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1. INTRODUCTION

Many deterministic and stochastic iterative algorithms admit a natural distributed
implementation [1,4,5] whereby several processors perform computations and exchange
messages with the end-goal of minimizing a certain cost function. If all processors
communicate to each other their partial results at each instance of time and perform
computations synchronously, the distributed algorithm is mathematically equivalent to
a single processor (serial) algorithm and its convergence may be- studied by conven-
tional means. Synchronous algorithms may have, however, -certain drawbacks:

a) Synchronism may be hard to enforce, or its enforcement may introduce substantial
overhead. b) Communication delays may introduce bottlenecks to the speed of the algo-
rithm (the time required for one stage of the algorithm will be constrained by the
slowest communication channel). <c¢) Synchronous algorithms may require far more com-
munications than are actually necessary. d) Even if all processors are equally
powerful some will perform certain computations faster than others, due solely to the
fact that they operate on different inputs. This in turn, may lead to having many
processors idle for a large proportion of time. For these reasons, we choose to study
asynchronous distributed iterative optimization algorithms in which each processor does
not need to communicate to each other processor at each time instance; also, processors
may keep performing éomputations without having to wait until they receive the
messages that have been transmitted to them; processors are allowed to remain idle

some of the time; finally, some processors may perform computations faster than others.
Such algorithms can alleviate communication overloads and they are not excessively
slowed down by neither communication delays, nor by differences in the time it takes
processors to perform one computation. (A similar discussion of the merits of

asynchronous algorithms is provided by H.T. Kung [10].)



The algorithms that we consider are gradient-like, meaning that the (expected)
updates by each processor are in a descent direction with respect to a cost function
being minimized. There may be certain limitations to our approach, because we restrict
attention to a special class of algorithms, whereas it could be the case that algo-
rithms with a different structure may offer some advantages over the ones we propose.
However, the problem of finding an '"optimal' distributed algorithm, which minimizes,
say, the amount of information exchanged between processors, or some other measure of
communication and computation, can be very hard or intractable [15,20] (NP-complete
or worse). For this reason, we prefer to assume a fixed structure and then proceed
to investigate the amount of asynchronism and the magnitude of the communication delays
that may be tolerated without adversely affecting the convergence of the algorithm.

In Section 2 we present the model of distributed computation to be employed. In
this model, there is a number of processors who perform certain computations and update
some of the components of a vector stored in their memory. In the meanwhile, they
exchange messages, thus informing each other about the results of their latest computa-
tions. Processors who receive messages use'them either to update directly some of the
components of the vector in their memory, or they may.combine the message with the
outcome of their own computations, by forming a convex combination. Very weak assump-
tions are made about the relative timing and frequency of computations or message
transmissions by the processors.

Ig Section 3 we employ this model of computation and also assume that the
(possibly random) updates of each processor are expected to be in a descent direction,
when conditioned on the past history of the algorithm. Our main results show that,

under certain assumptions, asynchronous distributed algorithms have similar convergence



properties as their centralized counterparts, provided that the time between conse-
cutive communications between processors plus communication delays are not too large.
We distinguish two cases: a) constant step-size algorithms (e.g. deterministic
gradient-type algorithms) in which the time between consecutive communications has to
be bounded for convergence to be guaranteed and, b) decreasing step-size algorithms
(e.g. stochastic approximation¥type algorithms) fer which convergence i; proved even
if the time between consecutive communications increases without bounds as the algo-
rithm proceeds. Section 2 aﬁd 3 are developed in parallel with a variety of examples
which are used to motivate and explain the formal assumptions that are being introduced.
Finally, Section 4 suggests some extensions and areas of application, together
with our conclusions. Appendix A contains the proof of Lemma 2.1. Appendix B céntains

the proofs of our main results.

2. A MODEL OF DISTRIBUTED COMPUTATION

We present here the model of distributed computation employed in this paper. We
also define the notation and conventions to be followed. Related models of dist?ib&ted
computation have been used in [3,4,5,8], in which each processor specialized in
updating a different component of some vector. The model developed here is more general,
in that it allows different processors to update the same component of some vector.

If their individual updates are different, their disagreement is (asymptotically)
eliminated through a process of communicating and combining their individual updates.
In such a case, we will say that there is overlap between processors. Overlapping

processors are probably not very useful in the context of deterministic algorithms,




unless redundancy is intended to provide a certain degree of fault tolerance and/or
safeguarding against malfunction of a particular processor. For stochastic algorithms,
however, overlap essentially amounts to having different processors obtain noisy
measurements of the same unknown quantity and effecti&ely increases the ''signal-to-
noise fatio."

Let H., H ,...,H, be finite dimensional real vector spacesl and let
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=Hle2x...xHL,

L N

which we endow with the Euclidean norm. If,x=(xl,x2,...,xL), XLGHK,

we will refer to.xz as the %£-th component of x.

Let {1,...,M} be}the»set of processors that participate in the distributed
computatidn. As a general rule concerning notation, we use subscripts to indicate a
component of an element of H, superscripts to indicate an éssociated processor; we
indicate time by an argument that follows.

The algorithms to be considered evolvé in discrete time. Even if a distributed
algorithm is asynchronous and communication delays are real (i.e., not integer)
variables, the events of interest (an update by some processor, transmission or récepn
tion of a message) may be indexed by a discrete variable; so, the restriction to
discrete time entails no loés of generality.

It is important here to draw a distinction between ''global' and '"local" time.
The time variable we have just referred to corresponds to a global clock. Such a
global clock is needed only for analysis purposes: it is the clock of an analyst who
watches the operation of the system. On the other hand the processors may be working
without having access to a global clock. They may have access to a local clock or to

no clock at all. We will see later that our results, based on the existence of a

1All of our results generalize to the case where each H, is a Banach space. No modifica-

tions whatsoever are needed in the assumptions or the proofs except that matrices
should be now called linear operators and that expressions like VJ(x) should be inter-
preted as elements of the dual of H rather than vectors in H.
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global clock, may be used in a straightforward way to prove convergence of
algorithms implemented on the basis of local clocks only.

We assume that each processor has a buffer in its memory in which it keeps some
element of H. The value stored by the i-th processor at time n is denoted by xi[n).
At time n, each processor may receive some exogenous measurements and/or perform
some computations. This allows it to computé a "'step" si(n)eﬂ, to be used in evalua-
ting the new vector xi(n+1). Besides their own measurements and computations, proces-
sors may also receive messages from other processors, which will be taken into account
in evaluating their next vector. The process of communications is assumed to be as
follows:

At any time n, processor i may transmit some (possibly all) of the componentsof
xi(n) to some (possibly all or none) of the other processors. (In a physical implemen-
tation, messages do not need to go directly from their origin to their destination;
they may go through some intermediate nodes;, Of course, this does not change the
mathematical model presented here). We will assume that communication delays are
bounded.2 For convenience, we also assume that for any pair (i,j) of processors, for

any component x, and any time n, processor i may receive at most one message originating

L

from processor j and containing an element of H This leads to no significant loss

9°
of generality: for example, a processor that receives two messages simultaneously could
keep only the one which was most recently sent; if messages do not carry timestamps,
there could be some other arbitration mechanism. Physically, of course, simultaneous
receptions are impossible; so, a processor may always identify and keep the most
recently received message, even if all messages arrived at the same discrete time n.

If a message from processor j, containing an element of H, is received by

L

. e . ij . .
processor i (i#j) at time n, let tzj(n) denote the time that this message was sent.

2For algorithms with decreasing-step-size this assumption may be relaxed.
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Therefore, the content of such a message is precisely x;(tzj(n)), Naturally, we as-

ij . . ii .
sume that t;J(n)<n; For notational convenience, we also let tz (n)=n, for all i,%,n.

We will be assuming that the algorithm starts at time 1; accordingly, we assume that

that t;J(n)Z.l. Finally, Wé.denote by T;J the set of all times that processor i

receives a message from processor j, containing an element of Hz. To simplify matters
we will assume that, for any i,j,%, the setTjiLj is either empty or infinite.

