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Mathematical foundations

ur goal here is to present the basic results and definitions from linear algebra,
O probability theory, information theory and computational complexity that serve
as the mathematical foundations for the pattern recognition techniques discussed
throughout this book. We will try to give intuition whenever appropriate, but we
do not attempt to prove these results; systematic expositions can be found in the
references.

A.1 Notation

Here are the terms and notation used throughout the book. In addition, there are
numerous specialized variables and functions whose definitions are usage should be
clear from the text.

variables, symbols and operations

~ approximately equal to

~ approximately equal to (in an expansion)

= equivalent to (or defined to be)

x proportional to

o0 infinity

T —a x approaches a

t—t+1 in an algorithm: assign to variable ¢ the new value ¢ + 1

;ll»r}; f(z) the value of f(x) in the limit « approaching a

arg max f(z) the value of = that leads to the maximum value of f(z)

arg H;in fx) the value of = that leads to the minimum value of f(z)

In(x) logarithm base e, or natural logarithm of x

log(x) logarithm base 10 of x

log, () logarithm base 2 of x

explz] or e” exponential of x

of (x)/0x partial derivative

b

[ f(x)dz the integral of f(x) between a and b. If no limits are written, the
a full space is assumed

[ | Q.E.D., quod erat demonstrandum (“which was to be proved ”) —

used to signal the end of a proof
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mathematical operations

Elf(2)]
Eylf (,y)]

Var[]
<xr>

n
> ai
=1

;i

—

i=1

the expected value of function f(x)

the expected value of function over several variables, f(z,y), taken
over a subset y of them

Erl(x — Ela])?]

expected value of random variable

the sum fromi=1ton: a; +as + ... +an,

the product fromi=1ton: a; X as X ... X a,

vectors and matrices

Rd
x, X
1

diag(ay,as, ..., aq)

d-dimensional Euclidean space

boldface for (column) vectors and matrices

identity matrix, square matrix having 1s on the diagonal and 0
everywhere else

matrix whose diagonal elements are aq, as, ..., a4, and off-diagonal
elements zero

the transpose of vector x

the Euclidean norm of vector x.

covariance matrix

the transpose of A | with ¢ entry changed to ji

the inverse of matrix A

pseudoinverse of matrix A

determinant of A

eigenvalue

eigenvector

unit vector in the ¢ direction in Euclidean space
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probability and distributions
w

state of nature

P() probability

p(+) probability density

P(a,b) the joint probability , i.e., of having both a and b

p(a,b) the joint probability density, i.e., of having both a and b
p(x]0) the conditional probability density of x given that 6

F(x; 0) function of z, with implied (nonexplicit) dependence upon 6
w weight

loss function

51
A= dim gradient operator in R
4
dz
_d_
‘at
Ag = d?2 gradient operator in 0 coordinates
d
6,
6 maximum likelihood value of 0
~ “has the distribution” e.g., p(z) ~ N(u,0?) means that the density
of x is normal, with mean y and variance o2
N(u,o?) normal or Gaussian distribution with mean p and variance o2
N(p, X) multidimensional normal or Gaussian distribution with mean p
and covariance matrix X
Uz, zy) a one-dimensional uniform distribution between z; and z,,.
U(x1,%y) a d-dimensional uniform density, having the smallest axes-aligned
bounding box containing both x; and x,,
T(w,6) triangle distribution, having center p and full half-width &
6(x) Dirac delta function
() Gamma function
n! n factorial =n x (n —1) x (n —2) x ... x 1

(5) = sy

binomial coefficient, a choose b

O(h(x)) big oh order of h(z)

O(h(x)) big theta order of h(x)

T mean or average value of x

ilir?b f(zx) the value of f(z) in the limit = approaches y

sup f(x)

the supremum value of f(z)
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sets
,B,C,D,... “Calligraphic” font generally denotes sets or lists, e.g., data set

D ={X1,...,Xn}

x €D x is an element of set D

x ¢ D x is not an element of set D

AUB union of two sets, i.e., the set containing all elements of A and B

|D| the cardinality of set D, i.e., the number of (possibly non-distinct)
elements in it

max[D] the x value in set D that is maximum

A.2 Linear algebra

A.2.1 Notation and preliminaries

t

A d-dimensional (column) vector x and its (row) transpose x* can be written as

X
Z2
X = . and Xt = (fEl To ... l’d), (1)

Td

where here and below, all components take on real values. We denote an n x d
(rectangular) matrix M and its d x n transpose M* as

mip Mmi2 M1z ... Miq
ma1  Ma22 M23 ... M2d
M = . . . ) . and (2)
Mp1 Mp2 Mp3 ... Mnpd
mi1 mo1 oo Mt
mig M22 oo Mp2
Mt = miz M2z ... Mp3 | (3)
mig Maqg ... Mnpd

In other words, the ij!" entry of M? is the ji!" entry of M.
A square (d x d) matrix is called symmetric if its entries obey m;; = m; it is

called skew-symmetric (or anti-symmetric) if m;; = —m;;. An general matrix is called

non-negative matrix if m;; > 0 for all ¢ and j. A particularly important matrix is the
IDENTITY identity matriz, I — a d x d (square) matrix whose diagonal entries are 1’s, and all
MATRIX other entries 0. The Kronecker delta function or Kronecker symbol, defined as
KRONECKER 5. — { 1 ifi=j (4)
DELTA t 0 otherwise,

can function as an identity matrix. A general diagonal matrix (i.e., one having 0 for all
off diagonal entries) is denoted diag(mq1,maa, ..., m4q), the entries being the successive
elements mqy1,mag, ..., Mmgq. Addition of vectors and of matrices is component by
component.
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We can multiply a vector by a matrix, Mx =y, i.e.,

Y1
mi1 mio mid T Yo
ma21  M22 ... 1M24 T2
= ) (5)
mp1  Mp2 oo Mpg Tq .
Yn

where

d
yi =Y mjix;. (6)
i=1
Note that if M is not square, the dimensionality of y differs from that of x.

The inner product of two vectors having the same dimensionality will be denoted
here as x'y and yields a scalar:

d
x'y = Z ziy; = y'x. (7)
i=1

It is sometimes also called the scalar product or dot product and denoted x e y. The
Euclidean norm or length of the vector is denoted

1x[] = Vx'x; (8)
we call a vector “normalized” if ||x| = 1. The angle between two d-dimensional
vectors obeys

xty
cost) = ————, 9)
[l

and thus the inner product is a measure of the colinearity of two vectors — a natural
indication of their similarity. In particular, if x'y = 0, then the vectors are orthogonal,
and if |x'y| = ||x]|| ||y||, the vectors are colinear. From Eq. 9, we have immediately
the Cauchy-Schwarz inequality, which states

"yl < [ [lyl]- (10)

We say a set of vectors {x1,Xa,...,X,} is linearly independent if no vector in the
set can be written as a linear combination of any of the others. Informally, a set of d
linearly independent vectors spans an d-dimensional vector space, i.e., any vector in
that space can be written as a linear combination of such spanning vectors.

A.2.2 OQOuter product

The outer product (sometimes called matriz product) of two column vectors yields a
matrix

T (Y1 Y2 -+ Yn) T1Y1r T1Y2 ... T1Yn
T2 T2Yy1 T2Y2 ... T2Yn

Zd Td¥Y1r TdY2 .. TdYn

INNER
PRODUCT

EUucCLIDEAN
NORM

LINEAR
INDEPEND-
ENCE

MATRIX
PRODUCT
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that is, the components of M are m;; = z;y;. Of course, if d # n, then M is not
square. Any matrix that can be written as the product of two vectors as in Eq. 11, is
called separable.

