Appendix Mathematics

In this appendix are the various mathematical concepts and results that are drawn
upon in the body of the text. The intent is not to teach the mathematics but to
define notation, list results that I assume you know, and distinguish between math
and control theory.

To spell the last item out more fully, I want to distinguish between standard math-
ematical identities and ideas that are specific to control theory. Section A.10, on
information theory, is longer than the others because the topic is still rarely taught
in the physics curriculum. We have drawn our material on information theory from
Cover and Thomas (2006), MacKay (2003), Gibson (2014), and Bialek (2012). These
all give a much more complete and balanced description than I can give here.

If you are unfamiliar with a topic, please consult one of the references for the full
story. Many good books cover “mathematics for physicists,” including, at the under-
graduate level, Shankar (1995) and Boas (2005) and, at the graduate level, Stone and
Goldbart (2009). The brief overview of probability theory largely follows Wasserman
(2004). For background on Bayesian inference, see Sivia and Skilling (2006) for an ele-
mentary introduction and von der Linden et al. (2014) for a thorough exposition. The
proof showing that the conditional mean minimizes the mean square estimation error
comes from von der Linden et al. (2014). For decision theory and its implications for
estimating parameters and states, see Van Trees et al. (2013) (especially Chapter 4).

A.1 Linear Algebra and Calculus
I Nmm—

A.1.1 Vector and Matrix Notation and Basics

We recall notation and basic facts concerning real vectors and matrices.

1. Transpose:

X1

x = x:2 = x =(x1 X ... xn). (A.1)

Xn
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For matrices, (AT)“ =Aj, or,
i

a o din a - dim
A= = A= (A.2)
am1 ot Qmn anl ot Opm
Note that (ABC)" = C'BA™.

. Symmetric matrix: A = AT and must be square. An nxn matrix has n> components.
If symmetric, it has at most %n(n + 1) independent coefficients.

. Antisymmetric matrix:A = —A" and must be square. There are %n(n -1
independent coefficients, and the diagonal elements are zero.
. Trace:
an - Aln n
TrA=Tr|: ~ 1 [=>a. (A.3)
al’[l oo arm i=1

e The trace is invariant under cyclic permutation: Tr ABC = Tr CAB = Tr BCA.
e Tr A is coordinate invariant: Tr A = Tr RA’'R' =Tr A’R"'R=Tr A’.

o If A has neigenvalues 4;,, Tr A = 37| ;.

. Determinant: Let A be an n x n matrix of real elements g;;. The determinant, det
A, 1s a real number defined as

det A= Z Eilinin A0y " " iy (A4)

1,50250e00ln

where the Levi-Civita symbol €, ;, ; is +1 for even permutations of (1,2,...,n)
and —1 for odd permutations. For example, the determinant of a 2 x 2 matrix is

ajpdazy —ajpdazg (A.5)
N—— N——
€12 €21
and of a 3 X 3 matrix is
a11a20a33 —a11a2303 — A120214033 + a12a234031 + a13d21d3 — a13d2403] - (A.6)
— —— —— Y Y Y
€123 €132 €213 €231 €312 €321

Some useful properties include

e det (AB) = (det A) (det B). A corollary is that det A~! = deiA.

e det is invariant under coordinate transformation. A = RA’R™' = det A =
det A’.

o If A has n eigenvalues A;, det A = []'_, A;. (Let A” = D, the diagonal matrix of
/l,'.)

o det A is the oriented n-dimensional volume defined by the vector product of the
n eigenvectors (assumed nondegenerate).
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. Tensor product: The tensor product of two n-element vectors is an n X n matrix:

X1yt o0 X1y
x®y§xyT:xiyj: (A7)
XnY1 ctt XpYn
. Scalar product:
x-y=xy=yx=Trxy = Z XiVi . (A.8)
i=1
. Inverse:
AA =1, (A9)

where I s the identity matrix (zeros, except for ones along the diagonal). The
inverse of an n x n matrix is another n x n matrix. If A is symmetric, then so is A~
(Problem A.1.14). Also, det A~! = (det A)~!.

. Norm: The norm of a vector x that is a member of a vector space V is a measure

of its size. Abstractly, the norm is a function ||x|| : V — R that satisfies

o |x|=0 = x=0 (positive definiteness);
o |lax|| = |al ||xI| (homogeneity);
o [lx +yll < x|l + Iyl (triangle inequality).

As a consequence, ||x|| > 0 (positivity). If the vector space is over the field of
complex numbers, then |a| refers to the magnitude of the complex amplitude.

There are many possible functions that serve as norms. Popular ones include

n n
el = 4| > 2, el = > bl el = sup lxl . (A.10)
i1 i1 1<i<n
—_— ————
Euclidean norm absolute-value norm Sup norm

The sup norm is the least-upper bound (maximum) of all the elements. All of
these are particular cases of the p-norm

n I/p
el = (Z |xl~|ﬂ] (A.11)
i=1

with the sup norm corresponding to p — co. We can generalize the notion of
norm to define the size of matrices (Section A.1.7) and functions (Section A.3).

Quadratic forms. For the symmetric matrix A, we define the quadratic form x" Ax.
A quadratic form is positive definite if x" Ax > 0 for all ||x|| > 0. The form is positive
definite if and only if the eigenvalues A; of A are positive: A; > 0. The quadratic
form is positive semidefinite if x" Ax > 0 for all ||x|| > 0, which is equivalent to the
statement that the eigenvalues of A satisfy A; > 0.
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11. Real, symmetric, positive-definite matrices. The study of quadratic forms lead us
to consider the properties of real, symmetric, positive-definite nxn matrices A. We
quote several properties (proofs left as an exercise): The eigenvalues are real and
positive, and the eigenvectors can be chosen to be real and to form an orthonormal
basis in R". As a result, we can decompose A = UDU", where D is the diagonal
matrix of eigenvalues and U is a unitary transformation made from the eigenvectors
and satisfies UT = U™,

A.1.2 Matrix Rank

The notion of rank helps to generalize the idea that a square matrix must have nonzero
determinant to be invertible. For a rectangular matrix, the rank is the size of the largest
nonzero subdeterminant. It equals the dimension of the largest invertible subspace
and also the number of nonzero singular values of the matrix (see Section A.1.7). For
a rectangular m X n matrix, the maximum value of the rank = min(m, n), giving a full
rank matrix.

Example A.1 The 3 x 4 matrix M
1 3 1
M=[0 4 1
2 2 1

(A.12)

B~ O

could have a rank as large as 3. However, all the 3 x 3 subdeterminants are zero. For
example,

1
det|0
2

N AW

1
1|=1-4-2)-3-0-2)+1-(0-8)=2+6-8=0. (A.13)
1

But there are 2 x 2 matrices with nonzero determinant, implying that rank(M) = 2:

4 1

det (2 ]

):4—2:2;&0. (A.14)

Many analysis programs have a command to compute the rank of a given matrix.

A.1.3 Matrix Inversion

There are a number of helpful formulae for inverting matrices. In the discussion of
recursive least squares (Problem 10.10), we use the Sherman—Morrison formula:

. ATlwTAT!
1+vA w’

where A is invertible and u, v are vectors. See Problem A.1.15, below.

(A+w?) =4 (A.15)



A.1 Linear Algebra and Calculus

A.1.4 Matrix Exponential

In solving linear equations, we often use the matrix exponential, defined as
2
el = ]I+tA+§A2+~~-). (A.16)

Note that £ e’ = A e’ =4’ A.

To compute ed’, we change coordinates by the matrix R (so that x — Rx) to
diagonalize the matrix: A = RDR™', where D is diagonal with entries equal to the
eigenvalues. (We ignore potential complications due to repeated eigenvalues). Then

A"=(RDR™')' =RDR™'-RDR™'-- . =RD"R"' (A.17)

n times

and
At _ .RDR" 1 P 12 4 1
et =e "= RR™' +tRDR” +5(RDR7) +~--+—'(RDR7)"+---
! n!
) . -1 Dr\ p-1
=R|I+tD+—-D*+---+—D"+---|R =R(e )R . (A.18)
2! n!
The exponential of the diagonal matrix is just

A - 0 et ... 0
D=|: -. = = - ) (A.19)
0o - A, 0O ... el

Further properties of the matrix exponential and of the analogously defined matrix
logarithm are given in the problems at the end of the section.

A.1.5 Matrix Square Root (Cholesky Decomposition)

If a square, symmetric, positive-definite matrix A can be written as A = B B', then
B is a kind of “matrix square root” of A. The transpose in the second B factor is
motivated by the symmetry of A, as A" = (B")' B" = A.

But just as a real number has two square roots (4 =2 x 2 and -2 X —2), so, too, the
matrix B is not unique. One way to specify a unique B is to demand that it be lower tri-
angular — all elements above the diagonal are zero. Then B is upper triangular, with all
elements below the diagonal equal to zero. B and B" have the same diagonal elements.
This choice of B is known as Cholesky decomposition (Press et al., 2007, Section 2.9).
Lower (or upper) triangular matrices have many attractive features. Their determinant
is just the product of the diagonal elements, and the inverse is correspondingly easy to
compute, as well.
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ExampleA.2 The Cholesky decomposition of A = (%)) is

21—\50 \/5% A.20
R
A B BT

Note that the diagonal elements of B are not equal to the square root of the eigenvalues
of A, which are (3,1). Notice, too, that det B = detB" = VdetA = /3.

The Cholesky decomposition is used to generate correlated random variables from
independent random variables, essentially by rotating coordinates. It also plays a role
in the Kalman filter and its modifications (UKEF, etc.) presented in Chapter 8. Finally,
you can use it to solve linear equations Ax = b when A is symmetric and positive
definite.

A.1.6 Cayley-Hamilton Theorem

The Cayley—Hamilton (C-H) theorem states that a matrix satisfies its own characteris-
tic equation, the polynomial equation that determines the eigenvalues.

Example A.3

=5

has a characteristic equation A% + 1 = 0. C-H claims that A also satisfies the equation:

0 1)/0 1 -1 0
2 _ — [ 2 =
A _(_1 0)(_1 0)_(0 _1)_ I = A°+1=0. (A.22)

’:/12+1=0 (A.21)

We can prove C-H easily if we assume that A can be diagonalized as R D R™!, with
D the diagonal matrix of eigenvalues. Then we write the characteristic equation as

A"+ a A"+ A"+ a, =0
R(D"+a D™ +a;D"? +---+a,]) R =0. (A.23)
But,
D'+a, D" '+, D7+ +a,1=0 (A.24)
is just the characteristic equation, copied n times. There are some useful consequences:

e The highest “independent” power of A is A”"!. For example, Cayley-Hamilton
states that A" = —a;A"™! — a,A"? — ... — a,I. We can reexpress A" as a linear
combination of {I, A, A2,---, A"'}. Then we do the same for A"*' = AA" and for
higher powers.
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e The matrix exponential e’ = I+ tA + $1?A% + -+ can therefore also be written in
terms of {I, A, A%,--- , A" '}

[
)
/=0

Note that the functions «;(¢) are not proportional to #. In expanding the matrix
exponential, it is the matrices A’ that are rewritten in terms of lower powers, not the
prefactors.

| =

j . n—1 )
— Al = Z ai(r) A (A.25)
! vt

~

e The Cayley—Hamilton theorem gives a way to evaluate a matrix exponential that is
useful for small matrices. From Eq. (A.24), the finite expansion, Eq. (A.25), is sat-
isfied by each eigenvalue 2, giving n linear equations for the n functions «;(r). Here,
we illustrate the n = 2 case. Higher orders are perhaps better evaluated numerically
or by a computer-algebra program. For n = 2 and eigenvalues, A,

e =+ (A = e = ay() + a1 (DA, (A.26)

If the eigenvalues are distinct, there are two independent equations for a(¢) and
a1 (D).

o If the eigenvalues are degenerate, we find the second equation by differentiating
both sides of the equation with respect to A. To see why, consider the three graphs
at left, which plot the left- and right-hand sides of Eq. (A.26) against A. The heavy
curve is the exponential, the lighter line @y + a; 4. At top, there are two real, distinct
eigenvalues; at bottom, two complex-conjugate eigenvalues. The middle case corre-
sponds to the degenerate case, where Eq. (A.26) and its derivative with respect to A
coincide. The second, independent equation is then a; = ¢ e,

Example A.4
A= = M=o+ (HA. (A.27)

This expansion for A is also satisfied by each of its eigenvalues, which here are +i.
Thus,

el = ag +ia; (A.28a)
e =y —ia. (A.28D)

Adding and subtracting the equations gives a(¢) = cost and @ (¢) = sin¢, so that

A

et =costl+sintA =(

cost smt) . (A.29)

—sint cost

2 real eigs

degenerate
eigs

complex eigs

Eigenvalue (A)
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A.1.7 Singular Value Decomposition

The singular value decomposition (SVD) is introduced in Section 3.8.3, in the discus-
sion of the frequency response of MIMO systems. We recap some of its properties
here:

o Principal gains: o(A)||x|l, = |Ax|l2 = o(A)|lx]l., Vx. That is, the operation of A on
any vector x changes its length by a factor that ranges from o(A) up to o(A).

o Induced 2-norm: o(A)||All, = sup, ”m!z.

o If A~! exists, 0(A) = 1/a(A™Y).

o Condition number: k = 0(A)/o(A). It reduces to |A|max /[ Amin When A is normal.

The condition number plays an important role in numerical analysis.

Example A.5 (Condition number and numerical precision) Consider
Axo=y, = Yo= A xg. (A.30)

Assume that the matrix A is known but that there is some uncertainty in the “data” y,,
so that we actually solve for y = y, + dy. Then, expanding A(x, + dx) = (y, + dy) gives

Sx=A"oy = |Iaxll < A7"IISyll = I8yll/o(A), (A.31)

using the Cauchy-Schwartz inequality and ||[A7!]| = 7(A™!) = 1/0(A). Also, we have,
from Axg = y,, that c(A) [|xoll = |ly,ll. Putting everything together gives

l1oxl _ ( 12yl ) (E(A)) 112yl

< = . A.32
Ixoll =\ \Tyoll ] = iyl (A-32)

Thus, the fractional uncertainty in the solution is « times the fractional uncertainty
in the data. Matrices A with large condition number can magnify the uncertainties
in data so much that the solution becomes unusable. Thus, numerical methods place
a premium on formulating linear equations with reasonable condition numbers. In
particular, unitary matrices have « = 1, which motivates their use in many algorithms.

A.1.8 Complex Numbers and Linear Algebra

While most of the book uses linear algebra over real numbers, we sometimes consider
complex vectors and matrices. Here are a few extensions that are needed for that case.

1 Scalar product: A-B =}, A; B;.

2 Hermitian transpose: AZJ. =A}.

3 Normal matrices: ATA = AAT.

4 Unitary matrices: U™' = U, implying that UU" = I.

5 Singular Value Decomposition (SVD): A = ULV', where U and V are unitary. When
A is an n X n matrix, X is an n X n diagonal matrix of singular values.
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Polar Decomposition

In our discussion of quantum control in Chapter 13, we will need to use the polar
decomposition of a matrix. The decomposition generalizes the polar form of a
complex number:

z=x+iy=re?, r=|z:;60 =tan™! (ﬁ) . (A.33)
The analogous relation for a matrix A with complex elements is
A =UyPy, (A.34)

where U is unitary and P is positive semidefinite.
We can use the singular-value decomposition to find this decomposition explicitly:

A=UzvV' = v’ vzv' (A.35)
U[) Po

We then see immediately that U is unitary. Since the elements of X are nonnegative, so
must be the matrix Py. Indeed, since the singular values are also the square root of the
eigenvalues of AA", we can see that they play the role of r in a polar decomposition.
The values o; = VAA* = r;. The decomposition in Eq. (A.35) is unique, but there is a
second decomposition of the form

A=UXU UV’ . (A.36)
P U
1 1

Alternatively, the polar-decomposition theorem implies the singular-value-
decomposition theorem for the case of a square matrix:

A=UP=URZR" = (UR)X(R") (A.37)

In general, singular-value decomposition works for rectangular as well as square
matrices.

Example A.6 Consider the complex matrix A = (—121 211) It has eigenvalues 3, —1, but its
singular value decomposition is

SR AR e O S O [ RS

——
U x v Uy Py

Verify that UQU(-E = I and that Py has eigenvalues of 3 and 1, making it positive definite.

A.1.9 Matrix Calculus

We review expressions from multivariable calculus that include vectors and matrices
and derive a few identities that are used in the main text. In general, it is better to do
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big slope small slope

Ax AX'

Scaling increases Ax but decreases the gradient % and keeps A f constant.
ox

such calculations using tensors (or differential forms), particularly if third- and higher-
order tensors are needed. For this book, the matrix-calculus notation is simpler and
suffices.

Let x and y be n-element column vectors, with x" and y' the corresponding row
vectors. Then, if we represent a position x by a column vector, we should represent
the gradient of a scalar V = % by a row vector, ( 5‘971, 6ix,, ). Figure A.1 justifies this
choice by showing the rate of change in a scalar function f(x) in two coordinate sys-
tems, x and x’ = Ax, where A is a scale factor. The guiding principle is that the change
in the physical quantity f due to a displacement should be independent of the units
we use to describe that displacement. Thus, Af = %Ax = %Ax’. Since Ax’ = AAx, we
must have ;2 = 12, Generalizing to a scalar function of a vector x, the same logic
gives x’ = Ax implies V/ = A~'V, where A is a matrix that transforms the x coordi-
nates into x’ coordinates. In the fancier language of tensors, x is a contravariant vector,
whereas % is a covariant vector. Here, they are just column and row vectors, respec-
tively. For the deeper story involving calculus on manifolds, see Stone and Goldbart
(2009).

ExampleA.7 Let f = x" Ax, with x an n-dimensional vector and A an n x n matrix.

of P P 2
Then a2(8—X1,"',a—xn)<A1]x1+A12X1X2+A21X2X|+"‘)
=[2A1x1 + (A +Ax)xa + -+, (A1p + A2 )x) + 2A0x + -+ -, ]

=x"(A+A"). (A.39)

ProblemA.1.1 Show that if A is symmetric, then sois A~'.

ProblemA.1.2  Verify the Sherman—Morrison formula, Eq. (A.15).

ProblemA.1.3 Show [)x@rz[)x (xTAx) =A+A" LTr (xxT) =2x", and (xTy) =y

ProblemA.14 Let A and B be n X m matrices. Show 94 (Tr ABT) =04 (Tr BAT) =
B'. Hint: Make sure your definition of derivative with respect to a matrix is
consistent with the previously defined limiting case m = 1 for a vector.

ProblemA.1.5 Let A be an n X m matrix and let B be an m X m matrix. Show that
04 (TrABAT) = (B+B') A",
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ProblemA.1.6 Show that if AB = BA, then eA*® = e4 ef. If you are clever, no
calculations are required! This identity does not hold when A and B do not

commute.
ProblemA.1.7 In analogy with the matrix exponential, we can define a matrix loga-
rithm via the identity In(T+ A) = A— 1A>+ 14 —. ... Use the previous problem

to show that if AB = BA, then log AB =1In A +log B.
ProblemA.1.8 Show In det A = Tr In A, for symmetric, positive-definite matrices A.
The identity holds for more general A using the complex logarithm.

A.2 Complex Analysis

In this section, we collect a few results from complex analysis that we draw on in
the text. Many of the results are stated in terms of a domain in the complex plane.
Domains are open sets that are connected (each pair of points can be joined by a
polygonal path that consists of a finite number of line segments joined end to end). A
region is a domain plus its boundary and is closed if it includes all its boundary points.
By convention, the boundary is oriented counterclockwise. Left, we show a domain
Q, its oriented boundary I' = 9Q, and an interior oriented path y.

1. Cauchy-Riemann equations. Let f = u(x,y) +1v(x, y) be a complex-valued function
defined in the xy plane. In general, f = f(x,y), but let us consider the case where
f = f(z) is a function of the single complex variable z = x + iy. We then implicitly
assert that f has no dependence on the complex conjugate z = x —iy. In other
words,

=0, (A.40)

g_a_f@+g@_(au .av)l (au .av)_i
2=

= =|l—+i—|z+|—+i—

0z —ox 0z ayaoz \ax ax)2 \ay oy

which implies, after separating real and imaginary parts into two equations, that
Ou Ov 0 v Ou

o oy $+5_0, (A.41)
which are the Cauchy-Riemann equations. If u and v derivatives exist with respect
to x and y, then a function f(z) that satisfies the Cauchy-Riemann equations is dif-
ferentiable in the sense that the limit [f(z) — f(z0)]/(z — z0) as z — zo exists and is
independent of the path used by z to approach z,. Functions that are differentiable
in an open domain Q are analytic. Analytic functions are infinitely differentiable
and have a power-series expansion about every point in their domain. Taking fur-
ther derivatives of the Cauchy-Riemann equations implies V?u = V?v = 0, where
V2 = 9% + 0;. That is, u and v are harmonic functions of x and y.

2. Cauchy Integral Theorem. Let f(z) be analytic in a domain Q enclosed by the
oriented boundary curve I' = 9Q. Then

95 dzf(z) = 0. (A.42)
r
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The proof is based on Green’s theorem: Let z = x + iy and f = u + iv. Then

Sgdzf(z) = 9§(dx +idy)(u + iv) = 9§(dxu —dyv) + igg(dxv + dyu)
r r r r
av  ou\ . ou Ov
= —J{;J‘ dxdy(a + a—y) + 1\!‘2\[ dxdy(a - 5) , (A43)

which vanishes by the Cauchy-Riemann equations. One application of this theorem
is to deform the path of a contour integration without changing the value of the
integral. Specifically, if two paths y and ¢’ define a region where f(z) is analytic,
then ﬁ = 9§y ., as illustrated at right. (The x marks denote poles, where f(z) is not
analytic.)

. Maximum Modulus Principle. If f(z) is analytic in Q, then its modulus |f(z)| does

not have a maximum on Q. More simply, either f(z) is constant or its maximum
is on the boundary I' = 9Q. In lieu of a proof, consider this physical argument:
We have log f(z) = log|f| + iarg f(z). Since f is analytic, so is log f, implying that
log|f| is harmonic. We interpret log|f| as a steady-state solution of a heat flow
obeying the diffusion equation. But if such a flow has a local maximum, then there
would be a heat current away in all directions and the temperature at that point
could not be stationary, since there are no sources (whose singularity would make
f nonanalytic). Since the log function is monotonic, |f(z)| also cannot have a local
maximum.

‘We will use this principle to calculate sup norms in Chapter 9 (Robust Control).

. Cauchy’s Integral Formula. The value of an analytic function f(z) at z = a can be

determined by an integral along a closed path y that encircles a:

1 d f@
— 7 —.
2mi z—a

fla)= (A.44)

Y
To see this, use the Cauchy Integral theorem to contract the contour y to a small
circle of radius r about a, as shown at right. Substitute z = a+re' anddz =i re'’ do
and take the limit » — 0:

27 i0
2D im0 LD e -y iom (A.45)
y Z—a r—=0 Jo rei

. Residue Theorem. Let f(z) be a complex function that is analytic in the domain

Q, except at isolated points a;. Let y be a closed path within this open set that is
traversed counterclockwise. Then,

56 dz f(z) = 27i )" Resy., (A.46)
Y k

where Res; is the residue of f(z) associated with point @;. The residue is defined to
be the a_, coefficient of the Laurent expansion. If the function f has a simple pole

at a point z = @ and can be expressed as f(z) = %,

gla)
(@)’

Res(z) = Zli_r}(ly z-a)fz) = (A.47)
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which we can see by noting that if f has a simple pole at z = «, then A(z) has a
0
simple zero and can be Taylor expanded as h(z) = M +Gz-a)h(a)+---

6. Principle of the Argument. Let f(z) be a meromorphic function (i.e., analytic except
at isolated points). Then, for a closed contour y
1 d 1@

omi o Tk

(A.48)

where Z and P are the number of zeros and poles inside the contour y. To prove
this relation, we follow Stone and Goldbart (2009) and write f(z) = (z — @)" h(2),
where Ah(z) is analytic near a and m can be positive or negative (zero or pole of order
m). Then

F@_ m W
f@ z-a k@’

which has a simple pole at @ with residue m. Summing the contributions from each
singularity then gives the result. To interpret Eq. (A.48), we note that

f/(Z) d i .
f( ) Sgdz L f@l=A/Inf =4, |in(r )| =i a0, (A.50)

where A, 0 is the change in the argument of f(z) along .

(A.49)

7. Jensen’s formula. Let f(z) be analytic inside and on the unit circle, except for poles
at p1, p2,...,pm and zeros at z;,22,...,2,. The poles and zeros are inside the unit
circle. Then

d@ m n
f o= InlfE")] = In|fO] + ) Inlpd = Y Inlz. (A.51)
-7t k=1 k=1
To prove this, we first recall that Re (log z) = log |z| and write

1
In|f(e')| = Re [log f(e")| = Re {logf(O) + f drd% [log f(r ew)]}
0

f/(r ei@) ei9
f(r et

We substitute into our integral and interchange the r and 6 integrals:

- dg . T d@ 1 f/(r ei@) ei@
Lr%mv(e )I—loglf(0)|+Ref —fer
i6
10g|f(0)|+Ref f do (ir w)f(re_)

f(ref)
dr f’(Z)
=log|f(0)| + Re fo‘ iy f(z)

1
~togl )+ [ drw. (A.53)
0

1
= log [f(0)| + Re f dr (A.52)
0
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The last step is based on the Principle of the Argument, Eq. (A.48), with Z(r) the
number of zeros within a circle y, of radius r and P(r) the corresponding number
of poles.

We can do the radial integral explicitly. Since the zeros have magnitude |z|, we

write
1 fz1] [22] [z3] 1
fdr@=f dr9+f dr1+f drz+~~-f dr2
0 r 0 r Jz1] r |z2] r [zal r

= (Infz| = Injz1]) + 2(n [z3] = Infz]) + - --ndn T = In|z,[)

= —Inlzi| —Inlo| -+ Injzl = = ) Infzl. (A.54)
k=1

Repeating the argument for the poles, at magnitude |pi|, leads to Eq. (A.51).
Jensen’s formula is used to derive the discrete version of Bode’s waterbed theorem
(Problem 15.6).

A.3 Functional Analysis
|

Function spaces can generalize the notion of vector space to infinite dimensions.
Their indices may be countable (one-to-one correspondence with the integers) or
uncountable (one-to-one correspondence with real numbers). Many of the notions
of finite-dimensional spaces have their infinite-dimensional counterparts. The math-
ematics is considerably more subtle because it is harder to prove completeness. For
example, a set of N linearly independent vectors forms a basis for an N-dimensional
space. For an infinite-dimensional space, an infinite set of linearly independent func-
tions may or may not form a complete basis. The idea of expanding a function over an
infinite set of basis functions leads to notions of Fourier series and transforms, which
we explore below in Section A 4.

The notion of a norm, defined for finite-dimensional vector spaces in Section A.1.1,
can be extended to functions. The £, norm of a function f(¢) is

~ 1/p
uﬂu=Lf mvmw] . (A.55)

The function space L, (Lebesgue space) is then the set of functions with ||f]|, < oo.
The norm and functions can also be defined over a restricted range (fy, ;). The p =2
case gives the square norm. The p — oo case picks out the maximum value of f(¢) on
the interval and is known as the sup norm (for supremum). Strictly speaking, || - ||, is
not quite a norm, as the integral of |f|” may vanish even if f itself is not everywhere 0.
Stone and Goldbart (2009) discuss how to finesse this complication. (See their Section
2.2.2)
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For complex, meromorphic functions such as transfer functions, the notion of a
Hardy space and its associated norm is useful, too. For p > 1, the H, norm of f(s) is

* 4 1/p
||f||,,=( f %miww) . (A.56)

00

The square (H;) and sup (H.) norms play a role in the theory of robust control
(Chapter 9).

A.4 Laplace and Fourier Transforms
I

Because linear systems obey the law of superposition of solutions, expanding a general
solution as an infinite sum of simple solutions is a useful technique. This motivates
the study of various transform methods. Here, we review some basic properties of the
Fourier series and transform. Then we introduce the Laplace transform, which we use
extensively, as it is the predominant transform tool for control systems.

A.4.1 Fourier Series

Expansion in Sines and Cosines

A periodic function satisfies f(t + T) = f(¢). Under fairly weak constraints on f(¢), we
can express a periodic function as a sum of sines and cosines. Explicitly,

F@&) =2+ (@ cosnwt + b, sinnar) . (A.57)
2 n=1
where w = 27t/T and f(¢) need only be square integrable over the period 7. In partic-

ular, £(f) can be C°, with jump discontinuities. The coefficients {a,} and {b,} are given
by

2 T/2 2 T/2
ap = — f dr f(t)cosnrt, by = f dt f(t) sinnwt (A.58)

T Jorp T2
You can verify Egs. (A.58) by directly substituting the relation for f(¢) in Eq. (A.57).

