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Abstract

We examine the problem of efficiently learning coarse correlated equilibria (CCE) in polyhedral
games, that is, normal-form games with an exponentially large number of actions per player
and an underlying combinatorial structure. Prominent examples of such games are the classical
Colonel Blotto and congestion games. To achieve computational efficiency, the learning algorithms
must exhibit regret and per-iteration complexity that scale polylogarithmically in the size of
the players’ action sets. This challenge has recently been addressed in the full-information
setting, primarily through the use of kernelization. However, in the case of the realistic, but
mathematically challenging, partial-information setting, existing approaches result in suboptimal
and impractical runtime complexity to learn CCE. We tackle this limitation by building a
framework based on the kernelization paradigm. We apply this framework to prominent examples
of polyhedral games—namely the Colonel Blotto, graphic matroid and network congestion games
— and provide computationally efficient payoff-based learning algorithms, which significantly
improve upon prior works in terms of the runtime for learning CCE in these settings.

*Equal contribution. Corresponding authors andreaskontogiannis@mail.ntua.gr, vaspoll@math.uoa.gr.



1 Introduction

Learning dynamics for computing equilibria in games have been extensively studied over recent
decades. The origins trace back to the work of Brown and Robinson in the 1950s [Bro51, Rob51],
who introduced and analyzed fictitious play. A major conceptual breakthrough came with Blackwell’s
approachability theorem [Bla56], which laid the foundation for the field of online learning and, in
particular, for the development of no-regret learning [CBL06|. Several influential learning algorithms—
such as multiplicative weights update (MWU) [AHK12|, follow-the-regularized-leader [SS*12|, and
follow-the-perturbed-leader [KV05]—have been shown to satisfy the no-regret property. These
algorithms typically maintain a probability distribution (commonly referred to as a “policy”) over
actions and update it iteratively, with per-iteration complexity that is polynomial in the number of
actions.

Remarkably, no-regret algorithms can be used as a black-box in repeated games under the
full-information setting, where each player observes the cost of all available actions, to recover well-
established equilibrium concepts, such as coarse correlated equilibria (CCE). The no-regret property
is of great importance for learning in games, as it guarantees that the time-average cost of any player
using such an algorithm is no worse than the cost of the best fixed action in hindsight—regardless of
how the other players choose their actions. Consequently, if all players adopt no-regret algorithms,
the learning dynamics converge to CCE.

Polyhedral Games: motivation and challenges. In this paper, we focus on the problem
of learning CCE in multi-player games with combinatorial structure and large action spaces where
the players simultaneously use no-regret learning dynamics for T' rounds. Specifically, we consider
polyhedral games |[FLLK22| (also dubbed linear hypergraph games [BHK*23|), a rich class of normal-
form games where the actions per player are d-dimensional binary vectors with at most m < d
ones.

Polyhedral games capture important classes of games with large action sets, including the
well-studied Colonel Blotto game [Bor53|, congestion games [Ros73|, extensive-form games [Kuh53|,
and dueling games [IKL*11]. For example, in multi-player Colonel Blotto games, each player must
allocate n soldiers among k battlefields, where n is typically much larger than k. In this case, using
the one-hot representation (see Section 4), we have that m =k, d = nk and N = (”Z’f;l), with the
latter being of order n*. In graphic matroid congestion games, given a undirected graph G(V, E),
each player must choose a spanning tree, that is the basis of a graphic matroid of rank V' —1. In this
case m=V -1, d=|E| and N is of order |E|V]. Similarly, in network congestion games, each player
needs to choose a path from s — ¢, and the maximal path length is K. Here, m = K, d = |E| and N
is of order |E|X.

In all the aforementioned examples, the number of actions N per player, grows exponentially
with m (approximately of order d™), and as a result the vanilla learning methods for finding CCE
become computationally inefficient since their per-iteration complexity is polynomial in N and not
polynomial in d,m. This computational challenge has recently been addressed in the full-information
setting. Beaglehole et al. [BHK" 23] demonstrated how to perform approximate fast sampling from
the MWU distribution in specific polyhedral games (including the Colonel Blotto and graphic matroid
congestion games). However, their approach is somewhat restrictive beyond approximately sampling
from MWU, and thus sub-optimal in convergence rate, as it is unknown how to use their techniques
to efficiently deploy the near-optimal Optimistic MWU [DFG21] in such game settings. In contrast,
Farina et al. |[FLLK22| proposed an efficient general methodology to simulate the exact MWU



(which allows to use optimism) algorithm via kernelization, requiring only ©(d) kernel computations
(see Section 2 for a formal definition) per iteration for any polyhedral game. In particular, the
kernelization approach developed in [FLLK22] has led to state-of-the-art runtime to find CCE * in
extensive-form games, as recently established in [FKF24].

However, the applicability of kernelization to polyhedral games remains largely unexplored
beyond the full-information setting—that is, in the bandit (and also semi-bandit) feedback settings.
These settings are of particular interest in practice, as the full-information assumption—where the
costs of all available actions are revealed after each round—is often unrealistic. In contrast, bandit
feedback reflects a more practical regime in which only the cost of the selected action is observed. For
example, learning under full-information feedback in network congestion games would impractically
require each player to be able to observe the cost of all paths of the network, rather than just the
cost of the path she actually chose.

In order to obtain equilibrium convergence guarantees in a bandit setting, the learning dynamics
of each player must satisfy no-realized-regret guarantees that hold with high probability against
adaptive adversaries (i.e., assuming that the other players can potentially adjust their policies based
on the player’s past actions)—a stringent and technically demanding requirement. This stands in
contrast to the more commonly studied expected regret from the online learning literature (e.g.,
see [KRS10, CBL12, CTMSP*15]). An even more challenging, but very practical, requirement is to
ensure that the learning dynamics achieve an efficient runtime complexity to find CCE, with minimal
dependence on the game parameters d and m, while still maintaining the no-regret property with
favorable dependence on T' as much as possible.

Many algorithms from the bandit linear optimization literature [LS20| can be leveraged to learn
e-CCE in polyhedral games. Bartlett et al. [BDH*08| provide an algorithm with high probability
guarantees that achieves a /T regret bound, albeit requiring a prohibitive per-iteration complexity of
poly(NN). The well-established GEOMETRICHEDGE algorithm (also known as COMBAND [CBL12|, or
Exp2 [BCBK12]) originally proposed by Dani et al. [DKH07] has been shown to achieve T%3 regret
with high probability [SIM18, BP16]. Despite GEOMETRICHEDGE being a classical algorithm in the
literature, how to efficiently implement it remains generally unclear, with path planning being the
only setting where efficient implementations — e.g., via weight pushing [TW03, GLLO07b, VAM21,
VAM22| — were known prior to our work. Recently, [LLWZ20] and [ZL22| proposed algorithms for
continuous action spaces—which can be extended to polyhedral games using the same techniques
as [AHRO8|—achieving a regret bound of O(md"/?>/T) and O(md*\/T), respectively. However,
the above bounds combined with a per-iteration complexity®, which suboptimally depends on d,
result in impractical runtime complexity results for learning e-CCE. In particular, the runtime of the
algorithm in [LLWZ20] to find e-CCE scales as d'°, while that of [Z1.22] scales as d®—both exhibiting
impractically large dependence on the game parameters. Even more recently, the concurrent work
of [MFJ*25] proposed an algorithm for online shortest paths in DAGs with a near-optimal regret
bound of O(K3?\/|E|T). However, their algorithm also comes with a polynomial yet impractical
runtime complexity to find an approximate CCE stemming from ellipsoid method calls and other
costly procedures.

Given the impractical runtime complexity results of the aforementioned approaches for learning

*The runtime of an algorithm for finding an equilibrium is defined as the product between the number of iterations
T needed to compute the equilibrium and the algorithm’s per-iteration complexity.

"The per-iteration complexity of the algorithm in [LLWZ20] is O(d®) due to the fact that the optimization step
is solved via an interior point method (see [AHR12]), while that of [Z1.22] is O(d®) due to the pre-processing step
needed to sample from a log-concave distribution (see [LV07]).



Algorithm Runtime to e-CCE Representation Feedback

Beaglehole et al. [BHK*23| O(nk*/e?) O(klogn) Full-Info
| OwWork | O(Pink?fe) ~__ _Omk) Full-nfo |
Our Work O (n?k*/e?) O(nk) Semi-Bandit
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S 7 A e
H
Leon et al. [LE21] 5( ”:?5 (max{)\l_, nQ}) ) O(n?k) Bandit
Zimmert and Lattimore [Z122] O(n'8k[e2)t O(n?k) Bandit
Our Work o (n2r@ 5+ [e3) O(nk) Bandit

Table 1: Comparison of results in Colonel Blotto games, split by feedback type (full-information,
semi-bandit, and bandit). {: The approach of [Z122] is evaluated using the layered graph polytope
[VLSTT20] of size n?k. : The runtime of [LE21] depends on the arbitrarily large 1/Amin — that is,
the inverse of the minimum eigenvalue of E[vv? ] under the exploration distribution.

CCE in polyhedral games, in this paper, we aim to address the following question:

Can kernelization techniques be extended beyond the full-information setting to design
no-regret learning dynamics for computing CCE with state-of-the-art runtime complexity—
achieving minimal dependence on the game parameters d and m?

Main Contributions and Techniques. In this paper, we answer the above question affirma-
tively. Due to the exponentially large (in m) per-player action sets in polyhedral games, designing
efficient payoff-based learning algorithms involves addressing three primary challenges: (a) fast
calculating the loss estimators which are used to update each player’s policy, (b) fast sampling from
each player’s policy, and (c) ensuring that each player achieves efficient no-realized-regret guarantees,
which imply efficiently learning e-CCE.

To face the above challenges, we propose a kernelization-based framework, which allows us
to efficiently implement standard loss estimators from bandit linear optimization. Specifically,
in the bandit setting (Section 3.1), we propose a kernelized customization of the well-established
GEOMETRICHEDGE algorithm [DKHO07| (see Algorithm 1). In contrast to the full-information setting,
where the approach of [FLLK22| required the first moments of a MWU distribution, in the bandit
setting, we require the second moments of MWU, needed to construct the unbiased combinatorial
bandit estimator [DKH07, CBL12|. Importantly, we show that we can efficiently calculate such
second moments via only ©(d?) kernel computations (Theorem 3.1). In the semi-bandit setting, our
approach (see Section 3.2) utilizes the implicit exploration loss estimator [Neul5|, which, we show
that it is compatible with the kernels used for the first moment of MWU. In addition, we propose a
general efficient sampling scheme (Procedure SAMPLING in Algorithm 1), based on kernelization,
which only requires extra ©(d) kernel computations.

Apart from improvements in the per-iteration complexity, our analysis provides the following
no-regret results for learning in polyhedral games: In the bandit setting, we achieve 5(d2/ 332/ %)
regret with high probability (Theorem 3.2), improving upon baselines [SIM18, BP16] in the depen-
dence on the game parameters. Moreover, we achieve better regret than [Z1.22] in the realistic regime
where T < d°. Regarding the semi-bandit setting, we achieve 5(m\/JTd) regret with high probability



Algorithm| Runtime to e-CCE Feedback Algorithm | Runtime to e-CCE Feedback
[BHK*23] OV [e?) Full-Info [GLLOO07a| O(|E)"*“K?3/e?)  Semi-Bandit
Our Work| O(PIVI'(VI+ED/e)  Fulbinfo | | [PSV*23] | O(EP/Y)  Somi-Bandi
Our Work| __ O(IEP|V[**/z*) _ _ Semi-Bandit|  |Our Work| O(E|"“K?/s%) _ Semi-Bandit|
[Z1.22] O(|V[*/e?) Bandit [Z1.22] O(EPPK0/e?) Bandit
Our Work|O(|EP|V[S([V]“~L + |E|)/e®)  Bandit Our Work| O(|E***K*/e%) Bandit

Table 3: Comparison of results in Network
Congestion Games. *: The algorithm
proposed in [PSV*23] also achieves conver-
gence to Nash equilibria, albeit with slower
rates.

