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Abstract

This paper addresses safe distributed online optimization over an unknown set of linear safety con-
straints. A network of agents aims at jointly minimizing a global, time-varying function, which is
only partially observable to each individual agent. Therefore, agents must engage in local com-
munications to generate a safe sequence of actions competitive with the best minimizer sequence
in hindsight, and the gap between the performance of two sequences is quantified via dynamic re-
gret. We propose distributed safe online gradient descent (D-Safe-OGD) with an exploration phase,
where all agents estimate the constraint parameters collaboratively to build estimated feasible sets,
ensuring the action selection safety during the optimization phase. We prove that for convex func-
tions, D-Safe-OGD achieves a dynamic regret bound of O(T?/3\/logT + T'/3C:.), where C2
denotes the path-length of the best minimizer sequence. We further prove a dynamic regret bound
of O(TQ/ 3/logT + 1%/ 3C%.) for certain non-convex problems, which establishes the first dynamic
regret bound for a safe distributed algorithm in the non-convex setting.

1 Introduction

Online learning (or optimization) is a sequential decision-making problem modeling a repeated game between a learner
and an adversary (Hazan, 2016). At each round ¢, t € [T] £ {1,...,T}, the learner chooses an action x; in a
convex set X C R? using the information from previous observations and suffers the loss f;(x;), where the function
ft + X — R is chosen by the adversary. Due to the sequential nature of the problem, a commonly used performance
metric is regret, defined as the difference between the cumulative loss incurred by the learner and that of a benchmark
comparator sequence. When the comparator sequence is fixed, this metric is called static regret, defined as follows

T T
Regy £ fu(x) —mind_ fi(x). (1)
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Static regret is well-studied in the online optimization literature. In particular, it is well-known that online gradient
descent (OGD) achieves an O(v/T)) (respectively, O(log T')) static regret bound for convex (respectively, exp-concave
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and strongly convex) problems (Zinkevich, 2003; Hazan et al., 2007), and these bounds are optimal in the sense of
matching the lower bound of regret in the respective problems (Hazan, 2016).

For non-convex problems, however, we expect that the standard regret notion used in the convex setting may not
be a tractable measure for gauging the algorithm performance. For example, in the context of online non-convex
optimization, Hazan et al. (2017) quantified the regret in terms of the norm of (projected) gradients, consistent with the
stationarity measure in offline optimization. More recently, Ghai et al. (2022) showed that under certain geometric and
smoothness conditions, OGD applied to non-convex functions is an approximation of online mirror descent (OMD)
applied to convex functions under a reparameterization. In view of this equivalence, OGD achieves an O(T2/ 3) static
regret that is defined in (1).

A more stringent benchmark for measuring the performance of online optimization algorithms is the dynamic regret
(Besbes et al., 2015; Jadbabaie et al., 2015), defined as

T T
Reg% £ th(xt) - th(xf)a )
t=1

t=1

where x} = argmin,  y f;(x). It is well-known that dynamic regret scales linearly with 7" in the worst-case scenario,
when the function sequence fluctuates drastically over time. Therefore, various works have adopted a number of
variation measures to characterize the dynamic regret bound. We provide a detailed review of these measures in
Section 2 and describe the safe distributed online optimization problem (which is the focus of this work) in the next
section.

1.1 Safe Distributed Online Optimization

There are two distinctive components that make “safe distributed online optimization” more challenging than the
standard centralized online optimization:

(i) Distributed Setting: Distributed online optimization has been widely applied to robot formation control (Dixit
et al., 2019b), distributed target tracking (Shahrampour & Jadbabaie, 2017), and localization in sensor networks (Ak-
bari et al., 2015). In this setting, a network of m agents aims at solving the online optimization problem collectively.
The main challenge is that the time-varying function sequence is only partially observable to each individual agent.
Each agent j € [m] receives (gradient) information about the “local” function f; ;(-), but the objective is to control the
dynamic regret of each agent with respect to the global function f;(-) = i~ fi:(-), i.e.,

m

T T T
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Therefore, despite availability of only local information, the action sequence of agent j is evaluated in the global
function and is compared to the global minimizer sequence. It is evident that agents must communicate with each
other (subject to a graph/network constraint) to approximate the global function, which is common to distributed
problems. The discussion on the network structure and communication protocols is provided in Section 3.3.

(ii) Safety Constraints: The literature on distributed online optimization has mostly focused on problems where the
constraint set X’ is known, and less attention has been given to problems with unknown feasible sets (see Section 2
for a comprehensive literature review). However, in many real-world applications, this set represents certain safety
constraints that are unknown in advance. Examples include voltage regulation constraints in power systems (Dobbe
et al., 2020), transmission bandwidth in communication networks due to human safety considerations (Luong et al.,
2019) and stabilizing action set in robotics applications (Astrom & Murray, 2010). In these scenarios, one needs to
perform parameter estimation to learn the safety constraints while ensuring that the regret is as small as possible.

1.2 Contributions

In this work, we address the problem of distributed online optimization with unknown linear safety constraints. In
particular, the constraint set
X® 2 {xcR: Ax < b},
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is linear, where A is unknown and must be learned by agents to subsequently choose their actions from this set.
The superscript s in A'® alludes to safety. Our specific objective is to study dynamic regret (2) for both convex and
non-convex problems when the set X'* is unknown to agents. Our contributions are three-fold:

1)

2)

3)

We propose and analyze safe distributed online gradient descent (D-Safe-OGD) algorithm, which has two
phases (exploration and optimization). In the exploration phase, agents individually explore and jointly es-
timate the constraint parameters in a distributed fashion. Then, each agent constructs a feasible set with its
own estimate, which ensures the action selection safety with high probability (Lemma 2). Since the estimates
are only local, in the optimization phase, agents apply distributed OGD projected to different feasible sets,
which brings forward an additional technical challenge. We tackle this using the geometric property of linear
constraints (Fereydounian et al., 2020) as well as the sensitivity analysis of perturbed optimization problems
with second order regular constraints (Bonnans et al., 1998), which allows us to quantify the distance between
projections of a point to two different sets that are “close enough” to each other (Lemma 12).

We analyze D-Safe-OGD in the convex setting. Due to the challenge discussed in the previous item, we
cannot directly apply existing results on distributed online optimization with a common feasible set. The
agents must use the exploration time to estimate their own feasible sets, during which they incur linear regret.
Therefore, after striking a trade-off between the exploration and optimization phases, we prove (Theorem 3)
a dynamic regret bound of O(T%/3\/log T + T'/3C:.), where

T
Cr 23 " ||xi = %74, )
t=2

is the path-length, defined with respect to the global minimizer sequence (Mokhtari et al., 2016; Jadbabaie
et al., 2015). If the problem is centralized (single agent) and the comparator sequence is fixed, i.e., X; = X,
our result recovers the static regret bound of Chaudhary & Kalathil (2022).

We further analyze D-Safe-OGD in the non-convex setting. We draw upon the idea of the algorithmic equiv-
alence between OGD and OMD (Ghai et al., 2022) to establish that in certain problem geometries (Assump-
tions 6-9), D-Safe-OGD can be approximated by a distributed OMD algorithm applied to a reparameterized
“convex” problem. We prove that the dynamic regret is upper bounded by O(T?/3\/logT + T2/ 3C%) in
Theorem 5, which is the first dynamic regret bound for a safe distributed algorithm in the non-convex setting.
If the problem is centralized (single agent) and the comparator sequence is fixed, i.e., x; = X, our result
recovers the static regret bound of Ghai et al. (2022) (disregarding log factors).

1.3 Summary of the Technical Analysis

‘We now elaborate on the technical contribution of this work:

1)

2)

Estimation Error

To learn the constraint parameters in a distributed way, in the early stage of D-Safe-OGD (i.e., Algorithm
1), agents apply random actions to collectively form a least squares (LS) problem. Then, a distributed opti-
mization algorithm is applied to jointly learn the constraint parameters. Though we apply EXTRA (Shi et al.,
2015) in this work, we note that this part can be replaced by other distributed optimization methods suitable
for smooth, strongly convex problems. Based on existing results on LS estimators (Theorem 7), matrix con-
centration inequalities for random matrices (Theorem 8), and the convergence rate of EXTRA (Theorem 10),
we quantify the estimation error bound for each agent in Lemma 2.

Gap between Projections on Two Estimated Feasible Sets

As mentioned earlier, since the estimated feasible sets are different across agents, in our technical analysis
we need to quantify the gap between projections on different estimated sets to derive the final regret bounds.
To tackle this, in Lemma 12 we show that if we consider the projection problem for one agent as a quadratic
programming with second-order cone constraints, the projection problem for any other agent can be cast as
a perturbed version of the first problem. Then, we build on the sensitivity analysis of optimization problems
(Theorem 13) to show that the difference between the projected points (optimal solutions of the original
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and perturbed problems) is of the same order as the difference between agents estimates of the constraint
parameters.

3) Regret Bounds for Convex and Non-convex Cases

Building on the previous points, we extend the analysis of the distributed OGD in Yan et al. (2012) to the
safe setup (Lemma 14), from which we derive dynamic regret bounds for both convex and non-convex cases.
We note that for the non-convex (centralized) case, Ghai et al. (2022) showed that if certain geometric prop-
erties are satisfied, OGD on non-convex costs can be well-approximated as OMD on convex costs through
reparameterization (Lemma 15). We establish in Lemma 17 that this approximation also holds for the safe,
distributed setup with an extra error term due to the fact that the estimated feasible sets are different across
agents.