A.2.3 Derivatives of matrices

Suppose f(x) is a scalar function of d variables x; which we represent as the vector x.
Then the derivative or gradient of f with respect to this parameter vector is computed
component by component, i.e.,

= : (12)

of(X)

If we have an n-dimensional vector valued function f, of a d-dimensional vector x,
we calculate the derivatives and represent themas the Jacobian matriz

of(x) v s
I(x) = o = ST . (13)

Afn(X) 9fn(X)

8{131 e 8:13,1

If this matrix is square, its determinant (Sect. A.2.4) is called simply the Jacobian.
If the entries of M depend upon a scalar parameter 8, we can take the derivative
of Mmponent by component, to get another matrix, as

Omy  Omiy Omig
00 00 e 00
dmoy Omoo Omog
oM 90 T
— = . : . (14)
o0 : : :
Omp1  Ompo Omapg
20 20 e 00

In Sect. A.2.6 we shall discuss matrix inversion, but for convenience we give here the
derivative of the inverse of a matrix, M~!:

0 oM

~M'=-M"'—M" 15
00 00 (15)

The following vector derivative identities can be verified by writing out the com-
ponents:

0

a—X[Mx} = M (16)
Tlyxl = oyl =y a7)
a%[xth] = [M+Mx. (18)

In the case where M is symmetric (as for instance a covariance matrix, cf. Sect. A.4.10),
then Eq. 18 simplifies to
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9 (s

—[x"Mx]| = 2Mx. 19

[x"Mx] = 2Mx (19)
We use the second derivative of a scalar function f(x) to write a Taylor series (or

Taylor expansion) about a point xg:

af 1" o2f 1"
a—i ] (x —x0) + %(X —X)" [a—}(};] (x —x0) + O(||x|*), (20
X=X 1 X=X,

J H

where H is the Hessian matrix, the matrix of second-order derivatives of f(-) with
respect to the parameters, here evaluated at xo. (We shall return in Sect. A.7 to
consider the O(+) notation and the order of a function used in Eq. 20 and below.)

For a vector valued function we write the first-order expansion in terms of the
Jacobian as:

£ = Fxa) + | 52| x = x0) + O (21)

X=Xy

A.2.4 Determinant and trace

The determinant of a d x d (square) matrix is a scalar, denoted |M|. If M is itself a
scalar (i.e., a 1 x 1 matrix M), then |M| = M. If M is 2 x 2, then |M| = my1mas —
ma1mis. The determinant of a general square matrix can be computed by a method
called expansion by minors, and this leads to a recursive definition. If M is our d x d
matrix, we define Mj|; to be the (d — 1) x (d — 1) matrix obtained by deleting the i*"
row and the j** column of M:

mi1p Mmi2
ma1  Ma2

mid
maq

e ® ®

® ® ®

RV IV ¥ V™

Mmq1  Mq2 Maq

Given this defininition, we can now compute the determinant of M the expansion by
minors on the first column giving

M| = mq1 My | — ma1| Mg | + maz1[Mg)q| — - - & ma1 [Mgp |, (23)

where the signs alternate. This process can be applied recursively to the successive
(smaller) matrixes in Eq. 23.

For a 3 x 3 matrix, this determinant calculation can be represented by “sweeping”
the matrix — taking the sum of the products of matrix terms along a diagonal, where
products from upper-left to lower-right are added with a positive sign, and those from
the lower-left to upper-right with a minus sign. That is,

HESSIAN
MATRIX

EXPANSION
BY MINORS
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myip M2 M3
M| = M1 Ma2 Ma3 (24)
m31  MM32 M33
= Mmyi1Mo2m33 + Mi3M21M32 + M12M23M31

—MM13M22M31 — M111M231M32 — M121M2171133.

For two square matrices M and N, we have [MN| = |M]| |N|, and furthermore |[M| =
|[M!|. The determinant of any matrix is a measure of the d-dimensional hypervolume
it “subtends.” For the particular case of a covariance matrix X (Sect. A.4.10), |X|
is a measure of the hypervolume of the data taht yielded X.

The trace of a d x d (square) matrix, denoted tr[M], is the sum of its diagonal
elements:

d
tr[M] = Z M. (25)

Both the determinant and trace of a matrix are invariant with respect to rotations of
the coordinate system.

A.2.5 Eigenvectors and eigenvalues

Given a d x d matrix M, a very important class of linear equations is of the form

Mx = Ax, (26)

which can be rewritten as

(M — \I)x =0, (27)

where ) is a scalar, I the identity matrix, and 0 the zero vector. This equation seeks
the set of d (possibly non-distinct) solution vectors {ey, es, ..., es} — the eigenvectors
— and their associated eigenvalues {A1, A2, ..., A\¢}. Under multiplication by M the
eigenvectors are changed only in magnitude — not direction:

Mej = )\]’ej. (28)

One method of finding the eigenvectors and eigenvalues is to solve the character-
istic equation (or secular equation),

IM = AI| =AM+ A+ Fag A +ag=0, (29)
for each of its d (possibly non-distinct) roots A;. For each such root, we then solve a
set of linear equations to find its associated eigenvector e;.
A.2.6 Matrix inversion
The inverse of a n x d matrix M, denoted M1, is the d x n matrix such that
MM ! =1 (30)
Suppose first that M is square. We call the scalar Cy; = (—1)""7|M; ;| the 4, j cofactor
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or equivalently the cofactor of the i, j entry of M. As defined in Eq. 22, M, ; is the
(d — 1) x (d — 1) matrix formed by deleting the i** row and j*" column of M. The
adjoint of M, written Adj[M], is the matrix whose ¢, j entry is the j, i cofactor of M.
Given these definitions, we can write the inverse of a matrix as

Adj[M]

M=
M

(31)

If M~! does not exist — because the columns of M are not linearly independent or
M is not square — one typically uses instead the pseudoinverse M, defined as

M’ = MM~ 'M!, (32)

which insures MM = I. Again, note especially that here M need not be square.

A.3 Lagrange optimization

Suppose we seek the position xo of an extremum of a scalar-valued function f(x),
subject to some constraint. For the following method to work, such a constraint
must be expressible in the form g(x) = 0. To find the extremum, we first form the
Lagrangian function

L(x,A) = f(x) + Ag(x), (33)
——
=0
where \ is a scalar called the Lagrange undetermined multiplier. To find the ex-
tremum, we take the derivative

OL(x,N) _ 0f(x) , 0g(x)

ox ox ox
——

#0 in gen.

=0, (34)

and solve the resulting equations for A and xy — the position of the extremum.

A.4 Probability Theory

A.4.1 Discrete random variables

Let x be a random variable that can assume only a finite number m of different values
in the set X = {v1,v2,...,0}. We denote p; as the probability that = assumes the
value v;:

pi=Pr{z=v}, i=1,...,m. (35)

Then the probabilities p; must satisfy the following two conditions:

p; > 0 and

Sopio= 1L (36)
i=1

ADJOINT

PSEUDO-
INVERSE

UNDETER-
MINED
MULTIPLIER
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Sometimes it is more convenient to express the set of probabilities {p1,pa,...,pm}
in terms of the probability mass function P(x). To distinguish between a random
variable and the values that it can assume, it is sometime convenient to use an upper-
case letter for the random variable and the corresponding lower-case letter for the
value. The mass function would then be written Px (x). While this avoids the possible
confusion in Eq. 37 and elsewhere (where x denotes a value, not a random variable), it
also significantly complicates our the notation. Since it is usually clear from context
whether one is referring to a random variable or its value, we will use the simpler
notation as whenever possible.

