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Abstract

We examine an adaptive learning framework for nonatomic congestion games
where the players’ cost functions may be subject to exogenous fluctuations (e.g.,
due to disturbances in the network, variations in the traffic going through a link,
etc.). In this setting, the popular multiplicative / exponential weights algorithm en-
joys an O(1/ VT ) equilibrium convergence rate; however, this rate is suboptimal
in static environments — i.e., when the network is not subject to randomness. In
this static regime, accelerated algorithms achieve an O(1/72) convergence speed,
but they fail to converge altogether in stochastic problems. To fill this gap, we
propose a novel, adaptive exponential weights method — dubbed ADAWEIGHT —
that seamlessly interpolates between the O(1/72) and O(1/v/T) rates in static
and stochastic environments respectively. Importantly, this “best-of-both-worlds”
guarantee does not require any prior knowledge of the problem’s parameters or
any tuning by the optimizer; in addition, the method’s convergence speed depends
subquadratically on the size of the network (number of vertices and edges), so it
scales gracefully to large, real-life urban networks.

1 Introduction

Navigation apps like Google Maps and Waze have user bases numbering in the hundreds of millions,
and they may receive upwards of 10* routing requests per second; in fact, Google Maps alone
exceeded one billion monthly active users in 2019, and its interface routinely receives up to 10°
requests during rush hour in major metropolitan centers [7]. This vast number of users must be
routed efficiently, in real-time, and without causing any “ex-post” regret at the user end; otherwise,
if a user could have experienced better travel times along a non-recommended route, they would
have no incentive to follow the app recommendation in the first place.

In the language of congestion games [34], this requirement is known as a “Wardrop equilibrium”,
and it is typically represented as a high-dimensional vector describing the traffic flow along each path
in the network [43]. Ideally, this equilibrium should be computed before making a recommendation,
so as to minimize the number of disgruntled users. In practice however, this is rarely possible:
the state of the network typically depends on random factors that vary from one epoch to the next
(weather conditions, traffic accidents, fluctuations in the total number of commuters in the system,
etc.), so it is generally unrealistic to expect that such a recommendation can be made in advance.

Our paper takes a learning approach to this problem: routing recommendations are provided in an
online manner, and they are subsequently updated “on the fly” once the state of the network has
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been observed. In more detail, motivated by applications to GPS routing and navigation apps, we
consider an adaptive recommendation paradigm that unfolds as follows:

1. Ateachepocht =1,2,..., acentralized control interface — such as Google Maps — determines
a routing flow for its users and provides a recommendation accordingly.

2. After making a recommendation, the interface observes the travel times of the network’s users;
based on this feedback, it updates the routing recommendation and the process repeats.

Main challenges. There are several key challenges that arise in this setting. First and foremost,
learning methods that are well-suited to rapidly fluctuating environments may be highly suboptimal
in static networks and vice versa. Second, the problem’s dimensionality — the number P of available
paths — is exponential in the size of the underlying network, so it is crucial to propose learning
methods that remain efficient in large networks. Finally, methods that require prior knowledge of
the problem’s parameters — e.g., the smoothness modulus of the network’s latency functions — are
beyond reach because such knowledge cannot be realistically obtained by the optimizer.

In view of all this, our paper seeks to answer the following question:

Is it possible to design an adaptive, parameter-agnostic algorithm that is simultaneously optimal in
static and stochastic networks, and whose convergence rate is polynomial in the network’s size?

Our contributions in the context of related work. Our paper proposes a novel, adaptive expo-
nential weights algorithm — dubbed ADAWEIGHT — which enjoys the following desirable properties:

1. In static networks, the method converges to a Wardrop equilibrium at a rate of O((log P)? /T?2).

2. In stochastic networks, it converges to a mean Wardrop equilibrium at an O((log P)2 /+/T) rate.
3. These rates are attained without any prior tuning by the optimizer.

In the above, T' denotes the learning horizon (number of epochs) and P is the number of paths
used to route traffic in the network. Thus, even though P may grow exponentially, the logarithmic
dependence on P ensures that the algorithm’s runtime remains polynomial, and in fact, subquadratic,
in the size of the network. To the best of our knowledge, ADAWEIGHT is the first method that
simultaneously achieves these desiderata; to provide the necessary context, we give below a detailed
account of the related work on the topic.

The static regime of our learning model matches the standard framework of Blum et al. [5] who
showed that a variant of the classic exponential weights (EW) algorithm [2, 3, 27, 42] converges to
a Wardrop equilibrium at an O(1/+/T) rate (in the Cesaro, time-averaged sense). This result was
subsequently extended to sfochastic congestion games by Krichene et al. [18, 20], who showed that
the EW algorithm also enjoys an O(1/+/T) convergence rate to mean Wardrop equilibria (again, in
a Cesaro sense). As we discuss in the sequel, the convergence speed of the EW algorithm of Blum
et al. [5] and Krichene et al. [18] is O(log P/ VT ) in both cases; however, if the method’s learning
rate is not chosen appropriately, the EW algorithm may lead to non-convergent, chaotic behavior,
even in symmetric congestion games over a 2-link Pigou network [36].

In general equilibrium problems, the O(1/+/T) rate cannot be improved without more stringent
assumptions — such as strong monotonicity and the like. However, nonatomic congestion games are
well known to admit a convex potential — sometimes referred to as the Beckmann—McGuire—Winsten
(BMW) potential [4] — so the O(1/+/T) convergence guarantee of Blum et al. [5] is not optimal.
In the static regime, the optimal smooth convex minimization rate is O(1/7?) [28, 30], and it is
achieved by the seminal “accelerated gradient” algorithm of Nesterov [29]. If applied directly to
our problem, Nesterov’s algorithm has a catastrophic ©(P) dependence on the number of paths;
however, by coupling it with a “mirror descent” template in the spirit of [32, 44], Krichene et al.
[20] proposed an accelerated method with an exponential projection step that is particularly well-
suited for congestion problems. In fact, going a step further, it is possible to design an accelerated
exponential weights method — ACCELEWEIGHT for short — that achieves an O(log(P)/T?) rate in
static environments.

Crucially, the learning rate parameter of ACCELEWEIGHT must be tuned with prior knowledge
of the problem’s smoothness parameters; moreover, despite its optimality in the static regime, the
method fails to converge altogether in stochastic problems. The universal algorithm of Nesterov [33]
provides a method to resolve the former issue, but it relies on a line-search mechanism that cannot be



EW ACCELEWEIGHT  UNIXGRAD UPGD AC-SA ADAWEIGHT [ours]

STATIC log P//T log P/T? P/T? log P/T?  log P/T? log P/T?
STOCH. log P/NT X P/NT X log P/T log P//T
ANYTIME partially v v X X v
PAR. AGN. partially X v v X v

Table 1: Overview of related work. All rates are reported in the O(-) sense; “par. agn.” means that the method
is parameter-agnostic, i.e., it does not require prior tuning or knowledge of the problem’s parameters.

adapted to a stochastic framework, so it does not resolve the latter. On the flip side, the accelerated
stochastic approximation (AC-SA) algorithm of Lan [22] achieves optimal rates in both the static
and stochastic regimes, but it does not provide anytime guarantees (the iteration budget must be fixed
as a function of the accuracy threshold required), and it assumes full knowledge of the smoothness
modulus of the game’s cost functions (which is not realistically available to the optimizer).

Our approach adapts to the problem’s smoothness parameters via an “inverse-sum-of-squares” learn-
ing rate in the spirit of ADAGRAD [12] — though ADAGRAD itself lacks an acceleration mechanism,
S0 it is suboptimal in static environments [25, 26]. To the best of our knowledge, the first order-
optimal interpolation result was achieved by the ACCELEGRAD algorithm of Levy et al. [25] for
unconstrained problems (and assuming knowledge of a compact set containing a solution of the
problem). The UNIXGRAD proposal of Kavis et al. [17] subsequently achieved the desired adap-
tation in constrained problems, but under the requirement of a bounded Bregman diameter. This
requirement rules out the EW template (the simplex has infinite entropic diameter), so the conver-
gence speed of UNIXGRAD is polynomial in the number of paths, and hence unsuitable for large
network instances. For convenience, we compare all these works in Table 1 above.

2 Problem setup

2.1. The game. Building on the classical model of Beckmann et al. [4], we will consider a class of
routing games defined by three basic primitives: (i) the game’s network structure; (ii) the associated
set of traffic demands; and (iii) the network’s cost functions. The formal definition is as follows:

1. The network structure: Consider a directed graph G = G(V, £) with vertex set V and edge set
. The focal point of interest is a set of pre-determined origin-destination (O/D) pairs (O;, D;) €
V x Vindexed by i € N = {1,...,N}. Each pairi € N is associated to a traffic demand
M; > 0 that is to be routed from O; to D; via a fixed set of paths (or routes) P; joining O; to
D; in G. We denote the set of all such paths in the network by P := UZ—G  P; and, for concision,
we denote the corresponding cardinalities as P; := |P;| and P = |P| = ), P;. We also
write Mot = Zl en M and Moy = max;en M; for the total and maximum traffic demand
associated to network’s O/D pairs.

2. Routing flows: In order to route the traffic, the set of feasible flow profiles is defined as
X = {‘reRz:ZPE'Pi‘rLPZMivi:]-7~~~,N} (l)

i.e., as the product of scaled simplices X = [[, M; A(P;). In turn, each feasible flow profile
x € X induces on each edge e € & a routing load pie(x) = 3 iz D pep, Licep;} Tips i€, the
accumulated mass of all traffic associated to the focal set of O/D pairs that goes through e.

3. Congestion cost: The traffic routed through a given edge e € & incurs a congestion cost (or
latency) depending on the total traffic on the edge and/or any other exogenous factors. Formally,
we will collectively encode all such factors in a state variable w € € taking values in some
ambient probability space (€2, F,P). We will further assume that each edge e € £ is endowed
with an edge-cost function c.: Ry x € — R, ; in this way, given a flow profile z € X and
a state w € (2, the cost to traverse edge e € &£ will be ¢.(pe(z),w). Analogously, the cost to
traverse a path p € P will be given by the induced path-cost function c,: X x 8 — R, defined

as ¢p(r,w) = ZeEp Ce(pte(), w).

The only assumption that we will make for the game’s cost functions is as follows:



Assumption 1. Each cost function ¢, (u,w), e € £ is measurable in w and non-decreasing, bounded
and Lipschitz continuous in u. Specifically, there exist H > 0 and L > 0 such that c.(u,w) < H
and |ce(u,w) — ce(u',w)| < Lju' — u| forall u,u’ € [0, Myot] and allw € Q, e € &.

Remark. Assumption 1 is a very mild regularity condition that is satisfied by most congestion models
that occur in practice — including BPR, polynomial, or regularly-varying latency functions, cf. [5, 8,
9, 18, 21, 23, 34, 35, 37, 39] and references therein. For this reason, we will treat Assumption 1 as
a standing, blanket assumption and we will not mention it explicitly in the sequel.

The key difference between our problem setup and other nonatomic congestion models in the liter-
ature [34, 39] is the advent of uncertainty in the game’s cost functions (as modeled by the game’s
ambient state variable w € (2). For concreteness, we demonstrate below two examples of this type
of uncertainty that could arise in practice:

Example 1 (Stochastically perturbed BPR costs). Standard BPR models [9, 23, 35, 37], under the
form cB*R(u) = a. + be(u/cap,)”,Vu > 0, capture the effects of a link’s length, its capacity,
free-flow speed, etc., on urban network congestion. However, they neglect other miscellaneous
factors such as weather conditions, accidents and other random factors which may cause a temporary
increase — or decrease — in congestion. In our notation, if w, is an additive random fluctuation for
the cost of edge e € £, the induced cost at a flow x € X becomes c(x,w) = B (p.(2)) + we. The
noise can also appear in cases where the actual latency / congestion can only be measured up to a

certain error (a case of vital importance for Internet-like networks).