The proofs of our results are provided in the Appendix.

2 Related Literature

I) Centralized Online Optimization: For static regret, as defined in (1), it is well-known that the optimal re-
gret bound is O(v/T) (respectively, O(log T')) for convex (respectively, exp-concave and strongly convex) problems
(Hazan, 2016). For dynamic regret, various regularity measures have been considered. Let us first define the dy-
namic regret with respect to a general comparator sequence {u;}7_; and the corresponding regularity measure called
path-length as follows

T

T
Reg%(ulﬁ . "uT) = th(xt) - th(ut)a
t=1 t=1

. (5)
CT(ul, .. .,uT) S Z Hut — ut_1H.
t=2

The regret definition above is widely known as universal dynamic regret. Zinkevich (2003) showed that for the convex
functions, OGD attains an upper bound of O(v/T(1 + C7)) on the universal dynamic regret (as defined in (5)). This
universal dynamic regret bound was later improved to O(/7T'(1 + Cr)) using expert advice by Zhang et al. (2018a).
More recently, for the class of comparator sequences with path length Z;‘FZQ Hut — U1 Hl < C, Baby & Wang
(2021) presented, for exp-concave losses, universal dynamic regret bounds of O (d*(max{T"/3C?/3,1})), where d
is the problem dimension and O(-) hides the logarithmic factors when C' > 1/T and of O(d'°log(T)) otherwise.
Later Baby & Wang (2022) presented O(max{d'/>T"/3C?/3 d}) universal dynamic regret bound for strongly convex
losses. For dynamic regret defined with respect to the minimizer sequence (as in (2)), Mokhtari et al. (2016) showed
a regret bound of O(C%.) for strongly convex and smooth functions with OGD. A related notion of higher-order path-
length defined as C) - = 23:2 fo; - X ||p has also been considered by several works. When the minimizer
sequence {x; }/_; is uniformly bounded, O(C3 ) implies O(C 1) for ¢ < p. Zhang et al. (2017a) proved that with
multiple gradient queries per round, the dynamic regret is improved to O(min{C7, C5 1}).

II) Distributed Online Optimization: Yan et al. (2012) studied distributed OGD for online optimization and proved
a static regret bound of O(\/T ) (respectively, O(logT')) for convex (respectively, strongly-convex) functions. Dis-
tributed online optimization for time-varying network structures was then considered in (Mateos-Nunez & Cortés,
2014; Akbari et al., 2015; Hosseini et al., 2016). Shahrampour & Jadbabaie (2018) proposed a distributed OMD
algorithm with a dynamic regret bound of O(v/T(1 + C%)). Dixit et al. (2019a) considered time-varying network
structures and showed that distributed proximal OGD achieves a dynamic regret of O(logT'(1 + C7%.)) for strongly
convex functions. Zhang et al. (2019) developed a method based on gradient tracking and derived a regret bound in
terms of C7 and a gradient path-length. More recently, Eshraghi & Liang (2022) showed that dynamic regret for
strongly convex and smooth functions can be improved to O(1 + C7.) using both primal and dual information boosted
with multiple consensus steps. The non-convex case is also recently studied by Lu & Wang (2021), where the regret
is characterized by the first-order optimality condition. On the other hand, for the projection free setup, Zhang et al.
(2017b) presented a distributed online conditional gradient algorithm with a static regret bound of O(T?’/ 1) and a
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communication complexity of O(T'). The communication complexity was further improved to O(+/T) in (Wan et al.,
2020).

Nevertheless, the works mentioned in (I) and (IT) do not consider neither long-term nor safety constraints, which are
discussed next.

Table 1: Related works on centralized and distributed constrained online optimization for general functions with regret and con-
straint violation (CV) guarantees. Let g(x) = (g1(x), g2(x),...,gn(x))" be the vector formed by n convex constraints. Let

€ (0,1), ap > 1 and [a]+ = max{0, a}. Problem type ‘C’ stands for centralized, ‘D’ stands for distributed (or decentralized),
‘CNX’ stands for convex cost functions, and ‘N-CNX’ stands for non-convex cost functions. Notes: { : The CV bound in (Yu &
Neely, 2020) can be further reduced to O(1) under a Slater’s condition assumption.

I CV Type Problem Reference Regret Type Regret Bound CV Bound |
ST g (xe) Vi€ [n] C, CNX (Mahdavi et al., 2012) Static O(VT) o(T3/%)
ET 1 MaX;e ) gi (Xe) C, CNX (Jenatton et al., 2016) Static O(Tmax{e1-c}) o(T'=¢/?)
> 1[% (x¢)], Vi e[ ] C,CNX (Yuan & Lamperski, 2018) Static O(Tmax{e1—chy O(T'~¢/?)
Zt 11 g (=), C, CNX (Yi et al., 2021) Static O(Tmax{e1=chy o(T1=9/2)
S g (xe)] H C, CNX (Yi etal., 2021) Dynamic O(/T(1 +Cr)) O(VT)
ST gi(x0) Vi € [n) C,CNX (Yu & Neely, 2020) Static O(VT) o(TV/4Ht
[Zrzl gi (x],t)] ,i=1,Vj€[m] D,CNX (Yuan et al., 2017) Static O(T/?>+¢/2) O(T*—¢/%)
) +
Tosm s o Jalx;, D, CNX (Yuan et al., 2020) Static o(WT o(T3/*
t=12aj=12ui=1 |Fi Xj,t]
T S g (%5 D, CNX (Yuan et al., 2021) Static O(Tmaxtel—c} o(Tt-</?
t=1 j=1 i=1 Js
Ly T H [o: (xl,,)]+w D, CNX (Yi etal., 2022) Dynamic  O((03T"~° + T°(1 + O7))/a0)  O(y/{ao + 1)T2¢)
ZL] I[Ax; — b]+ H C,CNX  (Chaudhary & Kalathil, 2022) Static O(y/1og(T)T?/3) 0
T S [Ax,¢ — by D, CNX This work Dynamic O (T%/3\/log T + T/3Cx 0
t=12uj=1 Js T
Tosm o llAx,, — D, N-CNX This work Dynamic O (T%3/log T + T2/3C; 0
t=124j=1 -, b T

IIT) Constrained Online Optimization: Practical systems come with inherent system imposed constraints on the
decision variable. Some examples of such constraints are inventory/budget constraints in one-way trading problem
(Lin et al., 2019) and time coupling constraints in networked distributed energy systems (Fan et al., 2020). For a
known constraint set, projecting the decisions back to the constraint set is a natural way to incorporate constraints
in online convex optimization (OCO). Here, projected OGD for general cost functions achieves O(\/T ) static regret.
However, for complex constraints, projection can induce computational burden. An early work by Hazan & Kale
(2012) solves the constrained optimization problem by replacing the quadratic convex program with simpler linear
program using Frank-Wolfe. For understanding the following references better, let ¥ = {x € X C R : g(x) < 0}
where g(x) = (g1(x), 92(X), ..., gn(x)) T is the vector formed by n convex constraints, and X is a closed convex set.
The work by Mahdavi et al. (2012) proposed to use a simpler closed form projection in place of true desired projec-
tion attaining O(+/T) static regret with ZtT:l gi (x¢) < O(T®/*) constraint violation Vi € [n]. Thus, their method
achieves optimal regret with lesser computation burden at the cost of incurring constraint violations. The follow up
work by Jenatton et al. (2016) proposed adaptive step size variant of Mahdavi et al. (2012) with O (Tmax{c’l_c})
static regret and O (T 1-c/ 2) constraint violation for ¢ € (0,1). These bounds were further improved in Yu & Neely
(2020) with a static regret bound of O(+/T") and constraint violation bound of O(T"/*). Here, the constraint violation
is further reduced to O(1) when g¢;(x) satisfy Slater’s condition. The work by Yuan & Lamperski (2018) consid-
ered stricter ‘cumulative’ constraint violations of the form ZtT:l [9: (x¢)], Vi € [n] and proposed algorithms with
O (Tmax{e1=<}) static regret and O (T~°/?) ‘cumulative’ constraint violation for ¢ € (0,1). For strongly convex
functions, Yuan & Lamperski (2018) proved O(log(T')) static regret and the constraint violation of respective form
is O(4/log(T)T). More recently, the work by Yi et al. (2021) proposed an algorithm with O (Tmax{c’l’c}) regret