The probability mass function must satisfy the following two conditions:

P(z) > 0 and
> Pa) = L (37)

reX

A.4.2 Expected values

The mean or expected value or average of x is defined by

Elx)=p= Z xP(z) = Zvipi. (38)

zeX

If one thinks of the probability mass function as defining a set of point masses, with
p; being the mass concentrated at x = v;, then the expected value p is just the center
of mass. Alternatively, we can interpret u as the arithmetic average of the values in a
large random sample. More generally, if f(z) is any function of z, the expected value
of f is defined by

E[f(@)] =) f@)P(). (39)

zeX

Note that the process of forming an expected value is linear, in that if oy and as are
arbitrary constants,

Elan fi(x) + az fo(@)] = ar€[fi(2)] + a2€[fa()]. (40)

It is sometimes convenient to think of £ as an operator — the (linear) expectation
operator. Two important special-case expectations are the second moment and the
variance:

Ex? = ZmQP(x) (41)

zeX

Ellx —pf’l=0 =) (¢ —u)’P(z), (42)

zeX

Var|x]

where o is the standard deviation of x. Physically, if we think of x as a random
signal, the second moment is its total average power and the variance is its AC power.

PROBABILITY
MASS
FUNCTION
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Alternatively, the variance can be viewed as the moment of inertia of the probability
mass function. The variance is never negative, and is zero if and only if all of the
probability mass is concentrated at one point.

The standard deviation is a simple but valuable measure of how far values of x
are likely to depart from the mean. Its very name suggests that it is the standard
or typical amount one should expect a randomly drawn value for x to deviate or
differ from pu. Chebyshev’s inequality provides a mathematical relation between the
standard deviation and |z — pl:

1
Pr{jx — pu| > no} < 2 (43)

This inequality is not a tight bound (and it is useless for n < 1); a more practical rule
of thumb, which strictly speaking is true only for the normal distribution, is that 68%
of the values will lie within one, 95% within two, and 99.7% within three standard
deviations of the mean (Fig. A.1). Nevertheless, Chebyshev’s inequality shows the
strong link between the standard deviation and the spread of the distribution. In
addition, it suggests that |z — p|/o is a meaningful normalized measure of the distance
from x to the mean (cf. Sect. A.4.12).
By expanding the quadratic in Eq. 42, it is easy to prove the useful formula

Var[z] = £[z?] — (E]x])2. (44)

Note that, unlike the mean, the variance is not linear. In particular, if y = az, where
a is a constant, then Var[y] = a?Var[x]. Moreover, the variance of the sum of two
random variables is usually not the sum of their variances. However, as we shall see
below, variances do add when the variables involved are statistically independent.

In the simple but important special case in which x is binary valued (say, v1 =0
and v = 1), we can obtain simple formulas for u and o. If we let p = Pr{z = 1},
then it is easy to show that

uw = p and

o = /p(1-Dp). (45)

A.4.3 Pairs of discrete random variables

Let = be a random variable whose domain is X = {vy,v9,...,v}, and let y be
a random variable whose domain is V) = {wi,ws,...,w,. We can think of (z,y)
as a vector or a point in the product space of x and y. For each possible pair of
values (v;, w;) we have a joint probability p;; = Pr{z = v;,y = w;}. These mn joint
probabilities p;; are non-negative and sum to 1. Alternatively, we can define a joint
probability mass function P(x,y) for which

P(z,y) > 0 and

>N Py = 1L (46)

rEX yeY

The joint probability mass function is a complete characterization of the pair of ran-
dom variables (z,y); that is, everything we can compute about x and y, individually

CHEBYSHEV'S
INEQUALITY

PRODUCT
SPACE
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or together, can be computed from P(z,y). In particular, we can obtain the separate
marginal distributions for x and y by summing over the unwanted variable:

Pp(z) = 2 Plz,y)
yeY

Pyly) = ;XP(LZJ) (47)

As mentioned above, although the notation is more precise when we use subscripts
as in Eq. 47, it is common to omit them and write simply P(x) and P(y) whenever
the context makes it clear that these are in fact two different functions — rather than
the same function merely evaluated with different variables.

A.4.4 Statistical independence

Variables z and y are said to be statistically independent if and only if

P(z,y) = Py(x)P,(y). (48)

We can understand such independence as follows. Suppose that p; = Pr{z = v;} is
the fraction of the time that = v;, and ¢; = Pr{y = w;} is the fraction of the time
that y = w;. Consider those situations where x = v;. If it is still true that the fraction
of those situations in which y = w; is the same value g;, it follows that knowing the
value of x did not give us any additional knowledge about the possible values of y;
in that sense y is independent of x. Finally, if x and y are statistically independent,
it is clear that the fraction of the time that the specific pair of values (v;, w;) occurs
must be the product of the fractions p;q; = Py (v;) P, (w;).

A.4.5 Expected values of functions of two variables

In the natural extension of Sect. A.4.2, we define the expected value of a function
f(z,y) of two random variables  and y by

Elf(@,y)] =Y > flay)Play), (49)

zEX yeY

and as before the expectation operator £ is linear:

g[a1f1($7y) + 042f2(x7y)] = alg[fl(xv y)] + O‘Qg[fQ(xﬂ y)] (50)

The means and variances are:

e =€l = 33 ¢P(a,y)

zeEX yey
py=E = DD yPx,y)
zeX yey
or =Vla] =€l —p)’] = DD (v —pm)*Ple,y)
rzeX ye)y

or =Vl =Elly—m)’ = D (y—m)*Px,y). (51)

reX yey

MARGINAL
DISTRIBUTION



COVAR-
IANCE

A.4. PROBABILITY THEORY 17

An important new “cross-moment” can now be defined, the covariance of x and

Ouy = El(w — ) (y — )l = Y Y (@ = p1) (y — ) P, ). (52)

reX yey

We can summarize Eqs. 51 & 52 using vector notation as:

po= = Y xPx) (53)
xXe{xy}

> El(x — ) (x — ), (54)

where X' is the covariance matrix (cf., Sect. A.4.9).

The covariance is one measure of the degree of statistical dependence between x
and y. If x and y are statistically independent, then 0., = 0. If o is a constant
and y = ax, which is a case of strong statistical dependence, it is also easy to show
that o,y = ac?. Thus, the covariance is positive if 2 and y both increase or decrease
together, and is negative if y decreases when z increases. If 0., = 0, the variables z and
y are said to be uncorrelated. 1t does not follow that uncorrelated variables must be
statistically independent — covariance is just one measure of independence. However,
it is a fact that uncorrelated variables are statistically independent if they have a
multivariate normal distribution, and in practice statisticians often treat uncorrelated
variables as if they were statistically independent.

There is an important Cauchy-Schwarz inequality for the variances o, and o, and
the covariance o,y. It can be derived by observing that the variance of a random
variable is never negative, and thus the variance of Ax 4+ y must be non-negative no
matter what the value of the scalar A\. This leads to the famous inequality

o2 < olo? (55)

which is analogous to the vector inequality (x'y)? < |x[|? |ly]|* (Eq. 9).
The correlation coefficient, defined as

Oy
p=—" (56)

)
Ox0y

is a normalized covariance, and must always be between —1 and +1. If p = +1,
then x and y are maximally positively correlated, while if p = —1, they are maxi-
mally negatively correlated. If p = 0, the variables are uncorrelated. It is common for
statisticians to consider variables to be uncorrelated for practical purposes if the mag-
nitude of their correlation coefficient is below some threshold, such as .05, although
the threshold that makes sense does depend on the actual situation.