Example 2 (BPR models with exogenous loads). In practice, the total traffic is the aggregation
of all commuters, irrespective of whether they are using a navigation app or not. With this in
mind, consider the problem of a navigation app making a flow recommendation x € X for its
users. If w. denotes the exogenous traffic load on edge e € £ (i.e., commuters not using the
app), the total load on e will be p.(x) + we. Thus, following the BPR model, the induced cost

is ce(z,w) = BR(ue(x) + we), i.e., the randomness is woven implicitly in the model. §

2.2. The mean game and equilibrium flows. In the above framework, each exogenous state
variable w € () determines an instance of a routing game, defined formally as a tuple I', =
T, (G,N,P,c,) where ¢, is shorthand for the network’s cost functions {c(-,w)}ccg instantiated
at w. Of course, in analyzing the game, each individual instance I',, is meaningless by itself, un-
less P assigns positive probability only to a single w. For this reason, we will instead focus on the
mean game I' = T'(G, N, P, C') which has the same network and routing flow structure as every I',,,
w € §, but whose congestion costs are determined by the mean cost functions Cp,(x) = E[c,(x,w)].

Now, motivated by the route recommendation problem described in the introduction, we will focus
on learning equilibrium flows where the controller can guarantee Wardrop’s principle on average
[43], i.e., that all traffic is routed along a path with minimal mean cost. Formally, we have:

Definition 1 (Mean equilibrium flows). We say that +* € X is a mean equilibrium flow if and only
if, for all i € A" and all p, ¢ € P; such that z},, > 0, we have C),(z*) < Cy(z*).

Remark. Definition 1 means that, on average, no user has an incentive to deviate from the recom-
mended route; obviously, when the support of PP is a singleton, we recover the usual definition of a
Wardrop equilibrium [4, 34, 43]. This special case will be particularly important and we describe it
in detail in the next section.

Importantly, the problem of finding an equilibrium flow of a (fixed) routing game I',, admits a
potential function — often referred to as the Beckmann—McGuire—Winsten (BMW) potential [4, 11].
Specifically, for a given instance w € €2, the BMW potential is defined as

He ()
F,(z) = Zees/o Ce(u,w)du forallz € X, (BMW)

and it has the property that arg min F,, coincides with the set Eq(I',,) of equilibrium flows of T',.

In our stochastic context, a natural question that arises is whether the potential property for each
fixed w € ) can be extended to the mean game I" when w is randomly generated. Clearly, the most
direct candidate for a potential function in this case is is the averaged BMW potential:

Me(I)
Z/ Ce(u,w) du] . 2)
0

ecf

F(z) =E[F,(x)] =E




Indeed, as we show in Appendix B, we have:

Proposition 1. A flow profile x* € X is a mean equilibrium flow if and only if it is a minimizer of
F over X; more succinctly, Eq(I") = arg min ¢  F ().

In view of the above, F' provides a natural merit function for examining how close a given flow
profile z € X is to being an equilibrium; on that account, all our convergence certificates in the
sequel will be stated in terms of F'. Note also that since c., e € £, are continuous and non-decreasing,
F is a differentiable, convex function on X'. However, since the probability law PP on €2 is not known,
we will not assume that F' (and/or its gradients) can be explicitly computed in general.

2.3. The learning model. The last component of our model is the actual learning process that
unfolds over time. The specific sequence of events that we will consider evolves as follows:

1. Ateachstaget = 1,2, ..., the navigation interface selects a flow profile X* € X and makes the
corresponding routing recommendation to its users.

2. Concurrently, the state w® of the network is drawn from € (i.i.d. relative to PP).

3. The interface observes the realized congestion costs ¢, (u.(X?),w?) along each e € & (possibly
up to some error); subsequently, the flow recommendation is updated, and the process repeats.

We will refer to this general model as the stochastic regime. For concreteness, we discuss below
two special cases that have attracted particular interest in the literature:

Example 3 (Static environments). In the absence of randomness, P is supported on a single instance
w € Q,sowehave w! = wforallt = 1,2, ..., and we assume that the navigation interface measures
directly C(X*) = ¢(X*,w). This setup matches the deterministic model of Blum et al. [5], Fischer
and Vocking [13] and Krichene et al. [19, 21], and we will refer to it as the static regime. §

Example 4 (Routing games with noisy observations). Consider the setting where only a stochastic
“perturbed” cost ¢, (e (), w?) = ce(pe(x),w) + W is observed when a flow profile z € X is
employed at time ¢ (here, w € Q is fixed). When w! is the random noise such that E[w!] = 0, Ve, Vt,
our learning model is reduced to the routing game with noisy observations studied by Krichene et al.
[18, 21]. §

For a given learning window, it might not be a priori clear whether the system is in the static or
stochastic regime. As we shall see in Section 3, standard stochastic algorithms are suboptimal in the
static regime, while order-optimal deterministic algorithms may fail to converge altogether in the
stochastic regime. As such, the key question that we aim to answer is as follows: is it possible to
design routing algorithms that automatically adapt to the appropriate setting and provide optimal
convergence guarantees in both static and stochastic environments? We address this in Section 4.

3 Non-adaptive methods

To set the stage for the analysis to come, we begin by presenting the equilibrium convergence prop-
erties of two learning methods that are tailor-made for each of the two basic regimes described in the
previous section: the “vanilla” exponential weights algorithm for the stochastic case, and an acceler-
ated exponential weights method for the static one. Both algorithms rely crucially on the (rescaled)
logit choice map A: RY — X, given in components as

M; exp(Yip)

AP(Y) - qupi eXp<Y;,q)

forallp € P;and all i € N. 3)

For concision, we will also write Cf, for the total congestion cost measured for path p € P at stage
t,and C* = (C}),ep for the profile thereof.

3.1. Exponential weights in the stochastic regime. We begin by presenting the standard expo-
nential weights algorithm in the stochastic regime. In pseudocode form, we have:



B W N =

Algorithm 1: Exponential weights (EXPWEIGHT)

Initialize Y° « 0

for r=1,2,... do
set X'« A(Ytil) and get Ct C(Xt,wt) // route and measure costs
set Yt = Yt_l — wtCt // update path scores

Then, by applying the classical analysis of exponential weights methods [6, 40], we obtain the
following equilibrium convergence guranatee:

Theorem 1. Let x* be an equilibrium of I'. If Algorithm 1 is run with variable learning rate
7t = 1/+/t, the time-averaged flow profile XT = (1/T) Zthl Xt enjoys the equilibrium conver-
gence rate

NM,ox Mypax P log(PT) )
1 H*(1+loeT)| =0 —=—"—). «
JT [Og< Moor )+ (1+log )] O( VT @

This result confirms that EXPWEIGHT achieves a speed of convergence that is logarithmic in terms
of P, and hence linear in the size |G| := |V| + |€| of the underlying network; for completeness,
we provide a full proof in Appendix C. We make two relevant remarks here: First, the convergence
rate obtained for Algorithm 1 concerns the empirical average flow, not the actual recommendation,
a distinction which is important for practical applications. Second, there is a slight suboptimality
in terms of the learning horizon T': the rate presented in Theorem 1 contains a log(7T’) term which
can be shaved off by switching to the so-called “dual averaging” variant of the exponential weights
template (or finetune the method’s learning rate in terms of 7" and subsequently use a doubling trick
to obtain an anytime guarantee). For the details, we refer the reader to [32, 40, 44].

E[F(XT) - F(a*)] <

3.2. Accelerated exponential weights in static environments. We now turn our attention to the
static regime, i.e., when there are no exogenous variations in the game’s state (w! = w for all
t =1,2,...). In this case, it is reasonable to expect that a faster convergence rate should be attain-
able: in particular, as we show below, the game’s potential is Lipschitz smooth (see Proposition 2
below), so the optimal convergence speed in this case is the iconic O(1/7?) rate of Nesterov [29].
In more detail, we have:

Proposition 2. The BMW potential is Lipschitz smooth relative to the L' norm on X and has
smoothness modulus = KL, where K is the length of the longest path in P.

Now, to maintain the graceful scaling guarantees of the EW template, our proposal to achieve an
O(1/T?) rate is an accelerated exponential weights algorithm that builds on ideas by Nesterov [29],
? ] and Krichene et al. [20]. In pseudocode form, the method unfolds as follows:

Algorithm 2: Accelerated exponential weights (ACCELEWEIGHT)

Input: Smoothness parameter (3
Initialize Y° <« 0, o® < 0 and 7° «
for t=1,2,... do

1
N MmaxB

set Zt « A(Ytil) // exploratory flow obtained from path scores
set Xt ot7tXt? + (1 — atil)Zt // average with previous state
set ’yt — %[2’)}71 + 'yO + 4’yt*1’yo + (70)2] // update step-size
set Oét < ’)/til/’yt // update moving weight
set Zt < atXt + (1 - CMt)Zt and get Ct — C(Zt,wt) // route and measure costs
set Yt < Yt_l — (1 — at)'tht // update path scores

Importantly, the step-size of Algorithm 2 is finetuned relative to the smoothness modulus of F',
which is assumed known to the navigation interface. With this in mind, our main convergence
guarantee for ACCELEWEIGHT is as follows:

Theorem 2. Let x* be an equilibrium of U. If Algorithm 2 is run for T' epochs in the static regime,
the traffic flow profile X' enjoys the equilibrium convergence rate:

ABN? M2, og(Mnax P/ Mo log(P
F(XT) _F(l‘*) < 6 ma.(Tg(l)z / ) _ O( 2(2 )>

®)
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Theorem 2 confirms that, in the static regime, ACCELEWEIGHT converges to equilibrium with an
optimal (’)(log(P) / T2) convergence speed, as desired; the proof is based on techniques that are
widespread in the analysis of accelerated methods, so we relegate it to the supplement.

We only note here some limitations of the accelerated exponential weights method. First, the al-
gorithm’s convergence rate concerns a sequence of routing flows which is never recommended, a
disparity which limits the algorithm’s applicability. Second, the algorithm’s step-size must be tuned
with prior knowledge of the problem’s smoothness modulus (which is not realistically available to
the optimizer), so it is not adaptive in this regard. In addition, ACCELEWEIGHT fails to converge
altogether in the stochastic regime, so it does not achieve rate interpolation either.

The per-iteration complexity of Algorithms 1 and 2. In the discussions above, we chose to
present simple implementations of EW and ACCELEWEIGHT (as Algorithms 1 and 2 respectively),
in which every iteration runs in O(P) time. This is inefficient in large-scale networks where P is
typically exponentially large; however, owing to the underlying exponential weights template, both
algorithms can be implemented efficiently in O(|£]) time and space via a dynamic programming
procedure known as “weight-pushing” [15, 41]. The details of this efficient implementation lie
beyond the scope of this work, so we do not present them here.

4 ADAWEIGHT: Adaptive learning in the presence of uncertainty

4.1. Statement and discussion of results. To summarize the situation so far, we have seen that

EXPWEIGHT attains an O(log(P)/+/T) rate, which is order-optimal in the stochastic case but sub-
optimal in static environments; by contrast, ACCELEWEIGHT attains an O (log(P)/T?) rate in static
environment, but has no convergence guarantees in the presence of randomness and uncertainty.
Consequently, neither of these algorithms meets our stated objective to concurrently achieve order-
optimal guarantees in both the static and stochastic cases (and without requiring prior knowledge of
the problem’s smoothness modulus).

