffic Limit

Our discussion here is (mainly) based on the material from http://www.columbia.edu/
“ww2040/Ala.html.

The Heavy traffic limit applies when either of the two cases (or some special combination
of the two, which we will not discuss here) takes place (we discuss a single queue case - to

make the arguments simpler):

e The number of servers is fixed and the traffic intensity (utilization), A\/u, approaches
unity (from below). The queue length approximation is the so-called “reflected Brow-

nian motion".

e Traffic intensity is fixed and the number of servers and arrival rate are increased to

infinity. Here the queue length limit converges to the normal distribution.


http://www.columbia.edu/~ww2040/A1a.html
http://www.columbia.edu/~ww2040/A1a.html
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Let us give some intuitive picture and then pose a number of technical questions/chal-
lenges (some of these with answers not yet fully known).

When the system is congested, i.e. when most of the time it has many customers, an
arriving customer will need to wait long. Assuming FIFO (first in first out) protocol, the
customer joining queue with L customers will see the queue going down to zero. However,
in this time of L 4+ 1 departures, there will also be many arrivals. If traffic intensity, p, is
close to 1, the number of arrivals will be on order L as well. Thus, when the customer leaves
the queue behind will be comparable to the queue observed when the customer arrived. For

the system to go from average to empty will take more like L busy periods.
Example 9.6.5. Assume that 1 — p < 1 and estimate
e How much time a typical type customer spend in the system 7
e How long does it take for a system to change from an average/typical filling to empty?

Hint (following from the preceding the discussions): The time scale at which the system

changes is much longer then the time scale of a single customer.

We therefore have a time scale separation and, therefore, may study a Q-system with
many customers on two scales, fluid and diffusive. Let X () be some Q-system related
process. X,(t) = nX(nt) defines the fluid re-scaling by n. This means that we measure
time in the units of n and we measure the state (# of customers) in the units of n. As
n — oo we shall look for n=1 X (nt) — X (t), where X (t) is the fluid limit.

At this scale as n — oo the arrival process and the service process have fluid limits
At and pt which means that they are deterministic. As we said, queueing is the result of
variability, and so on a fluid scale, when input and output are not variable, there
will be no real queueing behavior in the system. We may see the queue length grow
linearly indefinitely (p > 1), or go to zero linearly and then stay at 0 (p < 1), or we may
see it constant, (p = 1). For queueing networks we may observe piecewise linear behavior of
queue lengths. This will capture changes in the queue on the fluid scale: The queue changes
by n in a time of order n. The stochastic fluctuations of a queue in steady state are scaled
down to be identically 0 and uninteresting.

The diffusion scaling looks at the difference between the process and its fluid limit, and
measures the time in units of n and the state (counts of customers) in units of y/n. The
diffusion re-scaling of A(t) by n is An(t) by n is A, (t) = /n(A,(t) — A(t)). As n — oo we
shall look (in analogy with the Central Limit Theorem) for A, (t) converging in the sense of

distribution to A(t) describing the diffusion limit- it is a diffusion process, such as Brownian
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motion or reflected Brownian motion. The diffusion limit captures the random fluctuation
of the system around its fluid limit.

Here is a (formal) statement on the heavy traffic asymptotic for the waiting time (in-
cluding both fluid and diffusive limits): Consider G/G/1 indexed by j. For queue j let Tj
denotes the random inter-arrival time, S; denote the random service time; p; = 2—; denote
the traffic intensity with % = E(Tj) and i = E(S;); W,; denotes the waiting time in
queue for a customer in steady state; a; = —E[S; — Tj] and 6]2 = var[S; — Tj]. If T} 4T,
S; 4 S, and p; — 1, then %Wq,j 4 exp(1) provided that: (a) Var[S-T| > 0, and (b) for

some 0 > O,E[S]2+5] and IE[TJ-2+5] are both less than some constant C, Vj.



Chapter 10
Elements of Inference and Learning

Statistical Inference describes set of (inference) tasks/operations over the statistical model
of the phenomenon. These tasks, assuming knowledge of the statistical model, include:
(a) sampling from the probability distribution; (b) computing marginal probabilities; (c)
finding the most likely configuration/state. However, the statistical model may or may not
be known. In the latter case one needs to learn the model before posing and resolving the
challenge of inference.

In the following we will start discussing statistical inference and then shift our attention

to the discussion of learning statistical models we aim to infer.

10.1 Statistical Inference: Sampling and Stochastic Algorithms

10.1.1 Monte-Carlo Algorithms: General Concepts and Direct Sampling

This lecture should be read in parallel with the respective IJulia notebook file. Monte-Carlo
(MC) methods refers to a broad class of algorithms that rely on repeated random sampling to
obtain results. Named after Monte Carlo -the city- which once was the capital of gambling,
i.e. playing with randomness. The MC algorithms can be used for numerical integration,
e.g. computing weighted sum of many contributions, expectations, marginals, etc. MC can
also be used in optimization.

Sampling is a selection of a subset of individuals/configurations from within a statistical
population to estimate characteristics of the whole population.

There are two basic flavors of sampling. Direct Sampling MC - mainly discussed in this
lecture and Markov Chain MC. DS-MC focuses on drawing independent samples from a
distribution, while MCMC draws correlated (according to the underlying Markov Chain)

samples.

303



CHAPTER 10. ELEMENTS OF INFERENCE AND LEARNING 304

Let us illustrate both on the simple example of the 'pebble’ game - calculating the value

of m by sampling interior of a circle.

Direct-Sampling by Rejection vs MCMC for ‘pebble game’

In this simple example we will construct distribution which is uniform within a circle from
another distribution which is uniform within a square containing the circle. We will use
direct product of two rand() to generate samples within the square and then simply reject
samples which are not in the interior of the circle.

In respective MCMC we build a sample (parameterized by a pair of coordinates) by
taking previous sample and adding some random independent shifts to both variables, also
making sure that when the sample crosses a side of the square it reappears on the opposite
side. The sample "walks" the square, but to compute area of the circle we count only for
samples which are within the circle (rejection again).

See [Julia notebook associated with this lecture for an illustration.

Direct Sampling by Mapping

Direct Sampling by Mapping consists in application of the deterministic function to samples
from a distribution you know how to sample from. The method is exact, i.e. it produces
independent random samples distributed according to the new distribution. (We will discuss
formal criteria for independence in the next lecture.)

For example, suppose we want to generate exponential samples, y; ~ p(y) = exp(—y) —
one dimensional exponential distribution over [0, oo], provided that one-dimensional uniform
oracle, which generates independent samples, z; from [0, 1], is available. Then y; = — log(z;)
generates desired (exponentially distributed) samples.

Another example of DS MS by mapping is given by the Box-Miller algorithm which is a
smart way to map two-dimensional random variable distributed uniformly within a box to

the two-dimensional Gaussian (normal) random variable:

00 2w 00 2w [e's) 1 1
/ Lxdye_($2ﬂ/2)/2 :/ d(p/ rdre /2 :/ d(p/ dze * :/ d9/ dip = 1.
—00 2 0 27 0 0 2 0 0 0

Thus, the desired mapping is (¢,0) — (z,y), where z = \/—2log cos(270) and y =
v —2log ¢ sin(270).

See [Julia notebook associated with this lecture for numerical illustrations.
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Direct Sampling by Rejection (another example)

Let us now show how to get positive Gaussian (normal) random variable from an exponential

random variable through rejection. We do it in two steps

e First, one samples from the exponential distribution:

(z) e 7, x>0,
0, otherwise.

e Second, aiming to get a sample from the positive half of Gaussian,

T ex —.752 T
mpo(x)_{ﬁ p(=2%/2), @ >0,

0, otherwise

one accepts the generated sample with the probability
1
p(a) = V2 mexp(e — 2/2),

where M is a constant which should be larger than, max(p(z)/po(z)) = /2/me'/? =
1.32, to guarantee that p(z) <1 for all z > 0.

Note that the rejection algorithm has an advantage of being applicable even when the
probability densities are known only up to a multiplicative constant. (We will discuss is-
sues related to this constant, also called in the multivariate case the partition function,
extensively.)

See [Julia notebook associated with this lecture for numerical illustration.

We also recommend

e Introduction to direct Sampling, Chapter of Monte Carlo Lecture Notes by J. Good-
man (NYU)

e Lecture on Monte Carlo Sampling, from Berkley course of M. Jordan on Bayesian

Modeling and Inference

for additional reading on DS-MC.

Importance Sampling

One important application of MC is in computing sums, integrals and expectations. Suppose
we want to compute an expectation of a function, f(x), over the distribution, p(x), i.e.

[ dzp(z)f(z), in the regime where f(z) and p(x) are concentrated around very different z.


http://www.math.nyu.edu/faculty/goodman/teaching/Monte_Carlo/direct_sampling.ps
http://www.math.nyu.edu/faculty/goodman/teaching/Monte_Carlo/direct_sampling.ps
http://www.cs.berkeley.edu/~jordan/courses/260-spring10/lectures/lecture17.pdf
http://www.cs.berkeley.edu/~jordan/courses/260-spring10/lectures/lecture17.pdf
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In this case the overlap of f(x) and p(x) is small and as a result a lot of MC samples drawn
from p(z) will be 'wasted’.

Importance Sampling is the method which aims to fix the small-overlap problem. The
method is based on adjusting the distribution function from p(x) to p(z) and then utilizing

the following obvious formula

-\ f@)p(x) f@)p(x)
E,[f(x :/d:npr:c :/de‘px~=E~ —
plf (@)] (z)f(x) (x) () T
See the IJulia notebook associated with this lecture contrasting DS example, p(x) =
\/% exp <—%2> and f(z) = exp (—%), with IS where the choice of the proposal dis-

tribution is, p(z) = ﬁ exp (—(z —2)?) . This example shows that we are clearly wasting
samples with DS.

Note one big problem with IS. In a realistic multi-dimensional case it is not easy to guess
the proposal distribution, p(x), right. One way of fixing this problem is to search for good
p(z) adaptively.

A comprehensive review of the history and state of the art in Importance Sampling can
be found in multiple lecture notes of A. Owen posted at his web page, for example follow

this link. Check also adaptive importance sampling package.

Direct Brute-force Sampling

This algorithm relies on availability of the uniform sampling algorithm from [0, 1], rand().
One splits the [0, 1] interval into pieces according to the weights of all possible states and
then use rand() to select the state. The algorithm is impractical as it requires keeping in
the memory information about all possible configurations. The use of this construction is

in providing the bench-mark case useful for proving independence of samples.

Direct Sampling from a multi-variate distribution with a partition function or-

acle

Suppose we have an oracle capable of computing the partition function (normalization) for a
multivariate probability distribution and also for any of the marginal probabilities. (Notice
that we are ignoring for now the issue of the oracle complexity.) Does it give us the power
to generate independent samples?

We get affirmative answer to this question through the following decimation algorithm
generating independent sample x ~ P(z), where z := (z;[i =1,--- ,N):

Validity of the algorithm follows from the exact representation for the joint probability

distribution function as a product of ordered conditional distribution function (chain rule


http://statweb.stanford.edu/~owen/mc/Ch-var-is.pdf
https://pypi.python.org/pypi/pypmc/1.0
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Algorithm 6 Decimation Algorithm

Input: P(z) (expression). Partition function oracle.

Lz =g =g

2: while |I| < N do

3 Pick i at random from {1,--- , N} \ I.
1 ah—(glje
5 Compute P(z;|z(®) = 2 \wsaD =@ P () with the oracle.
6: Generate random z; ~ P(z;]z(%).
7 Tui«1
8 z@y €T; (@
9: end while
Output: 2(de0) ig an independent sample from P(z).

for distribution):
P(xz1, - ,xy) = P(x1)P(xe|x1) P(zs|z1, 22) - - - P(xp|a1, - Tp—1). (10.1)

(The chain rule follows directly from Bayes rule/formula. Notice also that ordering of
variables within the chain rule is arbitrary.) One way of proving that the algorithm produces
an independent sample is to show that the algorithm outcome is equivalent to another
algorithm for which the independence is already proven. The benchmark algorithm we can
use to state that the Decimation algorithm (6) produces independent samples is the brute-
force sampling algorithm described in the beginning of the lecture. The crucial point here
is that the decimation algorithm can be interpreted in terms of splitting the [0, 1] interval
hierarchically, first according to P(x1), then subdividing pieces for different 1 according to
P(x9,x1), etc. This guidanken experiment will result in the desired proof.

Note that in general efforts of the partition function oracle are exponential in the problem
size. However in some special cases the partition function can be computed efficiently
(polynomially in the number of steps).

In the following exercise we suggest to test performance of the direct sampling algorithm
on the example of the Ising model. We remind that in the case of the Ising model probability

of a binary vector (spin configuration), x, is given by
exp (—BE(x 1
p(gj) = (Z())’ E(;L‘) = 3 Z x;Jijry + Zhixi, (10.2)
{i,j}e€ i€V

Z =" exp(—BE(x)). (10.3)
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Exercise 10.1. Consider example of the Ising model with zero singleton term, h = 0, and
uniform pair-wise term, Jg = —1, ie. J;;8 = —1, V{i,j} € £, over n x n grid-graph with
the nearest-neighbor interaction. Construct (write down pseudo-algorithm and then code)
the decimation algorithm (6).

Compare the performance of the direct sampling for n = 2,3,4,5 — that is find out how the

time required to generate the next i.i.d. sample depends on n — and explain.

10.1.2 Inference via Markov-Chain Monte-Carlo

Markov Chain Monte Carlo (MCMC) methods belong to the class of algorithms for sampling
from a probability distribution which is based on constructing a Markov Chain that converges
to the target steady distribution.

Examples and flavors of MCMC are many (and some are quite similar) — heat bath,
Glauber dynamics, Gibbs sampling, Metropolis-Hastings, Cluster algorithm, Warm algo-
rithm, etc — in all these cases we only need to know the transition probability between states
while the actual stationary distribution may be not known or, more accurately, known up to
the normalization factor, also called the partition function. Below, we will discuss in details

two key examples: Gibbs sampling and Metropolis-Hastings.

Gibbs Sampling

Assume that a multi-variate probability distribution, 7(x), is known only up to (an un-
known) partition function (normalization factor). That is we know, 7(x) explicitly upto the
normalization constant, also called the partition function, Z, which is not known, where
n(z) =7(x)/Z and Z := ) 7(x).

In this case direct sampling, e.g. via the aforementioned decimation algorithm is not
feasible, and we need to settle with an alternative and correlated (not i.i.d.) sampling with
a memory between samples which will hopefully diminish as we generate more and more
samples.

Gibbs sampling is one such MCMC generating correlated samples. The main point of
the Gibbs sampling is that, given a multivariate probability distribution, sampling from the
probability distribution of a few components conditioned on the rest of the state vector can be
done efficiently. This is in spite of the facts that (a) the partition function of the multivariate
probability distribution may be unknown, and (b) i.i.d. sampling from the joint probability
distribution may be infeasible.

We utilize this remarkable feature of the marginal probability distributions and create

the Gibbs Sampling algorithm (Algorithm 7). The algorithm starts from a current sample
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of the vector x, picks a component at random, compute probability for this component /-
variable conditioned to the rest (other components of the state vector), and sample from
this conditional distribution. As mentioned above, the conditional distribution is over a
single component, and it is therefore an easy one to compute. We continue the process till
convergence, which can be identified empirically, for example, by checking if estimation of

the histogram or observable(s) stopped changing.

Algorithm 7 Gibbs Sampling
Input: Given p(z|zw; =« \ 2;), Vi€ {l,---,N}. Start with a sample ().

loop Till convergence
Draw an i.i.d. ¢ from {1,--- ,N}.
Generate a random x; ~ p (1:1|:C(3)
xl(-tﬂ) = ;.
Vie{l,--- ,N}\i: xg-H_l) <—x§-t).
Output ztY) as the next sample.

end loop

Example 10.1.1. Describe Gibbs sampling on the example of a general Ising model. Build

respective Markov chain. Show that the algorithm obeys Detailed Balance.

Solution. Starting from a state, | we pick a random node, 4, and compare two candidate

states, (z; = 1 and x; = —1). Then we calculate the corresponding conditional (all spins
except i are fixed) probabilities p(z; = +1\a:(3) and p(z; = —\x(jz), which we denote, pL,

respectively. By construction,

P+ +p- = 17 p+/p— = e_BAE7 AE = E(xl = +17x,<jr)5) - E($Z = —ng)), (104>

(2

where AF, is the energy difference between the two configurations. Next, one accepts
the configuration x; = 1 with the probability py or the configuration x; = —1 with the
probability p_.

MC corresponding to the algorithm is defined over the 2"V-dimensional hupercube, when
N is the number of spins, and 2V is the number of states. To check the DB condition,
assume that the conditional probabilities, p1, corresponds to the steady state and compute
the probability fluxes from the state ® to the states (x; = £1, :L‘Ef,)b) We derive

1 _ _1.® 1 _ _1.®
Qy = e PPETIodp, Qo = —e PRy (10.5)

Combining Egs. (10.4) and Egs. (10.5), we observe that, Q_4 = Q4+_, i.e. the detailed
balance holds. O
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Metropolis-Hastings Sampling

Metropolis-Hastings (MH) sampling is an MCMC method which is built, like Gibbs sam-
pling, assuming that the desired stationary distribution, 7(x), is known explicitly up to the
normalization constant (the partition function). Let us also introduce the so-called "pro-
posal" distribution, ¢(z|z), and assume that drawing a sample proposal 2’ from the current
sample z is (computationally) easy. The combination of 7(z) and ¢(2'|z), as well as an
arbitrary initialization of the state vector, ®, set the MH Algorithm 8. Starting with z(*)
the algorithm draws a sample, 2/, according to the proposal distribution, g(«’ |:z:(t)), and
then accepts the proposed state, 2/, i.e. finalizes it as the actual next step, according to the

probability

: q(we]2") 7 (2')
min {1, D) } (10.6)

The procedure is repeated till (empirical) convergence.
Observe that by construction
q(xm’)fr(x’)} NN~ . { Q(x/‘x)ﬁ(x) NP,
, ————— ¢rq(2'|x) () = mins 1, ———F—F— }qmaz w(x'), (10.7
ey Jatle) ) o Jatela) 7). (107)

MH trans. prob.(z/+x) MH trans. prob.(z<+z’)

Vz,z': min {1

i.e. the algorithm satisfies the Detailed Balance condition.

Algorithm 8 Metropolis-Hastings Sampling

Input: Given 7(z) and g(2'|x). Start with a sample z;.

: loop Till convergence

Draw a random 2’ ~ q(z/|z®).

q(z¢|z") 7 (')
q('|z)7 (xM))"
Draw random § € U([0, 1]), uniform i.i.d. from [0, 1].

1

2

3 Compute o =
4

5: if § < a then

6 z® < g |accept]

7 else

8 x’ is ignored [reject]

9 end if

10: x® is recorded as a new sample

11: end loop

Note that the Gibbs sampling, introduced before, can be considered as the Metropolis-

Hastings without rejection, where the proposal distribution is chosen specifically as the re-
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Figure 10.1: Example of the MC induced by a Metropolis-Hastings for a two spin example.

spective conditional probability distribution. (That is Gibbs sampling should be considered

as a special case of the more general MH algorithm.)

Example 10.1.2. Consider MC shown in Fig. (10.1). Show that this MC is ergodic and
can be viewed as a particular MH Algorithm 8 for the two spin Ising model. What is the
proposal distribution in this case? What is the resulting stationary distribution? Does it
obey Detailed Balance? Will the steady distribution change if the rejection is removed from

the consideration? How?

Solution. The cardinality (size) of the state space is 22 = 4: z = (71 = +1,29 = +1).
Inspecting the MC we observe that it is a-periodic and positive-recurrent, thus ergodic.
Observe that some of the transition probabilities are exactly 1/2. Therefore, it is natural to
associate these with the cases when Eq. (10.6) returns unity. Next, we link self-loops in the

MC to rejections, that are the cases when a proposed state is rejected. The two observations
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combined suggest that we are dealing with an instance of the MH Algorithm 8 where
12

30 ale'l) = exp (=8 (B(a') ~ E(x))

That is the stationary distribution is of the attractive (ferromagnetic) type with the unit

T(z1,22) = exp(—ﬁE(m)), E(r = (x1,22)) = —

pair-wise strength and without bias (with zero magnetic field). The proposal distribution,
q(z'|x), is such that only a single spin flip is allowed (cannot flip two spins in one step) and
the proposal may be accepted only if the resulting energy gain is positive, i.e. when the
algorithm proposes to move from the state when the spins are miss-aligned to the aligned
state. Removal of the rejection translates into setting S to zero (temperature becomes

infinite). In this case the resulting distribution is uniform (so-called, para-magnetic). O

The freedom in selecting MH proposal distribution translates into strong variations in
the resulting algorithm mixing time. Typically we would like to find proposal which mixes
fast. Even though evaluating mixing time of the proposal is a challenge, one can estimate
it empirically following the following heuristics. If the largest distance between the states
(measured in the number of the algorithm’s elementary steps) is L, the MH algorithm
executes a random walk, i.e. it advances diffusively covering distance L in T ~ L? steps.
This will then be a low bound estimate on the mixing time. Notice that the actual mixing
time, i.e. the time to arrive at a sample which is almost independent on the initial sample,
may be significantly slower, e.g. due to rejection (if these are frequent). This slow (diffisive)
exploration of the phase space by the MH algorithm is linked to DB.

The particular form of the MH proposal, illustrated in the Example 10.1.2 for the two
spin Ising model, generalizes to the so-called Glauber (dynamics) Algorithm 9. (Check

snippet illustrating performance of the Glauber algorithm on a 128 x 128 square lattice.)

Exercise 10.2 (Spanning Trees.). Let G be an undirected complete graph. The following
MCMC algorithm results in a uniform stationary probability distribution of all the spanning
trees of G: Start with some spanning tree; add uniformly-at-random some edge from G (so
that a cycle forms); remove uniformly-at-random an edge from this cycle; repeat. Suppose
now that the graph G is positively weighted, i.e., each edge e has some cost ¢, > 0. Suggest
an MCMC algorithm that samples from the set of spanning trees of G, with the stationary
probability distribution proportional to the overall weight of the spanning tree for the fol-
lowing cases:

(i) the weight of any spanning tree of G is the sum of costs of its edges;

(ii) the weight of any spanning tree of G is the product of costs of its edges. In addition,
(iii) estimate the average weight of a spanning tree using the algorithm of uniform sampling.
(iv) implement all the algorithms on a (4 x 4) square lattice with randomly assigned weights.