and 23:1 H [g (x¢)] +H <0 (T(l_c)/ ?) ‘cumulative’ constraint violation. For strongly convex functions, Yi et al.
(2021) reduced both static regret and constraint violation bounds to O(log(T")). Further, Yi et al. (2021) presented a
bound of O(+\/T(1 + Cr)) for dynamic regret with an O(+/T') ‘cumulative’ constraint violation. The algorithms in
Mahdavi et al. (2012); Jenatton et al. (2016); Yu & Neely (2020); Yuan & Lamperski (2018); Yi et al. (2021) employ
some flavor of online primal-dual algorithms. A series of recent works (Sun et al., 2017; Chen et al., 2017; Neely &
Yu, 2017; Yu et al., 2017; Cao & Liu, 2018; Liu et al., 2022) have also dealt with time-varying constraints. Yu et al.
(2017) specifically work with ‘stochastic’ time varying constraints.
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More recent works (Yuan et al., 2017; 2020; 2021; Yi et al., 2022) have looked at distributed OCO with long term
constraints. The work by Yuan et al. (2017) proposed a consensus based primal-dual sub-gradient algorithm with
O(T'/?+Po) regret and O(T*~P0/2) constraint violation for 5y € (0,0.5). Single constraint function was considered
in (Yuan et al., 2017), where constraint violation is of the form [Zthl 9i (Xj,t)]4+, ¢ = 1,Vj € [m]. Yuan et al. (2020)
proposed algorithms for distributed online linear regression with O(+/T) regret and O(T/4) constraint violation.
Here, constraint violation takes the form Zthl Z;”:l > [a x5 > Where a;, i € [n] is a constraint vector. An-
other primal-dual algorithm was presented in Yuan et al. (2021) with O(T™*{1~¢:¢}) regret and O(T" ~%/?) constraint
violation of the form 37, >y >oie [gi (x4,0)], for ¢ € (0,1). In all of (Yuan et al., 2017; 2020; 2021) constraint
functions are known a priori. More recently, Yi et al. (2022) proposed algorithms for distributed OCO with time-
o
The algorithm in (Yi et al., 2022) gives a dynamic regret of O((a3T1=¢+T¢(1+Cr)) /o) with O(y/ (g + 1)T2~¢)
constraint violation for oy > 1 and ¢ € (0,1). Additionally, constrained distributed OCO with coupled inequality
constraints is considered in (Yi et al., 2020a;b); with bandit feedback on cost function is considered in (Li et al., 2020);
with partial constraint feedback is studied in (Sharma et al., 2021). For more references in this problem space, we
refer the readers to the survey in (Li et al., 2022).

varying constraints, and for stricter ‘network’ constraint violation metric of the form L Y™ ZtT=1 H [g+ (%i.¢)]

IV) Safe Online Optimization: Safe online optimization is a fairly nascent field with only a few works studying
per-time safety in optimization problems. Amani et al. (2019); Khezeli & Bitar (2020) study the problem of safe linear
bandits giving O(log(T)+/T') regret with no constraint violation, albeit under an assumption that a lower bound on the
distance between the optimal action and safe set’s boundary is known. Without the knowledge of such a lower bound,
Amani et al. (2019) show O(log(T)T?/?) regret. Safe convex and non-convex optimization is studied in (Usmanova
et al., 2019; Fereydounian et al., 2020). Safety in the context of OCO is studied in Chaudhary & Kalathil (2022) with
a regret of O(+/log(T)T?/3).

Remark 1. Different from the works listed above, we study the problem of safe distributed online optimization with
unknown linear constraints. We consider both convex and non-convex cost functions.

3 Preliminaries

3.1 Notation
[m] The set {1,2,...,m} for any integer m
H . | || Frobenius norm of a matrix
HX| v \/trace(X TVX), for a matrix X and a positive-definite matrix V
My[] The operator for the projection to set X

[A];; || The entry in the i-th row and j-th column of A
(Al The i-th row of A
[A].; || The j-th column of A
1 The vector of all ones
e; The i-th basis vector
Jy(x) || The Jacobian of a mapping f(-) at x

3.2 Strong Convexity and Bregman Divergence

Definition 1. A function f : X — R is p-strongly convex (u > 0) over the convex set X if
T K 2
F&) =2 f@) + Vi) x=y)+5lx—y[" wxyex.

Definition 2. For a strongly convex function ¢(+), the Bregman divergence w.r.t. ¢(-) over X is defined as

Dy(x,y) £ ¢(x) — ¢(y) = Vo(y) ' (x—y), xyeX.



Published in Transactions on Machine Learning Research (10/2023)

3.3 Network Structure

The underlying network topology is governed by a symmetric doubly stochastic matrix P, i.e., [P];; > 0, Vi, j € [m],
and each row (or column) is summed to one. If [P];; > 0, agents ¢ and j are considered neighbors, and agent ¢ assigns
the weight [P];; to agent j when they communicate with each other. We assume that the graph structure captured by
P is connected, i.e., there is a (potentially multi-hop) path from any agent i to another agent j # i. Each agent is
considered as a neighbor of itself, i.e., [P];; > 0 for any ¢ € [m]. These constraints on the communication protocol
imply a geometric mixing bound for P (Liu, 2008), such that 37" | |[P*];i — 1/m| < /mB*, forany i € [m], where
5 is the second largest singular value of P.

Remark 2. In all of the algorithms proposed in the paper, we will see P as an input. This does not contradict
the decentralized nature of the algorithms, as agent i only requires the knowledge of [P];; > 0 for any j in its
neighborhood. The knowledge of P is not global, and each agent only has local information about it.

4 Safe Set Estimation

To keep the regret small, we first need to identify the linear safety constrains. It is impossible to learn the safety
constraints if the algorithm receives no information that can be used to estimate the unknown constraints (Chaudhary
& Kalathil, 2022). In our problem setup, we assume that the algorithm receives noisy observations of the form

)A(Z"t = AXZ'?t + Wit Vi € [m],

at every time step ¢, where the nature of noise w; ; is described below. Here, A € R™*4 b € R", and n is the number
of constraints. Note that all agent updates are synchronous.

4.1 Assumptions

We make the following assumptions common to both the convex and the non-convex problem settings.
Assumption 1. The set X° is a closed polytope, hence, convex and compact. Also, |XH < L,Vx € X% and

maX;e[n] H[A]sz < La.

Assumption 2. The constraint noise sequence {w;,t € [T} is R-sub-Gaussian with respect to the filtration
{Fir,t € [T}, ie., Vt € [T],Vi € [m], E[w; +|Fi1—1] = 0 and we have for any o € R

E[exp(ax—rwi,t) | Fioq] < exp(UQRQHXHQ/Q).

Assumption 3. Every agent has knowledge of a safe baseline action x° € X?® such that Ax® = b® < b. The agents
are aware of x° and b® and thus, the safety gap A° = min;ep,) (b; — b7), where b; (respectively, bj) denotes the i-th
element of b (respectively, b®).

The first assumption is typical to online optimization, and the second assumption on the noise is standard. The third
assumption stems from the requirement to be absolutely safe at every time step. The assumption warrants the need for
a safe starting point which is readily available in most practical problems of interest. Similar assumptions can be found
in previous literature on safe linear bandits (Amani et al., 2019; Khezeli & Bitar, 2020), safe convex and non-convex
optimization (Usmanova et al., 2019; Fereydounian et al., 2020), and safe online convex optimization (Chaudhary &
Kalathil, 2022).

4.2 Explore and Estimate

In this section, we present an algorithmic subroutine, Algorithm 1, for agents to obtain sufficiently good local estimates
of A% before beginning to perform OGD. For the first Tj time steps, each agent safely explores around the baseline
action x°. Each exploratory action is a y-weighted combination of the baseline action and an i.i.d random vector ; ;.
Here, for the agent i € [m)] at time step ¢ € [Tp], v € [0,1), and (;; is zero mean i.i.d random vector with ||(; .|| < L
and Cov(( ) = agI. Performing exploration in this manner ensures per time step safety requirement as noted in
Lemma 1. The proof of lemma is immediate from the assumptions.
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Lemma 1. (Lemma 1 in Chaudhary & Kalathil (2022)) Let Assumptions 1-3 hold. With v =
each x;; = (1 —7)x® + (¢ Vi € [m],t € [Tp].

LL ,Ax” < b for

Once the data collection phase is finished, each agent 7 € [m] constructs local function /;(A) of the form

5 2 A 2
A A
25 Jaxi— el + LA
t=1
Then, for time steps t € [Ty + 1, Ty + T1], Alg. EXTRA (Shi et al., 2015) is used to solve the global Least Squares
(LS) estimation problem Y. | /;(A) in a distributed fashion with a proper choice of .
Lemma 2. Suppose Assumptions 1-2 hold. Let Algorithm 1 run with Ty = Q(#;z log(%)) for data collection and
<

Ty = O(log T?), where p is a positive constant. Denote the final output of the algorithm as Kz for agent i € [m).
Then, with probability at least (1 — 20), we have Yk € [n] and Vi, j € [m]

1 R\/dlog 1+mToL /A)+ILA

1m7 O’?TO (6)

where [Kz]k and [Aly,. are the k-th rows of@i and A, respectively.

It is worth noting that the safety gap A® affects the estimation error according to Lemma 2. As we mentioned earlier,
the exploratory action x; ; = (1 — )x® + ~(; 1, where the coefficient y = . Intuitively, if A? is larger, we can
put more weight on the exploration through ¢; ;, which is beneficial to the estlmatlon accuracy. We see from Equation
(6) that when + is larger, the estimation error bound is tighter.