To resolve this gap, we propose below an adaptive exponential weights method — ADAWEIGHT for
short — which achieves these objectives by mixing the acceleration template of ACCELEWEIGHT
with the dual extrapolation method of Nesterov [31]. We present the pseudocode of
ADAWEIGHT below:

Algorithm 3: adaptive exponential weights (ADAWEIGHT)

Initialize Y! 0, o« 0 and ! 1
for t=1,2,... do

set Zt < A(ntyt) // exploratory flow obtained from path scores
set Z! « (OétZt -+ ZZ;B CMSZSJr%)/Zi:O o’ and get ét — C(Zt,wt) // reweigh + explore
set YH—% «— Yt — atC’t // exploratory score update
set ZtJr% — A(’I]thJr%) // exploratory flow update
set X'« (Zi:o a'ng+%)/Zi:0 a® and get Ct C(Zt,wt) // route and measure costs
set YT « vt —ofC? // update path scores
| set nt+1 — nt/\/l + ZZ:OHO‘S(CS — és)||io // update learning rate

The main novelty in the definition of the ADAWEIGHT algorithm is the introduction of two “extrap-
olation” sequences, Z t+3 and Y3, that venture outside the convex hull of the generated primal
(flow) and dual (score) variables respectively. These leading states are subsequently averaged, and
the method proceeds with an adaptive step-size rule. In more details, ADAWEIGHT relies on three
key components:

a) A dual extrapolation mechanism for generating the leading sequences in Lines 3 and 6; these
sequences are central for anticipating the loss landscape of the problem.



b) An acceleration mechanism obtained from the (at)-weighted average steps in Lines 4 and 7; in
the analysis, o will grow as ¢, so almost all the weight will be attributed to the state closest to
the current one.

¢) An adaptive sequence of learning rates (cf. Line 9) in the spirit of Rakhlin and Sridharan [38],
Kavis et al. [17] and Antonakopoulos et al. [1]. This choice is based on the ansatz that, if the
algorithm encounters coherent gradient updates (which can only occur in static environments),
it will eventually stabilize to a strictly positive value; otherwise, it will decrease to zero at a

©(1/+/t) rate. This property is crucial to interpolate between the stochastic and static regimes.

The combination of the weighted average iterates and adaptive learning rate in ADAWEIGHT is
shared by the UNIXGRAD algorithm proposed by Kavis et al. [17], which also provides rate inter-
polation in constrained problems. However, UNIXGRAD requires the problem’s domain to have a
finite Bregman diameter — and, albeit compact, the set of feasible flows X" has an infinite diameter
under the entropic regularizer that generates the EW template. Therefore, UNIXGRAD is not appli-
cable to our routing games. This is the reason for switching gears to the “primal-dual” approach
offered by the dual extrapolation template; this primal-dual interplay provides the missing link that
allows ADAWEIGHT to simultaneously enjoy order-optimal convergence guarantees in both settings
while maintaining the desired polynomial dependency on the problem’s dimension. Finally, as in the
case of EXPWEIGHT and ACCELEWEIGHT, we note that ADAWEIGHT can also be implemented
efficiently via the weight-pushing technique of Takimoto and Warmuth [41] (with linear space and
time complexity in the size of the underlying graph).

In light of the above, our main convergence result for ADAWEIGHT is as follows:

Theorem 3. Let x* be an equilibrium of T. If Algorithm 3 is run for T epochs with ot = t,
t=1,2,..., the recommended flow profile XT enjoys the equilibrium convergence rate:

2V2NMpaxA  128N2M2 A3/2 4+ B (log P)*/*
E[F(XT) - F(z*)] < A Inax =0l —==Z—]. (6
[F(XT) = Fa)] < ===+ s s (6a)

Moreover, in the static case, Algorithm 3 enjoys the sharper rate:

3/2
F(XT) = F(z*) < % = O(aogji)) (6b)

In the above expressions, A and B are positive constants given by A := 21og( P Myax/Miot)+13 =
O(log P) and B = 4BN? M2, A%? 1+ 2M, o, log(Mpax P/ Myor) = O ((1og p)¥ 2).

Theorem 3 confirms that ADAWEIGHT enjoys all of the desired features: (7) it achieves simultane-
ously optimal guarantees in both stochastic and static environments (i.e., O(1/v/T) and O(1/T?)
respectively); (ii) the derived rates maintain a polynomial dependency in terms of the network’ s
combinatorial primitives; and (iii) it requires no prior tuning by the learner. Moreover, unlike EX-
PWEIGHT, the convergence of ADAWEIGHT corresponds to an actual traffic flow profile that is
implemented in epoch ¢ and not the average flow.

The proof of Theorem 3 is technically involved and worth discussing. We analyze its main ideas
here and give a detailed proof in Appendix D.

4.2. Sketch of proof of Theorem 3. We focus on finding an upper-bound of the “weighted
regret’—defined as Ap(z*) =31, a'(VF(X"), Z1*3 —z*), which will be directly trans-
lated into an upper-bound of the left-hand-side in (6a) and (6b) via the inequality
F(XT) - F(2*) < Ap(z*)/T? (extracted from [10]). To do this, we take the advantage of the
dual-extrapolation template to obtain the following “energy inequality”:

A o _h(z*) — mingex h(x 0w SN
AT(.Qf )S ( ) nT+1€X ()+§Z(at)2nt+1“vF(Xt)_VF(Zt)HOO
t=1
2M2, r 1 1 1 t+ 1| ot
ey s —Z;KL(Z : Z). %
t=1 t=1
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Figure 1: The convergence speed of EXPWEIGHT, ACCELEWEIGHT and ADAWEIGHT in routing games.

Here, 0 := Mmax N, h denotes the entropy regularizer h(z) = > ;. > ep Tip log(@ip) (Which
is o-strongly convex on X’ w.r.t the L' norm), and KL(-||-) denotes the Kullback-Leibler divergence.

The key idea to handle the terms in the right-hand-side of (7) is our special choice of learn-
ing rates n' that makes these terms summable. This induces an upper-bound in the form of
S (af)2g(ntt Y| VF(X?Y) — VF(ZY)||% where g(-) is a function of 7’. Interestingly, we can
also prove that there exists 7y < oo such that g(nt) < 0 for any ¢t > Tj; therefore, the above term
is always bounded by a sum of only Tj elements as T — oo. Finally, in the static case, we can use
the smoothness of F' (cf. Proposition 2) to bound ||[VF(X?) — VF(Z!)||s, and in the stochastic
regime, we can do this by using the fact that VI is bounded due to Assumption 1. This provides
the desired results. U

5 Numerical Experiments

5.1. Experiments in the stochastic regime. First, we conduct an experiment on a routing game
with noisy observations (as described in Example 4) with the following setup: on a randomly gener-
ated network with 24 vertices and 276 edges, we assign to each edge a BPR cost function and choose
N = 6 origin-destination pairs, each of which comes with a traffic demand; the traffic will be routed
via the set of P = 3366 paths. Particularly, at each time 7', after the algorithms decide their flow
profiles, we perturb the induced costs on each edge e by a noise w! that is drawn independently
from the normal distribution N (0, 10). The algorithms only observe these stochastically perturbed
costs and use them to update the next iterations.

For validation purposes, we run EXPWEIGHT, ACCELEWEIGHT and ADAWEIGHT in 5 instances
(of noises’ layout) and report, in Figure 1a, the averaged results across these instances. Particularly,
we plot out the evolution of the following values: Agxpweigur (') = F (X T) —F(2*) where X7 is
the time-averaged of outputs of Algorithm 1, Aaccpeweienr(T) == F(X T) —F(2*) where X 7T is
output by Algorithm 2 and Aapsweienr (') == F (X”) — F(z*) where X T is output by Algorithm 3.
Here, x* is chosen such that it induces the minimum F'-value among all flow profiles computed by
these algorithms after 15000 iterations; thus, x* represents the equilibrium flow.

Figure 1a shows that Agxpweicar (') and Aapaweienr (1) tend to zero as T increases; this confirms
that EXPWEIGHT and ADAWEIGHT converge toward equilibrium. To this end, we observe that
ACCELEWEIGHT fails to converge altogether. We also plot out VT - A acceeweienr (1) and VT -
Appaweienr(T') (see Appendix E), and we observe that these terms approach horizontal lines as T
increases. This reaffirms the fact that the speed of convergence of EXPWEIGHT and ADAWEIGHT
is O(1/+/T) in the stochastic regime which is consistent with our theoretical analyses.

5.2. Experiments in static regime. To illustrate the performance of the algorithms in the static
case, we take advantage of a real data set collected and provided by [14] (with free license). This
data set contains no personally identifiable information or offensive content. In this section, we
present the experimental results on one instance in this data set: the SiouxFalls network (originated
by [24]). Results corresponding to other network instances are presented in Appendix E. The Sioux-



Falls network has 24 vertices and 76 edges. We choose N = 30 origin-destination pairs and the
total number of paths in use is P = 3000. We extract from the data set the BPR cost function corre-
sponding to each edge and the traffic demand corresponding to each O/D pair. We run EXPWEIGHT,
ACCELEWEIGHT and ADAWEIGHT in 16000 iterations and report the results thereof in Figure 1b.

Figure 1b confirms that in this static environment, all three algorithms converge towards equilib-
rium. Particularly, ACCELEWEIGHT and ADAWEIGHT converges at an O(1/7?) rate while EX-
PWEIGHT fails to achieve this speed. These convergence rates are reaffirmed by observing that
T? - Apcepreweienr (T) and T2 - Aapaweionr (T') approach horizontal lines as 7 increases (cf. Ap-
pendix E). We also run ACCELEWEIGHT with several initial step-size options and observe in Fig-
ure 1b that with badly-tuned parameters (i.e., with a wrongly estimation of the smoothness level
of I'), ACCELEWEIGHT might have a slow “warm-up" phase or might even diverge. By contrast,
ADAWEIGHT retains its appealing fast convergence properties throughout our experiments.
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A Auxiliary results and notions

The gradient of the function F' is important for our sequel analyses, we present its explicit computa-
tion in Appendix A.1. We also introduce several useful technical notions that will be used throughout
the remainders of this work in Appendix A.2.

A.1. Gradient of F. We notice that under Assumption 1, c.,e € & are continuous and non-
decreasing functions. As a trivial consequence, F' is a convex function. Moreover, it is differen-
tiable and when w is generated randomly, for any ¢ € A and any path p € P;, by recalling that
Pe(Z) =D ien 2 pePi Tip and applying the dominated convergence theorem, we have:

pde

oF 2)=E [ oF,
8$¢7p

5 o colu,w) du [

Opte(z
—-E ecé& e
o (o) — ) el <x>,w>]

.

ecp

=Cp(z). (A.1)

Using the notation ¢(z,w) to present the (random) vector of costs at flow = and w, we can also
rewrite that V F'(z) = E[c(x, w)] for any z € X.

A.2. Auxiliary notions. Throughout the remainder of this work, we use the notation (-, -) to de-
note the Euclidean inner product of two vectors. We also denote P(E) the probability of an event
E. We say that h is o-strongly convex over K w.r.t ||-|| if and only if for x, 2’ € K, we have
h(z) — h(z') — (W,z — 2’y > |l — 2'||* for any W € Oh(z’) (i.e., W is a sub-gradient of h
at z’).

