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Preface

I wrote these notes in order to help me discover how best to present
the circle of definitions and propositions that center on the Baillon—
Haddad and Krasnosel’skii-Mann-Opial Theorems in iterative optimiza-
tion. This short booklet is, for the most part, an abbreviated version of
my book Iterative Optimization in Inverse Problems, published in Jan-
uary, 2014, by CRC Press. Some of the results contained here are new,
particularly those pertaining to the Baillon-Haddad Theorem. My ar-
ticles listed in the bibliography can be downloaded from my website,
http://faculty.uml.edu/cbyrne/cbyrne. html.
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Chapter 1

Overview and Examples

1.1 OVEIVIEW .ttt e
1.2 Auxiliary-Function Methods ..............c.ooiiiiiiiiiniin.,
1.2.1  Barrier-Function Methods: An Example ................
1.2.2  Barrier-Function Methods: Another Example ...........
1.2.3  Barrier-Function Methods for the Basic Problem .......
1.24  The SUMMA CIlass .....ovuiiiiiiii i
1.2.5  Cross-Entropy Methods ............ ...t
1.2.6  Alternating Minimization .................. ... oL
1.2.7  Penalty-Function Methods ..............................
1.3 Fixed-Point Methods .............coo i
1.3.1  Gradient Descent Algorithms ...........................
1.3.2  Projected Gradient Descent .............................
1.3.3  Solving Ax = b oot
1.3.4  Projected Landweber Algorithm ........................
1.3.5  The Split Feasibility Problem ...........................
1.3.6  Firmly Nonexpansive Operators .........................
1.3.7  Averaged Operators ..........c..ccoviiiiiiiiiiiiiiiiinn.
1.3.8  Useful Properties of Operatorson H ....................
1.3.9  Subdifferentials and Subgradients .......................
1.3.10 Monotone Operators ............coeviiiiriininineannen..
1.3.11 The Baillon-Haddad Theorem ..........................

1.1 Overview

The basic problem we consider in these notes is to minimize a function
f: X —>Rover zin C C X, where X is an arbitrary nonempty set. Until
it is absolutely necessary, we shall not impose any structure on X or on
f. One reason for avoiding structure on X and f is that we can actually
achieve something interesting without it. The second reason is that when
we do introduce structure, it will not necessarily be that of a metric space;
for instance, cross-entropy and other Bregman distances play an important
role in some of the iterative optimization algorithms I discuss in these notes.

We investigate two classes of iterative optimization methods: sequential

1
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2 Lecture Notes on Iterative Optimization Algorithms

auxiliary-function (AF) methods; and fixed-point (FP) methods. As we
shall see, there is some overlap between these two classes of methods. As is
appropriate for an overview, in this chapter we make a number of assertions
without providing proofs. Proofs of most of these assertions will be given
in subsequent chapters.

1.2 Auxiliary-Function Methods

For k = 1,2,... we minimize the function

Gr(z) = f(x) + gr(x) (1.1)

over x in X to get z¥. We shall say that the functions gy(z) are auzil-
iary functions if they have the properties gi(z) > 0 for all z € X, and
gr(z"~1) = 0. We then say that the sequence {z*} has been generated by
an auziliary-function (AF) method. We then have the following result.

Proposition 1.1 If the sequence {z*} is generated by an AF method, then
the sequence { f(x*)} is nonincreasing.

Proof: We have
Gi(@®™h) = @) + gr(@®h) = @)
> Gi(a®) = f(2") + gu(a®) = f ("),
so f(a"71) > f(ab). i

In order to have the sequence { f(z*} converging to 8 = inf{f(z)|z € C}
we need to impose an additional property on the gi(x). We shall return to
this issue later in this chapter.

Perhaps the best known examples of AF methods are the sequential
unconstrained minimization (SUM) methods discussed by Fiacco and Mc-
Cormick in their classic book [94]. They focus on barrier-function and
penalty-function algorithms, in which the auxiliary functions are intro-
duced to incorporate the constraint that f is to be minimized over C.
In [94] barrier-function methods are called interior-point methods, while
penalty-function methods are called exterior-point methods.

A barrier function has the value +oc for z not in C', while the penalty
function is zero on C' and positive off of C. In more general AF methods, we
may or may not have C'= X. If C' is a proper subset of X, we can replace
the function f(x) with f(z) + tc(x), where tc(z) takes on the value zero
for z in C' and the value +oo for z not in C; then the gi(x) need not involve

C.
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Prior to the 1980’s linear programming and nonlinear programming
were viewed as separate subjects. In 1984 Karmarkar published his
polynomial-time interior-point algorithm for linear programming [113].
This event created much excitement at the time, even making the front
page of the New York Times. Although it appears now that some claims
for this algorithm were overstated, the arrival of the algorithm served to
revive interest in interior-point methods and to bring linear and nonlinear
programming closer together.

As we shall see, in addition to incorporating the constraint set C, the
gr(z) can be selected to make the computations simpler; sometimes we
select the gi.(z) so that 2* can be expressed in closed form. However, in the
most general, non-topological case, we are not concerned with calculational
issues involved in finding z*. Our objective is to select the gi(z) so that
the sequence {f(z%)} converges to 3 = inf{f(x),z € C}. We begin with
two simple examples of the use of barrier functions.

1.2.1 Barrier-Function Methods: An Example

Our first problem is to minimize the function f(z) = f(x1,z2) = ¥3+23,
subject to x1 + 22 > 1. Here X = R?, the function f(z) is continuous,
indeed, differentiable, and the set C' = {x|z; + 22 > 1} is closed and
convex. For each k we minimize the function

1 1

By(a) = f(x) + 1b(w) = a3 +aF —

over x € D, where D = {x|z1 + 22 > 1}. Note that C is the closure of D
and 8 = inf{f(z)|z € D}. Setting the partial derivatives to zero, we find

that
1 1/ 4
k k
= = — — ]_ —.
Ty = Xo 1 + 1 + 3

As k — 400 the sequence {2} converges to (3, 1), which is the solution.

In this example the auxiliary function — log(x; + z2 — 1) serves to limit
the calculations to those x satisfying the constraint z; + xo > 1, while
also permitting us to get ¥ in closed form. The minus sign may seem
unnecessary, since log(z1 + z2 — 1) would similarly restrict the . However,
without the minus sign there is no minimizer of By(z) within D.

log(xl + T9 — 1) (12)

1.2.2 Barrier-Function Methods: Another Example

Now we want to minimize the function f(x) = 21 + x2, subject to the
constraints —xf + x9 > 0 and x; > 0. Once again, we use the log function
to create our barrier function. We minimize

Bi(z) = f(z) + %b(m) =z 422+ %(— log(—2} + x2) —logx;)  (1.3)
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to get x*. With a bit of algebra we find that

and

, 1 / 8 1

As k — +oo the sequence {z*} converges to (0,0), which is the answer.

1.2.3 Barrier-Function Methods for the Basic Problem

Now the problem is to minimize f : X — R, subject to x € C'. We select
b: X — (—o0,+00] with C' = {z|b(x) < 4o0}. For each k we minimize
Bi(z) = f(z) + £b(z) over all z € X to get 2*, which must necessarily lie
in C. Formulated this way, the method is not yet in AF form. Nevertheless,
we have the following proposition.

Proposition 1.2 The sequence {b(x*)} is nondecreasing, and the sequence
{f(x®)} is nonincreasing and converges to B = infec f(z).

Proof: From By(zF~1) > B (2%) and Bj_1(2F) > By_i(2¥~1), for k =
2,3, ..., it follows easily that

()~ b)) 2 @) o) > L (b) — b))
Suppose that {f(z*)} | 8* > B. Then there is z € C with

f(@®) > B > f(2) > B,
for all k. Then

1 *
7 (0(2) = b(a")) > f(z*) = f(2) = B* = f(2) >0,
for all k. But the sequence {(b(z) — b(z*))} converges to zero, which
contradicts the assumption that §8* > §. |

The proof of Proposition 1.2 depended heavily on the details of the
barrier-function method. Now we reformulate the barrier-function method
as an AF method, and obtain a different proof of Proposition 1.2 that leads
to the definition of the SUMMA class of of AF methods [47, 55].

Minimizing By (z) = f(z) + £b(z) to get z* is equivalent to minimizing
kf(z) + b(x), which, in turn, is equivalent to minimizing

Gr(z) = f(x) + gr(@),
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where

91(2) = [(k = 1)f (@) + b(a)] = [(k = DS (") + b))

Clearly, gx(x) > 0 and gg(2F~!) = 0. Now we have the AF form of the
method. Here is a different proof of Proposition 1.2.
A simple calculation shows that

Gr(z) — Gk(xk) = gr+1(x), (1.4)

for all z € X. Suppose that the nonincreasing sequence {f(2*)} converges
to some B* > . Then there is z € C with 8* > f(z) > 8. Then

9(2) = gr1(2) = g(2) — Gr(2) + Gi(a")

= g1(2) — f(2) — gr(2) + f(z") + gr(a¥) > B* — f(2) > 0.

This is impossible, since {gxz) is then a nonincreasing sequence of non-
negative numbers whose successive differences are bounded below by the
positive number §* — f(z).

1.2.4 The SUMMA Class

Close inspection of the second proof of Proposition 1.2 reveals that
Equation (1.4) is unnecessary; all we need is the SUMMA Inequality

G() = Gi(a") > g1 (), (1.5)

for all x € X. All iterative methods that can be reformulated as AF meth-
ods for which the inequality in (1.5) holds are said to belong to the SUMMA
class of methods. This may seem to be a quite restricted class of methods,
but, as we shall see, that is far from the case. Many well known iterative
methods fall into the SUMMA class [47, 55].

1.2.5 Cross-Entropy Methods

For a > 0 and b > 0, let the cross-entropy or Kullback-Leibler (KL)
distance [117] from a to b be

KL(a,b) :alog%—i—b—a, (1.6)

with K'L(a,0) = 400, and KL(0,b) = b. Extend to nonnegative vectors
coordinate-wise, so that

J
KL(z,z) = ZKL(xj,zj). (1.7)
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Then KL(x,z) > 0 and KL(z,z) = 0 if and only if # = z. Unlike
the Euclidean distance, the KL distance is not symmetric; K L(z,y) and
K L(y,x) are distinct. We can obtain different approximate solutions of a
nonnegative system of linear equations Pz = y by minimizing K L(Pz,y)
and KL(y, Px) with respect to nonnegative . The SMART minimizes
KL(Px,y), while the EMML algorithm minimizes K L(y, Px). Both are it-
erative algorithms in the SUMMA class, and are best developed using the

alternating minimization (AM) framework.

1.2.6 Alternating Minimization

Let ©: P x Q — (—00,400], where P and @ are arbitrary nonempty
sets. In the alternating minimization (AM) method we minimize ©(p, g™~ 1)
over p € P to get p™ and then minimize O(p™, q) over ¢ € @ to get ¢". We
want

In [81] Csiszdr and Tusnddy show that if the function © possesses what
they call the five-point property, then Equation (1.8) holds. There seemed
to be no convincing explanation of why the five-point property should be
used, except that it works. I was quite surprised when I discovered that the
AM method can be reformulated as an AF method to minimize a function
of the single variable p and that the five-point property becomes precisely
the SUMMA condition.

1.2.7 Penalty-Function Methods

Once again, we want to minimize f : X — R, subject to z € C. We
select a penalty function p : X — [0,400) with p(z) = 0 if and only if
x € C. Then, for each k, we minimize

By(z) = f(2) + kp(z),

over all z, to get z¥. Here is a simple example of the use of penalty-function
methods.

Let us minimize the function f(x) = (z + 1)?, subject to > 0. We let
p(x) = 0 for z > 0, and p(x) = 22, for x < 0. Then z* = —k%_l, which
converges to zero, the correct answer, as k — 400. Note that z* is not in
C = Ry, which is why such methods are called exterior-point methods.

Clearly, it is equivalent to minimize

p(e) + 1 (2),

which gives the penalty-function method the form of a barrier-function
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method. From Proposition 1.2 it follows that the sequence {p(z*)} is non-
increasing and converges to zero, while the sequence { f(2*)} is nondecreas-
ing, and, as we can easily show, converges to some v < 3.

Without imposing further structure on X and f we cannot conclude
that {f(2*)} converges to 3. The reason is that, in the absence of further
structure, such as the continuity of f, what f does within C' is unrelated
to what it does outside C. If, for some f, we do have {f(z*)} converging
to 3, we can replace f(x) with f(z) — 1 for z not in C, while leaving f(z)
unchanged for x in C. Then § remains unaltered, while the new sequence
{f(x*)} converges to v = 3 — 1.

1.3 Fixed-Point Methods

We turn now to fixed-point (FP) methods, the second class of methods
we shall discuss in these notes. For our discussion of fixed-point methods
we shall impose some structure on X, although, as we shall see, it may not
be that of a metric space. However, most of the examples we shall present
will be in the setting of a Hilbert space H, usually H = R”.

When we use an FP method to solve a problem iteratively, we select an
operator T : X — X such that z solves the problem if and only if z is a
fixed point of T, that is, Tz = z. The set of fixed points of T will be denoted
Fix(T). Our iterative method is then to let 2% = Tz*~1 for k =1,2,.... If
we are trying to minimize f : X — R, subject to z € C, then, as before,
we want the sequence {f(z¥)} to converge to 3. If we have imposed some
topology on X, we can also ask for the sequence {z*} to converge, at least
weakly, to a solution of the problem.

Definition 1.1 An operator T : H — H is convergent if T has at least
one fived point and the sequence {T*x°} converges weakly to a fived point
of T, for every starting point x°.

1.3.1 Gradient Descent Algorithms

Suppose that we want to minimize f : H — R. When f is Gateaux
differentiable the derivative of f at z is the gradient, V f(z). A gradient-
descent algorithm has the iterative step

ot = aF 7t =V (25T, (1.9)

where the step-length parameters v, are adjusted at each step. When f is
Gateaux differentiable at x, the one-sided directional derivative of f at x
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and in the direction d, denoted f! (x;d), is given by
fila;d) = (Vf(z),d).

When f is convex and Gateaux differentiable and the gradient Vf is L-
Lipschitz continuous, that is,

IVf(z) = Vi)l < Lz -yl

for all 2 and y, we can modify the iteration in Equation (1.9). If 0 < v < #,
and

ak = ah Tt AV (R, (1.10)

then the sequence {z¥} converges to a zero of V f, whenever there are such
zeros. Now that v is independent of k, we can take T' = I — yV f, with [
the identity operator, and write the iteration as ¥ = T2*~1. As we shall
show later, the operator 7' is convergent. A point z is a fixed point of T if
and only if Vf(z) =0, and so if and only if z minimizes f.

Definition 1.2 For any function f :H — R the epigraph of f is the set

epi(f) = {(z,7) € H x R|f(x) < 7}.