If x and y are statistically independent, then for any two functions f and g

Elf(x)g(y)] = E[f(x)€]g(y)], (57)

a result which follows from the definition of statistical independence and expectation.
Note that if f(z) = « — p, and g(y) = y — py, this theorem again shows that
Ozy = E[(x — pz)(y — p1y)] is zero if x and y are statistically independent.
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A.4.6 Conditional probability

When two variables are statistically dependent, knowing the value of one of them
lets us get a better estimate of the value of the other one. This is expressed by the
following definition of the conditional probability of x given y:

Pr{z = v,y = w;}

Pr{iz =vly=w;} = Priy = w] (58)
= wj
or, in terms of mass functions,
P(z,y)
P(zly) = (59)
V=R

Note that if x and y are statistically independent, this gives P(z|y) = P,(x). That
is, when = and y are independent, knowing the value of y gives you no information
about z that you didn’t already know from its marginal distribution P, (z).

To gain intuition about this definition of conditional probability, consider a simple
two-variable binary case where both x and y are either 0 or 1. Suppose that a large
number n of pairs of xy-values are randomly produced. Let n;; be the number of
pairs in which we find x =7 and y = j, i.e., we see the (0,0) pair ngg times, the (0, 1)
pair ng; times, and so on, where ngg + ng1 + n19 + n11 = n. Suppose we pull out
those pairs where y = 1, i.e., the (0, 1) pairs and the (1,1) pairs. Clearly, the fraction
of those cases in which x is also 1 is

nii _ nll/n
nor +n11 (nor +ni1)/n’

(60)

Intuitively, this is what we would like to get for P(z]y) when y = 1 and n is large.

And, indeed, this is what we do get, because nj;/n is approximately P(x,y) and
’I’Lll/’I’L

ot 7m is approximately P,(y) for large n.

A.4.7 The Law of Total Probability and Bayes’ rule

The expression

Pyy) =Y P(z,y) (61)

rzeX

is an instance of the Law of Total Probability. This law says that if an event A can
occur in m different ways A, As,..., A, and if these m subevents are mutually
exclusive — that is, cannot occur at the same time — then the probability of A
occurring is the sum of the probabilities of the subevents A;. In particular, the random
variable y can assume the value y in m different ways — with z = vy, with x = v,, .. .,
and with = = v,,. Because these possibilities are mutually exclusive, it follows from
the Law of Total Probability that P,(y) is the sum of the joint probability P(x,y)
over all possible values for x. But from the definition of the conditional probability
P(y|z) we have

P(z,y) = P(y|lz) P (), (62)

and thus, we obtain
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__POlPe)
" P(yle) Py (x)

rzeX

P(zly)

or in words,

likelihood X prior

posterior =

)

evidence

where these terms are discussed more fully in Chapt. 77.

Equation 63 is usually called Bayes’ rule. Note that the denominator, which is
just P,(y), is obtained by summing the numerator over all  values. By writing
the denominator in this form we emphasize the fact that everything on the right-
hand side of the equation is conditioned on z. If we think of z as the important
variable, then we can say that the shape of the distribution P(z|y) depends only on
the numerator P(y|x)P,(z); the denominator is just a normalizing factor, sometimes
called the evidence, needed to insure that P(z]y) sums to one.

The standard interpretation of Bayes’ rule is that it “inverts” statistical connec-
tions, turning P(y|x) into P(z|y). Suppose that we think of z as a “cause” and y
as an “effect” of that cause. That is, we assume that if the cause x is present, it is
easy to determine the probability of the effect y being observed, where the conditional
probability function P(y|z) — the likelihood — specifies this probability explicitly. If
we observe the effect y, it might not be so easy to determine the cause x, because
there might be several different causes, each of which could produce the same ob-
served effect. However, Bayes’ rule makes it easy to determine P(x|y), provided that
we know both P(y|z) and the so-called prior probability P,(x), the probability of x
before we make any observations about y. Said slightly differently, Bayes’ rule shows
how the probability distribution for « changes from the prior distribution P, (z) before
anything is observed about y to the posterior P(x|y) once we have observed the value
of y.

A.4.8 Vector random variables

To extend these results from two variables x and y to d variables xq,xo, ..., x4, it
is convenient to employ vector notation. The joint probability mass function P(x)
satisfies P(x) > 0 and ) P(x) =1 (Eq. 46), where the sum extends over all possible
values for the vector x. Note that P(x) is a function of d variables, 1, %o, .., 24,
and can be a very complicated, multi-dimensional function. However, if the random
variables x; are statistically independent, it reduces to the product

P(X) = P$1($1)PZ2(x2>"'PId<xd)
d

= [P () (64)

i=1

Here the separate marginal distributions P, (z;) can be obtained by summing the joint
distribution over the other variables. In addition to these univariate marginals, other
marginal distributions can be obtained by this use of the Law of Total Probability.
For example, suppose that we have P(xz1, 2,23, 24,25) and we want P(x1,xz4), we
merely calculate

EVIDENCE

LIKELIHOOD
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P($1,$4)ZZZZP($1,$2,$3,I4,$5). (65)

2 I3 s

One can define many different conditional distributions, such as P(x1,22|x3) or
P(xs|x1, x4, x5). For example,

P(xla T2, .1'3)
P(x3)

where all of the joint distributions can be obtained from P(x) by summing out the un-
wanted variables. If instead of scalars we have vector variables, then these conditional
distributions can also be written as

P($1,$2|.’E3> == (66)

P(Xl,Xg)
P(xa2)

and likewise, in vector form, Bayes’ rule becomes

P(x1|x2) = (67)

P(x[x2) = Plopa)Px1) (68)

Y Plxelxi)P(x1)

A.4.9 Expectations, mean vectors and covariance matrices

The expected value of a vector is defined to be the vector whose components are
the expected values of the original components. Thus, if f(x) is an n-dimensional,
vector-valued function of the d-dimensional random vector x,

f1(x)
f = | ] (69)
fulx)
then the expected value of f is defined by
€l (x)
et = | O S e po (70)
el ]
In particular, the d-dimensional mean vector p is defined by
[ Elr] M1
PRI L U R B ) (71)
L € [.Id] pa )

Similarly, the covariance matriz X is defined as the (square) matrix whose ij"* element

04 is the covariance of x; and x;:

as we saw in the two-variable case of Eq. 52. Therefore, in expanded form we have
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E[(wy = pa)(@r — pa)] E[(w1 — pa)(@w2 — p2)] ... E[(w1 — p1)(wa — pa)]
s _ El(w — p2)(x1 — )] El(xa — p2) (@2 — p2)] .. E[(w2 — p2)(xd — pa)]
| el — na) s —m)] Elwa—pa)(ws — )] . Elwa— o) — o)
[ g11 012 ... 014 O’% g12 ... 014
091 0922 ... O2¢q 0921 O’% ... O2¢g
- : S : = : S : : (73)
L Od1 042 ... 0O0dd Od1 042 ... 0’3

We can use the vector product (x — p)(x — p)t, to write the covariance matrix as

% = £l(x — p)(x — ). (74)

Thus, the diagonal elements of 3 are just the variances of the individual elements
of x, which can never be negative; the off-diagonal elements are the covariances,
which can be positive or negative. If the variables are statistically independent, the
covariances are zero, and the covariance matrix is diagonal. The analog to the Cauchy-
Schwarz inequality comes from recognizing that if w is any d-dimensional vector, then
the variance of w'x can never be negative. This leads to the requirement that the
quadratic form w!Xw never be negative. Matrices for which this is true are said to be
positive semi-definite; thus, the covariance matrix X must be positive semi-definite.
It can be shown that this is equivalent to the requirement that none of the eigenvalues
of ¥ can ever be negative.