Entropy regularizer. In the remainders of this paper, we recurrently work with the function

h(z) =YY" @iplog(wip), Vo € X. (A.2)

iEN pEP;

This function is often known as the entropy regularizer. It has several properties of interests as fol-
lows:

* Forany z € X, h(z) < > ;o D pep Tiplog(M;) < Miog log(Mimax)-
* hisa L-strongly convex function on X’ w.r.t the ||-||; norm where we denote o := Myax N.!

* The Fenchel conjugate of h—denoted by h*—and its gradient at an arbitrary Y € R¥ are:

h(Y)—gnea))(((a:Y ZMlog Zexp i) |
ieEN qEP;
. exp(Yip)
VR*Y) = | M ————"2—
@) > exp(Yiy)
qeP; PEN
PEP;

!Consider the functions h;((zi p)pep;) = ZpeP- x;p log(z,p), it is trivial to see that h;(+) is ﬁ—strongly convex on
k3 K
X = {(xi,p)pepi 1D pep; Tip = Mz} w.r.t to the norm ||-||1. Therefore, for any =, 2’ € X and a sub-gradient W €

Oh(a'), we have h(z) = Tien hi((@oplper,) = (@) + Wz —2') + Tien 5 (Sper )=
h(z') + (W, z — 2’

A
Ti,p xi,p

)+ ﬁ lz — 2’||? due to Cauchy-Schwarz inequality.
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KL divergence. Induced from the entropy regularizer h, we also define the Kullback—Leibler (KL)
divergence between any flows z, ' € X as follows:

L(z|x") Z Z x2p10g<
iEN peP;

In other words, KL(z||2") = h(z) — h(z") — (V h(2’), z — ). In the remainders of this work, we

will also regularly use the following trivial equality regarding the KL-divergence:

KL(z||z") = KL(z||2') + KL(2|2") + Y Y (], :cl,p)log<x ) (A.3)

ieN peP; i,p

Fenchel Coupling. The Fenchel coupling between z € X and Y € RY w.r.t the regularizer h is
defined as follows:

F(z,Y)=h(z)+h"(Y)—(z,Y). (A4)
Smoothness alternative definition. In previous sections, we use the definition that g : L — R

is a (-smooth convex function over K C R? wrt the || norm if and only if
IVg(z) — Vg(z")||oo < Bllz — 2||, Vo, 2’ € K. This is also equivalent to the following conditions:

0 < gla) — (o) — (Va(a). 2 — ') < 2o — /|2, .0’ € K. (A5)

Proof. While the first inequality in (A.5) is trivial from the convexity of g, the second inequality can
be proved by applying the mean value theorem as follows:

g9(x) = g(a) = (Vg(a'),z — 2)

1 1
:/<Vg(m' +u(x — ),z —2') du — /(Vg(x’),x — ') du
0 0
< /||Vg(9c' +u(z —2") = Vg(@)|oo - |l — 2'|| du (by Cauchy-Schwarz inequality)

<llo — /|| [ Blle’ + u(e ~ o)) | du

B Proofs of Results in Section 2

B.1. Proof of Proposition 1.

=) Let 2* € X be an equilibrium flow of the mean game I". For each i € N, let us define
q g
C; := min o C,(x*). By definition of the equilibrium flow, for any p € P;, we have
{qEP T >O} q
vi,q

Cp(x*) > Cyifz} , =0,
and Cp(z") = C;if 27, > 0.
Combining this with (A.1), for any arbitrary x € X, we have:

8F
< ZZ mw’ ZZC le>ZC szp ZCiMia

i€EN peP; Tip iEN peP; iEN  peP; ieN
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Moreover, for z*, we also obtain:

(VF(x aF =3 ) G =Y G Y a,=> CiM;
zeNpeP ieN P€7’>U ieN ;:.«6710 ieN

P

In conclusion, we have (VF(z*),z — 2*) > 0 for any « € X. Therefore, «* is a minimizer of F.

(<) Letz* € X be aminimizer of F. From the variational inequality corresponding to F’, we have

(VF(z*),z —2*) > 0,Vx € X

S D Cplamip =YY Cylat)ay,, Vo € X, (B.1)

iEN pEP; iEN pEP;

We proceed by proof of contradiction. Assume that x* is not an equilibrium flow of I, i.e., there
exist j € N and p, § € P; such that

x; 5> 0and Cp(z*) > Cq(z™). (B.2)

Consider the flow 2’ € X that is defined as follows:

1:] p=jp WP E P \{p, 4},
xap ]P =9,

Tjq = Tig+ o,

Ti o = ,p/,VZEN\{j} p € P

Here ¢ is taken such that 0 < § < z7 ;. Intuitively, ' is the flow obtained by moving a § amount of
j-type traffic from the path p to the path ¢ in the flow z*.

By this definition, we have

DD Gulataiy =D ) Cula

iEN pEP; iEN peEP;
=Cp(z") - (=0) + Cq(z") - ()
=6(Cy(z") — Cp(z™))
<0. (due to (B.2))

This contradicts (B.1); therefore, 2* is a mean equilibrium flow of T". a

C Proofs of results in Section 3

We start this section by presenting the proof of Theorem 1 concerning the convergence rate of
EXPWEIGHT Algorithm (see Appendix C.1). Next, we provide the proof of Proposition 2 showing
the smooth-continuity of function F' in Appendix C.2, then in Appendix C.3, we prove Theorem 2
showing the convergence properties of the ACCELEWEIGHT algorithm .

C.1. Convergence properties of the EXPWEIGHT algorithm: Proof of Theorem 1. Let / be
the entropy regularizer defined in (A.2) and x* be any equilibrium flow of the mean game I", we have:

T
Mot log(Mmax) + Z Ay x*, e( X wh)) (C.1)
t=1
T
= Z Z x} , log(Mmax) + Z'yt(x*,c(Xt,wt»
ieN peP; t=1
T
— Z Z x;, log(x Z Z x*,plog< > + th(x*,c(Xt,wt»
iEN pEP; iEN pEP; Minax t=1



)<0vze/\/vpe7>)

T
Z ¥ e( X wh)) (since log(
o T

< )

t=1
— (z*,Y") (due to Line 4 of Algorithm 1)
> — h* (YT) (due to Fenchel-Young inequality)
T
_ h*(yO) Z[h*(yt) _ h*(yt—l)]
t=1
T t
_exp (Y )
— h*(Y0) — Z > M; log< A - ) (by definition of /* )
t=1ieN qup eXp(Yt )
XT: ZM log Zpe’]) exp(Yt 1) exp(— ’thp(Xtawt)) . L
t=14ieN qu”P eXp(Yt 1) M;
—h* (Y% — Z ZMlog ZX exp —ep( Xt wh) ZMlogM . (C2)

t=1 | ieN PEP; PEN

We look for lower-bounds of the terms in the right-hand-size of (C 2). First, since we chose Y° = 0,

we have —h*(Y?)= —max((O x) — h(z)) = minh(z) = —mln Z Z Ziplog(l/x;p).
reX ze/\/’ pEP;

Moreover, apply Jensen’s inequality on the function log(-) (that is a concave function), for

PIUPIR
any r € X, we have > > xi,plog<$) < (Z 3 :cw) log<%> -

ieEN pEP; 1EN peEP; iEN pEP;
Mot log(P/Mjiot ). Therefore, we obtain

— h*(Y?) = min h(z) > — Mo log(P/Mioy). (C.3)

zeX

To derive a bound for the second term in (C.2), we apply the inequality exp(—a) < 1 — a + o2 for
all o > 0 to obtains the following inequality

ZMlog ZX exp( ’ych wh) ZMlog

ieEN PEP; ieEN

<Y Milog| > X! 1= ep(Xwh) + (Yep(Xhwh))?] | = Milog(M;)

1EN pEP; iEN

< Z M;log | M; — Z X! [ ep(Xhw') — (Vep(Xhwh)?] | - Z M; log(M;)

iEN PEP; iEN
> X! [ ep(X wh) — (e (XE wh))?]
=" Milog(Mi)+ " M;log| 1- "7 i =" Milog(M;)
ieN ieN i ieEN
<=3 > XX W) = (e (X W) (C.4)
i€EN peP;
—(X" APe(XT,wh)) + (XF, (Y e(XT, wh))?). (C.5)

Here, (C.4) comes from applying the inequality log(1 — «) < —a for any a < 1.
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Now, combining (C.3) and (C.5) with (C.2), we have

T T
Z <Xtﬁ t)> _ <x*7,ytc(Xt7wt)>] < Mot 1og(PMpax/Miot) + Z<Xt> ('YtC(Xt7wt))2>'

t=1

On the other hand, from Assumption 1,

(X1, (vte( =33 Xt e (xteh)) < >0 N XL, = (Y H)? M.

iEN pEP; iEN pEP;

Combining this with (C.6), we easily obtain that:

T PM T
Z’yt<Xt — 2%, (X" w")) < Miot 10g< max) + M H? Z(’yt)2. (C.7)
t=1 tot t=1
Now, for any ¢, let us denote v := E[c(X*,w!)|X*™! w1 ... X! w']. From the law of total
expectation, we obtain that:
]E[vt<Xt — ", c(Xt,wt)>] = E[7t<Xt — x*,vt>]. (C.8)

On the other hand, since w! is drawn randomly from an i.i.d and due to the computation of the
gradient of F (see (A.1)), we have v! = V F(X*) which induces that

(X' —a* ") > F(X") = F(z*) > 0. (C.9)
Here, the last inequality comes from the fact that 2* = arg min, ¢, () since z* is an equilibrium

flow of T" (cf. Proposition 2). Finally, take the expectation on two sides of (C.7) and apply (C.8) and
(C.9), we have:

T T
E|Y A (F(X")—F(a* <El27t<Xt—x*,c(Xt,wt)>1
t=1 t=1
T
< Mot log<PMma"> + MH? Z(vt)2. (C.10)
Mtot

t=1

Now, by choosing 7' = 1/+/¢ for any ¢, we rewrite (C.10) as:

E Z i (F(XT)fF(I*)) SMtot IOg(PMmaX

tot

T

MHQE z
t=1

PMIII&X

tot

M P Mnax
< [log( 2 ) + H?(log(T) + 1)}
Mtot

=E Z%(F(XT)—F(x*)) SMtot10g< )+MH2(log(T)+1)

=E

SE| 2 ZT:F(XT)—F(x*) < [bg(PAAZ‘:") + H?(log(T) + 1)]. (C.11)

Finally, since F(-) is a convex function on X, we have F(XT) = F(% Zthl Xt) <

% Zthl F(X"). Combining this with (C.11) and the fact that Moy = > ;0 M; < NMpax,
we conclude the proof. O
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C.2. Smoothness of F': Proof of Proposition 2. From (A.1) for any x, 2’ € X, we have:

IVE(x) = VF(2')]lo

=max E Z ce(pe(z),w)| —E [Z ce(ue(x/),w)] ’
PeEP; ecp eEp

SI}E}\;‘{E Zce(,ue(x)vw) _Ce(,ue(x/)vw) ]
PEP; LleEp

< T%%}\;(]E Z Lipe() — pte (wl)] (due to Assumption 1)
PEP; LeEp

< D> D lmi — ]

<maxBE ) L Tia = Tja
PEP; e€Ep jEN a€P;
gqde

SE|LY D> g — 2] (C.12)

ecf jEN aEP;
q3e

Now, for any ¢ € N/, we denote the length a path p € P; by K, (i.e., the number of edges containing
in p). Recall that K denotes the length of the longest paths in P = | J; - Pi, we have

!/
, - / o ’J)j’q—l'j’q‘
lo=al= 30 > fang =l =30 30 D =

jEN qEPj ]EN q673j ecq

> Z Z Z ]qul—(x;q|

JEN gEP; e€q

1
:EZ Z Z ‘wj»q _:C;}q|‘

e€€ jJEN 4a€P;
PEL

Combine this with (C.12), we have ||VF(z) — VF(2')||cc < KL|jx — '||1. This shows that F' is
a -smooth function where 3 := K L and we conclude the proof of this proposition. O

C.3. Convergence properties of the ACCELEWEIGHT algorithm: Proof of Theorem 2. The-
orem 2 considers the static regime where we consider a fixed game I',, with a fixed w € €. In this
setting, from (A.1), we also have V F'(z) = ¢(x,w) for any flow z € X. Due to this reason, in this
section, we will use these notations interchangeably without further explanations. Note also that it
is trivial to verify that ACCELEWEIGHT outputs a valid flow X! € X at each time ¢.?

