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Abstract

Algorithms for playing in Stackelberg games have been deployed in real-world do-
mains including airport security, anti-poaching efforts, and cyber-crime prevention.
However, these algorithms often fail to take into consideration the additional infor-
mation available to each player (e.g. traffic patterns, weather conditions, network
congestion), which may significantly affect both players’ optimal strategies. We for-
malize such settings as Stackelberg games with side information, in which both play-
ers observe an external context before playing. The leader commits to a (context-
dependent) strategy, and the follower best-responds to both the leader’s strategy and
the context. We focus on the online setting in which a sequence of followers arrive
over time, and the context may change from round-to-round. In sharp contrast to the
non-contextual version, we show that it is impossible for the leader to achieve no-
regret in the full adversarial setting. Motivated by this result, we show that no-regret
learning is possible in two natural relaxations: the setting in which the sequence
of followers is chosen stochastically and the sequence of contexts is adversarial,
and the setting in which contexts are stochastic and follower types are adversarial.

1 Introduction

A Stackelberg game [30, 31]] is a strategic interaction between two utility-maximizing players in
which one player (the leader) is able to commit to a (possibly mixed) strategy before the other
player (the follower) takes an action. While Stackelberg’s original formulation was used to model
economic competition between firms, Stackelberg games have been used to study a wide range of
topics in computing ranging from incentives in algorithmic decision-making [[15] to radio spectrum
utilization [32]]. Perhaps the most successful application of Stackelberg games to solve real-world
problems is in the field of security, where the analysis of Stackelberg security games has led to
new methods in domains such as passenger screening at airports [8]], wildlife protection efforts in
conservation areas [10]], the deployment of Federal Air Marshals on board commercial flights [[18]],
and patrol boat schedules for the United States Coast Guard [1]

However in many real-world settings which are typically modeled as Stackelberg games, the payoffs
of the players often depend on additional contextual information which is not captured by the
Stackelberg game framework. For example, in airport security the severity of an attack (as well as the
“benefit” of a successful attack to the attacker) depends on factors such as the arrival and departure
city of a flight, the whether there are VIP passengers on board, and the amount of valuable cargo on
the aircraft. Additionally, there may be information in the time leading up to the attack attempt which
may help the security service determine the type of attack which is coming [[17]. For instance, in
wildlife protection settings factors such as the weather and time of year may make certain species of

'See [27,[191 2] for an overview of other application domains for Stackelberg security games.
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wildlife easier or harder to defend from poaching, and information such as the location of tire tracks
may provide context about which animals are being targeted. As a result, the optimal strategy of both
the leader and the follower may change significantly depending on the side information available.

Overview of our results. In order to capture the additional information that the leader and follower
may have at their disposal, we formalize such settings as Stackelberg games with side information.
Specifically, we consider a setting in which a leader interacts with a sequence of followers in an online
fashion. At each time-step, the leader gets to see payoft-relevant information about the current round
in the form of a context. After observing the context, the leader commits to a mixed strategy over a
finite set of actions, and the follower best-responds to both (1) the leader’s strategy and (2) the context
in order to maximize their utility. We allow the follower in each round to be one of K types. Each
follower type corresponds to a different mapping from contexts, leader strategies, and follower actions
to utilities. While the leader may observe the context before committing to their mixed strategy, they
do not get to observe the follower’s type until after the round is over. Under this setting, the goal of the
leader is to minimize their regret with respect to the best policy (i.e. the best mapping from contexts
to mixed strategies) in hindsight, with respect to the realized sequence of followers and contexts.

We show that in the fully adversarial setting (i.e. the setting in which both the sequence of contexts and
follower types is chosen by an adversary), no-regret learning is not possible, even when the policy class
is highly structured. We show this via a reduction from the problem of online linear thresholding, for
which it is known that no no-regret learning algorithm exists. Motivated by this impossibility result, we
study two natural relaxations: (1) a setting in which the sequence of contexts is chosen by an adversary
and the sequence of follower types is chosen stochastically, and (2) a setting in which the sequence
of contexts is chosen stochastically and the sequence of follower types is chosen by an adversary.

In the stochastic follower setting we show that the greedy algorithm (Algorithm|[I)), which estimates
the leader’s expected utility for the given context and plays the mixed strategy which maximizes their
estimate, achieves no-regret as long as the total variation distance between their estimate and the true
distribution is decreasing with time. We then show how to instantiate the leader’s estimation procedure
so that the regret of Algorithmis O(min{ K, Ay }+/T log(T')), where T is the time horizon, K is the
number of follower types, and A is the number of follower actions. In the stochastic context setting,

we show the leader can obtain O (/KT log(T') + K) regret by playing Hedge over a finite set of poli-
cies (Algorithm[2). An important intermediate result in both settings is that it is (nearly) without loss of
generality to consider leader policies which map to a finite set of mixed strategies £,, given context z

Next, we extend our algorithms for both types of adversary to the setting in which the leader does not
get to observe the follower’s type after each round, but instead only gets to observe their action. We
refer to this type of feedback as bandit feedback. Both of our extensions to bandit feedback make use
of the notion of a barycentric spanner [4], a special basis under which bounded loss estimators may be
obtained for all leader mixed strategies. In the bandit stochastic follower setting, we use the fact that in
addition to being bounded, a loss estimator constructed using a barycentric spanner has low variance,
in order to show that a natural extension of our greedy algorithm obtains O~(T2/ 3) regret.We also make
use of barycentric spanners in the (bandit) stochastic context setting, albeit in a different way. Here,
our algorithm proceeds by splitting the time horizon into blocks, and using a barycentric spanner to es-
timate the leader’s utility from playing according to a set of special policies in each block. We then play
Hedge over these policies to obtain O(T2/ 3) leader regret See Tablefor a summary of our results.

Related work. Letchford et al. [21] consider the problem of learning the leader’s optimal mixed
strategy in the repeated Stackelberg game setting against a perfectly rational follower with an unknown
payoff matrix. Peng et al. [23]] study the same setting as Letchford et al. [21]. They provide improved
rates and prove nearly-matching lower bounds. Learning algorithms to recover the leader’s optimal
mixed strategy have also been studied in Stackelberg security games [} (7} 126} 16]].

Our work builds off of several results established for online learning in (non-contextual) Stackelberg
games in Balcan et al. [5]]. In particular, our results in Section[d.2]and Appendix|[C.2Jmay be viewed as
a generalization of their results to the setting in which the payoffs of both players depend on an external
context. Roughly speaking, Balcan et al. [5] show that it without loss to play Hedge over a finite set

2Specifically, a leader who is restricted to playing such policies incurs negligible additional regret.
3This is similar to how Balcan et al. [3]] use barycentric spanners to obtain no-regret in the non-contextual
setting, although more care must be taken to handle the side information present in our setting.



Full Feedback Bandit Feedback
Fully Adversarial ( Seszt(igl)l (Se(zt(iz;lz
Stochastic Followers, | O (min{K, A;}v/TlogT) | O <K2/3A§/3T2/3 log!/® T)
Adversarial Contexts (Section (Appendix[C.T)
Stochastic Contexts, O (VETlogT + K) 0 (KA}/3T2/3 log!/? T)
Adpversarial Followers (Section (Appendix

Table 1: Summary of our results. Under bandit feedback, we consider a relaxed setting in which only
the leader’s utility depends on the side information.

of mixed strategies in order to obtain no-regret against an adversarially-chosen sequence of follower
types. In order to handle the additional side information available in our setting, we instead play Hedge
over a finite set of policies, each of which map to a finite set of (context-dependent) mixed strategies.
However, the discretization argument is more nuanced in our setting. In particular, it is not without
loss of generality to consider a finite set of policies. As a result, we need to bound the additional regret
incurred by the leader due to the discretization. More recent work on learning in Stackelberg games
provides improved regret rates in the full feedback [9] and bandit feedback [6] settings, and considers
the effects of non-myopic followers [13] and followers who respond to calibrated predictions [[14]].

Lauffer et al. [20] study a Stackelberg game setting in which there is an underlying (probabilistic)
state space which affects the leader’s rewards, and there is a single (unknown) follower type. In
contrast, we study a setting in which the sequence of follower types and/or contexts may be chosen
adversarially. Sessa et al. [25] study a repeated game setting in which the players receive additional
information (i.e. a context) at each round, much like in our setting. However, their focus is on
repeated normal-form games, which require different tools and techniques to analyze compared to the
repeated Stackelberg game setting we consider. Other work has also considered repeated normal-form
games which change over time in different ways. In particular, Zhang et al. [33]], Anagnostides
et al. 3] study learning dynamics in time-varying game settings, and Harris et al. [[16] study a
meta-learning setting in which the game being played changes after a fixed number of rounds.

Finally, our problem may be viewed is a special case of the contextual bandit setting with adversarially-
chosen utilities [28},129}124], where the learner gets to observe “extra information” in the form of the fol-
lower’s type (Section[d) or the follower’s action (Section [5). However, there is much to gain from tak-
ing advantage of the additional information and structure that is present in our setting. Besides having
generally worse regret rates, another reason not to use off-the-shelf adversarial contextual bandit algo-
rithms in our setting is that they typically require either (1) the learner to know the set of contexts they
will face beforehand (the transductive setting; Syrgkanis et al. [28,29], Rakhlin and Sridharan [24]) or
(2) for there to exist a small set of contexts such that any two policies behave differently on at least one
context in the set (the small separator setting; Syrgkanis et al. [28]]). We require no such assumptions.