Once processor i has received the messages arriving at time n and has also evaluated
si(n), it evaluates its new vector xi(n+l)€H by forming (componentwise) a convex
combination of its old vector and the values in the messages it has just received, as
follows:

i M
xz(n+l) = .z

Jafm%@%m+ﬁmim,qy (2.1)

1

where s;(n) is the %£-th component of sl(n) and the coefficients a;J(n) are scalars

satisfying:
(1) a,” (n)>0, vi,j,%,n, (2.2)
2 —
Mo
(ii) Za23(n)=1, Vi,%,n, (2.3)
j=1 |
(iii) a? (n)=0, VnﬁTzJ, i#j. (2.4)
Remarks:

1. Note that tzj(n) has been defined only for those times n that processor i
receives a message of a particular type, i.e. for nETzJ. However, whenever
tEJ(n) is undefined, we have assumed above that azj(n)=0, so that equation (2.1)

has an unambiguous meaning.




2. When we refer to a processor performing a '"computation,'" we mean the evaluation

and addition of the term Yl(n)s;(n) in (2.1). With this terminology, forming
i
A

the set of all times that processor i performs a computation involving the 2-th

the convex combination in (2.1) is not called a computation. We denote by T

component. Whenever n$Tz, it is understood that.s;(n) in (2.1) equals zero.

We assume again that for any i,% the set T; is either infinite or empty.

Accordingly, processor i will be called computing, or non-computing, for component

L.

3. The quantities Yi(n) in (2.1) are nonnegative scalar step-sizes. These step-sizes
may be‘constant‘(e.g. Yi(n)=yo, ¥n), or time-varying, é.g. Yi(n)=l/ti, where
ti is the number of times that processor i has performed a coﬁputation up to
time n. Notice that with such a choice each processor may evaluate its step-size
using only a local counter rather than a global élock.

4. The envisaged sequence of events underlying (2.1) at any time n, is as follows:

For each component & processor i

(1) Transmits xz(n) to processors and receives messages x;(tij(n)) from

processors j for which nETEJ.
i

(ii) Computes sz(n) if neTZ and sets s;(n)=0 otherwise.

(iii) Evaluates x;(n+1) according to (2.1).

Examples
We now introduce a collection of simple examples representing various classes of

algorithms we are interested in, so as to illustrate the nature of the assumptions



to be introduced later. We actually start with a broad classification and then
proceed to more special cases. In these'examples, we model the message receptions
and transmissions (i.e. the sets Tij and the variables tzj(n)), the times at
which computations are performed (i.e. the sets Ti) and the combining coefficients

ail(n) as deterministic. (This does not mean, however, that they have to be a priori

known by the processors).

Specialization: This is the case considered by Bertsekas [4,5], where each processor

updates a particular component of the x-vector specifically assigned to it and
relies on messages from. the other processors for the remaining components. Formally:
(1) M=L. (There are as many proceséors as there are components).

(ii) sz(n)=0, V&#i, ¥n. (A processor may update only its own component;

Ti=¢, Vi#l).

(1ii) Processor j only sends messages containing elements of Hj; if processor i

receives such a message, it uses it to update x? by setting x? equal to
the value received. Equivalently,

(a) If i#j and j#%&, then Tij=¢ and a;j(n)=0, vn.

(b) 1If processor i receives a message from processor j at time n,

i.e. if nET;J, then a}J[n)=1. Otherwise, a;J(n)=0, and a;l(n)=l.

Oveflag: This is the other extreme, at which L=1 (we do not distinguish components
of elements of H), messages contain elements of H (not just components) and each
processor may update any component of x. (For this case subscripts are redundant
and will be omitted.)

We now let H be finite-dimensional and assume that J: H>[0,~) is a continuously

differentiable nonnegative cost function with a Lipschitz continuous derivative.



Example I: Deterministic Gradient Algorithm; Specialization. Let

Yl(n) = YO>O, ¥n,i. At each time nGTi that processor i updates x;, it computes
i oJ i i . s .
si(n) = - 52—-(x (n)) and lets sj(n)=0, for j#i. We assume that each processor i
i

. . i .
communicates its component X, to every other processor at least once every Bl time
units, for some constant Bl' Other than this restriction, we allow the transmission
and reception times to be arbitrary. (A related stochastic algorithm could be obtained

. i ,“ 41 i . . . . .
by letting s;(n) =—%§- (xi(n))(l+wi(n)), where wi(n) is unit variance white noise,
i -
independent for different i's).

Example II: Newton's Method; Overlap. For simplicity we assume that there are

only two procéssors M=2). Let Yi(n) = Y0>0, vn. We also assume that J is twice

continuously differentiable, strictly convex and its Hessian matrix, denoted by G(x),
~ satisfies '0<6lI§§(x)f§21, Yx€H. At each time nGTi, processor i computes .
si(n) = -G-l(xi(n)) %%-(xi(n)). For nﬁTi, si(n)=0. If at time n processor 1

1..21 . .
(respectively, 2) receives a message xz(tlz(n))(respy.x:(tt (n))), it updates its vectorby

>xl(n+l) = a lxl(n) + a xz(tlz(n)) + Yl(n)sl(n),(resp. xz(n+l) = a21xl(t21(n)) +

1 12
x2 ) + 2(n)sz(n)) Here we assume that 0<a..<l and that a_.+a ,=a, +a_,=l.

2% () + : ij 117%127%217 %22

For other times n the same formula is used with a12=0 (a21=0). We make the same

assumptions on transmission and reception times as in Example 1.

. s . i
Example III: Distributed Stochastic Approximation; Specialization. Let Y (n)

i .
be such that, for some positive constants Al’ AZ’ Al/n <y (n)f_Az/n, ¥Vn. Notice
that the implementation of such a stepsize only requires a local clock that runs in

the same time scale (i.e. within a constant factor) as the global clock. For
neTl, let s;(n) = - g%- (xl(n)) + wi(n). Also, s?(n)=0, for i#j and for all n.
i
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We assume that w;(n),.conditioned on the past history of the algorithm has zero
mean and that E[[]wi(n)[]z [xl(n)]f_K(IlVJ(xl(n))[lz+l), for some constant K. We

assume that for some Blzp; g>1 and for all n, each processor communicates its

i . . .
component Xy to every other processor at least once during the time interval

B

[Bln ,B1(n+1)6]. Other than the above restriction, we allow transmission and recep-

tion times to be arbitrary. Notice that the above assumptions allow the time between
consecutive communications to grow without bound.

Example IV: Distributed Stochastic Approximation; Overlap. Let Yl(n) be as in

Example III and let M=2. For nGTl, let sl(n) = - %%—(xl(n)) + wl(n), where wl(n) is

as in Example III. We make the same assumptions on transmission and reception times
as in Example III. Whenever a message is received, a processor combines its vector

with the content of that message using the combining rules of Example II.

Example V: This example is rather academic but will serve to illustrate some of
the ideas to be introduced later. Consider the case of overlap, assume that H is one-
dimensional, and let yi(n)=l, VYn. Assume that, at each time n, either all pyécessors
communicate to each other, or no processor sends any message. Let the communication
delays be zero ( so, tij(n)=n, whenever tij(n) is defined) and assume that aij(n) = aij
(constant) at thosetimes n that messages are exchanged. We define vectors
x(n) = (xl(n),...,xM(n)) and s(n) = (sl(n),...,sM(n)).' Then, the algorithm (2.1) may
be written as

x(n+l) = A@)x(M) + s(n) ‘ (2.5)
For each time n, either A(n)=I (no communications) or A(n)=A, the matrix consisting of

e s ij . . . . . .
the coefficients a . The latter is a "stochastic' matrix: it has nonnnegative entries



and each row sums to 1. We assume that a'’ is positive. It follows that A = lim A"

n>

exists and has identical rows with positive elements. We assume that the time between

consecutive communications is bounded but otherwise arbitrary. Clearly then,

n
lim T A(m)=A, for all k. This example corresponds to a set of processors who
n»>® m=k

individually solve the same problem and, from time to time, simultaneously exchange
their partial results. It is interesting to compare equation (2.5) with the generic

equation

x(n+l) = x(n) + y(n)s(n)

which arises in centralized algorithms.

Assumptions on the communications and the combining coefficients

We now consider a set of assumptions on the nature of the communications and
combining process, 50'thaf the preceding examples appear as special cases. In formula-
ting an appropriate set of-assumptions, there is a trade-off between general-
ity and ease of verification. The assumptions below are not the most géneral possible,
but are very easy to enforce. Some generalizations will be suggested later.

For each component 2€{1,...,L} we introduce a directed graph G2=(V,E£) with

nodes V={1,...,M} corresponding to the set of processors. An edge (j,i) belongs to

Ez if and only if T;J is infinite, that is, if and only if processor j sends (in the
long run) an infinite number of messages to processor i with a value of the 2-th

J’.

component xz.

