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Abstract

Game-theoretic solution concepts provide a sound notion of rational behavior in
multiagent settings. To operationalize them, they have to be accompanied by tech-
niques to compute equilibria. We study the computation of equilibria for extensive-
form games, a broad game class that can model sequential interaction, imperfect in-
formation, and outcome uncertainty. Equilibrium computation in large-scale extensive-
form games typically relies on two complementary methods: abstraction and itera-
tive equilibrium-finding algorithms. We present new algorithmic and structural re-
sults for both methods.

For abstraction, we develop new theoretical guarantees on the solution quality
of equilibria computed in abstractions. We establish new results for several types of
games and abstractions: discrete and continuous extensive-form games, and perfect
and imperfect-recall abstractions. For all settings, our results are the first algorithm-
agnostic solution-quality guarantees. Additionally, even in the case of algorithm-
specific guarantees, our approach leads to exponentially stronger bounds than prior
results, and extend to more general games and abstractions.

For equilibrium computation, we focus on two-player zero-sum Nash equilib-
rium computation via convex optimization. We consider a smoothing method based
on a dilated entropy function. We prove bounds on the strong convexity and polytope
diameter associated with this function that are significantly stronger, and more gen-
eral, than bounds for prior smoothing methods. This leads to the state-of-the-art in
convergence rate for iterative methods for computing a Nash equilibrium. In particu-
lar, we obtain the first convergence rate that generalizes the well-known logarithmic
dependence on dimension in the matrix-game setting. In GPU-based experiments on
large-scale real-world games we show that our methods lead to a convergence rate
that beats all but the fastest practical method. We extend our smoothing approach to
the computation of approximate Nash equilibrium refinements as well.

Finally, we investigate a number of new extensive-form game models. We de-
velop new solution concepts and associated algorithmic results for games where
opponents have limited lookahead. We then initiate the study of robust Stackelberg
extensive-form games. We develop algorithms for computing solutions and classify
the computational complexity of the problem.
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Chapter 1

Introduction

Game-theoretic solution concepts provide a sound notion of rational behavior in multiagent set-
tings. To operationalize equilibria, they have to be accompanied by computational techniques for
identifying them. Thus, equilibrium computation has emerged as a central topic in economics
and computation [42,148. 149,154,168, 181,93}, 112,(114}165,179]. In this thesis we focus mainly on
extensive-form games. Extensive-form games are a broad class of games that can model sequen-
tial and simultaneous moves, outcome uncertainty, and imperfect information. This includes
real-world settings such as negotiation, sequential auctions, security games [113} [125]], cyber-
security games [43, 51], recreational games such as poker [[148] and billiards [2], and certain
medical treatment settings [41]]

The primary benchmark for large-scale equilibrium-finding is the annual computer poker
competition (ACPC). Each year, research labs and individual hobbyists submit poker bots which
are faced off in competition. For many years, all of the most successful bots have been based on
equilibrium-finding techniques [1} 28} [148]. More specifically, these bots employ the following
technique: First, the game is abstracted to generate a smaller game. Then the abstract game is
solved for (near-)equilibrium. Then, the strategy from the abstract game is mapped back to the
original game. This process is shown pictorally in Figure[I.1} The figure suggests that an ¢'-Nash
equilibrium is obtained in the full game when using an e-Nash equilibrium from the abstraction.
Previous methods have no such guarantee on the quality of the equilibrium in the full game.
Furthermore, practical abstractions are so large that exact Nash equilibria cannot be computed,
even in the abstraction. Instead, fast iterative methods are applied, which converge to a Nash
equilibrium in the limit, while avoiding having to write down a model linear in the size of the
game tree.

This thesis explores and develops theoretical foundations for all steps of the solution process
described above. Chapter [3] develops state-of-the-art convergence rate bounds for fast iterative
solvers. Chapter ] ameliorates the lack of guarantees on abstraction solution quality by develop-
ing some of the first, and by far the strongest, bounds on solution quality.

In some contexts Nash equilibrium may not be a satisfactory solution concept, for example
it may not be sequentially rational, and thus fail to capitalize when opponents make mistakes.
This can be partially ameliorated by using Nash equilibrium refinements: refinements retain
the guarantees of a Nash equilibrium while giving additional rationality properties in subtrees
that are not reached in equilibrium. Chapters [5] develops scalable algorithms for computing

1



Real game

Abstracted game

(automated) abstraction i E

Equilibrium-
finding algorithm

Map to real game

?-Nash equilibrium e-Nash equilibrium
Figure 1.1: An overview of the general abstraction approach.

approximate variants of a particular type of Nash equilibrium refinement. Another context where
Nash equilibrium is not ideal is when a rational player faces a myopic opponent, in which case
Nash equilibrium is too pessimistic. Chapter [6] introduces the study of myopic opponents in
EFGs and studies the problem of computing optimal strategies in such settings. Stackelberg
equilibria are popular in settings where one player may credibly commit to a strategy, and let
the opponent best respond to the strategy committed to. In such settings it is important the
committing player optimizes against an accurate opponent model so that they do not overfit
to an incorrect model. Chapter [/| initiates the study of robust opponent models in Stackelberg
EFGs, and shows that robust solutions can be computed at no additional asymptotic cost. All
alternative solution concepts are supported by experimental evidence investigating scalability
and the performance of the solution concepts.

The next five sections will give a brief overview of the results obtained in each of the thesis
chapters.

1.1 Algorithms for computing zero-sum Nash equilibria (Chap-

ter 3)

This chapter focuses on developing iterative methods for large-scale equilibrium computation
that have state-of-the-art theoretical convergence rate while being competitive with the best prac-
tical methods. These are methods that write down strategies for the players, while requiring only
oracle access to the much larger game tree, usually for gradient computation. In particular, we
investigate the application of first-order methods (FOMs) to the computation of equilibria in
two-player zero-sum games. The application of FOMs relies on three core ingredients: (1) the
sequence-form transformation [1635]] for obtaining a bilinear saddle-point formulation, (2) convex
minimization algorithms such as the excessive gap technique (EGT) [[132] or mirror prox [130]],
and (3) smoothing techniques for the strategy spaces of the two players. The third part is cur-

2



rently not well understood.

A smoothing method in the context of an EFG can be thought of as a way to smoothly
penalize moving away from some center strategy (usually the uniform strategy, but any other
fully-mixed strategy can be used). Given a smoothing method, the idea is to define a smoothed
best-response function (SBRF) where the opponent best responds to a given strategy, except
that they optimize the sum of the expected payoff value plus a weighted penalty term. The
SBRF smooths out the nonsmooth kinks associated with changes to the best response of the
opponent. The general approach of smoothing out a bilinear saddle-point problem function was
proposed by Nesterov [132) [133] and was since extended to other nonsmooth functions [8]].
What we call a smoothing method can also be viewed as a distance-generating function (DGF);
a distance measure between points can be obtained by taking the Bregman divergence between
two points x1, T5: the error in the first-order approximation to the DGF at x; when taking the
approximation at x5. The DGF view was used by a number of later algorithms for solving
BSPPs [39, 40, 144,130, [134].

Hoda et al. [79] introduced a class of smoothing techniques that can be applied to EFGs.
However, the convergence rate bounds obtained from the results of Hoda et al. [[/9] have a sig-
nificantly worse dependence on the EFG size than counterfactual regret minimization (CFR). We
show that a much better dependence on game parameters can be achieved by focusing on the
entropy function as a smoothing technique for each information set. This is done by carefully
choosing information-set weights such that a desirable smoothing function for the game tree is
obtained by summing over the weighted entropy functions for each information set. Our result
leads to the strongest known convergence rate for iterative methods, achieving a dependence on
game constants that is much stronger than that of Hoda et al. [79], while maintaining a 1/7
convergence rate. The result can be informally stated as

Informal Theorem 1. The dilated entropy function with simplex-weights chosen according a
particular recurrence leads to a measure of distance for sequential action spaces whose strong-
convexity parameter under the |y norm has no dependence on the branching factor of each deci-
sion point. This extends the suitability of the negative entropy function as a distance measure for
simplexes to sequential action spaces.

As a corollary of this theorem combined with, e.g., the EGT algorithm we get the state-of-
the-art convergence rate for iterative methods on zero-sum perfect-recall EFGs.

While the chapter is on solving zero-sum EFGs the main theorem is more general than that:
it can be used to smooth sequential decision spaces in a variety of settings, including games with
more than two players or sequential decision making problems.

Furthermore, we introduce a new class of gradient estimators that allow instantiation of
stochastic FOMs such as stochastic mirror prox [87]. Finally, we show experimentally that EGT
instantiated with our smoothing technique leads to better practical convergence rates than CFR
for medium-to-high accuracy solutions on medium-sized games. It is furthermore faster than
CFR with every practical speedup modification, although CFR™ is still faster. CFR™ is a variant
of the CFR algorithm where the regret matching™ regret minimizer is used, a more aggressive
stepsize scheme is invoked, and an alternation heuristic is used. The first two variations are
guaranteed to preserve the 1/ VT convergence rate of CFR [161], whereas the third variation
may not be theoretically sound [59]. We introduce a new aggressive variant of EGT, and in-



vestigate the performance of EGT and our aggressive variant on large real-time subgames faced
by a champion poker Al. These latter experiments represent the first comparison of FOMs and
CFR methods on real large-scale problems. We find that for this setting EGT again outperforms
all variants of CFR except CFR™. Thus it outperforms all algorithms known to be theoretically
sound, since we showed in Farina et al. [59] that CFR™ is not proven to be theoretically sound
due to its alternation heuristic.

The results on strong convexity and sampling were published as Kroer, Waugh, Kilin¢-Karzan,
and Sandholm [101)], “Faster First-Order Methods for Extensive-Form Game Solving,” at EC-
2015, and Kroer, Waugh, Kiling-Karzan, and Sandholm [103|], “Theoretical and Practical Ad-
vances on Smoothing for Extensive-Form Games,” at EC-2017. A journal version of these re-
sults is currently under submission. The aggressive EGT variant and GPU experiments will be
published as Kroer, Farina, and Sandholm [105], “Solving Large Sequential Games with the
Excessive Gap Technique” at NIPS-2018.

1.2 Abstraction for large general-sum games (Chapter d)

As mentioned previously, practical equilibrium computation usually relies on dimensionality
reduction through creating an abstracted game first. This chapter focuses on abstraction methods
for reducing the dimensionality of extremely large games while retaining theoretical guarantees.
Practical abstraction algorithms for EFGs have all been without any solution quality bounds [64,
66, 67, 169, [70]. This chapter ameliorates this fact by developing some of the first theoretical
results on the quality of equilibria computed in abstractions of EFGs.

The central contribution of this chapter is a framework for measuring differences between a

given abstraction and the original game. Based on this framework we prove two central theorems.
The first relates e-Nash equilibria in the abstraction to e-Nash equilibria in the full game, and can
be informally stated as:
Informal Theorem 2. Given a perfect-recall EFG and a (potentially imperfect-recall) abstrac-
tion thereof, any e-Nash equilibrium computed in the abstraction can be mapped to an € -Nash
equilibrium in the original game. The equilibrium-approximation quality € can be decomposed
into three terms: €, a measure of how leaf-node payoffs differ, and a measure of how distributions
over nodes differ.

This theorem is the first of its kind in several ways. Most importantly, it is the first to estab-
lish an exact decomposition of abstraction error. Furthermore, for the first time in the literature,
it gives abstraction-quality results for approximate Nash equilibria computed in lossy EFG ab-
stractions.

Our second central theorem of the chapter gives a decomposition of the error associated with
implementing a strategy profile computed in an abstraction of the full game, when that strategy
profile has bounded counterfactual regret in the abstraction.

Informal Theorem 3. Given a perfect-recall EFG and a (potentially imperfect-recall) abstrac-
tion thereof, any strategy profile with bounded counterfactual regret computed in the abstraction
can be mapped to an €'-Nash equilibrium in the original game. The equilibrium-approximation
quality € can be decomposed into three terms: The counterfactual regrets in the abstraction, a
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measure of how leaf-node payoffs differ, and a measure of how distributions over nodes differ.

The only prior result that is somewhat comparable to our main theorems was for strategies
with bounded counterfactual regret, as developed by Lanctot et al. [109]. That prior result does
not give a decomposition, but rather a loose upper bound on the solution quality. In particular,
we show that our decomposition results can be used to derive solution-quality bounds in the
style of Lanctot et al. [109]], but with a much stronger dependence on game constants. Their
solution-quality bound has a linear dependence on the number of information sets in the game.
Our result, depending on abstraction type, has either a logarithmic dependence on this quantity
(more specifically a linear dependence on game height, which is logarithmic in the number of
information sets), or no dependence at all. Our results are also very broad, while the prior result
covers only a specific narrow class of abstractions.

Our decomposition result necessarily has a dependence on the specific strategy profile played
in the abstraction as well as best responses in the full game. However, we show that for several
specific game classes our decomposition yields bounds that are better-suited for ex-ante analysis.

This work will be published as Kroer and Sandholm [100], “A Unified Framework for
Extensive-Form Game Abstraction with Bounds.” at NIPS-2018.

We now describe our ex-ante oriented results for specific abstraction classes.

Perfect-recall abstraction. We develop the first algorithm-agnostic bounds on solution quality
for equilibria computed in perfect-recall abstractions. The ex-ante bound that we derive has
no dependence on game size when measuring payoff error, whereas the bound in Lanctot
et al. [109] had a linear dependence on the number of information sets. Using this frame-
work, we develop the first general lossy extensive-form game abstraction method with
bounds. Experiments show that it finds a lossless abstraction when one is available and
lossy abstractions when smaller abstractions are desired.

We also develop the first complexity results on computing good abstractions of EFGs.
Prior abstraction algorithms typically operate level by level in the game tree. We introduce
the extensive-form game tree isomorphism and action subset selection problems, both im-
portant subproblems for computing abstractions on a level-by-level basis. We show that
the former is graph isomorphism complete, and the latter NP-complete. This suggests that
level-by-level abstraction is, in general, a computationally difficult problem. We also prove
that level-by-level abstraction can be too myopic and thus fail to find even obvious lossless
abstractions.

The first version of this result was published as Kroer and Sandholm [95]], “Extensive-
form Game Abstraction with Bounds,” at EC-2014; the version presented in this thesis is
derived from our new decomposition result.

Imperfect-recall abstraction. Imperfect-recall abstraction has emerged as the leading paradigm
for practical large-scale equilibrium computation in imperfect-information games. How-
ever, imperfect-recall abstractions are poorly understood, and only weak algorithm-specific
guarantees on solution quality are known. We develop the first general, algorithm-agnostic,
solution quality guarantees for solutions computed in imperfect-recall abstractions, when
implemented in the original (perfect-recall) game. Our ex-ante results are for a class of
games that generalizes that of Lanctot et al. [109]. Further, our analysis is tighter in two
ways, each of which can lead to an exponential reduction in the solution quality error
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bound. The payoff error part of our ex ante bound for imperfect recall has a linear de-
pendence on the depth of the game, whereas our ex ante bound for perfect recall had no
such dependence. Thus imperfect-recall abstractions may have asymptotically worse error
in the worst case, although it remains unclear whether this would occur in the types of
abstractions computed in practice. Furthermore this part of our results may not be tight.
Finally, we provide computational experiments to evaluate the practical usefulness of the
abstraction techniques. They show that running counterfactual regret minimization on such
abstractions leads to good strategies in the original games. We also find that our bounds
(when only performing single-level abstraction) are only about an order of magnitude off
from the actual error when running CFR.

The first version of this result was published as Kroer and Sandholm [98], “Imperfect-
Recall Abstractions with Bounds in Games,” at EC-2016; the version presented in this
thesis is derived from our new decomposition result.

Discretization of continuous games. While EFGs are a very general class of games, most so-
lution algorithms require discrete, finite games. In contrast, many real-world domains
require modeling with continuous action spaces. This is usually handled by heuristically
discretizing the continuous action space without solution quality bounds. Leveraging our
results on abstraction solution quality, we develop the first framework for providing bounds
on solution quality for discretization of continuous action spaces in extensive-form games.
For games where the error is Lipschitz-continuous in the distance of any point in the con-
tinuous to its nearest point in the discretization, we show that a uniform discretization of
the space is optimal. When the error is monotonically increasing in distance to nearest
discrete point, we develop an integer program for finding the optimal discretization when
the error is described by piecewise linear functions. This result can further be used to
approximate optimal solutions to general monotonic error functions.

This work was published at AAMAS-2015 as Kroer and Sandholm [96], “Discretization of
Continuous Action Spaces in Extensive-Form Games.”

1.3 Equilibrium refinement (Chapter 5|

In this chapter, we extend our smoothing method to computing Nash-equilibrium refinements in
zero-sum EFGs. Polynomial-time algorithms are known for refinements such as normal-form
proper and quasi-perfect equilibria [120, [121]. However, these algorithms rely on solving one or
more linear programs, usually relying on modifications to the sequence-form LP of von Stengel
[165]. As with Nash equilibria, such LP formulations are unlikely to be practical for large-
scale games. Instead, we leverage a perturbed sequence-form polytope in the standard bilinear
saddle-point formulation, and then focus on solving this saddle-point problem directly. To do
this, we set up a perturbed variant of the dilated entropy distance function and show that our
strong convexity results from Chapter [3|extend to perturbed sequence-form polytopes. For small-
enough perturbations, this leads to an approximate Nash equilibrium refinement.

This work was published at IJCAI-2017 as Kroer, Farina, and Sandholm [102], “Smoothing
Method for Approximate Extensive-Form Perfect Equilibrium.” With the same authors I pub-
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lished a related work on extending the CFR algorithm to a similar setting [58]; that work is not
part of this thesis.

1.4 Limited lookahead (Chapter [6)

In some application domains the assumption of perfect rationality might not be practical, or even
useful, as opponents might display exploitable behavior that the perfect rationality assumption
does not allow exploitation of. In order to model such settings, we initiate the game-theoretic
study of limited lookahead in imperfect-information games.

This model has applications such as biological games, where the goal is to steer an evolution-
ary or adaptation process (which typically acts myopically with lookahead 1) [150], and security
games where opponents are often assumed to be myopic (as makes sense when the stakes are low
such as in fare evasion [176]). Furthermore, investigating how well a rational player can exploit
a limited-lookahead player lends insight into the limitations and risks of using limited-lookahead
algorithms in multiagent decision making.

We generalize limited-lookahead research to imperfect-information games and a game-theoretic
approach. We study the question of how one should act when facing an opponent whose looka-
head is limited along multiple axes: lookahead depth, whether the opponent(s), too, have im-
perfect information, and how they break ties. We characterize the hardness of finding a Nash
equilibrium or an optimal commitment strategy for either player, showing that in some of these
variations the problem can be solved in polynomial time while in others it is PPAD-hard or NP-
hard. We proceed to design algorithms for computing optimal commitment strategies for when
the opponent breaks ties 1) favorably, 2) according to a fixed rule, or 3) adversarially. The impact
of limited lookahead is then investigated experimentally. The limited-lookahead player often ob-
tains the value of the game if she knows the expected values of nodes in the game tree for some
equilibrium, but we prove this is not sufficient in general. Finally, we study the impact of noise
in those estimates and different lookahead depths. This uncovers a lookahead pathology.

This work was published at IJCAI-2015 as Kroer and Sandholm [97|], “Limited Lookahead
in Imperfect-Information Games.”

1.5 Robust Stackelberg equilibria (Chapter 7]

Chapter [/| initiates the study of robust models in the context of Stackelberg EFGs. Stackelberg
equilibria have gained importance as a solution concept in computational game theory, largely
inspired by practical problems such as security settings (e.g. airport security or wildlife protec-
tion), where the leader is a defender who picks a mixed (i.e., potentially randomized) strategy
first, and then the attacker, who is the follower, decides where to attack, if at all. Stackelberg
games have been widely studied in single-shot settings, where uncertainty is considered an im-
portant problem [91, (136,138, [160]. We extend the question of how to address uncertainty to the
EFG setting and show that for the specific case of interval uncertainty around follower payoffs
the problem of computing an optimal strategy for the leader can be solved with a MIP that is
comparable in size to the MIPs used to compute leader strategies in the setting without follower
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uncertainty. We show that this also holds experimentally: for several game classes we find that
the runtime cost of taking uncertainty into account is only around one order of magnitude. We
extend our result to the limited-lookahead setting as well, where we find that the addition of
uncertainty limits the possibility for the leader to exploit a myopic adversary, although small
amounts of uncertainty can still allow exploitation.

This work was published at AAAI-2018 as Kroer, Farina, and Sandholm [104], “Robust
Stackelberg Equilibria in Extensive-Form Games and Extension to Limited Lookahead.”



Chapter 2

Notation

This section introduces some general notation for EFGs that we will use throughout most of this
proposal. Chapters [3] and [5 are largely independent of this notation, and so can safely be read
in isolation. Chapters 4} [} and [7]rely more heavily on the notation described here for formally
describing the obtained results.

2.1 Extensive-form games

An extensive-form game (EFG) is a game tree, where each node in the tree corresponds to some
history of actions taken by the players. Each node belongs to some player, and the actions
available to the player at a given node are represented by the branches. Uncertainty is modeled by
having a special player, Chance, that moves with some predefined fixed probability distribution
over actions. EFGs model imperfect information by having groups of nodes in information sets,
where an information set is a group of nodes all belonging to the same player such that the
player cannot distinguish among them. In the original game that we are trying to solve, we
assume perfect recall, which requires that no player forgets information they knew earlier in the
game. This is a natural condition since you generally cannot force players to forget information,
and it would not be in their interest to do so. Formally, an extensive-form game I' is a tuple
(H,Z,A, P,mo,{Z;}, {wi}).

e [ is the set of nodes in the game tree, corresponding to sequences (or histories) of actions.

H;, is the subset of histories belonging to Player .

e 7/ C H is the set of terminal histories, or leaves.

e A is the set of actions in the game. A; denotes the set of actions available at nodes in
information set /.

e P, the player function, maps each non-terminal history h € H \ Z to {0,...,n}, repre-
senting the player whose turn it is to move after history h. If P(h) = 0, the player is
Chance.

® Ty is a function that assigns to each i € H, the probability of reaching & due to Chance
(i.e., assuming that both players play to reach h). For any individual action a € A;, we
let oo(h, a) be the probability of Chance choosing this action (mg(h) is then the product of
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action probabilities for Chance on the path to h).
* An information set Z;, for i € {1,...,n}, is a partition of {h € H : P(h) = i}.

e The utility function u; maps z € Z to the utility obtained by player + when the terminal

history is reached.

A behavioral strategy o, for a player ¢ is a probability distribution over actions at each infor-
mation set in Z;. A strategy profile o is a behavioral strategy for each player. The probability that
oputsona € Ayisdenoted o(,a). Welet 77(z) and 77 (I) denote the probability of reaching z
and I respectively, if players choose actions according to 0. We likewise let 77 (z|1) and 7 (I|1)
denote the reach probabilities conditioned on being at information set /. For a given strategy
profile o we let o7_,, denote the same strategy except that o7_,,(,a) = 1.

We will often quantify statements over the set of leaves or information sets that are reachable
from some given information set / belonging to Player i, sometimes conditioned on taking a
specific action a € A;. We let Z;, D, C I, be the set of leaves and information sets reachable
conditioned on being at information set /. We let Z; and C; C Z; be the set of leaves and
information sets that are reachable without Player ¢ taking any further actions before reaching
them. We let Z7, D}, Z{ and C{ be defined analogously but conditioned on taking action a € A;.

For an information set / on the path to a leaf node z, z[I]| denotes the predecessor s € I of z.

Perfect recall means that no player forgets anything that the player observed in the past. For-
mally, for every Player i € N, information set I € Z;, and nodes hy, hy € I if we let hi, hj
denote the subset of the sequences of action that were taken by i then h} = h. If perfect recall is
not satisfied we say that the game has imperfect recall. The most important consequence of im-
perfect recall is that a player can affect the distribution over nodes in their own information sets,
as nodes in an information set may originate from different past information sets of the player.
This leads to a host of computational problems, as evidenced by many problems such as best-
response computation being significantly harder from a computational-complexity complexity
perspective [92]. Most results in this thesis rely on the perfect-recall assumption (and indeed
most natural game models would satisfy this). We will consider imperfect-recall abstractions of
games in Section Such abstraction can be advantageous for compactness of representation.

As is usual we use the subscript —¢ to denote exclusion of Player 7, for example, o_; is the set
of behavioral strategies in o except for the strategy of Player ¢, and 77,(z) is the probability of
reaching leaf node z disregarding actions taken by Player ¢, that is, assuming that Player ¢ plays
to reach z.

2.2 Equilibrium concepts

In this section we define two equilibrium concepts that we will use throughout the thesis. A few
other solution concepts will be introduced when they are pertinent to a specific chapter. We start
with the classic Nash equilibrium [127]].
Definition 1 (Nash equilibrium). A Nash equilibrium in a game " with root node r is a strategy
profile o such that for each agent i, given o_;, 0; is a utility maximizing strategy for i. In other
words, for all i, G;: V7 (r) > V.77 (r).

)

Intuitively, in a Nash equilibrium any individual player cannot gain any utility by unilaterally

10



deviating to a new strategy o;, given the strategy of all the other players.

Sometimes Nash equilibria are too restrictive as a definition. This is particularly often true
for algorithmic reasons, as the best practical algorithms only converge to a Nash equilibrium in
the limit. Instead we need the following notion of an approximate Nash equilibrium:

Definition 2 (e-Nash equilibrium). An e-Nash equilibrium is a strategy profile o such that for all
i, 50 VO(r)+e> VI (r). A

In an e-Nash equilibrium we have exactly the same property as in Nash equilibrium: if a
player unilaterally deviates to another strategy then they can gain at most € additional utility.
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Chapter 3

Algorithms for computing zero-sum Nash
equilibria

Practical EFG solving typically applies abstraction methods in order to get a smaller more man-
ageable abstraction. Nonetheless, the resulting game is typically so large that exact approaches
are impractical. This is because a larger (and thus more precise) abstraction coupled with an
approximate solution typically performs better than a smaller (and thus less precise) abstraction
with an exact solution. This holds even for two-player zero-sum games, despite the fact that
exact equilibria can be computed with a linear program (LP) that has size linear in the size of the
game tree [165]. This has led to extensive research into sparse iterative methods that converge
to a Nash equilibrium in the limit, but have relatively cheap iterations and low memory require-
ments [23, 24} 165, 79, 183} 108, [179]]. Recently, a sparse iterative solver, CFR+ [161]], was used
to practically solve limit texas holdem [21]], a poker variant with fixed betsizes. Notably, this
game was unabstracted, and high accuracy was desired, and yet a sparse iterative method was
employed, rather than the LP approach.

Sparse iterative methods can be coarsely categorized into first-order methods (FOMs) and
counterfactual regret minimization (CFR) variants [179][] CFR variants have dominated the
ACPC in recent years, and as mentioned a CFR variant was used to (almost) solve limit texas
holdem. CFR variants all have a convergence rate on the order of 1/ VT, where T is the number
of iterations [83, 108}, (161, 179]. In contrast to this, FOMs such as the excessive gap technique
(EGT) [132] and mirror prox [130] achieve a convergence rate of 1/7, with a cost per iteration
that is only 2-3 times that of CFR, when instantiated with an appropriate smoothing technique for
EFGs [[79]. Given this seeming disparity in convergence rate, it is surprising that CFR variants are
preferred in practice. This chapter will largely focus on the practical and theoretical acceleration
of FOMs with a 1/T convergence rate.

Nash equilibrium computation of a two-player zero-sum EFG with perfect recall admits a Bi-
linear Saddle Point Problem (BSPP) formulation where the domains are given by the polytopes
that encode strategy spaces of the players. There are a number of efficient and well-known FOMs
designed to solve BSPPs. The classical FOMs to solve BSPPs such as mirror prox (MP) [[130] or

"Waugh and Bagnell [169] showed how CFR can be interpreted as a FOM. Nonetheless, the distinction between
FOMs and CFR variants will be useful and sufficient for our purposes.
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the excessive gap technique (EGT) [132]] utilize distance-generating functions (DGFs) to mea-
sure appropriate notions of distances over the domains. Consequently, the convergence rate of
these FOMs relies on the DGFs and their relation to the domains in three critical ways: Through
the strong convexity parameters of the DGFs, the norm associated with the strong convexity
parameter, and the set widths of the domains as measured by the DGFs.

Hoda et al. [79] introduced a general framework for constructing DGFs for treeplexes—a
class of convex polytopes that generalize the domains associated with the strategy spaces of
an EFG. While they also established lower bounds on the strong convexity parameter for their
DGFs in some special cases, these lead to very weak bounds and result in slow convergence
rates. In a work that is preliminary to the form presented here [101] we developed explicit strong
convexity-parameter bounds for entropy-based DGFs (a particular subclass of DGFs) for general
EFGs, and improved the bounds for the special cases considered by Hoda et al. [79]]. Prior to this
thesis there were no completely-developed bounds for the iteration complexity of FOMs using
DGFs based on dilating simplex distance functions for general EFGs.

In this chapter we construct a new weighting scheme for such entropy-based DGFs. This
weighting scheme leads to new and improved bounds on the strong convexity parameter associ-
ated with general treeplex domains. These bounds are simultaneously the first general bounds,
and stronger than the only prior bounds which were for a narrower class of EFGs that have a par-
ticular uniform structure. Our new bounds are first-of-their kind as they have only a logarithmic
dependence on the branching operation of the treeplex. In terms of their logarithmic dependence
on the branching factor, our bounds parallel the simplex case for matrix games where the entropy
function achieves a logarithmic dependence on the dimension of the simplex domain.

Finally, we complement our theoretical results with numerical experiments to investigate the
speed up of FOMs with convergence rate O(%) and compare the performance of these algorithms
with the premier regret-based methods CFR and CFR™ [161]], which have a theoretical conver-
gence rate of O(e%) CFR™ is the fastest prior algorithm for computing Nash equilibria in EFGs
when the entire tree can be traversed (rather than sampled). Bowling et al. [21]] used it to es-
sentially solve the game limit Texas hold’em. CFR+ is also the algorithm used to accurately
solve endgames in the Libratus agent, which showed superhuman performance against a team
of top Heads-Up No-Limit Texas hold’em poker specialist professional players in the Brains vs
Al evenﬂ A slight Variatiorﬂ of CFR+ was used in the DeepStack agent Moravcik et al. [124],
which beat a group of professional players.

We perform numerical experiments on scaled-up variants of Leduc hold’em [157], a poker
game that has become a standard benchmark in the EFG-solving community, a security-inspired
attacker/defender game played on a graph, and large-scale subgames encountered by the Libratus
agent [27]. The performance we get from our FOM-based approach with EGT relative to CFR
and CFR™ is in contrast to the previous conventional practical wisdom in the field. Previously
it was thought that FOM-based methods converged faster than CFR ultimately, but that CFR
had a faster initial convergence and the cross-over point occurred later as games got larger, as
we also found in our initial experiments on this topic [101]. Our experiments show that FOMs

2Confirmed through author communication
3This variation uses the current iterate rather than the average iterate due to decreased memory usage. It has
inferior practical iteration complexity.
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are substantially faster than CFR algorithms when using a practically-tuned variant of our DGF,
even as the game-size is scaled up and when CFR is using the RM™ regret minimizer. We find
that CFR™ is still faster in practice, but only due to its aggressive stepsize policy. This suggests
that future work on FOMs could be coupled with our DGF to create state-of-the-art algorithms
in practice. We also test the impact of stronger bounds on the strong convexity parameter: we
instantiate EGT with the parameters developed in this chapter, and compare the performance to
weaker parameters developed in a preliminary conference version of this work Kroer et al. [101]].
These experiments illustrate that the tighter parameters developed here lead to better practical
convergence rate.

The rest of the chapter is organized as follows. Section [3.1] discusses related literature. We
present the general class of problems that we address—bilinear saddle-point problems—and de-
scribe how they relate to EFGs in Section Then Section describes our optimization
framework. Section [3.4]introduces treeplexes, the class of convex polytopes that define our do-
mains of the optimization problems. Our focus is on dilated entropy-based DGFs; we introduce
these in Section [3.5] and present our main results—bounds on the associated strong convexity
parameter and treeplex diameter. In Section [3.6] we demonstrate the use of our results on instan-
tiating EGT. We compare our approach with the current state-of-art in EFG solving and discuss
the extent of theoretical improvements achievable via our approach in Section Section|3.7
describes a closed-form solution for computing the smoothed-best response associated with our
smoothing function. Sections [3.8] and [3.9] present numerical experiments testing the effect of
various parameters on the performance of our approach as well as comparing the performance
of our approach to CFR and CFR™ on medium-sized and large-scale games respectively. Sec-
tion describes a sampling approach for using stochastic FOMs. We close with a summary
of our results and a few compelling further research directions in Section [3.11]

3.1 Related literature

Nash equilibrium computation has received extensive attention in the literature [48] 49 |68, 81,
95,1112, 114, 179]]. The equilibrium-finding problems vary quite a bit based on their characteris-
tics; here we restrict our attention to two-player zero-sum sequential games.

Koller et al. [93] present an LP which has size linear in the size of the game tree. This ap-
proach, coupled with lossless abstraction techniques, was used to solve Rhode-Island hold’em [68,
153]], a game with 3.1 billion nodes (roughly size 5 - 107 after lossless abstraction). However, for
very large games, the resulting LPs tend to not fit in the computer memory, and iterations of the
simplex algorithm or interior-point methods tend to be too slow. BoSansky et al. [[17] extend the
LP approach by considering a form of column-and-row-generation. This algorithm scales only
for games where it can identify an equilibrium of small support, and thus suffers from the same
performance issues as the general LP approach. The scalability issues of LP-based approaches
thus require approximate solution techniques. These techniques fall into two categories: iterative
e-Nash equilibrium-finding algorithms and game abstraction techniques [148]].

The most popular iterative Nash equilibrium algorithms are variants of the counterfactual-
regret-minimization framework [[108, [161}, [179]]. All these algorithms operate by defining a no-
tion of regret local to each information set, called counterfactual regret. A simplex-based regret-
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minimizing algorithm is then instantiated independently at each information set and given the
counterfactual regrets for minimizing. It is shown that the per-information-set regret bounds ob-
tained by the simplex-based regret minimizers lead to an overall bound on the convergence rate.
Initially, the most practically popular variants were instantiated with regret matching (CFR) [179]],
and sometimes used Monte-Carlo methods for estimating regrets [[108]]. Recently a new regret-
minimization technique called regret matching plus (RM™) was shown to be practically superior
when coupled with a more aggressive stepsizing strategy [21, [161]. The algorithm combining
RM™ and aggressive stepsizing is referred to as CFR'. Despite their slow convergence rate
of O(Giz), these regret-based algorithms perform very well in practice, especially CFR™. Re-
cently, Waugh and Bagnell [169] showed, with some caveats, an interpretation of CFR as a FOM
with O(E%) rate. In particular, they show that CFR is equivalent to dual averaging [134] (when
using a particular set of distance functions that fall in the general class of dilated distance func-
tions [[/9]) on the simplex (and thereby also on information sets with no child information sets),
whereas on internal information sets these algorithms differ in how they aggregate utilities from
child information sets. It is still unknown whether CFR is fully equivalent to a first-order method.
Despite these similarities, in this chapter we make a distinction between regret-based methods
and O(%) FOMs for ease of exposition when comparing algorithmic methodologies.

Hoda et al. [79] introduce DGFs for EFGs leading to O(%) convergence rate when used
with EGT. In preliminary work, we improved the parameters associated with the dilated entropy
function based DGFs [[101]. While Gilpin et al. [72] give an algorithm with convergence rate
O(In(1)), their bound has a dependence on a certain condition number of the payoff matrix,
which is difficult to estimate, and their bound independent of the condition number has a O(%)
convergence rate. We compare all three algorithms discussed here in detail in Section [3.6.1
Based on these results, the next chapter shows how to extend FOMs and our DGF to the compu-
tation of approximate Nash-equilibrium refinements.

In a work that is not part of this thesis, coauthors and I show experimentally that certain
parts of the game tree can be pruned when computing gradients for EGT with our DGF [29].
In particular, when computing the gradient via tree traversal, we simply skip branches that have
probability less than O(1/+/t) where t is the current iteration. This lead to a speedup factor of
about 2.

3.2 Problem setup

3.2.1 Basic notation

We let (z,y) denote the standard inner product of vectors x,y. Given a vector x € R", we
let ||z||, denote its ¢, norm given by ||z|, = (>, |z:|P) " for p € [1,00) and ||z]|e =
max;c[, |7;| for p = oo. Throughout this chapter, we use Matlab notation to denote vector and
matrices, i.e., [z;y| denotes the concatenation of two column vectors x, y. Given n € N, we
denote the simplex A, := {z € R? : Y "  x; = 1}. For a given set (), we let ri (()) denote its
relative interior.
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3.2.2 Sequence form

Computing a Nash equilibrium in a two-player zero-sum EFG with perfect recall can be formu-
lated as a Bilinear Saddle Point Problem (BSPP):

i Ay) = in(z, Ay). 3.1
min max(z, Ay) = maxmin(z, Ay) (3.1)

This is known as the sequence-form formulation [93] 146, [165] in the EFG literature. In this
formulation, = and y correspond to the nonnegative strategy vectors for players 1 and 2 and the
sets X', ) are convex polyhedral reformulations of the sequential strategy space of these players.
Here X', ) are defined by the constraints Fx = e, F'y = f, where each row of E, F' encodes
part of the sequential nature of the strategy vectors, the right hand-side vectors e, f are |Z;] , | Z5|-
dimensional vectors, and Z; is the information sets for player 7. The matrix A encodes the reward
structure associated with the game. For a complete treatment of this formulation, see von Stengel
[165].

Our theoretical developments mainly exploit the treeplex domain structure and are indepen-
dent of other structural assumptions resulting from EFGs. Therefore, we describe our results for
general BSPPs. We follow the presentation and notation of Juditsky and Nemirovski 85, 86] for
BSPPs.

3.3 Optimization setup
In its most general form a BSPP is defined as

Opt := max min ¢(x, y), (S)

yeY zeX

where X', ) are nonempty convex compact sets in Euclidean spaces E,, E, and ¢(z,y) = v +
(ay,x) + {ag,y) + (y, Az). Welet Z := X x Y; so ¢(x,y) : £ — R. In the context of EFG
solving, ¢(x,y) is simply the inner product given in (3.1).

The BSPP (S) gives rise to two convex optimization problems that are dual to each other:

Opt(P) = mingex[¢(x) = max,ey d(z,y)]  (P),

Opt(D) = maxyey[p(y) = mingex ¢(z,y)] (D),
with Opt(P) = Opt(D) = Opt. It is well known that the solutions to (S) — the saddle points of
¢ on X x ) — are exactly the pairs z = [z;y] comprised of optimal solutions to the problems
(P) and (D). We quantify the accuracy of a candidate solution z = [x; y| with the saddle point
residual

walz) = 3() = 0ly) = [3(x) — Opt(P)] + [Opt(D) — 6(y)]

v~

>0

I¥<

In the context of EFG, €4,4(2) measures the proximity to being an e-Nash equilibrium.
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3.3.1 General framework for FOMs

Most FOMs capable of solving BSPP (S) are quite flexible in terms of adjusting to the geometry
of the problem characterized by the domains X', )) of the BSPP (S). The following components
are standard in forming the setup for such FOMs (we present components for X', analogous
components are used for )):

Vector norm: || - || » on the Euclidean space E, where the domain X of (S) lives, along
with its dual norm ||{||% = max (C, ).

llzfl 2 <1
Matrix norm: ||Al| = max, {||Ay||% : ly|]ly = 1} based on the vector norms || - ||+ and
- Ml

Distance-Generating Function (DGF): A function wy(z) : X — R, which is convex
and continuous on X, and admits a continuous selection of subgradients w’,(x) on the set
X°:={x € X : dwx(x) # 0} (here wy(x) is a subdifferential of wy taken at x), and is

strongly convex with modulus ¢y w.r.t. the norm || - || v:
Vo' 2" € X0 (Wh(2) —wh(2”), 2" — ") > pxll2’ — 2”||%. (3.2)
Bregman distance: V (ul|z) = wy(u) — wy(x) — (Wy(x),u — x) for all z € X° and

u € X. The Bregman distance (or divergence) is how we construct a distance function
from a DGF. Given two points in the polytope, one called the center, here x, we measure
distance by taking the difference between two function values at u, the DGF value and the
value of the linear approximation centered at x.