2 Setting and background

Notation. We use [N] := {1,..., N} to denote the set of natural numbers up to and including
N € Nand cl(P) to denote the closure of the set P. x[a] denotes the a-th component of vector x, and
A(A) denotes the probability simplex over the set A. TV(p,q) = 3 [ |p(z) — q(z)|dx is the total
variation distance between distributions p and q, and E;[z] = E[z|F;] is shorthand for the expected
value of the random variable z, conditioned on the filtration up to (but not including) time ¢. All
proofs may be found in the Appendix. Finally, while we present our results for general Stackelberg
games with side information, our results are readily applicable to the special case of Stackelberg
security games with side information.

Our setting. We consider a game between a leader and a sequence of followers. In each round ¢ € [T,
Nature reveals a context z; € Z C R< to both playersE] The leader moves first by playing some
mixed strategy x; € X C R over a set of (finite) leader actions A, i.e., x; € A(A). The size of A

“E.g. in airport security, z; may contain information about arrival and departure times, number of passengers,
valuable cargo, etc. In cyber-defense, z; may be a list of network traffic statistics.



is A := |.A|. Having observed the leader’s mixed strategy, the follower best-responds to both x; and
z,; by playing some action ay € Ay, where Ay is the (finite) set of follower actions and Ay := |Ay|.

Definition 2.1 (Follower Best-Response). Follower f’s best-response to context z and mixed strategy
X is bp(z,x) € argmax e A, ), caXlal] - up(z,a,ap), where up + 2 x A x Ay — [0,1] is
Jollower f’s utility function. In the case of ties, we assume that there is a fixed and known ordering
over actions which determines how the follower best-responds, i.e. if a > d' for a,a’ € Ay then the
follower will break ties between a and a' in favor of aE]

We allow for the follower in round ¢ (denoted by f;) to be one of K > 1 follower types
{a®,. .., o)} (where K < T). Follower type a(¥) is characterized by utility function
Uy + Z2 X AX Ay — [0,1], i.e. given a context z, leader action a;, and follower action ay,
a follower of type oY) would receive utility u,,)(z, a;, a 7). We assume that the set of all possible
follower types and their utility functions are known to the leader, but that the follower’s type at round
t is not revealed to the leader until after the round is over. We denote the leader’s utility function by w :
Z x Ax Ay — [0,1] and assume it is known to the leader. We often use the shorthand u(z,x,ay) =
> area Xlai]u(z, ai, ay) to denote the leader’s expected utility of playing mixed strategy x under con-
text z against follower action a . Follower f;’s expected utility u , (z, x, ay) is defined analogously.

A leader policy m : Z — X is a (possibly random) mapping from contexts to mixed strategies. If the
leader using policy 7; in round ¢ and observes context z,, their strategy x; is given by x; ~ m¢(2¢).

Definition 2.2 (Optimal Policy). Given a sequence of followers fi,...,fr and contexts
Z1, ..., 2T, the strategy given by the leader’s optimal-in-hindsight policy for context z is 7*(z) €

arg MaXye x Zz;l u(z,x,by, (2,x%)) - 1{z, = z}.

We measure the leader’s performance against the optimal policy via the notion of contextual
Stackelberg regret (regret for short).

Definition 2.3 (Contextual Stackelberg Regret). Given a sequence of followers fi,..., fr
and contexts zi,...,zry, the leader’s contextual Stackelberg regret is R(T) :=
Zthl w(ze, ™ (2¢), by, (2¢, 7 (21))) — w(ze, Xy, by, (24, X)), where X1, ..., Xr is the sequence of
mixed strategies played by the leader.

If an algorithm achieves regret R(T') = o(T'), we say that it is a no-regret algorithm. We consider
three ways in which Nature can select the sequence of contexts/followers:

1. If the sequence of contexts (resp. follower types) are drawn i.i.d. from some fixed distribution,
we say that the sequence of contexts (resp. follower types) are chosen stochastically.

2. If Nature chooses the sequence of contexts (resp. follower types) before the first round in order to
harm the leader (possibly using knowledge of the leader’s algorithm), we say that the sequence of
contexts (resp. follower types) are chosen by a non-adaptive adversary.

3. If Nature chooses context z; (resp. follower f;) before round ¢ in order to harm the leader
(possibly using knowledge of the leader’s algorithm and the outcomes of the prior ¢ — 1 rounds),
we say that the sequence of contexts (resp. follower types) are chosen by an adaptive adversary.

Our impossibility results in Section [3|hold when both the sequence of contexts and the sequence of
follower types are chosen by either type of adversary. Our positive results in Section @ hold when
either the sequence of contexts or the sequence of follower types are chosen by either type of adversary
(and the other sequence is chosen stochastically). Our extension to bandit feedback (Section[5} where
the leader only gets to observe the follower’s best-response instead of their type) holds whenever one
sequence is chosen by a non-adaptive adversary and the other sequence is chosen stochastically.

3 On the impossibility of fully adversarial no-regret learning

We begin with a negative result: no-regret learning is not possible in the setting of Section 2]if the
sequence of contexts and the sequence of followers is chosen by an adversary. While this is not
necessarily surprising given that Definition allows for the optimal policy 7* to be arbitrarily

>1t is without loss of generality to assume that the follower’s best-response is a pure strategy.



Regret Minimizer for Online
Linear Thresholding

. 2.gc = hy(xt)
Regret Minimizer
z; = hy(wy)| for Stackelberg Nature
Games with Side | ft = ha(yt) 3.yt

Information

1. wy

Figure 1: Summary of our reduction from the online linear thresholding problem. At time ¢ € [T],
(1.) the learner observes a point wy, (2.) the learner takes a guess g;, and (3.) the learner observes the
true label y,. Given a regret minimizer for our setting, we show how to use it in a black-box way (by
constructing functions h1, ho, h3) to achieve no-regret in the online linear thresholding problem.

complex, we show that this result holds even when the policy class to which 7 belongs is highly
structured. We show this via a reduction to the online linear thresholding problem, for which it is
known that no-regret learning is impossible.

Online linear thresholding. The online linear thresholding problem is a repeated two-player game
between a learner and an adversary. Before the first round, an adversary chooses a cutoff s € [0, 1]
which is unknown to the learner. In each round, the adversary chooses a point w; € [0, 1] and reveals
it to the learner. wy is assigned label y; = 1 if w; > s and label y; = —1 otherwise. Given wy,
the learner makes a guess g; € [0, 1] (the probability they place on y; = 1), and receives utility
uorr(we, gt) = g¢ - L{ys = 1} + (1 — g¢) - 1{yy = —1}. The learner gets to observe y; after round
t is over. The learner’s policy m; : [0,1] — [0,1] is a mapping from points in [0, 1] to guesses in
[0,1]. The optimal policy 7* makes guess 7*(w;) = 1 if w; > s and 7*(w;) = 0 otherwise. The
learner’s regret after T rounds is given by Rorr(T) =T — Zthl uorT (wt, g¢ ), since the optimal
policy achieves utility 1 in every round. In order to prove a lower bound on contextual Stackelberg
regret in our setting, we make use of the following well-known lower bound on regret in the online
linear thresholding setting (see e.g. [12]).

Lemma 3.1. Any algorithm suffers regret Rorr(T) = Q(T) in the online linear thresholding

problem when the sequence of points w1, . .. ,wr is chosen by an adversary.
Theorem 3.2. If an adversary can choose both the sequence of contexts z1, . . . , Zr and the sequence
of followers f1, ..., fr, no algorithm can achieve better than Q(T') contextual Stackelberg regret in

expectation over the internal randomness of the algorithm, even when 7* is restricted to come from
the set of linear thresholding functions.

The reduction from online linear thresholding proceeds by creating an instance of our setting such that
the sequence of contexts z1, . . ., 2 correspond to the sequence of points wy, . .. ,wr encountered
by the learner, and the sequence of follower types fi, ..., fr correspond to the sequence of labels
Y1, --.,yr. We then show that a no-regret algorithm in the online thresholding problem can be ob-
tained by using an algorithm which minimizes contextual Stackelberg regret on the constructed game
instance as a black box. However this is a contradiction, since by Lemma [3.1]the online thresholding
problem is not online learnable by any algorithm. See Figure [I|for a visualization of our reduction.

Intuitively, this reduction works because the adversary can “hide” information about the follower’s
type f: in the context z;. However, there exists a family of problem instances in which learning this
relationship between contexts and follower types as hard as learning the threshold in the online linear
thresholding problem, for which no no-regret learning algorithm exists by Lemma[3.1]

4 Limiting the power of the adversary

Motivated by the impossibility result of Section 3] we study two natural relaxations of the fully adver-
sarial setting: one in which the sequence of followers is chosen stochastically but the contexts are cho-
sen adversarially (Section[4.T]) and one in which the sequence of contexts is chosen stochastically but
followers are chosen adversarially (Sectiond.Z)). In both settings we allow the adversary to be adaptive.

An important structural results for both Section[4.1]and Section [4.2]is that for any context z € Z,
the leader incurs only negligible regret by restricting themselves to policies which map to mixed



strategies in some finite (and computable) set £,. In order to state this result formally, we need to
introduce the notion of a contextual best-response region, which is a generalization of the notion of a
best-response region in (non-contextual) Stackelberg games (e.g. [21}15]).

