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Abstract—We consider online convex optimization (OCQO) with
multi-slot feedback delay. An agent selects a sequence of online
decisions to minimize the accumulation of time-varying convex
loss functions, subject to short-term and long-term constraints
that may be time-varying. Both the convex loss function and the
long-term constraint function may experience multiple time slots
of feedback delay to be received by the agent. Existing works on
OCO under this general setting has focused on the static regret,
which measures the gap of losses between an online decision
sequence and a time-invariant static offline benchmark. In this
work, besides the static regret, we also consider a more practically
meaningful metric, the dynamic regret, where the benchmark is
a time-varying online optimal decision sequence. We propose
an efficient algorithm, termed Delay-Tolerant Constrained-OCO
(DTC-0OCO), which uses a novel double regularization together
with a new penalty mechanism on the long-term constraint
violation, to tackle the asynchrony between information feedback
and decision updates. We obtain upper bounds for its static
regret, dynamic regret, and constraint violation, proving that
they are sublinear under mild conditions. Furthermore, we
consider a variation of DTC-OCO with multi-step gradient
descent, and show it provides improved dynamic regret and
constraint violation bounds for strongly convex loss functions.
For numerical demonstration, we apply DTC-OCO to a general
network resource allocation problem. Our simulation results
suggest substantial performance gain by DTC-OCO over the
current best alternative.

Index Terms—Online convex optimization, long-term con-
straint, multi-slot delay, dynamic regret, constraint violation,
online network resource allocation.

I. INTRODUCTION

Online convex optimization (OCO) is a promising solu-
tion to many system control, machine learning, and resource
allocation problems, such as prediction with expert advice,
spam filtering, target tracking, online regression, and network
routing [2], [3]. Under the standard OCO setup, an agent
selects a decision from a known convex set at the beginning
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of each time slot. At the end of each slot, the system reveals
information of the current convex loss function to the agent.
Due to the lack of in-time information of the current convex
loss function, it is impossible for an agent to make an
optimal decision at each time slot. Instead, the agent aims at
minimizing the regret, i.e., the accumulated performance gap
between the online decision sequence and some performance
benchmark over time.

Most of the early works on OCO studied the static regret,
which is the performance gap between the online decision
sequence and a static offline benchmark that is based on apriori
information of all the convex loss functions over the entire
time horizon. In the seminal work of OCO [4], an online
projected gradient descent algorithm was shown to achieve
O(T'z) static regret, where T is the time horizon. The static
regret was further reduced to O(logT) in [5] for strongly
convex loss functions. However, in a dynamic environment,
the performance of the static offline benchmark may be far
from optimal. As a result, achieving sublinear static regret may
not be meaningful. In [4], a more useful metric, the dynamic
regret, was introduced to measure the difference between the
online decision sequence and a dynamic benchmark. Even the
dynamic regret is more difficult to analyze, it has received
increasing attention in recent works [6]-[11].

The above-mentioned works all focused on OCO with short-
term constraints that must be strictly satisfied at each time slot.
Long-term constraints are also common in many applications.
For example, the energy budget of an electronic device may be
viewed as a long-term constraint on its power usage. OCO with
long-term constraints was first considered in [12]. With such
constraints, constraint violation within a finite time period may
occur. Thus, in addition to achieving sublinear regret, OCO
algorithms should also provide sublinear constraint violation,
which indicates that the time-averaged violation of each long-
term constraint tends to zero as time approaches infinity.
Early works on constrained OCO assumed that the long-term
constraints are time-invariant [13], [14], while more recent
works [15]-[18] studied OCO with time-varying long-term
constraints.

In practical systems, the decision maker often gains access
to the system information only after some delay. For example,
in wireless communications, data transmission relies on chan-
nel state information, which is usually delayed for multiple
transmission frames due to limited feedback resources. In
machine learning, collecting training datasets and transmitting
the learning models over wireless links may induce feedback
delays from the mobile devices to the parameter server. In
smart grid, the large number of renewable energy sources can



lead to feedback delays on the amount of power supply at
the central controller. In mobile computing, offloading tasks
from remote devices to the cloud via wireless channels can
cause feedback delay. Under standard OCO, the decision
maker receives information on the current loss function (and
if applicable the long-term constraint functions) at the end of
each time slot when the decision is made, i.e., the feedback
information is delayed for only one slot [4]-[18]. However,
such assumption is too restrictive for many practical applica-
tions. To address this, [19] initiated a study on OCO with
multi-slot feedback delay. Additional delay-adaptive OCO
algorithms were proposed in [20] and [21]. A recent work
[22] considered OCO with both time-varying constraints and
multi-slot feedback delay.

Despite the above research efforts, to the best of our knowl-
edge, all existing works on OCO with multi-slot feedback
delay focus on the static regret, which as explained above
may not be a meaningful performance metric for inherently
time-varying systems. In fact, the gap between the static
regret and dynamic regret can be as large as O(T) [23]. In
the presence of multi-slot feedback delay, whether sublinear
dynamic regret is achievable for OCO is an open problem.
Adding to this challenge is our limited understanding on
system performance under long-term constraints (either time-
varying or time-invariant). In this work, we aim to address
these challenges. Our main contributions are as follows:

o We propose an efficient algorithm, termed Delay-Tolerant
Constrained-OCO (DTC-OCO), for OCO with multi-
slot feedback delay and with both short-term and long-
term constraints. All existing OCO algorithms update
current decisions using either no regularization or a
single-regularization approach based on either the one-
slot ahead decision or 7-slot ahead decision, where T
is the feedback delay. In contrast, in DTC-OCO, we
propose a novel double-regularization approach to update
current decisions based on both one-slot ahead decision
and 7-slot ahead decision, to capture useful information
from both decisions to further minimize the accumulated
loss and constraint violation. The double-regularization
approach together with a new penalty mechanism on the
long-term constraint violation improves the performance
tolerance to multi-slot delay and facilitates the bounding
of the performance by DTC-OCO.

o« We analyze the special structure of DTC-OCO under
the double regularization approach and show that the
algorithm achieves O(max{r37T 3", T"}) dynamic re-
gret and O(max{r2Tz T"}) static regret, where & rep-
resents the growth rate of the accumulated variation of
the per-slot optimizer, and v measures the accumulated
squared variation of the constraint functions. Further-
more, we show O(max{T¥ ,7T"}) constraint violation
bound for DTC-OCO, where x measures the accumu-
lated variation of the constraint functions. In the special
case of time-invariant constraints, DTC-OCO achieves
O(T%T#) dynamic regret, O(727T'2) static regret, and
O(7) constraint violation. To the best of our knowledge,
this is the first work to simultaneously provide dynamic

regret bound and constraint violation bound for OCO with
both multi-slot delay and long-term constraints.

e To further improve the performance of DTC-OCO, we
propose a variant with multi-step gradient descent. Our
analysis shows that, for strongly convex loss func-
tions, when the number of gradient descent steps at
each slot is large enough, DTC-OCO provides improved
O(max{r2T?,T"}) dynamic regret bound and O(7T*)
constraint violation bound. For the special case of time-
invariant constraints, the algorithm achieves O(7%7?)
dynamic regret and O(7) constraint violation. We note
that, in prior works, even under the standard setting with
one-slot feedback delay, it was unknown whether or not
strong convexity helps improve the dynamic regret of
OCO with long-term constraints.

o As an application example, we apply DTC-OCO to a gen-
eral network resource allocation problem. For a specific
cloud computing system, our simulation demonstrates
that DTC-OCO is more tolerant to feedback delay and
achieves much smaller accumulated loss compared with
the current best alternative from [22]. Our simulation also
shows that enabling multi-step gradient descent in DTC-
OCO further reduces the accumulated loss.

Organizations: The rest of this paper is organized as fol-
lows. In Section II, we present the related work. Section III de-
scribes the problem formulation and performance metrics. We
present DTC-OCO and its performance analysis in Section IV.
Then, we consider multi-step gradient descent for DTC-OCO
and study its performance in Section V. The application of
DTC-OCO to network resource allocation is presented in
Section VI, followed by concluding remarks in Section VII.

Notations: The transpose, Euclidean norm, L., norm, and
Ly norm of a vector a are denoted by a”, ||al|, ||a|sc, and
|la|l1, respectively. The notation I denotes an identity matrix,
0 denotes a vector of all 0’s, 1 denotes a vector of all 1’s, and
[N] denotes the set {1,...,N}.

II. RELATED WORK

In this section, we survey existing works on OCO. The
differences between these works and our work are summarized
in Table. L.

1) OCO with Long-Term Constraints: Among the exist-
ing works on OCO with long-term constraints, a saddle-
point-typed algorithm was proposed in [12], which achieves
O(T'2) static regret and O(T'1) constraint violation for time-
invariant long-term constraints. A follow-up work [13] pro-
vided O(T™ax{&1-¢}) static regret and O(T 1*5) constraint
violation, where £ € (0,1) is a trade-off parameter. A virtual-
queue-based algorithm was proposed in [14], which provides
O(1) constraint violation that is currently the best result for
OCO with time-invariant long-term constraints. For indepen-
dent and identically distributed (i.i.d.) long-term constraints,
virtual-queue-based algorithms were proposed in [15] and [16]
with the standard gradient descent update and general mirror
descent update, respectively. The analyses in [12]-[16] focus
on the static regret. Dynamic regret bounds were provided
in [17] and [18], by modifying the the saddle-point-typed



TABLE 1
SUMMARY OF RELATED WORKS ON OCO

l Reference ‘ Type of benchmark

Long-term constraint

Multi-slot delay

21, [31, [5] Static No No
[4] Static and dynamic No No
[6]-[11] Dynamic No No
[12]-[14] Static Invariant No
[15], [16] Static Varying No
[17], [18] Dynamic Varying No
[19]-[21] Static No Yes
[22] Static Varying Yes
DTC-OCO | Static and dynamic | Invariant and varying Yes

and virtual-queue-based algorithms respectively to deal with
general time-varying long-term constraints. The above works
all consider the standard OCO setting where the feedback
information is delayed for only one slot, while our work
considers the more challenging problem of multi-slot feedback
delay.

