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Abstract

In my work, I focused on exploiting quantal response opponents in big imperfect in-
formation extensive form games. I defined two new solution concepts, quantal Nash
equilibrium, and quantal Stackelberg equilibrium. I analyzed properties of defined equi-
libria and showed that they are not interchangeable even in a zero-sum scenario. The
results showed that CFR-QR, which is an algorithm that I tested, could be used to get
the strategy in quantal Nash equilibrium for both normal form games and extensive
form games. Obtained results indicated that in both normal form games and exten-
sive form games, there could be multiple quantal Stackelberg equilibria with different
values.

I proposed a gradient descent algorithm to reach local quantal Stackelberg equi-
librium in Normal form game and modified sequence form program to find quantal
Stackelberg equilibrium in extensive form game. I compared both concepts in terms
of how much they can exploit the quantal response adversary and how much they can
be exploited by a rational opponent, and for both normal form games and extensive
form games, quantal Stackelberg equilibrium is better in both aspects. Finally, I tried
to apply decomposition to both algorithms, and I discussed problems that arise from
a sequence program with decomposition. I proposed CFR-QR-D that can find quantal
Nash equilibrium strategy, but in my tests, it converged in 99% of the games.

Keywords: game theory, efg, nfg, imperfect information, decomposition, CFR

Abstrakt

V mé práci jsem se soustředil na využ́ıváńı soupeř̊u s modelem omezené racionality,
kterým je např́ıklad quantal response, ve velkých extenzivńıch hrách s omezenou in-
formaćı. Definoval jsem dva nové koncepty řešeńı, quantal Nash equilibrium a quantal
Stackelberg equilibrium. Analyzoval jsem vlastnosti definovaných koncept̊u a ukázal
jsem, že i v zero-sum hrách jsou nezaměnitelné. Dále jsem ukázal, že CFR-QR, což je
algoritmus, který jsem testoval, se dá použ́ıt na nalezeńı quantal Nash equilibria pro
normálńı i extenzivńı hry. Ukázal jsem pro normálńı i extenzivńı hry, že v nich může
být v́ıce quantal Stackelberg equilibríı s r̊uznými hodnotami.

Navrhl jsem algoritmus gradientńıho sestupu k nalezeńı lokálńıho quantal Stackel-
berg equilibria v normálńıch hrách a modifikovaný program sekvenčńı formy na nalezeńı
quantal Stackelberg equilibria v extenzivńıch hrách. Porovnal jsem oba koncepty v
tom, jak moc dokáž́ı soupěře využ́ıt a jak moc by je dokázal využ́ıt racionálńı soupeř.
Pro normálńı i extenzivńı hry je quantal Stackelberg equilibrium lepš́ı v obou aspek-
tech. Jako posledńı jsem se snažil použ́ıt dekompozici na oba algoritmy a ukázal jsem
problémy, které vznikaj́ı při použit́ı sekvenčńıho programu s dekompozićı. Navrhnul
jsem algoritmus CFR-QR-D, který dokáže nalézt quantal Nash equulibrium strategii
ale v mých testech zkonvergoval pro 99% her.

Kĺıčová slova: teorie her, efg, nfg, neúplná informace, dekompozice, CFR
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Chapter 1

Introduction

In recent years there has been a big breakthrough in solving large imperfect informa-
tion games. The successful algorithm is called Deepstack [15] and it managed to pro-
duce more difficult to exploit strategies than any prior approach in the game of Texas
Hold’em no limit Poker. Deepstack performed very well and defeated every human ex-
pert that finished all 3000 games against it, all except one with statistical significance.
This success was possible only because of successful decomposition [2] of big imperfect
information games and continual resolving, which together with counterfactual regret
minimization [23] forms the hearth of the Deepstack algorithm.

Another rapidly developing field in computation game theory is security games
[18, 22, 16]. Security games are deployed in the real world, and the deployment is very
successful [3]. Most of the security games are created to face human adversaries in
the real world, for example, poachers or smugglers. Therefore, opponent modeling is
used in the majority of approaches that are used to solve security games. A model
that is used the most is called quantal response, when used with subjective utility for
the players it is called SUQR, and real-world experiments showed improvements over
solutions without opponent models in security games [17].

Continual resolving framework could be possibly employed for many other instances
of large imperfect information extensive form games. It is only logical to use opponent
modeling for the successful deployment of these games to the real world. In this work,
I analyzed the quantal response model in both normal form games and extensive form
games.

I defined two solution concepts in the quantal response adversary scenario, quantal
Nash equilibrium, and quantal Stackelberg equilibrium for both normal form games
and extensive form games. For quantal Stackelberg equilibrium, I also defined its local
version. Then I showed that CFR-QR could be used to find quantal Nash equilibrium
in both normal form and extensive form games.