The key idea is that sines and cosines of different frequencies that are rationally related
are orthogonal when integrated over their common period:

T/2 T/2
— f df cos fwt cosnwt = — f dt sin fwt sinnwt = Oy, ,
T Jorp -T2

T/2
f dtcos fwt sinnwt = 0. (A.59)
-T2

Using Eqgs. (A.58), you can show, for example (Problem A.4.1), that a periodic
square wave Lr7Lr that is symmetric about ¢ = 0 can be expanded as

1 2 1 1
sq(f) = 3 + p (cos wt — 3 cos 3wt + 3 cos Swt — . ) , (A.60)
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where sq(?) is defined to be an even function of period T, satisfying f(t) = —f(-1).
Because the function sq(#) is symmetric about ¢ = 0, there are only cosine terms. The
terms decrease asi/n (that is, a, ~ i/n). This turns out to result from the jump disconti-
nuities. If you integrate a square wave, you get a triangle wave, ~~~. If you integrate
the terms of the square wave expansion, the new terms of the triangle expansion go
as (i/n)>. Thus, the Fourier series of a triangle wave converges more quickly than that
of a square wave. Note that a triangle wave is a C' function, with a discontinuity in
its first derivative. Continuing the argument, a C* function (discontinuity in the nth
derivative) has coefficients that are ~ (1/n)* — the smoother the function, the faster its
Fourier series converges. Finally, note the absence of even-order terms in Eq. (A.58).
This is not usual and traces back to the 50% “duty cycle” of the square wave (Prob-
lem A.4.1). Any other duty cycle — ratio of the interval where it is 1 to where it is 0 —
would have both odd and even coefficients.

Expansion in Complex Exponentials
In Eq. (A.57), a function f() is expanded in terms of sines and cosines. Recalling that
cos wt = 1 (ei“” +e” i“”) sin wt = 5; (ei“” —e” i“”) , (A.61)

we can rewrite a Fourier series in terms of complex exponential functions:

00

f(t) = Z cp etinet (A.62)
with Fourier coefficients
1 T/2 )
Ch = —f dr f(¢) e "' . (A.63)
T Jorp

Note that the coefficients can be simplified in special cases:

c_, 1if f(r)iseven,
Cn=13—c_, odd, (A.64)

.
<, real .

Connection with Linear Algebra

As noted above, the key step in deriving the coefficients of a Fourier series expansion
is to use the orthogonality of the trigonometric functions (or complex exponentials).
We can understand better why these expansions exist by recognizing a connection to
the concept of basis expansion of a vector in terms of a basis. Recall that we can write
a vector v that is an element of an N-dimensional vector space as

N
V=) vé, é,-8,=0¢, Vp=V-&,. (A.65)
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In Eq. (A.65), the set of basis vectors {é,; ¢ € {l,...,N}} is orthonormal (middle
relation). We can prove the last relationship by noting

Ve, = [Z wé{).én = ZW’ @ -8,) = Zwém =v,. (A.66)
4

14 4

In a finite-dimensional vector space, the expansion in terms of basis vectors is
familiar. For example, in two dimensions (N = 2),

V= (Vl) =WV ((l)) + vy ((l)) =vy8| + e, . (A67)

V2

In the present case of Fourier series, our vector space is a (countably) infinite-
dimensional function space of square-integrable functions defined on the interval
[0,T). The scalar (or “dot”) product is defined by generalizing the definition in
Section A.1.8 to

1 T/2
te=g [ asngo. (A.68)
T J-rp
where g*(#) denotes the complex conjugate of the function g(¢). The basis vectors are
e, = etiler —c0 < f <00, (A.69)
with orthogonality conditions
1 T/2 ) ) 1 T/2 .
é( . én —— f dr e+ ilwt e—mwt —— f dr el(f—n)mt — 6{’n . (A70)
T Jrp T Jorp

Given this notation, the Fourier series is merely a basis expansion:

. - 1 T2 »
f= § coép = § cp etitor cn=f-8, = TI dr f(r)e” e (A.71)
4 14 T/2

The subtle point is to show that the set {&,; ¢ € Z}, with Z the set of all integers, is
complete. In other words, one needs to prove that the set contains all the basis vectors.
Finite-dimensional settings are simple: an N-dimensional vector space is spanned by
N independent basis vectors. Any N linearly independent vectors can form a complete
basis. Here, the set &, has a countable infinity of elements, as does the dimension of
the function space. But does our set span the function space? Are any basis vectors
missing? See the delightful book by Boyd (2000) for the full story on orthogonal
function expansions.

A.4.2 Fourier Transforms

If we view a general continuous function as a periodic function with 7 — oo, then the
Fourier series sum becomes an integral. To see this, let us rewrite the Fourier series
expansion explicitly in terms of 7"

oo

: 1T 4
f(t) — Cn e+2’7‘r1nt/T , Cp = _f d[f([) e—27‘[1m‘/T ) (A72)
2 A

n=-—00
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Then, rewriting in terms of Aw = 27t/T gives

00

Aw : T/2 A
f([) — Z % TCn e+1(nAa))t , TCn — f dtf(t) e—l(nAw)t ) (A73)

n=—oo T/2

In the limit (n, T) — oo, we have Aw — dw and n Aw — w and T¢, — Fy(w). Then,

(o) = f wd—“’Ff(w) etior Fi(w) = f wdz JOE (A.74)

o 2T &3

Equation (A.74) defines the inverse and forward Fourier transforms, respectively.'
In the main text of the book, we use the notation f(w) rather than the more explicit
F f(w).

The connection to linear algebra — expansion of a vector over a complete set of
orthonormal basis vectors — also generalizes, but with subtleties. We define the basis
element

8, = e f-g= f ) dr f(n g (), (A.75)

with w now serving as a continuous index, in contrast to the discrete index ¢ that we
defined for Fourier series. This vector (function) space has a continuous infinity of
dimensions, with orthogonality relations

00

8y by = f drel @ = 2718 (w - '), (A.76)

where 8 (w — ') is the Dirac delta function, which is the continuous-space equivalent
of the Kronecker delta 6., used above. Loosely, the delta function is zero except at the
origin (w = '), where it is infinite, with unit “area.” Interchanging t < w gives the
time-domain delta function:

d(t—1) = f ;—Zei“("t'):l. (A.77)

00

' There are many conventions for the Fourier transform. We follow a long tradition in physics (e.g., Stone
and Goldbart [2009]) and write g—ﬁ = df to remind us that the expansion is physically over real, and not
angular frequencies. Indeed, some authors write the Fourier integrals in terms of the frequency, including
the exponentials, e*>/’, Using w minimizes factors of 27t and is common in the physics literature. By
contrast, we follow engineering conventions and use e~ for the forward and hence e+ for the inverse
transform. In the physics literature, for example, Jackson (1999), Press et al. (2007), and Stone and
Goldbart (2009), the opposite sign convention is more typical. No matter which convention you choose,
be consistent!
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@ (b) ©)
|<—_>| Sinc (a02) /| [Sinc (a0/2)T'/ \i“/a
0 ~ 0
time (t) frequency (o)

frequency (o)

(a) Rectangular “pulse” function; (b) its Fourier transform; (c) its power spectrum.

The delta “function” is pathological and is more properly specified as a distribution
that is defined by its properties under integration. A better definition is thus

f " dr fO8(t—a) = f(a), (A.78)

00

for all suitable test functions f(t). Thus, the delta function “picks out” the value of f(¢)
at the zero of the argument of the delta function [ = a in Eq. (A.78)].

Example A.8 (Pulse) A standard, important example of Fourier analysis is the trans-
form of a pulse of width a, or rect() function, shown in Figure A.2, below. The
Fourier transform of the time-domain function f(f) is Fp(w) = a sinclaw/2),
where sinc(x) = sin(x)/x. In Figure A.2, we also show the power spectrum,
given by the magnitude squared of the transform, |Fy(w)l*, which here is just a?
sinc’(wa/2). The power spectrum gives the power in a signal between frequencies
wand w + dw.

Note that the first zero of sinc(%aw) occurs when the argument = 7t, which happens
for w = 27" This means that the power of the signal is contained within a set of
frequencies (“bandwidth”) of roughly 27” Thus, the longer the pulse (the bigger a),
the narrower the range of frequencies in the signal. In the limit @ — oo, the power
spectrum becomes a Dirac delta function, & (w).

Example A.9 (Gaussian) Another important example is the Gaussian. In Eq. (A.79) and
at left, we see that a pulse of width 7 is another Gaussian, of width 1/7.

f(t) = e 20" — Frw) =tyme @ (A.79)

Example A.10 (Convolution) One of the most useful Fourier properties involves the
convolution of two functions f(¢) and g(¢):

[f =gl = [ dr (') gt -1). (A.80)

frequency (o)
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The Convolution Theorem then states that
Frlf * gllw) = Fr(w) Grw), (A.81)

where F(w) and G(w) are the Fourier transforms of f(r) and g(). We show this by
writing

Fifrglw) = [ a [ atgorga-re = [ ar g [Cage-rye

= f dr () e G(w) = F(w) Gp(w), (A.82)

where we use the Shift Theorem in evaluating the Fourier transform of g(r). As an
exercise, verify that the Fourier transform of the product f(¢) g(¢) is given by

1
Frlfel(w) = %[Ff * Grl(w). (A.83)

A.4.3 Laplace Transforms

For reasons described in the text (Section 2.3.1), we will mostly use the Laplace trans-
form rather than the Fourier transform to analyze linear dynamical systems. The
Laplace transform of a function f(¢) is given by

F(s) = f def( e = LIf]. (A.84)
0

Note that, unlike the main text, we use a different symbol, F(s), to denote the
Laplace transform of f(¢), in order to be clear. In the text, it is assumed that you are
comfortable enough with the concept of transforms to use f(s) to denote the Laplace
transform of f(z). But remember that they are different functions! Despite the poten-
tial confusion, it can be simpler to think of one “object” f, which has representations
either in the time domain or the Laplace domain (or the Fourier domain).

We quickly list a few properties of the Laplace transform:

Llaf +bgl = aF(s) + bG(s) linearity
L f(N]=F(s—a)
LIft-1)0(t—1)] = F(s) delay
L[f(t/a)] = a F(as)
df _ B
L[E} =sF(s)— f(0)
Er_ o df
L[@} =5 F(s) -5 f(0) - g

(A.85)
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dnf o _ -1 _ n2 d_f L dnilf
L[dt" ] =s5"F(s)—s" f(0) - ¢ arl o =R
! 1
L[ f dar f(z’)] = — F(s)
0 S
L[f =gl = F(s)G(s), Convolution Theorem
f(0) = lim [sF(s)], Initial-Value theorem
f(o0) = lina [sF(s)], Final-Value theorem . (A.86)

In this case, the convolution of two functions (k& = f = g) is defined as

h(t) = fw dr f@)gt-1), (A.87)
0

and 0(¢) is the Heaviside step function (zero for ¢ < 0, one for ¢ > 0; see left). Note
that the Laplace transform of a time derivative just multiplies the Laplace transform
of the function by s. Conversely, integration corresponds to multiplying by 1/s. In
the Laplace domain, integration and differentiation are literally inverse operations.
Finally, the last property, the convolution theorem, will be useful in exploring the
dynamics of two systems in series.

There are similar relations for Fourier transforms. One difference is the presence of
initial conditions in the transforms of derivatives. This is a useful feature if one wants
to solve an initial-value problem. If not, they are a nuisance, and one usually assumes
zero-initial conditions.

We can quickly prove the relationships for differentiation and integration, since we
shall use them so often.

* df —st —st|*® ” —st
fo dr—- ™ = f(n &g —fo dt f(1) (=9) e

=0-f0)-1+s f " f(H) e = —f(0) + s F(s). (A.88)
0

For zero initial conditions, this is just L[%—{] = s F(s).
To show that L[ [ d# f(t')] = F(s)/s, we write

3 00 i3 —st 3 O 00 —st
fdt'f(t’)]zf dt(e_‘"ff(l')dt') :WI dr S f(r)
0 0 0 0 0 0 s

= lfm dre™ f(t) = @ (A.89)
S Jo S

L

Let us also prove the initial- and final-value theorems.

_ . —st _ _ ® g —st _ _ —st|® ® d_f —st
sF(s)_fo dt f()se™™ = fo de f( €™ = =f(De ls +f0 dr e

_ , ©odf g JfO0) s,
= £(0)- 1+ fo di e _{f(m) o (A.90)

21




22

Mathematics

Example A.11 (Initial- and Final-Value Theorems)
1

F(s) = = fO=e*
s+a

sF(s) = il = {1:f(0) S e
s+a 0= f(c0) s—0.

The Final-Value Theorem is particularly useful to check whether the function f(¢)
whose Laplace transform is F(s) is bounded as r — co. For example, if F = 1/s?, then
we immediately see that as s — 0, then f(c0) = sF(s) — oo. Since f() = ¢ in this case,
the conclusion is not surprising. The nice feature of the theorem is that we can know
f(0) and f(o0) even if we cannot transform back from F(s).

One useful application of the Final-Value Theorem is to compute the DC (zero
frequency) gain of a transfer function G(s). The DC gain is the ratio, after transients
have decayed, of the output y(¢) to the input u(¢). If we let u(z) be a step function, then
u(s) = 1 and y(t - 0) = lim;_,[s G(s) 1]. Thus, DC gain = lim,_,o G(s).

One caveat about the Final-Value Theorem is that a final value must be well-defined,
in the sense that the initial value of the signal must decay to zero. That is, the signal
F(s) should have all its poles in the left-hand side of the complex s-plane. Recall that
poles with Re s > 0 imply an exponentially growing amplitude, and poles with Re
s = 0 oscillate without decay. In both cases, we cannot define a meaningful final value.
To see an explicit example of such a failure, consider

F(s) =

- f=e™ .
s—a

The Final-Value theorem predicts f(r — o) = limeg %= = 0, instead of co. The
theorem implicitly depends on having initial values decay to zero, which is not the
case here.

It is also useful to collect a few common transforms:

L[é(t)]:fmdté(t)e‘”zl
0

L[e(t)]=fmdt1 . e*stzl
0

N

0 d (1 1
= drt St | 2= =
L1] fo tte ds(s) 2
a dar (1 n!

ny _ n o ,—=st _ (_1\" _ | =
L[t]_fo " e = (=1) dsn(s) o

-E [e—at] —

) pole at s = —a
s+a

w .
L[sinwt]zz— poleat s =+ iw
s

+w?’
1

s—1lw

L[ = (A.91)
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In writing down these identities, we see that it is useful to consider complex values
of s. Of course, when s = iw, we “almost” have a Fourier transform. (The limits are 0
to oo, not —oo to +c0.) In many cases, we see that the complex function of s has poles
at specific points in the complex s-plane. For example, L[e ] = 1/(s + a) has a pole
at s = —a, while L[sin wt] = w/(s> + w*) has poles at s = +iw on the negative real axis.
Similarly, a transform may vanish at zeros in the complex plane, as well.

A.4.4 Partial-Fraction Decomposition

A commonly used trick that can improve numerical robustness is to replace a rational
polynomial G(s) = N(s)/D(s) by a sum of simple fractions. Although this can be
done for very general kinds of functions, we are interested in cases where N and D are
polynomials over the reals. We start with the case where the poles of G(s) (zeros of
D(s)) are all real and nondegenerate. Then, we seek to write

_srz)s4z) .. S+ o @ @ o

(s+p)(s+p2)...(s+p) s+p1 s+p S+ D0
By substituting into the right-hand side of Eq. (A.92), it is easy to see that we should
write

G(s) (A.92)

a; = G(s)(s — p,)|5=pf : (A.93)

The basic idea is that all terms in the sum vanish, except the one proportional to
(s—pp.

ExampleA.12  We seek to write

s+2 ay a
= = A.94
G(s) (s+3)(s+4) s+3+s+4 (A-54)
Equation (A.93) then implies
4D+ s+2' _-l_
N G ) +d)es s+l 1
_(s+2)(s+4) _s+2 _ 2 _
Y | B ft (A.93)
so that
Gis) = —+2 -2 (A.96)

(5+3)s5+4) s+3 s+4’

which can be verified directly. (Once you get the hang of it, you can write down the
coefficients very quickly; or use a computer-algebra program to help.)

If the denominator has a pair of complex-conjugate poles, the denominator ~ (s +
p?), and the partial-fraction decomposition should include a term of the form

a+bs

G = —

. (A.97)
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where a and b can be determined by evaluating G(s)(s*> + p*) at s = p or p*. (You get
the same result no matter which pole you choose for the evaluation.)

Example A.13  Find the decomposition
K a; +bs a
= = . A.
O = G e+ - o+l Tse2 (A.98)

Using the above principles, we have

o 2 B i 1+2i
ay +bisl = G)(s* + D] = pr 1 e Rl
s _
ar = G(S)(§ + 2)|=p = et =< (A.99)
so that
s 1({1+2s 2
G(S)_(s2+1)(s+2)_§(s2+1 _s+2)' (A-100)

A.4.5 Solving Linear ODEs with Initial Conditions

An important application of Laplace transforms is the solution of linear ordinary
differential equations with constant coefficients. For example, consider

i+5x+6x=0, x(0)=x0)=1. (A.101)
Take Laplace transforms of each element of the equation:
[5°X(s) — sx(0) — %(0)] + 5[sX(s) — x(0)] + 6X(s) =0, (A.102)
where X(s) = L[x(¢)]. Then
(s> + 55+ 6)X(s) = (5 + 5)x(0) + X(0) = 5 + 6, (A.103)

and
s+6 4 3
(s+2)(s+3) s+2 s+3°
using the partial-fraction decomposition from Section A.4.4.
We can now refer to our table of Laplace transforms to transform back to x(z):

x(1) =4e M 3¢ . (A.105)

X(s) =

(A.104)

You can verify that x(0) = x(0) = 1.

Notice that we have avoided writing down the explicit expression for the inverse
Laplace transform. If manipulating the transform into a common form that exists in
tables is possible, do it. Otherwise, the general expression is an integral in the complex
s-plane:

1 +100
L7f(s)] = 7 f(’ dsF(s) e”, o > Re of all poles. (A.106)

—joo
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If the poles are all in the left-hand side of the complex s-plane, one generally uses
o = 0. Equation A.106 is generally evaluated using the residue theorem.

ProblemA.4.1 Let us calculate some simple Fourier series.

a. Square wave. Verify the coefficients given in Eq. (A.60) of the Fourier series
for the square wave 1Lrir, defining it to be an even function about ¢ = 0.

b. Square wave with variable duty cycle. Find the coefficients of an even, asym-
metric square wave that equals 1 for a quarter period and 0 for the rest,

c. An even function satisfies f(r) = —f(—t). Show that if the function also
satisfies f(fr) = —f(t + T/2), the even cosine terms will vanish in the Fourier
series.

d. Triangle wave. Find the coefficients of the Fourier series for the even triangle
wave -~~~ Show, in particular, that a, ~ O(;).

ProblemA.4.2 Poisson summation formula. Prove the following version of the Poisson
summation formula, which relates Fourier coefficients to Fourier transforms for
a periodic function f(¢) = f(z + T) built out of non-periodic “basis” functions
g(#). Show that f(r) = 3,2, g(t + kT) = + ¥, G(nw) €™, where w = 2* and
the Fourier transform G(w) = f_ o; dr g(t) e™ .

ProblemA.4.3 Parseval’s theorem. Show that L 0; de[ f(t)]2 = L o; g—ﬁ |F f(a))|2. Check
the relation explicitly for f(r) = 0(¢) e, with 0(¢) the Heaviside step function.

ProblemA.4.4 Fourier transform of a comb function. By applying the Poisson summa-
tion formula to the delta function, g(r) = 0 (¢), show that the Fourier transform
of the time-domain comb function, f(r) = >}, 6 (t—kTs), is the frequency-domain

comb function F(w) = 2%: >0 8 (w — nws).
ProblemA.4.5 Laplace transform of integral. Show that L] fot dr’ f(t")] = 1F(s).

A.5 Optimization
I

We first encounter the elementary notion of unconstrained optimization and convex
Sfunctions. A function is convex if the graph of every line segment drawn between two
points lies above the function itself (Figure A.3a). To find the minimum of a convex
function, take its derivative to find its critical point. For example, it is easy to check
that f(x) = %xz is convex. Its critical point is determined by taking a derivative and
setting it to zero:
d—f=0 = x=0. (A.107)
dx
If a function is convex, there is at most one critical point, and if it exists, it corre-
sponds to a global minimum. If a function is not convex, setting the derivative of a
function equal to zero is a necessary but not sufficient condition to have a minimum.
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(b) Non-Convex

local
maximum
local
g"?t?a' global minimum
unimum minimum

Optimization of one-dimensional, continuous functions. (a) A convex function has at most one minimum. (b) A
nonconvex function may have several critical points, which can be local minima, maxima, or saddle points (not
shown).

In particular, functions may have multiple critical points (Figure A.3b). Examining
the second derivative at a critical point, we can determine whether a critical point
is a local minimum (f” > 0), a local maximum (f” < 0), or a point of inflection
(f” = 0). If a function has several local minima, we may need to evaluate the function
at each one to determine the global minimum. Note that we can always convert a
maximization problem into a minimization problem, as maximizing f is equivalent to
minimizing —f.

With more variables, the procedure is similar. For example, f(x,y) = % (x2 + yz) is
also convex, and we can find its critical point by equating its gradient to zero:

Vi=(0:f af)=(x y)=(0 0) = x=y=0, (A.108)

where we use the notation 9, f = % for clarity. The gradient of f is a (row) vector that
points in the direction of increasing f.

As we add variables, the number of local extrema will increase. In general, extrema
include maxima, minima, and saddle points, where the curvature has opposite signs
in different directions. Optimization is much easier if you can make sure that the
function you want to optimize is convex. Then, since there is a unique critical point,
we can usually solve for it directly. For problems with more complicated functions,
we distinguish Jocal algorithms, which try to “walk downhill,” from global algorithms,
which try many different candidate starting points. The former can usually find a local
minimum, whereas the latter have a chance of finding the global minimum.

A.5.1 Constrained Optimization and Lagrange Multipliers

Often, optimization is done under constraints. Instead of optimizing over all possible
values of variables (e.g., x and y in the example above), we wish to find the optimum
when only a subset of x—y combinations is allowed. In Figure A.4, the surface repre-
sents a function f(x,y) and the constraint is a curve defined by g(x, y) = 0. The goal is
to minimize f along the curve defined by g = 0.
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y variable

X variable

Constrained optimization: We minimize the function f(x, y) subject to the constraint g(x, y) = 0. The
background intensity indicates the value of f(x, y). Light circles and tags indicate contours of f(x, y)at f = 0.5,
f =1,and f = 2,and the big dot at (x, y) = (0, O) is the global minimum. Note that both the contours and the
gradients of f(x, y) and g(x, y) are parallel at the constrained minimumat (1, 1).

Equality Constraints

If the constraint is simple enough that we can rewrite g(x,y) = 0 as a function y(x),
then a straightforward way of incorporating the constraint into the minimization of
f(x,y) is to substitute for y and write f(x,y) = f[x,y(x)] = fi(x) and then to minimize
f1 with respect to x, as normal. In general, though, it may not be easy to find the
explicit solution for y(x). The method of Lagrange multipliers, described below, works
in all cases.

Figure A.4 illustrates the solution to this problem geometrically. We see that the
critical point occurs where the curve g is tangent to a level-set contour of f. The
algebra is easier if we work with gradients: the critical point occurs where the gradient
of f (which is perpendicular to the contours) is parallel to the gradient of g:

Vf=-aVg, (A.109)

where the proportionality constant is known as a Lagrange multiplier. (The minus sign
is a historical convention.) Intuitively, if we walk along g = 0, then we are at the local
minimum when the gradient of f is perpendicular to the local tangent vector along
g = 0. Otherwise, continuing along g = 0 in the right direction could reduce the value
of f. The local gradient of f is thus perpendicular to the tangent along g = 0. We can
also look at the gradient of the function g(x, y), which is perpendicular to the level sets
defined by g(x,y) = constant, implying that the gradients of the functions f and g are
parallel to each other at the extremum of f constrained to g = 0.
A standard trick is then to define a new variable A and create a new function,

L(x,y, ) = f(x,y) + Ag(x,y). (A.110)

The function L is known as the Lagrangian. In applications to classical mechanics and
other physical problems, it often is the Lagrangian function in that context as well, but
it need not have a direct physical interpretation. We then solve for the unconstrained
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critical point of L by imposing that the gradient of L taken with respect to the variables
x and y and the Lagrange multiplier A be zero:

0L _Of s 0L _of s o 0L _
ox Ox ox dy dy ay oA

The first two equations are the components of Vf = —AVg, and the last expresses
the constraint. Taking derivatives of L with respect to all the variables, including
the Lagrange multiplier A, gives the solution to the constrained-optimization prob-
lem. The constrained optimization of f(x,y) goes to an equivalent unconstrained
optimization of L(x, y, 1).

The above picture generalizes easily to more constraints, each with its own Lagrange
multiplier A;:

g=0. (A.111)

L=fx)+) dgx)=f+Ag, (A.112)
i=1

where A is now an m-dimensional vector and g is the vector of m constraint functions
gi(x) = 0. (Here, x is a n-dimensional vector that, in this book, will typically be the
state vector of a dynamical system.) If a constraint needs to be enforced at each time,
the Lagrange multiplier vector A(¢) will be a continuous function of time. An example
is treated in Section 7.2 on optimal control, where the dynamics act as the constraint.

Example A.14  As a trivial but instructive example, consider minimizing a one-variable
function U(x) subject to the constraint x = xy. Obviously, the minimum value is U(x),
but let us see how this works with Lagrange multipliers:

ou —a—U+/l=O = /lz—f;—g. (A.113)

U@ =Ux) +Ax—x) = - o

That x = xo then follows from taking 9,U’ = 0. If we interpret U(x) as a potential —
that is, the reason for changing notation — then A is just the force that the constraint
needs to supply to “counteract” the force that the potential exerts on the “particle” at
position xy.

We illustrate this idea at right, where U(x) = %x“ and xo = 1. The Lagrange mul-
tiplier is A = —1, and the modified potential U’(x) = ix“ — x + 1 does indeed have a
minimum at x = 1. In effect, the constraint alters the potential so that the new system
has a global minimum at the desired value of x.

Next, we present a more typical example, using a quadratic function of two variables
subject to a linear constraint.

Example A15 Let f = 1(x* +)?) and look for the minimum value along the curve
y—1/x =0for x > 0. We define L as

1, 1
L—E(x +y)+/l(y—)—c), (A.114)
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which implies

oL A oL oL 1
—_ = —_—= _—= = _—= - - = . All
o )c+x2 0, o y+41=0, -0 0 ( 5)
Solving the three equations gives x* = y* = 1, 4 = —1, and f(x*,y*) = 1 (Figure A.4).
Alternately, we can express the constraint as y = )_1( and write f[x, y(x)] = fi(x)
dfi 1

1, 1 .
fl(x)zz(x +;) - EZX—FZO - X ==+1. (A116)

The two methods thus give the same solution, as the constraint curve satisfies x > 0.

Inequality Constraints

In control theory, we will often want to optimize a problem that has an inequality
constraint. A typical goal (Section 7.5) is to maximize the performance (or minimize
a cost function) of a controller while requiring the control inputs u(z) stay within upper
and lower bounds.

To understand the basic idea, consider minimizing f(x) = %xz subject to the con-
straint x > xp, represented as the dark shaded area at left. There are two cases: If
xo < 0, then the minimum occurs at the unconstrained value, x* = 0, and the con-
straint is inactive. If xy > 0, then the minimum is the constraint border, x* = x, and
the constraint is active.

We can connect this simple example to our Lagrange-multiplier formalism by the
following trick: We convert the constraint g(x) < 0 into an equality constraint by intro-
ducing a slack variable s> such that g(x) + s> = 0. That is, if the inequality constraint
is satisfied, then there will exist some (real) s that makes g + s> = 0. If not, there won’t.
We thus write a Lagrangian of the form L = f(x) + A[g(x) + s°].

We then proceed to take derivatives of L with respect to x, 4, and s:

VL=Vf+AVg=0, %=g+s2=0, g—ls‘z
The last relation in Eq. (A.117), As = 0, implies that either 4 = 0 or s = 0. (We
ignore the special case where both are zero.) If 4 = 0 and s # 0, then the inequality
constraint is satisfied at an interior point, and the constraint is inactive. We can then
find the critical point as an unconstrained optimization problem, by solving Vf = 0.
Alternatively, if s = 0, then the constraint is active: we are at the boundary of the
inequality constraint, which can now be treated as an equality constraint and solved
by the method of Lagrange multipliers.

In the example above in the margin, L = $x? + A(-x + xo + s?). Taking derivatives,

205 =0. (A.117)

oL oL
azx—/l=0, a=—x+x0+32=0,

oL

— =21s5=0,
ds S

x*=Aa, s =x"—x A=0o0rs=0, (A.118)
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For the two cases, we have

1 A =0 (inactive constraint): Then x* = 0 and s*> = —x.
2 s = 0 (active constraint): Then x* = xy and 4 = x* = x(, as we saw above.

