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Chapter 1

Review and Miscellanea

In this chapter, we review briefly without proof some basic concepts and facts of mathe-
matical (real) analysis and linear algebra. We do assume that the reader is familiar with
the elementary calculus and linear algebra such as fundamental properties and operations
with scalar functions (continuity, derivatives, integrals, etc.) and matrices (addition, mul-
tiplication, inversion, determinant, etc.).

1.1 Linear Algebra

This section provides notation, definitions, and basic results of linear algebra. More on this
material can be found, for example, in the textbook by Strang [32]. More general treatment
of matrices can be found in the book by Horn and Johnson [I8].

1.1.1 Vectors and Set Operations
Vectors

We use R" to denote the set of n-dimensional vectors. We view the vectors of R" as
columns. Given a vector, x € R", we write x; to denote its i-th component. We write
x > 0 and x > 0 when, respectively, x; > 0 and x; > 0 for all components i. For any
vectors x,y € R", we write x > y and « > y when x —y > 0 and x — y > 0, respectively.
Similarly, we interpret x <0, z < 0, x <y, and x < y.

For a vector z € R", we write 7 to denote the vector of componentwise maximum of
x and the zero vector, i.e.,

max{z,0}

max{z,,0}
Note that ™ > 0. Similarly, we define = as the componentwise minimum of z and the

7
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zero vector,
min{zy,0}

min{z,,0}

Note that = < 0. Furthermore, we have x = 2% + z~.

We use 2T to denote the transpose of a vector x. Accordingly, we use 7y to denote
the inner product of two vectors z,y € R", ie., a7y = 31" x;y;. The vectors z,y € R"
are orthogonal when their inner product is zero, i.e., z7y = 0.

Set Operations
We denote the empty set by (. Given a set X C R", its complement set is
Xe={zeR" |z ¢ X}.
Given a scalar o € R and a set X C R", the scaled set aX is given by
aX ={z=azx |z e X}.
Given two sets, their set difference X \ 'Y is the set given by
X\Y={z|zeXandz¢ Y} difference.

Given two sets, their set intersection X NY, union X UY, Cartesian product X x Y,
and sum X + Y are the sets respectively given by

XNY={z]zeXand z €Y} intersection
XUY={z2]zeXorzeY} union
XxY={(z,y)|re X, yeY}  Cartesian product

X+Y={zr+y|lzeX, yeY} sum.

The preceding definitions extend naturally to more than two sets. For example, the inter-
section of sets Xi,...,X,, C R" is given by

Xin---NnX,={z|reX foralli=1,...,m}.
1.1.2 Linear Combination and Independence
Given scalars g, ..., a,, € R and vectors xy,...,x, € R™, the vector z given by
Z=01T1+ ...+ nTm,

is referred to as a linear combination of vectors xy, ..., xTy.
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The vectors x4, ...,x,, are said to be linearly dependent when the zero vector can be
obtained as a nonzero linear combination of these vectors. Formally, x4, ..., z,, are linearly
dependent when there exists scalars aq, ..., a,, not all equal to zero and such that

oy + ...+ ane, =0.

The vectors z4,...,x,, are said to be linearly independent when they are not linearly
dependent. Formally, they are independent when the equality

T+ ... F oty =0

holds only for a1 = 0,...,q,, = 0. In other words, the vectors x1,...,x,, are linearly
independent when the zero vector cannot be obtained as a nonzero linear combination of
these vectors.

1.1.3 Subspace and Dimension

A nonempty set S C R" is a subspace of R™ when every linear combination of its elements
belongs to S. Formally, S is subspace when for every set of vectors zy, ..., x,, € S we have

o1y + ...+ Ty €S for any set of scalars ay, ..., a,.

Note that R™ is a subspace. Also, the set containing only the zero vector is also a subspace.

Given a subspace S C R" and a set of vectors x1,...,x,, in S, the vectors x; ..., x,, are
said to span the subspace S when every vector in S can be expressed as a linear combination
of vectors x1,...,x,,, i.e.,

S={or1+ 4+ anrm | a; € R for all i}.

A set of vectors x1,...,x,, € S is said to be a basis of the subspace S when the vectors
Z1,...,%, span the subspace S and they are linearly independent. A subspace S C R”
can have more than one basis. However, every basis of S has the same number of vectors.
This common number is the dimension of the subspace S. Note that the zero subspace,
S = {0}, has zero dimension.

We use e; to denote a vector in R"™ whose j-th entry is 1 and all other entries are 0.
The vectors ey, ..., e, are the standard basis for R”. Note that these vectors are mutually
orthogonal, i.e.,

elej =0 for all @ # j.

They are also refereed to as standard orthogonal basis for R™.

1.1.4 Affine Sets

A set X C R" is an affine set when X is a translation of a subspace in R", i.e., when X
can be written as
X=x+S={x+s|seS} (1.1)
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for some x € X and some subspace S C R". We also say that the affine set X is generated
by the subspace S. The dimension of an affine set X is the same as the dimension of its
generating subspace S. For example, every set {x} for € R" is an affine (singleton) set
since {z} = x+ {0}. Each of these sets has zero dimension. The dimension of an affine set
X is denoted by dimX.

If X is an affine set then the subspace S that generates X is unique. However, the
translation vector x in Eq. is not unique. In fact, any vector x € X can be used.
Formally, if X is an affine set generated by the subspace S, then we have

X=x0+5 for any xg € X.

1.1.5 Orthogonal Vectors and Orthogonal Subspace

We say that vectors z,y € R™ are orthogonal when their inner product is zero, i.e., when
2Ty = 0. We often write L y to denote that x and y are orthogonal.

Given a set X C R, the orthogonal complement of X is the set X+ of vectors y that
are orthogonal to every element in X i.e.,

Xt={y|y'z=0 foralze X}.

Note that X+ is a subspace regardless whether X is a subspace or not. For a subspace
S, its orthogonal complement is also referred to as orthogonal subspace of S. Note that
(SH)t = S. Furthermore, the sum of the dimensions of a subspace S C R™ and its
orthogonal subspace S* is equal to the dimension of the underlying space R", i.e.,

dimS + dimS* =n for a subspace S C R".

1.1.6 Vector Norm

A vector norm is a scalar function that assigns a nonnegative scalar to every vector x € R™.
Specifically, a norm || - || : R" — [0, +00) is a scalar function with the following defining
properties:

1. Nonnegativity ||z|| > 0 for all x € R", where ||z|| = 0 if and only if x = 0.
2. Homogeneity ||azx| = | ||z|| for any € R™ and any a € R.

3. Triangle Inequality or Subadditivity ||z + y|| < ||z|| + ||y|| for all 2,y € R™.

For the most part, we use Fuclidean norm given by

2] = VaTz =

Occasionally, we also use 1-norm and co-norm, respectively, given by

n
e = |,
=1
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[l = s [zl

When we write || - ||, then it is Euclidean norm. The following are important relations:
lzTy| < ||z] - ||yl for any =,y € R” Schwartz inequality{'|
2+ yl|? = ||lz|I* + [|y||? for any z,y € R™ with 27y =0 Pythagorean Theorem.

1.1.7 Matrices

Notation and Basics

Given a matrix A, we use A;; or [A];; to denote its ij-th entry. We write A; or [A]; to
denote its i-th row vector. Similarly, we use A7 or [A)’ to denote its j-th column vector.
We denote the identity matriz by I. We use AT to denote the transpose of the matrix A.

The rank of A is the largest number of linearly independent columns of A. We say that
A has full column rank when the columns of A are linearly independent. Similarly, We
say that A has full row rank when the rows of A are linearly independent. We say that A
has full rank when its rank is equal to the minimum of m and n. The matrix A and its
transpose A’ have the same rank.

Null Space and Range
Given an m x n matrix A, the null space of A is the set N4 defined by
Ny ={z € R"| Az = 0}.
The range of A is the set R4 given by
Ry={yeR™|y= Az for some z € R"}.

Both the null space and the range are subspaces (of R™ and R™, respectively). There
is an important orthogonality relation between the null space of A and the range of its
complement A”. In particular, we have

1.1.8 Square Matrices

For a square matrix A, we use detA to denote its determinant. The matrix is said to be
singular when its determinant is zero; otherwise, it is nonsingular or invertible.
For an m x m nonsingular matrix A, its inverse is the (n x n) matrix A~ such that

ATTA=AAT =1

The inverse matrix A~! is unique.
For n x n nonsingular matrices A and B, the following relation holds

(AB)™' =B7tA™%

Additional important properties of square matrices are given in the following lemma.
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Lemma 1 For a square matriz A, the following statements are equivalent:
(a) A is nonsingular.
(b) AT is nonsingular.
(c) A has full column rank.
(d) A has full row rank.
(e) Az =0 if and only if x = 0.
(f) For every y € R"™, the equation AX =y as a unique solution x € R".

(9) The inverse A~ exists and it is unique.

1.1.9 Eigenvalues and Eigenvectors

Given an n x n square matrix A, we say that a complex number ) is an eigenvalue of A
when
Axr = Mz for some nonzero x € R".

A vector z # 0 satisfying the preceding relation is referred to as an eigenvector of A
associated with the eigenvalue A\. Note that the eigenvalues are in general complex numbers.
Furthermore, every square matrix has n eigenvalues (possibly repeated). Also, if A is a
complex eigenvalue of A, then the complex conjugate \ is also an eigenvalue of A.

The set of all eigenvalues of A is the spectrum of A and is denoted by o(A). The spectral
radius of A is the largest magnitude of the eigenvalues, and it is denoted by p(A). Formally,
it is given by

A) = AL
p(A) f&?ﬁﬂ |

The determinant of A is equal to the product of the eigenvalues of A, i.e.,
detA = A -+ A\,

The trace of A, denoted by TrA, is defined as the sum of the diagonal entries of A

i=1

The trace of A is equal to the sum of the eigenvalues of A,

i=1

Some additional properties of the eigenvalues of square matrices are given in the fol-
lowing lemma.

Lemma 2 Let A be an n X n square matrixz. We have:
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(a) AT has the same eigenvalues as A, i.e., o(AT) = o(A).

(b) Let B be a square matriz, and assume that B = CAC™" for some invertible matrix
C. Then, the matrices A and B have the same eigenvalues, i.e., 0(A) = o(B).

(c) Let A be invertible and let its eigenvalues be 1, ..., \,. Then, the eigenvalues of A™!

1 1
are 5- ..., 5, e,

(A1) = {% xe o-(A)}.

(d) Let \i,..., A\, be the eigenvalues of A. Then, the eigenvalues of the matriz ol + A
are o+ A, ..., + \,, i.e.,

olal + A) =a+o(A).

(e) Let \i,...,\, be the eigenvalues of A. Then, the eigenvalues of A* are \¥,... \F,
1.€.,

o(AR) = [\F | A € o(A)).

1.1.10 Matrix Norms

There are several matrix norms. Here, we exclusively consider the matriz norms induced
by vector norms. We write ||A|| to denote the matrix norm induced by Euclidean vector
norm, which is given by

| A
]

Similarly, we write ||A]|; and ||Al|« to denote the matrix norms induced by vector 1-norm
and oo-norm, respectively, which are given by

|A]] = sup
x#0

A
1] = sup 1A
w0 [|z]lh
A
1A]lo = sup 14Tl
P el

The norm [|A| induced by Euclidean vector norm is also known as spectral norm. It
satisfies the following relation

|A|| = max {\/X | A is an eigenvalue of ATA} :

The norm ||Al|; induced by vector 1-norm is also known as mazimum column sum matriz
norm. It is equivalently given by the following relation:

1 4]l = max > 1Al
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Similarly, the norm ||A||« induced by vector co-norm is also known as mazimum row sum
matriz norm. The following relation holds:

[ Al = max > 1441,
j

In the space of all square matrices A, the spectral radius p(A) is a continuous function
of A (the distance between A and B is measured by ||A — B||, or any other matrix norm).
Note that in view of Lemma [2(a), we have for any square matrix A,

1Al = 1 AT]].

1.1.11 Symmetric Matrices

A matrix is said to be symmetric when A = A”. Symmetric matrices have special eigenvalue
properties, as given in the following.

Lemma 3 Let A be an n X n symmetric matriz. We have
(a) The eigenvalues of A are real.

(b) There exist unit-norm and mutually orthogonal eigenvectors x1, . . ., x, associated with
eigenvalues A1, ..., A\, of A, respectively, i.e., the vectors such that

Az = Nz with ||x;|| =1 foralli=1,...,n,

xiij =0 for all i # j.

Furthermore, the matriz A has the following representation
i=1

Additional important properties related to the norm of a square matrix A and its powers
AF are discussed in the following lemma.

Lemma 4 Let A be a square symmetric matriz. We have:
(a) [[A]l = p(A) = maxyeq(a) |Al-
(b) ||A]] = ||A||* for any integer k > 0.

(c) Assume that A is nonsingular. Then

1
A7 = —
A~ N Y

(d) Let A be of sizenxmn and let \y < --- < A, be its eigenvalues sorted in a nondecreasing

order. Then,
A|z]|? < 2T Az < Al for all z € R™.
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Positive Semidefinite and Positive Definite Matrices
Let A be an n x n symmetric matrix A. The matrix A is positive semidefinite when
T Az >0 for all z € R™.
The matrix A is positive definite if the preceding inequality is strict when z # 0, i.e.,
tTAx >0  for all z € R” with x # 0.
Similarly, A is negative semidefinite when
2T Ar <0 for all z € R",
and it is negative definite if the preceding inequality is strict when x # 0, i.e.,
rTAx <0  for all z € R” with x # 0.

Note that positive semidefinite, positive definite as well as negative semidefinite and
negative definite matrices are all square and symmetric by definition.

Lemma 5 Let A be a symmetric matriz.
(a) A is positive semidefinite if and only if all its eigenvalues are nonnegative.
(b) A is positive definite if and only if all its eigenvalues are positive.

(c) A is negative semidefinite (negative definite) if and only if all its eigenvalues are
nonnegative (negative).

(d) Let A be positive definite. Then, its inverse is also positive definite.

A positive semidefinite matrix has a symmetric square root matrix denoted by A'/2.
The symmetric square root matrix A'/? is such that

AVZAV? = A,
Further properties of the square root matrix are given in the following lemma.

Lemma 6 Let A be a positive semidefinite matriz. Then:
(a) AY? is nonsingular if and only if A is nonsingular.
(b) A—I/QA—I/Q — A1

(c) AAY? = A12A,
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1.2 Real Analysis and Multivariate Calculus

This section contains a brief review of basic notions and results related to vector sequences
(such as accumulation points and convergence), topological properties of sets in R™ (such as
closed and open sets), and vector functions (such as continuity, differentiability and Taylor
expansions). More on these topics can be found in many textbooks on real analysis such
as, for example, Rudin [27], Kolmogorov and Fomenko [20], and Zorich [35]. Also, a good
summary of these results (and more) can be found in the books by Bertsekas [5], Bertsekas,
Nedi¢ and Ozdaglar [9], Boyd and Vandenberghe [13] and Polyak [25].

Throughout this section, we consider n-dimensional vector space R"™ equipped with
the standard inner product z’y = Y "  x;y; and the Euclidean norm ||z|| = VaTz =

V Z?:l xf

1.2.1 Vector Sequence

Given a vector sequence {zx} C R"™ and an infinite index set K C {1,2,...}, we refer to
the sequence {zy | k € K} as a subsequence of the sequence {x)}. We also use {xj}c or
{zk,} to denote a subsequence of {z;}. We say that the sequence {z} is bounded when for
some scalar C', we have

lekl] < C for all k.

The sequence {z} converges to a vector T € R™ if
lim ||z — || = 0.
k—o0

The vector 7 is referred to as the limit of {xzx}. When the sequence {zy} converges to a
vector x, we also write x;, — T.

If the sequence does not converge, we say that it diverges or that it is a divergent
sequence. Somewhat abusing the terminology, we say that the sequence {x;} converges to
oo when limy_, ||zg]| = 0.

A vector y € R™ is an accumulation point of the sequence {x} when there is a subse-
quence {zy,} of the sequence {zy} converging to y, i.e., such that z;, — y as i — oc.

Theorem 1 (Bolzano) A bounded sequence {xy} C R™ has at least one accumulation point.

Given a scalar sequence {x;} C R, we say that a is an upper bound for {x;} when
rr <a for all &.

The smallest upper bound for {}} is referred to as the supremum of {x;}, and it is denoted
by supy, xx. If there exists an index k such that

T = SUp T,
k

then we say that the supremum of xy is attained, and we write maxy ) instead of sup, zy.
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Similarly, we say that b is a lower bound for {zy} when
b <y for all &.

The largest lower bound for {z} is referred to as the infimum of {z;}, and it is denoted
by infy xr. When there exists an index k such that

Ty, = i%f Tk,

then we say that the infimum of x; is attained, and we write miny x;, instead of infy xy.
We note that both the infimum and the supremum of {z;} may be infinite. Moreover, we
always have

inf z;, < sup .

k 2

We refer to the largest accumulation point a as the limit superior of {x)} and we write

limsup xy = a.
k—oo
Note that this includes the possibility that a may be infinite (i.e., a = —o00 or a = 400).
Similarly, we refer to the smallest accumulation point b as the limit inferior of {zx} and
we write
liminf z, = b,

k—o00

including the possibility that b is infinite.
We always have
inf z;, <liminfx, <limsupxp < sup zy.
k k—o0 k—00 k
Furthermore, there holds
liminf z;, = lim sup x,

k—o0 k—o0

if and only if {xy} is convergent, including the possibilities x — 400 or xp — —o0.

1.2.2 Set Topology
Open, Closed and Compact Sets

Let X C R"™ be a nonempty set. The set X is bounded when there exists a scalar C' such
that
lz|| <C  forallz € X.

A vector T is an accumulation (or a limit) point of the set X when there is a sequence
{z} € X such that x; — &. The set X is closed when it contains all of its accumulation
points. The set X is open when its complement set X¢ = {z € R" | x ¢ X} is closed.

A set X is either open or closed, or none of the above (neither open nor closed). The only
exceptions to this rule are the whole vector space R"™ and the empty set (). By convention,
the sets R and () are the only sets that are both open and closed.

We have:
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e A subspace of R” is closed.

e An affine set in R” is closed.

e The set B(z,r) C R" given by

B(z,r)={yeR" | |ly —z|| <1} for some z € R" and r > 0
is closed. This ball if also referred to as the closed ball centered at x with radius .

There is an alternative (equivalent) way of defining open and closed sets. The preceding
definition starts with the notion of a closed set, and then defines an open set as the set
whose complement is closed.

In the following definition of an open set, we use the notion of an open ball in R". An
open ball in R™ centered at = and with radius r > 0, denoted by B(x,r), is the set given by
B(x,r)={y e R" | [ly — 2| <r}.

Given a set X C R"”, the set X is open if for every x € X there is a radius r small enough
(depending on x) such that the ball B(x,r) is contained in the set X, i.e., for every x € X
there is 7 > 0 such that B(z,r) C X. The set X is closed if its complement X¢ is open.

Let J be some set. We say that J is finite if J has finitely many elements i.e., the

cardinality of J is finite. The following are some important properties of a family of
open/closed sets.

Lemma 7 Let {X; | j € J} be a family of sets X; C R", where I is some index set.
(a) If X; is closed for each j € J, then the intersection set Njc;X; is closed.
(b) If X; is open for each j € J, then the union set U;c;X; is open.
(c) If J is finite and X is closed for each j € J, then the union Ujc; X is closed.

(d) If J is finite and X; is open for each j € J, then the intersection N;c;X; is open.

A set X is compact when every sequence {x;} C X has an accumulation point Z that
belongs to the set X. Compact sets in R™ have another characterization as given in the
following.

Lemma 8 The set X is compact if and only if it is closed and bounded.

A closed ball in R™ is compact. Neither a subspace nor an affine set is compact since none
of such sets is bounded.
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Closure, Interior and Boundary

Let X C R" be a nonempty set. The closure of the set X is the set of all accumulation
points of X, and it is denoted by clX. Note that, we always have

X C X,

where the equality holds only when X is closed.

A vector x € X is an interior point of X when there exists a ball centered at x with
some radius r such that B(xz,r) C X. The set of all interior points of a set X is referred
to as the interior of X, and it is denoted by intX. We always have

intX C X,

where the equality holds only when X is open.

A vector T € R" is a boundary point of the set X when for every radius r, the ball
B(Z,r) contains the points that belong to the set X and the points that do not belong to
the set X. Formally, Z is a boundary point of X when

B(Z,r)NX #0 and B(Z,r)NnX°#0  forallr>0.

1.2.3 Mapping and Function
Mapping

Let X C R™. A mapping from a set X to R™ is an operation that to every x € X assigns
a vector y € R™. We write F' : X — R™ to denote a mapping F' from the set X to R™.
We refer to X as a domain of the mapping F. The domain of a mapping F' is denoted by
domF'. The image of X under the mapping F is the following set

F(X)={yeR™"|y= F(x) for some z € X}.
Given a set Y C R™, the inverse image of Y under the mapping F' is the following set
FYY)={reX|F(x) €Y}
Let F' be a mapping F' : X — R™ with X C R". The mapping F' is affine when for
some matrix A and a vector b € R™,

F(z)=Ax+0b  forall z € X.

For example, a space translation (i.e., for a given xy € R", F(z) = x + x¢ for all x € R")
is an affine mapping from R” to R".
The mapping F' is linear when for a matrix A,

F(z) = Az for all z € X.

For example, given the coordinate subspace S = {z € R" | z; = 0 for j € J}, where
J CA{1,...,n}, the projection on the subspace S is a linear mapping from R" to R™, i.e.,
the mapping F' given by

F(xz) = Az  where A;; =1for i ¢ J and A;; =0 otherwise

is linear from R" to R".
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Function

When f is a mapping from a set X C R” to the scalar set R, we say that f is a function.
Some special functions defined on R™ include

e Quadratic function given for an n xn matrix @), a vector a € R", and a scalar b € R, by

f)=2"Qx+a’z+b  forall z € R™

o Affine function given for a vector a € R" and a scalar b € R, by

fx)=a"z+b  forall z € R".

e Linear function given for a vector a € R, by

flz)=a"x for all z € R™.

e (Constant function given for a scalar b € R, by

f(z)=5b  forall z € R".

1.2.4 Continuity

Let F': X — R™ be a mapping with X C R", and let x € X be a given vector. We say
that F' is continuous at the vector x when the vectors F'(xy) converge to F(x) for every
sequence {z;} C X converging to z, i.e.,

F(xy) — F(x) for every {x;} C X with z, — .

We say F'is continuous over X when F' is continuous at every x € X. When F : R* — R™
is continuous over R"™, we just say that F'is continuous. For example, any vector norm in
R™ is a continuous function.

A mapping F': X — R™, with X C R" is Lipschitz (continuous) over X if there exists
a scalar ¢ > 0 (possibly depending on X') such that

|F(x) — F(y)| < cllz =y for all x,y € X.

When the preceding relation holds for X = R", we simply say F' is Lipschitz (continuous).
A function f: X — R is lower semicontinuous at a vector x € X when

flx) < lilgn inf f(xy) for every {x;} C X with z — x.

A function f is upper semicontinuous at a vector x € X when the function —f is lower
semicontinuous at x, i.e.,

f(z) > limsup f(z) for every {x;} C X with zj — x.

k—o0
When f is lower semicontinuous at every point z in some set X, we say f is lower semi-

continuous over X. When f is lower semicontinuous at every point x € R", we say f is
lower semicontinuous. Analogous terminology is used for upper semicontinuity.
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Lemma 9 The following are some properties of continuous mappings.

(a) Let Y CRP. Let F': R" — R™ be a continuous mapping over R® and G : Y — R™ be
a continuous mapping over Y . Then, their composition F'o G : Y — R™ given by

(FoG)(y)=F(G(y)  forallyeY
1§ continuous over Y .
(b) Let F : R"™ — R™ be a continuous map.

(i) Let X C R™ be a compact set. Then, the image F(X) of X under F is compact.

(11) Let Y C R™. IfY is open, then the inverse image F~*(Y) is open. IfY 1is
closed, then the inverse image F~1(Y) is closed.

Given a function f: R" — R, the (lower) level set L.(f) of f for a given v € R is the
set defined by

Ly(f) ={z e R" [ f(z) <~}
When f is lower semicontinuous the level set L. (f) is closed for each ~. In fact, a stronger
relation holds, as given in the following.

Theorem 2 The function f : R™ — R is lower semicontinuous if and only if the level set
L.(f) is closed for each v € R.

Let X CR"” and f: X — R. The function f is coercive over X when it satisfies the
following relation

klim f(zg) = 40 for every sequence {x;} C X with ||z — oo.

When X = R"” in the preceding relation, we just say f s coercive.

In the next theorem, we provide a condition on the function f and the given set X that
is necessary for the attainment of both the infimum of f(z) over X and the supremum of
f over X.

Theorem 3 (Weierstrass) Let f : R — R be a continuous function and X C R™ be a
nonempty compact set. Then, both inf,cx f(z) and sup,cx f(x) are finite, and there exist
vectors x* € X and x € X such that

fa*) = inf f(x)  and  f(F) = sup f(x).

zeX zeX

The following theorem provides some conditions on the function f and the given set X
that can guarantee only the attainment of the infimum of f(z) over X.

Theorem 4 Let X C R"™ be a nonempty set and let f : X — R be a function lower
semicontinuous over X . Furthermore, let any of the following conditions be satisfied:

(i) The function f is coercive over X and the set X is closed.
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(ii) For some v € R, the set {x € X | f(x) <~} is nonempty and compact.
(iii) The set X is compact.

Then, inf,cx f(x) is finite and there exists a vector z* € X such that

f(@®) = inf f(x).

zeX

1.2.5 Differentiability
Differentiable Functions

Let f : R® — R be a function, and let a vector x € R" and a direction d € R™ be given.

Consider the limit £( Ad) — f(x)
Lo T+ —J\

Y

where A | 0 means that A — 0 with A > 0. When this limit exists, we say that f’'(z;d) is
the directional derivative of f along direction d at the point wx.

Suppose that f at the point x has directional derivatives f’(x;d) in all directions d €
R™. If the directional derivative function f’(z;-) : R® — R is linear, we say that f is
differentiable at x. This type of differentiability is also known as Gateauzr differentiability.
It is equivalent to the ezistence of the gradient V f(x) of f at x, which satisfies

f'(z;d) =V f(x)'d  foralld e R"

The gradient V f(x) is a column vector given by

of(x)
Ox1
Vi@ =| + |,
of(z)
Oxn
where %}Cf) for each 7 = 1,...,n is a partial deriwvative of f at x given by
0f(@) _ o Satei) = f(a)
(93% A—0 A

with e; being i-th basis vector in R" (see Section [[.1.3). When f is differentiable at « for
all z in some (open) set X, we say f is differentiable over X. If f is differentiable over R",
we just say f is differentiable.

Let f be differentiable over some (open) set X and assume that Vf(-) is continuous
function over X. We then say that f is continuously differentiable over X. In this case,
the following relation holds

o D @ =NVI@ e x
Ildj—0 ]l
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Let f : R® — R have second partial derivatives gif a(z) for all 7,5 at a given vector .
10T

Then, we say f is twice differentiable at x. The matrix V?f(z) with entries [V2f(z)];; =
P1@) ig the Hessian of f at x, i.e., the Hessian V?(z) is given by

Ox;0x;
9% f(x) . 0% f(x)
0x10z1 0zx10zn
Vifa)y=1 + .
Pfl) .. Pf()
6:Jcn6x1 axnaxn

Since the second partial derivatives are symmetric,

0’f(x) _ Pf(x)

= for all 4, j
&Ui&cj axj(?xl Or a8t g,

the Hessian V?f(x) is a symmetric matrix.

If the Hessian V2f(z) exists at every z in an (open) set X, we say that f is twice
differentiable over X. In addition, when the Hessian is continuous over X, we say f
is twice continuously differentiable over X. Similarly, we say f is twice (continuously)
differentiable, when f is twice (continuously) differentiable over R™.

Mean Value Theorem

The following theorem provide some useful properties of continuous and twice continuous
differentiable functions.

Theorem 5 Let X C R” be an open set and let x,y € X be arbitrary. Also, let f : X — R.
(a) If f is continuously differentiable over X, then
fly) = f(2) + Vf(2)" (y — @),
where z = ax + (1 — a)y for some scalar a € [0, 1].

(b) If f is twice continuously differentiable over X, then
F) = £@) + V@) (g = 2) + 5y — 2 PAE — )
where £ = Bz + (1 — B)y for some scalar B € [0, 1].

Taylor Expansions

The following theorem provides useful function value approximations based on Taylor’s
series expansion.

Theorem 6 Let X C R” be an open set and let x,y € X be arbitrary. Also, let f : X — R.

(a) If f is continuously differentiable over X, then
fly) = f(@) + V(@) (y — 2) + ollly — =]).
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(b) If f is twice continuously differentiable over X, then

fly) = f2) + V(@) (y —2) + %(y — )"V f(@)(y — 2) + olly]*)-

Here, o(«) is a continuous function such that lim,_o of) =0.

A function with Lipschitz continuous gradient can be approximated by a quadratic
function as seen in the following theorem.

Theorem 7 Let f: R" — R be a continuously differentiable function with Lipschitz gra-
dient, 1i.e., for some scalar ¢ > 0,

IVf(z) =Vl <clle =yl forallz,y e R"

Then, we have for all x,y € R",
c
Fly) < f(@) + V@) (y —2) + 5 ly — =l

Differentiable Mappings
Let F': R® — R™ be a mapping given by

fi(z)
F(z) = : :

()

where f; : R — R for all ©. When each f; is differentiable function at a given x, then the
mapping F' is differentiable at x. The matrix whose rows are V f1(z)7, ... V f.(x)T is the
Jacobian of F' at x. The Jacobian is an m x n matrix denoted by JF(x), i.e.,

V fi(x)"
JF(x) = :
V f(2)T

Chain Rules

Let G : R? — R"™ be a mapping differentiable at =, and let F : R" — R™ be another
mapping differentiable at G(x). Then, the composite mapping F' o G is differentiable at x
and the following chain rule holds for the Jacobian J(F o G)(x):

J(FoG)(zx)=JF(G(x)) JG(z).
When G is a linear mapping given by

G(z) = Az for all x € R? and some n X p matrix A,
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then
J(FoG)(x) = JF(Ax)) A.

Let G : RP — R" be a mapping differentiable at =, and let f : R" — R be a function
differentiable at G(x). Then, the composite function f o G is differentiable at x and the
following chain rule holds for the gradient V(f o G)(x):

V(foG)(x) = JG(x)" Vf(G(x)).
When G is a linear mapping given by
G(z) = Az for all z € R? and for an n X p matrix A,

then
V(foG)(x) = ATV f(Ax)).
Moreover, if f is twice differentiable at Az, then the following chain rule holds for the
Hessian V*(f o G)(z):
V3(f o G)(x) = AT V2 f(Ax)A.
Let f : R" x R™ — R be a function of the variable (z,y) where x € R™ and y €

R™. Then, the gradients V,f(x,y) and V,f(x,y) of f at (z,y) with respect to = and y,
respectively, are given by

0f(z,y) 9f(z,y)
o0z o1
fo(ZE, y) = ) Vyf(x,y) =
of (z,y) 9f(z,y)
81‘n aym

Let FF: R? — R™ and GG : R? — R™ be two mappings differentiable at z € RP. Let
f:R"xR™ — R be a function of (x,y) differentiable at (F(z), G(z)). Then, the gradient
V.f(F(z),G(z)) is given by

Vof(F(2),G(2)) = JF(2)" Vo f(F(2), G(2)) + JG(2)"V, f (F(2), G(2)).
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Chapter 2

Fundamental Concepts in
Convex Optimization

Convex optimization is an important topic with many practical application areas such
as communication and networks, estimation and statistical signal processing, and control
systems. In this section, we discuss the fundamental notions, principles and results of
convex optimization.

In particular, we introduce the notion of a convex set and convex function, and discuss
the basic operations on such sets and functions that preserve convexity. We then focus on
convex constrained optimization problems and provide necessary conditions for existence of
solutions as well as necessary and sufficient optimality conditions. We study the projection
problem on a convex set, and discuss separation results which provide a link to the La-
grangian duality. We then focus on Lagrangian duality and discuss the linear programming
duality, Slater condition, and Karush-Kuhn-Tucker conditions characterizing a primal-dual
optimal pair.

The interested reader can find a more in depth coverage of the convexity theory in
the seminal book by Rockafellar [26], convex analysis and optimization in the textbook by
Bertsekas, Nedi¢, and Ozdaglar [9], convex optimization with wide range of engineering
applications in the books by Boyd and Vandenberghe [13] and Ben-Tal and Nemirovski [3],
convex analysis and nonlinear optimization by Borwein and Lewis [12].

2.1 Convex Sets

2.1.1 Definition

Convexity is defined through the notion of a line segment. Given two vectors  and y in R”,
the line segment connecting x and y is the set [z, y] formally given by

[z,y] ={az+ (1 —a)y | « € ]0,1]}.

Definition 1 A set X is conver when with any two points x,y € X, the line segment [z, y]
also belongs to the set X, i.e.,

ar+(1—a)ye X  foranyx,y € X and a € (0,1).

27
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Figure 2.1: A convex set contains a segment [z, y| for any z,y belonging to the set.

@R

Figure 2.2: The hexagon to the left is convex, the other two sets are nonconvex.

Note that the empty set is convex by convention. A convex set definition is illustrated
in Figure Some additional pictorial examples of convex and nonconvex sets are given
in Figure Furthermore, using the definition of a convex set, one can verify that the
following sets are conver:

(a) Any subspace of R™.

(b) Any affine set in R™.

(¢) Any open ball in R"; also, any closed ball in R™.

(d) A singleton set, i.e., the set {«} for a vector z.

(e) A line given by two vectors x and y, which is the set {z + t(y — z) | t € R}.
(f) A ray defined by a vector , which is the set {Az | A > 0}.

(g) The nonnegative orthant in R™, which is the set R} = {z € R* | 2 > 0}.
(h) The positive orthant in R™, which is the set R}, = {z € R" | z > 0}.

(i) The set {z € R* | z; > 0, x5 > 0}.
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0

Figure 2.3: A convex cone containing the origin.

2.1.2 Special Convex Sets

We next discuss some special convex sets. We start with a cone, which in general need not
be convex. We then provide a necessary and sufficient condition for convexity of a cone.

A set C' C R™ is a cone when with every x € C, the whole ray {\z | A > 0} also belongs
to the set C| i.e.,

e € C forallz € C and A > 0.

A cone may or may not contain the origin. Also, it may or may not be convex. For example,
the set {z € R? | z;29 = 0} is a cone that contains the origin and it is nonconvex. The set
{x € R? | ;129 = 0, = # 0} is a cone that does not contain the origin and it is nonconvex.
The positive orthant R}, = {# € R" | 2 > 0} is a cone that does not contain the origin
and is convex. Another convex cone containing the origin is illustrated in Figure [2.3]

Lemma 10 (Convex Cone): A cone C is convex if and only if C + C C C.

Proof. Suppose C'is convex, and let z,y € C. By convexity of C', we have z = %(:}H-y) eC.
Since C'is a cone, it follows that 2z € ', thus implying that z +y € C. Hence C'+C C C.

Now assume that C' + C C C, and let z,y € C and « € (0,1) be arbitrary. Note that
1 —a > 0. Since C is a cone, it follows that ax € C and (1 — a)y € C. Using C 4+ C C C,
we obtain ax + (1 — o)y € C, showing that C' is convex. m

A hyperplane is a set of the form {x € R" | a”x = b} for a nonzero vector a € R™ and a
scalar b. The vector a is referred to as the normal vector of the hyperplane. A hyperplane
is illustrated in Figure [2.4]

A half-space is a set of the form {x | a’x < b} with a nonzero vector a € R". A
hyperplane in R™ divides the space into two half-spaces: {x | a¥’x < b} and {z | a’z > b}
(cf. Figure. Note that hyperplanes and half-spaces are convex. In addition, hyperplanes
are affine sets.

