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Abstract—This paper considers time-average stochastic op-
timization, where a time average decision vector, an average
of decision vectors chosen in every time step from a time-
varying (possibly non-convex) set, minimizes a convex objective
function and satisfies convex constraints. This formulation has
applications in networking and operations research. In general,
time-average stochastic optimization can be solved by a Lyapunov
optimization technique. This paper shows that the technique
exhibits a transient phase and a steady state phase. When
the problem has a unique vector of Lagrange multipliers, the
convergence time can be improved. By starting the time average
in the steady state, the convergence times become O(1/¢) under
a locally-polyhedral assumption and O(1/¢'-®) under a locally-
non-polyhedral assumption, where ¢ denotes the proximity to the
optimal objective cost.

I. INTRODUCTION

Stochastic network optimization can be used to design
dynamic algorithms that optimally control communication net-
works [1]. The technique has several unique properties which
do not exist in a traditional convex optimization setting. In
particular, the technique allows for a time-varying and possibly
non-convex decision set. For example, it can treat a packet
switch that makes binary (0/1) scheduling decisions, or a
wireless system with varying channels and decision sets.

This paper considers time-average stochastic optimization,
which is useful for example problems of network utility
maximization [2]-[5], energy minimization [6], [7], and quality
of information maximization [8].

Time ¢t € {0,1,2,...} is slotted. Define € to be a finite or
countably infinite sample space of random states. Let w(t) € Q
denote a random state at time ¢. Random state w(t) is assumed
to be independent and identically distributed (i.i.d.) across time
slots. The steady state probability of w € (2 is denoted by 7.
Let [ and J be any positive integers. Each slot ¢, decision
vector z(t) = (x1(t),...,2z(t)) is chosen from a decision set
Xy (t)- For any positive integer 7', define T(7') as

1 T-1
T2 L S Bt
t=0

The goal is to make decisions over time to solve:

Minimize limsup f(Z(T)) (1)
T—o0
Subject to  limsupg; (Z(T)) <0 je{l,...,J}
T—o0
x(t) S Xw(t) te {0,1,2,...}.
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Here it is assumed that X, is a compact subset of R’ for each
w € Q. Assume U, cqdX,, is bounded, and let C be a compact
set that contains it. The functions f and g; are convex functions
from C to R, where A denotes a convex hull of set A. Results
in [1] imply that the optimal point can be achieved with an
ergodic policy for which the limiting time average expectation
exists.

An example of formulation (1) can be a resource allocation
problem of a stochastic wireless uplink network. The goal is
to achieve:

3
Minimize limsup — Z log (z;(T))
T—o0 i—1
Subject to  limsup —Z;(7T") < _xgmm) ie€{1,2,3}
T—o0
l’(t) S Xw(t) te {0,1,2,...},
where :vgmi") is the mininum rate for user 7. In this example,

Q=1{1,2},m =0.3,m =0.7, X1 ={(0,0,0),(2,1,0),(0,2,2)},
X2 ={(0,0,0),(0,1,2),(1,1,1)}.

Solving formulation (1) using the stochastic network opti-
mization framework does not require any statistical knowledge
of the random states. However, if the steady state probabilities

are known, the optimal objective cost of formulation (1) is
identical the optimal cost of the following problem:

f(x) @)
Subject to  g;(z) <0 jed{tl,...,J}
re X,

Minimize

where Y23~ m,X,,. Note that, for any v, 8 € R and any
sets A and B, notation a A+ 8B = {aa+ Bb:a € A b € B}.

Formulation (2) is convex; however, its optimal solution
may not be in any of the sets A,. In fact, determining whether
z is a member of X may already be a difficult task. This
illustrates that traditional and state-of-the-art techniques for
solving convex optimization cannot be applied directly to
solve problem (1). Nevertheless, their convergence times are
compelling to be mentioned for a purpose of comparison.

The convergence time of an algorithm is usually measured
as a function of an O(¢)-approximation to the optimal solution.
For a convex optimization problem, several techniques utilizing
a time average solution [9]-[11] have O(1/€?) convergence
time. For unconstrained optimization without a more restrictive
“strong convexity” property, the optimal first-order method
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[12], [13] has O(1/+/€) convergence time, while the gradi-
ent and subgradient methods have respectively O(1/¢€) and
O(1/€?) convergence time [14]. For constrained optimization,
two algorithms developed in [15], [16] have O(1/¢) conver-
gence time; however, the results rely on special structures
of their formulation. All of these results are for convex
optimization problems, which are not formulation (1).