I created a new algorithm to find the local quantal Stackelberg equilibrium in normal
form games using gradient descent from Nash equilibrium, and I also defined a math-
ematical program to solve quantal Stackelberg equilibrium in extensive form games.
However, because of insufficient scalability, I can not solve it optimally for bigger games,
and the result can be local quantal Stackelberg equilibrium. The last algorithm I pro-
posed is CFR-QR-D, which is a decomposition version of CFR-QR. This algorithm
can, in most cases, compute strategy in a trunk when the game is split to a trunk and
subgames by using constant sized information from solved subgames.

In evaluation, I showed some properties of quantal response and newly defined
equilibria. Further, I evaluated on randomly generated games, and it showed that
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for both Normal form and extensive form games, quantal Stackelberg equilibrium is
better solution concept in measure of exploitation the opponent and how much it can
be exploited by a rational opponent. However, proposed algorithms for computation of
quantal Stackelberg equilibrium have insufficient scalability compared to the CFR-QR.

Additionally, I analyzed the problem with convergence of the CFR-QR-D algorithm
and also how to resolve the subgame strategy after computing the trunk strategy by
CFR-QR-D.
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Chapter 2

Background

2.1 Normal form game

Normal form game [5] is a tuple (N,S, U). Where N is a set of players, which is a finite
set {1, 2, ..., n}, where n is a number of players. S is a set of pure strategy spaces Si for
each player. U is a set of utility functions for each player. Utility function ui(s) assigns
a payoff for each pure strategy profile s = (s1, s2, ..., sn). When referring to opponents
of the player i, I mean all other players than the player i, I denote them −i.

Zero-sum game is a two player game such that ∀s,
∑2

i=1 ui(s) = 0. The key feature
is that the sum of utilities is a constant, and when I set this constant to the zero, it is
called normalization. I will use zero-sum games in my work, e.g., games where players
are truly opponents; thus, whenever one player wins, the other must lose.

Zero-sum games are depicted as matrices, as shown in the Table 2.1. In this game
player 1 has pure strategies X, Y, Z and player 2 has pure strategies A, B, C. Payoffs for
the player 1 are in the matrix and payoffs for the player 2 are numbers in the matrix
but negative. So it can also be looked at in a way that the player 1 is maximizing
payoffs in the matrix and the player 2 is minimizing.

Mixed strategy, denoted as σi is a probability distribution over pure strategies.
Each player’s randomization is statistically independent of strategies of its opponents.
Payoff to a profile of mixed strategies are the expected values of the corresponding pure
strategy payoffs. The space of mixed strategy profiles is denoted Σ = Σ1×Σ2× ...×ΣI

with element σ. Now I will overload utility function to add profile of mixed strategies
as follows:

ui(σ) =
∑
s∈S

ui(s)
∏
j∈N

σj(sj)

and also add ui(σ, si) as expected payoff for playing a pure strategy si when other

A B C

X 1 3 5

Y 4 1 2

Z 2 5 1

Table 2.1: Simple example of Zero-sum normal form game
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players play according to σ defined as

ui(σ, si) =
∑

s∈S,si∈s
ui(s)

∏
j∈N\{i}

σj(sj)

The support of a mixed strategy is the set of pure strategies to which the mixed
strategy assigns a positive probability.

To discuss a varying strategy of a single player i while holding the strategies of his
opponents fixed, I denote strategy selection for all players but i as s−i ∈ S−i and write
(s′i, s−i) for the strategy profile (s1, ..., si−1, s

′
i, si+1, ..., sI). And similarly for mixed

strategies (σ′i, σ−i) = (σ1, ..., σi−1, σ
′
i, σi+1, ..., σn).

There can be pure strategies with lower payoff than any other pure or mixed strategy
independently on how opponents play. These strategies are called dominated and I will
define two domination concepts. A pure strategy si is strongly dominated if there
exists σ′i ∈ Σi such that ui(σ

′
i, s−i) > ui(si, s−i),∀s−i ∈ S−i. A pure strategy si is

weakly dominated if there exists σ′i ∈ Σi such that ui(σ
′
i, s−i) ≥ ui(si, s−i), ∀s−i ∈ S−i

and there exists σ′i ∈ Σi and ∃s−i ∈ S−i such that ui(σ
′
i, s−i) > ui(si, s−i).

Best response is a strategy profile σ∗i if ∀σi ∈ Σi, ui(σ
∗
i , σ−i) ≥ ui(σi, σ−i) and I will

denote the set of all best responses for player i to strategy profile σ−i as BRi(σ−i).

Nash equilibrium is a strategy profile where each player’s strategy is best response
to other player’s strategies. Formally, mixed strategy profile σ∗ is a Nash equilibrium,
if ∀i ∈ N, σi ∈ BRi(σ−i).