Definition 4.1 (Contextual Follower Best-Response Region). For follower type a9, follower action
ay € Ay, and context z € Z, let X, (a(i), af) C X denote the set of all leader mixed strategies such
that a follower of type o/\V) best-responds to all x € Xz(a(i), ay) by playing action ay under context
z, ie, Xy(aW ap) = {x € X : by (z,%x) = ay}.

Definition 4.2 (Contextual Best-Response Region). For a given function o : {aV), ..., aF)} — Ay,
let X, (o) denote the set of all leader mixed strategies such that under context z, a follower of type
o plays action o (D) for all i € K], i.e. X,(0) = Niepr) Xa (@, o(a?)).

For a fixed contextual best-response region X, (o), we refer to the corresponding o as the best-
response function for region X, (o), as it maps each follower type to its best-response for every leader
strategy x € X, (0). We sometimes use o(#%) to refer to the best-response function associated with
mixed strategy x under context z, and we use X, to refer to the set of all best-response functions
under context z. Note that |3, < Aff for any context z € Z. This gives us an upper-bound on the
number of best-response regions for a given context.

One useful property of all contextual best-response regions is that they are convex and bounded
polytopes. To see this, observe that every contextual follower best-response region (and therefore
every contextual best-response region) is (1) a subset of A% and (2) the intersection of finitely-
many half-spaces. While every X, (o) is convex and bounded, it is not necessarily closed. If every
contextual best-response region were closed, it would be without loss of generality for the leader
to restrict themselves to the set of policies which map every context to an extreme point of some
contextual best-response region. In what follows, we show that the leader does not “lose too much”
(as measured by regret) by restricting themselves to policies which map to some approximate extreme
point of a contextual best-response region.

Definition 4.3 (§-approximate extreme points). Fix a context z € Z and consider the set of all non-
empty contextual best-response regions. For 6 > 0, £,(0) is the set of leader mixed strategies such that
for all best-response functions o and any x € A(A;) that is an extreme point of cl(X,(0)), x € £,(9)
ifx € X,(0). Otherwise there is some x' € £,(0) such that x' € X,(0) and ||x' — x]||1 < 4.

Note that Definition is constructive. We set § = (%) so that the additional regret from only
considering policies ich map to points in U,cz&, (575 is negligible. As a result, we use the
shorthand &, := &,(9) throughout the sequel. The following lemma is a generalization of Lemma
4.3 in Balcan et al. [[3]] to our setting, and its proof uses similar techniques from convex analysis.

Lemma 4.4. For any sequence of followers f1, ... fr and any leader policy w, there exists a policy
78 1 Z — UyezE, that, when given context z, plays a mixed strategy in £, and guarantees
that ZtT:l u(ze, m(2¢), bp, (21, 7(2¢))) — w(ze, 7€) (24), bp, (21, 7€) (2))) < 1. Moreover; the same
result holds in expectation over any distribution over follower types F.

Since we do not restrict the context space to be finite, the leader cannot pre-compute &£, for every
z € Z before the game begins. Instead, they can compute &£, in round ¢ before they commit to their
mixed strategy. While &,, is computatable, it may be exponentially large in A and K. However this
is to be expected as Li et al. [22] show that in its general form, solving the non-contextual version
of the online Stackelberg game problem is NP-Hard.

4.1 Stochastic follower types and adversarial contexts

In this setting we allow the sequence of contexts to be chosen by an adversary, but we restrict the
sequence of followers to be sampled i.i.d. from some (unknown) distribution over follower types F.
When picking context z;, we allow the adversary to have knowledge of F and f1, ..., fi—1, but not
ft. Under this relaxation, our measure of algorithm performance is expected contextual Stackelberg
regret, where the expectation is taken over the randomness in the distribution over follower types.

Definition 4.5 (Expected Contextual Stackelberg Regret). Given a distribution over followers F

and a sequence of contexts z1, ..., 271, the leader’s expected contextual Stackeleberg regret is
E[R(T)] :==Ey,,..., T~F[Zt 1 U(Zta “(z1), b5, (22, 77 (2¢))) — u(ze, X¢, by, (21, %¢))], where 7 is
the optimal policy gzven knowledge of z1, . . .,z and F.



Algorithm 1: Learning with stochastic follower types: full feedback

Input: p;

fort=1,...,Tdo
Observe z;, commit to x; = m(2z;) = arg maxxeg,, E, [u(z¢, %, by, (z¢,x)] (Equation ).
Receive utility u(z¢, a;, by, (21, x;)) where a; ~ x;, and observe follower type f;.
Update p; — Pi41

end

Under this  setting, the utility for policy =7 may be  written as

T T
By o | Sty e, 7(20), by, (20 7(20))) | = L0y By g s [Balu(e, w(20), by, (20, 7 (20)))]-
Our algorithm  (Algorithm [I) proceeds by estimating the inner expectation
By [u(ze, 7(20), by, (20, 7(2¢)))] as

Ei[u(ze, 7(20), by, (20, 7(21)))] = /U(Ztﬂf(zt)aaf)dﬁt(bft(zt»ﬁ(zt)) =ay) (1)

and acting greedily with respect to our estimate. Here p;(by, (z¢, m(2:)) = ay) is the (estimated)
probability that the follower’s best-response is a, given context z; and leader mixed strategy 7(z;).
As we will see, different instantiations of p; will lead to different regret rates for Algorithm
However, before instantiating Algorithm [T with a specific estimation procedure, we provide a general
result which bounds the regret of Algorithm [I]in terms of the total variation distance between the
sequence {P; }+|7) and the true distribution p.

Theorem 4.6. Let p(z,x) := [p(by, (z,x) = af)]afeA@aT)dﬁt(z,x) = [pi(by,(z,%x) = le)]afeAf'

The expected contextual Stackelberg regret (Definition of Algorithm([l]satisfies
T
E[R(T)] <142 Ef, . fo o [TV(D(2e, 7 (2)), P (20, 7€) (24))) + TV (P21, 7 (2:1)), P (20, 7 (24)))]-
t=1

Theorem shows that the regret of Algorithmis proportional to how well it estimates p(z, x) over
time (as measured by total variation distance), on (1) the sequence of contexts chosen by the adversary
and (2) the sequence of mixed strategies played by Algorithm |1{and the (near-)optimal policy ().
While we instantiate Algorithm [I]in the setting where there are finitely-many follower types and
follower actions, Theorem [4.6| opens the door to provide meaningful regret guarantees in settings
in which there are infinitely-many follower types and/or follower actionsE] We now instantiate the
estimation procedure in Algorithm|l|in two different ways to get end-to-end regret guarantees. First,
the leader can get regret O(K /T logT) by estimating the distribution of follower types directly.

Corollary 4.7. If p; = {p:(f: = a(i))}ie[K]y Peri(f = a(i)) = %2321 W = a(i)}, and
pi(f =) = L fori € K], then the regret ofAlgorithmsatisﬁes E[R(T)] = O(K /T log(T)).

The leader can obtain a complementary regret bound of O(As+/T log T) if they instead estimate the
probability that the follower best-responds with action ay € Ay, given a particular context z and

leader mixed strategy x In what follows, we use 1, —q,) € {0,1}% to refer to the indicator

vector whose i-th component is 1{c(#*)(a(?)) = a}, i.e. the indicator that a follower of type a(¥
best-responds to context z and mixed strategy x by playing action a .

Corollary 4.8. If Di(z x) = {Pt(Lgeo—as))taseas  Dir1(lger—q)) =
%Eizl Wby, (z,x) = a}, and p1(Liyexn—q) = Aif for ay € Ay, then the regret of Al-

gorithm satisfies E[R(T)] = O(Af+/T log(T)).
4.2 Stochastic contexts and adversarial follower types

We now consider the setting in which the sequence of contexts are drawn i.i.d. from some unknown
distribution P and the follower f; is chosen by an adversary with knowledge of P and z1,...,2;1,

SAll that is required to run Algorithm 1| in a particular problem instance is an oracle for evaluating
E¢[u(z, x, by, (z,x))] and updating p.
"In general K has no dependence on A > and vice versa.



Algorithm 2: Learning with stochastic contexts: full feedback

Input: Set of weights 2
Let qi[7(“)] := 1, p1 [7@)] := oy forall 7@ e = {7} ,eq
fort=1,...,T do
Sample 7, ~ py, a;; ~ m(24), receive utility u(z, ag e, by, (¢
For each policy 7(«) € TI, compute £;[7(“)] := —u(z;, (%) (z;)
[

Z:))), observe type f;.
t 7b
A [7] = exp(—n 0 L[ )]). praa [1)] = qria [7

7, (24, ™) (2,))) and set

N/ S en Qe [17)].
end

but not z;. As was the case in Section[d.I} we consider a relaxed notion of regret which compares the
performance of the leader to the best policy in expectation, although now the expectation is taken
with respect to the distribution over contexts P.

Definition 4.9 (Expected Contextual Stackelberg Regret, Il). Given a distribution over contexts P
and a sequence of followers f1, ..., fr, the leader’s expected contextual Stackeleberg regret is

T
E[R(T)| := By, agmp | D ul(ze, 7 (20), by, (20,7 (21))) — (21, %1, by, (20, %1)) |

t=1

where T is the optimal policy given knowledge of f1,. .., fr and P.

Our key insight is that when the sequence of contexts is generated stochastically, to obtain no-regret
it suffices to (1) play a standard, off-the-shelf online learning algorithm (e.g. Hedge) over a finite
(albeit exponentially-large) set of policies in order to find one which is approximately optimal and
then (2) bound the resulting discretization error.