Prox-mapping: Given a prox center v € X°,

Prox,(§) := argmin {(&, u) + V(u|z)} : E — &X°.

ueX

For properly chosen stepsizes, the prox-mapping becomes a contraction. This is critical in
the convergence analysis of FOMs. Furthermore, when the DGF is taken as the squared ¢

norm, the prox mapping becomes the usual projection operation of the vector z — £ onto
X.

w-center: x,, = argminwy(x) € X° of X.
reX

Set width: Q, = r;?)?(\/(xﬂxw) < glg‘:;(w;((x) - IIHEIEWX(ZL‘).

In this chapter, for ease of exposition, we will introduce and work with the Excessive Gap
Technique (EGT) of Nesterov [[132] as the FOM. Next we introduce the related terminology and
formally state the algorithm and the results from [[132].

Nesterov [[133] introduced smoothed approximations to the functions ¢ and ¢ via the distance-
generating functions wy, wy as follows: B

aﬂz ({L’) = r;leaﬁ{ {¢([E, y) - Mwa(y)} ) (33)
2,,(y) = min{o(z,y) + pmwx ()}, (3.4)
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where i1, 1o > 0 are smoothness parameters denoting the amount of smoothing applied. Let
Yy, (x) and x,, (y) be the y and z solutions attaining the optima in (3.3) and (3.4). These can
be thought of as smoothed best responses. Nesterov [133]] also established that the gradients of
the functions ¢, () and o, (y) exist and are Lipschitz continuous. The gradient operators and

Lipschitz constants are given as follows

Vé,,(x) = a1+ Ay, (v) and Vo (y) =az+ A w,,(y),

_ All?
Ly (8,,) = QHDWL and L, @m) _

Based on this setup, we formally state the EGT of [132] in Algorithm [T}
ALGORITHM 1: EGT
input : w-centers x,,, y.,, sSmoothness weights 11, (12, and desired accuracy e
output: z' = [z', ¢!
= Oa lutl = M1, ,U't2_: Ha;
a! = Prox,, (14, 'V,, ()
Y = Yo (20);
while €g,4(2") > e do
Tt =

2 .
t+—3’
if ¢ is even then

| (it 2ty = Step(uh, i, 2ty T)
else

| (st 2t = Step(ub, ph, vt 2t T)
end
t=t+1;

end

ALGORITHM 2: Step

input : oy, po, x,y, T

output: 1, z,, vy,

t=(1-7)x+ T2 (Y);

yr = (1= 7)Yy + 7y, (2);

T = Prox,, (y) (quﬁuz (i)),

ry=1-71)x+ 7175

po = (1= 7) s

The EGT algorithm alternates between taking steps focused on X and ). Algorithm 2] shows
a single step focused on X. Steps focused on y are completely analogous. Algorithm |1| shows
how initial points are selected and the alternating steps and stepsizes are computed. Nesterov
[132] proves that the EGT algorithm converges in O(%) steps to an e approximate saddle point
of the BSPP (S). More precisely, Nesterov [132, Theorem 6.3] states the following:
Theorem 1. Suppose the input values i1, po in the EGT algorithm satisfy
__Px _ Pxpy

(G, AP

251
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Then, at every iteration t > 1 of the EGT algorithm, the corresponding solution z' = [z*; 1]
satisfies vt € X, y' € Y, and

- . §4||AH Qally
t+1\ oxpy

3.4 'Treeplexes

Hoda et al. [79] introduce the treeplex, a class of convex polytopes that encompass the sequence-
form description of strategy spaces in perfect-recall EFGs. Understanding the treeplex structure
is crucial because the proofs of our main results rely on induction over these structures.

In the context of EFGs a treeplex is used to model the strategy space of a single player
in sequence form. A treeplex can be thought of as a tree of simplexes, where each simplex
represents a decision point for the player. The simplexes in the tree are scaled by the parent
variable leading to them, such that each simplex sums to the value of the parent variable. Thus
the value in of a particular variable represents the probability of the player taking all actions on
the path through the treeplex leading to that variable.

Definition 3. Treeplexes are defined recursively as follows:

1. Basic sets: The standard simplex A,, is a treeplex.

2. Cartesian product: If ()1, ..., Q) are treeplexes, then ()1 X --- X Q). is a treeplex.

3. Branching: Given a treeplex P C [0,1]", a collection of treeplexes Q = {Q1,...,Qx}

where Q; C [0,1]", and | = {l,... Iy} C{1,...,p}, the set defined by

PQ:: {(an17"'7Qk)€Rp+2jnj: UGP, Q1€U11‘Q1>---an€Ulk'Qk}

is a treeplex. We say wy; is the branching variable for the treeplex Q;.

A treeplex is a tree of simplexes where children are connected to their parents through the
branching operation. In the branching operation, the child simplex domain is scaled by the value
of the parent branching variable. For EFGs, the simplexes correspond to the information sets
of a single player and the whole treeplex represents that player’s strategy space. The branching
operation has a sequential interpretation: The vector u represents the decision variables at certain
stages, while the vectors g; represent the decision variables at the k& potential following stages,
depending on external outcomes. Here & < p since some variables in « may not have subsequent
decisions. For treeplexes, von Stengel [163] has suggested a polyhedral representation of the
form Eu = e where the matrix E has its entries from {—1,0, 1} and the vector e has its entries
in {0, 1}.

For a treeplex (), we denote by Sy the index set of the set of simplexes contained in () (in
an EFG S, is the set of information sets belonging to the player). For each j € Sy, the treeplex
rooted at the j-th simplex A7 is referred to as ;. Given vector ¢ € @ and simplex A7, we let
[; denote the set of indices of ¢ that correspond to the variables in A’ and define ¢/ to be the sub
vector of ¢ corresponding to the variables in I;. For each simplex A’ and branch i € I;, the set
D;» represents the set of indices of simplexes reached immediately after A’ by taking branch 4
(in an EFG D; is the set of potential next-step information sets for the player). Given a vector
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q € Q, simplex A7, and index i € I, each child simplex A* for every k € D;- is scaled by
g;- Conversely, for a given simplex A/, we let p; denote the index in ¢ of the parent branching
variable g, that A/ is scaled by. We use the convention that ¢, = 1if () is such that no branching
operation precedes AJ. For each j € Sg, d; is the depth of the treeplex rooted at A7, that is,
the maximum number of edges between A’ and any simplex beneath A7 plus one (that is, a lone
simplex has depth 1, not 0). In an EFG the depth is the length of the longest sequence of actions
starting at A’. Then dg gives the depth of (). We use bjé to identify the number of branching

operations preceding the j-th simplex in (). We will say that a simplex j such that bjé =0isa
root simplex.

Figure [3.1] illustrates an example treeplex (). This treeplex () is constructed from nine two-
to-three-dimensional simplexes A', ..., A% At level 1, we have two root simplexes, A!, A2,
obtained by a Cartesian product operation (denoted by x). We have maximum depths d; = 2,
ds = 1 beneath them. Since there are no preceding branching operations, the parent variables for
these simplexes A' and A? are g,, = ¢,, = 1. For A', the corresponding set of indices in the
vector ¢ is I; = {1, 2}, while for A? we have I, = {3,4,5}. At level 2, we have the simplexes
A3, ..., A". The parent variable of A? is g,, = qi; therefore, A® is scaled by the parent variable
(p,- Similarly, each of the simplexes A% ... AT is scaled by their parent variables g, that
the branching operation was performed on. So on for A® and A? as well. The number of
branching operations required to reach simplexes A, A% and A® is by, = 0,0, = 1 and bj, = 2,
respectively.

Al X A?
f/\f T
3 A4 AS Aﬁ

8 AQ

qr - A X qr-
q17

Figure 3.1: An example treeplex constructed from 9 simplexes. Cartesian product operation is
denoted by x.

The original formulation of Hoda et al. [79] allowed only two-way branches (although they
also consider a uniform treeplex where all Cartesian products are k-way); we allow arbitrary
branching, not necessarily two-way, and not necessarily uniform. As discussed in Hoda et al.
[79], it is possible to model sequence-form games by treeplexes that use only two-way branches.
Yet, this can cause a large increase in the depth of the treeplex, thus leading to significant degra-
dation in the associated strong convexity parameter. Because we handle multi-way branches
directly in our framework, our approach is more effective in taking into account the structure of
the sequence-form game and thereby resulting in better bounds on the associated strong convex-
ity parameters and thus overall convergence rates.

Our analysis requires a measure of the size of a treeplex (). For this purpose, we define
Mg = maxgeq ql1-
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In the context of EFGs, suppose () encodes player 1’s strategy space; then M, is the maxi-
mum number of information sets with nonzero probability of being reached when player 1 has
to follow a pure strategy while the other player may follow a mixed strategy. We also let

Mg, = max > e (3.5)
jesQ;bggr

Intuitively, M, gives the maximum value of the ¢; norm of any vector ¢ € () after removing
the variables corresponding to simplexes that are not within r branching operations of the root of
Q.

The quantities M and |Sg| play an important role in the comparison of our bounds. We
discuss them on an example next.
Example 1. In order to illustrate M and compare it to the size of |Sg|, let us now consider an
example of an EFG and its corresponding treeplexes. Consider a game where two players take
turns choosing among k actions, and each player chooses actions d times before leaf nodes are
reached. In the treeplex () of Player 1, each time Player 1 chooses among k actions constitutes a
size k branching operation, and every time Player 2 chooses among k actions constitutes a size
k Cartesian product operation. The total dimensionality of the treeplex, |Sg|, is k*¢, while the
value of Mg is k? (since only Cartesian products blow up). Thus, Mg is square root of the size

of |Sq|.

3.5 Dilated entropy functions with bounded strong convexity

In this section we introduce DGFs for domains with treeplex structures and establish their strong
convexity parameters with respect to a given norm (see (3.2)).

The basic building block in our construction is the entropy DGF given by w,(z) = > ., z; log(z;),
for the simplex A,,. It is well-known that w,(-) is strongly convex with modulus 1 with respect to
the /; norm on A, (see Juditsky and Nemirovski [85]]). We will show that a suitable modification
of this function achieves a desirable strong convexity parameter for the treeplex domain.

The treeplex structure is naturally related to the dilation operation [[I8] defined as follows:
Given a compact set K C R? and a function f : K — R, we first define

K={(tz)eR"™:te0,1], z€t-K}.
Definition 4. Given a function f(z), the dilation operation is defined as the function f : K — R
given by

O

The dilation operation preserves convexity, and thus the following function defined based on
dilating the entropy function over the simplexes of a treeplex is convex:
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Definition 5. Given a treeplex () and weights 3; > 0 for each j € Sg, we define the dilated
entropy function as

wi@) =8 ZquOgi forany q € Q,

jE€Sq  i€ly p

where we follow the treeplex notation and p; is the index of the branching variable preceding
NI, with the convention that QG = 1If AJ has no branching operation preceding it.

Remark 1. The dilated entropy function w(-) defined above is twice differentiable in the relative
interior of treeplex () and admits a continuous gradient selection. Moreover, for weights [3;
that scale appropriately with depth d;, we will demonstrate that it is strongly convex w.r.t. the
01 norm. Thus, the dilated entropy function is compatible with the {1 norm, as required by the
BSPP setup. ]

We would also like the prox-mapping associated with our DGF to be efficiently computable.
Hoda et al. [79] show that for any dilated function, its prox operator on a treeplex can be eas-
ily computed through a recursive bottom-up traversal involving the prox mappings associated
with the function being dilated on individual simplexes. Since the entropy prox function can be
computed in closed form on a simplex, the dilated entropy function can be computed by a single
treeplex traversal involving closed-form expressions on each simplex.

Definition [5| above leads to a subset of the DGFs considered by Hoda et al. [79]. Hoda et al.
[79] introduce the general class of treeplex DGFs obtained by dilating any simplex DGF, and
show that any such DGF is guaranteed to have some lower bound on the strong-convexity pa-
rameter. They show explicit bounds for a special class of treeplexes called uniform treeplexes.
Our main theoretical result shows that by selecting the weights 3; according to a particular re-
currence, we can significantly improve the strong convexity bounds associated with the dilated
entropy function, and we show that our analysis is tight.

We will consider weights that satisfy the following recurrence:

B ,
aj:l—i_rg%fz_M’ VJGSQ,
keD:
! . (3.6)
/Bj > oy, Vi € ]Ij and Vj € SQ S.t. ij > 0,
6]' = Oy, Vi € ]Ij and Vj S SQ S.t. bé =0.

Intuitively, ov; represents the negative terms that the weight 3; has to cancel out: the constant 1
represents the negative term resulting from the squared norm in the strong convexity requirement;
the summation term represents the amount of negative terms accumulated from the induction on
simplexes descending from simplex j. The qualifications on 3; ensure that (3; is set such that it
at least cancels out the negative terms; the difference 3; — «; controls the amount of negative
value the parent simplex has to make up. When bg = 0 there is no parent simplex, and so we set
B; = «; . The reason for our requirement of a strict inequality 3; > «; for non-root simplexes
becomes evident in the proof of Lemma 2]

Based on recurrence (3.6), our main results establish strong convexity of our dilated entropy
DGF w.r.t. the ¢, and ¢; norms:

23



Theorem 2. For a treeplex (), the dilated entropy function with weights satisfying recurrence
(3.6)) is strongly convex with modulus 1 with respect to the {5 norm.

Theorem 3. For a treeplex (), the dilated entropy function with weights satisfying recurrence

is strongly convex with modulus MLQ with respect to the {1 norm.
We give the proofs of Theorems [2] and [3]in Section [3.5.2] Based on Theorem 3] we get the

following corollary:
Corollary 1. For a treeplex (), the dilated entropy function with weights 3; = 2+ij:1 2" (Mg, »r—
1) for all j € Sq is strongly convex with modulus MLQ w.r.t. the {1 norm.

Corollary |1 follows easily from Theorem (3| and a recursive interpretation of the weights,
which is presented as Fact [2] in the next section. In particular, a specific choice of weights in
Fact[2]immediately satisfies the recurrence (3.6) and leads to Corollary [I}

This result is the first to show an explicit strong-convexity bound for general treeplexes.
Even for the special case of uniform treeplexes considered by Hoda et al. [[/9], our bound is
much stronger, and is the first to show no dependence on the branching operations in the treeplex
construction, thus generalizing the similar property enjoyed by the entropy DGF for simplexes.

In Theorem [4] we use our strong convexity result to establish a polytope diameter that has
only a logarithmic dependence on the branching factor. As a consequence, the associated dilated
entropy DGF when used in FOMs such as MP and EGT for solving EFGs leads to the same
improvement in their convergence rate.

3.5.1 Preliminary results for the proofs of our main results

We start with some simple facts and a few technical lemmas that are used in our proofs.
Fact 1. Given a treeplex (), we have, respectively, foralli € 1;,j € Sgandalld =1,...,dg,q €

Q:
<a> MQj > 1+ Z MQZ’ (b) MQ 2 Z quMQj'

lED;- jESQZdj:d

Proof. The inequality follows from the definition of Mg, that A7 is a simplex, and the fact that
the maximum entry (as would be taken in the /; norm) bounds the value of any individual entry :.
The second follows by using Mg = > ; ¢i for some ¢, and inductively replacing terms belonging
to simplexes j at the bottom with Mg,. The result follows because branching operations cancel
out by summing to 1. O]

Our next observation follows from Fact[I[a) and is advantageous in suggesting a practically
useful choice of the weights 3; that can be used for Theorem [3to arrive at Corollary
Fact 2. Let () be a treeplex and 3; = 2 + ij:l 2" (Mg, » — 1) forall j € Sq as in Corollary
Then Facta) implies 3; > 2 + ZkeD;. 206k, Viel;andVj e Sq.

Consequently, by selecting 3; = 2a;,and o; = 1 + Zfil 2" (Mg, — 1) forall i € I; and
for all j € Sg such that b]Q > 0, we immediately satisfy the conditions of the recurrence in (3.6).

Given a twice differentiable function f, we let V2 f(z) denote its Hessian at z. Our analysis is
based on the following sufficient condition for strong convexity of a twice differentiable function:
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Fact 3. A twice-differentiable function f is strongly convex with modulus p with respect to a
norm || - || on nonempty convex set C C R™ if h'V2f(2)h > ¢||h|*, Vh € R*, z € C°.
For simplexes A’ at depth 1, there is no preceding branching operation; so the variables
hy, ; qp, do not exist. We circumvent this with the convention h,,, = 0, g,, = 1 for such j € Sg.
In our proofs we will use the expression derived in Lemmal|l|for A" V2w(q)h.
Lemma 1. Given a treeplex () and a dilated entropy function w(-) with weights 3; > 0, we have

T2 h? 2hihp~ h12o' :
hWV2w(h=> B | Ry 2hite ) T Vg €1i(Q)andYh € R".  (3.7)

j€Sq 1€l 4 qu qu

Proof. Consider ¢ € ri(()) and any h € R". For each j € S and i € I;, the second-order
partial derivates of w(+) w.r.t. ¢; are:

vg q 53 i Z Z ﬁkQZ + Z 5k (3.8)

keD} L€l 1 kED!

where the last equality holds because k € D} and thus >_,.; ¢ = [|¢"[l, = ¢,, = ¢ Also, for

eachj € Sg,i € I,k € D}, and [ € I, the second-order partial derivates w.r.t. ¢;, ¢; are given
by:

Vaaw(@) = Vi w(g) = ——. (3.9)

qi, QZ

Then equations (3.8) and (3.9) together imply

W Vw(h =YY |2 +Zﬁ’“ -)

JESq i€l keD: keDi l€ly

25k

(3.10)

Given j € Sg and ¢ € I;, we have p;, = ¢ for each k ¢ D;'- and for any k£ € D; there exists
some other j' € Sg corresponding to k in the outermost summation. Then we can rearrange the
following terms:

Sy 2 z@ 2= 35

j€Sq i€ly  keD: Jj€Sq / j€Sq i€l keDi IEl, JjESq i€l p;

Using these two equalities in the relation (3.10) leads to (3.7)) and proves the lemma. O

3.5.2 Proofs of our main theorems

The majority of the work for our strong-convexity results is performed by the following lemma,
from which our strong convexity results follow easily.

Lemma 2. For any treeplex (), the dilated entropy function with weights satisfying recurrence
satisfies the following inequality:

hTV2uw( h>zz Vq € 11 (Q) and Yh € R™. (3.11)

]ESQ 1€l
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Proof. We will prove this by induction. First we will prove an inductive hypothesis over the set
of non-root simplexes Sg = { Jj € Sg ‘ b]Q > 0}. In order to state our inductive hypothesis we
will need a notion of the set of simplexes currently at the “top” of the recursion: for a given depth

<d,3jist keDi,d;> d}.
This is simply the set of simplexes such that their depth is less than d and the depth of their parent

simplex is strictly greater than d. The reader may wonder why we do not perform the induction
over simplices such that d; = d. This is in order to avoid some technicalities relating to cases

d, we let the set of simplexes at the top be Sd — {

where two child simplexes from the same parent have different depths. By using §g2, we ensure
that the right-hand side of the inductive hypothesis always consists of the simplexes that are at
the top of the treeplex given the current induction depth. We now show the following inductive
hypothesis for any depth d > 1:

e R P B

e ‘ q; qp; — Q5 (q
jeSoid;<d i€l Pi je8g:d; <d i€l =P

s

We first show the inductive step, as the base case will follow from the same logic. Consider
a treeplex () of depth d > 1. By applying the inductive hypothesis we have

hzz thhpj hzzn'
S oa|(E-Emm) e - ¥ oY
jeSgidj<d i€l Pi Pi 1 jeSqid <d i€l

2 2
Y 5 Z(h_?_%)+% S Zh_z_ %hi (3.12)
1 M7 j

Py ’ q; Ap; Ap; Py - q;
jeSoid;=d | i€l ba Pi | jeSgid;=d i€l je8d-

oY . Qd-1 ; Cdd—1 ~ Qd Qd—1\ Qd
Now we can rearrange terms: First we split S5, into two sets Sg~ N .SG and Sg \ S§). The
sum over j € Sg_l \ Sgg is equivalent to a sum over the immediate descendant information sets
k € Dj- inside the square brackets since for each such £ € §g1 \ §g§ there exists some j € :9\5

such that d; = d (otherwise £ would be in §g§). Ignoring §é‘1 N §2§ in (3.12)) for now, we can
write

h?  2hh,, h? h2 . h?
5 Z(_z__m)+ﬂ Sy YRy Ay
jeSgidj=d | i€l e s : jeSoidj=d €l ' je§i-1\gd bi = a5
(3.13)

h2 h?. B2

BJ - O‘J qp; Ip;

Zﬁjzhg 2hihy, v

jeSg:dj=d [ €l ¢ qp] keD!

ha. . _ , e
Now we split the term qﬁ into separate terms multiplied by qq—’ and move it inside the parentheses
Pj Pj
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by using the fact that > = 1, this gives

i€l

h2 o 2hh b, ey, h
= Z Bj Z A ) Z P 21’] o Z Z_z

A : 4 q 6 —a;q 0y,
jeSgid;=d | i€l b kepi I T AR Pi j€Sg:d;=d i€l

Now we can move the sum over ¢ € I; outside the square brackets and consolidate the
summation terms to get

Z Z Bj —1- Z Bkak h_ZQ _ (2/3thhp]) %ﬁ]

jES\Q:dj:d 1€l i keD? O, qp

[ 2 T
> X (ﬁj—aﬁh—’ﬁ—(%hzh’”) Ll ] (3.14)

j€Sq:dj=d i€l; L s %,

J

where the last inequality follows from the definition of ;.

For indices j € Sq such that by, > 0 andi e I;, the relations in imply 3; > «;, and so
the expression inside the square brackets in (3.14) is a convex function of ;. Taking its derivative
w.r.t. h; and setting it to zero gives h; = b hy,. Thus, we arrive at

Bi—a; dp;
[ 2 2 2 72 a2
DS B} aihy, B 2qihy . GiB3h2,
ﬁ4—a< q2, ﬁ'—Oé' q24 q24
je8gid;=d i€l L J 9p; J i 4p, o)
2 ' 2
jegQ:dj:d qu i qu ;g — Oy qu

]ESQ dj=d
Now we take our lower bound (3.15) on (3.13) and apply it to (3.12). Noting that §g) =
{§Q td; = d} U {ggl N §g} we get

2

h .y
« ; o . « )
@D>_ Z It e R Z IS J__Z Jyﬂ (3.16)
jeBod;—d Bi — a; qp, jeSiInss Bj — o ap, BJ @ 9p;
Hence, the induction step is complete. For the base case d = 0 we do not need the inductive
assumption: Because D} = (), a; = 1, and we get (3.14) by definition; we can then apply the
same convexity argument. This proves our inductive hypothesis.

Then using Lemma|l], we now have

2 2hh, \ D 2
V- Y Y zﬁaz(%f—%—f—zzh—%

jeSo i€l j€Sq i€l p; p; jeSg i€l i
2
L O ; h?
. , k— Ok j
j€Sqby=0 L€l @ keDi @
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The first inequality follows from the fact that /,, = 0 for all j € Sg such that bgg = 0, and for

all j € Sg such that bjé > 0, we used our induction. The last inequality follows from 1D and
i, h? > 0. This then proves (3.11).

We are now ready to prove our two main theorems, which we restate before proving them.
Theorem 2. For a treeplex (), the dilated entropy function with weights satisfying recurrence
(3.6)) is strongly convex with modulus 1 with respect to the {5 norm.

Proof. Since ¢; < 1, Lemmaimplies hIN2w(@)h > 3 e, 2ier, i = [|R]3 forall g € 11(Q)
and for all h € R™. Because the dilated entropy function w(q) is twice differentiable on 1i (Q),

from Fact [3] we conclude that w(-) is strongly convex w.r.t. the /3 norm on () with modulus
1. O

Remark 2. The analysis in the proof of Theorem [2) I is tight. By choosing a vector q € {0, 1}
such that ||q||, = Mg, and setting h; = b a hy, for all indices i such that q; = 1 and h; = 0

Bi—aj ap;

otherwise, every inequality in the proof of Lemma l becomes an equality. ]

Theorem 3. For a treeplex (), the dilated entropy function with weights satisfying recurrence

is strongly convex with modulus ML with respect to the {1 norm.
Q

Proof. To show strong convexity with modulus 1 w.r.t. the ¢; norm, we lower bound the right-
hand side of (3.11)) in Lemma [2}

NS PN MNP EL AP ')zMiQHhH%,

jeSq i€l jeSq i€l JESq i€l JESq i€l

where the first inequality follows from the fact that M, is an upper bound on ||¢||; for any ¢ € @),
and the second inequality follows from the Cauchy-Schwarz inequality.
Hence, we deduce h'V3w(q)h > MLQHhH% holds for all ¢ € ri(Q) and for all h € R™

Because the dilated entropy function w(q) is twice differentiable on ri(Q), from Fact |3, we
conclude that w(-) is strongly convex w.r.t. the ¢; norm on () with modulus ¢ = ﬁ@. ]

3.5.3 Treeplex width

The convergence rates of FOMs such as MP and EGT algorithms depend on the diameter-to-
strong convexity parameter ratio %, as described in Section In order to establish full results
on the convergence rates of these FOMs, we now bound this ratio using Corollary [I] scaled by
M.

Theorem 4. For a treeplex (), the dilated entropy function with simplex weights 3; = Mq(2 +
S 2"(Mgq,» — 1)) for each j € S results in % < M@2%*2logm where m is the dimension
of the largest simplex A7 for j € S in the treeplex structure.

Proof. For our choice of scaled weights 3;, Corollary |1|implies that the resulting dilated entropy
function is strongly convex with modulus ¢ = 1. Hence, we only need to bound 2.
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Any ¢ € @ satisfying ¢; € {0, 1} for all ¢ maximizes w(q) and results in max,cq w(q) = 0.
For the minimum value, consider any ¢ € ri(Q). Applying the well-known lower bound of
— log m for the negative entropy function on an m-dimensional simplex gives

Z By, 2&10 q_ > — Z Biap,; logm = Z Z Biap,; logm

gesQ i€l; Pj j€So d=0 j€Sg:dj=d
= — § D Bigylogm— > Bigy logm
d=1 jESQ'd-*d j€Sg:d;=0

:—MQlong > g (2+ZT Mg, , 1))—MQ > 2g,logm

d=1 jeSg:d;=d jESq:d;=0

dg d
> —Mglogm» Y q, Mg, » 2" —2Mglogm Y g, (3.17)
d=1 jGSQZdj:d r=1 jGSQZdj:U

where the last inequality follows because for each j € Sg with d; = 0, the definition of Mg im-
plies > e s .q,—0 Ip; < Mo, and foreach j € Sq withd; = d > 1, we have 2437, 2" (Mg, »r—

1) < ZZI:I 2"Mg,» < Zle 2"Myg, since Mg, < Mg,. Also, from Fact b), we have
ZjeSQ;dj:d qp; Mg, < Mg. Then we arrive at

dg d dg
B17) > —M 1ogm(2 - 222””) = M3 10gm(2 +3 @M - 2))

d=1 r=1 d=1
dq

= —M}, 10gm(2 + Z PARRI 2dQ) > — Mg (logm)2%a*?,
d=1

where the last inequality follows because for dg = 0 we have 29@*? = 4 > 2 and for d > 1 we
have 2dg > 2.

This lower bound on the minimum value, i.e., ming o w(q) > —Mé(log m)24e*2, coupled
with max,c w(q) < 0, establishes the theorem. O

3.6 EGT for extensive-form game solving

We now describe how to instantiate EGT for solving two-player zero-sum EFGs of the form
with treeplex domains. Below we state the customization of all the definitions from Section [3.3]
for our problem.

Let m be the size of the largest simplex in either of the treeplexes X, ). Because X and
Y are treeplexes, they are closed, convex, and bounded. We use the ¢; norm on both of the
embedding spaces E,, E,. As our DGFs for X', ) compatible with the ¢; norm, we use the
dilated entropy DGF scaled with weights given in Theorem 4] Then Theorem [] gives our bound
on QX and . Because the dual norm of the ¢, norm is the £, norm, the matrix norm is given

by [|4] = max,ey {[Aylli + [lyll = 1} = max;; |4,
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Remark 3. The matrix norm || A|| is not at the scale of the maximum payoff difference in the
original game. The values in A are scaled by the probability of the observed nature outcomes
on the path of each sequence. Thus, ||A|| is exponentially smaller (in the number of observed
nature steps on the path to the maximizing sequence) than the maximum payoff difference in the
original EFG. ]

Theorem |4 immediately leads to the following convergence rate result for FOMs equipped
with dilated entropy DGFs to solve EFGs (and more generally BSPPs over treeplex domains).
Theorem 5. Consider a BSPP over treeplex domains X,). Then EGT algorithm equipped
with the dilated entropy DGF with weights ; = 2 + Zf’;l 2"(Mx;, — 1) forall j € Sx and the
corresponding setup for ) will return an e-accurate solution to the BSPP in at most the following
number of iterations:

max; j |A; ;| /M3 29x+2MZ20+2 logm
€

This rate in Theorem E], to our knowledge, establishes the state-of-the-art for FOMs with
O(%) convergence rate for EFGs.

3.6.1 Improvements in extensive-form game convergence rate

The ratio % of set diameter over the strong convexity parameter is important for FOMs that
rely on a prox function, such as EGT and MP. Compared to the rate obtained by [101], we get
the following improvement: for simplicity, assume that the number of actions available at each
information set is on average a, then our bound improves the convergence rate of [101] by a
factor of Q(dy - a?* + dy - a®).

As mentioned previously, Hoda et al. [79]] proved only explicit bounds for the special case
of uniform treeplexes that are constructed as follows: 1) A base treeplex (), along with a subset
of b indices from it for branching operations is chosen. 2) At each depth d, a Cartesian product
operation of size k is applied. 3) Each element in a Cartesian product is an instance of the base
treeplex with a size b branching operation leading to depth d — 1 uniform treeplexes constructed
in the same way. Given bounds (2, ¢, for the base treeplex, the bound of Hoda et al. [[79] for
a uniform treeplex with d uniform treeplex levels (the total depth of the constructed treeplex is
d - dg,, where d, is the depth of the base treeplex ()p) is

Q 2d—27.2d+2 72 £,
—§O<b K2 AEMG, — | .
' b
Then when the base treeplex is a simplex of dimension m, their bound for the dilated entropy on
a uniform treeplex () becomes

%g 0 (|Sof? d& logm)

Even for the special case of a uniform treeplex with a base simplex, comparing Theorem @ to
their bound, we see that our general bound improves the associated constants by exchanging

O(|So|? dg) with O(MZ2%2). Since M does not depend on the branching operation in the
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treeplex, whereas |Sg| does, our bounds are also the first bounds to remove an exponential de-
pendence on the branching operation (we have only a logarithmic dependence). In Example
we showed that there exist games where Mg = /| Sg|, and in general M, is much smaller than
|So|. Consequently, our results establish the best known convergence results for all FOMs based
on dilated entropy DGF such as EGT, MP, and stochastic variants of FOMs for BSPPs.

Gilpin et al. [72]] give an equilibrium-finding algorithm presented as O(In()); but this form

of their bound has a dependence on a certain condition number of the A matrix. Specifically, their
HAH2,2~1H(II(AII)2,2/6)~\/5
(A

is the Euclidean matrix norm, and D = max, zex y5ey ||[2; y]—

iteration bound for sequential games is O(

ber of A, || Al|2,2 = sup, ”ﬁ‘”‘!?
[Z; y]||3. Unfortunately, the condition number 6(A) is only shown to be finite for these games.
Without any such unknown quantities based on condition numbers, Gilpin et al. [72] establish
a convergence rate of O(HAH%'D). This algorithm, despite having the same dependence on € as
ours in its convergence rate, i.e., O(%), suffers from worse constants. In particular, there exist
matrices such that [|All22 = \/I[All1,00[|Allcc,1, Where [|A]l1 o and [|A]loc,1 correspond to the
maximum absolute column and row sums, respectively. Then together with the value of D, this
leads to a cubic dependence on the dimension of (). For games where the players have roughly
equal-size strategy spaces, this is equivalent to a constant of O(Mé) as opposed to our constant
of O(M%) In addition, as compared with previous work, the authors also only show experi-
ments with their algorithm on instances with 9 - 10° leaf nodes [72]], whereas the previous EGT
algorithm showed experiments on instances with up to 4 - 10'? leaf nodes.

), where §( A) is the condition num-

CFR, CFR™, and EGT all need to keep track of a constant number of current and/or average it-
erates, so the memory usage of all three algorithms is of the same order. When gradients are com-
puted using tree traversal as opposed to storing the matrix A (or some decomposition thereof),
each of these algorithms require a constant times the number of sequences in the sequence-form
representation; in particular, each algorithm needs to keep track of some current x € X and
y € ) iterate, as well as a small number of gradients and intermediate solutions. Therefore,
we compare mainly the number of iterations required by each algorithm. Since the theoretical
properties of CFR and CFR™ are comparable, we compare to CFR, with all statements being
valid for CFR™ as well.

CFR has a O(E%) convergence rate; but its dependence on the number of information sets is
only linear (and sometimes sublinear [[108]). Since our results utilizing EGT have a quadratic
dependence on Mé, CFR sometimes has a better dependence on game constants and can be
more attractive for obtaining low-quality solutions quickly for games with many information
sets. However, our theoretical results could be coupled with a O(E%) convergence rate FOM
such as mirror descent in order to achieve a similar dependence on game constants. In practice,
a sampling-based variant of CFR called Monte-Carlo CFR (MCCFR) is preferred for certain
applications [108]. MCCFR and CFR have a similar convergence rate, though MCCFR has
cheaper iterations. Using a gradient-sampling method that we will describe in Section (3.10}
our theoretical results can be utilized with the stochastic mirror prox algorithm [87] in order to
achieve the same cost per iteration and convergence rate as MCCFR.
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3.7 Smoothed best responses

We now show how to solve (3.3)) and (3.4) for our DGF. While it is known that the more general
class of dilated entropy DGFs has a closed-form solution, this is the first time the approach has
been formally given. Furthermore, we believe that our particular solution is novel, and leads to
better control over numerical issues. The problem we wish to solve is the following.

argmin Y (', g;) + B4, d;(¢' /qp,) = argmin > g, (¢, g;) + 8;d;(7)) (3.18)

JE€ESQ JE€ESQ

where the equality follows by the fact that ¢; = ¢,,¢;. For a leaf simplex j, its corresponding
term in the summation has no dependence on any other part of the game tree except for the
multiplication by ;. (because none of its variables are parent to any other simplex). Because of
this lack of dependence, the expression

(@ /ap, 95) + Bidi (& [ap,)

can be minimized independently as if it were an optimization problem over a simplex with vari-
ables ¢/ = 7/ qp, (this was also pointed out in Proposition 3.4 in Hoda et al. [79]). We show how
to solve the optimization problem at a leaf: mingca, (¢, g;) + 8;d;(¢’). Writing the Lagrangian
with respect to the simplex constraint and taking the derivative wrt. g; gives

m1n<q )+ Bidi (@) + A1 = @) = gi + Bi(L +10g ) = A = G oc e 9/
i€l

This shows how to solve the smoothed-best-response problem at a leaf. For an internal simplex
J, Proposition 3.4 of Hoda et al. [[/9] says that we can simply compute the value at all simplexes
below j, and propagate the value up into g, (this is easily seen from (3.18)); each ¢; acts as a scalar
on the value of all simplexes after 7). Letting |I;| = n, we now simplify the objective function:

(@, 95) + ﬂj(Z(@‘ log ¢;) + logn) = Z(@i(gi + Bjlog @;)) + Bjlogn

1€l i

Z (A —B;)) + Bjlogn = X — B; + B;logn,

where the last two equalities follow first by applying our derivation for A\ and then the fact that
¢ sums to one. This shows that we can choose an arbitrary index ¢ € I; and propagate the value
g; + Bjlog g; + B logn. In particular, for numerical reasons we choose the one that maximizes
;-

In addition to smoothed best responses, fast FOMs usually also require computation of
proximal mappings, which are solutions to argmin, ., (g, 9) + D(qll¢'), where D(q|l¢') =
d(q) — d(¢") — (Vd(q),q — ¢) is the Bregman divergence associated with the chosen DGF
d. Unlike the smoothed best response, we are usually only interested in the minimizing solution
and not the associated value. Therefore we can drop terms that do not depend on ¢ and the prob-
lem reduces to argmin ., (¢, 9) + d(q) — (Vd(q'), q), which can be solved with our smoothed
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best response approach by using the shifted gradient § = g — Vd(¢’). This has one potential nu-
merical pitfall: the DGF-gradient Vd(q') may be unstable near the boundary of (), for example
because the entropy DGF-gradient requires taking logarithms. It is possible to derive a separate
expression for the proximal mapping that is similar to what we did for the smoothed best re-
sponse; this expression can help avoid this issue. However, because we only care about getting
the optimal solution, not the value associated with it, this is not necessary. The large gradients
near the boundary only affect the solution by setting bad actions too close to zero, which does
not seem to affect performance.

3.8 Small and medium-scale numerical experiments

We carried out numerical experiments to investigate the practical performance of EGT on EFGs
when instantiated with our DGF. We start out by comparing our DGF (henceforth referred to
as new DGF) with that of Kroer et al. [101] (a preliminary version of the work presented here,
henceforth referred to as old DGF) when used in the EGT algorithm, and then we compare EGT
equipped with our DGF to CFR and CFR™, the practical state-of-the-art EFG-solving algorithms.

We consider two variants of EGT: the original algorithm of Nesterov [132] as is, and a new
variant where we incorporate several heuristics for speeding up practical convergence by avoid-
ing overly pessimistic parameters. We demonstrate and discuss the practical convergence issues
in comparison experiments later. First we describe our practical variant.

Our preliminary experiments for EGT demonstrated that the initial values for the smooth-
ing parameters fi1, jt2 are much too conservative in practice. Instead, in our aggressive EGT
we follow an automated tuning procedure. The goal of this procedure is to find a pair of initial
smoothing parameters i1, (1o that fit the problem instance at hand. At the beginning of the algo-
rithm we perform a binary search over 16 logarithmically-spaced numbers between %9 and 1.0
for p1. For each number, we binary search 3 multiples of j; in order to choose fs: O 75, 1, and
1.25. We choose the smallest pair of parameters that give an excessive gap greater than 0.001
after computing 2°, 9" in Algorithm

Because we are choosing the smoothing parameters this way, we are no longer guaranteed
convergence according to the EGT theory; however we can fix this problem by numerically
checking the excessive gap condition at every iteration. We perform this check as a part of the
following more aggressive step-sizing policy: instead of setting 7 = +3 at every iteration ¢, we
use the aggressive | reduction heuristic of Hoda et al. [79]], where a constant stepsize is used,
and then whenever the post-step check of the excessive gap condition fails the step is retraced
and 7 is halved. We start 7 at % In addition to only decreasing 7 when the excessive gap check
fails, we also increase it by a factor of 1.11 whenever a step was successful. We also introduce
a new heuristic for checking whether a step was successful: we check whether the saddle-point
residual €g,4(2) deteriorated by a factor of more than 1.1 after each step. If it did, we retrace and
halve 7. This heuristic can be computed essentially for free (in particular using the gradients
from the excessive gap check) and thus only requires two treeplex traversals.