Finally, I define Stackelberg equilibrium. There can be cases where my agent’s
strategy is known in advance and announced to other players. This holds, for example,
in Security games where I have some plan, and the opponent can observe my strategy
and then react to it. In this case, I want to optimize my payoff, knowing that the
opponent knows my strategy and will play a best response to it. Commonly named,
the agent that publicly commits to a strategy is called leader and all other agents are
called followers. Formally when player i is leader Stackelberg equilibrium is defined as
follows:

arg max
σ∈Σ

ui(σ), s.t.∀j ∈ N\{i}, σj ∈ BRj(σ−j)

With a Stackelberg equilibrium, there arises a question of how to break ties for
followers in case of multiple best responses. There are two main options, strong Stack-
elberg equilibrium where followers select such strategies that maximize the outcome of
the leader. When I use the term Stackelberg equilibrium, I mean a strong Stackelberg
equilibrium. The opposite is weak Stackelberg equilibrium where followers select such
strategies that minimize the outcome of the leader. Weak Stackelberg equilibrium is
not guaranteed to exist and therefore is used very sparsely.

2.2 Extensive form game

If players choose their actions simultaneously, normal form game is enough as a rep-
resentation. However, when I need to model dynamic structure, the game size of a
normal form game would exponentially increase. The increase is caused by all possible
situations I can encounter in the game, including these induced by opponent moves and
stochastic events. Therefore, I would need action for each sequence of situations that
can happen. To deal with these problems there is more compact representation called
extensive form game [6].
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Figure 2.1: Example zero-sum extensive form game. Circles represent states of the
game. The number in the circle shows which player acts in that node. The chance
player is denoted as N and chance is shown along with the action. Dashed lines join
nodes that are in the same information set. Action labels for players are shown near
the actions. Box nodes represent terminal nodes with the payoff for player 1 in the
box, while the payoff for player 2 is negative.

Perfect information extensive form game [6] is a tuple (N, A, H, T, ρ, χ, ϕ, u).
Where N is the set of players, which is a finite set {1, 2, ..., n}, where n is number of
players. A is the set of actions, for player i Ai ⊆ A denotes the set of his actions and
a ∈ A denotes a generic action. H denotes the set of decision nodes (histories), where
Hi ⊆ H denotes the set of decision nodes of player i. T is the set of terminal nodes
and H ∪ T is the set of all nodes, with w0 ∈ H ∪ T being root node. ρ : H → N is a
player function which returns player that acts in a given decision node. χ is an action
function, that returns actions available to player ρ(w) at w ∈ H. ϕ : H × A→ H ∪ T
is a successor function that assigns next node w ∈ H ∪ T to pair (v, a) where v ∈ H
and a ∈ χ(v). u = (u1, u2, ..., un) is the set of players’ utility functions ui : T → R.

When I want to deal with opponent actions that I can not observe, for example,
some secret bets, or stochastic events that can not be observed, for example, cards dealt
for other players, some nodes in the game tree cannot be distinguished by some players.
Games with such elements are called imperfect information extensive form games and
nodes that are indistinguishable are in information sets.

Formally, imperfect information extensive form game is tuple ((N, A, H, T, ρ, χ,
ϕ, u), I), where (N, A, H, T, ρ, χ, ϕ, u) is a perfect information extensive form
game and I = (I1, I2, ..., In) is partition where Ii is a set of equivalence classes on
decision nodes of a player i with the property that ρ(h) = ρ(h′) = i and χ(h) = χ(h′),
whenever h, h′ ∈ I for some information set I ∈ Ii. I will write χ(h) and χ(I) for h ∈ I
interchangeably.

I will visualize extensive form games as trees as shown in Figure 2.1.

Pure strategy si in a extensive form game for the player i is assignment of an action
for each information set where the player i acts and Si is the set of all pure strategies
for the player i. Formally:

Si :=
∏
I∈Ii

χ(I)

Mixed strategy in an extensive form game is again a probability distribution over
pure strategies denoted as σ. An element of sigma corresponding to the player i is
denoted σi and the space of all possible strategy profiles is denoted Σ = Σ1×Σ2×...×Σn.
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In extensive form games there is one more strategy definition and it is called behavioral
strategies, the set of behavioral strategies for player i is defined as Bi =

∏
I∈Ii δ(χ(I)).

That is the probability distribution over actions in each information sets. Perfect recall
games are games where no player forgets any information it previously knew. In these
games, behavioral and mixed strategy have the same expressiveness, and I will only be
dealing with perfect recall games.

Let πσ(h) be the probability of reaching node h if players choose actions according
to σ. πσi is contribution of player i for reaching h and πσ−i is product of all players’ con-
tributions except the player i. For I ∈ I define πσ(I) =

∑
h∈I π

σ(h) as the probability
to reach particular information set given σ. πσi (I) and πσ−i(I) is defined similarly.

To use payoff function with strategies I use ui(σ) for the expected payoff of player i
if all players follow strategy σ defined as ui(σ) =

∑
t∈T π

σ(t)ui(t) and I use ui(σ
′
i, σ−i)

for expected payoff of player i if all players play according to σ and player i plays
according to σ′. Formally ui(σ

′
i, σ−i) =

∑
t∈T π

σ′
i (t)πσ−i(t)ui(t).