A polyhedral set is a set given by finitely many linear inequalities, i.e., a set of the form

{r eR"|alx <b;, i=1,...,m},
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Figure 2.4: A hyperplane is shown in the plot to the left, while the two half-spaces generated
by this hyperplane are depicted in the plot to the right.

a a,

a,
Figure 2.5: A polyhedral set.

where a; € R" and b; € R for all 7, or compactly
{zr € R" | Az <b} where A is an m X n matrix.

Such a set is illustrated in Figure[2.5] Note that the polyhedral set description may include
linear equalities in addition to linear inequalities, i.e., the set {x € R" | Az < b, Bx =d}
is polyhedral. Every polyhedral set is convez.

An ellipsoid is a set of the form

E={z eR" | (x —x) P~ (x — o) <1},

where xg € R” is some vector and P is a symmetric and positive definite matrix. An
ellipsoid is illustrated in Figure 2.6 The vector xq is the center of the ellipsoid €. Note
that a (closed) ball {z € R" | ||z — x¢]| < r} is a special case of the ellipsoid £ where
P = r21. Ellipsoids are convex sets.

A norm cone is the set of the form

C={(z,t) e R" xR [ ||z]| < t},
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Figure 2.6: An ellipsoid in R? with the center at z..

-1

Figure 2.7: An ice-cream cone, a norm cone for Euclidean norm.

where the norm || - || can be any norm in R". The norm cone for Euclidean norm is also
known as ice-cream cone, depicted in Figure Any norm cone is convexz.
A simplex is a set of the form

m
{a1v1+...+amvm‘ ZO@':L aiZOforallizl,...,m},

i=1

where vq,...,v,, € R" are some vectors. The dimension of the simplex is the maximum
number of linearly independent vectors among vo — vy, ..., v, —v1. Fvery simplex is convex.
Some special simplices include:

Unit simplex {x eR"

=1

Probability simplex {x e R"

x>0, ixizl}.
=1
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2.1.3 Set Operations Preserving Convexity
Convexity of a given set X can be verified by

e Recognizing that the set is one of the “special convex sets” such as polyhedral, sim-
plex, norm cone, etc.

e Proving that the set is convex by directly applying the definition, i.e., showing that
ar + (1 —a)y € X for every z,y € X and a € (0,1).

e Show that the set is obtained from one of the “recognizable” (special) convex sets
through an operation that preserves convexity.

The following theorem provides some basic operations on convex sets that preserve con-
vexity.

Theorem 8 Let X, X1, Xo C R"™ be convex sets. Then, the following sets are also convex:

(a) The scaled set tX ={tx | x € X} for any (fized) t € R.
(b) The set sum X1 + Xs.

(c) The set intersection X1 N X,.

(d) The Cartesian product X; x Xs.

Proof. (a) If t = 0, then tX = {0}, which is evidently convex, so assume that ¢ # 0.
Let z,y € tX and o € (0,1). Then, ¥ € X and ¥ € X. Since X is convex, it follows
a? + (1 —a)? € X, and therefore, by multiplying with ¢ we see that ar + (1 — a)y € tX.
Hence, tX is convex.

(b) Let z,y € X; + Xy and o € (0,1). Then, 2 = x; + 25 for some z; € X; and 23 € X,.
Similarly, y = y; + y» for some y; € X; and y5 € X5. Since X; and X, are convex, we have
ar;+(1—a)y; € Xy and axg+ (1 —a)ys € Xo. Hence, axq + (1 —a)y; +azy+ (1 —a)ys €
X1 + Xy, or equivalently a(zq 4+ x2) + (1 — @) (y1 + ¥2) = ax + (1 — a)y € X; + Xy, thus
showing that X; + X, is convex.

(c) Let z,y € X;N Xy and o € (0,1). Since z,y € X; and the set X is convex, it follows
that ax + (1 — a)y € X;. Similarly, we conclude that ax + (1 — a)y € X,. Therefore,
azr + (1 —a)y € X1 N X, showing that X; N X, is convex.

(d) Let z,y € X; x Xy and o € (0,1). Since z,y € X; x Xo, we have x = (xq,x2)
and y = (y1,y2) with z;,y; € X; for i = 1,2. The sets X; and X, are convex, so that
ar;+ (1—a)y; € Xy and azs+ (1 —a)ys € Xo. Hence (az+ (1 —a)yr, azs+ (1 —a)ys) €
X x X, or equivalently a(z1, z9)+ (1 —a)(y1, y2) = ar+ (1 —a)y € X; X X, thus showing
that X; x X, is convex. m

As a consequence of Theorem [§b), for a given set X and a vector a, the translated
set X 4+ a is convex when X is convex. In particular, this follows by letting X; = X and
Xo = {a} and by noting that the singleton set Xy = {a} is convex.

Convexity of a set is preserved under linear transformations, as shown in the following
theorem.
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Theorem 9 Let X C R"™ and Y C R™ be convex sets, and let A be an m X n matriz.
Then, the following sets are also convex:

(a) The image set AX of X under A.

(b) The inverse image A~'Y of Y under A.

Proof. (a) Recall that the image AX is given by
AX ={y € R™ | y = Az for some = € X}.

Let y1,y2 € AX and « € (0,1). By the definition of the image set AX, we have y; = Ax;
and y; = Axs for some vectors z1,x2 € X. Since the set X is convex, the vector axy + (1 —
a)xg belongs to X. We have A(ax; + (1 — a)zy) = aAz; + (1 — a)Azy = ayr + (1 — a)ye,
and since axy + (1 — a)xy € X, it follows that ay; + (1 —a)y, € AX. Hence AX is convex.

(b) Recall that the inverse image A~'Y is given by
ATYY ={z eR"| Az € Y}.

Let 21,70 € A7'Y and a € (0,1). By the definition of the inverse image A~'Y’, we have
Azy € Y and Az, € Y. For the vector ary+(1—a)xg, we have A(azy+(1—a)zy) = aAx+
(1—a)Ax,y, which belongs to the set Y by convexity Y. Therefore, axy + (1 —a)xe € A7Y,
thus showing that A=Y is convex. m

As a consequence of Theorem [)f(a), a coordinate projection of a conver set X is conver.
For example, given a convex set X C R?, the set {z; | (z1,22) € X for some x5} is convex.

2.2 Convex Functions

Informally speaking, a function f : R” — R is convex when for every segment [z, 25|, as the
vector z, = axy+ (1 —a)zy varies within the line segment [z1, 3], the points (24, f(x4)) on
the graph {(z, f(z) | z € R"} lie below the segment connecting (x1, f(x1)) and (z2, f(x2)),
as illustrated in Figure [2.8]

Let f be a function. The domain of f is a set in R™ defined by

dom(f) = {z € R" | f(x) is well defined (finite)}.

Definition 2 A function f is convez if its domain dom(f) is convex set and for all x1, x5 €
dom(f) and a € (0,1), the following relation holds

flax; + (1 —a)xs) < af(xy) + (1 — a) f(x2).

When the inequality in the preceding definition is strict for xy # x5, the function f is
strictly conver.
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Figure 2.8: A convex function values at a point =, = az; + (1 — a)zy do not exceed the
value af(z1) + (1 — a) f(z9) for any o € (0,1) and any xy, zs.

Definition 3 A convez function f is strictly convex if for all x1, o € dom(f) with z1 # x,
and any o € (0, 1), the following strict inequality holds

flazy + (1 = a)ze) < af(z1) + (1 — ) f(x2).

Closely related to convex functions are concave functions.
Definition 4 A function f is concave if —f is convexz.

Since f and —f have the same domain, from Definitions [2] and [4] we see that a function
f is concave when its domain dom(f) is convex and, for all z1, x5 € dom(f) and « € (0, 1),
the following inequality holds

flazy + (1 — a)xs) > af(xr) + (1 — ) f(xs).

Similarly, a function f is strictly concave if —f is strictly convex. Thus, a concave function
f is strictly concave when the preceding inequality is strict whenever x; # xs.

By using the definitions of a convex and concave function, one can verify that the
following scalar functions are convex:

(a) Affine function f(z) =ax + b for any a,b € R.

(b) Exponential function f(x) = e* for any a € R.

(c¢) Power f(x)= 2P for x € (0,+00) and p > 1 or p <0.
)

(d) Power of absolute value |z[? for p > 1.
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(e) Negative entropy f(x) = zInzx for z € (0,400).

The following are some examples of concave scalar functions:
(a) Affine function f(z) = ax + b for any a,b € R.
(b) Power f(x)=aP for x € (0,400) and 0 < p < 1.
(¢) Logarithm f(z) =1Inz for z € (0, +00).

Note that the affine functions are both convex and concave, and there are no other
functions that are both convex and concave.
Any norm in R™ is convez. In particular, a general the norm || - ||, for p > 1,

1
n P
]l = (Z Ixi|p>
=1

There are some well-known functions of matrices that are also convex. For example, the
trace of a square matrix X is convex, where the trace is viewed as a function of X. More
specifically, the trace is a linear function: for any two n x n square matrices X and Y, and
any two scalars a and b, we have

1S convex.

n

Tr(aX +bY) = > (a[X]i; + b[Y]5) = aTeX + bTrY.

=1

Some additional examples of convex functions of matrices are provided in Examples
and 21

Example 1 An affine function on the space of m X n matrices is given by
f(X) = TI‘(ATX) + b = Z Z aijxij + b,
i=1 j=1

where A is a given (fixred) m X n matriz and b is a scalar. Affine functions on the space of
m X n matrices are convex (in X ).

Example 2 Spectral norm of a matriz is given by

JX) = X[ = v Amax (XTX),

where Aoz (A) denotes the mazimum eigenvalue of a matriz A (see Section|1.1.10). Spectral
norm is convex function.
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A convex function f satisfies general convex inequality
flarxy + .o+ apey) <o f(z) + ..o+ anf(Tm)

for any integer m > 2, and for all vectorsxy,...,x, € domf and scalars ay,...,a, such
that a; > 0 for all 4 and Y " a; = 1.

Convex functions have a special continuity property. In particular, a continuity over
some subset of dom f follows immediately from convexity. We state one such result without
proof. A more general result (with the proof) can be found, for example, in Bertsekas, Nedi¢
and Ozdaglar [9], Proposition 1.4.6. This result uses a notion of relative interior of a set,
which is the intersection of the interior of the set and the smallest (in the sense of inclusion)
affine set containing the given set.

Theorem 10 A convex function is continuous over the relative interior of its domain.

As an immediate consequence of Theorem [10] any function f with domain domf = R"
is continuous (over R™). Furthermore, if the interior of the domain domf is nonempty,
by Theorem [10} it follows that f is continuous over int(domf). For example, consider the
logarithmic function f(z) = Inz whose domain is domf = (0,4o00). The interior of its
domain is the domain itself [since (0, +00) is open in R]. Hence, f(x) = Inz is continuous
over (0,400).

Now, we consider the level sets of a convex function. Recall that for a function f and
a scalar v, the (lower) level set L. (f) is given by

Ly(f) = {x [ f(z) <~}

From Definition [2] of a convex function it is straightforward to verify that every (lower) level
set of a convex function f is convex. (recall that, by convention, the empty set is convex).
However, the reverse statement is false, i.e., if every (lower) level set of f is convex, the
function f need not be convex. Consider, for example, the function f(z) = —e”® for z € R.
For a concave function g, every (upper) level set {x | g(x) > 7} is convex.

We can verify that a given function is convex by

e Using the definition
e Considering reduction to a scalar function
e Applying some special criteria, such as the second-order or the first order conditions

e Showing that the function is obtained from some other (easily recognizable) convex
functions through operations preserving convexity.

We next discuss the reduction to a scalar function. The convexity criteria applicable to
differentiable functions are discussed in Section [2.2.1] while the operations preserving the
convexity of functions are discussed in Section [2.2.2]

The following lemma provides a convexity test for functions based on the convexity
along lines. We state the result without a proof (the result follows straightforward from
the definition of a convex function).
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Lemma 11 A function f is convex if and only if domf is convex, and for each x € domf
and v € R", the function g, : R — R given by

Guw(t) = f(x + tv) with domg,, = {t €e R| z +tv € domf}
is convez (in t).

In view of Lemma checking convexity of multivariable functions can be done by
checking convexity of a family of scalar functions.
The following example demonstrates an application of Lemma [11]

Example 3 Let 8" be the space of all n x n symmetric matrices, and let f: 8™ — R be a
function defined by
f(X) = —IndetX.

The domain of f is domf = ST, where S}, is the space of all n X n positive definite
(symmetric) matrices. Let X € ST, and V € 8", and let

g(t) = —Indet(X + tV).
By writing X +tV = XV2X1/2 4 X1V2( X~V XY2) X2 we have
X +tV = XYV (I+tX PV X2 x12,
Therefore
g(t) = —IndetX —Indet(I +tX Y2V X71/?)

= —IndetX — ) In(l+1t)),

i=1

where \; are the eigenvalues of X Y2V X~1Y2. The last equality in the preceding relation
follows from the fact that the determinant of a (square) matriz is equal to the sum of the
eigenvalues of a matrixz (see Section , and the fact that the eigenvalues of I + A are
1+ \;, where \; are eigenvalues of A [see Section Lemma [g(d)]. Since g is convex
int (for any X € domf and V € 8"), by Lemma f 1s convex in X over S™.

2.2.1 Differentiable Convex Functions

Let f be twice differentiable at a vector x. Recall that the Hessian V2 f(x) is a symmetric
n X n matrix whose entries are the second-order partial derivatives of f at z,

_ 0 f(@)

i 8:1:18%

[Vif @),

fori,j=1,...,n

(see Section [1.2.5)). The following theorem provides a necessary and sufficient second-order
condition for convexity of a function.
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Theorem 11 Let f be a twice differentiable function with convexr domain domf. Then:
(a) f is conver over domf if and only if V2 f(x) > 0 for all x € domf.

(b) f is strictly convex over domf if V2f(x) > 0 for all x € domf.
The following are some examples of the use of Theorem [11]

Example 4 (Quadratic function)
Let f(x) = 2'Px + ¢’z +r for an n X n matriz P. Then,

Vf(z)=(P+ PNz +q, V2f(x) = P+ PT.

Thus, by Theorem f is convex if and only if P+ PT is positive semidefinite. When in
addition P is symmetric, f is convex if and only if P is positive semidefinite.

Example 5 (Least-squares)
Let f(z) = ||Az — b||* for an m x n matriz A. Then,

Vf(r) =2AT(Az —b), V2f(z) = 24T A.

Since AT A is positive semidefinite for any A, by Theorem the function f(x) = || Az —bl?
18 always convew.

Example 6 (Quadratic-over-linear, see [13], page73.)
Let f(x,y) = 22 /y with x,y € R. Then,

-3 1] 2]

—X —X

The Hessian V?f(x,y) is positive semidefinite if and only if y > 0. Thus, f(z,y) = 2*/y
is convex over the set {(z,y) e R? |z € R, y > 0}.

The following theorem provides the first-order condition.

Theorem 12 Let f be differentiable function over its domain. Then, f is convex if and
only if its domain is convexr and

fl@) +Vf@)'(z—x) < f(2) for all z,z € domf.

The result of Theorem (12| has far reaching consequences. In particular, it implies that
for a convex function, a first order approximation provides a global underestimate of f. This
is a very important property frequently used in the development of optimization algorithms
for convex problems as well as in the performance analysis of these algorithms.
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2.2.2 Operations Preserving Convexity of Functions

Here, we discuss some operations with convex functions that preserve the convexity. In
particular, we consider scaling, sum, pointwise maximum /supremum, partial minimization,
and special compositions.

Theorem 13 We have:
(a) Let f be a convex function and let X > 0 be a scalar. Then, \f is conver.

(b) Let fi and fs be convex functions over their respective domains domf; and domfs,
and such that dom fi Ndomfy # (0. Then, fi + fo is convex over domf; N domfs.

(¢) Let ACRP and f: R" x RP — R. Let f(x,z) be convex in x for each z € A. Then,
the supremum function over the set A is convez, i.e., the function

g(z) = sup f(z,2)
zeA

18 convez.

(d) Let C C R™ x RP be a nonempty conver set, and let f : R" x RP — R be a con-
vez function [in (x,z) € R" x RP]. Then, the function g(z) obtained by the partial
minimization is conver, i.e., the function

g(x) = inf f(z,2)

zeC

18 convez.

Proof. (a) Let A > 0, and note that f and Af have the same domain domf, which is
convex since f is convex. Let xy, 25 € domf and o € (0,1). Evidently, by convexity of f,
we have A f(az + (1 — a@)zg) < arf(z1) + (1 — @)\ f(z2), showing that Af is convex.

(b) Note that domf; N domf, is convex since it is the intersection of two convex sets [see
Theorem [§(c)]. Let z1, 25 € domf; Ndomf, and a € (0,1). Then,

filaxy + (1 — a)xs) + folar: + (1 — a)zy)
afi(r) + (1 —a)fi(ze) + afe(rr) + (1 — a) f2(22)
alfi + fa)(@1) + (1 = @) (f1 + f2)(z2),

where the inequality follows from convexity of f; and f,. The preceding relation shows
that f; + f2 is convex over dom f; N dom f.

(f1 + fo)(azy + (1 — a)z9)

A

(c) Let 1,29 € R" and « € (0,1). Consider the point ax + (1 — a)z2 and the function
value

glaz, + (1 — a)xg) = igﬁf(wl + (1 — )y, 2). (2.1)

Let € > 0 be arbitrary. By definition of the supremum, for € > 0, there exists z, such that

sup f(ax; + (1 — a)za,2) — € < flaxy + (1 — a)xg, z). (2.2)
z€A
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For the vector z, the function f(z,z.) is convex in z, so that
f(axl + (1 - OZ)SEQ,ZE> S Oéf(l'l, ZE) + (1 - C()f(l'Q, ZE)'

Since f(z1,2c) < sup,eq f(x1,2) and f(22, 2.) < sup,c4 f(x2, 2), from the preceding rela-
tion and the definition of g(x), it follows

flaw) + (1 - @)z, =) < aglz)) + (1 - a)g(ws). (2.3)
By combining Egs. f, we obtain
glazy + (1 — a)x2) — e < ag(z1) + (1 — a)g(x2).
Letting € — 0, we see that
glar; + (1 — a)ra) < ag(zr) + (1 — a)g(zs),
thus establishing the convexity of g.

(d) Let z1,79 € R™ and « € (0,1) be arbitrary. Let € > 0 be arbitrarily small. Then,
there exist z1, 29 € C such that f(x1,21) < g(x1) + € and f(z2,22) < g(x2) + €. Consider
flaxy + (1 —a)za, az; + (1 — a)z3). Since C'is convex, the vector az; + (1 — a)z3) belongs
to the set C'. Therefore,

glari+(1—a)zy) = ;gg flaz+(1—a)xe, 2) < flar;+ (1 — @)z, az1 + (1 —a)z2). (2.4)
Note that we can write
(x4 (1 — a)xe, az1 + (1 — a)z2) = a1, 21) + (1 — a)(x2, 29),
so that by convexity of f, we obtain

[ a(zy, 21) + (1 — a)(xg, 22))

flaxy + (1 —a)zg, a2 + (1 — a)ze) =
< af(zr,z1) + (1 — @) f(2, 22).

By the choice of z1, 2o € C', we further have
flazy + (1 — @)z, az1 + (1 — a)z) < ag(z1) + (1 — a)g(z2) + €,
which when combined with Eq. yields
glazy + (1 — a)zg) < ag(zy) + (1 — a)g(xs) + €.
Letting € — 0, we see that g satisfies the convexity relation and therefore, g is convex. =

As a special case of Theorem [13|c), when A is a finite set, say A = {1,...,m}, we see
that the pointwise maximum of a finite collection of convexr functions is a convex function,
i.e., the function

f(z) = max{fi(z),..., fm(z)}
is convex when each f; is convex. Its domain is the intersection of domains of f;, i.e.,
domf =N’ ,domf;. For example, a polyhedral function f given by
f(z) =max{alz +by,...,al v +b,}

1s convex. Another example is the sum of r largest components of a vector x € R", as
discussed next.
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Example 7 (Ezample 3.6 of [13], page 80.) The function defined as the sum of r largest
components of a vector x € R™ is convex. In particular, this sum is given by

flz)= max {z; +...+z},

(i1 yeeeyir)ELy
where L, is the set of ordered r-tuples with components from {1,...,n}, defined as follows:
T, ={(i1,...,ip) |01 < ... <4y, 5, €{1,...,n} forj=1,...,r}.
By applying Theorem [13(c), with A = T,, we see that f is convex.

We next discuss some applications of Theorem (c), where A is infinite. Given a
nonempty set C' C R™, the set support function fc(z) = sup,ce 27 is conver. Note that,
for each fixed z, the function x +— 27z is convex (in fact, it is linear). Thus, fo is convex
by Theorem (C), where A = C. In addition, set farthest-distance is also conver, i.e., the
function

f(z) =sup ||z — z|| for x € R"
zeC
is convex. This follows from Theorem (c), by noting that for each fixed z, the function
x +— ||z — z|| is convex.

Mazimum-eigenvalue function over symmetric matrices is convex. In particular, let ™
be the set of all n x n symmetric matrices. The maximum-eigenvalue function Apax(X) of
a matrix X € 8" is

Amax(X) = sup 27 Xz.
|l ]l=1
For a fixed z € R", the function X ~— 27 Xz is convex (in fact, linear). Hence, by Theorem
13{(c) where C' = {z € R" | ||z|| = 1}, it follows that Apax(X) is convex.

In the following theorems, we provide some special compositions involving convex func-
tions that preserve convexity. The theorems are given without proofs. One can verify the
results of the theorems directly by using the definition of a convex function [Definition .

Theorem 14 Let f : R” — R be convez, and let A be an n X m matriz and b € R™. Then,
g(x) = f(Az +b) forx € R"
1 a convex function.

As a direct consequence of Theorem [I4] the following two functions are convex

g(x) = ||Az + 0| for x € R",

flx) =— Zln(bi - afx) Log-barrier function,
=1

where the domain of the log-barrier function is domf = {x € R" | alx < b;, i = 1,...,m}.
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Theorem 15 Let f : R" — R and h : R — R. Consider
g(x) = h(f(x)) for all x € R™.
The function g is convex if either of the following two conditions is satisfied:
(1) f is convex, h is nondecreasing and convex.
(2) f is concave, h is nonincreasing and convet.
By applying Theorem [15] we can see that:

/@ is convex if f is convex,

1
— is convex if f is concave and f(z) > 0 for all .

/()

2.3 Convex Constrained Optimization Problems

In this section, we consider a generic convex constrained optimization problem. We in-
troduce the basic terminology, and study the existence of solutions and the optimality
conditions. We conclude this section with the projection problem and projection theorem.
which is important for the subsequent algorithmic development

2.3.1 Constrained Problem

Consider the following constrained optimization problem

minimize  f(x)
subject to  ¢g1(x) <0,...,gm(z) <0
Bx =d
re X. (2.5)
where f : R™ — R is an objective function, X C R"isa givenset, g; : R" - R, i=1,...,m

are constraint functions, B is a p X n matrix, and d € RP. Let g(z) < 0 compactly denote
the inequalities ¢1(x) <0,...,gn(x) < 0. Define

C={xeR"|g(x) <0, Br=d, x € X}. (2.6)

We refer to the set C' as constraint set or feasible set. The problem is feasible when C' is
nonempty. We refer to the value inf,cc f(x) as the optimal value and denote it by f*, i.e.,

fr=inf f(z),

zeC

where C' is given by Eq. (2.6). A vector x* is optimal (solution) when z* is feasible and
attains the optimal value f*, i.e.,

g(z™) <0, Bx* =d, z* e X, f(z*) = f~.

Before attempting to solve problem (£2.5)), there are some important questions to be
answered, such as:
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e [s the problem infeasible, i.e., is C' empty?
o [s f*= +OO?E|.
o [s f*=—00?

If the answer is “yes” to any of the preceding questions, then it does not make sense to
consider the problem in (2.5 any further. The problem is of interest only when f* is finite.
In this case, the particular instances when the problem has a solution are of interest in
many applications.

A feasibility problem is the problem of determining whether the constraint set C' in
Eq. is empty or not. In many applications, the feasibility problem can be a hard
problem on its own. It can be posed as an optimization problem with the objective function
f(x) =0 for all x € R™. In particular, a feasibility problem can be reduced to the following
minimization problem:

minimize 0
subject to  ¢g(x) <0, Br=d, z € X.

From now on, we assume that the problem in Eq. (2.5)) is feasible, and we focus on the
issues of finiteness of the optimal value f* and the existence of optimal solutions x*. In
particular, for problem ([2.5)), we use the following assumption.

Assumption 1 The functions f and g;,i = 1,...,m are convex over R™. The set X is non-
empty closed and convex. The set C' = {z € R" | g(x) <0, Bx =d, € X} is nonempty.

Under Assumption (I} the functions f and g;,7 = 1,...,m are continuous over R" (see

Theorem .
In what follows,we denote the set of optimal solutions of problem by X*.

2.3.2 Existence of Solutions

Here, we provide some results on the existence of solutions. Under Assumption [I] these
results are consequences of Theorems [3] and [4] of Section [1.2.4]

Theorem 16 Let Assumption 1| hold. In addition, let X C R™ be bounded. Then, the
optimal set X* of problem 15 nonempty, compact, and convez.

Proof. At first, we show that the constraint set C' is compact. The set C' is the intersection
of the level sets of continuous functions g; and hyperplanes (for j = 1,...,p, each set
{r € R" | bjz = d;} is a hyperplane), which are all closed sets. Therefore, C' is closed.
Since C' C X and X is bounded (because it is compact), the set C' is also bounded. Hence,
by Lemma [§ of Section the set C' is compact. The function f is continuous (by
convexity over R"). Hence, by Weierstrass Theorem (Theorem , the optimal value f* of
problem is finite and its optimal set X* is nonempty.

!This happens in general only when domf N C = ().
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The set X™* is closed since it can be represented as the intersection of closed sets:
X =Cn{zeR"| f(z) < f}.

Furthermore, X* is bounded since X* C C' and C' is bounded. Hence, X* is compact.

We now show that X™ is convex. Note that C'is convex as it is given as the intersection
of convex sets. Furthermore, the level set {z € R" | f(x) < f*} is convex by convexity of
f. Hence, X* is the intersection of two convex sets and, thus, X* is convex. m

As seen in the proof of Theorem [16] the set C' is closed and convex under Assumption [T}
Also, under this assumption, the set X* is closed and convex but possibly empty. The
boundedness of X is the key assumption ensuring nonemptiness and boundedness of X*.

The following theorem is based on Theorem . We provide it without a proof. (The
proof can be constructed similar to that of Theorem [16] The only new detail is in part (i),
where using the coercivity of f, we show that the level sets of f are bounded.)

Theorem 17 Let Assumption[]] hold. Furthermore, let any of the following conditions be
satisfied:

(i) The function f is coercive over C.

(i) For some v € R, the set {z € C'| f(x) <~} is nonempty and compact.
(iii) The set C' is compact.
Then, the optimal set X* of problem 18 nonempty, compact, and conver.

For a quadratic convex objective and a linear constraint set, the existence of solutions is
equivalent to finiteness of the optimal value. Furthermore, the issue of existence of solutions
can be resolved by checking a “linear condition”, as seen in the following theorem.

Theorem 18 Consider the problem

minimize  f(x) = 2T Px +clx
subject to Az < b,

where P is an n X n positive semidefinite matriz, ¢ € R™, A is an m X n matriz, and
b e R™. The following statements are equivalent:

(1) The optimal value f* is finite.
(2) The optimal set X* is nonempty.
(3) If Ay <0 and Py =0 for some y € R", then c'y > 0.

The proof of Theorem [1§|requires the notion of recession directions of convex closed sets,
which is beyond the scope of these notes. The interested reader can find more discussion
on this in Bertsekas, Nedi¢ and Ozdaglar [9] (see there Proposition 2.3.5), or in Auslender
and Teboulle [2].

As an immediate consequence of Theorem I8 we can derive the conditions for existence
of solutions of linear programming problems.
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Corollary 1 Consider a linear programming problem
minimize  f(z) =c'x
subject to Az <b.

The following conditions are equivalent for the LP problem:
(1) The optimal value f* is finite.
(2) The optimal set X* is nonempty.

(3) If Ay <0 for some y € R™, then ¢y > 0.

A linear programming (LP) problem that has a solution, it always has a solution of a
specific structure. This specific solution is due to the geometry of the polyhedral constraint
set. We describe this specific solution for an LP problem in a standard form:

minimize clx
subject to Az =1b
x>0, (2.9)

where A is an m x n matrix and b € R™. The feasible set for the preceding LP problem is
the polyhedral set {x € R" | Az =b, z > 0}.

Definition 5 We say that = is a basic feasible solution for the LP in Eq. , when x
1s feasible and there are n linearly independent constraints among the constraints that x
satisfies as equalities.

The preceding definition actually applies to an LP problem in any form and not neces-
sarily in the standard form. Furthermore, a basic solution of an LP is a vertex (or extreme
point) of the (polyhedral) constraint set of the given LP, which are out of the scope of these
lecture notes. The interested readers may find more on this, for example, in the textbook
on linear optimization by Bertsimas and Tsitsiklis [I1].

Note that for a given polyhedral set, there can be only finitely many basic solutions.
However, the number of such solutions may be very large. For example, the cube {z € R" |
0<z;<1,i=1,...,n}is given by 2n inequalities, and it has 2" basic solutions.

We say that a vector x is a basic solution if it satisfies Definition [5| apart from being
feasible. Specifically, = is a basic solution for if there are n linearly independent
constraints among the constraints that x satisfies as equalities. A basic solution x is
degenerate if more than n constraints are satisfied as equalities at = (active at ). Otherwise,
it is nondegenerate.

Example 8 Consider the polyhedral set given by

MmInImize Ty 4+ 20 + 23 < 2
subject to w9 + 2x3 < 2
T S 1
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T3 S 1
3:120, xQZO, 1'320

The vector & = (1,1,0) is a nondegenerate basic feasible solution since there are exactly
three linearly independent constraints that are active at T, specifically,

ZL’1+JI2+ZL’3§2, Ilgl, 13320

The vector & = (1,0,1) is a degenerate feasible solution since there are five constraints
active at &, namely

T+ + 13 < 2, To + 2w3 < 2, ry <1, r3 <1, x9 2> 0.
Out of these, for example, the last three are linearly independent.
We are now ready to state a fundamental result for linear programming solutions.

Theorem 19 Consider an LP problem. Assume that its constraint set has at least one
basic feasible solution and that the LP has an optimal solution. Then, there exists an
optimal solution which is also a basic feasible solution.

2.3.3 Optimality Conditions

In this section, we deal with a differentiable convex function. We have the following.

Theorem 20 Let f : R — R be a differentiable convex function, and let C' C R™ be a
nonempty closed convex set. Consider the problem

minimize  f(x)
subject to  x € C.

A wector x* is optimal for this problem if and only if x* € C and
Vi) (z—2%) >0 for all z € C.

Proof. For the sake of simplicity, we prove the result assuming that f is continuously
differentiable.
Let x* be optimal. Suppose that for some Z € C' we have

Vi) (2 -2 <0.

Since f is continuously differentiable, by the first-order Taylor expansion [Theorem [6f(a)],
we have for all sufficiently small o > 0,

fl@ +a(z —2%) = f(z") + aV (@) (2 = 27) + o(a) < f(a"),

with * € C' and 2 € C. By the convexity of C, we have z* + a(Z — 2*) € C. Thus, this
vector is feasible and has a smaller objective value than the optimal point z*, which is a
contradiction. Hence, we must have V f(z*)T(z — z*) > 0 for all z € C.
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Suppose now that x* € C' and
Vi) (z —2*) >0 for all z € C. (2.10)
By convexity of f [see Theorem , we have
f@)+ V@) (z—2") < f(z) forall z€C,
implying that

V(@) (z =) < f(z) = f(z7).
This and Eq. (2.10) further imply that

0< f(z)— f(z") for all z € C.

Since z* € (C, it follows that x* is optimal. m

We next discuss several implications of Theorem [20] by considering some special choices
for the set C'. Let C' be the entire space, i.e., C' = R". The condition

Vi) (z—2%) >0 for all z € C

reduces to
Vi@ )'d>0  foralldeR" (2.11)

In turn, this is equivalent to
Vi) =0.

Thus, by Theorem , a vector x* is a minimum of f over R™ if and only if V f(x*) = 0.
Let the set C' be affine, i.e., the problem of interest is

minimize  f(z)
subject to Az = b, (2.12)

where A is an m x n matrix and b € R™. In this case, the condition of Theorem [20| reduces
to
Vi) 'y >0  forallyc Ny,

where N, is the null space of the matrix A. Thus, the gradient V f(x*) is orthogonal to
the null space N4. Since the range of AT is orthogonal to N4 [see Eq. (1.2))], it follows that
V f(z*) belongs to the range of AT, implying that

Vf(z*)+ATA* =0  for some \* € R™.

Hence, by Theorem , a vector x* solves problem if and only if Ax* = b and there
exists \* € R™ such that V f(x*) + ATA* = 0. The relation V f(x*) + ATA* = 0 is known
as primal optimality condition. It is related to Lagrangian duality, which is the focus of
Section 2.5

Let C' be the nonnegative orthant in R", i.e., the problem of interest is

minimize  f(z)
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subject to x> 0. (2.13)
For this problem, the condition of Theorem [20]is equivalent to
Vi) a* =0.

Therefore, a vector x* solves problem if and only if z* > 0 and Vf(x*)Tz* = 0.
The relation V f(2*)T2* = 0 is known as complementarity condition, and the terminology
comes again from the Lagrangian duality theory.

Let C' be a simplex in R", i.e., the problem of interest is

minimize  f(z)

subject to x>0, Zx@ =a, (2.14)
i=1

where a > 0 is a scalar. By Theorem x* is optimal if and only if

Z o1 (; —axf) >0  forall z; >0 with Y ! z; = a.

(A
I.
i=1 v

Consider an index ¢ with =7 > 0. Let 7 # ¢ and consider a feasible vector  with x; = 0,
r; = 2} + 2} and all the other coordinates the same as those of z*. By using this vector in
the preceding relation, we obtain

(8f<:v*) )

€ ZT;

) x; >0 for all ¢ such that z7 > 0,

or equivalently
of(a") _ 0fa")
ZT; - &€y
Hence, z* is an optimal solution to problem if and only if z* satisfies relation ([2.15]).
Let us illustrate the optimality conditions for a simplical constraint set on the problem
of optimal routing in a communication network (see [5] and [17]).

for all 7 such that =} > 0. (2.15)

Example 9 (Optimal Routing) Consider a directed graph modeling a data communica-
tion network. Let S be a set of origin-destination pairs, i.e., each s € S is an ordered pair
(is,7s) of nodes is and js in the network, with iy being the origin and js being the destina-
tion of s. Let ys be the traffic flow of s (data units/second) i.e., the arrival rate of traffic
entering the network at the origin of s and exiting the network at the destination of s. The
traffic flow of s is routed through different paths in the network. There is a cost associated
with using the links L of the network, namely, the cost of sending a flow z;; on the link
(i,7) € L is fi;(zij), where fi; is convex and continuously differentiable. The problem is to
decide on paths along which the flow ys should be routed, so as to minimize the total cost.
To formalize the problem, we introduce the following notation:

- Ps is the set of all directed paths from the origin of s to the destination of s.
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- x4 1S the part of the flow ys routed through the path p with p € Ps.

Let x denote a vector of path-flow variables, i.e.,
r={z,|pePs, seS}

Then, the routing problem can be casted as the following convexr minimization:

minimize  f(x) = Z fij Z T,
(i,5)eL {p|(i.j)ep}
subject to Z Tp = Ys forallse S

pEPs
xp >0 for allp € Py and all s € S.

The cost on link (i,7) depends on the total flow through that link, i.e., the sum of all
flows x,, along paths p that contain the link (i,j). The problem is convez in variable x,
with differentiable objective function and a constraint set given by a Cartesian product of
simplices (one simplex per s).