Definition 1.3 A function f : H — R is lower semi-continuous or closed
if epi(f) is closed in H x R.

If f:H — Ris closed and convex, then epi(f) is a nonempty, closed, and
convex set.

Note that when f : R/ — R is convex, it is continuous. It is also true in
the infinite-dimensional case, provided that f is closed as well ([15], Corol-
lary 8.30). For any convex f : H — R, Gateaux differentiability and Fréchet
differentiability are equivalent for finite-dimensional H, but not necessarily
equivalent in the case of infinite-dimensional Hilbert space. We shall use
the word “differentiable” to mean Gateaux differentiable. Whenever f is
differentiable and V f is continuous, f is Fréchet differentiable. Therefore,
if Vf is L-Lipschitz continuous, then f is Fréchet differentiable.

A function f : H — [—o00, +00] is proper if there is no x with f(z) = —oo
and some z with f(z) < +o00. All the functions we consider are proper.

1.3.2 Projected Gradient Descent

For any nonempty, closed convex subset C' of a Hilbert space H and any
x in H there is a unique z € C closest to . This z is denoted z = Pox and
the operator Pg is called an orthogonal projection (or metric projection)
operator.
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Suppose now that we want to minimize a differentiable closed convex
function f : X — R over x € C, where C' is a nonempty closed, convex
subset of H. Assume that Vf is L-Lipschitz continuous, and 0 < v < %
The projected gradient descent algorithm has the iterative step

2 = Po(ab =1 — AV f(zPh)). (1.11)

The sequence {z¥} converges weakly to a point z € C with f(z) < f(z),
for all z € C, whenever such a point z exists. It is not hard to show that
such z are the fixed points of the operator T' = Po(I — vV f), which is a
convergent operator.

1.3.3 Solving Ax =b

Suppose that A is a real M by N matrix and b is a member of RM. We
want 2 € RY so that Az = b, or, if there are no such z, then we want an x
that minimizes the function f(z) = 3||Az—b||?, where the norm is the two-
norm (that is, the usual Euclidean norm). There is a closed-form solution
for this problem: z = (AT A)~1ATb, provided that AT A is invertible. In
many applications in image processing and remote sensing the matrix A
can be quite large, with M and N in the tens of thousands. In such cases,
using the closed-form expression for the solution is not practical and we
turn to iterative methods.

The function f(z) = || Az — b||? is differentiable and its derivative,

Vf(x) = AT (Az —b),
is L-Lipschitz continuous for L = p(AT A), the spectral radius of AT A,
which, in this case, is the largest eigenvalue of AT A. Applying the gradient
descent algorithm in the previous section, we get the Landweber iteration
118, 20],
aF = 2Pt — AT (AzRT — b)), (1.12)

for 0 <y < ﬁ. The sequence {x*} converges to the minimizer of f(x)

closest to z0.

1.3.4 Projected Landweber Algorithm

Suppose that we want to find x € C C R¥ such that Az = b, or,
failing that, to minimize the function %[ Az — b||* over z € C. Applying
the projected gradient descent algorithm, we get the projected Landweber
algorithm [20],

2% = Po(ab™t — 4 AT (A2*T —b)). (1.13)

The sequence {z¥} converges to a minimizer of f over C, whenever such
minimizers exist.
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1.3.5 The Split Feasibility Problem

Let C and @Q be nonempty closed, convex subsets of RY and R, re-
spectively, and A areal M by N matrix. The split feasibility problem (SFP)
is to find x € C with Az € @, or, failing that, to minimize the function
f(x) = 3||PoAz — Az|* over z € C. It can be shown [55] that f(x) is
differentiable and its gradient is

Vf(x) = AT(I — Py)Ax.

The gradient is again L-Lipschitz continuous for L = p(AT A). Applying
the gradient descent algorithm we have the CQ algorithm [42, 43]:

2 = Po(a1 —yAT(I — Pg)Az*h). (1.14)

Solutions of the problem are the fixed points of the convergent operator
T :H — H given by T = Po(I —yAT(I — Pg)A).

In [66, 62] Yair Censor and his colleagues modified the CQ algorithm
and used their modified method to derive protocols for intensity modified
radiation therapy (IMRT).

1.3.6 Firmly Nonexpansive Operators

We are interested in operators T that are convergent. For such operators
we often find that [|2**! — 2*|| < ||a* — 2¥~1|| for each k. This leads us to
the definition of nonexpansive operators.

Definition 1.4 An operator T on H is nonexpansive (ne) if, for all x and
y, we have
[Tz =Ty < [lz -yl

Nonexpansive operators need not be convergent, as the ne operator T' = —1
illustrates.

As we shall see later, the operators T = P¢ are nonexpansive. In fact,
the operators Pz have a much stronger property; they are firmly nonex-
pansive.

Definition 1.5 An operator T on H is firmly nonexpansive (fne) if, for
every x and y, we have

(Tw —Ty,x —y) > [Tz - Ty|*.

If T is fne then T is convergent. The class of fne operators is smaller than
the class of ne operators and does yield convergent iterative sequences.
However, the product or composition of two or more fne operators need
not be fne, which limits the usefulness of this class of operators. Even
the product of Pr, and Pc, need not be fne. We need to find a class of
convergent operators that is closed to finite products.
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1.3.7 Averaged Operators

It can be shown easily that an operator F' is fne if and only if there is
a nonexpansive operator N such that

1 1
F=_-I+_-N.
2 +2

Definition 1.6 An operator A : H — H is a-averaged (a-av) if there is a
nonexpansive operator N such that

A=(1-a)l+aN,

for some « in the interval (0,1). If A is a-av for some « then A is an
averaged (av) operator.

All averaged operators are nonexpansive, all firmly nonexpansive op-
erators are averaged, the class of averaged operators is closed to finite
products, and averaged operators are convergent. In other words, the class
of averaged operators is precisely the class that we are looking for.

1.3.8 Useful Properties of Operators on H

It turns out that properties of an operator T are often more easily
studied in terms of properties of its complement, G = I —T'. The following
two identities are easy to prove and are quite helpful. For any operator
T:H—Hand G=1-T we have

e —y|* = Tz — Ty|? = 2(Gz — Gy,z —y) — |Gz — Gy, (1.15)
and
(Te —Ty,z —y) — [Tz — Ty|* = (Gz — Gy,z — y) — |Gz — Gyl|*.(1.16)

Definition 1.7 An operator G : H — H is v-inverse strongly monotone
(v-ism) for some v > 0 if

(Gz — Gy, x —y) > v||Gz — Gy|]?,

for all x and y.

Clearly, if G is v-ism then vG is Z-ism. Using the two identities in (1.15)
and (1.16) it is easy to prove the following theorem.

Theorem 1.1 Let T : H — H be arbitrary and G =1 —T. Then

1. T is ne if and only if G is v-ism for v = %;

2. T is a-av if and only if G is v-ism for v = i, for some 0 < a < 1;
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3. T is fne if and only if G is v-ism for v = 1.
4. T is fne if and only if G is fne;
5. If G isv-ism and 0 < p < v, then G is p-ism.

1.3.9 Subdifferentials and Subgradients

Subdifferentials and subgradients are important tools in optimization,
particularly in convex optimization.

Definition 1.8 Let f : H — [—o00,00]. Then 0f(x) is the subdifferential
of f at x, defined by

of(x) = {ul{u,z —x) + f(z) < f(2)}, (1.17)
for all z. The members of Of (x) are the subgradients of f at x.

It is easy to see that, if 2 € H minimizes f(x) over x € H, then 0 € 9f(z2).

There is a subtle point to be aware of here: if f is differentiable, but not
convex, V f(z) need not be a member of d f(z), which may be empty. If f is
closed and convex and Jf(x) is a singleton set, then f is differentiable and
df(z) = {Vf(z)}. The following proposition provides a characterization of
convexity for nondifferentiable functions.

Proposition 1.3 A function f : H — R is closed and convex if and only
if 0f (x) is nonempty, for every x € H.

Proof: When f is closed and convex, its epigraph is a closed convex set.
We can then use orthogonal projection to find a supporting hyperplane for
the epigraph at the point (z, f(x)). From the normal to the hyperplane we
can construct a member of df(z) [56]. Now we prove the converse.

By Proposition 17.39 of [15], if f : H — R is convex and Jf(z) is
nonempty, for each z, then f is closed. Now let x and y be arbitrary in H,
z = (1— o)z + ay, for some o € (0,1), and u a member of df(z). Then

flx) = f(z) > (u,z — 2) = a{u,z — y),
and
fW) =) 2 (wy—2=010-a)(v,y—z)=—1-a)(u,z—y).
Therefore,
(I—a)(f(z) = f(2) = (1 — )afu,z —y) = a(f(z) — f(y)),

and so

(I—a)f(z) +af(y) = 1 - a)f(z) + af(z) = f(2).
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Proposition 1.4 For any f: H — R and g : H — R we have

0f (z) + 9g(x) € O(f + 9)(x). (1.18)
If f and g are closed and convex, then
Of(x) +0g(x) = 0(f + g)(=). (1.19)

Proof: The containment in (1.18) follows immediately from the definition
of the subdifferential. For the proof of (1.19) see Corollary 16.38 of [15].
|

In some discussions, convex functions may be allowed to take on the
value +o0o. In such cases only the containment in (1.18) may hold; see
Corollary 16.38 of [15].

Corollary 1.1 If f : H — R and g : H — R are both closed and convexz,
and f + g = h is differentiable, then both f and g are differentiable.

Proof: From Proposition 1.4 we have
Of (z) + 9g(x) € O(f + g)(x) = Oh(x) = {Vh(x)}.

Since both Jf(z) and dg(z) are nonempty, they must be singleton sets.
Therefore, both functions are differentiable, according to Proposition 17.26
of [15]. |

1.3.10 Monotone Operators

There is an interesting connection between fne operators and monotone
operators.

Definition 1.9 A set-valued function B : H — 2™ is said to be monotone
if, for each x andy inH and u € B(x) andv € B(y) we have (u—v, x—y) >
0. If there is no monotone A : H — 2" with B(x) C A(x) for all z, then
B is a maximal monotone operator.

If f:H — Ris closed and convex then B(x) = Jf(z) defines a mono-
tone operator. In particular, if f is also differentiable then T' = V f is a
monotone operator. We have the following proposition.

Proposition 1.5 If B is monotone and x € z + B(z) and © € y + B(y),
then z =y

The proof is not difficult and we leave it to the reader.

It follows from Proposition 1.5 that z is uniquely defined by the inclusion
x € z+ B(z) and we write z = Jgz. The operator Jg : H — H is the
resolvent of the monotone operator B. Sometimes we write Jg = (I+B) ™.
The operator Jp is fne and T is a fne operator if and only if there is
monotone operator B : H — 2 such that T = Jg. Given operator T,
define B(z) = T~'({x}) — z. Then T is fne if and only if B is monotone.
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1.3.11 The Baillon-Haddad Theorem

The Baillon-Haddad Theorem [4, 14] provides one of the most impor-
tant links between fixed-point methods and iterative optimization. The
proof we give here is new [52]. It is the first elementary proof of this the-
orem and depends only on basic properties of convex functions. The non-
elementary proof of this theorem in [100] was repeated in the book [46].
The proof given here and in [52] is closely related to that given in the book
[55].

Definition 1.10 Let f : H — R be convex and differentiable. The Breg-
man distance associated with f is D¢(z,y) given by

Di(z,y) = f(x) = f(y) —(VI(y),z —y).

Then Dy(z,y) > 0, and Dy(z,z) = 0. If f is strictly convex, then
Dy(z,y) =0 if and only if x = y.

Theorem 1.2 Let f : H — R be convex and differentiable, and let q(x) =
L|z||2. The following are equivalent:

1. g=q— f is convex;
2. 3|z —z||* > Dy(z,2) for all x and z;
3. T =V f is firmly nonexpansive;
4. T =V f is nonexpansive and f is Fréchet differentiable.
Proof:
e (1. implies 2.) Because g is convex, we have
9(2) 2 g(z) + (Vg(x), 2 — ),

which is easily shown to be equivalent to
1
sllz =2l = £(2) = f(2) = (Vf(2),2 — ) = Dy (2, ).

e (2. implies 3.) Fix y and define d(x) by

d(x) = Dy(x,y) = f(x) — f(y) = (Vf(y),z —y) > 0.

Then
Vd(z) =V f(z) — Vf(y)

and Dy(z,x) = Dq(z,x) for all z and z. Therefore, we have

%Hz —2||* > Dy(z,x) = d(2) — d(z) — (Vd(z), z — x).
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Now let z — 2z = V f(y) — V f(z), so that

A(r) = Dy(a,9) > 5 IV 5 @)~ V)

Similarly, .
Dy(y,x) = 5V f(z) = VIW)II*.

Adding these two inequalities gives
(Vf(z) = VIy),z —y) > [V f(z) = V)|

e (3. implies 4.) Clearly, if V f is firmly nonexpansive, it is also nonex-
pansive. Since it is then continuous, f must be Fréchet differentiable.

e (4. implies 1.) From Vg(z) = z — Vf(z) we get
(Vg(z) = Vg(y).x —y) = |z —yl> = (Vf(2) = Vf(y),x —y)

> |lz = yll(lle =yl = [V (z) = VI (»)) = 0.

Therefore, g is convex.

We get a slightly more general version of Theorem 4.1, but with a
slightly less elementary proof, if we assume that f is closed and omit the
assumption that f be differentiable. Once we assume 1., the differentiablil-
ity of f follows from Proposition 1.4 and Corollary 1.1.

As was mentioned previously, the Baillon-Haddad Theorem plays an
important role in linking fixed-point algorithms to optimization. Suppose
that f : H — R is convex and differentiable, and its gradient, Vf, is L-
Lipschitz continuous. Then the gradient of the function g = % f is ne, and
so Vg is fne. As we shall see in Chapter 4, it follows from the theory of av-
eraged operators and the Krasnosel’skii-Mann-Opial Theorem 4.2 that the
operator I —yV f is an averaged operator, therefore a convergent operator,
for 0 < v < %

In [14] Bauschke and Combettes extend the Baillon-Haddad Theorem
to include several other equivalent conditions. These additional conditions
involve definitions and results that are not elementary; we shall return to
their expanded version of the theorem in Chapter 7.






Chapter 2

Auxiliary-Function Methods and
Examples

2.1 Auxiliary-Function Methods ...t
2.2 Majorization Minimization .............coiiiiiiiiiii ...
2.3 The Method of Auslander and Teboulle .........................
2.4 The EM Algorithm ....... ..o

2.1 Auxiliary-Function Methods

We suppose that f : X — R and C C X, where X is an ar-
bitrary nonempty set. An iterative algorithm is in the AF class if, for
k = 1,2,... we minimize Gg(z) = f(z) + gr(z) over z € X to get z¥,
where gi(x) > 0 and gp(zF~1) = 0. As we saw previously, the sequence
{f(2*)} is then nonincreasing. We want the sequence {f(z*)} to converge
to b = inf{f(x)|x € C}. If C is a proper subset of X we replace f with
f + 1o at the beginning. In that case every 2 lies in C.