A.4.10 Continuous random variables

When the random variable x can take values in the continuum, it no longer makes
sense to talk about the probability that = has a particular value, such as 2.5136,
because the probability of any particular exact value will almost always be zero.
Rather, we talk about the probability that = falls in some interval (a,b); instead of
having a probability mass function P(x) we have a probability mass density function
p(x). The mass density has the property that

b

Priz ¢ (a,b)} = / p() da. (75)

a

The name density comes by analogy with material density. If we consider a small
interval (a,a 4+ Ax) over which p(z) is essentially constant, having value p(a), we see
that p(a) = Pr{x € (a,a + Az)}/Ax. That is, the probability mass density at z = a
is the probability mass Pr{z € (a,a + Az)} per unit distance. It follows that the
probability density function must satisfy

(£) >0 and

i

/ p(z)de = 1. (76)

MASS
DENSITY
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In general, most of the definitions and formulas for discrete random variables carry
over to continuous random variables with sums replaced by integrals. In particular,
the expected value, mean and variance for a continuous random variable are defined
by

[ee)

[ oo

o
~
o)
8
=
I

o0

p=_Ekx] = / ap(z) dx (77)

— 00

o0

[ @ wpla) dz,

— 00

Varlz] = 0% = [(x — n)?]

and, as in Eq. 44, we have 0% = £[2?] — (&[z])?.
The multivariate situation is similarly handled with continuous random vectors x.
The probability density function p(x) must satisfy

p(x) >0 and
/p(x) dx =1, (78)

where the integral is understood to be a d-fold, multiple integral, and where dx is the
element of d-dimensional volume dx = dzidxs - --dxy. The corresponding moments
for a general n-dimensional vector-valued function are

Elf(x)] = 7 /Oo e /oo f(x)p(x) dridxs ... .dxg = /OO f(x)p(x) dx (79)

and for the particular d-dimensional functions as above, we have

p=exl = [ xox)dx (30)
2=l mix- )] = [ oo mx— w)'plx) dx

If the components of x are statistically independent, then the joint probability density
function factors as

d
p(x) = Hpi(l’i) (81)

and the covariance matrix is diagonal.
Conditional probability density functions are defined just as conditional mass func-
tions. Thus, for example, the density for x given y is given by
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p(z,y)
pzly) = (82)
and Bayes’ rule for density functions is

plaly) = mp(ylx)px(x) ’ (83)

/ P(y]2)pa () da

— 00

and likewise for the vector case.
Occassionally we will need to take the expectation with respect to a subset of the
variables, and in that case we must show this as a subscript, for instance
oo

Eu, [f(x1,22)] :7f f(z1,z2)p(x1) drq.(83)

A.4.11 Distributions of sums of independent random variables

It frequently happens that we know the distributions for two independent random
variables z and y, and we need to know the distribution for their sum z = = +y. It
is easy to obtain the mean and the variance of the sum:

pe = El]=Ex+y] = Ea]+ EY] = pa + py,
0 = El(z—p)’l =El(w+y — (o + 11y))?] = E[((x — ) + (¥ — p1y)))°]
El(@ — pa)?] + 2E[(x — pra) (Y — )| +E[(y — 11y)°] (84)
= 05 + O'z, .

where we have used the fact that the cross-term factors into [z — p,]E[y — | when
x and y are independent; in this case the product is manifestly zero, since each of
the expectations vanishes. Thus, in words, the mean of the sum of two independent
random variables is the sum of their means, and the variance of their sum is the sum
of their variances. If the variables are random yet not independent — for instance
y = -X, where x is randomly distribution — then the variance is not the sum of the
component variances.

It is only slightly more difficult to work out the exact probability density function
for z = x 4+ y from the separate density functions for  and y. The probability that z
is between ¢ and ¢ + Az can be found by integrating the joint density p(x,y) =
pz(x)py(y) over the thin strip in the xy-plane between the lines z + y = ¢ and
x4y =+ Az. It follows that, for small Az,

o0

Pr{i(<z<(+ Az} = { / Do ()py (¢ — ) dx}Az, (85)

— 00

and hence that the probability density function for the sum is the convolution of the
probability density functions for the components:

oo

po(2) =povmy = [ palalpy (s~ a)do. (50)

— 00

CONVOLUTION
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As one would expect, these results generalize. It is not hard to show that:

e The mean of the sum of d independent random variables x1, zo,..., x4 is the
sum of their means. (In fact the variables need not be independent for this to
hold.)

e The variance of the sum is the sum of their variances.

e The probability density function for the sum is the convolution of the separate
density functions:

D:2(2) = Py * Day %« % Dy (87)

A.4.12 Univariate normal density

One of the most important results of probability theory is the Central Limit Theorem,
which states that, under various conditions, the distribution for the sum of d inde-
pendent random variables approaches a particular limiting form known as the normal
distribution. As such, the normal or Gaussian probability density function is very
important, both for theoretical and practical reasons. In one dimension, it is defined

by
(@) = — e_%<$;ﬂ>2. (88)

2mo

The normal density is traditionally described as a “bell-shaped curve”; it is com-
pletely determined by the numerical values for two parameters, the mean p and the
variance 2. This is often emphasized by writing p(z) ~ N(u,0?), which is read as
“g is distributed normally with mean g and variance 02.” The distribution is sym-
metrical about the mean, the peak occurring at = p and the width of the “bell” is
proportional to the standard deviation o. The normal density satisfies the following

equations:

™
=
I
=
=
IS
8
I
[t

(89)

o
B
|
—
8
=
&
U
8
Il
=

Elle—p)?) = / (& — w)?p(x) dx = o°.

— 00

Normally distributed data points tend to cluster about the mean. Numerically, the
probabilities obey

Pr{lz —u| <o} = 0.68
Pr{lz — pu| <20} =~ 0.95 (90)
Pr{|z — u| <30} =~ 0.997,
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as shown in Fig. A.1.

p(u)
A

-4 -3 -2 -1 0 1 2 3 4
- 68% »
~ 95% >

- 99.7% >

Figure A.1: A one-dimensional Gaussian distribution, p(u) ~ N(0, 1), has 68% of its
probability mass in the range |u| < 1, 95% in the range |u| < 2, and 99.7% in the
range |u| < 3.

A natural measure of the distance from x to the mean p is the distance |z — pl
measured in units of standard deviations:

_ Jz—p
r=-———
o

the Mahalanobis distance from x to p. Thus, the probability is .95 that the Maha-

lanobis distance from x to p will be less than 2. If a random variable x is modified

by (a) subtracting its mean and (b) dividing by its standard deviation, it is said to

be standardized. Clearly, a standardized normal random variable u = (z — p)/o has
zero mean and unit standard deviation, that is,

(91)

(92)

which can be written as p(u) ~ N(0,1).