Assumption 2.1: For each component 26{1,...,L}, the following hold:

a) There is at least one computing processor for component 2.
b) There is a directed path in Gz, from every computing processor (for component %)

to every other processor (computing or not).
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c) There is some o>0 such that:

(i) If processor i receives a message from processor j at time n

(i.e. 1if nGT;J), then azj(n) >0,
(ii) For every computing processor i, azl(n)Zq, vn.

(1ii) If processor i has in-degree3 (in GR) larger or equal than 2,

then a;l(n)zq, vn.

Let us pause to indicate the intuitive content of part (c) of Assumption 2.1.
Part (i) states that a processor should not ignore the messages it receives. Part (ii)
requires the past updates of any computing processor towhave a lasting effect on its
state of computation. Finally, part (iii) implies that if processor i receives
messages from two processor (say il,iz), it does not forget the effects of messages
of processor i1 upon reception of a message from processor 12. These conditions,
together with part (b) of the Assumption, guarantee that any update by any computing

processor has a lasting effect on the states of computation of all other processors.

Assumption 2.2: The time between consecutive transmissions of component xi from

processor j to processor i is bounded by some B,>0, for all (j,i)GEi,

1

139’ 8>1 such that, for any (j,i)GEl, and for

is sent from processor j to processor i during the

Assﬁmption 2.3: There are constants B

J
%

s Bl(n+1)6]w Moreover, the total number of messages transmitted

any n, at least one message X
B

time interval [Bln

and/or received during any such interval is bounded.

Assumption 2.4: Communication delays are bounded by some Bozp, i.e. for all i,j,%

ij

and nETZ

we have n-tzj(n)fﬁo.

3The in-degree of a processor (node) i (in Gz) is the number of edges in E

pointing to node 1i. %
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Note that Assumption 2.2 is a special case of 2.3, with B=1. Assumption 2.1
holds for all the examples introduced above. Assumption 2.2 holds for Examples I,
II,V; Assumption 2.3 holds for Examples III,IV, except for its last part which has
to be explicitly introduced.

Equation (2.1) which defines the structure of the algorithm is a linear system
driven by the steps s?(n). In the special case where communication delays are zero,

we have t;3(n)=n, and (2.1) becomes a linear system with state vector

(xl(n);...,xM(n)). Equation (2.5) of Example V best illustrates this situation. In
general, however, the presence of communication delays necessitates an augmented state
if a state spaée representation is desired4. (Notice that actually (2.1) defines a
decoupled set of linear systems, one for each component & €{1,...,L}.) Exploiting
linearity, we conclude that there exist scalars @ij(n|k); for n>k, such that

n-1

xz(n) = jzlqﬁzj (n[O)xi(l) + kzl jzl ¥ (k)@ij (nlk)s?z'(k). (2.6)

. ij . ‘ L .
The coefficients @23(n|k] are determined by the sequence of transmission and reception
times and the combining coefficients. Consequently, they are unknown, in general.

Nevertheless, they have the following qualitative properties.

Lemma 2.1: (i) oiq:f(nlk), vi,j,2,n>k, (2.7)

M.
v @}LJ(nlk)f_ 1, vi,f,n>k . (2.8)
J:

1

(ii) Under Assumptions2.l, 2.4 and either Assumption 2.2 or 2.3, 1lim @;J(nlk)
ne '

exists, for any i,j,k,%. The limit is independent of i and will be denoted by @%(k).

4Such an augmented state should incorporate all messages that have been transmitted
but not yet received. Since we are assuming bounded communication delays, there can
only be a bounded number of such messages and the augmented system may be chosen
finite dimensional.
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Moreover, there is a constant n>0 such that, if j is a computing processor for

component %, then

@i(k)zp,' vk. (2.9)

The constant n, depends only on the constants introduced in our assumptions (i.e.

Bo)Bl, B’a) ©

(iii) Under Assumptions 2.1, 2.2, 2.4, there exist d€[0,1), B>0 (depending only on

B ,B.,a) such that
0’1

max |07 (n|k) - &) () |<Bd™*, ve,nk . (2.10)

1,]

(iv) Under Assumptions 2.1, 2.3, 2.4, there exist d€[0,1), d€(0,1], B>0

(depending only on BO,BI,B,a) such that

S

S_x
, ¥&,n>k . (2.11)

?ymﬁmu)a%mnsm“‘

Proof: See Appendix A.

In the light of equation (2.6), Lemma 2.1 admits the following interpretation:
part (ii) states that if ail processors cease updating (that is if they set si(n)=0)
from some time on, they will asymptotically converge to a common limit. Moreover,
this common limit depends by a non-negligible factor on all past updates of all
computing processors. Parts (iii) and (iv) quantify the natural relationship between
the frequency of interprocessor communications and the speed at which agreement is

reached.
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For‘any pair (i,j) of processors we may also define a linear transformation

o' (n|Kk):H*H by

o3 (alx) = (@ij(nlk)xl,...,@ij(nlk)xL), (2.12)

where x=(x1,,..,x Note that if each Hz is one-dimensional then @lj(n]k) may be

L)' ]
represented by a diagonal matrix. In general, it corresponds to a block-diagonal
matrix, each block being a constant multiple of the identity matrix of suitable
dimension. Ciearly, lim @lj(nlk) also exists, is independent of i and will be
. e
denoted by @J(k).
We can now define a vector y(n)E6H by
Y o e Y el eyl

ym) = } @ Ox @+ [ I y®ems ® (2.13)

j=1 k=1 j=1

and note that y(n) is recursively generated by

M . . .
y(+l) = ym) + § Y@ @s'm) . (2.14)

j=1

The vector y(n) is the element of H at which all processors would asymptotically

agree if they were to stop computing (but keep communicating and combining) at a time
n. It may be viewed as a concise global summary of the state of computation at

time n, in contrast with the vectors xi(n) which are the local states of computation;
it allows us to look at the algorithm from two different levels: an aggregate and

a more detailed one. We will see later that this vector y(n) is also a very
convenient tool for proving convergence results. We have noted earlier that equation

(2.1) is a linear system. However, it is a fairly complicated one, whereas the
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recursion (2.14) corresponds to a very simple linear system in standard state space
form. The content of the vector y(n) and of the @J(n)'s is easiest to visualize

-

in two special cases:

Specialization: (e.g. Examples I and III). Here y(n) takes each component from

the processor who specializes in that component. That is, y(n) = (x%(n),.,c,ﬁﬁ(n)),

Accordingly, @;(n)=0, for i#j, and @g(n)=1,
n-1

Example V: Here @lj(nlk) is the ij-th entry of the matrix . II A(m).‘ It follows
, m=k+1

that the limit of @lj(n[k) is the ij-th entry of A, which by our assumptions depends
only on j. Moreover, y(n) equals any component of Kk(n). (All compohents are equal
by our assumptions). If we multiply both sides of (2.5) by A and note that AA(n)=A,

M
we obtain y(n+l)=y(n) + }
j=1

Kijsj(n), which is precisely (2.14).

The model of computation introduced in this section may be generalized in several
directions [7,19]. To name a few examples, the updating rules of each processof need
not have the linear structure of equation (2.1); also, it may be convenient to com-
municate other information (e.g. derivatives of the cost function) and not just the
values of components of x. However, the present model is sufficient for the class of
algorithms under consideration. Let us-also mention that, while all of the above
examples refer to either specialization or overlap, we may think of intermediate
situations in which some of the components are updated by a single processor while
some of the components are updated by all processors simultaneously (partial overlap).

Finally, Assumptions 2.1, 2.4 are unnecessary, as long as the conclusions of

Lemma 2.1 may be somehow independently verified.
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3. CONVERGENCE RESULTS

There is a large number of well-known centralized deterministic and stochastic
optimization algorithms which have been analyzed using a variety of analytical
tools [2,11,12,16]. A large class of them, the so-called '"pseudo-gradient' algo-
rithms [16], haye the distinguishing feature that the (expected) direction of update
(conditioned upon the past history of the algorithm) is a descent direction with
respect to the cost function to be minimized. The Examples of Section 2 certainly
have such a property. Reference [16] presents a larger list of examples. It is
also shown there that the development of results for pseudo-gradient algorithms leads
easily to results for broader classes of algorithms, such as Kiefer-Wolfowitz
stochastic approximation. In this section we present convergence results for the
natural distributed asynchronous versions of pseudo-gradient algorithms. We adopt

the model of computation and the corresponding notation of Section 2.