2.2 Majorization Minimization

Majorization minimization (MM), also called optimization transfer, is a
technique used in statistics to convert a difficult optimization problem into
a sequence of simpler ones [138, 18, 121]. The MM method requires that we
majorize the objective function f(x) with g(z|y), such that g(z|y) > f(x),
for all z and y, and g(y|y) = f(y). At the kth step of the iterative algorithm
we minimize the function g(x|z¥~1) to get a*.

The MM methods are members of the AF class. At the kth step of an
MM iteration we minimize

Gi(z) = f(z) + [g(zlz"") = f(2)] = f(z) + d(z, "), (2.1)
where d(z, z) = g(z|z) — f(z) is a distance function satisfying d(z,z) > 0

17
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and d(z,z) = 0. Since gx(z) = d(z,2*!) > 0 and gp(z*~1) = 0, MM
methods are also AF methods; it then follows that the sequence {f(x*)} is
nonincreasing.

All MM algorithms have the form z* = T2*~1, where T is the operator
defined by

Tz = argmin, {f(z) + d(z, 2) }. (2.2)

If d(z, z) = 5||z—2z||3, then T is Moreau’s proximity operator Tz = prox;(z)
[131, 132, 133], which we shall discuss in some detail later.

2.3 The Method of Auslander and Teboulle

The method of Auslander and Teboulle [2] is a particular example of an
MM algorithm. We take C' to be a closed, nonempty, convex subset of R,
with interior U. At the kth step of their method one minimizes a function

Gr(z) = f(z) + d(z, 2" 1) (2.3)

to get ¥, Their distance d(x,y) is defined for x and y in U, and the gradient
with respect to the first variable, denoted Vid(zx,y), is assumed to exist.
The distance d(x, y) is not assumed to be a Bregman distance. Instead, they
assume that the distance d has an associated induced proximal distance
H(a,b) > 0, finite for @ and b in U, with H(a,a) = 0 and

(Vad(b,a),c— by < H(c,a) — H(c,b), (2.4)

for all ¢ in U.
If d = Dy, that is, if d is a Bregman distance, then from the equation

(Vid(b,a),c —b) = Dp(c,a) — Dp(c,b) — Dp(b,a) (2.5)

we see that Dy has H = D), for its associated induced proximal distance,
so Dy, is self-prozimal, in the terminology of [2].

The method of Auslander and Teboulle seems not to be a particular
case of SUMMA. However, we can adapt the proof of Proposition 1.2 to
prove the analogous result for their method. We assume that f(2) < f(z),
for all x in C.

Theorem 2.1 For k =23, ..., let 2 minimize the function
Gi(x) = f(z) +d(z, 2" 7).

If the distance d has an induced provimal distance H, then { f(z*)} — f(%).
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Proof: We know that the sequence {f(z*)} is decreasing and the sequence
{d(z*, 2*~1)} converges to zero. Now suppose that

fa*) > f(2) +34,

for some 6 > 0 and all k. Since Z is in C, there is z in U with

EOESIORES

k

for all k. Since z” minimizes Gy (x), it follows that

0= Vf(zk) + Vid(zk, 1.

Using the convexity of the function f(x) and the fact that H is an induced
proximal distance, we have

0< 2 < fh) — J(2) < (- (), 2 —a¥) =

(Vid(z®, a1, 2 — 2%) < H(z,2"1) — H(z,2").

Therefore, the nonnegative sequence {H(z,z*)} is decreasing, but its suc-
cessive differences remain bounded below by g, which is a contradiction.
|

It is interesting to note that the Auslander-Teboulle approach places a
restriction on the function d(z,y), the existence of the induced proximal
distance H, that is unrelated to the objective function f(x), but this con-
dition is helpful only for convex f(z). In contrast, the SUMMA approach
requires that

0 < grri1(z) < Gi(x) — Gi ("),

which involves the f(z) being minimized, but does not require that this
f(z) be convex.

2.4 The EM Algorithm

The expectation mazimization maximum likelihood (EM) “algorithm”
is not a single algorithm, but a framework, or, as the authors of [18] put it,
a “prescription” , for constructing algorithms. Nevertheless, we shall refer
to it as the EM algorithm.

The EM algorithm is always presented within the context of statistical
likelihood maximization, but the essence of this method is not stochastic;
the EM algorithms can be shown to form a subclass of AF methods. We
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present now the essential aspects of the EM algorithm without relying on
statistical concepts.

The problem is to maximize a nonnegative function f : Z — R, where Z
is an arbitrary set. In the stochastic context f(z) is a likelihood function of
the parameter vector z. We assume that there is z* € Z with f(z*) > f(2),
for all z € Z.

We also assume that there is a nonnegative function h : R x Z — R
such that

fz) = / h(z, 2)da.

k=1 we maximize the function

Having found z
H(zF1 2) = /h(z,zkil)log h(zx, z)dz (2.6)

to get z*. Adopting such an iterative approach presupposes that maximiz-
ing H(z*~!, 2) is simpler than maximizing f(z) itself. This is the case with
the EM algorithms.

One of the most useful and easily proved facts about the Kullback-
Leibler distance is contained in the following lemma.

Lemma 2.1 For nonnegative vectors x and z, with z4 = Z;‘le z; >0, we
have

KL(z,2) = KL(z4,24) + KL(z, —*2). (2.7)
2+
This lemma can be extended by replacing the summation with integration
over the variable x. Then we obtain the following useful identity; we simplify
the notation by setting h(z) = h(x, 2).

Lemma 2.2 For f(z) and h(z, z) as above, and z and w in Z, with f(w) >
0, we have

KL(h(2), h(w)) = KL(f(2), f(w)) + KL(h(2), (f(2)/ f(w))h(w)). (2.8)
k—

Maximizing H (z
Gi(2) = G(z"1, 2) = —f(2) + KL(h(z*71), h(2)), (2.9)

1, ) is equivalent to minimizing

where
gr(2) = KL(h(z*71), h(2)) = /KL(h(m,zk_l),h(x,z))dx. (2.10)

Since gx(z) > 0 for all z and gx(2¥~1) = 0, we have an AF method. Without
additional restrictions, we cannot conclude that { f(2*)} converges to f(z*).

We get 2* by minimizing Gi(z) = G(2*71,2). When we minimize
G(z, 2F), we get z¥ again. Therefore, we can put the EM algorithm into the
alternating minimization (AM) framework of Csiszdr and Tusnady [81], to
be discussed in Chapter 6.
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3.1 The SUMMA Class of Algorithms

Through our examination of barrier-function methods we discovered the
SUMMA condition [47, 55]:

Gi() = Gi(a") > gy (), (3.1)

for all z € X. The SUMMA condition gives {f(z*)} | B = inf, f(z).
As we saw, barrier-function methods can be reformulated as SUMMA al-
gorithms and penalty-function methods can be reformulated as barrier-
function methods. Although the SUMMA condition may seem quite re-
strictive, the class of SUMMA algorithms is extensive. In this chapter we
examine several of these algorithms.

3.2 Proximal Minimization

Let h : H — (—o00,00] be convex and differentiable on the interior
of dom h = {z|h(x) € R}, its effective domain. The Bregman distance

21
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associated with the function A is

Dy(z,y) = h(z) — h(y) — (Vh(y),z —y). (3-2)

Then Dp(z,y) > 0, Dp(z,z) = 0, and if h is strictly convex then Dy (x,y) =
0 if and only if x = y.

Let f : H — (—o00,40o0] be a closed convex function. Let h : H —
(—00, 00] be another convex function, with effective domain D, that is dif-
ferentiable on the nonempty open convex set int D. Assume that f(x) is
finite on C = D and attains its minimum value on C at . Our objective
is to minimize f(x) over z in C' = D.

3.2.1 The PMA

At the kth step of a prozimal minimization algorithm (PMA) [72, 40],
we minimize the function

Gr(z) = f(x) + Dp(z,2"1), (3.3)

to get 2*. The Bregman distance D, is sometimes called a prozimity func-
tion. The function

gr(x) = Dh(x,xk_l) (3.4)

is nonnegative and gy (2%~1) = 0. We assume that each 2* lies in int D. As
we shall see,

Gi(z) = Gi(a") > Dp(z,2%) = grra(2) >0, (3-5)

so any PMA is in the SUMMA class.
The Newton-Raphson algorithm for minimizing a twice differentiable
function f: R/ — R has the iterative step

D L v € IR VA T e (3.6)

Suppose now that f is also convex. It is interesting to note that, having
calculated 2*~1, we can obtain z* by minimizing

Gr(z) = f(x) + (z — 2" HIV2f(a" M) (2 — 21 — Dy(a, 2571, (3.7)

3.2.2 Difficulties with the PMA

The PMA can present some computational obstacles. When we mini-
mize G (z) to get ¥ we find that we must solve the equation

Vh(z*=1) — Vh(z*) € af ("), (3.8)
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where the set 9f(z) is the subdifferential of f at z. When f(x) is differen-
tiable 0f(z) = {V f(z)} and we must solve

Vf(x*) + Vh(z*) = Vh(z"). (3.9)

A particular case of the PMA, called the IPA for interior-point algorithm
[40, 47], is designed to overcome these computational obstacles. We discuss
the IPA later in this chapter. Another modification of the PMA that is
similar to the IPA is the forward-backward splitting (FBS) method, to be
discussed in Chapter 4.

3.2.3 All PMA are in the SUMMA Class

We show now that all PMA are in the SUMMA class. We remind the
reader that f(x) is now assumed to be convex.

Lemma 3.1 For each k we have

Gr(z) — Gr(z®) > Dy (z,2%) = gy (2). (3.10)
Proof: Since x* minimizes G}, (z) within the set D, we have
0 € df (x*) + Vh(z®) — Vh(z"1), (3.11)
so that
Vh(zF~1) = u* + Vh(z"), (3.12)

for some u* in & f(x*). Then
Gi(w) = Gr(a®) = f(2) = f(a*) + h(z) = h(a®) = (VR(z" 1), 2 — 2*).
Now substitute, using Equation (3.12), to get
Gr(x) — Gp(z®) = f(z) — f(2¥) — (WP 2 — 2*) + Dp(z,2%).  (3.13)

Therefore,
Gr(z) — Gr(z®) > Dy (x, 2%),

since u* is in Of (z*). |

3.2.4 Convergence of the PMA

From the discussion of the SUMMA we know that {f(z*)} is monoton-
ically decreasing to f(2). If H = R, if the sequence {x*} is bounded, and
if 2 is unique, we can conclude that {z*} — 2.

For the remainder of this subsection we assume that H = R”, in order
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to make use of the results in Chpater 8. Suppose that Z is not known to be
unique, but can be chosen in D; this will be the case, of course, whenever
D is closed. Then Gg(Z) is finite for each k. From the definition of G (x)

we have
Gr(#) = f(&) + Dy (&, 2571). (3.14)

From Equation (3.13) we have
Gr() = G(a®) + f(2) — f(2¥) — (W*, & — 2*) + Dy (3,2%).  (3.15)

Therefore,

F@®) = f(@) + Dp(a®, 2" ) + f(2) = f(a*) = (u & —2").  (3.16)

It follows that the sequence {Dj,(#,2%)} is decreasing and that {f(z*)}
converges to f(Z). If either the function f(z) or the function Dy (Z,-) has
bounded level sets, then the sequence {x*} is bounded, has cluster points
z*in C, and f(z*) = f(&), for every z*. We now show that & in D implies
that =* is also in D, whenever h is a Bregman—Legendre function (see
Chapter 8).

Let x* be an arbitrary cluster point, with {z*»} — z*. If  is not in
the interior of D, then, by Property B2 of Bregman—Legendre functions,
we know that

Dy (z*,zF) =0,

so z* is in D. Then the sequence {Dj,(z*,z*)} is decreasing. Since a sub-
sequence converges to zero, we have { Dy (z*,2%)} — 0. From Property R5,
we conclude that {zF} — z*.

If 2 is in int D, but #* is not, then { Dy, (¢, 7¥)} — +o0, by Property R2.
But, this is a contradiction; therefore z* is in D. Once again, we conclude
that {z%} — z*.

Now we summarize our results for the PMA. Let f : R — (—o0, +09]
be closed, proper, and convex. Let h be a closed proper convex function,
with effective domain D, that is differentiable on the nonempty open convex
set int D. Assume that f(x) is finite on C' = D and attains its minimum
value on C at Z. For each positive integer k, let zF minimize the function
f(x) + Dp(x,2=1). Assume that each z* is in the interior of D.

Theorem 3.1 If the restriction of f(x) to x in C has bounded level sets
and % is unique, and then the sequence {x*} converges to .

Theorem 3.2 If h(x) is a Bregman—Legendre function and & can be cho-
sen in D, then {x*} — x*, x* in D, with f(z*) = f(2).
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3.2.5 The Non-Differentiable Case

In the discussion so far, we have assumed that the function h(zx) is
differentiable; the gradient played a role in the definition of the Bregman
distance Dy (z,z). When h(z) is not differentiable, a PMA is still available.
In the non-differentiable case a Bregman distance is defined to be

Dh($72;p) = h(.%‘) - h(Z) - <p,x - Z> ) (317)

where p is a member of the subdifferential 0h(z). We begin the PMA by
selecting initial vectors 2° and p° € 9h(2°). Now the iterate 2* minimizes

Gr(x) = f(z) + Dp(z,a* 5 p* ), (3.18)
where p*~1 is a member of Oh(z*~1). Therefore,
0 € f(x*) + Oh(x*) — p* 1. (3.19)

We assume that this equation can be solved and that there are u* € 9 f(x*)
and v¥ € Oh(z*) so that

A L T (3.20)
We then define p* = v*, so that

Gr(z) — Gi(a¥) =

Df(amxk;uk) + Dh(ac,xk;pk) > Dh(x,xk;pk) = gr+1(x). (3.21)

Therefore, the SUMMA condition holds and the sequence {f(z*)} con-
verges to f().

3.3 The IPA

The TPA is a particular case of the PMA designed to overcome some of
the computational obstacles encountered in the PMA [40, 47]. At the kth
step of the PMA we must solve the equation

Vf(z®) + Vh(z*) = Vh(zF1) (3.22)

for z*, where, for notational convenience, we assume that both f and h
are differentiable. Solving Equation (3.22) is probably not a simple matter,
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however. In the IPA approach we begin not with h(x), but with a con-
vex differentiable function a(z) such that h(z) = a(x) — f(z) is convex.
Equation (3.22) now reads

Va(z*) = Va(z"1) — V(P 1), (3.23)

and we choose a(x) so that Equation (3.23) is easily solved. We turn now
to several examples of the IPA.