Verify that the algorithm converges to the right value.
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Algorithm 9 Glauber Sampling

Input: Ising model on a graph. (See Eq. (10.2).) Start with a sample x

1: loop Till convergence

2 Pick a node 7 at random.

3 —T; X

4 Compute o = exp (acz (Zjev:{z‘,j}ee Jijr; — Zhi)>.

5: Draw random $ € U([0, 1]), uniform i.i.d. from [0, 1].
6 if o < B <1 then

7 —x; < x; [reject]

8 end if

9: Output: x as a sample

10: end loop

For useful additional reading on sampling and computations for the Ising model see

https://www.physik.uni-leipzig.de/~ janke/Paper/1lnp739_079_2008.pdf.

Exactness and Convergence

MCMC algorithm is called (casually) exact if one can show that the generated distribu-
tion "converges" to the desired stationary distribution. However, "convergence" may mean
different things.

The strongest form of convergence — called exact independence test (warning - this
is our ‘custom’ term) — states that at each step we generate an independent sample from
the target distribution. To prove this statement means to show that empirical correlation

of the consecutive samples is zero in the limit when Nnumber of samples — oo:

N
lim > fan)g(ea) = E[f()] Elg()]. (108)
=0

N—+oco N
n=

where f(x) and g(x) are arbitrary functions (however such that respective expectations on
the rhs of Eq. (10.8) are well-defined).
A weaker statement — call it asymptotic convergence — suggests that in the limit of

N — oo we reconstruct the target distribution (and all the respective existing moments):

1 N
tm 3" () > B[], (10.9)
n=0

N—+4o00

where f(x) is an arbitrary function such that the expectation on the rhs is well defined.


https://www.physik.uni-leipzig.de/~janke/Paper/lnp739_079_2008.pdf
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Finally, the weakest statement — call it parametric convergence — corresponds to
the case when one arrives at the target estimate only in a special limit with respect to a
special parameter. It is common, e.g. in statistical /theoretical physics and computer sicence,
to study the so-called thermodynamic limit, where the number of degrees of freedom (for

example number of spins/variables in the Ising model) becomes infinite:

§—>8x N—~+00

N
lim  lim Jb;)fs(;cn) SE[f, (). (10.10)

For additional math (but also intuitive as written for applied mathematicians, engineers
and physicists) reading on the MCMC (and in general MC) convergence see “The mathe-

matics of mixing things up" article by Persi Diaconis and also [16].

Exact Monte Carlo Sampling (Did it converge yet?)

(This part of the lecture is a bonus material - we discuss it only if time permits.)

The material follows Chapter 32 of D.J.C. MacKay book [19]. An extensive set of modern
references, discussions and codes are also available at the website [23| on perfectly random
sampling with Markov Chains.

As mentioned already the main problem with MCMC methods is that one needs to wait
(and sometimes for too long) to make sure that the generated samples (from the target
distribution) are i.i.d. If one starts to form a histogram (empirical distribution) too early
it will deviate from the target distribution. One important question in this regards is: For
how long shall one run the Markov Chain before it has ‘converged’? To answer this question
(prove) it is very difficult, in many cases not possible. However, there is a technique which
allows to check the exact convergence, for some cases, and do it on the fly - as we run
MCMC.

This smart technique is the Propp-Wilson exact sampling method, also called coupling

from the past. The technique is based on a combination of three ideas:

e The main idea is related to the notion of the trajectory coalescence. Let us ob-
serve that if starting from different initial conditions the MCMC chains share a single
random number generator, then their trajectories in the phase space can coalesce; and
having coalesced, will not separate again. This is clearly an indication that the initial

conditions are forgotten.

Will running all the initial conditions forward in time till coalescence generate exact
sample? Apparently not. One can show (sufficient to do it for a simple example) that

the point of coalescence does not represent an exact sample.


http://statweb.stanford.edu/~cgates/PERSI/papers/mixing.pdf
http://statweb.stanford.edu/~cgates/PERSI/papers/mixing.pdf
http://www.dbwilson.com/exact/
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e However, one can still achieve the goal by sampling from a time 7j in the past,
up to the present. If the coalescence has occurred the present sample is an unbiased
sample; and if not we restart the simulation from the time T further into the past,
reusing the same random numbers. The simulation is repeated till a coalescence occur
at a time before the present. One can show that the resulting sample at the present

1s exact.

e One problem with the scheme is that we need to test it for all the initial conditions -
which are too many to track. Is there a way to reduce the number of necessary
trials. Remarkably, it appears possible for sub-class of probabilistic models the so-
called ’attractive’ models. Loosely speaking and using ’physics’ jargon - these are
’ferromagnetic’ models - which are the models where for a stand alone pair of vari-
ables the preferred configuration is the one with the same values of the two variables.
In the case of attractive model monotonicity (sub-modularity) of the underlying model
suggests that the paths do not cross. This allows to only study limiting trajectories

and deduce interesting properties of all the other trajectories from the limiting cases.

10.2 Statistical Inference: General Relations, Calculus of Vari-

ations and Trees

This lecture largely follow material of the mini-course on Graphical Models of Statistical
Inference: Belief Propagation & Beyond. See links to slides and lecture notes at the following

web-site.

10.2.1 From Ising Model to (Factor) Graphical Models

Brief reminder of what we have learned so far about the Ising Model. It is fully described by
Egs. (10.2,10.3). The weight of a “spin" configuration is given by Eq. (10.2). Let us not pay
much of attention for now to the normalization factor Z and observe that the weight is nicely
factorized. Indeed, it is a product of pair-wise terms. Each term describes “interaction"
between spins. Obviously we can represent the factorization through a graph. For example,
if our spin system consists only of three spins connected to each other, then the respective
graph is a triangle. Spins are associated with nodes of the graphs and “interactions", which
may also be called (pair-wise) factors, are associated with edges.

It is useful, for resolving this and other factorized problems, to introduce a bit more

general representation — in terms of graphs where both factors and variables are associated


https://sites.google.com/site/mchertkov/courses
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N\ =

) 03 f23(02, 03)

Figure 10.2: Factor Graph Representation for the (simple case) with pair-wise factors only.

In the case of the Ising model: fio(x1,z2) = exp (—Ji2x129 + h1x1 + howa)).

with nodes/vertices. Transformation to the factor-graph representation for the three spin
example is shown in Fig. (10.2).
Ising Model, as well as other models discussed later in the lectures, can thus be stated

in terms of the general factor-graph framework/model

Pa)=2"[] fa(@a), @a:=(2ili €Va, (i,a)€&), (10.11)
aEVf
where (Vf,Vy, E) is the bi-partite graph built of factors and nodes.
The factor graph language (representation) is more general. We will see it next - dis-
cussing another problem which originates from the Information Theory, and specifically from

the error-correction theory.

10.2.2 Decoding of Graphical Codes as a Factor Graph problem

First, let us discuss decoding of a graphical code. (Our description here is terse, and we
advise interested reader to check the book by Richardson and Urbanke [24] for more details.)
A message word consisting of L information bits is encoded in an N-bit long code word,
N > L. In the case of binary, linear coding discussed here, a convenient representation of
the code is given by M > N — L constraints, often called parity checks or simply, checks.
Formally, ¢ = (; = 0,1]i = 1,--- , N) is one of the 2% code words iff =0 ( mod 2)

i~va ST



CHAPTER 10. ELEMENTS OF INFERENCE AND LEARNING 317

Figure 10.3: Tanner graph of a linear code, represented with N = 10 bits, M = 5 checks,

210

and L = N — M = 5 information bits. This code selects 2° codewords from possible

patterns. This adjacency, parity-check matrix of the code is given by Eq. (10.12).

for all checks o = 1,---, M, where ¢ ~ « if the bit if the bit ¢ contributes the check «, and
a ~ ¢ will indicate that the check « contains bit . The relation between bits and checks
is often described in terms of the M x N parity-check matrix H consisting of ones and
zeros: H;o, = 1if i ~ o and H;, = 0 otherwise. The set of the codewords is thus defined as
2() = (¢|[Hs = 0 ( mod 2)). A bipartite graph representation of H, with bits marked as
circles, checks marked as squares, and edges corresponding to respective nonzero elements
of H, is usually called (in the coding theory) the Tanner graph of the code, or parity-check
graph of the code. (Notice that, fundamentally, code is defined in terms of the set of its
codewords, and there are many parity check matrixes/graphs parameterizing the code. We
ignore this unambiguity here, choosing one convenient parametrization H for the code.)
Therefore the bi-partite Tanner graph of the code is defined as G = (Gy, G1), where the set
of nodes is the union of the sets associated with variables and checks, Go = Go., U Go.e and
only edges connecting variables and checks contribute Gj.

For a simple example with 10 bits and 5 checks, the parity check (adjacency) matrix of
the code with the Tanner graph shown in Fig. (10.3) is

(10.12)

Il
== O O =
= O = O =
S = O = =

1
1
1
0
0

= = O = O

1
1
1
0
0

= o O = =
O = = = O

0
0
1
1
1

_ == OO

Another example of a bigger code and respective parity check matrix are shown in Fig. (10.4).
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Tanner’s (155,64,20) code
L Hamming distance
informational bits
length of encoded message

RM. Tanner, D. Sridhara, T. Fuja, in Proc. of th
Theory and Applications, Ambleside, UK, Jul

i 264 2 % 10

Figure 10.4: Tanner graph and parity check matrix of the (155,64,20) Tanner code, where
N = 155 is the length of the code (size of the code word), L = 64 and the Hamming distance
of the code, d = 20.

For this example, N = 155, L = 64, M = 91 and the Hamming distance, defined as the
minimum [g-distance between two distinct codewords, is 20.

Assume that each bit of the transmitted signal is changed (effect of the channel noise)
independently of others. It is done with some known conditional probability, p(z|o), where
o = 0,1 is the valued of the bit before transmission, and = € R is its changed/distorted
image. Once ¢ = (z;]i = 1,---, N) is measured, the task of the Maximum-A-Posteriori
(MAP) decoding becomes to reconstruct the most probable codeword consistent with the

measurement:

N
oMAP) — arg min p(ziloq). (10.13)
oec=(ew) i1

More generally, the probability of a codeword ¢ € Z(¢%) to be a pre-image for @ is

P(sle) = (Z@) ™" ] oM (@il). 2@ = Y ][I ¢"@ilw),  (1014)
ieg()w gGE(Cw) iego;v
where Z(x) is thus the partition function dependent on the detected vector . One may
also consider the signal (bit-wise) MAP decoder

seg(ew)

Vi: ETMAP) _ arg max Z P(s|x). (10.15)
Si

(A
s\si
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10.2.3 Partition Function. Marginal Probabilities. Maximum Likelihood.

The partition function in Eq. (10.11) is the normalization factor

Z=> 1] fo(@a); xa:=(xili € Vn, (i,a)€&), (10.16)

T a€Vy
where x = (z; € {0,1} € V,,). Here, we assume that the alphabet of the elementary random
variable is binary, however generalization to the case of a higher alphabet is straightforward.
We are interested to ‘marginalize’ Eq. (10.11) over a subset of variables, for example

over all the elementary /nodal variables but one

P(z;):= > P(x). (10.17)
Expectation of x; computed with the probability Eq. (10.17) is also called (in physics)

‘magnetization’ of the variable.

Example 10.2.1. Is a partition function oracle sufficient for computing P(z;)? What is
the relation in the case of the Ising model between P(z;) and Z(h)?

Solution. There are two ways one can relate P(z;) to the partition function. First, introduce
an auxiliary graphical model, derived from the original one simply by fixing the value at
the node i to x;. Then, P(x;) is simply the ratio of the partition function of the newly
derived graphical model to the original graphical model. Second, we can modify the original
graphical model introducing multiplicative factor, exp(z;h;), and denoting the resulting

partition function by Z(h). Then, log Z(h), is also a moment generating function of P(x;).

Another object of interest is the so-called Maximum Likelihood. Stated formally, is the
most probable state of all the states represented in Eq. (10.11):

z, = arg max P(z). (10.18)
x

All these objects are difficult to compute. “Difficulty" - still stated casually - means
that the number of operations needed is exponential in the system size (e.g. number of
variables/spins in the Ising model). This is in general, i.e. for a GM of a general position.
However, for some special cases, or even special classes of cases, the computations may be
much easier than in the worst case. Thus, ML (10.18) for the case of the so-called ferromag-
netic (attractive, sub-modular) Ising model can be computed with efforts polynomial in the
system size. Note that the partition function computation (at any nonzero temperatures) is
still exponential even in this case, thus illustrating the general statement - computing Z or

P(x;) is a more difficult problem than computing z..
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A curious fact. Ising model (ferromagnetic, anti-ferromagnetic or glassy) when the “mag-
netic field" is zero, h = 0, and the graph is planar, represents a very unique class of problems
for which even computations of Z are easy. In this case the partition function is expressed
via determinant of a finite matrix, while computing determinant of a size N matrix is a
problem of O(N?3) complexity (actually O(N3/2) in the planar case).

In the general (difficult) case we will need to relay on approximations to make compu-
tations scalable. And some of these approximations will be discussed later in the lecture.
However, let us first prepare for that - restating the most general problem discussed so far

— computation of the partition function, Z — as an optimization problem.

10.2.4 Kullback-Leibler Formulation & Probability Polytope

We will go from counting (computing partition function is the problem of weighted counting)
to optimization by changing description from states to probabilities of the states, which we
will also call beliefs. b(z) will be a belief - which is our probabilistic guess - for the probability
of state x. Consider it on the example of the triangle system shown in Fig. (10.2). There are
23 states in this case: (1 = +1, 29 = +1, 23 = £1), which can occur with the probabilities,
b(x1,x9,x3). All the beliefs are positive and together should some to unity. We would like to
compare a particular assignment of the beliefs with P(x), generally described by Eq. (10.11).
Let us recall a tool which we already used to compare probabilities - the Kullback-Leibler

(KL) divergence (of probabilities) discussed in Lecture #2:

D(b||P) = Zb ( ))> (10.19)

Note that the KL divergence (10.19) is a convex function of the beliefs (remember, there
are 23 of the beliefs in the our enabling three node example) within the following polytope

— domain in the space of beliefs bounded by linear constraints:
Vo : b(z) >0, (10.20)

> b(x) =1. (10.21)

Moreover, it is straightforward to check (please do it at home!) that the unique minimum

of D(b||P) is achieved at b = P, where the KL divergence is zero:
P = arg mbin D(b||P), mbin D(b||P) = 0. (10.22)

Substituting Eq. (10.11) into Eq. (10.22) one derives

log Z = —mln]-' Zb ) log (W) , (10.23)
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where F'(b), considered as a function of all the beliefs, is called (configurational) free en-
ergy (where configuration is one of the beliefs). The terminology originates from statistical
physics.

To summarize, we did manage to reduce counting problem to an optimization problem.
Which is great, however so far it is just a reformulation — as the number of variational
degrees of freedom (beliefs) is as much as the number of terms in the original sum (the
partition function). Indeed, it is not the formula itself but (as we will see below) its further

use for approximations which will be extremely useful.

10.2.5 Variational Approximation: Mean Field

The main idea is to reduce the search space from exploration of the 2 —1 dimensional beliefs
to their lower dimensional, i.e. parameterized with fewer variables, proxy/approximation.
What kind of factorization can one suggest for the multivariate (N-spin) probabilities/bel-

liefs? The idea of postulating independence of all the N variables/spins comes to mind:

b(z) — byp(z) = Hbi(xl-) (10.24)
Vi eV, Vx;: bz(zaﬁz) >0 (10.25)
VieVi: Y bi(a) =1 (10.26)

Clearly b;(x;) is interpreted within this substitution as the single-node marginal belief (es-
timate for the single-node marginal probability).
Substituting b by bysr in Eq. (10.23) one arrives at the MF estimation for the partition

function

log Zyp = — rbnin]:(bmf),
m f

"r(bmf) = Z Z (H bz(wz)> log fa(l'a) - Zsz(l'z) log(bi(xi)). (10.27)

a  Tq i~a

To solve the variational problem (10.27) constrained by Egs. (10.24,10.25,10.26) is equiv-

alent to searching for the (unique) stationary point of the following MF Lagrangian
L(bmy) := F(bmy) + Z Ai Z bi(z:) (10.28)

Example 10.2.2. Show that Z > Z,,¢, and that F(by,f) is a strictly convex function of its

(vector) argument. Write down equations defining the stationary point of L(by,¢).
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a)

b)

Figure 10.5: Exemplary interaction/factor graphs which are tree.

Solution. Zp,s is low bound because we optimize over the class of belief functions, b, s(x)
which is strictly within the class of allowed b(x). Convexity is proven simply by utilizing

the fact the optimization’s objective is decomposed into a sum of the convex functions.

The fact that Z,,s (see the example above) gives a lower bound on Z is a good news.
However, in general the approximation is very crude, i.e. the gap between the bound and
the actual value is large. The main reason for that is clear - by assuming that the variables
are independent we have ignored significant correlations.

In the next lecture we will analyze what, very frequently, provides a much better ap-
proximation for ML inference - the so called Belief Propagation approach.

We will mainly focus on the so-called Belief Propagation, related theory and techniques.
In addition to discussing inference with Belief Propagation we will also have a brief discus-

sions (pointers) to respective inverse problem — learning with Graphical Models.

10.2.6 Dynamic Programming for (Exact) Inference over Trees
Consider Ising model over a linear chain of n spins shown in Fig. 10.5a, the partition function
is

7= Z(xn), (10.29)

where Z(x,) is the newly introduced object representing sum over all but last spin in the
chain, labeled by n. Z, can be expressed as follows
Z(xy) = Z eXp(Jn,n_l-ﬁn.%'n_l + hnxn)Z(n_l)_)(n) (n-1), (10.30)
Tn—1

where Z,_1)_s(n) (x;) is the partial partition function for the subtree (a shorter chain in this

case) rooted at n — 1 and built excluding the branch/link directed towards n. The newly
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introduced partially summed partition function contains summation over one less spins then

the original chain. In fact, this partially sum object can be defined recursively

Zi— 1= () (Tio1) = Z exp(Ji-1,i—2%Ti-1Ti—2 + hi—1Zi-1) Z(i—2)— (i—1) (Ti—2) (10.31)

Ti—2
that is expressing one partially sum object via the partially sum object computed on the
previous step. Advantage of this recursive approach is obvious — it allows to replace sum-
mation over the exponentially many spin configurations by summing up of only two terms
at each step of the recursion.

What should also be obvious is that the method just described is adaptation of the
Dynamic Programming (DP) methods we have discussed in the optimization part of the
course to the problem of statistical inference.

It is also clear that the approach just explained allows generalization from the case of
the linear chain to the case of a general tree. Then, in the general case Z(z;) is the partition

function of the entire tree with a value of the spin at the site/node ¢ fixed. We derive

Z(wi) =" T | D e/ Z () | (10.32)

JEIL \ Tj

where 0i denotes the set of neighbors of the i-th spin and

Zj_n-(:cj):ehm H (Zejij’“ijk_)j(q:j)> (1033)

kedj\i \ Zg
is the partition function of the subtree rooted at the node j.

Let us illustrate the general scheme on example of the tree in Fig. (10.5b), one obtains

Z =Y Z(s), (10.34)

The partition function, partially summed and conditioned to the spin value at the spin, x4,
is
Z({L‘4) = eh4x4 Z €J45x4x5 Z5_,4 (x5) Z €J46m4x6 Z6_>4 (1‘6) Z 6‘]3413364 Z3_>4 (1‘3) (10.35)
x5 X6 x3

where

Zgﬁ\4($3) = 6h3x3 Z 6‘]13%1%321%3(561) Z 6J23m2x3Z2%3(CL‘2). (1036)

1 €2
Exercise 10.3. Counsider the Ising model on a graph G = (V, £), with spins . Let Vo C V,
and let Vo = {i € V\Vo : (i, ) € & for some j € V}. (You may think of V as the “boundary"
of Vo within V.) Show that the spins on Vj are conditionally independent of all other spins,

given values of spins on V.
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10.2.7 Properties of Undirected Tree-Structured Graphical Models

It appears that in the case of a general pair-wise graphical model over trees the joint dis-
tribution function over all variables can be expressed solely via single-node marginals and
pair-vise marginals over all pairs of the graph-neighbors. To illustrate this important factor-
ization property, let us consider examples shown in Fig. 10.6. In the case of the two-nodes

example of Fig. 10.6a the statement is obvious as following directly from the Bayes formula
P(l‘l,l‘Q) = P(l’l)P(:E2|l‘1), (10.37)

or, equivalently, P(z1,x2) = P(z2)P(z1|z2).

For the pair-wise graphical model shown in Fig. 10.6b one obtains

P(x1,22,23) = P(x1,22) P(23]|21, 23) = P(11, 22) P(23|72) =
P(ZCl,xQ)P(J:‘Q,:E?,)
P(x2) ’

where the conditional independence of x3 on z1, P(x3|z1,x2) = P(x3]|z2), was used.

Next, let us work it out on the example of the pair-wise graphical model shown in
Fig. 10.6

P(z1, 22,23, 24) = P(x1, 22, 23) P(x4]21, 23, 24) = P(21, 22, 23) P(24]22) =

= P(x1,22)P(x3|x1, x2) P(24|22) = P(21, 2) P(23|22) P(24|22) =
P(xy1,x9)P(x2, x3)P(932,934).

= P(21)P(x2|z1) P(x3|x2) P(x4|2e) = P2(z)

(10.39)

Here one uses the following reductions, P(z4|z1,23,24) = P(x4]z) and P(zs|xi,x2) =
P(xz3|x2), related to respective independence properties.

Finally, it is easy to verify that the joint probability distribution corresponding to the
model in Fig. 10.6d is

P(x1, 29,23, 24,25, 6) = P(x1)P(x2]|2x1) P(23|22) P(x4]22) P(25|22) P(26]25) =

o P(:L’l, ZL'Q)P(IL‘Q, :L‘3)P(:L’2, $4)P(l‘2, {L‘5)P(l’5, l’6)
- 5o (s . (10.40)

Exercise 10.4. In the case of a general tree-like graphical model joint probability distribu-

tion can be stated in terms of the pair-wise and singleton marginals as follows

H(i,j)eé’ P(xi, z;)
[Liey P (xi)

where ¢; is the degree of the i-th node. Use mathematical induction to prove Eq. (10.41).