We will prove Theorem 2 in the following 3 steps.
Step 1: Define A := v' 7Y F(X!) — F(z*)] + KL(x*||Z?) and prove that At is a decreasing se-

quence as t increases. Here, X*, Z* ~'~! are defined as in Algorithm 2 and x* is any equilibrium
of the game.

Fix an iteration ¢ > 1. Since F is a 8-smooth function on X w.r.t the ||-||; norm (cf. Proposition 2),
we have:

F(X")

<F(Z')+(VF(Z"),X""' = Z") + §||Xt+1 ALl (due to (A.5))

2Indeed, by its definition in Line 3 of Algorithm 2, Z t ¢ X,Vt. Moreover, due to the choice of ol X1 = 7t € x.
Assume that X*~1 € X; then, we have Xt = o1 Xt~ 1 + (1 — at~1)Z?* also belongs to X’ (since X is a convex set).
By proof of induction, we have that Xt € X, Vt.

18



=F(Z') + (VF(Z"), X" = 7% + (1 = ot)?|| 21+ — 2¢)2

(from Lines 4 and 7 of Algorithm 2)

N ™

<F(Z) 4 (VP(Z), X = 2+ 2 (1 o!)” 20 - KL(2 | 2°)
(since h is X-strongly convex)

—F(Z") + (VF(Z"), X" — Z%) + Bo (1 — o) *KL(Z"1|| 2Y). (C.13)

On the other hand, from the convexity of F', we have

F(XY) + (1-a)F(a*) > F(o! X"+ (1 —a')a*) > F(Z') + (VF(Z"),0' X" + (1 - a')a* = ZY),

which deduces the following inequality:
F(X") — F(a:*) —a'[F(X") — F(z")]
=F (X" — [o'F(X") 4+ (1 — o) F(z")]
<F(X'"1) - ( N+ (VF(Z2"),2"' =o' X" — (1 - a')z")
<(VF(Z'), X" = 2% 4+ Bo (1 — a')°KL(Z'4Y]|2Y) + (VF(2Y), 2 — o' X' — (1 — af)a®)
(due to (C.13))
—(VF(Z)), X" — ol X! — (1 —a')z") + fo(1 — a')*KL(21H1|| 2Y)
—(1— ") (VF(Z'), 2" —a*) + Bo(1 — o) *KL(Z"+1]| 21). (C.14)

Here, the last equality comes from Line 4 of Algorithm 2. Multiplying two sides of (C.14) by +%,
we have

VIF(XTY) = F(a*)] = 4o [F(X') = F(a")]
<(1 - )V(VF(ZY), Zt+1 2*) 4+~ 80 (1 — a!)’KL(21H1|| 2Y). (C.15)

Now, for the sake of brevity, let us denote Wt = (1 — af)y'c(Zt, w) = (1 — at)y*VF(Z?). From

the facts that Z'*' = A(Y") (see Line 3 of Algorithm 2) and that Y* = S>!_ W* (see Line 7 of

zt exp( W »)

Algorithm 2), we can rewrite that Zf;l = M, Therefore, we have:

’quep g exp(— Wt Pk
(VI(ZY) — Vh(Z!), 21T — %)
-3 s i ) gt
i€EN peP
Zt
= Z Z IOg M. VA cxp( W) (Z::Ii;l o xivp)
i€EN peP 7 qup o oxp(—W))
A exp(—Wt) - -
3 3 Zn I ) 50— 5 S () 2
i€EN peEP ’ iEN peEP
Z} exp(=W))
_ q€P; q t+1 t+1 *
-3 oo Bty S (2 )+ X YW 2 - 57,)
ieEN pEP; ieN peP
=0+ (Wt ZH — g Zit = = M;,Vie N
+ (W*, x*) (since Y- p, > pep, Ti 5, Vi e N)
=(1 - o')WV F(ZY, 21T — 2¥). (C.16)

Combining (C.16) with (C.15), we obtain that:
AF (X)) — F(a*)] o'l [F(X') — F(2")]
<(Vh(Z") = Vh(Z"h), 2" —2*) +4'oB(1 — ozt)QKL(Zt“ 12*)
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<KL(2*[|2!) - KL(2*|| 2"*1) = KL(Z"7|ZY) +~foB(1 — of) KL (21| 2Y)
(by applying (A.3))

—KL(z* 240) + (v'oB(1 - a')* = 1)KL(Z1 | 21). (C.17)

Z') —KL(z*

From the update rule of 4! in Line 5, the choice of 4° in Line 1 and the update rule of o in Line 6
of Algorithm 2, we can trivially obtain that

=1\ 2 t—1 . t\2
ytaﬁ(1—of)2:7’f1(1—7 ) _ 0T (C.18)

~0 At
Therefore, the last term in (C.17) equals zero and we can rewrite (C.17) as:

Y F(X"Y) = F(z*)] + KL(2*|| 2'T) <47 [F(X') — F(2*)] + KL(z"

zh.
This shows precisely that AT < AT=1 < ... < Al (by convention, we set 7!
we have:

Y FP(XT) = F ()] <4 [F(XT) - F(2*)]+KL(z*

= 0). Particularly,

ZT)=AT <A< <A'=KL(z*|2").
(C.19)

Step 2: Prove the following inequality for any equilibrium flow x* of the mean game I' and the

output X of Algorithm 2 at any arbitrary time T > 0:

F(XT) - Pa) < 4BKL(2*|[2") _ 4BKL(z*[|X")

=TTy (T—1)? (€20

To prove (C.20), we first look for a lower-bound of v7~!. From (C.18), we have

VAt-lof = \/7'5064 [1— \/ﬁ. (C.21)

Now, consider the function I(u) : (0,1] — Rx>g such that [(u) = (1 — u)l/Q,Vu € (0, 1]. Note that,
from Line 5 of Algorithm 2, +% is an increasing sequence and thus, forany ¢t > 1,7* > Y = 1/(0f3)
which implies that 0 < L__ < 1. From the fact that [ is a concave function, we have:

z<1> < 1(0) - I'(0) (1 - o)
Vot ) oyt

1/2
=1 ! <1 1
Nz B WP
Combining this with (C.21), we obtain \/ oByt > \/ oB~yt~! + 1/2. Therefore,
1 T—-1 T+1
Vopy T2 oy T2+ 5 2.2 Vo' + 5= = %

This implies that 77 —1 > % > (; combining this with (C.19), we have

>

ol

406KL($* Zl) 406KL(3§*
< =
- T2 T2

F(XT) = F(a*) X) :

We finish the proof of (C.20) here.

Step 3: Conclusion. Now, we only need to find an upper-bound of KL (z*||X*). To do this, from

the choice of Y and o in Line 1 of Algorithm 2, we notice that X}, = Z} = M;/P; for any
i € N and p € P;; therefore,

(VR(XY), Xt —z%)

:Z Z IOg(Xil,p)Xi{p + Z Z Xil,p - Z Z IOg(Xil,p)xzp - Z Z Tip

ieEN peEP; i€N peP; ieEN peP; i€N peP;
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M;log M/P

ZZ ZZlogM/P i,

iEN peP; i€EN peEP;
=> M log(MZ-/Pi) — > M;log(M;/P;)
ieEN ieN
=0. (C.22)

Combine this and (C.3), we have:
KL (z*|| X"

) = h(z*)=h(X")—(VA(X"),2* = X"
< Mios 1Og(]\4max) Hél)rfl h(af)
S Mtot log( max)+Mtot 1Og(P/Mtot)
(P

= Mot log maX/Mtot)

Combine this and (C.20) then recall the notation 0 = M. /N (i.e., the strongly-convexity constant
of h) and the fact that M;,; = Zie w M < N Mpax we obtain that
AN My Mo 3 1og(%;§;x) < AB(N Moo )2 10g(pM,,,ax)

(T - 1)° - (T —1)*
This concludes the proof. O

F(XT) = F(z*) <

D Proofs of results in Section 4

In this section, we will provide the proof of Theorem 3 concerning the convergence properties of
the ADAWEIGHT algorithm (Algorithm 3). In the statements of Theorem 3, we first present Equa-
tion (6a) showing the convergence rate of ADAWEIGHT in the generic setting of our learning model
(i.e., including the stochastic regime) and then present Equation (6b) concerning the particular case
of the static regime. However, it is more convenient to present the proofs of these results in a re-
versed order: in Appendix D.2, we present the proof of (6b) and in Appendix D.3, we proceed to
prove (6a). Before going into the details of these proofs, in Appendix D.1, we prepare some useful
notation and lemmas.

Remark. In the remainder of this section, we let o = ¢, V¢ as chosen in Theorem 3.

D.1. Preliminary results for proving Theorem 3.

ADAWEIGHT outputs a valid flow. We justify that X* € X', V¢ for any time epoch ¢. First, from
their update-rules (Lines 3-6 of Algorithm 3), we notice that Z*, Z+= € X', Vt. We will prove that
Z', X' € X,Vt by induction. Indeed, we have Z' = Z! € X and X! = Z'*3 € X. Assume
that Z%, X* € X forany s = 1,2,...,¢ — 1. By the update-rules in Algorithm 3, Z* is a convex

combination of Z! and Z5+2 s = 1,...,t — 1. Similarly, X’ is a convex combination of Z'*2
and Z st ,s = 1,...,t — 1. Combining these with the fact that X’ is a convex set, we have that
7 Xt € XVt

Next, we present two trivial lemmas:
Lemma D.1. Let (u')icn be a sequence of non-negative numbers, for any T' € N, we have:

<2 (D.1)
ZZ:O u®
A proof of Lemma D.1 can be extracted from Lemma 2 of [16].
Lemma D.2. Forany z,2',Y,Y’ € R¢
. [u 2 1 2
o= Y = V'l = migd Sl 17+ 5oy = I} (02)
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Proof. Forany z,2',Y,Y’ € R?, let us define the corresponding function ¢ : R — R such that for

any u > 0, Y(u) = 5|z — x’||f + 5= |lY — Y’||io . Then, (D.2) comes from the fact that ¢’ (u™*)

0 and 9" (u*) > 0 where u* = ||z — 2/[|;[|Y = Y| -

a

Finally, we prove the following important lemma=:

Lemma D.3. Let X7 be the output of Algorithm 3 at iteration T, x* be any equilibrium flow and
denote Ap(x*)="1_, ot (VF(X?), Zt+3 —2*) we have

E[F(XT) - F(z*")] < 2E[AT(x*)} Yoxd (D.3)

Proof. Lettus denotte 1At = 22:1 s = t(tf). By Line 7 of Algorithm 3, for any ¢, we have:
t+1 _ Ayt _ AT t—1
Ztts = TX - =3 X .