Notice that when the constraint is active, we have xy > 0 and hence that 2 > 0. As
illustrated at right, this last result is no accident. Since the optimization is constrained,
Vf = —AVyg at the extremum. For a hard constraint, that is the end of the story. For
an inequality constraint, a move inside the constraint region may lower f. Since g is
zero on the boundary and negative inside it, we know that Vg points away from the
constraint region. If A > 0, then V£ points into the constraint region, meaning that
any move in that direction increases f. Thus, we add the condition A > 0.

We can thus summarize the necessary requirements for a point x* to be an extremum
in what are known as the Karush-Kuhn-Tucker (KKT) conditions:

V) == AV, 420,  g@)<0  gx)=0 (A119)
i=1

These requirements cover all combinations of active and inactive constraints and
are necessary but not sufficient: the second derivatives show whether the extremum
corresponds to a local minimum, maximum, or saddle point. Note that for equality
constraints, the Lagrange multipliers A can have either sign, whereas for inequality
constraints, A > 0.

Finally, an important corollary to our discussion is that f(x) need not have any criti-
cal points in order for there to be a solution of the constrained-inequality optimization.
Atright, f(x) = xis a straight line and never satisfies f’(x) = 0. However, if we add the
constraint x > 0, then f is minimized at zero, as shown.

A.5.2 Calculus of Variations

So far, we have considered optimization over the variation of a finite number of
variables. In discussing continuous dynamics, we will want to optimize a functional
(function of a function) over a set of possible curves. If we think of each point on a
curve x(¢) as a variable to optimize, then we have a continuous infinity of optimization
variables, one for each point in time. The optimization problem is then to minimize a
functional J[x(7)],

J= f dr L(x, 1,1). (A.120)
0

In Eq. (A.120), we choose a function x(¢), with fixed endpoints x(0) = xy and x(7) = x;.
The basic strategy is to assume that there is some x*(¢) that minimizes J and to require
that J be stationary with respect to infinitesimal variations of x about x*. Of course, as
with all the optimization problems discussed in this section, we need to check second
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derivatives to make sure that we have a local minimum, as opposed to a maximum or
saddle point.

The first trick is to realize that we can write an arbitrary x(f) in terms x*(¢) by
defining x(t) = x*(¢) + £dx(f), where dx(f) is an arbitrary function that vanishes at
the boundaries, 6x(0) = dx(r) = 0. We need dx to obey these boundary conditions
to respect the boundary conditions for x(¢). Also, we can take a time derivative of x,
which gives & = x* + £dx. The cost J then becomes an ordinary function of &:

T T L L
J(e) = f dr L(x" + &bx, " + &dx,1) = J(0) + sf dt(g—éx + Z—xéx) +0().
0 0

X
(A.121)

In Eq. (A.121), the variations 6x and 6x are not independent. We then use a second
trick, which is to integrate the time-derivative term by parts:

T L L T T L
fdt a—,zsx - a—,éx —f ar[ 3L s, (A.122)
0 6x Bx 0

0 dr ox
Substituting Eq. (A.122) back into Eq. (A.121) and requiring ‘j—i =0 gives

f dt(a—L - EB—L) 5x(f) = 0. (A.123)
0

Ox drox

Since Eq. (A.123) must hold for arbitrary dx(¢), we deduce the Euler-Lagrange
equation,

=y, (A.124)

In our application of Eq. (A.124) to problems in optimal control, we typically need
to generalize in several ways: First, we add more variables. Since each can be varied
independently, we find one Euler—Lagrange equation for each variable. If the variables
are gathered into a state vector x, then the Euler-Lagrange equations are the same as
in Eq. (A.124), with the simple subsitution x — x. Next, the equations of motion
are typically imposed as constraints at each time 7 via a Lagrange multiplier A(¢), as
explained in Section 7.2.

The last generalization is to allow boundary variations. Thus, instead of requiring

x(1) = x., we let its value be free and then penalize deviations from a preferred state.

Consider a one-dimensional cost function
J = lx(r), 7] + f dr L(x, %, 1), (A.125)
0

where the endpoint cost ¢ penalizes, but does not forbid, deviations of the end point

x(1) from a desired state x,. As a specific example, we could have ¢ = %S [x(7) — x:]%.

Show that the usual Euler—Lagrange equations apply, but the boundary condition at
t = 7 becomes
dp OL
dp oL _

— =0. A.126
ox Ox ( )
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We have

J(&) = p[x" + &dx, 7] + f dr L(x" + &bx, x* + £dx,1)
0

+f (6_1,5 +6—6x)+0(8 )}
T 0 Ox

Then, we integrate by parts, as above, noting that while 5x(0) = 0, the other endpoint,
dx(1), is free to vary and thus does not vanish. Then, including the boundary term
0;L(7) dx(7) from the integration by parts, we have

= J() + 8{6_905x
ox

dp OL T (0L ddL
J(e) = J(0) +8{(a + a)é.xT + f(; dl(a - aa) dx (l)}
Taking 3—1 = 0 and noting that the equation must hold for all suitable functions dx(¢)
gives
o OL\ _ oL _doL _
ox  ox)| Ox  dtox

The first of these becomes a boundary condition at ¢ = 7 for the differential equation
(Euler-Lagrange) for x(¢). Because there is also an initial condition x(0) = xq, we will
have a two-point boundary-value problem on the interval [0, 7].

A.6 Probability Theory

We start by defining some elementary notions and terminology. Let the sample space
Q be the set of all possible outcomes x (of an experiment, measurement, card hand,
etc.). For example, if a coin is tossed once, the sample space is heads or tails, { H, T
}. If it is tossed N times, Q is the set of 2V possible outcomes. For two six-sided dice
tossed once, the sample space consists of 36 possible outcomes, { (1,1), (2,1), ..., (5,6),
(6,6) }.

Subsets E ¢ Q are known as events. For a two six-sided dice toss, an event could
be “you rolled a seven” and corresponds to the subset of outcomes that sum to eight
(6+2, 5+3, 4+4, 3+5, 2+6), which has cardinality (size) equal to five. The intersection
of two events x; N x, denotes the set of outcomes w where w € x; and w € x,. Two
events x; and x, are disjoint, or mutually exclusive, if their intersection, x; N x, is the
empty set, 0.

A function P(-) that assigns a real number P(x) to each event x is a probability
distribution if it satisfies three simple axioms:> Let E|, E,, ... be disjoint events. Then

P(E) > 0 for everyE, PQ) =1, Ul lE Z P(E). (A.127)

2 One person’s theorem can be another’s axiom. An interesting reformulation of probability theory starts
from axioms about expectation values and then derives the rules of probability as theorems (Whittle,
2000).
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Below, we distinguish cases where Q is a finite or countable set from cases where it
is not countable.

A.6.1 Interpreting Probability

Although the laws of probability follow from a few simple axioms, we also need to
interpret probability — to assign numerical values to probabilities. While there are at
least half a dozen ways to interpret probability theory (Zalta, 2012), the two most
popular are probabilities as relative frequencies and as degrees of rational belief.

Frequentist Interpretation

Much of probability’s roots lie in sixteenth- and seventeenth-century efforts to under-
stand gambling odds — how much to bet? Major “players” include Gerolamo Cardano,
Pierre de Fermat, Blaise Pascal, and Christiaan Huygens. In this “classical” develop-
ment of probability, the probability of an event was intimately linked to how frequently
it occurs. In the nineteenth and twentieth centuries, mathematicians went further and
tried to define probability via frequency. These developments are associated with John
Venn, Karl Pearson, Jerzy Neyman, and Sir Ronald Fisher. To be more precise, we
can define probability as a limiting relative frequency. For simplicity, we consider only
the case where each outcome x is an “elementary” event E = x. We write x as a vector
to allow for outcomes characterized by multiple numbers. Given n trials, we assign
the number P(x) as, loosely, the number of times x is drawn (number of “successes”
divided by the number of draws, or trials N;:

P(x) = A}im (Number of trials ]r\f:sulting in event x) .
1 —00 '

(A.128)

For example, in flipping a coin, there are two events (outcomes), x = H and x = 7.
We then assign

P(H) = 1im (Number of heads observed in N, coin flips) ' (A.129)
N;—o0 N[

Implicit in this notion is that multiple trials are possible. While such an assump-

tion works well for coin flips, it is less easily adapted to phenomena that are hard,

or impossible, to repeat. The frequentist interpretation may not apply as widely as

desired.

Subjective (Bayesian) Interpretation

This alternative view of probability has eighteenth-century origins in the work of
Jakob Bernoulli, the Reverend Thomas Bayes, and Pierre Simon de Laplace. Eclipsed
by the frequentist interpretation during most of the twentieth century, it was repeat-
edly rediscovered, often by people outside of statistics with a tough problem to solve
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that frequentist statistics could not handle. It was the theory that “would not die”
(McGrayne, 2011). Alan Turing famously created Bayesian algorithms for decoding
German submarine communications during World War I1, although the methods were
classified until the early 1970s. In the more open literature, the efforts of Harold Jef-
freys and, in physics, E. T. Jaynes were important. In many fields (such as machine
learning, neuroscience, medical diagnosis, cosmology), the Bayesian interpretation
now dominates. In the Bayesian interpretation of probability, we define

P(x|I) = The degree of rational belief that x is true given background information /.

In other words, if you assign P(x) ~ 1, then you are confident that x is true, while
P(x) ~ 0 implies the converse. The probabilities are subjective in the sense that they
depend on background information 7, which may differ for two different people. The
probabilities are objective in the sense that the rules of probability, developed below,
will oblige two people with identical background information to arrive at the same
value for P(x). This is what we mean by rational belief. In many cases, the number
assigned to P(x) in the Bayesian approach will equal that assigned in the frequentist
approach. But a Bayesian approach can lead to probability assignments in cases where
the frequentist approach does not apply. Another, perhaps less-loaded term for P(x) is
state-of-knowledge: a probability distribution summarizes all that we know about the
quantity x.

Example A.16 Two balls in a bag. Here is a quick example to motivate “subjective”
probability: You have a bag with two balls — one white, one black.

If you pick one, P(W|I) = % Here, I = “there are 2 balls; 1 white, 1 black.” Next,
you pick one ball but do not look at it and then pick the second ball and see that
it is black. Now, P(W|I’) = 1, where I’ adds to I that you picked a ball without
looking and then another that was black. Thus, the assignment of P depends on an
event that happened after the draw, showing that the timing of events is not necessarily
important. Probability considers the logical integration of information, not just the
temporal sequence.

A.6.2 Probability with Discrete Event Sets

We first develop the rules of probability for the case where the event set X is countable.
From the axioms given in Eq. (A.127), one can derive many theorems, such as

P(x|D) + PG = 1. (A.130)

Here, x means not x, the set of outcomes not contained within x (e.g., its complement).
For example, in a three-element, single-component event space with X = {x, xp, x3},
the complement x; = {x;, x3}. The vertical bar | means given, or conditional upon. In
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words, Eq. (A.130) states that the probability that x occurs or does not occur is one.
To prove this statement, note that Q = x U X and that x N ¥ = (. Then, applying the
second and third probability axioms, 1 = P(Q) = P(x UX) = P(x) + P(x), which is
Eq. (A.130).

Above, in the spirit of the Bayesian interpretation of probability, we explicitly con-
dition all probabilities on the background information I, as there is not a unique
assignment of probability: What you know, what you assume as background infor-
mation I, affects your degree of belief about events.> For example, if we know that a
coin has two heads, then we expect P(H|I;) = 1. If we know nothing about the coin,
then we should assume P(H|L) = % (Indeed, assigning a probability for heads that
differs from % is rational only when something particular is known about the coin.)
Thus, in this case,

e [ = “I know this coin is a fake.”
e [, = “I just saw this coin for the first time.”

Although we will often write P(x|I) as P(x), we must remember that the assignment
of probabilities is always conditioned on outside information.

Applying Eq. (A.130) to an n-element event set, we can iterate and derive that if
P(x;) = p;, then there is a normalization condition that

dpi=1, (A.131)
i=1
Next, we define the notion of conditional probability P(x|y):
P(x,
Pxy) = PEWPY) = Py =y o ). (A132)

Loosely, P(x|y) is the probability that event x occurs given that event y has occurred.
Note that the temporal sequence is for intuition only. The statement y can be thought
of as a condition rather than an occurrence: if y holds, then what is the probability of
x?

Using the notion of conditional probability, we can derive two essential theorems:

1. Bayes’ theorem*

POIX) Px)

Pl = =5

(A.133)

Private insurers are big-time Bayesians. The more they know about you, the better they can calculate the
conditional probabilities and risks. Take health insurance: your age, recreational habits, genetic makeup,
family history, state of mind — anything — can allow a better estimate of the probability of your getting
sick and hence a better estimate of the amount of money they stand to gain or lose from you. In this and
many other fields, “Better Bayesians make bigger bucks.” Balancing privacy against efficiency is delicate.
Is it Bayes’ theorem or Bayes’s Theorem? Traditional English favors the latter, but modern usage tends to
the former (e.g., McGrayne, 2011). Although I am sympathetic with sticklers, I would argue that since
people tend to pronounce only a single s, we should follow our instincts and drop the possessive s. On
the other hand, when we actually pronounce the s twice — think of Gauss’s Law — follow the sticklers.
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Proof:

P(x,y) = P(x|y) P(y)
P(y,x) = P(ylx) P(x)
but P(x,y) = P(y,x) = Bayes.

2. Marginalization
P(x)= )" P(x,y). (A.134)

Sketch of proof: To start, assume Y has but two states, y and y.

P(x,y) = P(y,x) = P(y|lx) P(x)
P(x,y) = P(y,x) = P(Jlx) P(x)
Add: P(x,y) + P(x,y) = [P(y|x) + P(F|x)] P(x) = P(x).
1

Thus, in this case,
P(x) = P(x,y) + P(x, ).

The argument is similar when Y has a countable number of elements. Marginal-
ization can also be applied to elements of a vector x = {x,... x™}  For
example,

Z PxD, - XMy = P((x@, - XMy, (A.135)

£
i

where the sum is over all possible (countable) values of x’. Any other component
x (or several) can equally well be chosen.

A.6.3 Probability with Continuous Event Sets

We can generalize the formalism of probability to handle a continuous set of outcomes,
which corresponds to an uncountable event set X (or X, if each event x is represented
by an N-component vector). The probability to find a value x that is between a and b

Py\ is given by an integral illustrated by the shaded value at right:
b
Pla<x<b)= f dx p(x), (A.136)

where p(x) is a probability density function (PDF). Since the probability to find x some-
where (that is, for the random variable x to take on a value between —co and +c0)
should be one, we normalize p(x) by requiring

f ) dxpx)=1. (A.137)

00
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Notice that whereas probabilities are numbers and have no dimensions, probability
distribution functions have units that are inverse to the units of x. For example, if
x is a length, p(x) has units of length™!. A second comment is that we will also be
somewhat lazy in our language and refer to probability density functions as continuous
distributions, or even as just distributions.

The cumulative distribution function (CDF) is defined to be P(—o0 < x), or

X

F(x) = P(—c0 < x) = f dx’ p(x'). (A.138)

—00

In words, F(x) is the probability that an element drawn from p(-) has value < x. Clearly,
F(—c0) = 0 and F(c0)=1. Equivalently, p(x) = (f—xF (x). See left for an illustration.
When x is N-dimensional, we define

PxeV)= f dx p(x), (A.139)
v

where V is a subvolume in the n-dimensional event space X. Normalization implies
fx <y 4x p(x) = 1, which can be written more explicitly as

ff dxy---dx, p(xg,---,x,)=1. (A.140)

For simplicity, we now denote the components with a subscript, rather than the

superscript we used in the discrete case, where the subscript was used to denote the
O]

realization, as in X which refers to the ith component of x taking the jth value.
For continuous probabilities, Bayes’ theorem takes the same form as in Eq. (A.133).

Marginalization does too, once we let sums go to the appropriate integral. For
example, the marginal distribution

PO 1) = f Ay PO o s ). (A.141)
Similarly,
px) = f dy p(x. ). (A.142)
yey

Marginalization is also referred to, in physics, as integrating out undesired variables.
We can unify the presentations of continuous and discrete event sets through use

of the delta function. Thus, we can write the probability distribution function of a

variable x that can take on values {x, x, ..., x,,} with probabilities {p;, p2,..., p,} as

p(x) = Z pid(x—x). (A.143)
i=1
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As an example of how this definition leads to the familiar rules for manipulating
discrete probabilities, the normalization condition for Eq. (A.143) is

f dxp(x)zf depié(x—xi)=Zpi=l, (A.144)
- - i=1 i=1

which is just Eq. (A.131). The corresponding discrete distribution is P(x;) = p;.

We can extend these ideas to include mixed cases, neither discrete nor continuous.
For example, p(x) = %[6 (x)+e‘x2/ 2 /\27] describes a variable that has a 50% chance of
having a value of 0 and a 50% chance of being distributed as a Gaussian with mean 0
and variance 1. An even more general formulation of probability is based on measure
theory.

A.6.4 Expected Value of Functions of Random Variables

We define the expected value of a function f(x) to be

wammwnfymmx (A.145)
xeX x€

—————

N e’ .
continuous case

discrete case

where f(-) is an m-dimensional function defined on the n-dimensional random variable
x. As is traditional in quantum and statistical physics, the angle-bracket notation, {-),
does not explicitly state which distribution is being integrated over. In most cases,
the context will make the distribution clear. If not, we will specify it explicitly. We
distinguish the probabilistic notion of expected value from the statistical notion of
average,

N
ﬁﬁsﬁgﬂm, x; ~ p(x). (A.146)

The notation x; ~ p(x) means that x; is sampled from the distribution p(x). The law
of large numbers asserts that limy_,« f(x) = (f(x)).

Below, we consider important special cases of functions f(-). For brevity, we discuss
only the continuous case. The discrete case has analogous formulas, substituting sums
for integrals and distributions for densities.

Mean and Variance of a Probability Distribution

Although a full description of a continuous random variable requires knowing its dis-
tribution p(x), reduced descriptions are very useful summaries. We begin by defining
the mean, a measure of the “typical” value of x and the variance, a measure of the
width of p(x). We start with one variable and then generalize to n variables.

e The mean, u = (x), of a distribution is defined as

u={(xy= foo dx p(x) x (A.147)
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and is a common measure of a “typical value” of a distribution. Others include
the mode (global maximum of a probability distribution) and the median (which
divides the lower and higher halves of the distribution). The angle brackets (-) in
Eq. (A.147) denote ensemble averages (over many trials). Ensemble averages can
sometimes be calculated by taking a single, long time average (the ergodic property).
For distributions that have a single, symmetric peak, the mean, mode, and median
all coincide.
In our discussions of noise, we always assume a noise term of 0 mean because any

constant could be absorbed into the deterministic part of the measurement.

e The variance is defined as a second central moment, which compensates for the
mean:

0?2 =(8x*)=Varx = <(x —,u)2> =%y —p? = fm dxp(x) (x—p)*,  (A.148)

and is a measure of the typical fluctuation of a variable x about its mean. The
standard deviation, o, is the square root of the variance. The mean and stan-
dard deviation are illustrated at left for a Gaussian distribution (discussed in
Section A.7.3).

e With n-dimensional variables x, the mean becomes a vector p = f dx p(x) x, and the
variance becomes the covariance matrix

L= (6xdx")=Covx= fdx p(x) (x — ) (x — )", (A.149)

where dx = x — u. The diagonal elements of X are the variances of the ith component
of x. The off-diagonal elements, (x;x;), give the tendency for fluctuations in x; to
correlate with those of x;. Note that although the variances (xl.z) > 0, the covariances
may be positive or negative. A negative covariance means that a positive fluctuation in
x; is likely to be accompanied by a negative fluctuation in x;. See Section A.7.5, below,
for an example.

Higher-Order Moments

Higher-order moments such as the mth-order moment (x™) and the mth-order central
moment ((x — u)™), which subtracts off the mean u, are sometimes useful, too. The
skewness vy 1s the third central moment, normalized by the standard deviation o,

i = <(x_“)3> . (A.150)

(o

For a symmetric distribution, where p(x) = p(—x), the skewness y; = 0. At left are
distributions with negative, zero, and positive skewness.

The kurtosis is a normalized fourth central moment, but it is more common to use
the excess kurtosis, defined as

725<(x_'u)4>—3, (A.151)
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where the factor of —3 is chosen so that a Gaussian distribution has y, = 0 (Prob-
lem A.7.3). Distributions with y, < 0 thus are “flat topped” relative to a Gaussian,
while those with y, > 0 are “peaky” and have fatter tails, as illustrated at right.

Conditional Moments

We can also define moments of conditional probability distributions, for example the

conditional mean:®

(x)y = fdxp(xly)x. (A.152)
If x and y are independent variables, the conditional mean reduces to the ordinary
mean:
p(x,y) p(x) p&J
(x),Efdxp()dy)x:fdx—x:fdx—x:(x). (A.153)
’ P oy

Loosely, the conditional mean is the mean of the subset of those values of x that
satisfy the condition y. Note that we have assumed p(y) > 0. If it equals zero, then y is
impossible and, again, (x), = (x).

In Section A.8.7, we show that the conditional mean (x), of a probability distribu-
tion p(x|y) minimizes the mean-square deviation, {({x) — x)?), where the brackets are
averaged over p(x|y). It then serves as a “best” estimate of the quantity x (e.g., an
unknown state) given the quantity y (e.g., a measurement).

Characteristic Function and Cumulants

The characteristic function is just the complex conjugate of the Fourier transform of a
probability distribution.®

pulh) = () = f “drpo e (A.154)

—00

We can use characteristic functions to generate the mth moment of a probability
distribution function. From Eq. (A.154), we see that

m

. © L™ (e d
<elkx> — M (X" = (= )" —g@,(k) N (A.155)

m! dk™

m=0

An alternate notation, preferred in the statistics and control literature, uses E(x) to define the expected
value of x (the mean). Although I prefer the standard physics notation, (x), the statistics notation is
perhaps clearer for conditional expectations, which are denoted E(x|y), in closer analogy to the notation
for conditional probability, p(x[y). Unfortunately, (x[y), is used in physics for the inner product between
two elements x and y. The notation (x) , is a compromise.

The physics literature often uses e** for the forward transform rather than the e~ '** used here. The
characteristic function then equals the Fourier transform (no complex conjugate).
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Likewise, the mth-order cumulant is defined in terms of the cumulant generating
Sfunction hy(k) = In g, (k) as

oo

i ik = N K"K () o
hok) = In () = > - = =" o ®)] L (AL56)

m=0

It is easy to see that the first cumulant «;(x) = (x) = u, the mean. Similarly, the second
cumulant x»(x) = (x2) — (x)> = o2, the variance. Like central moments, cumulants
are independent of u. But, unlike moments and central moments, the cumulants of
independent random variables add. For two independent random variables x and y,

haay(k) = In () = In () (%)) = hy(k) + hy(K) (A.157)

which implies that ,,(x + y) = k,,(x) + k,,(y) for all cumulant orders m. More generally,
for N independent random variables, «,,(}; x;) = X; kn(x;).

Since we can inverse Fourier transform to find p(x) from ¢,(k), the characteristic
function implies the moments and cumulants, which imply the distribution.” Thus, we
can “expand” a distribution p(x) in terms of its moments or, better, its cumulants. The
mean, variance, skewness, and kurtosis are then related to the first four terms of that
expansion. Often, we focus on the first two.

A.6.5 Functions of Random Variables

Sometimes, we have several random variables of known distribution, and we want to
know the distribution of some function of these variables. We can transform from one
probability distribution to another using the rules of probability and multivariable
calculus.

As a preliminary step, we prove a delta-function identity. Let g(x) be a function
with r simple roots x;, which satisfy g(x;) = 0 and g’(x;) # 0. Then,

r 6 _ l
5 [g(0)] = Zl ﬁ (A.158)

To prove Eq. (A.158), assume, first, that g(x) has a single root at x = x;. Let p(x) be
an arbitrary test function and define y = g(x). Realizing that the contribution to the
delta function comes only when its argument is zero, we expand g(x) ~ g’(x1) (x — x1)
and write

f dx p(x) 5 [g(0)] = f dx p(0) 5 [g'(x) (x — )] = LD (A.159)
N N ¢ Cel

The last step uses another delta-function identity, 6 (ax) = ﬁé (x), which is left as an
exercise for the reader. If there are r simple roots, each contributes a similar term,
giving Eq.(A.158). If g(x) has no roots, then 6 [g(x)] = 0.

7 Usually. There are exotic cases where two different distributions share the same moments.
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Functions of One Random Variable

Given a random variable x with probability density function p(x), we calculate the
density function p(y) of the function y = f(x) as follows:

p(y) = f dx p(y, x) marginalization
= f dx p(ylx) p(x) conditional probability
= f dx & [y — f(x)] p(x) enforce y = f(x)
p(xi) .
= Eq. (A.158). A.160
oo using Eq. (A.158) (A.160)

In Eq. (A.160), the x; constitute the r inverses of y, satisfying x = f~!(y), since they are
also roots of the function g(x) = y — f(x) = 0. If there is a unique inverse, the formula
simplifies to p(y) = p(x)/|f’(x)|, which can also be justified using the rougher argument
p(y)dy = p(x) dx and noting that probability densities always have to be positive.

Example A.17 (Quadratic transformation) Given the Gaussian random variable x ~ N (0, 1),
what is the distribution of the random variable y = x>?

I POY) Given y, there are two inverses: x; = ++/y and x, = —4/y. Then f’(x) = +24/y and
0.1 ’
pEVD Py 2 (e L
= + = = e 20y , A.161
00! PO) = oWl T RC 2w [ m] s © 200 (A.161)
0 5

where the step function 6(y) enforces the condition that y > 0. (See right.) It is
straightforward to verify that fooo dy p(y) = 1. The distribution p(y) is also known as
the y? distribution for one degree of freedom. This example, reprised in Section 8.4.2,
shows that a nonlinear transformation of a Gaussian-distributed variable is not, in
general, Gaussian.

time series

Jensen’s Inequality

This useful relation shows up often in proofs, especially for information theory and
stochastic thermodynamics. Let f(x) be a convex — function, as illustrated at right,
and let p(x) be a probability distribution. Then

Jx) = (f() . (A.162)
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To prove this relation, notice that, for two points x and x* on a convex function f,

the slope of the chord is less than the local slope at the endpoint:
S = f(x)

xX*—=x

< fl(x"), (A.163)
Let x* = (x). Then
FUx) < /() (x) = x) + f(x). (A.164)

Taking the expectation of each side and noting that (((x) — x)) = 0 proves the result.

For us, important examples of convex functions are log 1/x and xlog x.

To understand the Jensen inequality more intuitively, apply the function f(x) = x?
to transform the Gaussian distribution x ~ N(u, 1). We plot the distribution of x*
at left for u = 3. Extending the results from Example A.17, we can easily verify that

(x*) = 10, which is greater than y?> = 3> = 9. Intuitively, the function “stretches”

higher values of x, which increases the mean of the transformed distribution. Note the
peak near x> = 0, which results from “folding over” the two square roots.

Functions of More Than One Random Variable

We can also calculate functions of several random variables. We assume that x ~ p(x)

and y ~ p(y) are independent random variables, and we wish to find p(z) for z = f(x, y).

Then
p(2) = f dxdy p(z, x,y) marginalization
= f dxdy p(zlx,y) p(x,y) conditional probability
= ﬂ dxdy p(zlx, ) p(x) p(y) x, y are independent
= f dxdyd [z = £(x, )] p(x) p(y) enforce = f(x,)
_ Z f £, af J(‘y(lyl)l using Eq. (A.158)  (A.165)

In Eq. (A.165), 9, f(y;) is short for df(x, y)/0yly=y,, Where y; is again the ith branch of
the inverse of z = f(x,y).

Example A.18 (Sum of two random variables) Here z = f(x,y) = x+y and, thus, |9, f(x,y)| =
1. The inverse is unique and given by y = z — x. Then,

(@) = f dx p(x) plz — 2) = p(x) * p(y) . (A.166)

Thus, p(z) is just the convolution of the distributions for x and y.

The characteristic function of the transformed probability distribution has a partic-
ularly simple form. Let x be a stochastic vector and y = f(x) be a smooth function.
Starting from
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PO = f dx 51y - f()] pix). (A167)

we have
@y (k) = f dy p(y) e*? = f dx e®/® p(x) = (/W) | (A.168)

This formula works even when x and y have different numbers of components. For
example, y = x| +x, implies ¢, = ¢, ¢y, and p(y) = p(x;)* p(x,), as seen in Eq. (A.166).
Transforming back from an explicit expression for a characteristic function often leads
to contour integrals (Problem A.6.3).

A.6.1 Chain rule for probabilities. Let XV = {Xy, Xy_1,...,X;}. Show that

N
POxM) = [ [ PXulx* ).
k=1
A.6.2 Moment exercises. For the following probability density functions, find their
mean y, variance o2, skewness y;, and excess kurtosis y,.

a  Uniform: p(x) = 2+5 for—V3 <x < V3.
b  Exponential: p(x) = e, for x > 0.
¢ Laplace: p(x) = % e V2K,

A.6.3 Example A.17, again. Find p(y) for y = x> and x ~ N(0, 1) via the characteristic
function ¢,(x). Transform back to p(y) using contour integration and a branch
cut.