This paper considers a drift-plus-penalty algorithm, de-
veloped in [1], that solves formulation (1). The algorithm is
shown to have O(1/¢2) convergence time in [17]. Note that a
deterministic version of formulation (1) and its corresponding
convergence are studied in [18]. Despite the similar analysis
procedures, the analysis in this work is more challenging due
to stochastic events and multiple decision sets.

Inspired by the analysis in [19], the drift-plus-penalty
algorithm is shown to have a transient phase and a steady state
phase. These phases are analyzed in two cases that depend
on the structure of a dual function. The first case is when
a dual function satisfies a locally-polyhedral assumption and
the transient time is O(1/€). The second case is when the
dual function satisfies a locally-non-polyhedral assumption and
the transient time is O(1/€*®). Then, under a uniqueness
assumption on a vector of Lagrange multipliers, if the time
average starts in the steady state phase, a solution converges in
O(1/¢) and O(1/€!-%) time slots under the locally-polyhedral
and locally-non-polyhedral assumptions respectively.

Even though this characterization of the time complexity
is important in its own right, it can also be used to improve
the convergence speed of a system if enough prior samples of
random states are available. This can be done by using those
samples in the transient phase and only implementing decisions
in the steady state phase. Recent work in this direction is in
[20], which considers methods to improve transient times that
can likely be used in conjunction with results in the current

paper.

The paper is organized as follows. Section II constructs an
algorithm solving problem (1). The behavior and properties of
the algorithm are analyzed in Section III. Section IV analyzes
the transient phase and the steady state phase under the
locally-polyhedral assumption. Results under the locally-non-
polyhedral assumption are provided in Section V. Simulations
are performed in Section VI

II. TIME-AVERAGE STOCHASTIC OPTIMIZATION

A solution to problem (1) can be obtained through an
auxiliary problem, which is formulated in such a way that its
optimal solution is also an optimal solution to the time-average
problem. To formulate this auxiliary problem, an additional set
and mild assumptions are defined. First of all, it can be shown
that X' is compact.

Assumption 1: There exists a vector & in the interior of X
that satisfies g;(2) < 0 for all j € {1,...,J}.

In convex optimization, Assumption 1 is a Slater condition,
which is a sufficient condition for strong duality [21].

Define the extended set ) that is a compact and convex
subset of RY and contains X. Set ) can be X, but it can be
defined as a hyper-rectangle set to simplify a later algorithm.
Define ||-|| as the Euclidean norm.
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Assumption 2: Functions f and g; for j € {1,...,J} are
convex and Lipschitz continuous on the extended set ), so
there are constants My > 0 and M,; > 0 for j € {1,...,J}
that for any z,y € V:

|f(x) = f(y)] < My||z -yl A3)
lgj(x) = g;(y)| < Myjllz —yl|. “4)

We assume that Assumptions 1 and 2 always hold in this paper.

A. Auxiliary formulation

For function a(x(t)) of vector x(t), define an average of
function values as

A
a(z lim — E
T—oo T

t=0

Recall that problem (1) can be achieved with an ergodic
policy for which the limiting time average expectation exists.
The time average stochastic optimization (1) is solved by
considering an auxiliary formulation, which is formulated in
terms of well defined limiting expectations for simplicity.

Minimize f(y) )
Subject to  g;(y) <0 jed{1,...,J}
lim z;(T) = lim 5,(T) ie€{l,...,I}
T—o0 T—o00
(z(t),y(t) € Xy x Y t€{0,1,2,...}.

This formulation introduces the auxiliary vector y(t). The sec-
ond constraint ties limy_,, T(7T') and limr_, o, F(T') together,
so the original objective function and constraints of problem
(1) are preserved in problem (5). Let f(°P) be the optimal
objective cost of problem (1).

Theorem 1: The time-average stochastic problem (1) and
the auxiliary problem (5) have the same optimal cost, f(°P).