Best response, Nash equilibrium and Stackelberg equilibrium are defined the same
way as in normal form games. Best response is a strategy profile σ∗i if ∀σi ∈ Σi, ui(σ

∗
i , σ−i) ≥

ui(σi, σ−i) and I denote set of all best responses for player i to strategy profile σ−i as
BRi(σ−i).

Nash equilibrium is a strategy profile such that each player’s strategy is best re-
sponse to other player’s strategies. Formally, mixed strategy profile σ∗ is a Nash equi-
librium, if ∀i ∈ N, σi ∈ BRi(σ−i).

And Stackelberg equilibrium is defined as

arg max
σ∈Σ

ui(σ), s.t.∀j ∈ N\{i}, σj ∈ BRj(σ−j)

2.3 Sequence form

2.3.1 Sequence form representation

Converting games between forms is possible. However, as already mentioned, the size
of a normal form game created from an extensive form game can grow exponentially.
Figure 2.2 shows the extensive form game converted to its normal form, and it can be
seen that the same payoff from one terminal node can appear three times in the matrix
representing the normal form.

1
A B C

2

5

X

6

Y

7

Z
2

4

U

3

V

2

2

U

1

V

(X,U) (X,V) (Y,U) (Y,V) (Z,U) (Z,V)

A 5 5 6 6 7 7

B 4 3 4 3 4 3

C 2 1 2 1 2 1

Figure 2.2: Example extensive form game converted to it’s normal form.
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To deal with this problem sequence form [19] representation is used. It describes
strategies in a new way, rather than planning a move for each information set player
can look at the terminal nodes and consider choices he needs to make to reach that
terminal node. These choices form a path from the root to the terminal node, and they
represent a sequence that will be considered instead of a pure strategy. A sequence of
choices for player i defined by node w, is set of labels Di on the path from root to w.
It is denoted as si. The sequence is defined as a set because all labels are distinct. Si
is set of all sequences for player i and S is set of all sequences Si ⊆ S. In my game for
player 1, there are sequences A, B, C, and empty sequence ∅. Sequences for player 2
are ∅, X, Y, Z, U and V. Sequences of chance player 0 are also considered to use only
payoffs and not expected payoffs.

Payoff function u : S0 × S1 × ...× Sn → Rn in sequence form is defined by u(s) =
u(t) if s is in tuple (s0, s1, ..., sn) of sequences defined by the terminal node t and by
u(s) = (0, 0, ..., 0) ∈ Rn otherwise.

In addition to payoffs, it is necessary to specify how the sequences are selected by a
player. In normal form game, it is possible to select one pure strategy or using mixed
strategy, use probability distribution to select one. In the sequence form, a player
can no longer decide on a single sequence. In my example (Figure 2.2) player 2 has to
decide between X, Y, Z and U, V. If he would choose X and U as in pure strategy (X,U)
probability assigned to sequences (∅, X, Y, Z, U, V) are (1, 1, 0, 0, 1, 0). Sequence form
matrix is shown in Table 2.2. The matrix is of similar size, but each payoff is there
only once, so the matrix is very sparse and can be represented using far less memory.

Now if player i uses behavioral strategy βi, sequence si ∈ Si is played with prob-
ability ri(si) =

∏
c∈si βi(c) and the function ri : Si → R is called realization plan of

βi.

∅ X Y Z U V

∅
A 5 6 7

B 4 3

C 2 1

Table 2.2: Example extensive form game from Figure 2.2 converted to it’s sequence
form.

2.3.2 Sequence form linear program

Using sequence form leads to an optimization problem that can be used to solve the
game and arrive at the Nash equilibrium of the game. I am solving two-player zero-sum
games in this work, so I will show how the linear program looks for a two-player zero-
sum extensive form game. Variables for one player are realization plans, and for the
other player, it is the expected utility in his information sets; thus, the linear program
will be as follows:
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max
r1,v

v(root)

s.t. r1(∅) = 1

0 ≤ r1(s1) ≤ 1 ∀s1 ∈ S1∑
a∈χ(I1)

r1(s1a) = r1(s1) ∀s1 ∈ S1, ∀I1 ∈ inf1(s1)

∑
I′∈I2:s2a=seq2(I′)

v(I ′) +
∑
s1∈S1

u(s1, s2a)r1(s1) ≤ v(I) ∀I ∈ I2, s2 = seq2(I),∀a ∈ χ(I)

where seqi(I) is sequence of player i to information set I ∈ Ii. v(I) is expected
utility at information set I. infi(si) is an information set, where the last action of si
has been executed. sia denotes extension of a sequence si with action a.

2.4 Counterfactual regret minimization

If not stated otherwise, this whole section is based on [23]. When I use abbreviation
CFR, I refer to Counterfactual regret minimization.

2.4.1 ε-Nash equilibrium

Mostly in iterative algorithms I do not have guarantee to reach a Nash equilibrium
in finite number of iterations. However I can have guarantee that after finite number
of iterations I am close to a Nash equilibrium. To denote this fact I will define ε-best
response of player i as a strategy profile σ∗i if ∀σi ∈ Σi, ui(σ

∗
i , σ−i) + ε ≥ ui(σi, σ−i) and

I will denote the set of all ε-best responses for the player i to the strategy profile σ−i
as ε-BRi(σ−i).