Let us also discuss the computational complexity of Algorithm 1. The time cost of the data-collection phase is
O(mdTp), assuming that it takes O(d) time to compute each action. For the estimation phase, to perform a sin-
gle update, each agent spends O(mnd) time for the calculation of the weighted average and O(Tynd) time for the
gradient computation. Accordingly, the total time cost of Algorithm 1 is O(mT 1(mnd + Tond)).

Let us now define the estimated safe set for each agent ¢ € [m]. Let the parameter estimate for agent ¢ € [m] at the

end of Ty + T3 time step be denoted by KZ For each row k € [n] of Kq , a ball centered at [Al]k with a radius of B,
can be defined as follows
Cir2{acRy: |la—[A| <B ©)

m 2
W g Ryfdios (HERER) VAL
where B, = 77 N
gmy“o.1o

bility. Now, using (7) the safe estimated set for agent ¢ € [m] can be constructed as follows:

. The true parameter [A]y . lies inside the set C; j with a high proba-

XP 2 {xeR¥:a]x < by, Va, € Cix, Vk € [n]}. (8)

The safe estimated set above will be used by each agent for the projection step in subsequent algorithms.

5 Dynamic Regret Analysis for the Convex Setting

During the first T 477 time steps in Algorithm 1 agents do not expend any effort to minimize the regret. This is due to
the fact that without the knowledge of the feasible set, they cannot perform any projection. In this section, we propose
D-Safe-OGD, which allows agents to carry out a safe distributed online optimization, and we analyze D-Safe-OGD in
the convex setting.

D-Safe-OGD is summarized in Algorithm 2, where in the exploration phase, all agents collaboratively estimate the
constraint parameters based on Algorithm 1, and then each agent constructs the feasible set based on its own estimate.
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Algorithm 1 Distributed Constraint Parameter Estimation

1: Require: number of agents m, doubly stochastic matrix P € R"*™ P £ %, hyper-parameters «, v and A,

data-collection duration 7}, constraint-estimation duration 77, a strictly feasible point x* (safe baseline action).

2: Explore around baseline action:

3: fort=1,2,...,7Tp do

4. fori=1,2,...,mdo

5: Select action x; ;, = (1 — ¥)x® + (4

6: Receive noisy observation X; ; = AX; s + W; ¢
7:  end for

8: end for

9:

Form local functions using collected data:
A To o2 A 2
L(A) £ ||Axi, — %" + EHAHF'
t=1

10: Use EXTRA (Shi et al., 2015) to solve global LS problem " , /;(A) in a distributed fashion:
11: Randomly generate A7° € R"*¢ for all i € [m)].
12: Vi € [m], Aot = 7 [P]jiAJT" — aVI;(AT°), where the gradient is computed based on the following

j=1
expression:
To

2\
VI(A) =) [2Ax;x], — 2%i4x] ] + A
’ ' m
t=1
13: fort =Ty,..., 7o+ 11 —2do
14 fori=1,2,....,mdo _ R R R
I5: AT =30 2P AT = ST [PliAL — o V(AT — VI(A])].
16:  end for
17: end for

In the optimization phase, the network applies distributed OGD, where all agents first perform gradient descent with
their local gradients, and then they communicate their iterates with neighbors based on the network topology imposed
by P. We note that the projection operator of each agent is defined w.r.t. the local estimated feasible set (line 8
of Algorithm 2), thereby making the feasible sets close enough but slightly different from each other. Therefore,
previous regret bounds for distributed online optimization over a common feasible set (e.g., (Yan et al., 2012; Hosseini
et al., 2016; Shahrampour & Jadbabaie, 2018; Eshraghi & Liang, 2022)) are not immediately applicable. We tackle
this challenge by exploiting the geometric property of linear constraints (Fereydounian et al., 2020) as well as the
sensitivity analysis of perturbed optimization problems with second order regular constraints (Bonnans et al., 1998),
and we present an upper bound on the dynamic regret in terms of the path-length regularity measure.

We adhere to the following standard assumption in the context of OCO:
Assumption 4. The cost functions f;, are convex Yi € [m] and ¥t € [T'), and they have a bounded gradient, i.e.,
||Vf”(x)|| < G foranyx € X*.
Theorem 3. Suppose Assumptions 1-4 hold and T = ) ((#212 log(%))g/z) By running Algorithm 2 with v <
¢
%, n=0(T~3), Ty = O(T%3) and T, = ©(log T'), we have with probability at least (1 — 26)
Xt € X%, Vi€ [m|,tel[T], and
B
(1-5)

Reg{, =0 (T2/3 log(T/6) + T3 + T1/3C’§F) , Vi € [m].

Theorem 3 establishes a dynamic regret bound for D-Safe-OGD that is at least O(T"%/3./Iog T), and for a large enough
path-length the bound becomes O(T"/3 C%). We can also see the impact of network topology through £, the second



Published in Transactions on Machine Learning Research (10/2023)

Algorithm 2 Distributed Safe OGD with linear constraints

1: Require: number of agents m, doubly stochastic matrix P € R™*"™ hyper-parameters «, 7, 1), 0, A, time horizon
T, a strictly feasible point x°.

2: Specify Ty and T based on given hyper-parameters and run Algorithm 1 to learn agents estimates {Ai}ie[m] ina

distributed fashion. R R

For all ¢ € [m], construct the safe set X from the estimate A,.

Distributed online gradient descent over different feasible sets:

Let T, = (Ty + Ty + 1) and initialize all agents at the same point X;,1, = X7, chosen randomly.

fort =Ts,...,T do
fori=1,2,...,mdo

e A

Vit =15, [Xix =0V i(xie)]

9:  end for
10:  Foralli € [m],

m

Xit+1 = Z[P]ji}’j,t-

j=1

12: end for

largest singular value of P. When the network connectivity is stronger (i.e., 5 is smaller), the regret bound is tighter.
For the dependence on other parameters, we refer readers to the exact upper bound expression (Equation (38)).

Corollary 4. Suppose that the comparator sequence is fixed over time, i.e., x; = x*, Vt € [T]. Then, the individual
regret bound is O(TQ/ 3VlogT), which recovers the static regret bound of the centralized case in (Chaudhary &
Kalathil, 2022) in terms of order.

Remark 3. Note that when A is known, there is no estimation error, and the trade-off in terms of 7 and T no longer
exists. In other words, the agents do not incur the initial regret of Ty + 11 = O(Tz/ 3), caused by estimation. Then, by
choosing 1 = @(%), the resulting bound is O(\/T (1 + C5.), which recovers the result of Shahrampour & Jadbabaie
(2018) in terms of order.

Remark 4. In the proof of Theorem 3, the regret bound is shown to be O(Ty + % + %}C’} + Tiv\}%i% + (’fzz) ).

If agents have the knowledge of C7., by setting n = @(T‘l/ 2 \/@), the regret bound in Theorem 3 is improved to
O(T2/ 3/1ogT + 4 /T'C%.), which enjoys better dependence on C7.. Though this choice of step size is non-adaptive,
we conjecture that using techniques such as expert advice (Zhang et al. (2018a)) or adaptive step sizes (Jadbabaie
etal. (2015)), one can improve the regret bound, which is an interesting future direction.

6 Dynamic Regret Analysis for the Non-convex Setting

In this section, we study the non-convex setting for safe distributed online optimization. Even for offline optimization
in the non-convex setting, the standard metric for the convergence analysis is often stationarity, i.e., characterizing the
decay rate of the gradient norm. In online optimization, we can also expect that standard regret notions, used in the
convex setting, may not be tractable for understanding the algorithm performance. However, in a recent work by Ghai
et al. (2022), the authors studied an algorithmic equivalence property between OGD and OMD for certain problem
geometries, in the sense that OGD applied to non-convex problems can be approximated by OMD applied to convex
functions under reparameterization, using which a sub-linear static regret bound is guaranteed.

More specifically, for a centralized problem, suppose that there is a bijective non-linear mapping ¢, such that u; =
q(x¢), and consider the OGD and OMD updates
Centralized OGD:

Xeq41 = argming g {Vft(xt)T(x —x¢) + 2%}Hx — xtHQ} , )

10
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Centralized OMD: )
W4y = argming . {Vft(ut)T(u —u) + 1D, (u, ut)} , (10)

where X’ is the image of X’ under the mapping q. Ghai et al. (2022) quantified the deviation Hut“ — q(xt_H)H as
O(n3/ 2) under the following technical assumptions (together with boundedness of gradient norms):

Assumption 5. There exists a bijective mapping q : X — X' such that [V2¢(u)] ™1 = J,(x)J,(x) T where u = g(x).
Assumption 6. Let W > 1 be a constant. Assume that q(-) is W -Lipschitz, ¢(-) is 1-strongly convex and smooth with

its first and third derivatives upper bounded by W. The first and second derivatives of ¢~ () are also bounded by W .
Forallu € X', Dy(u,-) is W-Lipschitz over X'.