Lemma 4.10. When the sequence of contexts is determined stochastically, the expected utility of any
fixed policy m may be written as

T

IEZ1,--~,A’ET Z U(Zt7 W(Zt)7 bft, (Zt7 W(Zt)))

t=1

K T
=D Euful(z,7(2), b (2,7(2)))] <Z Bor oz [H{ft = a@)}]) :

=1 t=1

Using Lemma [4.10] we now show that it suffices to play Hedge over a finite set of policies II in
order for the leader to obtain no-regret (Algorithm 2)). The key step in our analysis is to show that
the discretization error is small for our chosen policy class I1}*| For a given weight vector w € R¥,

let 7(«)(z) := arg max,cg, Efil u(z, X, b, (2,%)) - w[i]. For a given set of weight vectors €2, we
set IT to be the induced policy class, i.e. IT := {7(“)},cq.

Theorem 4.11. IfQ = {w : w e AKX T wli] e N,Vi € [K]|} andn = 4/ 10%1'1, then Algorithm
obtains expected contextual Stackelberg regret (Deﬁnition E[R(T)]=O (\/KT logT + K).
We conclude by briefly comparing our results with those of the non-contextual Stackelberg game set-
ting of Balcan et al. [3]]. In particular, the setting of this subsection may be viewed as a generalization
of the setting of Balcan et al. [S)] in which the leader and follower utilities at time ¢ also depend on
a stochastically-generated context z;. When | Z| = 1, we recover their setting exactly. Under their
non-contextual setting, there is only one set of approximate extreme points &£,, and so we write the
&€ = &,. Here it suffices to consider the set of constant “policies” which always map to one of the
(approximate) extreme points in €. Plugging this choice of II into Algorithm 2] we recover their
algorithm (and therefore also their regret rates) exactly.

However, it is also worth noting that more care must be taken to obtain regret guarantees against
an adaptive adversary in our setting compared to the non-contextual setting of Balcan et al. [SJEI In
particular, we need to bound the discretization error due to considering a finite set of policies, but it is
without loss of generality to consider a finite set of mixed strategies in the non-contextual setting.

81nterestingly, there is no discretization error if the sequence of follower types is chosen by a non-adaptive
adversary. To see this, one can repeat the proof of Lemma4.10} using the fact that f1, ..., fr is independent
from the realized draws z1, . . . , zr when the sequence of follower types is chosen by a non-adaptive adversary.
“Indeed, our notion of contextual Stackelberg regret is stronger than their non-contextual version of regret.
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Figure 2: Cumulative average reward of Algorithm 1, Algorithm 2, and the algorithm of Balcan et al.
[S]] (which does not take side information into consideration) over five runs in a synthetic data setup.
Shaded regions represent one standard deviation.

4.3 Simulations

We empirically evaluate the performance of Algorithm|[I]and Algorithm 2]on synthetically-generated
data. We consider a setup in which K = 5, A = Ay = 3, and the context dimension d = 3. Utility
functions are linear in both the context and player actions, and are sampled u.a.r. from [—1,1]3%3%3,

We compare the cumulative reward of our algorithms to each other and the algorithm of Balcan et al.
[S] (which does not leverage side information) as a baseline. We simulate non-stochastic context
arrivals in Figureby displaying the same context for 7'/4 time-steps in a row. Follower types are
chosen u.a.r. from each of the five follower types. In Figure [2b] contexts are generated stochastically
by sampling each component u.a.r. from [—1,1]. Followers are chosen non-stochastically by
deterministically cycling over the five types. In Figure both contexts and follower types are
chosen stochastically. Specifically, contexts are generated as in Figure [2b] and follower types are
generated as in Figure [2a]

We find that Algorithm [I]and Algorithm [2] perform similarly across instances, and both significantly
out-perform the baseline of Balcan et al. [5]. It would be interesting to find instances for
which Algorithm (1| (resp. Algorithm [2) performs poorly whenever followers (resp. contexts) are
chosen non-stochastically.

5 Extension to bandit feedback

We have so far assumed that the leader gets to observe the follower’s type after each round. However
this assumption may not always hold in real-world Stackelberg game settings. For example, in cyber
security domains it may be hard to deduce the organization responsible for a failed cyber attack.
In wildlife protection, a very successful poacher may never be seen by the park rangers. Instead, the
leader may only be able to observe the action the follower takes at each round. Following previous
work on learning in non-contextual Stackelberg games, we refer to this type of feedback as bandit
feedback. What can we say about the leader’s ability to learn under bandit feedback when there
is side information?

While our impossibility result of Section [3]immediately applies to this more challenging setting, our
algorithms from Sectiondo not. This is because we can no longer compute quantities such as 1{ f; =
oD} or by, (z4,x) for an arbitrary mixed strategy x from just follower f;’s action alone. We still
assume that the follower is one of K different types, although f; is now never revealed to the leader.

We allow ourselves two relaxations when designing learning algorithms which operate under bandit
feedback. First, while the leader’s utility function may still depend on the context z;, we assume
that the follower’s utility is a function of the leader’s mixed strategy x; alone, i.e. uf(z,x,ay) =
ug(x,ay) for all z € Z. This allows us to drop the dependence on z; from both the follower’s
best response and the set of approximate extreme points, i.e. by(z,x) becomes bs(x) and &,
becomes €. Furthermore, our definitions of contextual follower best-response region (Definition [4.1)
and contextual best-response region (Definition .2)) collapse to their non-contextual counterparts.
Depending on the application domain, the assumption that only the leader’s utility depends on the side



information may be reasonable. For instance, while an institution would prefer that a server with less
traffic is hacked compared to one with more, a hacker might only care about the information hosted
on the server (which may not be related to network traffic patterns). Second, we design algorithms
with regret guarantees which only hold against a non-adaptive adversaryET] Despite these relaxations,
the problem of learning under bandit feedback still remains challenging because of the exponentially
large size of £. While a natural first step is to estimate p(by, (x) = as) (i.e. the probability that
follower at round ¢ best-responds with action ay when the leader plays mixed strategy x) for all
x € £and ay € Ay, doing so naively would take exponentially-many rounds, due to the size of £.

Building off of results in the non-contextual setting of Balcan et al. [5], we leverage the fact that the
leader’s utility for different mixed strategies is not independent. Instead, they are linearly related
through the frequency of follower types which take a particular action, given a particular leader
mixed strategy. Therefore, it suffices to estimate this linear function (which can be done using as
few as K samples) to get an unbiased estimate of p(by,(x) = ay) for any x € £ and ay € Ay.
Borrowing from the literature on linear bandits, we use a barycentric spanner [4] to estimate
{{p(by,(x) = ay)}a;ea; txee in both partial adversarial settings we consider. A barycentric spanner
for compact vector space W is a special basis such that any vector in V) may be expressed as a linear
combination of elements in the basis, with each linear coefficient being in the range [—1,1].

In Appendix [C.T] we use the property that estimators constructed using barycentric spanners have
low variance to show that an explore-then-exploit algorithm achieves O(K?/ 3A?/ S12/310g'/3 T)
expected contextual Stackelberg regret in the setting with stochastic follower types and adversarial
contexts. Specifically, our algorithm (Algorithm [3) plays a special set of K mixed strategies N times
each, then uses barycentric spanners to estimate {p¢(1(,=x—q,))tasea, forallx € XY andz € Z,
after which Algorithm [3|plays greedily like in Section

In Appendix [C.2] we use the property that estimators constructed using barycentric span-
ners are bounded to design a reduction to our algorithm in Section {.2] which achieves

O(K A}/ 312/3 logl/ 3 T') expected contextual Stackelberg regret whenever the sequence of contexts
is chosen stochastically and the sequence of follower types is chosen by an adversary. Finally, while

it may be possible to obtain O(\/T) regret without using barycentric spanners, this would come at the
cost of a linear dependence on |£| (and therefore an exponential dependence on K and Ay) in regret.

6 Conclusion

We initiate the study of Stackelberg games with side information, which despite the presence of side
information in many Stackelberg game settings, has not received attention from the community. We
focus on the online setting in which the leader faces a sequence of contexts and follower types. We
show that when both sequences are chosen adversarially, no-regret learning is not possible even for
highly structured policy classes. When either sequence is chosen stochastically, we obtain algorithms
with O(v/T) regret. We also explore an extension to bandit feedback, in which we obtain O(T2/3)
regret in both settings. There are several exciting avenues for future research; we highlight two below.

1. Intermediate forms of adversary. The two relaxations of the fully adversarial setting that we con-
sider, while natural, rule out the leader learning about the follower’s type from the context. Although
we prove that learning is impossible in the fully adversarial setting, our lower bound does not rule out,
e.g. settings where the mapping from contexts to follower types has finite Littlestone dimension. It
would be interesting to further explore this direction to pin down when no-regret learning is possible.

2. O(T"/?) regret under bandit feedback. Bernasconi et al. [6] obtain O(T"/2) regret when
learning in non-contextual Stackelberg games under bandit feedback against an adversarially-chosen
sequence of follower types via a reduction to adversarial linear bandits. However, applying
similar steps to |Bernasconi et al.| in our setting results in a reduction to a generalization of the
(adversarial) contextual bandit problem for which we are not aware of any regret minimizing
algorithm. Nevertheless, we view exploring whether O(Tl/ 2) contextual Stackelberg regret is
possible under bandit feedback as a natural and exciting future direction.