We test the algorithms on two games. The first game is a scaled up variant of the poker
game Leduc holdem [157], a benchmark problem in the imperfect-information game-solving
community. In our version, the deck consists of % pairs of cards 1. ..k, for a total deck size of
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2k. Each player initially pays one chip to the pot, and is dealt a single private card. After a round
of betting, a community card is dealt face up. After a subsequent round of betting, if neither
player has folded, both players reveal their private cards. If either player pairs their card with
the community card they win the pot. Otherwise, the player with the highest private card wins.
In the event both players have the same private card, they draw and split the pot. We consider
decks with 6, 30, and 70 cards. The smallest game has about 2000 nodes in the game tree, and
the largest has about 3.2 million nodes in the game tree.

The second game is a zero-sum variant of a search-game played on the graph shown in
Figure [3.2] we will refer to it as Search. Search is a simultaneous-move game (which can be
modeled as a turn-taking EFG with appropriately chosen information sets). A defender controls
two patrols that can each move within their respective shaded areas (labeled P1 and P2), and at
each time step the controller chooses a move for both patrols. An attacker tries to move from
the .S node to one of the three payoff nodes. The attacker can move freely to any adjacent node
(except at patrolled nodes, the attacker cannot move from a patrolled node to another patrolled
node). The attacker can also choose to wait in place for a time step in order to clean up their
traces. If a patrol visits a node that was previously visited by the attacker, and the attacker did not
wait to clean up their traces, they can see that the attacker was there. If the attacker reaches any
of the rightmost nodes they received the respective payoff at the node (5, 10, or 3, respectively)
and the defender loses that amount. If the attacker and any patrol are on the same node at any
time step, the attacker is captured, which leads to payoffs of 1 and —1 for the defender and
attacker respectively. Finally, the game times out after 5 simultaneous moves, in which case both
players receive a payoff 0. Search has 87,927 nodes and 11,830 and 69 defender and attacker
sequences. General-sum variants of this game were studied by BoSansky et al. [17], BoSansky
and Cermdk [18]]. One particularly noteworthy feature of this game is that the strategy spaces are
extremely imbalanced: it is huge for one player and tiny for the other. This is in stark contrast
with Leduc (and other poker games) where the strategy spaces are almost the same. In addition
to our general results that we are about to present, we believe that our results are the first of their
kind in demonstrating strong FOM performance on such imbalanced EFGs.

Py Py

Figure 3.2: A search game between a defender and an attacker.

In our comparisons, we use loglog plots that show the results for a particular game. In each
plot, we show the performance of the algorithms, with the x-axis showing the number of tree
traversals, and the y-axis showing the solution accuracy, i.e. the saddle-point residual. Tree-
traversals are a good proxy for overall computational effort because the majority of the time in
the algorithms EGT and CFR algorithms for EFG solving is spent on gradient computations,
which in our case directly translates into tree-traversals. All EGT experiments include the tree
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traversals needed for automated parameter tuning described in the previous paragraph as part of
the number of tree traversals performed by the algorithm.

First, we investigate the impact of applying the weights used in recurrence (3.6)), as compared
to our preliminary scheme introduced in Kroer et al. [I01]. To instantiate recurrence (3.6) we
have to choose a way to set [3; relative to ;. We use the scheme of Corollary This scheme will
henceforth be referred to as new weights. We compare these new weights to the weights used in
Kroer et al. [101] (henceforth referred to as old weights). Figure shows the result of running
EGT with the old and the new weights for Leduc with a 6-card (on the left) deck and Search
(on the right). The top row shows results when instantiating EGT with the parameters dictated
by the theory, whereas the bottom row shows EGT using all our heuristics. When instantiating
parameters according to theory the most important observation is that the parameters are way
too pessimistic, out of thousands of gradient computations, the majority are spent decreasing
the smoothing parameters until they are small enough that the algorithms start to make progress.
That said, this happens significantly faster for the new parameters than the old ones; for the search
game 20, 000 gradient computations is not enough to start progressing with the old parameters.
For our aggressive EGT variant we find that both DGFs perform much better, though our new
weights still perform better on both games, significantly so for Search.

EGT variant from theory on Leduc EGT variant from theory on Search
> >
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g g
5 5 1.0
Q Q
o 19 =]
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é Algorithm é Algorithm
New weights New weights
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tree traversals tree traversals
Aggressive EGT variant on Leduc Aggressive EGT variant on Search
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Figure 3.3: Solution accuracy as a function of the number of iterations for EGT with our weight-
ing scheme (New weights) and with the weighting scheme from Kroer et al. [101] (Old weights).
Both axes are on a log scale. The top row shows the effect of our weighting scheme when using
EGT instantiated according to the original theory. The bottom row shows the effect when using
our aggressive EGT variant.

We next compare the performance of EGT with our new weights to that of the CFR and CFR™
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algorithms on three Leduc variants (6, 30, and 70-card decks) and Search. For CFR we use two
variants: the vanilla CFR algorithm with RM as the regret minimizer, and CFR with the RM*
regret minimizer and alternating minimization. Finally we have CFR™ which adds linear step-
sizing on top of RM* and alternating minimization. The results are shown in Figure We find
that EGT instantiated with our DGF outperforms CFR with both RM and RM™ and alternating
minimization, whereas CFR™ is slightly faster still. EGT maintains a stronger convergence rate
across all iterations. It starts out slightly worse because its first iterate is shifted outward on the
x-axis due to paying the upfront cost of our automated tuning based initialization. However, its
convergence rate is immediately superior to CFR, and almost immediately overtakes both CFR
algorithms.
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Figure 3.4: Solution accuracy as a function of the number of tree traversals in three different
variants of Leduc hold’em and the Search game. Results are shown for CFR with regret mathing,
CFR with regret mathing™, CFR™, and our aggressive EGT algorithm. Both axes are shown on
a log scale.

The performance we get from EGT (with aggressive stepsizing) relative to CFR is in sharp
contrast to the previous conventional practical wisdom in the field. In our preliminary conference
paper [LO1] it was found that, while EGT has better asymptotic convergence rate, CFR had better
initial convergence rate, and it was only after a certain number of iterations that EGT took over.
Furthermore, the switching point where EGT is preferable was found to shift outward on the
x-axis as the Leduc game size was increased. This sentiment has been mirrored by Brown and
Sandholm [25]]. In contrast to this, we find that our DGF along with proper initialization leads to
EGT having a better convergence rate than not only CFR, but also CFR with RM . Furthermore,
scaling up the game size does not seem to adversely affect this relationship.
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The numerical results in Figure3.4{suggest that our DGF may be useful in practice for solving
large-scale zero-sum EFGs. Moreover, these results are with a particular FOM, EGT, and there
is a myriad of possible ways that our DGF could be combined with other FOMs.

3.9 Large-scale numerical GPU experiments

We now present experimental results on running all the previously described algorithms on a
GPU. All experiments were run on a Google Cloud instance with an NVIDIA Tesla K80 GPU
with 12GB available. All code was implemented in C++ using CUDA for GPU operations,
and cuSPARSE for the sparse payoff matrix. We compare against several CFR Variantsﬂ We
run CFR with RM (CFR(RM)), RM* (CFR(RM™)), and CFR* which is CFR with RM™ and a
linear averaging scheme. Detailed descriptions can also be found in Zinkevich et al. [179] and
Tammelin et al. [161]].

As in the previous section we use a practical EGT variant combining practical techniques
from the previous section. The pseudocode is shown in Algorithm [If As before we use a
practically-tuned initial choice for the initial smoothing parameters j. Furthermore, rather than
alternating the steps on players 1 and 2, we always call STEP on the player with a higher p value
(this choice is somewhat reminiscent of the p-balancing heuristic employed by Hoda et al. [79]
although our approach avoids an additional fitting step). The EGT algorithm with a practically-
tuned p and this p balancing heuristic will be denoted EGT in our experiments. In addition, we
use an EGT variant that employs the aggressive u reduction technique introduced by Hoda et al.
[79]. Aggressive u reduction uses the observation that the original EGT stepsize choices, which
are 7 = 3%4’ are chosen to guarantee the excessive gap condition, but may be overly conservative.
Instead, aggressive i reduction simply maintains some current 7, initially set to 0.5, and tries to
apply the same stepsize 7 repeatedly. After every step, we check that the excessive gap condition
still holds; if it does not hold then we backtrack, 7 is decreased, and we repeat the process. A
7 that maintains the condition is always guaranteed to exist by Theorem 2 of Nesterov [132]].
The pseudocode for this is given in Algorithm 2| EGT with aggressive . reduction, a practically
tuned initial ;, and p balancing, will be denoted EGT/AS in our experiments.

4 All variants use the alternating updates scheme.

37



Algorithm 1 EGT/AS(DGF-center z,,, DGF weights 1, p,,, and € > 0)

10 = Vdy (1;'V [, (2,))
Yy = Y, (o)

t=20
1

while e.,4(2%, y*) > € do
if yo, > p,, then
: (ug™t, 2™,y 1) = DECR(pG, by, 2y, 7)
else
(gt y ™, o, 1) = DECR(uy, it ¢, 2, 7)
t=t+1
. return z°,

R AR AN > e

—_ =
=)

Algorithm 2 DECR(yy, fty, ©, Y, T)

1 (ug, 2™, y") = STEP(a, pty, T, Y, 7)
while EGV(z,y) < 0 do

3 T= %7‘

4. (uj{,x*,yJ’) = STEP(Nz,,uy;xvy>T)
5: return ot Yt T

N

To compute smoothed best responses, we use a parallelization scheme. We parallelize across
the initial Cartesian product of treeplexes at the root. As long as this Cartesian product is wide
enough, the smoothed best response computation will take full advantage of parallelization. This
1s a common structure in real-world problems, for example representing the starting hand in
poker, or some stochastic private state of each player in other applications. This parallelization
scheme also works for gradient computation based on tree traversal. However, in these experi-
ments we do gradient computation by writing down a sparse payoff matrix using CUDA’s sparse
library and let CUDA parallelize the gradient computation.

For poker-specific applications (and certain other games where utilities decompose nicely
based on private information) it is possible to speed up the gradient computation substantially by
employing the accelerated tree traversal of Johanson et al. [82]. We did not use this technique.
In our experiments, the majority of time is spent in gradient computation, so this acceleration
is likely to affect all the tested algorithms equally. Furthermore, since the technique is specific
to games with certain structures, our experiments give a better estimate of general EFG-solving
performance.

Our experiments are conducted on real large-scale “river” endgames faced by the Libratus
Al [27)]. Libratus was created for the game of heads-up no-limit Texas hold’em. Libratus was
constructed by first computing a “blueprint” strategy for the whole game (based on abstrac-
tion and Monte-Carlo CFR [108]]). Then, during play, Libratus would solve endgames that are
reached using a significantly finer-grained abstraction. In particular, those endgames have no
card abstraction, and they have a fine-grained betting abstraction. For the beginning of the sub-
game, the blueprint strategy gives a conditional distribution over hands for each player. The
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subgame is constructed by having a Chance node deal out hands according to this conditional
distribution ]

A subgame is structured and parameterized as follows. The game is parameterized by the
conditional distribution over hands for each player, current pot size, board state (5 cards dealt to
the board), and a betting abstraction. First, Chance deals out hands to the two players according
to the conditional hand distribution. Then, Libratus has the choice of folding, checking, or betting
by a number of multipliers of the pot size: 0.25x, 0.5x, 1x, 2x, 4x, 8x, and all-in. If Libratus
checks and the other player bets then Libratus has the choice of folding, calling (i.e. matching
the bet and ending the betting), or raising by pot multipliers 0.4x, 0.7x, 1.1x, 2x, and all-in. If
Libratus bets and the other player raises Libratus can fold, call, or raise by 0.4x, 0.7x, 2x, and
all-in. Finally when facing subsequent raises Libratus can fold, call, or raise by 0.7x and all-in.
When faced with an initial check, the opponent can fold, check, or raise by 0.5x, 0.75x, 1x, and
all-in. When faced with an initial bet the opponent can fold, call, or raise by 0.7x, 1.1x, and
all-in. When faced with subsequent raises the opponent can fold, call, or raise by 0.7x and all-in.
The game ends whenever a player folds (the other player wins all money in the pot), calls (a
showdown occurs), or both players check as their first action of the game (a showdown occurs).
In a showdown the player with the better hands wins the pot. The pot is split in case of a tie. (For
our experiments we used endgames where it is Libratus’s turn to move first.)

We conducted experiments on two river endgames extracted from Libratus play: Endgame 2
and Endgame 7. Endgame 2 has a pot of size 2100 at the beginning of the river endgame. It has
140k and 144k sequences for Libratus and the opponent, respectively, and 176M leaves in the
games tree. Endgame 7 has a pot of size $3750 at the beginning of the river subgame. It has 43k
and 86k sequences for the players, and 54M leaves.
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Figure 3.5: Solution quality as a function of the number of iterations for all algorithms on two
river subgames. The solution quality is given as the sum of regrets for the players in milli-big-
blinds.

In the first set of experiments we look at the per-iteration performance of each algorithm. The
results are shown in Figure The y-axis shows the sum of the regrets for each player, that is,

3Libratus used two different subgame-solving techniques, one “unsafe” and one “safe” [26]. The computa-
tional problem in the two is essentially identical. We experiment with the “unsafe” version, which uses the prior
distributions described here.
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how much utility they can gain by playing a best response rather than their current strategy. The
unit is milli-big-blinds (mbb); at the beginning of the original poker game, Libratus, as the “big
blind”, put in $100 and the opponent put in $50, in order to induce betting. Mbb is a thousandth
of the big blind value, that is, 10 cents. This is a standard unit used in research that uses poker
games for evaluation. One mbb is often considered the convergence goal. CFR' and EGT/AS
perform the best; both reach the goal of 1mbb after about 400 iterations in both Endgame 2 and 7.
EGT, CFR(RM), and CFR(RM™) all take about 3000 iterations to reach 1mbb in Endgame 7. In
Endgame 2, EGT is slowest, although the slope is steeper than for CFR(RM) and CFR(RM™).
We suspect that better initialization of EGT could lead to it beating both algorithms. Note also
that EGT was shown better than CFR(RM) and CFR(RM™) by Kroer et al. [103] in the smaller
game of Leduc hold’em with an automated p-tuning approach. Their results further suggest that
better initialization may help enhance converge speed significantly.

One issue with per-iteration convergence rates is that the algorithms do not perform the same
amount of work per iteration. All CFR variants in our experiments compute 2 gradients per iter-
ation, whereas EGT computes 3, and EGT/AS computes 4 (the additional gradient computation
is needed in order to evaluate the excessive gap). Furthermore, EGT/AS may use additional gra-
dient computations if the excessive gap check fails and a smaller 7 is tried (in our experiments
about 15 adjustments were needed). In our second set of plots, we show the convergence rate
as a function of the total number of gradient computations performed by the algorithm. This
is shown in Figure [3.6] By this measure, EGT/AS and EGT perform slightly worse relative to
their performance as measured by iteration count. In particular, CFR™ takes about 800 gradient
computations in order to reach 1mbb in either game, whereas EGT/AS takes about 1800.
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Figure 3.6: Solution quality as a function of the number of gradient computations for all algo-
rithms on two river subgames. The solution quality is given as the sum of regrets for the players
in milli-big-blinds.

In our experiments CFR™ vastly outperforms its theoretical convergence rate (in fact, every
CFR variant does significantly better than the theory predicts, but CFR™ especially so). However,
CFR™ is known to eventually reach a point where it slows down and performs worse than % In
our experiments we start to see CFR™ slowing down towards the end of Endgame 7. EGT, in
contrast, is guaranteed to maintain a rate of % and so may be preferable if a guarantee against
slowdown is desired or high precision is needed.

In addition to the results presented here, we tried several variants of our weighting scheme,
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using more or less aggressive weight increases as we move up the treeplex. Here we present only
the results for the best variant. In future work it would be interesting to more thoroughly explore
the space of possible instantiations of recurrence [3.6|

3.10 Sampling

In some practical settings each iteration of a FOM might be prohibitively expensive, usually
because the gradient is expensive to compute. Instead it may be preferable to use a gradient es-
timator. For example, in the Libratus agent [27] a gradient estimator was used for constructing a
precomputed base strategy (which was also computed in an abstraction), while full tree traversals
were used when solving subgames in real time.

In order to facilitate gradient estimation we can use stochastic FOMs that work with unbiased
estimates of the gradient. Juditsky et al. [87] discuss a stochastic variant of mirror prox for
BSSP, namely Stochastic mirror prox (SMP). SMP does not use exact gradients when computing
strategy updates, but rather unbiased estimators thereof. Specifically, for every z € X, we
assume access to a probability distribution I, such that E, i, [n] = . Similarly, we assume
access to P, for y € ) such that Ec.p, [{] = y. We define variance as follows:

or =supE{[|A" [n, —a]|l}.}, o) =supE{|A[g, —y][7.}
rzeX yey

Juditsky et al. [87] prove that after 7" iterations of SMP with stepsizes

1 40
V3L T\ TTe(02 + 02)

Y¢ = min

Y

the solution satisfies:

0L . 2Q(02 + o)
2T’ 3T

E [esad(zT)} < max (3.19)

We now introduce a broad class of unbiased gradient estimators for EFGs. We describe how
to generate a gradient estimate  of #' A given x € X, that is, the gradient for player 2. Given
y € ), the estimate (T A of ATy is generated analogously. This class explicitly uses the tree
structure representation of EFGs, so we introduce some notation for it. We define / to be the
set of nodes (or equivalently, histories) in the game tree. For any node h, we define A(h) to be
the set of actions available at h. The node reached by taking action a € A(h) at h is denoted by
hla]. We let py, .. be the probability distribution over actions A(h) given by the current iterate .
If & is a chance node, z has no effect on the distribution. We let uy(h) be the utility of player 2
for reaching a terminal node h, and 7, be the index in 7 corresponding to a given terminal node
h.

An EFG gradient estimator is defined by a sampling-description function C : H — NU{all},
where C(h) gives the number of samples drawn at the node i € H. The estimate 1 of 2" A is
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then generated using the following recursive sampling scheme:

(if h is a terminal node : 1y, = 7 - uy(h)
else if h belongs to player 2: Va € A(h) : Sample(hlal, )
Sample(h,7) : < else if C(h) = all: Va € A(h) : Sample(h[a], py (a) - T)

s Draw {al, . .. ,ac(h)} ~ DPh.x,
\ ¥j =1,...,C(h) : Sample(hla], 7 - 5ts)

Sampling is initiated with » = 7,7 = 1, where r is the root node of the game tree. From
the definition of this sampling scheme, it is clear that the expected value of any EFG estimator is
exactly 2" A as desired. It is possible to generalize this class to sample A(h) at nodes h belonging
to player 2 as well.

Lanctot et al. [108] introduced several unbiased sampling schemes for EFGs. These corre-
spond to certain specializations of our general sampling scheme. Chance sampling, C.(h), is
where a single sample is drawn if the node is a nature node, and otherwise all actions are chosen.
This corresponds to the following EFG estimator:

Cu(h) = 1 if h is a chance node
¢ ~Nall else '

In external sampling, C.(h), a single sample is drawn for the nodes that do not belong to the
current player. Hence, when we estimate 2" A, we get C.(h) = 1.
In our experiments, for a given positive integer k, we focus on the following estimator

k ifhi h d
Cor(h) :{ if h is a chance no e. (3.20)

all else

We now provide a simple upper bound for the variance of this class of gradient estimators.
We will need the maximum payoff difference for Player 2 in the EFG, which we denote by
I'y = maxy, jy u2(h) — ugz(h'). An analogous theorem holds for 02 .

Theorem 6. Any gradient estimator C : H — N U {all}, has variance at most 02 < T'2.

Proof. We will show this for o2; the proof is analogous for o2, Our estimator can be thought of
asn = ATE,, where &, is the vector that would be obtained by only writing down the probability
at terminal nodes in the definition of Sample(/, 7). Then using the definition of the conjugate
norm, we have

TEX llslly<1

o2 =supE {||AT [&, — 2] 2.} < supIE{ max (A" [¢, — ] ,s>2} . (3.21)
zeX

Now we use the fact that Sample(/, 7) never sets any entry in 7 to be greater than the largest
payoff in the game, and likewise never lower than the smallest payoff in the game (we can assume
without loss of generality that O is a payoff in the game): Because of perfect recall, the only way
to reach the same index in 7 more than once is through one of the two bottom else statements
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in the definition of Sample(h, 7), but both cases decrease 7 such that the values sum to one.
Likewise, ATz is never component-wise larger or smaller than the maximum and minimum
payoff in the game. Thus, we get that AT [, — 2] is component wise less than T'y. Letting 1
denote that all-ones vector of appropriate dimension, we get

3.21) < sup]E{ max (I'y - 1,3)2} =T} (3.22)

TEX llslly<1

]

This result immediately leads to the following first-of-its-kind bound on the convergence rate
of a stochastic FOM for EFG solving:
Theorem 7. Consider a BSPP over a treeplex domain Z. Suppose SMP equipped with the
dilated entropy DGF with weights 3; = 2+ ij:l 2" (Mz,, —1) forall j € Sz and any gradient

. . . . . 1 4M22%2+2logm
estimator C is used to solve the BSPP. Using stepsizes v, = min {_\/g o\ T | the

expected convergence rate of this algorithm is

E [esad(zT)} < max (3.23)

TLM2292+2 Jog m . \/2M§2dz+2logm(rf+rg)
2T ’ 3T

This is the strongest known bound on algorithms for computing Nash equilibria in two-player
zero-sum EFGs via stochastic methods. Unfortunately preliminary practical experiments found
that SMP performed significantly worse than MCCFR in practice, and so more practical engi-
neering work needs to be done to find a strong practical candidate for stochastic EFG solving via
FOM:s.

Unfortunately preliminary experiments found that the stochastic mirror prox method is not
competitive with the MCCFR algorithm in spite of its superior theoretical properties. Thus more
practical engineering work is needed in order to make stochastic FOMs useful. In future work it
would be interesting to investigate whether other stochastic FOMs can be leveraged to get better
practical performance [[107, 131} [1735]].

3.11 Conclusions and future work

We have investigated FOMs for computing Nash equilibria in two-player zero-sum perfect-
recall EFGs. On the theoretical side, we analyzed the strong convexity properties of the di-
lated entropy DGF over treeplexes. By introducing specific weights that are tied to the structure
of the treeplex, we improved prior results on treeplex diameter from O(|Sg|Mgd2¢logm) to
O(M, 525’@*2 log m), thereby removing all but a logarithmic dependence on branching associated
with the branching operator in the treeplex definition. These results lead to significant improve-
ments in the theoretical convergence rates of FOMs that can be equipped with dilated entropy
DGFs and used for EFG solving including, but not limited to, EGT, MP, and Stochastic MP.

We numerically investigated the performance of EGT and compared it to the practical state-
of-the-art algorithms CFR and CFR™. Our experiments showed that EGT equipped with the
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dilated entropy DGF, when tuned with a proper scaling, has better practical, as well as theoreti-
cal, convergence rate than CFR even with RM™, as opposed to the cross-over point phenomena
based on the size of the games. While CFR™ is still faster, our results are for a specific FOM
instantiated with our DGF; it seems likely that future experimental work could lead to even faster
algorithms based on our DGF, for example by incorporating randomization to reduce the cost of
gradient computation, or other FOMs such as mirror prox [[130] or the primal-dual algorithm by
Chambolle and Pock [39].

Theorems [2| and [3| establish bounds for a general class of weights 3; satisfying the recur-
rence (3.6). Then in Corollary[I} we have selected a particular weighting scheme for j3; satisfying
(3.6) and performed our numerical tests. There may be other interesting choices of /3; satisfying
the recurrence (3.6). Thus, finding a way to optimally choose among the set of weights satisfying
to minimize the polytope diameter for specific games is appealing.

On a separate note, in practice CFR is often paired with an abstraction technique [[148]]. This
is sometimes despite the lack of any theoretical justification. Effective ways to pair FOMs such
as MP and EGT with practical abstraction techniques [28]] or abstraction techniques that achieve
solution-quality guarantees, such as those discussed in the abstraction section of this thesis, are
also worth further consideration.

von Stengel and Forges [166] introduce an extension of the sequence-form LP to the compu-
tation of extensive-form correlated equilibria. The dilated entropy approach could potentially be
extended to this setting, leading to a smoothing method for the correlated strategy space. In that
case it would be interesting to find a formulation of the extensive-form correlated equilibrium
problem that is amenable to FOMs.

The smoothing method presented in this chapter has no inherent dependence on being for
two-player-zero-sum games; such games are simply the best current application of the smoothing
method. For example, recent work has investigated the formulation of reinforcement learning as
a first-order optimization problem amenable to methods such as mirror prox and other proximal
algorithms [13, 115,116, 118]].
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Chapter 4

Abstraction for large general-sum games

Initially, game abstractions were created by hand, using domain dependent knowledge [15,155]].
More recently, automated abstraction has taken over [66, 168, [179]. This has typically been used
for information abstraction, whereas action abstraction is still largely done by hand [71, [153].
Recently, automated action abstraction approaches have also started to emerge [23} 24, [75, [76,
152].

Ideally, abstraction would be performed in a lossless way, such that implementing an equi-
librium from the abstract game results in an equilibrium in the full game. Abstraction techniques
for this were introduced by Gilpin and Sandholm [68] for a subclass of games called game of
ordered signals. Unfortunately, lossless abstraction often leads to games that are still too large
to solve. Thus, we must turn to lossy abstraction. However, significant abstraction pathologies
(nonmonotonicities) have been shown in games that cannot exist in single-agent settings: if an
abstraction is refined, the equilibrium strategy from that new abstraction can actually be worse in
the original game than the equilibrium strategy from a coarser abstraction [168]]! Until recently,
all lossy abstraction techniques for general games of imperfect information were without any
solution quality bounds. Basilico and Gatti [6] give bounds for the special game class Patrolling
Security Games. Johanson et al. [84] provide computational methods for evaluating the quality
of a given abstraction via computing a best response in the full game after the fact. Lanctot et al.
[109] present regret bounds for strategies with low immediate regret computed in imperfect recall
abstractions, with their result also extending to perfect-recall abstractions. Their result depends
on the counterfactual regret minimization (CFR) algorithm being used for equilibrium compu-
tation in the abstraction, and focuses on abstraction via information coarsening, thus allowing
neither action abstraction nor reduction of the size of the game tree in terms of nodes. Waugh
et al. [171]] and Brown and Sandholm [24] develop iterative abstraction-refinement schemes that
converge to a Nash equilibrium in the limit, but do not give bounds when an abstraction of the
game is solved. Sandholm and Singh [[152] provide lossy abstraction algorithms with bounds
for stochastic games. They leave as an open problem whether similar bounds can be achieved
for extensive-form games. A key complication keeping the analysis in their paper from directly
extending to extensive-form games is information sets. In stochastic games, once the opponent
strategies are fixed, the best response analysis can be approached on a node-by-node basis. With
information sets this becomes much more complex, as strategies have to be evaluated not only
according to how they perform at a given node, but also how they perform according to the
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distribution of nodes in the information set.

This chapter develops the first algorithm-agnostic theoretical bounds on solution quality for
(possibly approximate) Nash equilibria computed in abstractions of EFGs rather than the full
game. In addition, the bounds we develop (both for perfect and imperfect-recall abstractions) are
exponentially stronger than the only prior (algorithm specific) bounds for EFGs [109].

4.1 Introduction

Game-theoretic equilibria have played a key role in several recent advances in the ability to
construct Als with superhuman performance in games with imperfect information [21} 27, [124]].
In particular these results rely on computing an approximate Nash equilibrium [126] for the
game at hand. In typical real-world situations these games are so large that even approximate
equilibria are intractable. Instead, the dominant paradigm has been to first construct some smaller
abstraction of the game, apply an iterative algorithm for computing a Nash equilibrium in the
abstraction, and map the resulting strategy back to the full game. This approach was used in the
recent Libratus agent, which beat four top poker pros in the game of heads-ups no-limit Texas
hold’em [27] (in addition to abstraction and equilibrium approximation the agent also utilized
real-time subgame solving [26] and action abstraction refinement). Abstraction has also been
used in trading-agent competitions [[173] and security games [4} 15, 6].

In practice, abstractions are generated heuristically with no theoretical guarantees on solu-
tion quality [15) 28,164, 166, 167, 169, [70, [71, 75, [76, 84, [149, [155]. Ideally, abstraction would be
lossless, such that implementing an equilibrium from the abstract game results in an equilibrium
in the full game. Gilpin and Sandholm [68] study lossless abstraction techniques for a structured
class of games. Unfortunately, lossless abstraction often leads to games that are still too large
to solve. Thus, one must turn to lossy abstraction. However, significant abstraction pathologies
(nonmonotonicities) have been shown in games which cannot exist in single-agent settings: if
an abstraction is refined, the equilibrium strategy from that new abstraction can be worse in the
original game than the equilibrium strategy from a coarser abstraction [168]]! Lossy abstraction
remains poorly understood from a theoretical perspective. Results have been obtained only for
various restricted models of abstraction. Basilico and Gatti [6] give bounds for the special game
class called patrolling security game. Sandholm and Singh [[152] provide lossy abstraction algo-
rithms with bounds for stochastic games. Brown and Sandholm [23], Waugh et al. [[171], Brown
and Sandholm [24]], and Cermék et al. [350137] develop iterative abstraction-refinement schemes
that have various forms of converge guarantees but they do not give solution-quality guarantees
for the original game for strategies computed in limited-size abstractions. Lanctot et al. [109]]
show that the counterfactual regret minimization algorithm (CFR) converges to an approximate
NE when run on an imperfect-recall abstraction that is a skew well-formed game (SWF) with
respect to the original game, where the error in the NE has a linear dependence on the number of
information sets.

The work by Lanctot et al. [109] is most related to our work, as they also focus on abstraction
of EFGs. However, their results are only for the narrow class of SWF games, and only for
applying the CFR algorithm to the resulting abstraction. They assume that information sets
(i.e., decision points) are aggregated into larger information sets. All pairs of information sets
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that are aggregated together are compared by defining a mapping between subtrees under the
information sets. This mapping then requires that the payoffs are similar, the distribution over
chance outcomes is similar, and for pairs of leaves mapped to each other, the leaves have the
same sequence of information-set-action pairs leading to them in the abstraction. Payoff and
chance-outcome similarity is similar to what good practical abstraction algorithms seek to obtain.
However, the requirement that information-set-action pairs are the same for leaf nodes mapped to
each other is not satisfied by the best heuristic abstraction algorithms used in practice 28,164, 184]].
In this chapter we develop an exact decomposition of the solution-quality error that does not
require any such assumption. This is the first decomposition of solution-quality error resulting
from abstraction. This decomposition depends on several quantities that prior results did not
(owing to its more general and exact nature). We then show that by making a weaker variant of
previous assumptions, our decomposition can recover all previous solution-quality bounds. We
show via counterexample that there exist games where the assumption on information-set-action
pairs is, in a sense, necessary in order to avoid large abstraction error that is not measurable by
the type of technique presented here and in prior work. We go on to define a generalization of
SWF games called chance-relaxed skew well-formed games (CRSWF games) which, unlike SWF
games, allows error in chance outcomes. We similarly define a class of perfect-recall abstractions
that allow ex-post bounds on solution quality via our decomposition. For all our settings we
prove bounds for exact Nash equilibria and strategies with bounded counterfactual regret. We
also prove the first bounds for how e-Nash equilibria computed in abstractions perform in the
original game. This is important because often one cannot afford to compute an exact Nash
equilibrium in the abstraction. All our results apply to general-sum n-player games. Finally
we investigate the performance of our abstraction classes experimentally by computing bound-
minimizing abstractions and their practical approximation to Nash equilibrium.

The rest of the chapter is structured as follows. Section describes our overall model of
abstraction, and the assumptions we make on how the abstraction and the original game are
related. Section describes how we measure differences between the original game and the
abstraction. Section [4.4] gives our main result: an exact decomposition of the abstraction error
based on our measures of difference. Section [4.5] specializes this decomposition result to the
setting of perfect-recall abstraction and shows that under more stringent assumptions on the ab-
straction structure we can get ex-ante solution quality bounds. Section .6 similarly specializes
to imperfect-recall abstraction. Finally Section presents a model of EFGs with continuous
action spaces and shows how our results on abstraction theory can be used to reason about dis-
cretization of continuous action spaces.

4.2 Game abstractions

We start by giving an intuitive description of how we model abstraction. We are given some
perfect-recall EFG I' for which we would like to compute a (possibly approximate) Nash equi-
librium. Instead of solving I" directly, we assume that we are given some abstraction of I' called
[". Throughout we will assume that I is itself an EFG, though it is allowed to be imperfect
recall, unlike the original game. The high-level idea is to compute some approximate solution to
[, and then use that approximate solution to construct a strategy for I'. The type of approximate
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solution computed for I may vary. For example, computing an exact Nash equilibrium in I"
may be overkill, since what we ultimately care about is how strong of a strategy profile we get in
the original game. This is especially true when the abstraction has imperfect recall, in which case
a Nash equilibrium is NP-hard to find, and it suffices to find a strategy with low counterfactual
regret at every information set. We consider several notions of solution to the abstract game.

Once we have an abstraction and a solution thereof, the primary question that we ask in this
chapter is whether we can construct a solution to the original game that is provably near-optimal.
To answer this question we need a way to reason about the differences between the original game
and the abstract game. We do this by setting up a mapping between the real game and the abstract
game: every information set in the real game is assumed to map onto a specific abstract informa-
tion set. The strategy that we construct for the real game is such that the distribution over actions
at a given information set is constructed from the distribution over actions at the abstract infor-
mation set that it maps onto. In order to analyze the quality of the obtained strategy we propose
a two-step process for measuring differences between the real and abstract game: In the first step
we think of the original game mapping onto an information refinement of the abstraction, where
the refinement is the abstract game but with some abstract information sets refined into two or
more new information sets. The information refinement has to be at least fine-grained enough to
entail perfect recall, although it may be useful in practice to consider refinement even of perfect
recall information sets. We set up measures of how different payoffs and probability distribu-
tions are in the original game versus in the refinement, where these measurements are based on
how information sets and actions from the real game are mapped onto the refinement of the ab-
straction. In the second step, we measure the difference between the refinement and the abstract
game. This is again done by measuring differences in payoffs and probability distributions, this
time between each information set in the refinement and the larger abstract information set that
it was refined from in the abstraction. This process is illustrated in Figure

The step where the original game is mapped onto a refinement would typically be used to
model action removal: say we have three actions a4, as, az available at an information set, in the
abstraction we may want to have only a;, a; and consider a3 as mapped onto as. The refinement
step can only model information coarsening, but is very powerful for modeling certain practical
types of abstraction. As an example, in poker research cards have typically been abstracted via
information coarsening, say treating a pair of aces and a pair of kings as the same hand in the
abstraction. We can model this in the refinement step, where aces and kings would be refined
into two separate information sets.

We now give a formal description of our framework. As noted above, we consider abstrac-
tions that are themselves EFGs, but we do not require abstractions to have perfect recall (the
leading practical abstractions are of imperfect recall [28, 64, [84]). We will use the original
game to refer to some perfect-recall game I' = (H, Z, A, P, 7y, {Z;}, {u;}) that we would like
to compute a Nash equilibrium for. We use the abstract game to refer to some other game
"= (HZ A, P x,{Z!},{u;}) that is an abstraction of I". The goal is to compute a (pos-
sibly approximate) equilibrium in the abstraction, and map the resulting strategy profile to the
full game. An example is shown in Figure Figure shows an example of going from the
original game in Figure 4.1 to the abstraction.

We model abstraction as a two-stage process. First, the full game is mapped onto the abstract
game, with every original information set / € Z; mapping onto some information-set partition I}
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Figure 4.1: Abstraction example. Left: Original EFG. Right: Abstraction (which has perfect
recall in this case). Dotted red arrows denote the mapping of information sets in the original
game onto information set partitions in the abstract game. The dotted red line in the abstract
game denotes an information set coarsening relative to P’.

Original game ‘ Perfect-recall refinement ‘
. T 1 Abstract right branch Coarsen Player 2 ,
3 3 ~3 onto middle branch 3 information sets
— —_—

) ) 4 h ) /
S @ \@\ o o
/ \h \h h l ) 4 /\ L/ \h ¢ ) 4 4 h

0 1 0 -2 0 3 0 1 () 3+e¢ 0 1+e 1 0 -2 0 3 0 10 1 0o -2 0 3 0 1

Figure 4.2: Example of how the abstraction in Figure could be constructed. First the right-
most red branch is removed (which we would model as mapping it onto the middle blue branch).
Second the information sets for Player 2 are coarsened as shown by the red dotted line.

in the abstraction via a function f : Z — P’ that maps Z surjectively onto P’. P’ is assumed to
be a partitioning of H’\ Z’ that refines Z'. Thus the information-set structure specified by P’ can
be thought of as specifying an intermediate game with (weakly) more information than I''; P’ is
assumed to induce a perfect-recall gameﬂ In Figure each of the three original information
sets belonging to Player 2 map onto the same abstract information set, but the leftmost original
information set maps onto the left partition, whereas the center and right information sets map
onto the right partition. In the abstract game in Figure Player 2 has two subsets in P’: the
left and right sides of their single information set. Actions are similarly mapped with an action
mapping g : A — A’ that maps each A; surjectively onto A . It is assumed that f respects the
information-set tree structure by mapping C{ surjectively onto Cf}(a). The final part of the first step
is a way to map leaf nodes under original information sets to leaf nodes under the corresponding
abstract information set. For each information set / and action a € Aj, we require a surjective
leaf-node mapping ¢; from the set of leaf nodes reached below I, a before player 7 acts again,
7, onto /

The second step in our abstraction model captures the differences between the abstract game
['" and the game induced by using the partitioning P’ instead. This is done by comparing the
distribution over leaf nodes conditioned on being at a given I; € P’ versus the distribution
conditioned on being at the corresponding abstract information set I’. In Figure this would

"Lanctot et al. [109] use the notion of a perfect-recall refinement, which is a partitioning of each imperfect-recall

information set into several perfect-recall information sets. Our definition of P’ can be thought of as specifying a
perfect-recall refinement of the abstraction.
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correspond to comparing the leaf nodes under e.g. the right pair of nodes in Player 2’s informa-
tion set in the abstraction to the leaf nodes in the overall information set for Player 2. For each
partition /; this is done with a set-valued map ¢;; that maps the set of leaf nodes Z}‘}' onto Z}l,/

for each a’ in a way such that {¢/(2') : 2’ € Z}’}'} specifies a partitioning of Z%. For a given
partition [}, we let D I and C I be the set of descendant and child partitions, respectively, that
can be reached from [7.

For a strategy profile ¢’ computed in [V we need a way to interpret it as strategy profiles in
I". We present the natural extension of a lifted strategy, originally developed by Sandholm and
Singh [[152]] for stochastic games, to EFGs. Intuitively, a lifted strategy o' is a strategy where
for any abstract action ¢/, the sum of probabilities in o™ assigned to actions that map to @’ is
equal to the probability placed on ¢’ in ¢’.

Definition 6 (Strategy lifting). Given an abstract strategy profile o', a lifted strategy profile is
any strategy profile o' such that for all I, all «' € Apny: ZaEQ_l(a/) o' (I,a) = o' (f(I),d).

We use the definition of counterfactual value of an information set, introduced by Zinkevich
et al. [179], to reason about the value of an information set under a given strategy profile. The
counterfactual value of an information set [ is the expected utility of the information set, assum-
ing that all players follow strategy profile o, except that Player ¢ plays to reach I. It is defined as
Vo(I) = 3,cz, ™ (2[1)u;(2) when 77,(I) > 0; otherwise it is 0. Analogously, W T - R
is the corresponding function for the abstract game. For the information set /,. that contains just
the root node r, we have V,?(1I,.) = V.?(r), which is the value of playing the game with strategy
profile 0. We assume that at the root node it is not Chance’s turn to move. This is without loss
of generality since we can insert dummy player nodes above a root node belonging to Chance.