Now ε-Nash equilibrium is a strategy profile such that each player’s strategy is ε-best
response to other player’s strategies. Formally, mixed strategy profile σ∗ is a ε-Nash
equilibrium, if ∀i ∈ N, σi ∈ ε-BRi(σ−i).

2.4.2 Regret minimization

Regret minimization considers playing extensive form game repeatedly. Let σti be the
strategy used by player i on round t. The average overall regret at time T is defined
as:

RTi =
1

T
max
σ∗i ∈Σi

T∑
t=1

(ui(σ
∗
i , σ

t
−i)− ui(σt))

Now for each information set I ∈ I and for each action a ∈ χ(I), define:

σti(I)(a) =

∑T
t=1 π

σt
i (I)σt(I)(a)∑T
t=1 π

σt
i (I)

An algorithm for selecting σti is regret minimizing, if player’s i average overall regret
goes to zero as t→∞. Theorem 2.4.1 shows that regret minimizing algorithm can be
used in the self play to compute ε-Nash equilibrium.
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Theorem 2.4.1. In a zero-sum game at time T, if both player’s average overall regret
is less than ε, then σ̄T is a 2ε-Nash equilibrium.

Proof. See [20]

2.4.3 Counterfactual regret

The idea behind counterfactual regret is to decompose overall regret into additive regret
terms, which can then be minimized independently. Counterfactual regret is defined
on information set, and overall regret is bounded by the sum of counterfactual regrets.

Consider information set I ∈ Ii and player i’s choices made in that information
set. Now counterfactual value ui(σ, I) is expected utility given that information set I is
reached and all players play using strategy σ while player i plays to reach I. If I define
πσ(h, h′) as probability of going from h to h′, then formally:

ui(σ, I) =

∑
h∈I,h′∈T π

σ
−i(h)πσ(h, h′)ui(h

′)

πσ−i(I)

Let σ|I→a be a strategy profile identical to σ except that the player i always chooses
action a when in information set I. The immediate counterfactual regret is:

RTi,imm(I) =
1

T
max
a∈χ(I)

T∑
t=1

πσ
t

−i(I)(ui(σ
t|I→a, I)− ui(σt, I))

Because positive part of the regret is mostly what is needed, let RT,+i,imm(I) =

max(RTi,imm(I), 0) be the positive portion of immediate counterfactual regret.
Proof that overall regret is bounded by sum of immediate counterfactual regret is

in original paper [23]. And the result is formally:

RTi ≤
∑
I∈Ii

RT,+i,imm(I)

This enables finding an approximate Nash equilibrium by only minimizing immedi-
ate counterfactual regret.

For all I ∈ I, for all a ∈ χ(I):

RTi (I, a) =
1

T

T∑
t=1

πσ
t

−i(I)(ui(σ
t|I→a, I)− ui(σt, I))

is player i’s counterfactual regret of taking action a in information set I. As for
immediate regret RT,+i (I, a) = max(RTi (I, a), 0), then strategy for next iteration is
computed using Regret matching. Which selects actions in proportion to the amount
of positive counterfactual regret for not playing this action. Formally:

σT+1
i (I)(a) =


RT,+i (I,a)∑

a∈χ(I)R
T,+
i (I,a)

if
∑

a∈χ(I)R
T,+
i (I, a) > 0

1
|χ(I)| otherwise

Now it is possible to use Regret matching in self-play to compute approximate Nash
equilibrium. The proof is in the original paper [23].
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Chapter 3

Related work

3.1 Deepstack

Deepstack is a general purpose algorithm for a large scale class of imperfect information
games [15]. Deepstack combines abstraction to reduce the dimensionality of the state
and action spaces with continual resolving to minimize the amount of information
that need to be remembered and a look-ahead heuristic. In my work, I focus to use
counterfactual regret minimization with decomposition. Therefore I will deal with
CFR-D in details. Nevertheless, I will skip the abstractions and neural networks used
in Deepstack.

3.1.1 Introduction

When using CFR to solve very large games, I would need to store the whole strategy
of the game. This is not possible for most real-world games, for example, HUNL
(Heads-Up No-Limit Texas Hold’em poker). Deepstack avoids this by using continual
resolving, the process of forgetting the strategy used to reach the actual game state
and then reconstructing a part of the strategy needed for selecting the next action. In
HUNL this can be done from the information of constant size.

3.1.2 Decomposition

In [2] authors show first imperfect information game decomposition as described in this
subsection.

In games of perfect information, a strategy can be computed from the actual game
state alone. However, in imperfect information games, finding a subgame is not trivial,
because game history can provide valuable information, thus significantly changing the
strategy [2].