A.6.4 Ratio of normal variables is Cauchy. Let x and y be independently distributed
as N(0,1). Show that their ratio is distributed as a Cauchy (or Lorentzian)
distribution. That is, if z = y/x, show that

p() = (l) ! (A.169)

) 1+22°

The Cauchy distribution, illustrated at right, is the “bad boy” of probability
distributions. Its samples fluctuate so wildly (whenever x is near zero) that both
mean and variance diverge and are undefined, although median and quartiles
are. We see here that simple mechanisms involving standard random quantities
can lead to such pathologies. The asymptotic power-law behavior ~ 772 is known
as a fat tail.

A.7 Gaussian Integrals and Distributions
- |

As we will often need to do integrals involving Gaussian functions, we review the
required techniques here. Then we immediately apply those results to the discussion
of Gaussian probability distributions, which play a key role in the analysis of the noisy
linear systems discussed in Chapter 8.
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A.7.1 Gaussian Integrals in One Variable

The basic Gaussian integral is
00 1,
I= f dxe 2% . (A.170)

To evaluate 1, we write down two copies, in x and y,

I’ = f dxe 2% f dye 2%
—00 —00

1
= ff dx dye 290"+ define x = rcos 6, y = rsinf

27T 0o 1 0o 2
=f def drre 2% = an due = =1 (A.171)
0 0 0 a

Thus, I = V27mt/a. Note that we could reduce this calculation to one where @ = 1 by
first changing variables to x’ = x/+a.

i~ _1 .
We often need to calculate moments of the form f_ - dxx* ¢ 27, Since exp(—%axz)
is even, the odd moments (k odd) vanish by symmetry. We can calculate the second
moment with another trick:

0 1 2 0 1 0 1
sz dxx? e 2™ =f de[—22 ) o302 :—2ﬁf dxe 2%
—c0 —oo aa c')a —c0

o [2n V2m
= _2£ — == (A.172)

Further derivatives with respect to a give higher even moments.

A.7.2 Gaussian Integrals in n Variables

To extend the results of Section A.7.1 to n variables, we look at the n-dimensional
integral of the multivariate Gaussian

1
= f dxe 2% A% (A.173)

where we will assume the matrix A to be real, symmetric, and positive definite (see
Section A.1.1). We substitute x = Uz, where U is the unitary transformation that
diagonalizes A and satisfies UU' = 1. Thatis A = UDU", or U"AU = D. Then,

n 00 n
1= fdz e_%zTUTAUZ = fdz e_%zTDz = l_lf dze‘%’lkzz = 1_[ ,/2_7-[
k=1 V- ket VM

B (27.[)n/2

Vdet A '

Since the columns of U are orthonormal vectors, the Jacobian of the transformation
x = Uz is one, and dx = dz.

(A.174)
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Gaussian distribution A(0, 1). Left: The probability for a point to fall within 1 o-is = % Right: 150 draws from
the distribution on the left. Roughly % of the draws fall within the shaded region

The moments of a multivariate Gaussian function can be found by tricks similar to
the one-dimensional case. For example, for a symmetric matrix A

Lrax 5xTAx+b-x
fdx(xixj) e 2 b—>0 6b o, dxe 2 .
We evaluate the integral in Eq. (A.175) by completing the square

2
fdx 3% TAx+bx _ fdx e—%(x—A’lb)TA(x—A’lb) e%bTA"b _ ( (27'5)"/ 1

SbTA™ '
e (A.176)
Vdet A)

(A.175)

Taking the derivative ab , recalling that A™!

is symmetric, and using the summation
convention for repeated indices then gives

o, P [ 5064 ebe] = 51260(A™ Nl exp [ = (A7) T exp [ (A.177)
Taking another derivative, with respect to b;, gives
[(A™") + (A7'B): (A7) T exp [$bi(A™)ijb) — (A7) (A.178)
Putting the pieces together leads to the final result
L (27()"/ 2
dx (xx;) e 2%4% = 2 (A7, (A.179)
f ( j) Vdet A I

A.7.3 Gaussian Distributions in One Variable

Gaussian probability distributions, the familiar “bell-shaped curve,” play a key role in
the analysis of stochastic linear systems. Let us define

_ 1 (x—p?
p(x) - U\/ﬁexp |:_ 20_2 :| ’

(A.180)
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Using the integrals derived in the previous section, we see that

foodxp(x)zl, (x)Efwdxp(x)xzy

00 00

<x2>sf dx p(x) x> = 02 + 12 = Varx =0~ (A.181)

00

We confirm these identities in Problem A.7.3.

Here are some more of the many useful features of a Gaussian:

It has two (and only two) parameters, the mean y and variance o>. The mean u

controls the location of the distribution, while the variance o controls its lateral
scale.

Because Gaussian distributions are so common, there is a special notation to denote
that a random variable, say x, is distributed according to a Gaussian distribution of
mean y and variance o>.8 We write that x ~ N(u, o). The “~” denotes “distributed
as.” The N notation refers to an alternate name for a Gaussian, the normal distribu-
tion. Occasionally, we will need to be more explicit about the variable, in which case
we extend the notation to read N (x; u, o).

Defining z = (x — p)/o, the universal Gaussian distribution N(0, 1) is simply

1
V27t

Notice that transforming dx to dz “absorbs” the o in the prefactor.
The characteristic function is

P = exp(-12) . (A.182)

K= — " dreit %) _ o (k- Lo A.183

%()_0'\/51 | dxe™ exp| -3 —exp(l,u—izr ) (A.183)
whose first and second moments are

(x) = —idgexp (iky — 30°K) li=o = (A.184)

() = =du exp (ikIJ - %O'Zkz) lieo = 1> + 0. (A.185)

The cumulant generating function, In ¢,(k), is
ho(k) = iku — 0%k, (A.186)

which immediately gives «; = u and k» = o>. The higher-order cumulants are zero.
The sum of two Gaussian variables is Gaussian. Let x and y be two independent Gaus-
sian random variables, with x ~ N(uy, 02) and y ~ N(uy, 02). Then Eq. (A.168)
implies that '

0.(k) = @(k) @y (k) = 3Tk ik =3Ik _ ikl )= (@3aDk (A.187)

Taking the inverse Fourier transform of ¢,(—k) gives the desired result.
Rescaling gives 7 = Ax ~ N(Au,, A202).

Some authors use N(y, o) to indicate a Gaussian (normal) distribution of mean y and standard deviation
0.
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o Central-limit theorem (CLT): The average of n independent random variables tends
to a Gaussian for large n. More precisely, for independent random variables with
mean y and variance o, the distribution for nth approximation to the average, %, =
Ly | x;, converges to a Gaussian for n — oo:

p(%) = N(u, o [n). (A.188)

Refinements to the basic theorem can relax the requirements for identically dis-
tributed variables. Density functions that lack a finite variance, such as the Cauchy
distribution, do not obey the CLT. For such distributions, estimators of the average
do not converge, no matter how many terms are used.

ProblemA7.1 Show that [* dxexp[—%(ax2 +bx)] = \/g e?/8a (Complete the
square.)

ProblemA.7.2 Characteristic function of a Gaussian. Derive the characteristic function
of a Gaussian distribution N(u, o). The result is quoted in Eq. (A.183).

ProblemA.7.3 Higher moments of a Gaussian. For a Gaussian distribution N(u, o2),
use the characteristic function to calculate the first four moments, (x") (n =
1,2,3,4). Verify that the skewness y; and kurtosis y, both vanish.

ProblemA.7.4 Central-limit theorem (CLT), via cumulants. Consider N independent,

identically distributed (i.i.d.) variables, each with mean zero and variance o>.

Homogeneity: Show that the cumulant «,,(1x) = A"«,,(x), where 4 > 0.
Using additivity and homogeneity, find «,,(zy) for zy = 3V, (x;/ VN&2).
Argue that, for N — oo, the only nonzero cumulant is m = 2.

Conclude that limy_,. p(zy) ~ N(O, 1).

Define Xy = # Zi Xi. Find limNﬂw p()fN).

o 0 o

This is the essence of the CLT proof and can be generalized to the case where the
x; all have different distributions, each with its own mean y; and variance o'f.

ProblemA.7.5 Multiple measurements lead to Gaussian states-of-knowledge. The Cen-
tral Limit Theorem also explains why the state-of-knowledge for a quantity x
tends to be Gaussian after many independent measurements are made.

a. Use Bayes’ theorem, a uniform prior, the relations between characteristic
functions and repeated convolution and the CLT, and that a Fourier trans-
form of a Gaussian is also Gaussian to argue this point. See Jacobs (2014),
Section 1.2.2.

b. Explain why this claim is true but rather trivial when the individual measure-
ments have Gaussian errors.

c. Explain why this claim is not true when the individual measurements have a
uniform error distribution in the interval [x — 1, x + 1].

A.7.4 Gaussian Distributions in Two Variables

Bivariate Gaussian distributions describe two variables, x and y, that are separately
Gaussian and are also linearly correlated with each other. We define their joint
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Bivariate Gaussian distributions, for o~ = o, and various correlation coefficients p. Dots are drawn from p(x, y);
solid line is a 20~ contour enclosing ~ 95% of the points.

distribution:

(A.189)

Z
p(x,y) = exp [— ] ,
270 oy /1 — p? 2(1-p%)

with

(x— #X)Z _ 2p(x — p)(y — ,uy) + - ,uy)2
o2 x0Ty o2

(A.190)

7=

The bivariate Gaussian has some interesting properties (proved in problems):

1. Contours of equal probability are ellipses, with principal axes proportional to o
and o, as illustrated in Fig. A.6.

2. The correlation coefficient p lies in the range —1 < p < +1 and measures how much
fluctuations in x correlate with those in y. If the variables x and y are independent,
then p = 0. Conversely, if p = 0, then x and y are independent. This converse
relation is true for bivariate Gaussian distributions but not, in general, for other
distributions.

3. Marginalizing, or “integrating out” y, leads to a Gaussian in x:

p(x)=f dy p(x,y) = Ny, 03). (A.191)

Likewise, marginalizing x leads to p(y) = N(u,, 0'3).
4. If p(x,y) is the bivariate distribution given in Egs. (A.189) and (A.190), then the
conditional distribution p(x|y) is also Gaussian. We will see that

Ox
p(xly) = Ny, O-ib’ > Mxly = Hx +p0__(y —Hy), 0',2(|y = 0_)2((1 —Pz) - (A.192)
y

We illustrate this statement at left, for p = 0.5. Each horizontal “cut” is a
Gaussian-shaped curve. The varying size implies that the curve must be renor-
malized to form a proper distribution, p(x[y). It is also plausible from the graph
that the conditional mean f, increases linearly with y since, on average, when y
is large, we expect x also to be large. Notice that g, # 0 even if u, = 0. Again,
inspection of the graph at right should convince you of this. By contrast, the con-
ditional variance is independent of y but depends on p. For p = 0, the x and y are
independent, and we expect to see the full variance of the x measurement. Forp = 1
and u, = pu, = 0, we have pq, = % v, which shows that x is determined by y. The
proportionality constant Z* is a consequence of the different variances of the two
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variables. Then, knowing y means that you know x perfectly, and the variance o-i
must consequently be zero.

Iy

ProblemA.7.6 Marginal and conditional distributions.

a. Show that if p(x,y) is a bivariate Gaussian, then the marginal distributions
are p(x) = N(uy, 03) and p(y) = Ny, 073).
b Show p(xly) = Ny, 03), With fryy = px+p 2 (v = py) and o = o3(1 = p?).

Hint: Simplify by first defining x" = (x — p)/or and y’ = (y — ) /0y

A.7.5 Gaussian Distributions in n Variables

The results for a bivariate Gaussian distribution generalize to an n-dimensional multi-
variate distribution. To see how to generalize to n dimensions, we rewrite the bivariate
distribution defined by Egs. (A.189) and (A.190) in vector-matrix form, defining the
vector x = (3). In terms of the mean p and covariance matrix X, with determinant
equal to det X, we have

2
I o feleg¥o
= X = * 7. A.193
a (ﬂy) (po'xo'y ‘Ti ) ( )
and
1
px)= ————exp|-(x—p)' T x—w|=N@u, ) or N, u Z). (A.194)
2t Vdet X P [ ]
Equation (A.194) generalizes immediately to the case where x = (x;,x,...,x,)" and

where X is a symmetric n X n, positive definite covariance matrix with X;; = (x; x;) (see
Eq. A.179).

We list some of the useful properties of the multivariate Gaussian distribution,
mostly without proof. (The proofs are analogous to the two-dimensional cases, but
the algebra is more complicated.)

1. Contours of equal probability are ellipses, with principal axes equal to the square
root of the eigenvalues of X.

2. A linear coordinate transformation z = Ax is Gaussian. If x ~ N(u,X), then
Z ~ N(Au, ALAT). We use this relation in our discussion of the Kalman filter
in Chapter 8.

3. Marginalization. Marginalizing any subset of variables leaves a Gaussian in the
remaining variables. In particular, if we partition p(x) into two blocks of variables,
x1 (d, dimensions) and x; (d, dimensions, with d; + d, = n), then

_ H) (o X2
S s
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where X has been partitioned into submatrices as depicted as left, so that

T T T T
Xy ={x1x;), X = X ={(x1xy), Ty ={(xx,).
~—— —— ———
dyxd, dy Xd> dyXd

The marginalization property is then
P(x1)=fdxzp(xl,x2)=N(lll,):11), p(x2) = N(u,,X2) . (A.196)

4. Conditional distributions. For the same partitioning, p(x;|x2) = N(u;, Z1j2), with
Hip = My + 2122521 (X2 — ), Xip=Xy— 2122521221 . (A.197)

As in the bivariate case, the conditional mean u;, depends linearly on the given
variables x, and is nonzero even when g, = 0. Note that knowing x, alters the
estimate of x; (i.e., the mean p,),) in proportion to the covariance Xj,. The covari-
ance also determines how much knowing x; reduces the uncertainty in x;. For a
nice proof based on completing the square and p(x|x;) = Z ([f(‘x’;f), see Coolen et al.
(2005).

5. Characteristic function. The multivariate generalization of Eq. (A.183) is

px(k) = (%) = efhukxk (A.198)

ProblemA.7.7 Check that the expressions for mean and variance for the bivariate dis-
tribution (Eq. A.192) are compatible with their n-dimensional generalizations
(Eq. A.197).

ProblemA.7.8 Propagating means and covariances. Prove Property A.7.5 for multi-
variate Gaussians: if x ~ N(u, X), then the linear coordinate transformation
z = Ax is Gaussian with mean Ay and covariance AZA'. More succinctly,
7z ~ N(Au,ALA"). Hint: You can use Eq. (A.179), but characteristic functions
are simpler.

A.8 Statistics
]

Probability theory allows one to understand the consequences of randomness and
indeterminacy in a “forward direction,” as characterized by the probability distribu-
tion function (or its various moments). The goal of the field of statistics is to use data
to infer, or estimate probabilities — to go “backwards” from data to inferences about
the underlying probabilities. In our presentation, the main tool for carrying out this
backwards inference will be Bayes’ theorem.

A classic problem is to estimate, based on the data, quantities such as the mean
and variance. For example, a common estimator for the mean is the average. Using
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methods discussed below in Section A.8.2,” we will see that if there are N observations,
x;, then we can estimate the mean y of a probability distribution as

1 N
e in (A.199)

We use the “hat” notation here and elsewhere to denote an estimator of a quantity.
By similar means, we can also estimate the variance of a probability distribution as

&
A2 a2
¢ =57 iél (x; — 1) (A.200)

Note that estimators are not unique. Instead of the average, we could use just a sin-
gle measurement, say j1; = x; and ignore the rest. Intuitively, the average, Eq. (A.199),
should be better, as it uses all of the observations. We can quantify this by realizing
that estimators are themselves random variables, or statistics. Thus, one can define the
mean and variance for the estimator itself. For the estimators of the mean, 4 and j,,
the variances are o-/N and o, respectively. We then prefer & to fi; because it has lower
variance for N > 1.

Another desirable property of an estimator is that its mean should equal the value
of the quantity it is estimating. If it does, the estimator is unbiased. Both estima-
tors of the mean, & and fi; are unbiased. The estimator ¢ is also unbiased. If the
mysterious N — 1 factor in the denominator were replaced with the more obvious N,
the new estimator [called the population variance, in contrast to the sample variance
of Eq. (A.200)] would be biased for any finite value of N. Of course, when N > 1,
the bias is small and vanishes in the limit N — co. We then say that the population
variance is asymptotically unbiased.

A.8.1 Simple Inference

To begin to understand how observations lead to inference on underlying events, let
us consider the case where the underlying system that is being observed can be in
one of two states. In Chapter 12, we will denote such states as +1 and —1, but any two
symbols ({0, 1}, {L,R}), and so on, will do. The system is in state +1 with probability p,.
We measure the system in a way that also gives two outcomes, but the measurement is
noisy: the observation is incorrect with probability & (for both cases; see right). Then,
if the result of an observation is y = 1, what is the probability that the underlying state

is the same?
To translate the words and images into mathematics, we define p(X = +1) = py, so
that p(X = —=1) = 1 — py. For the measurement process, p(Y = +1|1X = +1) = p(Y =

9 Using N independent observations to make a single inference is equivalent to fitting noisy data to the
function f(x) = u, with y a single, free parameter.
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-1IX=-1)=1-¢gand p(Y = +1|1X = -1) = p(Y = —1|X = +1) = &. From Bayes’
theorem,

DX = +1Y = +1) = p(Y =+11X = +1)p(X = +1)

p(Y =+1)
pY =+1X=+)pX =+1)
pY =+1X=+D)pX =+D)+p(¥ = +1[X = ~Dp(X = 1)
(1-¢)po

~(l—&)po+e(l—po) (A-20D
Notice that € — 0 implies that p(X = +1|Y = +1) — 1: With no noise, the inference has
no uncertainty. In the other extreme case, € — 0.5 and p(X = +1|Y = +1) — pg. If the
observation conveys no information (returns +1 with equal probabilities, no matter
what the underlying state), then we fall back on our prior, which is our estimate of
the probabilities before we made the measurement Y. In the intermediate case, the
probability is between py and 1.

In Chapter 12, we extend this kind of interference to the case of a sequence of
observations of a hidden Markov model (HMM). In that case, the underlying state
probabilities remain py and 1— p, and rates of transition from one state to another are
given. The problem then is to estimate the current state probabilities given a sequence
of observations going back indefinitely into the past.

Example A.19 (Batch or sequential processing?) Is there a fundamental difference between
analyzing a batch of data y* = {y|,ys,...,y}, as opposed to doing the analysis sequen-
tially? A simple Bayesian analysis confirms our hunch that the two are equivalent. Let
us discuss this for two observations, y; and y,, with the goal of making an inference
about a state x. Then, the batch analysis tells us that

P(xly1, y2) o p(y1, y210)p(x) o< p(yi|x) p(y21x) p(x), (A.202)

where the first step uses Bayes’ theorem and the second the independence of the two
observations. Note that we leave out the normalization constant. If needed, it can be
computed at the last step.

Now let us analyze the problem sequentially. In the absence of measurements, all
we know is encapsulated in p(x). After the first measurement, Bayes’ theorem implies
that p(xly;) o< p(y1]x) p(x). After the second measurement, we have

p(xly2, y1) o< p(yalx, y1) p(xly1) o< p(y2lx) p(xly1) o< p(y2lx) p(y11x) p(x), (A.203)

which is the same as the batch algorithm. The first step uses Bayes’ theorem, and the
second uses the independence of observation y, from the previous observation y;.
Thus, it makes no difference whether we analyze our data all at once or one by one.
Bayes’ theorem is a statement about logical relationships, not temporal ones. We use
this result several times in the book. An elementary example from Chapter 8 is that we
can estimate a sample mean equivalently by either a batch or a recursive algorithm.
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ProblemA.8.1 Two Gaussian measurements. Often, we need to combine information
from independent measurements with different precision. Assume that there
are two independent measurements x; and x,, distributed as x; ~ N(u, o-f) and
x2 ~ N(u, 0'%). The variances oy and o are known, and we wish to infer the
mean, y. Assume a uniform prior for u.

a. Using Bayes’ theorem, show that you can estimate u as i + o, with

ﬁ—o-zﬂ_fﬂ L—L_FL
\zta)  gTata

b.  Show that p(ulxi, x2,02,03) is in fact a Gaussian, with the mean and vari-
ance given above. If you have a computer algebra program, do this in
general. If you are doing the problem by hand, show the claim assuming
that o7 = 0% = 1.

A.8.2 Estimating Parameters

Another estimation problem is to infer the values of parameters entering into a relation
between two variables. Let us assume that we have a data set of N points (x;, y;),
i = 1---N, that is generated by the model y = f(x, "), where 8" is a vector of K
parameters. That is,

vi = f(x,0) + &, (A.204)

where & ~ N(0,0?) is Gaussian noise of mean 0 and variance o2. We also require
different &; to be independent: if we collect the N noise terms into a vector £, we have
& ~ N(0,02]). The usual least-squares procedure is then to minimize the sum 2,

N

2o _ R TP RN
X(@—Z}(O_Z i — f(xi, 0], (A.205)
where the model function is
-
y=f(x,0), 0=(6; ... 6) . (A.206)

More generally, the noise could have a different variance at each point i (then o> —
a'iz), and there can even be correlations between different noise components.

The y? statistic is minimized by taking derivatives with respect to the 6,. For exam-
ple, a linear model (straight line) would have the form y = 6, + 6, x, as illustrated at
right. Note that we also plot the normalized residuals, g; = é[yi - f(x;,0)]. As we
discuss below, the residuals should be approximately distributed as N(0, 1); however,
the K fit parameters lead to correlations between the residuals, so that they are not
independent. For example, in a linear fit, ) ; &; = 0; see below.

To understand where this “recipe” comes from, let us return to Bayesian ideas of
parameter estimation. To estimate the parameters @ given a set of observations Y = {y;}
taken at X = {x;}, we can use Bayes’ theorem to evaluate

1
pOIY. X) = = p(Y|X,0)p(6, X), (A.207)
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where Z normalizes the posterior p(]Y, X). Note that the background information
in all of the probability distributions includes the “knowledge” that the observations
Y are described by the function f(x,6). To keep the notation simple, we omit an
explicit reference to this hypothesis in the conditioning of probabilities. If the a priori
distribution of parameters and data points p(6, X) is taken to be uniform, then

pOY, X) « p(YIX,0) = L. (A.208)

where £ is known as the likelihood. 1f the noise affecting each observation is
independent of the others, then

N
£=px,0) = | p0ilxi.0), (A.209)

Now, we specialize to the case of Gaussian measurement errors, which implies that

Re il [yi — f(xi, O
ol i=1 O'mexp [_ 20 ]
( 1 )Nex 55 i - fx, )]
0-\/_ p i=1 20-2
1\ e
- 0w A.210
(am) ¢ (4.210)

where y? is defined above in Eq. (A.205). To summarize, the probability distribution
of the parameters 6 given observations Y and Gaussian measurement noise is

pOIY, X) = L e 3¢ (A211)

where we include in the normalization Z all terms that do not depend on the
parameters 6.

Maximume-likelihood (ML) estimation is useful even in cases where the measure-
ment noise is not Gaussian. Then (for independent measurements), we revert to
Eq. (A.209). The ML estimator has many desirable features (Krishnamurthy, 2016),
notably

e Strong Consistency: limy_. Om(N) — 6, where 6 is the “true” value of the
parameter (in a frequentist perspective).
o Asymptotic Normality: limy_e Oy (N) — 6° ~ #N (0, ), where the covariance

matrix I = ((Vglog p(ylx, 0))2) is known as the Fisher information matrix.

Finally, we can put to rest one worry that often comes up: a truly uniform prior
on an infinite range is not normalizable. But all that we require in our use of Bayes’
theorem in Eq. (A.207) is that the prior be broader than the likelihood function, so
that a large but finite range for each parameter is acceptable. In Bayesian terminology,
we require that the likelihood dominate over the prior in determining the posterior.
More intuitively, the method of maximum likelihood is relevant when the data are
more important than our prior beliefs in estimating parameter values. We usually
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want to be in this limit. The case of state estimation is an exception because our prior
is based on many previous observations, and we ask how to update based on a single
additional observation. The power of the Kalman filter and related ideas explored in
Chapter 8 is precisely that a well-chosen prior can lead to a much better estimate of
the state vector than is given by a single observation.

A.8.3 Nonlinear Fits

In general, the model f(x, 8) will depend nonlinearly on the parameters . For exam-
ple,a fit to an exponential plus background would have f(x) = 8 + 8, exp(—65x), which
depends linearly on 6; and 6, but nonlinearly on #;. Minimizing y*(6) is then done
numerically using the same ideas as other optimization problems (cf. Appendix A.5
and Chapter 7). The Levenberg-Marquardt algorithm is a standard way to find a local
solution given initial conditions for 6, that are “close enough” to the true values 6”.
You have to supply the 6. More complicated algorithms such as the genetic algorithm
attempt to find a global minimum for y? by allowing different initial conditions to com-
pete, applying biologically inspired strategies that mimic evolution. Standard curvefit
software almost always offers the former and usually the latter — or other possibilities,
such as simulated annealing.

A.8.4 Linear Fits

If f(x, ) is linear in the parameters 6, then y?(6) is quadratic in 6 and hence convex,
with a unique minimum. Indeed, taking a derivative leads to K linear equations, which
have a single solution for the K parameters . In more detail, we define the linear
model

K
Fx0) =) e, (A212)
k=1

with K basis functions e (x). Note that f(x, ) is linear in the parameters 6 but not
necessarily in the variable x.

In elementary discussions of curve fitting, we often consider ¢; = 1,x,x%,..., but
many other choices are possible. If f and g are real and the scalar product defined to
bef-g= L b dx w(x) f(x) g(x), then an orthonormal basis set will satisfy

b
f dxw(x) e;(x) ex(x) = O . (A.213)

Here, a and b define a domain that can be finite or infinite in extent, and w(x) is a
weight function that in some cases equals 1. Although forming a complete basis (all
integrable functions can be expanded over them), the monomials are not orthogo-
nal. Bases that are orthogonal include Chebyshev polynomials, sines and cosines, and
Bessel functions.

When f(x, 0) is linear in the parameters @ , the likelihood function £ is a Gaussian
in the parameters 6 that is peaked about a set of values §* that both maximizes £ and
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minimizes y?. If the error distribution widths o; are all similar and approximately
equal to o, it is easy to see that the density P(theta | Y,X) for each parameter has a
Gaussian form, with variance ~ 0>/N. As N gets large, the distribution narrows, and
there is little uncertainty in each parameter 6,,. Even when the function f is not linear
in its parameters 6, a second-order Taylor expansion gives a Gaussian approximation
to the likelihood function.

Since Gaussian distributions are fully characterized by their mean and covariance
matrix, we conclude that when the observation noise is Gaussian, we can infer param-
eters 6* by minimizing the y? statistic. More generally, if the observation noise is
not Gaussian, we can follow the same procedure to the point of maximizing the log
likelihood function In £ and refer, in that case, to the method of maximum likelihood.
(Recall that the parameters that maximize In £ also maximize £.) We could generalize
even further — as we do in the state estimation problem or in the recursive inference of
parameters — by allowing for a more informative prior P(#) than the minimal uniform
distribution assumed here.

We can solve directly for the optimal parameter estimates when the model function
is linear in parameters. We want to minimize

| K X K 2
X == [)’i - ) b ek(xi)} == Z [y,- - Z i Gk]
R k=1 R P
1 T 1 2
== (-0 (y-DO) = —|ly- DI, (A214)
(o a

where the design matrix ®(x) has elements ®;; = ex(x;). For example, with f(x,0) =
01 x + 6,x* (K = 2 parameters) and with N = 3 data points, the data are generated from

Vi xiox), o (&

wl=lxn 2| +]|&], or y=@6 +£. (A.215)
> |\0

3 X3 X5 &

where 6; are the “true” parameter values of the process. To find the estimate of 8 that
minimizes y*(6), we differentiate with respect to 6;:

8 2 2 N K
2@ _ [yi - Z Ok Dy

== —®;] =0, A.216
a6, ~ o2 L 2. [-Dic] ( )

which implies, in component and then vector notation, the normal equations:

N
Z yi®Qie = Z D DO
=1 X

Dy=0"0o, (A.217)

In this notation, y is an N-component vector of data, @ is still a K-component
vector of parameters, and @® is an N x K matrix. If the K x K square
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matrix ®'® is invertible,'" we can solve for #, the parameter estimate that
minimizes y?:

b=(0'0) y=0'y, (A.218)

where ®* is the Moore-Penrose pseudoinverse of ®.!! In Problem A.8.2, we show that
if the measurement noise & is white, then § ~ N [0°,02(®"®)"']. In other words, the
estimate @ is unbiased. The best estimate for the data y is

j=@h=PPy,  pH= (I)((DT(I))_l o, (A.219)

In Problem A.8.3, we will see that P®®) projects the N-dimensional vector of observa-
tions y onto the K-dimensional subspace spanned by the columns of ®.!2 Intuitively,
as shown at right, the projection of a vector gives the closest distance between the
original vector and the plane, which represents the space of all possible model vectors.
Because PX) is a projector matrix, it must be idempotent, meaning PX° = PX. We
can show this directly:

P - 0 (0'0) o @ (0'0) @ =@ (0TD) @ = PO, (A.220)

pH pH

P® is also symmetric, hence diagonalizable: P> = RDR™'. The diagonal matrix of
eigenvalues then satisfies D*> = D. Correspondingly, each eigenvalue A satisfies A% = 2,
and is thus 0 or 1. The rank of P® is then the number of eigenvalues that = 1, which
is just K. Note that PX itself is N x N dimensional.