We now consider the optimality conditions for the routing problem. Note that

Z f’Lj ’LJ

(i,5)€p

with z;; being the total flow on the link (i,7). When fi;(zi;) is viewed as the length of the
link (i,7) evaluated at z;;, the partial derivative 8’;& is the length of the path p. By the
necessary and sufficient conditions for a simplex [cf Eq. 2.1/ -/ for all s € §, we have
x, > 0 when

of(@") _ 0f(@)

Lp Tp

for all p € Ps.

This relation means that a set of path-flows is optimal if and only if the flow is positive
only on the shortest paths (where link length is measured by the first derivative). It also
means that at an optimum x*, for an s € S, all the paths p € Ps carrying a positive flow
w3 > 0 have the same length (i.e., the traffic y, is routed through the paths of equal length).

In the absence of convexity, the point x* € C satisfying the condition
f@)(z—2*) >0 for all z € C

is referred to as a stationary point. Such a point may be a local or global minimum of f
over C. A global minimum of f over C'is any solution to the problem of minimizing f over
C. A local minimum of f over C'is a point & € C' for which there exists a ball B(Z,r) such
that there is no “better” point among the points that belong to the ball B(Z,r) and the
set C, i.e., a ball B(Z,r) such that

flz) > f(2) for all z € C'N B(z, 7).
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For convex problems (i.e., convex f and C'), there is no distinction between local and global
minima: every local minimum is also global in convex problems. This makes solving convex
minimization problems “easier” than solving a more general “nonconvex” problems.

Let us note that for a strictly convex function, the optimal solution to the problem of
minimizing f over C' is unique (of course, when a solution exists). We state this result in
the following theorem, whose proof follows from the definition of strict convexity.

Theorem 21 Let C' C R"™ be a nonempty closed convex set and let f be a strictly convex
function over C. If the problem of minimizing f over C has a solution, then the solution
1S UNIqUE.

Proof. To arrive at a contradiction, assume that the optimal set X* has more than one
point. Let 7 and x5 be two distinct solutions, i.e., f(x}) = f(z3) = f* and 27 # x3. Also,
let a € (0,1). Since f is convex, the set X* is also convex implying that az} + (1 — a)a} €
X*. Hence,

flaz]+ (1 —a)zy) = . (2.16)

At the same time, by strict convexity of f over C' and the relation X* C C', we have that
f is strictly convex over X*, so that

flaxi + (1 —a)xy) < af(zy) + (1 —a)f(x3) = f7,

which contradicts relation (2.16)). Therefore, the solution must be unique. m

2.3.4 Projection Theorem

One special consequence of Theorems [4| and [20] is the Projection Theorem. The theorem
guarantees the existence and uniqueness of the projection of a vector on a closed convex
set. This result has a wide range of applications.

For a given nonempty set C' C R™ and a vector z, the projection problem is the problem
of determining the point z* € C' that is the closest to & among all z € C' (with respect to
the Euclidean distance). Formally, the problem is given by

minimize ||z — ||?

subject to x € C. (2.17)

In general, such a problem may not have an optimal solution and the solution need not be
unique (when it exists). However, when the set C' is closed and convex set, the solution
exists and it is unique, as seen in the following theorem.

Theorem 22 (Projection Theorem) Let C C R"™ be a nonempty closed convex set and
x € R™ be a given arbitrary vector.

(a) The projection problem in Eq. has a unique solution.
(b) A vector z* € C is the solution to the projection problem if and only if

(z* =) (x—2")>0  forallweC.
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Figure 2.9: The projection of a vector Z on the closed convex set C' is the vector Po[z] € C
that is the closest to £ among all x € C, with respect to the Euclidean distance.

Proof. (a) The function f(x) = ||« — Z|| is coercive over R", and therefore coercive over
C (i-e., limjz|—o0, zec f(z) = 00). The set C is closed, and therefore by Theorem , the
optimal set X* for projection problem is nonempty.

Furthermore, the Hessian of f is given by V?f(x) = 2I, which is positively definite
everywhere. Therefore, by Theorem (b), the function f is strictly convex and the optimal
solution is unique [cf. Theorem 21].

(b) By the first-order optimality condition of Theorem [20)), we have z* € C' is a solution
to the projection problem if and only if

Vi) (z—2*) >0 for all x € C.
Since V f(z) = 2(xz — &), the result follows. m
The projection of a vector Z to a closed convex set C'is illustrated in Figure [2.9 The
unique solution z* to the projection problem is referred to as the projection of & on C, and

it is denoted by Pc[Z]. The projection Pg|[Z] has some special properties, as given in the
following theorem.

Theorem 23 Let C' C R™ be a nonempty closed convex set.
(a) The projection mapping Po : R™ — C' is nonexpansive, i.e.,

IPele] = Polyll < lle =yl for all z,y € R™.

(b) The set distance function d : R" — R given by
dist(z,C) = || Po[x] — ||

1S convez.
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P[] c

X

Figure 2.10: The projection mapping x — Pglx] is nonexpansive, || Po[z] — Poly]|| < ||z —y|
for all x,y.

Proof. (a) The relation evidently holds for any x and y with Pg[x] = Pcly]. Consider
now arbitrary =,y € R with Po[z] # Pcly]. By Projection Theorem (b), we have

(Polz] — 2) (2 — Pcfz]) > 0 for all z € C, (2.18)

(Pely] — )" (z — Poly]) >0 forall z € C. (2.19)
Using z = Pcy] in Eq. (2.18) and z = Pg[z] in Eq. (2.19), and by summing the resulting

inequalities, we obtain,
(Poly] =y + x — Pela])" (Polz] — Poly]) > 0.

Consequently,

(x —y)" (Pela] = Pelyl) = |Pelz] — Pelyll.
Since Pcolz] # Pely], it follows that ||y — z|| > || Polz] — Pely]|l-
(b) The distance function is equivalently given by

dist(z,C') = min ||z — z|| for all x € R™.
zeC
The function h(x,z) = ||z — z|| is convex in (z, z) over R” x R", and the set C' is convex.

Hence, by Theorem [L3|(d), the function dist(z,C) is convex. m

2.4 Problem Reformulation

Often, a convex minimization problem can be re-formulated in an equivalent form that may
have certain advantages from the point of solution approaches. In this section, we provide
several examples illustrating some of the useful problem re-formulations.
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Consider the problem with a polyhedral objective, given as follows:

minimize max{c{z +d,...,cLx +d,}
subject to Az < b,

where ¢; € R", Ais an m X n matrix, and b € R™. The problem is convex, but the objective
function is not differentiable. However, the problem can be casted as a linear program by
augmenting the space of variables. In particular, it is equivalent to the following linear
programming problem

minimize  w
subject to c]Tx—i-djgw, j=1,....m
Ax < b,

where the minimization is taken over the variable (z,w) with x € R™ and w € R. The
preceding problem is linear in (x,w).
The following problem is a linear-fractional programming problem

Tr+d

gtz +h
subject to Az < a, Bxr =0b.

minimize

There is another (implicit) constraint in this problem imposed by the domain of the objec-
tive f:

domf = {z € R" | g"x +h > 0}.
By introducing the change of variables x = £ with y € R", 2 € R and z > 0, the problem
can be re-formulated as a linear problem

minimize  ¢ly+ dz
subject to Ay < za, By = zb
g y+hz=1, 2>0.

Note that, the preceding problem is linear in variable (y, z) where y € R" and z € R.
Example 10 (Ezample 4.7 of [13], page 152.) Von Neumann Model of a growing economy
1s the following:

l’+

mazimize  f(x,x") = min =
sisn T

subject to x>0, x >0, Ba" < Az,
where

- x; and ] represent the activity levels of sector i, in the current and next period
respectively.

- [Az]; and [Bxz™]; are respectively the produced and consumed amounts of good j.
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-z} /x; is the growth rate of sector i.

The problem is to allocate activity levels x and x+ so as to mazximize the growth rate of the
slowest growing sector. This problem is a linear-fractional programming problem.

A semidefinite programming problem (SDP) is a convex problem of the following form:

minimize ¢’z
subject to z1F} +x9Fo+ -+ 2, F, + G <0 (2.20)
Ax = b,

with x € R", symmetric m x m matrices F; and GG, a p X n matrix A, and a vector b € RP.
The inequality constraint is referred to as a linear matriz inequality (LMI). An SDP problem
with multiple LMI constraints can be re-written as an SDP with a single LMI constraint
by enlarging the matrices. For example, the system with two LMIs

xlﬁl++xnpn+é§07 xlﬁl++ann+é§0

is equivalent to the following single LMI

F, 0 F, 0 E, 0 G 0
h > > > | <o
xl[o FJJ””[O FJJF J“T"{o FJJF{O G}_O

The SDP problem in Eq. reduces to an LP problem when all matrices F; and G are
diagonal. An LP problem is equivalent to an SDP problem. In particular, consider the
following LP problem:

minimize ¢’z

subject to Az <b.

Its equivalent SDP problem is:

minimize 'z
subject to diag(Az —b) <0,

where

[Az — 0], - 0
diag(Az —b) = : : :
0 - [Ar -,

The following is an example of an SDP problem.

Example 11 (Matriz Norm Minimization example of [13], Section 4.6.3, page 169.)
Consider the problem

minimize || A(x)]|

subject to x € R,

where
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with each A; being an p X q matriz. The matriz norm || Al is the norm induced by the

FEuclidean vector norm, i.e.,
[All = v/ Amax (ATA),

and Amax (AT A) is the mazimum eigenvalue of AT A.
The preceding matriz norm minimization problem is equivalent to the following problem.:
minimize t
subject to  [[A(x)|| <t
x € R™

Since the relation || Al <t is equivalent to AT A < I, and this in turn is equivalent to

tI A
{AT tl]zo’

the matrix norm minimization is equivalent to the following SDP problem
minimize t
. tI A
subject to [ (z) } >0

A(x)T I
reR" tekR

2.5 Lagrangian Duality

Lagrangian duality is an important concept in convex optimization, and in optimization
theory in general. Its implications are far reaching both in theory and practice. Lagrangian
duality is a powerful tool providing:

e A basis for the development and analysis of a rich class of optimization algorithms.

e A general systematic way for generating bounding strategies (both in continuous and
discrete optimization).

e A basis for sensitivity analysis.

The main idea in Lagrangian duality is to associate, with a given constrained “primal
problem”, an “equivalent dual problem”, which may be easier to solve than the original
problem. This methodology is applicable to general constrained optimization problems,
but here, we will dominantly focus on constrained convex problems. The questions that
are investigated in the duality theory include:

1) Is there a general relation between the primal and its associated dual problem?

2) Do the primal and the dual problems have the same optimal values?

3

(1)
(2)
(3) When do the primal and dual optimal solutions exist?
(4)

4) What are the relations between primal and dual optimal solutions?
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(5) What kind of information (if any) does a dual optimal solution provide about the
primal problem?

In this section, we provide the basic duality framework, and address some of the ques-
tions listed above. We start with an abstract geometric primal problem and its dual, and
then we show that a constrained optimization problem and its dual can be embedded in
the geometric primal-dual setting.

We then consider some important duality results including linear programming and
quadratic programming duality. We discuss the well-known Slater condition guaranteeing
the strong duality relation as well as the existence of a dual optimal solution. We consider
the Karush-Kuhn-Tucker conditions characterizing a primal-dual optimal pair. We also
provide several examples illustrating the use of duality and, in particular, the Karush-
Kuhn-Tucker conditions.

2.5.1 Geometric Primal and Dual Problems

We illustrate duality using an abstract “geometric framework”, which provides a “visual-
ization of duality” and the insights into the weak duality relation for optimal primal and
optimal dual values, and the strong duality relation (equality between the optimal primal
and dual values).

We start by introducing some terminology. Consider a hyperplane H C R" given by

H={zeR"|a'z =0} for some nonzero a € R".

We say that the hyperplane H passes through a vector xq when xg € H, or equivalently

alzg = 0.
Given a nonempty set C, we say that the hyperplane H supports the set C when atz < b
for all z € C, or equivalently
sup alz <b.
zeC
In this case, we also say that H is a supporting hyperplane for the set C. If there is a point
zo € C attaining the supremum sup,. a’z and a’zy = b, then we say that H supports C
at the point xo € C. A supporting hyperplane is illustrated in Figure 2.11]
We now define a “geometric primal problem” using an abstract set V' C R™ x R and
its corresponding “geometric dual problem” using the hyperplanes supporting the set V.
Consider an abstract (nonempty) set V' of vectors (u,w) € R™ x R, which intersects
the w-axis, i.e.,
(0,w) € V. for some w € R.

Let the set V extend “north” and “east”, i.e.,
(a) North: For any (u,w) € V and u € R™ with u < @, we have (4, w) € V.

(b) FEast: For any (u,w) € V and w € R with w < @, we have (u,w) € V.
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Figure 2.11: A hyperplane supporting the set C' at the point xg.

Geometric Primal Problem: Determine the minimum intercept of the set V' and the w-
axis:

minimize  w
subject to  (0,w) € V.
The minimum intercept value is denoted by f*, i.e., f* = inf(g e w.

Consider the hyperplane H = {(u,w) € R™ x R | pTu + pow = &} where p € R™,
to, & € R and (p, o) # (0,0). We say that the hyperplane H is nonvertical when py # 0.
Let H, ¢ denote a nonvertical hyperplane in R™ x R, i.e.,

Hye={(u,w) €R™ xR | plu+w=¢},
with g € R™ and € € R. Let ¢(u) be the minimum value of u’u + w for (u,w) € V, i.e.,

q(1) (u}wn)ev{uu w}

A nonvertical hyperplane H, ¢ supports a set V when £ = q(p), as illustrated in Figure[2.12]
A hyperplane supporting the set V' intersects the w-axis at (0,¢(u)) (see Figure [2.12)).

Geometric Dual Problem: Determine the maximum intercept with the w-axis for the non-
vertical hyperplanes that support the set V:

maximize  q(p)

subject to € R™.
Note that ¢(u) = inf(, wev{p' v + w} takes value —oo for p # 0. The geometric optimal
dual value is denoted by ¢*. An illustration of the geometric dual problem and its optimal
value is given in Figure [2.13]

Figure [2.13) also illustrates a geometric primal optimal value and its relation to the
geometric dual value. In particular, one can observe the following:

- Dual values ¢(u) are always below f* and below any w with (0,w) € V|

q(p) < fF<w for any 1 > 0 and any w such that (0,w) € V.
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Figure 2.12: A nonvertical hyperplane supporting the shaded set and intersecting the w-axis
at the point (0,q(u)).
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Figure 2.13: Geometric dual problem and its optimal value ¢*.
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Y

H,

Figure 2.14: A duality gap for a nonconvex set V.

- Dual optimal value ¢* never exceeds the primal optimal value f*, which is known as
weak duality relation, i.e.,

qg < f* weak duality.

This relation always holds regardless of the structure of the primal problem (i.e.,
regardless of the structure of the set V).

The weak duality relation may be strict i.e., ¢ < f*, in which case we say that there is
a duality gap. Some illustrations of duality gaps are provided in Figures and [2.15] As
seen from Figure [2.15] a duality gap may exist even for a convex set V.

When the primal optimal and dual optimal values are equal, we say that strong duality
holds,

g =f" strong duality.
In this case, however, a nonvertical hyperplane achieving the maximum intercept may not

exist. In other words, the optimal dual p* achieving the dual optimal value ¢* may not
exist, as shown in Figure [2.16]

2.5.2 Constrained Optimization Duality

In this section, we consider a general constrained optimization problem and derive its dual,
by embedding the problem in the geometric setting. Also, we provide some examples of
primal-dual problem pairs, problems with duality gaps, and strong duality examples.
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q(f)

q(w)

Figure 2.15: A duality gap for a convex set V.
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Figure 2.16: A situation where f* = ¢* but a dual optimal solution does not exist.
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Consider the following (not necessarily convex) optimization problem:

minimize  f(z)

: . < =1....
subject to  g;(x) __0, i=1,...,m (2.21)

where X C R" is a given set, and f : X — R, g; : X — R and h; : X — R are given
functions. We refer to the preceding problem as primal problem, and we let f* denote its
optimal value.

We make no assumptions on the set X (may even be discrete) or the functions f, g;, h;
(may even be discontinuous). We write the inequality constraints ¢;(xz) < 0,i =1,...,m
compactly as g(z) < 0. Also, write the equality constraints h;(z) < 0,7 = 1,...,r com-
pactly as h(z) = 0. We embed primal problem in the geometric setting by defining
the set V' as follows:

V ={(u,v,w) € R™ x R" x R | there is x € X such that g(z) < wu, h(z) =v, f(x) <w}.
The dual function ¢ is given by

q(p, A) = ( inf) V{w + " u+ N} = m)f({f(a:) +plg(x) + Mh(z)} for p>0, A€ R".
u,v,w)E o=

The function appearing under the minimization is Lagrangian function, denoted by L :
R™ x R™ x R"” — R and given by

Lz, pA) = fla)+p'g(x) +Nh(z)

= f(z)+ Z 11;9;() + Z Ahj(x).

The infimum above has an implicit constraint on the primal problem domain.
Note that the Lagrangian function is the weighted sum of the objective and the con-
straint functions. The weights 1 and A of the constraint functions can be viewed as penalties
associated respectively with violations of inequality and equality constraints. The vector
w € R™ with p > 0, is a Lagrange multiplier associated with constraints g(x) < 0, where
g = (91,--.,9m). The vector A € R" is a Lagrange multiplier associated with h(x) = 0,
where h = (hy, ..., h,). Often, the variable x in the primal problem is referred to as primal
variable, while the variables p and X in the dual problem are referred to as dual variables
or prices.
The problem given by
maximize  q(p, \)
subject to >0, A € R"

is it the dual problem of the problem in Eq. (2.21)). We denote its optimal value by ¢*.
The dual problem has some important properties that hold without any assumptions
on the primal problem, as shown in the next theorem

(2.22)
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Theorem 24 For the primal-dual problem pair of Eqs. ~(2.29), we have:

(a) The dual constraint set {u,\) € R™ x R" | u > 0} is convex, and the dual function
q(, A) is concave.

(b) For any p >0 and A € R", we have
(s A) < .
(¢c) Weak duality holds, i.e., ¢* < f*.

Proof. (a) The dual constraint set is the Cartesian product of two convex sets, the
nonnegative orthant in R™ and R". Hence, it is convex by Theorem [§(d). The concavity
of ¢ follows by viewing the dual function as the infimum over x € X of the affine functions

(1, A) — f(x) + uTg(x) + \Th(z) [see Theorem [13|c)].
(b) Note that
g(u,N) < inf {f(x) + plg(x) + Nh(z)}

9()<0,_ h()=0
EAS
Furthermore, for a > 0 and a primal feasible z, i.e., g(x) <0, h(z) =0, z € X, we have
urg(z) + ATh(x) < 0. Thus, for any x> 0 and A € R”,
qN) < inf f(e) = S

~ 9(@)<0, h(z)=0
rzeX

(c) The weak duality relation follows by taking the supremum over > 0 and A € R" in
the preceding relation. m
The following are some examples of primal-dual optimization problems.

Example 12 (Least-Norm Solution of Linear Equations) Consider the problem of mini-
mizing the Fuclidean norm subject to linear equation constraints, i.e.,

minimize x'x
subject to Bx = d,

for an r x n matrix B and a vector d € R". The associated Lagrangian function is
L(x,A\) = 2"z + \'(Bx — d).

For a fized X\, to minimize L over x € R", we set the gradient V,L(x,\) equal to zero [cf.

Eq | and obtain
V.L(z,\) =2z + B\ =0,

implying that .
Ty = —5 BT)\

By substituting x in L, we obtain the dual function value q(X),

1
a(N) = Llxx, A) = = ATBBTA - d"\,
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which 1s a concave function of A\. Furthermore, we have
1
—Z)\TBBT)\ —d"X< f* forall N R,

where f* is the optimal value of the minimum norm (primal) problem, i.e., f* = infp,—g v’ x.
Example 13 Consider the following norm minimization problem:
minimize ||Az —b|| over x € R".
This is an unconstrained problem, which can be reformulated as follows:
minimize ||y||
subject to y = Ax —b.
The dual function of the preceding problem is:

bIX + infyepn {|lyl| + ATy} for ATA=0

. T, AT Ty _
g(A) = inf {[ly[[+Ay—A"Az+b"A} { — 00 otherwise.

z,yeR™
Note that
inf {||ly| + X"y} = inf {|[yl| — X"y}
yeR” Y

{ VIXN for ATA =0, ||A| <1

a(A) = —o0  otherwise.
The dual of the norm minimization problem is

mazimize bT\
subject to  ATA =0, [\ <1

Example 14 (Standard Form LP) Consider an LP in a standard form

minimize clx

subject to Axr =10
x>0,

for an r x n matriz A and a vector b € R". Its Lagrangian is given by
L(x, ) = o+ '(Az —b) —p'x
"N+ (c+ AN — ).
The Lagrangian L(x, i, A) is linear in x for a fived p and \. Hence,

—bT'X when ATXN — p+c=0,
—00 otherwise.

q(p, A) = inf L(z, p, ) = {
Therefore, the domain of q is the affine set {(u, \) € R* x R" | ATA — p+c¢ =0, p > 0}.
The dual function q(u, \) is linear on its domain and hence, concave. Moreover, we have
A< £ for X and > 0 such that AT\ 4+ ¢ — p =0,
where f* = infa,—p, 2>0 ¢’ x. Note that the preceding relation is equivalent to

—bIA< £ for X such that AT\ +c > 0.
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We discuss the LP duality in greater detail later on in Section [2.5.3]

Example 15 (Two-Way Partitioning Problem in [13], pages 219-221.)
Consider the following problem

minimize o'Wz
: 2 _ -
subject to z; =1, 1=1,...,n,

where W is an n X n matriz. This is a nonconvex optimization problem. In particular, it
s a discrete optimization problem since the feasible set contains 2" discrete points. The
problem can be interpreted as the partitioning of the index set {1,...,n} in two sets, in the
presence of a cost Wi associated with assigning i and j to the same set and the cost —W;;
when assigning © and j to different sets. The dual function is

q(A) = inf {xTWI + Z Ni(2? — 1)} = inf2? [W + diag(\)]z — e\
i—1

B —eI'X when W + diag()\) > 0,
- —o00  otherwise,

where diag(\) is the diagonal matriz with diagonal entries \;. Given any A € R™, we have
—efAN< if W + diag(\) > 0,

where f* =inf.2_y ;- W2 Wz, For example, X\ = —Amim(W)e gives the following lower

,,,,,

n)\min(W) S f*

As shown earlier [Theorem [24f(c)], the weak duality relation ¢* < f* always holds. It
can be used to compute nontrivial lower bounds for difficult problems. For example, a lower
bound for the two-way partitioning problem of Example [L5| can be obtained by solving the
following SDP:

maximize —el )
subject to W + diag(\) > 0.

The following are some examples of problems with a duality gap (¢* < f*).
Example 16 Consider a discrete optimization problem of the form.:

minimize —x
subject to x <1, z € {0,2}.

The primal optimal value is f* = 0. the dual function is

p—2 if0<p<l,

q(p) = inf —ZE—FM(x_l):(M_l)x_M:{_M if p>1.

z€{0,2}

The dual optimal value is ¢* = —1, and we have a duality gap.
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Example 17 Consider a convex optimization problem of the form:

minimize e VT2
subject to x% <0, 21 >0, 29 > 0.

Here, it can be seen the primal optimal value is f* = 1, while the dual optimal value is
q" = 0. Thus, there is a duality gap. Note that the problem is convex.

As indicated with the preceding example, the duality gap may exist even for convex
problems. In general, some additional conditions of the objective function f and the con-
straint set are needed for strong duality to hold.

The following are some examples of problems for which strong duality holds. These
examples show that, in general, the strong duality relation ¢* = f* provides no information
about the existence of dual optimal solutions.

Example 18 (Unique Dual Optimal Solution)  Consider the following primal problem

minimize % (2% + 23)
subject to =1 < 1.

Its optimal value is f* =0, which is attained at (0,0). The dual function is

o) = inf {% (22 + 22) + ua (w1 — 1>} |

zeR?

To determine the infimum in the dual function, we set the gradient of the Lagrangian
function to zero, and obtain
$1+M1:0, .IQ:O.

For a fized py > 1, the infimum is attained at (—uq,0), implying that
1
q(p) = —§M% — H1
The dual optimal value over p; > 0 is ¢* = 0, which is attained at 1 = 0.

Example 19 (Multiple Dual Optimal Solutions) Consider the following primal problem

minimize |z
subject to x < 0.

Its optimal value is f* =0, attained at x = 0. The dual problem is

0 if 0<p <1

q(ur) = inf {|2| + o} = il (u + sgn(z)) @ = { —co  otherwise.

Thus, the dual optimal value is ¢* = 0 and the dual optimal set is the interval [0, 1].
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Example 20 (No Dual Optimal Solution)

minimize T
subject to x* < 0.

The primal optimal value is f* = 0, which is attained at x = 0. The dual function is
q() = 916161111; {z + ma®}.

The Lagrangian function x +— x + pq2>

Hence, the dual function is

attains its minimum al r = —ﬁ for py > 0.

7 for pn >0,

q(p1) = { B

—00  otherwise,
whose supremum over py > 0 is ¢* = 0, but there is no p; > 0 achieving the optimal value.

Similar to the preceding, we can construct examples when ¢* = f* and there is no
information about the existence of the primal optimal solutions.

2.5.3 Linear Programming Duality

In this section, we study the LP duality, which is special due to the linear structure of LP
problems. The LP duality provides insights leading to many applications and algorithm
designs, such as the dual simplex algorithm.

The linear problem of the form

minimize '
subject to Ax =0
x>0 (2.23)

is the LP in the standard form. The linear program given in any other from can be
transformed into the standard form. For example, let the LP be given as maximization
problem

maximize cT
subject to  Ax =1b
x>0
Then, it is equivalent to
minimize —cl'z
subject to  Ax =1b
x>0

Let the LP be given by

minimize c'x
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subject to  Ax <b, (2.24)

for an m x n matrix A and a vector b € R™. It can be transformed to the standard form
by introducing the slack variables and some additional variables. In particular, define the
slack variables s € R™, s > 0 such that

Axr 4+ s=0b.
Then, LP problem ([2.24]) reduces to
minimize Te+0Ts
subject to Ar+s=10
reR" s>0. (2.25)

Further, we can write the vector x € R™ as x = 2t + 27, with 27 > 0 and 2= < 0. Then,
by introducing the variable y* = —x~ > 0, we can write

r=at —y" with 2t > 0 and y™ > 0.

Thus, the LP of Eq. (2.25) is equivalent to the following LP

minimize clat — Tyt +07s
subject to Axt — Ayt +s=10
x>0, y" >0, s>0. (2.26)

Hence, the original LP of Eq. is equivalent to an LP in a standard form but with a
larger size (the number of variables is 2n + m, as opposed to n in the original LP).

The dual of an LP problem is also an LP problem. To illustrate this, we consider an
LP in a standard form

minimize o
subject to Ax =0
x> 0. (2.27)

By assigning prices A € R™ (a price \; per equality constraint), we obtain the Lagrangian
function

q(A) = inf {"z + AT(Az — b)} = —0"A+ inf (c + ATV .

Note that the infimum in the right hand side of the preceding relation is —oo if ¢; +[AT\]; <
0 for some 7, and otherwise it is 0. Hence,

() = —b"\ when AT\ + ¢ >0,
TN =1 —x otherwise.

When maximizing ¢(A), the values —oo need not be considered, so the dual problem is the
following

maximize —bT'\
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subject to  ATA > —c. (2.28)

This is also an LP problem in the dual variables (prices) A € R™. Furthermore, note that
we could have considered another dual of problem by assigning additional prices u to
the inequality constraints x > 0. This has been considered in Example [I4 As seen there,
the alternative dual is equivalent to the dual considered here.

To summarize, a dual of given LP is not always of the same form. The form of the
dual problem depends on which constraints are selected to be “priced”. However, all dual
problems corresponding to the same primal problem are equivalent.

If replace A by —p in the dual problem of Eq. , we obtain an equivalent LP problem

maximize bT'p
subject to  ATp <ec. (2.29)

When compared to the primal LP of Eq. , we see that the primal problem is a
minimization problem with the objective ¢! x, while its dual is a maximaization problem
with objective b'p. The primal problem has equality constraints Ax = b, while the
dual has inequality constraints ATp < c. The primal has the sign constraint
x > 0 on the primal variable x, while the dual has no constraints on the dual variable
p (the dual variable is free).

The weak duality relation [cf. Theorem [24]c)] for the primal-dual LP problems, yields

Vip <z

for all primal feasible x and dual feasible p, i.e., for all x > 0 with Az = b and all p with
Alp <e.

The LP duality has a property that “the dual of the dual is the primal”, meaning that
if we form the dual of the dual of a given (primal) LP, we obtain the original (primal) LP.
This is formally stated in the following theorem.

Theorem 25 By taking the dual of the transformed dual in a minimization problem, we
obtain the primal problem.

Proof. We prove this theorem by using the primal-dual LP problems of Egs. (2.27) and
(2.29). The dual problem in Eq. (2.29) is equivalent to the following

minimize —bTp
subject to  ATp <e.

By assigning prices y, y > 0, to the inequality constraints A”p < ¢, we have the following
dual function

q(y) = inf {-b"p+y"(A"p—c)} = —c"p+ inf (Ay—b)"p.
yeR” yeR”

Since

inf (Ay —b)'p=

yeR™

{O when Ay — b =0,

—oo  otherwise,
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it follows

. —cTy when Ay = b,
a(y) = { —o0o  otherwise.

Hence, the dual of the dual problem is

maximize —cly
subject to Ay =10
y 20,
or equivalently
minimize cly
subject to Ay =10
y =0,

which is the same as the primal problem of Eq. (2.27). =

We have the following results for the LP feasibility. These results are a consequence of
the weak duality and the LP duality symmetry of Theorem [25]

Theorem 26 The following hold:
(a) If a primal LP has optimal value f* = —oo, then the dual LP problem is infeasible.

(b) If a dual LP has optimal value ¢* = 400, then the primal LP problem is infeasible.

Proof. Let the primal optimal value be f* = —oo, and assume that the dual problem is
feasible. Then, there exists a dual feasible p such ¢(p) > —oo. On the other hand, by weak
duality, for all dual feasible p, we have ¢(p) < —oo, implying that ¢(p) = —oo for all feasible
p, which contradicts the feasibility of the dual at p [i.e., the relation ¢(p) > —oo]. Hence,
the dual must be infeasible. To show the statement in part (b), we use a symmetrical
argument. |

It is possible that both the primal and the dual LP are infeasible, as seen in the following
example.

Example 21 Consider the following primal LP problem

minimize r1 + 214
subject to T+ a9 =1
T+ 19 = 2.

Its dual is
mazximize  Pp1+ 2po

subject to  p1+p2=1
p1+p2 = 2.

Clearly, both problems are infeasible.
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In general for an LP problem, there are three possible situations:
(1) The problem is infeasible (f* = +00).
(2) The problem is unbounded (f* = —o0).
(3) The problem has an optimal solution (f* is finite).

Note that the case (3) follows from Corollary [1} In particular, by Corollary [1} we have that
an LP problem is feasible if and only if it has an optimal solution.

The weak duality implies a further characterization of a primal-dual optimal pair, as
seen in the following theorem.

Theorem 27 Let x be a primal feasible and p be a dual feasible for an LP problem. If the
following relation is satisfied

e =bTp,

then x is primal optimal and p is dual optimal.

Proof. Since (z,p) is a primal-dual feasible pair, by weak duality we have b'p < cT'z. If

c’'z = bTp, it follows that  must be primal optimal and p must be dual optimal. m

The reverse statement to that of Theorem [27] also holds. It actually holds for a more
general class of convex problems than the class of LP problems, as we will see later on in
Section [2.5.7]

In the following theorem, we provide the strong duality result for LP problems.

Theorem 28 Let an LP problem have a finite optimal value f*. Then:
(a) A primal optimal solution ezists.
(b) A dual optimal solution exists.

(¢) The primal and the dual optimal values are equal.

Another relation characterizes an LP primal-dual optimal pair (z*, p*), a relation known

as complementarity slackness condition. We will prove this relation later for a more general
class in Section 2.5.71

Theorem 29 (Complementarity Slackness) Let x* be a primal feasible and p* be a dual
feasible for an LP problem. The vectors x* and p* are respectively primal and dual optimal
if and only if the following relations are satisfied

p; ([Aliz* —b;) =0 foralli=1,...,m,

(c; = (@)"[AY)z; =0  forallj=1,...,n.
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The complementarity slackness condition for the problem

minimize cTr

subject to Az < b,
implies that for the optimal primal solution z* and the optimal dual price p*, we have:

e If the constraint [A];z < b; is not active at z*, i,e., [A];z* < b;, then the price p; must
be zero.

e If the constraint [A];x < b; is active at z*, i,e., [A];z* = b;, then the price p! may be
nonzero.

Thus, the dual optimal price p; is zero unless the constraint [A];z* < b; is active. Intuitively,
this means that a constraint that is not active at an optimal solution may be removed from
the problem (or slightly perturbed) without affecting the optimal value.

In the following example, we illustrate how the complementarity slackness condition
can be used to determine a dual optimal solution.

Example 22 Consider the following problem and its dual

minimize 3x1 + 10z9 + 323
subject to 1+ 2o+ 33 =4

X1+ X9 = 1

1120, 19 >0, 23 >0,

maximize 4dp1 + p2

subject to p1+p2 <3
p1+p2 <10
3p1 < 3.

Consider the vector x* = (1,0,1). We will use the complementarity slackness to show that
x* is a primal optimal and to construct a dual optimal pf. The relation p; ([Al;x* — b;) = 0 is
satisfied for all i, since the primal is in the standard form. The relation (cj — (p*)T[A]j) Tj =
0 s satisfied for j = 2, since x5 = 0. Since 7 = x5 = 1, the relations (cj — (p*)T[A]j) T =
0 forj=1and j =3 imply

pitpy=3,  3pp =3

Hence, p; = 1 and p5 = 2. The vector x* = (1,0,1) is primal feasible, and p* = (1,0, 2)
is dual feasible. Thus, by Theorem [29, the vectors x* and p* are primal and dual optimal,
respectively.

We note that, here, the dual optimal p* has been uniquely determined from complemen-
tarity slackness. However, in general, this may not be the case.
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2.5.4 Slater Condition

Here, we consider convex constrained optimization problem of the following form:
minimize  f(z)
subject to g;(z) <0, j=1,....,m (2.30)
r e X.

Throughout this section, we assume that the problem is feasible and convex. In partic-
ular, we use the following assumption.

Assumption 2 The following hold:

(a) The optimal value f* of the problem is finite.

(b) The objective function f and all constraint functions g; are convet.

(c) The set X CR™ is nonempty and convex.

The Slater condition is a condition imposed on the constraint set {z € R™ | g;(x) <
0,j=1,...,m, x € X},

Assumption 3 There is a vector x € X Ndomf such that
gi(z) <0 forallj=1,....,m.

We often refer to a vector satisfying the Slater condition as a Slater vector.
For the problem of Eq. (2.30]), consider the set V' C R™ x R given by

V={(u,w) | g(z) <u, fz)<w, xe€ X}

The set V' is convex by the convexity of f, gjs, and X. The Slater condition for this set is
illustrated in Figure [2.17]
For example, let X be a polyhedral set given by

X ={zeR"| Az < b, Bz =d},

where A is an m x n matrix, b € R™, B is a p X n matrix, and d € RP. Also let f be defined
over R", then the Slater condition becomes: there is a vector Z such that Az < b, BT = d,
and

gj(x) <0 forall j =1,...,m.

We next provide an example of a problem satisfying the Slater condition.

Example 23 Consider the following || - || minimization problem:

minimize ||Axr — b||oo-
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Figure 2.17: The plot to the left illustrates the set V' with a Slater vector, while the plot
to the left illustrates a set V' without a Slater vector.

The problem is equivalent to the following LP problem.

mainimize t
subject to aij—bj—tSO,jzl,...,m
bj—aij—tSO, j=1...,m

The LP minimization is with respect to (x,t) € R" x R. Consider the vector (Z,t) given by

z=0 and t=e+ max |bj| for somee > 0.
1<j<m

The vector (T,t) satisfies the Slater condition.
Under the Slater condition, we have the following well-known strong duality result.