We allow the initialization {xl(l),...,xM(l)} of the algorithm to be random, with
finite mean and variance. We also allow the updates si(n) of each processor to be
random. On the other hand, we assume that Yi(n) is deterministic; we also model the
combining coefficients, aij(n) and the sequence of transmission and reception times
as being deterministic. This is not a serious restriction because they do not need
to be known by the processors in advance, in order to carry out the algorithm. We
assume that all random variables of interest are defined on a probability space (Q,F,P).
We introduce {Fn}, an increasing sequence of o-fields contained in F and describing the
history of the algorithm up to time n. In particular, Fn is defined as the smallest
o-field such that si(k), k<n-1, and xi(l), i€{1,...,M} are Fn-measurable.

We assume that the objective of the algorithm is to minimize»a nonnegative cost
function J:H*[0,®). For the time being, we only assume that J is a smooth functiom.

In particular, J is allowed to have several local minima.
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Assumption 3.1: J is continuously differentiable and its derivative satisfies the

Lipschitz condition

V3 ) -vax") < K[ [x-x'[],  vx,x'€H , (3.1)

where K is some nonnegative constant.

Assumption 3.2: The updates s;(n) of each processor satisfy

%%h (xl(n))E[s;(n)[Fnjf_O, a.s., Vi,,Q,,n.5 (3.2)
This assumption states that each component of each processor's updates is in a
descent direction, when conditioned on the past history of the algorithm and it is

satisfied by Examples I-IV. A slightly weaker version, under which our results

remain true would be

VJ(xi(n))@i(n)E[si[n).lan]f_ 0, a.s., Vi, %,n.

On the other hand, it can be shown that the condition

VJ(xi(n))E{si(n]an]f_O, a.s.

is not sufficient for proving convergence.
The next assumption is easily seen to hold for Examples I and II. For stochastic
algorithms, it requires that the variance of the updates (and hence of any noise

contained in them) goes to zero, as the gradient of the cost function goes to zero.

Y

5In (3.2), if HQ’has dimension larger than 1, g%— should be interpreted as a row
vector. In general, the appropriate interpretation should be clear from the

context.
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Assumption 3.3: For some Kozﬁ and for all i,%,n,

. 2 : .
B[] Is}',(n)lﬂ < - KE [-g—%z (xl(n))s;(n)}

As a matter of verifying Assumption 3.3, one would typically check the validity

of the slightly stronger condition

. 2 . .
E[l lAsﬁcn)ll IFn] < - K %;{-2 cxlcnnﬁ[s;cn)ipn] .

Also, using Lemma 2.1 (ii) and Assumption 3.3 we obtain
. L . K L . . .
i 2 i 2 o] aJ i i i
E[lls m || ]1 % E[Hsg(nJH ]i -7 Q’EIE['B';Q’ (x cn))%(n)sgcn)]
= KEWICm)et st ], (3.3)

where E;=Ko/n > 0. It turns out that (3?3) is all we need for our results to hold.

Our first convergence result states that the algorithm converges in a suitable
sense, provided that the step-size employed by each processor is small enough and
that the time between consecutive communications is bounded, and applies to Examples
I and II. It should be noted, however, that Theorem 3.1 (as well as Theorem 3.2 later)
does not prove‘yet convergence to a minimum or a stationary point of J. In particular,
there is nothing in our assumptions that prohibits héving si(n)=0, vi,n. Optimality
is obtained later, using a few auxiliary and fairly natural assumptions

(see Corollary 3.1).

Theorem 3.1: Let Assumptions 2.1, 2.2, 2.4, 3.1, 3.2, 3.3 hold. Suppose also that

Yl(n)z_o and that sup Yl(n) =Yg - There exists a constant y*>0 (depending on the
i,n ‘ '



-21-

constants introduced in the Assumptions) such that the inequality O<Y0§y*

implies:

a) J(xl(n)), i=1,2,...,M, as well as J(y(n)), converge almost surely, and to
the same limit.

b) lim (X (m)-x) (@) = lim (C()-y(@))=0,  vi,j,

n->oe n-—>eo

almost surely and in the mean square.

¢) The expression

o M . . .
I I Y e m)Es" m|F] (3.4)
n=1 i=1

is finite, almost surely. Its expectation is also finite.

Proof: See Appendix B.

Leaving technical issues aside, the idea behind the proof of the above (and
the next) Theorem is rather simple: the difference between y(n) and xl(n), for any

i, 1s of the order of BYb, where B is proportional to a bound on communication

delays plus the time between consecutive communications between processors. Therefore,

as long as Yo remains small, VJ(xl(n)) is approximately equal to VJ(y(n)); hence

s;(n) (and consequently Q;(n)sl(n)) is approximately in a descent direction, starting
from point y(n). Therefore, iteration (2.14) is approximately the same as a centralized

descent (pseudo-gradient) algorithm which is, in general convergent [16].

Decreasing Step-Size Algorithms

We now introduce an alternative set of assumptions. We allow the magnitude of
the updates sl(n) to remain nonzero, even if Vﬂ(xl(n)) is zero (Examples III and IV).

Such situations are common in stochastic approximation algorithms or in system

o
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identification applications. Since the noise is persistent, the algorithm can be
made convergent only by lettiﬁg the step-size Yi(n) decrease to zero. The choice
Yi(n)=l/n is’most commonly used in centralized algorithms and in the sequel we will
assume'that'yi(n) behaves like 1/n.

Since the step-size is decreasing, the alggrithm becomes progressively slower
as n»>o, This allows us to let the communications process become progressively slower
as well, provided that it remains fast enough, when compared with the natural time
scale of the algorithm, the latter being determined by the rate of decrease of the
step-size. Such a possibility is captured by Assumption 2.3.

The next assumption, intended to replace Assumption 3.3, allows the ﬁoise to
be persistent. It holds for Examples I-IV. As in Assumption 3.3, inequality (3.5)
could be more naturally stated in terms of conditional expectations, but such a

&

stronger version turns out to be unnecessary.

Assumption 3.4: For some K., K,>0, and for all i,%,n,

1’ 72

E[l |ss(m)| !2] < -xls[g—;iz &' @)st @) ]+ K, (3.5)

Theorem 3.2: Let Assumptions 2.1, 2.3, 2.4, 3.1, 3.2, 3.4, hold and assume that for

some Kszp, Yl(n)f_KS/n, vn,i. Then, conclusions (a), (b),(c), of Theorem 3.1 remain

valid.
Proof: See Appendix B.

Theorem 3.2 remain valid if (3.5) is replaced by the much weaker assumption

E[I [si(n)[lz}i KOE[J(xi(n))] -KIE[VJ(xi(n))cbicn)si(n)] * K, - (3.6)
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The proof may be found in [19] and is significantly more complicated. Theorems
3.1, 3.2 also remain valid even if Assumptions 3.2, 3.3 or 3.4 hold after some
finite time n., but are violated earlier. We only need to assume that sl(k) has

finite mean and variance, for kﬁpo.

We continue with a corollary which shows that, under reasonable conditions,
convergence to a stationary point or a global optimum may be guaranteed. We only
need to assume that away from stationary points some processor will make a positive
improvement in the cost function. Naturally, we only require the processors to make

positive improvements at times that they are not idle.

Corollary 3.1l: Suppose that for some K4>O, yl(n)z_K4/n, ¥n,i. Assume that J has

. . . i
compact level sets and that there exist continuous functions gyt H~>[0,%) such that

3J i i i i ' ol
o, & (n))E[s; () [F_]< -g; (x"(n)), VvneT, . (3.7)
‘ M L i
We define g: H*>[0,®) by g(x) = Z ,Z gzcx) and we assume that any point x6H
i=1 2=1

satisfying g(x)=0 is a stationary point of J. Finally, suppose that the difference

between consecutive elements of Tz. is bounded, for any i,%2 such that Ti#¢. Then,

a) Under the Assumptions of either Theorem 3.1 or 3.2,

liminf| |[VI(x*(m))|]=0, vi,  a.s. (3.8)

e
b) Under the Assumptions of Theorem 3.1 and if (for some &£>0) Yl(n)zg, vi,n,
we have

lin ||t @) ||=0, vi, a.s. (3.9)

e

and any limit point of {xl(n)} is a stationary point of J.
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¢) Under the Assumptions of either Theorem 3.1 or 3.2 and if every point
satisfying g(x)=0 is a minimizing point of J (this is implicitly assuming

that all stationary point of J are minima), then

lim J(x*(n)) = inf J(x) . | (3.10)
N> xEH

Proof: See Appendix B.