%We hypothesize that our results in this section could be extended to hold against an adaptive adversary by
using more clever exploration strategies.
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A Appendix for Section [3; On the impossibility of fully adversarial no-regret

learning
Theorem 3.2. If an adversary can choose both the sequence of contexts z1, . . . , zp and the sequence
of followers f1,. .., fr, no algorithm can achieve better than Q(T') contextual Stackelberg regret in

expectation over the internal randomness of the algorithm, even when 7* is restricted to come from
the set of linear thresholding functions.

Proof. We proceed via proof by contradiction. Assume that there exists an algorithm ALG which
achieves o(T') contextual Stackelberg regret against an adversarially-chosen sequence of contexts and
follower types. Note that at every time-step, ALG takes as input a context z; and produces a mixed
strategy X;.

We now describe the family of contextual Stackelberg game instances we reduce to. Consider

the setting in which there are two follower types (a!) and a(?) and two leader/follower actions
(A= Ay ={a1,a2}). Suppose that the context space is of the form Z = [0, 1], and that regardless
of the realized context or leader mixed strategy, the best-response of follower type (1) is to play
action a; (b, (2,X) = ay, Vz € Z,x € X) and the best-response of follower type a(?) is to play
action ag (b2 (z,X) = ag, Vz € Z,x € X). Since the follower’s best-response does not depend on
the leader’s mixed strategy or the context, we use the shorthand by, := by, (2, x;). Finally, suppose
that the leader’s utility function is given by u(z, a;,ay) = 1{a; = as}. Note that this is a special
case of our general setting (described in Section [2).

The reduction from online linear thresholding proceeds as follows. In each round ¢ € [T7,

1. Given a point w; € [0, 1], we give the context z; = w; as input to ALG.
2. In return, we receive mixed strategy x; € A({a1,az}) from ALG. We set g; = x; [I]E]

3. Play according to g;, and receive label y; and utility uorr(wt, g¢) from Nature. Give

follower type
faW if g =1
L {a@) if yp=-1
and utility w(z;, x¢, by,) = x4[1] - 1{by, = a1} + x;[2] - 1{by, = a2} as input to ALG.

Observe that under this reduction,
T (z) = [10]T if 2> s and
[0 1]T otherwise.

@

since if z > s, f; = a(!) and otherwise f; = o). By playing according to 7*, we can ensure that
u(zy, m(2),by,) = 1forall t € [T]. ©* must then be optimal, because 1 is the largest possible
per-round utility that the leader can receive.

Since ALG achieves no-contextual-Stackelberg-regret, we know by Definition 2.3] that
T
R(T) = Zu(zt,w*(zt), by,) — u(ze, x¢,by,) = o(T). 3)
t=1
To conclude, it suffices to show that Rorr(T) = o(T') using Equation (2) and Equation (3). Apply-
ing Equation (2)), we see that

=
=

I

~

|
MH

O[] - 1{bg, = a1} +x4[2] - 1{by, = as}). @
t=1

By construction, 1{by, = a1} = 1I{y; = 1}, 1{by, = as} = L{yx = —1}, x¢[1] = g4, and

x¢[2] = 1 — g;. Substituting this into Equation (), we see that

T
R(T) =T = (g:- {yr = 1} + (1 = g,) - I{ys = —1}) =: Rorr(T). (%)
=1

"Observe that x;[2] = 1 — gs.
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By Equation (3) and Equation (5), we can conclude that Rorr(T) = o(T). However, this is a
contradiction since no no-regret learning algorithm exists for the online linear thresholding problem
by Lemma [3.1] Therefore it must not be possible to achieve no-contextual-Stackelberg-regret
whenever the sequence of contexts and follower types is chosen by an adversary.

O

B Appendix for Section d: Limiting the power of the adversary

Lemma 4.4. For any sequence of followers f1, ... fr and any leader policy w, there exists a policy
78 1 Z — UyezE&, that, when given context z, plays a mixed strategy in £, and guarantees

that ZtT:l w(ze, m(24), by, (24, (21))) — (2, &) (z,), by, (24, 1) (z,))) < 1. Moreover, the same
result holds in expectation over any distribution over follower types F.

Proof. Observe that for any z,

7" (z) := arg max ]l{zt =z} Z u(z, a, by, (z,%))
xEA(A; ) areA,
K T _
ang s 3" - sl b (5.30) 31 = 3.5y = )
x Vsl ae A, t=1

The solution to the above optimization may be obtained by first solving

Xa1;K(Z) = arg erg%ﬁ Z Z Z a’l7a'(i)) :
x 1)

i=1 a;€A; t=1

] =

s.t. by (z,x) = a' Vi € [K]

(6
for every possible setting of a(!), ..., a®), and then taking the maximum of all feasible solutions.
Since Equation @ is an optimization over contextual best-response region X, (a(), ... a¥)) and

all contextual best-response regions are convex polytopes, 7*(z) will be an extreme point of some
contextual best-response region, although it may not be attained. Overloading notation, let X, (7*(z))
denote the contextual best-response region corresponding to 7*(z), i.e., 7(z) € X,(n*(z)). Since
for a fixed context z € Z the leader’s utility is a linear function of x over the convex polytope
X, (7*(2)), there exists a point x(z) € cl(X,(7*(z))) such that

Zu(z,x(z), by, (z,7*(2z))) - 1{z; = 2}

t=1

z),by (2,7 (2))) - {z; = z}.

HMH

Let x'(z) denote the corresponding point in &, such that ||x'(z) — x(z)||1 < d. (Such a point will
always exist by Definition ) Since u € [0, 1] and is linear in x for a fixed context and follower
best-response,

M=

Zu z),by,(2,%'(2))) - I{z; = 2} = Y u(z,x'(2),by,(2,7%(2))) - 1{z; = 2}

~
Il

1

(u(z,%(2), by, (2,7%(2))) = 0) - 1{z; = 2}

M=

w
Il
—

M=

(u(z, 7" (2), b5, (2,77 (2))) = 0) - I{zs = 2}

o~
Il
-

Summing over all unique z encountered by the algorithm over 7" time-steps, we obtain the desired
result for the policy 7(€) which plays mixed strategy 7()(z) = x/(z) when given context z. Finally,
observe that the same line of reasoning holds whenever we are interested in the optimal policy in
expectation with respect to some distribution F over followers, as is the case in, e.g. Section[4.1] (with

23:1 1{z; = z, f; = o)} replaced with P(f = a(9)). -

1{z; =z, f; = oV}



B.1 Section[d.1: Stochastic follower types and adversarial contexts

Theorem 4.6. Let p(z,x) := [p(by, (z,%x) = af)]afeAEmll)dpt<z ,X) = [pe(by, (2,%) = af)]a,ea;-

The expected contextual Stackelberg regret (Definition of Algorithm/[l] satisfies
T
E[R(T) <142 By, g, ,[TV(p(zi, 7 (20)), P20, 75 (2))+TV (P21, 71 (20)), i (22, 7 (22))))-
t=1

Proof of Theorem[.6] Forany z € Z and t € [T7],

Eqlu(z, 7 (2),bs (2,7 (2)))] < Eilu(z, (), by (2, 71(2)))]
+ Eifu(z, mi(2), by (2, 71(2)))] — Edlu(z, m(2), by (2, 70(2)))]-

Since utilities are bounded in [0, 1] and the expectations E; and I@t are taken with respect to p and p;
respectively, we can upper-bound E;[u(z, 7(2), br(z, m(2)))] — Ei[u(z, m¢(2), bs (2, m:(2)))] by

/ |dpi(2,7(2)) — dpi (2, m(2))| = 2TV (p(2, 7:(2)), Pe(2, 7 (2)))-
Putting everything together, we get that

Eyfu(z, ) (2), by (2,7 (2)))] < Euilu(z, m1(2), by (2, 70(2)))]+2TV (p(2, 71(2)), B (2, 7(2))).
We now use this fact to bound the expected regret. By Lemma4.4]

E[R(T) <1+ ZEﬁ gz, 78 (20), by, (2, 7 (20)) — wlze, mo(20), b, (20, 70 (20))]
t=1
T

<1+ ZEfly“wftfl [Et[u<zt’ W(g)(zt)’ bft (Zt’ 77(8) (Zt)))]

t=1
— Eifu(z, 7 (2), by, (2,7 (2)))] + 2TV (p(z, 7:(2)), B (2. 7:(2)))].
By repeating the same steps as above, we can upper-bound
Eqfu(ze, 7 (20), by (20,79 (20)))] = Eelu(z, 79 (2), by (2,7 (2)))]
by 2TV (p(z¢, 7€), Pt (z¢, 7(€))). This gets us the desired result. O

Corollary 4.7. If B: = {p:(fe = a)}icix), Prsa(f = @) = 37 1{fr = o}, and
pi(f=a®) = + fori € [K], then the regret ofAlgorithmsatisﬁes E[R(T)] = O(K /T log(T)).

Proof. Fort > 2,

K

1 ~ i
TV(p(z,x), P+(z,x) 5;% fo=0D) = pi(fe = o)
1 K t—1
2 [ =0 -]
=1 =
for any z € Z and x € X. By Hoeffding’s inequality, we know that
t—1
1 log(2T
Y M a0} ~ B 1o} < 20/ 222D
T=1

simultaneously for all ¢ € [T] and i € [K], with probability at least 1 — . Dropping the dependence
of p, p: on z and x, we can conclude that

log(2T) 1

p:)] <
]Ef1w~~aft71[TV(p7pt)] — K t o 1 2T

16



(since K < T), and so

ER(T)] <1+4> K ( lotg(_Q? + ;T) =0 (K Tlog(T)) .