A.8.5 Assessing a Curve Fit

If observational noise is Gaussian, if each point has independent errors, if the model
function is linear in the unknown parameters, and if we have little prior knowledge
of the parameter values, then we are in the limit where the posterior distribution is
Gaussian in the parameters. To assess whether all these hypotheses hold, we can use
the value of the y? statistic itself. Its mean value is

X 2
1 1
Vi~ ;qu)ik} > =2 (Ily —5’||2> =2 <||(I - P(K))J’”2>

-1y N 2y = T K = (K)) = -
= STe(I- POV %) = STr(I-PO) =Tr(I-PP)=N-K=v. (A221)

2 IN
“W=m 2

In the last step, we recall that the trace of a matrix equals the sum of its eigenval-
ues. The quantity v is the number of degrees of freedom of the fit. Intuitively, each

The invertibility of ®'® can be a delicate question. In Chapters 6 and 10, we use least-squares fits for
system identification. There, the ® matrix is formed from both inputs u and outputs y of a dynamical
system. The input must satisfy conditions of persistent excitation to ensure that ®' ® is invertible.
Notice that if ® were invertible, then ®* = @', Here, ® is almost never invertible because there would
then be exactly as many data points as parameters (N = K). Nonetheless, we can write ®*® = 1.

The statistics literature uses the notation H, for hat matrix, because it “puts the hat onto y.” While this
makes for a cute in-joke, I prefer to emphasize the geometrical nature of the transformation.
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fit parameter “absorbs” one degree of freedom and reduces the expected y? accord-
ingly. We note that this argument also shows that the residuals y — § = (]I - P(K)) y are
correlated Gaussian variables.

A more detailed argument shows that the variance of P(y?) is given by 2v and, more-
over, that for v > 1, the x? distribution is asymptotically normal: y*> ~ N(v,2v). We
illustrate this convergence at left, where we normalize y> by v, so that the average
should be unity. Values of y*> much outside the range v + V2 should be treated with
suspicion. High values of y?> may result from underfitting — the model is too simple
to describe the data and there are systematic errors — or from using error estimates o-;
that are too small. (Recall that y> ~ 1/0%2.) Conversely, low values of y* may result
from overfitting — the model has too many parameters and is fitting the noise — or from
values of ¢ that are too large.

A.8.6 Model Structure Assessment

The y? statistic is not the whole story of model assessment because we must also
choose the model structure, the f(x,#) used in the fit. We should not be impressed
by models that can “fit anything,” even if they lead to better fits than does a simple
model, as they may simply be fitting to the noise. Although it would be logical to
develop this idea here, its novelty to many physicists has led me to include it as part
of the main text in the discussion of System Identification in Section 6.4. Briefly, we
describe two different ways to assess a model structure. The first, minimum description
length (MDL), looks for the “simplest” model, where simplicity is given a technical
definition that amounts to counting fit parameters. It is most appropriate for situa-
tions where the goal is to find and describe the underlying “true” model describing
the data. The second way of assessing a curve fit uses cross-validation, a model’s
ability to predict new data. It is often appropriate for control problems, where the
performance of a control system is limited by the ability to predict the next observa-
tion. Curiously, the two principles can lead to somewhat different model-selection
criteria.

A.8.7 From Posterior Distribution to Best Estimate

The result of a Bayesian analysis is a posterior distribution. For example, in Sec-
tion 8.3.1, we looked at a very simple example, the problem of inferring a constant x
from a noisy observation y = x + £ when the prior p(x) and likelihood function p(y|x)
are known Gaussian distributions. The resulting posterior distribution, Eq. (8.66), for
p(xly) also was Gaussian. Since a Gaussian is completely characterized by its mean
and variance, we can equally well give those values instead of the entire formula for a
Gaussian. This is what we do implicitly when we “make a measurement” and report
x + Ax. More generally, we would like to summarize a posterior distribution by a
“typical” value and an “error,” even if the distribution is not a Gaussian. Obviously,
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such an approach only makes sense when the distribution is at least approximately a
“bell-shaped curve.”

But how to go from a probability distribution to a couple of numbers? Here, there is
no unique answer. A sensible approach, decision theory, draws on ideas from optimal
control (Chapter 7). The strategy is to define a cost function J(%) = (Jo(%))y, which
quantifies the average “cost” of choosing & as the “best” estimator of x, given the
posterior distribution for x that is conditioned on the observation y. Here Jy(%) is the
cost function for the deterministic problem.

As the sketch at right shows, there are several reasonable candidates for Jy(%). From
top to bottom, we minimize the square of deviations, their absolute value, or we add a
constant cost for all deviations outside a range +A from the true value. In the first case,
for example, we look for the value & that minimizes the square of the deviations from
the unknown “true” value x, which is drawn from p(xly). Then, with Jo(%) = (£ — x)2,
we have

J@) = (- x)2>y = f dx p(xly) (£ — x)2. (A.222)
Differentiating with respect to % to find the optimum gives

d-] A% A%
Tilos =2 fdxp(xly) @ -x= 2(x - (x)y) =0, (A.223)

using [ dx p(xly) = 1. Thus,
F) = (x)y. (A.224)

Since J(X) is convex and J”(%*) = 2 > 0, we conclude that £* = (x), minimizes J. Thus,
with a mean-square-deviation cost function, the “best” value %* is the (conditional)
mean. We can use the same idea in many contexts, for example to estimate the “best”
parameters in a least-squares fit. Often, we will drop the * and not indicate the explicit
y dependence, using simply X.

In Problems A.8.4 and A.8.5, you will explore the other two cost functions, showing
that minimizing the absolute value of deviations leads to the choice of the median value
of p(xly) and assigning a constant cost to deviations outside a small range +A leads
to the mode. In the context of Bayesian parameter estimation, the choice of mode is
termed the maximum a posteriori (MAP) estimate.

A.8.8 Regularization

As discussed in Section A.8.5, when the number of parameters in a model becomes
large, there can be a danger of overfitting. The y? value is then anomalously low.
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Ridge regression provides a way to regularize the y? statistic to'3
1
X0 = —lly - 01 +BlIeI” (A.225)

In Eq. (A.225), the B parameter is equivalent to putting a prior distribution on the
values of the unknown parameters 6. Indeed, if the prior for each 6; is Gaussian,
with standard deviation o, we can identify 8 = 1/02. More informally, Eq. (A.225)
expresses a compromise between choosing the parameters to fit the data (first term)
while keeping parameter values small (second term).

Minimizing the augmented y? statistic in Eq. (A.225) leads to a straightforward
generalization of Eq. (A.218):

b=(@'®+p) @y, (A.226)

where I is the K x K identity matrix. We see explicitly that for 8 — 0, the estimate §
reduces to that of Eq. (A.218), while for 8 — oo, we have § — 0.

Despite its connection to notions of a Bayesian prior, regularization can seem ad
hoc. Its popularity stems from two key points: (1) overfitting tends to produce param-
eter fluctuations that are much larger than plausible parameter values, and (2) the
inversion in Eq. (A.226) is numerically much more stable as 3 is increased from zero.
Regularization is thus often a practical step for parameter estimation.

A.8.9 Monte Carlo Methods

Monte Carlo methods constitute an alternate way of approximating integrals over a
probability distribution density p(x) that is based on samples drawn from the distri-
bution itself. In evaluating the integral in Eq. (8.103), we sampled uniformly from
the n-dimensional domain bounding the set of possible states x. We can ask, in a
typical case, what fraction of the normalized weights P; are appreciably nonzero? The
question is equivalent to asking, “Over what fraction of the space does p(x) have a non-
negligible amplitude?” Imagine, for example, that in each dimension, p(-) is nonzero
for 1—10 of the total domain coordinate. Then in two dimensions, p would be nonzero
on only 1% of the area. In three dimensions, it would be 0.1% of the volume, and in
n-dimensions, it would be a fraction 10™. Thus, another consequence of the curse of
dimensionality is that only a tiny fraction of the weights P; differ appreciably from 0 in
high dimensions. Evaluating p on all the grid points is then terribly inefficient.

Let us then try the other extreme and draw a single point, x' from p(x) and try ¢(x')
as our estimator. Observe that the expectation value of ¢(x') is simply given by the

13 There are many ways to regularize the y? statistic. A slight variant, Tikhonov regularization, defines

Y20 = ﬁ lly — @8] + |T9)?, with T’ a matrix. In this more general kind of regularization, we can
impose more subtle constraints. For example, I can approximate a spatial-derivative operator that corre-
sponds to differentiating # twice in a discrete representation. If the parameters correspond to the spatial
degrees of freedom of a field, we would be favoring smoother solutions that had reduced “roughness.”
Thus, Tikhonov regularization can be appropriate for inverse problems where the goal is to find a non-
parametric estimate of a function, while ridge regression can be appropriate for parameter estimation
problems in curve fitting.
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integral [dx'@(x")p(x') = (p). This single-point estimator is unbiased! Although
you will immediately object that the variance, equal to Var ¢, is large — if you happen
to choose a point where ¢(x) has a very atypical value, your estimate will have a huge
error — we can remedy that by picking a reasonable number N of independently drawn
points and averaging over them. Thus, we arrive at the Monte Carlo estimate for

{p(x)):
1 < . 1 1
p(x):N;zS(x—x), p==> ¢ Varp= - Varg. (A.227)

Equation (A.227) is of the form of Eq. (8.103), except that the weights w; have become
uniform (w; = %) and the points x’ now are drawn from p(x) and not evaluated on
a grid. Note that we should, but do not, use a different symbol for the Monte Carlo
estimator @; the context will be enough to distinguish which estimator is referred to. At
right, Var  states that the variance of the mean of the average N independent estimates
is just ﬁ the variance of one estimate (standard error of the mean). In Problem A.8.6,
you will review this statement. Notice that the variance of ¢ depends only on the
variance of ¢ itself and the number of samples N drawn from p. It is independent of
the dimension n of the space!

To picture Monte Carlo sampling, consider the figure at right, which shows a con-
tinuous probability distribution at top (sum of two Gaussians). The ticks at bottom
mark the positions of 20 draws, with their even weight represented by the even height
of the lines. The bottom graph is a histogram, based on 1000 draws, which demon-
strates that we can use the Monte Carlo approximation to derive a more conventional
grid approximation of the distribution. Of course, to make this scheme work, we need
to know how to draw numbers from odd-shaped probability distributions.'*

The above argument that sampling from a PDF allows us to approximate the con-
tinuous density via a histogram is intuitively reasonable but not rigorous. To justify
p(x) ~ + 3,8 (x — x') more carefully, we look at the corresponding approximation
to the cumulative density function (CDF). For simplicity, we restrict ourselves to a
one-dimensional case, where x’ is distributed as p(x). Then

a N N
CDF(a) = f dx p(x) ~ f dx % Z S(x—x)= Z %h_m,a)(x") (A.228)
- - i=1 i=1

where 1(,)(x) is the indicator function, which is 1 when a < x < b and 0 otherwise.
Equation (A.228) implies that our Monte-Carlo approximation to p(x) is equivalent
to an approximation to the CDF where the probability that x < a is by the fraction of
elements x' < a, based on N trials. Since the x' are drawn from p(x), the law of large
numbers implies that the fraction < a converges to the probability x < a and, hence,
p(x) = px).

Although Eq. (A.227) would seem to solve our problem, we still need to know how
to draw points from a high-dimensional, irregular distribution. Above, we argued that

14 For the example here, we sample using the technique of rejection sampling, which we do not cover because
of its limited applicability to state-estimation problems. See MacKay (2003).
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p(x) = 0 for all but a vanishingly small subset of points, which, in general, are hard to
find. In other words, at best, we have reduced one hard problem to another. Still, that
is progress, and we can now draw on a wide array of techniques for drawing points
from complicated distributions. We focus on two, importance sampling and bootstrap
resampling, that have proven useful in particle-filter applications of MC techniques.

Importance Sampling

We have seen that if we can draw numbers from a probability distribution, we can
approximate nicely all the quantities we need in state estimation. Yet we have argued
that drawing numbers from a high-dimensional distribution is hard, as the density
function p vanishes almost everywhere. Assume, then, that we have another density
function g(x) that is simple enough that we know how to draw numbers from it. Then,
we can use ¢ to help us evaluate (¢),. Notice that we now are careful to specify whether
we average over numbers drawn from p or from g. When x; is distributed as g(x), with
q(x) strictly positive, we have,

Wi i pr(x)

(;b = —-—, w; = "
i Wi q(x")

where ¢; = ¢(x;). In Eq. (A.229), P may not be normalized, so that p = p*/Z,, where
Z, is the normalizing factors (partition functions). The weights w; now are adjusted
to have different importance depending on whether the distribution p* or ¢ is larger at
a particular point x'.

Let us first show that ¢ is an unbiased estimator for (¢) when N — c0.!> The easiest
approach is to look separately at the numerator and the denominator. For the latter,
averaging the point x’ over g(x’), we have

< w,> Zf 'p(l) Nfd’p()q(x) NZ,. (A.230)

For the numerator, we have, similarly,

, (A.229)

<Z w; ¢i> = NZ,(¢), . (A.231)
J q

Note that although the numerator and denominator are each unbiased for any N, their
ratio is unbiased only for N — oo. See Problem A.8.6.

Also in Problem A.8.6, we investigate the variance of ¢ in Eq. (A.229). The upshot
will be that, assuming ¢(x) > 0, we can choose g(x) = p(x) ¢(x) and make the variance
vanish! Before celebrating, we note that the desired g(x) must be normalized. And if
we can normalize Z, = f dx p(x) ¢(x), then we can do our original integral and have
no business trying to solve it by Monte Carlo methods. Still, the general implication is
that by making g(x) resemble p(x) ¢(x) as much as possible, we can reduce the variance
of the importance-sampling estimator.

15" Such estimators are termed asymptotically unbiased.
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Bootstrap Resampling

Bootstrap resampling is a simple idea that seems almost magical when you first hear
of it. Imagine that we have drawn N “data points” (samples) x’ from a data set that
follows a distribution p(x). We denote this set of data points by {x}. The twist is that
we do not know the distribution explicitly. For example, the samples may come from
an experiment that we do not understand well, or, in the case we are interested in this
book, from a high-dimensional state vector whose distribution is too complicated to
write down easily.

To get a feel for the bootstrap method, consider a statistic ¢ that is defined as a
function of the data set. We distinguish @, which is evaluated over {x}, from (¢),, which
is an integral over p(x). To estimate the distribution of @, we start from the original
data set {x} and define a new set {x*} of N clements by resampling with replacement.
That is, we draw N values x' from a “bag” containing the original data set, each time
replacing the value we picked before the next draw. The claim then is that we can
approximate the sampling distribution of @ by evaluating it on the set of resampled
elements:

N*

. [e({x* D], (A.232)
N Z} ple

(@) =

where {x*} is a new set of N samples drawn, with replacement, from {x}. The distri-
bution in Eq. (A.232), known as the exact bootstrap estimate, requires evaluating all
possible resamplings (with replacement), N. Since N} is impractically large for even
modest N,'¢ we use a Monte Carlo estimate for Eq. (A.232) that is based on N < Ny
bootstrap resamplings. Again, each resampling involves drawing N elements from the
original data set with replacement.

Example A.20 (Bootstrap estimate of the variance of the sample mean.) The most common
application of bootstrap resampling is to estimate Var ¢ rather than the whole sam-
pling PDF. We illustrate the Monte Carlo bootstrap method at right. We draw
5 samples from a Gaussian distribution, N(0, 1), and are interested in the average,
o= % >; Xi, which approximates the mean ¢ = f dx x p(x). The smooth curve shows
the exact sampling distribution for @, which is simply NV(0, %). The histogram estimate
of the PDF at right is based on 100 resamplings with replacement. Note that its form
is close to the Gaussian of the true sampling distribution. For example, its standard

16" The number of times » that an element x' is included in a single sample with replacement is given by the
multinomial distribution of N elements that each have probability 1/N, which implies that the number
of resamplings is Nj; = 2N - D!/(N - 1)!. For N = 15, the number of possible resamplings is already
0(10?%).
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deviation, 0.35, is close to LS = 0.45. But although the mean of the bootstrap dis-
tribution, —0.50, is close to the mean of the 5-element data set, —0.46, it is not (and
cannot) be centered on 0, since all that we know about the true mean is derived from
the original data set. But remarkably, we have found a good estimate of the variance.
Indeed, we seem to have gotten something for nothing: with just one experiment or
simulation, we have estimated the variability in a quantity, something that would have
normally required many (costly) repetitions or a theoretical calculation. We know how
to do the latter for an estimate of the mean, of course, but not for more complicated
statistics.

A variation of resampling that is of direct interest for state estimation is to use
importance sampling to estimate properties of a different distribution. The cal-
culations reprise those of standard importance sampling. Assume that we have
samples x' ~ g(x) and wish to transform them into samples from the distribution
p(x) = le pi(x), with Z, = f dx p*(x). To understand how to do this, we return to the

estimate of the CDF in Eq. (A.228), with g(x)  3; .8 (x — x). Then,

. dx—q(X) de,p(;)é(x x')
CDF(a) = f dx p(x) = f_m ~ Nf <x>q() '
- [2dx 2 gx) & Zi i 8 (r =)
e d
_ ¥ 2 o q(xl o) £ Bl Com(x) ZN:;M () (A.233)
- Ly 2@ - ¥ Ziwi S .
N & g(x) N !

where we have defined weights w; = 2 ((X) and w; = T Thus, if we weight the event
x' by W; in all sums involving expectation values, the result will be equivalent to having
drawn a value from p(x), rather than ¢(x). To put this result in the context of Bayes’
theorem, if p(H|D) = % p(D|H) p(H) and if we can sample from the prior x ~ p(H), then
we can generate samples from the posterior using Eq. (A.233), with p* = p(D|H) p(H).

One issue with transforming the sampling distribution is that when p(x) is very dif-
ferent from ¢(x), the resulting wide range of weights w; reduces the effective number
of points sampled. Points with very little weight do not contribute much to the sum
in Eq. (A.233). As a consequence, more samples are needed to make the effective
number of samples of p equal to that from the original distribution q. When the new
distribution is not too different from the old, the method can work well.

For further information on Monte Carlo methods, see Press et al. (2007) and
MacKay (2003).

ProblemA.8.2 Show thatif & ~ N(0, 02I), then the best estimate @ of a linear fit is Gaus-
sian distributed about the true values @, with variance o-2(® ®)~!. Notice how
the variance of the parameter estimates is proportional to the variance of the
original data. Qualitatively, what happens if the measurement noise is colored,
so that § ~ N(0, @), with a covariance matrix that has off-diagonal elements?
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ProblemA.8.3 Show that for an orthonormal basis in function space, e; - e; = 0 that
K
b=y e, ory=>(-ede, (A.234)
k=1

justifying the interpretation of P®) as a projector matrix in Eq. (A.219).
ProblemA.8.4 For the cost function J(X) = (|x — X|) = f dx|% — x| p(xly), show that
minimizing J implies that £* is the median of p(x|y). Investigate J”(£*), too.
ProblemA.8.5 For the bottom “box-shaped” cost function with a small width A, show

that minimizing J(&) implies that £* is the mode of p(x|y).
ProblemA.8.6 Important details about importance sampling. We fill in some gaps in our
discussion of importance sampling. Assume a scalar variable x.

a. Asawarmup, use Eq. (A.227) to show that, for N independent draws x’ from
p(x),if @=L ¥V ¢, then Var ¢ = L Var ¢.

b. Importance sampling estimates the average of ¢(x) over the distribution p(x)
using a second, proposal distribution g(x). In general, p and ¢ need not be

normalized, but here we assume they are. Then, (¢), =~ ¢ = Zf\i | Wi o(xh),
p)/g(x)
i p(x)/q(x')

Show that (@) = (¢}, and Var,[¢] = £(2£), - (¢)2). Show that the vari-
ance vanishes when we pick g(x) = p(x) ¢(x), a choice that is valid only for
@(x) > 0.

c. Bias of the ratio. ¢ is biased for finite N. To see how this can arise, consider
a case of N random variables n; and d; (numerator and denominator, in this
case). Assume that they are correlated, as this is true for the importance-
sampling case. (Why?) Let (n) and (d) be the mean values of the random
variables (e.g., (n) = f dnn p(n)). Let bars denote arithmetic averages (e.g.,

with weights w; = . The ¥’ are N independent draws x’ ~ g(x).

7=+ Y n;). Then show <%> # % by writing n; = (n) + dn; and giving the
lowest-order corrections.

A.9 Stochastic Processes
|

We can extend the notion of a random variable x to a sequence of random variables xy,
for example a time series of values measured at regular times, x; = x(kT’s). Examples of
such times series include the noise “sources” v and w from our discussion of Kalman
filters (Chapter 8). The time series are Gaussian white noise processes, with zero mean
and specified variance. That is, each random variable x; = x ~ N(u, o) is drawn from
a Gaussian distribution,

exp [— x } . (A.235)

202

1

oV2n

p(x) =

We are often interested in noise terms v, and &, which are stochastic processes, or
time series. For example, in Chapter 8, we consider dynamical systems with noise
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added to the inputs (the process noise v;) and to the outputs (the measurement noise
&). At each time kT (or k, for short), one draws a noise term from a probability
distribution (Gaussian in many cases). Every element in an ensemble would have a
different actual number for the kth draw, and every repetition of a sequence of draws
would also be different. We characterize the stochastic processes by characterizing
their statistics. For example,

Vi) =4 =0
Vevie) =V 0, (Ekér) =E b, (A.236)

where the Kronecker delta symbol

1 ifk=k,
dww = ) (A.237)
0 otherwise .

and where the angle brackets (---) denote ensemble averages over the respective
Gaussian probability distributions, N'(0, v?) and N(0, £%).

Note that in Eq. (A.236), the second moment is the variance, since the mean is
zero. Otherwise, subtract off its square. Note, too, that the variances v> and &> are
independent of time k. Time series whose moments (mean, variance, etc.) are constant
are stationary. To denote a nonstationary time series, we would use v,f and §,§ (and
would need to carefully distinguish those quantities from the square of the random
variable at time k).

We can extend these definitions to continuous-time stochastic processes. For exam-
ple, a one-dimensional stochastic process v(r) has, for each time ¢, a probability
distribution. We will often be interested in the case of Gaussian noise, where that
probability distribution, p(v,t) is Gaussian, as in Eq. (A.235), above. In such a case,
all we need do is specify the moments. A common idealized case is delta-correlated
noise, where the probability distributions from two different times are independent of
each other. Formally, we can specify such a case using the notation

() =0, vOvE))y=6@-1). (A.238)

For a multivariable case v(¢) is an n-dimensional vector, each of whose elements is a
stochastic process, and we write

Vy=0, YOV E)H=0,560-1), (A.239)

where the nxn matrix Q, is diagonal when each element of v is an independent stochas-
tic process. Off-diagonal elements give the covariance of element i with element j. In
the mathematical literature, an alternate notation is usually used:

V(t) ~ N(O’ Qy) 5 (A240)

with a mention that the v(¢) are i.i.d. (independent, identically distributed) variables.
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A.9.1 Independent Processes

The simplest kind of stochastic process is one in which the probability distribu-
tions governing each element are independent. For a discrete-time process X with
realizations x;, independence implies

p(x1, %2, xn) = p(x)p(xa) - - - p(aw) - (A.241)

If the distribution for p(x;) is independent of time k, the random variables are i.i.d.:
independent and identically distributed and constitute a purely random process. Using
our more compact notation, we can also write p(x") = [, p(x), with k ranging from
1 to N.

A.9.2 Markov Processes

Markov processes are an important special case of a stochastic process, where the
present state alone determines the future. Here, a series of states, x;, is a Markov
process if

P 1X) = plaierlx) - (A.242)

In Eq. (A.242), the notation x* is shorthand for the set {xx, x¢_1, . .., x1}. In other words,
the probability distribution function for the random variable x;,; depends only on the
most recent state x; and not on the previous states x!.

Although the Markov assumption would seem to be very restrictive, many processes
can be put in that form. A process at time k that depends on both X — 1 and £ — 2 can
be rewritten as a Markov process by enlarging the state vector to be the pair x; and
xr+1. Thus, increasing the dimension of the state vector can turn a history-dependent
process into a Markov one. In that sense, the question to ask is whether a finite-
dimensional state vector suffices and, if so, whether the required dimension is small
enough to allow useful calculations.

The Chapman—Kolmogorov equation is an important relation satisfied by Markov
processes. Using the marginalization identity of Eq. (A.134) and the definition of
conditional probability, Eq. (A.132), we can always write

p) = [ dn peacn) = [ dn pslnpea)
Similarly, we write
p(x3, x1) = p(xs|x)p(x) = fdxz p(x3, X2, x1)
=de2P(x3|xz,x1)p(Xz,x1)

- f s ) pxala)p(an) (A.243)
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where we use the Markov property that p(x3|x;, x1) = p(x3|xz). Dividing by p(x;) gives
the Chapman—Kolmogorov equation for discrete-time processes,

plxslx)) = fdxz p(x3|x2)p(xalxy) . (A.244)

For the case where x; can take only discrete values (e.g., Chapters 12 and 13), the
integrals over x become sums.

A.10 Information Theory
|

We give a very quick review. Information theory was “born as an adult” in a remark-
ably clear and complete two-part paper from 1948 by Claude Shannon that is still well
worth reading. For later developments, the standard text in the field is Cover and
Thomas (2006), while Gibson (2014) is compact, accessible, and has an especially nice
treatment of rate distortion theory. Papoulis and Pillai (2002) discusses many connec-
tions between information theory and signal processing. MacKay (2003) discusses
connections to Bayesian inference and statistical physics. Bialek (2012) discusses
biological applications.

Working at Bell Laboratories during World War II, Shannon’s goal was to develop
a general way to understand communication systems. His 1948 article is entitled
“A Mathematical Theory of Communication,”!” with no mention of “information.”
Shannon’s abstract schematic diagram of a communication system is redrawn as
Fig. A.7. The schematic has five elements:

1. Information source. Produces the message(s) to be communicated. For example, a
set of English words. The words are then encoded into a standard alphabet. For
example, each letter in the English alphabet is converted to a sequence of Os and 1s.

2. Transmitter. The code is converted into a form suitable for transmission (e.g.,
voltage levels for 0 and 1).

3. Channel. The medium used to transmit the signal. For example, the message could
be communicated electrically over wires, by radio waves, by photons over an optical

Information . . L
S —> Transmitter ——>.__ Channel —> Receiver —> Destination
e Signal Received
signal
Message Message

Noise source

Abstract elements of a communication system. Adapted from Shannon (1948).

17" By the time the articles were reprinted a year later in book form (Shannon and Weaver, 1949), the title

had changed to “The Mathematical Theory of Communication.”

69



70

Mathematics

fiber, and so on. The channel is usually noisy: the output can differ, stochastically,
from the input.

4. Receiver. Inverts the coding operation. The equipment could be an antenna for
radio waves, a photodiode for an optical fiber, and so on.

S. Destination. The person (or thing) for whom the message is intended.

“Communication” is thus a very general concept. In this book, our most important
example of it is measurement. That is, we will view the physical quantity we are trying
to measure as the information source and the sensor as the noisy channel and receiver.

Here, we begin by defining and discussing briefly some basic quantities.

A.10.1 Entropy

Shannon viewed the transmission of a message across a noisy communication channel
as a process of selecting from a set of possible messages. In the discrete case, the mes-
sage is a random variable X that takes values (“outcomes”) x that belong to a finite
(or countably infinite) set X = {x;}, which is also called the alphabet and is similar
to the event space of probability theory (Section A.6). For example, a binary signal
may transmit a 0 or 1, a two-letter alphabet X = {0, 1}. The notion of information then
quantifies how much we learn — how “surprised” we are — when we receive a symbol. If,
for example, a symbol x = 0 or 1 with equal probability —i.e., P(x =0) = P(x = 1) = %
— then receiving a 0 or 1 allows us to answer one “yes or no” question. We define this
to be a bit (= binary digit) of information. With n bits of information, we can answer
n “yes or no” questions, selecting from among 2" possibilities. Inspired by an earlier,
informal effort by Hartley (1928), Shannon called the logarithm of the number of pos-
sibilities the entropy of the message. Here, log,(2") = n and measures the uncertainty
associated with a random variable. Conversely, it tells how much information is gained
after measuring the quantity (neglecting measurement noise). Note that information,
as defined here, has nothing to do with meaning or semantics.