Proof: Please see the full proof in [22]. ]

B. Lyapunov optimization

The auxiliary problem (5) can be solved by the Lyapunov
optimization technique [1]. Define W;(t) and Z;(t) to be
virtual queues of the first and second constraints of problem
(5) with update dynamics:

Wit +1) = W;(t) + g5y, je{l,....J} (6

where operator [ . 1is the projection to a corresponding non-
negative orthant.

For ease of notations, let W( V2E(WA(t),...,Wi(t)),
Z()=(Z1(t),.., Z1(1), and g(y)= (1( ), - ~-79J(y)) re-
spectively be the vectors of virtual queues W;(t), Z;(t), and

functions g;(y).
Define Lyapunov function (8) and Lyapunov drift (9) as
1
LO2Z WO + 1201 ®)
AM)EL(t+ 1) — L(1). )
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Let notation A  denote the transpose of vector A. Define
CEsup,ec ey [||g(y)||2 + ||z — yllﬂ /2, which is finite.

Lemma 1: For every t € {0,1,2,...}, the Lyapunov drift
is upper bounded by

A(t) < CHW(E) gly(t) + Z(t) [(t) — y(B)].  (10)

Proof: The proof is similar to the one in [18] and [22].
|

Let V. > 0 be any positive real number representing a
parameter of an algorithm solving problem (5). The drift-plus-
penalty term is defined as A(t) +V f(y(t)). Applying Lemma
1, the drift-plus-penalty term is bounded for every time ¢ by

A +V f(y(1) < CHW (1) glyt)+2(t) () — y(t)]
+FV (). (1)

C. Drift-plus-penalty algorithm

Let W° and Z° be the initial condition of W (0) and
Z(0) respectively. Every time step, the Lyapunov optimization
technique observes the current realization of random state w(¢)
before choosing decisions z(t) € X, ) and y(t) € Y that
minimize the right-hand-side of (11). The drift-plus-penalty
algorithm is summarized in Algorithm 1.

Initialize V, W (0) = W°, Z(0) = Z°.
for t €{0,1,2,...} do

Observe w(t)

x(t) = arginf,c Z(t) »

y(t) = arginf e, [V F(y) + W (1) gly) — 2(1) 3]

W(t+1) = [W(t) + g(y(t))]

Z(t+1) = Z(t) + x(t) — y(t
end

+
)

Algorithm 1: Drift-plus-penalty algorithm solving (5).

III. BEHAVIORS OF DRIFT-PLUS-PENALTY ALGORITHM

Starting from (W (0), Z(0)), Algorithm 1 reaches the
steady state when vector (W(t),Z(t)) concentrates around
a specific set (defined in Section III-A). The transient phase
is the period before this concentration. Note that this behav-
ior is different from the deterministic case in [18], where
(W (t), Z(t)) in the steady state is contained in a specific set.

A. Embedded Formulation

A convex optimization problem, called embedded formu-
lation, is considered. This idea is inspired by [19].

Minimize f(y) (12)

Subject to  g;(y) <0 je{l,....,J}
I e
wEeN
yey, =¥ e X, w e

Note that formulation (12) contains multiple sets X, and
is more complex than its deterministic version in [18].
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This formulation has a dual problem, whose properties are
used in convergence analysis. Let w € RJJF and z € R’ be the
vectors of dual variables associated with the first and second
constraints of problem (12). The Lagrangian is defined as

F({zw}weg, Y, W, z) =

> m[ )+ 0 gly) + 2 @ ).

weN

The dual function of problem (12) is

dw,z) = inf T({«” L, Y, W, 2
( ) yey, TYEX ,: VweEN ({ }UJEQ 4 )

= mudy(w,2), (13)

weN

where d, (w, z) is defined in (14) and all of the minimizing
solutions y take the same value.

do(w,2)2  inf_ [f) +w g +2 @-y)|. 4

y€Y, TEX,,

Define the solution to the infimum in (14) as

v (w,2) 2 arginf [f(y) +w gly) —2"y], (5
yey

2*(2)2 arginf 2 . (16)
mefw

Finally, the dual problem of formulation (12) is

Maximize d(w, 2) a7
Subject to  (w, 2) € R x R

Problem (17) has an optimal solution that may not be unique.
A set of these optimal solutions, which are vectors of Lagrange
multipliers, can be used to analyze the transient time. However,
to simplify the proofs and notations, a uniqueness assumption
is defined below. Define A= (w, z) as a concatenation vector
of w and z.