Theorem 30 Let Assumption @ and the Slater condition hold [Assumption @/ Then for
the problem of Fq. , we have:

(a) There is no duality gap, i.e., ¢* = f*.
(b) The set of dual optimal solutions is nonempty and bounded.

The following is an example of application of Theorem

Example 24 Consider the canonical utility-based network resource allocation model pro-
posed in the seminal work of Kelly et. al [19]. We are given a network that consists of a set
S =A{1,...,S} of sources and a set L ={1,...,L} of undirected links, where a link | has
capacity ¢;. Let L(1) C L denote the set of links used by source i. The application require-
ments of source i is represented by a concave increasing utility function u; : [0,00) — [0, 00),
i.e., each source i gains a utility w;(x;) when it sends data at a rate x;. We further assume
that rate x; is constrained to lie in the interval I; = [0, M;] for all i € S, where the scalar
M; denotes the mazimum allowed rate for source i. Let S(I) = {i € S|l € L(i)} denote
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the set of sources that use link . The goal of the network utility maximization problem is
to allocate the source rates as the optimal solution of the problem

mazximize Z wi(z;)
i€S

subject to Z x, <c¢ forallel
i€S(l)
x; €1; forallieS.

We let x© be the vector with components x; for © € S. Note that the preceding problem
can be equivalently casted as a minimization of a convex function f(x) = — 3 . s ui(;).

Also, we let
X=A{x|z;€l; foralliecS},

and

a(x) = Z x;—c¢ foralll € L.
i€S(l)

In this form, we see that the zero vector is such that 0 € domf, and 0 € X. Furthermore
9(0)=—¢, <0 foralll € L.

Hence, for the network wutility mazximization problem, the zero vector satisfies the Slater
condition. Thus, according to Theorem there is no duality gap and the dual of the
network utility problem has nonempty and bounded set of optimal prices.

2.5.5 Linear Constraint Condition

Here, we consider a strong duality result for a special convex minimization problem. In
particular, we consider minimization of a convex function subject to linear constraints. In
this case, as we will see the strong duality also holds under another condition different from
the Slater condition.

Consider the following primal problem with linear constraints

minimize  f(z)
subject to Ax <b, Bxr=d (2.31)
r e X.
We have the following strong duality result.

Theorem 31 Let the optimal value f* of problem be finite. Assume that there exists
a feasible vector for the problem that belongs to the relative interior of the set X and the
domain of f, i.e., a vector T € R™ such that

Az < b, Bi=d and & € relint(X) Nrelint(domf).

Then, there is no duality gap and a dual optimal solution exists.
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Recall that the relative interior of a given set C' is the interior of the set relative to the
smallest affine set that contains C. In particular, when the dimensions of X and domf
are equal to n, then the relative interior condition of Theorem reduces to the interior
condition as follows:

AZ < b, Bi=d and 7€ int(X)Nint(domf).

This condition becomes redundant in Theorem [31] when X = R" and f is defined over R"
(i.e., domf = R™). In particular, in this case, it reduces to

Az <b, Bx=d for some T e R",

which is just the feasibility of the problem . However, the feasibility is already satisfied
in view of the assumption of Theorem [31]| that the optimal value f* is finite. A particular
direct consequence of this is the LP duality, studied in Section [2.5.3]

Observe that, similar to Theorem 30| (the Slater condition), the relative interior condi-
tion of Theorem [31]is imposed only on the constraint set, and it guarantees the nonempti-
ness of the dual optimal set. However, unlike Theorem [30], the relative interior condition
of Theorem |31 does not guarantee the boundedness of the dual optimal set.

The following is an example of a problem not satisfying the relative interior condition
of Theorem [31] In particular, consider the problem given by

minimize e~ V¥1T2
subject to 7 <0, x € R2

Here, X = R? and hence relint(X) = R?. The feasible set is
C={xcR*|z, =0, v, € R}.

The domain of f is the set {z € R? | z; > 0, xy > 0}, whose relative interior coincides
with the interior, i.e.,

relint(X) = int(X) ={z | x; > 0, 2o > 0}.
Hence,
relint(X) Nrelint(domf) = R*N{z | 2, >0, 29 > 0} = {z | ; > 0, x5 > 0}.
However, none of the feasible vectors lies in relint(X) N relint(domf), i.e.,
C Nrelint(X) Nrelint(domf) = CN{z | z; >0, x93 > 0} = 0.

Hence, the relative interior condition fails. Note that f* = 1 and ¢* = 0, and there is a
duality gap.

Consider the same constraint set with an objective f(x) = —,/x1. Again, the relative
interior condition is not satisfied. In this case, it can be seen that f* = ¢* = 0. Thus, the
strong duality holds, but a dual optimal solution does not exist.
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2.5.6 Quadratic Convex Problem

Another special problem is minimization of a convex quadratic objective over a quadratic

constraint set:
minimize 27 Qyx + aoTx + by

subject to 2" Q;z +ajx+b; <0, j=1,...,m (2.32)
r € R™,

where each @); is an n X n symmetric positive semidefinite matrix, each a; € R" and b; € R.
For such a problem, there is no duality gap whenever the optimal value f* is finite, as seen
in the next theorem.

Theorem 32 Let each Q; in problem be a symmetric positive semidefinite matrix.
Also, let the optimal value f* of the problem be finite. Then, there is no duality gap and
the primal optimal set is nonempty.

Note that Theorem |32| says nothing about the existence of dual optimal solutions. This
is opposed to the Slater and the relative interior condition of Theorems [30] and [31], which
say nothing about the existence of the primal optimal solutions.

Also note that an LP problem can be viewed as a special case of problem , where
by = 0 and @); = 0 for all j.

An example of a problem that can be reduced to the form is the following;:

minimize |||l
subject to Az =10
x € R™

In particular, note that the preceding is equivalent to the minimization of 27 Iz subject to
linear constraints [Al;x < b;,i=1,...m, —[Al;x < —=b,i=1,...m.

2.5.7 Karush-Kuhn-Tucker Conditions

In this section, we consider the primal-dual optimality condition for a general convex prob-
lem. As a special case of this condition, we obtain the Karush-Kuhn-Tucker conditions
characterizing primal-dual optimal pairs.

We consider the following primal problem:

minimize  f(z)

subject to z?(j)ngi(?, i]::L - 7],?m (2.33)
r e X.
Its Lagrangian function is given by
L(z,p,N\) = f(z)+ plg(z) + X\ (Az —b), pweR™ >0, AeRP,
where g = (g1, ...,9m)" and A is a matrix with rows a!, i = 1,...,p. The dual function is

q(n A) = inf L(x, 1, A) = inf {f(z) + p"g(x) + AT(Ax = b)} .
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Note that the infimum in the dual function is actually taken over X Ndom fNdomg;N...N
domg,,. Thus, the dual problem is

\).
omax q(p, A)

The following theorem provides necessary and sufficient conditions for optimality of
primal-dual pairs. These conditions apply for as long as the primal optimal value f* is
finite and the strong duality holds, i.e., f* = ¢*.

Theorem 33 (Optimality Condition for Primal-Dual Pairs)

Consider the problem of Eq. . Assume that the problem is convex [Assumption @/
and that the optimal value f* is finite. Furthermore, assume that the strong duality holds,
i.e., ¢* = f*. Then z* is a primal optimal and (u*, \*) is a dual optimal if and only if the
following conditions are satisfied:

(1) Primal Feasibility: x* is primal feasible i.e.,

g(z") <0, Az"=b, 2" XNdomf.

(2) Dual Feasibility: (u*, \*) is dual feasible i.e., u* > 0.
(3) Lagrangian Optimality in x: x* attains the minimum in inf,ex L(x, u*, \*).
(4) Complementarity Slackness: The multiplier p* is such that

pigi(r*) =0 forallj=1,....,m.

The condition in part (4) of Theorem is also known as Lagrangian Optimality in
(i, A), since it is equivalent to the following statement:

(u*, A*) attains the maximum in sup  L(z*, u, ).
>0, AERP

We now discuss some implications of the optimality conditions of Theorem [33] Suppose
there is no duality gap and we have an optimal dual multiplier (u*, \*) for problem [2.33]).
We may consider minimizing the Lagrangian L(x, u*, \*) over = € X, i.e.,

minimize  f(x) + (") g(z) + (V)T (Az —b) overz € X,
The possibilities for this problem are:

(i) There is a unique minimizer z* and this minimizer is feasible. Then, according to
Theorem [33] the solution z* is primal optimal. For example, a minimizer is unique
when L(x, u*, \*) is strictly convex in x.

(ii) A unique minimizer exists but it is not feasible. Then, the primal problem has no
optimal solution (no primal feasible x achieving f*).
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(iii) There are multiple minimizers. Then, only those that are primal feasible are actually
primal optimal.

We illustrate an application of Theorem [33]in the following example.

Example 25 (Entropy Mazimization, see [13] page 228.)
Consider the entropy mazximization problem

minimize Y ., x;Inw;
subject to Ax <b, > x; =1,

with domain x > 0. Its dual is given by

mazimize —bTp—\—e ALY e—aln
subject to p > 0.

Suppose that the Slater condition holds, i.e., there is a vector T such that

i=1

Thus, there is no gap and a dual optimal solution (u*, \*) exists.
The Lagrangian L(x, pu, \) at (u*, \*) is given by

L(x, 1", \*) sz Inz; + (u)" (Az — b) + (\)" (e'z — 1),

which is strictly convex in x over the domain and has a unique minimizer x*, with compo-
nents x; given by

xf = e_<“iT”*+>‘*+1) foralli=1,....,n

If x* is primal feasible, then x* is a primal optimal solution. If x* is not primal feasible,
then the primal problem has no solution.

As a special case of Theorem [33| when X = R" and the functions f and g; are differen-
tiable, we obtain a well-known Karush-Kuhn-Tucker (KKT) conditions.

Theorem 34 Consider the primal problem

minimize f(z)
subject to g]( ) <0, j=1,....,m
Ax =D,

where f and all g; are differentiable. Assume that the problem is conver [Assumption
and that the optimal value f* is finite. Furthermore, assume that the strong duality holds,
i.e., ¢* = f*. Then x* is a primal optimal and (u*, \*) is a dual optimal if and only if the
following conditions are satisfied:
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(1) Primal Feasibility: g¢;(z*) <0, j=1,...,m, Az*=b.
(2) Dual Feasibility: p* > 0.

(3) Lagrangian Optimality in x: The gradient of L(x, u*, \*) with respect to x vanishes,
m p
Vix®)+ Z w;Vgi(z®) + Z Aia; =0,
j=1 i=1

where a; is the i-th row of the matrixz A.
(4) Complementary Slackness: p;g;(z*) =0 forallj=1,...,m.

As seen from Theorem [34] for convex problems with no duality gap and finite optimal
value f*, the KKT conditions are necessary and sufficient for optimality. However, for a
general nonconvex problem with no duality gap and finite f*, the KKT conditions are only
necessary.

The KKT conditions are important since they provide a certificate of optimality for
primal-dual pairs. This is often exploited in the design of optimization algorithms and
their performance analysis. These conditions are also used for verifying optimality. They
are also used as a design principle, i.e., some algorithms are designed for solving KKT
equations, thus producing both primal and dual optimal solutions.

We now provide some examples.

Example 26 (Power Allocation to Communication Channels)
The problem of power allocation among n communication channels can be formulated as a
mainimazation problem of the following form:

minimize — Y . In(a; + ;)
subject to x>0, > " x; =1,

where each oy is a scalar such that o; > 0. The problem arises in information theory
when allocating power among n channels. The decision variable x; represents the power
allocated to the i-th channel. The total power is normalized, so that x; actually represents
a fraction of the total power allocated to channel i. The function In(a; + x;) gives the
capacity (communication rate) of the i-th channel. Thus, the problem consists of allocating
a total power of one unit to the channels so as to mazximize the total communication rate,
or equivalently minimize — Y . In(a; + x;).

The domain of the objective function is domf = {x | x + o > 0}, and the objective
function is continuous over its domain. The constraint set is compact and contained in
the domain domf. Hence, the objective function is bounded over the constraint set, and
therefore the optimal value f* is finite. Furthermore, the Slater condition is satisfied for
= (1/n,...,1/n). Hence, there is no duality gap.

The KK'T conditions for the power allocation problem are:

n

x* >0, sz‘zl, we >0,

=1
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iy =0, AF— —pr =20 for all .

a; + xf
By eliminating p} from the last relation, we obtain the following:

n

1 1
x>0, me =1, A > x; (X" - > =0 for all i.

Y
P a; + T o; + o)

If X* < 1/ay, by the third relation, we obtain xi > 0. By Complementarity Slackness (the

last relation), it follows that \* = 1/(o; + x), so that xf = 1/X\* — ;. If \* > 1/ay, by
Complementarity Slackness, we have x7 = 0. Hence,

1 . if\* < 1

Ty :{ ot if @

0 otherwise

forallt=1,... n,

or equivalently
xi:max{o,;—ai} foralli=1,...,n,

where \* is determined from the relation Y ;. xf =1, i.e., > » max{0,1/A\* —a;} = 1.
Note that )" max{0,1/\* —a;} is a piece-wise linear function increasing in 1/\*, and it
has a unique solution.

Example 27 (Separable Objective with Equality Constraint, Example 5.4 of [13] page 248.)
Consider the problem

manimize Y. fi(z;)

subject to a’z = b,
where a € R™ and b € R. FEach function f; : R — R is differentiable and strictly convex.
The objective functiony ., fi(x;) is referred to as separable, since it is a sum of functions of
the individual components x; of the vector x. Assume that an optimal solution exist. Then,
in view of the strict convexity of the objective function, the optimal solution is unique.
Furthermore, note that by Theorem [31], there is no duality gap.

The Lagrangian function is

Lz, A) =Y filz:) +Ma"z —b) = = b+ (filz:) + Aazy),
i=1 i=1
where A\ € R. Note that the Lagrangian is also separable in x. The dual function is given
by
g(\) = =+ inf Z (fi(z) + Aaws) = =\b+ Z inf (filws) + Aagz).
Since f; is differentiable, for a given X, the infimum inf, cg (fi(z;) + Xa;x;) is attained at
x;(A\) such that
fi(@i(A)) = —Aa.

Let \* be an optimal dual solution, and let x* = (x3,...,x%) be such that
fi(xl) = =N a.

Since the original problem has a unique solution, this solution is x*.
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2.5.8 Representation and Constraint Relaxation Issues

The presence of duality gap is due to the “problem representation”. To illustrate this
consider the following problem:

minimize —xo
subject to ||z|| < x4
€ X, X ={(z1,22) | z2 > 0}.

Note that its optimal value is f* = 0.

Consider relaxing (assigning a price) to the inequality constraint ||z|| < z;. As a result,
it can be seen that the corresponding dual problem is such that the dual value g(u) is —oo
for any g > 0. Thus, ¢* = —oo, while f* = 0. Hence, there is a duality gap.

However, by taking a closer look into the constraint set

C={zcR||z|] <z, € X},

we can see that
O:{Z'GRQlJ]lZO, ZL‘QZO}

Thus the problem is equivalent to

minimize —xo
subject to x1 >0, x5 =0,

which is an LP problem. According to the LP strong duality, there is no duality gap for
this problem.

As seen from the preceding example, the duality gap issue is closely related to the “repre-
sentation” of the constraints. Thus, often it is advantageous to reformulate a given problem
into an equivalent form (if possible) for which some strong duality result is applicable.

Another issue that often arises when dealing with constraint problems is the ewistence
of multiple choices for a dual problem. For example, consider the problem

minimize  f(z)
subject to g;(x) <0,
Ax <b, Bx

For this problem, there are multiple choices for the relaxation of the constraints (assigning
the prices to them). There is no general rule prescribing how to choose the “right one”.
For example, it is often convenient to keep (not to relax):

(1) Box constraints, i.e., interval constraints on the vector components (a; < x; < b;).
(2) Sign constraints, such as z > 0 or z < 0.
(3) Constraints for which the dual function can be easily evaluated.

The choice in (3) requires familiarity with the structure of a given problem.
The following example illustrates choosing a “good dual”.
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Example 28 Consider an LP with box constraints:

minimize clx
subject to Axr =1b
1<z <1i=1,...,n,

where A is an m X n matriz and b € R™. If we relax all the constraints, we obtain the dual
problem of the form
mazimize —b' X\ —elp —elv
subject to ¢+ ATAN+pu—v=0
w>0, v>0.

This dual problem is somewhat complicated. By keeping the box constraints (equivalent to
keeping the box constraints in the set X ), we obtain the dual of the form:

q(\) = inf {c"r+ N (Az —b)} = —b" X = |A" X + |1

—1<;<1, =1
The dual problem is:
mazimize —b'\ — ||ATA+¢||; over A € R™.

There is another useful result, which we refer to “relax-all rule.” This rule says that if
the strong duality holds for the dual problem resulting from the relaxation of all constraints,
then the strong duality holds for a dual problem resulting from any partial relaxation of
the constraints. This rule is formalized in the following theorem

Theorem 35 Consider the following problem

minimize f(x)
subject to g;(x) <0, j=1,...,m.

Let the optimal value f* of the problem be finite. Consider a dual corresponding to the
relaxation of all the constraints, and assume that the strong duality holds. Then, there is
no duality gap when partially relazing the constraints.

Note that Theorem |35 applies to the problems that include linear equality constraints.
In this case, each linear equality is represented by two linear inequalities.



Chapter 3

Vector Space Methods for Static
Optimization

In this chapter, we discuss the basic algorithms for solving convex optimization problems
in n-dimensional vector space. The optimization problems we study here are static in the
sense that there is no underlying dynamic. In other words, we are given a single instance
of problem data that we need to solve optimally.

We start with a linear programming problem and simplex method. We then consider a
general convex optimization problem with constrains and study gradient projection meth-
ods. Both simplex and gradient projection method are viewed as primal problems. We
then focus on dual problems and consider dual methods.

3.1 Simplex Algorithm

We consider a linear programming problem in a standard form and introduce the notion
of a basic feasible solution. In Section of Chapter [2 we have seen that, when LP
problem has an optimal solution and the constraint set contains a basic feasible solution,
then the LP has an optimal solution which is also a basic feasible solution. Simplex method
exploits this fact by searching the basic feasible solutions until an optimal one is found.
The search is based on moving from one basic feasible solution to another in the direction
of a cost decrease. Here, we discuss precisely how the method operates.

In what follows, we consider an LP problem in the standard form

minimize '
subject to Ax =0
x>0,

where A is an m X n matrix and b € R™. Throughout this section, we assume that m <n
and that the rows of A are linearly independent. Recall our notation of [A]; being the i-th
row of the matrix A and [A)’ being the j-th column of A.

83
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3.1.1 Optimal Basic Feasible Solutions

Here, we introduce and characterize feasible directions of an LP problem, and provide a
characterization of basic feasible solutions.

In particular, we have the following characterization of basic feasible solutions for the
standard LP problem.

Theorem 36 A vector x is a basic feasible solution for the standard LP problem if and only
if Ax = b and there exist indices B(1),..., B(m) such that the columns [A]PW, ... [A]B(™
are linearly independent and z; = 0 fori ¢ {B(1),...,B(m)}.

Based on Theorem [36], we can come up with a simple procedure for generating a basic
solution. In particular we can do this as follows:

(1) Select m linearly independent columns of A, say [A]PM ... [A]B(™),
(2) Set x; =0 for all i ¢ {B(1),...,B(m)}.

3) Determine the remaining m components x g, ..., Zaum), by solving the system of m
8 (1) (m), DY g y
equations Ax = b.

If the basic solution that is produced by the preceding procedure has nonnegative com-
ponents, then its is a basic feasible solution. A basic solution with more than n — m
components equal to zero is degenerate; otherwise, it is nondegenerate.

For a basic solution, the variables xp(1), . .., Zp(m) are basic, and the remaining variables
are nonbasic. The columns [A]PW) ... [A]B(™) are basic columns. Note that these columns
form a basis in R™, since they are linearly independent. The index set {B(1),..., B(m)} is
the set of basic indices. Two basis are distinct if they involve different sets of basic indices
(the order of the indices does not matter).

By forming a matrix from m basic columns, we obtain an m x m matrix B, which we
refer to as a basis matrix. Every basis matrix is invertible, since its columns are linearly
independent. Similarly, we define a vector xp whose components are the basic variables.
Specifically, we have

TB(1)
X
B=[[AP0 [A]P@ ... [4)B0m) ] vp — B(2)

LB(m)

Example 29 Let the equations AX = b be given by

2100 0 2
30100 |2
00010 |1
00001 1

Choosing basic index set {2,3,4,5}, we obtain a basic matriz B to be the 4 x 4 identity
matriz, and the corresponding basic solution is x = [0 2 2 1 1]T. Note that this solution is
also basic feasible.
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e

Figure 3.1: Feasible directions at different feasible points.

Choose now the basic index set {1,3,4,5}. The corresponding basic matriz B is

200 0
3100
B=1g01 0]
000 1

and its corresponding basic solution is v = [1 0 — 1 1 1)T. This solution is basic but not
feasible since 3 = —1 < 0.

Given a feasible vector x for an LP problem, we say that a vector d is a feasible direction
at x when there exists a scalar A with A > 0 such that x+ \d is also feasible for the problem.
Feasible directions are illustrated in Figure |3.1

Suppose now we are at some feasible vector x and we want to move from z along a
feasible direction d to another feasible vector of the form z + Ad. In order for the vector
x + Ad to be feasible, we must have Ax + AAd = b. Since x is feasible and A > 0, it follows
that Ad = 0.

Suppose that x is a basic feasible solution to the standard form LP problem. Let B be
the corresponding basic matrix, and let xg be the corresponding vector of basic variables.
We then have

Irp = B _lb,
while the nonbasic variables are all zero. Consider a direction d at « of the form d; = 1 for
some nonbasic index j and d; = for all other nonbasic indices [. For such d to be feasible
we must have Ad = 0, implying that

0=Ad =Y [A]'"d;=>> [A]"Ddpu + [A) = Bdp + [A).
=1 ;

=1

Hence, since B is invertible, we have
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Such direction d as just constructed is the j-th basic direction. The preceding construction
guarantees that the equality constraints Ax = b are satisfied as me move away from =z
along the direction d. But how far we can move (if any at all) and maintain the feasibility
depends on the degeneracy of x. In particular, there are two possibilities:

(1) If x is nondegenerate, then xp > 0 and for some (possibly small) A > 0, we can still
have g + Adp > 0. Hence, the feasibility can be maintained (d is feasible).

(2) If x is degenerate, then we may have for some basic variable xp; = 0 and the
corresponding component dg;y < 0. In this case, all the vectors of the form = + Ad
with A > 0 will be infeasible, i.e., violate nonnegativity constraint for xpy) (d is
infeasible).

We now describe how the cost ¢’z changes as we move along a basic direction d. Moving
from x to = + d corresponds to the cost change from ¢’z to ¢'x + ¢'d. Thus the rate of
cost change is c¢’'d. Since

dg = —B'[A), d;j=1 for a nonbasic index j, d; =0 for other nonbasic indices [,
it follows that the rate of change along d is
c'd=c;— chEB™A).

This is the cost per unit increase in the variable z;. It plays an important role in the
simplex algorithm, so it has a special name.

Definition 6 Let x be a basic solution with the corresponding basis matriz B. Let cg be
the cost vector associated with the basis matriz B. For every j, the reduced cost ¢; of the
variable x; is given by

¢ =c; — chB'[A).

It can be seen that for any basic variable xp(;), the reduced cost ¢p(; is zero. This
follows from the fact B~1[A]P(®) = ¢;.
We next provide an example for a basic direction and reduced cost.

Example 30 (Based on Example 3.1 of [11]) Consider the following LP problem:

mimimize T+ To — 223 + x4
Subject to T1+To+ T3+ T4 = 2
2[E1 + +3l’3 + 45(74 =2
1'120, IgZO, ZL‘320, 1'420

Let B be the matriz formed from the first two columns of A, i.e.,
11
B- { ol } |
We let x3 = 0 and x4 = 0, and obtain x, and x5 from the relation xg = B~b, implying that
x1 =1 and xo = 1. The resulting vector x is a basic feasible solution and nondegenerate.
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Consider the nonbasic variable x3 and the corresponding basic direction d. We have
ds =1 and dy = 0, while dy and ds are obtained from the relation dg = —B_I[A]?’, yielding
dy = —3/2 and dy = 1/2. The reduced cost of the variable z3 is

3 1

53 = C3 —CEB_I[AP = —5 + 5 —2=-3.

In line with the optimality conditions of Section [2.3.3, we have the following result.

Theorem 37 Let x be a basic feasible solution with the corresponding basis matrix B, and
let ¢ be the corresponding vector of reduced costs. We then have:

(a) If ¢ > 0, then x is optimal solution.
(b) If x is optimal and nondegenerate, then ¢ > 0.

In light of Theorem [37], a basic solution is optimal if it is feasible and its corresponding
reduced cost is nonnegative. We use this to define an optimal basis, as follows.

Definition 7 A basis matriz B is optimal when B~'0 >0 and ¢’ = ¢ — 5L B™1A > 0.

Clearly, a basic solution corresponding to an optimal basis is an optimal solution.

3.1.2 Algorithm

Here, we complete the details needed for the development of the simplex method, and
present the method in a basic form. We have discussed basic feasible directions, and now
we need to see how we choose a good direction and specifically, how we generate a new basic
feasible solution from the current one. We first consider a nondegenerate LP problem and
then, comment on issues and discuss some modifications when the problem is degenerate.

Nondegenerate Linear Problem

Assume that all feasible solutions of the problem are nondegenerate. Let x be the current
basic feasible solution. Also, assume that we have evaluated the reduced cost ¢; for each of
the nonbasic variables. If they are all nonnegative, then by Theorem [37] the solution z is
optimal. Otherwise, there is some nonbasic variable z; with the reduced cost ¢; < 0. For
this nonbasic variable, we compute the corresponding (j-th) basic feasible direction,

dgp = —B7'[A), d; =1 for the nonbasic index j,
d; =0 for all other nonbasic indices [. (3.1)

We have z; = 0. Moving from z along d, we generate the vectors x + Ad with A increasing
(starting from A = 0). When increasing A, the nonbasic variable z; increases and becomes
positive, while the other nonbasic variables remain unchanged (stay at 0). In this case, we
say that x; enters the basis.

The cost of a vector # + Ad with A > 0 is ¢Zx + Acl'd. The cost change resulting from
moving from z to some z + Ad is equal to Ac'd. This is the same as the cost A¢;, which
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is negative for A > 0. Hence, the cost decreases along d and to find the best feasible
vector along d, we should move as far as possible and stay feasible. This corresponds to
determining largest A* > 0 such that x + \*d is feasible.

By the construction of d in Eq. (3.1)), we have that Ad = 0, and therefore, the vectors
x + Ad satisfy AX = b for any A > 0. A vector x + Ad may be infeasible only when some of
its components are negative. Recall that the nonbasic variables other than z; will stay at
0, while z; becomes positive as A increases from zero. Thus, the only components of x 4 \d
that may become negative as \ increases are the basic variables, which are affected by dp.
There are two possibilities:

Case dg > 0. Then, xg + Adg > 0 for all A > 0, and the vector x + Ad is always
feasible for A > 0. Hence, \* = oc.

Case dg # 0. Then, there exists a basic index B(i) such that dpy < 0. The
constraint x ) + Adp@y > 0 implies that A < —xp;)/dpg). This inequality should be
satisfied for all basic indices B(i) for which dp(;) < 0. Therefore,

A= min {—%} )
{i|dp)<0} dB(i)

Observe that A\* > 0, since xp) > 0 (nondegenerate ) and the minimum is taken
over the basic indices 7 corresponding to dp;) < 0.

Suppose we have computed A*, and let A\* be finite. We then move to a new vector
Z = x + \*d. Note that ; = \*, since ; = 0 and d; = 1. Let p be the index achieving the

minimum in \*, i.e.
CTBR) {_133@} v
dp(p) {ildpg)<0} dp)

Tp(p) + Ndpp) =0,

Then, we have

and by the definition of \*, we have
T + ANdpu >0 foralli#£p, i=1,...,m, (3.2)

where the strict inequality holds by nondegeneracy. Thus, the new vector & = x + A\*d is
feasible. Let B be the matrix obtained from the basis matrix B by replacing p-th column
of B (which is [A]B®) with j-th column of A (i.e., [A)7). Equivalently, we replace the basic
index set {B(1),..., B(m)} with the basic index set corresponding to Z, which is given by

{B(1),...,B(p—1),j,B(p+1),...,B(m)}.

It can be seen that the new matrix B also has linearly independent columns and thus, the
new vector 7 is a basic feasible solution.

In the preceding procedure, we say that the nonbasic variable x; enters the basis, while
the basic variable xp(,) leaves the basis. Furthermore, the new basic feasible solution 7 is
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distinct from z and the cost is reduced, i.e., the cost of Z is strictly smaller than the cost
of x.

The preceding construction is a typical iteration of a simplex method, by which the
method moves from one feasible basic solution to another. We next summarize the steps
wnwvolved in a typical simplex iteration:

1. Given a basic feasible solution x and its basis matrix B, compute the reduced costs

¢; = c; — cp B[A) for all nonbasic indices j.

2. If these reduced costs are nonnegative, then stop. The current solution z is optimal.
Otherwise choose some j for which ¢; < 0.

3. Compute dg = —B '[AJ). If dg > 0, then \* = +oco and the optimal cost is
f* = —o0; terminate. Otherwise, go to step 4.

4. Compute
A= min {——xB(i) } )
{i1dp(y<0} dB(i)

5. Select p such that \* = —xp(,)/dp@). Form a new basis matrix by replacing [A]5®
with [A)’. The new feasible solution # has basic variables

i’j = )\* and i’B(z‘) = ZL’B(Z') + )\*dB(i) fOl“ 7 7& D

There are few remaining issues to be discussed, namely, how to initially choose a basic
feasible solution, and how to select the variable x; entering the basis and the variable z g
leaving the basis when there are multiple choices.

In general, finding an initial basic solution is not easy. It requires solving an auxiliary
linear problem, which is beyond the scope of these notes. The interested reader can find in
depth discussion on this issue, for example, in textbook [11], Section 3.5.

In a typical simplex iteration, at Step 2, there may exist several basic indices j for which
¢; < 0. Similarly at step 5, there may be more than one index p for which the minimum in
the expression for \* is attained. Thus, there may be multiple options for selecting j and
p, and there are some rules guiding these selections. The rules are known as pivoting rules.

We discuss pivoting rules regarding the choices of the nonbasic variable entering the
bases. Some possible choices are:

e Choose a nonbasic variable x; for which the reduced cost ¢; < 0 is the smallest. This
rule chooses the direction d along which the cost decreases at the fastest rate, but
this not necessarily yields the largest cost decrease, since the cost decrease depends
on how far we move along the chosen direction d.

e Choose a nonbasic variable x; with ¢; < 0, for which A*¢; is the smallest. This rule
chooses the direction d corresponding to the largest cost decrease. However, note
that the computational load at each iteration can be high, since we need to compute
A* for each nonbasic variable x; with ¢; < 0.
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In the nondegenerate case, the simplex method method finds an optimal basic solution
in a finite number of iterations, as stated in the following theorem.

Theorem 38 Assume that every basic feasible solution is nondegenerate, and that the
problem s feasible. Then, in finitely many iterations,the simplex method terminates at one
of the following possible cases:

(1) The basis B is optimal and the associated basic feasible solution is optimal.

(2) The direction d is such that Ad =0, d >0, and c"'d < 0.

Proof. If the algorithm terminates at step 2, then by Theorem [37] the basis B is optimal
and its corresponding basic feasible solution is optimal.

If the algorithm terminates at step 3, we then have a direction d with the reduced cost
¢; < 0,and Ad = 0 and dg > 0. But then, by construction of d [cf. Eq. ], we have d > 0.
Furthermore, we have ¢; = ¢/d < 0. By letting A — oo, we obtain ¢’ (z + Ad) — —o0,
while the vectors x + Ad stay feasible. Hence f* = —oo.

Note that the algorithm reduces the cost at each iteration. Thus it moves from one
feasible basic solution to another, without ever revisiting the same basic feasible solution.
Since there are finitely many basic feasible solutions, the algorithm must terminate in a
finite number of iterations. m

Degenerate Linear Problem

The simplex algorithm, as described, can be applied to a linear problem with degenerate
basic feasible solutions. However, we may face some new possibilities, such as:

e When the current basic feasible solution z is degenerate, \* may be zero, and the
new basic feasible solution is the same as x. This can happen, when for some basic
variable zp(;) = 0 and the corresponding dp(;y < 0. However, we can still find a new
basis and proceed with the iteration. Theorem [38|still applies.

e When \* is positive, it may happen that more than one of the original basic variables
becomes 0 [i.e., the inequality in Eq. need not be strict anymore]. Among these
basic variables, one of them leaves the basis, but the others stay in the basis (at the
zero value). Thus, the new basic feasible solution is degenerate.

Changing the basis while still staying at the same basic feasible solution is still worth
doing. This is because, eventually, through a sequence of such changes, we may find a
feasible direction along which the cost decreases. However, a sequence of such changes may
also result in reaching the same basic feasible solution that we have started with. Thus, is
known as cycling, which can happen in the presence of degenerate basic feasible solutions.
There are some bookkeeping rules that track the variables entering the basis and prevent
cycling. For more on this, see for example [I1], Section 3.4.
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Other Versions of the Simplex Algorithm

There are versions of the simplex method that exploit the dual LP. In particular, as seen
in Section the dual of the standard LP is given by

maximize  b'p
subject to  A’p < c. (3.3)

The primal optimality condition ¢! — ¢§ B™1A > 0, can be written in terms of the
dual variable p, by letting p” = ¢§ B~!. Then, the primal optimality condition reduces to
pTA < T, which is the feasibility condition for the dual problem (3.3). Thus, the simplex
method that generates basic feasible solutions, maintains the primal feasibility and strives
for dual feasibility which is attained at the termination of the algorithm when f* is finite
[cf. Theorem . This method is also known as primal simplex method.

Alternatively, the simplex method can start at a dual feasible solution and strive to
achieve primal feasibility. Such a simplex algorithm is known as dual simplex method.
More on the dual simplex algorithm can be found in [I1], Section 4.5.

3.2 Gradient Projection Method

In this section, we consider a standard gradient projection method as applied to a convex
optimization problem subject to a simple set of constraints. In particular, we focus on the
following problem:

minimize  f(x)
subject to x € X, (3.4)

where X C R" and f : X — R. Throughout this section, we use the following assumption
for the set X and the function f.

Assumption 4 The set X is convex and closed. The function [ is convexr and differen-
tiable over the set X. The optimal value f* of the problem is finite.

The gradient projection method is an iterative method that starts with some initial
feasible vector xg € X, and generates the next iterate by taking a step along the negative
gradient direction —V f(xy) of f at x; and then, by projecting on the set X to maintain
feasibility. Formally, a typical iteration of the gradient projection method is given by

Tpy1 = Px [xp — ax V f(x)], (3.5)

where the scalar a, > 0 is a stepsize and zy, is the current iterate, and Px [y] is the projection
of a vector y on the set X. By the Projection Theorem [see Theorem 22| of Section [2.3.4],
the projection exists and it is unique since X is closed and convex. A typical iteration of
the gradient projection method is illustrated in Figure [3.2]

We assume that the set X is simple so that the projection on X is easy. Examples of such
sets X include a nonnegative orthant, a box, and a ball. When X is the nonnegative orthant
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X0 V(xy)
Sx) T Sx)

Figure 3.2: An iteration of the gradient projection method.