O

Corollary 4.8. If pPi(z,x) = {Pt(Loero—as)) taseas  Pr1(Ligeo—a)) =
%23:1 by (z,x) = a}, and p1(Liyen—q) = Aif for ay € Ay, then the regret of Al-

gorithmsatisﬁes E[R(T)] = O(A;+/Tlog(T)).

Proof. Fort > 2,

TV(p(z,x), pi(z,%) Z 1Pt (L (20 =q)) — Pt(L((z0=q))|
aE.Af
) | !
=3 > Pl pam—ay) — -1 > 1{by. (z,%) = a}|
acAy T=1
1 1|
=3 > 1 > Uby, (2,%) = a} — Ey, [1{by, (2,%) = a}]
a€Ay =1

for any z € Z, x € X. By Hoeffding’s inequality,

= S by, (%) = a} — By, [0y, (2.%) = a}| <2

log(2T)
t—1

simultaneously for all ¢ € [T'] and i € [K], with probability at least 1 — . Using this fact, we can
conclude that

log(2T) 1

Eflw*wft—l [TV(p(Z?X)vﬁt(Z7X))] S Af t— 1 2T

(since K < T) and

E[R( <1+4Z< log )+;T>

<34 4A45/log(2T / —dt
:O(Af\/Tlog )

B.2 Section[d.2} Stochastic contexts and adversarial follower types

The following regret guarantee for Hedge is a well-known result. (See, e.g. Gupta [[L1].)
Lemma B.1. Hedge enjoys expected regret rate O(/T log n) when there are n actions, the learning

rate is chosen to be n = 4/ 1052”, and the sequence of utilities for each arm are chosen by an

adversary.

Lemma 4.10. When the sequence of contexts is determined stochastically, the expected utility of any
fixed policy m may be written as

T K T
Lo [Z w(zi, m(24), by, (Ztﬂf(zt)))] = Eulu(z, (), boo (2,7(2)))] (ZEzl ..... o [ IS = a(i)}]> :

i=1

17



Proof. For any fixed policy T,

M=

T
IEzl,.‘.,zT Z u(zt7 W(Zt)7 bft (Zt7 7T(Zt)))‘| =

t=1

K
Ezl,‘..,zt [ZU Z¢, T a( )(Zt7 ( t)))]l{ft = a(i)}‘|

t=1

K
3 Ea fu(zt, 7(21), boco (2, 7(20)|Eay sy, [1{f = a@}]

=1

[l
= \TM%

1
where the second line uses the fact that f; cannot depend on z;, and the result follows from the fact
that z1, ...,z are i.i.d. O]

Theorem 4.11. IfQ = {w : w € AR T wli] e N,Vi € [K]|} andn =/ logn thenAlgortthm
obtains expected contextual Stackelberg regret (Deﬁnition E[R(T)] = (\/K TlogT + K )

Proof. By Lemmaf4.4]

T
E[R(T)] = Eq, ... or [Zuzfv (20), by, (20,7 (Zt)))U(Zt,m(Zt),bft(Zt,m(Zt)))]

T
Ez,.....zr [ZU 20,75 (24), by, (2, 7 (2))) — w(ze, me(20), by, (20, 70 (20))) | + 1
t=1

Let 7(«") denote the optimal-in-hindsight policy in II.
T

E[R(T)] < Es, . zr lZU(ZtaW(“’*)(Zt)vbﬁ (2, 7“7 (20))) — ul2e, mi(20), by, (Ztﬂrt(zt)))]

t=1

T
+Eqa.,...20 [Z w(z, 7€) (24), by, (20, 7 (24))) — w(ze, 7“7 (24), by, (20, 7@ (20))) | + 1
t=1
To conclude, it suffices to bound the discretization error, as
T
Ear....ur [Zum,ww(zt),bﬁ (20, 7 (20))) = (e, mi(20), by, (2, ma () | < O (/T Tog M)
t=1

which follows from applying the standard regret guarantee of Hedge (Lemma [B.T]in the Appendix).
Applying Lemma [4.10]

EZ1,--<7ZT [Z U(Zt7 W(S)(Zt)v bft (Zt’ 7‘-(5) (Zt))) - u(ztv W(w*)(zt)v bft (Zt’ W(w*) (Zt)))]

t=1

I
]~

(B, [u(z, 7 (2), by (2, 7 (2))) — u(z, 7 (2), b (2, 7“7 (2)))]) (Z Ea,....z0 . [1{f: = a@)}])
t=1

<.
Il
_

L

<
Il
—

T
Ey[u(z, 7% (2), by (2,7 (2)))] - (Z Egpms [L{fr =P} =T w*[i])

t=1

n
] =

T
E, [u(z77‘—(w*)(z)v o (Z, W(w*)(z)))] ' < ZEZI HZt—1 ]l{ft = a( )}>

1 t=1

.
Il

where the 1nequa11ty follows from adding and subtracting Z LB u(z, 7€)(2), by (2,76 (2)))] -

T - w*[i] and Zi:l E,[u(z, 7)) (z), b, (2, 7@ ) (2)))] - T w™*[i]. Finally, we can upper-bound
the discretization error by

QZ

by using the fact that the sender’s utility is bounded in [0, 1]. Piecing everything together and
observing that |TI| < T gives us the desired regret guarantee.

<2K

T
T i) = Y Eay ooy [ e = @1V)]
t=1

18



C Appendix for Section [S: Extension to bandit feedback

C.1 Stochastic follower types and adversarial contexts

Recall from Sectionthat Lige=a;) € {0,1}¥ is the indicator vector whose i-th component is

1{o™ (aD) =q 1}, i.e. the indicator that a follower of type a( best-responds to mixed strategy x
by playing action a . For any fixed policy 7, we can write the sender’s expected utility in round ¢ as

Ey, [u(z, w(z:), by, (w(2)] = D u(ze,w(z),ap) - plbyp(n(z)) = ay)
afEAf

= Y wlz,m(z),ap) (L pren—a,))
apCAf

where p(by(m(z)) = ay) := Eyor[1{bs(2z) = ay}], the first line follows from the assumption of a

non-adaptive adversary, the second line follows from the fact that f;, ..., f7 are drawn i.i.d., and
K .
p(bs(n(2) = ay) = p(L(pr—a,)) = Y Wbaw (7(2)) = as} - P(f = o),
i=1

where P(f = (%) is the probability that follower f is of type (*). Note that P(L (gt —q,)) (and
therefore E, [u(z¢, w(2¢), by, (m(2¢)))]) is linear in 1, (x(z0))—q )

Given this reformulation, a natural approach is to estimate p(]l(a(mt)):af)) as ﬁ(]l(,,(w(zt)):af)) and
act greedily with respect to our estimate, like we did in Section To do so, we define the set
W = {1(g=q,) | Yay € Aj, o € ¥} and estimate p(b) for every element b in the barycentric

spanner B := {b("), ... b)} of W[

We estimate p(b) as follows: For every b € B, there must be a mixed strategy x(®) and follower

action a(® such that b = ]l(ax(w —a®) Therefore, if the leader plays mixed strategy x(P) N times,

we set p(b) = & 3, ciny 1{bs, (x™) = a®}. Given estimates {B(b)}bes, We can estimate
P(L(ge0—q,) forany x € € and ay € Ay as

K
P oeo—ay) = D Aillpe=a,y) - PBD),
i=1
where \; (L, 00—q,)) € [~1,1] for i € [K] are the coefficients from the barycentric spanner] | Note
that this is an unbiased estimator, due to the fact that p(1 (09)=a f)) is a linear function.

Algorithm plays each mixed strategy x(®) for b € B N > 0 times in order to obtain an estimate
of each p(b) It then uses these estimates to construct estimates for all 1(;0—,,) (and therefore

also E [u(z,x, by(x))] forall x € £ and z € Z). Finally, in the remaining rounds Algorithm 3|acts
greedily with respect to its estimate, much like in Algorithm [I]

2/3,,02/3 1. 1/3
Theorem C.1. [f N = O ( 2 _le (D

of Algorithm 3|(Definition satisfies

), then the expected contextual Stackelberg regret

E[R(T)] = O (K2/3Af/ 372/3 1og1/3(T)) .

Proof Sketch. The key step in our analysis is to show that for any best-response function o € ¥ and
follower action ay € Ay, Var(p(L(y—q,))) < & (Lemma . Using this fact, we can bound the
cumulative total variation distance between p(1 (<) —, f) and p(]l(o(xt>:a ; )) for any sequence of
mixed strategies and follower actions in the “exploit” phase (Lemma|C.3). The rest of the analysis
follows similarly to the proof of Corollary O

12See Section 6.3 of Balcan et al. 5] for details on how to compute this barycentric spanner.
For more details, see Proposition 2.2 in Awerbuch and Kleinberg [4]).
'4In other words, we ignore the context in the “explore” rounds.
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C.2 Stochastic contexts and adversarial follower types

We now turn our attention to learning under bandit feedback when the sequence of contexts is chosen
stochastically and the choice of follower type is adversarial. While we still use barycentric spanners
to estimate {{P(1(5(0—q,))}ase; }xece, We can no longer do all of our exploration “up front” like
in Appendix [C.I|because the follower types are now adversarially chosen. Instead, we follow the
technique of Balcan et al. [5] and split the time horizon into Z consecutive, evenly-sized blocks.