Examples that satisfy these assumptions are provided in Section 3.1 of Ghai et al. (2022). For example, if ¢ is the
negative entropy (respectively, log barrier), we can use quadratic (respectively, exponential) reparameterization for
q. Amid & Warmuth (2020) showed that in the continuous-time setup when Assumption 5 holds, the mirror descent
regularization induced by ¢ can be transformed back to the Euclidean regularization by ¢~!, which implies the equiv-
alence between OMD for convex functions and OGD for non-convex functions. This is due to the fact that higher than
second order factors vanish in continuous time, and this assures that the mirror flow and the reparameterized gradient
flow coincide. Though in the discrete-time case, the exact equivalence does not hold, Ghai et al. (2022) showed that
OGD for non-convex functions can still be approximated as OMD for convex functions, and the corresponding static
regret bound is O(72/3) under the assumption that f;(x) = f;(q(x)), where f;(-) is convex. However, we need more
technical assumptions to handle the discrete-time setup as higher order terms are relevant and must be judiciously
analyzed. Ghai et al. (2022) characterized the sufficient condition to achieve Assumption 5, which entails an implicit
OMD reparameterization for a non-convex OGD. We state these (two assumptions) by tailoring them to our problem
setting:

Assumption 7. |V f;.(u)|| < Gp forallu € X*' and sup, ,¢ - Dy(u,z) < D’

Assumption 8. Properties of the mapping q(-):
« There exists a mapping q(-) such that f; ;(x) = fi+(q(x)), where f; (-) is convex.
o q(-) is a C3-diffeomorphism, and J,(x) is diagonal.

s Forany X C X*® which is compact and convex, X' = q(X) is convex and compact.

We again refer the reader to Section 3.1 of Ghai et al. (2022) for examples related to Assumption 8.

In this work, we extend this equivalence to “distributed” variants of OGD and OMD under the additional complexity
that the constraint set is unknown, and it can only be approximated via Algorithm 1. Our focus is on analyzing the
effect of (i) the constraint estimation as well as (ii) the distributed setup in non-convex online learning, and we also
generalize the analysis of Ghai et al. (2022) to the dynamic regret. For the technical analysis of the non-convex setting,
we also use the following assumption.

Assumption 9. Let u and {y;}", be vectors in R?%. The Bregman divergence satisfies the separate convexity in the
following sense

m m
Dy(u, ¥ aiyi) <Y aiDy(u,y),
i i
where o € A, is on the m—dimensional simplex.

This assumption is satisfied by commonly used Bregman divergences, e.g., Euclidean distance and KL divergence.
We refer interested readers to (Bauschke & Borwein, 2001; Shahrampour & Jadbabaie, 2018) for more information.

In the following theorem, we prove that with high probability, the dynamic regret bound of D-Safe-OGD is

O(T?3\/log T + T?/3C%).

Theorem 5. Suppose Assumptions 1-3 and 6-9 hold and T = ) ((#jgg log(%))?’/Q). By running Algorithm 2 with
¢

v < %, n=0(T~%/3), Ty = ©(T%*3) and Ty = O(log T), we have with probability at least (1 — 25)

X1 € X%, Vie [m],tel[T], and

11
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Reg{; = O(T*3\/1og(T/6) + T*/3C}), Vi € [m].

The complete proof is provided in the Appendix, and the dependence on other problem parameters can be found in
Equation (54). The idea is to show that distributed OMD and distributed OGD iterates are close enough to each other
if the reference points of both updates are identical, i.e., u; s = ¢(x;) for all ¢ € [m]. Then, distributed OGD can be
viewed as a perturbed version of distributed OMD, and under the assumption of convexity of f“ the regret bound can
be established. Also, as mentioned in the convex case (Remark 4), we conjecture that the dependence of regret bound
to the path-length can be improved to /C7..

We further have the following corollary that shows our result is a valid generalization of Ghai et al. (2022) to the
distributed, dynamic setting.

Corollary 6. Suppose that the comparator sequence is static over time, i.e., X; = x*, Vt € [T|. Then, the individual
regret bound becomes O(TQ/ 3Vlog T), which recovers the static regret bound of Ghai et al. (2022) up to log factors.

It is worth noting that though in the convex case, the estimation of unknown constraints exacerbates the regret bound
(due to O(T?/?) time spent on exploration), for the non-convex case, the resulting bound still matches the static regret
of Ghai et al. (2022), where there is no estimation error. In other words, there is no trade-off in this case as the static
regret (without estimation error) is O(TQ/ 3) (Ghai et al., 2022) (disregarding log factors).

7 Discussion on Regret Bounds in Terms of Other Regularity Measures

In this work, we focused on dynamic regret bounds characterized by C7., the path length of the minimizer se-
quence. It is worth noting that existing works also presented regret bounds in terms of other regularity measures,
which capture the properties of the function sequence from different perspectives. Such measures include (1) the
function variation Vp = Zthz SUPyex | ft(x) — fi—1(x)| (Besbes et al., 2015), (2) the predictive path-length
Ch(uy,...,ur) 21, ||ug— Wy (ue—1)|| (Hall & Willett, 2013), where W, is a given dynamics, and (3) the gradient
variation Dp £ Zthl HV fe(x¢) —my H2 (Rakhlin & Sridharan, 2013), where m, is a predictable sequence computed
by the learner. Besbes et al. (2015) proposed a restarting OGD algorithm and showed that when the learner has ac-
cess to only noisy gradients, the expected dynamic regret is bounded by O(T%/3(Vy + 1)1/ 3) for convex functions
and O(log T'\/T(1 + Vr)) for strongly convex functions. The above mentioned regularity measures are not directly
comparable to each other. In this regard, Jadbabaie et al. (2015) provided a dynamic regret bound in terms of C7., D
and V7 for the adaptive optimistic OMD algorithm. Also, Chang & Shahrampour (2021) revisited OGD with multiple
gradient queries per iteration (in the unconstrained setup) and established the regret bound of O(min{Vr, C7., C5 })
for strongly convex and smooth functions. Dynamic regret has also been studied for functions with a parameterizable
structure (Ravier et al., 2019) as well as composite convex functions (Ajalloeian et al., 2020).

Besides the dynamic regret, a relevant regret measure called adaptive regret (Hazan & Seshadhri, 2009) for a contigu-
ous time interval T%,,;, is defined as follows

(1)

i+ Toup—1 i+ Ty —1 )

Reg? Tsu £ — mi
e (Tsub) [i,i+Ti13X1]c[T]< ; fe(xt) xmeg} ; fi(x)

Zhang et al. (2018b) analyzed the connection between adaptive regret and dynamic regret and provided adaptive
algorithms with provably small dynamic regret for convex, exponentially concave, and strongly convex functions.

In contrast to aforementioned works, where a projection operator is needed, Wan et al. (2021) proposed a projection
free online method replacing the projection step with multiple linear optimization steps. Without assuming smooth-

ness, they proved dynamic regret bounds of O(max{T?/ 3VT1/ ® VT}) and O(max{/TVz log T,log T'}) for convex
and strongly convex functions, respectively. On the other hand, Wan et al. (2023) considered the case of smooth
convex functions and improved the dynamic regret bound from O(\/T(l +Vr ++/Dr)) to O(/T(1+ Vr)).

Conclusion

In this work, we considered safe distributed online optimization with an unknown set of linear constraints. The
goal of the network is to ensure that the action sequence selected by each agent, which only has partial information

12
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about the global function, is competitive to the centralized minimizers in hindsight without violating the safety con-
straints. To address this problem, we proposed D-Safe-OGD, where starting from a safe region, it allows all agents
to perform exploration to estimate the unknown constraints in a distributed fashion. Then, distributed OGD is ap-
plied over the feasible sets formed by agents estimates. For convex functions, we proved a dynamic regret bound of
O(T?%3\/log T + T'/3Cz), which recovers the static regret bound of Chaudhary & Kalathil (2022) for the central-
ized case (single agent). Then, we showed that for the non-convex setting, the dynamic regret is upper bounded by
O(T?3\/log T + T?/3C:.), which recovers the static regret bound of Ghai et al. (2022) for the centralized case (sin-
gle agent) up to log factors. Possible future directions include improving the regret using adaptive techniques and/or
deriving comprehensive regret bounds in terms of other variation measures, such as V.
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A Appendix

In this section, we provide the proofs of our theoretical results. In Section A.1, we state the results we use in our
analysis. Section A.2 includes the proof of estimation error bound in Lemma 2. In Sections A.3 and A.4, we provide
the proofs for Theorem 3 (convex case) and Theorem 5 (non-convex case), respectively.

A.1 Preliminaries:

Theorem 7. (Theorem 2 in Abbasi-Yadkori et al. (2011)). Let {F;}:2, be a filtration and {w;}2, be a real-valued
stochastic process. Here, wy is F;-measurable and wy is conditionally R-sub Gaussian for some R > 0. Let {x;}$2,

be an R-valued stochastic process such that x, is F;_-measurable. Let V. 2= Zthl %%, + N where \ > 0. Define
Yy = a'x; + wy, then &y = V}l Z;‘ll Y1 Xy is the Uo-regularized least squares estimate of a. Assume HaH < Lgh
and thH < L, Vt. Then, for any § € (0, 1), with probability (1 — §), the true parameter a lies in the following set:

2
{a eR”:||a - arlly, < R\/dlog TR ALA} ,

forallT > 1.