We now discuss the above corollary and apply it to our examples. Notice first
i
L

successive computations of s

that the assumption on T, states that, for each component %, the time between
i

L

component. Such a condition will be always met in practice. The assumption

is bounded, for any computing processor i for that

Yi(n)Z'K4/n may be enforced without the processor having access to a global clock.
For example, apart from the trivial case of constant.step—size, we’hay_let

Yi(n) = l/ti, where ti is the nuﬁber of times, before time n, that processor i has
performed a computation.

For Examples I and III, (3.7) holds with gi(x) a constant multiple of (8J/3xi)2;
for Examples II and IV, it holds with gi(x) a constant multiple of l]VJ(x)llz. We
may conclude that Corollary 3.1 applies and proves convergence for Examples I-IV.

We close this section by pointing out that our results remain valid if we model
the combining coefficients, the transmission and reception times as random variables
defined on the same probability space (Q,F,P), subject to some restrictions. Notice
that such a generalization allows the processors to decide when and where to transmit
based on information related to the progress of the algorithm. Hence, for stochastic

algorithms, we have to avoid the possibility that a processor judiciously choosesto
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transmit at those times that it receives a 'bad measurement" si(n), or somshow

ensure that the long-run outcome is independent of such decisions. It turns out

that one only needs to assume that, for any i€{1,...,M} and any m<n, the random
variables @i(m) and si(n), are conditionally independent given the history of the
algorithm up to time n [19]. This assumption holds if communications and the
combining coefficients are independent of the noise in the computations (this is
true, in particular, for deterministic algorithms), as well as for the specialization
case because @i(n) turns out ﬁo be deterministic and a priori known, even if the

communication times are random.

4. EXTENSIONS, APPLICATIONS AND CONCLUSIONS

A main direction along which our results may be extended is in analyzing the
convergence of distributed algorithms with decreasing step-size and with correlated
ndise, for which the pseudo-gradient assumption fails to hold. Such algorithms
arise frequently, for example in system identification. Very few global convergence
results are available, even for the centralized case [17]. However, as in the central-
ized case an ordinary differential equation (ODE) may be associated with such algo-
rithms, which may be used to prove local convergence subject to an assumption that
the algorithm returns infinitely often to a bounded region [11,12,19].

Another i;sue, arising in the case of constant step-size algorithms{ concerns
the choice of a step—size which will gﬁarantee convergence. We may trace the steps
in the proof of Theorem 3.1 and find some bounds on Yy  so as to ensure convergence,
but these boundswill not be particularly tight. For a vérsion of a distributed
deterministic gradient algorithm, tighter bounds have been obtained in [19] which
quantify the notion that the frequenéy of communications between different pro-
cessors should in some sense reflect the degree of cbupling inherent in the

optimization problem.
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It should be clear that the bounds on the time between successive communications
and delays are imposed so as to guarantee that processors are being informed, without
excessive delays, about changes in the state of computation of other processors.

The same effect, however, could be accomplished by having each processor monitor its
state and inform the others only if a substantial change occurs. It seems that such
an approach could lead to some savings in the number of messages being exchanged.
However, more research is needed on this issue and,.in particular, the notion of a
"substantial change' in the state of computation of a processor needs to be made
more precise.

A final issue of interest is the rate of convergence of distributed algorithms.
With perfect synchronization, the rate of convergence is the same as for their
centralized counterparts. Asynchronism should be expected to bring about some
deterioration. We may then ask how much asynchronism may be tolerated before such
d;terioration becomes significant. For decreasing step-size stochastic algorithms,
as long as communications-do not become too infrequent, it is safe to coﬁjecture
that the convergence rate will not deteriorate at all; still, there would be some
deterioration in the transient performance of such algorithms which is also worth
investigating.

Concerning possible applications, there are three broad areas that come to
mind. There is first the area of parallel computation, where an asynchronous
algorithm could avoid several types of bottlenecks [10]. Then, there is the area
data communication networks in which there has been much interest for distributed
algorithms for routing and flow control [6,9]. Such algorithms resemble the ones

that we have analyzed and our methods of analysis, with a few modifications, are



applicable [18]. Finally, certain common algorithms for system identification or
adaptive filtering fall into the framework of decreasing step—sizerstochastic algo-
rithms and our approach may be used for analyzing the convergence of their distri-
buted versions [19]. Our results may not be applicable without any modifications or
refinements to such diverse application areas. Nevertheless, our analysis indicates
what kind of results should be expected to hold and provides tools for proving them.
As a conclusion, the natural distributed asynchronous versions of a large

class of deterministic and stochastic optimization algorithms retain the desirable
convergence properties of their centralized (or synchronous) counterparts, under mild
assumptions on the timing of communications and coﬁputatidns and even in the presence
of communication delays. It appears that there are many and promising applications
of such algorithms in fields as diverse as parallel coﬁputation, data communication

networks and distributed signal processing.
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APPENDIX A

Proof of Lemma = 2.1: We only need to prove the Lemma for each component

separately, since (2.1) corresponds to a decoupled set of linear systems.
We may therefore assume that there is only one component; so, the subscript 1
. , . ij, .
will be omitted and ? ~ (n|k) becomes a scalar.
cms ij, . . . - o . A
The coefficient ? " (njk) being the impulse response of the linear system
(2.1) is determined by the following "experiment! let us fix a processor j
. ’ n , , h, e e o
and some time k; let x (1)=0, ¥Yh, s (m)=0, Yh,m, unless if h=3 and m=k in
which case we let Yj(k)s](k)=v, some nonzero element of H. For ail times n and
. i, ) , . . ) .
for all processors i, % (n) will be a scalar multiple of v. Thils rroportionalitw
factor 1s precisely equal to ®*J(n[k). Since this experiment takes glace in a
one-dimensional subspace of H, we may assume -without loss of generality- that H
1s one~dimensional and that wv=1l. We then have, for the above "experimentc”,
ij, i . - . . - . »
¢ “(n{k) = x (n), ¥Yi,n. A trivial induction based on (2.1l) and using (2.2)
i . .
shows that x (n)>0, V¥Yi,n, which proves (2.7).
For inequality (2.8) we consider a different "experiment”: let us fix
. . h h - o e
some time k and let x (1)=9, Yh, s (m)=0, ¥m,h, unless if m=k 1n which case
h h | . . . . . . .
we let Y (k)s (k)=1, Yh. (H is still assumed one-dimensional). We then use
: : i, .
(2.1) and (2.3) to show by a simple inductive argument that x (n) <L, Yi,n
which concludes the groof of part (i).
For the proof of the remaining parts of the Lemma we first perform a reduc-
tion to a simpler case. It is relatively easy to see that we may assume, with-
out loss of generality, that communication delays are nonzero. For example, we

could redefine the time variable so that one time unit for the old time variaple
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corresponds to two time units for the new cne and so that any message that
had zero delay for the original description has unit delay for the new descrip-
tioﬁ. If any of the Assumptioné 2.1, - 2.2, 2.3, 2.4 holds in terms
of the old time variable, it also remains true with tﬁe new one.

Next, we perform a reduction to the case where all messages have zero
delay, as follows: for any (i,j)€E, we intrcduce a finite set of dummy processors,
between i and j (see Fig. A.l) which act as buffers. Any message from i to j
is first transmitted to a buffer processor (with zero delay) which holds it for
time equal to the desired delay and then transmits it to j, again with zero

delay. (So, whenever a buffer processor h receives a message, it lets

ahi(n)=l). The buffer crocessor which is to be employed for any particular
message is determined by a round-robin rule. Note that for each pair (i,j)€E
the number of buffer proéessors that needs to be introduced is equal tc the
maximum communication delay for messages from i to j, which has been assumed

... ©6 ' :
finite. Note also that the buffer processors are non-computing ones and have
in-degree equal to 1.

It is easy to see that if Assumptions 2.2, 2.3 are valid for

the original description of the algorithm, they are also valid for the above
introduced augmented description, possibiy with a different choice of constants.
Assumption 2.1 also remains valid except for gpart c¢(iii) which may be
violated. (If in Figure A.l processor j had originally in-degree equal to 1, Lt
now nas in-degree equal to 4, but there is nothing in our assumptions that

guarantees that aJJ(n)zg, ¥Yn). We have, nevertheless, the following condition:

6.This procedure is equivalent to a state augmentation for the linear system
(2.2).
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Y

1: Reduction to the zero delay case.