Assumption 3: Dual problem (17) has a unique vector of
Lagrange multipliers denoted by A\*£(w*, z*).

This assumption is assumed throughout Section IV and
Section V. Note that this is a mild assumption when practical
systems are considered, e.g., [5], [19]. Furthermore, simulation
results in [18] evince that this assumption may not be needed.

To prove the main result of this section, a useful property
of d,,(w, z) is derived. Define h(z,y)=(g9(y),z — y).

Lemma 2: For any A\ = (w,z) € R{ x R and w € Q, it
holds that

dy (X)) < dw(X) + h(z™(2), y* (w, z))T[)\* —-A. (18

Proof: From (14), it follows, for any A\ = (w,z) € Ri X
R! and (z,y) € X, x Y, that

d,(\") < f(y) + h(z,y) A"
= f(y) + h(z,y) A+ h(z,y) [\ =N

Setting (z,y) = (2*(w, 2),y*“(2)), as defined in (15) and
(16), and using (14) proves the lemma. |
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The following lemma ties the virtual queues of Algorithm
1 to the Lagrange multipliers. Given the generated W ()
and Z(t) of Algorithm 1, define Q(t)=(W (t), Z(t)) as a
concatenation of these vectors. The queue dynamics (6) and
(7) are equivalent to

QU+ 1) =PlQ() + h(z(t), y(1))]

where P[(W, Z)] denotes the projection of the concatenated
vector (W, Z) onto the set R x R7.

Lemma 3: The following holds for every ¢ € {0,1,2,...}:

E[lQ(+1) - vaIF|Qw)
< QM) = VXT|I” +2C +2V[d(Q(1)/V) — d(\")].

Proof: The non-expansive projection [21] implies that

1QU +1) — VAT|* < Q1) + hla(t), y(t)) — VA*||?
= Q) — VA |* + [lh(z(t), y(1))||”
+2h(z(t), y(1) 1Q(t) — VA*)
< QM) — VA*|* +2C + 2h(x(1), y(t)) ' [Q(t) — VA*]

(19)
From (14), when A = Q(t)/V, we have
do (Q(1)/V) = ) )
yey,iilefxm fw)+ @ 9(y) + @ (—y)|,

so " (W(8)/V, Z(1)/V) = y(t) and 2O (Z()/V) = a(t)
where (y*(W(t)/V,Z(t)/V),z**®(Z(t)/V)) is defined in
(15) and (16), and (y(t), x(¢)) is the decision from Algorithm
1. Therefore, property (18) implies that

T

h(a(t), y(t) [Q(t) = VA <V [dow) (Q(1)/V) — duwiy (X7)]-

Applying the above inequality on the last term of (19) gives

1Q(t+1) = VA*|> < [|Q(t) — VA|]* +2C
+ 2V [du) (Q(1)/V) = dury(N)].

Taking a conditional expectation given ()(t) proves the lemma:

E[lQ(+1) - vNIP|e®] < Q) - VA +2¢
+2V ) m[du(Q()/V) — du(XY)).

weN
| |

The analysis of transient and steady state phases in Sections
IV and V will utilize Lemma 3. The convergence results in the
steady state require the following results.
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B. T-slot convergence

For any positive integer 7" and any starting time ¢¢, define
the T-slot average starting at ¢y as

to+1T—1

f(to,T)éT > a().

t=to
This average leads to the following convergence bounds.

Theorem 2: Let {Q(t)},~, be a sequence generated by
Algorithm 1. For any positive integer 7" and any starting time
to, the objective cost converges as

M
E[f(Z(to, T))] — f) < Tfﬂf 1Z(to +T) = Z(to)ll]
1 2 21 C
+ 57oE [1Q)I° ~ 1@t + DI’ + 7, 20)
and the constraint violation for every j € {1,...,J} is
1
<
- T

M. -
+ = E(1Z(t +T) - Z()lll- - 1)

Elg;(®(to, )] < ZE[W;(to +T) — Wj(to)]

Proof: Please see the full proof in [22]. ]
To interprete Theorem 2, the following concentration
bound is provided. It is proven in [23].
C. Concentration bound

Theorem 3: Let K (t) be a real random process over ¢t €
{0,1,2,...} satisfying

IK(t+1)— K(t)|<d  and
0 S K () <o
_B 7K(t) 277

for some positive real-valued 6,, and 0 < 5 < 4.