P(z1,29,...,2,) = (10.41)
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a)

b)

P(x1,%;)=P(x,)P(x;[x,) P (%1% X5)=P (X )P (X |X; )P (X [X,)

c)
(%)
(x)—)
(%)
P (X4,X5,X3,%,) =P (X, )P (X, X, )P (X%, )P (X, |X,)
d)

—)
)
(%)

P (X1, Xa1Xa X X6, X6) =P (X1 )P (Xal X1 )P (X6 X2)P (X, )P (X5 %) P (X6 | X)

Figure 10.6: Examples of undirected tree-structured graphical models.
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10.2.8 Bethe Free Energy & Belief Propagation

As discussed above Dynamic Programming is a provably exact approach for inference when
the graph is a tree. It also provides an empirically good approximation for a very broad
family of problems stated on loopy graphs.

The approximation is usually called Bethe-Peierls or Belief Propagation (BP is the ab-
breviation which works for both). Loopy BP is anothe popular term. See the original paper
[25], a comprehensive review [26], and respective lecture notes, for an advanced/additional
reading.

Instead of Eq. (10.24) one uses the following BP substitution

b(x) = bup(x) = TW (10.42)

Va € Vi, Vg : ba(xe) >0 (10.43)

Vi€ Va, Var~i: bi(xi) =) ba(za) (10.44)
o \Ti

Vi€ Vn: Y bi(w) =1 (10.45)

where ¢; stands for degree of node i. The physical meaning of the factor ¢; — 1 on the rhs of
Eq. (10.42) is straightforward: by placing beliefs associated with the factor-nodes connected
by an edge with a node, i, we over-count contributions of an individual variable ¢; times
and thus the denominator term in Eq. (10.42) comes as a correction for this over-counting.

Substitution of Eqgs. (10.42) into Eq. (10.23) results in what is called Bethe Free Energy
(BFE)

./T"bp = Ebp - pr, (10.46)
By = ZZb () log fa(zq) (10.47)

ZZ() Zq)1og by (4) ZZ (@) logby(x),  (10.48)

where Ey, is the so-called self-energy (physics jargon) and Hyp, is the BP-entropy (this name
should be clear in view of what we have discussed about entropy so far). Thus the BP

version of the KL-divergence minimization becomes

arg min Fy,, , (10.49)
bobi - |Egs. (10.43,10.44,10.45)
min F; (10.50)

babi - |Egs. (10.43,10.44,10.45)
Question: Is Fp, a convex function (of its arguments)? [Not always, however for some

graphs and/or some factor functions the convexity holds.|


http://www.eecs.berkeley.edu/~wainwrig/Talks/A_GraphModel_Tutorial
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The ML (zero temperature) version of Eq. (10.49) results from the following optimization

min Fy, (10.51)
ba;bi Egs. (10.43,10.44,10.45)

Note the optimization is a Linear Programming (LP) — minimizing linear objective over

set of linear constraints.

Belief Propagation & Message Passing

Let us restate Eq. (10.49) as an unconditional optimization. We use the standard method

of Lagrangian multipliers to achieve it. The resulting Lagrangian is

Ly (b, 1, \) ZZb Tq)log fa(zq) ZZb Zq)1og by (4)
+ZZ xz logb(xz)

=3 nial@i) | bizi) = Y balza) +ZAi (Zbi(ﬂci)1>, (10.52)

ioa~t T o \T;
where 7 and A are the dual (Lagrangian) variables associated with the conditions Egs. (10.44,10.45)
respectively. Then Eq. (10.49) become the following min-max problem

mbin max Lipp(b,m, ). (10.53)

)

Changing the order of optimizations in Eq. (10.53) and then minimizing over 1 one arrives

at the following expressions for the beliefs via messages (check the derivation details)

vau v-Ta : ba(l'a) ~ fa(SUa) €Xp <Z Uia(xi)> = fa(SUa) Hni—m(xi)

i~a i~a

b#a
= fa(za) H H Mp—i(Ti) (10.54)
i~a b~i
> Nia(Ti)
Vi, Va; : bi(z;) ~exp | & ; Hma_n x;), (10.55)

an~1

where, as usual, ~ for beliefs means equality up to a constant which guarantees that the
sum of respective beliefs is unity, and we have also introduce the auxiliary variables , m and

n, called messages, related to the Lagrangian multipliers 7 as follows

Vi, Va ~i:  njq(z;) = exp (Nia(x;)) (10.56)

Va, Vi ~a: mgi(x;) = exp (Zm(—le)) ) (10.57)
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Combining Egs. (10.54,10.55,10.56,10.57) with Eq. (10.44) results in the following BP-

equations stated in terms of the message variables

b#a
Vi, Ya ~ i, Vo;:  nie(x;) = Hmaﬁi(xi) (10.58)
b~i
J#i
Va, Yi~a, Vr;: mei(x;) = Z fa(zq) H Nja(T). (10.59)
l'a\xi j~a

Note that if the Bethe Free Energy (10.46) is non-convex there may be multiple fixed points
of the Egs. (10.58,10.59). The following iterative, so called Message Passing (MP), algorithm
(10) is used to find a fixed point solution of the BP Egs. (10.42,10.43)

Algorithm 10 Message Passing, Sum-Product Algorithm [factor graph representation]|
Input: The graph. The factors.

1: Vi, Ya ~ i,Ya; :  mg; =1 [initialize variable-to-factor messages|

: Ya, Yi ~a,Vz;: n;-1 =1 |initialize factor-to-variable messages|

: loopTill convergence within an error [or proceed with a fixed number of iterations|
Vi, Ya ~ i, Vz;:  nisa(mi) HZf‘Z Ma—i(T;)
Va, Vi~ a, Yr;: mei(x;) Zxa\xi fa(zq) H;f; Nj—sa(x;)

end loop

A R A

10.3 Theory of Learning: Sufficient Statistics and Maximum
Likelihood Estimation

10.3.1 Sufficient Statistics: infinitely many samples

So far we have been discussing direct (inference) GM problem. In the remainder of this
lecture we will briefly talk about inverse problems. This subject will also be discussed (on
example of the tree) in the following.

Stated casually - the inverse problem is about ‘learning’ GM from data/samples. Think
about the two room setting. In one room a GM is known and many samples are generated.
The samples, but not GM (!!!), are passed to the second room. The task becomes to
reconstruct GM from samples.

The first question we should ask is if this is possible in principle, even if we have an
infinite number of samples. A very powerful notion of sufficient statics helps to answer this

question.
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Consider the Ising model (not the first time in this course)

P(x) = Z?&) exp ZGZV h;x; +{i§EJijxia?j = exp{6T ¢(z) —log Z(6)}, (10.60)
where z; € {—1,1}, 6 := hUJ = (h]i € V)U(J3;{i, 5} € €) and the partition function Z(0)
serves to normalize the probability distribution. In fact, Eq. (10.60) describes what is called
the exponential family - emphasizing ‘exponential’ dependence on the factors 8. Notice that
any pairwise GM over binary variables can be represented as an Ising model.

Consider collection of all first and second moments (but only these two, and not higher
moments) of the spin variables, ") := (u; = E[x;],i € V) and p® := (u;; = Elzsa;], {i,j} €
E). The sufficient statistics statement is that to reconstruct 6, fully defining the GM, it is
sufficient to know p™) and p®.

10.3.2 Maximum-Likelihood Estimation/Learning of Graphical Models

Let us turn the sufficiency into a constructive statement — the Maximum-likelihood estima-
tion over an exponential family of GMs.

First, notice that (according to the definition of u)
Vi: OplogZ(0) = —pi, Vi, j: 0y,logZ(0) = —py. (10.61)

This leads to the following statement: if we know how to compute log-partition function for

any values of 0 - reconstructing ’correct’ € is a convex optimization problem (over 6):
0" = arg meax{uTG —log Z(0)} (10.62)

If P represents the empirical distribution of a set of independent identically-distributed
(iid.) samples {z(® s = 1,...,S} then u are the corresponding empirical moments, e.g.
Mij = % Y os xis)xﬁs).

General Remarks about GM Learning. The ML parameter Estimation (10.62) is the best

we can do. It is fundamental for the task of Machine Learning, and in fact it generalizes
beyond the case of the Ising model.

Unfortunately, there are only very few nontrivial cases when the partition function can
be calculated efficiently for any values of 6 (or parametrization parameters if we work with
more general class of GM than described by the Ising models).

Therefore, to make the task of parameter estimation practical one may utilize one of the

following approaches:
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e Limit consideration to the class of functions for which computation of the partition
function can be done efficiently for any values of the parameters. We will discuss such
case below — this will be the so-called tree (Chow-Lou) learning. (In fact, the partition
function can also be computed efficiently in the case of the Ising model over planar

graphs and generalizations, see [27] and references therein for details.)

e Rely on approximations, e.g. such as variational approximation (MF, BP, and other),

MCMC or approximate elimination (approximate Dynamical Programming).

e There exists a very innovative new approach - which allows to learn GM efficiently
however using more information than suggested by the notion of the sufficient statis-
tics. How one of the scientists contributing to this line of research put it — *the suffi-
cient statistics is not sufficient’. This is a fascinating novel subjects, which is however

beyond the scope of this course. Check [28] and references therein.

10.3.3 Learning Spanning Tree

Eq. (10.41) suggests that knowing the structure of the tree-based graphical model allows to
express the joint probability distribution in terms of the single-(node) and pairwise (edge-
related) marginals. Below we will utilize this statement to pose and solve an inverse problem.
Specifically, we attempt to reconstruct a tree representing correlations between multiple
(ideally, infinitely many) snapshots of the discrete random variables 1, z2, ..., z,?

A straightforward strategy to achieve this goal is as follows. First, one estimates all
possible single-node and pairwise marginal probability distributions, P(z;) and P(z;, z;),
from the infinite set of the snapshots. Then, we may similarly estimate the joint distribution
function and verify for a possible tree layout if the relations (10.41) hold. However, this
strategy is not feasible as requiring (in the worst unlucky case) to test exponentially many,
n"~2, possible spanning threes. Luckily a smart and computationally efficient way of solving
the problem was suggested by Chow and Liu in 1968 [29].

Consider the candidate probability distribution, Pr(z = (x1,...,2,)) over a tree, T' =
(V,E) (where V and £ are the sets of nodes and edges of the tree, respectively) which is tree-
factorized according to Eq. (10.41) via marginal (pair-wise and single-variable) probabilities

as follows

- H(i,j)ESF P(xi, ;)
[Ticyr Plai)s=(z:)

"Distance" between the actual (correct) joint probability distribution P and the candidate

PT(l‘l,IEQ,...,:L‘n) (1063)

tree-factorized probability distribution, Pr, can be measured in terms of the Kullback-Leibler


http://proceedings.mlr.press/v97/likhosherstov19a.html
https://advances.sciencemag.org/content/4/3/e1700791
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(KL) divergence

D(P| Pr) = ZP )). (10.64)

As discussed in Section 8.5, the KL dlvergence is always positive if P and Pr are different,
and is zero if these distributions are identical. Then, we are looking for a tree that minimizes
the KL divergence.

Substituting (10.63) into Eq. (10.64) one arrives at the following chain of explicit trans-

formations

Y P() [log P(x) = > log P(xs,x;) + ) (q:—1)log P(x;) | =
x

(4,5)€E %
= ZP( log P(x Z Z P(x;,x;)log P(x, x;) +
x ( ’])egf Ti,%j
+Z( -1 ZP (x;)log P(x;) = Z ZP.CUZ,:L’] ) log (le’fj) +
i€y z; (i,§)EET Tisx; ( ) (1:])
+> P(x)logP(z) — > > P(x;)log P(x;), (10.65)
x ieVF T

where the following nodal and edge marginalization relations were used, Vi € V* :  P(z;) =
Zx\xi P(x),and, V(i,j) € &7 P(x;,x;) = Zx\xi,xj P(z), respectively. One observes that

the Kullback-Leibler divergence becomes

D(P| Pp)=— > I(XiX;)+ Y Sx:)—S(x), (10.66)
(i,5)eEF ievr
where P )
Liy L5
I(X;, X;) P(x;, x5) log =———1— (10.67)
;} 77" P(xi) P(x)

is the mutual information of the pair of random variables z; and ;.

Since the entropies S(X;) and S(X) do not depend on the tree choice, minimizing the
Kullback-Leibler divergence is equivalent to maximizing the following sum over branches of
a tree

> I(Xi X). (10.68)

(1,5)€ET
Based on this observation, Chow and Liu have suggested to use the following (standard in
computer science) Kruskal maximum tree reconstruction algorithm (notice that the algo-

rithm is greedy, i.e. of the Dynamic Programming type):

e (step 1) Sort the edges of G into decreasing order by weight = Mutual Information,
ie. I(X;, X;) for the candidate edge (4, j). Let & be the set of edges comprising the

maximum weight spanning tree. Set & = ().


https://en.wikipedia.org/wiki/Kruskal%27s_algorithm
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Table 10.1: Information available about an exemplary probability distribution of four binary

variables discussed in the Exercise 10.5.

x1x9w3x4 | P(x1, 9,23, 24) | P(21)P(22|71)P(23]|22) P(24|21) | P(21)P(22)P(23)P(24)
0000 0.100 0.130 0.046
0001 0.100 0.104 0.046
0010 0.050 0.037 0.056
0011 0.050 0.030 0.056
0100 0.000 0.015 0.056
0101 0.000 0.012 0.056
0110 0.100 0.068 0.068
0111 0.050 0.054 0.068
1000 0.050 0.053 0.056
1001 0.100 0.064 0.056
1010 0.000 0.015 0.068
1011 0.000 0.018 0.068
1100 0.050 0.033 0.068
1101 0.050 0.040 0.068
1110 0.150 0.149 0.083
1111 0.150 0.178 0.083

o (step 2) Add the first edge to Er
e (step 3) Add the next edge to Ep if and only if it does not form a cycle in Ep.

o (step 4) If & has n — 1 edges (where n is the number of nodes in G) stop and output
Er. Otherwise go to step 3.

Eq. (10.41) is exact only in the case when it is guaranteed that the Graphical Model
we attempt to recover forms a tree. However, the same tree ansatz can be used to recover
the best tree approximation for a graphical model defined over a graph with loops. How to
choose the optimal (best approximation) tree in this case? To answer this question within
the aforementioned Kullback-Leibler paradigm one needs to compare the tree ansatz (10.41)
and the empirical joint distribution. This reconstruction of the optimal tree is based on the

Chow-Liu algorithm.

Exercise 10.5. Find the Chow-Liu optimal spanning tree approximation for the joint prob-

ability distribution of four random binary variables with statistical information presented
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in the Table 10.1. [Hint: Estimate the empirical (i.e. based on the data), pair-wise mutual
information and then utilize the Chow-Liu-Kruskal algorithm (see description above in the

lecture notes) to reconstruct the optimal tree.|

10.4 Function Approximation with Neural Networks

Material presented in this lecture is relatively new. Some of the theoretical results discussed
below are 30 years old, but practical power of these results, and of course the flow of new
results and approaches, are very recent — 5 ears old, or even younger. In this situation
there are not that many books written on the topics yet, especially books focusing on the
applied mathematics aspects of the function approximation with Neural Networks (NN).
The book of Gilbert Strang [30] on "Linear Algebra and Learning from Data", which we
highly recommend, stands alone. Part VII of the book, entitled "Learning from Data", is
especially relevant to this Section.

NN, and especially Deep Neural Networks (DNN), is the newest most important tool of
applied mathematics which can be used universally to fit a function.

Mathematical foundations of the methodology is established by the following Theorem:

Theorem 10.4.1 (Universal Approximation Theorem (Cybenko 1989; Hornik 1991; Pinkus
1999)). Let p : R — R be any continuous function (called activation function). Let NAN?
represent the class of feed-forward NN with activation function, p, with n neurons in the
input layer, one neuron in the output layer, and one arbitrary layer with an arbitrary number
of neurons. Let K C R be a compact. Then NN? is dense in C(K) (class of differentiable

function on K if and only if p is not polynomial

This famous theorem was an inhibitor of the NN revolution. In its original form, stated
above, it therefore applied to the regime of bounded depth and arbitrary width, was also
extended recently to the complementary case of the bounded width and arbitrary depth
(See |31] and references therein. Notice that the term "deep" in the name of Deep Learning
refers to the large depth of respective NN.)

Even though, the Theorem 10.4.1 is agnostic to the type of the activation function some
activation functions are used more frequently in practice. The choice which has succeeded
far beyond expectations is the nonlinear function called Rectified Linear Unit, or simply,
ReLU(z) = 2+ = max(z,0).

Obviously, NNs are not limited to representing an arbitrary p : R — R map. For
example, we can use ReLLU to construct the following piecewise-linear function mapping a

p-dimensional data vector, v, to an m-dimensional output:
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e Choose, (g, p)-dimensional matrix A; and g-dimensional vector b; and set to zero all
negative components of Ajv + by, i.e. introduce ReLU(Ajv +b1) = (A1v+ b1 )+ acting

component-wise, where each component is associated with a neuron of a hidden layer.

e Choose (m, q) dimensional matrix Ay and apply it to the hidden layer vector, Ay(Ajv+
b1)+-

Introducing depth in NN allows to construct more and more expressive, as containing more
piece-wise linear pieces, continuous piece-wise linear functions. One standard way to do it

is to use composition:
NN(U) = FL(FLfl(' o FQ(Fl('U)))) = (FL o FL,1 ©-:-+0 FQ o Fl)(v), (1069)

where [ =1, -+ ,L: Fi(z) = (Ajz+b)+.

While the composition may be considered as the key operation in construction of the
Deep NN, the loss function, the chain rule and associated automatic differentiation and
back-propagation are the other key ingredients of DNN, which we discuss in the following,

one after another.

Example 10.4.2 (Counting Number of Pieces). Consider an example of NN (v) with Re-
LU activation function, one dimensional input layer, one 5-dimensional hidden layer, and
one dimensional output layer, and count the number of pieces in the resulting continuous

piece-wise linear function.

10.4.1 Fitting a Function with NN as an Optimization

Key element of fitting a function with NN is the so-called loss function, which is the term
commonly used in data science to describe objective of the underlying optimization formu-
lation. Standard choice of the loss function is a norm, e.g. Iy, lo or lo norm, of the error

between the function, F'(v), and its NN-approximation evaluated at the available samples,

s =1,---,5. Then, for the example of the [, norm min-error, the resulting optimization
becomes
S
i F — 0 10.70
meln; 1F(vs) = NN (vs0) I, (10.70)
where 6 is the vector of the NN parameters, e.g. § = (A, by, -+, A1,b1) in the case of the

continuous piece-wise NN given by Eq. (10.69).
A standard way to solve the optimization is to evaluate partial derivatives (components

of the gradient) of the loss function over the parameters and require that all of them are zero.
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This zero gradient solution of the optimization problem is normally found by the gradient
descent algorithm (by one of its many versions).

In all of its variants, and according to Eq. (10.70) the gradient descent needs to compute
derivatives of NN (vs|f) over the components of the parameter vector 6. Automatic differ-
entiation, or its particular version back-propagation, is a method to compute the derivatives

quickly.

10.4.2 Automatic Differentiation, Back-Propagation and the Chain Rules

Computational efficiency of the Automatic Differentiation is associated with the so-called

chain rule, illustrated on the example

P — Lot = (Lo (L) (L)

dgi

Steps in the automatic differentiation can be arranged in two ways — forward mode and
backwards mode. We choose forward mode (as much faster ones) if we have many functions
g depending on a few inputs (components of x), and vice versa we choose backward mode
if we have fewer function and higher dimensional input.

Since in Deep Learning we have one loss function depending on many weights, the

choice of the back-propagation mode (of the automatic differentiation) is natural for this

application.
x above is the vector of weights consisting of all the matrices, A1,---, Ap, where L is
the number of layers, and all the bias vectors, b1,--- ,br. The input-output pair of vectors,

(v,w), are associated with the 0’th and L’s layer of the NN. In the super-vised learning
discussed here, v = vy, and, w = vy, are the training data represented through S samples,
(), w), s =1,---,S. NN maps inputs to outputs, w = F(z,vp). Each new layer is a
map from the previous layer, v, = Ry, (b, + Anvn—1), where R, is the activation function of
the n-th layer, for example ReLu.

Consider example of one hidden layer, L = 2, with Rs set as the identity function
w = vy = by + Agvy = by + AQR(bl + Alvo).

Let us compute derivatives over A; following the chain rule:

8(b1 + Al’l)())

ow ,

04y

Notice that computing the derivative we go backwards from w = vy to v = vg — that is we

follow the backward propagation rule starting from the output and moving to the input.
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10.4.3 Avoiding Over-fitting

Over-fitting occurs when a trained network performs very accurately on the given data,
but cannot generalize well to new data. If I’ does purely on the training set we say that
the NN is under-fit. Over-fitting occurs when F' does well on the training set but gives
much larger error on the validation data. Colloquially, it occurs when our function is not
sufficiently smooth — filling gaps (unnecessarily) between the training data points. One
standard recommendation: to avoid over-fitting introduce regularization to the loss function.

Another recommendation: stop training before you over-fit.

Example 10.4.3. Consider a Neural Network (NN) with L = 2, with one hidden layers
each consisting of a single node (neuron), and with the tanh activation functions. Therefore,
the model is

w = vy = tanh (ag tanh (alv + b1) + bg),

and assume that the weights are currently set at (ai,b1) = (1.0,0.5) and (az, b2) = (—0.5,0.3).
What is the gradient of the Mean Square Error (MSE) cost for the observation (z,y) =
(2,—0.5)? What is the optimal MSE and optimal values of the parameters?

Solution. Evaluating the function (forward pass) with the initial parameters gives:
w = tanh(—0.5 tanh(1.0(2) + 0.5) + 0.3) = —0.1909
Define and compute the intermediary variables z1, a1, zo as follows:

z1 = a1v + by = 2.500, v := tanh(ajv + b1) = 0.9866
29 := agV) + by = —.1933, W = vy = tanh(agvl + b2) = —0.1909,
where w stands for the NN estimate of the output, as opposed to the actual, i.e. sample,

output, w.

The MSE loss function is £ = (& — w)?. The gradient of the loss function is

oL OL 9w Oz

8(12 ow 822 8a2

— 2 — w O0z2 2
VL= oL | T | OL 8w 9z2 day 9z
8&1 ow 822 6a1 le 8[11
oL OL 0w Oz2 Oai 0z1

b1 Ow Ozo a1 0z1 Obi
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Evaluating each partial derivative gives:

gf; = 2(db — w) = 2((—0.1909) — (—0.5)) = 0.6182
gi =1—(—.1933)* = 0.9626

gz = a; = 0.9866

i

gz =ay=-05

gz =1 - (.9866)> = .0266

gz =x=20

-

Putting this all together, we get:

oL OL 0w Oz
Oaso Ow Ozo Oag 05951
oL OL 0w 9z

V£ — by — Ow Oz Obo — 05871
oL OL 0w 0z3 Oay 0z —0.0079
daq ow 0z2 day 0z1 Ow1 .
oL OL 0w Oz3 Oay 9z _
by O Dzg Dai Oz1 Oby 0.0158

(b) There is only one data point, and four parameters. Therefore the problem is under-
determined. Iterating gradient descent-type methods does not guarantee return of a unique

solution.