Y G o
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Assumption A.l: For any processor i with in-degree larger than 1, either

1. Assumption 2.1lc(iii) holds, or
2. All predecessors of i are non-computing, have in-degree 1 and a common

predecessor.

From now on, we assume, without loss of generality, that communication
delays are zero, provided that we replace Assumption 2.1c(iii) oy Assumption

A.l.

| . R . - . ij i
Let A(n), 2?(n{k) be the matrices with coefficients a Ty, 3 Ttaik),

respectively. Because of the zero delay assumption it is easy to see that
n-1 y
S(njk) = I Alm), n>k+l.
m=K+1

We first prove the desired results under Assumptions 2.1 and 2.2.
By combining Assumptions 2.1c(i) and 2.2, note that there exists a constant

B such that, for any (i,j)€E and any time interval I of length B, there exists

some tE€I such that aj

i ’ . . . .
{£)>a> 0. (These are times that i communicates to 3i.)
Let us fix a computing processor j and some time k. By relabelling, let
us assume that j=l1. We will show by induction (with respect to a gparticular
numbering of the processors) that for any processor i, there exists some ai>0,
A
2

. . il ) g . .
independent of k, such that ¢ (nlk)zgi, for all ne€(k+(i-1)B+1, k+MB] I;-

To start the induction, consider first the case i=1 and notice that

e

T n=-1 e \
@l‘(nik)z_ I all(t)z_un K lz_aMB

t=k+1

7.since each A(n) is a "stochastic matrix (nonnegative entries, each row sums to 1),
questions of convergence of @(nik) are equivalent to questions about the long-
run behavior of a finite (time-varying) Markov chain.
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Suppose now that a subset S of the processors has been numpered
{1,...,i-1}, for some i>2, and that the induction nypothesis has been proved
for all processors in S. We show that it is always possible to find a new
processor in V/5, rename it to i and prove the induction hypothesis for i as
well.

Consider the set Q of processors ggs such that (p,q)€Z, for some €S.

If Q=¢, then S is the set of all processors (tecause of Assumption 2.1b) and
we are done. If not, we cnoose one processor from 3, and rename it to i,
subject to the following restriction: we choose a processor with in-degree more
than one only if no processor with in-degree eéual to one pelongs to Q.

wWe now prové the induction nygpothesis for processor i. Let h€3 be some
predecessor of i, belohqinq to S. Then, h<i and, by the inductibn hypothesis,

. Moreover, for some t€{k+(i-2)B+1l,...,k+(i-1)B]

hl
>
¢ (n|k)>0 >0, ¥neLcI, .

ih il
we have a (t)>x and consequently, ¢ (t+l{k)>aa?.
— - 4
We first suppose that i has in-degree 1. We prove by induction on n, for

I3 , A .
n€(t+l, ..., k+MB]D I; that @ll(ngk)>aar = ai>0. Indeed,
- 4

o™ arlk) = a o™ k) + att et k>

. hl i1, . . - N
> min{¢ T (n{k),3 " (n{k)}> min i saon o= oa .
— - {

Suppose now that i has in-degree more than 1 and that Assumption 2.2c{i1)

holds. Then,

e

il il n-t MB -
x> M aTT(m | #TT(erl{k)>a o> oa = a0, Ynel, .

h
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The last possibility is that i has in-~degree more than 1 (hence all
processors in Q have in-degree more than 1) and Assumption 2.1c(iii) fails.
Then the set of predecessors of i1 (denoted by.U) has a single common pradecessor,
denoted by j. Since i€Q, some h€U must belong to S. Since any h€U is non-
computing, we have h#l and its predecessor j must belong to S. ©Now, for any p€U,

p does not belong to Q (since it has in-degree 1) and therefore, p€S. We conclude

that all predecessors of i belong to S (UC3). We now perform an easy induction
3 A
on n, for n€(t+l,...,k+MB] to show that Qll(nik}zg min {ah} £ 0.>0. Indeed,
heu *
1l ih hi h
¢ " (n+llk) = 2 a” (m¢ (nlk)> min ) l(n{k)z

nevu{ il ~ heuu{i}

> min{ai. min {ah}} =a, -
heu

This completes our igductive argument.

We may now conclude that @(k+MB[k) is a stochastic matrix with the
properﬁy tﬁat all entries in some column (corresponding to any computing processor)
are positive and bounded away from zero by a constant >0 which does not depend on
k. We combine this fact with Lemma A.l below to conclude that the assertionsof

Lemma 2.1 are true.

Lemma A.l: Consider a segquence {Dn} of nonnegative matrices with the properties
chat:

(1) Each row sums to 1.

(i1) For séme a>0 and for some column (say the first one), all entries of Dr’

+

for any n, in that column are larger or equal than o.

B
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Then,

=B

D exists.

a) B’= lim .

n»x k=1

b) All rows of D are identical.
c) The entry in the first column of D is bounded below by .

d) Convergence to D takes pléce at the rate of a geometric progression.

Proof of Lemma A.l: Given any vector x=(x

l,...,gu) we decompose it as x=y+ce,

where ¢ is a scalar, eis the vector with all entries equal to 1 and y has one
zero entry and all other entries are nonnegative. (So ¢ equals the minimum of
the components of x.

n

Let x(n) = I Dkx(o-)r ¥n and x(n)=y(n)*c(n)e. It is easy to see that
k=1

Hy(n+l)”°° f_(l—&)![y(n)l[m, where ![-}[m denotes the max-norm on RM,thich
shows that y(n) converges geometrically to zero. Moreover, c(n)< c(n+l)< c(n) +
!ly(n)[lm, which shows that c(n) also converges geometrically to some c. Hence,
x(n) converges geometrically to ce. Since this is true for any x(0)€ Rn, parts
(a),(b),(d) ,of the Lemma follow. Part (c) is proved by an easy induction, for -

the finite products of the D _'s and, therefore, it holds for D as well. O

k

We now consider the case where Assumption 2.2 1s replaced by 2.3.

8

The key observation here is that during an interval of the form [B nB, Bl(n+l) 1

1
a bounded number of messages is transmitted; hence, A(k)=I, except for a bounded
number of times in that interval. If we redefine the time variable so that time

is incremented only at communication times, we have reduced the problem to the case

of Assumption 2.2. The only difference, due to the change of the time variable,

T A TR e aTh L B T T T TS I T SVe SR IR e e SR AT
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is in the rate of convergence. Under Assumption 2.2, ||®(n|k)-®/%)|| decreases
by a constant factor during intervals of constant length. This implies that,

under Assumption 2.3, |[®(n|k)-®(k)|| decreases by a constant factor during

3 8

intervals of the form [Blt ,Bl(t+c) 1, for some appropriate coastant c¢. Therefore,

Q
if B.t =k and Bl(t+m)8=n, we have ll@(n!k)-@(k)[!i Bd:/c

, for scme B>0, 4 €[5,1).
1 — o)

Eliminating t and solving for m, we obtain

1/8
k em=f B
B1 Bl

wnich f£inally yields

1/8 1/8
\®1 ®1
[l@(n{k)~©(k){]§_8do .
—t
cs /B

Let 6&=1/8 and d=d0v L , to recover the desired result. ®
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APPENDIX B

This Appendix contains the proofs of the results of Section 3.

Remark on Notation: In the course of the proofs in this section, we will use

the symbol A to denote non-negative constants which are independent of n, YO'

i i i . : . .
Y (n), x (n), s (n) etc., but which may depend cn the constants introduced in the

various assumptions (that is, M, L, X, K BO, B,, &, etc.). When A appears in

0’ 1

different expressions, or even in different sides of the same eguality (or
inequality), it will not necessarily represent the same constant. (With this
convention, an inequality of the form A + 1<A is meaningful and has to ke inter-
preted as saying that-A+l, where A i1s some constant, i1s smaller than some other
constant,.denoted again by A.) This convention is followed so as to avoid the
introduction cf unnecessarily many symbols.

‘wwﬁiéhoﬁf‘iééé 6é>§éné£éiity, we will assume that the algorithm is initialized
so that xi(l)=0, vi. In the general case where xi(l)%O. we may think of the
algorithm as having started at time 0, with xi(0)=0; then, a random updatse
si(O) sets xi(l) to a nonzero value. So, the case in which the processcrs initialliy
disagree may be easily reduced to the case where they initially agree.