3.4 Projected Gradient Descent

The problem now is to minimize f : RY — R, over the closed, nonempty
convex set C, where f is convex and differentiable on R7. We assume now
that the gradient operator V f is L-Lipschitz continuous; that is, for all x
and y, we have

IVf(@) = Vi)l <Lz -yl (3.24)
To employ the TPA approach, we let 0 < v < % and select the function

L2
= ; 3.25
ofe) = -l (3.29)
the upper bound on v guarantees that the function h(z) = a(z) — f(x) is

convex. At the kth step we minimize

Gi(z) = f(z) + Dn(z, 2" =

1 _ _
f(I)JFZ”z*Ik 1||27Df(x,9:k b, (3.26)

¥ is in C and satisfies the inequality

over z € C. The solution x
(x¥ — (2" =4V (@), e — 2F) >0, (3.27)

for all c € C. It follows then that
ok = Po(a" 1 =V (") (3.28)

here Pc denotes the orthogonal projection onto C'. This is the projected
gradient descent algorithm. For convergence we must require that f have
certain additional properties needed for convergence of a PMA algorithm.
Note that the auxiliary function

1
gr(x) = gllw — 2" ? = Dy(z, 271 (3.29)
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is unrelated to the set C', so is not used here to incorporate the constraint;
it is used to provide a closed-form iterative scheme.

When C = R’ we have no constraint and the problem is simply to
minimize f. Then the iterative algorithm becomes

A A Vi { (A T (3.30)

this is the gradient descent algorithm.

3.5 Relaxed Gradient Descent

In the gradient descent method we move away from the current z
by the vector YV f(z*~1). In relaxed gradient descent, the magnitude of
the movement is reduced by a factor of «, where a € (0,1). Such relax-
ation methods are sometimes used to accelerate convergence. The relaxed
gradient descent method can also be formulated as an AF method.

At the kth step we minimize

k—1

Ch(w) = () + %La||x—x’f—1u2—pf(x,x’f—l), (3.31)

obtaining

a* =gt —ayVf(aF ). (3.32)

3.6 Regularized Gradient Descent

In many applications the function to be minimized involves measured
data, which is typically noisy, as well as some less than perfect model of
how the measured data was obtained. In such cases, we may not want to
minimize f(z) exactly. In regularization methods we add to f(z) another
function that is designed to reduce sensitivity to noise and model error.

For example, suppose that we want to minimize

«
5 llz = pl*, (3.33)

af(z) +

where p is chosen a priori. The regularized gradient descent algorithm for
this problem can be put in the framework of an AF method.
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At the kth step we minimize

Gi(w) = fla) + g—llo =1 = ~ (] + e = IR, (334)
obtaining
F = a(ab T — AV ) + (1 - a)p. (3.35)
If we select p = 0 the iterative step becomes
2 = a(ab T — AV (2P ). (3.36)

3.7 The Projected Landweber Algorithm

The Landweber (LW) and projected Landweber (PLW) algorithms are
special cases of projected gradient descent. The objective now is to minimize
the function

1
fz) = 5llAz - b]%, (3.37)
over € R’ or x € C, where A is a real I by J matrix. The gradient of
f(z) is
Vf(z) = AT (Az —b) (3.38)

and is L-Lipschitz continuous for L = p(AT A), the largest eiqenvalue of
AT A. The Bregman distance associated with f(x) is

1
Dy(z,2) = §||A:L' — Az|2 (3.39)
We let

1
a(r) = ﬂHxHQ, (3.40)
where 0 < 7 < 1, so that the function h(z) = a(z) — f(z) is convex.
At the kth step of the PLW we minimize
Gi(x) = f(2) + Dp(z, 2" ) (3.41)
over x € C to get
2% = Po(ab=t — 4 AT (APt —b)); (3.42)

in the case of C = R’ we get the Landweber algorithm.
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4.1 Introduction

We denote by H a real Hilbert space with inner product (-, -) and norm
|- ]]. We say that an operator T : H — H is convergent if, for every starting
vector x°, the sequence {z*} defined by z¥ = T2*~! converges weakly
to a fixed point of T', whenever T has a fixed point. Fixed-point iterative
methods are used to solve a variety of problems by selecting a convergent
T for which the fixed points of T" are solutions of the original problem. It is
important, therefore, to identify properties of an operator 1" that guarantee
that T is convergent.

An operator T : H — H is nonexpansive if, for all z and y in H,

[Tz =Tyl < ||z = yll. (4.1)

Just being nonexpansive does not make 71" convergent, as the example 1" =
—Id shows; here Id is the identity operator. It doesn’t take much, however,
to convert a nonexpansive operator /N into a convergent operator. Let 0 <
a < 1land T = (1 — a)Id + aN; then T is convergent. Such operators

29
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are called averaged [5, 8, 43] and are convergent as a consequence of the
Krasnosel’skii-Mann Theorem [15].
A operator T : H — H is firmly nonexpansive if, for all x and y in H,

(Ta — Ty,z—y) > [Tz — Ty| (4.2)

It is not hard to show that 7 is firmly nonexpansive if and only if
T = 1(Id+ N), for some nonexpansive operator N. Clearly, then, if 7' is
firmly nonexpansive, T is averaged, and therefore T is nonexpansive, and all
firmly nonexpansive operators are convergent. Also, T' is firmly nonexpan-
sive if and only if G = Id — T is firmly nonexpansive. The Baillon-Haddad
Theorem is the following.

Theorem 4.1 (The Baillon-Haddad Theorem) ([4], Corollaire 10])
Let f : H — R be conver and Gateauz differentiable on H, and its gra-
dient operator T =V f nonexpansive. Then f is Fréchet differentiable and
T is firmly nonexpansive.

In [4] this theorem appears as a corollary of a more general theorem con-
cerning n-cyclically monotone operators in normed vector space. In [14]
Bauschke and Combettes generalize the Baillon-Haddad Theorem, giving
several additional conditions equivalent to the two in Theorem 4.1. Their
proofs are not elementary.

The Baillon-Haddad Theorem provides an important link between con-
vex optimization and fixed-point iteration. If g : H — R is a Gateaux dif-
ferentiable convex function and its gradient is L-Lipschitz continuous, that
is,

IVg(x) = Vg()ll < Lz -yl (4.3)

for all  and y, then ¢ is Fréchet differentiable and the gradient operator
of the function f = %g is nonexpansive. By the Baillon-Haddad Theorem
the gradient operator of f is firmly nonexpansive. It follows that, for any
0<y< %, the operator Id — Vg is averaged, and therefore convergent.
The class of averaged operators is closed to finite products, and Pg, the
orthogonal projection onto a closed convex set C is firmly nonexpansive.
Therefore, the projected gradient-descent algorithm with the iterative step

et = Po(a® —Vg(ab)) (4.4)

converges weakly to a minimizer, over C, of the function g, whenever such
minimizers exist.
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4.2 The Krasnosel’skii-Mann-Opial Theorem

For any operator T' : H — H that is averaged, weak convergence of
the sequence {T%2°} to a fixed point of T, whenever fixed points of T
exist, is guaranteed by the Krasnosel’skii-Mann-Opial (KMO) Theorem
[116, 128, 137]. The proof we present here is for the case of H = R’;
the proof is a bit more complicated for the infinite-dimensional case (see
Theorem 5.14 in [14]).

Theorem 4.2 Let T : R7 — R’ be a-averaged, for some a € (0,1). Then,
for any x°, the sequence {T*x°} converges to a fized point of T, whenever
Fix(T) is nonempty.

Proof: Let z be a fixed point of T. The identity in Equation (1.15) is the
key to proving Theorem 4.2.
Using Tz = z and (I —T)z = 0 and setting G = I — T we have

|z — 2||* = ||Tz — 2" |2 = 2(Gz — Gk, 2 — 2%) — ||Gz — G2*| %
(4.5)
Since G is i—ism, we have
1
Iz = 28| = |le = ™12 > (= = Dla® - 2F P (4.6)

Consequently, the sequence {||z — 2*||} is decreasing, the sequence {x*} is
bounded, and the sequence {||z* — 2**1||} converges to zero. Let z* be a
cluster point of {z*}. Then we have T'z* = x*, so we may use x* in place of
the arbitrary fixed point z. It follows then that the sequence {||z* — x*||}
is decreasing. Since a subsequence converges to zero, the entire sequence
converges to zero. |

A version of the KMO Theorem 4.2, with variable coefficients, appears
in Reich’s paper [139].

An operator T is said to be asymptotically regular if, for any x, the
sequence {||T*z — T*+1z||} converges to zero. The proof of the KMO The-
orem 4.2 involves showing that any averaged operator with fixed points
is asymptotically regular. In [137] Opial generalizes the KMO Theorem,
proving that, if 7" is nonexpansive and asymptotically regular, then the se-
quence {T kx} converges to a fixed point of T, whenever fixed points exist,
for any z.

Note that, in the KMO Theorem, we assumed that T is a-averaged, so
that G = I — T is v-ism, for some v > % But we actually used a somewhat
weaker condition on G; we required only that

(Gz — Gz, z — 2) > v||Gz — Gz|)?
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for z such that Gz = 0. This weaker property is called weakly v-ism.

We showed previously that the projected gradient descent (PGD) al-
gorithm is a particular case of the PMA, for 0 < v < % Convergence of
the PGD algorithm then follows, for those functions f that satisfy the con-
ditions needed for convergence of the PMA. Now that we have Theorem
4.2 we can say more. We know now that the operator T = Po(I —yVf)
is averaged, and therefore convergent, for 0 < v < % We now know that
the CQ algorithm converges whenever there are fixed points, as do all par-
ticular cases of the CQ algorithm, such as the Landweber and projected
Landweber algorithms.

The CQ algorithm is a particular case of the more general forward-
backward splitting (FBS) algorithm. Before we can present the FBS algo-
rithm we need to discuss the Moreau envelope and the Fenchel conjugate.

4.3 The Fenchel Conjugate

The duality between convex functions on H and their tangent hyper-
planes is made explicit through the Legendre-Fenchel transformation. Ini-
tially, we take f : H — [—o0, +00], without any additional assumptions on

I

4.3.1 The Fenchel Conjugate

We say that a function h(z) : H — R is affine if it has the form
h(z) = (a,x) — v, for some vector a and scalar v. If v = 0, then we call
the function linear. A function such as f(z) = 5z + 2 is commonly called a
linear function in algebra classes, but, according to our definition, it should
be called an affine function.

For each fixed vector a in H, the affine function h(z) = (a,z) — 7 is
beneath the function f(x) if f(x) — h(z) > 0, for all z; that is,

f(x) = (a,z) +7 =0,
v = {a,z) = f(2). (4.7)

This leads us to the following definition, involving the supremum of the
right side of the inequality in (4.7), for each fixed a.

Definition 4.1 The conjugate function associated with f is the function

fr(a) = sup ey ((a, ) — f(2)). (4.8)
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For each fixed a, the value f*(a) is the smallest value of v for which the
affine function h(x) = (a,x) — is beneath f(z) for all = € H. The passage
from f to f* is the Legendre—Fenchel Transformation. If f* is proper, then
so is f. The function f* is always convex, since

f*(a) = sup {(a,x> _7]}7

(z,n)€epi(f)

and the supremum of a family of affine functions is convex. The epigraph
of a function f : H — [—o0, +00], denoted epi(f), is the set

epi(f) = {(z,n)|f(x) < n}.

For example, suppose that f(z) = ix2. The function h(z) = azx + b is

2
beneath f(z) for all x if
1

ar +b < 5 z?,
for all x. Equivalently,
b< 1o
T° —ax
2 ’

for all . Then b must not exceed the minimum of the right side, which is
—%a2 and occurs when x — a = 0, or x = a. Therefore, we have

y=—b>-d’

DN | =

2

The smallest value of v for which this is true is v = 5a*, so we have

1
2
f*(a) = 1a2.

4.3.2 The Conjugate of the Conjugate

Now we repeat this process with f*(a) in the role of f(z). For each
fixed vector x, the affine function ¢(a) = {(a,x) — v is beneath the function
f*(a) if f*(a) — c(a) > 0, for all a € H; that is,

f(a) = {a,z) +v >0,
v > {a,z) — f*(a). (4.9)

This leads us to the following definition, involving the supremum of the
right side of the inequality in (4.9), for each fixed z.

Definition 4.2 The conjugate function associated with f* is the function

[ (@) = sup,((a, ) — f*(a)). (4.10)
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For each fixed z, the value f**(x) is the smallest value of v for which the
affine function ¢(a) = (a,x) — ~ is beneath f*(a) for all a.

If f is closed and convex, we have (f*)* = f** = f. Applying the
Separation Theorem to the epigraph of the closed, proper, convex function
f(z), it can be shown ([143], Theorem 12.1) that f(x) is the point-wise
supremum of all the affine functions beneath f(z); that is,

fz) = Saug{h(x)lf(w) > h(x)}.

Therefore,
f(@) = sup ({a.2) ~ [*(@)).
This says that
[ () = f(=). (4.11)

If f(x) is a differentiable function, then, for each fixed a, the function
g9(x) = (a,z) — f(x)
will attain its minimum if and only if
0=Vyg(z) =a—Vf(z),
which says that a = V f(z).

4.3.3 Some Examples of Conjugate Functions

e The exponential function f(z) = exp(z) = e* has conjugate
exp*(a) = aloga — a, (4.12)
ifa>0,0if a =0, and +o00 if a < 0.

e The function f(x) = —logx, for > 0, has the conjugate function
f*(a) = =1 —log(—a), for a < 0.
= %, where p > 0,

q > 0, and % + % = 1. Therefore, the function f(z) = %||z? is its

own conjugate, that is, f*(a) = %a||*.

e The function f(z) = % has conjugate f*(a)

e Let A be a real symmetric positive-definite matrix and

f(z) = 3(Az,a).

Then
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e Let ic(x) be the indicator function of the closed convex set C, that
is, ic(z) =0, if x € C, and oo otherwise.Then

ic(a) = sup (a,x),
x

which is the support function of the set C, usually denoted o¢(a).
e Let C C R’ be nonempty, closed and convex. The gauge function of
Cis
vo(z) =1inf{\ > 0]z € A\C}.

If C = B, the unit ball of R, then v5(z) = ||z||. For each C define
the polar set for C' by

C% = {z|{z,¢) < 1, forallc € C}.

Then
V& = Leo.

e Let C' = {z] ||z]| < 1}, so that the function ¢(a) = ||a||2 satisfies

¢(a) = sup(a, z).
zeC

Then

Therefore,

4.3.4 Conjugates and Subgradients
We know from the definition of f*(a) that

f*(a) > (a,2) — f(2),

for all z, and, moreover, f*(a) is the supremum of these values, taken over
all z. If a is a member of the subdifferential df(x), then, for all z, we have

f(2) = f(z) + (a, 2 — ),
so that
(a,z) — f(z) > (a,2) — f(2).