Table 2: Comparison in Graphic Matroid
Congestion Games. To assess [ZL22], we
used the polytope representation of |[Mar91|
that uses d = |[V|> and has a small number of
constraints.

(Theorem 3.4), which is a factor \/m worse than the optimal expected regret guarantee [ABL14]. To
the best of our knowledge, this is the first high probability result on the general setting.

To showcase the power of our general framework, we study three important classes of polyhedral
games: the multi-player Colonel Blotto, graphic matroid and network congestion games.

In Colonel Blotto games, we use kernelization techniques based on the generator function
induced by the game’s combinatorial structure, in order to efficiently compute the required kernels.
Remarkably, our kernelization-based approach operates directly on the geometry of the Colonel
Blotto game, by allowing us to leverage an efficient ©(nk)-representation. Prior work had only
been able to operate with DAG representations of the set, leading to suboptimal formulations with
O(n?k) edges. As shown in Table 1 (and stated in Theorem 4.4), in the bandit setting, our approach
learns an e-CCE in time @ (n2+”k6+” /63)—where w is the multiplication exponent (currently the
best known is ~ 2.372 [AW24]|)—thereby significantly improving over |ZL22| in the dependence on
the game parameters by a factor ~ n'3k2. In the semi-bandit setting, our approach learns an e-CCE
in time 5(n2k4/52).

In graphic matroid congestion games, we design kernelization techniques based on the celebrated
Matrix-Tree Theorem [Tut01]. To reduce the amortized kernel computation time, we use fast rank-1
updates of the LU decomposition of Laplacian matrices based on the structure of the required kernels.
Moreover, we perform efficient exact sampling via an incremental kernelization approach. As shown
in Table 2 (and also in Theorem 5.2), in the bandit setting, our approach learns an e-CCE in time
(AQJ(|E|3|1/'|6(|V|‘*”1 +|E])/?), significantly improving upon the very impractical dependence on [V/[*?
of [Z1.22]. In the semi-bandit setting, our approach learns an e-CCE in time O(|E[2[V[>** /£?).

Remark 1.1. We can combine our kernelization results for Colonel Blotto and graphic matroid
congestion games with the full-information framework developed in [FLLK22] to yield 1/e convergence
to e-CCE in these games—thus addressing an open question of Beaglehole et al. [BHK" 23]

Remark 1.2. Our kernelization techniques developed for graphic matroids (see Lemma 5.1) allow us
to efficiently implement GEOMETRICHEDGE (also known as COMBAND and EXP2) over spanning
trees—thus, to the the best of our knowledge, resolving an open question posed by Cesa-Bianchi and

Lugosi [CBL12].

In network congestion games, our framework improves upon [GLLO07a, DPS*24, PSV*23, ZL22|.



For a summary of our results, we refer to Table 3. Due to space constraints, our formal results can
be found in Appendix I. Further details on existing approaches for each of the above games can be
found in Appendix A.

2 Preliminaries

Polyhedral Games. In this paper, we consider Polyhedral Games, a structured class of normal-
form games with exponentially large action sets, where each action can be represented as a binary
d-dimensional vector of at most m ones and the incurred cost is linear in the action vector. For
simplicity, here we assume that all players have the same action sets. Formally, we represent a
polyhedral game as a tuple G = (P,V,{L;}). The set P defines the set of players, each of which is
assigned a unique player identifier in [|P|] = {1,2,...,|P|}. The finite set V c R? of size N represents
the actions available to each player i € [|P|], such that for any v eV, ||v|; <m. We denote by —i all
agents except i. We define the loss vector function ¢; : VIPl Rﬁf. L; : VWPl 5 R, is the cost function,
which is linear in v;; that is, L;(vi;v_;) = £(vi;v-;) - v;.

Online Learning Setup in Polyhedral Games. In polyhedral game dynamics under partial-
information feedback, each player iteratively updates her strategies based on the feedback she receives
about the loss. We consider the bandit and semi-bandit settings. In the semi-bandit setting, each
player i selects an action v; € V; and receives the losses £;(j) of the loss vector ¢; = ¢;(v;;v—;) for all
j such that v;(j) = 1. In the bandit setting, each player receives only L;(v;;v—;).

However, it is not clear how a selfish player ¢ should update her strategy in order to minimize
her overall loss, since the strategies of the other players can arbitrarily change over time. Thus,
player i tries to minimize her experienced loss under the worst-case assumption that the loss of each
coordinate is selected by a malicious adversary.

Based on the above, we focus on the single-player’s perspective and examine an abstract—online
learning—model, where each player is a decision maker interacting with an unknown and potentially
adversarial environment. At each round ¢t =1,2,...,T of the online learning process, the decision
maker samples an action v; € V from a probability distribution p; € A(V). Subsequently, the
environment chooses a loss vector ¢; € R?, potentially in an adversarial fashion. This is the same
setup adopted in [PSV*23, DPS*24|. Given any round 7', we define the regret up to round T as
follows:

T T
RT=th-€t—minZv*-€t. (1)
t=1 VeV

We note that the above notion measures realized regret, that is, it measures the performance of the
algorithm based on the actions sampled from the distribution p;. We say that players are playing
no-regret learning in the game if each one of them achieves sublinear regret.

A prominent result in the theory of learning in games establishes a celebrated connection between
no-regret learning and CCE of the game (which, in two-player zero-sum games, are Nash equilibria).

Theorem 2.1 (Informal, [FS99]). Suppose |P| players are playing no-regret learning in the game.

Let o* := %Zil UY) ®® U|(7§)‘

7! max(Rr,... ,RT’|p‘)-app7"0:m‘mate CCE of the game, where Ry ; is the regret for the i-th player
at the T'-th round.

be the time-average joint actions over T rounds. Then, c* forms an



Kernelized MWU. Multiplicative Weights Update (MWU) is an online learning algorithm that

iteratively updates a distribution p; over actions in V. Let pg := ‘—1141 € A(V). The MWU rule at each

time step ¢ is py(v) o< p_y(v) - e (V) ¥y e V. In the standard MWU variant we set w; := f_1,
where £;_1 is the loss vector observed at ¢t — 1. By setting wy := 2¢;_1 — £;_o we derive the Optimistic
MWU (OMWU) algorithm [DFG21], which achieves constant regret (up to logarithmic factors), and
thus 1/e convergence to CCE in the context of learning in games.

In polyhedral games, we are interested in the efficient calculation of moments of the MWU
distribution. For this aim, a useful tool introduced in [TWO03, FLLK22] is the kernel function
R? x R > R defined as follows: Ky(z,y) = Yyep [Tj:co(j)=1 (5) y(j)- The next theorem shows how
to compute the first moment of p; via d + 1 kernel computations.

Theorem 2.2 (First Moment Calculation, [FLLK22|). At all rounds t > 0, the first moment of the
MWU distribution, ps, can be calculated as follows:

[, _ BEv(Cre) _ Ky(Ct,éq)
E”N’”[”]_( © Ky(Cy,1) ool Kv(Ct,l))’

where Cy(5) = exp{- Xt nrw;(j)} and &;(h) = 1{h # j}, for h,j € [d].

3 Kernelized Payoff-based Learning in Polyhedral Games

In this section, we design a framework for efficient payoff-based learning in polyhedral games, under
bandit and semi-bandit feedback. Upon this framework, we build learning algorithms, which achieve
efficient no-realized-regret learning with high probability guarantees against adaptive adversaries—a
key requirement to show convergence to CCE. For our algorithms to be efficiently implementable, as
we will see, it suffices that the kernels used for constructing the loss estimators and for sampling
(highlighted in orange in Algorithm 1) can be computed efficiently. This can be achieved by effectively
leveraging the game’s combinatorial structure, as we will explain in depth later in the paper. For the
remainder of this section, we assume that we have oracles for calculating the required kernels. In the
next sections, we will demonstrate how our algorithms can be implemented efficiently in prominent
examples of polyhedral games.

3.1 Kernelized GEOMETRICHEDGE for Bandit No-Regret Learning

We present our first algorithm, which establishes efficient no-regret learning in polyhedral games
under bandit feedback. Our algorithm (Algorithm 1) is a kernelized customization of GEOMET-
RICHEDGE [DKHO07|, a classical algorithm in the study of combinatorial bandits [LS20]. Despite
GEOMETRICHEDCGE being an algorithm with a well-studied expected regret analysis, how to efficiently
implement it remains largely unclear. The primary challenges in applying the vanilla method are
the following:

1. Calculating ¥ = E[vv?] — needed to construct the unbiased loss estimates which will be used
by a MWU routine — in poly(d,m) time.

2. Sampling from MWU in poly(d, m) time.
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Algorithm 1: Kernelized GEOMETRICHEDGE
Data: d, m,n>0,ye[0,1]
Compute a 2-approximate-barycentric-spanner B
Initialize o = [1/N,...,1/N1e A(V), p=21{v e B}, co(j) =0 and Cy(j) = 1, Vj € [d]
fort=1,...,7T do
Mixing: py=(1-7)q +7vp, where ¢ = MWU(CY)
Ky(Ci-1,1) and {Ky(Ci1,€5,50)}, Vj, 5" € [d]
Sample v; ~ (1 = v)SAMPLING(V, Cy_1) + Y14
Observe the bandit loss L; = ¢, - v,
Compute ;(q;) using Theorem 3.1 and set 3y = (1-7)(q;) + 2 BB
Compute the unbiased loss estimator: E = LtEt’lvt

Update the aggregated loss estimators:  ¢,(j) = ci-1(j) + 4(5), Vje[d]

L Update the exponential cumulative loss estimators:  Cy(j) = exp(-nc:(j)), Vje[d]

Procedure: SAMPLING
Input: V, C
Ky (C,e1)
Sample v[1] ~ Be (1 - ﬁ)
for j=2,...,d do
s Kvg) . .
Set V(j) ={v" eV:0'[i]=v[i], Vie[j-1]} and pj =1- %
Sample v[j] ~ Be(p;)

Return: v

In this paper, we tackle the above challenges in the context of polyhedral games (however, our
approach can also be applied to the well-studied combinatorial settings discussed in [CBL12|). The
main idea of our approach is to utilize a loss estimate for each coordinate j € [d], which can be
kernelized efficiently, and simulate MWU using a fast sampling schema based on the computed
kernels. Subsequently, we present the main components of our approach.

Second Moment Kernelization. Algorithm 1 uses a distribution p; which is the mixture between
a MWU distribution ¢; and the uniform distribution, u, over a 2-approximate barycentric spanner of
V. Due to space constraints, we prompt the interested reader to Appendix E for background on
barycentric spanners. In contrast to the full-information setting, where kernelized MWU [FLLK22]
requires the first moment of the MWU distribution to simulate the update rule, our algorithm also
requires the second moment of p; (i.e., the autocorrelation matrix, denoted by ¥;) to construct
the standard unbiased estimator of GEOMETRICHEDGE (Step 9). Through Step 8, it suffices to
efficiently calculate ¥;(q;), that is the autocorrelation matrix under the law of ¢;, which in general
was not known how to efficiently compute prior to our work (with the only exception being path
planning problems where weight pushing techniques [TW03, SIM18] can be applied).

For this purpose, we will make use of kernelization. The next theorem shows that we can
efficiently calculate the second moment of ¢; using only d? + 1 kernel computations *.

*Related results were concurrently shown in [SPF25] to compute the Hessian of a self-concordant function, which
is needed to implement Newton’s method.



Theorem 3.1 (Second Moment Calculation). Let 3(q;) = Ypep qi(v) - (vvl) be the autocorrelation
matriz under the law of a MWU distribution q.. Then, for all j,j" € [d],

_ Ky(Cre)) + Ky(Crej) - Kyv(Cr€j,5)
Ky(C,1)

where €55/ (h) := 1{h # j and h # j'}, for h,h',j € [d] and €;(h) := 1{h # j}, for h,j € [d].