We show that for an information set 7, V,?(I) can be written as a sum over descendant infor-
mation sets. The proof is straightforward.

Lemma 3. For any strategy profile o or abstract strategy profile o', the counterfactual value of
an information set 1, or abstract information-set partition 1}, can respectively be written as

Ve => "o Ia{Zw TNV + ) 77z Du(z ]

a€Ar Iecy 2€Z}
X . “4.1)
W= Y o—'<f',a'>[ S R BWE )+ Y w%(z’m)ui(z')].
a'€Ap Itecy, Zezy
I I

Proof. We show the statement for V,?(I), the result for W7 (I;) follows by viewing the parti-
tioning as a perfect-recall game. We have

Ve(I) = Z (z|1)u;(z Z Z 7 (z|Dui(z) + Z (2| 1w (2 4.2)

2€Z; IEC ZGZ 2€Z;
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Now for any I € C; we have

w7 ui(z) =Y 7 (W)Y 7% (zh)ui(z) = 77(I[1) > w7(hT) Y 7 (2|h)ui(2)

zGZI hel zGZ[ hel ZGZf

=n(I11) " 77 (el Dyus(2) = 7 (| )V (D),

zeZi

where the second equality follows from 77 (h|I) = 77 (h|I)7 (I|I) and the third equality follows
from 77 (z|1) = w7 (h|I)7°(z|h). Plugging this into (4.2)) gives the result. O

We will show results for three different solution concepts that come up in practice. An e-
Nash equilibrium is a strategy profile ¢ such that V?(r) > V%' (r) — ¢ for all players i and
o' = (0_;,0.). In other words, each player can gain at most € by deviating to any other strategy
o!. This is what is computed by approaches based on first-order methods [79, 101} 103]]. A Nash
equilibrium is an e-Nash equilibrium where ¢ = (. Finally, a strategy profile o has bounded
counterfactual regret if for all i, I € Z,and a € Ay, V7' (1) < V(1) + r(I). Strategy profiles
with bounded counterfactual regret are important because regret minimization algorithms for

EFGs converge by producing strategies with low r(7) [27, 31} 58, 108, [179].

4.3 Measuring differences between the original game and the
abstract game

Our goal is to show a decomposition of the utility difference, or abstraction error, between the
original game and the abstract game when using a lifted strategy. This will consist of showing
that the € in an e-Nash equilibrium for the original game constructed from an ¢ -Nash equilibrium
in the abstraction can be decomposed into three types of error: ¢, a measure of how payoffs
differ between the games, and a measure of how node probabilities differ. In order to do this, we
now define measures of differences between the original and abstract game. We measure payoff
differences between real and abstract nodes z, 2’ as

AR(z,2) = ui(2) — ug(2).

We measure leaf-node reach-probability differences conditioned on reaching a given infor-
mation set [ versus its corresponding abstract information set-partition /; as follows

AP 00y = > 7% (al) = 77(Z|1}), for 2 € Zj.
ZE(b;l(z’):zeZI“

We will also need to measure the difference in probability of reaching information set par-
titions, conditioned on being at the preceding information set partition belonging to the same
player,

A]_DZ-(IH],(I’O',OJ) = Z Trii(ju’a) —Wi;(]HI})
Tef-1(1)

51



While the set f~* (f }) can include information sets I that do not come after I, a, such information
sets are irrelevant since 77, (I|I,a) = 0.

Proposition 1. For any player i, abstract strategy o', real strategy o, information sets I and
I' = f(I), and actions a and o' = g(a)

Zﬂ' (z|Du;(z) — Z?T (1) (2 Zﬂ' (z|)A™ (2, p1(2)) + ZAZ(Z’]I,@,U, o u;(2)

’
€27 Z’GZ?} 2€27 zlez}z/’

Proof. We have

> w7 Dui(z) = > Z 7% (2| Dwi(2)

ZEZ“ 2 GZ?I ze(j)l (Z ): ZEZ‘II

=Y Y w2 + Az 6r(2)))

/ 1 .
ZIGZ?} 2€¢, (2'):2€Z¢

= > [ + A L a0 o) w2 + Y Az 2,61(2))

veze, 2€2f
= > 7w EIDu) + > 77 (ADAR (2, 61(2)) + Y AP a 0,0 )ui(2).
z’EZI’l,/ ze27 2 ez;
I I

The first equality follows from the fact that every leaf node in Z{ maps onto some leaf node
in Z }1,', the second from the definition of A%, the third by rearranging terms and the definition of
AT, and the fourth by rearranging terms. ]

We now prove a technical lemma that will be used as the primary tool for inductively proving
that strategies from abstractions have bounded regret.

Lemma 4. For any information set I, I' = f(I) and pair of strategy profiles o, o', assume there
is a bound A(I, f(I)) such that V7 (1) — Wi"'([}) < AL, f(1)) forall I € C},a € Aj, and
o'(I'yd') = 3 ueg-1(ary 0 (I, @). Then

Ve - W) < Y ol [Z 7 2 61(2)

a€A; ZGZa
+ Y AR a0 0 () + > w7 (DA F(D) + > AR a, 0,0 YW (I))
2129 fece frecs®
I

The above holds with equality if Vi (I) — WZ("(IA;) = A, f(I')) forall I € Cand a € A;.
Proof. By Lemmai4.1|we have

Vo) =Y o(la) | > 7DV + > 77 (2 )us(z)

a€Ar IeC“ 2€2Y¢
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We show the result by separately rewriting the two summation terms. For the summation over
information sets we have

S" D) < S w7 () [We'(7) + AL £(7))]

Ieca Iec’a
=2 [wi(f;rf’, @)+ AT a, 0,00 W' (I + 3 w7 (DAL £(1))
rrecy Iecy

Where the last step follows by the definition of AF,(I}|I,a,0,0"). For the summation over
Y e ze We can apply Proposition Adding up terms and using the condition o'(I’,ad') =
D acg-1(ary 0 (1, a) then gives the result.

The inequality holds with equality when the bounds on child information sets are equalities,
because the only inequality introduced in the proof comes from applying the bound on the child
information sets. U

We now introduce a shorthand for denoting the utility difference attributable to differences
between a given information set I and its abstract counterpart f (/). This is the utility difference
that would arise from recursively applying Lemma 4| to information sets.

Mdiff (7, o, aLi)d: Z (I,a [Z 77, (2| DAF (2, 61(2)) + Z AL, a,0,0"ui(2)

a€Ar z2€2¢ . EZ?,<G>
I

+ Z Wii(ﬂ]) Mdiff(f,@ ol;) + Z A]—Di(j}|[7aagv UI)WiU/(j})
fecy Ireco®
I
It follows from Lemma ] that the players’ values in any lifted strategy profile in the original
game are close to the players’ values of the corresponding abstract strategy profile:
Lemma 5. Given any abstract strategy profile o', any lifted strategy profile ¢ achieves utility
Wy ) = Ve () = Mdii(r, 01 o)

Next we derive an expression for the difference between an abstract information set and any
subset in its partitioning. We will need a way to measure the difference between an information
set I” and any partition /. For reach probability, we let

AP o)y =77 (Z|I) - Y 7 (2|1 (4.3)
€bp (')

be the difference between the probability of arriving at 2z’ conditioned on a strategy ¢’ and being
in partition /; of I’ and the probability of arriving at any leaf node 2’ € gb;}l(z’ ) conditioned on
the same strategy ¢’ and being in I’. For reward differences we let the utility difference between
aleaf node 2’ € Z and its corresponding leaf node 2’ = qb;}l(z’ )in Zp, be

AF(EN7) = wi(2) = dpui(2) (4.4)

These terms allow us to measure the difference between the value W' (1) and W7 (I}) for
any information set /” and any /; in its partition. We let Pdiff (I}, o’) denote this difference.
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Lemma 6. For any player i, abstract strategy profile o', information set I' and any I} in its
partition,

W) = oW () = Y w (ZIARE ) + Y AP o Yul )

ez, Z'€Z,
v I

b it (1, o)

Proof. Using the definition of the value of a partition and applying (4.3), rearranging, applying
(4.4), rearranging again and using the definition of W¢'(I’) gives

WO = 3 ) = Y [ Z ) + AP (o) ()

z GZ z EZ 2 €¢ (z")

= D> TENuE)+ Y AP |17, 0 )ui(2))

zEZI, quﬁI/( z") ZEZ]
=Y > o« ) [orus(2) + AREND] + Y AP o))

zGZ,quSI/( z") ZEZ
=5, W (I + ) 77 (AR + Y AP(z !I}, ui(2'))

z EZ z EZ
I
where the last step follows because ¢ (+) specifies a partitioning of the leaves under I’. ]

4.4 An exact decomposition of abstraction error

Our first theorem shows that an e-Nash equilibrium in the abstract game maps to an €'-Nash equi-
librium in the original game, where ¢ depends on the difference terms introduced in the previous
section. We say that the abstract game has a cycle if there exists a sequence of information sets
I, ..., I} such that for all j # k there exist nodes h’; € I}, b}, € I}, such that A is an ances-
tor of A’ ;, and I} is equal to I;. The next theorem assumes the abstract game is acychc This
enables induction over information sets.

Theorem 8. Given an e-Nash equilibrium o’ for an acyclic abstract game, any lifted strategy
profile o is an € -Nash equilibrium in the original game where € = max;cy €; and

€, = e + Mdiff(r, 0%, 0" ;) — Mdiff(r, o', 0" ;) + Z 77 (I) [Pdiff (1}, 05_,;) — Pdiff (I}, 0*)]
I€T;
here o* = (o}, UTG ) is o1 except Player i plays any best response strategy for the original

game, o' = (o, O’_Z) is such that o*'(I';a') = 3 1,y 0" (I, a) where I € f~YI") is chosen

for each I' in order to maximize W7 (1), and oy is 0 except that at I' we set the strategy
. . / / !/
according to 1, i.e. o™'(I';a') =3 1y 0" (1, a).

Proof. The proof consists of showing that V,?" (r) can be bounded by W¢" (+') and some differ-
ence terms, where o* is a (intuitively speaking) reversely lifted strategy from o*. We can then
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use the fact that ¢’ is an e-Nash equilibrium to bound W7 (') in terms of W¢ (') and finally

show that W7 (+/ ) is close to V7 U/( ).
To rewrite V" (r) in terms of W7 (r') we first prove the following inductive statement for
I €I, I' = f(I) and letting I’ = f(I) for each I:

? I’ I’I

V(1) < WPT(I3) + Mdiff(L, 0%, 0 ) + Y 7 (I]T) [Pdiff([' o) — Pdiff(1/, a*')}
IeD,u{1}

We will start by showing the inductive step, as the base case is the special case of information
sets that only have leaves beneath them (i.e. information sets I such that for all a, C¢ = 0)).

Let I, I’ = f(I) be such that the inductive statement holds for all « € A; and I € C%. The
inductive assumption then gives a bound for each IeD ; as required by Lemma 4 We have

Ve

t I’ I’—>I

(1) W) 4 Mdiff (L 0", 0l ) + Y 7 (1)) [Pdlff(ff ) - Pdiff(f},a*’)] ,
IE'D

4.5)

where the result follows by collecting terms that arise from Lemma {] into the three separate
terms above. .
Oy
Now we can bound W, "'~ (1})

WIT1(17) =0, W/ P1(I') + Pdifi(}, oi_,;); by Lemmalg
Sé,;VVfM(]') + Pdiff(I}, o3/_,;); because o maximizes W7 ()
=W¢"(I}) + Pdiff (I}, o}/, ;) — Pdiff (I}, 0™'); by Lemma[6] (4.6)
Putting (4.5) and (4.6) together gives the inductive statement.

For the base case, it follows from the exact same logic but where there are no descendant
information sets. Applying the induction to the whole game we get

V7 (r) WP () + Mdiff(r, 0%, 07 ) + Y % (1) [Pdiff(I], 07/, ) — Pdiff (I}, 0™)] (4.7)

I1€TZ;

Now we can bound W7 (') by using the fact that ¢’ is an e-Nash equilibrium in the abstract
game:

@) <W7'(I') + e + Mdiff(r, 0%, 0" ) + Y 7% (I) [Pdiff(I}, 07/_,,) — Pdiff (I}, 0™)] (4.8)

I€T;
Finally we can apply Lemma [5]to get the theorem statement. ]

This theorem is the first to show results for mapping an ¢'-Nash equilibrium in the abstract
game to an e-Nash equilibrium in the original game. Prior results have been for abstract strategies
that are either exact Nash equilibria [95]] or with bounded counterfactual regret [98, [109]. That
is because all prior proofs were based on applying a worst-case counterfactual regret bound as
part of the inductive step (which works for exact Nash equilibrium or strategies with bounded
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counterfactual regret but not e-Nash equilibrium); our proof instead constructs an expression for
W™ (") (i.e., for the value of the whole abstract game) before using the fact that ¢’ is an e-Nash
equilibrium. We next show that our framework can also measure differences for strategies with
bounded counterfactual regret.

Theorem 9. For an abstract strategy profile o’ with bounded counterfactual regret r(1') at every
information set I' € T', any lifted strategy profile ' is an e-Nash equilibrium where

e=maxe, &< ;WU*(I) (67,7 (f(I)) + Pdiff(I}, 0),..) — Pdiff(I}, 0")]
€1;

+ Mdiff(r, 0*, o)) — Mdiff(r, ™", 0",

where o* = (o7, O'TU,_Z'> is o1 except for Player i best responding, and each 07+ IS equal to
o' except that o_,,.(f(I),a') =3 c -1y 0" (1, @) for all a' € Ayp).

Proof. Consider some best-response profile o* = (o7, 07 _;). We will show that it satisfies this
bound. First we show that the following holds by induction for every I, I’ = f(I):

(2

VI =W I < S a (D) [0, () + PAifi(T o ,.) — PAifE(7), o)
feD,u{1}
+ Mdiff(1, 0%, 0",)

We start by proving the inductive case. The base case follows by being a special case with
no descendant information sets.

We will use the inductive assumption to apply Lemmad]to the strategy pair o*, o_, ., which
satisfies the condition in the Lemma since o/ _, . plays according to o* at I’. Lemmalrequlres
a bound for each I € Cf: we let A(I f )) be equal to the right-hand side terms in the inductive
assumption. Lemma [ then gives

Ve (D) < (1) + 3 o (Loa) | S0 w7l (2D ARz, 6 (2)) (4.9)
a€Ag ZGZ}I
+ Y AR a, 0™ o ()
zEZI“I
+y w7 ST IIDAT, F(1) + > AP a, 0" oYW (T)) (4.10)
IeCa I}ecy
I

For some quantities that do not depend on player i, we have substituted o™’ for o*, which is
valid because 0™’ _; = ¢*,. The same apphes to o’ and o7}_, . for quantities that do not depend

on I’. We now show how to convert 1V, Tosor (I4) into W¢' (1}). First we apply Lemma@followed
by the bound on immediate regret to get

W (1) = by W (1) 4 PAifE (1}, 0).,.0) < 8y [WE' (') + 7(I')| + Paii(1], 0,,.)
4.11)
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Now we can apply Lemma [6] again to get
@I1) = W7 (1)) + 6pr(I') + Pdiff (1], 0]_,,.) — Pdiff(}, o)

This proves the inductive step: expanding the A(If(I)) and A(If(I)) terms in @.10), using the
above equality, and collecting terms gives the inductive assumption.

Applying the inductive statement to the whole game almost gives the theorem statement, we
only need to convert W7 (r) into VfTJ/ (r) and acquire a negative term Mdiff (r, 1", o’ ). This
is exactly what we get if we apply Lemmato W¢'(r), and so the proof is done. [

We will show in the next sections that our two main theorems generalize prior results. In
addition, our theorems are the first to give an exact expression for the abstraction error; the
inequalities arise only from inexactly solving the abstract game.

4.5 Perfect-recall abstraction

In this section we investigate how our decomposition results can be used to reason about perfect-
recall abstractions. Perfect-recall abstraction was the dominant paradigm for a long time [66),
69, [70]. Perfect recall is attractive from an algorithmic perspective because a Nash equilibrium
can be computed in the resulting abstraction in polynomial time in the two-player zero-sum
case via linear programming [[165]], and there are highly successful fast iterative algorithms [79,
101}, 103} 108, [179]]. This is in contrast to imperfect-recall abstractions, which are known to be
algorithmically intractable. We explore imperfect recall in Section 4.6]

4.5.1 Removing probability-error dependence on strategies

We now show that if the reach of leaf nodes and child information sets in the original and ab-
stract game are the same (without considering Chance moves), the exact results from the previ-
ous section can be used to obtain solution-quality bounds where the probability error depends
only on the probability difference between chance outcomes. These results generalize the pre-
vious solution-quality results of Sandholm and Singh [[152], which were specific to finite-depth
stochastic games.

For the following theorem we define measures of how well Chance outcomes are approxi-
mated in the abstraction:

Ao(h,d') =Y oo(h,a) —oo(l,d), Ag(h) = > Ag(h,a)
acg—1(a’) a’€Ap
Similarly for nodes in infosets belonging to Player ¢ we have the following error
No(W[1) = mo(hlT) — mo('|I7)
hely,

where [}, is the set of nodes in A that precede leaf nodes mapping to 2.
First we prove that our condition gives a outcome-probability difference that is a probability
distribution over differences in actions taken by Chance.
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Lemma 7. Let o' be strategy profile such that 7_; _o(z|h) = 7_s_o(2'|R') forall I € T;, z €
Z; with h and I/ being the nodes preceding z and z' = ¢;(z) in I and f(I), and let I}, be the set

o] node < sucn tnat " l > U. e then have:
de h € I such that 7%, (h|I) > 0. We then h

AP (11, 6,0™ ") = Mo DT (2N + Y 7% (ol DAG (o), (2[t18).

ho€Ho:hEho

Proof. In this proof, for readability we always let ~ and h’ be corresponding real and abstract
nodes. In particular, for a given h € I, i’ will be the node in [} that leads to ¢;(z) . First we
show the following inductive statement for any node h € H, in the subtree at h where h € I,
where the induction is on the length of path from the history to the leaf:

S owT by = 2l Y w0 (holh)Ag (he)n (2850 4.12)

2€¢7 1 (2'):hE> hoEHo:hChy
The base case is trivial since a leaf node z and 2z’ each have probability 1 of being reached given

that you start out at that given node. Assume the induction holds for paths of length / and that
the path length from 2’ to 2’ is [ + 1. We then have:

Z UTG Z o' (h,a Zﬂ' \th

z€¢; " (2'):hE2 a4y, z€¢; ! (2'):hE2
=30 ha) Y EED Y w T (et AG (he)n7 (2 1)
a€A; 2€¢7 1 (2'):hCx hOE'Hoitf{EhO
(4.13)
If » is a non-Chance node then we can use the definition of a lifted strategy to get
B =70+ Y 7 (hol)AY (o) ().
hoG’HoiiLEho

If  is a Chance node then we can apply the definition of A‘O“(ﬁ) to get

ETD= > (oo a) + A0 a)) 7Y+ D 7 (holh) A (ho) (2 e2)
a/EAI/ hOGHOZtEEhO
=7+ YD 7 (hol A (o) (1),
ho€Ho:hCho

This proves the inductive statement.
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By our definitions and (.12)) we have:

PR ETy

quﬁl_l(z’):zGZ?

=S 7w Y w7 )

hel,, zezf;hgz
= > w7 () (wi;<z’|h’>+ > wz?“<ho|h>Aa“<ho>wi;<z'|tZi°>>
hely, hoEHo:hCho

= (2 <h'u’>+Ao<h’u>) 30 Y A (DAY (o) ()

helyr hoc€Ho:hEho

77 () + AW D () + YN w (Rl 1) A (ho)n ().

hel,r ho€Ho:hCho

Where the third equality follows from

S wm i) = Y AT (BDmo(hlT) = 3 TG mo(AIT) = 7R 17) + oK)

hEIh/ hefh/ hEIh/

This proves the lemma. []

By exactly the same proof, but where we treat nodes in I } the way we treated leaf nodes
above, we get

Lemma 8.

AP (I 0" o) = 7 |8 INaT (I + 3 ST w T (ol DA (ho)n (847

fz’ef} hely, ho€Ho:hCho

In order to state our result, we let y; be the set of pure strategies belonging to Player ;. We
will often use @ as an index where a single action a would go according to our definitions; in such
cases @ should be interpreted as the specific action in @ that pertains to the definition, usually the
action at a given information set / prescribed by @. In a slight abuse of notation, we let g(@)
denote the pure strategy in the abstract game corresponding to @ when applying g.

Proposition 2. If an abstract strategy profile o' and a lifted strategy profile UATU/ are such that
foralli, 1 € T, AT, (¥|I,a,0,0") =0, AL, o(z|I,0,0") =0, and AT, _(I}|I,a,0,0") =0

then for all players i and o = (0, 02/) we have
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Mdiff(r, 0, 0";) — Mdiff(r, 0", 0")) < 2max Y 7" (I|a) [ 3" 77 (D) ARz, 61 (2))

+ 3 (AN + Y S w0 (ol DAY (ho)w (2 85 i)

Z’EZ?,(E) hel,r ho€Ho:hCho
I

IR T / / ote’ o' 7110 o (71
SO A INDAT(WE I + Y > 7 (hol DAY (ho)x i (W [£,0) | Wi (1)

feci el hel, ho€Ho:hTho

a0, o)

to’

Proof. 1f we unroll the recursive definition of Mdiff and use the fact that o_;, = 0, we get
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]

We can combine Proposition [2] with Theorem [§] to get a bound that is independent of the
best-response strategy:

Corollary 2. If o’ is an abstract € -Nash equilibrium, satisfies the condition of Proposition
and Pdiff is zero everywhere, then any lifted strategy profile o' is an e-Nash equilibrium where
€ is less than max;cy Mdiffy(o1", 0’) + €

This bound generalizes the bound of Sandholm and Singh [[152]] while simultaneously tight-
ening their bound.

Corollary 2| shows a result for e-Nash equilibrium computed in the abstraction. An analo-
gous corollary for abstract strategies with bounded immediate regret can easily be obtained by
combining Proposition [2] with Theorem [9]

In the next sections we will discuss a particular assumption that, together with choosing a

lifted strategy that assigns all probability to a single action in each ¢! (a’), implies the conditions
given in Proposition [2| This assumption is analogous to the assumption of passing through the
same information-set-action pairs for nodes that map to each other given by [109], which they
use in order to get a condition similar to that of Proposition [2]
Assumption 1. For every player i, information set I € I; and leaf z € Z, the sequence obtained
by applying g to each non-Chance action on the path to z yields the abstract action sequence
from f(I)to ¢;(z) across all players, and the path from the root to 2’ for all non-Chance players
except 1.

4.5.2 Level-by-level abstraction

Prior game abstraction algorithms typically proceed level by level in the game tree—possibly
moving both up and down—e.g. (64, 66, 67, 168, 70, 71, 184,152, [179]. We give a general frame-
work for a large class of level-by-level abstraction algorithms, and investigate the required sub-
routines. We then present an impossibility result for level-by-level abstraction.

First we give a general framework for computing abstractions level by level. The algorithm
operates on a game [, and a set of nodes .S at some level k, where S would usually be an informa-
tion set. It proceeds to build the set A;,,, a set of action pairs that are eligible for merging, along
with the cost ¢ of merging them. This is done by iterating over all action pairs a4, a available at
the nodes, and calling the subroutine APPROXIMATELYISOMORPHIC, which computes whether
the actions can be merged and at what cost, for each node h € S. Once the set A;,, has been
constructed, the algorithm calls a subroutine COMPUTEPROTOTYPES, which selects the subset
of actions that are kept (we call these prototypes), with the remaining branches mapped onto the
prototypes

The two subroutines APPROXIMATELYISOMORPHIC and COMPUTEPROTOTYPES perform
the brunt of the work in this algorithm. We will now, in turn, examine what the subroutines
entail.

The theory from earlier in this chapter also applies to the setting where the abstract game has new actions, if
the new action is constructed from an action in the original game (and that subtree under that action) by simply
changing payoffs in that subtree. However, as in all prior abstraction algorithms, in this algorithms section we focus
on abstraction that selects action prototypes from the actions in the original game.
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Algorithm 3 A framework for level-by-level abstraction with bounded loss in extensive-form
games.
Input: A game I, a set of nodes S at some level £ such that they have the same action set
available
Output: An abstract game I
AIso < @
for each action pair ay,as € Ags do
for each node h € S do Test APPROXIMATELYISOMORPHIC(t) ,t! ) ;
Let ¢ be the cost of merging a;, a, over all h € S
if isomorphic for all s € I then add ((ay, az),c) to Az, ;
Call COMPUTEPROTOTYPES(A/,,) to compute a set of prototypes that the remaining actions
map onto.
end

Extensive-form game tree isomorphism

In order to determine whether two given actions can be merged at some information set (the
function APPROXIMATELYISOMORPHIC above), it must be determined what the cost of merging
the subtrees are at each node in the information set. A special, and simple, case is when the
subtrees are subgames, and there is only a single node in the information set. Consider such two
subgames rooted at nodes h, ho. Since we are assuming that abstraction is conducted level by
level, the algorithmic problem amounts to finding the cheapest onto mapping of A; onto hs. To
reason about this problem, we introduce the extensive-form game tree isomorphism problem.
First we introduce a simple notion of isomorphism. It does not capture everything we need
for the APPROXIMATELYISOMORPHIC subroutine, but we will later show that even this simple
notion is hard to compute. For two game trees to be isomorphic, this definition requires two parts.
First, the trees must be isomorphic in the traditional sense. Second, for any node pairs from the
same information set, their mapped nodes have to be in the same information set, and for any
node pairs in different information sets, their mapped nodes must be in different information sets.

Definition 7. (Extensive form game tree topology isomorphism) A topology isomorphism (TI)
between extensive form games I', 1" is an onto mapping ¢ such that
1. For nodes hy, hy € H belonging to the same information set I, ¢(hy) and ¢(hs) belong to
the same information set in I"'.
2. For nodes hy € I, and hy € Iy, where I, # 15, ¢(hy) and ¢(hsy) belong to different
information sets in 1",
3. For nodes h and h., where h. is a child of h, ¢(h.) is a child of ¢(h).

We give an example game in Figure 4.3] The games have different values at the leaves, but
are topologically equivalent. We can map the two nodes in the information sets any way we
want, and the lone nodes at level 2 must map to each other. For any tree isomorphism on two
extensive-form game trees (that is, ignoring information sets), any node at level k£ in I' will map
to a node at level &k in [, For leaf nodes, they are the only nodes with out degree one, so leaf
nodes must map to leaf nodes. Likewise, the root node  must map to the root node in I", since
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Figure 4.3: Two topologically isomorphic extensive-form games.

they are each the unqiue parent-less node in the respective game trees. Now consider some node
h at height k, at depth d. ¢(h) must be at height & in order to be isomorphic, and the shortest
path to the root node must be of length d.

We now present a refinement of TI, which we call extensive form game tree strategic isomor-
phism (SI), that captures the chance and utility structure of the game. This refinement is what
we need to compute for the APPROXIMATELYISOMORPHIC subroutine. For subtrees where this
isomorphism does not exist, we want to compute the mapping that minimizes the distance to
strategic isomorphism.

Definition 8. (Extensive form game tree strategic isomorphism) An extensive form game tree
strategic isomorphism (SI) is a TI that satisfies the following further constraints.

1. For all chance nodes h € H, and children h., m(h, h.) = mo(¢(h), d(he).

2. For all leaf nodes z € Z and players i € N, V;(z) = V;(¢(2)).

We now show that both TI and SI are graph isomorphism-complete. A graph isomorphism
complete problem is a problem such that there exists a polynomial time reduction both to and
from the graph isomorphism problem [16].

Theorem 10. Deciding whether two game trees are extensive-form game tree topologically iso-
morphic or extensive-form game tree strategically isomorphic is graph isomorphism-complete.

Proof. First we show a reduction to GI. For TI, consider a given extensive form game I'. We
modify the game tree such that it forms a graph Gt in the following way. For each information
set, we make the nodes in the information set a clique. For nature nodes, we leave them the way
they are, and ignore the probability distributions. For leaf nodes, since we are only concerned
with topological isomorphism, we just convert them to an unlabeled node with no value. Finally,
a unique clique size is chosen for the roots to be converted to. An example is given in Figure 4.4}
Here we have a single information set containing all the nodes at height 2. We turn those nodes
into a clique in the transformation, and convert the utilities at leaf nodes to regular leaf nodes.
First we show that any GI mapping ¢ computed on G, G corresponds to a TIon I', I'". We will
do this by induction on the height k.

Consider leaf nodes at height £ = 1. Leaf nodes are the only nodes with degree 1, and thus
for any leaf node z € Zr, ¢(z) must be a leaf node in I, and vice versa. There are no information
sets to respect at the leaf level.

Now consider height k, and assume that all nodes at heights below k are correctly mapped.
For any node h at height k, we have that ¢(h) must also be at height & in I, and they must have
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Figure 4.4: On the left is an extensive form game. On the right is the resulting graph after turning
the information set in to a clique, and converting utilities at leaf nodes to regular leaf nodes.

the same length path to r, ¢(r) respectively, since tree isomorphism preserves levels, as described
above when we introduced our isomorphism definitions. Our added edges do not change this,
since they only connect vertices within the level. Now consider some information set [ at height
k, and hq,hy € I. hy, hy are connected by information set edges, and thus ¢(hy), ¢(hs) must
also be connected, which is only the case if they’re in an information set together. Conversely,
if hy € I1,hy € I, I; # I, then they do not have an edge between them, and neither does
&(h1), ¢(hs), which is only the case if ¢(hq), ¢(hs) are in separate information sets.

Now, we show that if ¢ is an isomorphic mapping for I', [ then it also defines an isomorphic
mapping for G, Grv. By the same reasoning as above, we have that all nodes must be at their
respective levels, and leaf nodes must be correct. For hy, hy € I at some level k, we have that
®(h1), @(hg) share an information set as well, and thus the nodes are connected by an edge in
both augmented graphs. Similarly, for hy € I1,hy € I, I} # I5, ¢(h1),¢(hs) do not share
an information set, and thus the nodes are not connected by an edge in either of the augmented
graphs.

For SI, we perform the same transformation as above, except for leaf nodes and nature nodes.
For every nature node type, we insert a separate unique structure. Then only nature nodes of the
same type can map to each other. Further, for nature nodes that have uniform distribution over
their actions, we can treat them as normal nodes, since they will only be merging with other
nature nodes at the same level with uniform distribution, and the same number of actions. This
can be any unique structure, one option is to use cliques of varying sizes, one size for each type,
where the path from the root enters by some node in the clique, and leaves from some other node.
This is a separate unqiue structure from the information set cliques, since those had edges going
in and out of the clique from every node in the clique. Further, to make sure that we map the
correct probability edges to each other, we can insert another unique structure along each unique
edge probability, for example a circle, with circles of length {3, ..., 3 + |nature edge types|}.

Now consider some leaf node z € Zr, with values vy, ..., v, for the players. From the node
z, we insert a clique of size ¢ + 2 for each player 7, and add an edge from some node « in the
clique to z. We then construct a cycle graph of size ¢(v;), and connect u to some node in the cycle
graph. c(v;) is the smallest unique cycle size. This type of clique is again unique, since edges
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enter and leave the clique from the same node u, which is different from the nature cliques. Now,
for two leaf nodes z € I, 2’ € I, we have that they are only isomorphic to each other if they have
the same payoffs for each player, since each player has a uniquely sized clique, and the circles
at the cliques must be of the same size. An example is given in Figure 4.5] On the left is a leaf
node with payoffs [2, 2, 3] for players 1, 2, 3 respectively. On the right is the resulting subgraph
that replaces the leaf node. At the top is the leaf node. Connected to the leaf are cliques, one for
each player, of size 2 + ¢ for Player . For each clique, we have the value that the player attains
as a cycle graph connected to that player’s clique.

o =)

[2,2,3]

Figure 4.5: On the left is a leaf node with payoffs [2, 2, 3] for players 1, 2, 3 respectively. On the
right is the subgraph that replaces the lead node in the reduction.

Now we show that GI reduces to TI, which suffices to show GI completeness, since TI is a
special case of SI. Given a graph G = {V, E'}, we construct the following extensive form game.
First we add a root node. For each vertex v € V', we add a node h, descending from the root
node, in an information set by itself. Thus, at depth two, we have |V'| nodes. Now, for any two
nodes v, h € V that share an edge, we create nodes h, ;, h;,, at depth three, each descending
from their respective nodes h,, h;, and put them in an information set together.

Now consider determining isomorphism between graphs G = {V, E'}, G’ = {V’, E'} given
an isomorphic mapping ¢ between their game representation. If nodes h,,, h; share an informa-
tion set at their child nodes, then ¢(h,), ¢(h;) must share an information set at their child nodes.
However, this can only happen if both sets share an edge. Conversely, if nodes h,, h; do not
share an information set at their child nodes, then ¢(h,), ¢(h;) also do not share an information
set at their child nodes. This implies that neither of the sets share an edge in their respective
graphs. Thus, we get that any game isomorphism ¢ defines a graph isomorphism as well. We
can apply the exact same logic to achieve the converse result.

‘We have shown that both TI and SI can be reduced to GI, and that GI reduces to TI. Thus, we
have that TI and SI are GI-complete. [

Game isomorphism has been studied to a limited extent in the literature. The more general
question of whether two games are isomorphic across game types has been studied by Gabarrd
et al. [62]]. Peleg et al. [142] and Sudholter et al. [159] study extensive form game tree isomor-
phism in the context of strategic equivalence, but do not consider the computational problem.
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To our knowledge, ours is the first work to introduce the question of computing extensive-form
game tree isomorphisms.

Choosing the set of prototypes

After computing the loss incurred by merging the different action pairs available at the set of
nodes under consideration, the subroutine COMPUTEPROTOTYPES computes a subset of the
action pairs whose subtrees are kept as the abstract game, with the remaining subtrees mapped
onto these. We now show that, even when the values of merging all action pairs have been
computed, the problem of choosing the optimal subset of actions is NP-complete.

Definition 9. (Action subset selection problem) The input is a set of actions A, a cost c,, 4, for
merging each action pair a,,as € A, some value k that specifies the number of actions to be
selected, and a cost c. The action subset selection problem asks if there exists a set of k actions
and a mapping of the remaining actions onto this set, such that the cost is less than or equal to c.

Theorem 11. The action subset selection problem is NP—complete.

Proof. The problem is easily seen to be in NP. To show NP-hardness, we reduce from SAT.
Consider some SAT problem consisting of variables ' and clauses C. For each variable v € V,
we construct an action for each of the literals v, —v. We let the cost of merging these actions
be 0, and the cost of merging two literals that are not from the same variable be M. Here M
is some large number. Now, for each clause, we make an action. We make the cost of merging
this action with any other clause or any literal not in the clause M, and 0 if merged with a literal
in the clause. We also add add an extra dummy action for each variable, which has cost 0 of
merging with either of the two literals in the clause, and M for everything else. Now we ask if
there is some abstraction with |V/| actions and cost zero. Clearly, the clauses cannot be chosen
as prototypes without incurring a loss of M, because of the dummy actions. Instead, for each
variable one of the two literals must be chosen as a prototype, and if there is such a set, it means
that all clauses can map onto some literal, and must therefore be satisfied. Conversely, if there
is a satisfying assignment, then we can pick the literals in the assignment as prototypes, and the
clauses can be mapped onto the chosen literals with 0 loss. [l

The problem of computing an extensive form game abstraction that minimizes any bound via
abstracting actions, including minimizing Mdiff error, is easily seen to be NP-complete as well
since a special case is a single player and the action subset selection problem. The action subset
selection problem reduces to a two-level game tree by making a chance node as the root, with
all children being in the same information set of size |A|, with | A| actions available, where each
node is used to ensure the correct cost of merging for a single action pair, with all other merges
being free at the node. Thus it holds for zero-sum games also.

3Sandholm and Singh [152] show that in stochastic games it is NP-complete to compute an abstraction where
one of the players does not automatically receive the worst possible payoff. However, some bound-minimizing
solutions do not solve the problem that is reduced from. Thus that result does not imply that minimizing the bound
is NP-complete.
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4.5.3 Level-by-level impossibility

We now show a a non-computational issue with level-by-level abstraction. It can leave valid
(even lossless) abstractions undiscovered: reasoning across merges at different levels and in dif-
ferent subtrees simultaneously is required in order to stay within the set of valid abstractions
throughout the traversal of the game tree. To show this, we show a slightly broader result: de-
termining whether a merge is within the desired error bound can require reasoning about merges
in subtrees different from the ones considered for merging. This result is motivated by the
GameShrink algorithm [68], which performed abstraction in the way that the below theorem
proves is not always valid.

Theorem 12. Any abstraction technique that computes the abstraction by merging subtrees must
satisfy at least one of the following properties.

1. It does not always find the smallest abstraction in the space of valid abstractions for a
given bound.

2. When merging two nodes at a level, it must ensure that future merges at other levels in
the tree, outside of the two subtrees below those two nodes, will enable returning to an
abstraction within the bound.

This applies even if the game is a game of ordered signals [68], zero-sum, and only information
abstraction is performed.

Proof. Consider a two-player poker game where the card deck consists of two kings and two
jacks. Each player is dealt a private card and then a single public card is dealt. We consider two
variants based on what the payoffs at the leaves are. In the first variant, Player 1 always wins.
The second variant is a slight modification, where if Player 2 pairs a private J2 with a public K2
she beats a private J1, and otherwise Player 1 wins. Both variants are zero-sum games of ordered
signals. Figure 4.6 shows the possible sequences of cards dealt. The two variants are obtained by
setting ¢ equal to 1 or —1 in Figure respectively. If Player 1 always wins (6 = 1), the whole

Figure 4.6: A signal tree for a simple poker game. Nodes labeled P1 or P2 denote the card being
dealt privately to player 1 or 2, respectively. Nodes labeled A denote a public card. A leaf node
labeled 1 indicates Player 1 winning.

game can be abstracted into a single string of cards dealt, as none of them matter. If Player 2
wins (0 = —1), the two public kings cannot be abstracted into a single king when Player 1 holds
J1 and Player 2 holds J2 based on the following reasoning. Consider K1 and K2 dealt to Player
1 at the root. Player 2 has two information sets that consist of him holding a J2 and the public
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card being a king. Each of those two information sets has two nodes corresponding to Player 1
holding the other jack or the other king. The two information sets differ based on whether the
public king is K1 or K2. If K1 and K2 at the root are abstracted into a single tree, then one of
these two information sets loses a node, since the sequence K1,J2,K2 would map onto K2,J2,K1,
or vice versa. This leads to Player 2 being able to deduce exactly which card Player 1 has for the
information set that is now a singleton. For the other information set, the probability on the node
where Player 1 has a private king would be higher than the probability on the node where Player
1 has a private jack. Thus, if a lossless abstraction is desired, the choice of whether to abstract
K1 and K2 at the root hinges on whether ¢ is set to 1 or not. ]

One consequence is that the GameShrink lossless abstraction algorithm [68]] does not work
correctly for all games of ordered signals. A proof that the game in Figure [4.6] is a game
of ordered signals and that merging K1 and K2 constitutes an abstraction transformation of
GameShrink can be found in the appendix.

4.5.4 Generating abstractions by considering all levels at once

Motivated by the problems described in Section4.5.2] we developed an integer program (IP) for
computing abstractions with bounded loss according to Corollary [2| that operates on all levels at
once (we aim to minimize an ex-post bound, so we take the maximum over all expectations that
depend on the choice of strategy profile). The only assumption we make about structure of the
game, is that we only allow nature nodes to merge if they have the same number of actions, and
only allow different branches to merge if they have the same probability of occurring. The IP is
shown in the appendix.

We applied our IP model to a simple poker game. Our game has a deck of five cards: two
jacks, a queen, and two kings. Two players play the game, and after each round of cards is dealt,
up to two rounds of betting occur. A full description of the game is given in the appendices.