2) OCO with Multi-Slot Feedback Delay: Most existing
works on OCO with multi-slot feedback delay focus on online
decision design problems with only short-term constraints
[19]-[21]. In [19], the standard online gradient descent al-
gorithm [4] was extended to provide C’)(T%T%) static regret.
Delay-adaptive online gradient descent algorithms were pro-
posed in [20] and [21] to accommodate adversarial feedback
delay.

The impact of long-term constraints on OCO with multi-slot
feedback delay was considered in [22]. However, [22] only
studied the static regret. Furthermore, the constraint violation
bound provided in [22] was no less than O(T'%) even for
time-invariant long-term constraints. This constraint violation
performance is inherited from the saddle-point-typed algo-
rithm [12]. Thus, even for time-invariant long-term constraints,
whether an online algorithm can achieve a tighter constraint
violation bound in the presence of multi-slot delay is unknown.
Different from [22], in this work, we propose a novel double-
regularization approach together with a new penalty mecha-
nism on the long-term constraint violation. Furthermore, we
provide both dynamic and static regret bounds, as well as a
stronger constraint violation bound for the proposed algorithm.

3) Lyapunov Optimization: Constrained OCO is related
to Lyapunov optimization [24]. The latter uses the system
state and queueing information to implicitly learn the system
variations and adapt the online decisions accordingly without
knowing the system statistics. However, under the Lyapunov
optimization framework, the system states are commonly
assumed to be i.i.d. or Markovian, while OCO frameworks do
not have such restriction. Furthermore, the standard Lyapunov
optimization relies on the current and accurate system state
for decision updates. In the presence of feedback delay on the
system state, one can apply Lyapunov optimization by using
historical information to predict the current system state [25].
However, this way of dealing with feedback delay is equivalent
to extending the standard Lyapunov optimization to inaccurate
system states in [26] and [27]. As a result, with inaccurate
system state information, the performance gap between the
online decisions and the optimal decisions over time is O(oT),

which grows linearly with 7" with ¢ being some measure of
system inaccuracy. Therefore, such an approach cannot lead
to the sublinear dynamic regret bound that we seek.

III. CONSTRAINED OCO WITH MULTI-SLOT DELAY
A. Problem Formulation

We consider a time-slotted system with time slots indexed
by t. Let f;(x) : R® — R be a convex loss function at time
slot ¢. Let g;(x) be a vector of C' convex long-term constraint
functions at time slot ¢, where g;(x) = [g}(x),...,g" (x)]T :
R™ — RY. The loss function f;(x) and the constraint function
g:(x) both may change over t. We further consider short-term
constraints represented by a compact convex set Xy C R™. The
goal of constrained OCO is to select a sequence of decisions
{x:} from A to minimize the accumulated loss while also
meeting the long-term constraints, which expressed as the
following dynamic optimization problem:

T
th(xt)

Pl1: min
(S A
T
s.t. th(xt) =<0, (D
t=1
x; € Xy, Vi )

where T is the time horizon. Note that if the constraint
functions are time-invariant, i.e., g:;(x) = g(x),Vt, then P1
is simplified to the time-invariant constrained OCO problem
considered in [12]-[14].

Under the standard constrained OCO setting [12]-[18],
feedback information on the loss function f;(x) and the
long-term constraint function g;(x) is assumed to only have
one time slot delay, and the feedback can be used to make
the new decision x;,; for the next time slot.! However, in
many practical applications, such as wireless transmission and
mobile computing mentioned in Section I, this one-slot delay
assumption is unrealistic as the feedback information typically
may experience a severe delay.

Therefore, in this work, we consider a general scenario
where the feedback information on f;(x) and g;(x) is delayed
by 7 > 1 slots to arrive at the decision maker at the end

'We note that, to have a well-posed problem, information on the short-
term constraints must be current. Furthermore, obviously delay is irrelevant
to time-invariant long-term constraints [12]-[14].



of slot ¢t + 7 — 1. The multi-slot feedback delay has also
been considered in [19]-[22]. Different from [19]-[21], where
only short-term constraints are considered, the additional long-
term constraints in (1) lead to a more complicated online
optimization problem as the decisions {x;} are correlated
over time. The problem is especially more challenging as the
underlying system state varies over time while decisions need
to be made based on the delayed feedback.

B. Performance Metrics

Due to the lack of in-time information of the current loss and
constraint functions under the OCO setting, it is very difficult,
if not impossible, to obtain an optimal solution to P1.% Instead,
a time-varying constrained OCO algorithm aims at selecting
a sequence of online decisions {x;} that is asymptotically no
worse than some performance benchmarks.

One common static benchmark is given by

X" €arg1 min th Vge(x) < 0,V p, (3)
where the decision x* is cornputed assuming all information
of {fi(x)} and {g;(x)} within T time slots is known in
advance.> The performance gap between {x;} and x* is
referred to as the static regret, given by
T
RE(T) 2 3" (filxe) — fi(x)). 4)
t=1
This static regret was adopted in [22], while [12]-[14] used a
special case of it when time-invariant constraints are assumed.
However, as a rather coarse performance metric, the static
regret may not be a strong indicator of the actual performance
of an algorithm, especially when the underlying system is
inherently time-varying.
A more attractive performance benchmark for time-varying
constrained OCO is the dynamic benchmark {x}}, given by*

xi € arg min {fy(x)|g:(x) = 0}. (5)

In this case, the decision x} is computed using the in-
time information of f;(x) and g;(x) at each slot t. The
dynamic benchmark was originally proposed for OCO with
short-term constraints [4] and later was modified in [17] and
[18] to incorporate long-term constraints. The corresponding
performance gap, referred to as dynamic regret, is defined by

RE(T é Z fe(xe) = fe(x7)) - (6)
t=1

2In fact, even for the most basic OCO problem [4], i.e., without long-term
constraints (1), an optimal solution cannot be found [5].

3The static benchmark x* in (3) satisfies g¢(x*) =< 0 at
each time slot t. One may define the static benchmark as x° €
arg minye x, {ZtT:l fe(x)] Zthl gi(x) = 0}, which satisfies the long-
term constraints. However, even with one-slot feedback delay, [28] showed
via_a counterexample that it is impossible to achieve sublinear static regret
Z?:l (fe(xt) — fe(x°)) and sublinear constraint violations in (7) simulta-
neously.

4Similar to the discussion of static benchmark in Footnote 3, for dynamic
benchmark x? € arg minxexo{ft(xﬂzz; gi(x) = 0}, it is also
impossible to achieve sublinear dynamic regret >, (fe(x¢) — ft(x7)) and
sublinear constraint violations simultaneously.

The dynamic regret provides a more accurate measure of
performance. In some cases, the gap between RE(T) and
RE4(T) can be as large as O(T) [23]. In this work, for a
comprehensive performance study, we provide upper bounds
on both RE((7T") and REy(T).

To measure the accumulated violation of the long-term
constraints, the constraint violation,> for any ¢ € [C], is
defined as in [18], [22]:

T
VO“(T) £ 3 g7 (). (7)

Note that the constraint violation for time-invariant constraint
function g(x) defined in [12]-[14] is a special case of (7).
With (7), our study accommodates both time-varying and time-
invariant constraints.

It is desirable to design a constrained OCO algorithm that
can provide both sublinear regrets, i.e., RE4(T) = o(T)
and RE((7T) = o(T), and sublinear constraint violation,
i.e., VO°(T) = o(T). Sublinearity in regret and constraint
violation is important; it implies that the online decision is
asymptotically no worse than the corresponding benchmark in
terms of its time-averaged performance, and at the same time,
the long-term constraints are satisfied.

IV. DELAY-TOLERANT CONSTRAINED OCO

In this section, we present the details of DTC-OCO and
study the impact of multi-slot feedback delay on its perfor-
mance by deriving the regret and constraint violation bounds.
We further give sufficient conditions under which DTC-OCO
yields sublinear regret and sublinear constraint violation. Fi-
nally, we discuss the performance merits of DTC-OCO over
existing constrained OCO algorithms.

A. DTC-OCO Algorithm

We first introduce a novel virtual queue vector Q; =
[@QF,...,QF]T for the long-term constraints in (1), with the
following updating rule for any c € [C]:

Qf = max {—’yg,f,T(Xt% Qi_y + ’ygf,T(Xt)} ®)

where v > 0 is a weighting factor on the constraint violation
that controls how fast the virtual queue varies over time. The
role of Q) is similar to a Lagrange multiplier vector associated
with constraints in (1) of P1 or a backlog queue for the
constraint violation that is used in [14]-[16], [18]. However,
unique to our proposed approach, gf _(x:) is the 7-slot
delayed constraint violation caused by the current decision;
also, it needs to be scaled by an appropriate y factor.

In the basic form of DTC-OCO, we convert P1 into solving
a per-slot problem at each slot ¢ > 7, with short-term

constraints only, given by
: T
P2: min [Vfi_r(x¢—7)]" (X —X¢—7)
xeXy

SThe constraint violation is referred to as dynamic fit Fit(T) =
2L, ge(xe)]H|| in [17), where [x]T 2 max{x,0} is the entry-wise
positive projection operator. One can easily verify that the sublinearity of
VO<(T), Ve € [C] implies Fit(T') being sublinear, and vice versa.



Fig. 1. An illustration of the update of x; by DTC-OCO using the proposed
double regularization. At each time ¢, as the result of solving P2 based on
Xt—- and x¢_1, X¢ moves from a point on the line segment between x;_
and x; 1 towards x;__ to track the dynamic benchmark {x}}.

+ Qi1 + ’Ygt—r—1(Xt—l)]T[’Ygt—T(X)]
+ allx = x> + nllx — x¢q]?

where a,n > 0 are two step-size parameters that control
the weights on the two regularization terms. Note that P2 is
a convex optimization problem and therefore can be solved
efficiently using existing optimization tools.