Theorem 8. (Theorem 5.1.1 in Tropp et al. (2015)). Consider a finite sequence {X.} of independent, random and
positive semi-definite matrices of dimension d. Assume that Amax(Xy) < L, Vt. Define Y = Y, X, and denote
Amin(E[Y]) as pi. Then, we have

P(min(Y) < 1) < dexp (= (1= )*12), forany e € (0,1),
Now, let us define the shrunk version of the polytope as follows
X3 2 {x € RY: [A]p.X + Tin < by, Vk € [n]}, for some 73, > 0. (12)

Lemma 9 (Lemma 1 in Fereydounian et al. (2020)). Consider a positive constant Ty, such that X,

forany x € X%,

is non-empty. Then,

Vdri,
HHX;(X) —x[ < mv (13)

where C(A,b) is a positive constant that depends only on the matrix A and the vector b.
Theorem 10. (Theorem 3.7 in Shi et al. (2015)) Let us consider the following notation for EXTRA algorithm

x; i : The iterate of agent i at time k of the EXTRA algorithm,

T
X1k

Xk’ = 5
T
xm,k’
m

x* = argminx{ > ki (X)}v

i=1

X* =
X*T
m
£(X) = filxi).
i=1
A convex function h(-) is restricted strongly convex w.r.t. a point'y if there exists 1 > 0 such that

(VA(x) — Vh(y),x — y) > u|x — y||*, ¥x.
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Suppose that the gradient of f(X) w.rt. X is Lipschitz continuous with a constant Ly and (X)) + 1 ||X X* HP P

is restricted strongly convex w.r.t. X* with a constant 4. Then, with a proper step size o < M there exists
¢ > 0 such that | X, — X* ||215 converges to 0 at the R-linear rate of O((1 + ¢)~F).

A.2 Safe Distributed Set Estimation

Proof of Lemma 2. Let Vg, 2 7" S° x;,x], and V. = Vg + AL Let A be the solution of

argming > ., l;(A). Let [A] k.. and [A]g.. be the k-th rows of A and A, respectively. Based on Theorem 7, we
have with probability at least (1 — 0),

1ALk — [Alk:]ly < R\/ (W) + VAL, Vk € [n]. (14)

Knowing that Vi € [m], Vt € [Ty], xix = (1 — 7)X* + 7Ci,e» We have Amax (%%, ) < L? and E[x;,x],] =
(1 —7)?x*x°T + 4?0621 = 40 1. Therefore, we have

m Ty
)\min(E[VTg = mln Z Z X1 txl t > mTO’V UC (15)

Based on (15) and Theorem 8, we have

2mT0720§
P(Amin(VTo) < e/\min(E[VTO])> Sdexp(— (1-*—5). (16)
By setting e = 3 and Ty > i@; log(4), from (16), we have
¢
1 1 9 9

P()\min(v) > 2ng’}/ ) > P()\min(VTo) Z §mTo’)/ UC) 2 (]. — 6) (17)

Combining equations (14) and (17), we have with probability at least (1 — 24),

~ Ry Jdlog (BB 4 /XL,

[[Alk,: — [Alk.:|| < , Vk € [n]. (18)

%m’y2 O’?TO

Let agent 4’s local estimate of A at time t € [Ty + 1,7y + Tl] returned by the EXTRA algorlthm (Shi et al., 2015)
be denoted by At Next, we upper bound the distance between A = argmin Ay li(A) and At based on Theorem
10 as follows. Based on the definition of /;(A), considering the vectorized vers1on of A, the Hessian matrix has the
following expression

-
Xit Xt

-

XitXi 1

A A
+ 221 < 2(TyL? + 21,
m m
Xi7tXZt

where the inequality is due to the boundedness of the baseline action and the noise vector. From above, we know
S, 1i(A;) is Lipschitz smooth with the constant 2(TyL? + 2 ) and strongly convex with the constant 22, so by

=1
< Q/mAmin (P)

selecting a step size « (ToL2t2)

as suggested by Theorem 10, there exists a 7 € (0, 1) such that
(A, — [Alp,|| < w7 Wi € [m],k € [n],t € [Ty +1,...,To + T1] (19)
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where v > 0 is a constant. Based on (18), (19) and our choice of Ty (T1 = (—log 7)™ log(vT?)), for k € [n],
te[To+1,...,To+T1] and i, j € [m], we have

\/dlog 1+m5T/°nL /)‘) VAL 4

A7k, = [Alk:|| < [[[ALk: = [Ale:]| + (Al = [Als, ]| < .0
. 2m’y UCTO
and R R R R R R 5
H[Aﬂk,: - [Az]k,H < H[Aﬂk, - [A]k7:H + H[A]k,: - [Ag]k,H < ﬁ- (21
O]

Lemma 11. Define

R\/dlog LEmIoL2/0) 4+ VXL 4

T v/ fm'y JCTQ
For each agent i, construct /'?f based on (8) with C; i, following from (7). By running Algorithm 1 with user-specified
Ty = Q(nw%z log(4)) and Ty = ©(log T?), there exists a mutual shrunk polytope (see the definition in (12)) subset
X3 (1in = 2B, L) for XZ-S, Vi € [m] with probability at least (1 — 20).

Proof of Lemma 11. Consider a mutual shrunk polytope subset X}, (7in = 2B,.L). Based on Lemma 2, with probability
at least 1 — 20, we have for any x € X%

mn’>

(Al + By x| = [Alox + (A, [A]k,:)xwrl\xll
< [Alkax + [[[Ailk,; = (Al ]| + B:[|x] (22)
< [Alg,x+ 2Br||xH < [A]g,x +2B,L < by, Vk € [n] and Vi € [m],

which implies that X5 C X, Vi. O

Lemma 12. For each agent i, construct )?f based on (8) with C; i, following from (7). By running Algorithm 1 with
user-specified Ty = Q(#jﬁ2 log(g)) and Ty = O(log T?), we have for any point x,
A

Mg () = T (9| < Oy ), Vi € [ ©3)

Xf - Tp

Before we discuss the proof of Lemma 12, for the sake of completeness, we provide the formal statement of Theorem
3.1 in Bonnans et al. (1998), used in the derivation of Lemma 12.

We first define the notations used in (Bonnans et al., 1998). Note that the notations here are only locally de-
fined for the statement of Theorem 3.1 in Bonnans et al. (1998). The work of Bonnans et al. (1998) focuses on the
sensitivity analysis of parametric optimization problems of the form

(Py) : mig f(x,u) subject to G(x,u) € K,
x€E

where & is a finite dimensional space, U is a Banach space, K is a closed subset of Banach space ) and f and G
are twice continuously differentiable mappings from X x U to R and ), respectively. The optimization problem is
considered to be unperturbed when u = 0.

Given u, the feasible set, optimal value and set of optimal solutions of (P,) are denoted as follows

d(u) £ {x € X : G(x,u) € K},
v(u) = inf{f(x,u) : x € ®(u)},
S(u) £ argmin{f(x,u) : x € ®(u)}.
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A point x € X is called an e-optimal solution of (P,) if x € ®(u) and f(x,u) < v(u) + €.

We also define the following notations to present the theorem statement.

y* Dual space of Y

dist(y, X) The minimum distance from point y to set X: inf{Jly — x[[ : x € X}
Tk (y) The tangent cone to the set K at the pointy € K: {h € Y : dist(y + th, ) = o(t)}
Ni(y) The normal cone to the set C at the pointy € KC: {y* € Y*: (y*,h) <0,Vh € Tx(y)}

Df(x,u) Derivative of f
Dy f(x,u) Partial derivative of f w.r.t. x
Dyx f(x,u) Second order derivative of f w.r.t. x
Df(x',u’)(x,u) || The linear function based on the derivative at (x’, u’)

L(x,\,u) The Lagrangian f(x,u) + (A, G(x,u)), A € Y*
Ayu(x) {\ € Nc(G(x%,u)) : DxL(x,A,u) =0}

{Xl + Xg} U{Xl —|—X2}, X1 € X1,X0 € Xy
int(X) The interior of the set X

To study the first order differentiabilitiy of the optimal value function v(u), for a given direction d € U and the
optimal solution of the unperturbed problem x, € S(0), Bonnans et al. (1998) consider the linearization of the family
of problems (P;q) and its dual as follows

(PLq) :ml}n f(x%0,0)(h,d) subject to DG(x0,0)(h,d) € Tic(G(x0,0)),

DLg): max DyL(xg,A,0)d.
(DLa): s Dul(x0: 0.0

Theorem 13. (Theorem 3.1 in Bonnans et al. (1998)) Let X(t) be an O(t?)-optimal trajectory of (Piq) converging to
a point xg € ®(0) as t — 0. Assume v(PLq) to be finite. Suppose that the following conditions hold:

1. xq satisfies the directional constraint qualification, which is implied if

0e inl{G(Xo,O) + DxG(XmO)X — ’C}

2. v(td) < v(0) + tv(PLq) + O(t?), t > 0 (Equation 3.4 in (Bonnans et al., 1998)).

3. The strong second order sufficient condition (Equation 3.1 in (Bonnans et al., 1998)) holds, which is implied

if
sup D2 _L(x0,\,0)(h,h) >0, Yh € C(x0)\{0},
AeS(DLg)

where C(x) denotes the critical cone.

Then x(t) is Lipschitz stable at X, i.e., fort > 0, |

x(t) — xo| = O(t).