One advantage of poker games for testing our approach is that the chance outcomes can be
decoupled from the player actions using the signal tree. The signal tree is defined conceptually
by removing all player actions from the game tree, and only considering the tree of possible
nature moves (aka signals). Clearly, for this decoupling to be possible, the nature moves can
be conditioned only on which prior nature events have occurred, not on player actions. Any
abstraction computed on the signal tree can easily be converted to an abstraction of the full
game. Gilpin and Sandholm [68] introduced the signal tree in the specific setting of games of
ordered signals, a game class closely resembling poker. More generally, in any game where the
player’s action options are independent of nature’s moves, abstraction can be performed on the
signal tree. In poker the signal tree is the tree of possible card dealings throughout the game.

In our poker game, the unabstracted signal tree has 86 nodes; the game tree has 4806 nodes.
The IP has 4,427 binary variables (one for each pair of nodes at each level of the signal tree,
plus additional bookkeeping variables) and 38,813 constraints. To solve the IP, we used CPLEX
version 12.5.

For the model where a bound is given as input and the objective is to minimize tree size, we
ran experiments with a bound ranging from 0 to 20 chips. Figure Left shows a plot of the
game sizes as a function of the bound. As can be seen, tree size is a step function of the given
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bound. Four different abstraction sizes were found. The coarsest abstraction has four signal
tree nodes, and thus represents a single sequence of outcomes where the players act essentially
without seeing any cards. The coarsest lossless abstraction has size 30. It is not until we allow
a loss bound of 5 that the algorithm finds a lossy abstraction (of size 14). For the model where
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Figure 4.7: Left: Number of nodes in the signal tree (left y-axis) and in the game tree (right
y-axis) as a function of the allowed loss in the IP model when minimizing tree size. Right:
Exploitability as a function of the allowed signal tree size. Exploitability for both players is
shown, along with our theoretical bound.

a maximum tree size is given as input and the objective is to minimize the regret bound, we ran
experiments for signal tree size bounds from 4 to 54. Figure Right shows exploitability as
a function of allowed signal tree size. Three plots are shown, the exploitability of each of the
two players, and the exploitability bound given by Corollary 2l By and large, the three plots
decrease with signal tree size, with a non-monotonicity at size 6, where Player 1’s exploitability
goes up compared to that at size 4. This is an instance of abstraction pathology, which exists in
games: refining an abstraction can cause the equilibrium strategies to have higher exploitability
in the original game [[168]. when we allow a tree size of 30, the lossless abstraction is found, and
beyond that all experiments show zero exploitability.

4.6 Imperfect-recall abstraction

Imperfect-recall abstraction is currently the most important type of abstraction employed in prac-
tice [27, 28, 170]. This is in spite of the fact that computing a Nash equilibrium in an imperfect-
recall zero-sum game is NP-hard [92ﬂ and the CFR algorithm is known to cycle on certain
imperfect-recall games [109]. For practical purposes, imperfect-recall abstractions are generated
via clustering, and regret-minimization algorithms perform well. We now show how our decom-
position results can be used to reason about particular classes of imperfect-recall abstractions.

4That said, the type of game used in showing hardness is most likely substantially more complicated than the
types of imperfect-recall abstractions encountered in practice
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4.6.1 Imperfect-recall abstraction without probability-error dependence
on strategies

We now show that, similar to mapping error, if the reach of leaf nodes in the original and abstract

game are the same without considering Chance moves, we can bound partitioning error with an

expression that does not depend on the best response o of Player .
Proposition 3. If o’ is such that 77 (2'|I},a') = 77 (2'|I', ') for all I}, d', 2, 2 € ¢y (%), then

Pdift(1},o’,_,,.) — Pdiff(I},0") < 2 max [ S w7 (I d) AR )

CLIEAI/
ZeZY Vo'
+ 7% (' |1}, d) Z [ﬂg,(élul,a')) - Wg/(z’H},a'] ]dedelff(]I,UI_w*,U’), e
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Proof. Since %o (2'|I') = 7% (¢/|I',d")o_, ,(I', a’) we can write the difference as
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We can bound this by two times the maximum value of the expression in the second brackets,
where the maximum is over all ' € A/ to get
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Now by our condition 77 (2|1}, a’) = 7%, (2'|I',a’) we have

AP0 d) =77 (Z|Id) = > w7 (|1 d)

2/€¢1} (")
= (Z|I},d) — Z 77 (Z |1}, a\ag (2|, d)
2’69{)]}(2”)
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which proves the theorem. [
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This can be combined with our main theorems in order to get results for e-Nash equilibrium
or strategies with bounded regret where the partition error does not depend on the best response.

Corollary 3. If o' has bounded counterfactual regret r(1') at every information set I' € T,
satisfies the condition of Proposition 3| and Mdiff is zero everywhere, then any lifted strategy
o1 is an e-Nash equilibrium where € = max;cy €; and

€ < Zﬂ-g*([) [(5f([)17'(f(])) +m(1}70’}_>0*,0',)}

IEIZ'

An analogue to Corollary [3]but for e-Nash equilibrium can be obtained by combining Theo-
rem [§ with Proposition 3]
Corollary 4. If o' is an abstract € -Nash equilibrium, satisfies the condition of Proposition
and Mdiff is zero everywhere, then any lifted strategy profile o' is an e-Nash equilibrium where
€ = MmaX;en €; and
6 < €+ Z 0 (Pdiff (1}, 0}, ., 0")

I1€Z;

For practical game solving, Corollary [3| has an advantage over Corollary {} any algorithm
that provides guarantees on immediate counterfactual regret in imperfect-recall games can be
applied. For example, the CFR algorithm can be run on an imperfect-recall abstraction, and
achieve the bound in Corollary [3, with the information set regrets ° (I)r(f(I)) decreasing at a
rate of O(4/(T")). Conversely, no good algorithms are known for computing Nash equilibria in
imperfect-recall games.

4.6.2 Chance-relaxed skew-well-formed (CRSWF) games

Now we introduce a class of imperfect-recall games that we consider as potential abstractions of
a perfect-recall game. This class of games is guaranteed to satisfy the condition in Proposition
and thus we can bound the regret of strategies computed in abstractions of this game class. We
call this class CRSWF games. A CRSWF game is an imperfect-recall game where there exists
a perfect-recall refinement of the game that satisfies a certain set of properties that we introduce
below. We will focus on the general problem of computing solution concepts in CRSWF games
and mapping the solution concept to a perfect-recall refinement. Typically, the perfect-recall
refinement is the original game, and the CRSWF game is an abstraction that is easier to solve.
Intuitively, a CRSWF game is an imperfect-recall game where there exists a refinement that
satisfies two intuitive properties for any pair of information sets that are separated in the perfect-
recall refinement. The first is that a bijection exists between the leaf nodes of the information
set pair such that leaves mapped to each other pass through the same non-nature actions on the
path from the information set to the leaf. This ensures that the probability of reaching pairs of
leaves that map to each other is similar. The second is that a bijection exists between the nodes
in the pair of information sets, such that the path leading to two nodes mapped to each other
passes through the same information set-action pairs over all players except the acting player

71



and nature. This ensures that the conditional distribution over nodes in the information sets is
similar.

We will say that a perfect-recall game I' refines I if the games are identical, except that
the information sets in I" are such that they partition each of the information sets in . This
is completely analogous to our notion of I being an abstraction of I', where the information
sets in I" correspond to a partitioning of each information set in I''. We let P(I’) be the set of
information sets in I" that refine the particular information set I’ of .

Definition 10. For an EFG 1" and a refinement I, we say that I"" is a CRSWF game with respect
to [ ifforalli € N,I' € T},1,1 € P(I'), there exists a bijection ¢rf: Zr — Zy such that for
all z € Zy:

1. For leaf nodes z and ¢; #(2) mapped to each other, the action sequences of all players

except i and Chance on those two paths must be the same in the abstraction.ﬂ

2. Forleaf nodes z and ¢, #(2) mapped to to each other, the action sequence of Player i from

I to z and from I to ¢ 1.1(2) must be the same in the abstraction.

Our definition implicitly assumes that leaf nodes are all at the same level. This is without
loss of generality, as any perfect-recall game can be extended to satisfy this.

We can think of an CRSWF game as an abstraction of any of its refinements. Thus we can
apply our general theory. Since a CRSWF game " and a refinement I are identical except for the
information-set structure, actions and leaf nodes in either game uniquely identify actions and leaf
nodes in the other game. Thus we refer to actions and leaf nodes in either game as convenient.
If we view P as a partitioning of I information sets then it satisfies the theory of Section
Thus Corollaries [3|and @ apply to CRSWF games and their refinements, and we get that strategies
computed in ['" have bounded regret in any refinement.

Instead of our probability error terms, Lanctot et al. [109] require 7o(z|1) = I; jmo(¢1(2) 1),
where [; ; is a scalar defined on a per-information-set-pair basis. We omit any such constraint,
and instead introduce probability error terms as above. Our definition allows for a richer class
of abstractions. Consider some game where every nature probability in the game differs by a
small amount. For such a game, no two information sets can be merged according to the SWFG
definition, whereas our definition allows such abstraction. The solution quality bounds we get
are exponentially stronger than those of Lanctot et al. [[109], which had a linear dependence on
the number of information sets in the game tree, and did not weight the leaf reward error by the
probability of a given leaf being reached. The reward error term in our result has only a linear
dependence on tree height (actually, just the number of information sets any single player can
experience on a path of play). Our leaf reward error term is weighted by the probability of the
leaf being reached. Furthermore, our bounds are independent of the equilibrium computation
method, while that prior work was only for CFR.

Figure 4.8 shows two subtrees of an example game tree. Dotted lines with arrow heads show
a CRSWEF abstraction of the game. First consider the left node for P2, which maps to the right P2
node. It has probability approximation error of 0.2 - 10 = 2 (the maximizing sequences of player
actions @ are [a, ] or [a,r]). Finally, the node has reward approximation error 1 - 0.5, since the

Tt is possible to relax this notion slightly: if two actions of another player are not the same, as long as they are

on the path (at the same level) to all nodes in their respective full-game information sets (/ and D, they do not affect
the distribution over nodes in the information sets, and are thus allowed to differ in the abstraction.
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biggest utility difference between nodes mapped to each other is 1, and the definition of reward
approximation error allows taking a weighted sum at nature nodes. Now consider the leftmost
information set for P1. The distribution approximation error at this information set is 0.2 - 10,
since the conditional probability of being at each of the two nodes in the information set differs
by 0.1 from the node in the information set that it is mapped to. The transition approximation
error is zero for both nodes in the information set. The reward approximation error is zero, since
all leaf nodes under the information set are mapped to leaf nodes with the same utility.

Figure 4.8: Two subtrees of a game tree. Information sets are denoted by dotted lines. A CRSWF
abstraction is shown, with merged information sets and their node mapping denoted by dotted
lines with arrowheads. All actions are mapped to their corresponding upper/lower-case actions
in the merged information sets.

4.6.3 Complexity and algorithms

We now investigate the problem of computing CRSWF abstractions with minimal ex-ante error
bounds. By ex-ante we mean that we take maxima over all probabilities relating to the choice
of player strategies in the bounds. First, we show that this is hard, even for games with a single
player and a game tree of height twoﬂ

Theorem 13. Given a perfect-recall game and a limit on the number of information sets, deter-
mining whether a CRSWF abstraction with a given ex-ante bound as in Corollary[3|or{|exists is
NP-complete. It follows that it is NP-complete to compute the minimum number of information
sets given a maximum bound. This holds even if there is only a single player, and the game tree
has height two.

Proof. Consider the two-dimensional k-center clustering decision problem with the L, distance
metric. It is defined as follows: given a set P = {(z1,v1), - . ., (Zn, yn)} of n points in the plane,
and an integer k, does there exist a partition of P into k clusters C = {ci,...,c;} such that
the maximum distance ||p — p/||, < ¢ between any pair of points p,p’ in the same cluster is
minimized. This problem is NP-hard to approximate within a factor of 2 for ¢ = oo, amongst
others [61]].

Given such a problem, we construct a perfect-recall game as follows. For each point p €
P, we construct an information set /,,. We insert two nodes h;f, hg in each information set I,

6Sandholm and Singh [152] already showed hardness of computing an optimal abstraction when minimizing the
actual loss of a unique equilibrium.
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representing the dimensions x,y respectively. All these nodes descend directly from the root
node r, where Player 1 acts. At each information set we have two actions, a., a,. For any point
p, we add leaf nodes at the branch a. with payoff M, 2M at the nodes Ay, b respectively. If we
pick a sufficiently large M, this ensures that for any two points p, p', their nodes h;, hy, will map
to each other, and similarly for y. This also ensures that the scaling variable has to be set to 1
for all information set mappings. For the branches a,,, we add leaf nodes with utility equal to the
x, y coordinate of p at the 17, hY) nodes respectively.

There is a one-to-one mapping between clusterings of the points P and partitions of the
information sets {/, : p € P}. The quality of a clustering is

max max max z) — /Z '
Ze{%y} j:1,...,kjp,p’ecj |p( ) p( )|

Since Player 1 acts at r, the abstraction quality bound is equal to the maximum difference over
any two leaf nodes mapped to each other, as there are no chance outcome differences. This is the
same as the quality measure of the clustering. Thus, an optimal k size clustering is equivalent to
an optimal k£ information set abstraction.

Given some CRSWF abstraction, verifying the solution is easy to do: in one top-down traver-
sal of the game tree, compute the node distributions at each information set. For each full-game
information set, this gives the distribution-approximation error. For each information set pair
mapped to each other, the transition- and reward-approximation error can now be computed by a
single traversal of the two. Thus the problem is in NP. [

The hardness proof is by reduction from clustering, which also hints that clustering tech-
niques could be used in an abstraction algorithm within our framework. Performing abstraction
at a single level of the game tree that minimizes our bound reduces to clustering if the informa-
tion sets considered for clustering satisfy the conditions of Definition The distance function
for clustering depends on how the trees match on utility and nature error, and the objective func-
tion depends on the topology higher up the tree. In such a setting, an imperfect-recall abstraction
with solution quality bounds can be computed by clustering valid information sets level-by-
level in a bottom-up fashion. In general, a level-by-level approach has no optimality guarantees,
as some games allow no abstraction unless coupled with other abstraction at different levels (a
perfect-recall abstraction example of this is shown in Figure[d.6). However, considering all levels
simultaneously is often impossible in practice.

A medical example of a setting where a level-by-level scheme would work well is given by
[41]], where an opponent initially chooses a robustness measure, which impacts nature outcomes
and utility, but not the topology of the different subtrees. Similarly, the die-roll poker game
introduced by Lanctot et al. [109] as a game abstraction benchmark is amenable to this approach.

We now show that single-level abstraction problems (SLAPs) where the conditions of Def-
inition [10] are satisfied for all merges form a metric space together with the distance function
that measures the error bound for merging information set pairs. Clustering problems over
metric spaces are often computationally easier, yielding constant-factor approximation algo-
rithms [61} [73]].

Definition 11. A metric space is a set M and a distance function d : M x M — R such that
the following holds for all x,y,z € M: (a) d(z,y) > 0 (b) d(z,y) = 0 & = = y (identity
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of indiscernibles) (c) d(x,y) = d(y,x) (symmetry) (d) d(z,y) < d(x,z) + d(z,y) (triangle
inequality) .

Proposition 4. For a set of information sets ™ such that any partitioning of L™ yields a CRSWF
abstraction (with no scaling, i.e. 51,1” = 1,Vf,j € I™), and a function d : T™ x I™ — R
describing the loss incurred in the error bound when merging I, [ €™ the pair (Z™,d) forms
a metric space.

Proof. The first condition follows from the other three. Condition [b] identity of indiscernibles,
does not hold for information sets. However, any pair of information sets with distance zero
can be merged losslessly in preprocessing, thus rendering the condition true (having distance
zero 1s transitive, so the minimal preprocessing solution is unique). Condition [c|, symmetry,
holds by definition, since our distance metric is defined as the error incurred from merging two
information sets, which considers the error from both directions of the mapping.

Finally, we show that Condition[d] the triangle inequality holds. Consider any three informa-
tion sets [y, I, Is € Z™. We need to show that d([1, I3) < d(Iy, Is) + d(Ia, I3). Let ¢1, 1, O1y.14
be the mappings for I, I5 and I, I3 respectively. We construct a mapping ¢y, 1, = @1,.1, © P11
and show that it satisfies the triangle inequality. For the leaf payoff error, since o, 7, = 07,1, = 1,
at any leaf z € Z;, we get:

ul(’z) < ui(¢f1,-’2(z)) teén,n (Z) < ui(¢12,13 (¢11712 (2))) + 612713(¢11,I2(Z)) teén,n (Z)

For the nature leaf probability error we can apply the same reasoning:

o (2[11], 2)
< 71 (on,1(2[1)), 61,.5,(2)) + €], 1,
< Wg((bb,ls((bh,b (Z[Il]))a ¢I2,13 <¢11,12 <Z>>> + 6?2,13 (92511712 (Z)) + 6(1]1,12 <Z>

Again, we derive the distribution error using a similar approach:

mo(2[11])
mo(l1)
To(¢1,,1,(2[11]))
7o (1)
< 7T-0(92512713 (¢11J2 (Z[Il]»)
- mo(13)

This completes the proof. []

VAN

+ 62,12(2[11])

+en 1, (n (211]) + €1 1, (2[1])

Conversely to our result above, if the scaling variables can take on any value, the triangle
inequality does not hold, so (Z™, d) is not a metric space.

Consider three information sets /q, [, I3, each with two nodes reached with probability 0.9
and 0.1, respectively. Let there be one action at each information set, leading directly to a leaf
node in all cases. Let I; = {1,2}, I, = {5,11}, I3 = {10, 23}, where the name of the node is
also the payoff of Player 1 at the node’s leaf. We have that /; and /5 map onto each other with
scaling variable d;, 7, = 5to get e} ; = 1and I3 with d;, 7, = 2,€ft ;. = 1. However, I and I3
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map onto each other with ¢, ;, = 10 to get eg 1, = 3 which is worse than the sum of the costs of
the other two mappings, since all reward errors on the right branches are multiplied by the same
probability 0.1,i.e., 0.1-€ff | +0.1-€ff | <0.1-€f .

The objective function for our abstraction problem has two extreme versions. The first is
when the information set that is reached depends entirely on players not including nature. In
this case, the error bound over the abstraction at each level is the maximum error of any single
information set. This is equivalent to the minimum diameter clustering problem, where the goal is
to minimize the maximum distance between any pair of nodes that share a cluster; Gonzalez [/3]]
gave a 2-approximation algorithm when the distance function satisfies the triangle inequality.
Coupled with Proposition |4 this gives a 2-approximation algorithm for minimizing our bound
on SLAPs. The other extreme is when each of the information sets being reached differ only
in nature’s actions. In this setting, the error bound over the abstraction is a weighted sum of
the error at each information set. This is equivalent to clustering where the objective function
being minimized is the weighted sum over all elements, with the cost of each element being the
maximum distance to any other element within its cluster. To our knowledge, clustering with
this objective function had not been studied in the literature, even when the weights are uniform,
prior to our introduction of this objective function. However, inspired by the problem-setting
presented in this chapter, Gupta et al. [/4]] developed approximation algorithms for this problem
based on a pre-publication manuscript of our work.

Generally, the objective function can be thought of as a tree, where a given leaf node repre-
sents some information set, and takes on a value equal to the maximum distance to any informa-
tion set with which it is clustered. Each internal node either takes the maximum or weighted sum
of its child-node errors. The goal is to minimize the error at the root node. In practice, integer
programs (IPs) have sometimes been applied to clustering information sets for EFG abstrac-
tion (67, [70] (without bounds on solution quality, and just for perfect-recall abstractions), and
are likely to perform well in our setting. An IP can easily be devised for any objective function
in the above form.

For abstraction problems across more than a single level, Proposition 4] does not give any
guarantees. While the result can be applied level-by-level, the abstraction performed at one level
affects which information sets are valid for merging at other levels, and thus the approximation
factor is not preserved across the levels.

4.6.4 Experimental performance of CRSWF abstractions

We now investigate what the optimal single-level CRSWF abstraction bounds (in terms of Corol-
lary [3)) look like for the die roll poker (DRP) game, a benchmark game for testing abstraction
[109]. Die-roll poker is a simple two-player zero-sum poker game where dice, rather than cards,
are used to determine winners. At the beginning of the game, each player antes one chip to the
pot. The game then consists of two rounds. In each round, each player rolls a private die (making
the game imperfect information). Afterwards a betting round occurs. During betting rounds, a
player may fold (causing the other player to win), call (match the current bet), or raise by a fixed
amount, with a maximum of two raises per round. In the first round, each raise is worth two
chips. In the second round, each raise is worth four chips. The maximum that a player can bet is
13 chips, if each player uses all their raises. At the end of the second round, if neither player has
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folded, a showdown occurs. In the showdown, the player with the largest sum of the two dice
wins all the chips in the pot. If the players are tied, the pot is split.

DRP has the nice property that abstractions computed at the bottom level of the tree satisfy
the conditions of Definition [I0] At heights above that one we can similarly use our clustering
approach, but where two information sets are eligible for merging only if there is a bijection
between their future die rolls such that the information sets for the future rolls in the bijection
have been merged. A clustering would be computed for each set in the partition that represents a
group of information sets eligible for merging. In the experiments in this section we will focus on
abstraction at the bottom level of the tree. We use CPLEX to solve an IP encoding the single-level
abstraction problem of minimizing our bound given a limit on the number of abstract information
sets. The results are shown in Figure 4.9 For one or two clusters, the bound is bigger than the

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36
number of abstract information sets

Figure 4.9: Regret bounds for varying single-level abstraction problem sizes in DRP. The x-axis
shows the number of information sets in the abstraction, and the y-axis shows the theoretical
bound on solution quality. The total number of information sets in the original game is 36

largest payoff in the game, but already at three clusters it is significantly lower. At eight clusters,
the bound is smaller than that of always folding, and decreases steadily to zero at eleven clusters
(the original game has 36 information sets). While these experiments show that our bound is
relatively small for the DRP game, they are limited in that we only performed abstraction at a
single level. If abstraction at multiple levels is performed, the bound is additive in the error over
the levels.

Another important question is how well strategies computed in abstractions that are good—as
measured by our bound—perform in practice. Lanctot et al. [109] conducted experiments to in-
vestigate the performance of CFR strategies computed in imperfect-recall abstractions of several
games: DRP, Phantom tic-tac-toe (where moves are unobserved), and Bluff. They found that
CFR computes strong strategies in imperfect-recall abstractions of all these games, even when
the abstraction did not necessarily fall under their framework. Their experiments validate a sub-
set of the class of CRSWF abstractions: ones where there is no nature error. Due to this existing
experimental work, we focus our experiments on problems where abstraction does introduce na-
ture error. One class of problems where such error can occur are settings where players observe
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imperfect signals of some phenomenon. For such settings, one would expect that there is corre-
lation between the observations made by the players. Examples include negotiation, sequential
auctions, and strategic acquisition.

DRP can be thought of as a game where the die rolls are the signals. Regular DRP has
a uniform distribution over the signals. We now consider a generalization of DRP where die
rolls are correlated: correlated die-roll poker (CDRP). There are many variations on how one
could make the rolls correlated; we use the following. We have a single correlation parameter
¢, and the probability of any pair of values (vy, v5), for Player 1 and 2 respectively, is m —
¢|vy — vy|. The probabilities for the second round of rolls is independent of the first round.
As an example, the probability of Player 1 rolling a 3 and Player2 rolling a 5 with a regular
6-sided die in either round would be % — 2c. We generate DRP games with a 4-sided die and
¢ €{0,0.01,0.02,0.03,0.04,0.05,0.06,0.07}.

For each value of ¢, we compute the optimal bound-minimizing abstraction for the second
round of rolls, with a static mapping between information sets such that for any sequence of
opponent rolls, the nodes representing that sequence in either information set are mapped to each
other. The bound cost of the mappings is precomputed, and the optimal abstraction is found with
a standard MIP formulation of clustering. scheme ensures that we compute an imperfect-recall
abstraction that falls under the CRSWF game class. After computing the optimal abstraction for
a given game, we run CFR on the abstraction, and measure the regret for either player in terms
of their regret in the full game. Figure 4.10]shows the results of these experiments. On the x-axis
is the number of CFR iterations. On the y-axis is 7; + ro, Where r; is the regret for Player ¢
for the strategy at a given iteration. Furthermore, the horizontal lines denote the regret bound of
Corollary [3| for an exact Nash equilibrium. On the left in Figure 4.10|is shown the results for the
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Figure 4.10: Log-log plots of the sum of the two players’ regrets as a function of CFR iterations
on the bound-minimizing abstraction of CDRP. The legends give the amount of correlation in
the die rolls of the different CDRP games on which we ran experiments. The horizontal lines
show the respective ex-ante regret bound of Corollary [3| for each of the CDRP games. (In the
first game on the left where the correlation is zero, the abstraction is lossless, so the horizontal
line (not shown) would be at zero.)

four smallest values of ¢, on the right the four largest values. As can be seen, CFR performs well
on the abstractions, even for large values of c: when ¢ = 0.7, a very aggressive abstraction, the
sum of regrets still goes down to ~ 0.25 (for reference, always folding has a regret of 1). We also
see that for ¢ > 0.2, the regret stops decreasing after around 1000 iterations. This is likely where
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CFR converges in the abstraction, with the remaining regret representing the information lost
through the abstraction. We also see that our theoretical bound is at the same order of magnitude
as the actual bound even when CFR converges.

4.7 Neccessity of distributional similarity of reach probabili-
ties

We now show that the style of bound given by Lanctot et al. [109] as well as our corrolar-
ies [2| and |3| cannot generalize to games where opponents do not have the same sequence of
information-set-action pairs, or in our case the slightly weaker requirements in Propositions
and [3| for game nodes that map to each other in the abstraction. The two games that we will use
as counterexamples are shown in Figure d.T1] From the perspective of our results, the usefulness
of assuming the same sequence of information-set-action pairs is that it implies the condition
used in Propositions 2 and [3} the following counterexamples thus also show that this assumption
is a useful way to disallow bad abstractions such as the ones presented here (although overly
restrictive from a practical perspective). Contrary to the prior results, our Theorems [§ and [9] still
apply to the games below. Our two theorems would give weak bounds commensurate with the
large error in the abstract equilibrium; this error is contained in the terms that depend on A”".

v,e 0,0 v,0 0,e v,0 0,e wv,e€

Figure 4.11: Left: General-sum EFG with abstraction. Right: zero-sum EFG with abstraction
where Player 1 wants to minimize. Orange dashed lines denote information sets joined in the
abstraction. Bold edges denote actions taken with probability 1 in the abstracted equilibrium.

On the left in Figure {.11]is a general-sum game where the two nodes belonging to Player 1
are abstracted into a single information set. If we map ¢ onto £ and r onto r we get an abstraction
with low payoff error: € at every node. At a high level, the idea in this counterexample is that
Player 2, because their nodes are not abstracted, can play opposite actions in the left and right
subtrees, thus changing whether Player 1 prefers going left or right. In the original game Player
1 can react to this by choosing different actions, but not in the abstraction. Formally: Let € > 0.
Player 2 plays the bolded edges at nodes with non-zero probability of being reached. In the
abstraction, Player 1 gets 5 for every strategy. In the full game, Player 1 can choose £ in the left
subtree and 7 in the right subtree for a payoff of v. Thus in every equilibrium where Player 2
plays according to the bolded edges (which includes all equilibrium refinements) Player 1 loses
5 from abstracting, despite the payoff error being arbitrarily small. If we set ¢ = 0, equilibria
where Player 2 plays the bolded edges still have high loss—despite zero payoff error. This
example showed that information-set-action structure has to be taken into account in order to
get satisfying bounds in general. While the example is very simple (and can thus easily occur
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in the context of a larger game), it does exploit the fact that Player 1 utility is discontinuous in
Player 2 utility. We next show that a more intricate counterexample can avoid relying on this
discontinuity.

On the right in Figure |4.11]1s a zero-sum game where the two bottom information sets be-
longing to Player 2 have been abstracted. Consider the following abstract equilibrium: Player 1
plays the bolded edges with probability 1, and Player 2 plays ¢, r with equal probability. Player
2 gets expected utility —3, but in the full game Player 2 can choose ¢ (r) in the left (right) infor-
mation set to get utility % Thus Player 2 has a utility loss of % despite a payoff error of 0. The
idea in this example is that, because Player 1 is not abstracted, they control the distribution over
nodes in Player 2’s information set in the abstraction in a way that is inconsistent with Player
2’s original-game information sets: in the abstraction they get an equal distribution over nodes
where ¢ or r is the preferred action, whereas in the original game the corresponding strategy for
Player 1 means that they know exactly which node they are at.

4.8 Conclusions and future work

We showed an exact decomposition of the error resulting from solving an abstraction of an EFG
rather than the original game. This decomposition had a dependence on the strategies played
and best responses, and thus it is not immediately helpful for ex-ante analysis of abstractions.
However, we went on to show that this decomposition can be combined with assumptions on
the information-set-action structure of the game, in order to get state-of-the-art ex-ante bounds
on solution quality. Our ex-ante bounds generalize the only class of abstractions where bounds
were previously known, while being exponentially better. We showed results for both perfect-
and imperfect-recall abstractions. Our results were also the first algorithm-agnostic bounds, and
the first to allow e-Nash equilibria computed in the abstraction. We then showed that computing
optimal abstractions is computationally hard for several different variants of the problem, and
that it is generally impossible to give bounds on solution quality purely based on payoff and
chance-outcome error.

In spite of our hardness and impossibility results abstraction is employed to great success
in practice (e.g. the Libratus agent). The computational issues are circumvented by reducing
the problem to clustering, and employing off-the-shelf clustering algorithms that perform well in
spite of the theoretical hardness of the problem. One way forward would be to analyze particular
game classes where one could potentially prove that our impossibility result does not apply. This
is complicated by the fact that our zero-sum EFG counterexample probably applies to certain
strategy profiles even in poker. Thus any such approach would most likely need to argue that this
does not happen in strategies that matter, for example ones near equilibrium.

In work subsequent to this thesis work, Cermik et al. [36] investigate a particular class of
imperfect-recall abstraction, called A-loss recall games, and show that some computational prob-
lems are tractable in this class while being hard in general imperfect-recall games. It would be
interesting to relate that game class to abstraction-quality results.

From a theoretical perspective it would also be interesting to understand how abstraction
relates to timeability issues [80].

80



4.9 Discretizing continuous action spaces

This thesis, and the computational EFG literature at large, has focused on games where the action
spaces are discrete at every node of the game. Indeed, most algorithms for solving extensive-form
games require this (e.g. [[79, 108,139,165, 179]). (One notable exception to this was introduced
by Johanson et al. [83], where a technique was demonstrated for handling continuous action
spaces for nature in a fairly restricted sense.) However, not all games encountered in practice are
discrete. Sources of continuity include noise (e.g. Gaussian) being modeled by a nature node,
bid sizes in auctions, betting sizes in no-limit poker games, type profiles in mechanism design,
and power levels in jamming games. This section extends our work on abstraction to certain
types of continuous games.

In the past, such continuity has largely been handled by heuristic discretization, with no
theoretical guarantees on solution quality. In contrast, we develop the first general bounds on
solution quality for discretizations of continuous action spaces in a very broad class of games.
Building on our results on perfect-recall abstraction in Section [4.5] (though the proofs presented
here use an earlier version of our results presented in Kroer and Sandholm [93]]), we show how
to discretize continuous action spaces in a way that gives theoretical bounds on solution quality
when using any Nash equilibrium computed in the discretized game to form a strategy in the full
(continuous) game.

We then proceed to investigate the computation of discretizations that minimize an error
bound. We first formulate the general problem, making only the assumption that the error bound
function is monotonic, which intuitively requires that the error gets worse the farther a point
gets from the discrete point to which it maps. Since our problem formulation consists of linear
constraints, this immediately leads to the conclusion that convex error functions can typically be
minimized in polynomial time. We then go on to consider error functions of the form derived
in our theoretical solution-quality bounds. We show that when individual leaf and nature node
error functions are linear, and nature always picks uniformly over continuous action intervals,
the bound-minimizing solution is to uniformly discretize each continuous interval. We further
show how to decompose the problem and we develop a general framework for optimizing the
decomposed formulation for convex functions. We then develop a mixed-integer program (MIP)
for computing optimal discretizations when only player action spaces are being discretized and
the error functions are piecewise linear.

4.9.1 Continuous action spaces

We will assume that we are dealing with a game I', where one or more nodes & € H have one or
more continuous action intervals A, . = [ap.c, Bnc] C Ay for ¢ € Cy, where (), is an index set
of the continuous action spaces at . We also assume that each layer of the game tree belongs to
a single player. The set of heights in the game tree will be denoted H and H,; is the set of heights
belonging to Player .

Let H, be the set of nodes in the subtree reached by taking action a € Aj, . at node h. We
assume there is a one-to-one mapping ¢,; = ¢, between H, and H; for any two actions
a,a € Ay, where nodes at a given height map onto nodes at the same height, and the condition
of Definition [12]is satisfied. Intuitively, the condition requires that nodes that are mapped to each
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other are either (1)) in the same information set, or (2) their information sets contain no nodes
from outside the (infinitely large) set of subtrees reachable by taking actions from A . at h, and
for any other node in the same information set and same subtree, the nodes mapped to must
similarly be in the same information set.

Definition 12. For any node h € H, in the subtree at a € Ap.e, we require one of the two
following conditions to hold for all o' :

1. ¢aw(h) €l

2. cU Sa, and for any other node h € I;,h € H,: ¢ou(h) € ]¢a,a/(ﬁ)

ac [ah,czﬂh,c}

For each leaf node z € Z, for some a € Ay, we assume that the payoff to Player ¢ can
be described as u;(z) = pi(a), where pl = pg ) forall a € Ay Intuitively, all leaf nodes
that map to each other have their payoffs described by the same function, with the actual value
depending on the choice of a. Similarly, the probability of each outcome at each nature node h’
in the subtree rooted at ¢/ is described by a function py (a) where py = pg, ,(B') forall a € Ay .

Since we require a bijection mapping ¢, ; between the subtrees for any two actions a,a €
[, Bh,e] for each node h with continuous action interval ¢, the infinitely many subtrees can
equivalently be thought of as infinitely many instantiations of a single game-tree prototype, where
payoffs and nature outcome probabilities are parameterized by the choice of a € [, On.c], and
the information set topology of the instantiations satisfy Definition [I2]

An example game is shown in Figure[d.12] On the left is a game with three players: nature(XV),
Player 1 (P1), and Player 2 (P2). Nature first chooses between L and R (with some unspecified
fixed probability distribution). If L is chosen, a discrete subgame is reached. If R is chosen,
P1 has a continuous action space [«, $]. In the middle and right are shown two specific sub-
trees under the continuous action space, for P1 choosing actions a,b € [«, (], respectively. The
information set that spans across the trees is an example of one that satisfies Condition [I] of
Definition |12} while the one that does not span across the trees satisfies Condition

Py (@2 (@)ptzg (@)fazy (@)1 (@) phzg (@)pizg (@)pzg (@)pzy (D) 1hzy (D) pzg (D) 112y (D) g (D) phzg (D) 2 (B) pizs (D)

Figure 4.12: An example of a game tree with the triangle representing a subtree with a continuous
action space at the node.

So far we have described our notation in terms of discretizing a single continuous action
space at some node. When there is more than one node with a continuous action space that is
being discretized, we have to consider two groups of nodes with continuous action spaces.

The first group is the set of all nodes A that have one or more continuous action intervals,
and h is the first node on the path from the root to h with a continuous action space. Let the set
of all such nodes be S C H. These nodes are handled exactly as described above. If there are
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additional continuous action spaces in the subtree after taking some action a € A . for some
h, c, then the bijections between subtrees simply map uncountably many nodes.

The second group is the set of all nodes /" such that there is at least one node-action pair h, a
on the path from the root to &', where h has a continuous action space A . such that a € Ay, ..
Let this set of nodes be called S> ¢ H. Let @ € R”, where n is the number of continuous
action spaces leading to 4’ and including the one at &/, such that a; € [«;, 3;] where [ay, ;] is
the continuous action space for the ¢’th node with a continuous action space on the path to h’'.
We then require that the payoff and nature functions are functions of @ rather than a single action
choice. For fixed choices in the past, the functions then behave exactly as the functions for nodes
in S*.

We fix some ordering of all continuous intervals, and define A = Xj,cs51082 ccc, An,c to be the
Cartesian product over all continuous intervals. We will use j to denote indices into this ordering
I. We let o, 3] denote the endpoints of interval j € I. From now on we will use @ € A to
denote elements of this set. A discretization is a finite set of points A" C A. The size |[A'| = m
is the number of discrete points chosen for each interval. If fewer than m points are desired for
some interval Ay . with index j € I, we can simply let @; = @ for distinct points @, @ € A’
For a node h, we will use @" to refer to the subset of actions taken on the path to A such that
the action is part of a continuous action interval. We will overload the notation of the payoff and
nature error functions so that for a given f or h for a node h, they take elements @ € A as input,
with the implicit understanding that the value of the function depends only on @". We will let
mo(@) denote the product of probabilities over each index j into @ such that nature acts at @;.

The game [V = (H', 7', A", H, 00, {Z'}, {u;}) is the discrete extensive-form game obtained
by restricting players to selecting actions that are part of the discretization A’.

4.9.2 Discretization model
Discretization mapping and error terms

We will need to reason about the similarity of the full game I" and the induced game I" for a
given discretization .A". To do this we will require a mapping of the continuous action space onto
the discretization:

Definition 13. A discretization mapping is a surjective function g : A — A’ that maps the
continuous action space A onto the discretization A'. We require that g is decomposable, so for
all @ € A, g(@); depends only on ;. G denotes the set of legal discretization maps for a given
discretization A'.

The discretization mapping along with the bijections ¢, forallh € H,c € Cy,a,a’ € Ay
immediately defines a mapping of the nodes H onto the nodes H’. Denote this node mapping
function by ¢ : H — H'. For any node h € H N H', $(h) = h. For h € H,h ¢ H', ¢(h) is the
node in H' reached by inductively applying the maps g and Qﬁd‘;}’g(ah)j at each continuous action
space on the path to h.

Due to the constraints in Definition g also leads to an information set mapping, as any
two nodes hy, hy € I for some I must map to the same information set: ¢(hq), ¢(ha) € I’ for
some I'. We let f : Z — 7’ be this information set mapping.
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For all three functions g, ¢, f we also define their inverses ¢!, ¢!, f~1, that return all in-
tervals A C A, nodes I C H, and information sets Z C Z, respectively, that map onto given
ac A b € H, and I' € T', respectively. We denote by ¢; ' (1) the intersection ¢~ (h') N I.

Given a discretization mapping g, it will be convenient to define aggregate utility error terms
for nodes of the real game:

maxXqea, €/, if his a player node
R _ R e
€hi = faeAh oo(h, a)etg’i if h is a nature node

\pi (@) — pt (g(@))] if his a leaf node

Similarly, we define aggregate error terms for nature error. We define the nature distribution error
of an information set / and node i’ € f([) to be

0 fhe¢;1(h/) ao(h) ap(h)

T (D) ob(f(I))

This is the difference between nature’s probability of reaching /' and its probability of reaching
any node in ¢;'(h'), normalized by the probability of reaching the given information sets. The
nature error for information set / is

6(; == Z 6(1)7 h

wef(I)

For a nature node h at height k& € H, and b’ = ¢(h), we define the nature action a’ € Ay
error and node error to respectively be

op(h',a') — / oo(h,a)
acg~1(a")NAy

0 E 0
€, = eh,h/,a’

a’EAh/

627}1/7(1/ =

The nature error at height & is

60: erIk,ﬂ-(I)E(I) 1fk§é7‘[0
F fher m(h)e) ifk € Hy

Finally, we let W = max;c .cz u;(2) be the maximum payoff at any leaf node.