R, then the projection on X decomposes into projections per coordinate. In particular, in
this case, the projection Px[z] is the vector z* with components z;" = max{z;,0}. When
X is the box,

X={zeR"|a; <z; < foralli},

again the projection on X decomposes into projections per coordinate, and the components
of the projection Py |x] vector are given by

a; if T; < a;

We consider the gradient projection method with several stepsize rules:

e (Constant stepsize, where for some a > 0, we have o = « for all k.

o Diminishing stepsize, where a — 0 and ), oy, = 00.

s : _ flap)=f"
e Polyak’s stepsize, where oy = NCHIER
e Modified Polyak’s stepsize, where ay, = % and fk = ming<;<j f(z;) — 0 for some

scalar § > 0.

The constant stepsize rule is suitable when we are interested in finding an approximate
solution to the problem (3.4)). Diminishing stepsize rule is an off-line rule and is typically
used with oy, = 47 or \/ﬁ—l for some ¢ > 0. The constant and the diminishing stepsize are
also well suited for some distributed implementations of the method.

Let us mention that Polyak’s stepsize in general form involves a parameter ;. In
particular, the stepsize is given by

flar) =

Ok =Yk /N2

IV £ ()l*
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where 7, is bounded away from zero and away from 2, i.e.,, 0 < v < v, <7 < 2 for all £.
Here, however, we simply use 7, = 1 for all k, since in general it is not clear what should
guide the choice for 7, at each iteration k. Furthermore, all the results that we establish
here, also hold for the Polyak’s rule in general form.

Polyak’s stepsize is suitable when the optimal function value f* is known and the
evaluation of the function f is possible and “easy”. There are some optimization problems
for which f* is known and the algorithm is applied to generate an optimal solution. This
is the case, for example, in the feasibility problem of Section [2.3.1] where f* = 0.

The modified Polyak’s stepsize is a simple adaptation of the Polyak’s stepsize to accom-
modate the situations when f* is not known. Note that the modified Polyak’s stepsize is
using a fixed positive parameter ¢ and, as we will see, the method with this stepsize exhibits
behavior similar to that of the method with the constant stepsize, thus only generating an
approximate solution. There exist other more complex modifications of the Polyak’s rule
for which the method generates optimal solutions. Some of these adaptations can be found
in [22] and [9] [and the references therein| although for the subgradient method and the
incremental implementation. However, the results shown there still hold by replacing the
subgradient with a gradient, and by setting m = 1 in the incremental implementation.

There are some other stepsize rules that use a line search. These have been developed
for the gradient method when X = R", but can be adjusted for the gradient projection
method [when X # R"]. We comment on these in Section [3.2.4]

In what follows, we study the convergence properties of the method under the stepsize
rules described above. We note that the gradient projection method does not necessarily
generate iterates with decreasing cost. What makes the method work is the property that
at each new iteration, the method either decreases the function value or decreases the
distance to the optimal set. This property is captured in the following lemma, providing a
basis for the analysis of the method.

Lemma 12 Let Assumption [§] hold. Let y € X be arbitrary but fized. Then, for the
gradient projection method with any stepsize rule, we have for all k,

ok = yll* < llze = ylI* = 20k (f (@) = () + okl V f ()|

Proof. Since y € X and the projection is a nonexpansive mapping [see Theorem of
Section [2.3.4], it follows that for any k,

|zre1 = ylI* < llow — arV fzn) = yll* = ok = yl* = 206V f(20)" (2r — y) + @[V f (2>
By the convexity of f, we have [see Theorem [12| of Section [2.2.1] for any k and any y € X,
flan) = fly) < V() (2 —y).

The desired relation follows by combining the preceding two inequalities. m

3.2.1 Convergence for Constant and Diminishing Rule

In our analysis in this section, we use an additional assumption on gradients of f, namely,
we assume that the gradients are bounded uniformly over X.
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Assumption 5 There exists a constant L > 0 such that
Vx| <L forallze X.

This assumption is satisfied for example, when X is a compact set and f is continuously
differentiable over X. Under this assumption, for the method with the constant stepsize,
we have the following result.

Theorem 39 Let Assumptions [{] and [3 hold. Then, for the gradient projection method
with the constant stepsize o, we have
L2
lilfninff(xk) < f 4+ QT.
Proof. To arrive at a contradiction, assume that the given relation does not hold, i.e.,

assume that 72
lilgninff(ask) > f*+ 047‘

Then, for some sufficiently small € > 0, we have

L2
flzg) > 7+ aT +2¢  for all k.

The function f is continuous over X, so that there exists y € X such that f(y) = f* + e,

implying that
2

flzy) = f(y) > % +¢  forall k.

By using the relation of Lemma [12| with a;, = o and y = ¢, we obtain for all &,

lzre =3I < e = 91° = 2a(f (xx) = £(9) + @[V f (@)

L
< k= 9l” = 20 (O‘T + e) +a’L,

where in the last inequality we use the uniform boundedness of the gradients. Hence
2 = 9l1* < llow — 9l — 2ae  for all &,
and by summing the preceding inequalities over k, we obtain
lz — 911 < llzo — §II* — 2kae. (3.6)

However, the preceding relation fails to hold for sufficiently large k. Therefore, we must

have
2

liminf f(zy) < f* + %

|
When the set X is compact, and we know the maximal distance d of the set X, i.e.,
d = max, 4ex ||z —y||, we can use relation (3.6 to compute an upper bound of the minimal
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number of iterations N needed to guarantee that the error level aL? is achieved, i.e., to
guarantee that

. < * 2
omin flwi) < f7+al”

al?

In particular, by choosing € = %~ and using relation 1} we can see that the number N
is given by
d2
N= L)PLQJ '

Theorem 40 Let Assumptions [{] and [ hold. Then, for the gradient projection method
with the diminishing stepsize oy, we have

liminf f(zg) = f*.

k—o0

Proof. To obtain a contradiction, assume that the given relation does not hold, i.e., assume
that for some sufficiently small ¢ > 0,

li;ninff(a:k) > f*+ 2e.

The function f is continuous over X, so there exists § € X such that f(g) = f* + e,
implying that
flzx) — f(g) =€ forall k.

By using the relation of Lemma [12| with y = ¢, we obtain for all k,

ke = gl1* < o = g1 = 200(f (22) = £(9)) + il V f(20)]]*
< o — 91" — 20n€ + g L,

where in the last inequality we also use the uniform boundedness of the gradients. Hence
@pr1 — )% < |z — 911> — o (26 — i L?) for all k.
Since oy, — 0, there exists k such that e > aL?, implying that

|2re1 — GlI° < llaw — 9> — e forall k > k.

By summing the preceding inequalities over k = l;‘, ..., K, we obtain
K-1
lzie = 911 < llog = 9° — €D . (3.7)
i=k

By letting K — oo and using the fact ), oy = 400, we see that the left hand side of
relation tends to —oo, while its right hand side is nonnegative - a contradiction.
Therefore, we must have liminfy_ ., f(zx) = f*. =

When the optimal set X* of the problem in Eq. is nonempty and we impose a
stronger condition on the diminishing stepsize, namely Y, a7 < oo, we can show that
the whole sequence {x} generated by the gradient projection method converges to some
optimal solution z*. This result is formally given in the following theorem.
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Theorem 41 Let Assumptions [f] and [3] hold. Also, assume that the optimal set X* of
the problem is nonempty. Suppose that the stepsize is such that ), a = oo and
So.ai < oo. Then, for the iterate sequence {xy} generated by the gradient projection
method with such a stepsize ay,, we have

klim |z — 2| =0 for some x* € X".
Proof. By using the relation of Lemma [12| with y = 2, we obtain for all k,

[2per — 212 < Nloe — 2% = 200 (f (2x) — f7) + @i ||V f () ||
<k — 2F||* + o} L2,

where in the last inequality we use f(zx) > f* and the uniform boundedness of the gradi-
ents. By summing the preceding inequalities over k = k,..., K for some arbitrary k and
K with k£ < K, we obtain

K-1
|l —a*|* < oy — 2P+ L2 ) o
k=k
Therefore,
o
limsup ||zx — 2*]|* < ||xk—x*||2+L2Zozi. (3.8)
fimee k=

By letting & = 0, we see that the sequence {||zx||} is bounded and hence, it has at least
one accumulation point. Since Y, af < oo, it follows that ay — 0. By Theorem we
have liminfy ... f(zr) = f*. Thus, one of the accumulation points of {x;} must belong to
the optimal set X*. Let {xy,} be a subsequence such that zy, — &* with * € X*.

By setting * = 2* and k=k; in Eq. , and by letting i — oo, we obtain

oo

limsup ||zx — 2| < lim ||y, — 2%||* + lim 5 az =0,
K—oo 1—00 zﬂookik.
—

where we have used lim;_,« ||z, — 2*|| = 0 and
oo
lim Y of =0
1—00 Z k ’
k=k;
which follows from Y, ai < co . Hence, the whole sequence {z;} converges to 2* € X*. m

3.2.2 Convergence for Polyak’s Stepsize and its Modification

For the case when the optimal value f* is known Polyak in [24] had suggested the stepsize
rule of the form
flak) — [~

k= T2/ \o

IV f (@) 1>
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This stepsize rule has also been studied by Shor in [29, [30] and Bréanlund [14].

For the convergence analysis of the Polyak’s stepsize, we do not need the assumption
on uniform boundedness of the gradients. This is because, the stepsize “normalizes” the
directions that the method is using. In particular, the direction that the method is using
for the Polyak’s stepsize is given by

flar) = f* V()
IV Sl IV f @)l

We have the following convergence result.

—Oéka(iCk> =

Theorem 42 Let Assumption[f] hold. Also, assume that the optimal set X* of the problem
is nonempty. Then, for the iterate sequence {xy} generated by the gradient projection
method with Polyak’s stepsize oy, we have

lim ||z —2*| =0  for some 2™ € X*.
k—o0

Proof. By using the relation of Lemma with ¥y = 2*, we obtain for all £ and any

e X*,
lwpsr — 2" [1* < flow — 2"(* — 20,(f (2r) — )+ a;l|Vf ()|
T . *
||xk_x*H2_(f( k) f2) :
IV f ()]
where in the last inequality we use the stepsize expression oy = va(g;’“() iR Therefore, it

follows that for any x* € X*, and any k£ and s with & > s,
(f(zi) = f*)Q_
IV f ()]

By letting s = 0, we see that the iterate sequence {x;} is bounded and therefore, it has an
accumulation point. Furthermore, note that Eq. (3.9) implies that

k

lzpr = 2"|° < Jlag —27[P =)

1=s

(3.9)

00 *)2

Z ||fo E < o — 2*||? < oo. (3.10)

1=

Suppose that none of the accumulation points of {x} belongs to the optimal set X*.
Then, for some small scalar ¢ > 0, we have

flzg) > f* for all k.

Since {zx} is bounded, so is the gradient sequence {V f(z)}, i.e., there is a scalar ¢ > 0
such that
IV f(zp)]| <c  forall k.

Therefore,
(f(xi) — f*)2 €
MY S > for all k.
V@R e



98 CHAPTER 3. VECTOR SPACE METHODS FOR STATIC OPTIMIZATION

By summing the preceding relations over k, we obtain

00 * 00 6
; HVf z; |!2 Z‘?

thus contradicting the relation in Eq. (3.10). Hence, every accumulation point of {x;} must
belong to the set X*.

Let 2* be an accumulation point of the sequence {z;}, and let {z),} be a subsequence
of {z;}. By letting * = 2* and s = k; in Eq. , we obtain for all k& > k;.

A*HQ _ Z (f(xz) - f*>2

[zpn — 271 < law, — @ :
’ = IVf@)l?

Therefore,

, ) . — (f(z) = f*)?
limsup ||zp1 — 2% < |log, — 27)° — :
ot o = &I < o, — 51 - 2 G

i=k;

By letting j — oo, and by using the relation ||z, — 2*|| — 0 and Eq. (3.10), we obtain
. - (f(@s) = f*)?

timsup g — 212 < i ( g, — 212 >0 VIS

’ 2 IV f (i) ]2

k—o0 i=k;

=0,

thus showing that the entire sequence converges to £* € X*. m

The relation shown at the beginning of the proof of Theorem [42] namely,

(f(xx) — £7)?
IV f ()12

will be important in our assessment of the convergence rate of the gradient projection
method in Section B.2.3]

We now provide a convergence result for the modified Polyak’s stepsize. Note that for
this stepsize, we have

zpg1 — 2| < ||og — 2| — for all k£ and any z* € X* (3.11)

TN @Il IV f ()12 VDI

As we will see, this stepsize remains bounded away from zero, so the convergence result is
similar to that of Theorem B39

flaw) = fu  flan) — mingej<y f(;) +6 - 0

Theorem 43 Let Assumption hold. Then, for the iterate sequence {zy} generated by the
gradient projection method with modified Polyak’s stepsize oy, we have

li;ninff(xk) < f*+4.
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Proof. To obtain a contradiction, assume that the given relation does not hold, i.e., assume
that for some sufficiently small ¢ > 0,

ligninff(a:k) > ff+d+e

The function f is continuous over X, so there exists § € X such that f(g) = f* + €,
implying that
flar) > f(g)+6 for all &.

Therefore R
fi= min f(e)) =8> f(5)  forall k,
implying that A
fxe) = f(9) = flzg) — fr  forall k. (3.12)

By using the relation of Lemma [12] with y = ¢, we obtain for all k,

lzr — 017 < Nlaw — 9l1° — 20k(f () — f(9)) + GV f (@) I
<l — 9117 = 200 (f (zx) — i) + ail|V f (x|,

where the last inequality is obtained by using the relation (3.12). Using the stepsize ex-

pression oy = ”@fc’&;)fﬁz, we see that for all &,

(f(xr) — fk)2

ey o ) = ) 3.13
lows =917 < llow =3P = G F o o
By summing the preceding inequalities, we obtain for all k,
k £ \2
2 < 2 M 3.14
[2h41 = 2™[|7 < Jlzo — 27 ; IV f (i) ]2 .

In particular, from the relation (3.14]) it follows that the iterate sequence {z}} is bounded
and that

S U@) P e
; IV £ (i)l < o = 2|I" < oo. (3.15)

Since {zx} is bounded, so is the gradient sequence {V f(z)}, i.e., there is a scalar ¢ > 0

such that
IV f(zi)] <c for all k.

Therefore, A
(f(zi) — fk>2
T for all k,
IVf@@)ll> — ¢

implying that
0 * 00 9
Z AR
IVf V)P c?

1= =0
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contradicting the relation in Eq. (3.15)). Hence, we must have liminf,_o f(z;) < f*+45. m

When the set X is compact, and we know the maximal distance d of the set X, i.e.,
d = max, ex ||x — y||, we can use relation to compute an upper bound of the
minimal number of iterations N needed to guarantee that the error level ¢ is achieved, i.e.,
to guarantee that

: < s
omin flak) < f7+0
In particular, by using relation (3.6[), we can see that the number N is given by

L2
=)

where L is an upper bound on the gradient norms ||V f(xy)]|.

3.2.3 Convergence Rate

The convergence rate of the projection gradient method is at best linear. The linear con-
vergence is attained with Polyak’s stepsize and for an objective function with a sharp set
of minima. In particular, we say that f has a sharp set of minima over X when for some
scalar p > 0,

fz) = f* > pdist(z, X) for all x € X, (3.16)

where dist(z,Y’) is the distance from the vector z to the set Y. It can be seen that a
(polyhedral) function has a sharp set of minima. Let f be a polyhedral function, i.e., a
function of the form

f(@) = max {aw+ b},
where b; € R and a; € R” with a; # 0 for all . Then, it can be seen that f satisfies the
relation for a sharp set of minima with p = minj<;<p, ||a;||, provided that X* is not empty.
In following theorem, we establish a linear convergence rate for the gradient projection
method. In the proof of the theorem, we use relation (3.11)) mentioned after the proof of
Theorem [42]

Theorem 44 Let Assumption[4 hold and let the optimal set X* be nonempty. Also, assume
that f has a sharp set of minima over X [cf. FEq. / Then, the gradient projection
method with Polyak’s stepsize oy, converges linearly, i.e., we have

12

k
dist (25, X*)? < (1 - ﬁ) dist (2, X*)? for all k,

where L is the gradient norm bound uniform over X [|Vf(x)|| < L for all x € X].
Proof. We start with the relation (3.11)), i.e.,

(f(xx) — f*)?

NZIEDIE for all k£ and any z* € X™.
Tk

lker = 2|1 < flow — 27" —
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Figure 3.3: A zig-zagging behavior of the gradient method when the level sets of the
function f are prolonged.

It follows that the sequence {zj} is bounded, so that the gradient sequence {V f(xy)} is
also bounded. Let L be an upper bound on the gradient norms. By taking the minimum
with respect to x* € X™* in both sides of the preceding relation, and also using the gradient
boundedness, we obtain

(f (@) = f*)°

diSt(l‘k+1,X*)2 < diSt(l‘k,X*)2 - L2

for all k.

Using the sharp minima relation (3.16[), we obtain

2 2

dist (211, X*)? < dist(ag, X*)? — % dist (x5, X*)* = (1 - %) dist (25, X*)? for all k,

which implies the desired result. m

Linear convergence rate is not the best known rate. There are methods with super-
linear (quadratic) rate such as Newton method and the interior point method, which uses
Newton’s directions. These methods, however, require f to be twice differentiable among
other conditions.

The potential drawback of the projection gradient method is that it can be very slow

when the gradient directions are almost perpendicular to the directions pointing toward
the optimal set X*, corresponding to

V()" (zp — 2%) =~ 0.

In this case, the method may exhibit zig-zag behavior, depending on the initial iterate xg.
This may happen in particular when the level sets of the function f are prolonged in certain
directions (known as ill-posedness), as illustrated in Figure [3.3| [for X = R"].

3.2.4 Non-Projected Gradient

When the problem (3.4]) is unconstrained i.e., X = R", the gradient projection method
reduces to unconstrained gradient method, where

Tpy1 = xp — apV f(xg) for all k,
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which is also known as steepest descent method. In this method, we can use stepsizes based
on line search, such as the exact line search stepsize, where

ar = Argmin f(zp — oV f(xy)),

a>0

or backtracking line search [also known as Armijo stepsize]. What is more surprising, we
can use a carefully selected constant step and still have the convergence of the method, as
seen from the following theorem.

Theorem 45 Let Assumption [f] hold with X = R"™. Let the gradient mapping of the
function f be Lipschitz continuous, i.e.,

IVf(z) =Vf(y) < Llle =yl forall z,y € R".

Let the stepsize oy, be such that for some a > 0,
2
agak<z for all k.

Then, every accumulation point of the iterate sequence {xy} generated by the unconstrained
gradient method with this stepsize is an optimal solution.

In practical implementations, in order to use the constant stepsize with guaranteed
convergence, we need to have the Lipschitz constant L available, or some upper bound
for L. The analogous result to that of Theorem |45/ holds for the gradient projection method,
under Assumption 4] and assuming that the gradient is Lipschitz continuous over X, i.e.,

IVf(x) =V [f(y) <Llle -yl  forallz,yeX.

This result for a more general nonconvex function f can be found in [5], Proposition 2.3.2.

The backtracking line search determines the stepsize a; by searching for a point on the
line segment connecting xp and x; — V f(x) that has a sufficient decrease. The search
is performed by successive halving of the intermediate segments. Specifically, the stepsize
oy is determined through the following procedure: Parameters o € (0,1} and 8 € (0,1)
are selected when the algorithm is initiated. At the current iterate xj, we perform the
following:

Backtracking Line Search

1. Seti=1and t; = 1.

2. Sufficient Descent Test If

flaw =tV f(ax)) < flan) = otil|V f ()],
then stop. Set the stepsize ay = t;. Otherwise, go to step 3.

2. Increase i by 1 and set t;;; = ft;. Go to step 2.
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When function f is continuously differentiable, by the first-order Taylor expansion at
any x, we have

flz—aVf(@) = f(z) - al|[VF(@)|* +o(a) = f(z) —a (||Vf(afr)!|2 - %) :

o(w)

[0}

Since lim,_.qg = 0, it follows that for sufficiently small o > 0, we have

Ivs@e -2 0

This guarantees that the backtracking line search finds ay in a finite number of trials 7.
At every iteration of the unconstrained gradient method with the backtracking rule, we
have

Thy1 = T — Oéka(l'k), (317)

with a4 such that the sufficient descent is guaranteed, i.e.,

f@rer) < flan) — o] V@), (3.18)

with a;, = (3% for some integer i;, > 0

For the gradient method with backtracking line search, we have the following result. Its
proof for a more general nonconvex function [using o € (0,2)[] can be found for example
in [5], Section 1.2.2.

Theorem 46 Let Assumption [4] hold with X = R™. Then, every accumulation point of
the iterate sequence {zy} generated by the unconstrained gradient method with backtracking
line search stepsize is an optimal solution.

The backtracking line search can be modified to be used for the constrained minimiza-
tion problem [X # R"]. In this case, the line search is replaced with the “arc” search, as
follows: at the current iterate xy, we determine the stepsize by:

Backtracking Arc Search

1. Set i =1and t; = 1.
2. Sufficient Descent Test If
f (Pxlae =tV f(zi)]) < f(aw) = otil| V f (zi) |1,
then stop. Set the stepsize oy = t;. Otherwise, go to step 3.

2. Increase @ by 1 and set t;1; = ft;. Go to step 2.

"When f is convex, we cannot use o > 1. This follows from linearization property for a convex function

f(@r) + Vf(xp) (xhe1 — k) < f(@k41), and the relations (3.17)—(3.18).
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In this case, the result of Theorem holds for the gradient projection method and the
backtracking arc search, as seen for example, in Proposition 2.3.3 of [5] for a general non-
convex function.

The backtracking line search can be efficiently used when the function evaluation f(xy)
are “easy’. However, if these evaluations are expensive or impossible such as in some
distributed systemsﬂ then one should consider an alternative stepsize.

Finally, note that the results of Theorems[46|and [45]do not guarantee the existence of the
accumulation points of {zy}. These results merely say that: if accumulation points exist,
then they are optimal. Let us also note that the results of Theorems [46] and [45] as well as
the results of their extensions to the gradient projection method, hold only for differentiable
functiong’] This is in contrast with the results of Theorems [39{43] which hold when f is
convex but not necessarily nondifferentiable. Basically, when f is not differentiable due
to multiple directions that may “play role of the gradient”, the backtracking line search
procedure may never exit the loop of trials, and thus, cannot be used.

3.2.5 Gradient Scaling

To overcome a possibly slow convergence of the gradient projection method mentioned in
Section the gradient is often scaled. In this case, the method takes the form

Lh41 = PX[ZEk - O./kAka(l’k)], (319)

where Ay, is a diagonal matrix with positive entries on its diagonal, i.e., [Ag]; > 0 for all
1=1,...,n and all k.

When the function f is twice differentiable, one possibility is to use Ay based on Hessian
information of f at x;. This choice is motivated by the Newton method which uses the
direction [V2f(zx)] "' Vf(x)) instead of the gradient. Since the inverse of the Hessian
V2 f(z)) may be computationally very expensive a simpler scaling can be used instead that
takes the inverse values of the diagonal elements of the Hessian V2f(zy), i.e., the scaling
matrix Ay is given by

2 —1
(Al = (8 / (‘”’f)) for all i and k,

2
Ox;

where 22 ig the (i, 4)th entry of the Hessian V2f(xy,).

8:012
The analysis of such methods uses the successive transformation of space variables xy
based on the scaling matrix A;. Namely, new variables are defined by

1
yk == A]?Q:k,

1
where A} is the square root of the matrix Ay.

2 In some multi agent systems, agents have access to partial information about f, and no agent knows
the entire function f.
3This can be seen from the the proofs for these results.
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More generally, one may consider a non-diagonal scaling matrices Ax. However, these
matrices have to be positively definite. In fact, one can establish the convergence of the
scaled gradient projection method when the maximum and the minimum of all
eigenvalues of Ay are uniformly bounded over k.

We next provide a result showing a convergence of the scaled gradient projection method
with the backtracking arc search rule (see a more general result for nonconvex objective
function in [5], Proposition 2.3.4).

Theorem 47 Let Assumption[] hold. Let {xy} be a sequence generated by the scaled gra-
dient projection method with backtracking arc search stepsize. Also, let the matrices
Ay be all positive definite and assume that for some scalars v1 > 0 and v > 0 the following
relation is satisfied

vi||z]|? < 2T Apx < y|z||? for all € R™ and all k.
Then, every accumulation point of the iterate sequence {xy} is an optimal solution.

More discussion on the scaled gradient projection algorithm can be found, for example, in
[5] Section 2.3.

3.2.6 Feasible Descent Method

This is a general scheme for minimizing differentiable function over a constraint set. In
particular, the idea is to generate an iterate sequence using “gradient related” directions
dj as opposed to gradient directions. The method takes the form

Tyl = T + yedy for all k,
with d being a feasible direction of the set X at the iterate xy, i.e.,
T +opd, € X for all k.

For convergence of such a method to a solution of the problem, the directions {dj} need to
be related to the gradient directions. This is ensured for example when for some n > 0,

iV f(@r) < —nllde] [Vf (@)l for all k.

In other words, this condition ensures that the angle formed by the direction d; and the
gradient V f(xy) is bounded away from 90 degrees uniformly over k.

Frank-Wolfe Method

One idea of generating a feasible direction dj, is based on the use of the linear approximation
of f at the current iterate x. In particular, by writing dp = & — xx, where Iy, is a solution
to the following problem

minimize  Vf(z)" (z — 2)
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subject to z € X. (3.20)

This method is known as Frank-Wolfe method and also as conditional gradient method.
Note that the preceding problem may not have solution when X is unbounded. To ensure
the existence of a solution, an additional assumption that X is bounded is typically used.

A typical iteration of the Frank-Wolfe method has the following steps: at the current
iterate xy, solve the minimization problem to obtain 7y, i.e.,

& € Argmin Vf(2)" (z — 24).
zeX

Select the stepsize a4, and define
Tyl = T+ Ckk(ik — xk)

Typically, the backtracking line search is used to determine the stepsize ay.
The convergence results for the Frank-Wolfe method, as well as for more general feasible
direction methods, can be found in [5] Section 2.2.

3.3 Dual Method

In this section, we consider a constrained problem where, in addition to the constraint set
X, there are also inequality and linear equality constraints. Specifically the minimization
problem of interest has the following form

minimize  f(z)

subject to  g1(x) <
ajx =
r e X,

»gm(7) <0
bl,. Z:b

where X C R", g; : X — R for all j, and a; € R" and b, € R for all 2. We will also use a
more compact formulation of the preceding problem:

minimize  f(z)
subject to  g(z) <0

Az =10
xr € X, (3.21)
where g = [g1,...,9m]? : X — R™ Ais an r x n matrix with rows a!, and b € R" is a

vector with components b;. Throughout this section, we use the following assumption.

Assumption 6 The set X is conver and closed. The objective f and the constraint func-
tions g1, ..., gm are convex over the set X. The optimal value f* of problem 18 finite.

A silent assumption is that the set X has a simple structure for projection operation.
Solving the problem of the form (3.21]) can be very complex due to the presence of (possibly
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nonlinear) inequality constraints g(z) < 0. Here, we consider the algorithms for solving
the problem through the use dual methods as applied to solve the dual problem.

Consider the dual problem obtained by relaxing all the inequality and equality con-
straints (assigning prices to them). In this case, the dual problem is

maximize  q(u, A)
subject to  p >0, (3.22)

where the dual function ¢(u, A) is given by

q(p, \) = in)f({f(x)qL,uTg(x)—|—/\T(Ax—b)} for p € R™ with p >0 and A € R". (3.23)
ze

Note that the constraint (u,A) € domgq is an implicit constraint of the dual problem
(silently assumed). In the dual problem, the multiplier u is constrained to the nonnegative
orthant, while the multiplier A is a free variable. Furthermore, the dual function q(u, \)
is concave, so that the dual is a constrained concave maximization problem, which is
equivalent to a constrained convex minimization problem (through a sign change in the
objective). Hence, if the dual function is differentiable we could apply gradient projection
methods (for maximization) and solve the dual.

In some situations, a partial dual problem is considered and is still referred to as the
dual. In particular, consider relaxing only the inequality constraints of the problem ,
yielding a dual problem of the form

maximize  §(u)
subject to >0, (3.24)

where the dual function §(u) is given by

q(p) = B ibnf X{f(:c) + pFg(z)} for € R™ with p > 0. (3.25)
=0, xC
In this dual problem, the multiplier y is constrained to the nonnegative orthant, while the

dual function ¢(u) is concave. To distinguish between these two different formulations of
the dual problem, we will refer to problem f as the dual problem and to problem
— as the partial dual problem.

The main difficulty in dealing with dual problems is the evaluation of the dual function,
since it involves solving a constrained minimization problem per each value of the dual
variables. The use of dual problems is the most advantageous in the situations when the
dual function evaluation is “easy”, i.e., when a dual solution is explicitly given. Fortunately,
this is the case in many problems arising in various applications. We discuss some of them
in Chapter

In what follows, we focus on the dual problems where the minimization problem involved
in the dual function evaluation has solutions. Under this assumption, for the dual function

q(p, A) of Eq. (3.23]), we have for any p > 0 and any A,

a(p1, A) = fza) + 1" g(wn) + X (Azn =),
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where z,, is an optimal solution for the following problem
minimize  f(z) + p’g(z) + N (Az — b)
subject to x € X. (3.26)

Similarly, under the assumption that the minimization problem defining the dual func-
tion G(u) of Eq. (3.25)) has optimal solutions, we have for any p > 0,

q(p) = flwu) + n'glwp),
where z,, is an optimal solution for the following problem

minimize  f(z) + u’ g(x)
subject to  Ar =0b, v € X. (3.27)

Let us now consider the relations that characterize the minimizers z,, and z, of the
problems (3.26)) and (3.27) respectively, when f and all g; are convex, and X is closed

and convex. These relations require differentiability of f and all g;. The gradient of the

Lagrangian function of Eq. (3.26) is
Vi(x)+ Z 1;Vg;(x) + AT A.
j=1

Thus, by the first-order optimality conditions, x, is an optimal solution for problem (3.26)
if and only if

m T
(Vf(xu,\) + ijng(x,M) + )\TA> (x —zu0) >0 for all z € X.

j=1

Similarly, the gradient of the Lagrangian function of Eq. (3.27) is
Vi) + Y nVg(e).
j=1

By the first-order optimality conditions, x, is an optimal solution for problem (3.27) if and
only if

m T
(Vf(mu,\) + Zungj(xu,\)> (x —zu0) >0 forall z € X, Az =b.
j=1

To this end, we discussed both the dual and the partial dual problem, since both have
been traditionally used, depending on which one is more suitable for a given problem at
hand. For the rest of this section, we will focus only on the dual problem . Analogous
results hold for the partial dual.

With respect to the existence of optimal solutions for the problem , we consider
two cases:

(1) The minimizer x, is unique for each g > 0 and A € R".

(2) The minimizer x, is not unique.

The uniqueness of the minimizers ties closely with the differentiability of the dual function
q(p, A), which we discuss next.
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3.3.1 Differentiable Dual Function

In this section, we discuss the dual methods for the case when the dual function is differ-
entiable. As we will see the differentiability of the dual function is guaranteed when the
minimizer of the problem (3.26)) is unique. We focally impose this condition, as follows.

Assumption 7 For every pp > 0 and A € R", the minimizer x,y in the problem
exists and it is unique.

Under convexity assumption and Assumption [7], we have the following result.

Lemma 13 Let Assumptions [0 and [ hold. Then, for every p > 0 and A € R, the
wequality and equality constraints of the problem evaluated at the minimizer x,)
constitute the gradient of q at (u, \), i.e.,

g1 (l’uk)

Va(uA) = | g

T
ay Ty — by

T
T

| a x,u)\_br_

Note that, in view of Lemmal[13] the differentiability of the dual function has nothing to
do with the differentiability of the objective f or constraint functions g;. The differentiability
of q is strongly related to the uniqueness of the optimizer in the problem defining the dual
function value.

According to Lemma , for the partial gradients V,q(p, ) and Vg(p, A), we have

91($u>\)
Vi, A) = : = g(z),
I (Tpn) ]
alz,\ — b 1
Vaq(p, N) = : = Az, —b.
alz,\ — by |

To solve the dual problem, under Assumptions|[6and[7, we can now apply the projection
gradient method, which is adapted to handle maximization. The projected gradient method
for the dual problem has the form:

fher = [+ an Viug(u, M7

Mer1 = M+ ag Vag(p, M),

where [-]* denotes the projection on the nonnegative orthant R, oy, > 0 is the stepsize,

and pg > 0 and )\ are initial multipliers. Note that, since the dual problem involves
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maximization, the gradient method takes steps along the gradients of q. We refer to this
gradient method as the dual gradient projection method.
By using Lemma |13, we see that the method is equivalently given by

M1 = [ + g(fﬁ'uA)]Jr ) (3.28)

)‘k+1 - )\k + o (AJI“)\ — b) (329)

The dual gradient method can be used with all the stepsizes discussed in Section |3.2]
including the backtracking line search. However, the Polyak’s stepsize and its modification,
and the backtracking line search have to be suitably adjusted to account for the maximiza-
tion aspect. In particular, for the dual gradient projection method the Polyak’s stepsize is
given by:

_ 4= qlpm Ar)

IV, A1

where ¢* is the optimal value of the dual problem (of course, ¢* should be finite in order
to use this stepsize).

Denote by zj the minimizer x,, when (u,A) = (ug, Ax). Note that [|[Vq(k, Ax)
lg(zp)]|? + [|Azr — b||?, or equivalently

g

I =

IV I = 3 g2a) + 7 (al ey — )
j=1 i=1

For the dual gradient projection method, the modified Polyak’s stepsize has the following

form X
Qe — (o Ak)

1V (e, i) 12
Finally, in the backtracking arc search procedure of Section [3.2.4] the relation at step 2
should be Sufficient Ascent Test and the inequality in the test should be

o = with Gy =0+ Orgggkqwm Ar)-

q(vi) > q(pr, M) + ot [V, )|,

where

o — | L 8N g (AT } _ [ [k + tig(wn)] ™
¢ A+ tl-VAq(uk, )\k) A + tip(Axk — b) '

Note that, when appropriately interpreted, all the results for the gradient projection
method that we established in Section [3.2] apply to the dual maximization problem.

We next provide an example demonstrating computation of the gradient of the dual
function. In particular, we revisit the Kelly’s canonical utility-based network resource
allocation problem (see [19]).

Example 31 Consider a network consisting of a set S = {1,...,S} of sources and a set
L=A1,...,L} of undirected links, where a link | has capacity ¢;. Let L(i) C L denote the
set of links used by source i. The application requirements of source i is represented by a
differentiable concave increasing utility function w; : [0,00) — [0,00), i.e., each source i
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gains a utility u;(x;) when it sends data at a rate x;. Let S(I) ={i € S |l € L(i)} denote
the set of sources that use link l. The goal of the network utility mazimization problem is
to allocate the source rates as the optimal solution of the problem

maximaize Z w;(x;)
i€s

subject to Z x, <c¢ forallel
i€s()
x; >0 forallieS.

Alternatively, we may view the problem as the minimization of differentiable convexr and
decreasing function f(x) = — . sui(x;) subject to the above constraints. Note that the
constraint set of the problem is compact [since 0 < x; < ¢ for all links | € L]. Since f is
continuous over the constraint set, the optimal value f* is finite [in fact, a unique optimal
solution x* exists]. Assumption [f] is satisfied.

By relazxing the link capacity constraints, the dual function takes the form

a(p) = min Y =wiw) )y | Y wi—a

= lec i€s()
= min E —u;(x;) + x5 E — E q.
230, €S z( 'L) ) M Hicy
€S leL(4) lel

Since the optimization problem on the right-hand side of the preceding relation is separable
in the variables x;, the problem decomposes into subproblems for each source i. Letting
Wi = Zleﬁ(i) wy for each i (i.e., p; is the sum of the multipliers corresponding to the links
used by source i), we can write the dual function as

= MMINy T; by — Ui\ T4 — 1C.
a() iezsmizo{ i — i)} lezﬁu
Hence, to evaluate the dual function, each source i needs to solve the one-dimensional
optimization problem min,, >o{x;u; — wi(x;)}. Note that p; = 0 is not in the domain of the
dual function [since each u; is increasing, it follows that ming,>o{—u;(z;)} = —oc/. Thus,
we must have p; > 0 for all i € S for the dual function to be well defined.