Exercise 10.6. Consider the following two-layer (L = 2) NN-map, v — w where v, w € R,

built from three ReLLU neurons :

v1; = ReLU(a;v + b;), Vi =1,2, v1 = (v11,v12) € R?, w=uvy = ReLU(Aj3 - 'vlT + b3),
where thus, Az € R'2_ and, a1, as, b1, by, b3 € R, are the parameters.

(a) Describe the complexity of the class of functions representing this NN.

(b) What is the minimal number P of non-degenerate samples, (v®,w®), p=1,--. P,

needed for exact (!) reconstruction of the NN’s parameters?

(c) Build an example where this NN outputs continuous piece-wise linear function with

two linear intervals.
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10.5 Reinforcement Learning

In this lecture we get back to the Markov Decision Processes (MDP), already discussed in
Section 9.5, however with the learning prospective in mind. To describe this, so-called Rein-
forcement Learning (RL), let us get back to the gedanken (thought) two-room experiment
(already mentioned in Section 10.3.1 in the context of the Graphical Model learning).

Assume that an MDP, of the type described in Section 9.5 is available in the room #1.
We use the MDP to generate the data stream (path) of the state, action, reward — s, a,r —
tuple: so, ag,ro,S1,a1,71,---. The data stream, but not the MDP model itself (!!), is now
passed to the room #2. Our RL task in the room #2 becomes: to learn/estimate MDP
from the data stream.

RL as a topic is very rich, covered in many comprehensive books and lecture notes.
However, and as custom in this course/book, our discussion of the material will be cursory
and focusing on highlighting main applied math ideas of RL. For much more extended
reading we recommend the classic book of Sutton and Barto “Reinforcement Learning: an
Introduction" [32]. There are also quite a number of quality online courses (with good
supplementary notes, slides and often software) which is recommended as supplementary
material for what we discuss in this section. We recommend: 2021 Berkeley [33]|, 2022
Stanford [34] and 2019 Columbia [35] courses, or earlier versions of the courses (which can
be easily found at the web).

Learning MDP may constitute one or all of the tasks ?:
e Learn/estimate P(s,a,s') and R(s,a,s');

e Learn/estimate the action-value function, Q”(s,a), where the policy is not optimal
(may be random);

e Learn/estimate the optimal action-state value function, Q*(s, a);

e Learn/estimate the optimal (state) value function, V*(s);

e Learn/estimate the optimal policy 7*(s, a).

In the following we present and illustrate a number of techniques one can use to accomplish

one (or a combination) of the RL tasks.

10.5.1 Model Based Monte Carlo

Given the data stream, SARy = Sg,a9,70, - SN,aN, TN, We may learn the MDP model

in the most literate way — estimating the MDP’s transition probability and the reward

#We follow notations of Section 9.5 and also use hat, like C’, to denote data-based estimate of C.



CHAPTER 10. ELEMENTS OF INFERENCE AND LEARNING 339

function according to the following Monte Carlo sampling formula

N-1 /
~ 1 =]
V{s,a,s'} € SARy : P(s,a,s) = == ((st’at}fftﬂ) (s,0,5)) (10.71)
N—-1 /
~ 1 =
R(S, a,S/) Zt:o Tt+1 ((8757(;’\7}7 St+1) (87 a,s ))’ (1072)

where 1("statement") is unity if the "statement" is true and zero otherwise.

Note that the Monte Carlo estimations can be done for a fixed policy or for a random
policy, i.e. one generated at every s-a-s’ cycle anew, therefore exploring the policy space.
However this combined state and policy exploration is expected to be prohibitively expansive,
that is a very long data stream is needed to explore the entire phase space of states and
actions even for a relatively small MDPs.

Moreover, even if the exploration is successful and the 75(3, a,s') and f%(s, a, s') estimated
are sufficiently accurate, we should still solve the respective MDP problem, i.e. to find
optimal values and policies.

The last remark motivates us to look into Monte Carlo which goes straight to the esti-

mation of the action-state value, @”(s, a), bypassing the steps of learning the model.

10.5.2 Model Free Monte Carlo

By analogy with Egs. (10.71,10.72) and according to the definition (9.92), the data-stream

based, i.e. empirical, estimate of the action-state value becomes

V{s.a)SARy : O7(s.a) = 2t=0 Ut ((jv“ a) = (5,0)) (10.73)

Vit . Ut :T‘t+"}/7’t+1 +’)/2Tt+2"' y (1074)

where u; is the utility function at the step ¢; and we assume that actions in the data stream
were selected according to a prescribed random policy .

When the data stream is live (on-line), i.e. new tuples arrive in real time, to also
have a real time (on-line) update of Q7(s,a). In this on-line case, we initialize with
V{s,a} : Q”(s,a) = 0, and then update gracefully interpolating between prior values

and new corrections:
Vi=1,---, {st,at}: Q”(st,at) +— (1- n)Q“(st,at) + nu, (10.75)

where 7) is a pre-defined interpolation parameter and < denotes update upon arrival of any
new {s,a} pair in the data stream.
Even thought the model-free Monte Carlo approach constitutes a significant improvement

over the model-based Monte Carlo, because it outcomes the value function directly, it is still
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problematic, mainly because of its dependence on keeping a longer sequence in memory to
compute the utility value, us, with sufficient accuracy. (Large variance and slow exploration

are two other negative features of the method.)

10.5.3 Temporal Difference Learning

One way to improve this caveat, is to generalize Eq. (10.75) and register, instead of the
(s,a,u) events, the (s,a,r, s, a’) (reads SARSA) events, which allows to use the asymptotic,
T — 00, version of the dynamic programming relation (9.93), instead of Eq. (9.92) and its
empirical version (10.73). Embedding the SARSA correction of the model-free MC into the

interpolation formula (10.75) we arrive at

VE=1, -+, (54, a8,7¢, 041, a051) : Q7 (s¢,a0) + (1 —n)O (s¢,a1) + 1 (7" + ')’Qﬂ(st—l—l,at—kl)) .
(10.76)

Note, that SARSA is an example from the family of the Temporal Difference (TD)
methods. TD methods update estimates based in part on other learned estimates, without
waiting for final outcome — i.e. they bootstrap.

Notice that in-spite of all of the improvements, the SARSA algorithm still suffers from
being dependent on a prescribed policy. This "on-policy" feature of SARSA is problematic
because to find the optimal policy (which is one of our targets) we still need to explore a
rather larger phase space of possible policies.

The so-called Q-learning, suggested by Watkins and Dayan in 1992, is an ingenious
modification of SARSA which fixes the "on-policy" issue by replacing the update portion of

Eq. (10.76) by an "off-policy", and moreover policy optimal expression:

~

VE=1,-- (s5, a0, 70 5041) 1 Q (s, a) — (1 —n0)Q* (s, a0) + 1 (rt +'ymaz/xXQ*(st+17a')> .

(10.77)

See Algorithm 11 with implementation of Eq. (10.77).

@Q-learning with a function approximation

Approaches we have discussed so far may also be referred to as "tabular" approaches —
where the space of states and actions can be considered as a tableau. However, the tabular
methods do not scale with increase in the size of state space. In the case (most typical
in real world applications) we want to generalize, i.e. extrapolate from the states we have

visited so far to many other states which are somehow similar.
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Algorithm 11 Tabular Q-learning
Require: Py(-); Q*(s,a) =0, Vs,a; e=0

while Change in Q* over consecutive episodes is small do

e=e+1
t= 1, S1 Po()
while Episode runs do > Q-learning updates over an episode

ot = (re + ypmaxy Q*(se41,a")) — Q*(st, ar)
Q" (s¢,at) < Q" (st,at) + ndy
t=t+1

end while

end while

An additional idea is required to carry it on to the problems defined over larger spaces.
"Functional" representation (check previous Section) is such a powerful and rather fun-
damental idea which helps to deal with the "course of dimensionality": We use a low-
dimensional representation of the state-action pair and learn its parametric representation
stated in terms of a continuous valued feature vector, 6. Thus, in the case of the Q-learning
we introduce, Qp(s,a).

Most obvious example of a low-dimensional representation of the Q-function is the linear
regression: Qg(s,a) =Y " 0;¢i(s,a), where the summation is over n features, ¢;(s,a), i =
1,--+,n. Another (modern and more powerful) option is a NN-representation: Qg(s,a) =
NNpy(q(s,a)). Here, instead of learning a table for Q(s,a) we learn the parameter vector,
0 = (0;]i =1,---,n). The goal becomes to find such € that the re-parameterized version of

the Bellman equation:
Qy(s,a) = Egp(lsa) [R(s,a,8") +ymaxQy(s',a’)| Y(s,a), (10.78)
a

is approximated well for all §. We may formalize this 6-fitting task via set of optimizations,
each minimizing for a fixed state-action pair, a loss function over 6, for example the sum-

of-squares ones

nbin lo(s,a), V(s,a) (10.79)

l9(5¢ a) = IEs’wP(~|s,a)

2
<QZ(S,CL) — R(s,a,s') + ymax QE(SC&’)) ] ,

where thus the right hand side of Eq. (10.78) should be considered as a fitting target for
Qy(s, a).
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Implementation-wise, we can modify the tabular Q-learning Algorithm 11 replacing up-
date of &; by

51‘, =Tt + ’YInaE}X Q;(St-i-l) CL/) - QZ(Sta at)v

and then updating the vector of parameters 0,

0« 0+ nétVGQZ(Sta at).

Exploration vs Exploitation

Note that in Eq. (10.79) we minimize many loss functions — one for each (s,a). Any algo-
rithmic implementation will result in a strong inhomogeneity — number of samples will be
very different for different (s, a), thus resulting in different accuracies. On the other hands
different states contribute differently to expectations, e.g. in @Q*. This suggests that we
may want to attempt accelerating exploration of states doing, possibly adaptively. In other
words, switching in an algorithm, e.g. in the advanced Q-learning algorithm, to an implicitly
prescribed and probably not exploring enough. One way to fix this problem is to randomize

the algorithm a bit and to introduce the following e-greedy policy:

o (s) = { argmax, Q*(s,a’), with prob. 1 —e 7 (10.80)

random from A(s), with prob. e
where A(s) is the set of actions available from the state s.

Example 10.5.1. (a) Using provided notebook (RL _Notebook.ipynb) compare Monte
Carlo and SARSA methods on World #1 (1) after only a few steps and then (2) running it
for much longer (asymptotically long). (b) Compare SARSA and Q-learning running World
#1b (which is similar to World #1 but with some boxes having -1 rewards). (A method
might not converge, so you may want to add a maximal number of steps per episode.)
Compare the two algorithms and atempt to explain difference in behavior. (¢) Test another
example, World #2, running SARSA and Q-learning, also adjusting €. Do you see conver-
gence to the same policy? (d) Compare what you observe experimenting with World #1b
and World #2. Which of the two methods is more efficient? Explain your answer.



Appendix A

Midterm & Final Exams

This Appendix contains midterm and final exams given within the Math 581 course. Be-
cause final exams of Math 581A (in December) and of Math 581b (in May) are part of
the AM GIDP qualification process, the exams were prepared by a group of the program
professors. We are grateful to Profs. I. Fatkhulin, I. Gabitov, K. Lin, L. Miller, M. Rychlik,
C. Wolgemuth for contributing problems to the finals.

A.1 Final Fall 2019 — Math 581a

Complex & Fourier Analysis

Submit 3 out of 5 problems

1. Find all values of z € C satisfying the equation

sin(z) =3

2. Use contour integration to show that

/°° gL
_oo Sinh(7z) YT

(Hint: Consider integration along a rectangular contour. )

343
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3. Prove that in the three-dimensional case
? 0? 9%\ 1
—_—t —— 4+ — | = = 47
<8m2 + Oy? + 82’2) r mo(r),

where 1 = (z,y,2) € R? and r = [r| = \/22 + 7 + 22.

4. Consider the following sequence of functions in L?(0, )

fo(x) = \/i fn(x) = \/ECOS(W), n=1,--,00.

(a) Is the sequence orthonormal, i.e. is, [ fu(2)fim (%) = 6pm, valid?

(b) Does it form a basis in L2(0,7), i.e. is, >, _o fa (@) fu(y) = d(z — y), valid?

5. An operator, U, is called unitary in L?(R), if for any two functions u,v € L?(R),

(Uf(2),Ug(x)) = (f(x), 9(x)),

where

o0

(f(x), g(x)) == / dz f(2)9(x).

—0o0
Use the representation of functions in the Fourier integral to show explicitly that the

operator U := exp <ia%> is unitary in L?(R) for a € R.

(Notation: U := exp (ia%) means U f(z) =Y 7 %dd;—; (x)).

Differential Equations

Submit 3 out of 5 problems

1. Consider the three dimensional dynamical system

i = —ax — By —x(2® + > + 2?)
y=Ba—ay —y(a® +y° +2°)
5=z —z2(x? + % 4 27)

where a, 8,7 € RT
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(a) What is the local phase space dynamics of the system near the origin? Carefully

sketch the behaviour of the solution (in R3) near the origin.
(b) Can orbits escape to co?

(c) Might it be possible for the system to have an orbit that repeatedly passes near
the origin? If so, sketch how you think it might look.

2. Let u(z), 0 < x < 1, represent the temperature of a rod with variable diffusion
coefficient given by k(x) = e*. If f(z) is an external heat source, the temperature

satisfies the equation

’ (k(aa)fljj,) —f@), <<l

For this problem, the boundary conditions are chosen to be

where / denotes differentiation with respect to z. Find the Green’s function that

satisfies this equation.

3. Find the general solution to the following quasi-linear equation,
Ou + ul,u = —,

where u(t; x) : R? — R, via method of characteristics. Hint: If &(¢;2;u) and n(t; z; u)
are two first integrals in the extended ¢, x, u space of a differential equation which can
be integrated by the method of characteristics, then g(&,n) = 0, is describing solution

implicitly where ¢ is an arbitrary function of & and 7.
4. Find the value of the Green’s function at r = |r| = 0 for the equation
(07 + VHu =,
where V = (0,51 =1,---,3).
5. Solve the following boundary value problem:

Opztt + Oyyu =0, O0<z <L, 0<y<oo
(L—2x)x

u(0,y) = u(L,y) =0, ufz,0) = A=—57",

u(z,00) =0,

by the Fourier method (separation of variables).
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A.2 Midterm Fall 2020 — Math 581a

Problem #1: Evaluate the integral

/(z - g) tan zdz,

C

where contour C is a clockwise circle of radius 3 around z = 1.

Problem #2: f(z) is defined by

where C is the clockwise circle of radius 2 around w = 1. Evaluate f(0).

Problem #3: Compute the integrals

71
11:/ Ozg(x) dz;
v+ 1
0
IQZ/( 02g(:z)) dx.
v +1
0

Problem #4: Consider the functions f(z) = sin(x/2) and g(z) = cos(x/2) on the interval

—m < x <. Let f, and g, be their respective Fourier coefficients,

1 s X 1 ™ .
fn=— f(x)e™"™dx and g, = — g(x)e """ dx.
i

B 27 — 2 -

Without computing the coefficients, answer the following questions:
(a) Do you expect f, to be purely real? purely imaginary? neither? Explain.
(b) Do you expect g, to be purely real? purely imaginary? neither? Explain.

(c¢) Compare qualitatively (or quantitatively) the decay of | f,| and |gy| in the limit |n| —

00.
Problem #5: Find the Fourier transform of the Bessel function Jy(x). Use the integral
representation (this is one of many)

Jo(z) = 1 /OTr cos(z cos(#))do

s

You do not need to justify interchanges of integration. Hint: As a check on your answer —
the Fourier transform has compact support.
Problem #5: What function, f(z), has the Laplace transform, f(k) = k—1/2?
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A.3 Final Fall 2020 — Math 581a

Problem #1: Let a > 0. Compute the following integral
[e.@]
ezkz
I, = ——d
g / (2 +ia)l/? ‘
—00
for k > 0 and for £k < 0. The branch of the square root function is chosen such that
Arg(z +ia) € [-7/2,371/2) for any z € C.
Problem #2: Check if the following sequence of functions are orthonormal and if it forms

a (complete) basis in the Hilbert spaces:

(a) The sequence of functions in the space L?([0,n]) 2

fo(z) = \/Z, folz) = \/Zcos(m;), n=1,---.

(b) The sequence of functions in the L?([0,27])

fulz) = \/Zsin(ng:), n=1,---.

If the sequence does not form a basis, extend the sequence to make it form an orthonormal
basis.
To check completeness, the following hint is useful:

the sum ) 7, cos(nz) cos(ny) should be computed as the limit

lim Z exp(—en) cos(nx) cos(ny).

0+
E— n—1

Problem #3: Three positively charged particles are placed on the line. Two of them are
stationary and located at x = 0 and x = 1, the third one is free to move between the two

stationary particles and its position is x € (0,1). Its dynamic is given by

. A B
CL’:F(.T) where F:?—m,

and A, B are positive constants.

(a) Find the potential V from which these forces derive.

(b) Identify the equilibrium position and determine its stability.

*L?([0, ]) means square integrable, L*([0,7]) := {f : N |f(z)]?dz < oo}
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(c) Draw the phase portrait (particle position versus velocity).

(d) How is stability affected if friction is introduced in the problem? That is, we now
consider

&= F(x)— et
where € is small and positive. Describe the behavior of all trajectories as t — oc.

Problem #4: Find Green function of the operator

. d2 2
x € [0,400) : L:@—?, u(0) =0, |u(400)| < o0,

i.e. find solution of

2,y € [0,00) : LG(z;y) = d(x —y), G(0,y) =0, |G(c0,y)| < +oo.

Note:The boundary condition «(0) = 0 should be interpreted as the limit lim, g+ u(z) =

0.
Problem #5: Consider the boundary value problem for the following linear differential
equation:

22y oy +y==z, y(1)=0, yle)=0 (A.1)

(a) Find p(x), ¢(z) and r(x) such that Eq. (A.1) can be written in the form
(p(x)y") +q(@)y =r(x)z, y(1)=0, y(e)=0, (A2)
(b) Using the p(x), ¢(x) and r(x) you just found, solve the eigenvalue problem

(p(2)¢") + q(x)dp = —Ar(z)p, ¢(1) =0, ¢(e) =0,

for eigenfunctions ¢, (z), and corresponding eigenvalues \,,. Normalize the eigenfunc-

tions.

(c) Express y in the eigenfunction basis (that is, y(z) = > 7, ar¢r(z), where the coef-
ficients ay are to be determined), and substitute it into Eq. (A.2). Use your answer

from part (b) to find an expression for the coefficients ay.

Hint #1: It is known that the eigenfunctions for a Sturm-Liouville problem form a com-

plete, countable basis, and are orthogonal with respect to the weight function r(z).

Hint #2: As a check on your answer, the solution y(z) and the first three terms in the

partial sum y®) () := 323 _ ap¢p(x) are plotted in Figure A.1.
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—0.05}

—0.10f
-0.415[ \

1N

Figure A.1: Comparison of an exact solution (blue) and eigenfunction expansion containing

three terms (orange).

Problem #6: Use the Fourier (variable separation) method to solve the following PDE on

the interval 0 < z < L: " 2
o ozt o (49

with the boundary conditions
y(t,0) = &y /0a*|omo = y(t, L) = 8%y /02 |oer, = 0,

and the initial condition y(0,z) = sin (¥z).
On your way to deriving the result, state the general solution which satisfies the boundary
conditions (but not necessarily satisfies the initial conditions).

Find the minimum value of « such that the solution grows in time.

Note: This is the overdamped beam equation with hinged boundary conditions. The pa-
rameter « represents a force applied at the end of the beam. You are effectively solving for

the force that causes the beam to buckle.)

A.4 Midterm Fall 2021 — Math 581a

Problem #1: The I'-function is defined for all z satisfying Re(z) > 0 by

I'(z) = /exp(—t)tz_ldt.
0

Integration by parts shows that the I'-function satisfies the recurrence relation

I'(z4+n+1)

P(z) = 2(z4+1)---(24+n)’
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for any integer n. The domain of I can be extended to all z € C as follows: for any z with
Re(z) < 0, pick n such that Re(z +n + 1) > 0 and define I'(z) according to the recurrence
relation.

Determine the locations of the poles of I', their orders and their residues.

Problem #2: Find the Laurent expansions of
1
9(z) = m>
near each pole. Describe respective radius of convergence (the annulus for which the Laurent

series converges).
Problem #3: Evaluate

o0
Vrdr
22+ 4z +3’
0
via transformation to a contour integral.

Problem #4: A square wave with a jump of +7/2 at © = n7 can be represented by the

following Fourier Series expansion

flz) = Z sin((22nn:11)x).

n=0
(a) The truncation of f(x),
NZ sin((2n + 1)z)
—~ 2n+1
exhibits the Gibbs phenomenon. Explain the Gibbs phenomenon by comparing Sy ()
and f(x).

(b) Consider the following regularization of Sy(x),

fN(x):;::OSlnC ON+1" o+ 1

Y

N1 <2n+1 )sin<<2n+1>x>

where sinc(z) = sin(x)/x. Does fn(z) — f(x)? Does fn(z) show the Gibbs phe-

nomenon?

Support your answers by numerical and/or theoretical arguments.

Problem #°5: (a) Find the Fourier transform of the following function

Z d(x — an).

n=—0oo



APPENDIX A. MIDTERM & FINAL EXAMS 351

(b) What is the result of the convolution

(f * L, ) (),

where f(x) is a given function?

Let f be a given function. What is the result of

(f * Ia) ().

You may assume that f is sufficiently smooth, and that |f(z)] — 0 sufficiently fast as
|z| = 00. (c) Compute

li I .

lim a( + I, (z)
Problem #86: Given the function,

Trcosx —sinx

f(@) = ———,

2

evaluate its Fourier transform.

A.5 Final Fall 2021 — Math 581a

Problem #1: For the complex function

() = 0

- 22021 7’

e find all its singularities in C;

e write the negative-power portion of the Laurent series of the function (also called

principal part of the Laurent series) at each singularity;

e for each singularity, determine whether it is a pole, a removable singularity, or an

essential singularity;
e compute the residue of the function at each singularity.

Problem #2: Evaluate the contour integral of the function

1
exp(2z) — exp(z)

Y

around the circle, |z| = 2021, oriented counterclockwise.