Definition of subgame in perfect information games is subtree rooted at any node.
This definition is impossible in imperfect information games as it could exclude part of
the same information set from the subgame. The definition of an augmented informa-
tion set is needed to define subgame in imperfect information games.

Let h ∈ H be a history, the player i = ρ(h). Let player j 6= i and let Hj(h) be the
sequence of player j information sets reached by j in path to h and the actions taken
by j. Then, for two states h, h′ ∈ H, Ij(h) = Ij(h

′) ⇐⇒ Hj(h) = Hj(h
′). Ij(h) is

called Augmented information set.

The imperfect information subgame is a forest of trees, closed under both the de-
scendant relation and membership within augmented information sets of any player.
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Figure 3.1: Left: game of rock-paper-scissors. Right: rock-paper-scissors split into
trunk and subgame.

To illustrate issue with subgame decomposition, consider game of rock-paper-scissors
in Figure 3.1. The game is split to trunk and subgame in this example. There is one
information set for player 2 I2 = {R,P, S} and three augmented information sets for
player 1 IR1 = {R}, IP1 = {P}, IS1 = {S} in the subgame.

Assume I start with a Nash equilibrium for the rock-paper-scissors game. In the
trunk the player 1 plays his actions uniformly, in the subgame player 1 cannot take
any action. To find the Nash equilibrium of the subgame, player two must pick a
strategy that is the best response to no action of player 1 given payoffs induced by the
trunk strategy. All his actions have expected utility 0. Thus any strategy is the best
response. However, if player 1 switches his strategy in the trunk, the value of the game
can substantially change.

To deal with this problem, authors in [2] present method of summarizing a subgame
strategy with opponent’s counterfactual values vopp(I) for all information sets I at the
root of the subgame. These values can be described as values the opponent would re-
ceive if he reached the subgame through the information set I, and changed its strategy
so that πopp(I) = 1. Moreover, by generating subgame strategy where the opponent’s
best response counterfactual values are no higher than the opponent’s best response
counterfactual values for the original strategy, the exploitability of the combined trunk
and subgame strategy is no higher than the original strategy. The exploitability of
strategy σi is how much player loses if he switches from a Nash equilibrium strategy to
σi.

To resolve strategy in the subgame, a special gadget game is constructed. A new
node is put into the game for the opponent, corresponding to each state in each of his
information set. In these nodes, he has a choice to follow the game, which continues as in
the original subgame or to terminate and receive previous best response counterfactual
value for this state as a reward. This gadget ensures the condition that an opponent’s
best response counterfactual values in the subgame will not be higher than when using
the original strategy [15].

3.1.3 CFR-D

CFR-D is an algorithm that arises from the subgame decomposition. It is inspired by
CFR-BR [8] which proceeds as follows. Game is split into trunk and subgames. At
each iteration, CFR-BR uses the standard counterfactual regret minimization update
for both players in the trunk and one player in the subgames. For the other player,
CFR-BR constructs and uses the best response to current CFR player strategy in each
subgame.

CFR-D works as follows. First, the game is split to trunk and subgames, then the
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trunk strategy for both players is initialized uniformly. The algorithm then performs
updates that solve one subgame by using current trunk strategy and then updates
counterfactual values at the root of the subgame for both players. Next, it uses these
values to update the trunk strategy for both players, using CFR update in the trunk.
This is performed iteratively one subgame at the time, and after solving the subgame,
the corresponding strategy is discarded, and the next subgame is used. The average
strategy is then an approximation of Nash equilibrium [2].

If I want to resolve subgame after convergence of the algorithm, I have to keep
average counterfactual values at the root of the subgame and reach probabilities for
both players. Then I use the gadget game described in the previous section.

3.1.4 Continual resolving

The basic idea of continual resolving is to go one step further in the direction of never
storing a strategy. It is done by reconstructing strategy every time Deepstack needs
to act, and as soon as it samples the action from the strategy, it forgets the strategy.
The public state is defined by the information available to both players. In the case of
poker, these are cards on the table face up and betting history. To be able to resolve at
any public state, I need two pieces of information, first π1(I1) for all player 1 augmented
information sets in the root of the subgame, second I need opponent’s counterfactual
values in all opponents augmented information sets in the root of the subgame.

In case of poker, the Deepstack initializes its range at the start of the game to
uniform and opponent counterfactual values are initialized to values of being dealt
each private hand. When it is time to act the Deepstack re-solves the subtree at
current public state using stored values and acts according to computed strategy, after
playing the action, the strategy is discarded. When playing, the range and opponent’s
counterfactual values change according to the following rules. At Deepstack’s action
opponent’s counterfactual values are replaced by the new ones computed in the subgame
and range is updated based on the played strategy. In the chance event, Deepstack
replaces opponent’s counterfactual values with those computed for this chance action
in the last resolve and in the range it zeros the hands that are impossible given new
information. Moreover, on the opponent’s action, no change is required.

These updates ensure that counterfactual values of the opponent meet required
conditions and the procedure produces a close approximation of Nash equilibrium [15].