Therefore, we have:

S H(ztE — o VF(XY)

t=1
T t t—1

= Zt<AXt AT e z*, VF(Xt)>
et 4 4
T At At-1

:Zt<t(Xt — %) — " (X'~ - x*),VF(Xt)> (since A® — A7 =1¢)

T
=Y [AYX' - 2" VF(X")) — ATHX'™ — 2 VF(X"))]

T
=Y [AYX' — 2" VF(X")) — AHX" — 2" V(X)) + A7HX" = X' VF(X"))]

= Zt[F(Xt) - F(a*)] + Z t[F(XT) — F(X")] (via telescopic-sum)

D.4)

I
(]~
=)

>
Z

|
=

&*

Taking the expectation of two sides of (D.5), we conclude the proof. O
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D.2. Convergence of ADAWEIGHT in the static regime: proof of (6b). In this section, we work
with the static regime, i.e., we consider the game I',, where w € ) is fixed but unknown. Re-
call that in this setting, V F(x) = c¢(x,w); therefore, in this section, we will use these notations
interchangeably without further explanation. We arrange the proof into 5 steps as follows.

Step 1: Upper-bounding the term AT(QT) (defined as in Lemma D.3).

First, we introduce a new notation:
Q' = A(n'Y'™). (D.6)

Note that this notion is only used in our analysis in the sequel and is not computed by Algorithm 3.
One can easily justify that Q' = arg max ¢ (x,n'Y**1) — h(x) where the function h is defined
asin (A.2).

Fix an arbitrary £ € N and an arbitrary x € X, from the update rule in Line 8 of Algorithm 3, we
have:

HVF(X"), 0" —a) = t{c(X" w), Q" — ) = %(nth — 'Yt Of — ). (D.7)

On the other hand, from the definition of Fenchel coupling (see (A.4)), we have that

F(Q'n'Y")
*h*(Tl Yt) + h Qt <Qt tyt>
>(Z'n'Y") — h(Z) + h(Q") — (Q' n'Y") (by the definition of h*)

:h(Qt)_ ( t)_<Qt_ t tyt>

_ZZQ log pr —ZZZf log <Qt—Zt,nth>

1EN peP zGNpG'P
=KL(Q'2%) + 3 3 los(21,) (1, — Zi,) —(Q = 2"0'Y")
€N pEP;
KL(Q'2) + 3 Y tog | M m D POV V(o )~ (0 - 2t
? exp( tyt ) 2P 2,p ’
i€EN peP 4P
M;
=KL(Q'[|2") +(Q' = Z',y'Y") + ) log S (Y > (6, -2i,) —(Q = Z'n'Y?")
ieN P exp(n }/i’q) pEP;
1P, ;
=KL(Q'||Z"). (since 3° cp Q=3 cp, Zt, = My)

From this, we can deduce that
F(z, 'Y — Fla, th+1) KL (QtHZt)
>F (w0 Y?) = Fla, 'Y = F(Q'n'Y)
= h(Q") — h* (ntytJrl) < Yt+1 th> + <Qt’,’7tyt>
= h(Q") — h* (ntytJrl) <3c Rttt - th> + <Qt’,’7tyt _ ntyt+l> + <Qt’,’7tyt+1>
=Yt -ty Qf — ). (D.8)

Here, the last equality comes from the fact that h* (n'Y *1) = ma;c(x n'Y'") — h(z) (by defini-
c

tion) and that Q' = arg max, ¢ y (z, n'Y*™!) — h(z) thus, h* (') = (QF n'Y'+1) — h(QF).

Combine (D.7) and (D.8), we have

tH{VF(X"), Q" —z) < nit[]:(x, n'Y') — F(a,n'Y'™") — KL(Q"|| Z2")]

:>%]—'(x,nth+1) < %]—"(x,nth) —#(VF(X"),Q" —z) - %KL(QtHZt)
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1
EKL(QtHZt).

D.9)

:»%f(x,ntyt“) < %}"(x,nth)fﬂVF(Xt), 73 _g) — {(VF(X?), Q! — 7!t 3) —

Now, we turn our focus to the term KL(Q?||Z*) and look for its upper-bound. To do this, we first
notice that:

l ¢ t _l t t+1 _i t4+ 1 t
K7 — e (Q |2+4)) ke(z|2)
Z%Wh(Zt) — Vh(Z'F%), 7% — 9 (due to (A.3))
lt[ L(Q[|z") —KL(2+H]|21) . (D.10)
n
On the other hand, since Z'*2 = A(n'Y'+2),  we can justify that

73 = argming ey {(~tn'VF(Z'), Z* — 2) + KL(2| Z%)} which helps us deduce:

(~tn'VF(2), 2" = 23 ) + KL(Z13

7)< (~u'VF(Z'), 7' - Q') + KL(Q'] 7").
This implies that

KL(Q'|2") — KL (7"

Zt) > <—tntVF(Zt),Zf - Zt+%> — (~ty'VF(Z'), 2 - Q)
=t (VF(Z"), 2"} - Q')

Plug this into (D.10), we get:

1

LxL(gt|zt) > —KL(Q||z1*) + %KL(ZH%
0 0 n

Zt) + t<VF(Zt)7Zt+% - Qt>,

and replace this into (D.9), then rearrange, we obtain:

L Pyt 4 t<VF(Xt) —VF(Z",Q! - Zt+%>

7f]t

1 1
t<VF(Xt),Zt+5 - x> < i Flan'Y) -

- l1<L(QtHZt+%) - %KL(Z”%
0

nt

Zt). (D.11)

Finally, apply (D.11) with¢ = 1,...,T and sum them up, we deduce that:

T
1 1
< Z [t]-'(:v7 n'y?') — E}"(m, 77th+1)]

|
- ZﬁKL(ZH%

t=1 N

S (TR - VR, - 2 ) - Y L (e 2+%)

t
t=1 t=1 N

+

Zt).

(D.12)

Step 2: Upper-bound of the first term in the right-hand-side of (D.12).

We start by consider:

1
nt+1

1
‘/—:(‘T7’r]t+1yt+1) - R]:('rantyﬂrl)

1 1 1 1
=—gh(@) + 5 YT — (Y 2) — —h(z) = SR ('Y + (Y )
n n n n
1 1 1
(e 2 )@ | Y - ey, (D.13)
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Now, we look for the upper-bound of [ A h*(pttlY T — lt h* (nth“)]. To do this, we de-

fine the function ¢(n) = 5 [A*(nY"*") + minyex h(a')]. It is easy to check that ¢ is an non-

decreasing function (by proving that ¢'(n) > 0) and since "' < n’, we have ¢ (n'™') < ¥(n")
which implies that:

1 1 1
(ot lytdl (o byl
ﬁh(n Y )—ﬁh(nY )<<_Tlt+1>

min h(z’).
nt

z'eX
Combing this with (D.13), we obtain

1

1 1 1
tH1y el ty ot .
W}'(x,n Yy — E}'(xm Yy < (7lt+1 — 77t> {h(m) — min h(x')} (D.14)
Now, we have,
T

1 1
) [tf(x,nth) - YY)
n 7
t=1
L. T 1 1
_ t+1 t+1 tyt+1 T+1y T+1
_ﬁ +Z[t+1 T, Y — nt]:(l“ﬂ?Y )]_Wf(x’n Yo

t=1

T

1 . 1

<77 (z,n' Y1) + Z( i t) [ (x) — min h(x')} T Flz,nTHy T+
=1

(due to (D.14))

gnilf(x, 'Y+ (nTlﬂ - 7711> {h(m - min h(:c’)] (since F(x, nT+1YT+1) > 0)
[0+ YY) = )]+ (= ) o) - iy )|
:7711 [h(x) + gg{h(x')}] - 77T1+1 {h(x) — iy h(x’)} - ;[h(ﬂc) — Inin h(w’)}

(since !, = 0,Yie N,p e P;)
1 . ,
= {h(@ ~ min h(@ )]

Moreover, note also that h(x) < Mot log(Mmax), Vo € X; therefore, we conclude that:

T .
1 1 Mot log(Mmax) — / !
Z[tf(x,nth)—nt}"(m,nth“)]S o 08 “’;])Tﬂmm””e"h(’f). (D.15)
n

t=1

Step 3: Upper-bound of the second term in the right-hand-side of (D.12).

Now, for any T', from the Cauchy-Schwarz inequality and by applying Lemma D.2 (with v = on+!
vVt e {1,...,T}), we have:
T
STHUVF(X') - VF(Z'),Q" - Z'3)

t=1

~

<> |tVE(X') —tVF(ZY) . - HQt _ gttd

t=1

1

< Z r ‘”27 HVF(Xt) ~VEE% + 5

t=1

‘Qt gt+3

} . (D.16)
1

i ‘
On the other hand, recall that the % is a L-strongly convex function over X’ w.r.t the ||-||; norm;

1 1 2
therefore, we have KL(Qt H Zt+§) > % H ot — Zt+s - Combining this with (D.16), we have:

T
Z (VF(X') - VF(Z"),Q" - 7+4) - ; %KL(Qt

Zt+%)
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o e 1 /1 1 T
Szzt%t“HVF(Xt)VF(Zt)||OO+QZ(nt+1nt)HQtZ”z 1
1

1 2
s nt>4Mtot' D.17)
Here, the first inequality comes from the fact that n,ﬁ — =% > 0, Vt and the last inequality comes
from ||z — 2'||; < 2M;o for any z, 2’ € X3
Now, from (D.17), by applying telescopic-sum to the second term of the right-hand-side, we can

conclude that:
T

T
Zt<VF(Xt)7VF(Zt) _ Zt+3 > Z%KL(Qt zt+z>
t=1 t=1
T
%Z | VE(XT) - VF(Zt 2Mt°t< T ) (note that n' = 1). (D.18)

Step 4: Upper-bound of the third term in the right-hand-side of (D.12).

Since h is L-strongly convex over X w.r.tto ||-|1, for any T', we have
1
-y (7
<t

1
fz gzttt - 21}

T T
1 1 1
_ )12 gty g2 )2
——Z 312 Z||1+;nt+l2guz b2, Z —erlZt - 20
e/ 1 1 T
_ - t+1 _ gty2 _ _t2
SQU;(W )17 2 = 7 2
oM2, [ 1 T -
==\l —Z i 20H P73 (D.19)

=11
Here, the last inequality comes from the fact that ||z — 2|1 < 2Mies, Yz, 2’ € X. Now, from
Proposition 2, F' is a S-smooth function over X w.r.t the ||-||; norm and following the update rules
of Z* and X' in Lines 4 and 7 of Algorithm 3, for any ¢, we have:

_ _ 2
IVE(XY) = VF(ZY)e < BIX' = 210 = B — 127 = 240 = 22524 = 211,
s:ls
(D.20)
Therefore,
T T
1 ) 1 1 (t+1)? _

Zt+ Zt 2 > - F Xt o F Zt 2

;nt“Z [ ”1‘;77”120 152 IVF(X") = VF(Z") |5
>y —— _\VE(XY —VF(ZY]2.. D.21
_gganmﬂgll (X7) (2% (D.21)

Finally, from (D.19) and (D.21), we conclude that:

T T
1 1 2M? 1 12 _
*E, KL(Z'"z2||Z2t) < =t ~1) = Y IVE(XY — VF(ZY2 .
pot nt < 2 ) - (nT-l-l > tZZI Rontt1p2 H ( ) ( )”oo
(D.22)

R
Ti,p xi,p

S 2 X lmpl+ 2 X2

i€EN peP; iEN pEP;

Indeed, ||z — 2'||; = Z/:\f Z;:
teEN pEP;

/
x.
P
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Step 5: Conclusion.