Proof. (Proof of Lemma 12) The key idea is to leverage Theorem 13, which quantifies the sensitivity of the optimal
solution of a “perturbed” optimization problem. More specifically, it is shown that the distance between the original
optimal solution and the optimal solution of the perturbed problem is upper-bounded by the magnitude of the
perturbation.

First, we show that Vi € [m], the projection problem IT o (x) can be formulated as a quadratic programming
with second-order cone constraints. The definition of /'E" has the following equivalent expression
X2 {xeR%:a]x <by, Va, €Cip, Vk € [n]} = {x € R?: max &} x < by, Vk € [n]}

apeCyk
veC (24)
={xe R%: [Ai]k,:x+ BTHXH < by, Vk € [n]},
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where each second-order cone inequality: [Az]kx + BTHXH < b can be equivalently written as a linear matrix
inequality (LMI):

Rl R MU N L
For simplicity, we define the following matrix
Gl(x,A;) ~
Gix Ay 2 G*(x,A)
G"(x,A;)
Considering the intersection of all LMIs, we have
X7 2 {xeR%: G(x,A;) = 0}. (26)

Based on (26), for a point x € R?, we have IT fo (x) = x+&;, where &; is derived by solving the following optimization
problem '

Gl (X + 57 Kz)
G2 7;&1'
& = argmin £7¢, sit. (et A . > 0. 27

Gn(x + 57 ;&z)

Based on Lemma 2, we have |[[A;]5. — [Aj].|| = O(7%), Vi,j € [m] and Vk € [n]. Therefore, [A]x. can
be expressed as [A;]k,. + ¥y, where Hw;@H = O(). With this expression, the projection 5. (x) = x + & can

be formulated as a perturbed version of the optimization (27), where the perturbation is paramjeterized in terms of
Y = [11,...,¢y] as follows:

Gl(x+& A, +1)

G2(x+ &, A, +
§; = argming £Te, st (e 2 ) > 0. (28)

G"(x+& A+ )
To show that HH)?S (x) —1II5, (X)H = Hgi — QH = O(HwH) = O(75), we apply Theorem 13, where three conditions

need to be satisfied: directional constraint qualification (DCQ), Equation 3.4 in Bonnans et al. (1998) and strong
second-order sufficient conditions (we refer readers to Bonnans et al. (1998) for detailed definitions).

« DCQ:
A sufficient condition for DCQ is constraint qualification (CQ) (see the definition in Bonnans et al. (1998)),
which is satisfied in our problem formulation if the first-order approximation of G(x + &, A; + 1) w.r.t. the
variable £ can be positive-definite. Noting that G(x + &, Kl + 1)) is an affine function of &, the first-order
approximation is exactly the original function. Now suppose that Vi € [m], /'E-S has a strictly feasible point
(this is implied by the existence of the mutual shrunk polytope), which means there exists a é such that
G(x + &, A; + ) is positive-definite, and then CQ is satisfied.

¢ Equation 3.4 in Bonnans et al. (1998):
In Bonnans et al. (1998), the authors provided the sufficient conditions for Equation 3.4: DCQ and second-
order regularity (Definition 2.2 in Bonnans et al. (1998)). DCQ, as mentioned previously, holds in our case,
and second-order regularity holds for semi-definite optimization, which is the case for our problem setup.
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¢ Second-order sufficient conditions:
The strong second-order sufficient condition (Equation 3.1 in Bonnans et al. (1998)) has an alternative form
(Equation 3.3 in Bonnans et al. (1998)), which is satisfied in our problem setup since the Hessian of the
Lagrangian is 21, which is positive-definite.

Since all the conditions above are met, the lemma is proved by applying Theorem 13. O

A.3 Convex Part

L 1 m
1 Xigandy, = -3 "y . Under
Assumptions 1 to 3 and the fact that gradients are bounded, i.e., ’ S for any x E X?®, we have that

Vi € [m]

Lemma 14. Let Algorithm 2 run with step size n > 0 and define x; = % ZZ
t X ‘

vmp

[[xe = xie|| < (O(i 15

TP) + 277G)

Proof. For the presentation simplicity, we define the following matrices

X £ [Xl,ta ce ;Xm,t]7 Y, £ [th, cee aym,t]a Gy £ [Vfl,t(xl,t)v sy vfm,t(xm,t)]a and R, £ [rl,t; B I‘m,t},

where r; ¢ = Vit — (xi’t — ani,t(xi,t)). Then, the update can be expressed as X; = Y, 1P = (Xt—l —nGy_1 +
Rt_l)P.

Expanding the update recursively, we have
X, =X, PUT) Z G, P+ Z R._,P. (29)

Since P is doubly stochastic, we have P*1 = 1 for all £ > 1. Based on the geometric mixing bound of P and the
above equation we get

1
HM—XmH=HXAg1—%W
t—Ts

t—T
<, =X UL+ 3 Gt~ P+ 3[R (2= 1P
=1

t—Ts

ZWJW+Z N

\fﬂ
-8’

IN

(O( )+ 27 G)

Tr

where ||XTS — X7, [PT]. H = 0 by the identical initialization of all agents with the same action at T, and the other
inequality is based on Lemma 12 as follows

= HZ gill Xs YJt 1= (Z[P]”yﬂ 1 _nvf”(xl t))H

r;¢

Yit — (Xit =V fis( Xit H
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Proof of Theorem 3. First, we decompose the individual regret of agent j into three terms:

Ts—1 T T
SN fialx )= filxi) = YD firxie) = FiaxD) + DD fielxi0) = Fia XD+ Y f(XD) = fil(x),
t [ t t=1 1 t=Ts 1 t=Ts
Term I Term 11 Term I1T

., which is a mutual subset of {Q?is}ie[m] with 73, = 2B, L based on Equation
(22) in Lemma 11. We now proceed to bound each term.

(30)
where X} is the projection of x; on &

The upper bound of Term I

Note that by choosing v < we have Vi € [m] and t € [1,...,To + T4]

LL ’
(Al Xip = [Alk,: (1= 7)x" +7Gi) < (1= )bj + A% < (1 = 7)bf, + (b — bf) < b, €2))

which implies the safeness of the action.

Based on the Lipschitz property of the function sequence, we have

T,—1 T,—1
Z Zfi’t(xj,t) — fie(x)) < Z ZGHXN — X:H < 2GLm(Ty + Ty). (32)
t=1 t=1 3

The upper bound of Term II:
Based on the update rule, Vi € [m] and t € [T, ...,T] we have

fi,t(xi,t) - fz,t(i:) Svfi,t(xi,t)T(Xi,t - i:)

RIS Al + S~ Sl 55 0 s

< Bt + lux@t T .
:% :%WQHVfi,t(th +3 H Pliyji—1— inQ — %Hytt — %! 2}

S% :%n2||vfi,t(xi,t)”2 + % Z[P]jiuyj,t,1 — x| - %Hyz o m’

J

where the second inequality is due to the projection property that Hyi_,t — X7 H < qu -V fi(Xizt)
third inequality is due to the convexity of the square function.

Based on Equation (33) and Lemma 14, we have

fia(Xje) = fie(Xy) = fin(Xj) — fie(Xie) + fie(Xie) — fin(X7)

SGHXN—Xz’tH'i‘fit(Xit)_fit(i:) (34)
1 1
§2G(O(T ) + 21G) ‘Fg + 77||sz e || + 2 S Plillyse — %5 - %Hyi,t -

J
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Summing Equation (34) over ¢, we get

D (finlxyn) = fie(%))

i

(35)

1
<mG(O0t) + ME) Y + Y IS+ g, o D s =i 5 S e -l
=mG(0() +210) Y75+ E S Vet + Z(Hyi,t-luﬂ||yi,t||2+2<yum—m)-
Summing Equation (35) over t € [T, ..., T], we have

Z D2 i) = Fin(%0)
<7 Z Zvai’t(xi’t)Hg'F ZHle*IH + ZszxT ZYZTAXT 1)

t=T

vmp

Z Z { — Xig1) Yi,t+2TmG(O(T )+ 21 G) s

tTfl [

The upper bound of Term III:

Based on Lemma 9, we have for any x; € X’ and its projection to &X;°, denoted by X}, that

T T
. . e 2V/dLB,
t;' Z (fie(X}) = fie(xp)) < t;. zi:GHXt -x;|| < mTGic(A’b) -

Substituting Equations (32), (36) and (37) into Equation (30), we get

D03 Uarlxy) = fialxi))

TG? 1
<AGLm(Ty +Ty) + Z [yir,a|* + ;,(ZyZchi} N yin %)
1 7

1 Vmp 2VdLB,
+ z Z Z —%i11) Ty + ZTmG(O(ﬁ) + QUG)m ™ mTGm’

t Ts—1 1@

(36)

(37

(38)

whichis O(Ty + T} + % + %C} 4 IvloeTo | puT ) and the final regret bound is derived by substituting the choices

VTo (1-8)

of n and T into above.