3.2 Opponent modeling

Opponent modeling has been mostly used in Security games [18, 22, 16] because Security
games are often used against human adversaries in real world. Opponent model that
showed to perform very well is quantal response and it’s variation. In security games
one player is protecting targets and other player is attacking the targets. In this sense
there is some expected utility for attacking the target k based on defender’s strategy
x which is a coverage vector where at position i is probability that target i will be
protected. Now expected utility for attacking target k is Uai (xk). Then probability
of attacking target k, given defender strategy x according to quantal response with
parameter λ is:

qk(x) =
eλU

a
k (xk)

e
∑
j∈T λU

a
j (xj)
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where T is the set of all targets.

Interesting extension is the subjective utility quantal response (SUQR) [17]. This
extension uses subjective utility in the quantal response model which is defined as
Ûat = w1xt +w2R

a
t +w3P

a
t where attacker’s utility is split into penalty P at and reward

Rat . w1 to w3 are constants defining the model.

State of the art algorithm to solve optimal strategy against quantal response ad-
versary or even SUQR is called PASAQ, and it uses the binary search with piecewise
linearization of constraints. For details see [22].

3.3 Quantal response equilibrium

In my work, I do not directly use quantal response equilibrium, but solution concepts
that I use are close to it. There are two very recent studies [4, 11] that use different
techniques to solve quantal response equilibria. Quantal response equilibrium was firstly
defined in [13] as a noisy alternative to Nash equilibrium.

3.3.1 Quantal response equilibrium in normal form games

Quantal response in normal form game is mixed strategy σi in the form:

∀si ∈ Si, σi(si) =
eλui(σ,si)∑

s′i∈Si
eλui(σ,s

′
i)

Where λ is constant setting rationality of the quantal response. Intuitively meaning
that in the numerator I have expected utility for action j in exponent with constant
lambda and in the denominator I have a sum of expected utilities for all actions quantal
response player can play. If I put it into contrast with the best response, the best
response can be viewed as maximum, whereas the quantal response as softmax.

Then strategy profile (σ∗) is quantal response equilibrium of a normal form game if

∀i ∈ N, ∀si ∈ Si, σi(si) =
eλui(σ,si)∑

s′i∈Si
eλui(σ,s

′
i)

3.3.2 Quantal response equilibrium in extensive form games

Quantal response in extensive form games is defined in [14]. I need to define the
utility for player i in information set I and so far I have only defined counterfactual
value. Value ūi(σ, I) is value in information set I when all players play according to σ.
Formally:

ūi(σ, I) =

∑
h∈I,h′∈T π

σ(h)πσ(h, h′)ui(h
′)

πσ(I)

The quantal response is not directly defined but authors in [14] say choice proba-
bilities in quantal response equilibrium follows the distribution

σi(a) =
eλūi(σ|I→a,I)∑

b∈χ(I) e
λūi(σ|I→b,I)

where I is information set for player i, I ∈ Ii, a is action available in I, a ∈ χ(I) and
σi(a) is probability that player i plays action a in information set I following strategy

14



σ. This means that the strategy is also softmax but in this definition the softmax is
used in each information set of the player amongst the actions.

Strategy profile σ∗ is quantal response equilibrium if

∀i ∈ N, σ∗i (a) =
eλūi(σ

∗|I→a,I)∑
b∈χ(I) e

λūi(σ∗|I→b,I)

which means that each player plays a quantal response to strategies of the other
players.
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Chapter 4

Problem specification

4.1 Exploiting quantal response in normal form games

The first part aims to design an algorithm that would exploit a quantal response op-
ponent in zero-sum normal form games. In the normal form game, there are two main
concepts, Nash equilibrium, and Stackelberg equilibrium. In the zero-sum case with
perfectly rational players, these two concepts are interchangeable. I will define solution
concepts for quantal response adversary based on these two equilibria.

4.1.1 Quantal Nash equilibrium

Quantal Nash equilibrium is first (could be also referred as QNE), generally this is stable
point in the game where all players except player i are playing quantal response to each
other and player i’s strategies while player i has no incentive to deviate. This means
that all action player i plays with non-zero probability are best responses. Formally:

∀σi ∈ Σi ui(σ
∗
i , σ−i) ≥ ui(σi, σ−i)

∀j ∈ N\{i}, ∀sj ∈ Sj σj(sj) =
eλuj(σ,sj)∑

s′i∈Si
eλuj(σ,s

′
j)

We can also look at quantal Nash equilibrium from the side of quantal response
equilibrium. Then, it is quantal response equilibrium where for one player, I raise his
lambda so high that he eventually becomes rational. That would be player i here.