As seen from the first term of the objective in P2,
DTC-OCO uses the 7-slot delayed gradient Vf;_(x:—.)
for controlling f;—,(x;) to minimize the accumulated loss
objective in P1. Compared with the original P1, the long-
term constraints in (1) are converted into a penalty term for
controlling g;_,(x;) to maintain queue stability as shown in
the second term of the objective in P2. Minimizing these two
terms is equivalent to letting the new decision x; minimize
fit—r(x) while satisfying g;—-(x) < 0. In other words, the
new decision x; tries to track the dynamic benchmark xj__.
Note that due to the intractability of original P1 with 7-slot
delay, our goal is to track the dynamic benchmark {x}} for
dynamic regret minimization over time. However, due to 7-
slot delay, we can only track xj__ instead at each time ¢.
Furthermore, for the third and fourth terms of the objective
in P2, we use a novel constraint penalty term containing
double regularization a|x — x;_,||? and n||x — x;_1|* to
handle the asynchrony between information feedback and
decision updates. Compared with the single regularization
allx — x4, ||? (or n||x — x¢_1]|?), this double regularization
shifts the starting point of the decision update from x;_, (or
X¢—1) to a point between x;_, and x_;. The intuition behind
the double regularization is that both x;_, and x;_; provide
useful information in minimizing the accumulated loss and
constraint violation. Thus, it is desirable for the new decision
X to be not too far away from either x;_, or x;_;.

An illustrative example is shown in Fig. 1: With the pro-
posed double regularization, x; moves from a point on the
line segment between x;_, and x;_; towards x;__. This is in
contrast to existing works that update x; from either x;_,
[19]-[21] or x;—; [22]. We will show both analytically in
Sections IV-B and IV-C and numerically in Section VI, that
the double regularization provides DTC-OCO a substantial
performance advantage over existing algorithms in terms of
regret bounds and average performance.

Thus, DTC-OCO consists of three major steps: 1) Initialize
x: € Xp,Vt € [7], and set Q; = 0,Vt € [7] and go(x) = 0;
2) At the beginning of each slot ¢ > 7, obtain the current
decision x; by solving P2; 3) At the end of each slot ¢t > 7,

Algorithm 1 The DTC-OCO Algorithm
1: Initialize o, n,y > 0 and x; € Xp, Q: = 0, V¢t € [7].
2: At the beginning of each slot ¢ > 7, do:
3:  Update the decision x; by solving P2.
4:  Update the virtual queue Q; via (8).

update the virtual queue Q; via (8).° Note that when 7 is
unknown, in addition to V fi_,(X¢—+), g:—+(X), the system
may need to feedback x;_,. The pseudo code of DTC-OCO
is given in Algorithm 1. Recall that DTC-OCO has three
algorithm parameters «, 7, and -, whose choice depends
on our knowledge of the system. This will be discussed
in Section IV-C, after we derive the regret and constraint
violation bounds in Section IV-B. We will clarify the impact
of these algorithm parameters on those bounds.

Remark 1. The main difference between DTC-OCO and the
saddle-point-typed OCO algorithms in [12], [13], [17], [22] is
that DTC-OCO uses a virtual queue to track the constraint
violation. The virtual queue was also used in Lyapunov
optimization [24], and was later extended to OCO in [14]-
[16], [18]. Although we have borrowed some technique from
Lyapunov drift analysis in a small part of our performance
bound analysis, DTC-OCO is structurally different from Lya-
punov optimization as explained in Section II.

Remark 2. We point out that the virtual-queue-based OCO
algorithms in [14]-[16], [18] are limited to one-slot feedback
delay. In addition, in [14], only time-invariant constraints are
considered, and in [15], [16], time-varying constraints are
considered but required to be i.i.d. over time. In contrast,
DTC-OCO allows the constraints to vary arbitrarily over time.
Furthermore, [14]-[16] only provides static regret bounds,
while we will provide both static and dynamic regret bounds
for DTC-OCO in Section IV-B. Compared with [18], DTC-
OCO only uses the gradient of the loss functions at the past
decision points, instead of the complete information of the
past loss functions. In summary, the virtual queue construc-
tion, algorithm design, and performance bound analysis for
DTC-OCO are all substantially different from those in [14]-
[16], [18].

Remark 3. In this work, we focus on analyzing the impact
of feedback delay on OCO with both long-term and short-
term constraints. For this purpose, we study centralized OCO,
similar to the study in [22], which provide the current best
algorithms. We note that when the constraint functions g;(x)
are separable among different components or blocks of x, P2
can be equivalently decomposed into separate subproblems,
each corresponds to a component or block of x. In this case,
Algorithm 1 leads to fully distributed implementation. The
design of distributed OCO of general constraint functions is
beyond the scope of this work, and we refer the interested
readers to [29]-[33].

OTf the information feedback of f;(x) and g(x) are respectively delayed
by 71 and T2 slots where 71 # T2, we can still apply DTC-OCO by setting
7 = max{r1, T2}



B. Regret and Constraint Violation Bounds

In this section, we derive the performance bounds of DTC-
OCO. In particular, we develop new techniques to account for
its constraint penalty with double regularization.

We make the following assumptions that are common in the
literature for constrained OCO [12]-[18], [22].

Assumption 1. The gradient V f;(x) is bounded: 3D >0, s.t.,

Assumption 2. For any ¢, g;(x) satisfies the following:
2.1) g;(x) is Lipschitz continuous on Xy: 3B > 0, s.t.,

lg:(x) —g:(y)ll < Bllx—yll, Vx,y €&, Vt. (10)
2.2) g(x) is bounded: 3G > 0, s.t.,

2.3) Existence of an interior point: 3¢ >0 and x; € X, s.t.,
gi(X:) = —€l, Vit (12)

Assumption 3. The radius of Xy is bounded: AR > 0, s.t.,
Ix—yl| <R, V¥x,y€Xp. (13)

We first provide bounds on the virtual queue vector in the
following lemma.

Lemma 1. The virtual queue vector produced by DTC-OCO
is bounded for any ¢ > 7 as follows:

Q: =0, (14)
Qi + gt~ (x¢) = 0, (15)
1Q:ll > lvge—r (%21, (16)
Q] < 1Qe—1ll + [[vge—r(x2)]- (17)

Proof: The proofs of (14)-(17) mainly follow from the
virtual queue dynamics in (8). Note that the virtual queue is
initialized as Q; = 0,Vt € [7]. By induction, we first assume
Qf5_4 > 0,Vc € [C],Vt > 7. Form the virtual queue dynamics
in (8), we have QY > —~vg¢__(x;) if gf__(x¢) < 0; otherwise,
we have Qf > Qf_; + vgi_,(x¢). Combining the two cases,
we have (14).

From (8), we have Qf > —ygf_.(x¢),Ve € [C],Vt > T,
which is (15).

From (8) and (14), for any ¢ € [C] and ¢ > T, we have
Qf = Qi1 +v9i_-(xt) > vgi_(x¢) if g7 (%) = O;
otherwise, we have Qf > —vgf_,(x¢). Combining the two
cases yields (Q$)? > (vgi_,(x¢))?. Summing over ¢ € [C],
we have (16).

From (8), we have Qf < Qf | + |ygi—-(x¢)|,Ve €
[C],Vt > 7. By the triangle inequality, we have ||Q:| <
VZeee1 Q1+ 19— (e))? < Qi + (g (<)l
which gives (17). [ |

Define L; £ 5||Q¢||? as a quadratic Lyapunov function and
A 2 L1y — Ly as the corresponding Lyapunov drift [24].
Using Lemma 1, we provide an upper bound on A; in the
following lemma.

Lemma 2. The Lyapunov drift is upper bounded for any ¢t > 7
as follows:

Aot < 9Qi 81— (%) + [[yg1—- (x0)|*-
Proof: For any ¢ € [C] and t > 7, we first prove

S(@5 = 5(Q5 1) < Q5105 (x) + D (<o) (19)

by considering the following two cases from (8).

D) Qf1+79i+(x¢) = =797, (x¢): We have Qf = Qf_,+
~vg5_(x¢) from (8). It then follows that

1 1
§(Q§>2 = §[Q§¥1 + 797 (x¢)]?

1
< Q1) +9Qi 197+ (x0) + [ygi - (x0))*.

2) —vgi () > Qiy + Vgi-(x¢): We have Qf =
—vgs_ . (x¢) from (8). It then follows that

$(@0)% < b, (<) + 51Q0s + 95, (xo)P

1
= 5(Qi-1)” + Q0191+ (x0) + [ygir (x0))*.

Combining the above two cases, we have (19). Then, summing
(19) over ¢ € [C] yields (18). [ ]

We also require the following lemma, which is borrowed
from [2, Lemma 2.8].

(18)

Lemma 3. Let S € R™ be a nonempty convex set. Let A(s) :
R™ — R be a 2p-strongly-convex function over S with respect
to (w.r.t.) a norm || - ||. Let s* = arg minges h(s). Then, for
any u € S, we have h(s*) < h(u) — o|ju — s*||2.

A main goal of this paper is to examine the impact of
multi-slot feedback delay on the dynamic regret bound for
OCO with long-term constraints, which has not been addressed
in the existing literature. To this end, we need to quantify
the accumulated variations of the underlying time-varying
system. We define the accumulated variation of the dynamic
benchmark {x}} (commonly referred to as the path length [4])
as

T
A 23 Ixt = x1y . (20)
t=1
Furthermore, we define the accumulated variation of the
constraint function sequence {g:(x)} as

T
A, = — g . 21
g g max g (x) — g1 ()| P2}
Another related quantity regarding the accumulated squared
variation of {g;(x)} is defined as

T
Agg 2 —g 2 22

2% ) llen() — g1 ()] (22)
Note that, in terms of the growth order, Az ¢ is usually smaller
than A, for a constraint function sequence {g;(x)} that varies
sublinearly [18].7

"For instance maxye x, {|/gt(x) — gr—1(x)||} oc T¢ for any ¢, then
Ag = O(T'H€) and Ag gz = O(T+2¢). For sublinear Ag or Ay o, we

have € < 0 and thus Ao g grows slower than Ag. In particular, if £ = —

3
we have Ag = O(T%) and Ag g = O(1).