A.4 Non-convex Part

O

Lemma 15 (Lemma 4 in Ghai et al. (2022)). Suppose Assumptions 5, 6, 7 hold and v, = q(x;), then Hq(xt_,_l) —

|| = O(W4G§’7/2773/2) based on the following update rule:
. r T 1
Uep1 = argmingc o 3 Vfi(ug) 'u+ 6D¢(u, w) ¢,

1
X¢41 = Argminy e ys {Vft(xt)TX + %HX - XtHQ} :
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Theorem 16 (Theorem 7 in Ghai et al. (2022)). Given a convex and compact domain X C X°, and not necessarily
convex loss f+(+) satisfying Assumption 7. When Assumption 8 is met, there exists an OMD object with convex loss
f+(+), a convex domain and a strongly convex regularization ¢ satisfying Assumption 5.

Lemma 17. Suppose Assumptions 5-7 hold and v, y = q(x; ), Vi € [m]; then

HQ(Xi,t-H) - ug’tHH = O(= +1%/?),

T2p

based on the following update rules:

Z;t

. = 1
argmin, 3., {Vfi,t(u“)—ru + 5D¢(u, ui,t)} ,

w =Y [Plizis,

J
1
Vit = argminxe)/(\iS {Vfi,t(xm)Tx + o ||X — Xt ||2} )

Xit+1 = Z[P]jiy]',t~

J

(39)

Proof. We first upper bound ||q(x; 11) — LY | as follows

la(xiie1) =i || < || S [Pz, z i (. H+HZ Liia(yie) = aQ_PLividll- (o)

J J

To bound the second term, we consider the Taylor expansion of ¢(y) w.r.t. a point ¥ in the convex hull of {y; +};:
| Z Jiia(yse) = aQ_Plavioll <[ [Pl (a@) + 13 ie = 3) + O30 = 317))
j j
- (q(S')+J (A)(Z[P]jiwt — ) +0( ||Z Jji¥ it —9”2))“
<O(Y_IPlillyse —91°) +O( ||Z lii¥ie = 2)

J
<0(D?),
(41)
where D denotes the diameter of the convex hull of {y; ,} and is upper bounded as follows
D Zmax|lyis — v
(@.4)
= I(IZH;X ||H (X,L t aniyt(xiyt)) — HX“ (Xj t — ’I]ij7t (xj,t)) ||
= I(Ilé}X ||H (Xq ¢ =0V fia(Xit)) — s, (xi0 =V fie(xi0))
+ 15, (Xi,t - nvfi,t(xi,t)) -1z, (Xj,t - vaj,t(xj,t)) || (42)

< I(H&;X ||H (Xi,t =V fii(Xit)) — s, (xi0 =V fie(xi0)) H
3 J

+ || (xie =0V fie(xi1)) — (x50 — 1V fie(x50)) |

vmp
-B

1

<O(g)+2( (050 +200) Y22

T )+20n:O(+n)

Tr
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The first inequality follows from the non-expansive property of projection, where ||ILy(x) — ILx(y)|| < [|x — ¥/|
for any x,y and a closed convex set X, and the last inequality is based on Lemma 12, Lemma 14 and the Lipschitz
continuity of the function sequence.

Substituting Equations (41) and (42) into Equation (40) and based on Lemma 15, we have

||q X t+1 u; t+1|| <|| Z ]'sz,t Z ﬂq Yt || + || Z qu YJ t (Z[P]ji}’j,t)n

! (43)

+1%) = 0(L

4,~3/2 3/2
<OWiG3! )4 O(=— T3

3/2
TQP +1°7),

when 7 is small enough. O

Proof of Theorem 5. As for the proof of Theorem 3, we decompose the individual regret into three terms:

T
ZZfi.,t(Xj,t)—Z Z D firlxie) = fur(x +ZZfzt Xj0) = fie &)+ D Fi(%F) = fulx)),
tod i i t=T,
Term I Term II Term 111

N (44)
where X is the projection of x} on A;}, which is a mutual subset of {X;°};c[n With 7, = 2B, L based on Equation
(22).
The upper bound of Term I:

Similar to the proof of convex part, during the estimation phase, v is less than % to ensure the safeness of each
agent’s action, and based on the Lipschitz property we have

30 3 Fuos) — furli) Zan (x50)) = Jia(a(x0))

Ts—1
>N GeWxjp — x}|| < 2GEWLm(Ty + Ty). (45)

t=1 1

IN

The upper bound of Term II:
Define X' £ {q(x)|x € X7}, (same for X and X'®). Then, for any ¢(X}) = G} € X%

m °

based on Equation (39), we
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have
n(fie(xit) — fir(X)) =n (fi,t(ui,t) — flt(ﬁf;))
<V fie(wie) " (g — )
_ T
= (v¢(ul,t) - v¢(zi,t) - nvfi,t(uz"t)> (ut — Zi,t)
+ (V(ZS(ZZ'J) - V¢(ui,t))—r (ﬁ: — zi,t) + nvfi,t(ui,t)—r(ui’t N Zi,t)
< (Vo(zia) — Vo(uin)) " (8 — zi4) + 0V fra(uie) T (wiy — z:4)
= Dy (0], ;1) — Dy (0}, 2i.t) — D (a0, Wit) + 0V fie (i) (Wiy — 2 1)
uy i 1 2 1 os 2
< D(}S(Ut ) ui,t) - D¢(ut ) Zi,t) - D¢.(Zi7t, ui,t) =+ §Hui,t — Zi,tH + ?vai,t(uiﬂt)H
772 1 2
< Dy(ug, i) — Dy (07, 24) + ?vai,t(ui,t)u
2
o B . ) ,
=Dy (0}, ;) — Dy(af,u; ;) + Dg(uy,u;,) — Dy(05,zis) + ?vai,t(ui,t)H
2
; i* n 3 2
< Dy(0y,u ) — Dy(f,u +Z 1;iDp (0}, 2j1—1) — Dyp(0},2i ) + ?vai,t(ui,t)n )
(46)

where the second inequality is based on the optimality of z; ;; the fourth inequality is due to the strong convexity of
¢(+) and the fifth inequality is based on Assumption 9.

Based on Theorem 16, Lemma 17, and the Lipschitz assumption on D, we have

1
|@W¥mﬂ—%@ﬁmW§WWM—%MSmwﬁg+ﬁ%) (47)
And based on Lemma 14, we get
max Huz t — uy, t|| = nax ||q Xit) — Q(XJ t || - (Wn) (48)

i,j€[m] i,j€[m]
With Equations (46), (47) and (48), we derive
Fie(je) — fir(@)) = fir(se) — fir(Wie) + fie(wis) — fie(@)

< G|l —ujq| + O(W( +1'/%))

n1=r

1 . 1 o n = 2
—|——E P]..,D ,Zii_1) — —D,  Zi) + = ||V fi(u
nZ [P];iDy (07, 25,t-1) 1 6(07,2it) 2“ fig(u t)H (49)

<O(GEWn) + O(W (- +1'/?))

n1=r

1 ~ % 1 ~ % n r 2

to > PPy (i}, 254-1) — 5D¢(ut 1Zig) + §vai,t(ui,t)|| :
j

Based on the definition of Bregman divergence, we have the following relationship
Dy (0, 2it-1) — Dy (0y,2it)
= (Vo(2i1) = Vo(2i11)) | (8 = 2i1) + D (2.1, 2i11) (50)
=(V(2ie) — Vo(zii-1)) | @ + (0(2i0) — Vb(2i1) 204) — (8(2i,-1) — VO (Zig—1) Ziy—1) -
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Summing Equation (49) over ¢, based on Equation (50) we get

Z Fia(uge) = fie(ay)

1 -
<O(mGrWn) +O(mW(nT2 1/2)) «I»;;]HVfi,t(ui,t)Hz (51)
+% Z {(V(;S(zi,t) - Véf)(zi,tq))T fl: + ((i)(zi,t) - V¢(Zi,t)Tzi,t) - (¢(zi,t71) - Vﬁb(zi,tfl)—rzi,tfl)} .

Then, by summing Equation (51) over [T, . .., T], we have

T
SO Frlwi) — Furli)
t=Ts 1

T
<O(mTGpWn) + O(mTW( T2P +i/2)) + Z Z g’|Vfi,t(ui,t)||2

(52)
% tTZ_1¥ F—ui,) ngzlt —l—ZV(szT ay ZV(szT,l) ar
+- Z (zi 1) V¢(Zi,T)TZi,T) — (¢(zi,r,-1) — V¢>(Zi,TS—1)TZi,Ts—1)] .
The upper bound of Term III:
Based on Lemma 9, we have for any xj € X'® and its projection to &;;: X}
ET:TS Z (fia(a(xD) = fia( - x| < mTGFWm. (53)

Substituting Equations (45), (52) and (53) into Equation (44), the final regret bound is as

ZZ fia(Xja) = fin (D))

<O(mTGrWn) + O(mTW (—=- sz /%) ZZ 1% fire(uie)||®

1
o Z Do =) 'Ve(zi) + > Ve(zir) 0 =Y V(zim, 1) 05,y | +2GeWLm(Ty +Th)

t=Ts—1 1
2V dLB,
+= Z o(zir) — Vo(zir) zir) — ((zir,—1) — VO(Zir,—1) Zim,—1)] + mTGFWm

=0O(To+T1 +T\/n+ ——2— — 1y ,4)),

T\/logTo 11 XT:
VTo T far
(54)

where the final regret bound is proved by applying the specified n and Ty. By choosing p as a large enough number,
—2> is dominated by n'/2. i
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