Problem #3: For a function f(z) with Fourier transform f(k), the Poisson summation

n=—oo k=—00

formula states that



APPENDIX A. MIDTERM & FINAL EXAMS 352

and can be used to accelerate the computation of a sum. For the function

_exp(inx)
f(z) = a2

compute its Fourier transform, f (k), and use the Poisson summation formula to show that

= (-1 7r 1
Z 2 7 94 5
I+n 2sinh(7) 2

n=0

Problem #4:

(a) Sketch solutions of the equation, dy(x)/dx = 22 — y?, as flows in the (x,y) plane. Use
the sketch to

- identify all the qualitatively different cases.
- find the stationary points (i.e. points, z, where dy(x)/dx = 0) of the solutions

and whether all solutions have the same number of critical points.

(b) Show that every possible flow crosses the line y = x.

Problem #5: On the planet Barsoom there is a very long, straight road, which can be
assumed infinite in both directions. A stretch of the road collapsed, with the resulting
sinkhole extending from x = a miles to z = b miles, measured from z = 0. The road sunk
uniformly to depth h. Let y = f(x) be the profile of the road, including the collapsed part
(see Figure below).

y = f(x)

a b T

-h

A certain kind of sensor allows one to measure the amplitude of the Fourier transform of the
profile, Ay = | f (k)|, for two different values of k, specifically for k = 0 and for &k = g # 0.

Call these measurements of the amplitude Ay and A,.

(a) Show that one cannot determine the position of the sinkhole, e.g. (a + b)/2, from

measurements of the amplitudes Ay and A, alone.
(b) For the given g, it is found that Ay and A, satisfy
Ay > Aq >0.22- Ap.

Find the width of the hole b— a, and explain why this condition is sufficient for finding
b—a.
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Problem #6:

(a) For —oo <z < 00, 0 <y < o0, consider the first-order, homogeneous PDE
—yuy + Pruy, =0, u(x,0) =2",

where 8 and n are parameters with —oco < # < oo, and n € N. Determine the values

of 8 and n for which the PDE is well-posed.
(b) For —oo < x < 00, 0 < y < 00, solve the first-order, non-linear PDE
2

—yuz + xuy = —u®, u(0,y) =y.

A.6 Final Spring 2020 — Math 581b

Problem #1: Economics of Stocks. An investor wants to build a portfolio (distribution)

of stocks, p(c) > 0, which is a function of stocks’ cost, ¢, investing I dollars, where thus

oo
I :/ deep(c). (A.4)
0
The investor’s model for the rate of return, aiming to avoid cheap and expensive stocks, is

r(c) = ace™ ke,
The investor’s goal is to maximize the total rate of return, also penalizing non-smooth

(non-diverse) portfolios, overall expressed in the maximization of the following objective

R= 7dc (r(c)p(c) - g <g€>2> :
0

where 3 is a pre-defined regularization constant. Assuming that p(0) = 0 and dp/0c|,_, = 0,
formulate and solve the problem of maximizing R over p(c), subject to the constraint (A.4).
[Hint: The optimal p(c) is nonnegative, but is not necessarily smooth at all ¢, and it may
be zero at sufficiently large c.]
Problem #2: Quadratic Programming. For the optimization problem

;rluxr; (—8.7,'1 — 1629 + 2% + 4;1:%)

s.t. 1 +x0 <5,

(a) introduce the Lagrangian; (b) state the stationarity conditions; (c) state the comple-
mentary slackness conditions; (c) state the dual problem; (d) find the optimal solution and

optimal objective.
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Problem #3: Factory Owner. A factory produces z(t) > 0 products per unit of time.
Assume that you are the owner and can reinvest some fraction, 0 < «a(t) < 1, of the factory

output, in which case you boost the production rate according to

{ i(t) = ka(t)z(t), (A.5)

z(0) =z > 0,

where x is the initial value of x(¢) and the constant, k& > 0, defines efficiency of the

reinvestment. The products are sold making a net profit

T
pP= / (1 — a(t))z(t)dt. (A.6)
0

Your goal is to maximize the profit (A.6) accumulated over time T

(a) Find the optimal control, a*(t), 0 <t < T.

(b) Find the optimal production rate z*(¢), 0 < ¢ < T. Explain different regimes (short
T vslong T).

(c) Assuming optimal control, find the profit (A.6) accumulated in time T'.

[Hint: Think bang-bang control.]
Problem #4: Z channel. A Z channel takes a binary signal, z = 0,1, as an input and
outputs a binary signal, y = 0,1. If the input is = 0, then the output is y = 0 with
probability one. When the input is x = 1, the output is y = 0 or y = 1 with probabilities u
and 1 — pu, respectively. Consider the Z channel with yu = 0.1 and the following probability
distribution of the input symbols: P(x =0) =0.8, P(z =1) = 0.2.

(a) Compute the probability distribution of output P(y).
(b) Compute the probability of x = 1 given y = 0.

(c) Compute the mutual information between input and output I(X;Y).
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Problem #05: Markov chain. Let S = {xg,21, -+ ,xx—1} be K equidistant points on the
circle, i.e., z = e2™*/ K Let p,q,r € (0,1) satisfy p + ¢+ 7 = 1, and consider the random
walk (X,,) defined by

P(Xpt1 = 21| Xn = 25) = p, (A.7a)
P(XnJrl = xk—1|Xn = $k) =4q, <A7b)
P(Xp41 =k Xy =) =1 (A.7c)

We view p and ¢ as free parameters. Observe that the chain is irreducible for all p, ¢ € (0, 1).

Let m be the unique stationary distribution.
(a) For what values of p and g does the chain satisfy detailed balance?

(b) Let T denote the transition matrix. Find exact expressions for the eigenvalues of T'.
Hint: the linear transformation represented by T is a convolution operator, i.e., there
is a g such that (Tv) = (gxv)k = > p g(wk—e)v(z¢) for all n-vectors v,” and thus can

be diagonalized by the discrete Fourier transform.

(¢) The spectral gap of T is 1 — |N|, where X is the second largest (in absolute value)
eigenvalue of T'. The size of the spectral gap determines how fast an irreducible
aperiodic chain converges to its stationary distribution: the larger the gap, the faster
the convergence. Suppose r = 0.99 and p = q. Use the result of the previous part to

find the spectral gap of T to leading order in 1/K as K — oo.
(d) Is the chain aperiodic for all p,q,r € (0,1) (so long as p+ g+ r = 1)? Explain.

(e) Are there initial distributions that converge to the stationary distribution at a rate
faster than the second largest eigenvalue? If so, give an example. If not, explain why

not.

Problem #86 Implementing Social Distancing. In the area of “social distancing”, a restau-
rant has to solve the problem of computing the probability of infection with COVID-19. The
restaurant is to host a business meeting with 2n participants, placing seats equally spaced
from each other on both sides of a long table, as shown in Fig. (A.2). A patron ¢ € Ind,
where Ind := {la,--- ,na;1b,--- ,nb}, can be in either of the two states, o; = {S, I} core-
spondent to Susceptible and Infected (two states). We call a pair of patrons neighbors if

they sit next to each other on the same side of the table, or if they sit across from each

PIdentifying n vectors with functions on S.
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other. Assume that the probability for the entire group to be in the state, o = (0;|i € Ind)

by the dinner end is estimated according to the following neighborhood-factorized formula,

P(o) o T PracernalOra: Owitya) * Prs s 1)p(Tks: O s 1)p)
k=1, n—1
* H pma,mb(omaa Umb)v (A8>
m=1,,n

where, p; j(04,0;), are known functions which are different for different pairs of neighbors.
(A neighborhood function depends on various factors, such as patrons’ temperature mea-
surements, quality of individual protection, strength of immune system, number of patrons

on premises since last disinfection, etc).

(a) What is the number of possible states o?

(b) Suggest a Dynamic Programming (DP) algorithm of O(n) complexity computing the

normalization factor (partition function) in Eq. (A.8).

(c) Adapt the algorithm in part (b) to compute efficiently, i.e. in O(n) steps, the proba-

bility for a customer, occupying position ka to be infected at the end of the meeting.

(d) Suggest an algorithm for generating i.i.d. samples from the probability distribution
(A.8) efficiently.

A.7 Midterm Spring 2021 — Math 581b
Problem #1: Find the extremal of the following functional
/ y? +y§ — 2xydx
0

of y(x) subject to the following boundary conditions (two different cases)

(a) y(0) =0, yo(m) =2
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Figure A.2: Sitting arrangement over the restaurant table.

O dy
Notation: Here, y, means 7

Problem #2: f(z) is given by

a(xlog(z) + (1 — x)log(l — xz)), x € [0,1];

f(z) =
+00, z ¢ [0,1].

Consider two cases, a = +1 and a = —1, and compute (a) the Legendre-Fenchel transform
of f and (b) the double Legendre-Fenchel transform.

Problem #3: Solve the following constrained optimization problem:

Minimize: 72 + 23
Subject to:  x9 > %:13% —3x1+6

T2 < —x1+6

Explain all the steps.
Problem #4: Solve the optimal control problem

2

{w(7)} = arg max 0/ @) =3u)| 4 _ oy, vre0,2)
q(0) =4

u(r) €10,2], V7 € ]0,2].

Give details. Plot the optimal ¢.(7) and wu. (7).
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Problem #5: Solve the optimal control problem

t

(x(t))? + / dr (u(r))?

ti

min

{z(m)su()}

N2

V1€ [ti,t] s &(1) =u(r) ’
:L’(tl) = X0

using Pontryagin Minimal Principal (Variational Calculus). State the result as a feedback
policy, i.e. express, V7 € [t;, t] the optimal control, u*(7), via z.(7). (i.e. express, V7 € [t;, t]
the optimal control, u*(7) in terms of x.(7)).

Problem #6: Consider the compression of gas done in N stages, from py = 1 to py = 2 (in
some properly chosen dimensionless units). Assume that the energy required is a function

of the intermediate pressures and is proportional to

", (2" v\
E(pO?pla-.-7pN):<> +<> ++< ) ,
Po p1 PN-1

where « is a positive constant. Use dynamic programming to define intermediate ener-

gies, Ej(pk), dependent on p; and k only and such that Ey = 0 and min,, Ex(pn) =
miny, v E(po,...,pn), and find a formula for Ej(py) for the cases where o« = 1/2,2
and N = 2,10 (four different cases). Use your formula to find the minimum value of F,
and state the intermediate pressures py that achieve this minimum. Complement analytic

computations by numerical computations if needed.

A.8 Final Spring 2021 — Math 581b

Problem #1: Find the extremal of the functional

w/2

St nw) = [ ((;ﬁy(w)) (@)~ ()" - (y2<x>)2> iz
0

satisfying following boundary conditions: y;(0) = 1, y2(0) = —1, y1(7/2) =1, ya(7w/2) =1
and the constraint equation y;(x) — ya2(x) — 2cosx = 0.
Problem #2:

(a) A measure of the uncertainty of a continuous random variable X with the known

probability density function p(x) is the entropy H (X)), defined as follows:

HEO =~ [ pa) ()i,

—00
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where p(z) Inp(z) = 0 whenever p(z) = 0. Among all probability density functions on
R of a continuous random variable X that satisfy
)
/ In(1 + 2?)p(z)dr = In4,
o0
find the probability density function with the maximal entropy.
You may use the following fact if necessary:

*® In(1 + z?)
_— e 4
/oo 1+ 22 do = mIn(4)

(b) Assume that you have access to a function that can generate i.i.d. samples of a random
variable that is uniformly distributed on (0, 1), and that you want to generate random
samples from the distribution you found in part(a). Explain how you would implement

a sampling algorithm of your choice.

(c) Determine which moments of p(z) are finite. Does the central limit theorem apply to
p(x)? If you used your algorithm to generate N samples from p(z), would the average

of the NV samples converge as N gets large?

Problem #3: A firm has the right to extract oil from a well over the interval |0, T]. The
oil can be sold at price $p per unit. To extract oil at rate u when the remaining quantity of

oil in the well is = incurs cost at rate $u?/z. Thus the problem is one of maximizing

O/T <pu(t) - 158;) dt

subject to dz(t)/dt = —u(t), u(t) > 0, z(t) > 0.

(a) Explain why A(t), the adjoint variable, has the terminal condition A\(T") = 0.

(b) Use Pontryagin’s Maximum Principle to find an expression for the optimal controller

in terms of both the adjoint variable A and the state variable, .

(c¢) Assuming that the control is optimal, find the oil remaining in the well at time T, as

a function of x(0), p, and T

Problem #4: Mark n i.i.d. uniformly distributed points in (0,1). What is the probability
density function (PDF) of the position of the k-th point from the left (X})?

Problem #5: Let F be the family of four-state Markov Chains (MC). Each MC in F has

a 4 x 4 transition matrix with entries between zero and one.
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(a) Among all Markov chains in F that are ergodic, find an example of one that has
the least possible number of nonzero entries in the transition matrix. Verify that the
Markov chain you found is ergodic. Find the resulting stationary distribution of your

example.

(b) Among all Markov chains in F that are both ergodic and satisfy detailed balance,
find an example of one that has the least possible number of nonzero entries in the
transition matrix. Verify that the Markov chain you found is ergodic and that is

satisfies detailed balance. Find the resulting stationary distribution of your example.

Problem #46: Consider a Brownian particle in R?. The trajectory of the particle, (z(t),y(t)),
is described by

(t) = V2D & (t), () = V2D (1), (A.9)
where D is the diffusion constant of the medium and &.(t), &, (t) satisfy

(C(t) = (& (1) =0, (&®&EH)) = (&M&(E) =6t —t), (&) () =0.
At t = 0 the particle is distributed uniformly within the square —1 < x,y < 1.

(a) Compute the probability that at time 7" > 0, the particle is found within a circle of

radius R. (You can also express your answer as an integral.)

(b) Describe the asymptotic dependence of your answer on 7' in the regime where R > 1.

A.9 Midterm Spring 2022 — Math 581b

Problem #1: Consider a metal rod of length L that is clamped at one end and left free at
the other end. Let y(x) be the height of the rod at location x. The total potential energy
of the metal rod is the sum of the elastic potential energy (caused by bending) and the
gravitational potential energy. In the limit where |y/(z)| < 1, the total potential energy of

the metal rod is approximately

L 2
Bly() = /O 2 (4 (2))° + poy(z) de

where € and p and g be parameters that describe the stiffness and density of a metal rod,

and g represents acceleration due to gravity. (That is e, p and g are constants.)
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A mathematical model proposes that the metal rod will take the profile y.(x) that

minimizes its total potential energy.

1. Derive the Euler-Lagrange equations for Lagrangians with second derivatives, paying

particular attention to the free end-point condition at © = L.

2. Find the profile of the metal rod by solving the minimization problem

L
«(x) = arg min e W (x 2—1— x) dx
Y () g{yeA}/o( y"(x))” + pgy(x)

where

A={y:[0,L] =R |y(0)=0,9(0) =0,y(L) =“free", y' (L) = “free"}.

Problem #2: Let x(t) = (z1(t),72(t)) : [0,1] — R? is C? (twice differentiable) curve
which is closed, (0) = (1). The area and perimeter enclosed by the curve are given by the

following functionals:

1 1
S{x) = /0 dt (21 (D)a(t) — 1 (2o () (A.10)

Pla(t)} = / dt (1)) = / dt/ G (02 + (202 (A11)

Maximize the area, S{z(t)}, under condition that the perimeter is fixed, P{z(t)} = [, i.e.
find and describe the resulting (minimal) curve.
Problem #3: Find an expression for the optimal controller u,(t) and for the controlled

dynamics x,(t) for the following optimal control problem:
(

Minimize: fol 3 (22 t))2 + %(u(t))Z dt
Subject to:  @1(t) = wa(t);
2(t) = u(t);
21(0) =0, z1(1) = 1;
x2(0) = 0, 22(1) = “free”

Problem #4: A circular disc with center zy and radius r, = 1 is partitioned into n regions
by n circles with centers at z¢ and radii 0 < r; <--- <, = 1. (For notational convenience,

also define g = 0). The figure below shows an example for n = 4.
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|

TL?L”
Tl

Use dynamic programming to find values for the radii such that the sum of the squares

of the areas of the regions is minimized, that is solve the following optimization problem

n
. 2
min (E (ﬂr;% — ﬂrzfl) >
1T

k=1 O0=ro<r1<--<rp=1

Problem #15: Consider n i.i.d. random variables drawn from the standard normal distri-
bution (i.e. with zero mean and with unit variance), so Vi = 1,--- ,n: X; ~ N (0,1), and
let Y = Y7, X2 Use the Chernoff bound to prove that the probability that Y is larger
than ny, where y > 1, is less or equal to 3/ exp(—n(y — 1)/2). [Hint: follow the logic of
the sketch of the Theorem 8.4.8” proof from the lecture notes.]

Problem #86: Consider the random vector (X7, X9, X3, X4) where each of the components
X;,t = 1,...,4 take values £1. The probability mass function for the random vector is

determined by the graph with vertices V and edges £ shown below.

>

Specifically, the probability mass function is given by
p(x1, 2, T3, T4) X €XP Z Jxix; (A.12)
(i.j)€€

where J is a constant. The constant of proportionality is called the partition function and
is often denoted by the symbol Z71.

1. Set J =1In(2). Complete the table (some entries have been done for you.)
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X1 Xo X3 Xy |exp <Z(i,j)es J:ci:nj> P(x1,x9,x3,14)
+1 +1 +1 +1 16
+1 41 41 -1 1
+1 +1 -1 +1 1
+1 +1 -1 -1 1
+1 -1 +1 +1 1/4
1 -1 41 -1 1/4
F1 -1 -1 +1 1/4
+1 -1 -1 -1 4
-1 +1 41 +1

-1 +1 +1 -1

-1 +1 -1 +1

-1 +1 -1 -1

-1 -1 +1 +1

-1 -1 41 -1

-1 -1 -1 +1

-1 -1 -1 -1

2. Define the random variable W := X7 + X5 + X3 + X4 and set J = In(2).

363

(a) Compute the probability mass function of W conditioned on X; = +1. That is,
enter the values for P(W|X; = 1) on the table below.

(b) Compute the conditional entropy of W given that X; =1, H(W|X; = 1).

w
—4 —2 0 +2 +4
Please Enter Your Values Here

(c) It is observed that for this graphical model, H(W|X; =1) — 0 as J — oo, and
that H(W|X; =1) 4 0 as J — —oco. Explain why this must be so.

3. Define the random variables Y := X5 + X3 and Z := Xy. Set J = In(2).

(a) Find the joint probability distribution of Y and Z, conditioned on X; = +1 and
enter the values on the table below. That is, find P(Y, Z|X; = 1).
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Y
—2 0 +2 | Pz(2)
7 —1 Enter Your Values | Here
+1 Enter Your Values | Here
Py (y) | Enter Your Values

(b) Find the mutual information of Y and Z conditioned on X; =1, I(Y; Z| X; = 1).

(c) It is observed that for this graphical model, I(Y; Z|X; =1) — 0 as J — oo, and
that I(Y;Z| X1 =1) /4 0 as J — —oo. Explain why this must be so.

A.10 Final Spring 2022 — Math 581b

Problem #1: The shape of the nose cone of a rocket is designed to minimize the total
friction on the rocket as it flies through the atmosphere. If the air density is low and the
velocity of the rocket is much less than the speed of sound, then the angle of incidence of
the air molecules is assumed to be equal to the angle of reflection. Hence, the pressure of
the air against the rocket can be modeled as p = 2pV?2sin? § where p is the pressure, and
0 is the angle between the tangential to the body surface direction of the rocket and is a

function of z.

For a nose cone of length L and maximum radius R the total frictional force is

L
Fly(z)] = / 2pV?sin? 6 (27Ty\/ 1+y2sin 0) dzx.
0
For the case where R < L, the ‘small slopes’ approximation: sin(f) ~ y', gives

L
Fly(x)] =~ 47TpV2/ yyda. (A.13)
0

Find the optimal shape of the nose cone by minimizing Eq. (A.13) subject to the boundary
conditions y(0) = 0 and y(L) = R.
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Problem #2: (a) Consider N independent events with probabilities given by p; for i =
1....N. Show that the information gained from observing the combination of these events is
equal to the sum of the information gained from observing each of these events separately

and in any order.

(b) At an animal rescue, the number of cats that are black outnumber the number of dogs
that are black by five to one. There are only dogs and cats at the rescue. How much infor-

mation, in bits, is gained by learning that an animal at the rescue is a black dog?

(c) Recall that the entropy in bits for a discrete random variable distributed over states
with probabilities p; is given as H = — ), p;logy(p;). Let X and Y be two random, integer-
valued, independent variables. The random variable X takes on the values 1, 2, 3, 4 with
equal probability. The random variable Y can take on any positive integer value k with
probability pr = 1/2F. What are the entropies H(X) and H(Y)? What is the joint entropy
H(X,Y) and the mutual information I(X;Y")?

(d) Consider N discrete random variables X, X, X3,....Xy. Assume that the entropy for
each is given by H (X;). What is the upper bound on the joint entropy H (X1, X2, X3,....Xx)?
Please explain.

Problem #3: Consider N reversible Markov Chains, p™, n=1,---, N, defined over the
same space, converging to the same stationary distribution, 7*, i.e. for any of the Markov

chains the following Detailed Balance conditions are satisfied:
Vn=1,---,N: Vi,j: p™(i— j)nf= W;p(”)(j — 1),

(N)

Consider the Markov chain with the transition probability ¢\*Y/ defined as the matrix prod-

uct, V) = pMV) . p(V=1) ... p2) .M p@) ... p(N) | Prove or disprove the following statement:

(N

e The Markov chain, ¢V, is reversible and converges to the same stationary distribution,

™.

Problem #4: The low-resolution LCD display of an old device is using three letters, 'D’,
'J” or 'C’, to show its status. The status values are equiprobable.
Each letter is displayed as a 5-by-5 image consisting of 25 pixels operating independently

of each other, as shown below:
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However, after many years of use there is only a 70% chance that any particular pixel is
displayed correctly, else the pixel is flipped. Upon turning on the device, the actual image

shown is

which looks like the letter 'M’. What is the probability that the actual letter is 'D’?
Problem #5: A truncated geometric distribution is a discrete probability distribution with

the probability mass function:

cp® forx=0,1,..., N,
m(x) =
0 forx <0orxz > N.

where N is a given natural number and 0 < p < 1.

1. Describe a Metropolis-Hastings MCMC method to find an ergodic Markov chain with
7 as a stationary distribution, so that 7 satisfies the detailed balance condition. (No

coding is expected.)

2. For N = 2 and p = 2/3, find the spectral gap for the probability transition matrix you

have designed.