Zt(Qt)[jvj,] =1

Kernelization implies efficient exact sampling. Based on kernelization, we propose an
efficient sampling scheme (Procedure SAMPLING in Algorithm 1) that only requires extra d kernel
computations. We are interested in sampling v ~ p;. By using the chain rule on the probability of
the intersection events, we derive the following:

pi(v) = Pro(1)] Pr[o(2)[o(1)]- Prlo(d)lo(1). ..., o(d - 1)] (2)

It is easy to see that the j-th term of the above product equals the j-th coordinate of the first
moment kernelization (see Theorem 2.2 and Observation 3.3) of the conditional polytope V(j)—i.e.,
the polytope which has the first j — 1 coordinate values equal to the j — 1 sampled values (Step 18).
Based on this, we iteratively sample each coordinate j € [d] from a Bernoulli distribution (Step 19),

which has probability equal to p; = Pr[v()[v(1),...,v(j ~1)] = 1- % (Step 19).
Improved regret dependence on the game parameters. Our analysis differs from that of
the original paper of GEOMETRICHEDGE [DKHO7], which studied expected regret. Importantly, we
improve upon prior analyses [SIM18, BP16], which also studied the realized regret of the algorithm,
by reducing the regret’s dependence on d and m, while avoiding dependence on the possibly
exponentially small minimum eigenvalue, Ay, of the autocorrelation matrix under the law of the
initial distribution. In particular, we achieve this by using a more careful analysis on the effect of the
barycentric spanner to the variance of the estimator. The following theorem shows that Algorithm 1
is no-regret.

Theorem 3.2 (No-Regret under Bandit Feedback). For T > 8d*m, by setting vy = % and
n= m, Algorithm 1 achieves regret Ry < 5(d2/3m4/3T2/3) with high probability.

3.2 The Semi-Bandit Feedback Case: Kernelizing Implicit Exploration

Now, we discuss our second learning algorithm for polyhedral games which establishes efficient
no-regret learning under semi-bandit feedback. The main idea is similar to that of the bandit
setting—that is, we utilize a loss estimator for each coordinate j € [d], which can be kernelized
efficiently, and use the SAMPLING procedure to fast sample from a MWU routine using the computed
kernels. Due to the exponentially large action set V, one challenge here is that it is intractable to
brute-force over V in order to compute the unconditional probabilities, Pr[v:(j) = 1], of selecting
Jj € [d] as an active coordinate, needed to compute the standard loss estimators used in adversarial
multi-armed bandits (MABs) [LS20]. The following observation suggests that we can kernelize such
loss estimators.

Observation 3.3. Using Theorem 2.2, we can compute the first moment xy (Step 7), which it turns
out to provide the probabilities needed to compute the standard loss estimators used in adversarial
MABs, since for any j € [d], we have that x¢(j) := Eyep, [1{v(j) = 1}] = Pr[v(j) = 1].



Our algorithm (Algorithm 2, Appendix B) kernelizes the implicit ezploration (IX) loss estimator,

0(5) = xff;givﬂ{vt(j) = 1}, proposed in [Neul5|, which ensures sufficient exploration for each
coordinate j € [d] with low variance. Despite the fact that the implicit exploration loss estimator
is biased, it satisfies the important property that, with high probability, the aggregated estimator
losses are upper bounded by the realized losses plus a factor of (5(1/7) The following theorem

shows that the proposed algorithm is no-regret.

Theorem 3.4 (No-Regret under Semi-Bandit Feedback). By setting v =m/VdT and n=1/VdT,
Algorithm 2 achieves regret Rp < O(m~Td) with high probability.

4 Efficient Kernelization in Colonel Blotto Games (CBGs)

We consider the setting proposed in [ADH*19] for the multiplayer Colonel Blotto game [BAEJ20].
Each player i € [|P|] must allocate n soldiers among k battlefields. Let variable s;; denote the
number of soldiers allocated by the i-th player to the h-th battlefield. Given the soldier assignments
of all players, a per-battlefield loss is defined for each player i € [|P|], and the incurred cost of player
i is given by the sum of her per-battlefield losses.

©(nk)- representation. We aim to find succinct vector representations of each player’s actions
and the loss. One challenge here is that we need the action and loss representations to satisfy the
definition of polyhedral games— that is, the cost of each action, given the actions of other players,
must equal the dot product of the action and loss representations. One such representation is through
the layered graph [BDD*17] (also used in [VLS19, VLSTT20, LE21]), which implies a representation
dimensionality of ©(n2k) that can be a bottleneck for efficiently learning CCE, as shown in Table 1.

Without loss of generality, we focus on player ¢ and drop the subscript . We use the notation
[blo = {0,1,...,b} for b € N. Let d = (n+ 1)k. For any action a € A, we consider its succinct
representation v € V c {0,1}¢ such that for all h € [k] and s € [n]o, v[h,s] = 1 iff a assigns s
soldiers to the h-th battlefield. We similarly define the representation of the loss ¢, such that for all
he[k] and s € [n]o, £[h,s] is the h-th battlefield loss observed when assigning s soldiers to the h-th
battlefield, given the assignments of the other players in h.

Remark 4.1. Although the ©(nk)-representation is more straightforward to design and more
succinct than the ©(n?k)-graph-representation [VLSTT20], it is not known how to derive a polytope
description in the form of a small number of linear inequalities with the pure actions as corners—thus
common techniques, such as Carathéodory decomposition (e.g., [CTMSP*15]) and barrier methods
(e.g. [LLWZ20, ZL22]) cannot be used. Kernelization overcomes this obstacle by operating directly
on the game’s geometry.

Kernelization. With the succinct representation established above, we are now ready to describe

how fast kernel computations are achieved in Colonel Blotto games.
Given weight vectors z,y € {0,1}¢ we define the polynomial P, ,(z) as follows:

k n
Py y(2):= }[[1 Z:(:)m[h, sly[h, s]2°. (3)

The key point is that the n-th coefficient of z in P, ,(2) generates kernel Ky (z,y). The main idea
is as follows. To compute the n-th coefficient of 3, we execute a running product over the factors
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of the polynomial. This process involves k updates of the partial product. After each update, the
partial product is truncated down to degree n. Thus, inductively we ensure that all £ multiplications
involve polynomials of degree at most n. Based on the above, we derive the following proposition.

Proposition 4.2. For given z,y € {0,1}%, kernel Ky(z,y) can be computed in time O(nklogn).

To construct the loss estimators of the proposed algorithms, we need to compute d kernels
Ky(Ct,€j), for j € [d], for the semi-bandit setting and d? kernels Ky (Cy, &), for j, " € [d], for the
bandit setting, as well as the kernel Ky,(C¢,1). A naive approach is to use Proposition 4.2 separately
for each kernel, resulting in a total kernel computation time O(n3k3logn) for the bandit setting
and O(n?k%logn) for the semi-bandit.

We provide two algorithms, namely Algorithm 3 and 4 (Appendix G), which speed up the process
of computing all required kernels by leveraging the above ideas and appropriate precomputing.

Lemma 4.3. At each round t € [T'], all kernels Ky(Cy,€;), for j € [d], can be computed in time
O(nklogn). Moreover, all kernels Ky/(Cy,€; ), for j,j' € [d], can be computed in time O(n?k?).

Combining the above with the exact sampling procedure provided in [BHK*23] (see Algorithm 5,
Appendix G.3), based on which we can calculate the required kernels of our SAMPLING procedure in
time O(nklogn), the per-iteration complexities for the bandit and semi-bandit are O(n“k* logn)
and O(nklogn), respectively. Putting everything together, we derive the following main result.

Theorem 4.4 (Runtime to learn e-CCE). In a Colonel Blotto game, under bandit feedback, if all
players adopt Algorithm 1, then the total runtime for finding an e-CCE, with high probability, is
O(n**k5+[e3). Under semi-bandit feedback, if all players adopt Algorithm 2 (Appendiz B), then
the total runtime for finding an e-CCE, with high probability, is O(n?k*/e?).

Remark 4.5. If the Colonel Blotto game is two-player zero-sum (a more traditional setting which
has received much attention [BBD*18, BBD*19, ADH"19]), then our algorithm learns an e-Nash
equilibrium.

5 Efficient Kernelization in Graphic Matroid Congestion Games

(GMCGs)

In a graphic matroid congestion game (GMCG), players compete for the edges of a connected
undirected graph G = (V, E), with the actions of each player being spanning trees in G [WSdC00,
ARV08, FHU24]. We use the incidence vector representation of actions v € {0, 1}|E | and denote by V
the set of all these incidence vectors. Given an action profile (v;,v—;), the total loss of player i is the
sum of the losses of the selected edges of v;. Typically the cost of each edge is equal to the number
of players using it but our framework can also handle arbitrary edge cost functions. Next, we will
show how to efficiently compute the required kernels and perform efficient sampling in GMCGs.

Kernelization. Given an edge weight vector C' ¢ RI®l to compute the kernel Ky(C,1), we
make use of the weighted Matriz-Tree Theorem [TutOl, LP17], which states that the value of
Yrev [eer C(€) equals the value of a cofactor of the weighted Laplacian A of the graph, where
Ay = YereE incident to « C(€") and A, = —C'(e) - 1{e € E} for u # v and edge e = (u,v).

11



A naive approach is to use the Matrix-Tree Theorem for each kernel separately, taking total time
O(|E|?|V|*) for the kernel computations in the bandit and O(|E||V|) in the semi-bandit setting.

We provide an algorithm (see Appendix H) that reduces the amortized time per kernel com-
putation. Notably, the Matrix-Tree Theorem holds for any cofactor of the Laplacian matrix. We
leverage this property by making a strategic choice of which row and column to delete. For each edge
Jj € [|E|] consider the Laplacian used for the computation of the kernel Ky,(C, ;). The Laplacian for
this kernel is constructed in the same way as the one we described above for Ky (C,1) but with the
difference that C'(j) is set to zero. The main idea is that for each node v € V| we can precompute the
LU decomposition of A_, _,, that is the submatrix of A derived by deleting row v and column v, and
then for each j = (u,u") € E, we can fast compute kernel K(C,€;) by computing the determinant
of that kernel’s Laplacian via recursive LU updating [SGB06] in O(|V]?). The key point in this
analysis is that we can always select a submatrix of the kernel’s Laplacian that only differs in one
element than A_, _,. Similar arguments can also be used for fast computing Ky (C,€; ;).

Sampling. We provide an efficient implementation of the SAMPLING procedure of Algorithm 1 for
GMCGs (see Appendix H, Algorithm 8). Our approach is based on an iterative kernelization process
where we sample each coordinate incrementally. The challenge here is how to perform kernelization
on the conditional action set V(j), for j € [|E|], induced by the so far sampled coordinates up to
j. Interestingly, V(j) operates on an underlying multi-graph. The main idea is to transform this
multi-graph into a meta-graph, where a meta-node merges the nodes of the j-th edge of the initial
graph and a meta-edge accumulates the weights of parallel edges connecting the same nodes. First,
we show that it suffices to perform kernelization on the meta-graph (Proposition H.1) and, based on
that, we show that our approach is efficient via an induction argument. Importantly, we derive the
following lemma.

Lemma 5.1. At each round t € [T'], all kernels Ky(Ct,€;), for j € [|E|], can be computed in
time O([VI“*L + |E||V|?) and all kernels Ky (C},&;;), for j,j' € [d], can be computed in time
O(|E||VI**L + |EZV?). Moreover, SAMPLING(V, C;) can be implemented in time O(|E||V|*).

Putting everything together, we derive the following main result.

Theorem 5.2 (Runtime to learn e-CCE). In a graphic matroid congestion game, under bandit
feedback, if all players adopt Algorithm 1, then the total runtime for finding an e-CCE, with
high probability, is O(|EP|VIS(|V|“~! + |E|)/e®). Under semi-bandit feedback, if all players adopt
Algorithm 2 (Appendiz B), then the total runtime for finding an e-CCE, with high probability, is
O(IEP|V*[e?).