Replace (D.15), (D.18) and (D.22) into (D.12), we obtain the following inequality for any x € X
and any 7"

Ar()
Mot log(Mmax) — ming ey h(z') o r =112 2M2, 1
<= g 2 VR = VRZY | = ey
=1
2M¢, 1 d t? ¢ Sty (2
T T -1 *;WHVF(X)*VF(Z Nz
Mtot log(Mmax) — min h(z') + M, AM2 T t+1
T’ EX tot 20N 1 t 1y (12
= — t — F(X")—-VF(Z .
o T 3~ e ) IV POC) - VR
(D.23)
On the other hand, by the definition of nT+1 (see Line 9 of Algorithm 3), we have
1
g Vit
T —
=\[1+ D _2VF(X!) = VF(Z")|2,
t=1
T 2 t Zt\ (12
t*||VF (X VF(Z
oy EIVEX)CVECOR
=14+, 2 VE(Xe) - VF(Z) |
T
=> T VF(X') - VF(Z"))% + L. (D.24)

t=

=

Here, the inequality is obtained by applying Lemma D.1 for u® = 1and u! = 2|V, ,F(X") —
VipE (Z t) |%,, ¥t > 1 while the last equality comes from the definition of 1) (see Line 9 of Algo-
rithm 3).

From (D.24) and the fact that 0 < — ming cx h(z’) < Mo log(P/ M) (see (C.3)), we conclude
that

Mot log(Mpmax) — min h(ac’)—%%got

' eX
nT+1
PMmax 4Mt20t o t+1,2 tY |12
<| Mot log Mo, + . ZU tVipF (X') = VipF (Z') |5 + 1
© t=1
Combining this with (D.23), we obtain:
Ar(x)
PM,
<M L max
S Mot og( Moo )
T t+1 2
an 1 t+1 PMmaX 4Mtot t AN
t2 — Moy 1 VE(X" ~VF(ZY|%.
2> { s ( g( T ) + =) [IVF(X) - VR(ZY)

(D.25)
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Importantly, letus denote Ty = max{ s € {1,..., T} : pst1 > ! )
p y 0 {1,....T} i = zﬁ o FBME, 420 Moy log( Zpmax )

Mot

> 4 t+1 1 1
then for any ¢ > Tp,” we have n < 55 \/‘72+8Mt2t+2(71\4t0t log(PMt‘:::X) and thus,
t+1 2
an 1 t+1 PMmax 4Mtot
— Mot 1 . D.26
9 Bonitip2 +n ( tot og( Moo + p <0 ( )
As a consequence, we deduce from (D.25) that:
Ar(x)
To t+1 2
PMax 5[ om 1 P 4ME, . — 112
< Mo 1 t — Mot 1 — F(X")-VF(Z"
s )+¥ T o (M ton (51— ) + 2 ) IV FCE) - VR
T, 2
PM, o PM, 4M, -
<M 1 max t2 e M. 1 max tot t+1 F Xt o F Zt 2
o Ty )+ 328 o Mtog (g )+ | w00 - v R
(D.27)
PMax [ PMax AM2, | & t||VF (Xt — VF(ZY)|?
g P2 ) [2 g gDl ) §5_PITEXY) SR
o /L ¢ S 1Sl 2 IVE(Xe) - VE(Z9)|2,
PM, (o PM, AM? o
< Mot 1 max — 4+ Mot 1 max tot 1911 2||VF(X?t) — VF(Z1)||2
o g ) [ Mtog(( D) 4 x|, 143 v e (R - VRO
(from Lemma D.1)
PM, [ PM, SM2 1
—Mo 1 max 2Mo 1 max tot
tot Og( Mtot > + _U+ tot Og< Mtot > + g :|’[7T0+1
PMax [ PMax SM? PMax
< Mot 1og< > + |0 4+ 2Miot log< > + mt} 28402 + 8MZ, + 20 Moy log( )
Mtot L Mtot Mtot

(due to the definition of Tj)

3
PMyax 2 PMmax \ |2
> 428 [ 2 4 8M2, + 20 Mo log( = )] . (D.28)

tot o tot

Recall 0 = N My« (it is the strongly-convexity constant of h) and replace it into (D.28), we
conclude that:

Arp(z)
P Moo 26 PMuax \1?
<M;ot lo + N M ax MO 4+ 2N M pax Mot log| ———
ror g( Mtot ) NMmax |:( ) ¢ tot g( Mtot >:|
3
P Mpax PMumax \ ]2
SMtot 10g< ) + 2B(NMmax)2 |:9+210g< M. >:|
tot tot

(since Mot = D ;e p Mi < N Mpax).

Finally, we conclude the proof by combining (D.28) (applied for x = z* where x* is an equilibrium
normalized flow) and Lemma D.3 (note that in this static regime, we can omit the expectation in
(D.3)) to obtain

njw

A 2
2Ar(a®) _ 2Mior log(%;gj*) + AB(N Mypax) {9+210g(%§2ax)}

t

P(XT) - Fet) < 2550 < -

To simplify the notation, we denote A := 2 log< P M""‘“‘) +13 > 2 log( "’“) + 9 (this term
will appear again in the result of the stochastic case (cf. Appendix D.3)), then rewrite the above

4Note also that (nt) is a non-increasing sequence.

teN
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inequality as follows:

2 Mo log (%) + AB(N My 2 A3
T2 '
This concludes the proof of (6b). O

F(XT) - F(z*) <

D.3. Proof of (6a): Theorem 3 in stochastic regime. In this section, we focus on the stochastic
setting. The proof of (6a) is very similar to that of (6b); however, a major difference is that unlike the
previous section, we now work with ¢(-, w) instead of VF(-). Due to this reason, we focus on the
difference between these terms. First, to simplify the notation, let us define the following random
variables: V' := ¢(Z%,w) and V! := ¢(X* w') for any ¢ = 1,2,.... Since w’ are randomly
generated from i.i.d., we can rewrite:
Vt=VF(Z")+U"
and V' = VF(X") + U,

where U* and U* are random variables satisfying:

E[UY X' 20w X 2N W =E[U X 2w L X 2w =0,

(D.29)

E[||U%] < 6% and E[|U*||Z,] < 6* where § = 2K H. (D.30)
Here, (D.29) comes from (A.1) and (D.30) comes from the fact that
1T oo < IVF(Z) oo + |e(Z", ") |0 = maxpep |Cp(Z°)] + maxpep|cp(2°,w')| < 2KH
due to Assumption 1; the inequality corresponding to U? is proven similarly.

Similar to the proof of (6b) in the previous section, to prove (6a), we focus on Lemma D.3 and look
for an upper-bound of Az (z*). We proceed the proof in the 4 steps as follows.

Step 1: Upper-bounding the term Z;‘ll ﬁ<Vt, Zi+s — J:>

First, following the steps leading to (D.12) and replacing VF(Z*) by V* and VF(X?) by V?, we
obtain the following inequality for any x € X:

1 1
2 L?tf(x, 1YY - L ntw“ﬂ

T
_ 1 1
S v z) - bafo

+
t
t=1 N

S (e

t=1 N

Zt+%>

Zt).
(D.31)

Similarly, by following Step 3 of Appendix D.2 (leading to (D.18)) and replacing VF(Z?) by V*
and VF(X") by V*, we can also prove that:

T T
_ 1 1 1
Zt<vt _ Vt, Qt _ Zt+§> _ Z TKL<QtHZt+§>
7
t=1 t=1
e _ 2M?2 1
<3 Z;tht“||VtVt§o+Ut°t<nT+l 1). (D.32)
t=

Combing (D.15), (D.19) and (D.32) into (D.31), and note again that —ming cy h(z’) <
Mot log(P/ Mot ), we have:

T Mtot log ( PM”‘“" ) T 2

t o+l Mo 4 2 triyvt g2 o 2Mior (1
Dor(Vh 2 — ) s Lk A TV VL ey -
t=1 t=1
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T
2M'520t 1 L1 t+1 112
Ml G e *Zﬁgﬂz 2 =2

t=1
(D.33)

Now, similar to the way we derived (D.24), from the definition of ” (see Line 9-Algorithm 3) and
apply Lemma D.1, we have

T
1 _
e = V1T <Y BV - VR 4 (D.34)
N t=1
Therefore, we can rewrite (D.33) as follows:

it<vt,zt+% —a:>

t=1

P My PMuax\ 0 4M2,] _
<Miot log(]wtt)+ [Mtot 10g< Mo, >+2+Gtt] Zt277t+1”vt_vt||go
e} to t=1

T

11 L
-3 prEe %Hztﬂ A (D.35)
t=1

Now, we set:
H' =min{||[VF(X") = VF(Z") |2, [V = V|2 } and & = [V' = V|- [VF(X") = VF(Z")].

In the next steps of this proof, we aim to find upper-bounds of the second and third term in the
right-hand-side of (D.35) in terms of H* and &°.

Step 2: Upper-bounding of the second term in the right-hand-size of (D.35).
First, we introduce the respective auxiliary learning rate:

1
t

it = . (D.36)
Ji+eyil e
By the definition of 7j*, we have % < %, V¢ and hence:
1 _ 1 _
- FHVF(Xt) —VFE(Z"|%, < —WHVF(X’&) —VF(Z")|3 < —ﬁtHHt- (D.37)

Moreover, from the definition of £%, we have:
IV = V5 < 2VF(X") = VF(ZY|5 +2]€'ll5
=V = V5 — [VF(X") = VF(ZY)|% < IVF(X') = VE(Z')II5 +2/|€']1%. (D-38)
which implies that
V= VIS < H + [[V! = V% = min{|[VF(XY) = VE(ZY)[5, V' = V2]
< H' +max{0, V' = V|5, — [VF(X") = VF(Z")|%.}
< H'+ H' +2||¢)% (D.39)
=2H" +2||¢")%. (D.40)
Here, Inequality (D.39) comes from the fact that:
o if |[VE = VY2 < |[VF(X?Y) — VF(Z")||%, then the result is trivially deduced from the fact that
max{0, [V* = V!5, = [VE(X') = VF(Z")|%} = 0.
«if VI — V2, > |VF(X') — VF(Z")|2, then max{0,||V' — V|2, — [|[VF(X") —
VEZH|A = VI =V A — |[VE(X?) — VF(Z")|% and we can apply (D.38) then replace
H' = |VF(X") = VF(Z')]]%.
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Now, we have

t2nt+1 Hvt o Vt”gc

< TM)=

2V — V3

= (due to the definition of n*+1)

t

VRS ST AT

T T
<2, 14+2) 2H +2) #2]&]%
t=1 t=1

T T
<2, [1+42) 2H! +2,(2) 2[4l
t=1 t=1

T
<

2H! d
4 +2,12) 26 )1%
=1 \/1+QZ§:1Q§Ht =1

t=1 t=1
Here, the last inequality comes from the definition of 77 in (D.36).

Step 3: Upper-bounding of the third term in the right-hand-size of (D.35).