E[K(t 4+ 1) — K(1)|K(1)] < {

Suppose K (0) = kg (with probability 1) for some ko € R.
Then for every time ¢ € {0,1,2,...}, the following holds:

E {erK(t)} <D+ (erko — D)yt

where 0 < p < 1 and constants r, p, and D are:

ré# pél _ ﬁ

2+ 03/3) 2
DA (67”5 — p) e’
_71 —

In this paper, random process K (t) is defined to be the
distance between () and the vector of Lagrange multipliers,
so K(t)2]|Q(t) — V\*|| for every t € {0,1,2,...}.

...} that
|K(t+1)— K(t)| < V2C
E[K(t+1)— K(t)|K(t)] <V2C.

Lemma 4: 1t holds for every ¢ € {0, 1,2,

Proof: The first part is proven in two cases.
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d(A) = Le[A* = Al

(V) — LA = A2

() = SL A" = A

/e
Locally-non-polyhedral

d(X)

Locally-polyhedral

Fig. 1.
functions

lustrations of locally-polyhedral and locally-non-polyhedral dual

i) If K(t+1) > K(t), the non-expansive projection implies
|

[K(t+1) - K(t)| = K(t+1) - K(#)
<QE) + h(x(t), y(t) = VAT = [lQ(t) = VATl
< [z (1), y() < v2C.
i) If K(t+ 1) < K(¢), then
[K(t+1) - K(t)| = K() - K(t+ 1)
<[QM) —QE+ DI +[QE+1) = VAT - K(t+1)

< [Ih(z(t), y())I| < V2C.

Therefore, |K(t+ 1) — K(t)] < v2C. Using K(t + 1) —
K(t) <|K(t+1) — K(t)| proves the second part. |

Lemma 4 prepares K (t) for Theorem 3. The only constants
left to be specified are 8 and -y, which depend on properties
of dual function (13).

IV. LOCALLY-POLYHEDRAL DUAL FUNCTION

This section analyzes the transient time and a convergence
result in the steady state. Dual function (13) in this section is
assumed to satisfy a locally-polyhedral property, introduced in
[19]. This property is illustrated in Figure 1. It holds when f
and each g, for j € {1,...,J} are either linear or piece-wise
linear.

Assumption 4: Let A* be the unique Lagrange multiplier
vector. There exists Lp > 0 such that dual function (13)
satisfies, for any A € Ri x RI,

d(A*) > d(X) + Lp[A — A7 (22)
Note that, by concavity of the dual function, if inequality
(22) holds locally about A*, it must also hold globally. The
subscript P denotes “polyhedral.”
A. Transient time
The progress of Q(t) at each step can be analyzed. Define

Ly 2C
2 Lp

Assumptions

Bp2 max [ 23)

Lemma 5: Under 3 and 4, whenever

|Q(t) — VA*|| > Bp, the following holds
L
EfIQ( +1) = VATQ®)] < 1Q(t) — VA™|| - 71)
Proof: If condition
20 +2VI[d(Q(1)/V) = d(X")] < —Le[|Q(t) = VA™[| + Lp/4

24)

494

is true, Lemma 3 implies that
E[IQ(t+1) - VA IPlo()]
< Q) = VA'I* — Le|Q(t) —
=[1Q(t) = VA"|| — Le/2".
Applying Jensen’s inequality [21] on the left-hand-side yields
E[|Q(t +1) = VAT Q@) < [I1Q() — VA*| — Le/2]".
When ||Q(t) — VA*|| > Lp/2, it follows that
EflQ(+1) = VATIQ®)] < |Q(t) — VA™|| — Lp/2. (25)

VA*|| + L3/4

It requires to show that condition (24) holds whenever
|Q(t) — VA*|| > Bp. Assumption 4 implies that

20+ VA(Q(D)/V) — d(N)] < 20 — 2L Q1) — VA'|.
(t) = VA*|| > Bp implies

Lp||Q(t) — VA*|| > 2C and
20 +2VI[d(Q(t)/V) — d(A")] < —Le[|Q(t) = VA™[],
which implies (24). |

Lemma 5 implies that, in expectation, )(¢) proceeds closer
to VA* in the next step when the distance between them is at
least Bp. This implication means that ((¢) concentrates around
V' A* in the steady state.