Strategy mapping

Once a Nash equilibrium has been computed in the discretized game, we need to define a way of
converting that strategy profile to a strategy profile for the full game. We perform this mapping
in the following simple way. Since all subtrees under discretized intervals have the same shape
(based on how we defined the discretization problem in Section [4.9.1]) and thus same number of
actions, we can simply implement the same strategy that we computed for a given discretized
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subtree at all subtrees that map to it. Specifically, let o’ be the strategy profile computed for
the discretized game. Then for each real node s € H, we set o(h,a) = o'(¢(h),a’), where a’
is the action at i/ that leads to ¢(¢"). For continuous intervals, we simply pick each discrete
point a with the probability that it was chosen in the discrete game, and every other action with
probability zero. This mapping yields a strategy profile that satisfies the following property,
which we will use to derive bounds later:

Proposition 5. For a strategy profile o' computed in a discretized game 1", our method of strategy
conversion leads to a strategy profile o for the full game 1" so that for any information set pair
I, I’ such that I maps onto I', _o(I) > 0, and o;(I) > 0,

) o)
)T 2 @<

hegrt (h)

This follows immediately from how we defined the mapping.

4.9.3 Overview of our approach

Given some game with continuous action spaces, the goal in this work is to pick a finite set of
points for each continuous action interval. This will induce a finite extensive-form game. A (po-
tentially approximate) Nash equilibrium is then computed in the discrete game. The computed
Nash equilibrium is then mapped to a strategy profile in the full (continuous) game. Figure
illustrates the approach.

Real game

Discrete game

Discretization i E

Equilibrium-finding
algorithm

Map to real game

e-Nash equilibrium «————— Nash equilibrium

Figure 4.13: An overview of our discretization approach.

Under reasonable assumptions, we will derive solution quality bounds for any Nash equi-
librium computed in the abstraction when implemented in the full game. More specifically, we
will show that such strategy profiles constitute e-Nash equilibria in the full game, where the €
depends on the error terms we defined in the previous section. These results are anlogous to the
solution-quality results for perfect-recall abstraction in Section
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4.9.4 Discretization quality bounds

We start by showing an error bound on solution quality for any given discretization and dis-
cretization mapping, leveraging our result on bounded solution quality for perfect-recall abstrac-
tion.

Theorem 14. For any game " with continuous action spaces A that satisfy the constraint given
in Definition discretization A" C A, and discretization mapping g : A — A’, any Nash
equilibrium o computed in I constitutes an e-Nash equilibrium when implemented in I, where

€= max{Qeﬁi + Z e%W} +2 Z aw
' = keHo

Proof. We can view the game [ obtained by this discretization as an abstraction, where g defines
a mapping of each real action a to some abstract action a’. Coupled with the bijection ¢, ., this
induces a node mapping / and information set mapping f, as argued in Section[4.9.2]

Theorem 4.2 of Kroer and Sandholm [93]] gives error bound results for abstractions like this.
To see that f indeed forms a surjective function that respects h, consider Conditions || and [2| of
Definition [12] which ensure that any discretization induces an information set mapping. First
consider when Condition [I] is satisfied. In this case the information set mapping is obviously
respected, as the nodes that map to each other were already in the same information set.

Now consider any information set / such that a node s € I is mapped onto another node
hel N # I. Condition [2| ensures that this only happens for information sets completely
contained in the subtrees rooted at the continuous interval in question. We have to show that 7 is
surjectively mapped onto I. Condition [2states that for any other node h € I, h must map to a
node in the same information set as . Thus we just have to verify that every node h* € I has a
node from / mapped onto it. This is immediately seen by applying Definition [I2]to the bijection
from the perspective if I, as the bijection has to be the same when applying the definition in both
directions.

Theorem 4.2 of Kroer and Sandholm [95] also requires that the strategy implemented in the
full game is an undivided lifted strategy. We did not quite guarantee this property with our
strategy mapping described in Section 4.9.2, However, this property is only used in the very last
step of the proof of Theorem 4.2 in their paper, where they use it to apply Proposition 3.1 of their
paper. Instead, we can apply our Proposition [5] which achieves the same effect.

The result as presented by Kroer and Sandholm [935] takes the maximum nature outcome
error for each height. Their proof is easily modified to take the expected value, €2, instead, as we
do in the theorem. (This approach was also taken by Kroer and Sandholm [98]].) O

The bounds as given here are in their most general form. In particular, the two nature error
terms » ;. q,. YW and 2 > ket €)WV are not given in terms of the functions pj, that describe
the change in nature outcome probabilities. € can easily be bounded for all £ in H; and H,

respectively:
@< [
1€Ty,

/ mo(@") — mo(@")| = &
heoyH(h)

wef(I)
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This gives the following corollary:

Corollary 5. For any game I with continuous action spaces A that satisfy the constraint given
in Definition discretization A" C A, and discretization mapping g : A — A’, any Nash
equilibrium o computed in I constitutes an e-Nash equilibrium when implemented in I, where

€ = max {2651- + Z W} +2 Z EW

keH; keHo

The &) terms do not diverge. While an infinite sum is taken in both cases, the terms are
probability weighted, and [, e, ™) =1, Je H, 7(h) = 1. Since we are dealing with probability
distributions, we can take the maximum over Z;, or Hy. In practical settings, it may be desireable
to take several maxima. First, in the current form of both Theorem [I4]and Corollary [5] the bound
depends on the strategy profile of the players, not just nature. To make the bound independent
of player actions, one can take the maximum over player actions. Second, instead of computing
the infinite sum of errors over Z;, or Hy, it may be useful to take the probability-weighted sum of
errors over discrete points, and then compute the maximum error over each discrete point.

4.9.5 Discretization algorithms

In this section we consider general bounded discretization problems that are largely independent
of the specific error bound to be minimized. This means that our algorithms will apply to the
results from Section4.9.4] and also to any (potentially stronger or more general) bounds obtained
in the future, as long as they fall under the setting described in Section[4.9.5]

Optimal discretization as an optimization problem

We consider a more general class of problems than those described in Section We consider
a game [" where one or more h € H has a continuous action space. We again let A be the set
of all intervals to be discretized with index set I and let c?é- refer to the k; discrete points chosen

et

for interval j. We assume the points in the discretization are ordered, so a; < c?é-“ for all
jellelk.

We start by formulating the optimization problem very generally. We assume that we have
an error bounding function ¥ : AF x G4 — R that takes as input a discretization A’ and
discretization map ¢ and returns a real-valued error bound ¥(.A’, g). We make two innocuous
assumptions about ¥ to represent the natural condition that the error increases the further an
actual point is from the discrete point to which it maps.

First, each point maps to its nearest lower or upper discrete point. Formally, for all j € I,

and any point q;, @; < @ < d’é-“ not in the discretization, ¥ is minimized at g(a;) = @} or
ot
glar) = a; .
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Second, for all j € I, and any two points a;, a;, c?é» <ap<a< c?é-“ not in the discretization,
if ¥ is minimized when g(é;) = @} then ¥ is minimized when g(a;) = @,, and if ¥ is minimized
when g(a;) = @™ then ¥ is minimized when g(a,) = @,

We will say that an error function W that satisfies our two assumptions is monotonic. Given
a monotonic ¥ and a discretization A’, the optimal mapping for each interval j € I can be
determined by finding the splitting pomt between each interval [a], al“} such that the left side
of the splitting point is mapped onto a and right side is mapped onto a”l

For each interval j € I, we 1ntroduce real-valued variables @} € .A],l € [kj] and g ., T €
[k; — 1], where k; is the desired number of discrete points for interval A;. The variables c?é»
represent the discrete points, while g7 represents the point between a; and d ”“ that separates
the interval, such that the points in the interval [ az, g]} map onto @; and the pomts in the interval
[gJT, 7“} map onto ”*1. Since any set of values for a@ aj,gj over all j € Il € [k],7 €
[k; — 1] completely spemﬁes a discretization and discretization mapping, we let A’ g, denote

the discretization and mapping obtained by a solution. The feasible set of this problem is

a, < att Vjiellelk—1]
a<g <at’ vjelrelk—1
F=l A g, 0= =0 Ik =~ 1] 4.16)
a; € Aj Viel,l e [k
g7 € A, Viel,te [k —1]

With this notation, we arrive at the most generic form of the optimal discretization problem
for monotonic error functions:

min {V (A}, g,) - (A, 90) € F} (4.17)

Setting £ = 1, one can see that this is equivalent to minimizing any function, so this general
form will not get us far. Fortunately, there is often further structure in practical games. In the rest
of the algorithms section, we will consider various forms of structure that enable us to design
efficient algorithms for finding good discretizations.

Convex error function The constraints specified in @[} are all linear. Thus, if ¥ is convex,
solving becomes a convex minimization problem over linear constraints. These are solv-
able in polynomial time under mild assumptions [1 lﬂ Perhaps more importantly, large subsets
of this class of error functions have practically efficient solution methods—e.g., an error function
that is conic-quadratic or semi-definite representable (Ben-Tal and Nemirovski [[11] give a thor-
ough discussion of such representability), smooth, or non-smooth with certain structure [|8, [133]].

Decomposable error function

In Section 4.9.4] we considered error functions that are a mixture of maximums (player nodes)
and probability-weighted sums (nature nodes) of the error functions at individual nodes. We

7 A heavily updated version of this great book can be found at http://www2.isye.gatech.edu/
~nemirovs/.
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now consider how to (recursively) represent such error functions using linear inequalities, for the
purpose of computation.

Let&; : A; x g; — R be an error function that gives the error incurred at interval j € I when
choosing discretization A, and mapping g; at A;. Recursively taking the maximum or weighted
sum can be implemented by recursively applying the following linear inequalities, where variable
es represents the error at a given node or information set §:

en > Z oo(s, a)ewm

a€Ap

£= (4.18)

e > Mmax e
acAp @

en >§;

The same linear formulation can also be used to formulate the error bound in the case where
&, + A x g are functions that give the error for each leaf and nature node. In a slight abuse of
notation, we denote the set of error function solutions described in by £.

If each error function {; depends only on the subset of A that consists of interval j and any
descendant intervals, the discretization problem can be decomposed: find each interval j € I that
is the first continuous interval from the root to the interval. Each such interval, along with its
subtrees and any intervals therein, can be minimized separately.

Minimizing our bound

We will now study the game class that satisfies Definition [I2] and minimization of the bound
given in Corollary [5] We will consider various types of error functions.

Linear error functions In this section we consider games I' where the utility and nature out-
come distribution functions p., ps, at all z € Z,h € H that are descendants of a continuous
interval, are Lipschitz continuous with Lipschitz constant L. /,. This encompasses two impor-
tant practical classes of game: (1) all the functions p and p are linear, and (2) the functions
are non-linear but the bound being derived is based on knowing (only) that the functions are
Lipschitz continuous.

If all continuous intervals at nature nodes have a uniform distribution, we get the following
simple results: all intervals should be discretized into uniform interval sizes.
Theorem 15. For a game 1" with continuous action spaces A, where each utility and nature
outcome distribution function is Lipschitz continuous with constant L, for each leaf z or nature
node h, and all continuous nature intervals are uniformly distributed, the bound-minimizing k;-
point discretization at each interval .A; is:

S _1 . ﬁj_aj )
s (1 1) (522 e

g;:aj+7-(@> VT e [k; — 1]
J

We will call this a uniform discretization.
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Proof. Consider such a discretization and mapping. We will show that any other discretization
or mapping can not be better. For an interval j € I at a player node, this is easily seen. The error
of the interval is the maximum error over the interval. Since all functions are linear, this is simply
the point a € A; with the largest distance to its discrete point. For a uniform discretization, this
is either endpoint «;, §; or some inner point g7, which all have distance BJ;TJO‘J For any other
discretization, some point must have distance strictly greater than this to its discrete point, thus
worsening the bound.

For an interval j € I at some nature node h, we first observe that the error function is convex.
The error at each leaf or nature node in the subtrees is linear (and thus convex). The error at
each other node is the finite sum or maximum over descendant errors. The error over the interval
is the integral over error at each subtree. Since taking finite sums, maxima, and integrals all
preserve convexity (see Boyd and Vandenberghe [22] for a calculus of convex functions), we
get that the error over the interval is convex. For convex functions, local minimizers are global
minimizers. Thus, it is sufficient to show that the derivative is zero at the uniform discretization.
Since the subtrees have the same structure, by the conditions given in Definition 12} and the
fact that the error functions depends only on the distance, we get that the error between any two
points a;, ay € Aj; can be represented by some function A(|a; — az|). Using this representation,
we consider the error of each interval [a’, ¢!]:

l 1

51 _ 1 95~
/62_ R (laj —t]) dat = m/ﬂ A(t)dt (4.19)
Using exactly the same approach, we can also get the error of the interval [gé., 62“} :
b / i A(t)dt 4.20)
Bi—a; Jo

We see that for any subgradient = of (4.19)), —x is a subgradient of (4.20). Using additivity of
subdifferentials (see Rockafellar [145] chapter 23), we get that 0 is a subgradient of gj». We can
apply exactly the same approach to each Jé- to see that 0 is a subgradient there as well. ]

When the conditions of the above theorem do not hold, the decomposition results from Sec-
tion 4.9.5|and the recursive linearization (4.18) still apply. In the following two subsections, we
leverage this fact.

Convex error functions As we pointed out above, taking the maximum, sum, and integral all
preserve convexity. Thus, if the error

|n=(a) = p=(d)] or |pn(a) — p(a)]

at each leaf or nature node can be represented by a convex function, the linear constraints in
(@.18)) can be used to represent the overall error as a convex function. As discussed in Sec-
tion [4.9.5] this would, depending on the specific structure, allow the application of various ef-
ficient polynomial-time methods. We do not give specific algorithms here, but merely point
out that optimal solutions can be found in polynomial time. In practice, the specific choice of
which polynomial-time algorithm to apply should be informed by the exact structure of the error
functions of the given game.
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Piecewise linear error functions We now consider piecewise linear utility error functions
and piecewise linear nature probability error functions for discretizing continuous player action
intervals. We do not consider discretizing nature actions here because even with linear functions
and a uniform nature distribution, discretizing nature intervals would lead to quadratic error, as
shown in the proof of Theorem Even if the actual error functions are not piecewise linear,
this can be used for arbitrarily accurate approximation.

Finding a bound-minimizing discretization, subject to a limit on the number of discretization
points, is NP-hard. This is easily seen from Theorem [T1] and representing their discrete game-
abstraction problem using a step function.

However, it can be represented by a MIP, where the number of binary variables is equal to
the number of pieces summed over all functions. This number can be significantly decreased if
the interval pieces over the different functions u, p under some interval ;7 € I align. We use the
same variable formulation @}, ¢! as defined in 1; and the feasible set F remains the same.
Consider an interval 5 € I and the set of points where some function in the subtrees at j changes
piece. This set of points divides the interval o, ;] into pieces. Let P; be an index set into these
pieces. The size of IP; is clearly bounded by the sum of pieces in functions in subtrees at j. We

introduce a Boolean variable b]’l, c!” foreach v € P;, | € [k;], and 7 € [k; — 1], representing
whether c?é-, g; fall into the interval representing piece y € Pj, respectively. When b}’l(c]ﬁT) =1,

: =l (T .
we restrict @; (g7 ) as follows:
YLl < A —l v 7y L Rl
aj b < a; aj§6j+(6j_ﬁj)'bj

The sum 27 ep; b].’l = 1 ensures that only one interval is chosen. The constraints for c}”, g;
are completely analogous. For each leaf node = with piecewise payoff function x}, and [ € [k;],
we can then introduce price variables p!, p’(a}), p(g}) € R, with the latter two for the interval

[c?é-, gé] , and constrain them linearly as follows:

Pl >pl(g)) — (@)
P =< pl(gh) >pl(d) — M- VyeP; (4.21)
pL(@) <pl(@) +M-b)' Yy eP;

This is correct for sufficiently large M € R. We now have variables p’ representing each error
function for the discrete points, and can apply the linear constraints from (4.18)) to get a linear
representation of the overall error. Thus we get the following MIP, where e, is the objective value
at the root according to (4.18):

min {er e €& (A, g) € FNP, T e o, 1}} 4.22)

L I

4.9.6 Applications

In this section, we discuss some applications of our results. We will focus on three recent prob-
lems that have included continuity in their problem formulation, or discretized away continuity:
robust policy optimization under parameter uncertainty [41], security games [90, 119, [177], and
sequential wifi-jamming under battery constraints [S1].
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Chen and Bowling [41]] propose the use of zero-sum extensive-form game solving as a way
of tractably computing optimally robust policies for Markov Decision Processes (MDPs) with
parameter uncertainty. They design robustness criteria that can be implemented via nature first
sampling parameter instances, and an opponent then choosing the worst of these. This sampling
by nature was necessary in order to get games where the action space for the players is finite.
Now, with our discretization-quality results, it is possible to use a broader class of robustness
measures that allow continuous action spaces, while obtaining solution quality bounds.

Several papers have investigated continuous settings for security games. These have been
for single-shot [90, [177] or repeated Bayesian Stackelberg games [119]]. Since our framework
is for the more general setting of extensive-form games, our solution-quality bounds apply to all
these settings. Furthermore, they would also apply to more sophisticated models that include
both sequential actions and imperfect information. Marecki et al. [119]] mention as future work
the setting where the follower also behaves strategically. Our results immediately yield solution
quality bounds for discretizations for this setting.

Another area with continuity is wifi jamming. In recent work, sequential-interaction models
were introduced for this domain [S1]]. These models employ discretized action spaces, where
both the jammer and transmitter have a (small) finite set of possible power levels to transmit
at. However, this is an abstraction of reality, where software-defined radios mean that action
spaces can be continuous (at least up to the bit-precision of the hardware). Using the techniques
developed in this section, we can give solution quality bounds on the utility loss obtained from
considering only a discrete number of possible power levels (possibly by padding the game tree
with dummy actions to satisfy Definition [[2). DeBruhl et al. [51] also mention that in a more
realistic model, both transmitter and jammer would be modeled as observing only noisy signals
of the actions taken by the other player. Since these observations would be of a continuum,
the noise would likewise be continuous. The discretization quality bounds derived here would
immediately apply to this setting. A subsequent paper to this work investigates the use of game
abstraction in wireless resource scheduling [43], though they focus on stochastic games. It would
be interesting to consider more sophisticated models with imperfect information.

4.9.7 Differences to abstraction practice in poker

We have already discussed how our framework can be used to give theoretical bounds on solution
quality in practical scenarios. In particular, we showed that a uniform discretization is optimal
for linear error functions (for discretizing nature this required a uniform distribution over the
continuous action space). This stands somewhat in contrast to how practical abstractions are
created for poker.

Consider no-limit Texas hold’em (NLHE). This game is the premier testbed for (discrete)
extensive-form game solving algorithms [[148]. Each year, the Annual Computer Poker Compe-
tition is held, where research groups submit highly-tuned poker-playing programs. The winning
programs are based on computing Nash equilibrium approximations in abstractions of the full
extensive-form game [148]].

In NLHE, at each betting step, the acting player may bet any amount from the minimum bet to
their entire stack of chips. To handle this action space, the top agents devise betting abstractions.
These are completely analogous to the discretizations considered in this chapter. The payoff

92



functions under the subtrees are all linear in the specific actions chosen. At a cursory glance, one
might say that Theorem [15|suggests that the optimal discretization would be uniform. However,
the discretizations employed by the poker bots are more akin to a geometric progression. For
example, Brown et al. [28] describe using a betting abstraction consisting of 0.5,0.75,1,1.5,2
and 5 times the pot size, as well as the all-in action. At the start of betting, all-in is approximately
133 times the pot size. Both examples and experiments by Ganzfried and Sandholm [63]] support
the idea that the uniform mapping is not optimal.

A potential explanation for this is that the subtrees reached for different choices of bet size
technically do not fall under the constraints of Definition[I2] Consider a group of bets, say raising
in the range of [1, 2] (here we consider continuous bets in this small continuous range due to ease
of exposition, one can construct similar examples with larger integer ranges) with a stack size of
2.5. The subtree where the player bets 2 exists as a subset of the subtree at every other betsize.
These subsets all map to each other in a way that obeys Definition[I2] However, if the player bets
1 instead, the opponent may reraise by 1, in which case the agent can call. This scenario does not
exist when betting 2, as the player already bet her entire stack. For any two bet sizes a; < ao,
these discrepancies due to extra actions exist. To resolve this issue, one could pad the tree with
extra actions such that Definition |12]is satisfied, but it is unclear how this would interact with the
solution-quality bound, and could thus lead to nonoptimality of the uniform discretization.

4.9.8 Conclusions and future work

We analyzed the problem of developing solution-quality bounds for discretization of extensive-
form games with continuous action spaces. To our knowledge, we developed the first such
bounds. We developed bounds for a very general class of continuous games: ones where there
is a finite set of prototype trees, such that the instantiation of a given prototype has its nature
probability outcomes and utilities parameterized by the choice on the continuous intervals. We
developed bounds both where they depend on the specific Nash equilibrium (Theorem [14)) and
where they are independent of the Nash equilibrium chosen (Corollary [3)).

We then considered the problem of computing bound-minimizing discretizations. First we
developed very general bound-minimization formulations that allow a broad class of error-bounding
functions. We discussed how such functions can be minimized in polynomial time when they
are convex. We then considered the more specific problem of minimizing our bound devel-
oped for Corollary [5] For the case where all utility error and nature probability error functions
are Lipschitz continuous (without additional structure), and nature chooses uniformly over each
continuous interval, we showed that the bound-minimizing solution is to discretize uniformly.
For the case where the error functions at individual nodes can be represented by convex func-
tions, we showed how to generate a convex optimization formulation of the overall problem. We
also developed a MIP for piecewise linear error functions, which can also be used for arbitrarily
accurate approximation. We also showed how the problem can be decomposed into separately
optimizable components.

Ganzfried and Sandholm [63] dicuss randomized mappings, where each real point has a
probability distribution over which of its nearest discrete points it maps to. Their experiments
strongly suggest that such randomization is desirable. Incorporating randomized mappings in our
work could potentially lead to better discretizations, almost certainly in practice, and potentially
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also in theory. We leave this as future research.

Here we showed that our results on perfect-recall abstraction can be used to prove bounds
for EFGs with continuous action spaces. It would be interesting to show similar results for the
imperfect-recall setting as well.
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Chapter 5

Equilibrium refinement

In spite of their popularity, Nash equilibria suffer from a potential deficiency: they might not
play reasonably in parts of the game tree that are reached with zero probability in equilibrium. In
particular, the only guarantee that Nash equilibrium gives in these parts of the game tree is that
it does not give up more utility than the value of the game. Thus, if the opponent makes a big
mistake, Nash equilibrium might give back all the utility gained from the opponent making that
mistake, since it is only maintaining the value of the game (Miltersen and Sgrensen [121] show
nice examples of such behavior).

The above shows that Nash equilibrium is not always satisfactory in extensive-form games,
and is the motivation for equilibrium refinements [[154]. When information is perfect, the clas-
sical solution concept of subgame-perfect equilibrium (SPE) can be satisfactory, while it is not
when information is imperfect. In this latter case, refinements are usually based on the idea of
perturbations representing mistakes of the players. In a quasi-perfect equilibrium (QPE) [162],
a player maximizes her utility in each decision node taking into account the future mistakes of
the opponents only, whereas, in an extensive-form perfect equilibrium (EFPE), players maximize
their utility in each decision node taking into account the future mistakes of both themselves and
their opponents [[/7, [154].

Computation of Nash equilibrium refinements in EFGs has received some attention in the
literature. Von Stengel et. al. [164]] give a pivoting algorithm for computing normal-form-perfect
equilibria in EFGs. Miltersen and Sgrensen [[121] give an algorithm for computing quasi-perfect
equilibria. Miltersen and Sgrensen [120] show how to compute a normal-form-proper equilib-
rium. Farina and Gatti [S7] give an algorithm for computing extensive-form perfect equilibria.
All these results rely on linear programming (LP) (in the zero-sum case) or linear complementary
programming (LCP). In zero-sum games, several of these solution concepts can be computed in
polynomial time using an LP or a series of LPs. However, as previously argued, even for the
easier case of Nash equilibria, the LP approach is not scalable for large games (beyond roughly
108 nodes in the game tree [68]]). Each iteration of an LP-solving algorithm is expensive, and the
LP might even be too large to fit in memory. Thus, as with Nash equilibria, we would like to use
faster iterative algorithms for computing equilibrium refinements.

In this chapter, we show how to extend the FOMs results from the previous chapter to the
computation of an approximate variant of EFPE. Miltersen and Sgrensen [121] and Farina and
Gatti [57] presented perturbed polytopes of EFGs that capture equilibrium refinements where
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each action has to be played with positive probability. We prove that recent results on smoothing
techniques for EFGs based on dilating the entropy function can be modified to provide smoothing
for such perturbed games, where the perturbations are with respect to behavioral strategies.
We then instantiate this method for the perturbed game of Farina and Gatti, which leads to our
approximate EFPE.

We then experimentally validate our method. We show that it is effective at obtaining low
maximum regret at each information set of the game—even ones that have low probability of
being reached—while simultaneously achieving the same practical convergence rate that FOMs
and the best CFR variants traditionally achieve for just Nash equilibrium. This has benefits both
in approximate Nash equilibrium finding (such approximation is necessary in practice in large
games) where some probabilities are low while possibly heading toward zero in the limit, and
exact Nash equilibrium computation where the low probabilities are actually zero.

5.1 Preliminaries

In the previous chapter we showed how to efficiently compute Nash equilibrium approxima-
tions for large-scale games. We will rely on the treeplex and convex optimization concepts and
notation developed in that chapter.

We now show an example of why Nash equilibrium may not be satisfactory when deal-
ing with EFGs, independently of whether the game has perfect or imperfect information, and
whether it is general- or zero-sum. A Nash equilibrium o might prescribe irrational play in those
information sets that are visited with zero probability when playing according to o (e.g., [120]).
In the general-sum case, consider the left example of Figure the strategy profile (oy, 09)
where player 1 always chooses action x and player 2 always chooses action Y is a NE. However,
this strategy profile is irrational: Player 2 is “threatening” to play a suboptimal action, and Player
1 is caving in to the threat. Yet, the threat is not credible: if Player 1 were to actually play action
Yy, it would be irrational for Player 2 to honor the threat.

Player 1 Player 1

Player 2 Player 2

(5,1) (0,0) (=5,5) (0,0)

Figure 5.1: General-sum (left) and zero-sum (right) games where Nash equilibrium prescribes
irrational play. Numbers in parentheses denote the payoffs to Players 1 and 2.

The right example in Figure[S.1|shows that even in zero-sum games, a NE can fail to capture
(sequential) rationality. In this game, the same strategy profile as in the previous game is again
a NE. If Player 2 plays according to this profile, she gives up a potential payoff of 5 if Player 1
plays action y.
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5.1.1 Perturbations and Extensive-Form Perfection

A way to mend the issue just described is to introduce the idea of “trembling hands”: each player
cannot fully commit to a pure strategy, and ends up making mistakes with a small (yet strictly
positive) probability. This guarantees that the whole game tree gets visited. More formally,
let [(1,a) be the perturbation of the game, a (positive) function defining the minimum amount
of probability mass with which the player playing at information set / in the game will select
action a when playing in /. Let I'; be the game where players are subject to such perturbation:
an extensive-form perfect equilibrium of the game I' is any limit point of the sequence of Nash
equilibria of the game I';, as [ vanishes [[154]. In this chapter, we deal with the simplest form of
perturbation — a uniform perturbation [ for ¢ > 0, defined as [.(/, a) = ¢ for all « and I. We will
denote the game I';_ as I'..

We let Q° refer to a {-perturbed variant of a treeplex (), for the perturbed game I'¢.  is the
intersection of () with the set of constraints ¢/ > €qp, for all j € Sg. By constructing perturbed
polytopes X'¢, V¢ and using these rather than X', ) in (3.1)), we get an approximate variant of
EFPEs.

5.2 Distance-generating functions for the ¢-perturbed game

Let d, be a DGF for the n-dimensional simplex A,,. As in the previous chapter we construct a
DGF for @ by dilating d; for each simplex in Sg and taking their sum: d(q) = >, S0 Pit; ds(%j).
We show that d, and d can be used to implement a smoothing function for (¢ and reason about its
properties. To construct a smoothing function for )¢, we first construct a smoothing function for
an e-perturbed simplex A;, = {q° : ||¢°[[1 = 1,¢° > €}, with € > 0. We construct a smoothing
function for Af, by composing ds with a simple affine mapping ¢(¢*) = f_;i, which sets up a
one-to-one mapping between A,, and A¢. The inverse of this function is ¢~ (¢%) = (1—ne)q®+e.
We let d& = ds(¢(q°)). We will show that d¢ retains all nice DGF properties of d.

Since d; is continuously differentiable, we can apply the chain rule to get

Vdi(¢°) = (1 — ne) 'Vdy(G°). 5.1)

For our new DGF to be practical we need the conjugate and its gradient to be easily computable.
We show that this reduces to a simple transformation of the conjugate of d:

Lemma 9. For a simplex DGF ds and its e-perturbed variant d, the convex conjugate and its
gradient for d, can be computed as

dg™(g) = d((1 = ne)g) + (g, €)
Vds*(g) = (1 —ne)Vdi((1 —ne)g) + €
Proof. Follows by the definition of conjugate and the chain rule for gradients. O]

Thus computing our conjugate reduces to computing the conjugate for ds coupled with simple
linear transformations. Hoda et. al. [79]] showed that the conjugate for a treeplex based on a sum
over dilated simplex DGFs is easy to compute. Combined with Lemma[9] their result shows that
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the conjugate of a treeplex DGF consisting of a sum over dilated perturbed simplex DGFs is easy
to compute, as long as the same holds for the individual conjugates.

We now focus on the case where d; is the entropy DGF for a simplex, that is, ds(¢°) =
> ;¢ log(q?). Formally, we get the following DGF for a perturbed treeplex:

G/ G, — € i/ qp; — €
= . ] J
Z B]qp] Z 1-— njej o8 ( 1-— njej

j€SqQ iel

In the previous chapter we showed strong convexity and convergence results for the class of
dilated entropy functions for treeplexes. We now show how that result can be leveraged to prove
strong convexity bounds for the perturbed entropy DGF.

Theorem 16. The dilated perturbed entropy DGF on a treeplex with weights that satisfy the
following recurrence

=1+ maﬂx ﬁakﬂk , Vi € Sg,

" ey PR T
Bj > aj, Vi e ll; and Vj € Sg s.t. b{? > 0,
B = ay, Vi € I and Vj € S s.t. by, = 0.

is strongly convex modulus 1 with respect to the {5 norm and modulus MLQ with respect to the {;
norm.

Proof. We will show that the quadratic over the Hessian of dg, can be expressed as a constant
times the quadratic over the unperturbed dilated entropy DGF for (). This will allow us to invoke
the strong convexity results in Theorems [2]and [3]

Consider ¢ € ri (@) and any h € R™. For each j € Sp and i € II;, the second-order partial
derivates of d,(-) with respect to g; are:

Vidi(q) = - Yy /qul : 5:2)

(1 —nye;)(g — eqp,) i lellk (1 — npex) (@ — €4i)q;

Also, for each j € Sq,i € I, the second-order partial derivates with respect to ¢;, g, are given

by:
Bigi
V2 o df V2 di(q) = — J . (5.3)
org 0= rg % () (1 —nj€e) (g — €gp,; ),
Then equations (5.2) and (5.3) together imply
th? h — |:h2 ( BJ
2 2 T
ﬁkql
220 ;
keD: leﬂk — nper) (@ — €4i)g;
28:q;
—hihy, b } . (5.4)
(1 - njf) (Qi - equ)qu
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Given j € Sg and ¢ € I;, we have p;, = ¢ for each k € D;'- and for any k£ € D; there exists
some other j' € Sg corresponding to k in the outermost summation. Then we can rearrange the
following terms:

IDBDIP I

1 — NE — €q;)q?
JESQ i€l keD’b lelly, k k QI qz)q@

hiji
_ZZBJ (1 —nje;)(g;

J€Sq i€l; 1) (6 = €dp, )4, '

Using this equality in (5.4) leads to

5jh,2)-qz'2 2B5hihy;q;
qS ?D + J _ J
Z Z [ 1 —nje; (q% - equ) ( ; (1 = nje)(a

JESq i€l L= ”ij)(%‘ - Gij)qu — equ)qu

B.q; hﬁj G 2hihy,
JHr i qp7 qp]

(1— ”jej)(qz‘ — €Gp,)

=22

j€Sq i€l

(5.5

Now we can view the three terms inside the brackets as a convex function of h;. First-
order optimality implies that this function is nonnegative. Furthermore, since ¢; > €g,, we have
> 1. Combined, this gives

Qz_E‘Ip]

h2  hiqi 2hih,,
> ) J . J
6= Z Z (1-— njej ( T

e G G, dp;
h?  2h;h,, h?.
> S| () e 59
jESQ ’iG]Ij QZ qu qu

The last step follows because ‘h form simplex weights. By Lemma 1 in Kroer et. al. [103]]

this is exactly the expression for the quadratic of the Hessian of the unperturbed dilated entropy
function on () with weights /3;. Since our weights satisfy the requirements in Theorems 1 and 2
of Kroer et. al., the unperturbed dilated entropy function with these weights is strongly convex
on @, and thus we get (5.6) > c||h||> where ¢ = 1 when || - || is the I norm (by Theorem 1 of
Kroer et. al.) and ¢ = MLQ when || - || is the /; norm (by Theorem 2 of Kroer et. al.). By Fact
this proves our theorem. []

Using Theorem (16| we can use the perturbed dilated entropy function to instantiate EGT.
Since the value of the perturbed entropy on A can be lower-bounded by log(n) exactly the
same way as with the unperturbed entropy, we can apply Theorem 3 of Kroer et. al. [103]], to
bound EGT convergence rate as follows:

Theorem 17. For a perturbed treeplex (Q°, the dilated perturbed entropy function with simplex
weights B; = Mo(2 + 3%, 2"(Mg,, — 1)) for each j € Sq results in % < M32%e*?logm
where m is the dimension of the largest simplex N for j € Sq in the treeplex structure.
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Theorem |17 immediately leads to the following convergence rate result for EGT equipped
with dilated perturbed entropy DGFs to solve perturbed EFGs.
Theorem 18. The EGT algorithm equipped with the dilated perturbed entropy DGF with weights
Bj =2+ Zf;l 2" (M, — 1) for all j € Sx and the corresponding setup for Y will return a e-
accurate solution to the perturbed variant of (3.1) in at most the following number of iterations:

(max | Aijl \/M%WHM;%WW log m) /€,
0.J
where the matrix norm is given by:

[N} = max {[[Ay[|7 : [yl = 1} = max |A, ;].
yeY i.j

To our knowledge, this is the first result for FOMs that compute an approximate Nash equilibrium
refinement.

5.3 Experiments

We conducted experiments to investigate the practical performance of our smoothing approach
when used to instantiate the EGT algorithm. We compare EGT with our smoothing approach
to EGT on an unperturbed polytope using the smoothing technique by Kroer et. al. [103] and
CFR+ [161]. We conducted the experiments on Leduc hold’em poker [157], a widely-used
benchmark in the imperfect-information game-solving community, except we tested on a larger
variant of the game in order to better test scalability. In our enlarged version, Leduc 5, the deck
consists of 5 pairs of cards 1...5, for a total deck size of 10. Each player initially pays one chip
to the pot, and is dealt a single private card. After a round of betting, a community card is dealt
face up. After a subsequent round of betting, if neither player has folded, both players reveal
their private cards. If either player pairs their card with the community card they win the pot.
Otherwise, the player with the highest private card wins. In the event that both players have the
same private card, they draw and split the pot. Kroer et. al. [103]] point out that the theoretically
sound scale at which the overall weight on the DGF should be set is too conservative. We tune
an overall weight on each DGF by choosing the weight that performs best with £GT and € = 0
among 1,0.1,0.05,0.01,0.005 on the first 20 iterations. We test our approach on e-perturbed
polytopes of the strategy spaces for e € {0.1,0.05,0.01,0.005,0.001}.

The first experiment measures convergence to Nash equilibrium (Figure [5.2). The x-axis
shows the number of tree traversals performed per algorithnﬂ The y-axis shows the sum of
player regrets in the full (unperturbed) game. We find that the € perturbations have almost no
effect on overall convergence rate until convergence within the perturbed polytope, at which
point the regret in the unperturbed game stops decreasing, as expected. This shows that our
approach can be utilized in practice: there is no substantial loss of convergence rate. Later in the
run once the perturbed algorithms have bottomed out, there is a tradeoff between exploitability
in the full game and refinement (i.e., better performance in low-probability information sets).

Game tree traversals are equally expensive for all the algorithms studied. Treeplex traversal for each player is
slower in EGT than CFR due to requiring exponentiation exp( - ), but the algorithms spend significantly less time
on treeplex traversals than tree traversals, so this difference between the algorithms is insignificant.
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Figure 5.2: Regret as a function of the number of iterations for EGT with various e perturbations
(denoted in parentheses) and CFR+. Both axes are on a log scale.

The second experiment shows a measure of refinement convergence (Figure [5.3). The x-axis
shows the number of tree traversals performed. The y-axis shows the maximum regret at any
individual information set. Information set regret is calculated assuming that the information set
is reached with probability one and applying Bayes’ rule to get a distribution over nodes at the
information set; the regret is the increase in expected utility from best-responding throughout
all information sets in the subtrees rooted at the information set. Both CFR+ and unperturbed
EGT perform badly with respect to this measure of refinement. Both have maximum regret two
orders of magnitude worse than the perturbed approach. The maximum regret one can possibly
cause in an information set in Leduc 5 is 22, so CFR+ and unperturbed EGT also do poorly
in that sense. In contrast to this, we find that our e-perturbed solution concepts converge to a
strategy with low regret at every information set. The choice of € is important: for e = 0.001, the
smallest perturbation, we see that it takes a long time to converge at low-probability information
sets, whereas we converge reasonably quickly for ¢ = 0.01 or ¢ = 0.005; for ¢ = 0.1 and
e = 0.05 the perturbations are too large, and we end up converging with relatively high regret
(due to being forced to play every action with probability €). Thus, within this set of experiments,
e € [0.005,0.01] seems to be the ideal amount of perturbation.

5.4 Conclusions and future research

We studied the extension of FOMs to the computation of Nash-equilibrium refinements. We
developed a smoothing scheme based on perturbations of smoothing schemes for standard EFG
solving, and proved that the convergence rate is comparable to that of solving the original game
for Nash equilibrium. We performed numerical simulations where we showed that our approach
has an overall convergence rate that is comparable to that of state-of-the-art Nash equilibrium
methods. At the same time, we showed that our approach leads to solutions that have substan-
tially better performance in subsets of the game tree that are reached with low probability. This
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Figure 5.3: Maximum regret at any individual information set, as a function of the number of
iterations.

has benefits both in approximate Nash equilibrium finding (such approximation is necessary in
practice in large games) where some probabilities are low while possibly heading toward zero in
the limit, and exact Nash equilibrium computation where the low probabilities are actually zero.

Our work suggests several research directions. It would be interesting to find a way to sys-
tematically decrease the e-perturbations over time, so that we eventually converge to an exact
Nash equilibrium in the full game. This requires at least two extensions. First, FOMs usually
assume static domains, whereas this would involve a slowly expanding domain. Second, the €
would need to be decreased at a rate that is simultaneously fast enough that it converges at a
reasonable rate, and slow enough that we actually converge to a refinement.