From the fact that % < %, we have

E
Z gt _ Zt+§
ittt H

t=1

2

T 9
t i+l
1 ézntHHZ Z 1

T
1 1
< (m _ 1) A2+ —tHZt _ Zt+3
0 vl

T
<2,|1+ ZtQHVt - V2, (by applying Lemma D.1)
t=1

(due to (D.40))

(by applying Lemma D.1)

(D.41)

(D.42)

Here, the last inequality comes from the fact that ||z — 2'||; < 2M;o, YV, 2’ € X and the use of
telescopic-sum on the first term (note that 771 = 1). Now, from this, we can deduce that:

T

11 ,
- —l1z"*z - 7|7
t+1
el 20
1 &1
t+1 t12 : t+1 t
S_%;ﬂEHZ =7 (since """ < 7°)
1= 1 ([0 een|?, 4M2, [ 1
<-o Zt:1 = HZ _ gt+d H1 + 20<77T+1 - 1) (due to (D.42))
T 2 t 7t [|2
Ly (t+1?|VFXY) - VF(ZY)||,  am2, (1
S — ! 432 T (77” L 1) (dueto (.20
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T
1 ©2HY  AM2, [ 1
e Z T 2y (nT+1 1>. (D.43)
Replacing VF(Z!) by V! and VF(X") by V! in the step leading to (D.24), we obtain that

Znt+1t2||vt VtH2 +1

nT+1 =
" t=1
T T
<A ATPH' 42,23 263 + 1 (due to (D.41))
t=1 t=1
Combining this with (D.43), we obtain:
T T po
1 1 1 1 20t 4ME
_Znt+1%||zt+2_zt“%_ 8320 Z t+1+ 2t0t 4Zt2 any s D) 22752”&”%0
t=1 P po

(D.44)
Step 4: Conclusion.
Combine (D.41) and (D.44) into (D.35), we have

T
Zt<vt,zt+% —x>

PMax PMpuyax\ o  AM2
SMtotlog( Y7 : >+ {Mtotlog( B . )++“’t} 42752 it H + 2 ZZL‘QIIQII2
tot tot

T
1 t?Ht  4M?
+ T 8820 Z PIs + tOt 4Zt2 i H 2 22t2||€t||2

PM, o 6M?2 1 1
o max t max tot | ~t+1
—Mtot10g< )+Zt H{4|:]\/[totlog< Mot )+2+UO}7I _8520ﬁt+1}

PMpax o 6M?
+ l:zwtotk)g( Mt: )"’ + tOt]2 22t2||£t||2
© t=1

PM, o 6M2 11
< Mgy 1 t2H 4| Moy 1 X )~ —tot | pttl —
> tt0g< 1\4‘50t ) Z { |: tt0g< Mtot )+2+ P 77 SBQOﬁt+1
P Moy 6M2 d
+ ot tog(Cm 4 54 St o 2 30 (D.45)
2 o P
Now, let us denote Ty = maX{l <t<Taqgtt > 487 /20 M ooe 1og(PA“1§€2€‘” )to2 1202, } fhentor

any t > Ty, we have that ' 1 < and thus, we can trivially justify

4B\/20Mtot log( PMma" )+02+12th

that 4(Mtot log(P Minax ) 4 & —1— ‘“)ﬁ“l L+ < 0. Therefore, we can upper-bound the

8,@20'17
second term in (D.45) as follows.
4 PM o 6M2 11
t2H' 4| Moy log [ —2% tot |yttt _ —_— D.46
Z { [ tot og( Mot >+2+ s U 8320 i+l ( )
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To
PM,, o 6M? 1 1
2775t max tot | ~t+1
SZtH{“[MtO“Og( Moon )+2+ - }7 _852077“}
t=1

Ty 2
PM, o 6M,
2 rrt max tot | ~t+1
SE t H{4{Mmtlog( Moot >+2+0 }77 }
t=1

[ P Miax 6M2, ] 2H!
=4 | Mo log ( ) + % 4 ot (by definition of 7' 1)
L to -tl\/1+22t182H3
I PMpa 6M2, ] & 1+2H!
<4| Mot 1og( ) g Lot ha
L to 7 13 \/1+222;1132H3
- B To
PMHIHX
<4| Mot 1og( > M 2,[1+2) #2H! (by Lemma D.1)
L Mtot | =1
4 PM,ax 1202 .. _
= {ZMM log (d> +o+ tot] (by definition of 770)
n-o Mo o
PMmax 2
<L5 [QO'Mmt 10g< ) + 02+ 12M30t} . (D.47)
tot

Here, the last inequality comes from the definition of Tj.
Now, recall that V! = VF(X?*) + U and combine (D.47) with (D.45), we have:

ZT:t<VF(Xt),Zt+% - x>

=1
T
SV 2y =S 2 )
t=1 t=1
3
16 P Myax 2
<M 1og( > — {%Mmt log() + 0%+ 12M30t}
tot g Mot
PM, o 6M2 4 d ,
Mol max v tot 2.192 +2 2 t<Ut ZtJrif >
L G e N SIS AR AR
(D.48)
Now, let us define @' := E[U!| X', Z*~! w1 ... X' Z'w!']. From the law of total expecta-

tion, we obtain that E [t<Ut, Ztts — m>} =K [t<ﬁt, Ztts — m>} Combine this with (D.29), we

deduce that
E[t<Uf, Zt+3 _ a:ﬂ — 0, Vt.

Moreover, from (D.30), E[|&[A] =E[|U" = UY2] <2E[|UYA] +2E[| U4 ] < 462
Therefore,

T T
D &2 <467 T = 46°T°,
t=1 t=1

Due to these reasons, when we take expectation on both sides of (D.48), we have,

T
E [Z t<VF(Xt), Zt+3 _ x>] (D.49)
t=1
3
PMmax\ 16 PMyax 2
<Miot 10%( . ) +l |:20Mtot 10g< - ) +o? + 12Mt20t:|
Mtot Mtot
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P Moo M2
+ {Mmt log( = >+0+6tot]2\/8T392. (D.50)

tot 2 g

Finally, recall the notations 0 = NMy.x and § = 2K H; in addition, recall the fact that
Moy = Zz‘e/\/ M; < N My ax, we apply (D.50) with x = z* then use Lemma D.3 to obtain:

E[F(X*) — F(z")]
SQIE [ATTQ(J;*)]

2 Mo log (%) F168(N Munax)? (2 log (%) + 13) IW2N Miypas (2 1og(%) +13)
_ ot tot + tot

3
2

T2 VT

By denoting A := 2 log(%:‘j") + 13 we simplify the notation in the above inequality as follows:

_ 2 Mot log(%&‘:x) + 165(NMmaX)2A% V2N M pax A
= T2 * VT

This concludes the proof. O

E[F(X") = F(z")]

E Supplementary numerical experiments

The code of our numerical experiments are available at https://github.com/Anonymous-GT11/
NumExperiments_AdaptiveRouting.

For illustrating the convergence properties of the EXPWEIGHT, ACCELEWEIGHT and
ADAWEIGHT algorithms, we present below more experimental results, in addition to the ones
discussed in Section 5. Particularly, in Appendix E.1, we report the experiments conducted in a
stochastic setting and in Appendix E.2, we report the experiments done in a static environment.

E.1. Performance in the stochastic regime. In this section, we work with the stochastic regime
as described in Section 35, i.e., in a game with stochastically perturbed observations. Theorem 3

guarantees that ADAWEIGHT converges at an O(1/+/T) rate. Since Theorem 3 is our core result,
we re-justify it by plotting out the evolution of the term VT - A apawsichr (T') (defined in Section 5).

We also plot out VT- Agxewsicar (1), VT AacceLewrient (1) for the sake of comparison and report
all of these results in Figure 2.

Figure 2 shows that VT - Aspaweicnt (T') approaches a horizontal line as T" increases. This re-
confirms that the convergence rate of ADAWEIGHT is O(1/v/T). On the other hand, the divergence

of VT - AacceLewricur (') confirms once again that ACCELEWEIGHT does not converge in this
setting.

10° 4

—¥— AcceleWeight
108 4 —e— ExpWeight
—e— AdaWeight
107,

< 1065
@ 1054
104 ]

10° 4

10° 10* 10? 10° 10*
T

Figure 2: The order of the convergence rates in a stochastic environment.
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(a) Evolution of A(T) (b) Evolution of /T - A(T)

Figure 3: The convergence speed of EXPWEIGHT, ACCELEWEIGHT and ADAWEIGHT in the stochastic
regime with high-level of noises.

In the experiment reported in Figure 1 and Figure 2, the induced costs on each edge e at each
time epoch ¢ is perturbed by a noise w? that is drawn independently from the normal distribution
N(0,10). Now, to study the effect of noises on the performance of the algorithms, we also re-run
this experiment in a “noisier" setting: the noise w! is generated from N(0, 50) for any 7" and any
e. We report the results in Figure 3. At a high-level, we see that ADAWEIGHT is more stable in the
presence of noise with high-variance than EXPWEIGHT (or ACCELEWEIGHT).

AcceleWeight,y® = 1E-07

10*? 4 —¥ AcceleWeight,y® = 1E-04
-¥- AcceleWeight,y® = 1E-01
. —e— ExpWeight
fg 1071 —=— AdaWeight
-
<
. 109_
3]
~
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10" 4

5 10% 107
a 1014 AcceleWeight,y° = 2E-02 a AcceleWeight,y® = 1E+02
—¥- AcceleWeight,y° = 2E-05 1073 4-% AcceleWeight,y® = 1E-01
10724 —¥- AcceleWeight,y° = 2E-08 =¥ AcceleWeight,y° = 1E-04
—e— ExpWeight 107 —o— ExpWeight
1079 _u AdaWeight {—=— AdaWeight
1051 - - .
100 10t 102 10° 104 100 10! 10 10°

T T

(a) Eastern-Massachusetts network: 74 vertices, 258 edges;
we choose N = 50 O/D pairs, each of which is assigned
with 10 shortest paths; the total paths in used is P = 500.

(b) Austin network: 7388 vertices, 18961 edges; we choose
N = 5 O/D pairs which is assigned with 10 shortest paths;
the total paths in used is P = 50.

Figure 5: The convergence speed of EXPWEIGHT, ACCELEWEIGHT and ADAWEIGHT algorithms in the
static regime in Eastern-Massachusetts and Austin networks.

E.2. Performance in the static regime.

In this section, we work with the static setting. SiouxFalls

is a famous network that is often used as a benchmark in the field and we reported, in Section 5, the
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performance of the EXPWEIGHT, ACCELEWEIGHT and ADAWEIGHT algorithms on this network
with data extracted from the real data set [14]. To support further this numerical experiments and
to re-justify the theoretical convergence rates guaranteed in Theorem 1 and Theorem 3, we plot out
T? - Apseweicur(T), T? - Aaccereweionr(T) and T2 - Appaweicnr (T'). These results are reported in
Figure 4. It shows that T2 - Aaccerewrionr (1) and T2 - Aapawrienr (T') approach horizontal lines
as T increases; this confirms that ACCELEWEIGHT and ADAWEIGHT converge at an O(1/7?) rate
which are in consistent with Theorem 2 and Theorem 3. On the other hand, T? - Agxpweicur(T)
increases (almost) linearly; this demonstrates that the EXPWEIGHT algorithm fails to achieve an
O(1/T?)-convergence rate in this setting. The slow-convergence of ACCELEWEIGHT with bad-
tuned step-sizes (e.g., when 4° = 1e—07) is also re-confirmed in Figure 4

Finally, we show in Figure 5 the experiments results with respected to several other networks in the
Transportation Networks data set (provided by [14]) that are larger than SiouxFalls. We observe
that, at a high level, the performance of EXPWEIGHT, ACCELEWEIGHT and ADAWEIGHT in these
networks is similar to that in the SiouxFalls network.
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