Let N = |X| be the number of elements in the alphabet. Equally likely possibilities
have probability P = 1/N and entropy log N = log(1/P). When events occur with
different probabilities Px(x = x;) = P(x;), the average entropy of the random variable
Xis

1
HX) = <10g —> = Z P(x;)log P(x;). (A.245)
P()C) xieX

Notice that the entropy is a function of the probability distribution P(x). The log-
arithm base in Eq. (A.245) determines the units as conventionally base 2 (bits) or
e (nats). The term “entropy” reflects a formal similarity to the entropy defined
by Boltzmann and Gibbs in statistical physics, the difference being one of units, as
reflected in the dimensional prefactor kp (Boltzmann’s constant). Below, we will see
(Eq. A.280) that for any assignment of probabilities P(x), the entropy is in the range
0 < H(X) <logN.
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Shannon actually derived the form of Eq. (A.245) from a small number of axioms:

1. H(X) is a continuous function of the probabilities P(x;).

2. If P(x;) = 1/N, then H(X) is a monotonically increasing function of N.

3. If a choice is broken down into two different series of sequential steps, the value of
H should be consistent with either partition.

The full statement of the last axiom and the proof that they lead to a unique function
is nicely discussed in Shannon’s original 1948 paper. Pressé et al. (2013) discuss the
derivation in a broad context. Here, we focus on the properties of entropy.

One of the powerful features of information theory is that it leads to proofs that hold
for arbitrary probability distributions. Here, we mostly forego such general results
and consider, instead, two archetypical examples: a discrete binary sequence and a
Gaussian random variable, where the set of possible states is the real line (and hence
a continuous variable that is uncountable). We begin by defining them and evaluating
their entropy.

Example A.21 (Discrete Binary Sequence) Let the signal be a discrete binary sequence x;,
representing, say, two states of a system. We can label them x = 0 and x = 1 for
convenience, but any two “letters” will work equally well. Then, if the probability of
observing 0 is P(x = 0) = p and of observing 1 is P(x = 1) = 1 — p, the entropy is

Hy(p) = —plog p— (1 — p)log(1 — p). (A.246)

The graph at left shows H, in units of bits. Notice that, as discussed above, the maxi-
mum 1 bit of uncertainty occurs at p = %, and the minimum value, 0, occurs at p = 0
orl.

Differential entropy. When there are a continuous number of states, the alphabet
X is a continuous set (for example, the real numbers). Let us define the “obvious”
generalization to the continuous case, the differential entropy:

H(X) = —f dx p(x) log p(x). (A.247)
xeX

To see why this definition is not quite the same thing as the “continuous version” of
the discrete sum in Eq. (A.245), let us define a coarse-grained entropy by integrating
over an interval Ax, with

(i+1) Ax

P; = f dx p(x) ~ P(x;) Ax. (A.248)
iAx

Then, at the discretization scale Ax, the coarse-grained entropy is

HpX) = = ) Pilog P = = > P(x;) Axlog[ P(x;) Ax]

=— Z Ax P(x;) log P(x;) — (1)log Ax

- - fdxp(x) log p(x) — log Ax. (A.249)
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Thus, the differential entropy differs from the coarse-grained approximation by a
constant, — log Ax, that diverges as Ax — 0.

Example A.22 (Uniform distribution)  If p(x) is a uniform distribution between a and b, the
differential entropy is

b
H(X) = +f dx(b 1 a) log(b — a) = log(b —a). (A.250)

Notice that the differential entropy is infinite if the range of x is infinite.

We can also now interpret the differential entropy more precisely: it is the difference
between the entropy of the distribution P(x) and that of a distribution that is uniform
over X. That is, the entropy for a continuous distribution is infinite — it takes an
infinite number of bits or digits to specify an element completely and thus be certain
of its identity — but the difference in entropy between two distributions may be finite.

A Gaussian distribution also has finite differential entropy.

Example A.23 (Gaussian distribution) Let the random variable X have values x ~ N(0, %)
that is a Gaussian random variable. The differential entropy of X is
00 x2
H(X) = - f _drp(n) log plx) = <10g (o V2m) + 5 log e> = Llog (2med?) .
(A.251)

Up to constants, H ~ logo. It is easy to show that the entropy is the same if (x) = u.
Inverting Eq. (A.251) gives the variance in terms of the entropy:

1
P — Y A252
7 T ome € ( )

Joint entropy. The definitions of discrete and continuous entropy functions generalize
immediately to multiple random variables X; with outcomes x;, with an important
case being the stochastic processes discussed in Section A.9. For the discrete case, we
denote the set of random variables {X;, X5, ..., Xy} by X", as in Section 15.2. Then,

HXY) = - Z P() log PGV (A.253)

The N-fold sum is (implicitly) over the entire alphabet X for each random variable X;.
Likewise, the differential entropy is an N-dimensional integral:

HXM) = - f . dx" p(x") log p(x"). (A.254)

For example, if XV = X is a multivariate Gaussian with realizations x ~ N(u,X),
then you will show in Problem A.10.2 that

H(X) = }logdet(2meX) . (A.255)
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Conditional entropy. Consider the reduction in uncertainty, or gain of information, on
measuring y, given that x is known. Let us revert to an explicit notation where the
random variable X has outcomes x € X. Likewise, Y has outcomes y € Y, and sums or
integrals of x and y are taken over their respective alphabets. Then,

H(Y|x) = HY|X = x) = — Z POy|x) log PGIX) (A.256)
y

which is just the reduction in uncertainty, or gain of information, on measuring Y,
given that another random variable X is known and has a particular value x.
The average reduction in uncertainty on measuring Y, averaging over X, is

HY1X) = (HY X)), = - Z P(x) P(ylx) log P(y|x)
xy

= Z P(x,y)log POlx). (A.257)
X,y
From Eq. (A.132), we also have
P(x,
H(Y|X) = — Z P(x,y)log % = HX,Y) - H(X). (A.258)

Xy

Chain rule for entropy. Rearranging the terms in Eq. (A.258) gives
HX,Y)=HX)+ HY|X)=HY)+ HX]|Y). (A.259)

The latter relation comes from decomposing the conditional probability the “other
way,” P(x,y) = P(x|y)P(y). Similarly, for three variables, the chain rule is

H(X,Y,Z) = HX) + H(Y, Z|X)

= HX) + HY|X) + HZIX,Y). (A.260)
For N variables, it is
N
H(XN) = Z HX XY, (A.261)
k=1

Compare this relation with the chain rule for probabilities (Problem A.6.1).

Example A.24 (Two-state Markov chain) Let X be a random variable with alphabet X =
{0, 1}, with transition probabilities P(0|0) = P(1|]1) = 1 — g and P(0]1) = P(1]|0) = &, as
illustrated in the state diagram in Figure A.8. We can calculate the conditional entropy
directly:

HXlX)) = = )" P(x1,x)log P(xalx1) = Ha(e) (A.262)

X1,X2
again illustrated at left. The sum for each x; is over X = {0, 1}. The limits make
sense: When ¢ = 0 or 1, the sequence is completely determined by its initial condition,
and further observations do not reduce the uncertainty (i.e., they are certain). Thus,

Entropy (bits)
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Two-state symmetric Markov chain.

H(X,|X;) = 0. On the other hand, when ¢ = %, there is a 50-50 chance that the next
symbol will be 0 or 1, implying a log 2 reduction in uncertainty per observation.

Changing Variables

If the entropy of X is H(X), what is the entropy H(Y) if y = f(x)? This question
will have very different answers, depending on whether the instances x of the random
variable X are drawn from a discrete or a continuous set.

Discrete case. Let us first assume that the function f(x) is one-to-one, with a unique
inverse. Then, every element x; has a unique element y;. Then P(x;) = P(y;) and, hence,
H(Y) = H(X).

If f(x) is not invertible, then at least two elements x; and x; map to the same new
element y;, implying that H(Y) < H(X). Intuitively, there are “fewer possibilities” for
the variable Y than for X and its uncertainty is therefore lower.

Continuous case. This case is completely different, for reasons that trace back to the
definition of differential entropy itself, which depends on the choice of coordinates.
For example, if we rescale y = ax, then p(y) = p(x)| dx/dy | = p(x)/|al, and

HY) = - f dy p(y) log p(y) = H(X) + log|al. (A.263)
s

Compare this result to the discrete case, where rescaling is an invertible transforma-
tion and H(Y) = H(X). Since |a| can be less than 1, log |a| and hence H(Y) can be
negative. The absolute value in Eq. (A.263) comes from the transformation of prob-
abilities, which must be > 0. Lack of invariance also traces back to the fact that the
probability density function p(x) has units, whereas probabilities P(x) do not.

As an example, consider the transformation y = 2x. Let a real number x have the
binary expansion x = 0.aaa3 ..., where a; € {0, 1}. Then y = 2x just shifts the binary
digits one place over to the left:

x=0.aiama;... = y=aj.aazd,.... (A.264)

For P(a; =0) = P(a; = 1) = %, at a given discretization scale, the binary expansion of
y has one more bit (binary digit) than does x. Equivalently, the uncertainty in y is one
bit greater than that of x, which is what the log |a| = 1 term indicates.
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For multiple variables XV = {X|,X,, ..., Xy}, the differential entropy transforms as
HY") = HX") + (log|J]), (A.265)

where J is the determinant of the Jacobian matrix of the coordinate transformation
between the vectors XV and YV, assuming the transformation to be invertible. In the
special case YV = AXY, we have

H(YN) = HXV) + log | det A|. (A.266)
As in the discrete case, if the transformation is not invertible, then H(Y") < H(XV) +

(log |J]).

A.10.2 Entropy Rate and Stochastic Processes

The entropy of a stochastic process is a special case of the notion of joint entropy,
defined in Eq. (A.253). Since we expect the entropy to be proportional to the number
of variables N (extensive), we define the entropy rate (or density)

H(X) = Jlim THXY). (A.267)

Clearly, H(X) is a kind of average entropy per variable and is most interesting when
those variables are correlated; however, to build up our intuition, let us first consider
N independent variables X;. Then P(x") = P(x;) P(x») ... P(xy) and

N
HXY) = - Z P(x1)... P(xy) Z log P(x;) = N H(X). (A.268)
xieX i=1

The entropy of N independent, identically distributed variables is just N times the
entropy of a single variable. In Eq. (A.268), there are N terms, each with N sums. In
each sum, N — 1 terms “go away,” since ), P(x;) = 1. The entropy rate is then

H(X) = Jlim LINHXY)] = HX). (A.269)

As expected, the entropy rate of a sequence of uncorrelated, identically distributed
random variables is just the entropy of a single random variable.

Example A.25 For a more interesting case, consider a stationary Markov process
(Sec. A.9.2), where P(Xps1|Xk, Xk, - - -, X1) = P(xee1]x%) = P(xe1]xi). Then

HX") = - Z P(xylxn-1) ... P(x2lx))P(x1) log [P(xnlxn-1) . .. P(x2|x1)P(x1)]
xieX
= H Xy Xy-1) +...+ HX X)) + HX))
= (N - DH(X,|X)) + H(X))
= (N = DH(X,|X) + HX). (A.270)
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In the last step, we introduce X, as the random variable one time step after X. Because
the time series is stationary, H(X;11X;) = H(X;1|X) for any k. Taking the limit N — oo,
we see that the entropy rate is simply H(X) = H(X,|X;). In other words, the average
increase in entropy per measurement is the conditional entropy. Because of corre-
lations among measurements, the conditional entropy is less than the entropy of a
single measurement: H(X|Xo) < H(X;). Thus, HX")/N — H(X) from above, with
corrections O(N~'). Finally, see Section A.10.4 for a proof that conditioning reduces
entropy.

The entropy rate for a general stationary Markov process P(X;.1|Xy) follows the
arguments given in Example A.25, which leads to

H=-— Z P(x)P(x,1]%) log P(x,1]x) (A.271)
(x,x41)eX

where P(xii1lxx) = P(xi1|x) for any k£ and where the steady-state distribution P(x)
satisfies

P(x) = Z P(xs1|%) P(x) . (A.272)
xeX

For an application, see Problem A.10.7.

Example A.26 Consider the transformation

k
Vi = Z X - (A.273)
n=0
Since the random variables yy, . .., y; are causally related to x, ..., x;, the transforma-
tion matrix is lower triangular:
ap 0 0
ap ap e O
A=, . (A.274)
g Q-1 - dg

The determinant of A is easy to calculate: det A = (a9)**!. The differential entropy is
then H(Y) = H(X) + (k + 1)log|ao|. Dividing by k + 1 gives the entropy rate:

H(Y) = H(X) + log |ag) . (A.275)

In words, the uncertainty typically increases or decreases by log |ag| each observation,
depending on whether |ag| > 1 or < 1.
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A.10.3 Relative Entropy

The relative entropy, or Kullback—Leibler divergence, is a useful measure of the
“distance” between a probability distribution Q(x) and a reference distribution P(x):

D(P||0) = Z P(x) log Q(( )) (A.276)
Obviously, D(P||P) = 0. In general, D(P||Q) > 0 (Gibbs’ inequality). To see this, we
consider the convex function f(u) = —logu and apply Jensen’s inequality, (f(u)) >

f(u)), for P = P(x) and Q = Q(x):

_Zplog(%)z—logZP(%):—logZQ:—logl=O. (A.277)

The quantity D is not quite a metric, as it is asymmetric between the two distributions
— D(P||Q) # D(Q||P), in general — and does not satisfy the triangle inequality.
The continuous version of the relative entropy is

Dmm=jkumn%%% (A278)
Unlike differential entropy, the relative entropy between continuous distributions is
invariant under a coordinate transformation y = f(x). The Jacobians cancel in the
ratio of p/q, and we transform probabilities by p(x) dx = p(y) dy. See Section A.6.5.

As an application, H(X) < log N, where N = |X| is the number of elements in the
alphabet X. To see this, let Q(x) = 1/N and apply the Gibbs’ inequality:

P(x)

Dﬂ@—ZHng/

=—-H(X)+1logN >0. (A.279)
We can strengthen this conclusion. Complete certainty means knowing that a mea-
surement will lead to a particular outcome, for example, x;. Thus, P(x;) = 6;;, which
implies that H(X) = 0. Further, for discrete probabilities, 0 < P(x;) < 1, since prob-
abilities are positive and must sum to one: Y; P(x;) = 1. Then log1/P(x;) > 0 and
H = (log 1/P) must also be positive. Thus,

0<HX)<logN. (A.280)

The relative entropy can also be interpreted as the amount of information lost when
the “wrong” probability distribution (Q) is used to interpret events that actually come
from P.

Example A.27 (Counting and probabilities) Let p; be the probability that event i occurs. For
N trials and K possible outcomes, you observe n; counts of event i, with Zfil n; = N.
We claim that p; = n;/N is the maximum likelihood estimate of p;,. The slick proof
is based on relative entropy. We use the notation P(n;; ¢;) to denote the likelihood of
observing n; counts given the estimator ¢; of the probability p;.
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We need to show that P(n;; p;) > P(n;; g;) for all numbers ¢; # p;, or, equivalently,
that log P(n;; p;)/ P(n;; g;) > 0. Independent events of probability p; occur n; times with
probability o p¥'. Then, with n = {n;}, p = {p;}, and ¢ = {g;}, we have
P(n; p) [ P Di . Dbi .

=1lo = nilog— =N ;log— =ND(p,q) >0, (A.281
Pirg) S TLd} =2 *u Z‘p ®q b4 )

i i i

log

with equality if and only if ¢; = p;. In words, in the absence of any prior information,
the most likely estimate of p; is just its empirical frequency of occurrence, n;/N. This
example is from Durbin et al. (1998).

Example A.28 (Relative entropy and maximum likelihood) The Kullback-Leibler divergence
also leads to an interesting interpretation of the use of maximum likelihood in curve
fitting. To see this in the one-parameter case, let Py(x) be the probability distribution
of a discrete variable x, parameterized by 6. Then, in nats,

Py(x)
Poipg(x)

D(Py||Pgsn9) = Z Py(x)In
= > Py In Py(x) = > Po(x)In Pyypgl). (A.282)

We can expand the latter term in a Taylor series,
dln Py 13*InP

Af +
06 2 96

The A6 term vanishes when averaged. To see this, we write
01 1
P Poro=Sp
Z o) Z s 69
oP
R

= (Z pg(x)] Af = [%(1)] AG=0. (A.284)

In Py pp(x) = In Py(x) + (MO +--- . (A.283)

We can then evaluate Eq. (A.282):
D(PylIPyas) = ) Po(x)In Py(x) = " Po(x) 0 Pyrg(x)

(')zlnPg

5 (A6)?

1
= Z Py(x) In Py(x) — Z Py(x)In Py(x) +0 ~ > Z Py(x)

_ 1 621nP9
T2\ e

> (A0)*. (A.285)

The quantity —(dgg In Pg) = +{(Jp In P9)2> > 0 is known as the Fisher information. (The
identity is proved by applying the chain rule to the second derivative.) It quantifies how
measurements of x reduce the uncertainty in a parameter . Combining this result with
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extensions of Example A.27 leads to the conclusion that maximizing the likelihood in
a curve fit minimizes the relative entropy between the probability distributions based
on the inferred parameter (0 + A6) and one based on the “true” parameter value 6
(Sanov’s theorem).

A.10.4 Mutual Information

The mutual information, I(X;Y) indicates how much, on average, measuring Y reduces
the uncertainty in X. More precisely,

I(X;Y) = H(X) — HX]Y). (A.286)

One of the motivations for this definition is to account for measurement noise. For
a noiseless measurement, the physical quantity X is deterministically related to the
measurement Y, implying that H(X|Y) = 0: there is no uncertainty in X after the
measurement. In that limit, /(X;Y) = H(X). In the other limit where measurement
noise dominates, H(X|Y) ~ H(X): the measurement is so bad that it does not reduce

the uncertainty in X at all. In this case I(X;Y) = 0, and we say that, on average,

the measurement Y does not give any information about the physical quantity X. In
between these extremes, /(X; Y) tells us the amount we learn about X after making a
noisy measurement Y.

Let us establish a few properties of the mutual information:

e /(X;Y) = I(Y;X). Mutual information is symmetric between input and output.

What X tells about Y is the same as what Y tells about X. To see this,

P 9
I06GY) = HX) + ) P(x,y)log PGdy) = HOO + ) P(x, ) log ,(,fyf )
X,y Xy
=HX)+HY)-H(X,Y), (A.287)

which is manifestly symmetric in X and Y. Expanding all the entropy terms gives

P(x,y)
P(x) P(y)

e [(X;Y)= H(Y)— H(Y|X). This is a simple consequence of symmetry, with X < Y.

e /(X;X) = H(X). Entropy can be viewed as “self-information.”

e [(X;Y) = D[P(x,y)||P(x)P(y)]. This follows from interpreting Eq. (A.288) as an
expression for relative entropy.

e /(X;Y) > 0, with I = 0 only when X and Y are independent random variables. This

IX;Y) = ZP(x y)log ——2" (A.288)

follows from the Gibbs inequality, D > 0. Two useful corollaries follow immediately:

— H(X|Y) < H(X). This follows from I(X;Y) = H(X) — H(X|Y) and I(X;Y) > O
On average, conditioning can only decrease uncertainty. Curiously, an individual
measurement can increase the uncertainty about X. See Problem A.10.6.

— H(XM) < Y, H(X;). This follows from the previous result and the chain rule for
entropy.
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e I(X;Y) < min [H(X), H(Y)]. This follows from the definition of I(X;Y) and the

positivity of entropies. Thus, a measurement Y cannot tell us more about X than
its a priori uncertainty. Likewise, we cannot learn more about X than the entropy
contained in the measurement (as might be deduced from looking at a long series
of measurements). Putting the last two results together, we have

0 < I(X;Y) < min[H(X), H(Y)]. (A.289)

Data-processing inequality. Consider the random variables X — Y — Z, by
which we imply a Markov chain where X affects Y and Y affects Z. But X does
not directly affect Z. In probabilities, this last statement implies that P(z|x,y)
P(zly), independent of x. The data-processing inequality then states that I(X;Z) <
min[/(X;Y), 1(Y;2Z)]:

A

1(X;Z) = H(Z) - HZ|X) < H(Z) - H(ZIX,Y)
= H(Z)- HZ|Y) = (Y, Z) (A.290)

A similar argument shows I(X;Z) < I(X;Z) (it also requires showing X — ¥ —
Z = Z — Y — X). Thus, any kind of data manipulation at best preserves
information; it can never add information. Extending the argument to a chain X; —
X, — --+ — Xy shows that the mutual information is bounded by the weakest link:
I(X1; Xn) < min; I(X;; X;41), which can also be viewed as a bottleneck.

Continuous case. The definition of mutual information is the obvious extension:

p(x,y)

A wEeany A.291
p(x) p(y) ( )

IX:Y) = f dxdy p(x. ) log
xeX,yeY

Unlike the differential entropy, the continuous version of mutual information is
coordinate invariant. That is, if we transform x — x’ and y — y’, the Jacobian
factors cancel out in the log term, since numerator and denominator transform in
the same way. Coordinate invariance gives the mutual information absolute mean-
ing: it tells us what we learn from a noisy measurement of a physical quantity. An
alternate form for I(X; Y) that is sometimes useful is

IX:Y) = f dep) f | POl log PO (A.292)
XE ye

p(y)

Gaussian signals and noise. Consider a signal with additive Gaussian noise. If y =
x + &, with signal x ~ N(0, 02) and noise & ~ N(0, cré%), then Eq. (A.291) implies,

2

2

I(X;Y) = 1 log (1 + SNR?) = %log(l + ﬁ] . (A.293)
(oa
I3
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See Problem A.10.11. We can define a signal-to-noise ratio (SNR) = o,/0.!* In
the limit o, < o (or SNR < 1), the measurement tells us nothing about the signal,
and the mutual information I ~ 0. When o, > o (or SNR > 1), the mutual infor-
mation I ~ log(o'x/o'g) = logn, where n is the number of possible measurements,
given the noise level, that we can make of the continuous signal. Then I ~ logn, as
expected for a “discrete” system of n equally likely states.

Equation (A.293) is a celebrated result, so much so that it is worth emphasizing
that it is a particular case — a linear measurement with additive Gaussian noise.
The mutual information for nonlinear measurements and for other types of noise is
different.

Correlated time series, part I. Consider N noisy measurements YV = {y|,y,,..., ¥y}
of N variables XV = {xi, xa, ..., xy}, taken at intervals T, with T = NT, and related
by yt = 3 GinXn+&. The random variables XV are multivariate Gaussian, with zero
mean and covariance (S.,);; = (x; x;). Similarly, measurement noise is correlated,
with &N ~ N(0,Z). If the £V are uncorrelated with the states X", then Eq. (A.293)
generalizes to (Problem A.10.12),

IXN, YY) = %Tr log [}1 + 2GSy GT)] . (A.294)

Equation (A.294) simplifies in the frequency domain, where each frequency com-
ponent is independent of the others. After discrete Fourier transformation, each
frequency wy acts as an independent Gaussian channel, with a signal-to-noise ratio
SNR?*(w) = |G*(w) § x(w)/Z(w). The mutual information sums these independent
contributions:

NNy _ L IGPA(w)S xx(w) T (do IGP(w)S w(w)
10.G0%% )—Eglog(l+T)—> Ef% 1og(1+T

_ g f ‘;—i log 1 + SNR2(w)] . (A.295)
for T — co. The frequency limits are given by the Nyquist frequency, wy =
+7-, which go to +co for a continuously sampled signal. The SNR*(w) =
|G|*(w)S 1v(w) / E(w), the signal-to-noise ratio at frequency w. Equation (A.295)
generalizes the result in Eq. (A.293) for I(X;Y), since each Fourier component is
statistically independent of the others. The time series X and noise terms must
have stationary time series, and the time-domain response function G(¢f) must be
time-translation invariant.

Mutual information rate. We can define the rate at which information is communi-
cated between X and Y by analogy with the definition of entropy rate:

IX;Y) = »31330 %1()(”’; My, (A.296)

18 As always, we define SNR as an amplitude ratio. Some authors define it to be the power ratio o2/ (T‘?.
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By substituting the definitions of individual mutual-information functions in
Eq. (A.296) in terms of entropy functions, we can easily see that 7(X;Y) = H(X) —
HX|Y) = H(Y) — H(Y|X). In other words, an information-theory identity in terms
of entropies and mutual information terms can be transformed into a correspond-
ing rate identity (e.g., by setting H — ). Dividing by N in Eq. (A.296) gives the
rate per observation, while dividing by 7 = NT would give the rate per time. We
will use both conventions.

In the Gaussian example above, the information acquired per unit time is,

1 1
I(X:¥) = lim —I(X:Y) = > f ‘21—2 log |1+ SNR*(w)] . (A.297)

If YV is a deterministic and invertible function of XV, then H(YN|X") = 0. That is,
if we know the XV, then we know the YV, as well. Asa consequence, 7(X;Y) = H(Y).

In Example A.26, y, = ¥ a,x:_,,, implies that 7(X; ¥) = H(X) + log |a.

Correlations. Mutual information generalizes the notion of linear correlation.
For example, if the random variables {X, Y} are stationary, correlated processes,
distributed as a bivariate Gaussian with correlation coefficient p = o,/(0x 0y)
(Section A.7.4), then

I(X;Y) = log( ) = —% log(1 - p?). (A.298)

1
V1 -p?
See Problem A.10.8. For p = 0 (independent variables) I = 0, as expected. In the
deterministic limit |p| — 1, the mutual information diverges (I — o0) because a mea-
surement of y determines the value of x, and a real number takes an infinite amount
of information to describe completely. (Its decimal expansion has an infinite number
of digits.)

The conventional correlation coefficient p does not do a good job of quantifying
the dependence of variables that are nonlinearly related. For example, if y = x?
and x ~ N(0,1), then p = 0 but I(X;Y) > 0. That is, the linear correlation coef-
ficient wrongly suggests that the two variables are independent, while the mutual
information correctly quantifies the relation. (See Problem A.10.10.)

Correlated time series, part II. Equation (A.298) gives I(X;Y) for two Gaussian
random variables. Following the logic that led from Eq. (A.293) to Eq. (A.297),
we can calculate 7(X;Y) between two correlated, stationary Gaussian processes by
integrating over frequency:!°

L (A.299)
S (W) Syy(w) ’ ’

1 d
1060 =3 [ S e[1-F@]. P =

19 For example, see Munakata and Kamiyabu (2006) or, for more rigor, Liptser and Shiryaev (2000).
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where the squared coherence function p*(w) is equivalent to the bivariate correlation
coefficient p? for each frequency component, with S, = {|x/>(w)) the power spec-
trum of the input signal x(¢) and S, = (y*(w)) the power spectrum of the output
signal y(f). The cross spectral density S ,(w) = (x(w) y*(w)) is also the Fourier trans-
form of the covariance function (x() y(r)). As with the correlation coefficient p?, the
quantity p*(w) € [0, 1] for each frequency. We see that

x(¢) and y(¢) are independent signals = p?=0and J(X;Y)=0.

x(t) completely determines y(¢) = p’=land I(X;Y) = co.

Although Eqgs. (A.297) and (A.299) for I(X;Y) look rather different, they are
equivalent when signal and noise are uncorrelated at equal times.

o Chain rule for mutual information. For the time series X" and YV,

N
1xN; yYy = Z IX; YV X5 (A.300)
k=1

This follows from the chain rule for entropy, Eq. (A.261). We write

IXN; YNy = HxXY) - HXV|YN)
N N N
= Z HXG X - Z HX X1, 7Yy = Z I YVXSY. (A301)
k=1 k=1 k=1

Note that ¥ may have a different number of elements than X. Also, the symmetry
of I implies a similar expansion with X < Y.

A.10.5 Some Fundamental Theorems

Much of the interest historically in information theorem is due to Shannon’s three
fundamental theorems on source coding (a long sequence of N independent, identi-
cally distributed random variables with entropy H(X) cannot be compressed into fewer
than NH(X) bits without loss of information), channel coding (information can be sent
without loss up to a rate known as the channel capacity), and rate distortion, which
sets bounds on the amount of loss (distortion) that occurs if information is sent at a
rate higher than the channel capacity. These topics are mostly outside our purview,
and you should consult standard references such as Cover and Thomas (2006) or
MacKay (2003). We do, however, make use of the concept of channel coding, which
we introduce below.