In block B, we pick a random time-step to estimate pT(]l(o_(x(b)):a(b))), i.e. the probability that a

follower in block B, best-responds to mixed strategy x(®) by playing action a(), for every element
in our barycentric spanner B. If whenever the leader plays x(P) the follower best-responds with
action a(®, we set ]37(11(0(,((1))):&(,)))) = 1. Otherwise we set ﬁT(l(a(x<b>):a<b))) = 0. Since the
time-step in which we play x(?) is chosen uniformly from all time-steps in B, p, (1 (J(x(b)):a(b)))
is an unbiased estimate of pT(]l(g(x<b)):a(b))). While ﬁT(]l(g(x<b)):a(b>)) no longer has low variance
since it must be recomputed separately for every block B, it is still bounded. Therefore, we can use
our estimates {p, (1 (O_(x(b)):a(b)))}be B, along with the corresponding linear coefficients from the

barycentric spanner, to get a bounded (and unbiased) estimate for every p(]l((,(x>:a f)).

Once we have estimates for {{p, (L(ot0=q f))}af €A, Yxee» we proceed via a reduction to Algorithm
In particular, in every block B, we use our estimates {{Pr(1(y(0—a,))}aseA, }xee to construct
an (unbiased and bounded) estimate of the average utility for all policies in our finite policy class
II during block B.. At the end of each block, we feed this estimate into the Hedge update step,
which updates the weights of all policies for the next block. Finally, when we are not exploring
(i.e. estimating pT(]l(U(x(m):a(b))) for some b € B), we sample the leader’s policy according to

the distribution over policies given by Hedge from the previous block. This process is summarized
in Algorithm[4]

Theorem C.2. If N = O(Tz/?’Ajc/3 log!/? T), then Algorithmobtains expected contextual Stack-
elberg regret (Definition

BIR(T)] < O (KA T2/ 10g (1))

Proof Sketch. The analysis proceeds similarly to the analysis of Theorem 6.1 in Balcan et al. [S]. We
highlight the key differences here. The first key difference is that while Balcan et al. [5] play Hedge
over a finite set of leader strategies, we play Hedge over a finite set of leader policies, each of which
map to one of finitely-many leader strategies for a given context. Second, unlike in Balcan et al. [S]] it
is not sufficient to only estimate {{pT(]l(U<x>:a f))}a €A, }xee to obtain an unbiased estimate of the
utility of each policy in II in each time block—we must also specify a context (or set of contexts)
to use in our estimator. We show that it suffices to select a context uniformly at random from the
contexts {z; }+c g encountered in the block. O

C.3 Proofs for Appendix|[C.1} Stochastic follower types and adversarial contexts

2l

Lemma C.3. Forany oy € X and ay € Ay, Var(p(1(g=a,))) <
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Algorithm 3: Learning with stochastic follower types: bandit feedback
Let B = {b(!) ... b} be the Barycentric spanner of W
fori=1,..., K do

forr=1,...,Ndo

Play mixed strategy x®)_observe best-response as,_,) v,

end

Compute (b)) = £ YN, 1{b,, (x®™)) = o™}
end
Compute p(1(g—q,)) = ZK Ai(Lig=a;)) - p(b®) forallo € ¥, ay € Ay
fort=K-N+1,...,Tdo

Observe context z;, commit to mixed strategy

x; = T(2¢) = arg maxxeg ZafeAf P(L(p00—a,)) - ulze, %, ay).
end

Proof.

Var(f)\(]l(a af))) E[(ﬁ(ld af)) 2] Lp( (o= af))]
=E[(p(L(o=a;)))’] = P*(L(o=a,))

K 2
- (ZAJ(M; o)D) || = (Lo=ay)

+ Z ] Z .)\i(l(ﬂzaf)))‘J(]]-(a a )) (b( )) (b(J)) _pQ(]]-(a:af))

K K
£330 ML) Xy (Lo EBOFBY)) = 5 (Lo )

Observe that since (1) the follower in each round is drawn independently from F and (2) the rounds
used to compute 5(b(?)) do not overlap with the rounds used to compute 5(b(?)) for j # i, p(b(®)
and (b)) are independent random variables for j # i. Therefore

K
Var(ﬁ(l(azaf))) = Z A?(l(a:af))E[f)Q(b(J))}

j=1
K K ' .

+ Z Z /\i(]]'(a':af)))\j(]]‘(U:af))p(b(l))p(b(J)) _p2(]]-(¢7:af))'
i=1j=1,j#i
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We now turn our focus to E[p?(b())]. Observe that

N 2
~ ] 1 @ b
) < | ( 38t ) = )
T=1
— LE ZN: XN: ]l{b ( (b)) _ (b(j)))} ) ]l{b ( (b)) _ (b(j)))}
- N? S £, (xP) = ay
T=17'=1
1 . _
= 3 (V- p(b) + N(V — 1)p* (b))

Plugging this into our expression for Var(p(1(y—a,))), we see that

K
Var(p(1(p=a;))) = ! ZA?(R(a:af))(p(b(j)) + (N —1)p%(bW)))

N
K K . ,
+ Z 4 > ')\i(]l(":af)))\j(]l(f’:a.f))p(b(l))p(b(j)) —P*(Lo=ay))

Q
Il
_
<
Il
_
&,
S
g

n
M= ==
] >

@
Il
-
.
I
-

A (L(o—ay))(p(bY)) — p*(bU)))

Wk

<.
Il
—_

Ai(Liozap)Aj (Lioma))p(b)p(0)) — p?(1(r—q,))

Aj(]‘(a:af))p(b(j)) . )\j(]]‘(o':af))(l 7p(b(J)))

I
=2l=

<
Il
—

2
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where the last line follows from the fact that A\j(1(;—4,)) € [~1, 1] and p(b)) € [0, 1]. O

Lemma C4. Foranyz € Z,

Z p(]l(a(*(z)):af)) : U(Z, %(Z)’ le) > Z ﬁ(]l(g(w(‘S)(z)):af)) : U(Z, 77(5) (Z)7 CLf)
afeAf a_fE.Af

= D 1@ ae—ay) = PLG@n—a)|-
ay€Af
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Proof. By the definition of 7,

> ﬁ(]l(gms)(z)):af))'U(Zvﬂ(g)(z),af) < Y I Ger—a,) ulz,7(2), af)

ap€Af af€EAf
= Y p(LeGen=a,) - u(z,7(z),af)
apCAf
+ Z (P(L(gren=as)) — P(LeEen—a,))) - u(z,7(2z),ar)
ayEAy
< Z p(]]'(a(ﬂz)):af)) : U(Z, 7/T\-(Z)a (lf)
apEAf
+ Y P paen—a,) = P(L@e—a))|-
arEAf
the desired result may be obtained by rearranging terms. O
Lemma C.5. For any sequence of mixed strategies XN +1, - - -, XT,

T
N Klog(T)
) 1P go—ay)) = P(Ligixir—ay)| < 245T N
t=NK+1 afE.Af

with probability at least 1 — %

Proof. By Lemmal|C.3|and a Hoeffding bound, we have that

2K log(1/6)

P(L(o=a;)) — P(L(o=ay))| < ~

with probability at least 1 — 0, for any particular (o, ay) pair. Taking a union bound over the
randomness in estimating p(b(1)), ..., p(b(5)), we see that

2K log(K/9)

‘ﬁ(]]-(o:af)) _p(]]-(ozaf))| < N

with probability at least 1 — ¢, simultaneously for all (o, as). The desired result follows by summing
over T and Ay, and setting § = 7. O

A%/3T?/3 10g1/3(T)
Theorem C.1. I[f N = O fK1/3>, then the expected contextual Stackelberg regret
of Algorithm 3| (Definition satisfies

E[R(T)] = O (K2/3Af/ 372/3 1og1/3(T)) .
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Proof.

T
E[R(T)] ==Ky, . fr~r lzu z4, ™ (24), bs, (77 (24))) — U(Zt,ﬂt(Zt),bﬁ(ﬂt(Zt)))]

t=1

SI+Ep o frnr lzu 20,1 (240), b5, (1) (1)) — u(ztaﬂ't(zt)7bft(ﬂ-t(zt)))‘|

t=1

T
<1+ KN +EfKN+1,~~7fT~]: [ Z U(Ztaﬂ-(g)(zt)?bft (F(g)(zt)» - U’(Zt7%(zt)’bft (%(Zt)))‘|
t=KN+1

=14+ KN +E; 7

T
Dz, (2), by () (20))) — ulze, F(a), bf(?(Zt)))]

t=KN+1

=1+KN+E; 7 Z Y wlz, O (z),ap) - 1{bp (' () = ay}

t=KN+1lascAy

— (2, 7(2), @ )'l{bf(A( 1)) = as}]

=1+ KN —+ Z Z Zt, ),af> 'p(]l(o(ww(zt)):af)) - u(zb%(zt),af) 'p(]]'(a(*(zt)):af))
t=NK+1asEA;

By Lemma|[C.4}

T
E[R(T)] < 1+ KN + Z Z u(zta ﬁ(g)(zt)7af)(p(]l(g(w(f)(z”):af)) - ﬁ(]l(g(ﬂ(g)(zt)):af)))
t=NK+1 afGAf ’

£ YT Blliserman) Py

t=NK+1lascA;
T

<1+ KN + Z Z |I/’\(]l(g(w<5><zf,>):af)) 7p(]1(o<"(5)(zf”=af))|
t=NK+laseAs

T
+ Z Z IP(L(oen—a;)) = P(L(eGEn)=a,))]

t=NK+1 afEAf

Klog(T
<3+ KN + 44,7,/ KledD)
N
where the last line follows from Lemma [C.5] The desired result follows by the setting of N. O

C.4 Proofs for Appendix[C.2} Stochastic contexts and adversarial follower types

Definition C.6. Let u-(m) = 3., 4, w(zr,7(2:),af) - pr(ligtrerr=ay)) and Ur(m) =
Dasen, Wz, m(zr),a5) - Z]K=1 Aj(L(grtern—a;)) - Dr (b)), where z, ~ Unif{z, : t € B,},
B = {bM) ... b)Y is the Barycentric spanner for W, and p(b) = 1 Ibf,m (x(P)) = agcb) and
p(b) = 0 otherwise.