Problem #86: Consider the following piece-wise affine function with 4 linear pieces

3z, 0<z<1/2
fle)=¢ 3(1—x), 1/2<z<1 ,
0, otherwise.

(a) Suggest representation of f(x) via a NN of ReLu(z) = max{0,z} functions. Is the

representation unique?
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(b) Consider the n-th order self-composition of f(x), £ (z), where f(z) = f(f(z)), f®(z) =
f(f(f(x))), etc. What is the number of linear pieces in f(™(z)? You may experiment,
first, but to receive a full credit we expect you to derive a closed form (analytic) answer

for any n € N4.

A.11 Midterm Spring 2023 — Math 581b

Problem #1: Find the solution to the following optimization problem.

T
max 6_6t lO 1+ t dt
{y(t);t[0,T]} /0 g(1+y(t))

T
s.t. / e y(t)dt = Q
0

Problem #2: Your task is to navigate from point A := (rjcosf;,risinf;) to point
B = (r9 cos 03, r9 sin f3) such that the amount of a pollutant accumulated along the path is
minimal. Let (r(¢) cos6(t),r(t) sinf(t)) denote your location at time ¢. The total amount of

pollutant collected along the path is

T
B{r(t),0(8)) = /O I(r(1), 0(1)) v(t) dt

where v(t) is your speed (which is constant) and the density of the pollutant I is given by
1
I(r,0) = -.
(r.) =1

Find the optimal path.

Hint: You may find it useful to write 7 = () and then minimize a functional in the

form

/ " L(0.1(6).(9)) db

01

Problem #3: The wealth of a company evolves according to

i) = —a?x(t) + u(t) for0<t<T
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where z(0) = zo, ©(0) = 0 and u(¢) is the effort that the company’s CEO invests in the
company at time ¢t. The CEO is greedy and lazy, so he wants to maximize the wealth of the
company at the time of the next board meeting (and hence the size of his bonus) with the

minimal amount of effort possible. His strategy is to maximize

+(T) — ;/OT <u(t)>2dt.

Find the optimal control, u*(¢,x(t)), and the corresponding state vector, x*(t).
Problem #4: A nation with total population P is divided into s states. The nation’s
legislature has R representatives, where R > s. Under strictly proportional representation,
if state j has population p;, it would receive r; representatives where 7;/R = p;/P. This
allocation is not feasible, however, because r; may not be integer-valued.

The objective is to allocate an integer-number of representatives to each state in a
way that minimizes the maximum difference between the actual allocation, y;, and the

proportional allocation, 7;, over all states:

min (max — 71y, |Ys — T .
i, Ol =ikl =)
V] : yj Z 0

Note: The solution may not be unique.

(a) Formulate a dynamic-programming algorithm that finds a solution to this problem by

optimizing for only one of the s variables at each step.
(b) Apply your method to the data R =4, s =3, and r; = 0.4, ro = 2.4, r3 = 1.2.

Problem #5: Consider Y;, = n~! > p_q Xk, where, X1, -+, X, are i.i.d. random numbers
generated from the uniform probability distribution, p(z) = 1 if —1/2 < 2 < 1/2 and
p(z) = 0 otherwise.

(a) Find mean, p, variance, o2, and, My, (t) the moment generating function of Y,.

(b) According to strong version of the Central Limit Theorem (Theorem 8.4.6 of the lecture

notes),
Yy > e ILm P(Y, > y) = exp(—n ®*(y))
where ®*(y) is the Cramer function of Y;,, defined by

P*(y) = Sgp(yt —log Mx (1)),
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where Mx (t) is the moment generating function of Xy, -, X,,. Find the asymptotic
of the Cramer function at Y;, =~ 1/2 (Y, close to 1/2). Note: By construction, Y,
cannot be larger than 1/2.

Problem #86: Given the probability density function
plz € [-1,1]) =1 — [z],

consider the problem of approximating p(x) by the “belief” or “proxy” probability density
function b(z):

apg, |z]<zp<1

b(x e |-1,1]) =
(el D {al, xo < |z| <1

Find the parameters (af, aj, z§) which minimize the KL-divergence, D(b||p), and give the
corresponding value of D(b*||p). (The best fit.)

A.12 Final Spring 2023 — Math 581b

Problem #1: Consider a river of width b with straight parallel banks. Assume that one
bank of the river coincides with the y axis, and the velocity of the river v = v(x). A boat mov-
ing with speed ¢, which is constant relative to the moving water (¢ > maxv(x), = € [0,0]),
should cross the river in the shortest time, sailing from the point (0,0) and arriving at the
point (b,y;1). We also assume that the river flows from South to North and, due to the
Coriolis force, it has an asymmetric depth profile. As a result, the river velocity can be
approximately considered a linear function of the distance from the bank v(z) = az.

(a) State the problem as a variational calculus problem.

(b) Reduce the variational formulation to a transcendental equation.

(c) Solve the transcendental equation numerically and illustrate your solution with plots.

Problem #2: Consider controlled dynamics of a particle in one dimension

z(s)=a(s), 0<t<s<1, z(t)=y, (A.14)
where the control, a(s), is limited to only three values, a(s) € {—1,0,1}.
(a) Solve the optimal control problem

1
Vit,x) = min / ds|x(s , A.15
(t,) {a(s)|selt,1]} J¢ () ( )

Eq. (A.14)
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i.e. find the optimal control using your intuition about the dynamics.

(b) Derive the Hamilton-Jacobi-Bellman (HJB) equation for V (¢, x).

(c) Show that V(¢,x), evaluated according to the optimal control solution found in (a),
solves the HJB equation found in (b). |[Hint: Consider three regions distinguished by how
|x| compares with 1 — ¢.]

Problem #3: Consider a population of algae with exponential growth that is being grown
for biofuel. The control cost for the population is to be kept down during the production.

The optimal control problem is formulated as

ma, /O " (2(t) — 3u(t)) dt

Find the optimal solution.
Problem #4: The probability density function of 7', the length of time that a customer
waits in line at the grocery store in minutes, is given by,

k(100 —¢2), if0<t<10
f(t) = (A.16)

0, otherwise.
where k is a constant.
a) Show that k& = 3/2000.
b) Find the cumulative distribution function.

c¢) Find the probability that the customer will wait for longer than 5 minutes.

d) Assuming that the customer has already waited for 5 minutes, find the probability that

the customer will wait for at least 8 minutes.

Problem #5: A mouse lives in the labyrinth shown in Fig. (A.3). At each time step
the mouse chooses at random one of the doors and leaves the room through this door.
The process repeats. Formally, mouse dynamics is described fully by a Markov chain of

transitions between six states.

e (i) Write down the transition matrix P for this Markov chain. Is it irreducible, aperi-

odic, ergodic? Explain you answer.
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1
2 3 4
5 6
Figure A.3

e (ii) By definition, the stationary distribution 7* is an eigen-vector of P, which cor-
responds to the eigenvalue A = 1, i.e. it satisfies the equation P7* = 7*. Find the

stationary distribution. Does the detailed balance hold?

e (iii) Assume that initially at ¢ = 0 the mouse was in the room 1. What is the probability

to find the mouse in the room 5 in 4 steps? In 5 steps?

e (iv) Do the probabilities of finding the mouse in different rooms converge to the sta-

tionary distribution 7*?

Problem #86: We are studying weather patterns in 3 cities: A, B and C. Every day is

classified either as “sunny” (0 = the absence of rain) or “rainy” (1). It is known that the

probability of a rainy day in cities A, B and C is 0.2, 0.5 and 0.7, respectively.
Furthermore, the probability of any combination of a rainy and sunny day in two cities

was found for every pair of cities, as follows:

alb|PA=a,B=b)||a|c|PA=aC=c)| b|c|PB=0bC=c)
00 0.4 00 0.2 00 0.15
110 0.1 110 0.1 110 0.15
01 0.4 01 0.6 01 0.35
111 0.1 11 0.1 1|1 0.35

We are required to build the best spanning tree pair-wise model (as measured by Kulback-
Leibler divergence) of the weather in the 3 cities, in the form of the joint distribution

P(A=a,B=0b,C =c¢).
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Construct all optimal joint distributions. The formulas for the distributions do not have

to be explicit, but it needs to be clear about how to calculate

P(A=a,B=0b,C =c).



Appendix B

Convex and Non-Convex

Optimization (*)

This Appendix was originally prepared by Dr. Yury Maximov from Los Alamos National
Laboratory (and edited by MC). The material was presented in 2020 in 6 lectures cross-
cut between Math 581 (then Math 583), Math 584 (then Math 527) and Math 589 (then
Math 575). In 2021 material of the Appendix was mainly covered in Math 584 (then Math
527), with a brief summary included in Math 581 (then Math 583) via 1.5 lecture and two
exercises. In 2022 we do not include the material in Math 581 at all. The Appendix should
thus be viewed as a *-Section of the main text — suggested for an extra-curriculum study *.

The Appendix is split into four Subsections. Sections B.1 and B.2 will be discussing basic
convex and non-convex finite dimensional optimizations. Then in Sections B.3 and B.4 we
will turn to discussing iterative optimization methods for the optimization formulations, set
in Sections B.1 and B.2, which are of constrained and unconstrained types.

The most general problem we will start our discussion from in Section B.1 consists in

minimization of a function, f: S CR"™ — R:

f(z) — min (B.1)

s.t.: rzeSCR™
Notice variability in notations — an absolutely equivalent alternative expression is

min f(z).

r€SCR™
Section B.1 should be viewed as introductory (setting notations) leading us to discussion of

the notion of (optimization) duality in Section B.2.

*This auxiliary Appendix can be dropped at the first reading. Material form the Subsection will not

contribute midterm and final exams of Math 581.

373
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Iterative algorithms, discussed in Sections B.3 and B.4, will be designed to solve Eq. (B.1).
Each step of such an algorithm will consist in updating the current estimate, xj, using
xj,f(x;), j < k, possibly its vector of derivatives V f(x), and possibly the Hessian matrix,
V2f(z), such that the optimum is achieved in the limit, limy_, oo f(z%) = infrescrn (7).

Different iterative algorithms can be classified depending on the information available,

as follows:

e Zero-order algorithm, where at each iteration step one has an access to the value of

f(x) at a given point  (but no information on Vf(z) and V2f(x) is available);

o First-order optimization, where at each iteration step one has an access to the value

of f(z) and V f(z);
e Second-order algorithm, where at each iteration step one has an access to the value of

f(2), Vf(z) and V*f(z);

e Higher-order algorithm where at each iteration step one has an access to the value of

the objective function, its first, second and higher-order derivatives.

We will not discuss in these notes second-order and higher-order algorithm, focusing in

Sections B.3 and B.4 primarily on the first-order and second order algorithms.

B.1 Convex Functions, Sets and Optimizations

Calculus of Convex Functions and Sets

An important class of functions one can efficiently minimize are convex functions, that were

introduced earlier in Definition 6.7.3. We restate it here for convenience.
Definition B.1.1 (Definition 6.7.3). A function, f : R™ — R is convex if
Vo,y €R™, A€ (0,1):  fAz+ (1=Ny) < Af(z) + (1= N f().
If a function is smooth, one can give an equivalent definition of convexity.

Definition B.1.2. A smooth function f(z): R" — R is convex, if

z,y €R": f(y) 2 f(x) + V() (y - 2).
Definition B.1.3. Let function f : R™ — R has smooth gradient. Then f is convex iff

Ve . VZf(x)(:: &Uﬁzjf(x);w,j =1,---,n) =0,

that is the Hessian of the function is a positive semi-definite matrix at any point. (Remind

that real symmetric n x n matrix H is positive semi-definite iff 27 Hx > 0 for any = € R™.)
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Lemma B.1.4. Prove that the definitions above are equivalent for sufficiently smooth func-

tions.

Proof. Assume that the function is convex according to the Definition B.1.1. Then for any
h € R" X € [0, 1], one has according to the Definition B.1.1:

fM@+h)+ (1 =Nz) = f(z) = fz+Ah) — f(z) < A(f(z+h) — f(2)).
That is
fx4+h)— fx)> fx+Ih) — flz) =Vf)'h+00N)  V¥YAe[0,1]

Then taking the limit for A\ — 0 one has Vf(x)"h < f(z + h) — f(x), Vh € R™ which is
exactly Def. B.1.2. Vice versa, if Va,y : f(y) < Vf(z)" (y—=x), one has for z = Az+(1—\)y,
and any A € [0,1] :

F() (y—2) = f(z) + AVf(2) T (y — ),
f) (@ —2)=f(2)+ (1= NVf(z) (z—y)

(2)

f(z) +V
f(z)+V
summing up the inequalities above with the quotients 1— A and A one gets f(Az+(1—\)y) <
Af(z) + (1 — A)f(y). Thus Def. B.1.1 and Def. B.1.2.

Further, if f is sufficiently smooth, one has according to the Taylor expansion:

fly) = f2) + Vf(z) (y—2) + %(y —2)V2f(2)(y — ) + olly — z]3)-

Taking y — « one gets from the Definition B.1.2 to the Definition B.1.3 and vice versa. [
Definition B.1.5. Function f(x) is concave iff —f(z) is convex.

Definition B.1.2 is probably the most practical. To generalize it to non-smooth functions,

we introduce the notion of sub-gradient.

Definition B.1.6. Vector g € R" is a sub-gradient of the convex function f, f : R” — R,
at point z iff
vy eR™: f(y) = f(2) + 9" (y — ).

Set Of () is a set of all sub-gradients for the function f at point x.
To establish some properties of the sub-gradients (which can also be called sub-differentials)

let us introduce the notion of convex set, i.e. a segment between any point of the set which

belongs to the set as well.
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Definition B.1.7. Set S is convex, iff for any 1,29 € S, and 6 € [0, 1] one has x10 +x2(1 —
0) € S. In other words, set S is convex if for any points x1, z9 in it, the set contains a line

segment [z1, T2].

Theorem B.1.8. For any convex function f, f : R” — R, and any point x € R" the
sub-differential 0f(x) is a convex set. In other words, for any g¢i1,g2 € O9f(z) one has
0g1 + (1 — 0)ga € Of (). Moreover, df(z) = {Vf(x)} if f is smooth.

Proof. Let g1,g> € Of(x), then f(y) > f(z)+g] (y— =), and f(y) > f(x)+g] (y— ). That
is for any A € [0,1] one has f(y) > f(z) + (A\g1 + (1 —=N)g2) " (y — z) and Ag1 + (1 — N)go is a
sub-gradient as well. We conclude that the set of all the sub-gradients is convex. Moreover,
if f is smooth, according to the Taylor expansion formula one has f(z + h) = f(x) +
V£(x)Th+O(||h||)3. Assume that there exists sub-gradient g € df(x) other than V f(z) (as
Vf(z) € 0f(x) by the definition of convex functions B.1.2). Then f(z)+g"h < f(z+h) =
J(@)+V 1 (@)Th+O([hl]3) and similarly f(z)—g"h < f(w—h) = f(2)~V (&) h+O([h]}3),
and
g h <VfTh+O(|n]3) and g"h>VfTh+O(|n]3)

which implies g = V f(x), therefore concluding the proof. O

Let us illustrate the sub-gradient calculus on the following examples:

e Sub-differential of |z| is

1, ifx>0
of (x) = —1, ifz <0
[-1,1], ifa=0.

e Sub-differential of f(z) = max{fi(z), fo(z)} is

V fi(z), if fi(x) > fa(z)
of (x) = { Vfa(), if fi(z) < fa(z)
{0V fi(z) + (1 - 0)Vfa(x),0 € [0,1]}, if fi(z) = fa2(x)

if f1 and fo are smooth functions on R".

Exercise B.1. Consider f(z,y) = \/2? + 4y%. Prove that f is convex. Sketch level curves
of f. Find the sub-differential 0f(0,0).

Example B.1.9. Examples of convex functions include:
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2)
b)

c)

2P,p>1or p <0 is convex; zP,0 < p < 1 is concave;
exp(z),x € R and —logx,z € Ry, are convex;
f(h(z)), where f : R — R, h: R — R is convex if

(a) f(x) is convex and non-decreasing, and h(z) is convex;

(b) Or f(z) is convex and non-increasing, h(x) is concave;
To prove the statement for smooth functions we consider
g"(x) = ["(h(2)) (W (2))* + f'(h(x))h" (2)
One can also extend the statement to non-smooth and multidimensional functions.

LogSumMax, also called soft-max, log (31" ; exp(z;)), is convex in z € R as a com-
position of a convex non-decreasing and a convex function. The soft-max function

plays a very important role because it bridges smooth and non-smooth optimizations:

1 n
max(r1, o, ..., Ty) & " log <Z exp()\xi)> , A= 0, A>0. (B.2)
i=1

Ratio of the quadratic function of on variable to a linear function of another variable,

e.g. f(z,y) = 22/y, is jointly convex in x and y at y > 0;

Vector norm: ||z, := (lzi|P)/P 2 € R™, also called p-norm, or {,-norm when p > 1,

is convex.
Dual norm || - [|x to [| - [| is [[yl« == supjzj<1 z"y. The dual norm is always convex.
Indicator function of a convex set, Is(x), is convex:
0, r€eS
Is(x) =
+o0, &S

Example B.1.10. Examples of convex sets:

1.

2.

If (any number of) sets {S;}; are convex, then (), S; is convex;

Affine image of a convex set:

S={r:Av+bz €S}
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3. Image (and inverse image) of a convex set S under perspective mapping P : R"*1 —
R™ P =x/t,dom P = {(z,t) : t > 0}.
Indeed, consider y1,y2 € P(S) so that y; = z1/t; and yo = x2/ty. We need to prove
that for any A € [0,1]
y=/\y1+(1—/\)y2=/\%+(1—)\)%= 99218:3;:22
which holds for 8 = Ata/(At;+ (1 —N)t2). The proof of the inverse statement is similar.

4. Image of a convex set under the linear-fractional function, f : R"* — R" f(z) =

Az+b
clz+d’

function.

dom f = {x: ¢"2+d > 0}. Indeed, f(x) is a perspective transform of an affine

Exercise B.2. Check that all functions and all sets above are convex using Definition B.1.1
of the convex function (or equivalent Definitions B.1.2,B.1.3) and the Definition B.1.7 of the

complex set.

In further analysis, we introduce a special subclass of convex functions for which one can

guarantee much faster convergence than for minimization of a general convex function.

Definition B.1.11. Function f : R™ — R is p-strongly convex with respect to norm || - ||

for some p > 0, iff
LY,y f(y) > f@)+ V@) (y - o)+ ly — o
2. if f is sufficiently smooth, the strong convexity condition in ¢ norm is equivalent to
Vo : V2f(z) = p.

As we will see later, generalization of the strong convexity definition B.1.11 to a general
¢, norm allows to design more efficient algorithms in various cases. (Concavity, strong

concavity and convexity in ¢, are defined by analogy.)

Exercise B.3. Find a subset of R?® containing (0,0,0) such that f(u) = sin(z + y + 2) is

(a) convex; (b) strongly convex.

Exercise B.4. Is it true that the functions, f(z) = 22/2 —sinz and g(z) = V1+ 2"z, x €

R™ are convex. Are the functions strongly convex?
Exercise B.5. Check if the function )" ; z;log ; defined on R}, is
e convex/concave/strongly convex/strongly concave?
e strongly convex/concave in £, la, lo 7
Hint: to prove that the function is strongly convex in ¢, norm it is sufficient to show that

W'V f(z) h > Al
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Convex Optimization Problems

The optimization problem

N .

is convex if f(x) and S are convex. Complexity of an iterative algorithm initiated with xg
to solve the optimization problem is measured in the number of iterations required to get
a point xj such that |f(z) — infyegcrn f(x)] < €. Each iteration means an update of xy.

Complexity classification is as follows

e linear, that is the number of iterations k = O(log(1/¢)), and in other words f(zxy1) —
infyes f(x) < e(f(xr) — infres f(z)) for some constant ¢, 0 < ¢ < 1. Roughly, after

iteration we increase the number of correct digits in our answer by one.

e quadratic, that is k = O(loglog(1/¢)), and f(zgy1)—infres f(x) < c(f(zp)—infres f(x))?
for some constant ¢, 0 < ¢ < 1. That is, after iteration we double the number of correct

digits in our answer.

e sub-linear, that is characterized by the rate slower than O(log(1/¢)). In convex op-
timization, it is often the case that the convergence rate for different methods is

k= 0(1/¢), O(1/€?), or O(1/+/€) depending on the properties of function f.

Consider an optimization problem

f(z) — min
s.t.:g(x) <0
h(z) =0

If the inequality constraint g(z) is convex and the equality constraint is affine, h(x) = Az+b,
a feasible set of this problem, S = {z : g(x) < 0 and h(z) = 0}, is convex that follows
immediately from definitions of a convex set and a convex function. As we will see later in
the lectures, in contrast to non-convex problems the convex ones admit very efficient and

scalable solutions.

Exercise B.6. Let HZC? (x) be a projection of a point z to a convex compact set C in £,

norm, if

y4 .
% () = arg min |1z — y]l,

yeC
Find ¢4, 3, {o projections of x = {1,1/2,1/3,...,1/n} € R™ on the unit simplex S = {x :
n
> |xi|l = 1}. Which of the ¢1, f2, {5 projections of an arbitrary point x € R™ to a unit

i=1
simplex is easier to compute?
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B.2 Duality

Duality is very powerful tool which allows (1) to design efficient (tractable) algorithms
to approximate non-convex problems; (2) to build efficient algorithms to convex and non-
convex problems with constraints (which are often of a much smaller dimensionality than
the original formulations); (3) to formulate necessary and sufficient conditions of optimality

for convex and non-convex optimization problems.

Lagrangian

Consider the following constrained (not necessary convex) optimization problem:

f(x) = min (B.3)
s.t.:gi(x) <0, 1<i<m
hj(z) =0,1<j<p
xeR"

with the optimal value p* (which is possibly —oc). Let S be the feasible set of this problem,
that is the set of all x for which all the constraints are satisfied.

Compose the so-called Lagrangian function £ : R™ x R™ x RP — R:
L@, A, pr) +szgz +Zuj f@)+XTg(@) +p"h(z),  A20 (B4)

which is a weighted combination of the objective and the constraints. Lagrange multipliers,
A and pu, can be viewed as penalties for violation of inequality and equality constraints.

The Lagrangian function (B.4) allows us to formulate the constrained optimization,
Eq. (B.3), as a min-max (also called saddle point) optimization problem:

* = A B.
P L g A ) ()

where the optimum of Eq. (B.3) is achieved at p,.