A.5 (Gaussian derivatives and integrals

Because of the prevalence of Gaussian functions throughout pattern recognition, we
often have occassion to integrate and differentiate them. The first three derivatives
of a one-dimensional (normalized) Gaussian are

O 1 eeer)] T a0
ox |\ 2ro V2mos3

62 1 2 2 : 1 2 2

L= oz /(207) _ _ 2 2\ _—x?/(20%)
e = o +x%)e

02?2 |\ 2no | V2mod ( )

[ 1 /(20 ]

0x® | \/2mo

(93)

(33702 — x?’) e_“cz/(g‘fz)7

1
V2moT

MAHALANOBIS
DISTANCE

STANDARDIZED
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and are shown in Fig. A.2.

Figure A.2: A one-dimensional Gaussian distribution and its first three derivatives,
shown for f(x) ~ N(0,1).

An improtant finite integral of the Gaussian is the so-called error function, defined
as

u

erf(u) = %/e_IQ/de. (94)

0

Note especially the pre-factor of 2 and the lower limit of integration. As can be
seen from Fig. A.1, erf(0) = 0, erf(1) = .68 and lim erf(x) = 1. There is no closed

analytic form for the error function, and thus we typically use tables, approximations
or numerical integration for its evaluation (Fig. A.3).

1-erf(u) erf(u)
0.8
0.6
0.4

Ju2
0.2

u
1 2 3 4

Figure A.3: The error function is the corresponds to the area under a standardized
Gaussian (Eq. 94) between —u and u, i.e., is the probability that a sample is chosen
from the Gaussian |z| < u. Thus, the complementary probability, 1 — erf(u) is the
probability that a sample is chosen with |x| > u for the sandardized Gaussian. Cheby-
shev’s inequality states that for an arbitrary distribution having standard deviation
= 1, this latter probability is bounded by 1/u?. As shown, this bound is quite loose
for a Gaussian.

In calculating moments of Gaussians, we need the general integral of powers of x
weighted by a Gaussian. Recall first the definition of a gamma function
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/x”e*””dx =T(n+1), (95)
0

where the gamma function obeys

I'(n) =nl'(n—1) (96)

and I'(1/2) = /7. For n an integer we have I'(n+1) =n x(n—1)x (n—2)...1 = nl,
read “n factorial.”

Changing variables in Eq. 95, we find the moments of a (normalized) Gaussian
distribution as

e—a:2/(202) 27L/20.TL n+1
2 " dr = ( ) )
2o NG 2

(97)
where again we have used a pre-factor of 2 and lower integration limit of 0 in order
give non-trivial (i.e., non-vanishing) results for odd n.

A.5.1 Multivariate normal densities

Normal random variables have many desirable theoretical properties. For example, it
turns out that the convolution of two Gaussian functions is again a Gaussian function,
and thus the distribution for the sum of two independent normal random variables is
again normal. In fact, sums of dependent normal random variables also have normal
distributions. Suppose that each of the d random variables z; is normally distributed,
each with its own mean and variance: p(x;) ~ N(u;,0?). If these variables are
independent, their joint density has the form

2

d d 1 1 (u)

2 o

p(x) = [[pet@)=]] e i
i=1 = V2mo;

1 Ti— Wi 2
C (M)
—_——e 1= .
d
(271')‘1/21_[@
i=1

This can be written in a compact matrix form if we observe that for this case the
covariance matrix is diagonal, i.e.,

o2 0 0
0 o3 0

T = : , (99)
0 0 o2

and hence the inverse of the covariance matrix is easily written as
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/o2 0 ... 0
0 1/o3 ... 0
> 2 _ (100)
0 0 .. 1/o2

Thus, the quadratic form in Eq. 98 can be written as

d 2
S () = (101)
i=1 ¢

Finally, by noting that the determinant of X is just the product of the variances, we
can write the joint density compactly in the form

1 —l(x—u)tE‘l(x—u).

This is the general form of a multivariate normal density function, where the covari-
ance matrix X is no longer required to be diagonal. With a little linear algebra, it
can be shown that if x obeys this density function, then

o0

p=_Ex = /xp(x)dx

— 0o

o0

T=Ex-p)x-p)] = / (x = p)(x = p)'p(x) dx, (103)

— 00

just as one would expect. Multivariate normal data tend to cluster about the mean
vector, u, falling in an ellipsoidally-shaped cloud whose principal axes are the eigen-
vectors of the covariance matrix. The natural measure of the distance from x to the
mean g is provided by the quantity

r? = (x—p)'2 7 (x - p), (104)

which is the square of the Mahalanobis distance from x to p. It is not as easy
to standardize a vector random variable (reduce it to zero mean and unit covariance
matrix) as it is in the univariate case. The expression analogous tou = (z—p)/o isu =
»~1/2(x—p), which involves the “square root” of the inverse of the covariance matrix.
The process of obtaining X~/ requires finding the eigenvalues and eigenvectors of
32, and is just a bit beyond the scope of this Appendix.

A.5.2 Bivariate normal densities

It is illuminating to look at the so-called bivariate normal density, that is, the case
of two Gaussian random variables 1 and zo. In this case, it is convenient to define
o% =011, 0% = 099, and to introduce the correlation coefficient p defined by

012

p= (105)

o102

With this notation, that the covariance matrix becomes
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D — { 011 012 ] _ { U% PU1202 }7 (106)
021 022

and its determinant simplifies to

5] = 0203(1 - p2). (107)

Thus, the inverse covariance matrix is given by

w1 _ 1 [ o3 —90102}
- 2 2 2 _ 2
oio3(1—p?) po102 o1
1 >
_ 91 9102 . (108)
1
1—p? l e o7 ]

Next we explicitly expand the quadratic form in the normal density:

(x—p)'=" (x—p)

= [(xl—ul)(xQ—ug)}leQ [ 73 _Ulwz ] { Ei;:ﬁ;; }

0102 o2

1 T1 — [1\2 T1 — 1y T2 — [b To — [42\2
= (P (B (B (B o)

Thus, the general bivariate normal density has the form
1
2wo1094/1 — p?
1 T, — 2 Ty — To — To — 2
el ) ) (L) () ]
e 2(1 —p ) g1 g1 g9 g9 .

As we can see from Fig. A.4, p(z1,z2) is a hill-shaped surface over the ;29 plane.
The peak of the hill occurs at the point (21, z2) = (u1, p2), i.e., at the mean vector p.
The shape of the hump depends on the two variances 0% and o3, and the correlation
coefficient p. If we slice the surface with horizontal planes parallel to the z;z5 plane,
we obtain the so-called level curves, defined by the locus of points where the quadratic
form

p$1$2(l‘171‘2) = (110)

<$1—M1)2_2p($1—u1)($2—u2)+($2—M2)2 (111)
o1 o1 02 02

is constant. It is not hard to show that |p| < 1, and that this implies that the level
curves are ellipses. The z and y extent of these ellipses are determined by the variances
o? and 03, and their eccentricity is determined by p. More specifically, the principal
azes of the ellipse are in the direction of the eigenvectors e; of X', and the different
widths in these directions v/\;. For instance, if p = 0, the principal axes of the ellipses
are parallel to the coordinate axes, and the variables are statistically independent. In
the special cases where p = 1 or p = —1, the ellipses collapse to straight lines. Indeed,

PRINCIPAL
AXES
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a
X1

Figure A.4: A two-dimensional Gaussian having mean g and non-diagonal covariance
Y. If the value on one variable is known, for instance x; = %, the distribution over
the other variable is Gaussian with mean po);.

the joint density becomes singular in this situation, because there is really only one
independent variable. We shall avoid this degeneracy by assuming that |p| < 1.