We showed how to compute approximate EFPE refinements using methods that scale to large
games. It would be interesting to find a way to instantiate scalable methods such as FOMs
or CFR+ for other equilibrium refinement concepts as well. The perturbed polytope due to
Miltersen and Sgrensen could be used to construct a notion of approximate QPE that would lead
to an optimization setup similar to ours. However, this will require constructing a DGF for the
perturbed-QPE polytope, which has e-perturbations on the realization plans. Our approach relied
on e-perturbations to the behavioral strategies, and so it is likely that a different DGF class is
needed to handle approximate QPE.
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Chapter 6

Limited lookahead in sequential games

Limited lookahead has been a central topic in Al game playing for decades. To date, it has
been studied in single-agent settings and perfect-information games—specifically in well-known
games such as chess, checkers, Go, etc., as well as in random game tree models [20} 94,128,129,
1400 141} (143} [144]]. In this chapter, we initiate the game-theoretic study of limited lookahead
in imperfect-information games. Such games are more broadly applicable to practical settings—
for example auctions, negotiations, security, cybersecurity, and medical settings—than perfect-
information games. Mirrokni et al. [122] conducted a game-theoretic analysis of lookahead, but
they consider only perfect-information games, and the results are for four specific games rather
than broad classes of games. Instead, we analyze the questions for imperfect information and
general-sum extensive-form games.

As is typical in the literature on limited lookahead in perfect-information games, we derive
our results for a two-agent setting. One agent is a rational player (Player R) trying to optimally
exploit a limited-lookahead player (Player L). Our results extend immediately to one rational
player and more than one limited-lookahead player, as long as the latter all break ties according to
the same scheme (statically, favorably, or adversarially—as described later in the chapter). This
is because such a group of limited-lookahead players can be treated as one from the perspective
of our results.

The type of limited-lookahead player we introduce is analogous to that in the literature on
perfect-information games. Specifically, we let the limited-lookahead player L have a node
evaluation function £ that places numerical values on all nodes in the game tree. Given a strategy
for the rational player, at each information set at some depth ¢, Player L picks an action that
maximizes the expected value of the evaluation function at depth ¢ + k&, assuming optimal play
between those levels. Our study is the game-theoretic, imperfect-information generalization of
lookahead questions studied in the literature and we believe this makes it interesting in its own
right. However, the model also has applications such as biological games, where the goal is to
steer an evolution or adaptation process (which typically acts myopically with lookahead 1) [150]
and security games where opponents are often assumed to be myopic (as makes sense when the
number of adversaries is large [176]). Furthermore, investigating how well a rational player can
exploit a limited-lookahead player lends insight into the limitations of using limited-lookahead
algorithms in multiagent decision making.

We then design algorithms for finding an optimal strategy to commit to for the rational player.
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We focus on this rather than equilibrium computation because the latter seems nonsensical in this
setting: the limited-lookahead player determining a Nash equilibrium strategy would require her
to reason about the whole game for the rational player’s strategy, which rings contrary to the
limited-lookahead assumption. Computing optimal strategies to commit to in standard rational
settings has previously been studied in normal-form games [45] and extensive-form games [[110],
the latter implying some complexity results for our setting as we will discuss.

As in the literature on lookahead in perfect-information games, a potential weakness of our
approach is that we require knowing the evaluation function A (but make no other assumptions
about what information h encodes). In practice, this function may not be known. As in the
perfect-information setting, this can lead to the rational exploiter being exploited if their model
of h is sufficiently wrong.

6.1 Model of limited lookahead

We now describe our model of limited lookahead. We use the term optimal hypothetical play
to refer to the way the limited-lookahead agent thinks she will play when looking ahead from a
given information set. In actual play part way down that plan, she may change her mind because
she will then be able to see to a deeper level of the game tree.

Let k£ be the lookahead of Player L, and S }“@ the nodes at lookahead depth % below informa-
tion set / that are reachable (through some path) by action a. As in prior work in the perfect-
information game setting, Player L has a node-evaluation function i : S — R that assigns a
heuristic numerical value to each node in the game tree.

Given a strategy oy for the other player and fixed action probabilities for Nature, Player L
chooses, at any given information set / € Zj, at depth 7, a (possibly mixed) strategy whose sup-
port is contained in the set of actions that maximize the expected value of the heuristic function
at depth ¢ + £, assuming optimal hypothetical play by her (max,, in the formula below). We will
denote this set by A} =

o1
{a:ac€ argmaxmaxz T (s) Z 77 (ts, s"h(s")},
sel

a€A; or WU*L(I> resk
s I,a

where 0 = {o,0R} is the strategy profile for the two players. Here moves by Nature are
also counted toward the depth of the lookahead. The model is flexible as to how the rational
player chooses or and how the limited-lookahead player chooses a (possibly mixed) strategy
with supports within the sets A;. For one, we can have these choices be made for both players
simultaneously according to the Nash equilibrium solution concept. As another example, we can
ask how the players should make those choices if one of the players gets to make, and commit
to, all her choices before the other.

6.2 Complexity

In this section we analyze the complexity of finding strategies according to these solution con-
cepts.
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6.2.1 Nash equilibrium

Finding a Nash equilibrium when Player L either has information sets containing more than one
node, or has lookahead at least 2, is PPAD-hard [[137]]. This is because finding a Nash equilibrium
in a 2-player general-sum normal-form game is PPAD-hard [42} 48]], and any such game can be
converted to a depth 2 extensive-form game (where the second player does not know what the
first player moved), where the general-sum payoffs are the evaluation function values.

If the limited-lookahead player only has singleton information sets and lookahead 1, an op-
timal strategy can be trivially computed in polynomial time in the size of the game tree for the
limited-lookahead player (without even knowing the other player’s strategy o) because for each
of her information sets, we simply have to pick an action that has highest immediate heuristic
value. To get a Nash equilibrium, what remains to be done is to compute a best response for the
rational player, which can also be easily done in polynomial time [82].

6.2.2 Commitment strategies

Next we study the complexity of finding commitment strategies. The complexity depends on
whether the game has incomplete information (information sets that include more than one node)
for the limited-lookahead player, how far that player can look ahead, and how she breaks ties in
her action selection.

No information sets, lookahead 1, static tie-breaking As for the Nash equilibrium case, if
the limited-lookahead player only has singleton information sets and lookahead 1, an optimal
strategy can be trivially computed in polynomial time. We can use the same approach, except
that the specific choice among the actions with highest immediate value is dictated by the tie-
breaking rule. With this strategy in hand, finding a utility-maximizing strategy for Player R again
consists of computing a best response.

No information sets, lookahead 1, adversarial tie-breaking When ties are broken adversar-
ially, the choice of response depends on the choice of strategy for the rational player. The set
of optimal actions A* for any node s € S, can be precomputed, since Player R does not affect
which actions are optimal. Player L will then choose actions from these sets to minimize the
utility of Player R. We can view the restriction to a subset of actions as a new game, where
Player L is a rational player in a zero-sum game. An optimal strategy for Player R to commit to
is then a Nash equilibrium in this smaller game. This is solvable in polynomial time by an LP
that is linear in the size of the game tree [[165], and algorithms have been developed for scaling
to large games [64} 168, 79,195,198, 108, [179].

No information sets, lookahead 1, favorable tie-breaking In this case, Player L picks the
action from A? that maximizes the utility of Player R. Perhaps surprisingly, computing the
optimal solution in this case is harder than when facing an adversarial opponent.

Theorem 19. Computing a utility-maximizing strategy for the rational player to commit to is
NP-hard if the limited-lookahead player breaks ties in favor of the rational player.

Proof. We reduce from 3SAT. A picture illustrating our reduction is given in Figure and a
description is given below.
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Let the root node be a chance node. It chooses with equal probability between |C| child
nodes, each representing a clause. Each such descendant clause node is a singleton information
set belonging to Player L. Each clause node has three actions, representing the three literals in
the clause. Each such action leads to a node representing that literal. Player L gets the same
value from each action and is therefore indifferent. Player R acts at each literal node, with all
literal nodes representing the same variable being in an information set together. Thus, Player R
has an information set for each variable. At each variable information set, there is a true and false
action. For a given literal node in some variable information set, the true action leads a payoff of
1 if the literal requires the variable to be true, and 0 otherwise. Similarly, the false action leads
to a payoff of 1 if the literal requires the variable to be false, and 0 otherwise.

The decision problem is then: does there exist a strategy for Player R with expected payoff
1?7 This is the case if and only if the strategy for Player R represents a satisfying assignment to
V, C, as each clause must have some action available where a satisfying assignment for the literal
is chosen with probability 1. ]

Figure 6.1: The game tree in our proof of Theorem Dashed lines denote information sets.

No information sets, lookahead > 1, favorable tie-breaking It is NP-hard to compute an op-
timal strategy to commit to in extensive-form games when both players are rational [110]]. That
was proven by reducing from knapsack to a 2-player perfect-information game of depth 4. This
immediately gives us two results: (1) finding an optimal strategy for Player R to commit to is
NP-hard if Player L has lookahead at least 4, and (2) computing an optimal strategy to commit
to for Player L is NP-hard even with lookahead 1. Their result also implies NP-hardness of com-
puting a strategy to commit to for the rational player, if our L player has lookahead of at least 4.
We tighten this to lookahead 2:

Theorem 20. Computing a utility-maximizing strategy for the rational player to commit to is
NP-hard if the limited lookahead player has lookahead at least 2.

Proof. We reduce from 3SAT. We use the same reduction as for Theorem |19} except that at each
clause node, we also add an “unsatisfied” action that leads directly to a leaf node with payoff 0
for Player R and payoff % for Player L.

For all leaf nodes under a variable node, we set the payoff to 1 for Player R, and 0 or 1 for
Player L, for when the leaf represents the ancestor literal being unsatisfied or satisfied, respec-
tively. The modifications are shown for a single clause in Figure

The question is whether Player R can compute a strategy such that Player L selects a literal
action for each clause, assuming that Player L breaks ties such that the unsatisfied action is least
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preferred. For a given variable, choosing a strategy strictly between 0, % for the two actions leads
to zero utility gain, since Player 2 will then always prefer the unsatisfied actions over any literal
belonging to the variable. Thus we can assume that Player R plays a pure strategy, since at most
one action can have its probability set high enough to yield utility gain. Now, for each clause,
Player L will only choose a literal action if that variable is set to the correct value to satisfy the
clause. Thus, if Player R can compute a strategy that gives expected utility 1, each clause node
must have at least one variable with a satisfying assignment. O]

C1

unsat T U3
0,%)
t/\Nf  t/\f t/\f
10 01 01

Figure 6.2: The clause modification in our proof of Theorem

Limited-lookahead player has information sets When the limited lookahead player has infor-
mation sets, we show that computing a strategy to commit to is NP-hard:

Theorem 21. Computing a utility-maximizing strategy for the rational player to commit to is
NP-hard if the limited lookahead player has information sets of at least size 6.

Proof. We reduce from 3SAT. Let the root node be a chance node. It chooses with equal prob-
ability between all variable and clause pairs v, ¢ such that v € c. Player R acts at each child
node, being able to distinguish only which variable was chosen. For each information set, Player
1 can choose between a true and a false action, representing setting the associated variable to
true or false, respectively. At the next level where Player L is active. The information sets at the
level are constructed as follows. For each ¢ € C' an information set is constructed, containing all
nodes representing Player IR choosing both true and false for each v € c. For each information
set representing some clause ¢, Player L has 4 actions. First is an unsat action, leading to payoff
0 for Player 1 and payoff 1 for Player L, no matter which node in the information set play has
reached. Second, an action for each variable v € c leading to payoff 1 for Player R, and payoff
3 to Player L if play reached a node representing v with true or false chosen such that it satisfies
¢, and payoff 0 for all other nodes in the information set.

We claim that there is a satisfying assignment if and only if Player 1 can commit to a strategy
with expected payoff 1. Let ¢ : V' — {true, false} be a satisfying assignment to V, C. Let
Player I? deterministically pick actions at each variable information set according to ¢. If play
reaches a singleton node, Player L has only one action available, guarateeing payoff 1. If play
reaches some information set representing a clause ¢, Player L has expected payoff of 3 - % when
picking any action representing a satisfied literal [ € ¢, as the conditional probability of being
at a node representing v({) is 3, and Player R chooses the satisfying action with probability 1.
Since Player L breaks ties such that unsatisfied actions are least preferred, she will pick an action
representing a variable for each information set, yielding payoff 1 to Player R. This covers all
possible outcomes, giving an expected payoff of 1 to Player R.
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Given some strategy for Player 2 that gives payoff 1 in expectation, we show how to construct
a satisfying assignment to V, C. For a strategy to have payoff 1, Player L must be choosing
variable actions at each information set for some clause c. This is the case if and only if Player
R selects the satisfying truth value with probability 1 for some v € c, since the expected payoff
of taking a variable action is otherwise strictly smaller than the unsatisfied action. This leads
directly to a satisfying assignment, by choosing the corresponding value assignment for each
action that is selected with probability 1, and choosing an arbitrary assignment for every other
variable. []

Figure 6.3: The game tree for our proof of Theorem

6.3 Algorithms

In this section we will develop an algorithm for solving the hard commitment-strategy case.
Naturally its worst-case runtime is exponential. As mentioned in the introduction, we focus
on commitment strategies rather than Nash equilibria because Player L playing a Nash equi-
librium strategy would require that player to reason about the whole game for the opponent’s
strategy. Further, optimal strategies to commit to are desirable for applications such as biological
games [150] (because evolution is responding to what we are doing) and security games [176]
(where the defender typically commits to a strategy).

Since the limited-lookahead player breaks ties adversarially, we wish to compute a strategy
that maximizes the worst-case best response by the limited-lookahead player. For argument’s
sake, say that we were given A, which is a fixed set of pairs, one for each information set
of the limited-lookahead player, consisting of a set of optimal actions A} and one strategy for
hypothetical play o/ at I. Formally, A = | rer, (AT ol). To make these actions optimal for
Player L, Player R must choose a strategy such that all actions in A are best responses according
to the evaluation function of Player L. Formally, for all action triples a,a* € A,a’ ¢ A (letting
7(s) denote probabilities induced by o for the hypothetical play between I, a and s):

> w(s) h(s)> Y m(s)-h(s) (6.1)

SGS}“’Q SESI;,M
> w(s)-hls)= > w(s)-h(s) (6.2)
sest, SESY
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Player R chooses a worst-case utility-maximizing strategy that satisfies and (6.2), and
Player L has to compute a (possibly mixed) strategy from .4 such that the utility of Player R
is minimized. This can be solved by a linear program:

Theorem 22. For some fixed choice of actions A, Nash equilibria of the induced game can
be computed in polynomial time by a linear program that has size O(|S|) + O(} ¢z, |Arl -
max,es |As|").

To prove this theorem, we first design a series of linear programs for computing best re-
sponses for the two players. We will then use duality to prove the theorem statement.

In the following, it will be convenient to change to matrix-vector notation, analogous to that
of von Stengel [165]], with some extensions. Let A = —B be matrices describing the utility
function for Player R and the adversarial tie-breaking of Player L over A, respectively. Rows are
indexed by Player R sequences, and columns by Player L sequences. For sequence form vectors
x,y, the objectives to be maximized for the players are then x Ay, z By, respectively. Matrices
E| F' are used to describe the sequence form constraints for Player 12 and L, respectively. Rows
correspond to information sets, and columns correspond to sequences. Letting e, f be standard
unit vectors of length |Zg|, |Z; |, respectively, the constraints Fz = e, F'y = f describe the se-
quence form constraint for the respective players. Given a strategy « for Player R satisfying (6.1)
and for some A, the optimization problem for Player L becomes choosing a vector of ¢/’
representing probabilities for all sequences in .4 that minimize the utility of Player R. Letting a
prime superscript denote the restriction of each matrix and vector to sequences in 4, this gives
the following primal (6.3]) and dual (6.4 LPs:

T /N, ./
max (&7 B)y S
Fly = f' 6.3) . T T (6.4)
1T 1/ / .
>0 q F'>xB

where ¢ is a vector with | A| 4+ 1 dual variables. Given some strategy 3’ for Player L, Player R
maximizes utility among strategies that induce .A. This gives the following best-response LP for
Player R:
max z” (Ay')

JTET — o7

x>0 (6.5)

ITH_.A - xTHA < —e

acTG Ax = $TG A
where the last two constraints encode (6.1) and (6.2)), respectively. The dual problem uses the
unconstrained vectors p, v and constrained vector u and looks as follows

min eTp —€-U
p7u?v

ETp+ (Hou — Ha)u+ (Ga- — Ga)v > Ay (6.6)
u >0
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We can now merge the dual with the constraints from the primal (6.5) to compute a minimax
strategy: Player R chooses x, which she will choose to minimize the objective of (6.4),

min q/Tf/
z,q’
q/TFI o xTB/ 2 0
TrT T
B = e 6.7)
z>0
tTHya—aTH 4> ¢
TG q—2TGy =0
Taking the dual of this gives
max —eTp +e-u
y'p
—ETp+ (Ha— H-)u+ (Ga— Ga-)v < BY (6.8)
F/ /: f‘/
y,u=>0

We are now ready to prove Theorem

Proof. The LPs in Theorem 22]are and (6.8). We will use duality to show that they provide
optimal solutions to each of the best response LPs. Since A = —B, the first constraint in (6.8)
can be multiplied by —1 to obtain the first constraint in (6.6) and the objective function can be
transformed to that of (6.6) by making it a minimization. By the weak duality theorem, we get
the following inequalities

¢"f' > 2" B'y; by LPs (6.3) and (6.4)
e'p—e-u>a"A'y'; by LPs and

We can multiply the last inequality by —1 to get:
q/Tf/ZxTB/ ':—xTA'y'Z—eTp+e-u (69)

By the strong duality theorem, for optimal solutions to LPs and (6.8) we have equality in
the objective functions ¢'* f’ = —e'p+eu which yields equality in , and thereby equality for
the objective functions in LPs (6.3), (6.4) and for (6.5)), (6.6). By strong duality, this implies that
any primal solution x, ¢’ and dual solution 3/, p to LPs and yields optimal solutions to
the LPs and (6.5)). Both players are thus best responding to the strategy of the other agent,
yielding a Nash equilibrium. Conversely, any Nash equilibrium gives optimal solutions x, ¢/
for LPs and (6.5). With corresponding dual solutions p, ¢/, equality is achieved in (6.9),
meaning that LPs and (6.8) are solved optimally.

It remains to show the size bound for LP (6.7). Using sparse representation, the number of
non-zero entries in the matrices A, B, F/, F' is linear in the size of the game tree. The constraint
set tTHy — 2"H 4 > €, when naively implemented, is not. The value of a sequence a ¢
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A3 is dependent on the choice among the cartesian product of choices at each information set
I’ encountered in hypothetical play below it. In practice we can avoid this by having a real-
valued variable v¢(I") representing the value of I’ in lookahead from 7, and constraints v¢(1') >
v¢(I', a) for each a € I’, where v¢(I’, a) is a variable representing the value of taking a at I’.
If there are more information sets below I’ where Player L plays, before the lookahead depth is
reached, we recursively constrain v{(I’, a) to be:

vi(I'a) > (] (6.10)
IeD
where D is the set of information sets at the next level where Player L plays. If there are no more
information sets where Player L acts, then we constrain v¢(I’, a):

vi(I'ya) = Y w7 h(s) (6.11)

k
SGSIQa

Setting it to the probability-weighted heuristic value of the nodes reached below it. Using this,
we can now write the constraint that « dominates all @’ € I,a’ ¢ A as:

S 77(s)h(s) > vi(D)

sES?a

There can at most be O(3_;.;, |A;|) actions to be made dominant. For each action at some
information set I, there can be at most O(max,cg |A,|™™**}) entries over all the constraints,
where £’ is the maximum depth of the subtrees rooted at /, since each node at the depth the player
looks ahead to has its heuristic value added to at most one expression. For the constraint set
2T G 4—2TG 4+ = 0, the choice of hypothetical plays has already been made for both expressions,

and so we have the constraint

> w(s)h(s) = Y 77 (s)h(s)

sest, sE€ST
forall I € Zp,a,a’ € I,{a,o*},{d’,0"'} € A, where
oc={o_p, 0}, 0’ ={o_p, 0%}

There can at mostbe » ;. [A; |* such constraints, which is dominated by the size of the previ-
ous constraint set.
Summing up gives the desired bound. O]

In reality we are not given .A. To find a commitment strategy for Player R, we could loop
through all possible structures A, solve LP for each one, and select the one that gives
the highest value. We now introduce a mixed-integer program (MIP) that picks the optimal in-
duced game A while avoiding enumeration. The MIP is given in (6.12). We introduce Boolean
sequence-form variables that denote making sequences suboptimal choices. These variables
are then used to deactivate subsets of constraints, so that the MIP branches on formulations
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of LP , i.e., what goes into the structure 4. The size of the MIP is of the same order as that
of LP (6.7).
min ¢’ f
x,q,z
¢'F>2"B—-2M
EFxr=ce
oTHy>2"H g +e—(1—2)M (6.12)

TGy =0"Gye £ (1 - 2)M

2{: Za;Z Za!

a€Ag
x>0, ze€{0,1}

The variable vector x contains the sequence form variables for Player R. The vector ¢ is
the set of dual variables for Player L. z is a vector of Boolean variables, one for each Player L
sequence. Setting z, = 1 denotes making the sequence a an inoptimal choice. The matrix M is
a diagonal matrix with sufficiently large constants (e.g. the smallest value in B) such that setting
2z, = 1 deactivates the corresponding constraint. Similar to the favorable-lookahead case, we
introduce sequence form constraints ) A, %a = Zar Where a’ is the parent sequence, to ensure
that at least one action is picked when the parent sequence is active. We must also ensure that
the incentivization constraints are only active for actions in .A:

oTHy —2"H gy >e—(1—2)M (6.13)
2 TG —2"Gpe =04+ (1—-2)M

for diagonal matrices M with sufficiently large entries. Equality is implemented with a pair of
inequality constraints {<, >}, where + denotes adding or subtracting, respectively.

The values of each column constraint in is implemented by a series of constraints.
We add Boolean variables o (I’, a’) for each information set action pair I’, a’ that is potentially
chosen in hypothetical play at /. Using our regular notation, for each a, a’ where « is the action
to be made dominant, the constraint is implemented by:

> vi(s) = 0f(I), i(s) < op(I'd)- M (6.14)

sES?a

where the latter ensures that v'(s) is only non-zero if chosen in hypothetical play. We further
need the constraint v’(s) < 77, (s)h(s) to ensure that v'(s), for a node s at the lookahead depth,
is at most the heuristic value weighted by the probability of reaching s.

6.4 Experiments

In this section we experimentally investigate how much utility can be gained by optimally ex-
ploiting a limited-lookahead player. We conduct experiments on Kuhn poker [[106], a canonical
testbed for game-theoretic algorithms, and a larger simplified poker game that we call KJ. Kuhn
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poker consists of a three-card deck: king, queen, and jack. Each player antes 1. Each player
is then dealt one of the three cards, and the third is put aside unseen. A single round of betting
(p = 1) then occurs. In KJ, the deck consists of two kings and two jacks. Each player antes 1.
A private card is dealt to each, followed by a betting round (p = 2), then a public card is dealt,
follower by another betting round (p = 4). If no player has folded, a showdown occurs. For both
games, each round of betting looks as follows:
¢ Player 1 can check or bet p.
* If Player 1 checks Player 2 can check or raise p.
— If Player 2 checks the betting round ends.
— If Player 2 raises Player 1 can fold or call.
- If Player 1 folds Player 2 takes the pot.
- If Player 1 calls the betting round ends.
* If Player 1 raises Player 2 can fold or call.
— If Player 2 folds Player 1 takes the pot.
— If Player 2 calls the betting round ends.
In Kuhn poker, the player with the higher card wins in a showdown. In KJ, showdowns have two
possible outcomes: one player has a pair, or both players have the same private card. For the
former, the player with the pair wins the pot. For the latter the pot is split. Kuhn poker has 55
nodes in the game tree and 13 sequences per player. The KJ game tree has 199 nodes, and 57
sequences per player.
To investigate the value that can be derived from exploiting a limited-lookahead opponent,
a node evaluation heuristic is needed. In this work we consider heuristics derived from a Nash
equilibrium. For a given node, the heuristic value of the node is simply the expected value of
the node in (some chosen) equilibrium. This is arguably a conservative class of heuristics, as a
limited-lookahead opponent would not be expected to know the value of the nodes in equilibrium.
Even with this form of evaluation heuristic it is possible to exploit the limited-lookahead player,
as we will show. We will also consider Gaussian noise being added to the node evaluation
heuristic, more realistically modeling opponents who have vague ideas of the values of nodes in
the game. Formally, let o be an equilibrium, and ¢ the limited-lookahead player. The heuristic
value h(s) of a node s is:

_Juls) fse 7
"= {zaeAs o(s,a)h(t]) otherwise (6.15)

We consider two different noise models. The first adds Gaussian noise with mean 0 and standard
deviation v independently to each node evaluation, including leaf nodes. Letting s be a noise
term drawn from N (0,7): h(s) = h(s) + ps. The second, more realistic, model adds error
cumulatively, with no error on leaf nodes:

i(s) = 4 “il®) ifseZ
e {[ZGGAS (s, a)h(t;)] + ps  otherwise (6.16)

Using MIP (6.12)), we computed optimal strategies for the rational player in Kuhn poker and
KJ. The MIP models were solved by CPLEX version 12.5. The results are given in Figure 6.4
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The x-axis is the noise parameter ~y for h and h. The y-axis is the corresponding utility for
the rational player, averaged over at least 1000 runs per tuple (game, choice of rational player,
lookahead, standard deviation). Each figure contains plots for the limited-lookahead player hav-
ing lookahead 1 or 2, and a baseline for the value of the game in equilibrium without limited
lookahead.
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Figure 6.4: Winnings in Kuhn poker and KJ for the rational player as Player 1 and 2, respectively,
for varying per-node independent evaluation function noise. Error bars show standard deviation.

Figures and b show the results for using evaluation function h in Kuhn poker, with the
rational player in plot a and b being Player 1 and 2, respectively. For rational Player 1, we see that,
even with no noise in the heuristic (i.e., the limited-lookahead player knows the value of each
node in equilibrium), it is possible to exploit the limited-lookahead player if she has lookahead
1. (With lookahead 2 she achieves the value of the game.) For both amounts of lookahead, the
exploitation potential steadily increases as noise is added.
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Figures and d show the same variants for KJ. Here, lookahead 2 is worse for the
limited-lookahead player than lookahead 1. To our knowledge, this is the first known imperfect-
information lookahead pathology. Such pathologies are well known in perfect-information games [7,
128],1140], and understanding them remains an active area of research [117, 1129, [174]. This ver-
sion of the node heuristic does not have increasing visibility: node evaluations do not get more
accurate toward the end of the game. Our experiments on KJ with & in Figures g and h do
not have this pathology, and h does have increasing visibility.

Figure [6.5] shows a simple subtree (that could be attached to any game tree) where deeper
lookahead can make the agent’s decision arbitrarily bad, even when the node evaluation function
is the exact expected value of a node in equilibrium.

1,0
0
P1P2*< |

-«
0 P1*<
0"«

Figure 6.5: A subtree that exhibits lookahead pathology.

We now go over the example of Figure[6.5] Assume without loss of generality that all payofts
are positive in some game. We can then insert the subtree in Figure [6.5]as a subgame at any node
belonging to P1, and it will be played with probability 0 in equilibrium, since it has expected
value 0. Due to this, all strategies where Player 2 chooses up can be part of an equilibrium.
Assuming that P2 is the limited-lookahead player and minimizing, for large enough «, the node
labeled P1* will be more desirable than any other node in the game, since it has expected value
—a according to the evaluation function. A rational player P1 can use this to get P2 to go down
at P2*, and then switch to the action that leads to . This example is for lookahead 1, but we can
generalize the example to work with any finite lookahead depth: the node P1* can be replaced
by a subtree where every other leaf has payoff 2«, in which case P2 would be forced to go to the
leaf with payoff o once down has been chosen at P2*.

Figures and f show the results for Kuhn poker with h. These are very similar to the
results for A, with almost identical expected utility for all scenarios. Figures and h, as
previously mentioned, show the results with 4 on KJ. Here we see no abstraction pathologies,
and for the setting where Player 2 is the rational player we see the most pronounced difference
in exploitability based on lookahead.

6.5 Conclusions and future research

This chapter initiated the study of limited lookahead in imperfect-information games. We char-
acterized the complexity of finding a Nash equilibrium and optimal strategy to commit to for
either player. Figure|6.7|summarizes those results.

We then designed a MIP for computing optimal strategies to commit to for the rational player.
The problem was shown to reduce to choosing the best among a set of two-player zero-sum
games (the tie-breaking being the opponent), where the optimal strategy for any such game can
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Figure 6.6: Winnings in Kuhn poker and KJ for the rational player as Player 1 and 2, respectively,
for varying cumulative evaluation function noise. Error bars show standard deviation.

be computed with an LP. We then introduced a MIP that finds the optimal solution by branching
on these games.

We experimentally studied the impact of limited lookahead in two poker games. We demon-
strated that it is possible to achieve large utility gains by exploiting a limited-lookahead oppo-
nent. As one would expect, the limited-lookahead player often obtains the value of the game
if her heuristic node evaluation is exact (i.e., it gives the expected values of nodes in the game
tree for some equilibrium)—but we provided a counterexample that shows that this is not suffi-
cient in general. Finally, we studied the impact of noise in those estimates, and different looka-
head depths. While lookahead 2 usually outperformed lookahead 1, we uncovered an imperfect-
information game lookahead pathology: deeper lookahead can hurt the limited-lookahead player.
We demonstrated how this can occur with any finite depth of lookahead, even if the limited-
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Figure 6.7: Our complexity results. {PPAD,NP}-hard indicates that finding a Nash equilibrium
(optimal strategy to commit to) is PPAD-hard (NP-hard). P indicates polytime.

lookahead player’s node evaluation heuristic returns exact values from an equilibrium.

Our algorithms in the NP-hard adversarial tie-breaking setting scaled to games with hun-
dreds of nodes. For some practical settings more scalability will be needed. There are at least
two exciting future directions toward achieving this. One is to design faster algorithms. The
other is designing abstraction techniques for the limited-lookahead setting. As noted in Chap-
ter {] abstraction plays an important role in large-scale game solving [148]]. Limited-lookahead
games have much stronger structure, especially locally around an information set, and it may be
possible to utilize that to develop abstraction techniques with significantly stronger solution qual-
ity bounds. Also, leading practical game abstraction algorithms (e.g., [[64]), while theoretically
unbounded, could immediately be used to investigate exploitation potential in larger games.

In work that was subsequent to the work presented in this chapter, Brown et al. [30] develop
an approach for depth-limited subgame solving. It would be interesting to relate our results on
limited lookahead to that paper.

In the next section we present results on Robust Stackelberg equilibria both with and without
limited lookahead, thus extending the results of this section to a robust setting.
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Chapter 7

Robust Stackelberg equilibria

In a Stackelberg equilibrium, a leader commits to a strategy first, and then a follower chooses a
strategy for herself. By committing to a strategy the leader may gain utility by guiding the out-
come, in spite of the follower choosing a best response. This was originally studied in the context
of using pure strategies to commit to quantity [47] or price [12] in deterring market entry [163]].
Further power can be gained by committing to a mixed (i.e., randomized) strategy [45, [167].
Stackelberg equilibria have become important as a solution concept in computational game the-
ory, largely inspired by practical problems such as security settings, where the leader is a defender
who picks a mixed (i.e., potentially randomized) strategy first, and then the follower who is the
attacker decides where to attack, if at all.

Most work on Stackelberg equilibria has focused on normal-form (aka. matrix-form) games.
Conitzer and Sandholm [46] studied the problem of computing an optimal strategy to commit to
in normal-form games. That line of work has been extended to many security-game applications.
In practice, there is typically uncertainty about the opponent’s payoffs. In normal-form games
this has been studied as Bayesian Stackelberg games where the players have private information
about their own payoffs, and there is common knowledge of the prior distribution over the pay-
offs [45, 1138, 160]. As an alternative, the robust (distribution-free) approach has been suggested
for security games: bounds are assumed on the follower’s payoffs [91, 136].

Extensive-form games (EFGs)—i.e., tree-form games—are a very general game representa-
tion language. EFGs are exponentially more compact and also more expressive than normal-form
games. Letchford and Conitzer [110] study how to compute an optimal strategy to commit to in
EFGs and prove hardness results under several assumptions about the game structure. Generally,
they show that finding an SSE in an EFG is NP-hard. Furthermore, because Bayesian games are
a special case of EFGs with Nature moves the results of De Nittis et al. [50] imply Poly-APX
hardness for EFGs with Nature moves as well. In robust settings, such as ours, computing an
optimal strategy to commit to is already NP-hard for normal-form games with interval uncer-
tainty and inapproximable with a discrete uncertainty set [[111]. BoSansky et al. [19] provide
further results specifically for perfect-information EFGs. Bosansky and Cermak [18] develop a
mixed-integer program (MIP) for computing a Stackelberg strategy, and Cermék [33] develop an
iterative approach based on upper-bounding solutions from extensive-form correlated Stackel-
berg equilibria.

To our knowledge, we are the first to consider uncertainty about the opponent in Stackelberg
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strategies for EFGs. This is important because EFGs are a powerful representation language and
because in practice there is typically uncertainty about the opponent. We take a robust approach
to modeling this uncertainty. We introduce robust Stackelberg equilibria for EFGs, where the
uncertainty is about the opponent’s payoffs, as well as ones where the opponent has limited
lookahead and the uncertainty is about the opponent’s node evaluation function.

A robust Stackelberg EFG with uncertainty can be equivalently represented by a robust
normal-form game. Letchford et al. [[111] studied robust normal-form games from the perspec-
tive of optimizing against a worst-case type of the follower, as well as interval uncertainty on
payoffs. They show hardness results and develop a MIP for computing optimal leader strategies.
However, this equivalent representation requires an exponential blowup in problem size, and is
thus not appropriate for most EFGs (their hardness results mentioned previously show hardness
of our setting however). Instead we tackle the EFG directly.

We develop a new MIP for the deterministic limited-lookahead setting. We then extend
the MIP to the robust setting for Stackelberg equilibrium under unlimited and under limited
lookahead by the opponent. We show that for the specific case of interval uncertainty about the
opponent’s payoffs (or about the opponent’s node evaluations in the case of limited lookahead),
robust Stackelberg equilibria can be computed with a MIP that is of the same asymptotic size as
that for the deterministic setting.

Our results for robust Stackelberg equilibria in EFGs are relevant to security-game settings
with sequential interactions, where EFG models can more compactly represent certain games, as
compared to a normal-form representation [18]]. Robust models are important in security games,
where opponent models often have uncertainty, both in standard security games [89, 91, [136]],
and green security games [133]].

Our limited-lookahead results are useful for settings where it is not always desirable to model
adversaries as fully rational, but as having limited lookahead capability. This includes settings
such as biological games, where the goal is to steer an evolutionary process or an adaptation
process which typically acts myopically without lookahead [99, [150] and security games where
opponents are often assumed to be myopic (which can be especially well motivated when the
stakes are low such as in fare evasion [176] or in the case of opportunistic criminals [1477,178]]).
Our model of limited lookahead is an extension of that of Kroer and Sandholm [97]] to a robust
setting. Kroer and Sandholm [9/] gave a MIP for computing an optimal strategy to commit to in
the deterministic setting. We show an alternative MIP for computing such a strategy to commit
to, which we then extend to the robust setting.

Finally, the question of robust variants of optimization problems has been studied extensively
in the optimization literature [9, |10, [14]]. In that literature, the assumption is that we are given
some nominal mathematical program, and then the robust variant requires that each constraint in
the nominal program holds with respect to every instantiation of a set of uncertainty parameters.
This makes the setting substantially different from our setting, where there is no nominal pro-
gram: the best response of the follower does not need to be a best response for every uncertainty
instantiation (this would be the equivalent to robust optimization, and often infeasible), but rather
the best response is chosen after the uncertainty parameters are chosen.

120



7.1 Stackelberg setting

In this section we focus on Stackelberg EFGs. These are two-player games where there is a
designated leader and a designated follower rather than the usual two players. We will focus
on settings where the leader first commits to a strategy that the follower observes. The follower
then plays a best response to the leader strategy. A strong Stackelberg equilibrium (SSE) is a
pair of strategies r;, ry such that r; is a best response to 7; and r; is a solution to the optimization
problem of maximizing u(r;, r) over r; and r, subject to the constraint that 7 is a best response
to r;. This definition implies the common assumption that the follower breaks ties in favor of
Player [ [46, (138, [160]. A weak Stackelberg equilibrium assumes minimization over the set of
optimal best responses.

In this section we will investigate settings where there is uncertainty about the follower’s
utility function uy. Specifically, the follower’s utility can be any function from some given
uncertainty set Uy consisting of functions that map from the set of leaf nodes to R. We leave the
exact structure of Uy undefined for now; in our algorithmic section we show that the case where
each leaf has independent interval uncertainty can be solved using a MIP.

It will be convenient to have function expressing expected values for a given pair of se-
quences. Given two sequences o; and oy, we let

gi(or,07) = > mo(h)ui(h),

hGZ;O’f(h)ZU'f;O'l(h)ZO'l

gy’ (o1,04) = > mo(h)uy(h)
he€Z;o¢(h)=0ys;01(h)=0;
be the expected utilities, for the leader and follower respectively, over leaf nodes that are reached
with o, and o; as the corresponding last player sequences. The function for the follower g}‘f
depends on the choice of utility function u s, whereas we always know the utility function for the
leader Given two realization plans r;, 7, and a utility function u;, we overload notation slightly
and let the expected value for Player ¢ induced by the realization plans be denoted by

wrnrg) = Y nlo)r(o)glon o).

01€3,05€5

7.2 Limited-lookahead model

We will also consider a limited-lookahead variant of EFGs. There has been a significant amount
of work on limited lookahead in perfect-information games (such as chess and checkers) in the Al
community. Modeling limited lookahead in imperfect-information games (that have information
sets) is more intricate. A model for that was presented recently [97], and we use that model. In
that model, the follower can only look ahead k steps. He uses a node-evaluation function u :

'In Stackelberg equilibrium, the follower does not have to be concerned about the leader’s utility function be-
cause the leader commits to his strategy and declares his strategy to the follower.
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H — R that associates a heuristic utility with any node in the game tree. At any information set
I € I, the follower has a set of nodes H 1 C H called the lookahead frontier. When choosing his
action at information set /, the follower chooses an action that maximizes the expected value of
u, assuming that they choose actions so as to maximize « at any follower information sets reached
before H;. We let gr(01, o¢) be the expected value over lookahead-frontier nodes according to the
node-evaluation function (analogous to g; for the setting without limited lookahead). We assume
that for any information set I’ € Z; that comes after /, all the nodes of I’ are entirely contained
in the set of nodes that precede H;, or entirely disjoint with the set of preceding nodes (this is
in order to avoid any information sets belonging to the follower being only partially contained in
the hypothetical decision making under /). We let the set of information sets that come after /
such that their nodes are all preceding H; be denoted by Z;. We ch C Xt denote the set of all
sequences beneath a given information set / that are within the lookahead frontier.

In the prior chapter on limited lookahead in imperfect-information games [97] it was assumed
that the leader knows the follower’s node evaluation function exactly. That seems quite unreal-
istic. Therefore, we will extend the work to the case where the leader has uncertainty about the
follower’s node evaluation function.

7.3 Best responses and how to compute them

Our solution concept will depend on the notion of a best response for the follower. For a given
leader strategy r; and utility function uy € Uy, the set of best responses is

BR(ri,up) = {ry ug(r,re) = ITE%XUf(Tl,T})}-
f
Given a strategy 7; for the leader and a utility function uy, the value of each information set

can be computed with the following feasibility program (this holds outside of a leader-follower
setting as well):

’Umff(of) :ng+ZU[/+ Zrl(al)g;f(al,af) VIEIf,Jf:O'f<[) (71)

I,GIf o1EX
or(I")=oy
OSSUJ, SM(l—bf(Uf)) V(Tf EZf (7.2)
ZaeA(I) br(oa) =1 VIeZsop=0sI) (7.3)
bf(Uf) S {0, 1} Vaf S Zf (7.4)

The variables v; represent the value of a given information set I, bs(of) represents whether oy
is a best response at its respective information set, and s,, represents how much less utility the
follower gets by following the sequence o s rather than the optimal action at inf(o ). It is easy to
show via induction that the feasibility MIP given in equations computes a best response
to r; and the variables v; represent the values of information sets / when best-responding to r;:
For the base case of an information set with no future information sets belonging to the follower,
disregarding s, ,, the RHS of clearly represents the value of choosing o at the information
set. Now, since all s,, are nonnegative and is an equality, it follows that v; upper bounds
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the value of each individual sequence at /. But since s,, = 0 for some o, it must be an equality
for said 0. Thus v; upper bounds the value of all sequences at 7, but is also equal to the value
of some sequence, and therefore it represents the value when best responding. Applying the
inductive hypothesis to any information set / that has future information sets belonging to the
follower reduces the expression for v; to one that is equivalent to the base case.