B. Convergence time in a steady state

Define constants rp, pp, Dp, Up, U}, as

A 3Lp A rpLp
T :—’ :1 - 5 26
" 120+ Lpv2C P 1 20

erpo (e’r’p\/ﬁ _ pP)
Dp= 27
L—pp

log (D 1 2(D, 1

UAog( p+ )7 e ( P2+ ) 28)
Tp Tp
Given the initial condition Q°=(W?°, Z9), define
0 _ V\*
o el VX (29)
log(1/pe)

where constants rp and pp are defined in (26). The value Tp
is O(V'). The next lemma shows Tp can be interpreted as the
transient time, so that desirable “steady state” bounds hold
after this time.

Lemma 6: Suppose Assumptions 3 and 4 hold. Given the
initial condition Q°2(W?°, Z9), for any time ¢ > Tp when Tp
is defined in (29), the following holds

EffQ(t) — VA™[] < Up (30)
E[llo() - VAP < vy, G1)
where constants Up and U} are defined in (28).

Proof: Recall that K (t)=(|Q(t) — VA*|. From Lemmas
4 and 5, constants in Theorem 3 are § = v/2C,~ = Bp, and
B = Lp/2. Theorem 3 implies, for any ¢ > 0, that

E[e¢"N W] < Dp+ (e — Dp)pp < Dp+ ¢ pp  (32)
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where ko = K(0) = HQO — V)\*| , and constants 7p, pp, Dp
are defined in (26) and (27). We then show that

ehoph <1 Wt > Tp. (33)

. ko . . TP||QO_V>\*||
Inequality e™ 0 pp < 1 is equivalent to ¢ > “log/m) by

arithmetic and the fact that log(1/pp) > 0. From the definition

. . TP‘IQ()*V)\*
of Tp in (29), it holds that Tp > oz
(33) follows.

From (33), inequality (32) becomes
E {G”’K(t)] <Dp+1

, and the result

Vit > Tp. (34)

Jensen’s inequality implies that eEX (M) < E [emK()], and
we have eEIK(®] < Dp + 1. Taking logarithm and dividing
by rp proves (30).

Chernoff bound (see for example in [24]) implies that, for
any m € Ry,

P[K(t) > m] < e ™™E [e”’K (ﬂ < e " (Dp+1) Vt>Tp

(35)

where the last inequality uses (34). Since K(t)? is al-

ways non-negative, it can be shown that E [K(t)?] =

2 fooo mP[K(t) > m]dm by the integration by parts. Using
(35), we have

E[K(t)%] <2(Dp+1) /OO me~"""dm.
0

Performing the integration by parts proves (31). ]

The above lemma implies that, in the steady state, the
expected distance and square distance between (Q(t) and the
vector of Lagrange multipliers are bounded by constants that
do not depend on V. This phenomenon leads to an improved
convergence time when the average is performed in the steady
state. A useful result is derived before the main theorem.

Lemma 7: For any times t1 and ¢, it holds that

E[lQ)IP - 1Q)I?] <E [IQ() - V||
F2VAIE Q1) — VAT + [[Q(t2) — VA™[].
Proof: Tt holds for any @ € R;{_ x R that
1QIP = 1Q = VA I” + [IVA*[* + 2(Q = VA") " (VAY).
Using the above equality with Q1, Q2 € RJJF x R! leads to
QI — 112
<@ = VXI* = 1Q2 = VA" +2(Q1 — Q2) (VX')
< Q1 = VA I* +2Q1 — Qal|[V 7|
<@L = VAP + 2V [[[|Q1 = VATl + Q2 = VA
Taking an expectation proves the lemma. ]
Finally, the convergence in the steady state is analyzed.
Theorem 4: Suppose Assumptions 3 and 4 hold. For any
time t9 > Tp and positive integer 7', the objective cost
converges as

2MUp U, +4VUp|X*]|  C
E[f(Z(to, T))] — fOoP) < =L2P 4 =P P, C

T 2TV (§/6)
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and the constraint violation is upper bounded by

2U, 2M ;U
E [g;(@(to, T))] < = + —2—.