Using results in Lemmas 1-3, and with the tuning freedom
brought by the double regularization, we provide an upper
bound on the dynamic regret RE4(7") for DTC-OCO with 7-
slot feedback delay in the following theorem.

Theorem 1. Under Assumptions 1-3, if we choose n > 'ysz,
the dynamic regret of DTC-OCO is upper bounded by

D2 ,y2G2

RE4(T) < =—T ’A
a(T) ol +77 Az g

+ (a1 +1)(R?* + 2RAx+) + DRr.

(23)

Proof: The objective function of P2 is 2(« + 7)-strongly-
convex over Xy w.r.t. Euclidean norm || - || due to the double
regularization. Since x; minimizes P2 over &} for any ¢ > 7,
we have

[vftff(xtff)}T(Xt —X¢ ) +alx; — th7'||2
+ [Qi—1 + 78— Tfl(xtfl)]T[’Ygtf‘r(Xt)]+77||Xt - Xt71H2

(a)
< [Vimr (-] (x5 —xe—r) + 0llx)_, = xr ||
[Qt—l + Pygt—‘r—l(xt—l)]T[’Ygt—‘l'(x;—f)}
+nllx;_, (a+n)llxe —x;_,|? (24)

(b)

< [vftff(xtf'r)]T(X:—r
+ a(llxj_,
+allxi_, = x| -

— Xt—1H2 —
_thr)

e — x7_II*)

th - X:—TH2)?

_ Xf,—T||2 _
(25)

where (a) follows from Lemma 3; and (b) is because Q, = 0,
go(x) = 0 by initialization, Q; + yg;—-(x¢) = 0,V¢ > 7, in
(15), v > 0, and g;_-(x}_,) = 0,¥¢ > 7, in (5), such that
Qi1 +78t—r—1 ()] 8-+ (x_,)] < 0,9t > 7.

Now, we bound the second and third terms in (25). From
la+bl* > |lal|* + [|b]|* — 2[|al|||b]|, we have

et = xe—r|* = llxe = %37
<t = x| = Nl = el =[x, — x7J?
+2||X: _XtHHX:—T _XZH < (bt—7'+2R¢t—T7 (26)
where ®; , = ||x;_. —x; ||> — |xF — x¢||? and ¢y, =
Ix7_, — x3||. Similarly, we can show that
et = el = [lxe — x|
<y — X = X |[|P + 2R, 27)

where Wy, £ [x_, —xe_1 |2~ x5y — ]2 and ¢, 2

HX:—T - X:—T-‘rl ||
Substituting (26) and (27) into (25) and adding f;—,(x¢—.)
on both sides, we have

Jr—r(Xe—7) + [vftf'r(xtf'r)]T(Xt —X¢—r) + afx; — th'r||2
+ Qi1 + 7¥81—r—1(xe—1)] Y-+ (x0)]+ 1l x¢ — X1

< fror(Xt—r) + [vftf‘r(xtff)]T(X:—-r — X¢—7)

+ a(q)t—T + 2R¢t—7’) + 77(l:[/t—7' + 2R¢t—‘l’)' (28)
Applying the first-order condition of convexity

fror(xt—r) + [vft—‘r(xt—T)]T(XZ—r = X¢t—7) < fir(x7_;)

to the right-hand side (RHS) of (28), and rearranging terms,
we have

ft*‘l’(xtfﬂ') - ftf‘r(xz_T)
[V frmr (=) (x¢ = Xi—r) — 0| xp — X4 |
- [Qtfl + 'Ygtf‘rfl(thl)}Th’gtfr(Xt)]_77||Xt - Xt71H2
+ a(q)t—f + 2R¢t—7’) + n(\Ijt—T + 2th—7)- (29)
We now bound the right-hand side of (29). Note that

—[Qi—1 + ’Ygt—r—l(Xt—l)]T[’Ygt—r(Xt)]
(a

=

< A+ H'Ygtf‘r(xt)”2 - 72gtT7771(Xt71)gt7¢(Xt)
®) v? 5 5
= —Ae1+ 5 (llge—r (xe)[I7 = llge—r—1(xe-1)I%)

42
+ 3||gt,f(xt) — 71 (xe—1)|?

(e)

1
< A +y <250t—7 + B?|x¢ — x¢—1|1* + wt—7’> ,(30)

where ;- gt (x)II” — llge—r—1(x¢-1)[I* and
T A g r(xi1) — g s (x1)|* Here, (a) fol
lows from rearranging terms of (18) in Lemma 2 such that
—YQ{18—(x¢) < —Ay1 + [[v8e—r (%)%, () is because
a’b = 1(||lal|* + [b||* — ||a — b||?), and (c) follows from
g:(x) being Lipschitz continuous in (10) and the fact that
Lja+b|2 < [alf? + b
Substituting (30) into (29), we have

ftf‘r(xtffr) - ftf‘r(xszr)

*[Vft—T(Xt—T)]T(Xt = X¢—r) — X — Xt—T||2
2

+(VB% = n)lx = xp—1[|* = Apr + %@t—T + 7w

+ a(q)t—‘r + 2R¢t—7’) + U(‘I’t—T + 2th—7)
(a) D2 2
< o Ay + o P + 7wy s
+ (P + 2RPt—7) + n(Vir + 2Ry 1),
where (a) follows from 7 > v2B2, the bound on V f;(x) in
(9), and completing the square such that

3D

— [V fomr ()] (e — xe—r) — allxe — x¢—- ||

2
_waa(xt_xt_g o IV i Gl
D2

7V . I < =—.
IV Fo el < 2

Summing (31) over ¢ € [7 + 1,7, we have

(32)

T
Z ftf‘r(xtf‘r) ft T Xt ‘r Z ft xt ft xt)
t=7+1
(a) D? v2G?
< T+ A + (a7 + ) (B 4 2RA), (33)

where (a) follows from A;_1, t—7, W7y Prory Gr—r, Yoy
and ¥;_, all being telescoping terms such that their sums over
t e {r+1,...,T} are upper bounded by 0, G2, As &, TR,
TAx+, R?, and A« respectively.



Finally, adding ZtT:TfT 11 Je(xt) = fe(x}) on both sides of
(33), and noting that the convexity of f;(x) implies

fi(xe) = fu(x7) < IV llllx; —xil| < DR,

we complete the proof. ]
Next, we provide an upper bound on the static regret RE(T")
yielded by DTC-OCO.

(34)

Theorem 2. Under Assumptions 1-3, if we choose n > 'ysz,
the static regret of DTC-OCO is upper bounded by

’)/2G2

2

Proof: To show (35), we use the techniques in the proof
for the dynamic regret RE4(7") in Theorem 1. Replacing all
the per-slot optimizers with the static benchmark x* in the
proof of Theorem 1, we can show that (31) still holds by
redefining ®; , 2 ||x* — x; |2 — ||Ix* — x¢||%, ¢¢—r 20,
i r 2 |Ix* —x¢-1]]? — |x* —x¢[|?, and ¢, £ 0. Summing
the above version of (31) over t € {T+1,...,T}, noting that
®,_, and ¥,_, are still telescoping, and leveraging (34), we
complete the proof. [ |

We now proceed to provide an upper bound on the constraint
violation VO°(T') for DTC-OCO. We first relate the virtual
queue vector Qp to VO°(T') in the following lemma.

D2
RE(T) < —T+ +72Ag g+ (aT+n)R*+ DR7. (35)

Lemma 4. The virtual queue vector produced by DTC-OCO

satisfies the following inequality for any ¢ € [C]:
1

VO“(T) < ;HQTH + 7Ag + GT. (36)

Proof: From (8), we have Qf > Qf_, +vg5_.(x¢),Vt > T.

Summing it over t € {r 4+ 1,...,T} and rearranging terms,
we have

a 1 « 1
Yoogix) <= > Qi —-Qi, ==Q5.

t=7+1 v t=7+1 v

From the above inequality and the definition of VO°(T') in
(7), we have

T—1 T
VOU(T) < 25 + Y[t (xtir) = )] + 3 0.
t=1 t=1
Noting ||alcc < |/a||, the bound on g:(x) in (11), and the
definition of A in (21), we complete the proof. [ ]
From Lemma 4, we see that one can bound the constraint
violation VO°(T') by bounding the virtual queue vector Q7.
Following this, we obtain an upper bound on the constraint
violation for DTC-OCO in the following theorem.

Theorem 3. Under Assumptions 1-3, the constraint violation

of DTC-OCO for any ¢ € [C] is upper bounded by

2v2G?*+ DR+ (a+n)R?
€vy?