One of the important properties of the multivariate normal density is that all
conditional and marginal probabilities are also normal. To find such a density expli-
cilty, which we deonte pg, |4, (2|71), we substitute our formulas for p,, 4, (21, 22) and
Pz, (21) in the defining equation

Pxixs (l’l, 172)
Py (331)

1 e2(1;%[(“;1)2zp<w1;1>+<wa:2ﬂ]

[271'0102 1—p?

] —p 2
X [\/ﬁole%(' 71 1) :|

Paslz, (72]71)

1 1

_ wp—py _wy—py]?
= — e 2(1-p?) o2

[

2
1 (22— [p2+pZ (21 — /Jl)]>

R e 2 o2/ 1= p?
V2rogy/1 — p?

Thus, we have verified that the conditional density p, |, (z1|z2) is a normal distri-
bution. Moreover, we have explicit formulas for the conditional mean pg; and the
conditional variance U%Ilz

(112)

g
pop = uﬁpg—j(»%‘l—ul) and
o3 = o3(1—p), (113)
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as illustrated in Fig. A.4.

These formulas provide some insight into the question of how knowledge of the
value of x1 helps us to estimate x5. Suppose that we know the value of x;. Then
a natural estimate for xs is the conditional mean, po;. In general, ug; is a linear
function of z1; if the correlation coefficient p is positive, the larger the value of z1,
the larger the value of jiy;. If it happens that x; is the mean value pp, then the best
we can do is to guess that xs is equal to us. Also, if there is no correlation between
r1 and xo, we ignore the value of x1, whatever it is, and we always estimate xs by
2. Note that in that case the variance of o, given that we know x1, is the same
as the variance for the marginal distribution, i.e., 03, = o3. If there is correlation,
knowledge of the value of x1, whatever the value is, reduces the variance. Indeed,
with 100% correlation there is no variance left in xo when the value of z; is known.

A.6 Information theory

A.6.1 Entropy and information

Assume we have a discrete set of symbols {v1 v ... v, } with associated probabili-
ties p;. The entropy of the discrete distribution — a measure of the randomness or
unpredictability of a sequence of symbols drawn from it — is

H=-Y"Plog, P, (114)
1=1

where here we use the logarithm is base 2. In case any of the probabilities vanish, we
use the relation 0 log 0 = 0. (For continuous distributions, we often use logarithm
base e, denoted In.) If we recall the expectation operator (cf. Eq. 39), we can write
H = &[log 1/P], where we think of P as being a random variable whose possible
values are p1,pa, ..., Pm. Note that the entropy does not depend on the symbols, but
just on their probabilities. The entropy is non-negative and measured in bits when
the base of the logarithm is 2. One bit corresponds to the uncertainty that can be
resolved by the answer to a single yes/no question. For a given number of symbols
m, the uniform distribution in which each symbol is equally likely, is the maximum
entropy distribution (and H = log, m bits) — we have the maximum uncertainty
about the identity of each symbol that will be chosen. Conversely, if all the p; are 0
except one, we have the minimum entropy distribution (H = 0 bits) — we are certain
as to the symbol that will appear.
For a continuous distribution, the entropy is

oo

H=- /p(a;)log p(z)dz, (115)

— 00

and again H = &[log 1/p]. Tt is worth mentioning that among all continuous density
functions having a given mean p and variance o2, it is the Gaussian that has the
maximum entropy (H = .5 + logy (v/270) bits). We can let o approach zero to find
that a probability density in the form of a Dirac delta function, i.e.,

b(x—a) = { 0 if 7 a with

00 if z = a,

BIT

DIRAC
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oo

/ 6(x)dx =1, (116)

has the minimum entropy (H = —oo bits). For a Dirac function, we are sure that the
value a will be selected each time.

Our use of entropy in continuous functions, such as in Eq. 115, belies some sub-
tle issues which are worth pointing out. If z had units, such as meters, then the
probability density p(z) would have to have units of 1/x. There is something funda-
mentally wrong in taking the logarithm of p(x), since the argument of any nonlinear
function has to be dimensionless. What we should really be dealing with is a dimen-
sionless quantity, say p(z)/po(x), where po(x) is some reference density function (cf.,
Sect. A.6.2).

One of the key properties of the entropy of a discrete distribution is that it is
invariant to “shuffling” the event labels; no such property is evident for continuous
variables. The related question with continuous variables concerns what happens
when one makes a change of variables. In general, if we make a change of variables,
such as y = 22 or even y = 10z, we will get a different value for the integral of
[ a(y)log q(y) dy, where g is the induced density for y. If entropy is supposed to
measure the intrinsic disorganization, it doesn’t make sense that y would have a
different amount of intrinsic disorganization than x.

Fortunately, in practice these concerns do not present important stumbling blocks
since relative entropy and differences in entropy are more fundamental than H taken
by itself. Nevertheless, questions of the foundations of entropy measures for continu-
ous variables are addressed in books listed in Bibliographical Remarks.

A.6.2 Relative entropy

Suppose we have two discrete distributions over the same variable x, p(z) and ¢(z).
The relative entropy or Kullback-Leibler distance is a measure of the “distance” be-
tween these distributions:

Dicr(p(e),a@)) = 3 gy (117)

The continuous version is

q(x
Dicolpla)sa@) = [ atwmn ™. (118)
p(x)
Although Drr,(p(+), ¢(+)) = 0 and Dk (p(-),q(-)) = 0 if and only if p(-) = ¢(-), the
relative entropy is not a true metric, since Dk is not necessarily symmetric in the
interchange p < ¢ and furthermore the triangle inequality need not be satisfied.

A.6.3 Mutual information

Now suppose we have two distributions over possibly different random variables, e.g.,
p(x) and ¢g(y). The mutual information is the reduction in uncertainty about one
variable due to the knowledge of the other variable
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1(p; @) = Hp) - Hiplg) = Y ra, y)log%7 (119)

where r(z,y) is the probability of finding value x and y. Mutual information is simply
the relative entropy between the joint distribution r(z, y) and the product distribution
p(2)q(y) and as such it measures how much the distributions of the variables differ
from statistical independence. Mutual information does not obey all the properties of
a metric. In particular, the metric requirement that if p(x) = ¢(y) then I(x; y) =0
need not hold, in general. As an example, suppose we have two binary random
variables with r(0,0) = r(1,1) = 1/2, so r(0,1) = r(1,0) = 0. According to Eq. 119,
the mutual information between p(z) and ¢(y) is log 2 = 1.

The relationships among the entropy, relative entropy and mutual information
are summarized in Fig. A.5. The figure shows, for instance, that the joint entropy
H(p,q) is generally larger than individual entropies H(p) and H(q); that H(p) =
H(plq) + I(p; q), and so on.

H(p.0)
» A

H(p)
H(Q)

Figure A.5: The relationship among the entropy of distributions p and ¢, mutual
information I(p, ¢), and conditional entropies H(p|q) and H (¢|p). From this figure one
can quickly see relationships among the information functions, for instance I(p; p) =
H (p); that if I(p; q) = 0 then H(q|p) = H(q), and so forth.

A.7 Computational complexity

In analyzing and describing the difficulty of problems and the algorithms designed to
solve such problems, we turn now to computational complexity. For instance, calcu-
lating the standard deviation of a distribution is somehow “harder” than calculating
its mean. Furthermore, some algorithms for computing some function may be faster
or take less memory, than another algorithm. How can we specify such differences,
independent of the current computer hardware (which is always changing anyway)?