Channel Coding

We first define the notion of a communication channel, following the careful treatment
of Massey (1990). A discrete channel has a source (input) X with finite alphabet X.
When used N times, the input distribution is P(x"). Similarly, the receiver (output
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Y with finite output alphabet V) has output distribution P(y"). The channel is
memoryless if, for each k (with 1 < k < N), we have

POl 7Y = POil) - (A.302)
The channel is used without feedback if
POa1 371 = Plgda ) (A.303)

Note that P(x;) commonly does depend on previous values, x¥*~!. For example, if an
English-language text transmits “b,u,z,” the next letter is more likely to be “z” than

e”, even though the overall probability of receiving an “e” is higher than “z.”
If a channel is memoryless and used without feedback, then (Problem A.10.13)

N
PO = [ | POl (A.304)
k=1

The output y; then depends only on the input x; and no other value of x or y. Notice
that our standard measurement relation for a linear system, y, = Cx; + &, defines a
DMC. We can think of measurement as a communication between a system and its
measuring device.

We now define the capacity C of a DMC as

C= n}}(a§< I(X;Y). (A.305)

In other words, we evaluate I(X; Y) for each possible input distribution P(x) of a DMC.
The capacity is given by choosing P(x) to maximize the mutual information between
source and receiver. Shannon’s theorem then states that it is possible to transmit infor-
mation, with arbitrarily small probability of error at a rate up to the channel capacity.
The theorem is remarkable, as we would naively expect a crossover between regimes
of small and large transmission errors. But no: for long messages, at rates less than C,
there is no error; at rates greater than C, there will be errors. For a DMC, it turns out
that using feedback does not increase the capacity.

ProblemA.10.1 Entropy of a function of a stochastic process. For any deterministic
function f(-) and discrete random variable X, show that H[f(X)] < H(X). Hint:
Apply the chain rule to H[X, f(X)].

ProblemA.10.2 Entropy of a multivariate Gaussian distribution. The N-dimensional
vector X has realizations x ~ N(u, X). Show that H(X) = % log det(2me X).
ProblemA.10.3 Chain rule for relative entropy. Show that D[p(x,y) || g(x,y)] =

D[p(x) || g(x)] + DIp(ylx) || g(y|x)] — i.e., coarse graining reduces relative entropy.

ProblemA.10.4 Relative entropy for Gaussians.

a. Ifx; ~ N(ui,0?) and x; ~ N(uz, %), show D(py, l|ps,) = (u1 — p2)* /202

b. If x; ~ N(0,0%) and x, ~ N(0,03), show D(p,llps,) = (o] — 03)/(203) +
log g—f Verify that D(p,, ||px,) is nonnegative.
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Problem A.10.5 Relative entropy and Fisher information. Consider a one-parameter fam-
ily of probability distributions Py(x) over a discrete variable x. Show that the
relative entropy between Py(x) and Py, ag(x) is given, to lowest order in A6, by

(AG)? <(dlog P9)2> _ (a0

D(Pgl|Posno) ~ F,

2 de 2
where F is the Fisher information.
ProblemA.10.6 Numerical example. Consider two variables X and Y with two-letter
alphabets {1,2}. The joint probabilities P(x,y) are given in the table at left.
Calculate

a. the marginal distributions P(x) and P(y);
. the entropies H(X), H(Y), and H(X,Y);
c. conditional entropies H(Y|x = 1) and H(Y|x = 2). Show that H(Y|x = 1) >
H(Y). What does this mean?
d. the average conditional entropy H(Y|X). Show that H(Y|X) < H(Y), and
reconcile this result with the previous part.
e. the mutual information /(X;Y).

ProblemA.10.7 Entropy rate of a Markov chain. Generalize the result for the entropy
rate of a symmetric 2-state Markov chain (Eq. A.262) to the asymmetric case,
with transition probabilities @ and 83, using Eq. (A.271).

a. Show that H(X) = (aiw)Hg(a/) + (Q‘—jﬁ)Hz(,B).

b.  Which values of (a, 8) maximize and which minimize H(X)?

c. What is wrong with the following argument: For @ = 8 = &, the single-
symbol entropy is 1 bit. The time spent in each state before jumping to the
other is typically &~!. Therefore, the entropy rate should be H ~ 1 bit/(e™") =
¢ bits/trial.

ProblemA.10.8 Mutual information of a bivariate Gaussian. Derive Eq. (A.298).
ProblemA.10.9 Estimating entropy from limited experimental data is tricky.

a. Simulate N draws x ~ N(0, 1) of the random variable X, and histogram the
results. Let N; be the number of data points in bin i and let f; = N;/N be
the corresponding frequency estimates. If p; are the exact frequencies, then
H = - piInp; and a “naive” estimator is H = — Y, f;In f;, in nats. Confirm
the plot of A versus N~! at right, where the dashed line is the expected result,

%ln 2me ~ 1.42. Use 100 bins, over x € [-5,5]. The linearity of the plot
implies an O(1/N) bias. The bias is large: more than 20% for 100 points.
. Use Jensen’s inequality to show that the bias is general: (H) < H.

c. Taylor expand H about the exact H. Assuming that N; is Poisson distributed
about the expected value, Np;, show that (H) = H(X) — (1/2) (Npin/N) +
O(N~?), which has the O(N~") dependence noted in part (a). An obvious way
to deal with finite-N bias is to extrapolate N~! to zero, as shown in the figure.
Appendix A.8 of Bialek (2012) discusses more sophisticated estimators with
smaller bias.
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ProblemA.10.10 Mutual information for a nonlinear relationship. Let y = x> and let
x ~ N(0, 1). Show the following:

a. The linear correlation coefficient p = 0.
b. I(X;Y) ~ 1.13 bits. Why is I < H(X) =~ 2.05 bits? Hint: Show that
HY|X) = 0.
ProblemA.10.11 Noisy measurements and Gaussian channels. Derive Eq. (A.293).
ProblemA.10.12 Measurements of noisy, correlated variables. Derive Eq. (A.294). Hint:
Follow Problem A.10.11, and use Tr log = log det (see Problem A.1.21).
ProblemA.10.13  Discrete memoryless channel (DMC). Prove Eq. (A.304).
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ProblemA.1.14 Show that if A is symmetric, then sois A~".

Solution.

AAT =1
(A‘l)T AT =1 take transpose
(A_I)T A=1 A is symmetric
(A‘l)T =A"'. take inverse on right

ProblemA.1.15  Verify the Sherman—Morrison formula, Eq. (A.15).

Solution.

(A + uvT)_1 (A + uvT) = (A‘1 - %) (A + uvT)

AT + AT A T

=I+A'w" - :
1+viA 'u
Lt “lu (1 A w)Y"
=I+A w' —
1A u

=1.
The above is a verification, not a proof, as we assumed we knew the formula
already!
ProblemA.1.16 Show % (xTAx) =A+A"; LTr (xxT) =2x",and (xTy) =y
Solution.

a. The first identity follows from Eq. (A.39):

e (7ax) = [ S () - L (4 AT =T
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b. For the second identity,

%Tr (xxT) - aixj Z (x%) =2x; - 2T

c. For the third identity,
d /1 0 T
3 ()= a—Z N

ProblemA.1.17 Let A and B be n x m matrices. Show d4 (Tr ABT) =0y (Tr BAT) =
B". Hint: Make sure your definition of derivative with respect to a matrix is
consistent with the previously defined limiting case m = 1 for a vector.

Solution.
Let

f=TrAB" = ZAij BI,‘ = ZAij Bjj .
i v

Then
af 0
2L % N A B = By
0Ake aAk[le: J P Tk

To know whether the derivative is B or B' in our convention, let us look at the
case m = 1. Then A and B are vectors, and we have already established that the
derivative of a scalar with respect to a column vector is a row vector. Thus,

% (Tr ABT) =B".

For the other identity,

f=TrBA" = Z BijAj = Z Bij Aij .
ij ij

This is just the same as before and gives the same answer.
ProblemA.1.18 Let A be an n X m matrix and let B be an m X m matrix. Show that
0a(TrABAT) = (B+B') A",

Solution.
Let
F=TeABAT = 3" AyBy Al = > A By Ai.
ijk ijk
Then

of
aAab

= By Ak + AujBjp = BpjAyj+ Bjp Agj = (Bb/ + BZ]‘) Agj
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Let us look at the case m = 1. Then A is a vector and B is a scalar. Since the
answer must be a row vector, it must involve A'. Thus,
0 T _ T\ 4T
G—A(TrABA )=(B+B") A"

ProblemA.1.19 Show that if AB = BA, then eA*® = e4 ¢B. If you are clever, no

calculations are required! This identity does not hold when A and B do not
commute.

Solution.
The straightforward way to prove this would be show that

A+B (A + B)" A A"
I[+T+...+T+... =1+ =4+ 4+ — +.--

[
X(I+—=+--+—+---],
n:

by expanding out the terms and matching coefficients. Alternatively, we can
argue for the same by noting that if the matrices commute, then the calculation
is exactly the same as for real numbers. But we know the identity holds in that
case, and hence it does here, too.

For reference, if the matrices do not commute, then the Baker-Campbell-
Hausdorff formula states that

1
log(eA eB)=A+B+§[A7B]+...’

where the higher-order terms involve repeated commutators of A and B. There
are deep connections to the theory of Lie Algebras.

ProblemA.1.20 In analogy with the matrix exponential, we can define a matrix loga-
rithm via the identity In(I + A) = A— 1A*+ 14’ —- ... Use the previous problem
to show that if AB = BA, thenlog AB =1n A +log B.

Solution.
The basic idea is again the same: Since A and B commute, they obey all the
ordinary identities of algebra, and thus all the ordinary identities, such as e“** =
e eb, for scalars a and b.
ProblemA.1.21 Show In det A = Tr In A, for symmetric, positive-definite matrices A.
The identity holds for more general A using the complex logarithm.

Solution.

From the identities for trace and det, both are invariant under coordinate
transformation. Thus, choose coordinates so that A = D the diagonal matrix
of eigenvalues A;. This is always possible if A is symmetric and positive definite.
In this coordinate system,

IndetA = lnl_[/li = Zln/li =TrInA.
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ProblemA.4.1 Let us calculate some simple Fourier series.

a. Square wave. Verify the coefficients given in Eq. (A.60) of the Fourier series
for the square wave LriLr, defining it to be an even function about ¢ = 0.

b. Square wave with variable duty cycle. Find the coefficients of an even, asym-
metric square wave that equals 1 for a quarter period and 0 for the rest,

c. An even function satisfies f(r) = —f(—f). Show that if the function also
satisfies f(f) = —f(¢t + T/2), the even cosine terms will vanish in the Fourier
series.

d. Triangle wave. Find the coefficients of the Fourier series for the even triangle
wave ~~~~. Show, in particular, that a, ~ O(nlz).

Solution.

a. When the square wave is defined as an evegl qunction, the sine terms (b, in
Eq. (A.58)) are zero. The DC term is 5 [’ T/ L drf(1) = 1. The finite-order
terms are then, with w = 271/T,

2 T/2
a, = — f dr f(¢) cos nwt
T Jrp
5 [T/
= —f dt (1) cos nwt
T J 14
4 T/4
== f dz cos nwt
T Jo
4 T/4
= —— sinnwt
nwT 0
2\ (1Y «in 1
= <%) <;) sSin ETU’l
The sine term evaluates to +1, 0, —1, 0 +1, ..., and thus,
sq(n) = 4 + %(coswt— 1 cos 3wt + 1 cos 5wt — ) ,
which is just Eq. (A.60).
b. We can again repeat most of the square-wave derivation in (a). Picking up

where things begin to be different,

4 (T8 4 T/8 N 1
a, = — df cos nwt = —— sin nwt =(=) (=) sin37n
" Tfo‘ nwT 0 ) ( ) 4
i i 1 1 1 1 -1 gL
The pattern of the sine term is now 5 1, $,0, 7 1, ﬁ,O, ﬁ,O...,
and the DC term is }, which gives
8q4(t) = 5 + %(\%coswt+ 3 cos 2wt + 3+ﬁcos3wt— 5+50055wt—-~-) .

Notice the “missing orders” cos 4wt, cos 8wt, etc. These are analogous to the
case in optics where missing orders in a diffraction grating occur when there
is a rational ratio between wavelength and slit spacing.
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c. As we have seen, an even function has only cosine terms. Now let us impose
the additional symmetry f(¢) = —f(¢ + T/2). In words, the function is invari-
ant if you slide it half a period and invert. Notice that the standard square
wave satisfies this symmetry, but a square wave with asymmetric duty cycle
does not. Let us compute the Fourier series of the shifted function, noting
again that there are only cosine terms. With the substitution s = 7 + 7/2
and using the fact that we can integrate over one period starting and ending
anywhere we like, we have

2 T/2 2 T/2
a, = — f dt f(t+ T/2)cosnwt = — f ds f(s)cosnw(s —T/2).
T J_rp T Jrp

Let us use the trig identity
cosnw(s — T/2) = cos nws cosnT — Sin ws Sin 7.

The second term is zero (sinn7t = 0 for integer n). If we look at even orders,
n = 2m, then cos 2mm = 1 for integer m. Thus, for our shifted function,

2 T/2
oy = —f ds f(s) cos 2mws .
T Jrp

But this is also what we would find for the same coefficient of the expansion
of f(¢). Thus, the only way for a function to satisfy the symmetry f(¢) =
—f(t + T/2) is to have the even orders a,,, = 0.

d. The sine terms are again 0, and ay = % The Fourier cosine terms have

amplitude
4 fT/Z (2;)
== dt| = | cos nwt
T Jo T

T/2 8 T/2
- f dt sin nwt
0 nwT? J,

3
|

& sin nwt
T2 nw

8 2)\1
_(anz)(@) 5(1 — Cos Ttn)

—( 4 )%(l—cosnn).

en?
where we integrate by parts and note that the boundary term is zero. The

cosine terms give a pattern 1,0,1,0... for n = 1,2,3,4... and, thus, for
general T,

tr(t) = % - (%)z(coswt+ écosSwt+ %cosSwt+ . ) .
ProblemA.4.2 Poisson summation formula. Prove the following version of the Poisson
summation formula, which relates Fourier coefficients to Fourier transforms for
a periodic function f(¢) = f(z + T) built out of non-periodic “basis” functions
g(1). Show that f(r) = 3,2, g(t + kT) = + o> _, G(nw) €™, where w = 2 and
the Fourier transform G(w) = ﬁ o; dr g(t) e™ .
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Solution.  Since f(r) is periodic with period T, it has a Fourier series
representation

00

fy= " ey

n=—oo

with coefficients given by Eq. (A.63):

1 (7 :
= dt f — 1nwt
@7 j; 10 ¢

1 ’ N —inwt
=7f0 dtZg(t+kT)e

k=—00

1 < (7 .
= — Z f dr g(t + kT) e™ "

T k=—00 0

1 o (k+1)T e —KT)
— dt/g(t/) e—mwt—

r k:z—oo f/:T

1 & (k+1)T ) ot
_ - ’ ’ —inwt’ _inkw
_Tk;of” dr g(t) e e_]

1 [ .
— dt/ t/ e—lnwl

- f )

L )
= — nw).

T

ProblemA.43 Parseval’s theorem. Show that [ dt f@® 2= [T R (w) *. Check
—00 co 27T f

the relation explicitly for f(r) = 0(¢) e, with 0(¢) the Heaviside step function.

Solution.

0 dw « o dw e —iwt « ’ ’ +iwt’
I e F@F ) = f = f difwe f Ay
b o0 d(l.) P
_ ’ ’ iw(t' 1)
- fw dedr f(0) (1) L, =g

= fw dedr f() f(£) 6 1)

- [ asor.
using Eq. (A.77) for the delta function.

For f(r) = 0(¢) e,
f Carlf0F = f Tdrer =L
oo 0 2
1

Fy(w) =£ de f(1) e =jo‘ dre”1Her = g

On the other hand,
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so that

< dw 2 “do 1 1 1 1
— |F = —_ = — 2711 — = —
Lo 7 [Fr@) Lo it m P37y

where we use the Residue Theorem to evaluate the contour integral.

ProblemA.4.4 Fourier transform of a comb function. By applying the Poisson summa-
tion formula to the delta function, g(¢) = 8 (¢), show that the Fourier transform
of the time-domain comb function, f(¢) = Y, 8 (t—kTs), is the frequency-domain
comb function F(w) = ZT—T 8 (w — nws).

Solution. In the Poisson summation formula from Problem A.4.2, we set g(f) =
d (1), which implies

Gw)=1.

Thus, the Fourier series representation is

00 o

f) = Z §(1—kTs) = Ti Z ol

k=—c0 S p=—c0

Next, we take the Fourier transform:

F(w) = f N dr f(r)e !

00

_ X 1 “ inwst —iwt
= Z TsLodz(l)e e

n=—oo
1 < f"" :
— dre” i(w—nws)t
Ts n:Z—oo —®
2T
= — 0 (w — nwy) .
TS n=—oo

Here, we use Eq. (A.76) in the form
276 (w) = f dre 1o |
ProblemA.4.5 Laplace transform of integral. Show that L] fot dr’ f(t")] = 1F(s).

Solution. The Laplace transform of fot dr f(¢)] is

d/ ’ — ’ ’ —st
L[fo tf(t)} fo dt[j(; dr f(t)}\e?,_/
——— v

u

—0- fm dt £(t) (—e_”)
0 S
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+l foo dr f(r) e
s Jo

lF(s).
s

The boundary term uv|y = 0 because of the integral term at + = 0 and the
exponential at ¢ = co.

ProblemA.7.1 Show that [* dxexp[—%(ax2+bx)] = JZ eP/% (Complete the
square.)

Solution.

I: dxexp[—%(ax2 + bx)] = [: dxexp >_%a (x2 + Sx)]
= j:: dxexp E—%a(xz + §x+ 4%22 - %)]
I: dxexp :—%a (x + %)2] ob*/8a
_ I: dy exp [_%ayz] b /8a
L S

= [ psa
a

ProblemA.7.2 Characteristic function of a Gaussian. Derive the characteristic function
of a Gaussian distribution N(u, o). The result is quoted in Eq. (A.183).

Solution.
The characteristic function of a Gaussian-distributed variable x ~ N(u, 02) is

: 0 1 _(.Hl)z .
ork) = ()= | dx e ekt
—0c0 V27o

We change variables to z = %, or x = u + oz, with dx = o-dz. Then,

00
ou(k) = o f dz 6—12/2 ikto)
V27T0' —00
" o
_ e dz e~ 3@ 2ikoD)
V271 J-c0
elku _4k%o?
= 2me 8
V27
— eik,u e—k202/2

which is the result in Eq. (A.183).
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ProblemA.7.3 Higher moments of a Gaussian. For a Gaussian distribution N(u, 0?),
use the characteristic function to calculate the first four moments, (x") (n =
1,2,3,4). Verify that the skewness y; and kurtosis y, both vanish.

Solution.
We recall that the characteristic function ¢;(x) can generate moments via

my _ m ﬂ
" =(=1) dkm‘px(k)

For a Gaussian random variable x ~ N'(u, 0%),
pr(k) — eik,u e—kzrrz/Z .
The first four derivatives . (k) with m = 1,2,3,4 are, with @ = (i — ko),
@ (k) = px(k)a
@/(k) = (k) [~ + o
¢l (k) = pu(k) | -307a + @
¢! (k) = gu(k) [30* - 60%a” + o] .
To find the moments, we note that ¢(0) = 1 and @(0) = iu. Then,
()= (=Dl = p
<x2> = (P (_02 _'uz) -
<x3> = (-’ (—3 io?u - i,u3) =302 + 1
<x4> = (-i* (30’4 + 604 + ;14) =30 + 6021 + 1t

The skewness and kurtosis are best found by changing coordinates to z = ’%",
but we will calculate them the “hard way” by directly evaluating the moments.

For skewness,
<(x ; )3>
Y1
o

1
= (@) =30+ 30 - )

3((30u+u)—3(0 + P+ 3 —/1)

For the excess kurtosis,

oo

1
= (N =4+ 60t =3y + )
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1 -

((30’4 + 60212 + ut) — 4B u + 1) + 6(0 + 1)’ — Aut + ,u4)

W

>

so that y, = 0, as well.
ProblemA.7.4 Central-limit theorem (CLT), via cumulants. Consider N independent,
identically distributed (i.i.d.) variables, each with mean zero and variance o2.
a. Homogeneity: Show that the cumulant «,,(1x) = A"k, (x), where 1 > 0.
b. Using additivity and homogeneity, find «,,(zy) for zy = Zfi ((xif VNo2).
c. Argue that, for N — co, the only non-zero cumulant is m = 2.
d. Conclude that limy_, p(zy) ~ N(0, 1).
e. Define ¥y = % ¥, x;. Find limy_,c p(Xy).
This is the essence of the CLT proof and can be generalized to the case where the
x; all have different distributions, each with its own mean y; and variance o-?.

Solution.

a. Homogeneity: From the definition, 4,(k) = In <e”‘x>, we can write

hy (k) =In <eik“x)> =1In <eiw‘)x> = i (i/lk)n':/'(m(x) = i (ik)m[/;;’:Km(x)] .
m=0 : m=0

Alternatively,

o)

haathy = 5 WD

m!
m=0

which implies «,,(Ax) = A"k, (x).
b. Withzy = Zf\il(x,-/ VNo?), we have
km(zn) = Nk(xi/ VNa?) = N (No?)"Pk(xi) = N' 720" i (x;)

additivity homogeneity

c. When N — oo, the factor N'=/2 diverges for m = 1, is finite for m = 2, and
goes to zero for m > 3. The m = 1 divergence is tamed because «;(x;) = u = 0.
Thus, only the m = 2 cumulant is non-zero.

d. Since k2 (x;) = 02,

_ nl-22 (=2) (2)
k(zy) =N (0’ )(0’)—1.
NO=1
Thus, as N — oo, the cumulants are «,,(zy) = Om2. The cumulant gen-
erating function is then &, (x) = —%kz, which implies a characteristic

function ¢, (k) = exp[—%kZ], and corresponds to a normal distribution:
thA)oo p(ZN) ~ N(Os l)
e. We can rephrase the conclusion for the N approximation to the average. If

1< 1 o2
O
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then, for N — oo,

2
pizy) ~N(©O, 1) = p()_CN)NP[\/%ZN]"N(O,O'Z/N)~

Thus, the average of N random variables tends to a Gaussian whose width
decreases as N~'/2,

I learned about this way to prove the CLT from Prof. Haye Hinrichsen (Univ.

Wiirzburg, Germany).

ProblemA.7.5 Multiple measurements lead to Gaussian states-of-knowledge. The Cen-
tral Limit Theorem also explains why the state-of-knowledge for a quantity x
tends to be Gaussian after many independent measurements are made.

a. Use Bayes’ theorem, a uniform prior, the relations between characteristic
functions and repeated convolution and the CLT, and that a Fourier trans-
form of a Gaussian is also Gaussian to argue this point. (See Jacobs, 2014,
Section 1.2.2.)

b. Explain why this claim is true but rather trivial when the individual measure-
ments have Gaussian errors.

c. Explain why this claim is not true when the individual measurements have a
uniform error distribution in the interval [x — 1, x + 1].

Solution.

a. Define yV = {y1, 2, ..., yn} to be a set of N independent measurements of

the same quantity x. Then, using Bayes’ theorem and assuming a uniform
prior for x,

N
ply™) < p 1) p) o poi) = | | pviko)
i=1

Next, consider the CLT from the point of view of characteristic functions.
The CLT claims that if we make N measurements y" of the same quantity x
that the average,

1 )
y Nzyi_)N(X,U'),

as N — oco. The variance of the Gaussian, 0%, depends on the individual vari-
ances of measurements (e.g., o-é /N for measurements that all have individual
variances o).

The next step is to show that the distribution of the sum of N random
variables is the repeated convolution of the individual distributions. The
argument generalizes Example A.18. Let zy = Zf\i . ¥i- Then

p(22) = fdw dy2 d(z—=y1 —y2) (1) p(2)

= fd)’l PP —y1) = p(y) * p(y2) .
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Similarly, with z3 = 7 + y3, we have

P(z3) = p(z2) * p(y3) = [p(1) * pO2)] * p(y3) = pOy1) * p(y2) * p(y3) .

Repeating, we conclude that p(zy) = p(y1) * ... * p(yny). We can extend
this result to p(y) = p(zy/N) = N p(zy). Thus the probability distribution
of the average is proportional to the repeated convolution of the individual
distributions.

Now, we combine these two results: the CLT says that p(y") tends to a
Gaussian. But p(y") is also a repeated convolution. Thus, the repeated
convolution of N variables must tend to a Gaussian probability distribution.

Finally, in our original problem, the state-of-belief p(x|y") is the product of
N probability distributions. The characteristic function of such a product is
the repeated convolution of the N characteristic functions. By the previous
argument, this convolution must tend to a Gaussian (in the variable k). Since
the Fourier transform of a Gaussian in k space is another Gaussian (in x),
we have our result.

b. If the likelihood of each measurement, p(y;|lx) is Gaussian, then the claim
is true for all N because the product of two Gaussian functions is another
Gaussian.

c. The claim is not true for uniform distributions. We can see this two ways.
First, by direct calculation. The likelihood function p(y;|x) is the interval
[x— 1, x+ 1]. This means that, with a uniform prior,

N
pxy™) o H Wy e [x - %,x+ %]}.
i=1
This is distribution is also uniform (i.e., not Gaussian) and ranges over the
common intersection of the N intervals about each y;. For example, given
measurements y; and y,, we would form the intersection of y; + % and y, + %
and so on. Thus, the product never converges to a Gaussian.

To understand more deeply what is going on, we recall that the character-
istic function of a uniform distribution is the sinc function, sinx/x. This
goes to zero asympotitically as 1/x, meaning that its variance diverges and
that the CLT cannot be applied. Loosely, we can view this as a case where
the high frequencies always are important (the distribution always cuts off
very quickly), rather than having ever-reduced importance when the CLT
applies. The requirement for this claim to be valid is then that the tail of
each measurement decay slowly enough. A local parabola would suffice.

ProblemA.7.6 Marginal and conditional distributions.

a. Show that if p(x,y) is a bivariate Gaussian, then the marginal distributions
are p(x) = N(uy, 03) and p(y) = Ny, 03).
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b.  Show p(xly) = N (tyy, o-ily), with pr, = iy +p%(y — iy) and a’i‘y = a2(1-p?).
Hint: Simplify by first defining x” = (x — pu,)/oy and y’ = (y — uy)/oy.

Solution.
We change variables as suggested. Dropping the primes, the joint distribution

is
x> = 2pxy +y?

1
e = L e

a. For the marginal distribution p(x), we have

p(x) = f dy p(x,y)

= ! exp 7— i fwdyexp[ d —2pxy}
=g Tl 20-p ] ) 2(1-p?)
1 [ x?

= exXp|— —exp [ﬂ:l foo dyexp|: (y px)2:|
ayT—p? | 20-p] T 200=p) | ) 20 -7

_ 1 [ 2] e :

= 27-[\/1——/326XP 7—2(1 —p2)eXp[2(l——p2)] m

LI [_x_z]

o P2 |

Thus, p(x) = N(0,1), which, transforming back to the original variables,
gives p(x) = N(uy,2). The calculation for p(y) is identical, interchanging

X ey
b. For the conditional distribution p(x|y), we have
platy) = 22 &y exp = (x2 — 20y 4y 2)}
pO) | 2 1-p?
_ (2 =2pxy+y"  (1-p°)
Rt ) 1-p? 1= p?
1 (x> = 2pxy + p*y?
Shed I R
[ 1 {(x=py)?
= exp —5 (ﬁ .

When normalized properly, the above expression describes a Gaussian, with
iy =py, Oy =1-p.
Going back to the original variables proves the relations in Eq. (A.192).

ProblemA.7.7 Check that the expressions for mean and variance for the bivariate dis-
tribution (Eq. A.192) are compatible with their n-dimensional generalizations
(Eq. A.197).
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Solution.
We first compute mean and covariance for the scaled distribution

x* = 2pxy +y?

1
————€exp
2141 = p2 [ 2(1 = p?)

p(x,y) =

)

where we have substituted

X =y Y -y
roH y=21"8

o oy

Then it is straightforward to see (perhaps using Mathematica) that
@W=m=0, (F)=0()=1, @ =p.
Transforming back to the original coordinates then gives, for the means
(X) = Hx, =y,
and, for the covariance elements
Lo = <(x —,Ux)2> = 0—)2c ’ Ly = <(Y _Ny)2> = 0-5’
Ty =((x =)y — py)) = p 020y .

In Eq. (A.192), we saw that p(x[y) is a Gaussian whose mean is

o
Hxy = Hx + p_x(y - Hy)
Oy
PO Ty
o3

=y + -uy)

=Myt ZX)Z;yl (}’ - /Jy) .

and variance

2 _ 2 2

0'x|y—0'x(1_P)
2.2 2

) PIOXOy

=O-X

2
O-,V
=%, -22/%
XX xy ! =Yy
-1
= T — Ty T Ty
Thus, marginalizing the bivariate Gaussian distribution gives a scalar version

of the more general formula from Eq. (A.197), which holds for arbitrary
dimensions d; and d, for x; and x,.