Weak and Strong Duality

Let us consider the saddle point problem (B.5) in greater details. For any feasible point
x € S CR" one has f(z) > L(z, A\, n), A > 0. Thus

< < =
LA, p) = min £(z, A, p) < min f(z) = p* = ggiglelgﬁ(x Ap) <p* %?g%ﬁﬁ(x A K,
N——

L(Ap)
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where L(X, 1) = infzern £(z, A, 1) = infyepn {f(z) + ATg(z) + p"h(z)} is called the La-
grange dual function. One can restate it as

d* = max min L(z, \ < min max L(z, A =p*
A>0,u z€S (=, ”u)_acES)\ZO,u (@A) =p

The original optimization, min,eg f(x) = minycgmaxy>o , L£(x, A, i), is called Lagrange
primal optimization, while , maxy>q, L(A, ) = maxy>o,, minges L£(x, A, 1), is called the
Lagrange dual optimization.

Note that, maxy>o,, mingeg £(x, A, 1) = maxy>o , mingern L£(z, A, 1), regardless of what
S is. This is because & € S one has maxy>o , £L(&, A, 1) = +00, thus allowing us to perform
unconstrained minimization of £(x, A\, u) over z much more efficiently.

Let us describe a number of important features of the dual optimization:

1. Concavity of the dual function. The dual function L(\, ) is always concave. Indeed
for (A, i) = O(A1, 1) + (1 — 0) (A2, u2) one has

L(\ i) = min L(z, \, i) = mxin{ﬁﬁ(x, Aty p1) + (1 —=0)L(x, Ao, p2)}

8

> Hmljn L(x,A\1,p11)+ (1 —0) n%inﬁ(x, Ao, pt2) = OL(A1, p1) + (1 — 0)L( A2, p2)

The dual (maximization) problem maxy>q , L(A, 1) is equivalent to the minimization

of the convex function —L(, ) over the convex set A > 0.
2. Lower bound property. L(A\, u) < p* for any A > 0.

3. Weak duality: For any optimization problem d* < p*. Indeed, for any feasible (z, A, )
we have f(l') > E(xa )\7M) > L(Avu)v thus p* = minxGRn f(.%') > maxx>o,u L(Aau) -
d*.

4. Strong duality: We say that strong duality holds if p* = d*. Convexity of the objective
function and convexity of the feasible set S is neither sufficient nor necessary condition

for strong duality (see the example following).

Example B.2.1. Convexity alone is not sufficient for the strong duality. Find the dual
problem and the duality gap p* — d* for the following optimization
— N 1
exp(—z) — min

s.t.:2%/y <0.

The optimal problem is p* = 1, which is achieved at x = 0 and any positive y. The dual
problem is
L(\) = inf (exp(—z) + Az?/y) = 0.

y>0,z
That is the dual problem is maxy>o 0 = 0, and the duality gap is p* —d* = 1.
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Theorem B.2.2 (Slater (sufficient) conditions). Consider the optimization (B.3) where
all the equality constraints are affine and all the inequality constraints and the objective
function are convex. The strong duality holds if there exists an x, such that x, is strictly
feasible, i.e. all constraints are satisfied and the nonlinear constraints are satisfied with strict

inequalities.

The Slater conditions imply that the set of optimal solutions of the dual problem, there-

fore making the conditions sufficient for the strong duality of the optimization.

Optimality Conditions

Another notable feature of the Lagrangian function is due to its role in establishing nec-
essary and sufficient conditions for a triplet (x, A, u) to be the solution of the saddle-point

optimization (B.5). First, let us formulate necessary conditions of optimality for

f(z) = min

s.t.:gi(z) <0,1<i<m
hj(x)=0,1<j<p
reSCR™

According to Eq. (B.5) the optimization is equivalent to

min max L(x, A
€S A>0,u ( ’ ”u)’

where the Lagrangian is defined in Eq. (B.4). The following conditions, called Karush-Kuhn-
Tucker (KKT) conditions, are necessary for a triplet (z*, \*, u*) to become optimal:

1. Primal feasibility: =* € S.

2. Dual feasibility: \* > 0.

3. Vanishing gradient: V L(x*, \*, u*) = 0 for smooth functions, and 0 € 9L(x*, \*, u*)
for non-smooth functions. Indeed for the optimal (A*, u*), £ should attain its minimum

at x*.

4. Complementary slackness conditions: X! g;(x*) = 0. Otherwise if g;(z*) < 0 and

A7 > 0 one can reduce the Lagrange multiplier and increase the objective.

Note, that the KKT conditions generalize (the finite dimensional version of) the Euler-
Lagrange conditions introduced in the variational calculus. Let us now investigate when the

conditions are sufficient.
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The KKT conditions are sufficient if the problem allows the strong duality, for which (as
we saw above) the Slatter conditions are sufficient. Indeed, assume that the strong duality
holds and a point (x*, A*, u*) satisfies the KKT conditions. Then

LV, %) = f() + L") A + h(a®) Tt = f(a") (B.6)

where the first equality holds because of the problem stationarity, and the second conditions

holds because of the complementary slackness.

Example B.2.3. Find a duality gap and solve the dual problem for the following minimiza-

tion

i —3)% + (22 — 2)°
i ((xl ) (w2 ) ) x1 + 229 =4

3 +23<5

Note, that the problem is convex and the Slater’s conditions are satisfied, therefore the

minimum is unique and there is no duality gap. The Lagrangian is
Lz, A\ p) = (1 —3)2 4 (2 — 2)* + p(xy 4+ 229 —4) + A(2? + 25 —5), A>0.
The dual problem becomes
LA p) = inf L(z, A, p).
reR™

The KKT conditions are

2(x1 -3 2\
o (2@ =3)tpt e
2($2 — 2) + 20+ 2 a2

Therefore, (1 + A\)(2z1 — z2) = 4, and using the primal feasibility constraint one derives,

T = 51(2114;‘), To = 5%1"7_3). The dual problem becomes

9A 16
— max

LM):5_??_5Q+A) A>0

Looking for a stationary point of L()), we arrive at A = 1/3 and A = —7/3. However, given
that A* > 0, we get \* = 1/3. Finally, the saddle point is (z7, 25, A", p*) = (2,1,2/3,1/3).

Example B.2.4. For the primal problem

3z + Ty + 2z — min
s.t.:x+by=2
z+y>3

z>0
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find the dual problem, the optimal values of the primal and dual objectives, as well as
optimal solutions for the primal variables and for the dual variables. Describe all the steps
in details.

Solution:

1. Note, that the problem is equivalent to

3z + Ty — min
s.t.:x+dy=2
r+y>3

as x,y are independent of z, and the objective attains its minimum at z = 0.

2. Introduce the Lagrangian:
L(z,y, 1, A) =32+ Ty + (2 — 2 —5y) + AB -z —y)
3. State the KKT conditions for VL(x,y, i, A):

d
Zr MN=3—1u—-A=0
o (z,y, 1, \) 1

d
=r AN =7—5u—\=
a (z,y, 1, \) 1 0,

therefore resulting in 4 = 1, and A = 2. One observes that the Lagrange multipliers
are feasible, meaning that there exists at least one point on the intersection of the

equality and inequality constraints.

4. The complimentary slackness condition (for the inequality) is
A3—z—y)=0.

Since A\ = 2, the respective inequality constraint is active x + y = 3.

5. Using the primal feasibility one derives:
T+5y=2 and T+y=3,

resulting in y = —0.25 and = = 3.25.

6. Optimal values of the primal variables are (x,y, z) = (3.25, —0.25,0).

Dual problem.
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1. The Lagrangian function is
L(z,y, 1, N) = 3z+Ty+p(2—x—5y)+AB—x—y) = 2u+3A+2(3—p—A)+y(7T—5u—N)
Dual objective:

2% +3)\, f3—p—-A=0and7—5u—A=0
L\ p) =inf L(z,y, p, A) = : : :
m7y

—00, otherwise

2. Thus, the dual problem is

24 + 3A — max
s.t.:3—-A—p=0
7T—5u—A=0

3. The duality gap is 0 as this problem is linear (Slater’s condition is satisfied by the
definition).

Exercise B.7. For the primal optimization problems stated below find the dual problem,
the optimal values of the primal and dual objectives, as well as optimal solutions for the

primal variables and for the dual variables. Describe all the steps in details.

1. min 4o +5y+7z,s.t.: 2x+T7y+5z+d=09, and z,y,z,d > 0. [Hint: try to drop
an inequality constraint, find the optimal value and check after finding the optimal

solution if the dropped inequality is satisfied.]

2. min {(z1 —5/2)? + 723 — 23}, s.t.: 23 — 12 <0, and 23 + 29 < 4

Examples of Duality

Example B.2.5 (Duality and Legendre-Fenchel Transform). Let us discuss the relation
between transformation from the Lagrange function to the dual (Lagrange) function and
the Legendge-Fenchel (LF) transform (or a conjugate function),
F*(y) = sup (y'z — f()),
zeR”
introduced in Variational Calculus Section 6 of the course. One of the principal conclusions
of the LF analysis is f(x) > f**(z). The inequality is directly linked to the statement
of duality, specifically to the fact that dual optimization low bounds the primal one. To

illustrate the relationship between the maximization of f** and the dual problem consider

f(x) = min

s.t.:x=5b
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where b is a parameter. Then
minmax{ /(@) + p7 (b~ 2)} < maswmin{ (&) + (b — )}

= max{—ub — max(ux — f(x))} = max{—pb — f*(u)} = /7 (-b)
Minimizing the expression over all b € R™ one arrives at mingegn f(x) > mingegn f**(x).

Example B.2.6. [Duality in Linear Programming (LP)| Consider the following problem:

¢’z — min

s.t.: Az <b

We define Lagrangian £(x,\) = c'x + AT (Az —b), A > 0, and arrives at the following dual

objective

L(\) = :rlean” L(z, \)

bTA, ifet ATA=0
= inf {oT(c+ AT b2} = ne

—00, otherwise

The resulting dual optimization is

L) =-b"A—  max
c+ATA=0, \>0

Example B.2.7 (Non-convex problems with strong duality). Consider the following quadratic

minimization:
z! Az +2b" 2 — min
s.t.:ix'x <1
where A % 0. Its dual objective is:

L(X\) = inf L(x,\)

reR"™
—00, A+ XA
= inf {aT(A+Ane —2Te -2} = { o, A+ = 0,b€ Im(A+ )

~b"(A4+X)Th— ), otherwise
The resulting dual optimization is
—b" (A4 A)"b— X\ — max
s.t.:A+ X >0
beIm(A+ \)
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Let us restate the optimization in a convex form by introducing an extra variable ¢

—t — A — max
s.t.:t>b (A+AD)TD
A+ X =0

be Im(A+ M)

Finally one arrives at

—t — A\ — max

A+X b
s.t.: + =0

Example B.2.8 (Dual to binary Quadratic Programming (QP)). Consider the following

binary quadratic optimization

2! Ar — max

s.t.:x%zl,lgiﬁn

with A > 0. The dual optimization is

min {—xTAx + Zn:uz(xf - 1)} = min {wT(Diag(,u) — Az — zn:,ul} — max

TER? TER™
=1 =1 H

that is

Z (i — min (B.7)
i=1
s.t.:Diag(u) = A

Note that the optimization (B.7 is convex and it provides a non-trivial lower bound to the
primal optimization problem. The low bound is called Semi-Definite Programming (SDP)

relaxation. ).

Example B.2.9. Show that min)\Ta:’ = —|Allp/p—1), Where z € R p > 0 and,

lzllp<1
lzllp == (1P + -+ \:Ud|p)1/p, is the p-norm of z.

Solution: The dual formulation of the problem is

. T
min m;;iX ()\ z+ p(|lzllp - 1))u20 :
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The original formulation is convex and Slater’s condition is obviously satisfied (any = which
is sufficiently small in the p-norm is feasible), therefore the strong duality holds and we can

reverse the order of optimizations in Eq. (B.8)

maxmin (A\'z + p (||z], — 1)) (B.9)

o T u>0"

Next let us write the KKT conditions. Stationary point condition over the primal variable
for the objective in Eq. (B.9) is

717
Vi=1,---,d: N+ px; ¢ =y = 0. (B.10)
()P + -+ (x)P) p
The complementary slackness condition is
ulelly — 1) = 1. (B.11)

Assume that A # 0 (if otherwise the result is trivially zero), then u # 0 according to
Eq. (B.10), ||z*|, = 1, and Eq. (B.10) becomes, Vi = 1,--- ,d : \; = —pa}|z}|P~2. Com-

bining the two equations we derive

(p—1)/p
p=- <Z |)\i|p/(p_1)> = =Ml p-1)/p> (B.12)

(2

NTa™ = =3 el = = (5.13)
%

therefore proving the relation after substitution the optimal values back into the objective.
The exercise below is reformulated from the original version, contributed HW3 in 2021

and then not graded. The original version contained misprints and ambiguities.

Exercise B.8. For the quadratic constraint optimization problem

1
min — —2' Lz +b'x (B.14)
zeRd 2
st f|zlee <1, (B.15)

e (a) Describe conditions on L and b guaranteeing convexity of Eq. (B.14).

(b) Find the dual of Eq. (B.14), restating the ls-constraint as a convex quadratic
constraint. Is the duality gap zero at L < 07

e (c) Show that if bb" = L > 0 for some € > 0, then L = cbb', where c is a constant.

(d) Assuming that conditions in (c) are satisfied, solve Eq. (B.14) analytically. (Hint:
Transition to a scalar variable and show that the problem reduces to a one-dimensional

quadratic, concave optimization over a bounded domain.)
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Conic Duality (additional material)

Standard formulation of the conic optimization is:

¢’z — min (B.16)
s.t.:Az =0
zek

where K is a proper cone, i.e. a set which satisfies
1. K is a convex cone, that is for any x,y € K one has ax + Sy € K, o, 8 > 0;
2. K is closed;
3. K is solid, meaning it has nonempty interior;
4. K is pointed, meaning if x € K, and —x € K then x = 0.

Conic optimization problems are important in optimization. In Example B.2.8 you already
see the (dual to the binary quadratic optimization) problem which is a conic optimization
problem over the cone of positive semi-definite matrices.

K* defines a dual cone of K K* = {c: ¢'{(c,x) >0,z € K}.

Exercise B.9. Show that the following sets are self-dual cones (that is, K* = ).

1. Set of positive semi-define matrices, S ;
2. Positive orthant, R} ;

3. Second-order cone, Q" = {(x,t) € R} : t > ||z||2}

T

Note, that in the case of the semi-definite matrices ¢’z = 377", ¢;jz;; (e.g. Hadamard

product of matrices). The Lagrangian to the Problem B.16 is given by
L=cz+p"(b—Az)— Iz
where the last term stands for 2 € IC. From the definition of the dual cone one derives

T 0, z€eK
max —\'x =

Ak +oo, z¢K

Therefore

" .
= min max L(z, \ >
p €K NEK* (@A ) =

d* = max min L(z, A
AEK* u zeK (’ 7'u)
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And the dual problem is

-

b

L(\p) = mi’rcl{cTac +u'(b—Az) =Nz} = s
xe

—o00, otherwise
And finally
d* =maxp'b
st.i=c—Alp—A=0
AeK*

Finally, eliminating A one has

p'b — max

s.t.ic— ATy e K"

Exercise B.10. Find a dual problem (see Example B.2.8) to

n
1Tu = Z“i — min
i=1

s.t.:Diag(p) = A.
Ensure, that your dual problem is equivalent to

(A, X) — max
s.t.: X €S}

Xiu=1We

. ife—ATp—X=0

390
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In the remainder of the Section we will study iterative algorithms to solve the optimiza-
tion problems discussed so far. It will be convenient to think about iterations in terms of
“discrete (algorithmic) time", and also consider the “continuous time" limit when changes in
the values per iteration is sufficiently small and the number of iterations is sufficiently large.
In the continuous time analysis of the algorithms we utilize the language of differential equa-
tions, as it helps both for intuition (familiar from first semester studies of the differential
equations) and also for analysis. However, to reach some of the rigorous conclusions we may

also get back to the original, discrete, language.

B.3 Unconstrained First-Order Convex Minimization
In this lecture, we will consider an unconstrained convex minimization problem

o
f(z) — min,

and focus on the first-order optimization methods. That is we assume that the objective
function, as well as the gradient of the objective function, can both be evaluated efficiently.
Note that the first order methods described in this Section are most popular methods/algo-
rithms currently in use to resolve majority of practical machine learning, data science and
more generally applied mathematics problems.

We assume that function f is smooth, that is

Y,y IVF(x) = Vi)l < Bllz -yl (B.17)

for some positive constant . Choosing the ¢ norm for || - || = || - |2, one derives

F5) < F@) 4 V@) (g~ )+ Sy~ al3, Yo,y R

bhl

To simplify description we will thus omit in the following “w.r.t. to norm || - ||” when

discussing the ¢ norm.

Smooth Optimization

Gradient Descent. Gradient Descent (GD) is the simplest and arguably most popular
method /algorithm for solving convex (and non-convex) optimization problems. Iteration of
the GD algorithm is

Try1 = =iV f(2x) = arg min {f(ﬂfk) + V() (@ —zp) + 271%”90 - $k||3}7 m < 1/8

-~

by, ()
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where we assume that f is § smooth with respect to ¢3 norm. If n, < 1/, each step of

the GD becomes equivalent to minimization of the convex quadratic upper bound hy, (z) of

f ().

Definition B.3.1. Function f:R"™ — R is S-smooth w.r.t. to a norm || - || if

V() = Vil <l =yl Va,y.

If||- ]| =1 - |l2, we call the function S-smooth.

Theorem B.3.2. Assume that a function f : R® — R is convex and S-smooth. Then
repeating the GD step k times/iterations with a fixed step-size, n < 1/, results in f(zy)
which satisfies:

lz1 — z*|3

o) = fla)y < T

n<1/8, (B.18)

where z* is the optimal solution.

We will provide the continuous time proof of the Theorem, as well as its discrete time

version, where the former will rely on the notion of the Lyapunov function.

Definition B.3.3. Lyapunov function, V(z(t)), of the differential equation, z(t) = f(z(t)),
is a function that

1. decreases monotonically along (discrete or continuous time) trajectory, V(x(t)) < 0.
2. converges to zero at t — 0o, i.e. V(z(o0)) = 0, where z* = z(c0).

From now on, we will use capitalized notation, X (t), for the continuous time version of

(xglk=1,---).

Proof of Theorem B.3.2: Continuous time. The GD algorithm can be viewed as a discretiza-

tion of the first-order differential equation:
X(t) = =V (X))

Introduce the following Lyapunov’s function for this ODE, V(X (¢)) = || X (¢t)—x*||3/2. Then

%V(t) = (X(1) —2")"X() = =V (X (1) (X(t) =) < ~(f(X@t) = f*),  (B.19)

where the last inequality is due to the convexity of f. Integrating Eq. (B.19 over time, one

derives

V(X(8) = V(X(0) < tf* — /O FOX ()t
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Utilizing (a) Jensen’s inequality

f(i/tX(T)m-) gi/tf(X ))dr

which is valid for all convex functions, and (b) non-negativity of V' (¢) one derives

([ o) =[xt < VIO

The prove is complete after setting, ¢t ~ k/f, and recalling that f is smooth. O

Proof of Theorem B.3.2: Discrete time. Condition of smoothness applied to, y = z—nV f(x),

results in
F) < F@)+ V@) (g~ ) + 2y~ 2l3
= (&) + VI@) (@~ aVf(w) — 2) + 3Bl — 0V () — o3
= @)~ IV @3+ 2193
— s~ (1= B1) v
As i < 1/8, one derives, 1 — f1/2 < —1/2, and
) < f(@) = 2IVF@)B. (B.20)

Note, that Eq. B.20 does not require convexity of the function, however if the function is

convex one derives

F@") 2 f@) + V(@) (2" =),
by choosing y = z*. Plugging the last inequality into the smoothness inequality, one derives
for y =2 —nVf(x):

) = fa) < Vi) (@ —a") - guwmua
- 2177 (e — |3 — |l — nV f(z) — 2|3}
- 21,] [l — 2| — ly — 212}

S () — 1) < = 3 (o — 272 = g1 — 27112)

i<k R
1
=2 (llz1 — 2*|13 = lzks1 — =*|3)
R3 2R3
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where R2 > ||z — 2*||3 and the step-size n = 1/. Finally
BRS
2 Y
where z =} . x;/k. O

min f(z;) = (") < (@) = f(a") <

One obviously would like to choose the step size in GD which results in the fastest
convergence. However, this problem — of choosing best, or simply good step size — is hard
and remains open. The statement also means that finding a good stopping criterion for the
iterations is hard as well. Here are practical/empirical strategies for choosing the step size
in GD:

e FExact line search. Choose n; so that
e = argmin{ f(zx —nV f(2r))}
n

e Backtracking line search. Choose the step-size 7 so that:

Flax =V f (@) < fa) = 2V @) 3

As the difference between the right-hand side and the left-hand size of the inequality

above is monotone in 7y, one can start with some n and then update, n — bn, 0 < b < 1.

e Polyak’s step-size rule. If the optimal value f* of the function is known, one can

suggest a better step-size policy. Minimization of the right-hand side of:
1 — 2| < Naw — 2|13 — 2 (f (@x) = F@*)) + il gell3 — min,

results in the Polyak’s rule, n, = (f(zx) — f(«*))/|lgx||3, which is known to be useful,

in particular, for solving an undetermined system of linear equations, Az = b.

Exercise B.11. Recall that GD minimizes the convex quadratic upper bound h,, (x) of
f(x). Consider a modified GD, where the step size is, n = (2+¢)/3, with € chosen positive.
(Notice that the step size used in the conditions of the Theorem B.3.2 was n < 1/f.) Derive
modified version of Eq. (B.18). Can one find a quadratic convex function for which the

modified algorithm fails to converge?
Exercise B.12. Consider minimization of the following (non-convex) function f:
f(xz) — min

s.t.:]|z — 2| <e,

r e R"”
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where z* is a global and unique minimum of the S-smooth function f. Moreover, let

Ve e R": %IIVf(w)H% > p(f(x) = (7).

Is it true, that for some small € > 0 the GD with a step-size n = 1/ converges to the

optimum? How ¢ depends on S and p?

Exercise B.13 (not graded - difficult). In many optimization problems, it is often the case
that exact value of the gradient is polluted, i.e. only its noise version is observed. In this
case one may consider the following “inexact oracle" optimization: f(z) — min,x € R",

assuming that for any x one can compute f(x) and Vf(z) so that
Vo |f(z) = f(x)] <6, and |Vf(z) - Vf(2)ll2 <e,

and seek for an algorithm to solve it. Propose and analyze modification of GD solving the

“inexact oracle" optimization?