7.4 Extension to uncertainty about the opponent

We now extend the EFG model to incorporate uncertainty about the follower’s utility function.
We will take a robustness approach, where we care about the worst-case instantiation of the
uncertainty set U;. For limited-lookahead EFGs we will analogously consider uncertainty over
the node-evaluation function.

Due to the uncertainty (represented by the uncertainty set Uy), defining a Stackelberg equi-
librium is not straightforward. We take the perspective that a robust Stackelberg solution is a
strategy for the leader that maximizes the leader utility in the worst-case instantiation of Uy:
Definition 14. A robust strong Stackelberg solution (RSSS) is a realization plan r; such that

r; € argmax  inf max (g, 7).
TEGRZ upeUy T‘}EBR(T[,U,f)

The robustness is represented by the minimization over Uy. Intuitively, if the actual instan-
tiation of u; does not take on the minimizer over Uy, the leader can only receive better utility,
so we are computing the maximin utility against the robustness. Typically one is interested in
finding an RSSS strategy for the leader, but we nonetheless define the entire equilibrium concept
as well:

Definition 15. A robust strong Stackelberg equilibrium (RSSE) is a realization plan r; and a
(potentially uncountably large) set of realization plans {r}bf :Yuy € Uy} such that ry is an RSSS
and T}Lf € BR(r;,uy) forall uy € Uy.

Whether an RSSE is even practical to represent is highly dependent on the structure of the
specific game and uncertainty sets at hand, as it would frequently need to be represented para-
metrically. On the other hand, once we have r;, the best response for a specific u s can easily be
computed. One method for doing this is to first compute the follower value u* under u; when
best responding to r; (e.g., via a single tree traversal), and then solving the linear program (LP)
that consists of maximizing the leader’s utility over the set of follower strategies that achieve u*
(this can be done by adding a single constraint to the sequence-form best-response LP given by
von Stengel [[163]]).

One might consider applying the robustness after the follower chooses her strategy (in a
sense, swapping the inner max and min). In this case, we cannot represent this as a minimization
on the inside since the set of best responses is defined with respect to the choice of u . Arguably
the most natural way to apply robustness after the best response of the follower would be to ask
for a pair of strategies 74, 7y such that r; is a best response no matter the instantiation of . This
definition of robustness would allow us to apply standard robust optimization techniques to any
Stackelberg MIP. However, this definition has several drawbacks. First, if we are applying a ro-
bust model, we are often interested in maximizing our worst-case utility. By applying robustness
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after choosing ¢, we would not be doing that, but instead would be maximizing utility subject to
the constraint that we want to be sure what the follower response is. Second, a robust Stackelberg
equilibrium defined that way would not necessarily exist: if there is overlap between the range
of possible utilities associated with a pair of actions at some information set, there would be no
way to guarantee that a single action will always be a best response.

7.5 MIP for full-certainty setting

We now give a MIP for computing a Stackelberg equilibrium in a game where the follower has
limited lookahead.

max »  p(z)w(2)mo(2) (7.5)
p,r,v,8 ZGZ
U[ZSOf—i‘ Z U[J/—i‘ Z Tl(Ul)g](O'l,O'f) VO’f sz,[:inff<0'f> (76)
IIEIfIO'f(I/)ZO'f UZGEZ
Vlint(o;) = sf,f + ZUU’ + Z ri(o)gi(o,0p) VYI€TZ 0p€ fo (7.7)
I’GIftO’f(]’):o'f o1EY,
r(0) =1 vi e {l, f} (7.8)
Ti<0-i> = ZaeA(Ii) ’T’Z'<O'1'CL) Vi < {l, f}, Iz S Iz (79)
OSSUf S(l—?”f(df))M \V/O'fEEf (7.10)
0<s; <(1—ri(op)M  VIe€I;o5e%y (7.11)
Tf(O'f) S {O, 1} VO’f S Zf (7.12)
ri(oy) € {0,1} VI € I;op € 5f (7.13)
0 <p(z) <rioi(z)) Vie{l,f},z€eZ (7.14)
1=23,c,p(2)m(2) (7.15)
0< Tl<0'l> <1 Vo, € Y (7.16)

This MIP is an extension of the MIP given by BoSansky and Cermak [18] to the limited-lookahead
setting of Kroer and Sandholm [97]]. Eq. is the expected leader value over leaf nodes. Equa-
tions to set up best-response constraints for each follower information set, as well as
for each pair of information sets 7, I’ such that I’ € Z; (these constraints are completely analo-
gous to (7.1)-(7.4) except that the constraints involving v; » must be set up for each I in order
to represent best responses when applying the lookahead evaluation function at /). Equations

(7.14) and (7.15]) ensure that the probabilities over leaves are correct. Finally (7.8), (7.9)), and
(7.16) ensure that r; is a valid leader strategy.
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7.6 MIP with uncertainty about follower payoff

We now move to the computation of RSSS for the setting with uncertainty about follower payoff
but no limited lookahead. We will consider a particular class of uncertainty functions: interval
uncertainty on each leaf payoff. More concretely, the uncertainty set will be

Us = {uy - ug(h) € [L(h). UMW) Vh € 2},

where L(h),U(h) are given upper and lower bounds on the interval that the payoff for leaf node
h must be chosen from.

One issue that now arises is that we may not be able to make a single action optimal: if the
maximum-to-minimum utility intervals for two sequences are guaranteed to overlap we cannot
make either sequence the optimal choice for the follower player. Instead, we allow choosing
both sequences, and we then assume that the leader player receives the minimum over the two.
Intuitively, this can be thought of as a zero-sum game played within the space of actions made
optimal for the follower player (a similar technique was used in Kroer and Sandholm [97]). More
generally, we may have £ > 1 actions at a given information set that can all be made optimal
under various instantiations of the utility function. We now introduce a set-valued function that,
under some given strategy for the follower ry, returns the set of actions at a given follower
information set that can be made optimal under some instantiation of the utility function, given
the tie-breaking rule,

As(ry) ={a€ Ar: fd € Ap, vF(d) >vY(a)}.

For any a € A;(rs), the minimization over the uncertainty can choose an instantiation making
a the only best-response action at /. Conversely, for a ¢ A;(r), even if the utility function is
chosen to maximize the value of action a, there exists some other action ¢’ whose worst-case
instantiation is at least as good; if a leads to better leader utility than o’ then the minimization
over utility functions will not allow them to be tied, and if a leads to worse utility than o/, then
even if a utility function causing a tie is chosen, the best-response tie-breaking in favor of the
leader means that a’ will be chosen. Thus, a’ (or some other action) is always chosen over aE]

The function A;(ry) is illustrated in Figure The general intuition can be seen from the
figure: the dotted line denotes the split between potentially optimal actions (black bars) and
actions that cannot be made optimal through any utility-function choice (opaque bars). The
dotted line is touched by interval end-points from both sets: this means that the two actions
could be tied, but the lower-value would never be chosen, since it is either worse for the leader,
in which case the tie-breaking does not choose it even in case of a tie, or if it is better then the
minimization over the intervals will break the tie and make it inoptimal.

The intuition behind our robust MIP consists of three components: 1) the best-response fea-
sibility MIP described in (7.1))-(7.4)), instantiated independently for both the set of maximal and
minimal valuation functions, 2) a set of constraints for computing the set A;(r) for a given
via best-response values for the maximal and minimal utility functions, and 3) a minimization
similar to the dual best-response LP from the standard sequence-form LP [163]].

2Here we rely on the assumption that every action has a strict inequality v¥ (a) > v£(a). Without this assumption

our MIP still works, but the math becomes more cumbersome.
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Figure 7.1: A set of action value-uncertainty intervals.
In the robust MIP given below, gjlc], gj% are the functions giving the expected value over leaf

nodes consistent with a pair of sequences, when every node has its payoff set to the maximal
(¢97) and minimal (g¥) payoff, respectively.

min Yo (7.17)
0,8,y
Yinf(of) = Zy]/ — Z g O'l,O'f)Tl(O'l) M(l — Tf(a'f)>7 \V/O'f S Ef (718)
I'ez; o1ES
g(I')=0y

Uity (o) = Sop T va + Z ri(o1)gi(on, o), Voye ¥y, qe {U, L} (7.19)

I’GZf g1€EYX

O'f(II)ZO'f
q

Oﬁsgf SM(l—b (O’f)), VUfEEf,(]E {U,L} (7.20)
b(;p((ff) S {0, 1}, VUf S Zf,q S {U, L} (7.22)
vf —s) > op = M(L—rs(oy),  Voye¥y (7.23)
U?—ng SUIL—FMTf(O'f), VJfEEf (7.24)
ri(0) =1, Vie{l, f} (7.25)
r(o) = Z ri(oa), VIeTI,0=o0/) (7.26)

acA(I)
ri(o) < Z r(oa), VIeZIso=041) (7.27)

acA(I)
T‘f(O’f) S {O, 1}, VO'f € Ef (7.28)
0< T’l(O'l) <1, Yo, € ¥ (7.29)

Equations (7.17) and (7.18]) implement the minimization over the set of potentially optimal ac-
tions A;(r;) at a given information set /. Equations to ensure that v¥, vF represent
the correct value of each information set under the maximal and minimal utility function. Equa-
tions (7.23) and (7.24) ensure that actions in or not in A 1(7“1) can potentially be made optimal
or cannot be made optimal (7.24). Equations (7.25)) to ( ensure that r; is a valid
sequence-form leader strategy and that one more pure strategles are active for the follower. We
prove that this MIP computes a RSSS.

Theorem 23. The interval uncertainty MIP computes a robust Stackelberg equilibrium for an
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EFG with interval uncertainty on each leaf payoff for the follower.

Proof. First we show that a robust Stackelberg equilibrium corresponds to a solution to the MIP.
Let r;, 7 be a robust Stackelberg equilibrium. Without loss of generality, assume that 7 is a pure
strategy (for any mixed-strategy best response, by the assumption of tie-breaking in favor of the
leader, a pure best response exists yielding the same utility for the leader). Set all MIP variables
71(07) according to the equilibrium strategies. For all 0 € Ajns(s,) () set the corresponding MIP
variable (o) = 1, and forall oy & Ajue(s,)(71) setry = 0. For any information set /, the action
a played in the pure strategy 7y must be in A;(c;): if not it could not be made optimal by any
utility function. Conversely, it must be the action providing the lowest utility to the leader among
actions in A;(o;), or the minimization over utility functions would not have made it optimal.
Choose y so as to minimize subject to (7.18)). This corresponds exactly to minimizing the
leader utility over the set of follower sequences such that r;(o;) = 1, and thus the objective is
equal to the value of the RSSE. This can also be seen by realizing that correspond to
the dual sequence-form best-response LP of an opponent wishing to minimize the leader utility
over Ar(r). Setvy, by, s7, and vy, by, s%, equal to the values obtained by arbitrarily chosen best
responses according to the maximal and minimal utility functions respectively. By our choices
for MIP variables it is clear that (7.18), (7.19)), and (7.25)-(7.29) are satisfied. For we set
77(of) = 1 only for variables in Ajus(,,)(07), that is, sequences where their upper-bound value is
greater than every lower-bound value, and thus v¥ — s¥ - which is exactly the upper-bound value
associated with o, is greater than v¥. Conversely, for o; such that 7¢(o;) = 0 we know that
their upper-bound value is less than some lower-bound value, and thus vV — s¥ S vk

Now consider an optimal solution to the MIP. The leader strategy for an RSSE is exactly
the values computed for r;(0;) for all ;. By the same logic as for the standard Stackelberg
MIP, oY, vF represent the information-set values according to the maximal and minimal utility
functions for the follower [18] [156]. Since v¥ — sU corresponds exactly to the information-set
value associated with a given sequence o € ¥, implies that r;(0) = 1 if and only if
(o) > vE(o’) for all o’ € ¥;. In other words, o € A;(r;). Conversely r;(c) = 0 implies
o ¢ A;(r;). Thus the set of active sequences is exactly the set of sequences that can be made
optimal for some choice of utility function for the follower. Because y is chosen to minimize the
utility over active variables, this corresponds to the utility achieved when committing to r;.

Since every RSSE is a solution of the MIP, and the optimal solution to the MIP corresponds to
the payoff received by the leader if they were to commit to the strategy computed by the MIP, we
conclude that the MIP computes an RSSS. If not, there would exist some RSSE which achieves
better utility than what is computed by the MIP. This would be a contradiction, since such an
RSSE would also be feasible and its objective would be equal to the RSSE value. ]

7.6.1 MIP for Limited-Lookahead Interval Uncertainty

We also present an extension of the full-certainty MIP for limited lookahead to a setting with
uncertainty about the limited-lookahead node-evaluation function. That MIP joins the ideas from
both the full-certainty MIP with limited lookahead ((7.5)-(7.16)) and the robust MIP ((7.17)-
(7.29)) and is thus the most comprehensive, but it combines the novel ideas from the former two
MIPs in a fairly straightforward way.
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min gy
70,8,y
Yisop) = D yr — Y, Gl 00)ri(or) — M(1 = rs(oy)) Yoy € Xy
I'eZy JISY)
O'f(ll):O'f

U(Il,inff(af) = s(},alf + ZU?,I’ + Z Tl(O‘l)g?(O'l,O'f), VI € vagf S th € {U7L}

I'ez; g1EX
gs(I')=0y
0<st, <M1-bio))) VI €TI0 € Sr,qe (UL}
> by(op(I')a) =1 VI€Z;qe{U L}, I €T;
acA(I")
b;l—(O'f)E{O,l} V]EIf,O’fGZ],QE{U,L}

UE'J,I _35],0 > Uﬁ[ — M(1 _Tf(a))

U U L
Ui — S1e SVt Mrg(o)

ri(0) =1, vie{l, [}
r(o) = Z ri(oa) VIeZ,o=o0/I)
acA(I)
ri(o) <= Z r(oa) VIeZso=0s)
acA(I)
Tf(O'f)E{O,l} O'fEEf
OST{(O’[)Sl o €Y

7.7 Experiments

(7.30)

(7.31)

(7.32)

(7.33)
(7.34)
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(7.39)
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Using our MIPs presented in the previous section we investigated the scalability and qualita-
tive properties of RSSS solutions. We experimented with three kinds of EFG: Kuhn poker
(Kuhn) [[106]], a 2-card poker variant (2-card), and a parameterized security-inspired search game
(Search). The search game is similar to games considered by BoSansky et al. [17] and BoSansky

and Cermak [18])).

Kuhn consists of a three-card deck: king, queen, and jack. Each player first has to put a
payment of 1 into the pot. Each player is then dealt one of the three cards, and the third is put
aside unseen. A single round of betting then occurs (with betting parameter p = 1, explained

below).
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In 2-card, the deck consists of two kings and two jacks. Each player first has to put a payment
of 1 into the pot. A private card is dealt to each, followed by a betting round (with betting
parameter p = 2), then a public card is dealt, followed by another betting round (with p = 4).

In both games, each round of betting goes as follows:

¢ Player 1 can check or bet p.

* If Player 1 checks Player 2 can check or raise p.
— If Player 2 checks the betting round ends.
— If Player 2 raises Player 1 can fold or call.
- If Player 1 folds Player 2 takes the pot.
- If Player 1 calls the betting round ends.
* If Player 1 raises Player 2 can fold or call.
— If Player 2 folds Player 1 takes the pot.
— If Player 2 calls the betting round ends.

If no player has folded, a showdown occurs. In Kuhn poker, the player with the higher card
wins in a showdown. In 2-card, showdowns have two possible outcomes: one player has a pair,
or both players have the same private card. For the former, the player with the pair wins the pot.
For the latter the pot is split.

Kuhn poker has 55 nodes in the game tree and 13 sequences per player. The 2-card game tree
has 199 nodes, and 57 sequences per player.

We also perform experiments on the Search game used previously in Section[3.9] It is restated
here for ease of reading. The search game is played on the graph shown in Figure Itis a
simultaneous-move game (which can be modeled as a turn-taking EFG with appropriately chosen
information sets). The leader controls two patrols that can each move within their respective
shaded areas (labeled P1 and P2), and at each time step the controller chooses a move for both
patrols. The follower is always at a single node on the graph, initially the leftmost node labeled
S and can move freely to any adjacent node (except at patrolled nodes, the follower cannot move
from a patrolled node to another patrolled node). The follower can also choose to wait in place
for a time step in order to clean up their traces. If a patrol visits a node that was previously
visited by the follower, and the follower did not wait to clean up their traces, they can see that the
follower was there. If the follower reaches any of the rightmost nodes they received the respective
payoff at the node (5, 10, or 3, respectively). If the follower and any patrol are on the same node
at any time step, the follower is captured, which leads to a payoff of 0 for the follower and a
payoff of 1 for the leader. Finally, the game times out after £ simultaneous moves, in which case
the leader receives payoff 0 and the follower receives —oo (because we are interested in games
where the follower attempts to reach an end node). We consider games with £ being 5 and 6. We
will denote these by Search-5 and Search-6. Search-5 (Search-6) has 87,927 (194,105) nodes
and 11,830 and 69 (68,951 and 78) leader and follower sequences.

All experiments were conducted using Gurobi 7.5.1 to solve MIPs, on a cluster with 8 Intel
Xeon E5607 2.2Ghz cores and 47 GB RAM per experiment.

In the first set of experiments we investigate the impact on runtime caused by uncertainty
intervals in each of the four games, without considering limited lookahead. We compare the MIP
by Bosansky and Cermak [18] (B&C) for the full-certainty setting to our robust MIP ((7.17)-
(7.29)) with an uncertainty interval of diameter d at each node in the game, for 6 different values
of d. The results are shown in Table Interestingly, our robust MIP with interval 0 is sig-
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Figure 7.2: The graph on which the search game is played.

‘Kuhn 2-card Search-5 Search-6

B&C 0 1 13 190
R-0 0 26 1 40
R-0.01 0 548 24 683
R-0.05 0 616 30 910
R-0.1 0 209 36 955
R-0.5 0 365 64 1648
R-1 0 42 41 395

Table 7.1: Runtime experiments for the MIP by BoSansky and Cermak [18] (B& C) and our
robust Stackelberg MIP for increasing uniform uncertainty intervals (R-c where c is the interval
radius). All runtimes are in seconds.

nificantly faster than the B&C MIP for the Search games. (We do not specialize our robust
MIP to the full-certainty setting but instead let Gurobi presolve away most redundant variables
and constraints. One could easily specialize it and potentially make it even faster.) Once we
add uncertainty, the MIP gets harder to solve, with the runtime increasing for larger uncertainty
intervals—except for the largest uncertainty interval where the problem starts to get easier again.

In the second set of experiments, we investigate the cost of computing an RSSS against a
follower utility function that is different from the one actually employed by the follower. These
experiments were conducted on the Search-5 game. On Search-6 it would take prohibitively long
to conduct all the experiments, and the experiments would not be interesting on Kuhn and 2-card
because they are zero-sum games (the leader will end up getting the value of the game as long
as the correct utility function is contained in the uncertainty intervals). The setup is as follows.
We use our robust MIP to compute a leader strategy for the original payoffs in Search-5. We in-
stantiate the MIP with several different uncertainty-interval widths (given in the leftmost column
in Table [7.2). For each leader strategy, we then conduct a grid search over triplets of numbers
in {£0.1,40.5, &1, 42, +3}3, where the three numbers correspond to a change in utility being
added to each of the three rightmost payoff nodes in Figure [3.2] For each payoff change, we
compute the follower’s best response (breaking ties in favor of the leader) to the leader strategy
under the new game and the resulting leader utility. The second column in Table[/.2{(EV) denotes
the value that the leader is expected to get if he were solving the correct game. The following
three columns, labeled < 1, < 2, < 3, show the worst utility achieved by the leader when the
grid search is restricted to payoff changes of at most 1, 2, and 3, respectively. For example, in the
case < 1 we only do the grid search over {£0.1,40.5, -1} The experiment shows that when
uncertainty is not taken into account, all amounts of perturbation leads to a large decrease in
leader utility. Conversely, taking uncertainty into account leads to much better utility in almost
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| EV <1 <2 <3

0.842 0.474 0.474 0.474
0.834 0.479 0.479 0.479
0.800 0.500 0.500 0.500
0.758 0.616 0.526 0.526
0.688 0.688 0.417 0.417
0.667 0.667 0.667 0.667
0.667 0.667 0.667 0.667
0.500 0.500 0.500 0.500

& N
Sorw—T =0

Table 7.2: Leader utility when maximizing utility against an incorrect utility function. Each
row corresponds to a different size of uncertainty interval used for computing the leader strategy
(interval size is given in the leftmost column). The columns are ordered in increasing amounts
of incorrectness allowed in the follower utility function.

every case.

In the third set of experiments, we investigate the cost to the leader from having to take
uncertainty into account against a limited-lookahead follower. We perform this experiment on
Kuhn and 2-card, both zero-sum games, which allows us to apply the same node-evaluation
scheme as in Kroer and Sandholm [97]]. In order to construct the limited-lookahead evaluation
function, we first compute a Nash equilibrium of the game. We then recursively define the value
of each node to be the weighted sum over the values of nodes beneath it, where the weights are the
probabilities of each action in the Nash equilibrium, and then add Gaussian noise to the computed
value (we do not add any noise to leaf nodes). Since the value of a node is based on the noisy
value of nodes beneath it, the farther away from leaf nodes a node is, the noisier the estimate of
the node’s value (from Nash equilibrium) is. We then use our robust limited-lookahead MIP to
solve the limited-lookahead game resulting from having the follower apply this node-evaluation
function. We consider lookahead depths of 1 and 2. The results for 2-card are shown in Table[7.3]
and the results for Kuhn are shown in Table The different rows in the tables correspond to
varying standard deviations in the Gaussian noise, and columns correspond to increasing sizes of
uncertainty intervals. For all games, lookahead depths, and noise levels, we see that the amount
that the leader can exploit the follower goes down as uncertainty intervals get larger. However,
we also see that for most noise amounts, some amount of robustness can be added without losing
substantial leader utility. Coupled with our results from the second set of experiments, which
showed that uncertainty intervals are necessary if there is mis-specification in the model, this
suggests that uncertainty intervals can lead to substantially more robust outcomes, potentially at
a small cost to optimality even if the initial model turns out to be correct.

7.8 Conclusions and future research

We initiated the study of robustness in the context of Stackelberg EFGs. We introduced MIPs that
can compute the optimal strategy to commit for the leader in several settings, including standard
Stackelberg and against a limited-lookahead opponent. The MIP relies on interval uncertainty
around payoffs. It would be interesting to find mathematical programs for more general uncer-
tainty sets, ideally while staying within a class of practically-solvable mathematical programs.

131



Lookahead depth: 1
Noiseo | 0.01 005 01 05 1 2

0.1 135 133 133 115 025 0.00
0.5 142 141 133 133 0.61 0.00
1 1.50 150 1.50 133 133 034
2 1.50 150 150 144 133 133

Lookahead depth: 2
Noiseo | 0.01 005 01 05 1 2

0.1 0.67 043 0.05 0.00 0.00 0.00
0.5 069 069 068 005 0.00 0.00
1 073 072 071 048 0.08 0.00
2 0.80 079 0.78 0.71 059 0.19

Table 7.3: Limited-lookahead with depth 1 and 2 in 2-card.

Lookahead depth: 1
Noiseo | 0.01 005 0.1 05 1 2

0.1 033 033 033 025 -0.06 -0.06
0.5 033 033 033 033 -0.06 -0.06
1 033 033 033 033 033 0.16
2 0.87 087 087 086 084 022

Lookahead depth: 2
Noiseo | 0.01 005 0.1 05 1 2

0.1 -0.03 -0.05 -0.06 -0.06 -0.06 -0.06
0.5 029 028 028 0.16 -0.06 -0.06
1 041 041 040 030 022 0.16
2 0.87 087 087 086 0.84 022

Table 7.4: Limited-lookahead with depth 1 and 2 in Kuhn.
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We showed experimentally that the loss due to not considering uncertainty can be quite large,
and that this can be ameliorated with our approach. We also showed that robust models can be
solved at a modest increase in runtime, about a factor of 10.

While we showed that our technique scales to medium-size games, in practice we would
often like to scale to even larger games. The iterative LP-based approach of Cermak [33]] could
potentially be extended to the robust setting. Cerny et al. [38] extend the iterative LP approach
to incorporate strategy-generation, in order to increase scalability since many strategies do not
need to be generated. It would be interesting to develop a strategy-generation approach for our
robust setting, which is likely to yield greater scalability. It would also be beneficial to develop
a more traditional column-generation approach in order to understand what type of incremental
approach is better.

Abstraction methods have dramatically increased the scalability of Nash equilibrium finding
in EFGs (e.g., [28, 168 95, 98, [109]) and could potentially be adapted to the robust Stackel-
berg setting as well. This could be done while giving guarantees on follower behavior by only
abstracting the strategy space of the leader.

In recent work that is not part of this thesis, coauthors and I studied equilibrium refinement in
Stackelberg EFGs [60]. The robust framework presented in this chapter could potentially be com-
bined with some notion of Stackelberg equilibrium refinement. Questions include whether there
is a benefit to refinement when using a robust follower model, whether the problem becomes
algorithmically harder, and whether scalable techniques such as MIP can still be leveraged.
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Chapter 8

Concluding remarks and further thoughts

We showed how FOMs can be made state-of-the-art for solving large-scale EFGs by constructing
a dilated entropy function. There is some reason to think that our DGF construction is the “right”
way to measure distances over treeplexes (and thus EFG strategy spaces): we showed that our
analysis is tight, and most importantly we showed that it generalizes the well-known dimension
independence of the entropy DGF on a simplex. From a practical perspective we showed that our
approach beats all the best recent algorithms for solving zero-sum EFGs except for the CFR™
algorithm. This is especially encouraging because our smoothing approach is a general technique
that can be combined with many different FOMs. There is a large, and increasing, number of
algorithms for solving saddle-point problems, and so an important future direction is to find the
best FOM for solving EFGs in practice. Since this approach automatically benefits from future
developments in FOMs it seems plausible that our DGF can eventually be combined with some
FOM that can beat CFR™. In a similar vein, the space of stochastic FOMs combined with our
DGF remains largely unexplored from a practical perspective. Here it again seems plausible
that some stochastic FOM variant combined with our DGF could eventually lead to practical
performance gains over the MCCFR approach.

Poker Als like Libratus [27] and DeepStack [124] have shown that Nash equilibria combined
with methods for scaling up to very large games allows creating superhuman Als. Creating
strong Als for general-sum, and potentially n-player, EFGs remains a large unsolved problem.
Both practical abstraction approaches and our theoretical abstraction framework developed in
this thesis extend to such games. However, we do not have scalable algorithms for computing
Nash equilibria in the resulting abstractions, and more fundamentally it is unclear whether Nash
equilibrium is even the right solution concept: there are equilibrium selection problems, and so
even if some Nash equilibrium is known to perform well, we also need to guarantee that our
algorithm finds that Nash equilibrium, and not some other bad equilibrium. Furthermore, in
zero-sum games we know that if the opponent does not play a best response to our strategy we
can only be better off. This is not so in general, and so deploying a Nash equilibrium in a poker
game with 5 other players is not guaranteed to be a strong strategy if they do not play according
to our equilibrium. Cermdk et al. [34]] show that strategies computed by CFR perform well in
small general-sum poker games and random EFGs when compared to various other solution
concepts when playing against a number of non-equilibrium strategies in randomly generated
games. One could similarly explore the solution quality from smoothed-best-response iteration
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that would arise from applying a FOM with the dilated entropy. One potentially more rigorous
approach would be to find a way to exploit near-zero-sum properties of certain games, and use
regularization to compute an approximate equilibrium that does not skew too heavily towards
favoring or disfavoring any players.

For abstraction, the most significant future work is to find a way to leverage our decom-
position result to give ex-ante solution-quality bounds for the types of abstraction employed in
practice. As evidenced by our counterexamples this will not be possible for general abstrac-
tions. Instead, it may be possible to leverage Theorem [§] or 9] for special game classes that
can capture practical abstractions. In the two recent results on strong poker Als [27,124] only
Libratus [27] applied abstraction in order to scale up the equilibrium finding, whereas Deep-
Stack [124]] used deep learning in order to estimate values of actions (both approaches relied on
iterative equilibrium-finding algorithms for solving subgames in realtime). Since the DeepStack
approach is not guaranteed to learn a correct estimator this begs the obvious question of whether
we can give a characterization of what sort of solution-quality can be expected given a certain
accuracy in the estimator. Similarly, since both agents employed real-time near-exact subgame
solving it would be useful to understand how such re-solving interacts with the overall solution-
quality bounds for the abstract game originally solved (or in the case of DeepStack, the game
solved via estimated payoffs).

In chapter [5|on equilibrium refinement we showed that our DGF approach can be extended to
the computation of approximate Nash equilibrium refinements via a perturbation to the entropy
DGF employed at each simplex in the treeplex. This shows that iterative methods can be extended
to computing refinements, and provides hope that it may be possible to employ equilibrium
refinements in practice (since exact approaches rely on LPs that are not scalable to large EFGs).
However, the approach relies on a fixed perturbation, which may be either too large and cause
too much strategy perturbation, or it may be so small that it is impractical for converging to a
solution. An obvious remedy would be to find a way to adaptively decrease the perturbation
in sync with our convergence to a solution. This would require developing a FOM variant that
handles the slowly-changing strategy polytope, or proving that this is implicitly handled by some
existing FOM. In the vein of scaling up equilibrium-refinement computation there is also the
question of whether the abstraction framework developed in this thesis can be modified to give
some form of approximation quality toward equilibrium refinement.

Another potentially-exciting application of our work would be to apply our smoothing ap-
proach to the computation of Stackelberg equilibria. For example, it may be possible to smooth
the strategy space of the leader, while performing the follower best-responses computations as
part of each iteration that incrementally updates the leader strategy space. An obvious caveat
to this approach is that the utility for the leader is non-convex due to the discontinuity of best
responses. It would be interesting to investigate whether there are convex relaxations that can be
handled efficiently.

From a practical perspective there are many interesting problems for which EFGs hold promise.
One area of application that has already started to see some work is security settings, where EFGs
can capture temporal interactions and imperfect information. Such models are being explored
in green security games, where rangers in parks with endangered wildlife wish to protect ani-
mals from poaching [55, 56, 188]. Green security games are naturally modeled as EFGs because
rangers and poachers move around the park, but have imperfect information about the adver-

136



sary’s movements: when they observe tracks, old campsites, and similar signals they can adapt
to try to track down the poachers (or avoid the rangers if the poachers observe such signals).
Such games are extremely large, and so scalability techniques play a key role. Cybersecurity is
another emerging topic being modeled via game theory. Examples include modeling increased
threat risk and adaptive defense due to anomalies such as crashes (which can be from an attacker
probing the system) [[172], adaptive defense against distributed denial-of-service attacks [158]],
strategic honeypot placement [32], network hardening [52, 53], and defensive and attacking use
of vulnerability discovery and exploitation [3, [123]]. Sequential decision making and EFGs are
also being explored for steering evolutionary biological adaptation processes [99, [151]. How-
ever, there are many other interesting applications waiting for further study: high-level strategy
selection in real-time games, negotiation, strategic pricing, financial strategy, sequential auctions,
electricity-market strategy, and many more.
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Appendix

MIP for generating a perfect-recall abstraction by considering
all levels at once

Motivated by the problems described in Section 4.5.2] we develop an algorithm for computing
abstractions with bounded loss that operates on all levels at once. The only assumption we make
about structure of the game, is that we only allow nature nodes to merge if they have the same
number of actions, and only allow different branches to merge if they have the same probability
of occurring.

Using integer-programming (IP), we develop two similar models for computing abstractions.
One takes as input the maximum number of game tree nodes allowed and computes an abstraction
that minimizes the ex-ante variant of the bound given in Theorem [2| The other takes as input a
desired error bound and computes the smallest abstraction subject to satisfying the bound.

Variables

For each node s;, we introduce a variable p; € {0, 1} denoting whether s; is a prototype. For
each level £ € H and ordered pair of nodes at height &, s;,s; € S, we introduce a variable
d;; € {0, 1} denoting whether s, is mapped onto s;. For each unordered pair of information sets
I;, I; at height k, we introduce a variable /; ; € {0, 1} denoting whether the two information sets
map to the same abstract information set.

Objective functions

In the case where we are given a bound to satisfy and wish to compute the smallest abstraction,
we maximize the sum over all abstraction variables ¢; ;, thereby minimizing the number of nodes

in the game tree:
max Y 4, (1)

In the case where we are given a maximum tree size and want to minimize the bound, we min-
imize the sum over leaf nodes mapped onto each other, weighted by the absolute difference in
utility at the leaves:

mm Z Z max |V;(z) — Vi(2)|d; (2)

digpirl LJZEZ zeZ N
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Constraints

To ensure that nodes are either prototypes or mapped onto a single prototype, we introduce the
following three constraints. The first and second constraints below are introduced for all nodes
s;, and the third for all pairs of nodes s;, s; at the same height.

Z (57;7]' S 1,VSZ' € S, Pi + Z 52',]' Z 1,VS1' € S, 5%,' — Pi S O,Vk € H,Si,Sj < Sk;
JESK JESK

3)

The first constraint ensures that each node is mapped onto at most one other node. The second
and third constraints ensure that the variables p; accurately reflect whether s; is a prototype.
The second constraint requires that p; = 1 unless s; is mapped to some other node. The third
constraint sets p; = 0 if s; is mapped onto any other node s;. Together, the last two constraints
ensure that nodes are only mapped onto prototypes, and that prototype nodes are not mapped
onto anything.

If a node s; is mapped onto another node s;, satisfying the condition of Corollary [2|requires
that the children at s; map onto the children at s;. This is ensured by the following constraint,
where C; is the set of all child node indices of s;.

Oijj — Z Seive; S 0,Vs; € S\ Z,¢; € C, @)
C]'EC]'

If 6; ; = 1, this constraint requires that s, is mapped onto some child node of s; by requiring that
at least one of them is set to one. Similarly, if s; is mapped onto s;, we require that the parent
node of s;, denoted by s,,, is mapped onto the parent node of s;, denoted by s,.. This gives
the following constraint, where the parent mapping variable ¢y, ,,; is required to be set to one if
(51',]‘ =1.

0ij — Opip; < 0,Vk € H, 54,85 € Sy, (5)

For each node pair s;, s; at some height k, let I;, I; be their respective information sets and
I; ; the variable denoting whether the information sets are merged. If the nodes are merged, we
require that their information sets are also merged, which is achieved by the following constraint.

0ij —1i; <0,Vk € H,si,57 € S (6)

Information set merges are transitive, so if two information sets are both merged with the same
third information set, we require that they are themselves merged:

]m' + Ii,l — ]j,l < 1,Vk3 S H,Ii,fj,fl el (7)

Using the variable I; ; for two information sets /;, [;, we can ensure that each prototype node
in the abstract merged information set has a node from each information set mapping onto it.
Without loss of generality, assume s; € [;, we add the following constraint.

o+ 1y — Z Omy < LV, I, 5 € I (8)

Sm,elj
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This requires that if s; is a prototype, p; = 1, and if ; ; = 1, at least one node from /; maps onto
S.

As mentioned above, we only allow nature outcomes to map onto each other if their proba-
bility is the same. Further, if for some nature node s; mapped onto a nature node s; we have that
m > 1 child nodes of s; map onto the same child node of s;, then we must ensure that m —1 child
nodes at s; map onto c;, in order to keep the nature distribution error at zero. This is achieved by
the following two constraints.

Ocie; = 0,84, 85, ¢ € Gy, c5 € Cy,0(8i,¢1) # o(s5,¢5) 9)
> Gepei= Y Oepe, +1,Ys1,5; € S\ Z,¢; € C; (10)
CjECj c€C;

The first constraint just disallows mapping children of nature nodes that do not have equal prob-
ability of occurring. The second constraint ensures that the probability of a prototype child being
chosen at the nature node, which is equal to the sum of the probabilities of outcomes at the node
that are mapped to it, is equal to the sum of probabilities over outcomes mapped to it from s;.
For the case where a specific bound is given as input and we wish to compute the minimum
size abstraction, we add the following constraint.
> max [Vi(2i) — Vi(£)|0;; < e (1D
Ziy%5 cZ
This constraint sums over all leaf node pair mappings, and weights them by the difference in
utility at the pair. We require that this sum be less than ¢, the given bound. For the case where a
maximum tree size K is given as input and we wish to minimize the bound, we add the following
constraint.
max Yy 6 >[5 - K (12)
7]

04,5,Pi>1i,5 “—
1

This constraint requires that at least |S| — K merges are performed, so the abstraction has at most
K nodes.

The number of variables in the model is O(|Z|?). The largest constraint sets are those in
Equation [7|and those over all variable pairs at each level. The former is O(maxyey Z;) and the
latter is O(|Z|?).

Games of ordered signals

Proof that the game in Figure 4.6/is a game of ordered signals

The game given in Figure4.6]is only a signal tree. It can be coupled with any betting tree to form
a simple poker game. We prove that it satisfies the conditions for any betting tree (by betting tree
we mean any tree where the players take turns calling, checking, betting, raising, and folding,
with each action leading to the usual outcomes of such actions in a poker game). We assume that
a betting tree is played after the private cards are dealt, and another betting tree is played after
the public card is dealt.
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Proof. We go through the conditions for games of ordered signals as given by Gilpin and Sand-
holm [68]].

1.
2.

®© N kW

The number of players is 2 which is finite.

The game gives only a signal tree that can be used to define winners, and thus works with
any single-stage-game betting tree.

We only give a signal tree so this is not relevant.

The set of signals is {J1,J2,K1,K2}.

r={1}y=A{1}.

The distribution over signals is the uniform distribution.

Any partial ordering with (K2,J2) ranked highest and (K2,J1) ranked lowest works.
Terminal nodes in the first stage game always map to over since we have only one stage
game.

We need to check that the utility of players satisfy the ordering property. If either player
has folded, the other player wins all money in the pot. If neither player folds, the signal tree
is used to determine who wins the pot; 1 means that Player 1 wins, —1 means that Player
2 wins. First we check that utilities are ordered for Player 1. The definition only requires
weak inequality, and Player 1 has the same payoff everywhere except when Player 1 has
(K2,J1) and Player 2 has (K2,J2); since (K2,J1) is the lowest-ranked hand the ordering is
satisfied for Player 1. Conversely, Player 2 loses everywhere except for (K2,J1,J2) where
they win. Since (K2,J2) is ranked highest this satisfies the ordering.

]

Proof that merging K1 and K2 in Figure 4.6]is a an ordered game isomor-
phic abstraction transformation

Proof. First we note which nodes are not isomorphic. At the first level the J1 node is not iso-
morphic to any other subtree. At the second level the J1,J2 node is not isomorphic to any other
subtree. At the third level the J1,J2,K2 leaf node is not isomorphic to any other leaf node.

We now consider the isomorphic nodes corresponding to private signals of K1 and K2 (bold
and in red in Figure 4.6). Merging the private K1 and K2 signals into a single information set
constitutes an ordered game isomorphic abstraction transformation: For each pair of K1 and K2
nodes at the two first levels, the subtrees are isomorphic. O]
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