ProblemA.7.8 Propagating means and covariances. Prove Property A.7.5 for multi-

variate Gaussians: if x ~ N(u, X), then the linear coordinate transformation
z = Ax is Gaussian with mean Ay and covariance AZA". More succinctly,
7z ~ N(Au,AZA"). Hint: You can use Eq. (A.179), but characteristic functions
are simpler.
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Solution.
The characteristic function is
ikz\ _ [ ik-Ax\ _ [ i(ATk)x\ _ _i(ATk)u—(ATk)ZATk/2
() = (ear) = (¢4 0") =e

— eik-Ap—k(AZAT)k/Z
This last expression is the characteristic of a Gaussian with mean Apu and
covariance AXAT.

ProblemA.8.1 Two Gaussian measurements. Often, we need to combine information
from independent measurements with different precision. Assume that there
are two independent measurements x; and x;, distributed as x; ~ N(y, 0'%) and
X2 ~ N(u, o-%). The variances oy and o, are known, and we wish to infer the
mean, u. Assume a uniform prior for u.

a. Using Bayes’ theorem, show that you can estimate u as ft + o, with
A o X1 X2 1 1
ﬂ—%(—ﬁ—z]’ P R i

2
oy 03 Ou 07 03

b. Show that p(ulxy, x,, 02, 03) is in fact a Gaussian, with the mean and vari-
ance given above. If you have a computer algebra program, do this in
general. If you are doing the problem by hand, show the claim assuming
that o3 = 03 = 1.

Solution.

a. With a uniform prior for u, we can write
plulxi, x2, 07, 03) o p(x1, xalu, 073, 03) o p(xi|u, o1) p(xalu, 03) = L
Since p(xilu, 0%) = N(u,03) and p(xalu, 03) = N(u, 03), we can write

(x1 —p?  (o—p?
20'% 20'%

—InL = )
We find /i by maximizing L and hence minimizing - In L. Taking 0,(=1InL) =
0 gives

Xi—H X —p

2 2
a1 )

du(=InL) = -
Solving for y then gives

N X1 X I 1 1
p=o,l=+—| where —=—+—
g 03

Taking the second derivative d,,(—1In L) gives

1
duu(~InL) = = +
91

.=
SRS
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Then, since 0 = d,,(~In L)™', we have

L_1 1
2T 2T 2
Ou 07 03

which confirms the identification made in the estimate for .
b. 1. Using Mathematica, I find that

Gi=p?  -p? @-p? (- x)’
20'% 20'% 20]2, 2(0'% + 0'%) '

Since the right-hand side is independent of u, we conclude that since the
. {1— 2 . . .
exponential of —(’JZ U"z) describes a Gaussian, so does the exponential of
"
—y? P .
—% - % That is,

exp| - 1™ 1> exp|- 2" w?] exp|- A= >
202 2073 202 |7
where we omit constants that are independent of p.
il. For hand calculations, simplify by setting oy = 0, = 1. We then have
fi = 3(x1 + x;) and o = §. We can then easily verify that
. 2
(= o—pp|G@ ) -] -y
2 2 2(3) I

ProblemA.8.2 Show that if & ~ N(0, o), then the best estimate 8 of a linear fit is Gaus-
sian distributed about the true values 8", with variance o2(®'®)~!. Notice how
the variance of the parameter estimates is proportional to the variance of the
original data. Qualitatively, what happens if the measurement noise is colored,
so that § ~ N(0, Q,), with a covariance matrix that has off-diagonal elements?

Solution.
The best estimate is Gaussian distributed since

b=(o'®) o'y (A1)

shows that @ is a linear transformation of y. Then, since y is Gaussian, so is 6.
To show that 8 is unbiased, we have

)= o) o1
_ <((I)Td))_l (DO + §)>
- (0'®) ®'®6 +0
=0".
In the last step, we assume that

<(<1>Tc1>)’1 @' §> 0,
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which is true only if the elements of £ are not correlated with the measurements
(elements @;; of the design matrix). The condition is satisfied if ¢ is white noise.

We next find the variance, recalling from Section A.7.5 that if # = Ay, then
Var (Ay) = AyA". Thus,

Var @ = Var [((I)TCI))71 (I)Ty]

= (@"®) " @ (Vary) @ (0T®)

N —_—
A AT
=o? ((I)T(I))_l .

ProblemA.8.3 Show that for an orthonormal basis in function space, ¢; - e, = §; that

K
b=y e, ory=>(y-ede, (A.2)
k=1

justifying the interpretation of P%) as a projector matrix in Eq. (A.219).

Solution.
The model § = 35, frex, and we want to minimize ||y — §I[>. We have

K K
y=9IF = y*=2y-9+3> = ¥ =2y > ther+ > 6.
k=1 k=1
Taking a derivative with respect to 6, then gives

~2(y-er)+20,=0.

Solving for 6,, we have

N
Op=y-e = Zyief(xi),

i=1
as claimed. Thus, each parameter is obtained by projecting the data vector onto
the associated basis function.

ProblemA.8.4 For the cost function J(£) = (x — &) = fdx |2 — x| p(x]y), show that
minimizing J implies that " is the median of p(x[y). Investigate J”(%*), too.

Solution.
The derivative of the absolute value function is the sign function. Thus,
dJ a .
T = [ arsienc -0 e
d-x x* —0c0

=) [ axpt+ 1) [ drp) =o.

Equating the two terms means that

f dx plaly) = f e p(al).

103



104

Mathematics

which defines the median (£*). Note that J”(%*) = 2p(%*|y) = 0, implying that the
median minimizes J. (The case J”(2*) = 0 would require further investigation.)

ProblemA.8.5 For the bottom “box shaped” cost function with a small width A, show
that minimizing J(&) implies that £* is the mode of p(x|y).

Solution.

The cost function J(X) is given by

$+A
J@E) =1- f dx p(xly),
2-A

where the value 1 is just an arbitrary positive constant and where A is some small
interval. In words, we slide a small band centered on £, of width 2A, over the
posterior p(x|y) and select the & that minimizes J. Clearly, this is the value that
maximizes the integral. But for small A, the integral is

T+A
f dx p(xly) = p(ly) 24,
2-A

which is maximized by

& = argmax p(xly)
X

meaning that £* is the mode of the posterior distribution, as illustrated below.

ProblemA.8.6 Important details about importance sampling. We fill in some gaps in our
discussion of importance sampling. Assume a scalar variable x.

a.

b.

As a warmup, use Eq. (A.227) to show that, for N independent draws x from
p(x0),if ¢ =1 3N, ¢, then Var ¢ = + Var ¢.

Importance sampling estimates the average of ¢(x) over the distribution p(x)
using a second, proposal distribution ¢(x). In general, p and ¢ need not be
normalized, but here we assume they are. Then, (¢), =~ ¢ = Zf\i L wip(x),

pGH/g(xh i : i
LCECIR The x' are N independent draws x' ~ g(x).

Show that (@) = (), and Var,[p] = %(0%2)17 - (go)f,). Show that the vari-
ance vanishes when we pick g(x) = p(x) ¢(x), a choice that is valid only for
@(x) > 0.

Bias of the ratio. $ is biased for finite N. To see how this can arise, consider
a case of N random variables n; and d; (numerator and denominator, in this
case). Assume that they are correlated, as this is true for the importance-
sampling case. (Why?) Let (n) and (d) be the mean values of the random

with weights w; =



Mathematics 105

variables (e.g., (n) = f dnn p(n)). Let bars denote arithmetic averages (e.g.
n= ﬁ ZZ, n;). Then show <%> # % by writing n; = (n) + dn; and giving the
lowest-order corrections.
Solution.
a. We first recall that
1< 1 1
D) = ( — i = — i =|— N = .
@ < 5 Zl plx >> 5 Z«o(x » ( N) () = (@)

For the second moment,

2

@ = <[§ 3 W)) >

i=1

1 . .
= — | N(g®) + (N* = N) {p(x) p(x)))
N——

N2
diagonal off-diagonal
1, , N-N,6 . .
= ﬁ(cp )+ T {p(x))e(x'))

independent

1
= 5 (@) — @) + @),
so that
Varp= (@)~ (@ = LVarp,  asclaimed.

b.  With weights w(x) = %, we can go through the same steps as in part (a) to

show that the Var ¢ = 3 Var [gw]. Thus,

1
Var, [¢] = NVarq[cp(x) w(x)]

1 e pw)
N Varq[ q(x) ]

1 2 2
< () o ([ erFar)

1 0’ p? 1
A L
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C.

_ ! pe| Ly

—Nde[ p }p AL

_1 P‘P> 2)
N(<q , (o>

Selecting g = pg, or, equivalently, writing ¢ = g/p, we note that

(g0>p=fdxgp=fdxq=1.

p

e’ Pq

<—> fdx— =fdxq=l,
ql, qp?

which implies that Var, [¢] « 1 — 1 = 0. Intuitively, the variance vanishes
because we have selected a distribution g(x) from which every draw, x ~ g(x),
will give a value of 1.

As stated in the text, this is not a useful result in itself. But it does mean
that you can reduce the variance of your estimator by matching, as well as
possible, g to pe, so that the range of values x that you find upon drawing
from g(x) is as small as possible. Finally, selecting ¢ = p just gives Var, [¢] =
Var, [¢], as it must.

Similarly,

We have
| &
n= N Zl n;
| &
= — (n) + on;
3
| &
={(n)+ — on; .
v
Then, the ratio of i to d is
E _ n) + % 2, 1 0
d A(dy+ 5 XL, 8d;
dn;

@1+Nzi=lw

~d L <N od;
“Dr+ 3ol @

-1
RO R 1 < 8d;

i=1

_(m 1 on
_ <d>( Nl

SIE
N——
—_—

|

_
MZ
~| on

\/|&Q‘

+
M=
~| O
gL
M=
~| o
gL
+
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Then, taking ensemble averages we have, to second order,
(3=l v (G - )

dl () N{Ad? ) ]|’
where we have used an argument similar to (a) in writing the averages. More
intuitively, we are just using the fact that 6n is the standard error of the mean,
which is o,/ VN.
Finally, note that the calculation depends on having dn <« 7. On the other
hand, the general statement that the ratio of finite-N estimators is biased still

clearly holds. But you may need to evaluate the bias more carefully in some
cases.

ProblemA.10.1 Entropy of a function of a stochastic process. For any deterministic
function f(-) and discrete random variable X, show that H[f(X)] < H(X). Hint:
Apply the chain rule to H[X, f(X)].

Solution.
From the chain rule for entropy, Eq. (A.259),

H[X, f(X)] = HX) + H[f(X)IX] = H(X).
The last equation follows because if X is given, then the value of the deterministic

function f(X) is known and thus has no entropy.

We can also write the chain rule the other way:
HIX, f(X)] = HLf(X)] + HIX|f(X)] > H[f(X)].

The last identity occurs because f(X) may have multiple inputs. For example, if
f(X) = X2, then knowing f(X) means that there are two possible values for X.
The multiple values for X means that H[X|f(X)] > 0 and hence gives the stated
inequality.

Putting these two identities together, we have
H[f(X)] < HX).

The direct, intuitive statement of the result is that f(X) may map different values
of X onto the same functional value, thereby reducing the entropy of f(X). If f(-)
is an invertible function, then H[f(X)] = H(X).

ProblemA.10.2 Entropy of a multivariate Gaussian distribution. The N-dimensional
vector X has realizations x ~ N(u, X). Show that H(X) = 1 log det(2me X).

Solution.
For x ~ N(u, X), the distribution p(x) is
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Then,

1

Nlog2m+ Llogdet X + Lloge x"E=7'x.

—log p(x) =
The entropy is H = (- log p), which gives
H=Ylog2m+ {logdet X + {loge (x'Z7'x).

To evaluate the last term, we transform to coordinates in which

0'% 0
T=|: :
0 0']2\,
In that coordinate system,
1/0'% 0 X1 N 2
xTZ_lxz(xl xN) 0 =Z%,
0 - /0% xy) T

and
N 2
o'z x):ZO-—gzN.

-1 7

Substituting this result into the differential entropy expression gives
H(X) = Y log2m + L logdet = + 1(loge) N

S log(2me) + 5 logdet X

% log(2me)" + % log det X

3 logdet(2me X),

where 2mre)Y = det (2mel) and I is the N x N identity matrix. Note that det
X > 0, since the covariance matrix X is positive definite.

ProblemA.10.3 Chain rule for relative entropy. Show that D[p(x,y) || g(x,y)] =
D[p(x) || g(x)] + D[p(y|x) || ¢(y|x)]; 1.e., coarse graining reduces relative entropy.

Solution.
We first prove the chain rule for relative entropy:

p(x,y)
D , , 1
[p(x, ) Il g(x, )] = Zp(x ylog =5
p(x) p(ylx)
= y) log 2222
Z‘p(x Viog q(x) q(y1x)
p(yx)
-;m y)log +Zp( log T

= D[p(x0) [ g()] + D[p(ylx) I g(ylx)] .
This proof is from Cover and Thomas (2006), Theorem 2.5.3.
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Because of the Gibbs inequality, Eq. A.277, we have D[p(y|x) || g(y|x)] > O.
Thus,

D[p(x,y) |l g(x,y)] = D[p(x) || g(x)] .

That is, the relative entropy is reduced, or held constant, whenever we “integrate
out” variables from both probability distributions. The result clearly applies
when x represents N, variables and y represents N, variables.

In practice, the equality condition is seldom encountered. For equality, we
must have D[p(y|x) || g(¥|x)] = 0. From the Gibbs inequality, the relative entropy
is zero only when the two probability distributions are the same. The most likely
scenario for this to occur is that X and Y are independent random variables, so
that p(y|lx) = p(y) and g(y|x) = ¢(y). Then we would further require p(y) = ¢(y).
Since these are fairly artificial circumstances, we can conclude that in almost all
cases of interest, coarse graining does indeed reduce relative entropy.

ProblemA.10.4 Relative entropy for Gaussians.

a. Ifx ~ N(/ll,o-z) and x; ~ N(llz,O'z), show D(Px,||Px2) = (u _'u2)2/20_2.
b. If x; ~ N(0,0%) and x, ~ N(0,03), show D(py,llpx,) = (03 — 03)/(203) +
log . Verify that D(py,l|p,) is non-negative.

Solution.
a. We have (x) =y, since we average over xi.

()’ L — )’
2072 202

D(Pm”ng) = <
1 2 2
= ZT‘_Z(prI — M7 = 2xp0 + p3)
1
= ﬁ(zﬂ% — 1} = 2ty + 113)
sz (i —p)*
b.  We have (x*) = o3, since u = 0.

x2 x2 (o)
D(py llpx,) = <—§ + Y + log —>

0'2—0'2
192 a2
22 +log 2 .

A graph of D(o, /o) is at left (solid trace). Notice that it is indeed non-
negative, with a minimum of 0 at oy = 0, as claimed.
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Algebraically, we can define s = 0, /07, in terms of which

D 1_82+1
= —— +logs,
252 J

A series expansion about s = 1 gives
=(s—1?+0(s - 1)}

and shows, locally, that D > 0 for o} ~ 0. The quadratic approximation is
included (dashed line) in the plot below.

0,/ 0,

ProblemA.10.5 Relative entropy and Fisher information. Consider a one-parameter fam-
ily of probability distributions Py(x) over a discrete variable x. Show that the
relative entropy between Py(x) and Py, ae(x) is given, to lowest order in Ad, by

(A0 [(dlog Py\*\ _ (AG)?
2 de -2

D(Pyl|Po+n6) ~ F,
where F is the Fisher information.

Solution.
The relative entropy, in nats, is

D= Z Py(x;)In _Polx)

Porno(xi)
=— Pong(xi)
Z Pﬁ( 1)1 Pe(xl)
- Z Py(x;)In Py(x;) + (AOYP)(x;) + 2(AO)* Py (x;) + - -+
Po(x;)
- Pox) + LA , Py (xi)
PN R bl e
Py(x;)

(Af)7

Py(x)  (Pyx)\
——ZPG(XI Py(x;) Z(A ) [Pg(x,') _(Pe(xi)) ]]+

P ; 2
=> {—(Ae))P;(x,») — 3(80)*P{/(x) + 5(A6)° Py(x;) ( P:g;) }
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d d?
= -0 Z Py(x;) — %(M)z@ Z Py(xi) + 1(A6)? Z Pg(xi)(

2
=0+0+§m@2«5%gz)>,

Pg,(x,->)2
Py(x;)

where >; Po(x;) = 1, and the first two terms vanish because we take % of a

constant. Note that we first Taylor expanded Py and then used In(1 + x) = x —
124,
ProblemA.10.6 Numerical example. Consider two variables X and Y with two-letter

X
alphabets {1,2}. The joint probabilities P(x,y) are given in the table at left. P(xy) | L2

Calculate 1 03 03

a. the marginal distributions P(x) and P(y);

b. the entropies H(X), H(Y), and H(X, Y);

¢. conditional entropies H(Y|x = 1) and H(Y|x = 2). Show that HY|x = 1) >
H(Y). What does this mean?

d. the average conditional entropy H(Y|X). Show that H(Y|X) < H(Y), and
reconcile this result with the previous part.

e. the mutual information I(X;Y).

Solution.
a. Px=1=03+04=07 Px=2)=03+0=03. Py =1) = 0.6.
Py=2)=04.

b. H(X) = -0.710g0.7 — 0.310g 0.3 ~ 0.88 bits. H(Y) ~ 0.97 bits. Finally, the
joint entropy H(X,Y) ~ 1.57 bits.

c. H({Y|x=1)=-3%,PQyll)logP(yl). Then use P(y|l) = P(y,1)/P(x = 1). This
gives H(Y|x = 1) = 0.98 bits, which is indeed bigger than H(Y). We also
calculate H(Y|x = 2) = 0 bits.

What does it mean to have H(Y|x = 1) > H(Y)? Informally, the partic-
ular observation x = 1 is confusing, making us more uncertain about Y
than before the observation. The conditional probabilities are more “even”
than the unconditional ones. By contrast, the result that H(Y|x = 2) = 0
means that if we observe x = 2, then we know that y = 1, since there is zero
probability to observe y = 2, given x = 2.

d. We can calculate H(Y|X) two ways. First, we have the previous result.
HY|X)=Px=1DHX|x=1)+Px=2)HY|x =2) =0.7%x0.98 + 0 ~ 0.69
bits.

Alternatively, H(Y|X) = H(Y,X) — H(X) = 1.57 — 0.88 ~ 0.69 bits.

e. Finally, I(X;Y) = HX) + H(Y) - H(X,Y) ~ 0.28 bits.

ProblemA.10.7 Entropy rate of a Markov chain. Generalize the result for the entropy
rate of a symmetric 2-state Markov chain (Eq. A.262) to the asymmetric case,
with transition probabilities @ and 8, using Eq. (A.271).
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Show that H(X) = (£5) Ha(@) + (3% ) H2(B).

Which values of («, 8) maximize and which minimize H(X)?

What is wrong with the following argument: For @ = 8 = ¢, the single-
symbol entropy is 1 bit. The time spent in each state before jumping to the
other is typically ~!. Therefore, the entropy rate should be H ~ 1 bit/(e7!) =

£ bits/trial.

Solution.

a.

The state diagram is shown below.

1-o m 1-B

The transition matrix is then
P= (1 —e B ) .
a 1-8
The entropy rate is

HX) = HXalX) = - Z P(x;) P(xj|x;) log P(x;lx;) .
ij
The probabilities P(x;) are just the steady-state occupation probabilities and
satisfy the marginal probability law P(x;) = 3; P(x;, x;) = 2 ; P(x;)P(xi|x;).
P0)=PO)(1 -a)+ P(1)E, P(l) =PO)a+P(1)(1-p).
Using P(0) + P(1) = 1, we find

P(0) = aLiﬂ P(l) = aiﬂ.

Then

HX) = _(ai-i-ﬁ) [(1—-a)log(l —a)+ alogea]

—( < )[(l—ﬁ)log(l—ﬁ)+ﬁlogﬁ]

a+pf
= (Z5) Ha@)+(3%) HaB) .

Itis easy to see that @ = 8 = 0.5 maximizes H(X) = log 2. We can understand
this limit by noting x = 0 and 1 occur with equal probability (0.5) and that
we learn the full 1 bit of information each time we measure them, regardless
of what state they were previously.

The minimum value is H(X) = 0, which occurs when either a or 8 = 0. This
also makes sense: If @ = 0, then x = 0 is an absorbing state. Once the system
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gets to x = 0, it will stay there. The entropy rate, an average over infinite
time, is zero because we know that the system is eventually always in x = 0.
The value of 8 merely determines the mean lifetime of an initial state that
happens to be x = 1. Note that the same statements apply (with 0 < 1)
when 8 = 0.

The situation « = 1 is different. This case means that if the system isin x = 0,
we are certain that it will be in x = 1 the next time; however, depending on
the value of B, the system will take a greater or lesser time to return to x = 0.
c. Fora =pB = ¢ <« 1, the simple argument gives H = ¢ bits/trial. The exact
answeris H = —elne— (1 —&)In(1 — &)  —¢gln g is greater by a factor In 1/e.

The simple, “mean-field” solution neglects the information contained in the
fluctuations of transition times. This is easily understood by comparing
graphical representations of representative time series generated from the
“mean-field” solution and from the exact solution. The top plot shows a
Markov sequence of 1000 points, with a transition probability € = 0.1. Thus,
there is, on average, a jump every 10 steps. The bottom plot shows a sim-
ilar sequence, but not grouped in blocks of ™! = 10 steps. Each block is
chosen with P(0) = P(1) = 0.5. Qualitatively, it is obvious that there is less
information contained in the sequence (fewer transitions).

ProblemA.10.8 Mutual information of a bivariate Gaussian. Derive Eq. (A.298).

Solution.
We calculate the mutual information as I(X;Y) = HX) + H(Y) - HX,Y).

For x ~ N(0,02), the entropy H(X) = V27e + 1 logo?.
Likewise, for y ~ N(0,02), the entropy H(Y) = V2me + 5 logo.
For a bivariate Gaussian (x,y) ~ N(0,X). From Eq. (A.193), we have,

2
o fop PO Oy,
O <Oy 0'5 ,

Then
H(X,Y) =2log V2me + 1 logdet T
=2log V2me + %log[o-fo-f(l -p9].
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Finally,

I(X;Y) = (log V2me + %loga-i) + (log V2me + %logof)
- (2 log V27te + % 10g[o-io-§(l —pz)])

= —%log(l —pz) .

ProblemA.10.9 Estimating entropy from limited experimental data is tricky.

a.

Simulate N draws x ~ N(0, 1) of the random variable X, and histogram the
results. Let N; be the number of data points in bin i and let f; = N;/N be
the corresponding frequency estimates. If p; are the exact frequencies, then
H = -3 p;Inp; and a “naive” estimator is A = — Y. f;In f;, in nats. Confirm
the plot of A versus N~! at left, where the dashed line is the expected result,
%ln 27e ~ 1.42. Use 100 bins, over x € [-5,5]. The linearity of the plot
implies an O(1/N) bias. The bias is large: more than 20% for 100 points.
Use Jensen’s inequality to show that the bias is general: (H) < H.
Taylor expand A about the exact H. Assuming that N; is Poisson distributed
about the expected value, Np;, show that (H) = H(X) — (1/2) (Nyin/N) +
O(N~?), which has the O(N~') dependence noted in part (a). An obvious way
to deal with finite-N bias is to extrapolate N~! to zero, as shown in the figure.
Appendix A.8 of Bialek (2012) discusses more sophisticated estimators with
smaller bias.

Solution.

a. See the book website for code.

b. The frequencies f; are unbiased estimators of the probabilities p;. That is,
(f) = pi. Then, (H) = (H(f)) < H{f)) = H(p), where we use the Jensen
inequality and the fact that the entropy is a convex function of its arguments.

c. Let N; ~ Poisson(Np;). Then (N;) = ((8N;)*) = Np;. The empirical frequen-

cies for bin i are f; = N;/N. Then (f;) = p; and {(5f)?) = Np;/N?> = p;/N
and

Nbin A 2 7
N OH 0 2
H:H(X)+;a (6f)+2 o p.(zsf,.) +
We have
N 27
oH =Infi+1, _G_H = l
f; ofr  fi
Substituting and taking the expectation value then gives
(A1) = HX) + 0 1%1”’4
B 2 Pi N

i=1
I M
~HX)- = ;\}m ,
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where (&f;) = 0 eliminates the linear term. The next term would be
O((5f)*) = O(N~?), since the Poisson distribution is skew, and the central
3rd moment is {( 5 f;)}) = Np;/N>.

Note that while reducing the number of bins would seem to lower the bias,
the situation is more complicated because coarsening bins increases dis-
cretization bias. Accurate estimation with the naive estimator H requires
taking a large N, and then an even larger N. Although extrapolation
(N — o) helps, as mentioned in the problem statement, other estimators
can do a better job. See Appendix A.8 of Bialek (2012) for a discussion of
all these issues.

ProblemA.10.10 Mutual information for a nonlinear relationship. Let y = x? and let
x ~ N(0,1). Show the following:

a. The linear correlation coefficient p = 0.
b. I(X;Y) =~ 1.13 bits. Why is I < H(X) ~ 2.05 bits? Hint: Show that H(Y|X) =
0.

Solution.

a. The linear covariance p is proportional to

(= (NG = ()
= ((x - 0)(* - o))
= <x3> - (x)o-i
=0-0=0.

More simply, x is odd and x> even. The covariance between even and odd
functions of a random variable with even probability distribution function
vanishes.

b. From Eq. (A.288), a definition of mutual information is I(X;Y) = H(Y) —
H(Y|X). But the latter term is zero, because if we know x exactly, we know
y = x? exactly. Thus, a measurement of X does not tell us anything more

about Y.

We recall that H(X) = log V2me ~ 2.05 bits. We also recall, from Eq. (A.161),
that

L2
poy =4 Vo R
0 y<0

Then, using Mathematica to do the integral gives

—vy+logm

o0 1
H®Y) = - d 1 = ~ 1.13 bits,
) fO y p(y) log p(y) ) its
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where y = 0.577 is the Euler-Mascheroni constant. Intuitively, a measure-
ment y tells us only “half as much” about x, because x = ++/y, and there

is a roughly one-bit ambiguity. The relationship is not exact because it also
depends on local stretching of coordinates.

ProblemA.10.11 Noisy measurements and Gaussian channels. Derive Eq. (A.293).

Solution.

We first note that

where 0'2 = o- + o- . The mutual information is then

106 Y) = {[ dxdy p(x,y) log (p O 'x))

()
< 2 na-% o- x)2 >
" In2 hn 0’? 20- 20'2

1 (1. 00 1 1
—|-m=2--+=
“ 2|2 ol 22
1 a?
2—2 —)ln1+0_—§]

ProblemA.10.12 Measurements of noisy, correlated variables. Derive Eq. (A.294). Hint:
Follow Problem A.10.11, and use Tr log = log det (see Problem A.1.21).

bl

= 1log(l +

Solution

This problem is just the multivariate analog of Problem A.10.11, and the solu-

tion parallels the steps in that case. We first recall (Eq. A.194) the following
multivariate Gaussian distributions:

1 1
XNy = e — [——TS;; ]
P = plo) = e ep| -3 ¥ (S52) *

1 1
) = py) = bt exp|-dyT (s ]
p(Y™) = p(y) oV de s, eXp[ 7Y (y_‘)y

p(YVIXN) = p(ylx) =

—1 ! T =1y _
Joovdeg 7 [_E(y SG0EO Gx)] ’
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where (S.0)ij = (xixj), (Syy)ij = (viy;), and E;; = (& ¢;). We also introduce, for
this problem, the vector notation x = {x;, x, ..., xy}, etc.
The mutual information is then

16V;¥Y) = [ dxdy ple,y) 1og(M)

()
- i3 e

1 det S,

2% GetE

We can express Sy, in terms of S,, and Z via

Sy =y =(Gx+£) (Gx +¢))

=((Gx+&H ("G + &)

0
= G(xx")G" +(££) + crossterts
=GS,G +E.

Then,
1
1xV: YY) = 5 [logdet (G S, G + ) - log det Z|
1
=3 {Tr[log (G S G" +E)| - Tr[log E]
1
= ;Tr [l0g(GS. G +E) - log =]

= %Tr log[27(G S G + )]

Frtog 1+ 265

where Tr log = log det (see Problem A.1.21).
ProblemA.10.13  Discrete memoryless channel (DMC). Prove Eq. (A.304).

Solution.
The solution follows Massey (1990).

N
PN, YY) = l_[ P(xg, yelx1, yEh chain rule for probabilities
k=1

N
= [ ] PGl 5 POl )

k=1
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N
= 1_[ P 1) Py, v used without feedback
k=1
N
= P [ | Pl h chain rule.
k=1

If P(xV) # 0, we can divide by it and express the relation in terms of conditional
probabilities:

N
POy = [ | Powl, »* )

k=1
N

= 1—[ P(yklxi) memoryless,
k=1

Thus, the intuitive definition of a discrete memoryless channel also assumes that
it is used without feedback. If not, we are led to concepts such as directed
information, as discussed in Chapter 15.
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