For p; > 0, by the first-order optimality conditions [see Theorem of Section ,
the optimal solution z;(u;) for the one-dimensional problem satisfies the following relation

wi(wi(pi)) = pas
where w,(z;) denotes the derivative of u;(x;). Thus,
zi(pi) = Ufl(ﬂz%

where u;_l is the inverse function of u;, which ezists since u; is differentiable and increasing.
Hence, for each dual variable p > 0, the minimizer x(p) = {u;, i € S} in the problem of
dual function evaluation exists and it is unique.
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The following implication of the KKT conditions [cf. Theorem [34] of Section [2.5.7] is
often useful when a dual optimal solution is available.

Lemma 14 Let Assumption [(] hold, and let strong duality hold [f* = ¢*]. Let (u*, \*) be
an optimal multiplier pair. Then, x* is a solution of the primal problem[3.21) if and only if

e z* is primal feasible, i.e., g(x*) <0, Az* =0, z* € X.
o x* is a minimizer of the problem with (g, A) = (", \*).

o 2% and p* satisfy the complementarity slackness, i.e., (u*)Tg(x*) = 0.



Chapter 4

Network Applications

In this chapter, we consider a classic network flow problem and the use of this model in
routing and congestion control in communication networks.

The network flow problem is just a special case of linear programming. We discuss
the simplex method as applied to the network flow problems, and we also consider some
special cases of the network flow problem, such as the shortest path and the maximum flow
problem. Some of these problems have a special structure that can be exploited to simplify
the simplex method, as well as to design new special algorithms. In depth treatment of
network flow problems can be found in the textbooks by Bertseckas [4], Bertsimas and
Tsitsiklis [11], and Ahuja, Magnanti, and Orlin [I].

A more general network flow model, with convex objective, is discussed as a flow model
for routing and congestion control in communication networks. In particular, we present a
classic routing problem for data networks and a more recent utility-based model for joint
routing and congestion control. The material is focused on the use of convex optimization
highlighting the role of optimality conditions and the duality theory in the development
of the algorithms for the routing, congestion control, and general resource allocation in
networks. More on flow algorithms for data routing can be found in [8]. The utility-based
flow model for network resource allocation, of particular interest for joint routing and
congestion control, has been proposed by Kelly et. al in [19], and further studied by Low
and Lapsley [21]. An in depth coverage of the state-of-art algorithms for joint routing and
congestion control can be found in the book by Srikant [31], and in the article by Shakkottai
and Srikant [28]. The analytical tools for the design and analysis of communication networks
are covered in the lecture notes by Hajek [17].

4.1 Graphs

A network is modeled by a graph. We distinguish two types of graphs, namely, undirected
and directed.

113
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Figure 4.1: The graph to the left is connected, while the graph to the right is not connected.

Figure 4.2: This graph is a tree with leaves 2, 6, and 7.

Undirected Graph

An undirected graph G = (N, £) with a set N of nodes and a set € of edges. An edge is an
unordered pair i, j of two distinct nodes 4, j € N. In our setting here, the self-edges {i,i}
are not permitted. The number of nodes is denoted by |N| or n, while the number of edges
is denoted by |E| or m.

We say that the edge {i,j} is incident to nodes i and j. The degree of a node in an
undirected graph is the number of edges incident to the node. The degree of an undirected
graph is the maximum of the degrees of the nodes in that graph.

Awalk in undirected graph from node i; to node i, is a finite (ordered) sequence of nodes
i1,...,1s such that {iy, i1} € Efor k=1,...,s— 1. A path in undirected graph is a walk
with no repeated nodes (i.e., the nodes i1,...,is are distinct). A walk iy,...,4s is a cycle
if i1 = iy and all the other nodes s, ...,7,_; are distinct, and there are at least 3 distinct
nodes. This is because we want to exclude a cycle of the form i, 7,7 where the edge {i,j}
is traversed twice (back and forth). An undirected graph is connected when for every two
distinct nodes i and j, there is a path from i to j. Figure [4.1] shows an undirected graph
that is connected and an undirected graph that is not connected.
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Figure 4.3: An undirected graph is to the left. A spanning tree of the graph is to the right.

An undirected graph G = (N, ) is a tree, if it is connected and has no cycles. A node
in a tree with degree 1 is a leaf. Figure illustrates a tree and its leaves. A tree has some
special properties summarized in the following.

Theorem 48 We have:
(a) Every tree with more than two nodes has a leaf.
(b) An undirected graph is a tree if and only if it is connected and has [N'| — 1 edges.
(¢) For every pair of distinct nodes i and j in a tree, there is a unique path from i to j.

(d) Given a tree, if we add a new edge, the resulting graph has exactly one cycle.

Let G = (N, &) be a undirected graph. Let £ C & be a subset of edges such that the
subgraph T' = (N, &) is a tree. Such a tree is a spanning tree. A graph and its spanning
tree are illustrated in Figure [£.3] Every connected undirected graph contains a spanning
tree. This follows from the following theorem.

Theorem 49 Let G = (N, &) be a connected undirected graph. Let & C & be a set of
edges that cannot form a cycle. Then, the set & can be augmented to a set £ such that
the graph (N, &) is a spanning tree.

Directed Graph

A directed graph G = (N, L) with a set N of nodes and a set £ of directed links. A directed
link is an ordered pair (4, j) of two distinct nodes 4,7 € N. A directed graph is shown in
Figure In our setting, the self-links (7,7) are not permitted. The number of nodes is
denoted by [N or n, while the number of links is denoted by |£| or m.
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Figure 4.4: A directed graph.

We say that the link (7, 7) is from i to j, or outgoing from i and incoming to j. The
set of all nodes with links incoming to ¢ is denoted by I(7), while the set of links outgoing
from node i is denoted by O(i),

1)) ={j e N'| ;i) € L},
O(i) ={j e N[ (1,)) € L}

Awalk in a directed graph from node i; to node i is a finite (ordered) sequence of nodes
i1,...,15 and links l1,...,l,_1 such that for all k =1,...5 — 1,
either l, = (i, ips1) € N (forward link)

or Il = (igt1,0x) € N (backward link).

A path in undirected network is a walk with no repeated nodes (i.e., the nodes iy, . . . , i
are distinct). A walk 7q,...,14, is a cycle if i; = i5 and all the other nodes is,...,i,_1 are
distinct. A walk, a path, or a cycle is directed when it only contains forward links.

A directed graph is connected when the undirected graph obtained by ignoring the direc-
tions and deleting the repeated edges is connected. A directed graph is strongly connected
when for every two distinct nodes 7,7 € N, there is a directed path from i to j. The
directed graph shown in Figure is connected but not strongly connected.

4.2 Minimum Cost Network Flow Problem

A network is a directed [or undirected] graph G = (N, cL) [or G = (N, )] with some

additional information such as
e Link capacity u;; > 0 for (¢,7) € £, which is the maximum possible flow on the link.

e Link cost ¢;; for (i, ) € L, representing the cost per unit flow on the link.
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e External supply b; for each node ¢ € N, representing the amount of flow that enters
the network at node 1.

A node i with a positive supply [b; > 0] is a source node, while a node with a negative
supply [b; < 0] is a destination node or a sink. A node with no supply [b; = 0] is a transient
node.

In a general network problem, we want to send a flow from source nodes to destination
nodes at the minimal cost, subject to capacity constraints and the network balance relations
enforcing the law of flow conservation. This law states that, at every node, the amount of
flow into a node must be equal to the amount of flow out of that node.

Formally, the general minimum cost network problem is a linear problem of the following
form:

minimize E Cij Tij

(4,5)eL
subject to Z Tij — Z Ty = b for all nodes i € N
Jj€O(4) JEeI()
0 < i < uy, for all links (7, 7) € L. (4.1)
The equality constraints
Z Tij — Z zi; = b for all nodes i € N (4.2)
J€O(3) JEI(3)

model the network balance. Note that by summing these equations, we have

261207

iEN

which models the law of network flow conservation.
The inequalities
0 <y < uy for all links (7,75) € £ (4.3)

model the capacity constraints for the links. When the network links are uncapacitated
[u;; = 400], the network problem is a linear problem in the standard form.

We rewrite the network problem of Eq. in a more convenient form, as follows. Let
IN] = n and |£] = m. We put the links (¢,j) € £ in an order, and we order the flow
variables z;; accordingly. define the node-link incidence matriz A as an n X m matrix (a
row per node and a column per link) with entries a;;, given by

1 if 7 is the start node of the kth link
Qi = -1 if 7 is the end node of the kth link
0 otherwise.

As an example, consider the directed graph of Figure 4.4l Take the links in the following
order (1,2), (1,3), (2,4), (4,2), and (3, 4). The matrix A associated with this order of the
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links is
1 1 0 0 0
—1 0 1 -1 0
A= 0 1 0 0 BE (4.4)

0 0 -1 1 -1

The matrix A has two nonzero entries in each column, namely 1 and —1 indicating the
start and the end node of the corresponding link.
Letting A; denote the ith row of A, we have

Ajx = E Tij — g Tij,

F€O(i) JEI(i)
which in view of the network balance equations implies
A;x = b for all i € NV.
Equivalently, as a matrix equation, we have
Axr =0,

where b € R" is a vector with entries b;, i = 1,...,n.

The sum of rows of A is 0, implying that the rows of A are linearly dependent. This
violates the assumption used in the development of the simplex method in Section 3.1}
However, we can eliminate some of the equalities and obtain a subset of linearly independent
rows, without affecting the feasible set of the problem. In particular, let A be the matrix
obtained from the node-link incidence matrix A by taking the first n — 1 rows of A. The
matrix A is the truncated node-link incidence matriz. It can be seen that the matrix A has
linearly independent rows. Let b be the correspondingly truncated supply vector b, i.e., b
consists of the first n — 1 components of b. We can replace the original balance equatlon
Az = b with Az = b.

As an example, consider the node incidence matrix A of Eq. corresponding to the
directed graph of Figure 1.4l By removing the last row of A, we obtain the reduced matrix
A given by

) 1 10 00
A= -1 01 -1 0
0 -1 0 01

This matrix has linearly independent rows.
We now discuss some concepts used in many network flow algorithms. A vector z is a
circulation if
Ax = 0.

Note that such a flow need not be feasible.
Let C' be a cycle, and let F' and B be respectively the set of forward and backward links
in the cycle C. The flow y¢ defined by

1 if (i,7) € F
yi; =49 —1 if (i,j) € B
0 otherwise
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is the circulation associated with the cycle C. We have
Ay© =0.

The cost of the cycle C' is given by

T, C E E
cy = cij — cij-

(3,7)EF (3,7)€B

Given a flow z a cycle C, and a scalar 6 > 0, the flow vector = + y© is obtained from
x by pushing 0 units of flow around the cycle C. The cost change associated with the flow
push around the cycle C is ¢7'yC.

4.2.1 Simplex Algorithm for Uncapacitated Min-Cost Flow

Consider the uncapacitated network flow problem

minimize ¢’z
subject to Az =10
x>0,

where A is the node-link incidence matrix of a directed graph G = (N, L£). We assume
that Y. .\  b; = 0 and that the graph G = (N, L) is connected. A flow vector z is a tree
solution if it can be obtained as follows:

(1) Select a set 7 of n — 1 links in £, and form a tree (ignoring the link directions).
(2) Set x;; =0 for (i,5) & 7.

(3) Use the (reduced) flow conservation equation Az = b to determine the variables z;;
for (i,j) € T.

A tree solution such that x > 0 is a feasible tree solution.

With respect to the terminology developed for the simplex method in Section [3.1] we
have that a flow vector x is a basic solution if and only if x is a tree solution.

Change of basis in the simplex method, corresponds to generating a new feasible tree
solution from the current one. In particular, let 7 be the current basic tree solution.
Selecting a nonbasic variable in the simplex method corresponds to selecting a link (i, j) &
7. Then, the link (7, ) and some other links in 7 form a a cycle C. Choose the orientation
of the cycle C' so that (7, j) is forward link in the cycle. If we can increase the flow on the
link (4, j) to some value # > 0, then we have to adjust the old basic variables to maintain the
flow balance. This corresponds to pushing # units of flow around the cycle C'. Furthermore,
we want to push the maximal possible amount of #* units. Thus, we move from a feasible
tree solution = to another feasible tree solution z, whose components are given by

g + 0 if (k,j) € F
:Ekj = Tkj — o* if (k’,]) €B
Thj otherwise,
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If B # 0, then

0" = min wy,,
(k.j)eB

and otherwise 0* = +o0.
The cost associated with this change is equal to

0* Z Crj — Z Ckj

(k.j)eF (k,j)eB

The variable z;; enters the basis only if this cost is negative. The reduced cost of the
nonbasic variable z;; is given by

Eij E ij E ij

(k.j)eF (k,j)eB

This is exactly the cost of the cycle C' around which the flow is being pushed.
An alternative, a more efficient, formula for computing the reduced cost is given in
terms of the dual variables p. Recall that the general formula for the reduced cost ¢ is

=" —pTA with p’ =cL B!,

with B being the current basis matrix. For the network problem, the dimension of p is the
same as the number of rows of the reduced node-link incident matrix A, which is n — 1.
Using the structure of A, it can be seen that

— (e —py) (7)) #n
Ckj = § Ckj — Dk ifj=n
ij —i—pj If ]{I = nNn.

By defining p,, = 0, we can compactly write the preceding relation as
Crj = Crj — (P& — Dj) for all (k,j) € L.

To compute the dual vector p for the feasible tree solution 7, we use the fact that the
reduced cost associated with the basic variables zy; with (k, j) € 7 is zero. Thus, we have

Dk — Dj = Ckj for all (k,j) e T,

oy =0 (4.5)

The uncapacitated min-cost flow problem has important integrality properties. Specif-
ically, when the network is connected, the matrix B~! has integer entries for any basis
matrix B. This is the consequence of the structure of the node-link incidence matrix A. In
addition, we have

e When the supplies b; are integer, every basic solution has integer components.

e When the link costs ¢;; are integer, every dual basic solution has integer components.
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The simplex method can be adapted to apply to the capacitated network flow problem
. However, a potential disadvantage is coming from degeneracy of basic solutions, in
which case a change of basis may not decrease the cost. There is an alternative algorithm
that, similar to simplex method, improves the cost by identifying a negative cost cycle,
but unlike the simplex method, the cost improvement is nonzero at every iteration. This
method is known as negative cost cycle algorithm. The interested reader can find more on
this method, for example, in [I1] Section 7.4.

4.3 Shortest Path Problem

There are several shortest path problems that one may consider, such as single origin-
multiple destinations, or single origin-single destination. Here, we consider an all origin-
single destination shortest path problem in the graph G = (N, £). Without loss of gen-
erality, assume that N' = {1,...,n} and that we are interested in paths from any node i
to node n. We assume that there is a directed path from each node i to node n, and that
node n has no outgoing links. This shortest path problem can be formulated as a min-cost
flow problem, where each node i other than node n has one unit supply [b; = 1], while
node n has demand of n — 1 units [b, = —(n — 1)]. Thus, the shortest path problem can
be modeled as:

minimize E CijTij

(ij)eL
subject to 3wy~ 3 %.:{ e WM manien
JEO() JEI() ’

xi; >0 for all (i,7) € L,

which is a min-cost network flow problem [cf. Eq. (4.1)]. Using the node-link incidence
matrix, the problem can be written as a standard LP problem:

minimize ¢’z

subject to Az =10
x>0,

where the vector b € R™ has a special structure,

—(n—1)

Since the supply vector b has integer components, every basic solution also has integer
components. Any forward path P; from node i to node n, can be represented by a flow x
with components
xk:{ 1 if (k,j) eP
J 0 otherwise .
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Thus, each node i other than node n should send one unit of flow to node n, and the flow
should be pushed along the shortest path from 7 to n.

If the graph G = (N, L) contains a cycle with negative cost, then the optimal cost of
the min-cost flow problem is f* = —oo. If the graph does not contain negative cycles, then
the optimal cost is finite and the simplex algorithm can be applied to obtain a tree optimal
solution. Such an optimal solution consists of paths P}, ¢ =1,...,n — 1, where each P} is
a shortest path from node i to node n.

Furthermore, there is a dual optimal solution with a special structure. In particular,
recall that the dual of the standard form LP is

maximize b'p
subject to ATp < ec.

Suppose that 7* is an optimal tree solution for the min-cost flow problem modeling the
shortest path problem. Let p* be the dual variables associated with the tree solution 7%,
i.e., p* and 7* satisfy relations in Eq. (4.5). Then, for each link (k,j) € 7*, we have

Ckj = Dy — Dj-
Hence, for the optimal path P} C 7* from node i to n, we have
Chj = Py — D} = Ckj for all (k,j) € P;.

By adding the costs of the links in the path P}, we obtain

> ey =p—p =0}
(k) EP;

where we use the fact p;, = 0 [cf. Eq. (4.5)]. Thus, the dual variable associated with the
tree optimal solution is unique [when the last component p, is fixed to zero]. Note that the
tree solution is nondegenerate, since xj; = 1 for all (k, j) € 7~ (none of the basic variables
is zero). Hence, by Theorem we have that the reduced cost of 7* is zero. Since the
reduced cost of 7% is ¢! = ¢ — (p*)T A, it follows that

" —(p)TA>0,

implying that p* is dual feasible, and hence (by KKT conditions), p* is dual optimal.
Aside from simplex method, there are other special methods for solving the shortest
path problems, such as Dijkstra’s algorithm discussed later on in Chapter

4.4 Maximum Flow Problem

Maximum flow problem is defined for a capacitated directed graph G = (N, £) with link
capacities u;; > 0 for (i,j) € £. There is a source node s and a terminal node ¢, and we
want to send the largest possible amount of flow from node s to node ¢ while obeying the
link capacities.
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Figure 4.5: Augmentation of the original graph with the new link to accommodate the
max-flow formulation as a min-cost problem.
The maximum flow problem can be formulated as follows:

maximize by
subject to Ax =10

bt = _bs
b =0 for all ¢ # s,
0 é Lij S Uy 4 for all (Z,]) eL. (46)

This problem can be modeled as a min-cost network problem, as follows: we introduce a
new link (¢, s) with the infinite capacity, u;s = +00. The augmented network is illustrated
in Figure . We define the cost of each link (i, j) € £ to be zero, and the cost of the new
link to be -1, i.e.

Cre = —1 and c;; =0 forall (4,5) € L.

Thus minimizing the cost Z(i, j) CijTij in the the new network is the same as maximizing
Tt on the new link. This flow is the returned flow of what comes from node s to node t,
thus maximizing x;s is the same as solving the original problem.

Again, a simplex method can be applied to solve the min-cost network flow formulation.
However, there is another method that applies to the max-flow problem directly and exploits
the special structure of the problem. The method is an adaptation of the negative cost
cycle algorithm, and it is known as the Ford-Fulkerson algorithm.

The Ford-Fulkerson algorithm starts with a feasible flow x, which is a flow that satisfies
the constraints in the max-flow problem . Then, the algorithm searches for possibility
to increase the flow along some additional path. A path along which a positive flow can
be pushed from the source node s to the terminal node ¢ is an augmenting path, formally
defined as follows.

Definition 8 Let x be a feasible flow for the max-flow problem. An augmenting path P is
a path from s to t such that

zi; <wy  forall (i,j) € F (forward links in the path P),
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x;; >0 for all (i,7) € B (backward links in the path P).

As seen from the definition, an augmenting path is a path along which an additional
positive flow can be sent. This is because none of the links in such a path are utilized to the
full capacity: for each forward link (7,7) in the path, the flow z;; is not at the maximum
capacity u;;, while for each backward link (7, 7) in the path, the flow x;; is not zero. Hence,
we can push an additional amount of flow § > 0 along the path P. This is referred to
as flow augmentation. The maximum amount of flow that can be pushed along P is §(P)
given by

d(P) = min {(ir,?)iélF (wij — xi5), é,r;)ag% xij} . (4.7)

If the path P has no backward links [B = )] and all the capacities of the (forward) links
are infinity [u;; = +oo for all (4, j) € P], then

In this case, the maximal flow from s to ¢ is unbounded [f* = +o0].

If all the forward links in the path P have finite capacities, then after pushing 6(P)
units of flow along P, at least one of the links in the path P will be used to its maximum
capacity. Such a link is referred to as a saturated link.

The typical iteration of the Ford-Fulkerson algorithm for the max-flow problem is as
follows:

1. Start with a feasible flow z.
Find an augmenting path. If such a path does not exist, terminate.

Determine the maximum possible amount of flow §(P). If §(P) = 400, terminate.

Ll

Push the amount §(P) along the path P and obtain a new feasible solution. Go to
step 2.

We have the following result for the algorithm.

Theorem 50 Suppose that the capacity u;; of each link (i,j) € L is integer. Also, assume
that the Ford-Fulkerson algorithm is initiated with a feasible integral flow. Then, the link
flows remain integer during the execution of the algorithm. Furthermore, the algorithm
terminates in a finite number of iterations.

Proof. Since all link capacities are integer, they are finite, so the maximum flow from
s to t is finite. When the initial feasible flow is integer, then according to Eq. , the
flow amount 6(P) is integer for any augmenting path P. Hence, the integrality of the
flows is maintained throughout the algorithm. At every iteration, the algorithm sends an
additional positive flow §(P), which is at least 1 [since §(P) is integer]. Since the maximal
possible flow from s to t is finite, the algorithm must terminate in a finite number of steps.
|

The maximum flow is related to the minimum cut. To show this relation, we define a
specific cut in a graph G = (N, L) corresponding to two special nodes s and t.
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Definition 9 Let G = (N, L) be a given directed graph, and let s and t be two given nodes
in the graph. A subset S C N is an s-t cut if s€ S andt & S.

We refer to the set S as a cut. We define the capacity C(S) of the cut S as follows:

C(S) = > Ui

{(i.5)eLli€s, j¢S}

Any path from s to ¢t must cross the cut S, i.e., must contain a link (i,j) € £ with i € S
and j ¢ S. Thus, any feasible flow = from s to ¢ cannot exceed the capacity of the cut S,

x < C(9).
In particular, the maximum flow f* cannot exceed the capacity of the cut,
fr < o(s). (4.8)

Hence, the capacity of any cut S is an upper bound on the maximum flow. In particular,
the cut with the minimum capacity provides the tightest upper bound, which is equal to
the maximum flow f*. This can be seen by considering a suitable primal-dual pair of linear
problems, and then applying the linear duality theorem. Here, we provide a different proof,
using Ford-Fulkerson algorithm.

Theorem 51 (Maz-Flow Min-Cut) The value of the mazimum flow is equal to the min-
mmum cut capacity.

Proof. If the max flow is infinite, then from inequality , it follows that the minimum
cut capacity is infinite.

Suppose now that the maximum flow is finite. Let z* be the network flow obtained at
the end of the Ford-Fulkerson algorithm. Note that this flow is optimal, and let the optimal
flow value from s to t be f*. Define the cut S, as follows

S ={s}U{i € N | there is a path from s to i with unsaturated links}.

Note that ¢t ¢ 9, for otherwise there is an augmenting path from s to ¢, in which case the
Ford-Fulkerson algorithm would increase the flow - a contradiction. Each link (i,j) € £
with 7 € S and j € S must be saturated, i.e., the flow is xj; = u;;; otherwise, the node j
would also be in the set S. Hence, for the cut S capacity, we have

cE)= > w= >, a=f

{(i.g)eLlies, j¢S} {(i,5)eL]ies, j¢S}

Hence, S is the minimum capacity cut, and its capacity is equal to the max flow. m
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4.5 Routing in Communication Network

Here, we discuss the problem of routing in the presence of congestion. In this problem,
the rates at which the users generate the traffic are fixed, and the routes (or paths) of
the user flow should be sent through the network optimally, given the costs of the links in
the network. We have considered this problem in Example [9] of Section [2.3.3] We slightly
modify the notation used there.

Given a network, let S be a set of users (origin-destination pairs). Let x; be the traffic
flow generated by user s. The traffic flow of user s is to be routed through the network
along directed paths. If the traffic of user s is routed along a path p, we write p € s. Define
a user-path incidence matrix D with entries

D,,=1 ifpes and Dy, =0 otherwise.

Let £ be the set of links in the network, and P be the set of paths. If a link [ is traversed
by a path p, we write [ € p. Let A be the link-path incidence matrix, with entries given by

Ap,=1 ifles and A =0 otherwise.

Let v, denote the flow along a path p. The corresponding flow on link [ is denoted by
z;, and we have
z = Z Uy forall l € L,
{pliep}
or compactly z = Av.

There is a cost associated with using the links £ of the network, namely, the cost of
sending a flow z on the link [ is f;(z;). The problem is to decide on paths along which
the user flows x should be routed, so as to minimize the total cost. More formally, the
problem is to determine the variables v, that minimize the cost, while supporting the given
flow rate x4 for each user s. The routing problem is given by

minimize  f(v) = Z fi Z Up
lel {p|lep}
subject to Dv ==

v >0,

where v = [v,, p € P] is a variable vector of path flows and = = [z5, s € S] is a given
vector of user rates.

This mathematical model can represent a general resource allocation problem, where
some resource [ other than links is considered. However, here we focus on routing and view
the links as the resource to be allocated.

Assume that the link costs f; are continuously differentiable convex functions. In this
case, as seen in Example [J]of Section [2.3.3], the optimality condition for the routing problem
is: for p € s with v; > 0 we have

S HED <Y fiz)  forallpes,

lep JED



4.5. ROUTING IN COMMUNICATION NETWORK 127

with 2/ = Z{p“ep} v,. The vector v* must be feasible i.e., Hv* = z and v* > 0.
We summarize this in the following lemma.

Lemma 15 A feasible flow vector v, supporting the given rate demand x, is an optimal
solution to the routing problem if and only if there exists a vector d = [ds, s € S] such that

dy, < Zf;(zj) forallp € s
Jjep
with equality holding only when v, > 0. Here, z; represents the total flow on link j resulting
from the flow vector v, i.e., z; = Z{ﬁljeﬁ} V.

To interpret the result, let the length of a path p be 3, fj([Av];) when a flow is z
(recall z = Av). Let d represents the length of the shortest path for user s. The lemma
says that a feasible vector v is a solution, when for each user s, the flows v, on paths p € s
are positive only on the shortest paths for that user.

We now describe the flow deviation algorithm for solving the routing problem. This
method is a version of the Frank-Wolfe method exploiting the special structure of the
problem. Let v* be the current flow. We formulate the auxiliary minimization problem

minimize ~ Vf(v*)(v — v")
subject to Dv==x
v >0,

where vF = [v;f, p € P is the current flow route. This a standard LP problem with a

compact constraint set. Thus, an optimal solution exists ©* and satisfies the following
(necessary and sufficient) optimality conditions:

V") (v —o%) >0 for all v such that Dv =z and v > 0.

The optimality condition suggests that, for each user s, the flow 271’; should be positive
only on the shortest paths for that user with respect to the link prices fj'(zjk) (where
z]k is the flow induced by the current flow route v¥). Once the shortest-path route oy is
determined, we select the stepsize a by the exact search, i.e., find oy, € (0, 1] that minimizes
f(v* + a(t* — v*)) (the smallest cost achievable on the segment [v*, 6¥]),
F" 4 g (0% — 0F)) = min f(uF + a(d® —oY)).
0<a<l
Define the new flow v**! as
T = 0P 4 g (08 — %),

Note that the flow v* 4+ /(9% — v*) corresponds to, for each user s, removing avﬁ—amount of
flow from the flow v;f for p € s if p is not the shortest path for user s (shortest with respect
to the prices induced by V f(v*), and then re-allocating these amounts on the shortest path
of user s.

The preceding describes a typical iteration of the flow deviation algorithm. We sum-
marize it formally as follows.
Flow Deviation Iteration. Given the current flow v*, perform the following:
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1. Compute the link prices f]’(zf), where z]k is the flow induced by the current flow v*,

: * k
ie., 2] = Z{p|j€p} vy

2. For each user s, determine the shortest path p, with respect to the prices fj’(zjk)

3. Choose a € (0,1]. For each user s and each path p that is not the shortest path for
user s, reallocate an a-fraction of the flow v’; to the shortest path, i.e., generate a
deviation flow v as follows: for each user s,

73{(1—@)1)}, if pe S and p # p,
' U T O Gt pesy U D= Ps,

4. Determine « € [0, 1] minimizing the cost f(?). The resulting flow defines v**1.

An application of a scaled projection gradient method [using the second order informa-
tion V2f(v)] to the routing problem can be found in [8] Section 5.7.

4.6 Joint Routing and Congestion Control

Here, we are interested in the network problem when the user rates are not fixed. The
congestion control adjusts the traffic rates so that the network resources are fairly shared
among the users, and the network is at a reasonable operating point balancing the through-
put with the delay. The model for joint routing and congestion control presented in this
section is based on utility maximization framework (this is the model developed in [19]).

The utility functions have been used in economic market models to quantify prefer-
ences of users (consumers) for certain resources (commodities). A utility function wu(z)
“measures” the value of a resource amount x to a user. Typically, it is assumed that a
utility function is concave, nondecreasing, and continuously differentiable (scalar) function,
defined on the interval [0, +00). Some of the common examples include

- Log-function: u(x) = wlnzx for some scalar w > 0.

Ilfa

-«

- Power-function: u(z) =w for some scalars w > 0 and a > 0.

The derivative of u is referred to as the marginal utility per unit resource, since u(z +J) =
u(z) + du'(x) + o(d) for a small 6 > 0. Due to the assumed concavity of u, the marginal
utility «/(x) is nonincreasing,.

Congestion control is a mechanism for adjusting the user rates x = [z5, s € S| fairly
with respect to user utility functions us, s € S]. The network performance is quantified
in terms of the user utilities and the cost of routing the traffic. The joint routing and
congestion control problem is to determine both the user rates © = [z,, s € S] and the
paths v = [v,, p € P] so as to maximize the network performance. Formally, the problem
is given by

maximize U(x) = Z ug(ws) — Z fi Z Up

s€S leL {r|lep}
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subject to Dv ==z
x>0, v>0. (4.9)

This is a concave maximization problem with a convex (in fact, polyhedral) constraint set.
For this problem, the optimality condition of Theorem reduces to the following: the
feasible vectors x and v are solution to problem if and only if x and v are feasible
i.e., Dv=x,x >0, v > 0] and for each s € S,

ul(zs) < Zfl’ Z vy for all p € s, (4.10)

lep {p|lep}

with equality holding when v, > 0.
We interpret the length f/ <Z (v |1ep} vp) of link [ as the cost of using the link /. In view

of this, the preceding relation means that, at optimal x and v, for the paths p carrying the
flow of user s, the cost of any path p with v, > 0 is equal to the user’s marginal utility,
while the cost of any path p with v, = 0 is no less than the user marginal utility.

In some applications, there are explicit constraints on the link capacities, and the prob-
lem of joint routing and congestion control is given by

maximize U(z) = Z us(xs)

sES
subject to Dv =z, Av<c
x>0, v>0, (4.11)

where ¢ = [¢;, | € L] is the vector with entries ¢; representing the capacity of link /.
Consider the dual of problem (4.11]) obtained by assigning the prices to the link con-
straints Av < ¢. The dual function is given by

§ : T T
q('u> Dv:a:fI}caga v>0 { Us (.TS) H Ax} - pc for = 0

seS

By the KKT conditions of Theorem , we have that z* and v* are primal optimal (and
p* dual optimal) if and only if: z* and v* are feasible, u* > 0, and such that they satisfy
the complementarity slackness and (z*,v*) attains the maximum in ¢(u*). Formally, the
complementarity slackness is given by

pi =0 onlyif > . v <a. (4.12)

Furthermore, (z*,v*) attains the maximum in ¢(p*) if and only if for each s,

ul(xk) < Zuj for all p € s. (4.13)

with equality only when vy > 0. This relation is similar to the relation in Eq. (4.10), where
the cost f; “plays the role of” the multiplier ;.
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Note that when v > 0, the values ;. 4 for p € s are the same. Denote this value
by uk. By interpreting pf as the price per unit rate for user s, from (4.13)), we have

ul(z}) = pr when pf >0 and ul(2%) < pi when ul = 0.

S S

The preceding is the optimality condition for the following problem for user s,

maximize  wu(zs) — Pl s
subject to x4 > 0.

By introducing a new variable ws, = pf x5, we can rewrite the preceding problem as follows:

mie ()
maximize u | — | —ws
s
subject to  w, > 0. (4.14)

The relation ws; = plxs implies that ws/xs = pf can be interpreted as optimality

S
condition at x*, as follows

= p: when p¥ >0,

5 |o>€*

» *

which corresponds to maximizing w} Inxs — p’ xs over x; > 0. This together with the
feasibility of * and v*, and the complementarity slackness of Eq. (4.12]), imply by KKT
conditions that w*, x* and v* constitute an optimal solution to the problem

maximize E we Inx,

seS
subject to Dv =z, Av<c

Thus, by introducing a new variable wy = pf zs and through the use of KKT conditions,
we have found that the original joint routmg and congestion control problem @ is
equivalent to the set of users problems of Eq. (4.14) and a network problem of Eq. @

A similar transformation can be considered for joint routing and congestion control
problem without the link capacity constraints [cf. problem (4.11))]. This is discussed in
detail in lecture notes [17].

The approach discussed above is precisely the approach proposed by Kelly et. alin [19].
The key idea in the approach is to introduce a price w, that user s is willing to pay for his
rate ;. The price per unit rate is w,/xs for user s. The network receives s and w;, from
each user s € S, and interprets the ratio ws/xs as “marginal utility” per unit of flow for
user s. Thus, the network generates “surrogate utility functions”

Us(xs) = wsInxg for each s € S.
With these utility functions, the network problem of Eq. 1} becomes

maximize E w, In xg
seS
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subject to Dv =2z, Av<c
r >0, v>0. (4.16)

The network chooses the link prices y; as as optimal multipliers (link prices) for this prob-
lem. For each user s, the resulting price ps; per unit of flow is given to user s, where
s = Zlep p, for any p € s (these are the same for any p € s with z, > 0). The user
problem is to maximize us(xs) minus the pay w, = s, subject to ws > 0. Since z, = ws/ps,
a user problem is

- (u&)
maximize u | — | — ws
i
subject to  ws > 0. (4.17)

The importance of the preceding formulations is the decomposition of the problem.
The original problem of joint routing and congestion control formulated in Eq. (4.11])
is a large optimization problem involving both user and network information. Through
the use of “willingness to pay” variable and the KKT conditions, the problem is suitably
decomposed into: a network problem that does not require the information about
user utility functions, and a set of user problems that does not require any knowledge
about the network (topology). Evidently, the users and the network have to exchange some
information.

4.7 Rate Allocation in Communication Network

The rate allocation problem is a special case of problem (4.11]), where the routing is fixed
(i.e., v is now given, and Dv = x is satisfied) and the problem is to allocate rates x, for
users s € S optimally. The resulting rate allocation problem is

maximize Z us(xs)
seS
subject to Z s < @ foralll € £

seS(1)
z >0,

where for each s, the set S(1) is the set of all users s whose traffic uses link . We consider
this problem with additional constraints, namely, the rate of user s is constrained within
an interval z; € [mg, M|, where ms; > 0 is the minimum and M, < oo is the maximum
rate for user s.

With these additional rate constraints, the rate allocation problem is given by

maximize Z us(Ts)

seS
subject to Z zs < ¢ foralll € C
seS(1)
xs € I, Iy = [mg, My for all s € S. (4.18)
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In what follows, we discussed a dual algorithm given by Low and Lapsley [21] for solving
problem (4.18]). It is assumed that each utility us is strictly concave and increasing. Under
this assumption, the problem has an optimal solution [the constraint set is compact], and
the optimal solution is unique by strict concavity of the utility functions.