It follows that
f(a) = (a,z) — f(x),
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so that

f(@) + f*(a) = (a, z).
If f(z) is a differentiable convex function, then a is in the subdifferential
Of (z) if and only if a = V f(z). Then we can say

@)+ 7 (Vf(x) = (V[(z),z). (4.13)
If a = Vf(z1) and a = V f(x2), then the function
g(x) = {a,z) — f(x)
attains its maximum value at x = z; and at © = x5, so that
[H(a) = (a,21) — f(21) = (a,22) — f(x2).

Let us denote by z = (Vf)~!(a) any x for which Vf(x) = a. Then the
conjugate of the differentiable function f : H — R can then be defined as
follows [143]. Let D be the image of H under the mapping V f. Then, for
all a € D, define

f(@) = (a, (V) (@) = F(VF) "} (a). (4.14)
The formula in Equation (4.14) is also called the Legendre Transform.

4.4 The Forward-Backward Splitting Algorithm

The forward-backward splitting (FBS) methods [78, 51] form a broad
class of SUMMA algorithms closely related the IPA. Note that minimizing
G(x) in Equation (3.3) over x € C is equivalent to minimizing

Gr(z) = te(z) + f(z) + Dp(z,2"1) (4.15)

over all z € R/, where tc(z) = 0 for z € C and 1c(z) = 400 otherwise.
This suggests a more general iterative algorithm, the FBS.

Suppose that we want to minimize the function fi(z) + f2(z), where
both functions are convex and fo(x) is differentiable with its gradient L-
Lipschitz continuous in the Euclidean norm, by which we mean that

IV f2(z) = Vi2(y)ll < Lz -yl (4.16)

for all x and y. At the kth step of the FBS algorithm we obtain z* by
minimizing

Gr(x) = fi(z) + fa(z) + %llﬂ? — 2" H? = Dy, (z, 2" ), (4.17)

over all z € R, where 0 < v < %
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4.5 Moreau’s Proximity Operators

Following Combettes and Wajs [78], we say that the Moreau envelope
of index 7 > 0 of the closed, proper, convex function f : H — (—o0, o], or
the Moreau envelope of the function «y f, is the continuous, convex function

() = envy (o) = int (£(5) + 5-lke 3l (4.18)

see also Moreau [131, 132, 133]. In Chapter 7 we shall denote env¢(z) by
my(z).

In Rockafellar’s book [143] and elsewhere, it is shown that the infimum
is attained at a unique y, usually denoted prox.s(x). As we shall see in
Proposition 7.2, the proximity operators prox(-) are firmly nonexpansive;
indeed, the proximity operator prox  is the resolvent of the maximal mono-
tone operator B(z) = Jf(x) and all such resolvent operators are firmly
nonexpansive [29]. Proximity operators also generalize the orthogonal pro-
jections onto closed, convex sets. Consider the function f(x) = tc(x), the
indicator function of the closed, convex set C, taking the value zero for x in
C, and +o0 otherwise. Then prox,¢(z) = Pc(z), the orthogonal projection
of z onto C. The following characterization of x = prox;(z) is quite useful:
x = prox;(z) if and only if z — x € 9f(z) (see Proposition 7.1).

4.6 The FBS Algorithm

Our objective here is to provide an elementary proof of convergence for
the forward-backward splitting (FBS) algorithm; a detailed discussion of
this algorithm and its history is given by Combettes and Wajs in [78].

Let f : R — R be convex, with f = fi + f2, both convex, f» differ-
entiable, and V fo L-Lipschitz continuous. The iterative step of the FBS
algorithm is

k= prox. g, (zkfl - ’nyg(xkfl)). (4.19)

As we shall show, convergence of the sequence {z¥} to a solution can be
established, if 7 is chosen to lie within the interval (0,1/L].
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4.7 Convergence of the FBS algorithm

We shall prove convergence of the FBS algorithm in two ways. First, we
do so using the PMA framework. After that, we prove a somewhat stronger
convergence result using Theorem 4.2.

Let f:RY — R be convex, with f = f; + fo, both convex, f, differen-
tiable, and V fy L-Lipschitz continuous. Let {#*} be defined by Equation
(4.19) and let 0 < v < 1/L.

For each k =1,2,... let

1
Gil) = f(@) + o lle = e" | = Dy, (x, 2", (4.20)
where
Dy, (z,2"71) = fo(x) = fo(a"71) = (Vfo(a" 1) 2 =271 (4.21)
Since fa(x) is convex, Dy, (x,y) > 0 for all  and y and is the Bregman

distance formed from the function fs.
The auxiliary function

1 _ _
gr(z) = ng — 2" ? = Dy, (z,2") (4.22)
can be rewritten as

gi(x) = Dy (2, 2"1), (4.23)

where
1
h(z) = gllﬂcll2 — fa(). (4.24)

Therefore, gi(z) > 0 whenever h(x) is a convex function.
We know that h(x) is convex if and only if

(Vh(z) = Vh(y),z —y) > 0, (4.25)
for all  and y. This is equivalent to
1
;le—yll2 — (Vfa(x) = Vfaly),z —y) 2 0. (4.26)

Since V fy is L-Lipschitz, the inequality (4.26) holds for 0 < v < 1/L.

Lemma 4.1 The z* that minimizes Gi(z) over x is given by Equation

(4.19).
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Proof: We know that z* minimizes G} (z) if and only if
1
0 € Vfa(2zF) + ;(xk — 2" = Vo () + Vo (271 + 0 f1 (),

or, equivalently,

(a5 =V AEP) —at € a0 fi) ("),

Consequently,
z* = Prox. s, (zF=1 — AV fo(zF1)).

Theorem 4.3 The sequence {x*} converges to a minimizer of the function
f(z), whenever minimizers exist.

Proof: A relatively simple calculation shows that

1
Gi(z) = Gi(a") = %le — a¥||? +

(fi(@) = ") - %<(xk*1 —AVRE) — et e —ab)). (@a27)

Since
(2" =V fo (") — 2" € (v f1) (=),
it follows that

(fl(x) ~ fi(z®) — %<(x’f*1 AV ek L)) — ke — xk>) > 0.

Therefore,
1
Gi(z) — Gy (a") > %Hm — 2" > grya (). (4.28)

Therefore, the SUMMA inequality holds and the iteration fits into the
SUMMA class.
Now let & minimize f(z) over all . Then

)
Gr(&) — Gi(2") = f(2) + gr () — (") — gr(a®)
< f(2) + Groa(2) — Geor (a™71) = f(2%) — gu(a®),
so that

(G (@)= Croa(@h ™) = (Cu(@) ~Cula")) = F) = £(@) +gu(a") 2 0.
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Therefore, the sequence {G (%) — Gx(2*)} is decreasing and the sequences
{gr(2®)} and {f(2*) — f(2)} converge to zero.
From

. L.
Gi(#) - Gi(a") = glIx -

it follows that the sequence {z*} is bounded. Therefore, we may select a
subsequence {z*»} converging to some z**, with {z¥»~1} converging to
some z*, and therefore f(z*) = f(z**) = f(&).

Replacing the generic # with z**, we find that {G(z**) — Gi(2*)} is
decreasing to zero. From the inequality in (4.28), we conclude that the
sequence {||z* —2*||?} converges to zero, and so {z*} converges to z*. This
completes the proof of the theorem. |

Now we prove convergence of the FBS algorithm using Theorem 4.2.
By Proposition 7.2 the operator prox; is fne. Therefore, the operator 7' =
prox, (I — vV fa) is averaged, for 0 < vy < 2. According to Theorem 4.2,
the FBS algorithm converges to a fixed point whenever fixed points exist.

4.8 Some Examples

We present some examples to illustrate the application of Theorem 4.2.

4.8.1 Projected Gradient Descent

Let C be a nonempty, closed convex subset of R’ and fi(z) = tc(z),
the function that is +o0o for x not in C' and zero for z in C. Then tc(x)
is convex, but not differentiable. We have prox,; = Pc, the orthogonal
projection onto C. The iteration in Equation (4.19) becomes

zF = Po (a:]“l - ’nyg(mk*l)). (4.29)

The sequence {z*} converges to a minimizer of fy over x € C, whenever
such minimizers exist, for 0 <y < 1/L.

4.8.2 The C@ Algorithm

Let A be areal I by J matrix, C C R’, and Q C R’, both closed convex
sets. The split feasibility problem (SFP) is to find = in C such that Az is
in @. The function

fa(x) = %”PQA!E — Aac||2 (4.30)
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is convex, differentiable and V f, is L-Lipschitz for L = p(AT A), the spec-
tral radius of AT A. The gradient of f is

Vfa(z) = AT(I — Pg)Ax. (4.31)
We want to minimize the function fo(x) over z in C, or, equivalently, to

minimize the function f(x) = tc(x)+ f2(x). The projected gradient descent
algorithm has the iterative step

¥ = Pg (xk_l —yAT(I - PQ)Aack_l); (4.32)
this iterative method was called the C'Q-algorithm in [42, 43]. The sequence

{x*} converges to a solution whenever f, has a minimum on the set C, for
0<~vy<1/L.
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We turn now to iterative algorithms involving nonnegative vectors and
matrices. For such algorithms the two-norm will not play a major role. In-
stead, the Kullback-Leibler, or cross-entropy, distance will be our primary
tool. Our main examples are the simultaneous multiplicative algebraic re-
construction technique (SMART), the expectation maximization maximum
likelihood (EMML) algorithms, and various related methods.

5.1

The SMART Iteration

The SMART minimizes the function f(x) = KL(Pz,y), over nonnega-
tive vectors x. Here y is a vector with positive entries, and P is a matrix

43
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with nonnegative entries, such that s; = Zle P;; > 0. Denote by X the
set of all nonnegative x for which the vector Pz has only positive entries.

Having found the vector 2*~1, the next vector in the SMART sequence
is 2, with entries given by

xf:x, exp< ZP”log Pz k 1) ) (5.1)

5.2 The EMML Iteration

The EMML algorithm minimizes the function f(x) = KL(y, Pz), over
nonnegative vectors x. Having found the vector z*~!, the next vector in
the EMML sequence is ¥, with entries given by

5.3 The EMML and the SMART as AM

In [32] the SMART was derived using the following alternating mini-
mization (AM) approach.
For each x € X, let r(x) and ¢(z) be the I by J arrays with entries

()i = 2 Piyyi/ (P, (5.3)
and
q(m)ij = ijij- (54)

In the iterative step of the SMART we get z* by minimizing the function

KL(q(z),r ZZKL )ijsT 1)ij)
1=15=1
over & > 0. Note that KL(Pz,y) = KL(q(z),r(x)).

Similarly, the iterative step of the EMML is to minimize the function
KL(r(z*1),q(x)) to get = = x*. Note that K L(y, Px) = KL(r(z),q(z)).
It follows from the identities to be discussed in the next section that the
SMART can also be formulated as a particular case of SUMMA.
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5.4 The SMART as SUMMA

We show now that the SMART is a particular case of SUMMA; Lemma
2.1 is helpful in that regard. For notational convenience, we assume, for
the remainder of this chapter, that s; = 1 for all j; if this is not the
case initially, we can rescale both P and z without changing Pz. From
the identities established for the SMART in [32] and reviewed later in this
chapter, we know that the iterative step of SMART can be expressed as
follows: minimize the function

Gr(z) = KL(Pz,y) + KL(z,2"') — KL(Px, Pz"~1) (5.5)
to get z*. According to Lemma 2.1, the quantity
gr(x) = KL(z, 2" 1) — KL(Pz, Pz* 1)

is nonnegative, since s; = 1. The gy (x) are defined for all nonnegative x;
that is, the set D is the closed nonnegative orthant in R7. Each z* is a
positive vector.

It was shown in [32] that

Gr(z) = Gp(z¥) + KL(x, 2"), (5.6)

from which it follows immediately that the SMART is in the SUMMA class.

Because the SMART is a particular case of the SUMMA, we know that
the sequence {f(x*)} is monotonically decreasing to f(Z). It was shown
in [32] that if y = Pz has no nonnegative solution and the matrix P and
every submatrix obtained from P by removing columns has full rank, then
# is unique; in that case, the sequence {z*} converges to #. As we shall
see, the SMART sequence always converges to a nonnegative minimizer of
f(x). To establish this, we reformulate the SMART as a particular case of
the PMA.

5.5 The SMART as PMA
We take F'(z) to be the function

J
F(z) = Zacj log z;. (5.7)
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Then
Dp(z,z) = KL(z, 2). (5.8)

For nonnegative x and z in X', we have

D¢(z,z) = KL(Px, Pz). (5.9)
Lemma 5.1 Dp(x,z) > Dy(z,2).
Proof: We have

J
Dp(z,z) > ZKL(xj,zj) > ZZKL(PijSCj,Piij)
j=1 j=1i=1

I
> " KL((Pz)i,(Pz);) = KL(Px, Pz). (5.10)

1=

—

We let h(x) = F(z) — f(x); then Dy (z,2) > 0 for nonnegative x and z
in X. The iterative step of the SMART is to minimize the function

f(@) + Dy, z*71). (5.11)

So the SMART is a particular case of the PMA.

The function h(z) = F(z) — f(x) is finite on D = RY, the nonnegative
orthant of R/, and differentiable on its interior, so C' = D is closed in this
example. Consequently, & is necessarily in D. From our earlier discussion of
the PMA, we can conclude that the sequence { Dy, (%, 2*)} is decreasing and
the sequence {D(%,2%)} — 0. Since the function KL(&,-) has bounded
level sets, the sequence {z*} is bounded, and f(z*) = f(&), for every
cluster point. Therefore, the sequence { Dy (z*,2*)} is decreasing. Since a
subsequence converges to zero, the entire sequence converges to zero. The
convergence of {z*} to x* follows from basic properties of the KL distance.

From the fact that {D(#,2%)} — 0, we conclude that P# = Px*.
Equation (3.16) now tells us that the difference Dy,(,25~1) — Dy (%, 2%)
depends on only on Pz, and not directly on &. Therefore, the difference
Dy (2,2°) — Dp(2,2*) also depends only on PZ and not directly on Z.
Minimizing Dy, (2, 2°) over nonnegative minimizers & of f(x) is therefore
equivalent to minimizing Dy, (&, 2*) over the same vectors. But the solution
to the latter problem is obviously = x*. Thus we have shown that the
limit of the SMART is the nonnegative minimizer of K L(Px,y) for which
the distance K L(z,z°) is minimized. The following theorem summarizes
the situation with regard to the SMART.
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Theorem 5.1 In the consistent case the SMART converges to the unique
nonnegative solution of y = Px for which the distance ijl KL(z;, x?) is
minimized. In the inconsistent case it converges to the unique nonnegative
minimizer of the distance KL(Px,y) for which Z;.Izl KL(xj,29) is mini-
mized; if P and every matriz derived from P by deleting columns has full
rank then there is a unique nonnegative minimizer of KL(Pxz,y) and at
most I — 1 of its entries are nonzero.