—i i . ~i )
Note that we may define s (n) = s (n}) and view S (n) as the new
0

step with step-size Yo' It is easy to see that Assumptions (3.2) and (3.3) also

hold for Efln). For these reasons, no generality is lost if we assume that
Y (n) = Yo+ ¥n and this is what we will do.

Let us define

M .
bn) = ¥ |lst@l| (B.1)
L

and note that

2
b° (n) <M oy Hsl(n)lizim (n) .
i=1
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Using (2.6), (2.13).  and Lemma 2.1 (iii), we obtain
i el 3y gl 3
[Hy@m-x"mll< I T vllewm-2"@xll [{sTmxll <
k=1 j=1
n-1
<my, | & %o . (5.2)
k=1

From a Taylor series expansion for J we obtain

: M . .
J(y(n+l)) = J(y(n)+‘{o Z @l(n)sl(n)) <
i=1
M

. . M . .
< Jy(n)) + v 93(y@m) ) o (s (n)+ ally or (st ||?
- 0 i=1 0321

¥ . .
<Iy@) + Y WIrm) I e st () + aypt ) . (8.3)
i=1

, . i , , .
Assumption 3.2 is in terms of VJ(x (n)), whereas above we have VJ(y(n)). To
overcome this difficulty, we use the Lipschitz continuity of the derivative of J

and invoke (B.2) . to obtain

M, . M . . .
| |93 (y(n)) Z ¢ (n)s™ (n) - Z VJ(xl(n))Ql(n)sl(n)]! <
i=1 i=1
u i i
<3 I llvm-x@l| [|sTm|]| <
i=1
n-1 M . n-1
apr & ow I llstmll=va I d° “ox)b(n) <
k=1 i=1 k=1
n-1 :
aa P @ plmeim . ’ (B.4)
k=1
Let us define
Gtm) = -T3(x () (n)s () (B.5)
M i .
G(n) = ) G (n), (B.6)
i=1

and note that Assumption 3.2 implies that E[G(n)]>0. We now rewrite inequélity
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(B.3) "using (B.4) to replace the derivative term, to obtain:

n-1
J(y(n+l))< J(y(n)) - YOG(n) + Aygbz(n) + AYg Z dn-k[bz (k)+b2(n)}i
k=1

n-k

2 2 2
<3 -y G +ay) [ d b k) . (B.7)

k=1

Assumption 3.3 - implies that [cf. inequality (3.3)]

Eibz(k)li AE[G(k)T . (B.8)
Taking expectations in  (B.7) and using (B.8) we obtain
| 2 T nk
E0(y(n+1)) 1< E(T(y(n))] - YOE[G(R)} + Ay, ) & TEGK)] . (B.9)
‘ k=1

We then sum “(B.9) '~ for different values of n, to obtain

[ v
0<E[J(y(n+1))I< E[T(y () 1+ ) | A — - v.|EGK)] . ' (B.10)
- - 1-d 0
k=1
We now let Yy* = —ég-, where A is the constant of inequality (B.1l0), . and

assume that O<Y0§j*. Then, inequality (B.10) implies

n
\ leE[c(kng 2E(I(y (1)1, vn, (B.11)

and letting n tend to infinity,

o

! EIG(x)]<= - (B.12)
k=1 v

Yo
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By Assumption 3.2, - E{G(k)le]Zp, vVk; we méy apply the monotcne convergence

theorem to (B.l1l2) and obtain

x© -]
El } E(G(k) |F, || = Y E[G(k)] <o (B.13)
k=1 k=1
which implies
T 4
I Blek)|F I, a.s. (B.14)
k=1
From (B.1l4) we obtain
m‘ ’ . s
Y 7,5(x (@)E@ (n)sy(n) [F ] >=,  a.s.
2 2 2 n
n=L
Now use the fact (Lemma 5.2.1 (ii), inequality (2.9)) that éz(n)zﬂ>0, for
any computing processor i for component . This implies that
w . .
i, o i
Y V,3(x (n))Els,(n) |F 1>=, a.s.
2 2 n
k=1
and establishes part (c) of the theorem.
Lemma B.l: Let X(n), Z{n) be non-negative stochastic processes (with finite
expectation) adapted to {Fn} and such that
E{X(n+1) {-Fn}i X(n) + Z(n), (B.15)
xR
} E(2(n)]<e . (B.16)
n=1

Then X(n} converges almost surely, as n?o.

s e as s e e+ v s m wae mmeamee | fs e was e om. e o ae

r
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Proof of Lemma 5.3.1: By the monotone convergence theorem and (5.3.23) it

-]

follows that 2 Z <, almost surely. Then, Lemma 5.3.1 becomes the same
n=1

as Lemma 4.C.1 in {13, p.453], which in turn is a consequence of the super-
martingale convergence theorem (14]. g

Now let A be the constant in the right hand side of (B.7) and let

2 | B nk 2 S
Z(n) = AY S kZL a" ™y wlr_ |- (8.17)

Then, 2(n)> O and by (B.8)

n
n-k
E(Z(n]<A } 4 EGKI] . (B.18)
k=1
Therefore,
[- - <« n k
! Eizimica I ] a"elew)l =
n=l n=1 k=1
1 o
=A — ) E[Gk) <= , (B.19)
1-4
k=1
where the last inequality follows from (B.12) Therefore, 2(n) satisfies
(B.16). . We take the conditional expectation of (B.7), given Fn. Note that

J(y(n)) is Fn-measurable and that E[G(n)IFnIE_O. Therefore Lemma B.1l applies
and J(v(n)) converges almost surely.
Using Assumption 3.3 once more, together with (B.12),

1

K

E[ ¥ bz(k)]iz\ ! EGK) <= (B.20)
=1 k=1
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which implies that b (k) converges to zero, almost surely. Recall (B.2) to
conclude that y(n)—xi(n) convergés to zero, almost surely. Also, by squaring
(B.2), taking expectations and using the fact that E[bz(k)} converges to zexro
we conclude that E[I[y(n)-xi(n)[lz] also converges to zero, and this proves part
(b) of the Theorem.

Now/let us use Assumption 3.1 and a second order expansion of J to obtain,

" for any a€Rr

0<J (x-aVJ (x))<J (x) - aAll ]VJ(X)HZ + aZAZI IVJ(x)HZ , (B.21)

where A,, A, are positive constants not depending on a. Assuming that a was

1" 72

chosen small enough, we may use (B.21) and the nonnegativity of J to conclude
2
||Vax)|]° < aT(x), vxeH. (B.22)

Since J(y(n)) converges, it is bounded; hence VJI(y(n)) is also bounded, by
(B.22). We then use the fact that y(n)—xi(n) converges to zero, to concludes
that J(xi(n))-J(y(n)) also converges to zero. This proves part (a) and concludes
the proof of the Theorem. g

In the following Lemma we bound certain infinite series by corresponding
infinite integrals. This is justified as long as the integrand cannot change by

more than a constant factor between any two consecutive integer points. For

§ .8
notational convenience, we use c(nlk) to denote dm_ , where 4 and § are as in
Lemma 2.1 (iv).
Lemma B.2: The following hold:
X z - = C(mln)<°°1 (8023)
m n
n=1 m=n
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m m m 1
lm )} = cwml|k) = lim ] = c(m|k)=0, (B.24)
meo k=1 k mo k=1
S 1
lim ) elk|m=0. - (B.25)
m>®  k=m
1
8 1/8 st
Proof of Lemma B.2: Let t =y; then, t=y and dt=(1/0)y dy. Therefore,
x e} [+-] ’
§ & 8 . §
gt S qe =1 & Lgy < L &% ay < 2. (B.26)
t $ v -+ 0 } )
I §s § s

t=s y=s y=s
where A does not depend on s. Eguation (B.25) follows. Since %- éﬁ is an
' s
integrable function of s, (B.23) follows as well.

The left hand side of (B.24) is bounded by

m § 1
: § . 6§ ' § 8§ = -1
Am[ %dmtdt=Am ——;-/-ﬁdmy%yé ay =
=1 t v=1ly
8
Foaz-1 & _s
= am v a" Yay < am °,

y=

which converges to zero. The middle term in (B.24) is certainly smaller and

converges to zero as well. g

Proof of Theorem 3.2: Using the same arguments as in the proof of Theorem 3.1,

we may assume, without loss of generality, that xl(l)=0 and that Yl(n)=l/n, vi,n.