T T (37)

Proof: From Theorem 2, the objective cost converges as
(20). Since Tp < tg < tg + T, we use results in Lemma 6 to

upper bound E[||Q(¢) — VA*||] and E [||Q(t) — V)\*||2] for t
and tg + 7. Terms in the right-hand-side of (20) are bounded
by
EfZ(to +T) — Z(to)l] <E[[|Q(to + 1) — Q(to)ll]
<E[K(to+T)+ K(to)] < 2Up. (38)

Lemma 7 implies that

E [l - Qo + 7)1
< E [K(to)? + 2 VA[[[K (t0) + K (to + T)]]
< Up+4VU|N7|. (39)

Substituting bounds (38) and (39) into (20) proves (36).

The constraint violation converges as (21) where Tp < tg <
to + T. Using Lemma 6, the last term in the right-hand-side
of (21) is bounded in (38). The first term is bounded by

E [W;(to +T) — Wj(to)]
<E[[W;(to +T) = VA*[ + [W;(to) — VA™]]
<E[K(to+T) + K(to)] < 2Up.

Substituting the above bound and (38) into (21) proves (37).
|

The implication of Theorem 4 is as follows. When the
average starts in the steady state, the deviation from the optimal
costis O(1/T+1/V), and the constraint violation is bounded
by O(1/T). By setting V = 1/e and T = 1/e, both optimal
cost and constrain violation achieve O(e)-approximation, and
the convergence time is O(1/¢) slots. Note that this setting
yields O(1/e) transient time, since Tp = O(V') = O(1/e).

V. LOCALLY-NON-POLYHEDRAL DUAL FUNCTION

The dual function (13) in Section V is assumed to satisfy
a locally-non-polyhedral property, modified from [19]. This
property is illustrated in Figure 1.

Assumption 5: Let A\* be the unique Lagrange multiplier
vector. There exist S > 0 and Ly > O such that, whenever
A€ RJJF x RY and ||A — \*|| < S, dual function (13) satisfies

d(N*) > d(\) + La|lx — M.

Note that the subscript N denotes “non-polyhedral.”

It can be shown that Assumption 5 implies
d(X*) > d(N\) + SLx||A — X'
for all A € R{ x R and ||A — \*|| > S.!

IWe would like to thank Hao Yu for noticing this fact.
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A. Transient time

The progress of Q(t) at each step can be analyzed. Define

Bx (V)2 max {1 W(l i m)]

V' 2Ly
SLy 2C
/A
BN—max{ 5 ’SLN}

Lemma 8: Suppose Assumptions 3 and 5 hold. When V'
is large enough to ensure both Bx(V) < SV and B < SV,
the following holds

E[Q(t + 1) — VA'|Q()] - [Q(t) — VX'
i By(V) < Q) = VX' < SV

_ 1
:
= { I e - var > SV
(40)

Proof: Please see the full proof in [22]. [ |

The interpretation of Lemma 8 is similar to Lemma 5
except that By(V) and the negative drift (40) are functions
of V. Nevertheless, Lemma 8 implies that Q)(¢) concentrates
around V' \* in the steady state.

B. Convergence time in a steady state

Define constants rn(V), pn(V), Dn(V), Un(V), UL (V) as

A 3 aq ’I‘N(V)
TN(V)_GC\/V—F\/@’ pN(V)_l 2\/?7 (41)
e (V)Bx(V) (erN(V)\/% _ pN(V)>
Du(= 1= (V) )
() BN e A0S
43)

Given the initial condition Q°2(W?°, Z), define the transient
time for a locally-non-polyhedral dual function as

éPN(V)HQO —V)\*”

log(1/on(V)) )

where constants n(V') and pn (V) are defined in (41). Defini-
tion (44) implies that the transient time under the locally-non-
polyhedral assumption is O(V1:). This Ty can be interpreted
as the transient time, so that desirable bounds hold after this
time.