The objective function of problem is separable in the variables x,, and these
variables are coupled only through the link capacity constraints. Thus, by assigning prices
to the link capacities, we obtain a dual problem of the form

minimize  q(p)
subject to >0, (4.19)

where the dual function is

q(p) = max Zus(fvs) —ZM Z Ty —q
SES

leL seS(l)

= max us () — Z)uz + ) e,

seS l€L(s lec

where L(s) is the set of all links [ carrying the flow of user s. Defining the variables
Ps = Y ier(s) o and the functions
Qs(ps) = max {us(xs) — Tsps}, (4.20)

rs€ls

the dual function can be expressed as

a() =D Qulps) + Y mar. (4.21)

seS leL

Given the link prices 1, [ € £ and the resulting prices p, = >, £(s) M as seeing by
the users s € S, for each s, the rate attaining the dual function value Qs (ps) is denoted by
zs(ps). Note that the maximizer z4(p;) in the problem of (4.20]) is unique and given by

:Es(ps) = PIs [u;(ps)_l]a (422)

where «/, " is the inverse function of the derivative u,, and Py, [2] denotes the projection on
the (closed convex) interval [, which is in particular given by Py, [2] = min{max{m, z}, M,}.

We now consider a dual algorithm for rate allocation problem . In what follows,
we assume that the problem is feasible and that each utility function u, is strictly concave,
twice differentiable and increasing on the interval I,. Furthermore, for each s, the curvature
of ug is bounded away from zero on the interval I, i.e.,

1
—ul(z) > — >0  forall z € I and some a, > 0.

Under this condition, the rate problem has a unique optimal solution. Furthermore, note
that the strong duality holds for the primal problem (4.18]) and the dual problem —
(4.21)) (recall the strong duality result of Theorem 31| of Section for convex objective
and linear constraints).
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As noted earlier, under the preceding assumptions, the maximizer xs(ps) in problem
(4.20) exists and it is unique, implying that the dual function ¢(u) is differentiable with
the partial derivatives given by

aQ(M) = — Z xs(ps>‘

O ses(l)

As a matter of fact, the dual function ¢(u) is continuously differentiable (see Bertsekas and
Tsitsiklis [10], page 669).

Let (k) be the link prices at a given time k, and u(k) be the vector of these prices. Let
xs(k) be the maximizer given by Eq. for ps = > 1cp(s) (k). Consider the following

gradient projection method for minimizing q(u):

w(k+1) = {ul(k) — oy M] ’ foralll € L,

Ou
where ay > 0 is a stepsize. Equivalently, the method is given by

+

w(k+1) = | w(k) + o Z zs(k) — ¢ for all [ € L. (4.23)
seS(1)

Note that, given the aggregate rate > .y s(k) of the traffic through link /, the iterations
of algorithm (4.23)) are completely distributed over the links, and can be implemented by
individual links using local information only.

By interpreting the set £ of links and the set S of users as processors in a distributed
system, the dual problem can be solved. In particular, given the link prices p;(k), the
aggregate link price ;- u(k) is communicated to user s. Each user s evaluates its cor-
responding dual function Q(ps) of Eq. i.e., user s computes the maximizer x;(p;)].
Each user s communicates its rate zs(ps) to links [ € L(s) [the links carrying the flow of
user s]. Every link [ updates its price (k) according to the gradient projection algorithm
[cf. Eq. (4.23)]. The updated aggregate link prices >, pu(k + 1) are communicated to
users, and the process is repeated. We formally summarize these steps in the following
algorithm.

Dual Gradient Projection Algorithm. At times k = 1,..., each link [ € £ performs
the following steps:

1. Receives the rates x4(k) from users s € S(I) using the link.

2. Updates its price

+

ke +1) = fu(k) +an | Y wo(k) — ¢
seS(1)

3. Communicates the new price p(k + 1) to all users s € S(I) using the link /.
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At times k = 1,..., each user s € § performs the following steps:

1. Receives the aggregate price ps(k) = >, tu(k) [sum of link prices over the links
carrying its flow].

2. Computes its new rate by xzs(k + 1) = z4(ps(k) [i.e., determines the maximizer in

Qs(ps(k))]-
3. Communicates the new rate z4(k+ 1) to all links [ € L(s) [the links in its flow path].

In the preceding, we have not specified the stepsize a;. Under the assumption that the
second derivative of each utility us is bounded away from zero by 1/a, it can be seen that
the gradient of the dual function is Lipschitz continuous, i.e.,

IVa(p) = Va(@)|| < Lflp— gl for all 1, o> 0.

with constant L given by

L= max a IEE%X|£(3)| r?EaEX|S(l)|. (4.24)

We next discuss a convergence result for the method. We use = to denote the vector
of user rates [zs, s € S] and u to denote the vector of link prices [y, | € L]. We assume
that the method is started with initial rates x4(0) € I, for all s and initial prices p,(0) > 0
for all [. The constant stepsize can be used, as seen from the following theorem, which is
established in [21].

Theorem 52 Assume that each utility function u, is strictly concave, twice differentiable
and increasing on the interval I;. Furthermore, assume that for each s, the curvature of
us is bounded away from zero on the interval Iy [i.e., —uZ(z) > 1/as > 0 for all z € I).
Also, assume that the constant stepsize oy = « is used in the dual gradient projection
method, where 0 < a < % and L as given in Fq. M) Then, every accumulation point
(x*, 1*) of the sequence {(xz(k),u(k))} generated by the dual gradient projection algorithm
18 primal-dual optimal.



Chapter 5

Dynamic Programming

In this chapter, we study the dynamic programming approach to for sequential decision
making in the presence of uncertainties. In particular, the decisions are made in stages and,
at each stage, the decision is influencing the future outcomes. The overall goal is to find
decisions that optimize the long term cost in the presence of dynamics and uncertainties.

We discuss the basic ingredients of a dynamic programming problem and the basic
underlying optimality principle, summarized in Bellman’s equation. Our focus is on infinite
horizon problems, and in particular, stochastic shortest path problems, discounted cost
problems, and average cost problems. An in depth treatment of dynamic programming is
given in the two-volume textbook by Bertsekas [6] and [7].

5.1 Fundamental Concepts and Problem Formulation
A dynamic programming (DP) problem is the problem of determining the optimal decisions
over a horizon of time. The time is discrete, and we use the subscript k£ to denote the time

index. Any DP problem has the following basic components:
1. Dynamics. An underlying dynamic system whose state at time k is denoted by x.
The system dynamics is described by an evolution equation specifying the state at

time k4 1 as a function of the current state xy, a decision (control) u; made at time
k and an uncertainty & in the decision outcome. Formally, we have

T = Fi(@n, ug, &),
where Fj, is some function. The set of possible states x; at time k is denoted by Sy.

2. Decisions. At each time k, the possible decisions at a given state z; are specified by
a set Uy(xy). Formally, the decisions are constrained

Uk € Uk(l'k) for all k.
Note that the decisions can be time dependent and state dependent.

135
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3. Uncertainties. At each time k, the uncertainty & has a probability distribution
Py(-; xk, ug) that depends on the current state zj and the decision wuy, but does not
depend on the past uncertainties &g, ..., k1.

4. Cost. At time k, the cost gy (xy, ux, &) is associated when at state zy, the decision uy
is made with uncertainty & in the outcome. The overall cost incurred over the time
horizon is additive.

When the time horizon is finite, the total expected cost accumulated starting from an
initial state xg is given by

E {ng(ﬁk,uk,fk) +gn(7N) )%} ;

where N is the last time period with terminal cost gy. The conditional expectation is taken
with respect to the random variables x; and &;.

Example 32 (Inventory Control, see Example 1.1.1 of [6])
Consider a problem of ordering a stock quantity at each of N periods of time to minimize
the expected cost. We introduce the following notation:

- xp Stock quantity at time k.
- uy stock quantity ordered (and available) at time k.
- & uncertain demand at time k.

The stock quantity evolves in time according to the following relation

Tp1 = Tk + g, — &k,

where negative stock represents the back-logged demand.
The cost at time k is given by

G (T, wp, &) = cug + r(xp + up — &),

where ¢ is the cost per unit of the stock, and r(xy + u, — &) is the penalty for positive stock

(holding cost for excess inventory) or penalty for negative stock (shortage cost for unfulfilled
demand).

The total expected cost incurred over N stages is

N-1
E {Z cug + (T + ug —fk)}.

k=0

The problem is to minimize this cost subject to ug > 0,...,uxy—1 > 0 (i.e., Uy = [0, +00)
for all k).
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A policy 7 is an ordered set of functions

™= (Moa"'aﬂNfl)a

where each py, : xp — uy such that uy € Uy(xy) for all z;, € S. The expected cost of policy
7 starting from state xq is

Vi(zo) = E {Z_ Ik (Tr, pe (1), §k) + gn (TN) ‘ 9130} ;

k=0

An optimal policy 7 is the policy that minimizes the expected cost i.e., 7* such that

Vﬂ* (ZL’()) = Ernelllll Vﬂ(l'o),

where II is the set of all policies. The (finite horizon) DP problem is to determine the
optimal policy 7" = (,ufg, e ,,u}“v_l). The optimal cost of starting at x( is defined by

V*(zo) = IﬂHGIIIIl V().

It is often convenient to view the optimal cost as a function that to each state x assigns
the optimal cost value V*(xy), i.e., as function V* : zy — mingen Vi(xg). We will often
refer to this function as the optimal value function.

The dynamic programming technique is based on a simple optimality principle, which
can be stated as: for an optimal policy 7" = (ua,...,u}‘\,fl), every truncated policy
(uf, ..., un—1) is optimal for the subproblem starting at state x; and minimizing the “cost-
to-go” from time ¢ to time NV,

k=i

E {Z_ g s e (4), ) + () ]xi} .

Intuitively, if the truncated policy (u7, ..., uy_1) were not optimal for the subproblem, we
could replace it by a subproblem optimal policy, and construct a new policy that at state
x; switches to the subproblem optimal policy. This new policy would have a smaller cost,
thus violating the optimality of 7*. Another interpretation of the optimality principle is:
given any point C' on “the shortest path from point A to point B, the truncated path from
C to B is the shortest path from C to B.

The optimality principle suggests that the optimal policy can be constructed by going
backward in time, i.e., by solving the subproblems

E {Z_ G (Tk, p(28), k) + gn(2n) ’ xz}

k=t

going from ¢ = N — 1 down to ¢ = 0.
Our interest is the problems with “a stationary” description:
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1. The system dynamic is given by a function F' that does not vary with time, i.e,
Ty = F(xg, ug, &) for all &.
The set S of possible states x, does not depend on time.
2. The set U(xy) of possible decisions at a given state xy does not depend on time.
3. The probability distribution P(-;z,u) of the uncertainty ¢ does not depend on time.

4. The cost g(z,u,&) does not depend on time.

The problems with stationary description are more tractable. Note that the inventory
problem in Example [32| has stationary description. Here is another example of a problem
with such a description.

Example 33 (M/M/1 Queue Control, see [17] Chapter 9)
Consider a system with one server and one queue. Both server and the customer arrival
are of exponential type, i.e., the server is characterized by its service rate o > 0 and the
customers arrival rate is . Let xy be the state of the queue (number of the customers)
at time k. The customers arrival rate in the queue is \uy, where u, € [0,1] is a control
variable at time k.

The state of the system can go up by 1 or down by 1 depending whether the departure
or an arrival occurred. The evolution of the system can be modeled by a Markov chain with
states S = {0, 1,...} with transition probabilities

pij(u) = Prob{zpy1 = j | 2 = 1, up = u}.

The probability matriz P(u) = [p;;j(u)] is given by

pHA(1—u) Au 0
Atp A+
o A A A+p
P(u) = 0 L A(1—w)

Ap Atp

There is a cost associated with the size of the queue
g(JJ) =cr+ /J’Ix=07

where cx represents the holding cost of customers in the queue, I,—q is the indicator function
of the event x =0 (i.e., I,—o = 1 if x = 0, and otherwise it is zero). The cost g(0) = u is
the cost associated with lost departure opportunities when the queue is empty.

The goal is to select the controls ug, ..., uyn so that the total expected cost accumulated
over N periods of time is minimized, i.e., the goal is to minimize

E {NZ_:l ozkg(xk) ’xo = x} )

The cost here is discounted by a factor o € (0,1) at each stage.
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5.1.1 DP Algorithm for Finite Horizon Problem

Here, we describe the DP algorithm for finite horizon problem with a stationary description.
When the time horizon is finite but large, often a discounted cost model is used, where
the cost g(z,u,§) is discounted by a factor a(0,1) at each stage. To accommodate both
situations, we will use a discounted model and allow « to take value 1.

The DP algorithm is based on the optimality principle, which under the stationary

problem description can be written as: for all z € S and £k =0,...,N — 1,

with initial condition V) = 0 and discount factor a € (0, 1). The value Vi(z) is the minimum
expected cost accumulated over k stages to go, starting from state x. This basically gives
the DP algorithm with backward recursion.

Note that we can compute all the optimal finite horizon cost functions using the DP
recursion. This is possible because of the stationary problem description. Note however
that the DP recursion has to be solved for all possible states x € S. This may not be
efficient especially when the set of states .S is large.

The optimal control u; for k£ + 1 stages to go starting from state x is the control that
minimizes E {g(z,u, &) + Vi(F(z,u,£))} over all u € U(z). Consider the mapping pj(x)
such that

pr(x) € Argmin E {g(x, u,§) + aVi(F(z,u,§))} for all z € S.
uelU(z)

Then, the policy 7 = (ug, ..., #y_;) is optimal.

Again, due to number of the states z € S, it may be computationally inefficient to
determine the optimal policy. Often some approximations are used for cost functions or for
the policy space (i.e., the search is restricted to a smaller class of policies).

To illustrate the DP algorithm, we revisit Example [33|

Example 34 The DP algorithm applied to the queue control problem of Example[33 reduces
to: forx >1,

. 1 A1 —u) AU
= I.— — -1+ —=— 1 .
Vi () urél[%ﬁ] {c:v+u 0+« {/\‘f'MVk(x )+ T Vie(x) + )\+M‘/k($+ )

and for x =0,

. w+ A1 —u) Au
Vi) = min feo bt {5y 2y i,

By noting that certain terms in the above relations do not depend on the control value u,
we can write: forx > 1,

an Vi(x — 1) + @ min

Vi = I,
k() = cx + p Lo + Nt Jnin,

Aty

1
At Vk(m)+A+qu(x+ )}’
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and for x = 0,

B : w4 A1 —u) Au
mﬂwy—m+u@ﬂ+a£ﬁh{ @) + Ve D

By introducing the notation (x — 1)+ (which is equal to 0 if x — 1 < 0 and equal to x — 1
otherwise, we obtain

— ap Nyt . )\(1 - U) Au
Vi) = et uloont 32V D) b min {20+ T )
B QL o+ a ) _
= cx+ pl—0+ >\+HVk((x 1))+ pp {Vk(ac)—l—uren[glu u(Vi(x+1) Vk(x))}
Thus, the optimal control p;. is given by
0 if Vi(x + 1) > Vi(x)
any u € [0,1] if Vi(x +1) = V().

Furthermore, since

u€[0,1]

{Vk(:c) + min u (Vi(x +1) — Vk(x))} = min{Vj(z), Vit1(x)},

we have

QL a\

A+

Vi1(x) =cx+ pl—o + Viel(x —1)T) + v min{ Vi (z), Vi1 ()}
The preceding relation and the expression for the optimal control uij, can be further analyzed
to determine the optimal policy. In particular, by induction on k, it can be seen that

Vi(x + 1) — Vi () is nondecreasing in x and Vi(1) — Vi(0) > —% (see [17] Section 9.3).

5.1.2 Infinite Horizon Problems

Infinite horizon problems with stationary description have some special properties. In
particular, optimal policies for an infinite horizon problems are typically stationary, i.e., an
optimal policy is specified by a function p : zy — ug, where uy € U(xy), and the function
i does not depend on time.

In the following sections, we study three types of infinite horizon problems:

(1) Discounted Cost Problems, which have a discount factor a per stage and uniformly
bounded absolute cost value g(x,u, §).

(2) Stochastic Shortest Path Problems, which have a special cost-free termination state.
In fact, these problems have a finite horizon but the length of the horizon is random
depending on the policy that is applied.

(3) Awerage Cost Problems, which cost is defined as the limit as N — oo of the averaged
cost over IV stages.
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For an infinite horizon problem, a policy 7 is an infinite sequence m = (o, 1 .- .).
Furthermore, the optimality principle is captured by the Bellman’s equation

V(@) = min g + V(o) (5:2)

This equation takes a special form for each of the above mentioned infinite horizon problems.

DP Mapping
We introduce the DP mapping T : V + TJ that to each function V' : § — R assigns
another function, denoted by TV, i.e., TV : S — R. The function TV is defined by

(TV)(x) = IenUl(n) ]?{g(x,u,ﬁ) +aV(F(z,u,§))} for all z € S.

Any function satisfying
TV =V

is a fixed point of the mapping T. Note that the function TV is defined as the function
resulting from applying one DP iteration to the function V. Furthermore, if V = V*,
then the preceding relation and Bellman’s equation imply that TV* = V*. We
establish these relations formally in the subsequent development.

A stationary policy (for an infinite horizon problem) is a policy 7 such that = =
(i, pt,...). For this reason we will identify a stationary policy with the map p defining
the policy.

Given a stationary policy i, we define a mapping 7,V that to each function V' assigns
a function, denoted by T,V given by

(T,V)(x) = g{g(%ﬂ(iv),ﬁ) +aV(F(z,u(x),€))t  forallzes.

The k successive applications of the mapping T is denoted by T, i.e.,
TV =T(T*'V),  with T°V =V.

Similarly, given a stationary policy p, the k£ successive applications of the mapping 7, is
denoted by T[j, ie.,
W =T, (T,~")V,  with T)V =V.

The maps 1" and T, have some interesting property, namely, they preserve the “ordering
of functions” in a sense, as seen in the following lemma.

Lemma 16 Let functions V : S — R and V : S — R be such that
V(z) < V() for all x € S.
Then, for any k > 0, we have
(T*V)(z) < (T*V)(x) forallx € S,
(TfV)(x) < (Tff/)(x) forallz €S,
where p 1s any stationary policy.

The proof of this lemma is straightforward from the definitions of the maps 7" and 7),.
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5.2 Discounted Cost Problem

Here, we focus on the DP problem on infinite horizon with discounted cost [by a factor
a € (0,1)] i.e. determining the optimal cost function

V*(2) = min Vi (x), Ve(z) = E {Z a* g(ag, p(r), &) ‘ Ty = x}

mell
k=0

and the optimal policy 7* attaining the optimal cost. In order to have the infinite sum well
defined, we assume that the cost g(z,u, &) is bounded for all states = € S, all controls u

and uncertainties &, i.e.,
lg(x,u,§)| <G for all z,u,§.

This roundedness assumption is in force throughout this section.

5.2.1 Basic Results

We here establish some basic properties of the DP mapping 7', leading to Bellman’s equation
and a characterization of the optimal stationary policies.

We first show that if the DP algorithm starts with some bounded function V' and the
DP iterations are executed indefinitely (the size N of horizon goes to infinity), then the
algorithm converges to the optimal cost function V*. By representing each DP iteration
with a DP mapping T" operation, we summarize the preceding statement in the following.

Theorem 53 Let V : S — R be any bounded function. Then,
lim (TYV)(z) = V*(z) forallz € S.

N—o0

Proof. Let m = (o, pt1, - ..) be any policy. The cost function of the policy is

Vi(z) =E {Z o gz, pr(re), &) ‘ Ty = x} for all z € S.

k=0

By truncating the horizon at an arbitrary time N, we can write

Ve(z) =E {Z a* g(ag, m(r), &) ’fo = $} + E{ a®g(k, (), &) ’% = w} ,

k=0 k=N

implying that

E {Z_ akg($k7ﬂk($k)afk) ‘ Ty = x} =Vi(7) —E {Z akg(xkaﬂk(xk>>§k) ’% = I} .

k=0

Since the cost per stage is bounded, we have

E {Z O‘kg(xk;,uk(l’k),gk) ‘ To = q;}

1—a

i N
k=N
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Combining the preceding two relations, we see that

l1—« —
k=0

N N-1 N
Ve(x) — Ga <E {Zak9<xkaﬂkz(xk>7§k) ’950 = I} < Va(z) + 1Ga :

By adding the value oV (xy), and noting that by the boundedness of V we have V (zy) <
max,es |V (z)|, we have

V()

Ga N — k N
—T—a ¢ glgglV(rvHSE{;a 9@k, pe(zr), &) + V(fﬂzv)‘xozrr . (5.3)

N-1
Galv
k N B .
E { ;;0 a”g(xr, pr(zr), §k) + " V(zy) ’xo = x} < Vw(l’)+—1 — +a max 'V (z)]. (5.4)

By taking the minimum over all policies, and noting that

min B {2 Qg @ n(an). €) + oV (wy) | a0 = x} = (1VV)(@),

k=0

we obtain

Ga” _ o max |V (z)| < (TVV)(z) < V*(z) + Ga + o max |V(z)]. (5.5)

% —
(l‘) l—« €S 11—« €S

By letting N — oo, we see that

V*(z) < h]vniioréf (TNV)(z) < limsup (TVV)(x) < V*(2),

N—oo

thus showing that limy_o(TVV)(z) = V*(z). =

Observe that Theorem [53| indicates that the DP algorithm can be used to approximate
the optimal cost function V*(x), while the proof of the theorem indicates the error bounds.
We discuss this later in this section.

We have an analogous result to that of Theorem for the stationary policy value
function V,(x).

Theorem 54 Let V : S — R be any bounded function and let p be a stationary policy.
Then,
lim (TlﬁVV)(x) =V, (x) forallz e S.

N—oo

Proof. Since the policy is stationary, we have () = p(x) for all z € S. By using this in

the relations (5.3) and (5.4), we obtain

B GaN

l—«

N-1
V() —a max V(z)| <E {Z ag (e, p(ae), &) + ™V (xy) ‘ Zo = l‘} 5

k=0
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GaN

E {Z_ Ozkg(aik,u(xk),fk) + aNV(a:N) ‘ Ty = x} < Vi(x) + .

k=0
Noting that

+ oV max |V (z)]|.

— zeSs

E {Z akg(xk,u(xk),ﬁk) +a™V(zy) ‘ Ty = ZL‘} = (TéVV)(x),

k=0
we obtain

Ga —aNmaXW(x)yg(TyV)(x)gvu(xHGO‘ + oV max|V(z)].  (5.6)

Vv _
u(ﬂf) 1l—« zeSsS 1—« zeSs

By letting N — oo, we see that

Vy(z) <liminf (T)V)(z) < limsup (T)V)(z) < V, (),

N—oo N—oo

thus showing that limy (T} V)(z) = V(). =
We next establish Bellman’s equation.

Theorem 55 The optimal cost function V* satisfies Bellman’s equation

V*(z) = min) ]g]{g(a;,u,rf) + aV*(F(z,u,))} forallx €S,

uel(z
or equivalently, the optimal cost function V* is a fized point of the DP mapping
Vi =TV".

Furthermore, the optimal cost function V* is the unique function that satisfies Bellman’s
equation (unique fized point of T') within the class of bounded functions.

Proof. We start from Eq. (5.5)), i.e., for all z € S,

N N
GO N max [V ()| < (TVV)(@) < Vi) + 29 + oV max|V(2).

V*(z) —
($) 1l—« zeS 1l—« zeS

By choosing V' to be the zero function, i.e., V(z) = 0 for all x € S, from the preceding
relation we obtain

GaN

1—a’

< (TYV)(z) < V*(z) +

11—«
By using the monotonicity property of the mapping T' of Lemma [16], we obtain
Ga¥

11—«

) < (TN W)(@) < T (V*(x) + ff‘];) .

T (v* ()

Since

i GaN i} GaN+1
T(V (:E)—l_a):TV (x) — o
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GaN GaN+1
T * =TV*
<V(m)+1_a> V(x)—i—l_a,
we further obtain
N+1 N+1
TV*(z) — Cio‘ < (TN (2) < TV*(x) + Cio‘ .
—« —«

By letting N — oo and using Theorem we have
TV*(z) < V¥ (x) < TV*(x),

thus showing that V* =TV™*.

To establish the uniqueness, suppose that V' is a bounded function and satisfies V =TV
Then, by Theorem [53| we have V* = limy_o, TNV, implying that V* =V. =

We next show that the policy value function V), is a fixed point of the mapping 7).

Theorem 56 Let i be a stationary policy. The policy cost function V), satisfies the follow-
ing relation

Vu(z) = E}{g(m, p(x), &) + aV,(F(z, u(x),£))} forallz €S,

or equivalently, the policy cost function V), is a fized point of the mapping T),.
V,=T,V,.

Furthermore, the policy cost function V, is the unique function that satisfies the given
relation within the class of bounded functions.

Proof. We use start from Eq. (5.6)), i.e., for all z € S,

N N
Ga” _ v max [V(2)| < (TVV)(z) < Vi,(x) + Ga

_ N
= na + o max |V (x)|.

VM(QT) 11—« zesS

By choosing V' to be the zero function, i.e., V(z) = 0 for all x € S, from the preceding
relation we obtain

Ga (VY (@) < Vi) + GO

1—a 1—a’

By the monotonicity property of the mapping 7}, of Lemma , we have

B GaN

l—«

) <@ <7 (Ve + 22,

—

7, (V)

Using the relations

GaN GaN+1
T, (V#(x) 1 a) = Tuvu(x) T4
GaN GaNtl
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we obtain
G aN +1

1l—a

GaV*! N+1
1V, - S < () @) < TV, ) +

By letting N — oo and using Theorem we further obtain
T.Vu(z) < Vu(z) < T, V()

thus showing that V,, = T,V,,.

To show the uniqueness, suppose that V' is a bounded function satisfying V' =T,V. By
Theorem [54f we have V,, = limy_. TlﬁvV, implying that V, =V. =

As a consequence of Theorems [55| and [56] we have the following characterization of an
optimal stationary policy.

Theorem 57 A stationary policy v is optimal if and only if p attains the minimum in
Bellman’s equation, 1.e.,

p(z) € Argmin E{g(z,u, &) + aV*(F(x,u,§))} forallz € S,
uwel(z) §

or equivalently

TV* = T,V*.

The next two theorems show that the DP mapping 7" and any stationary policy mapping
T,, are contractions with respect to the function sup-norm, i.e.,

[V = sup |V (2)].
€S

Theorem 58 Let V :S — R and V : S — R be bounded functions. Then, the DP map is
a contraction with factor «, i.e.,

1TV =TV < allV - V],

where ||V'|| is the function sup-norm. Furthermore, for any stationary policy p, the policy
map T,, is also a contraction with factor o, t.e.,

T,V = TV < af|V = V],

Proof. We have

V(w) = V() = V(z) +V(x),
implying that
V() < |V(2) = V(@) +V(z), V()2 ~V(x) = V()| + V().
By letting s = max,eg |V (z) — V(z)| = ||V — V||, we can write

Vir)—s<V(z) <V(z)+s for all z € S.
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By applying the DP mapping and using the monotonicity property of the DP mapping of
Lemma (16| we obtain

T (V(x) —s< TV(x)) <T (V(x) + S) for all x € S.
Since . .
T (V(x) + s) =TV (x) £ as,
it follows that
TV(z) —as <TV(x) <TV(z)+as  forallzeS.
The preceding relation implies
—as < TV(z) =TV (z) < as for all x € S,
thus showing that

<s= /().
max [TV (z) ~ TV (2)| < s = max V() — V(2)
The same proof works with 7}, instead of T, showmg that |7,V — T,V| < oV — V.
As an immediate consequence of Theorem |58 we have for bounded functions V' and V

and for any k£ > 1, 3 )
1TV = TV < oF[[V = V],

|ITpV = TRV < oF|[V = V.

5.2.2 Value Iteration

Based on Theorem [55] we have value iteration algorithm, for which by Theorem [58 we also
have an error bound, i.e., the term |T*V (x) — V*(z)| is at most of the order of aF.

The value iteration algorithm starts with an arbitrary (bounded) function V', and gen-
erates a sequence of functions T*V by successive applications of the DP algorithm. The
function sequence T*V converges to the optimal cost V* in the limit as &k — oo, as seen
from Theorem [55

At each iteration %k, an upper bound on the error of between 7%V and V* is available
from Theorem [58 The following theorem can also be used for computing the estimates of
the errors as the algorithm progresses.

Theorem 59 For any bounded V', any state x € S, and any k > 0 we have

TV () +my < TV (2) + mpyy < V() < TV () + My < TV (2) + My,

where
_ k k—1
my, = 7 min {T"V(z) = T""V(x)},
M, = max {T*V (z) — T* 'V (2)}.

1 — o zes
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The proof of the preceding theorem rests on the monotonicity property of the DP
mapping 7" and Bellman’s equation [cf. Lemma and Theorem ] The proof can be
found in [7] Section 1.3 (see there Proposition 1.3.1).

In practice, the value iteration algorithm is terminated when the difference My — my
becomes small enough (lower than a prescribed error level). A “median” V. can be used as
the final estimate of V*, i.e.,

- 1
Vi(z) = TFV (2) + §(mk + M) for all x € S,

or the “average” V) when the set S of states is finite,

«

Ve = T"V (2) + Gl S (T'V(y) -T'V(y)  forallzes.

yes

Given an approximation V}, of the optimal cost function, such as TV, the “median”
Vlﬁ or the “average” V;, we can determine a suboptimal stationary policy and a bound on
its error. In particular, given an approximation Vj, we can compute TV}, and determine the
policy p that achieves the minimum in the expression T'Vy, i.e., TVy = T,,V}, or explicitly

pu(x) € Argr?i)n ]gl{g(.?c, u, &) + aVi(F(z,u,§))}.
uel(x

We have the following bound on the suboptimality of the policy u:

max [V, (x) = V*(z)] < (rggg {TVi(2) = Vi(2)} — min {TVi(z) — Vk(ﬂﬂ)}) :

11—«

The value iteration algorithm can be slow. This can be related to the second eigenvalue
of a Markov transition matrix associated with an optimal solution being close to 1 (see the
discussion in [7] Section 1.3, page 28). Furthermore, when the number of states is large,
the method may become impractical due to high computational load.

5.2.3 Policy Iteration

While value iteration algorithm generates a sequence of functions approximating the op-
timal cost function V*, the policy iteration algorithm generates a sequence of stationary
policies approximating the optimal stationary policy.

The idea is rather simple: given a policy p and its cost function V), determine a policy
ft achieving the minimum in 7'V, i.e., fi such that T;V, = TV,. The hope is that cost V;
of the new policy fi is better than the cost V,, of the policy we started with. In fact, this is
the case, as seen in the following theorem that justifies the policy iteration algorithm.

Theorem 60 Let u be a stationary policy. Consider a policy fi satisfying T;V,, = TV,
1.e.,

f(x) € IGHUI(D) ]?{g(m,u,f) +aV,(F(z,u,&))} forall x € S.
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Then, the policy cost Vi 1s dominated by the policy cost 'V, i.e.,
Vi(z) <V, (x) forallx € S.
In addition, if p is not optimal stationary policy, then
Vi(z) < V,(x) for at least one x € S.

Proof. By the definition of the policy i, we have for all x € 5,

TpVu(z) = lgl{g(x,ﬂ(x),é) + aVu(F(z, i(x),£))}

= min Blo(r.0.9) + oV Fla. . )}

< g{g(x,u(x),f)+aVu(F(x,u(w),€))}

= Vﬂ(x)a
where the last equality follows from the definition of the policy cost V,,, i.e., T,,V, = V.

By applying the mapping 7j; and using the monotonicity property of Tj;, we obtain for
all x € S,
TﬁVu(fﬁ) < TaVu(z) < Vi(z).

By repeating this process indefinitely, we see that
TNV, (z) < V(x) for all z € S and any N > 1.
Taking the limit as N — oo and using Theorem we conclude that

Vi(z) = ]Vlgnoo T[ﬁvVu(a:) < V,(z) for all z € S,

thus showing that the policy cost V}; is dominated by the policy cost V,.

Assume that p is not optimal. To arrive at a contradiction, suppose there is no state
x for which the inequality V;(z) < V,,(z) holds. Then, we must have V;(z) = V,,(x) for all
states x, or equivalently V; = V,,. Consider the function T7'V,,. By the definition of [, we
have T'V,, = T};V,,, implying by V,, = V}; that

TV, =T:V;.
By Theorem , we have T;V; =V}, and since V;; = V,,, it follows that
TV, =V,.

Hence V), is a fixed point of T'. However, by Theorem , the optimal cost V* is the unique
fixed point of the DP mapping 7', implying that V,, = V*. By Theorem [57| it follows that
1 is an optimal policy - a contradiction. Therefore, we must have

Vi(z) < Vu(z) for some z € S.
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The preceding theorem justifies the policy iteration method that generates a sequence
{u*} of policies by the following rule:

TV = TV,

starting with some initial policy u°. In particular, the policy iteration method proceeds as
follows.
Policy Iteration Start with an initial policy u°.

1. At iteration k, having the current policy p*, determine the policy value function Vk.
2. Generate a new policy pu**+! satisfying T2V = TV,x, or more explicitly

p 1 (z) € Argmin E{g(z,u, &) + aVu(F(z,u,€))} for all x € S.
uel(z) §

If Vi, = TV, terminate, the policy u* is optimal. Otherwise, go to the policy
evaluation step 1.

First note that if the set of all policies is finite, the policy iteration method will terminate
with an optimal policy in a finite number of steps. However, note that both steps of
the algorithm can be computationally intensive when the number of states is large. In
particular, to evaluate a policy p* at step 1, we need to solve the functional equation
T,V, = Vi, which is a system of linear equations with one equation per state x. Similarly,
in step 2, we have to evaluate the function T'V,» and then find the optimal choice p*(z) for
each x € S. In both steps, the size of the corresponding problem we need to solve is the
same as the size of the state set S (the cardinality of S). Thus, the applications of policy
iteration method are limited in the same way as the value iteration method, by the number
of the states. This is known as the curse of dimensionality, a term introduced by Richard
Bellman.

5.3 Stochastic Shortest Path Problem

In Section of Chapter [4] we have considered a deterministic shortest path problem for
all origin-single destination case. Here, we consider a stochastic version of that problem
for a graph with nodes 1,...,n and a single terminal (destination) node ¢. At each node
i, we select a control u which influences the probability distribution p;;(«) on moving from
node ¢ to any other node j. The cost of each link is also random. The overall goal is to
find the shortest paths from each node to the terminal node, where the length of the path
is measured by the total expected cost incurred along the path.
We formulate the stochastic shortest path as a DP problem as follows:

1. The set S of system states is S = {1,...,n,t} with ¢ being a special terminal state.

2. For each state i € S, a set U(i) specifies the controls u available at that state. The
set U(7) is finite for all 4.
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3. At each state i, every control u specifies a probability distribution p;;(u) of moving
from state 7 to state j € S, i.e.,

pij(u) = Prob{zpy1 = j | op = i, up = u} for alli € S.
The terminal state ¢ is absorbing,

pee(u) =1 for all u € U(t).

4. A cost g(i,u,7) is incurred when moving from state ¢ to state j under the control w.
The terminal state is cost free,

g(t,u,7) =0  forallue U(t) and all j € S.

5. The objective is to minimize the total expected policy cost V(i) over all policies
7 = (po, f1, - - -), where the policy cost V(i) starting from state 7 is given by:

N-1
V(i) = limsup E {Zg Ty g (Th), Thy1) ‘ Ty = z} )

N—oo —0

Due to the special structure of the system evolution, we can associate a deterministic
cost g(i,u) for choosing a control u at state i, by letting

g(i,u) = Elg(i,u, 7)]| pr g(i,u,j) for all i € S and all u € U(q).
jES
Note that for the terminal state, we have
g(t,u) = Elg(t,u,7)]| Zptﬂ (i,u,7) = pug(t,u,t) =0 for all uw € U(t).
JES

Since the terminal state is absorbing and cost-free, the cost of any policy starting from
state t is zero, i.e., V;(t) = 0 for any policy m. Thus, we can ignore the policy cost values
for state t. The problem is now to determine the policy 7* such that for all i =1,...,n,

Vi« (1) = min V, (i),

mell

where m = (o, ft1, - - .) and

N-1
Vz(i) = limsup {Z > pii (i in)) ik, (i), §) ’io = 2}

N—oo 0 jes
N-1
= limsup < g(7, po(7)) + g G (i, pr(ix))
N—oo 1

Note that there is no discount factor (a = 1).
As an example of the use of stochastic shortest path model, consider the following.
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Example 35 (G/G/1 First come first serve queue, see [16], Example 2 in Chapter 4.)
Suppose that for an FCFS G/G/1 queue with maximum length n, we want to find the
expected sum of the times that all customers spend in the system, starting from some time
with © customers in the system and ending at the time when the system s empty.