5.6 Using KL Projections
For each ¢ = 1,2, ..., I, let H; be the hyperplane

Hi = {2|(Pz)i = yi}. (5.12)

The KL projection of a given positive x onto H; is the z in H; that min-
imizes the KL distance K L(z,z). Generally, the KL projection onto H;
cannot be expressed in closed form. However, the z in H; that minimizes
the weighted KL distance

J
> PKL(z,x5) (5.13)
j=1
is T;(x) given by
Ti(z); = zjy:/ (Px);. (5.14)

Both the SMART and the EMML can be described in terms of the Tj.
The iterative step of the SMART algorithm can be expressed as

I
o) = [[@E ). (5.15)

We see that :L'? is a weighted geometric mean of the terms T;(z*~1),.
The iterative step of the EMML algorithm can be expressed as

I
k k—
.’I?j = ZRJTZ(J} 1)j. (516)
i=1
We see that mf is a weighted arithmetic mean of the terms 7;(z*~1);, using

the same weights as in the case of SMART.
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5.7 The MART and EMART Algorithms
The MART algorithm has the iterative step

k_ k-1 Yi
where i = (kK — 1)(mod I) + 1 and
m; = max{P;lj =1,2,...,J}. (5.18)

When there are nonnegative solutions of the system y = Pz, the sequence
{x*} converges to the solution x that minimizes K L(z, z°) [35, 36, 37]. We
can express the MART in terms of the weighted KL projections T;(z*~1);

— _p: .mfl — % »Tn.f1
2§ = (@f 7P (Tt ) e (5.19)
We see then that the iterative step of the MART is a relaxed weighted KL
k—1

projection onto H;, and a weighted geometric mean of the current T

and T;(2%71);. The expression for the MART in Equation (5.19) suggests

a somewhat simpler iterative algorithm involving a weighted arithmetic

mean of the current xffl and T;(z*~1);; this is the EMART algorithm.
The iterative step of the EMART algorithm is

ol = (1= Pym; al ™t 4+ Pym ("), (5.20)

Whenever the system y = Px has nonnegative solutions, the EMART
sequence {z*} converges to a nonnegative solution, but nothing further is
known about this solution. One advantage that the EMART has over the
MART is the substitution of multiplication for exponentiation.

Block-iterative versions of SMART and EMML have also been investi-
gated; see [35, 36, 37] and the references therein.

5.8 Extensions of MART and EMART

As we have seen, the iterative steps of the MART and the EMART are
relaxed weighted KL projections onto the hyperplane H;, resulting in vec-
tors that are not within H;. This suggests variants of MART and EMART
in which, at the end of each iterative step, a further weighted KL pro-
jection onto H; is performed. In other words, for MART and EMART the
new vector would be T;(z*), instead of z* as given by Equations (5.17) and
(5.20), respectively. Research into the properties of these new algorithms
is ongoing.
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5.9 Convergence of the SMART and EMML

In this section we prove convergence of the SMART and EMML algo-
rithms through a series of exercises. For both algorithms we begin with an
arbitrary positive vector 2°. The iterative step for the EMML method is

ko (ph=1y — k=1 Yi

The iterative step for the SMART is

:L,;n _ (mm—l);{ — x;” exp (Z ; log m) (5.22)

Note that, to avoid confusion, we use k for the iteration number of the
EMML and m for the SMART.

5.9.1 Pythagorean Identities for the KL Distance

The SMART and EMML iterative algorithms are best derived using
the principle of alternating minimization, according to which the distances
KL(r(x),q(z)) and K L(q(x),r(z)) are minimized, first with respect to the
variable z and then with respect to the variable z. Although the KL dis-
tance is not Euclidean, and, in particular, not even symmetric, there are
analogues of Pythagoras’ theorem that play important roles in the conver-
gence proofs.

Ex. 5.1 Establish the following Pythagorean identities:

KL(r(z),q(2)) = KL(r(2),q(2)) + KL(r(z),7(2)); (5.23)
KL(r(z),q(2)) = KL(r(z),q(z") + KL(2', 2), (5.24)

for
ij (P:z:)i; (5.25)

KL(g(x),r(z)) = KL(q(x),r(x)) + KL(z,2) — KL(Pz,Pz); (5.26)
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KL(q(x),r(2)) = KL(q(2"),7(2)) + KL(x,2"), (5.27)
for
I .
27 = zj exp <; P;;log (Py;)z> . (5.28)

Note that it follows from Equation (2.7) that KL(x,z) — KL(Px, Pz) > 0.

5.9.2 Convergence Proofs

We shall prove convergence of the SMART and EMML algorithms
through a series of exercises.

Ex. 5.2 Show that, for {z*} given by Equation (5.21), {KL(y, Px*)} is
decreasing and {K L(z*T1 z*)} — 0. Show that, for {z™} given by Equa-
tion (5.22), {KL(Px™,y)} is decreasing and { K L(z™,2™*1)} — 0. Hint:
Use KL(r(z),q(z)) = KL(y, Px), KL(¢q(z),r(z)) = KL(Pz,y), and the
Pythagorean identities.

Ex. 5.3 Show that the EMML sequence {x*} is bounded by showing

Ex. 5.4 Show that (x*) = x* for any cluster point x* of the EMML se-
quence {x*} and that (z*)" = x* for any cluster point x* of the SMART
sequence {x™}. Hint: Use { K L(z**1,2%)} — 0 and {KL(z™,2™*1)} — 0.

Ex. 5.5 Let & and & minimize KL(y, Px) and KL(Px,y), respectively,
over all x > 0. Then, (Z)' = & and (Z)” = Z. Hint: Apply Pythagorean
identities to KL(r(%),q(%)) and KL(q(Z),r(Z)).
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Note that, because of convexity properties of the KL distance, even if
the minimizers £ and & are not unique, the vectors Pz and Px are unique.

Ex. 5.6 For the EMML sequence {x*} with cluster point x* and & as de-
fined previously, we have the double inequality

KL(&,2%) > KL(r(&),7(z*)) > KL(z, 2**1), (5.29)

from which we conclude that the sequence {KL(&,z*)} is decreasing and
KL(#,7*) < +oo. Hint: For the first inequality calculate K L(r(%),q(z*))

in two ways. For the second one, use (z)}; = Zle r(z);; and Lemma 2.1.

Ex. 5.7 Show that, for the SMART sequence {x™} with cluster point x*
and T as defined previously, we have

KL(#,2™) — KL(Z,2™ ") = KL(Pz™y) — KL(PZ,y)+

KL(P%, Pz™) + KL(z™, 2™) — KL(Px™! Pz™), (5.30)

and so KL(PZ,Pxz*) = 0, the sequence {KL(Z,z™)} is decreasing and
KL(Z,2*) < +oo. Hint: Expand KL(q(Z),r(z™)) using the Pythagorean
identities.

Ex. 5.8 For x* a cluster point of the EMML sequence {x*} we have
KL(y, Px*) = KL(y, P%). Therefore, x* is a nonnegative minimizer of
KL(y, Px). Consequently, the sequence {KL(x*,z*)} converges to zero,
and so {z*} — z*. Hint: Use the double inequality of Equation (5.29) and
KL(r(2),q(z")).

Ex. 5.9 For z* a cluster point of the SMART sequence {x™} we have
KL(Px*,y) = KL(Pz,y). Therefore, z* is a nonnegative minimizer of
KL(Pz,y). Consequently, the sequence {KL(z*,2™)} converges to zero,
and so {™} — x*. Moreover,

KL(#,2) > KL(z*, 2°)

for all T as before. Hints: Use FExercise 5.7. For the final assertion use the
fact that the difference KL(%,2™) — KL(&, ™) is independent of the
choice of T, since it depends only on Px* = PZ. Now sum over the index
m.
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5.10 Regularization

The “night sky” phenomenon that occurs in nonnegatively constrained
least-squares also happens with methods based on the Kullback-Leibler
distance, such as MART, EMML and SMART, requiring some sort of reg-

ularization.

5.10.1 The “Night-Sky” Problem

As we saw previously, the sequence {z*} generated by the EMML it-
erative step in Equation (5.2) converges to a nonnegative minimizer & of
f(z) = KL(y, Pzx), and we have

X . Yi

for all j. We consider what happens when there is no nonnegative solution
of the system y = Px.
For those values of j for which £; > 0, we have

I I

i=1 =1

Now let @ be the I by K matrix obtained from P by deleting rows j for
which 2; = 0. If Q has full rank and K > I, then Q7 is one-to-one, so
that 1 = (F?)!;)i for all 4, or y = Pz. But we are assuming that there is no
nonnegative solution of y = Pz. Consequently, we must have K < I and
I — K of the entries of & are zero.

5.11 Modifying the KL distance

The SMART, EMML and their block-iterative versions are based on
the Kullback-Leibler distance between nonnegative vectors and require that
the solution sought be a nonnegative vector. To impose more general con-
straints on the entries of = we derive algorithms based on shifted KL dis-
tances, also called Fermi-Dirac generalized entropies.

For a fixed real vector w, the shifted KL distance K L(x — u,z — u) is
defined for vectors = and z having xz; > u; and z; > wu;. Similarly, the
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shifted distance K L(v — z,v — z) applies only to those vectors x and z for
which z; <wv; and z; < v;. For u; < wvj, the combined distance

KL(x —u,z—u)+ KL(v—z,v—2)

is restricted to those x and z whose entries z; and z; lie in the interval
[uj,v;]. Our objective is to mimic the derivation of the SMART, EMML
and RBI methods, replacing KL distances with shifted KL distances, to
obtain algorithms that enforce the constraints u; < x; < vy, for each
j. The algorithms that result are the ABMART and ABEMML block-
iterative methods. These algorithms were originally presented in [38], in
which the vectors u and v were called a and b, hence the names of the
algorithms. As previously, we shall assume that the entries of the matrix
P are nonnegative. We shall denote by B,,, n = 1, ..., N a partition of the
index set {i = 1, ..., I'} into blocks. For k =0, 1, ... let n(k) = k(mod N)+1.

The projected Landweber algorithm can also be used to impose the
restrictions u; < x; < v;; however, the projection step in that algorithm
is implemented by clipping, or setting equal to u; or v; values of x; that
would otherwise fall outside the desired range. The result is that the values
u; and v; can occur more frequently than may be desired. One advantage
of the AB methods is that the values u; and v; represent barriers that
can only be reached in the limit and are never taken on at any step of the
iteration.

5.12 The ABMART Algorithm

We assume that (Pu); < y; < (Pv); and seek a solution of Pz = y with
u; < z; < wj, for each j. The algorithm begins with an initial vector z°
satisfying u; < :z:g < vj, for each j. Having calculated z*, we take

$§+1 = afvj +(1- a?)uj, (5.33)
with n = n(k),
e g IIdn™ (5,34
T T |
k
k (xj - uj)
o T (5.35)
T (v —af)
and

gk = i _ (5.36)
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where J]" denotes the product over those indices 7 in By (k- Notice that,
at each step of the iteration, x;‘
u;j and vj, so that ¥ lies in the interval [u;, v;].

We have the following theorem concerning the convergence of the AB-

MART algorithm:

is a convex combination of the endpoints

Theorem 5.2 If there is a solution of the system Px =y that satisfies the
constraints u; < x; < vy for each j, then, for any N and any choice of the
blocks By, the ABMART sequence converges to that constrained solution
of Px =y for which the Fermi-Dirac generalized entropic distance from x
to a9,

KL(z —u,2° —u) + KL(v — x,v — 2°),

is minimized. If there is no constrained solution of Px =y, then, for N =1,
the ABMART sequence converges to the minimizer of

KL(Px — Pu,y — Pu) + KL(Pv — Pz, Pv—y)

for which
KL(x —u,2° —u) + KL(v — z,v — )

18 minimized.

The proof is similar to that for RBI-SMART and is found in [38].

5.13 The ABEMML Algorithm

We make the same assumptions as in the previous section. The iterative
step of the ABEMML algorithm is

2T = ol + (1 - af)uy, (5.37)
where
o =~F/ds, (5.38)
'yjl-“ = (ac;C — uj)e;?, (5.39)
B = (v; — 25}, (5.40)

df =~F + B, (5.41)
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= (1 -> PU> + Y Py (M), (5.42)

1€B, 1€B,

and

(1 -> Pu) + Y Py <(ka)> (5.43)

i€By, i€B,,

We have the following theorem concerning the convergence of the ABE-
MML algorithm:

Theorem 5.3 If there is a solution of the system Px =y that satisfies the
constraints u; < x; < vy for each j, then, for any N and any choice of the
blocks B,,, the ABEMML sequence converges to such a constrained solution
of Px = y. If there is no constrained solution of Px =y, then, for N =1,
the ABEMML sequence converges to a constrained minimizer of

KL(y — Pu,Px — Pu) + KL(Pv —y, Pv — Px).

The proof is similar to that for RBI-EMML and is to be found in [38]. In
contrast to the ABMART theorem, this is all we can say about the limits
of the ABEMML sequences.

Open Question: How does the limit of the ABEMML iterative sequence
depend, in the consistent case, on the choice of blocks, and, in general, on
the choice of 29?7
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6.1 The Alternating-Minimization Framework

As we have seen, the SMART and the EMML algorithms are best de-
rived as alternating minimization (AM) algorithms. The main reference for
alternating minimization is the paper [81] of Csiszar and Tusnddy. As the
authors of [153] remark, the geometric argument in [81] is “deep, though
hard to follow”. The main reason for the difficulty, I feel, is that the key to
their convergence theorem, what they call the five-point property, appears
to be quite ad hoc and the only good reason for using it that they give is
that it works. As we shall see, all AM algorithms can be reformulated as AF
methods. When this is done, the five-point property converts precisely into
the SUMMA inequality; therefore, all AM methods for which the five-point
property of [81] holds fall into the SUMMA class (see [50]).

The alternating minimization (AM) approach provides a useful frame-
work for the derivation of iterative optimization algorithms. In this section
we discuss the five-point property of [81] and use it to obtain a somewhat

57



58 Lecture Notes on Iterative Optimization Algorithms

simpler proof of convergence for their AM algorithm. We then show that
all AM algorithms with the five-point property are in the SUMMA class.