Proof: From Lemma 3, we can show that inequality (24)

still holds for any ¢ > 7 after replacing the per-slot optimizer
x;_,. with the interior point X;_,. We have

VO°(T) <2G+

+7Ag+GT. (37)

Qi1 + 78— r—1(xe— 1)) [v81—r (Ri—r)]

TABLE I
DYNAMIC REGRET AND CONSTRAINT VIOLATION BOUNDS OF DTC-OCO

lConstraim Know §? [ RE4(T") [ Vo< (T) ‘

Varying Yes O(max{T%TlerJ,T”}) O(max{T¥,TT“})
: Trits v 1 K
Varying No O(max{72T27°,T"})| O(max{T2,7T"})
5
Invariant Yes O(max{T%T% 1) O(r)
Invariant No (’)(max{T%T%""s}) O(r)

(a)
< —ey[Qe-1 + V8 r—1(x¢-1)]"1

(b)
< —ey]|Qe—1 + VY8t—r—1(x¢—1) ||

< —ey(1Qe—1l = [[vgt—r—1(xe-1)),

—~
N2

(38)

where (a) follows from the existence of interior point in
(12) and the virtual queue bound in (15), (b) is because
lall < flalk. and (c) follows from [[la] — [b]|[ < [la — b].
Applying (38) to the aforementioned version of (24) with X;_,
and rearranging terms, we have

YQ! 18—+ (x1)

< —ev(1Qs-1ll = [Ngt—r—1(xe-1)]1) = allxs = x¢— ||
- [’Ygtfffl(thl)]Th/gtffr(Xt)] —nllx¢ — Xt71H2
+ [vft—T(Xt—T)}T(it—r —x¢) +al[Xe—r — Xt—7’||2

% r —xe 1|2 — (@4 n)|xe — %Ki 1|2

(a)
< —e7|Qi-1]| + €¥*G + ¥*G® + DR+ (a +n)R?, (39)

where (a) follows from the Cauchy-Schwartz inequality
laTb| < |lal|||b], the bound on Vf;(x) in (9), the bound
on g:(x) in (11), and the bound on Xj in (13). Substituting
(39) into (18) in Lemma 2 and noting that ||g;_ . (x;)||*> < G?
from (11) yields

Ar1 < =y Qi + e*G + 29°G? + DR + (o + 1) R,
Thus, a sufficient condition for A;_; < 0 is
292G? + DR+ (a+n)R?
€y '
If (40) holds, we have || Q|| < ||Q¢—1]|, i.e., the virtual queue
decreases; otherwise, from the virtual queue bound in (17),
there is a maximum increase from || Q;—1]| to ||Q:]| since
1Q:l — 11Qe=1ll < ||vgt—+(x¢)|| < ¥G. Therefore, the virtual
queue is upper bounded for any ¢ > 7 by
2v2G? + DR+ (o +n)R?
€y ’
Substituting (41) into (36), we complete the proof. [ ]

1Qi—a1ll > G +

(40)

[Qell < 29G + (41)

C. Discussion on the Regret and Constraint Violation Bounds

With the regret and constraint violation bounds obtained
above, we now discuss the sufficient conditions for DTC-
OCO to yield sublinear regret and constraint violation. We
also highlight several prominent advantages of DTC-OCO
over existing constrained OCO algorithms. For clarity, we
summarize the performance bounds of DTC-OCO in terms
of the growth rate over 1" for general convex loss functions
under different conditions in Table II.



1) Sublinear Regret and Constraint Violation: From The-
orems 1-3, we derive the following corollaries regarding the
growth rates of the regret and constraint violation over 7.
We assume the time variabilities of the dynamic benchmark
{x;} and constraint functions {g;(x)} satisfy Ay. = O(T?),
Ag = O(T7), and Ay = O(T”), for some constant
parameters 0, v,k > 0 [17], [18]. Corollaries 1 and 2 provide
two sets of performance bounds depending on whether the
value of ¢ is known to set the step-size parameter « in DTC-
OCO. The proofs of these two corollaries can be obtained from
substituting the corresponding algorithm parameters «, 7,7,
specified in each corollary into the bounds in (23), (35), (37);
Thus, they are omitted for brevity.

Corollary 1. Suppose the value oféé is known. If feedback
-

delay 7 is known, let o = 3T ,n = B2~2, and v=1

in DTC-OCO. Then,

RE(T) = O (max {T%T%‘S,T“}) 7 42)
RE,(T) = O (max {T%T%,T”}) , 43)
VO(T) = O (max {Tl;f,TT“}) (44)

If feedback delay 7 is unknown, let o = T°", = B242,
and v = 1 in DTC-OCO. Then,

RE((T) = O (max {TT%‘;,T”}) , (45)
RE,(T) = O (max {TT%,TV}) : (46)
VO(T) = O (max {T%é : TT“}) (47)

In particular, if 7 = O(1), 6 < 1, ¥ < 1, and k < 1, both
the dynamic and static regrets are sublinear in 7', and the
constraint violation is sublinear in 7.

In Corollary 1, we set the step-size parameter o in DTC-
OCO with the knowledge of 7" and §. When 7" is unknown,
the standard doubling trick [2], [7] can applied to adjust T’
over time. The value of 4 may be estimated over time through
some expert-tracking algorithm [34].

Corollary 2. Suppose the value of § is unknown. If feedback
delay 7 is known, let = 7722, p = B2y, and v = 1 in
DTC-OCO. Then,

RE4(T) = O (max {T%T%”,T”}) : (48)
RE,(T) = O (max {T%T%,T"}) , (49)
VO“(T) = O (max {T%,TT“D (50)

If feedback delay 7 is unknown, let o = T3, n = B?42, and
v =1 in DTC-OCO. Then,

RE((T) = O (max {TT%”,T”}) : (51)
RE,(T) = O (max {TT%,TV}) , (52)
VO!(T) = O (max {T%,TTH}) . (53)

In particular, if 7 = O(1), § < 4, v < 1, and & < 1, both

the dynamic and static regrets are sublinear in 7', and the
constraint violation is sublinear in 7'.

From Corollaries 1 and 2, a sufficient condition for DTC-
OCO to yield sublinear dynamic and static regrets and sublin-
ear constraint violation is that the accumulated variation Ay«
of the dynamic benchmark {x}} and the accumulated varia-
tions Ag and Ay g of the constraints {g;} evolve sufficiently
slowly. This is the case for many online applications, where the
system tends to stabilize over time. Otherwise, if the system
varies too drastically, it has been shown via a counter example
in [23] and stated in [17], [18] that, no online algorithm can
track the system due to the lack of in-time information.

We now highlight some advantages of DTC-OCO over the
online algorithm in [22]. The performance analysis in [22]
focuses on the static regret. In contrast, we provide both
dynamic and static regret bounds for DTC-OCO. Further-
more, to show sublinear static regret and constraint violation
bounds, [22] requires that 7' is sufficiently large to satisfy
(L) mad DEVE2 1 (50 + 1) max{D, B} +2],/F < /4.
In comparison, our performance bounds for DTC-OCO hold
for any T'. Finally, to compute the optimal step-sizes in [22]
require knowledge of the values of C' and D, which we do
not need for DTC-OCO.

2) Special Case of One-Slot Feedback Delay: No existing
algorithm provides a dynamic regret bound for constrained
OCO with multi-slot feedback delay. Thus, to compare our
dynamic regret bound with existing ones, we consider the
special case of one-slot feedback delay, and compare DTC-
OCO with [17] and [18] under this setting.

We point out a few differences of the dynamic regrets
obtained by DTC-OCO and that in [17], and highlight the ad-
vantages of DTC-OCO. The dynamic regret and constraint vi-
olation bounds achieved by [17] rely on a key assumption that
the slack constant € is larger than the maximum variation of the
constraints, i.e., € > maX;,c[7] MaXxex, ||8+(X) — g—1(X)]],
which may be difficult to satisfy in general. In contrast, DTC-
OCO only assumes € > 0 as indicated in (12). Furthermore,
the optimal step-sizes used in [17] require the knowledge
of the accumulated variation measure x on the constraint
function sequence {g:;(x)}. In comparison, DTC-OCO only
needs an upper bound B on the gradient Vg,;(x), which is
much easier to acquire than k. Finally, when ¢§ is unknown,
[17] achieves O(max{T50 T3+~ T3}) dynamic regret and
O(T'#) constraint violation, both being at least O(T3). In
contrast, the performance bounds of DTC-OCO decreases
smoothly to O(T'2) if the system variation is sufficiently
small.

We now compare the condition to achieve sublinear dynamic
regret in DTC-OCO and that in the online algorithm in [18].
To achieve sublinear dynamic regret and constraint violation,
[18] relies on two additional assumptions: the accumulated
variation of the convex loss functions {f;(x)} is sublinear
regardless of the trajectory of the online decision sequence,
e, Y, maxgex, | fi(x) — fier(x)| = o(T), and the
accumulated variation of the optimal dual points {\f} of
the optimization problem P1 is sublinear, i.e., Zthl IAf 1 —




Af|| = o(T). The two assumptions are not required for DTC-
OCO. In terms of information needed for the online update,
DTC-OCO requires only the gradient information V f;(x;)
of the loss function f;(x;) at the online decision point x;.
In contrast, instead of a gradient-based algorithm, the online
algorithm in [18] directly minimizes the loss function f(x),
which requires complete information feedback of fi(x).

3) Special Case of Time-invariant Constraints: When the
constraints are time-invariant, the following corollary suggests
that the static regret of DTC-OCO is the same as the current
best O(72T2) static regret for unconstrained OCO with multi-
slot delay [19]; Furthermore, in the special case of one-slot
feedback delay, the static regret and constraint violation of
DTC-OCO are the same as the current best O(T %) static regret
and O(1) constraint violation [14], respectively.

Corollary 3. If 6 is known, let o = 72 = 7375 and
n = B%y? in DTC-OCO. Then, RE4(T) = O(r:T"%"),
RES( ) = O(r2T2), and VO(T) = O(r). In particular,
if 7 = O(1) and § < 1, both the dynamic regret RE4(T)
and static regret RE(7T") are sublinear, and the constraint
violation VO°(T') is upper bounded by a constant. If § is
unknown, let @ = 72 = 772T% and = B24? in DTC-
OCO. Then, RE4(T) = O(T2T2+6), RE((T) = O(r2T3),
and VO°(T) = O(1).

We further compare the constraint violation bound of DTC-
OCO and those in [17], [22] under time-invariant constraints.
The constraint violation bound in [17] is no less than O(T'3)
under one-slot feedback delay. In [22], the constraint violation
is no less than O(T%T%) under 7-slot delay. In contrast, for
DTC-OCO, the constraint violation VO°(T") is O(7) under 7-
slot delay, which is smaller than the ones in [17], [22] as T
is usually much greater than 7.

V. DELAY-TOLERANT CONSTRAINED OCO
WITH MULTI-STEP GRADIENT DESCENT

In the previous section, we have proposed DTC-OCO and
derived its performance bounds for general convex loss func-
tions. In this section, we propose a variation of DTC-OCO to
enable multi-step gradient descent in the objective of the per-
slot optimization problem P2. With this algorithm, we obtain
improved bounds on both the dynamic regret and constraint
violation for strongly convex loss functions.