(Otherwise we could define gﬂL(n) = nYl(n)sl(n).)
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§ .8 .
We still use c(n|k) to denote a" . We define again b(n), Gl(n),

G{n) by (B.1), (B.5), (B.6), respectively, as in the proof of Theorem 5.3.1.

Also, let
n-1
1 1 1
( Y + z i c(nlm), n=k,
n m=1
1 1
¢ (n]k) = = = c(nlk), n>k, (B.27)
\. O, n<k.

By replicating the steps leading to inequality (B.7) in the proof of Theorem 3.1

and using Lemma 2.1(iv) and (B.27) we obtain, for some A>0,

. |
Jy@HNL Iym) - 26w +a [ ¢@mlopi®, va. (B.28)
k=1

Taking expectations in (B.28), we have

n
BLI(y(n+1)) 1< B[ (y(m))] - TEGM] + 2 ] 6(a|KEB M1, ¥

k=1 (B.29)
and using Assumption 3.4,
1 t -
E[J(y(n+1)) 1< E[J(y(n)) 1~ H'E[G(n)] + A z ¢(nlk)(E[G(k)]+l)- (B.30)
k=1

We then sum (B.30), for different values of n, to ocbtain

n

m. n n
OKE[J(y (n+1))I<E[J(y (1)) I+ A ) ) ¢o(m|k)+ ) qu(klm)—;]; E[G(m)].
m=1l k=1 m=1]| k=m (B.31)

The definition (B.27) and (B.23) imply that the middle term in the right hand

side of (B.31) is bounded. Moreover, using (B.27),
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© m-1 1 © 1
m 2 ¢(k|m) ==+ z E—c(mlk) + Z E-c(k[m),
k=m k=1 k=m

8|+

which converges to zero, as m»®, by (B.24) and (B.25). Therefore, for large

n
enough m, Z ¢ (k|m)- %75_— S follows that E[J(y(n))] is bounded.

k=m 2m

(o]
Inequality (B.31l) and the above also imply that Z %E[G(m)]@o and part (c) of
m=1

the Theorem follows, as in the proof of Theorem‘3.l.
We now define

° 2
zn) =E| )} ¢n|k)b (k)!Fn
k=1

and note that

x o] «©

J Elz(m)il<a ) Zcp(ntk)[:E[G(k)]ﬂ]f_MA ) %E[G(k)]«n .
n=1 k=1 n=k k=1

Taking conditional expectations in (B.28) (with respect to Fn) and using Lemma
B.1l, we conclude that J(y(n)) converges, almost surely.

We now turn to the proof of part (b). Using (3.5) and (B.22), we have

E[I [si(n)Hz] iE[ZAVJ(xi(n)) %—si(nn] +a<
5_4A2E[IIVJ(xi(n)H2] +-}EI:Hsi(n)H2]+ A<
i 1 i 2
< AE[J(x (n))] *ZE[HS () || ]+ A, (B.32)

which finally implies that

2] |s*m)|]%1< aBLa(x ()] + A. (B.33)
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Now, using (B.22) once more,

I @)-I e || m || || m-ym || +al | @m-ym |3

< 2 wem|]? +allx @-ym | %< asm) +al |t @-ym |2
(B.34)

Inequalities (B.33), (B.34) and the boundedness of E[J(y(n))] (which is a con-
sequence of (B.31)) yield

E[bz(n)]i A+AE[Hxi(n)-y(n)H2] . (B.35)

Similarly with (B.2), we have

i ol
[y -x @) ||<a ¥ = cmk)b (k) (B.36)
k=1
and
. n-1 2 ' n-1
|y m-x"@||*< an § c——@‘zb-‘—)— poo< an | SRR 2¢. (B.37)
k=1 k k=1 k |
Therefore,
i 2 2
E[||y(m)-x"(n)||"1< B(n) max E[ (k)1, (B.38)
1<k<n

n-1 , .
where B(n) = An z ELE%EL~ converges to zero, by (B.24). Using (B.35),
k=1 k '

B |y (@) -x" (@) | |*1< A8 (m) (L+max BO] |y &) -x- &) | |2])
k<n
and since B(n) converges to zero, it follows that E[Ily(n)—xi(n)llzl converges

2
to zero as well. We also conclude from (B.35) that sup E[b (n)]<ew.
n
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Let

b, = >, TbhML), kL. (B.39)
RAIPTOIILA

Using the fact that there exists an A such that (k+l)l/6-kl/6<Ak(l/6)—l, v

k,

obtain from (B.39)

2
o] 2 <«
! EIDDI< ] >, %- sup E(b° (n) 1<
k=1 k=1 kl/6ii<(k+l)l/6 n
<ay —%76 [(k+l)l/6-kl/6] <a } —;—/-6 k(379072 (B.40)
k=1 k k=1 k

2
If follows that Dk converges to zero, almost surely. Consequently, so does Dk

n
ana § 4%

k=1
such that N§p6 and use (B.36) to obtain-

Dk as well. Let us fix some n, let N denote the largest integer

, n-1 § .68
||x @) -ym) ||<a ¥ i—c(n|k)b(k)iA Za s . 1/6’} & o<
k=1 1<k<n®-1 k7 %<i<(k+1)
N
<a Ea g~ (kL) s > s Towsea | a o (B.41)
1<k<n®-1 K k=1

<i< (k+1)

As n converges to infinity, so does N and, by the above discussion, xi(n)-y(n)
converges to zero, as n?>®. Consequently, xi(n)-xj(n) also converges to zero,
for any i,j, completing the proof of part (b).

Finally, since J(y(n)) converges and xi(n)—y(n) converges to zero, part (a)

of the theorem follows, as in the proof of Theorem 3.1.@
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Proof of Corollary 5.3.1: From part (c) of either Theorem 3.1 or 3.2 and

(3.7) we obtain

I i i i
) ) ) i Y gy x (n))<=, a.s. (B.42)
i=1 2=1 neTz

i .
Because of our assumption on the sets Tl' it follows that there exists a
positive integer ¢ such that, for any i,%,m, the interval {cm+l,cm+2,...,c(m+l)}

. i
contains at least one element of TL' Let us choose sequences of such elements

denoted by t; o " By (B.42), we have
I N T T I |
R (6 Do (g D<=, aus (B.43)

i=1 =1 m=1

Now notice that, for some constant K_ O,

5
. K K K
i, i 4 4 5 ,
— > > = . .
Yiley D2 3 > S 2 om0 Vim (B.44)
t
2,m
Hence, (B.43) yields
1 MLy
Z o Z Z gz(x (tz m))<w, a.s. (B.45)
m=1 i=1 =1 !

From either Theorem 3.1 or 3.2 and its proof we obtain

lim (xl(n)—y(n)) = lim (y(n+l)-y(n))=0 which implies that
n>o n->e

i

1im (xl(tz"

1 .
m)-y(tl m))=O, Vi, 2 . (B.46)
o !
Since J has compact level sets and J(y(n)) converges, the sequence {y(n)} is

. . i
bounded. We therefore need to consider the functions 95 only on a compact set

on which. they are uniformly continuous. Therefore,

lim (g (x (&, m))—gi(y(ti =0, Wi . (B.47)
Bligas ! ! _
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By combining (B.45) and (B.47) we obtain

”f Loy
liminf g, (y(tT ))=0 . (B.48)
mwo i1 821 X Lom

a) By (B.48), there must be some subsequence of {tl

l,m} along which

g(y(ti m)) converges to zero. Let y* be a limit point of the corresponding
14

subsequence of {y(ti m)}. By continuity, g(y*)=0 and by assumption, y* must be
14 .

1

. . : i
a stationary point of J, so VJ(y*)=0. Moreover, x (tl o
r

) also converges to y*

along the same subsequenée. By continuity of VJ, {3.8) follows.

b) In this case, (B.43) implies

M L . . .
lim ] ] gy (g ))=0, a.s. (B.49)
m  i=1 Q=1 !

and the rest of the proof is the same as for part (a), except that we do not need
to restrict ourselves to a convergent subsequence.

1

converges to
l,m)} verg

¢) From part (a) we conclude that some subsequence of {ye
some y* for which g(y*)=0. Consequently, y* minimizes J. Using the continuity
of J,

liminf J(y(n))< liminf J(y(ti L) )S JIy*) = inf J(x) .
nre n> ! x€H

On the other hand, J(y{(n)) converges (part (a) of either Theorem 3.1 or 3.2)

which shows that (3.10) holds. s