6 Conclusion

In this paper, we focused on the problem of efficiently learning coarse correlated equilibrium (CCE)
in polyhedral games via kernelization—beyond full-information feedback. In particular, we proposed
kernelized no-regret learning algorithms that improve the runtime of state-of-the-art methods in
three important classes of polyhedral games, namely Colonel Blotto, graphic matroid and network
congestion games.

There are several important open questions for follow-up research:
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e Most important of all is whether we can design an FPTAS algorithm for efficiently learning
correlated equilibria (CE) in polyhedral games; a stronger equilibrium notion than CCE.

e Another interesting open question is whether we can further leverage kernelization to achieve
1/e? dependence in the bandit setting, with a better dependence on d than Zimmert and
Lattimore |ZL22].

e Computing Nash equilibria in the general setting of the Colonel Blotto games we have studied in
this paper is PPAD-hard, as any m-player normal-form game can be polynomially reduced to an
m-player Colonel Blotto game. However, what can be said about the computational complexity
of computing Nash equilibria in Colonel Blotto games with monotone piecewise-constant utility
functions (e.g., see [BHK*23])?
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A Extended Related Work

Online learning in games. The connection between no-regret learning and the computation of
approximate CCE in games has been well-known since the work of Freund and Schapire [FS99] (see also
[CBLO06]); assuming that all players use no-regret learning algorithms with regret O ( VT ), the time-

averaged history of joint-play consists a O (%)—CCE. In [DDK11], it was shown for two player zero-

sum games that rate of convergence O(1/T") can be achieved, improving the standard O (1 / \/T) that
can be derived from black-box regret analysis. Further improvements using the idea of optimism were
shown in [RS13] and for general-sum games appeared in later works [SALS15, CP20, DFG21, AFK*22]
(see also references therein as there is a vast literature in learning in games and it is impossible to
cite properly all works).

Colonel Blotto games. The classical Colonel Blotto game introduced by Borel [Bor53| dates
back to 1953. Some notable works about computing NE in two-player zero-sum games include
[ADH"19, BBD"18, BBD"19|, and for learning CCE in multi-player games include [BHK"23, LE21].
Moreover, [VLS19, VLSTT20] show no-expected-regret learning in Colonel Blotto games which does
not suffice for convergence to CCE. Our work improves upon previous works the runtime time to
learn a CCE (see also Table 1).

Congestion games. Congestion games are potential games [Ros73| and always admit a pure
Nash Equilibrium (NE); i.e, a state in which no agent has an incentive to unilaterally deviate. In
full-information feedback, a long line of research studies the convergence properties to NE of game
dynamics (e.g. best/better response play or no-regret). The seminal work of Takimoto and Warmuth
[TWO03], which studies online shortest paths, provides an efficient learning algorithm for network
congestion games. Regarding the semi-bandit and bandit feedback settings, [GLLOO07b], based on
[TWO03], provide efficient algorithms for online shortest paths, which can also be applied to network
congestion games. Moreover, efficient algorithms based on online gradient descent have also been
established [PSV*23, DPS*24|. The regret rate and per-iteration complexity, i.e., the total running
time to reach a CCE of the aforementioned works is inferior to ours (see also Table 3). Regarding
learning on spanning trees, [KGCPCO07]| used the Matrix-Tree Theorem in the context of directed
spanning trees for calculating the normalization factor of exponentiated gradient algorithm. However,
their approach does not provide exact sampling, nor kernelization of bandit estimators.
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Algorithm 2: Kernelized Algorithm based on IX under semi-bandit feedback

Data: d, m, n>0 and v €[0,1]
Initialize co(j) =0 and Cy(j) =0 for all j € [d], po = [1/N,...,1/N] e A(V;)
fort=1,...,7 do

Ky (Cy-1,1) and {Ky(Cy_1,€;)} for j e [d]
Sample an action vy ~ p; (MWU) using vy = SAMPLING(V, Cy_1)
Observe semi-bandit losses ¢; € R?

Compute the unconditional probabilities: ;= (1 - %, A %)

Compute the IX loss estimators:  £;(j) = Tfé;;iy v (j) =1}, Vjeld]

Update the aggregated loss estimators:  ¢,(j) = ci_1(j) + 4(j), Vje[d]

Update the exponential cumulative loss estimators: — Cy(j) = exp (-nc:(j)), Vije[d]

Procedure: SAMPLING
Input: V, C

Sample v[1] ~ Be (1 - 1;;((%7511)))
for j=2,..,ddo

s Kvg) . i
Set V(j) = {v' e Viv'[i] =v[i], Vie[j-1]} and p; = 1 - 22EL
Sample v[j] ~ Be(p;)

Return: v

B Semi-bandit No-Regret Learning: Analysis of Algorithm 2

Lemma B.1 (Corollary 1, [Neul5|). Let v =~ >0 for all t. With probability at least 1 - ¢,

(T \ o log(d/d")
> (ft(z) - Et(z)) < v

t=1
simultaneously holds for all i € [d].

Theorem B.2 (Theorem 3.4 restated). For any ¢ € (0,1), the sequence v1,...,vp of actions played
by Algorithm 2 with ~ = \/% and n = \/% satisfies

R(T) < O((mVTd+d)log(d[s)),
with probability at least 1 9.

Proof. Let Li(v) = Yep £4(i) be the loss estimator of selecting pure action v at time step ¢ and
Li(v) = $iep £:(i) the corresponding true loss. Moreover, let Cy(v) = ¥ _; Ly (v) be the cumulative
loss estimator of selecting pure action v for the first ¢ time steps. Also, let wy(v) = exp(—né’t(v)),
where 7 is the learning rate of MWU, and let W; = ¥, w(v), with Wy =[V| = N.

As in the standard analysis of MWU, we will upper and lower bound the quantity log VMV,—g First,
we fix a pure action v* € V and using the fact that W;(v) > w¢(v*), for all ¢, we have the following
lower bound:
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W R
log —= > —nCr(v*) - log N (4)
Wo

On the other hand, assuming nL;(v) < 1 for all A € A (this condition will be verified later), using
the elementary inequalities €® < 1+ + 22 for |z| <1 and In(1+y) <y for y > —1, we get the standard
following upper bound:

log -~ log 3" py(0) exp(-nLu(v)) (5)
Wi veY
<log z;}pt(A)(l —nLy(v) +n°Le(v)?) (6)
<n* Y pe(v)Li(v)® =0 Y pe(v)Li(v) (7)
vey ve A

Now, we will upper bound the first term and lower bound the second term of 7, as follows:

2
IACTAGES WAT] pAT) )
<3 (o) L6 o)

vey i€V

=m Y 4(i)* Y pi(v) (10)

i€[d] veViiev
=m Y a(i)l(i)? (11)
i€[d

]
-m szAz
“m 3 (12)

<my, Qt(i)gt(i) (13)

1€V

<m Y (i) (14)

1€Vt

where in 9 we have used the property that the arithmetic mean is less or equal than the quadratic
mean, in 13 we have used the fact that £;(i) <1 and we defined ¢;(i) = %, and in 14 we have
the fact that q.(i) < 1.

Similarly, we lower bound the second term as follows:
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> pi(v)Li(v) = Z pt(v) th(l

vey i€V
= Z ft (i) Z pi(v)
ic[d] veViiev

_ Z xt(l) t(l)

1€Vt $t(Z) +7

_th(z) 72 210

= = .%‘t(Z) +7
= Z Et(Z) - Z gt(Z
Now, summing for t =1,2,...,T, we get:
Wr
logW <1 mz >, (i) - Z > (i) - V(i)
t=114evy t=1ievy
Combining the above with the lower bound of 4, we get the following:
A 2 T ~ T ~
-nCi(v*) —log N <n°m Z Z 0 (i) - 772 Z(ﬁt(l) )]
t=11ev; t=1i€evy

which implies that

T X T .
ZZ& i) - Cr(v* )< +Wm225t(i)+2275t(i)

t=1iev t=1 1€ t=11€v

.. loghN &
32[4(1}15)-2[4(’0 )< &
t=1 t=1

+ 3 2 (et ) (i)

t=1ievy

Then, using Lemma B.1, with probability at least 1 —§’, we get the following:

mlog(d/d") 10gN

ZLt(’vt) ZL (v*) < 7 + (nm+’y)t2; > 4(i)
SLUCLD IOgN “amen) 3 Zm
v [d] t=

(20)

(22)

(23)

(24)

(25)

Now, we can apply Lemma B.1 to the term }e[q] Zthl @t(z) Then with probability at least

1 - 26" we obtain:
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I mlo ! o o !
(L) - L)) < POEID) L JE N 5 P
< mlog(d/d") . 2mlogd + (ndm +~4d)T + (ym +7)d10g(d/5’) (27)

2y n 2y

where in the last inequality we have used the fact that N < 3" 0( ) <md™ = log N <2mlogd and
that Y ;c,, £:(i) < m, which holds because |v¢]; <m.

Next we will optimize over parameters v and 7 to minimize the RHS in 27. We have one
constraint over the parameters. In the proof of 7 we used the condition nfjt(vt) <lforallte[T] It
is easy to verify that if nm <~ then the above condition is satisfied. We set ~ = \/% and 7 = \/% to
balance the dominating terms in the regret bound. Moreover, we set ¢ = 28’. Therefore, using the
above and plug them in 27, we get the following:

i(Lt(vt) — Ly(v")) < mVdT log(2d/6) + 2m\/dT log d + 2m\/dT + dlog(2d/8) (28)
t=1

Finally, we obtain our result by setting v* = argmin, ¢y, Y. Li(v).

C Second Moment Calculation via Kernelization

Theorem C.1 (Theorem 3.1 restated). Let ¥¢(q;) := ¥pep qe(v)vv! be the autocorrelation matriz
under the law of q;. Then, for all j,j’ € [d], it holds that:

K(b(t),éj) + K(b(t),éj/) - K(b(t),émr)
K(b®, 1)

(g, 5'1=1~
Proof. We observe that for all j, j’ € [d], the feature map ¢(e; ;) satisfies for all v eV

o(eji)[M]= T eglkl= T1 Trejareir = Liconjreo
kw(k)=1 kw(k)=1

=1- ]ljevvj’ev
=1- ljev - ﬂj’ev + 1j7j’ev

= Ljeo + Ljrgy + Ljjrew =1

Using the fact that ¢(1) =1 and ¢(€;)[v] = 1j¢,, we conclude that for all 7,5’ € [d],v eV

Ljjrew = 9(1)[v] + ¢(e5,5)[v] - d(€;)[v] - d(&j)[v] (29)
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Therefore, for all j, ;' € [d], we obtain for the autocorrelation matrix

Se(qe)[4,5'] E)Qt(v)(vv ). 5'] E;;Qt(v)ﬂu e (30)
= z;)Qt(v)(gb(l)[U] +¢(&5,5)[v] - (&) [v] - ¢(ejr)[v]) (31)
_ (6(6M), ¢(1)) + (6(61), 6(ej,51)) ~ (6(6™), (7)) ~ (& (b)), b (&) (32)

Kb 1)

B K(b(t), 1) + K(b(t),éjyjl) — K(b(t),éj) — K(b(t),éjl)
_ SEORY (33)
_ K(b(t)véj) +K(b(t)véj') _K(b(t)véj,j’)
=1- K0.1) : (34)

where the third equation follows from (29), the fourth from Theorem 2.2, and the fifth from the
definition of K (-,-).
O

25



D Layered Graph Representation in Colonel Blotto

Definition D.1 (Layered Graph [BDD*17]). The layered graph has k + 1 layers and n + 1 vertices
in each layer. Let v; ; denote the j-th vertex in the i-th layer (0 <i <k and 0 < j <n). For any
0 <7 <k there exists a directed edge from v;_1; to v;; iff 0<j <l <n.

Lemma D.2 (Pure actions in a Layered Graph [BDD*17|). FEach directed path in the layered graph
starting from voo and ending at vy, i, is equivalent to exactly one pure action of the Colonel Blotto
game, and vice versa. For each pure action, the reward for each battlefield is associated with a unique
edge of the directed path.