Gradient Descent in /,. GD in £, norm

. 1
Tpi1 = argmin {f(a:k) + Vf(:z:k)T(x —xk) + . ||z — xk”g} )
r€SCR? Nk

where n, < 1/8,, Bp > sup, ||g(z)||,, with a properly chosen p can converge much faster

than in £5. GD in ¢; is particularly popular.

Exercise B.14. Restate and prove discrete time version of the Theorem B.3.2 for GD in ¢,

norm. (Hint: Consider the following Lyapunov function: ||z — z*[|2.)

Gradient Descent for Strongly Convex, Smooth Functions.

Theorem B.3.4. GD for a strongly convex function f and a fixed step-size policy
Tp1 =z —nVf(zk), n=1/8
converges to the optimal solution as
flap) = fa*) < F(f(ar) = f2Y),
where ¢ <1 — pu/p.

Exercise B.15. Extend proof of the Theorem B.3.2 to Theorem B.3.4.
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Fast Gradient Descent. GD is simple and efficient in practice. However, it may also
be slow if the gradient is small. It may also oscillate about the point of optimality if the
gradient is pointed in a direction with a small projection to the optimal direction (pointing
at the optimum). The following two modifications of the GD algorithm were introduced to

cure the problems

(1964) Polyak’s heavy-ball rule:

Ti+1 = 2 + MV f(xr) + pr(zr — vr—1) (B.21)
(1983) Nesterov Fast Gradient Method (FGM):

Tpy1 = Tk + MV f (2 + plrr — vp—1)) + (e — 2p-1).(B.22)

The last term in Egs. (B.21,B.22) is called “momentum" or “inertia" term to emphasize
relation to respective phenomena in classical mechanics. The inertia terms, added to the
original GD term, which may be associated with “damping" or “friction", aims to force
the hypothetical “ball" rolling towards optimum faster. In spite of their seemingly minor
difference, convergence rate of FGM and of the heavy-ball method differ rather dramatically,

as the heavy ball can lead to an overshoot (not enough “friction").

Exercise B.16. Construct a convex function f with a piece-wise linear gradient such that

the heavy ball algorithm (B.21) with some fixed p and nfails to converge.

Consider a slightly modified (less general, two-step recurrence) version of the FGM
(B.22):

k—1
= Yr—1 — MV f(Yr-1), Yk =@kt n 2(9Ck — Zp_1), (B.23)
which can be re-stated in continuous time as follows
. 3.
X(t) + ;X(t) + Vf(X)=0. (B.24)

Indeed, assuming ¢ ~ k,/7 and re-scaling one derives from Eq. (B.23)

Tpr1— 2 k—lzp—x

k—
N R TR L IV () (B.25)

Let x) = X (ky/n), then

X(t) = aym=rr XA+ V0T m) 5= Thtl

and utilizing the Taylor expansion

S%H\/%wk = X(t) + %X(t)\/m o(v/n)
Tk k1 gy L

g X(t) = 5X 1)V + o(v/1)
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one arrives at

1. . 1.

X0+ 5 X0 o(v) = (1 3vi/0) (X(0) = SRV + oA )~V (X0 +o(y) =0,
resulting in Eq. (B.24).

To analyze convergence rate of the FGM (B.24) we introduce the following Lyapunov
function:

V(X(6) = 2 (f(X (1) = [*) + 2| X + X /2 - 2*|3.

Time derivative of the Lyapunov function is
V(X (1) = 2t(f(X (@)= f)+2VAX )T X () +4(X (1) +tX (t)/2—2*) T (3X (t) /241X /2).
Given that, X +tX/2 = —tVf(X)/2, and also utilizing convexity of f one derives
V= 20(f(X) = ) = 4(X —2") " (tVf(X)/2) = 2(f(X) = [*) = 2(X —a*) TV F(X) <0.
Making use of the monotonicity of V and of the non-negativity of || X 4+tX /2 —z*|| one finds

t2 t2 12
Finally, substituting, ¢ ~ k,/7, one derives
2|z — z*|2
fay - e A2l s

nk?
We have just sketched a proof of the following statement.

Theorem B.3.5. Fast GD for, f(z) — mingern, where f(z) is a f-smooth convex function,

with an update rule

k+2

T = Yk—1 — NV f(Yk-1)), Yk =Tk + (T — Tk-1)
converges to the optimum as

2||zo — z*|3
x —pr 2D 7 2

f(@p) = f7 < e

As always, turning the continuous time sketch of the proof into the actual (discrete time)

proof takes some additional technical efforts.

Exercise B.17. Consider the following differential equation

X(t)+§X(t)+Vf(X) =0,

at some positive r. Derive respective discrete time algorithm, analyze its convergence and

show that if r < 2, the convergence rate of the algorithm is O(1/k?).

Exercise B.18. Show that the FGM method, described by Eq. (B.23), transitions to
Eq. (B.22) at some 7.
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Non-Smooth Problems

Sub-Gradient Method. We start discussion of the Sub-Gradient (SG) methods with the
simplest, and arguably most-popular, SG algorithm:

Thy1 = Tk — MGk, gk € OF (x1), (B.26)

which is just the original GD with the gradient replaced by the sub-gradient to deal with
non-smooth f. Note, however, that it is not proper to call the algorithm (B.26) SG descent
because in the process of iterations f(zyy1) may become larger than f(xy). To fix the
problem one may keep track of the best point, or substitute the result by an average of the
points seen in the iterations so far (a finite horizon portion of the past). For example, one

may augment Eq. (B.26) at each k with

(k

A — min{ f50 ] pa)).

We assume that SG of f(x) is bounded, that is

Vo lg(@)| < L, g(x) € 9f ().

This condition follows, for example, from the Lipshitz condition, |f(z) — f(y)| < L||z —y||,

imposed on f. Let x* be the optimal point of, f(x) — mingcgn, then

k1 — 213 = Il — mege — 2*13 = lze — 2113 = 2megyl (21, — %) + 1|l gx 13
< g = 2*(13 = 2m(f () = £()) + nillgll3, (B.27)

where the last inequality is due to convexity of f,i.e. f(z*) > f(xg) +g,;r(x* —xy). Applying
the inequality (B.27) recursively,

|2ksr — 23 < fla — 2713 =2 0 (F(z) — £@) + Y nfllgllss
j<k j<k

one derives,

23wy | (FGeb) = F@) <27 mi(f(a5) = F@") < 2 = 2"+ > n?llgs 3

i<k i<k <k
which becomes

lz1 —2*13 + L3 X ;<p 13
f(’;)s — f(z*) =min f(z;) — f* < J=E
() = 1) = min () 5

)
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where we assume that the SG of f are bounded by Ly in the f5 norm. Therefore, if RZ >

|lz1 — 2*||3, one arrives at

RZ+ 123 ., RL
min f(z;) — f* < min el PO =—, (B.28)
i<k " 23 i<k VE
where the step-size is ny = R/(LVE). Note, that the ~ 1/v/k scaling in Eq. (B.28 is much

worse than the one we got above, ~ 1/k?, for smooth functions. In the following we discuss

this result in more details and suggest a number of ways to improve the convergence.

Proximal Gradient Method. In multiple machine learning (and more generally statis-
tics) applications we deal with a function built as a sum over samples. Inspired by this

application consider the following composite optimization

f(z) =g(x) + h(z) — ;rel%, (B.29)

where we assume that g : R — R" is a convex and smooth function on R”, and A : R — R"
is closed, convex and possibly non-smooth function on R™. One of the most frequently used

composite optimization is the Lasso minimization:
f(@) = Az = bll3 + Allzy — min . (B.30)

Notice that the [|z||; term is not smooth at = = 0.

Let us now introduce the so-called proximal operator
: 1 2
prox, (z) = argmin | A(u) + =||u — |5 | ,
weR™ 2
which will soon be linked to the composite optimization. Standard examples of the proximal

operator/function are

1. h(z) = Ic(x), that is h(z) is an indicator of a convex set C. Then the proximal
function is

prox,(z) = arg min ||z — ul|3
ueC

is a projection of x on C.
2. h(x) = A||z||1, then the proximal function acts as a soft threshold:
Ti— A, x> A

prox,(z)i = € 2; + A, x; < =\,

0, otherwise
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The examples suggest using the proximal operator to smooth out non-smooth functions
entering respective optimizations. Having this use of the proximal operator in mind we
introduce the Proximal Gradient Descent (PGD) algorithm

e
T1 = Prox,, p(zr — Nk Vg(xy)) = argmin (2||$1c — mVg(xr) —ul3 + nkh(U))
u

. 1
= arg min (g(xk) + Vg(a:k)T(u — ) + %Hu — a:k||% + h(u))

where 7, < 8, and ¢ is a S-smooth function in £5 norm.

Note, that as in the case of the GD algorithm, at each step of the PGD we minimize a
convex upper bound of the objective function. We find out that the PGD algorithm has the
same convergence rate (measured in the number of iterations) as the GD algorithm.

Finally, we are ready to connect PGD algorithm to the composite optimization (B.29).

Theorem B.3.6. PGD algorithm,

Th41 = prox(zr —nVg(ar)), n<1/5,

with a fixed step size policy converges to the optimal solution f* of the composite optimiza-

tion (B.29) according to

f(@p1) — f7 < ok

Proof of the Theorem (B.3.6) repeats the logic we use to prove Theorem B.3.2 for the GD
algorithm. Moreover, one can also accelerate the PGD, similarly to how we have accelerated
GD. The accelerated version of the PGD is

k—1
zy, = proxy, (ye—1 = VS (ye—1)) gk =2+ o n 5 (@ = 1)
We naturally arrives at the PGD version of the Theorem B.3.5:
Theorem B.3.7. PGD for a convex optimization
s mi
f(z) — min

with an update rule

k—1

T = ProxXp, (yk—1 — NV F(Ye-1)), yx =z + A Q(iﬁk — Tp-1)

converges as
2|z — z*|
f(@r1) — 7 < angHz,

for any B-smooth convex function f.

PGD is one possible approach developed to deal with non-smooth objectives. Another

sound alternative is discussed next.
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Smoothing Out Non-Smooth Objectives

Consider the following min-max optimization

max f;(x) — min
1§i§nfz( ) zeRn

which is one of the most common non-smooth optimizations. Recall, that a smooth and
convex approximation to the maximum function is provided by the soft-max function (B.2)
which can then be minimized by the accelerated GD (that has a convergence rate O(1/4/¢)
in contrast to 1/¢2 for non-smooth functions). Accurate choice of A (parameter within the

soft-max) normally allows to speed up algorithms to O(1/e).

B.4 Constrained First-Order Convex Minimization

Projected Gradient Descent

The Projected Gradient Descent (PGD) is

1 = Loz — eV f(2x)) (B.31)
—argnin ( £(@n) = V(@) =)+ 5o = vl + Tolw))
yeC U3

= proxy, (zx — MV f(zk)),

where II¢ is an Euclidean projection to the convex set C, o (y) = argming.¢ ||z — y|3.
PGD has the same convergence rate as GD. The proof is similar to the one of the gradient

descent taking into account that projection does not lead to an expansion, i.e.
21 — 2*|5 < llox — eV f (2x) — 2[5 as 2™ € C.

Exercise B.19. (Alternating Projections.) Consider two convex sets C, D C R"™ and pose

the question of finding x € C' N D. One starts from, xg € C, and applies PGD
ye = Ho(rr)  zry1 = Hp(yk)-
How many iterations are required to guarantee

max{ ing(xk, x), inf (zg, )} <e?
Te

inf
z€D
Frank-Wolfe Algorithm (Conditional Gradient)

Frank-Wolfe algorithm solves the following optimization problem

f(z) - min, s.t.:xz €S (B.32)
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In contrast to the PGD algorithm (B.31) making projection at each iteration, the Frank-
Wolfe (FW) algorithm solves the following linear problem on C:

Yp = arg Hclin YV (), weer = (1= W)ze + Wbk e =2/(k+1). (B.33)
ye

To illustrate, consider the case when C' is a simplex:
f(z) >min s.t.:xeS={zx:z>0,z'1=1}.

In this case the update y;, of the FW algorithm is a unit vector correspondent to the maximal
coordinate of the gradient. Overall time to update zj is O(n) therefore resulting in a
significant acceleration in comparison with the PGD algorithm.

FW algorithm has an edge over other algorithms considered so far because it has a

reliable stopping criteria. Indeed, convexity of the objective guarantees that

F) = flan) + V) (y — 2),

minimizing both sides of the inequality over y € C' one derives that
f*= flak) +min Vf(e) T (y — 2p),
yelC
where f* is the optimal solution of Eq. (B.32), then leading to

max V£ (zx) (2 — y) > fax) — . (B.34)
yeC

The value on the left of the inequality, max,ec V f(zx) " (x5 —y), gives us an easy to compute
stopping criterion.

The following statement characterizes convergence of the FW algorithm.

Theorem B.4.1. Given that f(z) in Eq. (B.32) is a convex S-smooth function and C is a
bounded, convex, compact set, Eq. B.33 converges to the optimal solution, f*, of Eq. (B.32)

as

25 D?

f(l’k)_f*ﬁmv

where D? > maxy yec ||z — yll3.

Proof. Convexity of f means that
f(x) > flzp) + V(zp) (@ — ), Vo e C.
Minimizing both sides of the inequality one derives

F@*) > flan) + V() (yr — zp).
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That is f(xx) — f(z*) < Vf(2r)" (zx — 2*). This inequality, in combination with the
second sub-step in the FW algorithm, =511 = vyyr + (1 — vx)xk, results in the following

transformations
f@rr) = flor) < flapr) — foy)

< £l + V@) (@ — 21+ 5 oper — 2]~ f(a")
2
< Fle) + W5 @) 2) + 20— a3~ £(a”)

2
< flow) — F*) ~ () — 1) + 2 D2

and finally

212
f(xk+1) - f* < (1 - ’Yk)(f(xk) — f*) + B’ykTD

Utilizing the inequality in a chain of inductive relations over k, starting from k£ = 1, one can

show that f(zx) — f* < 28D?/(k +2). O

The conditional GD is slower than the FGM method in terms of the number of iterations.
However, it is often favorable in practice especially when minimizing a convex function
over sufficiently simple objects (like the norm-ball or a polytope) as it does not require

implementing explicit projection to the constraining set.
Primal-Dual Gradient Algorithm

Consider the following smooth convex optimization problem:

f(xz) — min

Az =b,z € R"

It is a good practice to work with the equivalent augmented problem:

f(@) + £l Az = b|}3 — min
s.t.:Ax =50
where p > 0. Let us define augmented Lagrangian
Lia, 1) = f(2) + " (Az—b) + 5]l Az — b},
We say that a point (in the extended, augmented space), (z, 1), is primal-dual optimal iff

0=VoL(z,p) = Vf(x)+ AT p+ pAT (Ax - b),
0=-V,L(x,pu) =b— Ax.
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One can also re-state the primal-dual optimality condition as,

VaL(z, ) >

T(x,p) =0, T(x,p) = <—V L(z, 1)

. Operator/function, T, is often called the Karush-Kuhn-Tucker (KKT) operator. (We may
call T operator to emphasize that it maps a function, f(x), to another function, V,L.)
We are now ready to state the Primal-Dual Gradient (PDG) algorithm

<m> = <x> — T (zk, k)
e \H/ g,

Similar construction works if inequality constraints are added:
f(z) = min

s.t.:9i(x) <0, 1<i<m.

The augmented problem, accounting for the inequalities, becomes

F@)+ 5> (9:())3 — min
=1

Respective augmented Lagrangian is
p
L(w, ) = f(@) + 2" F(2) + S| F @),

where F(z); = (gi(x))+. We say that the pair (z, A) is primal-dual optimal iff

m

0= —VoL(z,A) = V(x) + 3O + pga(a) ) (Vai(w))+

i=1
0=—-V\L(z,\) = —F(z).

PDG algorithm accounting for the inequality constraints is

! = (") = mT (M)
(), -0,

Convergence analysis of PDG algorithm repeats all steps involved in analysis of the

original GD. The Lypunov exponent here is , V(z,\) = ||zg — 2*||3 + || Ao — A*||3.

Exercise B.20. Analyze convergence of the PDG algorithm for convex optimization with
inequality constraints assuming that all the functions involved (in the objective, f, and in

the constraints, g;) are convex and S-smooth.
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Mirror Descent Algorithm

Our previous analysis was mostly focused on the case, where the objective function f is
smooth in ¢ norm and the distance from the starting point, where we initiate the algorithm,
to the optimal point is measured in the 5 norm as well. From the perspective of the GD,
the optimization over a unit simplex and the optimization over a unit Euclidean sphere
are equivalent computational complexity-wise. On the other hand, the volume of the unit
simplex is exponentially smaller than the volume of the unit sphere. Mirror Descent (MD)
algorithm allows to explore geometry of the domain thus providing a faster algorithm for the
case of the simplex. The acceleration is up to the ~ v/d factor, where d is the dimensionality
of the underlying space.

We start with an unconstrained convex optimization problem:

f(xz) — min

s.t.:x € SCR"

Consider in more details an elementary iteration of the GD algorithm

Thp1 = ) — MV f(2k)-

From the mathematical perspective we sum up objects from different spaces: = belongs to
the primal space, while the space where V f(x) resides, called the dual (conjugate) space
may be different. To overcome this “inconsistency", Nemirovski and Yudin have proposed

in 1978 the following algorithm:

yr = Vo(zr), — map the point to a point in the dual space
Yk+1 = Yk — MV f(xr), — update the point in the dual space
Tre1 = (Vo) Hyrs1) = Vo™ (yry1), — project the point back to the primal space

Tyl = Hg¢ (Ty1) = arg ncﬁn Dy (2, Tr41), project the point to a feasible set
HAS

where ¢(z) is a strongly convex function defined on R™ and V¢(R™) = R”; and ¢*(y) =
sup,egn (¥ © — ¢()) is the Legendre Fenchel (LF) transform (conjugate function) of ¢(z).
Function ¢ is also called the mirror map function. Dy(u,v) = ¢(u) — ¢(v) — Vé(v) T (u — v)

is the so-called Bregman divergence

Dy(u,v) = ¢(u) = $(v) = Vo(v) " (u —v),

which measures (for strictly convex function ¢) the distance between ¢(u) and its linear

approximation ¢(v) — Vé(v) T (u — v) evaluated at v.
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Exercise B.21. Let ¢(x) be a strongly convex function on R™. Using the definition of the
conjugate function prove that Vo*(Ve¢(x)) = x, where ¢* is a conjugate function to ¢.

The Bregman divergence has a number of attractive properties:
e Non-negativity. Dy(u,v) > 0 for any convex function ¢.

o Convezity in the first argument. The Bregman divergence Dg(u,v) is convex in its

first argument. (Notice that is not necessarily convex in the second argument.)

e Linearity with respect to the non-negative coefficients. In other words, for any strictly

convex ¢ and 1 we observe:
Dty (u, ) = XDy (u, v) + Dy (u, v).

o Duality. Let function ¢ has a convex conjugate ¢*, then

Dy« (u*,v") = Dg(u,v), with u* = V¢(u), and v* = Vo(v).

Examples of the Bregman divergence are

2y " (

e FEuclidean norm. Let ¢ = HxH%, then Dy(z,y) = HxH% — HyH% — r—y) = Hx—y”%

o Negative entropy. ¢(x) =Y 1" x;lnz;, f: R}, — R. Then

n
zy) = > wiln(z;/y;) Zﬂfz + Zyz Dkr(z|ly),
i=1

where Dy (z||y) is the so called Kullback-Leibler (KL) divergence.

o Lower and upper bounds. Let ¢ be a p-strongly convex function with respect to a

norm || - || then
B
Dy(,y) Hx —yl* Dolw,y) < Sl -yl

The following statement represents an important fact which will be used below to analyze
the MD algorithm.

Theorem B.4.2 (Pinsker Inequality). For any z,y, such that Y ;" o; = > "y = 1,
x>0,y >0 one get the following KL divergence estimate, D (z|ly) > 5[z — y|3.
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An immedite corollary of the Theorem is that ¢(x) = > " | x;Inz; is 1-strongly convex

in /1 norm:

Bly) > () + Vo) (y — 2) + Drrylle) > 9(x) + V(@) (y — ) + gz — o1l

The proximal form of the MD algorithm is

Tpr1 = Hg¢ (arg min {f(a:k) + Vf(:ck)T(x — ) + iD(;g(;zc, x;&}) ,
zER™ Nk

where H?"’ (y) = argmin,cg Dy(z,y).
Example B.4.3. Consider the following optimization problem over the unit simplex:

i
f(z) — min

s.t.::L“ES:{J::$T1:1,:L“€]Ri+}.

Let the distance generating function ¢(z) be a negative entropy, ¢(x) = > 1 ; z; Inz;. Then
the MD algorithm update becomes

Tyl = H§¢ {arg min {f(xk) + Vf(xk)T(x —xp) + nlqug(x, xk)}} ,

T

where Dy(z,y) = > i, x;In(xi/y;) — (x; — y;). The resulting optimal z is

Vo(x) = Vo(zr) — meV f(2r), that is yi = (z)i exp(—nkV f(z)i).

— . : S D
One observes that the Bregman projection onto the simplex is a renormalization: HS‘ZS =

y/lly|l1. This results in the following expression for the MD update:

(z)i exp(=meV f(z1)i)
iy (o) exp(—=mV f(zr);)

(1) = 5

Let us sketch the continuous time analysis of the MD algorithm in the case of the (-
smooth convex functions. In contrast with the GD analysis, it is more appropriate to work

in this case with the Lyapunov’s function in the dual space:
V(Z(t)) = D+ (Z(1),2"),  Z(t) = Vo(X (1)),

where ¢ is a strongly convex distance generating function. According to the definition of

the Bregman divergence, one derives

d d

SV(2(0) = S0 (2(0),27) = S {6 (20) — 6*(=") — Vo () (200) ~ )}

= (Vo*(Z(1)) = Vo' (2*), Z(1)) = (X(t) — )T Z(1).
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Given that Z(t) = =V f(X) one derives

%V(Z(t)) = —VAXE) T (X(#) =) < =(F(X(1) = ).

Integrating both sides of the inequality one arrives at

vz -vizo) = [ e 2 (1 (3 [ x@ar) - ).

where the last transformation is due to the Jensen inequality. Therefore, similarly to the

case of GD, the convergence rate of the MD algorithm is O(1/k). The resulting MD ODE is
X(t) =Ver(Z(1)
() =-VIX()
X(0) =z0,Z(0) = zy with V¢*(z9) = xo.

Behavior of the MD, when applied to a non-smooth convex function, repeats the one of

the GD: the convergence rate is O(1/v/k) in this case.
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