Lemma C.7. For any fixed policy m By, , Elur(7)] = E, plu(m) =
E, ~p [EafeAf u(zr, m(2z7r),af) - pr(Ligrar—a,))|, where the second expectation is taken over

the randomness in selecting the explore time-steps and in drawing z. ~ Unif{z; : t € B.}.
Moreover, U, (m) € [-KAy, KAy].
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Algorithm 4: Learning with stochastic contexts: bandit feedback

Consider IT := {7(“)} ,cq

Let qu[7(“)] := 1, py [7(«)] := ﬁ for all 7(«) e II

Let B = {b(") ... b} be the Barycentric spanner of W
forr=1,...,Zdo
Choose random perturbation over B and explore time-steps in B, uniformly at random
Choose a time-step in B, uniformly at random whose context will be used as z-
fort € B, do
If ¢ is an explore time-step, play the corresponding mixed strategy x(P*) in B. If
ay, = a®), set p,(b;) = 1. Otherwise, set p, (b;) = 0.
Otherwise (¢ is an exploit round), sample 7y ~ p¢, ;1 ~ 7 (2¢).

end
For each policy 7(“) € I, compute
9 w)] . K =~ L w
L[] = — Dared; 2zt Ai(L(gre=a;)) ) - u(z,, 7 (z,), a).

Set g1 [7(“)] = exp (—77 Yora 2, [W(“)}) and
Pea1[t@)] = Qi [7)]/ S rehen dit [ﬂ(w/)].

end
Proof.
K .
Eayicn, Blir(m)] = Eipyen B | Y w(ze,m(20),a5) - Y Aj(Lptrtzrn—a,) - Br (b))
afEAy j=1

=E(z}c5, Bz, ~Unif{z,:te B, } Z u(zr, awzm:af))'E[Ar(b(j))]
Lar€AS

m(2r),a5) -
m(27),az) -

<
—

K
ZAj(ﬂ(
K
ZAj(ﬂ(

=E(z.},en, Bz, ~Unit{z.:teB,} Z u(zr, g<«<z7>>:af))'p7(b(j))

ay€Af

<
—

=E(z.},en, Bz, ~Unit{z.:teB,} Z w(zr, m(2r),af) - pr(L(gtrern—a,))
_afG.Af

= EZTNP Z U(Z-,—, 7T(Z‘r)a af) . pT(]l(g(W(zT)):af)) = ]EZTNP [U-,—(?T)]
apEAf

The following lemma is analogous to Equation (1) in Balcan et al. [5].

Lemma C.8.
N
Eypy...zn~P ZuT(W(g)) — Eu,(n;)| < +/Nxlog |
T=1

where Ry, is an upper-bound on the regret of (full-information) Hedge which takes as input a
sequence of N losses/utilities which are bounded in [—k, k] and are parameterized by z1, . . . , Zy.
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Proof.

T7=17mell g
N
= Eaian~?B | D D prlm] - r(m)
T=17mell
N
> E,, ... zy~PE |max Ur(m) — Ry s
well
T=1
N
>Ey . an~p |maxE Ur(7)| — Ry
mell ‘
p—

where the first line uses Lemma @ and the fact that z1,...,zp ~ P are i.i.d., and Ry , is the
regret of Hedge after NV time-steps when losses are bounded in [—, x]. Rearranging terms and using

the fact that the expected regret of Hedge after IV time-steps is at most 1/ Nk log |II| gets us the
desired result. O

Theorem C.2. If N = O(T?%/ 3A}/ 3 logl/ 3 T), then Algorithmobtains expected contextual Stack-
elberg regret (Definition

E[R(T)] < O (KAY T/ 10g'/*(T)).

Proof.

E[R(T)] := EE,,, _zr~p lzu z4, ™ (24), by, (77 (24))) —u(Ztam(Zt),bft(ﬂt(Zt)))]
t=1

<1+ER,,  app lzu 2, ™) (20), by, (1) (20))) — u(ze, 7e(24), by, (m(Zt)))}

t=1

Mz

=14+EE;, .. 27~P [ u(z n(€ )(Zt) by, (m (m (g)(zt))) - U(Ztaﬂt(zt)7bft (Wt(zt)))l

Il
-
-

T €B,

Mz

S 1+ KN+ EEZ1,...,ZTNP [ u Zta (Zt)a bft (71—(5) (Zt))) - U’(Ztvﬂ—‘r(zt)a bft (WT(Zt)))]

T=1t€B,

26



N
=1+ KN +EE,, opnp | DD Y wlz, 7 (z),ap) - 1{bs, (7O (z0)) = ay}
T=1t€Br ay €Ay

— w(ze, mr(20),a) - Wby, (w7 (24)) = ay}]

N

= 1HKNFEY Earngsyio,  Brteniimnoe s, o | D D
=1 teB, afeAf

u(ze, 7 (20), ap) - oy, (19 (20)) = ag} — w(ze, mr(20), ar) - Lby, (7, (20)) = af}}
v -

=1+KN+ EZ]Ezl»---vzu—mspl|NP]EZTNP\le-J(r—l)-\Bpl\ Z Z
T=1 _ifEB.r afEAy

(e, 1 (2r), ap) - by, (79 (20)) = ag} — u(zr, 70 (27),a5) - by, (n-(27)) = af}}
N -

=14+ KN+ EZ]Em,m,Z(T_l).\B,,1|~7’]EZT~P\Z1 ,,,,, 2r—1).15, 4] Z w(zr, 7€) (2,),a)
=1 _afE_Af

’ (Z 1{by, (77(5) (zr)) = af]’) — u(Zr, 7 (27), af) - <Z 1{by, (- (27)) = af}>]

teB, teB,

where the second line follows from Lemma4.4] the third from splitting the time horizon into blocks,
the fourth from loss due to exploration, the fifth due to reformulating the reward as a function of
different follower actions, the sixth due to linearity of expectation, and the seventh line follows from

the fact that (1) 7, is independent of z; for all t € B, and (2) z4, ...,z are independent.
N
E[R(T)] S 1 +KN+BEZEzl,...,Z(T_l).|BT71"\/'PEZTN'P|Z1 ..... Z(T71>"BT—1| Z U<Z7—77T(€)(Z7—),af)
=1 afG.Af
1 1
~ <B| 3 1 (7O = am) — u(zr, 7 (27) ) - (|B| > by, (wr(2r)) =af}>]
T teB, ™l teB,
=1+KN
N
+BEZEZ1 ..... Z(T—])~|BT_1‘NPEZTNplzl7---7Z(T—1)»‘BT71| Z u(ZT?ﬂ—(S)(ZT)’af) .p'r(]]‘(g—(ﬂ'(g)):af))
=1 afEAf

— (ze, Tr(20),05)  Pr (L gtereo—a)|
N
<1+ KN+BEY Eu ui 15 ~PBanPlorzio 1y in,

T=1

| [ur (W(s)) — ur(mr)]

1

N
=1+ KN+ B-Ey, _aynp [Z ur (7)) — EuT(m]

T=1

<1+KN+B-/NKAylog I

Ay log(T)
N

where the first line comes from multiplying and dividing by |B;|, the second line comes from the
definition of p,, the third from the definition of u, the fourth follows from linearity of expectation
and the fact that z, . .., zp are i.i.d., the fifth follows from applying Lemma|C.8] and the sixth line
follows from the definition of B and the fact that [IT| < NX. Setting N gets us the final result. [

<1+KN+TK-
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]
Justification:
Guidelines:

e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification:
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification:

Guidelines:

The answer NA means that the paper does not include theoretical results.

All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

All assumptions should be clearly stated or referenced in the statement of any theorems.
The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [NA]
Justification:

Guidelines:

The answer NA means that the paper does not include experiments.
If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: [NA]
Justification:
Guidelines:

* The answer NA means that paper does not include experiments requiring code.
* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

¢ The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

 The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [NA]
Justification:
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

¢ The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [NA]
Justification:
Guidelines:

» The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.
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8.

10.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CIL, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [NA]
Justification:
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification:
Guidelines:

* The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]

Justification: As our work is theoretical, there are no positive or negative societal impacts.
However, we hope that our work will one day lead to the design and implementation of
better algorithms for solving Stackelberg security games in practice, which would have a
positive societal impact in domains such as airport security and the protection of wildlife
against poaching.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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12.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification:
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification:
Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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13.

14.

15.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification:
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification:
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
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Justification:
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
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