However, the layered graph, which has been used to succinctly represent the action space for
learning in Colonel Blotto games, see [VLS19, VLSTT20, LE21], implies a representation complexity
of ©(n?k) that can be a bottleneck for efficient no-regret learning and convergence to CCE.

E Barycentric Spanners

Before proceeding with the proposed algorithm for the bandit setting, we introduce the important
notion of barycentric spanners [AK04]. We will use barycentric spanners to ensure adequate
exploration of each coordinate j € [d], sufficient to guarantee low variance of the loss estimators.

Definition E.1. A subset of independent vectors {bi,...,bs} €V is said to be C-approximate
barycentric spanner of V;, with C > 1, if, for all v € V, there exists o € R? such that

d
v=> ajb; and |oj|<C, forall jel[d]
j=1

We define B to be the matrix whose columns are the barycentric spanners {b1,...,bq}.

The following proposition ensures that, if specific conditions hold, there exists an efficient
algorithm for computing a C-approximate barycentric spanner.

Proposition E.2 (Proposition 2.5, [AKO08]). Suppose S ¢ R? is a compact set not contained in any
proper linear subspace. Given an oracle for optimizing linear functions over S, for any C > 1 there
exists an algorithm that computes a C-approximate barycentric spanner for S in polynomial time,
using O (d2 logc(d)) calls to the optimization oracle.

E.1 Computing an Approximate-Barycentric Spanner for Colonel Blotto Games
Proposition E.3 (Oracle for finding best-response in polynomial-time). Given a reward vector r,

the following linear optimization problem

maxrlV
VEVZ'

can be solved in time O(n’k).
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Proof. We will solve the following linear optimization problem (which corresponds to playing best-
response with respect to the reward vector r):

max 7!V (35)
Vey;

The above problem is equivalent to the problem of finding the longest path from a directed
weighted DAG (with |V| nodes and |E| edges), which can be solved via Dynamic Programming in
time |V|-|E|. To do so, we leverage the Layered Graph representation (see Section D), which is
a DAG with ©(nk) nodes and ©(n%k) edges. More specifically, in the Layered Graph, in layer
h e [k] the edge ep, = (up,ups1,;) for i < j and i, j € [n]o corresponds to assigning j — i soldiers on
battlefield h + 1. On each edge, we use as edge weight the battlefield reward taken by assigning
the corresponding number of soldiers on the corresponding battlefield, and the longest path of this
graph, denoted by x* € R”Qk, represents the best response with respect to r. Thus, we can solve the
linear optimization problem in time O(n?k).

The only thing left to do is to get V* = argmaxy ¢, TV from z*. Tt is straightforward that
there exists an one-to-one correspondence between these two vectors. To get V*, one must do the
following:

e Initialize V* =0 e RY.
e For each layer h € [k], given the selected edge ej, = (up;, up+1,7) in «*, assign V*[h,j—i] = 1.
O

Lemma E.4 (Polynomial-time algorithm for C-barycentric spanner in Colonel Blotto). In Colonel
Blotto, for C > 1, there exists a polynomial-time algorithm that computes a C-approximate barycentric
spanner for V; in time O(n*k®log(nk)).

Proof. To prove Lemma E.4, first observe that V; satisfies Proposition E.2 because it is compact and
is not contained in any proper linear subspace of R%. Now, we need to have access to an oracle for
optimizing linear functions over V;. To do so, we utilize the oracle for finding a best response given
a reward vector from Proposition E.3.

Therefore, each oracle call needs time O(n?k). Now, using Proposition E.2, to compute the
barycentric spanner for V;, one may use the algorithm defined in [AK08| that computes an approximate
C-spanner (with C > 1) in time O(n*k3logy(nk)).

E.2 Computing an Approximate-Barycentric Spanner for Graphic Matroid
Congestion Games

The idea is similar to above but using the Kruskal algorithm as the oracle. To compute a C-barycentric
spanner here we need O(|E|?logq(|E|).
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F Bandit No-Regret Learning: Analysis of Algorithm 1

We have the following:

sup 1 8%fy<  sup ol BTS/BS (36)
z,y€eV a,Be[-C,C4
< sup o'BT'SIBB (37)
lal=I8I=Cva
<C?%d-|BTS! Bl (38)
= C%d - Amax (BT} B) (39)
1
=C?%d- 40
Amin (B~1%B-T) (40)
d
= C? (41)
Amin (B_l (%BBT + (1 - V)Eﬁt [UUT]) B_T)
C%d?
< 42
Y Amin (B~ BBT B-T) (42)
C2d?
= (43)
5

where B € R™? is a full rank matrix that has the approximate spanners as columns. In 40, we
have used the fact that B is invertible because it is full rank, and also that ¥; is non-singular (see
[DKHO07]) which implies that ;! exists and thus the pseudo-inverse matrix ¥; equals the inverse
matrix, i.e., X =37 L Moreover, in 42, we used the Weyl’s inequality.

Let C} be the autocorrelation matrix under the law of the exploration distribution on the
barycentric spanner. We aim to bound the minimum non-zero eigenvalue of C;. Similarly to above,
we have

supz’ C;lz < sup o BTC;'Ba (44)
zeV ae[-C,C14
< sup o’ BTC{'Ba (45)
lal=18l-CVa
<C%d-|BTC;'Bls (46)
= C%d - Amax (BTC;'B) (47)
1
=C%d- 48
Amin (B71C;B-T) (48)
d
= C? 49
Moo (B (5BBT) B 7) )
< C?%d*. (50)

Let E;[-] denote expectation conditioned on the past events; i.e. the realized rewards received
and the actions taken by player ¢ up to time step ¢t — 1. Also, let 1 be the ones vector. We define
Li(v) = ¢; - v, and similarly Li(v) = ¢; -v. In the following analysis, we drop the superscript i and
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sometimes write ¢; and p; for the distributions of player i. For now, we assume that 7' > 8d%m, an
assumption that will be verified later by the average regret guarantee for the convergence to CCE.

Using the above analysis, along with the basic lemma of [BDH*08], we can easily get the following
lemma with the basic properties of the algorithm.

Lemma F.1. For any veV; and t € [T], the following hold:
1. (unbiasedness) By[l;] = 4,

2. Ty < 2202
. t - ’y
T d>mC?
3. |Le(v)] < H2
4. Et[vtTEt_lvt] =d

5. E; [(E . U)Q:I < mszEt_lv

Now, using Lemma F.1 and selecting n = dQnZCZ = d4/3m2/§02T1/3, we have
|nft(v)‘ <1
Lemma F.2 (Bernstein’s inequality for martingales). Let Y1, ..., Y be a martingale difference

sequence. Suppose that Y; € [a,b] and
E[Y?| X¢o1,..., X1] <o
forallte{l,...,T}. Then for all e >0,

Pr(th >\/20TIn(1/6) +21In(1/6)(b- a)/3) <4

t=1
Lemma F.3. Simultaneously for any v € V;, with probability at least 1 -0, it holds that

S (Ta(0) - Li(0)) < (dmjgc N m3/2) 2T n(d)3) + % In(d/5) ( dQ”f;CQ . m2)
t=1

Proof. Fix any v € V;, we define Y;(v) = Ly(v) — Ly(v). Y; is a martingale difference sequence. Using
Lemma F.1, the following hold:

e /Var, Yi(v) = \/Vart [ft(v) - Lt(v)] (51)
< \/Et [(Zi(0) - Li(w))’] (52)

<\/E, [(Zt(v))Q] B [(Li(v))?] (53)
<my/vTE v +m (54)

2072
Sm\/dc +m (55)
Y

mdC
G +m (56)
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where in 53 we used the Cauchy-Schwarz inequality and in 55 we used Lemma F'.1.

- d2C?
o L) - Li(v)| < &

+m (57)

Now by applying the Bernstein’s inequality (Lemma F.2), with probability at least 1 — ﬁ we

obtain

T 212
S Yi(v) < (mdc + m) V2Tm(Vi8) + Sn(Vil)5) (md S m) (58)
t=1 VY 3 Y
dm**C 5 4 m2d*C?
= +m>“|\/2T In(d/d) + = In(d/6) +m (59)
/i 3 7
Taking the union bound, we obtain the desired result.
O
Lemma F.4. With probability at least 1 -6,
T
> lft(v) <ymT + (ﬁdm3/20 + 'ym3/2) V2T In(d/d) + %ln(d/é) (m2d202 + 7m2)
t=1veB T
Proof. Using Lemma F.3, with probability at least 1 — ¢, we have, simultaneously for all v € B,
=S ALi(v) < =7 > Le(v) +~ +m?*|\/2In(d/§)
d d\ 7 VA
2,22
Y0 s8) (d mo, mQ)) (60)
3 v
< é(’ymT + (\/'_ydm3/2C' + ’ym3/2) V21In(d/9)
+ gln(d/é) (d2m26’2 + 7m2) ) (61)

Summing over the d elements of the spanner, and using the fact that L;(v) < m, we get the
result of the statement. O

Lemma F.5. With probability at least 1 -6,

L L — 4 d*mC?
Slve =3 pe(0)l v < (mVd +m)\/2T In(1/6) + §1n(1/5)( » +m).
t=1 t=1veV;

Proof. The proof follows directly from the proof of Lemma 6 in [BDH"08|, using |Y| < dQT;L—CQ +m,

and Var; Y; <mvVd+m. O
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Lemma F.6. With probability at least 1 -6,

a ~ 2 d*m?2C?
Yo > p(v) (b -v) sndm2T+n( S +dm2)\/2Tln(1/5)

Proof. The proof directly follows the proof of Lemma 8 from [BDH"08]|, by using that the summands

vl Y71, are bounded by & CZ

O
Theorem F.7 (Theorem 3.2 restated). For T > 8d*m and for any 6 € (0,1), the sequence vy, ...,vr
of actions played by Algorithm 2 with v = % and n = m satisfies

Ry < & (0mo723).

Proof. Following the standard analysis of MWU (also similar to our analysis in the semi-bandit
setting), we have that,

Wi wt(v)exp(—nzt(v))
Wt - v;,i W, (62)
wt( ) v )
<Xy, (L-nk@) s (L)) (63)
<1+ 1 ? (— Z pt(v)ft(v) + Z Lt(”) + Z pe(v)n (Lt(v)) ) (64)
Y veV; veB veV;

since by definition of py,
wy(v) B pe(v) - %Il{v € B}

Wy L-~
Fix any v* € V;. We have that,
1%
(M) (L 1)) - (65)
3/2 4 2,212 1
-n [Z Li(v*) + (dm ¢ + m3/2) V2T In(d/d) + = In(d/)) (d m ¢ + m2) + I nd:|
i1 VI 3 g U
(66)
T
> —277[ S Ly(v*) + (d2/3m4/3CT2/3 + m3/2ﬁ) V21In(d/é)
t=1
4 2/3. 4/3~21/3 2\  mlind
+§ln(d/5)(d m BT 4 m?) + , (67)
where in 66 we used Lemma F.3, and in 67 we used the fact that v = d2/;f731/3

Putting these together, using Lemmas F.4, F.5 and F.6 in 64, we have
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Wit n I 4 d*mC?
oSl | - S Li(ug) + (mVd +m) /2T In(1/5) + §1n(1/<5)( +m)
t - t=1 Y

+ymT + (\/’_ydm3/20 + 'ym3/2) V2T In(d/0) + %ln(d/&) (d2m202 + fme)
d*m?C?
+17dm2T+77( +dm2)\/2Tln(1/5) (68)
Y

Taking logs, using the fact that In(1+ ) < x, and also the fact that - = < 2n, because we have

assumed that T > 8d?m, and summing over ¢, we have

In (WT+1) ( ZLt ug) + (mvVd +m)\/2T In(1/6) + - ln(l/é)(dzmc2 m)

Wi
+ymT + (\/'_ydm?’/QC' + ’ym3/2) V2T In(d/d) + 3 1n(d/5) (d2m2C2 + 'ym2)

2,212

+ndm2T+n(d ”;C +dm2)\/2Tln(1/5)) (69)

T
= 277( = > Li(ug) + (mVd+m)\/2T In(1/6) + gln(l/é) (d4/3m2/3CZT1/3 + m)
t=1
+ 2B3pABTRI3 (d4/3m5/3CT1/3 n d2/3m11/6T1/6) 21n(d/d)
+ gln(d/é) (d2m202 + d2/3m7/3T1/3)
2/32/3 m2/371/6

L (m\/_+ — )\/72111(1/5)) (70)

where in 70 we used the definitions of « and 7.