A. DTC-OCO with Multi-Step Gradient Descent

It has been shown in [11] that, for strongly-convex loss func-
tions, multi-step gradient descent provides stronger bounding
performance for OCO with short-term constraints, under the
standard one-slot feedback delay setting. In this work, we will
further show that, when the loss functions are strongly convex,
performing multi-step gradient descent can achieve smaller
dynamic regret bound and constraint violation bound for OCO
with long-term constraints and multi-slot feedback delay.

Below, we show how to configure DTC-OCO to incorporate
multi-step gradient descent. At the beginning of each slot ¢ >
7, we first initialize an intermediate decision X . = x;_,.
Then, we perform M-step gradient descent to generate %

g—(x) <0

Fig. 2. An illustration of updating x; by DTC-OCO under the double
regularization and multi-step gradient descent. At each time t under the M-
step gradient descent, X _ moves from X;" ! towards x{' _ to track the

dynamic benchmark {x3'}. As the result of solving P2 based on %M _ and

Xt—1, X¢ moves from a point on the line segment between x,{\/f - and xt_1
towards x}___ to track the dynamic benchmark {x}}.

for any M > 0. Note that if M = 0, we readily have X _ =
x¢_r. For each additional gradient descent step m € [M], we
update X} _ by solving the following optimization problem:
min [V fi- (%77 (x = %70 +allx - %72
xEXy
The solution to the above optimization problem is the standard
projected gradient descent, given by
5(?17' _PXO {A;n -rl vft T()A(;n ‘rl>} (54)
where Py, {x} £ argmingcy, ||y — x||? is the projection
operator to project x onto the set Xy, and o > 0 can be
seen as a step-size parameter.
To quantify the impact of multi-step gradient descent on the
dynamic regret, we define the dynamic benchmark {x§'} that
is obtained assuming the short-term constraints only, given by

xi' € arg min fi(x). (55)
The benefit of using the multi-step gradient descent is that
each gradient descent step helps track the dynamic benchmark
{x}'}. We will show analytically in Section V-B that at each
gradient descent step m, the distance between X7* _ and x§' _
is strictly less than the distance between %x}"-' and x{' _ in
the previous step.

Note that the update of X;” . in (54) is obtained by only
considering the short-term constraints in &Xj. For the long-term
constraints in (1) of P1, we use the same virtual queue dynam-
ics in (8) as the basic form of DTC-OCO. We then replace
x;_, with XM _ in P2 to obtain the following optimization
problem to find the decision x; for time slot ¢:

[vft—T(f(%‘r)]T(X - Xiwr)

+ Qi1 + 781 (x-1)] g ()]
+allx =2+ nllx - x|

P2: min
xeXp

where o, 1,7y, M > 0 are four algorithm parameters. Different
from the basic form of DTC-OCO, the double regularization
in P2 is on &%T and x;_1, instead of on x;_, and xX;_1
as in P2. An illustrative example for updating x; is shown
in Fig. 2: With the M-step gradient descent, X} moves
from %! towards x{' _ to track the dynamic benchmark
{x}'}. Note that the difference between the two dynamic
benchmarks {x§'} in (55) and {x}} in (5) is that {x}} satisfies
both the long-term and short-term constraints while {x}'}
only satisfies the short-term constraints. When the long-term



Algorithm 2 DTC-OCO with Multi-Step Gradient Descent
. Initialize o, m, v, M > 0 and x; € Xy, Qr = 0,V¢ € [7].
: At the beginning of each slot ¢ > 7, do:

Initialize intermediate decision X?__

1
2
3 = X¢t—7r.
4: form=1to M

5: Update x;* . via (54).
6: end for

7. Update the decision x; by solving P2.
8:  Update the virtual queue Q; via (8).

constraints are relatively loose as compared with the short-
term constraints, {x{'} is close to {x}}. Thus, tracking {x}'}
also helps minimize the dynamic regret. With the double
regularization, x; moves from a point on the line segment
between x; 1 and XM _ towards x} _ to track the dynamic
benchmark {x}} for dynamic regret minimization. We will
show analytically in the next two subsections and numerically
in Section VI that this method of utilizing multi-step gradient
descent together with double regularization will improve the
performance bounds and averaged performance of DTC-OCO
for strongly convex loss functions.

DTC-OCO with multi-step gradient descent is summarized
in Algorithm 2. The algorithm consists of four major steps:
1) Initialize x; € Xy, V¢ € [7], and set Q; = 0,V¢ € [7] and
go(x) = 0; 2) At the beginning of each slot ¢t > 7, perform
M-step gradient descent to generate x;”; 3) With both %' |
and x;_;, obtain the current decision x; by solving P2; 4)
At the end of each slot ¢ > 7, update the virtual queue Q;
via (8). Note that this algorithm has four algorithm parameters
a,n,7, M. Their choice will be discussed in Section V-C, after
we derive the regret bound and constraint violation bound in
the next subsection.

B. Dynamic Regret and Constraint Violation Bounds

We now derive the performance bounds of Algorithm 2
for strongly convex loss function f;(x). Note that strongly
convex loss functions arise in many system control and signal
processing applications, e.g., support vector machine, Lasso
regression, softmax classifier, and robust subspace tracking.
Furthermore, for general applications with convex loss func-
tions, adding a regularization term pu|x||?> can make the
overall objective function strongly convex without significantly
impacting on the system performance [10].

In Sections V-B and V-C, we make the following assump-
tions that are common in existing works on OCO with strongly
convex loss functions [8]-[11].

Assumption 4. The loss function f;(x) satisfies the following
conditions:

4.1) fi(x) is 2u-strongly convex over Xy: 3 p > 0, s.t., for
any x,y € Ay and ¢

Foy) = fo(x) + VAN (v = %) + ully — x]*. (56)

42) fi(x) is 2L-smooth over Xp: 3 L > 0, s.t.,
X,y € Xp and ¢

[i(y) < fe(x) +

for any

[V ()] (y = x) + Llly — x| (57)

For our analysis, we need the following lemma, which is
borrowed from [11, Lemma 5].

Lemma 5. Let S € R™ be a nonempty convex set. Let h(s) :
R™ — R be a 2p-strongly convex and 2¢-smooth function over
S w.rt. a norm || - H Let v = arg minges{[Vh(u)|T (s —u) +
v||s — u/|?} and s* = arg minges h(s). Then, for any v > (,

we have ||v —s*[|? < crellu— s*[|2.

Similar to Proposition 2 in [8], Lemma 5 shows that for
strongly convex and smooth loss function h(s), the distance
between the new decision v and the optimum s* is strictly
smaller than the distance between the previous decision u and
s*, ie., *|| < |lu — s*||. This indicates that performing
multi-step gradient descent help the updated decision approach
the optimal decision faster than the decision yielded by one-
step gradient descent. Such property is utilized in [8]-[11]
to improve the dynamic regret for OCO with short-term
constraints under one-slot feedback delay.

We now examine the effect of multi-step gradient descent
on the dynamic regret of OCO with long-term constraints and
multi-slot delay. We define the accumulated squared difference
between the dynamic benchmarks {x;} in (5) and {x{'} in (55)
as

T

M 2> s — x> (58)
t=1

Note that x} satisfies g;(x;) =< 0, while x{' is only subject to

the short term constraints x§' € Aj. Therefore, IT, naturally

quantifies the impact of the long-term constraint functions

{g:(x)} on the dynamic benchmark {x}}.

In the following theorem, we provide a dynamic regret
bound for DTC-OCO with multi-step gradient descent. To
prove the theorem, we have used the techniques in the proof of
Theorem 1, the results in Lemma 5, as well as the properties
of strong convexity and smoothness.

Theorem 4. Under Assumptions 1-4, if we choose a > L,
n > max{y?B? ar?}, and M > log,(§) with p = a+Z <
1, the dynamic regret yielded by DTC-OCO with multi-step

gradient descent is upper bounded by

1 L+¢ [ D?
RE <—1II ———
o(T)< : ot SPM[M

2
+E(R2+2RAX*)+ (;7+1> TRZ} , VE>0 (59)

2
+ G2 A2,g“‘71_[x

where Iy £ Zle |V fi(x7)||? is the accumulated squared
gradients at the dynamic benchmark x3,¢ € [T].

Proof: Under Assumption 4, we have

Z [V fe(x7)] Xt_

T
(L+¢) Z\xt—xtllz

RE4(T x;) + Lx — x7|1?)

(b)
<—H
I v+

where (a) is because f;(x) is 2L-smooth in (57), and (b)

follows from a’b < 4—1€Ha|\2 + &||b]|? for any £ > 0.

(60)



We now bound the RHS of (60). Note that
T

T T
Dol =P <>l = xi P+ D ke — 7
t=1

t=1 t=7+1

(@)
SR+ Y xi—xi, 4 xi, — x|
t=7+1

(b) l
< TR*+2 Z (e = x5, 112+ [Ix5 — =7 [1)
t=7+1

(©) T T
STRT 42} — x| 2> lIxp = xp, 7 (61)
t=7+1 t=1

where (a) follows from (13) that A} is assumed to be bounded,
(b) is because ||a — b||? < 2(||la||* + ||b||?), and (c) follows
from || >0 a;l|? < ndYo |la]|?, which leads to |x} —
X;—THZ S TZZ:l ||X2’5(7'r+i - X:77+i71||2'

We then bound the second term at the RHS of (61). The
objective function of P2 is 2(a 4 n)-strongly convex over Xy
for any ¢ > 7 due to the double regularization. We now show
that (25) in the proof of Theorem 1 still holds by replacing
xX;_, with XM _:

[V foor I (3¢ = %120) + allxe = %327
+[Qr1 + 81 ()] g (x)] +1llxe — %12
< [vft—T(}A(iV[T)]T(Xt T Xin)

+a(lx;—, e — %3, [1%)

+(lxi_r = xe-1]]* = llxe = x;_ ). (62)
Note from (57) that f;_,(x) is 2L-smooth over Xy, and we
set « > L. Thus, we have

Joor(xt) = fio T(Xt )=
< [V frmr ()] (3 — %727).