Lemma 9: Suppose Assumptions 3 and 5 hold. When V'
is large enough to ensure Bn(V) < SV, By < SV, and
VV > 2 /SLn, for any time ¢ > Ty, the following holds

EflQ() — VATl < Un(V) 45)
E () - Va'I?] < G(v) (46)
where Ux(V') and U{ (V) are defined in (43).
Proof: Please see the full proof in [22]. [ |
The convergence results in the steady state are as follows.

Theorem 5: Suppose Assumptions 3 and 5 hold. When V'
is large enough to ensure By (V) < SV, B{ < SV, and VV >
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2/S Ly, then for any time ¢, > Ty and any positive integer T,
the objective cost converges as

E [f(%(to, T))] — f© < %N(V)

| UV) + VTN, C

- 7
2TV g @D
and the constraint violation is upper bounded by
20n(V 2M,,;Un(V
Elg;(T(to,T))] < NT( ) g]TN( ) (48)
Proof: Please see the full proof in [22]. ]

The implication of Theorem 5 is as follows. When the
average starts in the steady state, the deviation from the
optimal cost is O(v/V /T +1/V), and the constraint violation
is bounded by O(v/V/T). Note that this can be shown by
substituting Bn(V'), r~(V), pn(V'), Dn(V) into (47) and (48).
By setting V = 1/e and T = 1/€!5, this achieves an O(e)-
approximation with transient time and convergence time of

O(1/').

VI. SIMULATION
A. Staggered Time Averages

In order to take advantage of the improved convergence
times, computation of time averages must be started in the
steady state phase shortly after the transient time. To achieve
this performance without knowing the end of the transient
phase, time averages can be restarted over successive frames
whose frame lengths increase geometrically. For example, if
one triggers a restart at times 2* for integers k, then a restart
is guaranteed to occur within a factor of 2 of the time of the
actual end of the transient phase.

B. Results

This section illustrates the convergence times of the
drift-plus-penalty Algorithm 1 under locally-polyhedron and
locally-non-polyhedron assumptions. Let 2 = {0,1,2}, Xy =
{(Oa O)}, X = {(_57 O)a (07 10)}7 Xy = {(07 —10), (57 O)}’
and (g, m,m2) = (0.1,0.6,0.3). A formulation is

Minimize limsup f(Z(T)) (49)
T—o0
Subject to  limsup [-2Z1 (T) — Zo(T)] < —1.5
T—o00
limsup [—71 (T) — 272(T)] < —1.5
T—o00

(z1(t), 2(t)) € Xyy, t€{0,1,2,...}
where function f will be given for different cases.

Under locally-polyhedron assumption, let f(x) = 1.5z1 +
zo be the objective function of problem (49). In this set-
ting, the optimal value is 1.25 where limp_ .7 (T) =
limp_, o T2(T') = 0.5. Figure 2 shows the values of objective
and constraint functions of time-average solutions. It is easy to
see the improved convergence time O(1/¢) from the staggered
time averages compared to the convergence time O(1/€®) of
Algorithm 1.

Under locally-non-polyhedral assumption, let f(x) = 2% +
22 be the objective function of problem (49). Note that the
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optimal value of this problem is 0.5 where limp_, . 71(7T') =
limr_, o T2(T) = 0.5. Figure 3 shows the values of objective
and constraint functions of time-average solutions. It can be
seen from the plot of constraints that the staggered time
averages converge faster than Algorithm 1. This illustrates the
different between convergence times O(1/e') and O(1/¢€?).
Additional results of problems without the uniqueness assump-
tion can be found in [22].

VII. CONCLUSION

We consider the time-average stochastic optimization prob-
lem with a non-convex decision set. The problem can be solved
using the drift-plus-penalty algorithm, which has convergence
time O(1/€?). After we analyze the transient and steady state
phases of the algorithm, the convergence time can be improved
by performing time average in the steady state. We prove that
the improved convergence time is O(1/€¢) under the locally-
polyhedral assumption and is O(1/¢!-%) under the locally-non-
polyhedral assumption.
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