Finally, using 67 and 70, rearranging terms, dividing with 7, using the fact that Ind/n =
dAB3m2BTY3 1 d, and rescaling § = 4§, with probability at least 1 - §, simultaneously for all u* € V;,
we have that,

T
> (Li(ve) = Ly(v¥)) < (5<d2/3m4/3T2/3) _
=1
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G Kernelization in Colonel Blotto games

Algorithm 3: Efficient First-Moment Kernel Computations in Colonel Blotto games
Data: C;
/* Compute the partial products P; and Py */
P01 =1
for h=0,....k-1do
Pun ()= PO [h)(2) - 3 Cilh+ 1,5] -2

Pl(t)[h +1](2) = truncate P (2) to degree n
P{UT0] =1
for h=0,....k-1do

Piga(2) = PV [1(2) - 2 Cilh+ 1,5] - 2°

Pg(t)[h +1](2) = truncate Pigni(2) to degree n
/* Compute the d + 1 kernels */
Ky (Ct,1) = n-th degree coefficient of Pl(t)[k]
for h=1,....,k do

Py, = PO[h=1](2) - PV [k - h](2)

n
> ag-2° = truncate P_; to degree n
s=0

for s=0,...,n do
L KV(Ctaéh,s) = KV(Cta 1) —Qp-s- Ct[has]

G.1 Proof of Proposition 4.2

Proposition G.1. For given x,y € {O,I}d, there exists an algorithm that computes the kernel
K(z,y) in time O(nklogn).

Proof. To compute the n-th coefficient of 3, we execute a running product over the factors of the
polynomial. This process involves k& updates of the partial product. After each update, the partial
product is truncated down to degree n. Thus, inductively we ensure that all £ multiplications involve
polynomials of degree at most n. Each multiplication can be implemented with FFT [Bri88| in
O(nlogn) time. The overall complexity over the k multiplications is O(nklogn) and after the
truncated product is computed the target coefficient is obtained in O(1). O
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Algorithm 4 Efficient Second-Moment Kernel Computations in Colonel Blotto games

Require: C(®)
1: # Compute the interval products
2: for h,h' in [k+1]ox[k+1]o do
3: Pmt[h,h'] =
4: for h=1,....k-1 do
znt[h h](z) - Z C(t) - 28
6: for W' =h,. k 1 do
P(:) = P ](2)- z Chly o2t

o

T '+1 s
8: Pini[h,h" +1](2) = truncate P(z) to degree n
9:

10: # Compute the d? kernels

11: for h=1,....k do

12:  # casel: h'=h

130 P.p(2) = Pot[1,h=1](2) - Pit[h + 1,k](2)

14: > ag-z° = truncate P_j, to degree n
s=0
15:  for s=0,...,n do
16: for s'=0,...,n do
17: Kv(c(t),éhﬁ’s’sr) = Kv(c(t), 1) —Qp_s* Cf(LtLZ — Qp_g'* C(tz, : ]1{8 ¥ 8’}

18:  # case 2: h' > h
19: if h <k then
20: for h'=h+ 1 .,k do

21: Ph(Z) = Z C(t) 5
22: for s = 0 ,n do
23: Ph7s(z) = Ph(z) — O s
24: P_pp(2) = Pig[1,h = 1](2) - Pine[h +1,1" = 1](2) - Pie[h' + 1, k](2)
25: Ppi(2) = Poppi(2) - Prs(2)
26: > ag-z° = truncate P_ps to degree n
s=0
27: for s'=0,...,n do
28: Ey(CD, & 5.) = Kp(CD,1) — g - O,

G.2 Proof of Lemma 4.3

The proof is based on Algorithm 3. We define the running product P( )[ ] from left to right, which

is the sum of the degree 0 to n terms of the polynomial H Z Ci[i',5]- #7. We can compute all

i/=15=0

polynomials P( )[ ], for i = 1, ..., k in total time nklogn using the following induction argument:

Given Pl( )[ ], we compute Pl(t) [¢ + 1] by performing the polynomial multiplication Pl(t)[i](z) :
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n .

> C[i+1,7]- 27 and truncating all terms of degree greater than n. The two multiplied polynomials
3=0

have degree n, so the multiplication can be done in time nlogn using FFT, while the truncation of
the higher degree terms can be done in time n since the product polynomial has degree 2n. Repeating
this procedure for i =1, ...,k — 1 we get all left-to-right partial products in total time nklogn.

Similarly, we define the running product Pr(t)[i] from right to left as the sum of the degree 0 to

k n .
n terms of the polynomial [] ¥ Ci[i',j]-2’. Similarly to Pl(t), we can compute all right-to-left
i'=k—i+15=0
partial products p® [], for i =1,...,k in total time nklogn.

Now, using the above partial products, we compute all the kernels required for (O)MWU at time
step t. All polynomial multiplications in the Algorithm are performed using FFT so that each of
them takes time nlog(n).

Following similar logic as above, via Algorithm 4 we get the desired result.

G.3 Alternative Proof of Lemma 4.3

Efficient sampling of MWU in CBGs has been studied in [BHK"23|. A useful tool for this purpose
is the partition function defined in equation 100. Here we describe their method with details and
we extend their ideas to the efficient calculation of first and second order moments of the MWU
distribution.

Remark G.2. We give an algorithm (Algorithm 4) that performs the second moment computation
in terms of kernels. The algorithm follows a similar logic to Algorithm 3, but is somewhat more
complicated, due to the nature of the problem. In steps where polynomial multiplication is performed,
we imply that the multiplication is itmplemented efficiently through FFT.

We remind that the calculation of first order moments was used in our method for learning in
the semi-bandit setting and the second moments appear in the calculation of the autocorrelation
matrix which is used in the bandit setting. Next we proceed to the technical details of our methods.

Focusing on a single player, at time step ¢, let ¢;[h, s] be the loss observed by the player when
assigning s soldiers to the h-th battlefield, given the assignments of the other players in this battlefield.
Moreover, let

W)= X ilhss]

We define the partition function

h
@)= Y TTep (-0 (@), (71)

T1++Tp=y i=1

We also define the partition function gy (y), which is similar to fj,(y) but aggregates battlefields in
the reverse order.

k
w@= Y Tle(-nd"@)). (72)

Tpt+TE=Y i=h
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Let L(t)(:zl, ..., T)) be the cumulative loss at timestep ¢. L1 can be decomposed into the cumulative
losses per battlefield as follows:

k
LO (@1, ) = Y cff (1) (73)
h=1
Under MWU the probability of some assignment x1, ..., z; at timestep ¢t can be written as
Pr[s1, ..., 8 = X1, ..., T ] o< exp (—nL(t)(xl, ,a:k)) (74)

k
(-0 3 o) (75)
h=1

Marginal probabilities of soldier assignments at a single battlefield can be written as follows:

Pr[sy = s] = > Pr[s1, .0 8k-1, 8k = 1, oy Tp-1, 8] (76)

1+ +Tp_1=N—8

k-1
“« 3 exp(—n 3 d0n) —nc,&”<s>) )

1+ +Tp_1=N—8

k-1
con(’) T ew(-n X ) (78)

1+ +Tp_1=N—8

k-1
—exp(-ncl’(s)) ¥ Tlexp(-nel (an)) (79)
T1++Tp_1=N—S h=1

= exp (-6 (5)) - fi1 (n = 5) (80)

Moreover, we can compute the conditional probability of each soldier assignment at a single battlefield,
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given a set of soldier assignments at other battlefields:

Pr{si_n=5|5k-ns1,..., 5%} = > Prs1,...s Sk-h=1,Sk-h = L1, o, Theh—1,5 | Sk=hs1s- - Sk]
T1t+Tp_p-1=
n—s— f: Sj
j=k—h+1
(81)
SO 0
o > exp| -7 Z (z;) —nel, (s) = Z c;(55)
x1+“'+$2—h—1— j=k—h+1
n-s— ¥y  §j
j=k-h+1

(82)
c( ) (55]))

1

k—h—
t
:exp( nck h(s) n Z cg.)(sj)) Z exp( n Z
j=k-h+1 $1+“'+$§7h717 j=1
n-s— Y s
j=k—h+1

k
- (nek NOREDS c§”(sj>)fk_h_1(n—( > sj)—s)
j=k-h+1 j=k-h+1

k
o eXP( 77% h(S)) * fr-h-1 (n—( > 5j) —8) (85)

j=k-h+1

Similarly, in terms of the partition function gp(y), we derive

Prlsy = 5] o< exp (¢ (5)) - gos (n =) (36)

h-1
Pr{sh:s|81,...,sh_1}ocexp( nch)(s)) “ Gh—h- 1(n—(z sj) s) (87)

7=1

The conditional probabilities can be used to implement an efficient sampling procedure for the MWU
distribution, as was proposed in [BHK"23|. For completeness we write the algorithm below.

Remark G.3. Algorithm 5 implements the SAMPLING procedure of Algorithms 1 and 2. The key
point is that instead of explicitly calculating the required kernels, it directly computes the conditional
probabilities via a partition function, which corresponds to kernelizing the conditional polytope.
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Algorithm 5 Sampling from the MWU distibution in Colonel Blotto games

Require: Soldiers n > 0, battlefields k > 1 and cumulative loss c; )(s) for h,s e [k] x[n]o
1 fo(s) =1 for all se[n]y
2: for h=1,...k-1do
3:  Using FFT, calculate the convolution (axb)(s) where a(s) = exp( ne, )(s)) and b(s) = fr-1(s),
CNS [n]o
4: VYV se€[n]o, calculate the partition function for battlefield h:

fils) = Y exp (=n2(5)) - fior (- ') = (a * b)(s),

s'=0

5: Sample the number sj of soldiers at the last battlefield:

Pr[sk:s]ocexp( nck)(s)) fr-1(n=s), se[n]o

6: for h=1,....k-1do
7:  Sample the number sp_j of soldiers at battlefield & — h given the numbers of soldiers,
Sk_h+l,---,Sk, assigned to battlefields k—h +1,...,k as follows:

k
Pr{sg_n=5|Sk-nt1s---5 5k} &:GXI)( nck h(s)) fk—h-1(7l->( Y. Sj)'_s)
+1

j=k-h

k
forse|n- ¥ sj
j=k-h+1 0

The unconditional marginals that constitute the first moment are calculated as follows:

Prsp=s]= . Z ) Pr[(s1,.cy Shy ey Sk) = (15 000y Sy oy ) | (88)
o< X eXp(—n > el (ay) —WCS)(S)) (89)
Z:h:rj:nfs j*h
_ k
= exp (-11cf (s)) Z > exp( Z () ) > exp(—n > C§»t)(xj))
Ojgllzj:s g=1 j:%:+1:cj =n-s-—s’ g=hl

(90)
=exp( nch)(s)) Z frho1(8)gni1(n—s—-s") (91)
= exp (- nch>(s>)<fh 1% i) (n = s) (92)

We can precompute the partition functions fj,(y),gn(y), for all h € [k] and y € [n]o in total time
knlogn utilizing the self reducible structure of the partition function (see algorithm 6 lines 1-5 for
details). Then we compute fj,_1 * gp41 for all h e [k] and y € [n]o in total time knlogn with FFT.
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Using these calculations each term Pr[sp = s] computation takes constant time. Note that this
method is essentially equivalent to the kernel method we describe in the main paper (Algorithm 3).