From the convexity of f;_.(x), we have

[vft—T()A(%T)]T(XZ—T - )A(%T) S ft—"'(xz(—‘f') -

_Xt77'||2 -

allxe — x|

(63)

ft—‘l' ()Aciw 7')
(64)

Applying (63) and (64) to the LHS and RHS of (62),
respectively, we have

frer(x0) = fir (%1) — allxe — 20|17 + ol — % |12
+[Qi-1 + Vgt—T—l(Xt—ﬁ] [(vgi—r (xe)] 7%t — xe—1]?
S ft*T(Xsz) - ft T(Xi\/lT)

X7 = lxe = % |1%)
e — 7 [|%).

Rearranging terms of (65), we have

+a(llxi-, —
e, —xe-a ] — (65)
allxe —x;_|I?

=X AP f () = feer(x0)

—[Q1 + 'Ygtf‘rfl(xtfl)]Th’gtfr(Xt)]_77||Xt - Xt71H2
+a(lxi_r = xe-1 ] = llxe = x;_.[*). (66)
We next bound the first term on RHS of (66). Applying

Lemma 5 to the update of X" _ in (54), for any o > L, we
have

< allx!

1% =3P < plIS = <) Vm e [M]

a—p

where p = = T < 1. Combining the above M inequalities
and noting that X9, = x;_, by initialization, we have

”A]W

TR [ R S

From the above inequality and using ||a + b||? < 2(||a]|® +
|Ib]|?), we have

||)A(t1\/£‘r - X:7T||2 < QH)A(?/IT - X ”2 + 2||X —T X:;f‘er
<2pM|Ix—r = XL 12 2030 - xp 12
< 4pM||Xt—T - Xt—TH2 (4p + 2)HX -7 X:—T”Q' (67)

For the second and third terms at the RHS of (66), we have

ft*‘l'(xf‘/tfr>

D el i, I (68)

(a)
ft—r(Xt*fr) - ftff(xt) < ft .,_(X: 7') -
(b) N T« (D
S[vft_T(Xt—T)} (xt T_Xt 7') 4o

where (a) follows from the definition of x§' in (55), (b) is
because f;(x) is convex over Xj, and (c) follows from a’'b <
+|al[*+al/b||? for any o > 0 and Assumption 1 that V f, (x)
is bounded as in (9).

From the proof of Theorem 1, we can bound the last two
terms at the RHS of (66) by (30) and (27), respectively.
Substituting (27), (30), (67), (68) into (66), we have

allxt —x;_.|?
< 4apjw||xt T _Xt ‘rH2 +Oé(4.p +3)||X

2 D2 2 2
A e N

4oy
+ (Vs + 2R ;) (69)

where (a) follows from 7 > B2+2, which leads to (y2B? —
n)||x: — x¢—1]|* < 0. Dividing both sides of (69) by « and

-7 Xif‘rHQ

summing them over ¢t € {7 +1,...,T}, we have

T

D Ixe = x|
t=74+1
@ s 2 | (gpM e
< 4pM Y llxe = X7 + (4p +3)Z”Xt - x|

1 p—
T—714+1 2 2
n * * 2 D 2 i
- tz:; [x} — x4l +472T+ aG +EA2,g

+ g(R2 +2RAL.) (70)

where (a) follows from the fact that the sums of A;_1, @,
Wi—ry Yy and 9y, over t € {7+ 1,...,T} are upper
bounded by 0, G, Ay, R?, and Ay, respectively, similar
to (33).

Substituting (70) into (61) and rearranging terms, we have

Z e — x|

T

1—8p

) D? 2v2
< 2(4pM+ 3)2 I — x> + 7T + G2 o —og
t=1
2 2
+ (;7 + 1) TR + E”(R2 +2RA,.) (71)



TABLE III
IMPROVED DYNAMIC REGRET AND CONSTRAINT VIOLATION OF
DTC-OCO WITH MULTI-STEP GRADIENT DESCENT

Constraint | Know §? [ RE4(T) [ vo<(T) ‘
Varying Yes/No O(max{r2T%,T"}) | O(rT")
Invariant Yes/No O(r219) o(r)

where (a) follows from 7 > «r?, which leads to
Sl x| = 2 g x| < 2R

Note that since M > log,(5), we have 8p* < 1. Dividing
both sides of (71) by 1 — 8pM, and applying the resulting
inequality to the second term in (60), we have (59). [ |

Note that the dynamic regret bound in (59) of Theorem 4
reduces as the number of gradient descent steps M increases.
However, even if M — oo, the dynamic regret bound is
still fundamentally limited by the system dynamics. Later in
Section VI-B, we show that although the accumulated loss by
DTC-OCO decreases as M increases, the decreasing amount
becomes negligible as M becomes large enough. In practice,
the choice of M may depend on the trade off between the
computational capacity of the decision maker and the actual
performance gain provided by multi-step gradient descent.

Regarding the performance on constraint violation, the
following theorem shows that the constraint violation bound
(37) in Theorem 3 also holds for DTC-OCO with multi-step
gradient descent. The theorem can be straightforwardly proven
by replacing x;_, with X _ in the proof of Theorem 3. Thus,
we omit the proof for brevity.

Theorem 5. Under Assumptions 1-4, the constraint violation
bound in (37) holds for DTC-OCO with multi-step gradient
descent.

C. Improved Dynamic Regret and Constraint Violation Bounds

We now discuss the sufficient conditions for DTC-OCO
with multi-step gradient descent to yield sublinear dynamic
regret and constraint violation, and highlight its performance
advantage. For clarity, we summarize the performance bounds
in terms of the growth rate over T' for strongly convex loss
functions in Table III.

From Theorems 4 and 5, we have the following corollaries
regarding the dynamic regret and constraint violation bounds
for DTC-OCO with multi-step gradient descent. Corollaries 4
and 5 provide two sets of performance bounds depending on
whether the long-term constraint functions are time-varying or
not. The proofs of these two corollaries can be obtained by
substituting the expression of the algorithm parameters «, 7,
v, and M, specified in each corollary, into the bounds in (59)
and (37). Thus, they are omitted for brevity.

Corollary 4. Suppose IIy = O(T%) and T, = O(T?).3
Assume the constraint functions are time-varying. Let o =

8The accumulated squared gradients ITy can be very small [11]. Particu-
larly, if x} is an interior point of the convex set Xy or there is no short-term
constraint, we have V fi(x}) = 0,Vt and thus IIy = 0. The accumulated

squared difference between {x{'} and {x}} can also be small. In particular,
1-s
if |x3 — x7|| o T72 ,Vt, we have TIx = O(T?).

Tz + L, n = max{ar?, B242}, and 42 = 772 in DTC-OCO
with multi-step gradient descent. Then, for any M > log,( )

REy(T) = O (max {r°T°,T"}), (72)
VO(T) = O (+T%) . (73)
Corollary 5. Suppose IIy = O(T?) and T, = O(T°).

Assume the constraint functions are time-invariant. Let o =
Tz + L, n = max{ar2, B>42}, and 42 = 772 in DTC-OCO
with multi-step gradient descent. Then, for any M > log p(%),

REy(T) = O (7°T°),
VO“(T) = O (7).

(74)
(75)

With time-varying constraint functions, recall from Corol-
lary 1 that for DTC-OCO with a single-step gradient descent,
the dynamic regret is O(max{T%T%E,T”}) and the con-
straint violation is (’)(maX{T% ,7T"}). Corollary 4 indicates
that by increasing the number of gradient descent steps M,
the dynamic regret is improved to O(max{727° T"}) and
the constraint violation is improved to O (71").

When the constraint functions are time-invariant, we have
shown in Corollary 3 that DTC-OCO with a single-step gradi-
ent descent achieves O(T%T%{S) dynamic regret and O(7)
constraint violation. Corollary 5 indicates that performing
multi-step gradient descent can improve the dynamic regret to
O(7%T?) while maintaining O(7) constraint violation. Note
that different scales of 7 in the dynamic regrets are the results
of different proof techniques to show the desired dynamic
regret growth rates. As a constant, 7 does not impact the
growth rates of the dynamic regret or constraint violation.

In summary, our results above show that for a strongly
convex loss function, the multi-step gradient descent with
double regularization together improves the dynamic regret
bound and the constraint violation bound of constrained OCO,
even in the presence of multi-slot delay. To the best of our
knowledge, no existing literature has considered performing
multi-step gradient descent to improve the performance bounds
for OCO with long-term constraints, even with one-slot delay.

Finally, we also point out that in the case of a strongly
convex loss function, with multi-step gradient descent, Corol-
laries 4 and 5 show that the optimal algorithm parameters
a, 1, v, and M do not depend on the accumulated variation
measure § on the dynamic benchmark {x}}. This is in contrast
to Corollaries 1 and 3 for the basic form of DTC-OCO, where
the optimal «, 7,y may depend on §.

VI. APPLICATION TO NETWORK RESOURCE ALLOCATION

DTC-OCO can be applied to many applications in the
areas of wireless communications, machine learning, mobile
computing, and smart grid, as mentioned in the introduction.
In this section, we apply DTC-OCO to a general problem of
resource allocation in a networked system [17], [18], [24],
[35], [36]. We present numerical results to demonstrate the
performance advantage of DTC-OCO over the current best
alternative given in [22].
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Fig. 3. An illustration of general online network resource allocation.

A. Online Network Resource Allocation

Fig. 3 shows a general network consisting of J scheduling
nodes and K processing nodes. For example, in a wired
or wireless network, the scheduling nodes may be relays,
and the processing nodes may be sink nodes. In machine
learning, the scheduling nodes may be mobile devices, and
the processing nodes may be parameter servers. In a cloud
computing network, the scheduling nodes may be mappers,
and the processing nodes may be computing servers.