6.2 The AM Framework

Suppose that P and ) are arbitrary non-empty sets and the function
O(p, q) satisfies —co < O(p,q) < o0, for each p € P and ¢ € Q. We
assume that, for each p € P, there is ¢ € Q with O(p,q) < +oo. There-
fore, 8 = infpep e O(p,q) < +o00. We assume also that § > —oo; in
many applications, the function ©(p, q) is nonnegative, so this additional
assumption is unnecessary. We do not always assume there are p € P and
g € @ such that ©(p,§) = B; when we do assume that such a p and ¢
exist, we will not assume that p and ¢ are unique with that property. The
objective is to generate a sequence {(p™, ¢™)} such that ©(p™, ¢") | 8.

6.3 The AM Iteration

The general AM method proceeds in two steps: we begin with some ¢°,
and, having found ¢", we

e 1. minimize ©(p,¢") over p € P to get p = p" !, and then
e 2. minimize O(p" 1, q) over ¢ € Q to get ¢ = ¢" L.

In certain applications we consider the special case of alternating cross-
entropy minimization. In that case, the vectors p and ¢ are nonnegative,
and the function O(p,q) will have the value +o0o whenever there is an
index j such that p; > 0, but ¢; = 0. It is important for those particular
applications that we select ¢° with all positive entries. We therefore assume,
for the general case, that we have selected ¢° so that O(p, ¢") is finite for
all p.

The sequence {O(p™, ¢")} is decreasing and bounded below by /3, since
we have

@(pn7qn) 2 (__)(pn+17qn) Z @(pn-‘rl’qn—i-l). (61)

Therefore, the sequence {O(p™, ¢")} converges to some * > . Without
additional assumptions, we can say little more.
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We know two things:
(", ¢") - 8", ¢"") >0, (6.2)
and
o(p",q¢") — 6", q") > 0. (6.3)
Equation 6.3 can be strengthened to
O(p,¢") —O(@"*,¢") > 0. (6.4)

We need to make these inequalities more precise.

6.4 The Five-Point Property for AM

The five-point property is the following: for all p € P and ¢ € @ and
n=12,..

The Five-Point Property
O(p.q) +O(p,¢" ™) 2 B(p,¢") +O(",¢" 7). (6.5)

6.5 The Main Theorem for AM

We want to find sufficient conditions for the sequence {©(p™,¢™)} to
converge to §, that is, for §* = . The following is the main result of [81].
Theorem 6.1 If the five-point property holds then 8* = .

Proof: Suppose that 5* > (. Then there are p’ and ¢’ such that 5* >
O(p',¢') > B. From the five-point property we have

oW, ¢" ) -e@",¢" ) > ew,q") - 6w, ), (6.6)
so that

o, ") —0@,¢")>e0r",¢" ) -0, q¢) >0. (6.7)

All the terms being subtracted can be shown to be finite. It follows that
the sequence {O(p',q" 1)} is decreasing, bounded below, and therefore
convergent. The right side of Equation (6.7) must therefore converge to
zero, which is a contradiction. We conclude that 8* = S whenever the
five-point property holds in AM. |
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6.6 AM as SUMMA

I have not come across any explanation for the five-point property other
than it works. I was quite surprised when I discovered that AM algorithms
can be reformulated as algorithms minimizing a function f : P — R and
that the five-point property is then the SUMMA condition in disguise.
We show now that the SUMMA class of AF methods includes all the AM
algorithms for which the five-point property holds.

For each p in the set P, define ¢(p) in @ as a member of @ for which

O(p,q(p)) < O(p,q), for all ¢ € Q. Let f(p) = O(p, q(p)).
At the nth step of AM we minimize

Gulp) = ©(p.a" ™) = O(p.a(p) + (O(p.a" ) — O, a(p)))  (6:8)

to get p™. With

9(p) = (0(p.4" ) = ©(p.q(p))) > 0, (6.9)
we can write
Gn(p) = f(p) + gn(p). (6.10)
According to the five-point property, we have
Gu(p) — Gan(p") =2 ©(p,q") — O(p,4(p)) = gn+1(p)- (6.11)

It follows that AM is a member of the SUMMA class.

6.7 The Three- and Four-Point Properties

In [81] the five-point property is related to two other properties, the
three- and four-point properties. This is a bit peculiar for two reasons:
first, as we have just seen, the five-point property is sufficient to prove
the main theorem; and second, these other properties involve a second
function, A : P x P — [0, +00], with A(p,p) =0 for all p € P. The three-
and four-point properties jointly imply the five-point property, but to get
the converse, we need to use the five-point property to define this second
function; it can be done, however.

The three-point property is the following:
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The Three-Point Property

O(p,q") — (", ¢") > A(p,p™ 1), (6.12)

for all p. The four-point property is the following:

The Four-Point Property

Alp,p™*) +O(p,q) = O(p. ¢" 1), (6.13)

for all p and gq.

It is clear that the three- and four-point properties together imply the
five-point property. We show now that the three-point property and the
four-point property are implied by the five-point property. For that purpose
we need to define a suitable A(p, p). For any p and p in P define

where ¢(p) denotes a member of @ satisfying O(p, ¢(p)) < O(p, q), for all ¢
in Q. Clearly, A(p,p) > 0 and A(p,p) = 0. The four-point property holds
automatically from this definition, while the three-point property follows
from the five-point property. Therefore, it is sufficient to discuss only the
five-point property when speaking of the AM method.

6.8 Alternating Distance Minimization

The general problem of minimizing ©(p, ¢) is simply a minimization of
a real-valued function of two variables, p € P and ¢ € Q). In many cases the
function O(p, q) is a distance between p and ¢, either ||p — ¢||? or KL(p, q).
In the case of O(p, q) = ||p — q||?, each step of the alternating minimization
algorithm involves an orthogonal projection onto a closed convex set; both
projections are with respect to the same Euclidean distance function. In
the case of cross-entropy minimization, we first project ¢™ onto the set
P by minimizing the distance K L(p, ¢™) over all p € P, and then project
p" 1 onto the set () by minimizing the distance function K L(p™*1, ). This
suggests the possibility of using alternating minimization with respect to
more general distance functions. We shall focus on Bregman distances.
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6.9 Bregman Distances

Let f : R/ — R be a Bregman function [26, 72, 31], and so f(z) is
convex on its domain and differentiable in the interior of its domain. Then,
for x in the domain and z in the interior, we define the Bregman distance
Dy¢(x,z) by

Dy(z,2) = f(z) = f(2) = (V[(2),z = 2). (6.15)

For example, the KL distance is a Bregman distance with associated Breg-
man function

J
flz) = Z:ﬂj logz; — ;. (6.16)
j=1

Suppose now that f(z) is a Bregman function and P and @ are closed
convex subsets of the interior of the domain of f(x). Let p"*! minimize
D¢(p,q™) over all p € P. It follows then that

(Vi("™) = Vf@"),p—p"t) >0, (6.17)
for all p € P. Since

Dy(p,q") — Ds(p" ™, q") =

Dy(p,p" ™) (V") = Vf(g").p — "), (6.18)
it follows that the three-point property holds, with
O(p.q) = Dy (p,q), (6.19)
and
A(p,p) = Ds(p, p)- (6.20)

To get the four-point property we need to restrict Dy somewhat; we assume
from now on that Dy(p,q) is jointly convex, that is, it is convex in the
combined vector variable (p, q) (see [10]). Now we can invoke a lemma due
to Eggermont and LaRiccia [90].

6.10 The Eggermont-LaRiccia Lemma

Lemma 6.1 Suppose that the Bregman distance D¢ (p, q) is jointly conve.
Then it has the four-point property.
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Proof: By joint convexity we have
Dy(p.q) — Ds(p",q") 2

(ViDg(p",q"),p —p") +(VaDs(p",q"),q — "),

where V; denotes the gradient with respect to the first vector variable.
Since ¢ minimizes Df(p™, q) over all g € (), we have

(VaDs(p".q"),q—q") =2 0,
for all ¢. Also,
(ViDy(p",q"),p —p") =(Vf(0") = Vf(¢"),p — ")
It follows that
Ds(p,q") — Ds(p,p™) = Ds(p",¢") + (V1D (p",4"),p — P")
< Dy(p,q) — (V2Ds(p",q"),q = ¢") < Dy(p, q).
Therefore, we have
Dy(p.p") + Ds(p,qa) > Dy(p,q").

This is the four-point property. |
We now know that the alternating minimization method works for any

Bregman distance that is jointly convex. This includes the Euclidean and
the KL distances.

6.11 Minimizing a Proximity Function

We present now an example of alternating Bregman distance minimiza-
tion taken from [41]. The problem is the convex feasibility problem (CFP),
to find a member of the intersection C' C R” of finitely many closed convex
sets C;, i =1, ..., I, or, failing that, to minimize the proximity function

I
F(e) =Y Di(P,x), (6.21)
i=1
where f; are Bregman functions for which D;, the associated Bregman
distance, is jointly convex, and ?lx are the left Bregman projection of x
onto the set Cj;, that is, P,z € C; and Di(ﬁix, x) < Dyi(z,x), for all z € C;.
Because each D; is jointly convex, the function F'(x) is convex.
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The problem can be formulated as an alternating minimization, where
P C R is the product set P = C; x Cy x ... x Cr. A typical member of P
has the form p = (¢!, c?, ..., ¢!), where ¢ € C;, and Q C R!/ is the diagonal
subset, meaning that the elements of ) are the I-fold product of a single
z; that is Q = {d(z) = (z, 7, ...,x) € RI7}. We then take

O(p,q) = Y _ Di(d', ), (6.22)

and A(p, p) = O(p,p).

In [64] a similar iterative algorithm was developed for solving the CFP,
using the same sets P and @), but using alternating projection, rather than
alternating minimization. Now it is not necessary that the Bregman dis-
tances be jointly convex. Each iteration of their algorithm involves two
steps:

1. minimize Zle D;(c,x™) over ¢! € C;, obtaining ¢! = ?ix”, and
then

2. minimize Zle D;(x, $1x”)

Because this method is an alternating projection approach, it converges
only when the CFP has a solution, whereas the previous alternating mini-
mization method minimizes F'(x), even when the CFP has no solution.

6.12 Right and Left Projections

Because Bregman distances Dy are not generally symmetric, we can
speak of right and left Bregman projections onto a closed convex set. For
any allowable vector z, the left Bregman projection of z onto C, if it exists,
is the vector Pcx € C satisfying the inequality D¢(Pcx,z) < Dy(c, x),
for all ¢ € C'. Similarly, the right Bregman projection is the vector Poz € C
satisfying the inequality Ds(x, Pcx) < D¢(z,¢), for any c € C.

The alternating minimization approach described above to minimize
the proximity function

Fla)=3" Di(P iz, 2) (6.23)

can be viewed as an alternating projection method, but employing both
right and left Bregman projections.
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Consider the problem of finding a member of the intersection of two
closed convex sets C' and D. We could proceed as follows: having found

l.’ﬂ

, minimize D(2™,d) over all d € D, obtaining d = P pz", and then
minimize Dy(c, P pz™) over all ¢ € C, obtaining ¢ = 2"! = ?CBD.Z‘H.
The objective of this algorithm is to minimize Dy(c, d) over all ¢ € C' and
d € D; such a minimum may not exist, of course.

In [12] the authors note that the alternating minimization algorithm of
[41] involves right and left Bregman projections, which suggests to them
iterative methods involving a wider class of operators that they call “Breg-
man retractions”.

6.13 More Proximity Function Minimization

Proximity function minimization and right and left Bregman projec-
tions play a role in a variety of iterative algorithms. We survey several of
them in this section.

6.14 Cimmino’s Algorithm

Our objective here is to find an exact or approximate solution of the
system of I linear equations in J unknowns, written Az = b. For each 4 let

Ci = {,Z"(AZJ)Z = bz}, (624)

and P;x be the orthogonal projection of = onto C;. Then

(Pift)j =x; + OliAij(bi — (ACE)IL), (625)
where
J
()™t =>"A7. (6.26)
j=1
Let

I
F(z) = Z | P — |2 (6.27)
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Using alternating minimization on this proximity function gives Cimmino’s

algorithm, with the iterative step

I

1

of = a7 D aidi(bi - (A1), (6.28)
i=1

6.15 Simultaneous Projection for Convex Feasibility

Now we let C; be any closed convex subsets of R’ and define F(x)
as in the previous section. Again, we apply alternating minimization. The
iterative step of the resulting algorithm is

1
1
k k-1
et = ;_1 Pzt (6.29)

The objective here is to minimize F'(x), if there is a minimum.

6.16 The Bauschke-Combettes-Noll Problem

In [13] Bauschke, Combettes and Noll consider the following problem:
minimize the function

O(p,q) = Ap, q) = é(p) +¥(q) + Dy (p, q), (6.30)

where ¢ and 1 are convex on R7, D = Dy is a Bregman distance, and
P = @ is the interior of the domain of f. They assume that

B8 = inf A(p,q) > —oo, (6.31)
(p.9)
and seek a sequence {(p™,q¢")} such that {A(p™,q¢")} converges to 8. The
sequence is obtained by the AM method, as in our previous discussion. They
prove that, if the Bregman distance is jointly convex, then {A(p™,¢™)} | 8.
In this section we obtain this result by showing that A(p,q) has the five-
point property whenever D = Dy is jointly convex. Our proof is loosely
based on the proof of the Eggermont-LaRiccia lemma.
The five-point property for A(p, q) is

Ap,q" ") = A", ¢"") = Alp,q") — Alp.q). (6.32)
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Lemma 6.2 The inequality in (6.32) is equivalent to

D(pa qn) + D(pnv qn—l) - D(pv qn—l) - D(pn7 qn) (633)
Proof: The proof is left to the reader. |
By the joint convexity of D(p,q) and the convexity of ¢ and ¢ we have

(VpA(p",q"),p —p") + (VAR™,4"),a = ¢"), (6.34)

where V,A(p"™, ¢") denotes the gradient of A(p, ¢), with respect to p, eval-
uated at (p™,q").
Since ¢™ minimizes A(p", q), it follows that

(VeA(P"™,q"),qa —q") =0, (6.35)
for all g. Therefore,
Alp,q) = A(P".q") = (VA" ¢"),p —P") - (6.36)
We have
(VpA(p".q"),p —p") =
(Vf(") =V f(@"),p—p") +(Vo"),p —p"). (6.37)
Since p"™ minimizes A(p, ¢" '), we have
VoAp",¢" ) =0, (6.38)
or
Vo) = Vi) = Vi), (6.39)
so that

(VoM™ q"),p—p") = (Vf(q"") = Vf(d"),p—p")

= D(p,q")+ D(p",¢""") = D(p,¢" ") — D", ¢"). (6.40)

Using (6.36) we obtain the inequality in (6.33). This shows that A(p, ¢) has
the five-point property whenever the Bregman distance D = Dy is jointly
convex. From our previous discussion of AM, we conclude that the sequence
{A(p™,¢™)} converges to 3; this is Corollary 4.3 of [13].