For the calculation of the second-order marginals that constitute the second moment, we will
make use of the interval partition function fy, /(y), that aggregates possible assignments between

the h and the h' battlefields.

v
fow@) = Y Tlexp(-net” (). (93)

Tp++x =Y i=h

Pr [sh,sh/ = s,s'] = > Pr[(81, .0y 8y eovy Shty ooy Sk ) = (X1, 000y 850y 85 oy 1) ] (94)
Y xj=n-s-s
j#h,h!

<« 3 exp(—n > (ay) el (s) —nc;?(s’)) (95)
Y xj=n-s-s’ J£h,h!
j#*h,h!

— ! S S’_

n—s—s' n-s—s'-x h-1
=exp(-nef(s))exp (-nef) (s)) Y Y Y e (—n > Cﬁ-”(%‘))
z=0 y=0 hz—:l j=1
;=T
j=1

h'-1 ) k ¢
> eXp(—n > o <:cj>) > exp(—n > c§-’<xj>) (96)

h/-1 j=h+1 j=h'+1
> zi=y Y. xj=n-s-s'-z-y
j=h+1 j=h'+1
n-s—s’ h-1
= exp (—ncg)(s)) exp (—ncﬁf,)(s')) Z Z exp (—77 Z c§t)(xj))
z=0 hz—:lszx j=1
j=1
n-s—s'—x h'-1 ) k )
> X exp|-n ) () > exp|-n >, ¢ (x;)
y=0 h-1 j=h+1 k Jj=h'+1
> zi=y Y xj=n-s—s'-x-y
j=h+1 j=h/+1
(97)
n-s—s’
= exp (-nef(s) ) exp (-nef) (s)) Y funa(@)
z=0
n-s—s'—x
Yo o1 (W) frk(n—s—s"—x—y) (98)
y=0

= exp (<ne?(5) ) exp (1l () Y frac1(@) Gnetas * frreri)(n—s -5 ~2)
z=0

= exp (—ncg)(S)) exp (—770%)(3’)) (frh-1* (fretpr—1 * farerp))(n—s—s") (99)

We observe that the marginal probabilities only depend on the interval partition function and
the cumulative loss per battlefield. We can precompute the partition function fj 4/(y), for all
h,h' € [k]?:h < h' and y € [n]o in total time nk?logn utilizing the self reducible structure of the
partition function (see Algorithm 5). Then we compute the convolutions ( f1 -1 % fa+1.h-1%* frr+1,6)(Y)
for all h,h’ € [k]?> : h < h’ and y € [n]o in total time nk?logn with FFT. Using these calculations
each term Pr[sp, sy = s,8'] computation takes constant time.
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G.4 Proof of Theorem 4.4

Proof. Using Lemma 4.3 and the exact sampling procedure provided in [BHK*23] (see Algorithm
5), based on which we can calculate the required kernels of our SAMPLING procedure in time
O(nklogn), the per-iteration complexity for the bandit and semi-bandit algorithms is O(n“k“ logn)
and O(nklogn), respectively. By combining Theorems 3.2 and 3.4 with Theorem 2.1, we can achieve

the desired results.
O
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G.5 Similar Techniques for Efficient Implementation of Kernelized GEOMET-
RICHEDGE in m-sets

Algorithm 6 Sampling the MWU distribution in m-sets

Require: Soldiers n > 0, battlefields d > 1 and cumulative loss cff) -b for h,se[d] x[n]o

1: fo(y) =1 for all y € [m]o
2: for h=1,...,d-1do
3: VYV ye[m]o, calculate the partition function for item h:

fu(y) = exp (—770;(5)) frer (=1 + foa (y),

4: Sample the selection of the last item:

Pr[vg = b] o< exp (—ncg') -b) -« fa-1(m=10), be{0,1}

5. for h=1,...,d-1do
6:  Sample the selection vg_j, of item d—h given the selections, vg_p41,...,vq, of items d—h+1,...,d
as follows:

d
Pr{vg-p =b|va-hs+1,...,vq} o< exp (—Ucflt_)h : b) “Ja-h-1 (m - ( >, Uj) - b)

j=d-h+1
d
forbe<O0,min|1l,m- Y vj)
j=d—h+1

Summary: We can apply similar techniques to efficiently compute the second moment used
in Algorithm 1 for the classic m-sets setting. In particular, our approach requires time O(md?),
improving upon the DAG formulation approach of [CBL12, TW03] which requires time O(m?2d?).

A classic setting in combinatorial bandits which is also considered in |[FLLK22| are m-sets, where
actions are selections of m out of d items. Its binary representation the action set can be written as
V={ve{0,1}¢| ¥, v; =m}.

We will show how to perform efficient exact sampling and autocorrelation matrix calculation
in m-sets. For this purpose we will use the partition function defined in equation 100, similarly to
Blotto. The partition function resembles the kernels used in kernelized MWU. Next we proceed to
the technical details of our methods.

At time step t, let £;[7] be the loss observed by the player when selecting the i-th item. Moreover,
let

¢ t
N
T=1

be the cumulative loss of the i-th item over the first ¢ time steps. We define the partition function

fw - Y Tlew (- ) (100

T1++Tp=y i=1
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where z; € {0,1},h € [d] and y € [m].
We also define the partition function gp(y), which is similar to f,(y) but aggregates the set items in
the reverse order.

a= Y [Tew(-n? z). (101)

Tpt+Tq=y i=h

Let L(t)(azl, ...,2q) be the cumulative loss at timestep ¢. L® can be decomposed into the cumulative
losses per item as follows:

d
LO(ay, .. xq) = > cgt) - xp (102)
h=1

Under MWU the probability of some assignment x1, ..., z4 at timestep ¢ can be written as

Pr[vi,...,vqg =21, ...,x4] < exp (—nL(t)(xl, ...,a:d)) (103)
4w
= exp (—17 > cg) -xh) (104)
h=1

Marginal probabilities over assignments can be written as follows:

Pr[vg=0b] = > Prlvi,...,v4-1,04 = T1, ..., g-1,b] (105)
a:1+~~-+xd_1:m—b
d-1
< ), ep (—n Y ey el b) (106)
T1++xg_1=n-b h=1
d-1
con(nef0) T eo(-nTd)a) (107)
T1++xg_1=m-b h=1
® (= ®)
= exp (—ncd . b) > [Texp (—nch . :ch) (108)
T1++xg_1=m-bh=1
= exp (-nc? +b) - far (m-b) (109)

Conditional probabilities over assignments are calculated as follows:

Pr{vg-p =b|va-hs1,...,vq} = > Pr{vi, .., Va-h-1,Vd-h = 1+, Td-h-1,b | Va-ns1, -+ -, V4]
T1+tTg-p-1=
m—b— g: vj

j=d-h+1
(110)
d-h-1 d
t t t
o< > exp(—n > c§)-xj—ncéfh-b—n > cj(.)-vj)
x1+~~-+x(fi_h_1= j=1 J=d-h+1
m=b- ¥ v
j=d—h+1
(111)
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®) Lo & 0
=exp|-nc,’, - b—nA Z ;- vj . JZ exp Z Ty
= T1++Ta-p-1=

d

m-=b- ¥ v

j=d—-h+1
(112)
0 SO ¢
=exp|-ncy,b-n Z ;v fa-n-1|m - Z vi|=b
J=d—h+1 j=d-h+1
(113)
(*) ¢
oceXp( ncy )'fd—h—l m-| > wvi]-b (114)
j=d—h+1
Similarly we derive
Prlv; = b] o< exp( 7705 ) b) - gda-1(m —"0) (115)
® h-1
Pr{vy =b|v1,...,vp-1} o< exp (—nch -b) “Gd-h-1|m - Z vj | —b (116)
j=1

The conditional probabilities can be used to implement an efficient sampling procedure for the MWU
distribution. We write the algorithm below.

For the calculation of second-order marginals we will make use of the interval partition function
fnn (y), that aggregates possible assignments between the h and the b’ battlefields.

v
fw@ = % Tlexp(-net” (). (117)

Tpt o +x =Y i=h

Pr[vh,vh/ :b7b':|: Z Pr[(ul,...,vh,...,vh/,...,vd) =({1}1,...,[),...,b,,...,xd)] (118)
Y xzj=m-b-bt/
jh,h!
o< > exp|-n ) Cg('t) sy = el b—nel) (119)
> j=m—b-b’ j#h,h’
j*h,h

z=0 y=0 hz—:l - =1
j=1
SN0 S0
Y expl-n ). ;T > expl-n > ;T (120)
h'-1 j=h+1 d , j=h'+1
X wi=y _ Z/: Tj=m-b-b'-2—
j=h+1 j=h'+1
(*) < .

= exp (—nch -b) exp( nch, ) Z Z exp|-n Z ¢ j

z=0 hzlﬂcj Y
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m—b-b'-x h'-1 ) d )
Z exp|-n Z ¢;’xj Z exp | -1 Z ¢;’xj
J J

y=0 h'-1 j=h+1 d =h/+1
> zi=y Y xj=m-b-b'-z-y
j=h+1 j=h'+1
(121)
(t) "
= exp (—nch . b) exp (—nch, 'b') Z fin-1(z)
z=0
m-b-b'-z
Yo fre-1(Y) frsra(m—b-b' -z —y) (122)
y=0
() "%
= exp (—nch . b) exp (—nch, . b') Z Jin-1(@) (frat -1 * frrer,a)(m—b- b -1x)
z=0
(123)

= exp (—ncgf) : b) exp (—ncgf}) : b') (fip-1 * (fret -1 * fore1.40))(m=b=0")  (124)

We observe that the marginal probabilities only depend on the interval partition function and
the cumulative loss per battlefield. We can precompute the partition function f, 5/(y), for all
h,h/ € [d]? : h < ' and y € [n]o in total time md?logm utilizing the self reducible structure of
the partition function (see algorithm 6 lines 1-5 for details). Then we compute the convolutions
(frn-1 * fasipr—1 * frsra)(y) for all b/ € [d]? : h < b and y € [n]o in total time md? logm with
FFT. Using these calculations, each term Pr[vp, v = b,b’] computation takes constant time.

We remind that the autocorrelation matrix, which is used to construct the loss estimator in
GEOMETRICHEDGE, has the probabilities Pr [vy, vpr = b,b'] as entries. At this point we have shown
how to efficiently sample from MWU and how to compute the autocorrelation matrix and thus that
GEOMETRICHEDGE can be efficiently implemented.

G.5.1 Comparison with a DAG approach

One can easily see that online learning in m-sets can be modeled as online path planning in an
appropriately constructed DAG with E = O(d * m) edges. In this graph, nodes are parameterized
by two indices 4, j € [d + 1] x [m]. The source is node N(0,0) and the sink is N(d+ 1,m). At node
N(i,7), 1 <i<d we have considered items 1 to i — 1 and we have selected j of them. If we select item
i we make a transition from N(i,75) to N(i+1,j+ 1), otherwise we make a transition to N (i +1, 7).
Transitions that lead to selecting more than m items are illegal and at the sink node N(d + 1,m)
we should have selected exactly m items. This way, there is an equivalence between paths in the
constructed DAG and selections of m out of d items and in both cases the reward is linear to the
components.

For m-sets over d items the corresponding DAG has |E| = ©(md) edges. Then, sampling can
be performed through weight pushing [TWO03] in O(F) = O(md), which is similar to complexity of
sampling via the partition function. For the calculation of the autocorrelation matrix the approach
of path planning in the m-set DAG would need O(E?) = O(m?d?) using the techniques of [TW03].
Compared to the above our approach saves an m factor. Thus, along with partitions (which is the
action set in Blotto) m-sets is another application, where kernelization is beneficial compared to
standard techniques such as weight pushing.
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H Kernelization in Graphic Matroid Congestion Games

Algorithm 7: Efficient First-Moment Kernel Computations in Graphic Matroid Congestion games

Data: C e R”

/* Compute the weighted Laplacian A € R
YecE incident to u C(€) Hfu=v

Alu,v] ={-C(e) ife=(u,v)eFE
0 otherwise.