At each time slot ¢, the amount of data arriving at schedul-
ing node j is denoted by @7, and we define an extended
data arrival vector denoted by d; = [d},...,d/,01xk]"
A central controller decides the transmission rate ;] oof
the link (j, %) connecting scheduling node j and processing
node k, as well as the processing rate zf at processing
node k. In a compact form, the decision vector at time ¢ is
x; = [yt ..., y/%, 2t ..., 2f]". Denote the maximum data
transmission rate of link (4, k) by yﬂﬁx, and the maximum data
processing rate of processing node k by z . The data rate

max*
limits are compactly expressed in the convex set as

Ao £ {x]0 < X < Xpax }

JK 1 K ]T

— [0 : -
where Xmax = [Umaxs - - - » Yinax > Zmaxs - - -+ Zmax) 1S the maxi-

mum data rate vector. Each scheduling node j and processing
node £ has a local data queue backlog at time ¢ denoted by

q] and q;] +k respectively. Denote the queue backlog vector
as q¢ = [qt,...q7,q¢] ", ..., q/T™]". Then, we can express

the update of the queue backlog as q;11 = [q; + Cx; +d¢] ™,

where C € RUHK)X(JK+K) represents the network topology

and is given by

| blkdiag{—1ixx,...
Ikxk,--

—lixk} | Ouxk

C
N | —Ikxx

The goal for the central controller is to minimize the net-
work cost while controlling the long-term averaged outgoing
data rate to be no less than the incoming data rate to maintain
queue stability. Since the controller can only receive delayed
feedback of system parameters d;, q:, and f;(x) from the
scheduling nodes and processing nodes over time, it needs
to employ an online control solution based on the feedback.
This online network resource allocation problem is a special
case of the OCO problem P1, where the convex set X; for the
decisions is defined above, the convex loss functions f;(x) are
the network cost functions, and the convex constraint functions
are given by

g:(x) £ Cx +d,,

which represents the net change in the queue backlog due to
incoming and outgoing data. Due to possible communication

delay between the scheduling nodes and the central controller,
we consider that the feedback information of g;(x) is delayed
for 7 time slots at the central controller. Note that in this net-
work resource allocation problem with data queues to achieve
sublinear constraint violation, i.e., lim7_, oo % Zthl gi(x) —
0, is equivalent to maintaining queue stability.

A special case of the above problem where there is no
feedback delay has been considered using Lyapunov opti-
mization techniques [24], [35], [36]. Furthermore, solutions
for the standard OCO setting with one-slot feedback delay
have been proposed in [17] and [18]. However, in practical
systems, due to limited resources for feedback, the central
controller typically experiences multi-slot feedback delay of
the system parameters. The proposed DTC-OCO algorithm
provides a suitable online solution to this problem.

B. Numerical Performance Evaluation

We apply DTC-OCO to the above online network resource
allocation problem. The analysis of sublinear regret bounds
derived in Section IV implies that the algorithm can produce
an efficient solution. Furthermore, the sublinear constraint vio-
lation bound guarantees queue stability. Now, we further study
the numerical performance of DTC-OCO in this practical
problem setting. We compare DTC-OCO with the online al-
gorithm proposed in [22], which is the only existing algorithm
to accommodate long-term constraints and multi-slot feedback
delay. To further verify the benefit of the proposed double
regularization in DTC-OCO, we also study two simplified
versions of DTC-OCO that apply a single regularization term
on either x;_, or x;_j.

We consider a specific example of a mobile cloud computing
system consisting of J = 10 scheduling nodes, and K = 10
processing nodes. Following the typical long-term evolution
(LTE) specifications [37], we set the noise power spectral
density Ny = —174 dBm/Hz, noise figure Ny = 10 dB,
and channel bandwidth By, = 10 MHz as default system
parameters. We set the time slot duration to be 1 ms and
assume data arrived at each time ¢ is d; in kB. The maximum
data transmission and processing rates, in MBps, are set
randomly with uniform distribution as yim, ~ 2/(10,100)
and 2%~ 14(100,250), respectively. Based on the channel

max

capacity, we can express the transmission power of each link
gk

(4, k) in terms of its transmission rate y7* as %(2%7 -1,
where 02 = NyBy + Np[dBm] is the noise power, and L7
captures the path-loss, instantaneous channel gain, and the gap
to capacity. Note that Lgk is time-varying due to the fluctuation
of wireless channels. We assume each processing node k&
follows a quadratic power-frequency relationship, where the
power consumed for processing rate z* is given by 6(£F2%)2,
where 6§ = 120 W/(GHz)? [38], and &F represents the
computational complexity of the computing tasks [39], [40].
Since the computing tasks change over time, & is time-
varying [41]. We consider both the data transmission power
and processing power for given decision x on transmission
rate and processing rate at time ¢ by defining the following
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Note that information on the channel gain and task complexity
at the central controller may be severely delayed due to limited
resources for feedback. Therefore, we consider the feedback
information of f;(x) is delayed for 7 time slots. Furthermore,
our proposed online solution for network resource allocation
can be applied to other cost functions that are convex w.r.t. X.

We assume both 7 and ¢ are unknown, and thus set

= Tz, 7 = ||C|4 and v = 1 in DTC-OCO.° Our per-
formance metrics are the time-averaged network cost f(7T') £
T Zthl ft(xt) and the time-averaged constraint violation
9(T) = + t  17g4(x;). For fair comparison of f(T’), the
step-sizes for the algorithm in [22] are selected such that the
algorithm has a steady-state value of g(7") similar to that of
DTC-OCO. We consider two different models for the time-
varying system parameters {d’}, {LI*}, {¢F}.

1) Li.d. over time: All the system parameters are i.i.d. over
¢ with uniform distribution: d/ ~ 2/(10,100), LI*[dB] ~
U(—126,—120), and £F ~ u(1,3).

2) Noisy periodic variation over time: We assume the
variation of each system parameter over time is periodic

9We consider 7 and & are unknown, since they may be difficult to obtain in
practice. For our specific application to network resource allocation, following
Corollary 2 to set the algorithm parameters «, 7, and ~ already provides
DTC-OCO with relatively good performance. Therefore, we do not further
tune «, 1, and +y to reach the best performance. In general, the best algorithm
parameters are problem dependent and may require fine tuning.
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Fig. 5. f(T) and g(T) vs. T under different gradient descent steps M.

with some additive noise that is uniformly distributed: dj =
30sin (Z4) + n?, L{*[dB] = —120 — 3sin (Z) — nf™",
and & = 0. 551n(”t) + %, where n?® ~ (40, 70),
n*" ~ U(6,9), and n* ~U(1,3).

Fig. 4 shows time-averaged cost f(T') and constraint viola-
tion g(7') over T at different values of feedback delay 7. for
the above two cases. Fig. 4a is under the i.i.d. modeling of
system parameters and Fig. 4b is for noisy periodic variation of
system parameters. We observe that the network cost by DTC-
OCO can approach that of the dynamic benchmark in (5),
indicating that sublinear dynamic regret is achieved. Compared
with [22], DTC-OCO achieves a much lower network cost
and is much more tolerant to the feedback delay 7. The
reason for this result are two fold: First, in DTC-OCO, the
constraint function g;_,(x) is penalized directly instead of its
first-order approximation as in [22]. This improves the control
on the constraint violation; Second, the double regularization
approach in DTC-OCO prevents the online decision x; from
being far way from either x;_, or x;_;. This results in an
improved algorithm performance, since both x;_, and x;_1
provide useful information in minimizing the accumulated loss
and constraint violation. We also observe that the network cost
by DTC-OCO is much lower than those by the two simplified
versions of DTC-OCO using single regularization. This indi-
cates that the double regularization approach is essential in the
superior performance demonstrated by DTC-OCO. Our simu-
lation result shows that the time-averaged cost f(7') by DTC-
OCO can be very close to that by the dynamic benchmark;
Furthermore, §(T') by DTC-OCO decreases over T'. These
results validate our theoretical analysis that DTC-OCO can
achieve sublinear dynamic regret and constraint violation.



We further evaluate the performance of DTC-OCO with
multi-step gradient descent for the two models of time-varying
system parameters. We set the feedback delay 7 = 10. Fig. 5
shows f(T') and g(T) over T under different numbers of gra-
dient descent steps M. The case of M = 0 represents the basic
form of the DTC-OCO algorithm. We use the same algorithm
parameters «, 1, as in the previous experiments. We observe
that, as M increases, the steady-state value of f (T') decreases
for both models of time-varying system parameters. At the
same time, the fluctuations of the network cost also reduces
with M. The reason is that, as shown in Theorem 4, perform-
ing multi-step gradient descent improves the dynamic regret
bound, which in turn improves the convergence behavior. We
also observe that the impact of different values of M on the
time-averaged constraint violation is small. This confirms the
results in Theorem 5. These simulation results validate that
enabling multi-step gradient descent in DTC-OCO can further
improve system performance.

VII. CONCLUSIONS

This paper considers OCO with short-term and long-term
constraints under multi-slot feedback delay. We have pro-
posed an efficient algorithm, DTC-OCO, where we use a
novel constraint penalty with double regularization to handle
the asynchrony between information feedback and decision
updates. Our analysis on the regret bound and the constraint
violation bound takes into account the impact of multi-slot
feedback delay and the double regularization structure on the
performance of DTC-OCO, and we have derived conditions
under which the algorithm achieves both sublinear dynamic
and static regrets and sublinear constraint violation. We have
further extended the DTC-OCO algorithm to enable multi-step
gradient descent in each update, which is shown to improve
both the dynamic regret bound and the constraint violation
bound for strongly convex loss functions. We apply DTC-
OCO to online network resource allocation in a mobile cloud
computing system as an numerical example. Simulation results
demonstrate that DTC-OCO provides substantial performance
advantage over the stat-of-art alternative, yielding a much
lower cost and superior capability to tolerate feedback delay.
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