If ¢ = 0, then {A(p™, ¢"™)} converges to 3, even without the assumption
that the distance Dy is jointly convex. In such cases, A(p, ¢) has the form of
the objective function in proximal minimization and therefore the problem
falls into the SUMMA class (see Lemma 3.1).
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The Baillon—-Haddad Theorem
Revisited

7.1 The Fenchel Conjugate ..........oooiiiiiiiiiiiiiiiiiniiiinen...
7.2 The Moreau Envelope ...
7.3 Infimal Convolution ............ .. i
7.4 The Extended Baillon-Haddad Theorem ........................

In [14] Heinz Bauschke and Patrick Combettes extend the Baillon-Haddad
Theorem to include several additional conditions equivalent to the gradi-
ent of a convex function being nonexpansive. These additional conditions
involve the Moreau envelope and the Fenchel conjugate. We review these
concepts first, and then present their extended Baillon-Haddad Theorem.

7.1 The Fenchel Conjugate

We let f: H :— (—o0, +00] be proper. The conjugate of the function f
is the function f* given by

f(a) = sup,eqfla, z) — f(x)}. (7.1)

The conjugate of f* is defined in the obvious way.

7.2 The Moreau Envelope

The Moreau envelope of the function f: H — (—o0, 00] is the continu-
ous convex function

(o) = envyla) = () + 5lle =) (12)

69
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We assume, from now on, that f is closed, proper, and convex, in which case
the infimum is uniquely attained at y = prox; (z). Since y = z minimizes
F(y) = f(y) + ||z — y||? if and only if 0 € OF(2), we see, using Equation
1.19 of Proposition 1.4, that

0 € 9f(prox;(z)) — = + prox,(z),

or
x € 0f (prox(x)) + prox,(z).

This characterization of z = prox f(:v), which we restate now as Proposition
7.1, can be obtained without relying on Proposition 1.4. The proof we give
here is that of Proposition 12.26 of [15].

Proposition 7.1 A point p € H is p = proxs(z) if and only if * € p +
of(p).

Proof: Suppose that p = prox;(x). Then
1 2 1 2
F) + 5lle = plI” < fly) + Sllz =yl
for all y € H. Therefore,
1 2 1 2 1 2
F@) = ) 2 Slle = plI" = Slle = ylI* = (v —p, 2 = p) = Sl — 9"
But we want to show that

fly) = f®) >y —p,z —p).

To get this we need to do more work. Let p, = (1 — a)p + ay, for some
a € (0,1). Then

F®)+ glle =PI < Fpa) + gz~ pal®

From
f(pa) < (1 —a)f(p) +af(y),
we can get
a
F) = f) = y=po =)= 5ly—pl*
for all « in (0,1). Now let o go to zero. |

Using Proposition 7.1 we can prove the following Proposition.

Proposition 7.2 The operator T' = prox; is firmly nonerpansive.
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Proof: Let p = prox;(r) and ¢ = prox;(y). Then we have z —p € df(p),
and y — q € 9f(q). Therefore,

flg) = f(p) > (x —p,q—p),

and
fp)—=fl@) > (y—q,p—q),

from which we obtain
p—qz—y)>|p—ql*
|

If C C H is a nonempty, closed, convex subset, and f = (¢, then
prox; = Pc. Also 0f(z) = N¢(z), the normal cone to C at x and

Joe = Ino = prox,, = FPc.

Proposition 7.3 The Moreau envelope my(x) = envy(x) is Fréchet dif-
ferentiable and

Vmy(z) = x — prox;(x). (7.3)

Proof: Let p = prox;(z) and ¢ = prox;(y). Then
1 2 1 2
my(y) —my(z) = f(@) + 5 lla =yl = f(p) = 5lip — =]l

1 1 1 1
= J‘(q)—f(p)JriIICJ—yI\Q—ng—III2 > <q—p,x—p>+§|\q—yll2—§Ilp—x|\2-
Consequently,
1
my(y) =my(z) = Sy —g—z+pl* + (y - 2,2 -p) = (y— 2,2~ p).

Similarly,
my(x) —my(y) > (x —y,y — q).
Then
0 <mys(y) —mys(z) — (y— =z, —p) < lz —ylI* = lg — plI*,

where we have used the fact that 7' = prox; is fne. Therefore,

my(y) —mys(z) — (y — 2,2 —p)
|z =yl

< lz =yl

Now let y — x. |
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Proposition 7.4 Let f : H — (—o0,00] be closed, proper, and conver.
Then x = z minimizes f(x) if and only if x = z minimizes mys(x).

Proof: We have = » minimizes m(x) if and only if
0=Vms(z) =z — prox,(z),

or
prox;(z) = 2.

Since, for any x, z = prox;(z) if and only if z — z € 9f(z), it follows, using
x =z, that 0 € 9f(z) and so z minimizes f, |

7.3 Infimal Convolution

Let f:H — R and g : X — R be arbitrary. Then the infimal convolu-
tion of f and g, written f @ g, is

(fog)(z)= irylf{f(y) +9(z -y} (7.4)

see Lucet [125] for details. Using g(z) = q(z) = 1||z||?, we have f@&q = my.

Proposition 7.5 Let f and g be functions from H to R. Then we have
(fog)=r+g"

Proof: Select a € H. Then

(709" (@) =sup ((aa) = nf () + ot~ ) )

xT

= sup ((y, a) — f(y) + Sgp{@c —y,a) —g(xr — y)}> = f*(a) + g*(a).

Y

Corollary 7.1 With q(z) = 3||z||* = ¢* () in place of g(x), we have
1. (mg) =00 =f"+4q¢
2.mp=fdqg=(f"+q*; and
5.omp=froq=(f+q)"

Proposition 7.6 Let f : H — R be closed and convez. The following hold:
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L. my=q—(f+a)7%;
2. my+myg- = q; and
3. prox; + proxg. = I.

Proof: First we prove 1. For any = € ‘H we have
my(z) = nt{f(y) +q(z —y)} = wH{f(Y) +o(2) +aly) — (@9}
=q(z) - Sl;p{<x,y> = fy) —a)} = alz) = (f + )" (2).

Assertion 2. then follows from the previous corollary, and we get Assertion
3. by taking gradients. |

Proposition 7.7 Let f : H — R be closed and convez, q(z) = 1|z|?,

g(x) = q(z) — f(x), and h(x) = f*(z) — q(x). If g is convex, then so is h.
Proof: We have
F(z) = q(x) = g(z) = q(z) — g7 (2) = q(2) — sup{(u, 2) — g"(u)}

= inf{g(x) — {u2) + " (u)}.

Therefore

f*(a) = supsup{(a, z) + (v, z) — q(z) — g*(u)}
SO

fH(a) = Sl;p{q*(a +u) —g*(u)}.

From

X 1 o 1 2 1 2

¢*(atw) = 3la+ul® = Sllal® + (a,u) + 3 ul?,
we get )
£(@) = Sllal’ + (" = 0)" (@),

or

h(a) = f*(a) - %II@II2 = (9" — 9)(a) = sup{(a, 2) — g" () +q(a)},

which is the supremum of a family of affine functions in the variable a, and
S0 is convex. |

Proposition 7.8 Let f : H — R be closed and convez, q(z) = 3||z[/?, and
h(z) = f*(z) — q(x). If h is convex, then f = mp~.

Proof: From h = f* — g we get f* = h + ¢, so that
f=r"=0+q" =h"&q=mp-.
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7.4 The Extended Baillon-Haddad Theorem

Now we are in a position to consider the extended Baillon-Haddad
Theorem of Bauschke and Combettes. To avoid technicalities, we present
a slightly simplified version of the theorem in [14, 15].

Theorem 7.1 Let f: H — R be closed and convez, q(z) = L||z|?, g(z) =

q(z) — f(x), and h(xz) = f*(x) — q(x). The following are equivalent:
1. f is Fréchet differentiable and the operator T = V f is nonexpansive;
g 1S convex;
h is convex;
f=mp~;

Vf =prox; = I — prox-;

S & o

f is Fréchet differentiable and the operator T =V f is firmly nonex-
pansive.

Proof: Showing 1. implies 2. was done previously, in the earlier version of
the Baillon-Haddad Theorem. To show that 2. implies 3. use Proposition
7.7. Assuming 3., we get 4. using Proposition 7.8. Then to get 4. implies 5.
we use Proposition 7.3 and Proposition 7.6. Finally, we assume 5. and get
6. from Proposition 7.2 and the continuity of Vf. |

As the authors of [14] noted, their proof was new and shorter than those
found in the literature up to that time, since several of the equivalences they
employ were already established by others. The equivalence of conditions
2., 3., and 4. was established in [133]. The equivalence of conditions 1., 3.,
4., and 6. was shown in Euclidean spaces in [144], Proposition 12.60, using
different techniques.
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Appendix: Bregman—Legendre
Functions

8.1 Essential Smoothness and Essential Strict Convexity ...........
8.2 Bregman Projections onto Closed Convex Sets ..................
8.3 Bregman-Legendre Functions .................oooii

8.3.1  Useful Results about Bregman-Legendre Functions ....

In [9] Bauschke and Borwein show convincingly that the Bregman-—
Legendre functions provide the proper context for the discussion of Breg-
man projections onto closed convex sets in R”. The summary here follows
closely the discussion given in [9)].

8.1 Essential Smoothness and Essential Strict Convex-
ity

Let f : R/ — (—o0,00] be closed, proper and convex, with essential
domain D = {z|f(x) € R}. Following [143] we say that f is essentially
smooth if intD is not empty, f is differentiable on intD and z™ € intD,
with ™ — x € bdD, implies that |V f(z™)|2 — +o00. Here intD and bdD
denote the interior and boundary of the set D. A closed proper convex
function f is essentially strictly convex if f is strictly convex on every
convex subset of dom df = {x|0f(x) # 0}.

The closed proper convex function f is essentially smooth if and only if
the subdifferential 0 f(z) is empty for € bdD and is {V f(x)} for z € intD
(so f is differentiable on intD) if and only if the function f* is essentially
strictly convex.

Definition 8.1 A closed proper convex function f is said to be a Legendre
function if it is both essentially smooth and essentialy strictly convex.

So f is Legendre if and only if its conjugate function is Legendre, in
which case the gradient operator Vf is a topological isomorphism with

(0]

(0]
76
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V f* as its inverse. The gradient operator Vf maps int dom f onto int
dom f*. If int dom f* = R’ then the range of Vf is R/ and the equation
Vf(x) = y can be solved for every y € R7. In order for int dom f* = R’ it
is necessary and sufficient that the Legendre function f be super-coercive,
that is,

f@) (8.1)

llellz—+oo |z]]2

If the effective domain of f is bounded, then f is super-coercive and its
gradient operator is a mapping onto the space R”.

8.2 Bregman Projections onto Closed Convex Sets

Let f be a closed proper convex function that is differentiable on the
nonempty set intD. The corresponding Bregman distance Dy(x,z) is de-
fined for € R’ and z € intD by

Dy(x,2) = f(x) = f(z) = (Vf(2),2 - 2). (8.2)

Note that Dy(z,z) > 0 always and that Dy(z,z) = +o0 is possible. If f is
essentially strictly convex then Dy(z, z) = 0 implies that « = z.

Let K be a nonempty closed convex set with K NintD # ). Pick z €
int D. The Bregman projection of z onto K, with respect to f, is

Plf((z) = argmin,cpDy(2, 2). (8.3)

If f is essentially strictly convex, then P};(z) exists. If f is strictly convex

on D then P};(z) is unique. If f is Legendre, then P};(z) is uniquely defined
and is in intD; this last condition is sometimes called zone consistency.

Example: Let J = 2 and f(z) be the function that is equal to one-half the
norm squared on D, the nonnegative quadrant, 400 elsewhere. Let K be
the set K = {(x1,22)|z1 + x2 = 1}. The Bregman projection of (2,1) onto
K is (1,0), which is not in intD. The function f is not essentially smooth,
although it is essentially strictly convex. Its conjugate is the function f*
that is equal to one-half the norm squared on D and equal to zero elsewhere;
it is essentially smooth, but not essentially strictly convex.

If f is Legendre, then P}f((z) is the unique member of K Nint D satisfying
the inequality

(V(Pf(2)) = Vf(2), P(2) = ¢) > 0, (8.4)
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for all ¢ € K. From this we obtain the Bregman Inequality:
Dy(c.2) = Dy(e, P(2)) + Dy(Ph(2), 2), (8.5)

forall ce K.

8.3 Bregman—Legendre Functions

Following Bauschke and Borwein [9], we say that a Legendre function
f is a Bregman—Legendre function if the following properties hold:

B1: for z in D and any a > 0 the set {z|D(z,2) < a} is bounded.

B2: if x is in D but not in intD, for each positive integer n, y™ is in intD
with y™ — y € bdD and if {D(z, y™)} remains bounded, then Df(y,y") —
0, so that y € D.

B3: if ™ and y™ are in intD, with 2™ — x and y"™ — y, where z and y are
in D but not in intD, and if D¢(2™,y") — 0 then z = y.

Bauschke and Borwein then prove that Bregman’s SGP method converges
to a member of K provided that one of the following holds: 1) f is Bregman—
Legendre; 2) K NintD # () and dom f* is open; or 3) dom f and dom f*
are both open.

The Bregman functions form a class closely related to the Bregman-
Legendre functions. For details see [31].

8.3.1 Useful Results about Bregman—Legendre Functions

The following results are proved in somewhat more generality in [9].
R1: If y™ € int dom f and y" — y € int dom f, then D;(y,y™) — 0.
R2: If  and y" € int dom f and y* — y € bd dom f, then Dy (z,y") —
+00.
R3:Ifz" €D, 2" »x €D, y" €int D,y -y € D, {z,ytNint D #
and Dy(z™,y™) — 0, then x =y and y € int D.
R4: If x and y are in D, but are not in int D, y" € int D, y™ — y and
Dy(z,y"™) — 0, then x = y.
As a consequence of these results we have the following.
R5: If {Dg(x,y™)} — 0, for y € int D and = € R”, then {y"} — z.

Proof of R5: Since {D¢(z,y™)} is eventually finite, we have x € D. By
Property B1 above it follows that the sequence {y"} is bounded; without
loss of generality, we assume that {y"} — y, for some y € D. If x is in int
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D, then, by result R2 above, we know that y is also in int D. Applying
result R3, with 2" = z, for all n, we conclude that x = y. If, on the other
hand, z is in D, but not in int D, then y is in D, by result R2. There are
two cases to consider: 1) y is in int D; 2) y is not in int D. In case 1) we
have Dy(z,y") = Dy(x,y) = 0, from which it follows that = y. In case
2) we apply result R4 to conclude that z = y. |
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alternating minimization, 6, 49, 57
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AM method, 6
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Gateaux differentiable, 7
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