We can model the system as a stochastic shortest path problem where a state i cor-
responds to i customers being in the queue. Thus, the states are 0 and 1,...,n, with 0
being the terminal state. The transition probabilities p;; are given in terms of the customer
arriwal rate and the service rate, with 0 modeled as an absorbing state. We assign reward
g(i) = i when the system is in state i. The expected sum of the times that all customers
spend in the system from some time with © customers in the system is equal to the expected
reward collected from state i.

We can view a function V' : {1,...,n} — R as a vector in R". With this view, the DP
mapping 71" is from R" to R", with 7'V defined by

TV (i) = min {g(i,u) + Zp”(u) V(j)} foralli=1,...,n. (5.7)

u€elU(7)

Similarly, a (stationary) policy mapping 7}, is from R" to R™, with T,V defined by
TV () = g p(@) + S ps(p@) V() foralli=1,...,n. (5.8)
j=1

From now on, we focus on the stationary policies. To further simplify the notation, we
introduce the transition matrix P, corresponding to a stationary policy p,

pr(p(1)) -+ pra(p(1))
Pra(p(n)) ... pan(p(n))

Note that the matrix P, is not stochastic, since for the states ¢ with p;(u(i)) > 0 we have
Y pi(u() =1 = pulu(i)) < 1.
j=1

Also, we introduce the cost vector g, associated with a stationary policy f,

g(1, (u(1))
9p =
g(n, (u(n))
With this notation, the vector T,V resulting from the mapping 7}, is given by
T,V =g.+ P,V. (5.9)

In the absence of additional assumptions, the optimal cost value for the stochastic
shortest path problem may not be finite and/or an optimal stationary policy may not
exist. To see this, consider the following example.
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Example 36 (Blackmail Problem, see [3]|] Chapter 25 Section 5, or [7] Section 2.3.)

A blackmailer wants to optimize his policy. If he makes a demand of u millions of euros,

where 0 < u < 1, he receives an immediate reward u and terminates with probability u?.
This situation can be modeled as a DP with a single non-termination state 1 with the

control u € (0,1]. There is no optimal stationary policy that mazimizes the black-mailer’s

profit. To see this note that such a policy should satisfy

V(1) =u+(1- u2)VM,

implying that X
Vo,=—  forue(0,1].
u

By taking u — 0, we see that the optimal value at state 1 is V*(1) = +o00, but no stationary
policy can achieve this value.
It can be seen that the optimal policy 7 = (g, 15, . ..) is given by

c
kE+1

pp(l) = forall k > 0,

where ¢ is a scalar with 0 < ¢ < %

To avoid the problem of having the optimal cost infinite at some states, we introduce
the notion of proper policies. A stationary policy is proper when, under the policy, there
is a positive probability that the terminal state ¢ will be reached after at most n stages for
any initial state. In other words, the probability that the state ¢ will not be reached at
stage n is not 1 for any initial stage, or formally

max Prob{z, #t|zo=1i,u} < 1.

A stationary policy is improper when it is not proper.

Throughout the rest of this section, for the stochastic shortest path problem, we assume
that there is at least one proper stationary policy. We also assume that for any improper
stationary policy i, there is a state © such that V, (i) = —oo.

For a deterministic shortest path problem, the former assumption simply states that
there is a directed path from each node ¢ to the terminal node ¢. The later assumption
ensures that there are no negative cost cycles (see Section [4.3)).

5.3.1 Basic Relations

Here, we provide basic insights into the properties of the DP mapping 7" and the stationary
policy mapping T, for the stochastic shortest path problem [cf. Egs. and (B.8)]. In
particular, we provide Bellman’s equation and optimality conditions amongst others. The
proofs of these results can be found, for example, in [7] Section 2.2.

Theorem 61 For the stochastic shortest path problem, we have
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(a) Let V € R™ be arbitrary. For the DP mapping T of Eq. (5.7), we have
lim (TVV) = V*,

N—o0

where V* € R™ is the optimal cost vector with components V*(i) fori=1,... ,n.

(b) The optimal cost vector V* satisfies Bellman’s equation

V*(i) = min {g(z,u) + pr(u) V*(j)} foralli=1,...,n,

uel (i)
or equivalently
TV =V*.
Moreover, V* is the unique fixed point of the DP mapping T .
We have an analogous result for the policy mapping 7),.
Theorem 62 For the stochastic shortest path problem, we have

(a) Let V. € R™ be arbitrary and let p be a proper stationary policy. For the policy
mapping T, of Eq. @), we have
lim (TN'V) =V,

N—oo

where V,, € R™ is the policy cost vector with components V,,(i) fori=1,...,n.

(b) The policy cost vector V, satisfies the following relation

V(i) = | g(i, p(@)) + Zpij(,u(i)) V*(5) foralli=1,...,n,

or equivalently
T,V,=V,.
Moreover, V, is the unique fized point of the policy mapping T),.

The following result provides a necessary and sufficient condition for optimality of a sta-
tionary policy for a stochastic shortest path problem. The result parallels that of Theorem
for the discounted cost problem.

Theorem 63 A proper stationary policy p is optimal if and only if p attains the minimum
i Bellman’s equation, i.e.,

(i) € Argmin {g(i,u) + Zpij(u)v*(j)} foralli=1,...,n,
uelU (1) =1
or equivalently

TV =1T,V".
The value and policy iteration algorithms discussed for discounted cost problems in
Sections 5.2.2| and [5.2.3| apply to stochastic shortest path problems with appropriate inter-

pretations of the DP mapping 7" and the policy mapping 7},. We discuss these algorithms
in the following two sections.
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5.3.2 Value Iteration
Recall that for the stochastic shortest path problem the DP mapping 7 : R" — R" is

TV (7)) = min < g(z,u) + ii(u)V (g foralli=1,....,n
() = min {g< )+l u)}
[cf. Eq. (5.7)]. Note that this is a reduced mapping that always assumes V' (t) = 0, since
V*(t) = 0. The value iteration algorithm for stochastic shortest path problem generates a
sequence of vectors

Vi = TV,

starting with some initial vector V'€ R". According to Theorem [61], we have

Jim (1Y) ="
where V* € R” is the optimal cost vector. Thus, the value algorithm converges to the
optimal cost value.

In general, the value algorithm for the stochastic shortest path problem does not ter-
minate with the optimal cost in a finite number of steps. However, there are some special
conditions under which a finite termination may occur. One such case is when a (proper)
stationary policy exists for which the corresponding transition probability graph has no
directed cycle. In particular, the transition probability graph corresponding to a given sta-
tionary policy p is the graph induced by the Markov chain with transition probabilities P,
and absorbing state t. Specifically, the transition probability graph of a given stationary
policy w is the graph G, = (N, L,) with nodes N' = 1,...,n,t and the set £, of links
defined by

L, = {(05) | pisu@) > 0, 1,5 € N}

We now state the result for finite termination under acyclic optimal policy assumption.

Theorem 64 Assume that the stochastic shortest path problem has an optimal stationary
policy p* whose corresponding transition probability graph does not have any directed cycle.
Then, the value iteration algorithm terminates in at most n iterations for an initial vector
V € R"™ with components V (i) large enough.

Proof. The formal proof uses
V(i)=00 forali=1,...,n
and recall that V() = 0 = V*(0). Define the sets Sy of states as follows
St = {i | pij(p(i)) = 0 when j & Up_o S, },

with Sy = {t}. The set Ski1 is the set of all nodes that have no ingoing links to the set
UF_yS, in the graph G,,.
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By induction on the number k of iterations, we show that
V*(i) =TV (i)  forall i € UF_,S,. (5.10)

Note that for k = 0, we have T°V = V, and the result holds. Suppose now that for some

k, equality (5.10)) is valid, and consider the vector T**1V obtained after the next iteration.
Since V* is optimal, we have

V(i) < TFV (i) foralli=1,...,n.

Hence, for allt =1,...,n,
V() < g0 () + 5 P )TV ().
j=1
By the induction hypothesis, the relation holds, implying that
V) < 9010 + S O)V0)
j=1

for all i € U’jzoSr. Furthermore, note that the preceding relation also holds for all ¢ € Si 1.
Hence, equation holds for k + 1, thus completing the induction.

Since the graph G, is connected, the set sets S are nonempty and disjoint. Eventually,
their union must be equal to the set {1,...,n}. Hence, there could be at most n iterations.
|

As another special case consider the (deterministic) shortest path problem in graph
from all nodes i = 1,...,n — 1 to the destination node n of Section of Chapter 4l We
assume that there are no negative cycles in the directed graph G = (N, £) with the node
set N'={1,...,n}. Consider the dual of the shortest path problem

n—1
maximize Zpi
i=1
subject to  p; < ¢ + p; for all (i, j) € L,

where p; for i = 1,...,n and ¢; is the cost of the link (7,7) € L.

If all components p; are fixed to some value, except for p;, then to optimize the objective,
we would set p; to take the largest possible value. This largest value is minjcoq {ci; + p;},
where O(1) is the set of all end-nodes j of the outgoing links (7, ) from node i. Thus, the
dual optimal variables p; satisfy such relations, i.e.,

Y= min {c¢;; + p: foralli=1,...,n—1, 5.11
pz ]EO(Z){ J p]} ( )
with py.

We can view the deterministic shortest path problem as a stochastic problem with
U(i) = O(i), g(i,j) = ¢, and the probability p;;j(u) of moving from ¢ to j equal to 1
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(when u = j) for each j € O(i). Thus, that the relation for optimal prices p* is
equivalent to saying that the optimal price vector p* is a fixed point of the DP mapping
T. Hence, the deterministic shortest path problem can be solved by applying the value
iteration algorithm. When all the link costs ¢;; are nonnegative, the value algorithm can
be implemented very efficiently by generating the sets Sy similar to those in the proof of
Theorem [64, This implementation as known as Dijkstra’s algorithm, which we describe
next assuming that node n is the terminal node.

Dijkstra’s Algorithm
Let M = {n}, p; = +oc for all i # n, and p, = 0.

1. At iteration k, we have available the set M (of permanently marked nodes) and the
price vector p. For each node i ¢ M re-compute the values

pi = min {cij +p;}-

2. Determine a node i* ¢ M attaining the minimum of p;, i.e., a node ¢* such that

i* € Argmin p;.
idM

Include this node ¢* in the set M, and set p; = min;g, p;. Go to step 1.

The values p obtained at the end of the algorithm are optimal dual values, with p;
representing the shortest path length from node ¢ to the destination n. Note that the set
M represents the set of (marked) nodes whose dual optimal prices have been computed.

The Dijkstra’s algorithm is illustrated in the following example.

Example 37 Consider the network given in Figure[5.1]. Initially, we have only the termi-
nal node 4 marked, i.e., M = {4} and p4 = 0, while p; = 400 fori=1,2,3.
In the first iteration, the values p; for i = 1,2,3 are updated, and we have
p1 = min{1 + py, 3 + p3} = min{+00, 00} = +o00,
po = min{1 + p3,2 + py} = min{+o0,2} = 2,
p3 = 0+ Pa = 0.

The smallest value of p; is attained at node 3. This node is permanently marked, its label is
ps = 0, and the node 3 enters the set M, i.e., M = {3,4} at the end of the first iteration.
In the second iteration, we update p; for 1 = 1,2 and obtain

p1 = min{l + ps, 3+ p3} = min{l + 2,3 + 0} = 3,
po =min{l +ps3,2+py} = min{1 +0,2+0} =2=1.
Here, the smallest value of p; is attained at node 2, and this node is permanently marked

as it enters the set M, i.e., we have M = {2,3,4} at the end of this iteration with ps = 1.
In the third iteration, we update only p; and obtain

p1 = min{l + p9, 3+ p3} = min{1 + 1,3+ 0} = 2.

Hence, we have p1 = 2 and node 1 enters the set M. At this point all nodes are permanently
marked, and the algorithm terminates with p = [2,1,0,0]T, which is the vector with shortest
path length values for all nodes.
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Figure 5.1: A directed graph with nonnegative link costs. The shortest path path from
node 1 to node 4 is 1 — 2 — 3 — 4 with length 2. The shortest path from node 2 to 4 is
2 — 3 — 4 with length 2. The shortest path from 3 to 4 has length 0.

5.3.3 Policy Iteration

The policy iteration can also be used to solve the stochastic shortest path problem. We
here consider a policy iteration algorithm that uses an approximation V} instead of the
exact value of the policy cost V.

In particular, for the policy mapping 7,

TV (i) = 900, u(0) + Y pig(p(@)V(E)  foralli=1,....n

[cf. Eq. } we consider an approximate policy iteration algorithm, where an approxi-
mation Vj, of V,x is used in the policy improvement step to determine a new policy p**+!.
Formally, the algorithm is described as follows.

Approximate Policy Iteration

Let § be a given error tolerance level, and let x° be an initial (proper) policy.

1. At iteration k, having the current policy u*, determine a d-approximation Vj, of the
policy cost function Vx, i.e., Vj such that

max |V (i) — Ve (i)| < 6.

1<i<n

2. Generate a new policy p**! satisfying T, 511 Vi = TV}, or explicitly

pFt (i) € Argmin {g(i, u) + Zpij(u)vk(j)} foralli=1,...,n.
j=1

uelU(3)
Furthermore, the new policy at step 2 need not be defined by exactly applying the DP

mapping 7. In particular, when the number of state is large, we may use p**! such that

max ’TMIH-I (Z) — TVk(z)‘ é €.

1<i<n
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When both the policy value V,» and the DP map are approximated, we have the follow-
ing error bound for the approximate policy iteration algorithm (see for example [7], Section
2.4, Proposition 2.4.1).

Theorem 65 When all the policies u* in the (9, €)-approzimate policy iteration algorithm
are proper, the following relation holds:

n+1l—p
(1—=p)2’

with 1 — p being the smallest probability that the state t is reached in n steps from any state
1 under any policy i, or equivalently

lim sup max |V, (i) = V*(3)| < n(e + 26)

k—o0

p = max Prob {zp £t |x0=1, u}.
proper

5.4 Average Cost Problem

Here, we study another DP model with stationary description. This model does not use a
discount factor o and does not have a termination state. We will consider the case where
the state space and control space is finite. In particular, the structure of the average cost
DP problem is as follows:

1. The set S of system states is S = {1,...,n}.

2. For each state i € S, a set U(i) specifies the controls u available at that state. The
set U(1) is finite for all 4.

3. At each state i, every control u specifies a probability distribution p;;(v) of moving
from state 7 to state j € S, i.e.,

pij(u) = Prob{zpy1 = j | 2 =i, up = u} forall i € S.

4. A cost g(i,u,7) is incurred when moving from state ¢ to state j under the control u.

5. The objective is to minimize the long-term average cost V(i) over all policies m =
(o, pi1, - - ), where the average cost V(i) starting from state ¢ is given by:

N-1
: : 1 :
Vz(i) = limsup N E{ E 9(hy (k) Tig1) | o = ’l} :

N—oo k=0

Similarly as for the stochastic shortest path, we can associate a deterministic cost (i, u)
for choosing a control u at state i, by letting

g(i,u) = Elg(i,u, 5)|(i,u)] = Zp”(u) g(i,u,j) for all 7 and all u € U(7).
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The problem is now to determine the policy 7* such that for all : =1,...,n,

Vs (i) = min Vi (7),

mell

where m = (uo, ft1, - ..) and

N—-1 n
Va(i) = hmsup— {Z > pii (i (in)) g i, (i), §) ’io = Z} :

N—oo k=0 j=1

For a stationary policy m = (u,p...), we view the policy cost V), as a vector with
components V,,(7), and similarly we view the optimal average cost V* = V.. Also, we
introduce the transition matrix P, corresponding to a stationary policy p,

pri(p(1)) -+ pa(p(1))

Pt () . D))

Note that the matrix P, is stochastic. We introduce the cost vector g, associated with a
stationary policy u,
g(1, (u(1))

9gu = .
g(n, (u(n))

Then, for the policy cost vector V,, we can write

N-1

. 1 k-
V, = hmsupﬁ % P, gu

N—oo
Some applications of the average cost DP model are illustrated in the following examples.

Example 38 (Transmission Scheduling [33])

Consider a communication network with a receiver and a transmitter. The network topology
state is S(t), which is assumed to evolve according to some irreducible Markov chain with
a finite set of states.

At time t, the transmission attempts are denoted by a scalar R(t) with R(t) = 1 if the
transmitter attempts a transmission at time t, and otherwise R(t) = 0. The transmissions
are not always successful. Specifically, at each time t, the transmission is successful with
probability P(t), which depends on the network state S(t) and the transmission attempt
R(t) at time t, i.e.,

P(t) = P(S(t), R(t)) for allt > 1.

The transmission control policy is the collection of transmission scalars { R(t)}. Due to
the uncertainties in the transmissions, some of these transmissions are successful and some
are not. Let D(t) be the indicator variable of successful transmissions at time t, i.e., with
D(t) = 1 if the transmission is successful at time t, and otherwise D(t) = 0.
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The time average throughput of the system is

T

.1

Jim 7> D).
t=1

The problem is to maximize the average throughput over all policies {R(t)} for which the

limiting value exists.

Example 39 (Multiclass Queueing Network [15]) Consider a queueing network system
with n queues and a single server with variable service rate. Fach queue v has an arrival
rate \; and a service rate ;. The goal is to assign the jobs from the queues to the server
so as to minimize the long term average of the queue lengths.

The DP formulation is as follows: the time is slotted t = 0,1,..... It is assumed that,
at each time, either a new job arrives to a queue i, or a job from a queue i that is currently
being served is completed. Depending on the network system, a completed job from any
queue may exit the system or enter another queue.

The state of the system is the vector x(t) with components x;(t) representing the number
of jobs in queue i (queue length). At each time and state, the set of controls is U =
{e1,...,en}, where a decision u = e; corresponds to a job from queue i being selected to be
served. The evolution of the system is given by

ri(t+1) =a;(t) +a;(t+1) —d;(t+ 1) for all 4,

where a;(t) is the arrival and d;(t) is the departure indicator variable for queue i. The
objective is to select the jobs from queues to be served, i.e., decide on the sequence {uy}, so
as to minimize the average cost given by

T—1 n
1
lim sup T E [Z le(t) ‘ To = :c] .

T—oo =0 =1

Example 40 (Power Allocation and Routing in Wireless Networks [23])

Consider a wireless network with n power constrained nodes. At each time t, multiple
random streams ag (t) of bits that enter the system at node i destined to node j. Data packets
are dynamically routed from node to node through the paths using wireless data links. The
link conditions are randomly changing in time, and the time is slotted t = 0,1,....

Nodes transmit data over multiple links depending on the power P(t) distribution at
time t, P(t) = [pa(t), a,b = 1...,n], which satisfies the power constraint at each node. At
time t, transmission rates rq(t) over all links (a,b) depend on the power matriz P(t) and
the state of the network links S(t) = [sap(t), a,b = 1...,n|, i.e., rap(t) = rap(P(t),S(1)).
Each node has n — 1 queues for storing data according to its destination.

At each time t, a controller allocates the power P(t). Based on the power-rate curve,
the link rate matriz is determined R(t) = [rap(t), a,b = 1...,n]. Fach resulting link rate
Tap(t) has to be split into rates rib(t) for traffic destined to each node j, resulting into the

rate assignment matriz R (t) = [r),(t) a,b = 1...,n] for the traffic destined to every node
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j. The objective is to determine the power allocation matrices P(t) and rate allocations
Ri(t),j =1,...,n, so as to mazimize the network throughput while keeping the delay low.

The corresponding DP model is as follows: At time t, the system state consists of the
network state S(t) and the current system backlog W(t) = [w!(t), i,j = 1,...,n] where
wf(t) 15 the number of bits at node i destined for node j at time t.

At each state (S(t),W(t)), the set of controls depends only on S(t), and consists of the
set of all power allocation matrices P(t) satisfying the power constraints of the nodes and
the rate splitting decisions. In particular, the power allocation P(t) is selected so that

Zpib(t> < pi? foralli=1,...,n

beti

Based on the power-rate curve and the system state, the link rates rqp(t) = rap(S(t), P(t))
are determined corresponding to the chosen power P(t). Then, the rate splitting r),(t) is
decided such that

Zrab T < rap(t) for all (a,b).

The network S(t) evolves according to an ergodic Markov chain with finite set of states.
The system backlog W (t) evolves as a function of the state S(t), the selected power allocation
P(t) and rate allocation R(t), as follows:

w! (t +1) < max {w{(t)—erb(t }—FZT(M t)+ Al(t
b

The objective is to minimaize the followmg average cost

e o)

T—o0

5.4.1 Basic Relations

Here, we provide some basic relations and optimality criteria for the average cost problem.
We start by showing that this problem can be viewed as the limit of a sequence of related
discounted cost problems with discount factor «v approaching value 1.

We note that given any stochastic matrix P, the limiting matrix

P:NE&NZP’“

always exists. The (i, )th entry of P represents the long term frequency of visits to state
j given that the initial state is 7. Intuitively, such frequencies are well defined. A sketch of
the formal proof is as follows: for a matrix P with eigenvalues on a unit circle (holds for
stochastic matrices) we have for any 0 < o < 1,

> afPh=(I-aP)”!
k=0
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Hence,

(1—a)(I —aP)™ ' = lim z:ko—a
Letting o — 1 (and assuming we can exchange the limits), we have

k pk N-1 pk
ZkoO‘P . k=0 ©

P=1lim(l —a)(I —aP)' = lim lim Zszol E N—ooo N

a—1 N—oo a—1
. ... . = . sN-lp
Hence, the limiting average transition matrix F, = limy .., =2 Zimo B of the policy p can be

viewed as the limit of the corresponding transition matrix P, of the stationary policy pu for
the discounted problem as the discount factor « approaches 1, ie.,

P, = lim(1 —a)(I —aP,)™". (5.12)

In view of the preceding, the limsup in the stationary policy cost can be replaced with
the limit, so that

.1 _
V, = lim N Z Pk G, =P, 3, (5.13)

By viewing 13# as the limiting (average) steady state frequency associated with the policy p,
the vector V,, is the steady state cost corresponding to the policy u.

Consider now the cost that would be accumulated under a given policy p, if the cost g,
per stage were discounted by a factor o € (0,1). Let V,, ., denote the expected discounted
cost for the policy pu, i.e.,

k=0
By noting that Yo" PF = (I — aP,)™", we have
Via = —aP,)™" g, (5.14)

By post-multiplying with g, both sides in equation (5.12), and by using relations ({5.13])

and ((5.14)), we obtain

Vi =lim(1 — ) > afpig, = lim (1= a)Va, (5.15)

Thus, the (averaged) policy cost V), is related to the limiting discounted cost V, . as the
discount factor approaches 1.

The formal proof of equations (5.12)) and (5.15]) can be found in [7] Section 4.1. Relation
suggest that we can approximate the average transition matrix P, with matrices
(1—a) (I —aP,) by taking the discount factor « close to 1, where (I —aP,,) is the matrix
associated with a corresponding discounted problem. Similarly, relation indicates
that we can approximate the average cost V,, of a stationary policy p with the corresponding
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discounted cost V), , by taking the discount factor « close to 1. Formally, using equations
(5.12)) and (5.15)), we can write for « close to 1,

(I-aP)=(1—-a)'P,+Z,+0(1 —a),

Via = (1— oz)_lVH + 2, +O0(1 — o),

where O() is a matrix in the first relation and it is a vector in the second relation, but in
each case we have
lim O(5) = 0.

B—0

The preceding relations are formally stated in the following theorem (with precise forms
for the matrix Z,, and the vector z,).

Theorem 66 Let p be a stationary policy with the corresponding probability transition
matriz P, and per-stage cost g,,.
(a) Let P, be the limiting average probability transition matriz, P, = limy_ % chv:_ol P/f.
Then, for any o € (0,1), we have

(I-aP)=01-a)'P,+Z,+0(1-0a),

where O(() is a matriz such that limg_o O(B) =0 and Z,, is a matriz given by

Zu:(I_Pu""Pu)il_P/r

Furthermore, the matrices P, and Z,, satisfy the following relations

P,P,=PF,P, =P, P =P,

P, Z,=0, Z,P, =0, P.+Z,=1+P,Z,

(b) Let 'V, be the average cost for the policy p, i.e., V,, = PM Gu- Let V, o be the expected
discounted long term cost for the policy p and the discount factor o € (0,1), i.e.,
Via=I—aP,) ™ g,. Then, for any a € (0,1), we have

Via = (1— a)_lvu + 2, +O0(1 — o),
where O(3) is a vector such that limg_o O(5) = 0 and 2, is a vector given by
2y = Ly G-
The average cost V), is such that

Vo=PFP,V,, Vii+ 2y =g, + Pz,
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The vector z, is referred to as the bias of the policy p.

We next discuss a special stationary policies for the average cost problem, namely,
Blackwell optimal stationary policies. A stationary policy u is Blackwell optimal for the
average cost problem if there is an interval (&, 1) such that the policy p is (uniformly)
optimal for all corresponding discounted problems with the discount factor o € (&, 1). The
finite state set and the finite control set assumptions in the average cost model ensure the
existence of a Blackwell optimal stationary policy.

Based on the uniformity property of a Blackwell optimal policy and the properties of
V), established in Theorem , it can be seen that all Blackwell optimal policies have the
same cost V), and the same bias z,,

V.=V, 2y = Zj for all Blackwell optimal stationary policies p and fi.

Denote the common cost vector and the common gain vector of all Blackwell optimal
policies by V* and z* respectively, i.e.,

Vo =V, 2F =z, for all Blackwell optimal stationary policies pu.

The vector V* and the gain z* satisfy some special relations, which play role of Bellman’s
equation for the average cost problem and lead to the optimality conditions.
The following theorem provides the relations for the cost V* and the gain z*.

Theorem 67 The vector V* corresponding to the cost of Blackwell optimal policies is such
that
(1) = min me V*(4) foralli=1,....n

u€el(7)

For each i, let U*(i) be the set of controls u attaining the minimum in the right hand side
of the preceding relation. The bias z* of Blackwell optimal policies is such that

V* (1) + 2" (1) :uénUl*n { iU +me }

The relations of Theorem [67] play the role of Bellman’s equation for the average cost
problem. If a policy u is Blackwell optimal, then its cost and the gain satisfy

V*(i) = min Zp,-j(u) V*(4) foralli=1,...,n, (5.16)

V*(i) + 2" (i) = min‘ { i,u) + pr } : (5.17)

where U*(7) is the set of controls u attaining the above minimum. The converse is also
true, as seen from the following.



166 CHAPTER 5. DYNAMIC PROGRAMMING

Theorem 68 Suppose that the vectors V* and z* satisfy relations in FEqs. f.
Then, V* is the optimal cost vector for the average cost problem.
Let pi* be a policy such that p*(i) attains the minimum in Eq. (5.17). Then, the policy

*

W is an optimal stationary policy for the average cost problem.

In general, we cannot replace U*(¢) by U(i) in Eq. (5.17)). However, a modification of
Eq. (5.17) holds for some policies, as seen in the following.

Theorem 69 Suppose that the vectors V* and z* satisfy relations in Egs. f.
Then, there is a scalar 6 > 0 such that for all 6 > ¢, the vector

zs =2"+0V*

satisfies

V*(i) + z5(1) = min {g(i, u) + Zp”(u) 25(j)} foralli=1,... n. (5.18)

uelU (1)

In addition, if a policy p attains the minimum in the optimality relation , then it
also attains the minimum in the perturbed optimality relation .

The preceding theorem will be useful in the subsequent development of the algorithms for
average cost problems.

A special case when the optimality relations f take a particularly simplified
form is when the optimal average cost V*(i) is the same for all states i. This is the case for
example, when every stationary policy induces an ergodicﬂ Markov chain (with transition
probabilities P,). The reason for this is the fact that for an ergodic Markov chain, the long
term behavior is the same for any initial state of the chain.

From now on, we assume that every stationary policy induces an ergodic Markov chain.
Under this assumption, the optimality relations 5.16— are more tractable. Relation
becomes redundant and implies U*(z) = U(7) for all i. Relation reduces to

0+ 2*(i) = min {g(i,u) + Zp”(u) z*(j)} foralli=1,...,n, (5.19)

uel(7)

where 6 = V*(i) [the same value for all i]. We refer to this relation as Bellman’s equation
for average cost problem. We define the DP mapping 7" : R® — R" as: for all z € R",

Tz(i) = min {g(@', u) + pr(u) Z(])} foralli=1,...,n. (5.20)

uel(7)

Then, Bellman’s equation ([5.19) can be written as

Oe + 2* =T2".

' An aperiodic Markov chain with a single recurrent class.
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Note that, a stationary policy that attains the minimum in the right hand side of Bellman’s
equation ([5.19)) is optimal.

Given a stationary policy, under ergodicity assumption, the policy cost V,,(i) has the
same values for all states 7. Denoting this value by 60, from Bellman equation we have

0+ =(0) = 30 p(0) + 3" Py ) 2(5).
j=1
Define the policy mapping 7, : R® — R" by: for all z € R",
T,2(i) = g7, p(7)) + i%(“@) 2(7) foralli=1,...,n. (5.21)
j=1
Then, Bellman’s equation for a policy p can be written as

Oe+2="T,z.

We next summarize the optimality conditions for the ergodic case. The following result
is an immediate consequence of Theorem [68]

Theorem 70 Suppose that the vectors 8 and z are such that fe + z = Tz, or explicitly

0 + z(7) = min {g(z’,u) + Zp”(u) z(j)} foralli=1,... ,n.

uel(7)

Then, 6 is the optimal average cost for all states and a stationary policy p attaining the
mintmum in the preceding relation is optimal, i.e.,

0 =V"(i) foralli=1,... n,
V(i) =46 foralli=1,...,n.
We provide a similar result for the average cost V), of a stationary policy p.

Theorem 71 Suppose that the vectors 0 and z are such that 0e + 2z =Tz, or explicitly
0+ 2() = g, p(i)) + D pig (@) 2(j) ~ foralli=1,...,n.
j=1

Then, 0 is the average cost of policy u for all states, i.e.,

0 =V,(7) foralli=1,...,n.
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5.4.2 Value Iteration

We consider a value iteration algorithm under ergodicity assumption on stationary policies.
Basically, the algorithm produces a vector sequence {T%z} starting with an arbitrary vector

z € R™, and the vector

1
Vk = E TkZ,

is an approximation of the optimal cost V*.
The justification of the value iteration algorithm is provided by the following result.

Theorem 72 Let h € R"™ be arbitrary. We have

1
V* = lim —T*z,
1m k‘

k—o0

where T is the DP mapping associated with the average cost problem [cf. Eq. ]
Proof. (Sketch) Consider the vector z* satisfying Bellman’s equation,
Tz =V*4 2",
From this relation, it follows that
T2 =TV 4+ Tz =V*+ (V* +2%) = 2V* + 2*.
Continuing in this manner, we see that
TFz* =kV*+2*  forallk > 1.

Next step is to estimate the difference 7%z — T%2*. Consider Tz — Th for arbitrary
z,h € R". We have for all 7,

h@—TW%wgg{zu+Zm] }—g%{meQQMMMﬁ}

Let 1. be a stationary policy attaining the minimum in min,cy ) {g(i, u) + 5 pij(u) 2(4) },

and p, be a stationary policy attaining the minimum in min, ey () {g(z’, u) + 25 pij(u) h(y) }
By optimality of u; for the term involving h, we have for all 7,

Tz(i) = Th(i) < g(i, (i +me n (i —( i, fun (i +szy n i )
= Ejmﬂudw)@ﬁ)—hwn

IN

max Z me ;uh

1<j<n
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Hence, for all 4,
Tz(i) — Th(i) < max (z(7) — h(j)) - (5.22)

1<j<n

Similarly, by optimality of p, for the term involving z, we have for all i,

Tz(i) = Th(i) > g(i,p.(i +pr (12 (i - ( i, 12(4)) + pr (i )
= Zpij(ﬂz<i)) (2(4) = h(5))

> min (2(j ZE:Z%] i (i

1<j<n

Therefore, for all 7,
Tz(i) — Th(i) > min (2(5) — h(j)) . (5.23)

1<j<n

By combining relations (5.22)) and (5.23)), we have for all z,h e R" and alli=1....,n

min (2(j) — h(j)) < min (Tz(i) — Th(i)) < T2(i) — Th(i),

1<j<n ~ 1<i<n
T(0) ~ Thi) < o (T2() — Th(D) < max (20) — ().
By repeated application of the preceding relations to T%z(i) — T*2*(i), we can see that

11;1}%1” (2(4) — 2*(4)) < T*2(i) — T*2*(i) < max (2(7) — 2" (4)) for all 1.

Using the relation T%2z* = kV* + 2* in the preceding relation, we see that

min (2() — 2 () + KV +2°(0) < T2() < max () — 2°(j)) + kV* + 2°(3).

1<j<n 1<j<n

Dividing by k, we obtain

v (i G0) = 200 +270)) < T80 < v (e G0) - 200 +20))
and the result follows by letting k — co. m

We note that the result of Theorem[73 is valid even without the assumption of ergodicity
on stationary policies. The proof however has to be modified by using z; instead of z*,
where z; is as in Theorem [69]

Theorem [72]shows that the value iteration algorithm can be used to compute the optimal
cost V*. But this does not say how we find the optimal bias z* and an optimal stationary
policy. Define

o =T 2 — kV*.

Under ergodicity assumption, it turns out that

TFz — Tz =0 for any z € R™.
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Since
pr=TFz —kV* =TFz —T"2* + 2*,

where we use T%2* = kV* + 2*, it follows that p; converges to z*. Then, from
T" Yy — T2 = pryr — pe + V* for all k,

we obtain
lim (TkHz — Tkz) =V for any z € R".

k—o0
Thus, under the ergodicity assumption, we have
TFly —Thy - v and  pp — 2%,

where V* is optimal average cost and z* is the optimal bias satisfying Bellman’s equation
V*+ 25 =Tz

As one can observe, the analysis of the value iteration algorithm for the average cost
problem is much more complex than for the discounted cost and shortest path problems.
The complexity stems from the structure of the problem and the impact of Markov chains

associated with policies. The situation is the same for the policy iteration algorithm, which
is discussed next.

5.4.3 Policy Iteration

We consider a policy iteration algorithm generating a sequence of policies {y*} using the
policy mapping 7T}, [cf. Eq. (5.21))],

T,2(1) = g(i, pu(2)) + Zpij (p())z(3) foralli=1,...,n.
j=1
Policy Iteration

Let p° be an initial (ergodic) policy.

1. At iteration k, having the current policy i*, determine the average policy value V;
and its bias zg, i.e., Vj and z; such that

Vi + 2e(i) = (i, u(3)) + Zpij(uk(i)) (7)) foralli=1,... n.

2. Generate a new policy p**! satisfying T,s12, = Tz, or explicitly

uel(7)

pF (i) € Argmin {g(i, u) + pr(u)zk(j)} foralli=1,...,n.
j=1

If pF1 = u*, then stop; the policy ¥ is optimal. Otherwise, go to step 1.
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Under the ergodicity assumption on stationary policies, the system of equations at step
1 has n equations and n + 1 unknowns. Thus, the solution pair (V4, z) is not unique. To
ensure the uniqueness, typically, another equation is included

2(r) =0 for some arbitary reference state r.

At step 2, if the policy p*(i) attains the minimum, then the new policy p**! is set so
that p**t1(i) = p*(i), even when there are other controls u attaining the minimum aside
from p*(i). This is known as policy normalization.

The following result holds for the policy iteration algorithm.

Theorem 73 When all the policies u* generated by the algorithm are ergodic, the policy
iteration algorithm using policy normalization terminates with an optimal stationary policy
in a finite number of iterations.
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