Vixv]| */

% /

/

/* Compute the LU decompositions of the submatrices A_,, _,
foru=1,...,|V| do
A_y -y = the submatrix of A derived by deleting row v and column u
Compute the LU decomposition (L,,,U,) of A_, _,, that is lower triangular L, and upper triangular
U, such that A_,, _,, =L, -U,
/* Compute the d kernels */
for j=1,..,|E| do
Let u;,v; be the two nodes connected by edge j
Let E_; = E\ {j} be the subgraph that does not have edge j
/* Compute the weighted Laplacian AU) in the subgraph where edge j is missing * /

ZeeE,j incident to u C(e) ifu=v

AD[u,v] = {-C(e) ife=(u,v)eE_;
0 otherwise.
A(_ZL)_7.7_U_7. — the submatrix of AY) derived by deleting row u; and column wu;

Compute the LU decomposition (L, U) of Agjqzj,_uj in O(|V]?) using the precomputed matrices
Ly;,Uy,, and the technique of [SGBO6]
Compute the kernel Ky(C,é;) =det(L-U) in O(|V]?)

H.1 Proof of Proposition H.1

Let G = (V, E) be a connected multigraph, and let G = (V, F) be the meta-graph associated with G,
defined as follows:

1. The vertex sets coincide:

V=V
2. For an edge e = (u,v) € E with weight w(e):
e If e is the unique edge between u and v, then e € E with the same weight:
w(e) =w(e).

e Otherwise, let {€¢’} c E be all parallel edges connecting u and v. Then, we define a single
meta-edge é € E with weight equal to the total weight of the merged edges:

(e = Y we).
e’e{e’}
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We say that é is a merged meta-edge, and write e’ c é if the edge e’ € E participates in
the construction of é € E.

3. Let 7 denote the set of spanning trees of G, and let 7 denote the set of spanning trees of G.

We derive the following proposition.

Proposition H.1. It holds that K,(w,1) = Ky,(w,1).
Proof. It holds that:

Ky(w,1) =  TTw(e) (125)

TeveeT

=2 [T e TI @@ (126)
T €V eeT e not merged éeT e merged

=3 I1 w(e) [ D w(e) (127)
T eV eeT e not merged eeT e merged e'ce

= [[w(e) (128)
TeVeeT

- Ky, 1) (120)

H.2 Proof of Lemma 5.1

Proof. Kernelization.

The above algorithm (Algorithm 7) shows how to compute the first-moment kernel computations
in Graphic Matroid Congestion games. The time complexity and correctness of the algorithm are
discussed below.

We will use the following:

e We need O(|V]¥) time for computing an LU decomposition.

e We need O(|V[“*1) time for precomputing the LU decompositions of the minors.

We leverage the property of the Matrix-Tree Theorem which allows us to use any submatrix
to compute the determinant of the Laplacian matrix. Therefore, we can always make a strategic
choice of which row and column to delete. For each edge j € [|E|] consider the Laplacian used for
the computation of the kernel Ky (C,é€;). The Laplacian for this kernel is constructed in the same
way as the one we described above for Ky (C, 1) but with the difference that C'(j) is set to zero. For
each node v € V', we precompute the LU decomposition of the minors A_, _,—that is the submatrix
of A derived by deleting row v and column v—and then for each j = (u,u") € E, we fast compute
kernel K(C,€;) by computing the determinant of that kernel’s Laplacian via recursive LU updating
[SGBO06| in O(]V[?). The latter is due to the fact that we can always select a submatrix of the
kernel’s Laplacian that only differs in one element from A_, _,, so we can apply the techniques of
[SGB06]. Similar arguments can also be used for fast computing Ky (C,é€; /) to derive the desired
results.
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Algorithm 8: Efficient Exact Sampling of MWU in Graphic Matroids

Data: C ¢ RIZI
Initialize Meta-Graph = G(V, E) and assign weight C'(e) to each edge e
Compute kernels Ky, (C,e;) and Ky (C,1) using the Matrix-Tree Theorem

Sample v(1) ~ Be(l _ f;vv((%il;)

Initialize the cumulative weight w =1
5 for j=2,....d do

© 0 g o

10
11
12

13
14
15
16
17
18
19

20

21

if v(j—1) =0 then
‘ Find the meta-edge of Meta-Graph containing edge j — 1 and reduce its weight by C'(j —1)

else

Find the meta-edge e of Meta-Graph containing edge j — 1

Update w = w - weight(e)

Merge the two meta-nodes connected by the meta-edge e.

If parallel edges are created then merge them into a single meta-edge containing all the parallel
edges and assign to the new meta edge weight equal to the sum of the weights of the parallel
edges

/* Compute the kernel Ky ;) */

Compute a cofactor ¢ of the Laplacian of the Meta-Graph

KV(j)(07 1) =w-cC

Find the meta-edge of Meta-Graph containing the edge j and reduce its weight by C(4)

Compute a cofactor ¢ of the Meta-Graph Laplacian using the weights of the meta-edges

Kv(j)(C, éj) =w-c

Find the meta-edge of Meta-Graph containing the edge j and increase its weight by C(j)
- Ky ;)(Ci&5)

Pj= Ky (C.1)

Sample v(j) ~ Be(p;)

Per-Iteration complexity of SAMPLING.
We implement the SAMPLING procedure of Algorithms 1 and 2 based on the above algorithm

(Algorithm 8). Since we have guaranteed that the SAMPLING procedure performs exact sampling
from a MWU(V, C'), what remains to prove is that the implementation we propose correctly computes
the conditional kernels. We will prove this using an induction argument on the iterations j € [|E|] of
the algorithm. We will show that the algorithm correctly computes the new Bernoulli probability

Pj+1-

e Basis: The meta-graph is initialized as the initial graph. From Theorem 2.2 and Observation
3.3, we get the unconditional probability p;. The algorithm samples v(1) ~ py. If the first edge
(u,v) is not selected then the algorithm removes it from the new meta-graph and computes
Ky (2 via the cofactor of the Laplacian of the new meta-graph. If the first edge is selected then:
(a) if the first edge is not a merging meta-edge (that is, nodes v and v do not have common
neighbors in the meta-graph) then the algorithm removes this edge from the graph, merges the
two associated nodes of this edge in the new meta-graph, updates the cumulative weight with
the weight of this edge, and computes Ky (o), (b) if the first edge is a merging meta-edge (i.e.,
nodes u and v do have common neighbors in the meta-graph), then the algorithm makes the
above steps, but now the meta-graph is a multi-graph. In this case, the algorithm also merges
the resulted parallel edges connecting the associated nodes into a meta-edge with weight equal
with the sum the weights of the merged edges. The computation of Ky () is correct, due to
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Proposition H.1, because the kernel computation on a multi-graph (that is, the meta-graph
after merging the nodes u and v, but before merging the resulted parallel edges) equals the
kernel computation on the corresponding new meta-graph.

e Induction Step: We use similar arguments with the basis, with the only difference when
removing an edge. Now, if edge j is not selected by the Bernoulli distribution p; but j is
part of a merged meta-edge (i.e., a meta-edge consisting of many edges of the initial graph),
then the algorithm removes its weight from this meta-edge and computes the new meta-graph.
Again the computation of Ky, ;,1) is correct due to Proposition H.1.

Therefore, SAMPLING(V, C;) can be implemented in time O(|E||V|*), where [V|* is due to the
time we need to compute a single kernel.

O

H.3 Proof of Theorem 5.2

Proof. We directly derive the statement of the theorem by combining Theorems 3.2 and 3.4 with
Theorem 2.1 and Lemma 5.1. O
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I Kernelization in Network Congestion Games

We consider the setting used in [PSV*23, DPS*24]; that is, the network congestion game takes place
on a DAG, consisting of nodes V' and edges F, and thus an action of each player is a path of a
DAG. We assume that the maximal path length is K. Following [CBL12|, we represent an action of
each player i € [|P|], as the incidence vector v € {0,1}! of the corresponding path: for all j € [|E|],
v(7) =1 if and only if the corresponding edge is present in the path. We denote the action set (i.e., a
set of path vectors) of player i € [|P|] by V;. Given an action profile (v;,v_;) the total loss of player
1, L;, is the sum of the losses of the selected edges of v;. Based on the above, it is easy to check that
a network congestion game is a combinatorial game with |P| players, actions sets {V;} and losses
{L;}, where the action vectors are |E|-dimensional and their L;-norm is at most K.

To perform efficient sampling in DAGs and compute all kernels needed by Algorithms 2 and 1,
we utilize the methodology based on DP developed by [TW03]. For sampling we need time O(|E]).
For the first moment calculation we need time O(|E|), while for the second moment calculation we
need time O(|E |2) Using also the fact that we can compute a 2-approximate barycentric spanner in
time O((|E|+ [V)?), we obtain the following CCE convergence results.

Theorem 1.1 (Semi-bandit Convergence to CCE). In a network congestion game, under the semi-
bandit online learning setup, if all players adopt Algorithm 2, then after O(|E['*YK?/e?) runtime,
with T > |E|K?/2, the time-average joint actions, o* := % >, v@ ®® v‘(;)v forms an e-CCE of

the game with high probability.

Theorem 1.2 (Bandit Convergence to CCE). In a network congestion game, under the bandit
online learning setup, if all players adopt Algorithm 1, then after O(|E|***K*/€3) runtime, with

T > |E]2K*/e3, the time-average joint actions, o* := %Zthl v%t) Q- Q® UI(;)P forms an e-CCE of the

game with high probability.

J Efficient Uniform Random Path Sampling from a DAG

In this section, we describe a method for efficiently and exactly sampling paths uniformly at random
from a Directed Acyclic Graph (DAG). This process is essential for the initialization phase of MWU.
We present the algorithm’s pseudocode and analyze its computational complexity as well as its
correctness.
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Algorithm 9 Uniform Random Path Sampling from a DAG
Require: A DAG G = (V, E), source node s, target node t
Ensure: A uniformly random path P from s to ¢

1: /* Path Count Precomputation: */

2: Perform a topological sort of the nodes in G.

3: Set C'(v) < 0 for all v eV, and C(t) < 1.

4: for each node v in reverse topological order do

5: C(v) « Z(U,U)EE C(u)

6: /* Path Sampling: */

7. Initialize P <« [s] and set v < s.

8: while v #t do

9:  Calculate probabilities P(u) « % for all (v,u) € E.
10:  Select the next node u based on probabilities P(u).
11:  Add u to P and update v < u.

12: return P

Computational Complexity. The precomputation step requires O(V + E) for the topological

sort and another O(V + E) for calculating the path counts. Therefore, the overall complexity of the

precomputation step is O(V + E). During the sampling phase, there are at most O(V) iterations,

one for each node in the path. Computing transition probabilities takes O(deg(v)) for each node v,

leading to a total of O(F) operations. Thus, the complexity of the sampling phase is O(F).
Combining both steps, the total complexity of the algorithm is O(V + E).

Correctness Proof. To demonstrate correctness, we prove that every path P from s to ¢ is
selected with equal probability.
The dynamic programming step calculates C'(v), the number of paths from node v to ¢. Using
the recurrence relation:
cw= Y C),

(vu)eE

we ensure that C'(s) represents the total number of paths from s to ¢, and C'(v) indicates the number
of paths passing through v. At each node v, the transition probability to a neighboring node wu is:

C) _Clw)
Z(v,w)eE C(w) C(’U)

For any path P =s - vy > vg » --- > t in G the probability of selecting it is given by the product of
transition probabilities:

P(u|v) =

P(P)=P(v1|s)-P(vg|vy):--- P(t|vk).
By substituting P(u | v) = %, we get:

Clv) Clv) ct) C@) 1

C(s) C(u)  Clux) C(s) C(s)

P(P) =

Since C'(s) equals the total number of paths from s to t, every path is selected with an equal
probability of %
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