To this end we use the concept of the order of a function and asymptotic nota-
tion and “big oh,” “big omega,” and “big theta” asymptotic notations. The three
asymptotic bounds most often used are:
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Asymptotic upper bound O(g(x)) = {f(z): there exist positive constants ¢ and
2o such that 0 < f(z) < cg(z) for all © > xo}

Asymptotic lower bound £2(g(z)) = {f(x): there exist positive constants ¢ and
xg such that 0 < cg(x) < f(x) for all x > x}

Asymptotically tight bound @(g(x)) = {f(z): there exist positive constants ¢y, ca,
and zg such that 0 < ¢1g(z) < f(2z) < cag(x) for all x > a0}

f(x) = O(g(x)) () = Q(g(x)) () = ©(g(x)

f
e () ¢, 9(x)

t(x)

cg(x)
f(x) €,9(x)

0 %o X

) b) 0)

Figure A.6: Three types of order of a function describe the upper, lower and tight
asymptotic bounds. a) f(z) = O(g(x)). b) f(z) = 2(g(x)). ¢) f(z) = O(g(x)).

Consider the asymptotic upper bound. We say that f(z) is “of the big oh order
of g(x)” (written f(z) = O(g(x)) if there exist constants ¢y and xg such that f(x) <
cog(z) for all > x. We shall assume that all our functions are positive and dispense
with taking absolute values. This means simply that for sufficiently large x, an upper
bound on f(z) grows no worse than g(x). For instance, if f(z) = a + bz + cx? then
f(x) = O(z?) because for sufficiently large =, the constant, linear and quadratic terms
can be “overcome” by proper choice of ¢y and zy. The generalization to functions
of two or more variables is straightforward. It should be clear that by the definition
above, the (big oh) order of a function is not unique. For instance, we can describe
our particular f(z) as being O(z?), O(z3), O(z*), O(z® In z), and so forth. We
write the tightest asymptotic upper bound f(z) = o(g(z)), read “little oh of g(z)”
for the minimum in the class O(g(z)). Thus for instance if f(z) = ax? + bz + ¢, then
f(x) = o(z?). Conversely, we use big omega notation, §2(-), for lower bounds, and
little omega, w(-), for the tightest lower bound.

Of these, the big oh notation has proven to be most useful since we generally
want an upper bound on the resources needed to solve a problem; it is frequently too
difficult to determine the little oh complexity.

Such a rough analysis does not tell us the constants ¢ and xy. For a finite size
problem it is possible (though not likely) that a particular O(z?3) algorithm is simpler
than a particular O(z?) algorithm, and it is occasionally necessary for us to determine
these constants to find which of several implemementations is the simplest. Never-
theless, for our purposes the big oh notation as just described is generally the best
way to describe the computational complexity of an algorithm.

Suppose we have a set of n vectors, each of which is d-dimensional and we want to
calculate the mean vector. Clearly, this requires O(nd) multiplications. Sometimes we
stress space and time complexities, which are particularly relevant when contemplat-
ing parallel hardware implementations. For instance, the d-dimensional sample mean
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could be calculated with d separate processors, each adding n sample values. Thus
we can describe this implementation as O(d) in space (i.e., the amount of memory
or possibly the number of processors) and O(n) in time (i.e., number of sequential
steps). Of course for any particular algorithm there may be a number of time-space
tradeoffs.

Bibliographical Remarks

There are several good books on linear system, such as [13], and matrix computations
[9]. Lagrange optimization and related techniques are covered in the definitive book
[2]. While [12] is of historic interest and significance, readers secking clear presen-
tations of the central ideas in probability are [11, 8, 6, 18]. Another book treating
the foundations is [3]. A handy reference to terms in probability and statistics is
[17]. The definitive collection of papers on information theory is [7], and an excellent
textbook, at the level of this one, is [5]; readers seeking a more abstract and formal
treatment should consult [10]. The multi-volume [14, 15, 16] contains a description
of computational complexity, the big oh and other asymptotic notations. Somewhat
more accessible treatments can be found in [4] and [1].

SPACE
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vector, 20
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Cauchy-Schwarz inequality, 9, 17
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Central Limit Theorem, 24
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cofactor
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conditional probability, see probabil-
ity, conditional
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covariance, 17, 21
matrix, see matrix, covariance
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Gaussian
bivariate, 28
conditional mean, 30
marginal, 30
mean, 24
univariate, 24
variance, 24
joint
singular, 30
distance
Euclidean, 9
Kullback-Leibler, 32
Mahalanobis, 25, 28
distribution
Gaussian, 24
area, 15
covariance, 28
eigenvector, 28
moment, 27
multivariate, 27
principal axes, 28
joint, 20
marginal, 19
maximum entropy, 31
prior, 19
dot product, see inner product

eigenvalue, 12
eigenvector, 12
entropy, 31
continuous distribution, 31
discrete, 32
relative, 32
error function (erf(-)), 26
Euclidean norm, see distance, Euclidean
events
mutually exclusive, 18
evidence, 19
expectation
continuous, 22
entropy, 31
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linearity, 14, 16

vector, 20
expected value, 14

two variables, 16

factorial, 27

function
Dirac delta, 31
gamma, 26
Kronecker, 8
vector valued, 22

gamma function, see function, gamma
Gaussian derivative, 26

Gaussian deriviative, 25

gradient, 10

Hessian matrix, see matrix, Hessian

identity matrix, see matrix, identity (I)
independence
statistical, 16
independent variables
sum, 23
information
bit, see bit
mutual, 32-33
information theory, 31-33
inner product, 9

Jacobean matrix, see matrix, Jacobean
Jacobian, 10, 11

Kronecker delta, see function, Kronecker
Kullback-Leibler, see distance, Kullback-

Leibler

Lagrange optimization, see optimiza-
tion, Lagrange
Lagrange undetermined multiplier, 13
Law of Total Probability, 18
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linear independence, 9
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lower bound
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mass function
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adjoint, 13
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covariance, 10
determinant, 28, 29
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inverse, 27, 29
derivative, 10-11
determinant, 11-12
hypervolume, 12
Hessian, 11
identity (I), 8
inverse
derivative, 10
inversion, 12-13
Jacobean, 10
multiplication, 9
non-negative, 8
positive semi-definite, 21
product, see outer product
pseudoinverse, 13
separable, 10
skew-symmetric, 8
square, 8
symmetric, 8, 10
trace, 12
maximum entropy, 31
mean, see expected value
calculation
computational complexity, 33
two variables, 16
mean vector, see vector, mean
moment
cross, see covariance
second, 14
multiple integral, 22
mutual information, see information,
mutual

normal, see distribution, Gaussian

optimization
Lagrange, 13
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conditional, 18
density, 21
joint, 22
joint, 15, 18
mass, 18, 21
joint, 15
mass function, 14
total
law, see Bayes’rule
probability theory, 13-25
product space, 15

random variable
discrete, 13
vector, 19-21

scalar product, see inner product
second moment, see moment, second
space-time tradeoff, 35
standard deviation, 14, 25
statistical
independence
expectation, 17
statistical dependence, 17
statistical independence, see indepen-
dence, statistical, 17, 21
Gaussian, 29
vector, 19

Taylor series, 11
tight bound

asymptotic (O(+)), 34
trace, see matrix, trace
transpose, 8

unpredictability, see entropy
upper bound
asymptotic (O(+)), 34

variable
random
continuous, 21-23
discrete, 15
standardized, 28
standardized, 25

variables

uncorrelated, 17
variance, 14

nonlinearity, 15

two variables, 16
vector, 8

addition, 8

colinearity, 9

linearly independent, 9

mean, 20

orthogonal, 9

space, 9
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vector product, see outer product
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