4.1.2 Quantal Stackelberg equilibrium

Quantal Stackelberg equilibrium is second (could be also referred as QSE), generally
this is point in the game where all players except player i are playing quantal response
to each other and player i’s strategies when player i announced his strategy before the
game and tries to find such a strategy to maximize his expected utility. Formally:

σ∗i = arg max
σi∈Σi

ui(σi, σ−i) s.t. ∀j ∈ N\{i},∀sj ∈ Sj σj(sj) =
eλuj(σ,sj)∑

s′i∈Si
eλuj(σ,s

′
j)

There may exist more local optima for the optimization problem, as I show in
evaluation. Because of this fact, I define local quantal Stackelberg equilibrium as a
local optimum of the shown optimization problem.
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4.1.3 Problem

In the next Chapter, I will analyze the differences and properties of both quantal Nash
equilibrium and quantal Stackelberg equilibrium. Then I will find and create algorithms
to solve the game for these equilibria.

4.2 Exploiting quantal response in extensive form games

Here, I focus on using the algorithm from the first part to extensive form games or find
a new one.

4.2.1 Quantal response in extensive form games

Apart from the definition showed before there is another possible definition of quantal
response in extensive form games. It takes the expected reward along all the sequences
to terminal nodes and performs softmax on all of them as if they were actions in normal
form game. Formally let si,t be a sequence ending in terminal node from set of terminal
sequences of player i Sti and ui(si,t, σ−i) is expected payoff for player i when playing
actions along sequence si,t when other players follow fixed strategy defined by σ. Then
probability of playing this sequence qi(si,t), for each sequence from a set of terminal
sequences Sti is:

qi(si,t) =
eλui(si,t,σ−i)∑

si,j∈Sti
eλui(si,j ,σ−i)

Since I use regret minimization to solve the problem, I will use the representation
from Chapter 3 with one change. In the original representation I use values in in-
formation sets. Therefore, in sets where my reach probability is 0 quantal response
generates uniform strategy because all of the values will be 0. I will change this by
using counterfactual values and I define counterfactual quantal response for player i:

∀I ∈ Ii,∀a ∈ χ(I) σi(a) =
eλui(σ|I→a,I)∑

a′∈χ(I) e
λui(σ|I→a′ ,I)

This version expects that the quantal response player knows how he will play in the
information sets closer to the terminal nodes when calculating strategy for information
sets further along the sequence to the root. This assumption is not a very realistic
assumption, but because I will handle with counterfactual regret minimization to solve
this problem, I will use this representation.

Figure 4.1 gives an example of how both versions of quantal response play. In lowest
information sets in the game tree, both versions play the same but in the root, where
counterfactual version has more information than sequence version the strategy differs,
sequence version having expected utility 2.54 while counterfactual version 2.56. From
now on, when I refer to quantal response in extensive from the game scenario, I mean
the counterfactual version.

4.2.2 Equilibria

Using quantal response I can define quantal versions of equilibria for extensive form
game. Intuitively, it is the same as for normal form games. In quantal Nash equilibrium
rational player i plays such strategy that has the highest payoff assuming all strategies
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Figure 4.1: Example showing quantal responses in extensive form games. Left: Example
game. Right: Same game as left but with strategies based on quantal response to
strategy X = 0.5, Y = 0.5 using λ = 1. First value for actions A and B is quantal
response along sequences, second value is quantal response in each information set.

for other players are fixed. And all other players play quantal response to all other
strategies. Formally:

∀σi ∈ Σi ui(σ
∗
i , σ−i) ≥ ui(σi, σ−i)

∀j ∈ N\{i},∀I ∈ Ij ,∀a ∈ χ(I) σj(a) =
eλuj(σ|I→a,I)∑

a′∈χ(I) e
λuj(σ|I→a′ ,I)

And quantal Stackelberg equilibrium:

σ∗i = arg max
σi∈Σi

ui(σi, σ−i) s.t.∀j ∈ N\{i},∀I ∈ Ij ,∀a ∈ χ(I) σj(a) =
eλuj(σ|I→a,I)∑

a′∈χ(I) e
λuj(σ|I→a′ ,I)

In both cases, the only difference is the definition of quantal response that changes.
I also define local quantal Stackelberg equilibrium as a local optimum of the shown
optimization problem.

4.2.3 Problem

As in normal form games, I will look at properties of given equilibria. I will ana-
lyze which performs better and how exploitable the player becomes by playing these
strategies. Moreover, I will test algorithms to solve the problems.

4.3 Decomposition

In the last part, I aim to decompose imperfect information extensive form game in
order to use continual resolving later. When I split the game to trunk and subgames,
I will analyze whether I can iteratively solve the trunk strategy and subgames as in
CFR-D and point out difficulties that arise from using quantal response.

The required algorithm needs to solve the trunk strategy using some values at the
root of the subgame, which can be computed one by one or at the end approximated
by heuristic function, for example, neural network as in Deepstack.
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Chapter 5

Problem solution

In this Chapter, I will describe the techniques used in the solution of defined problems.

5.1 Equilibria

I will show games to demonstrate properties of quantal Nash equilibria and quantal
Stackelberg equilibria. In my games row player is the quantal response and maximizes
payoffs in the matrix and column player is a rational agent and minimizes payoffs.

First, the essential thing is that I can no longer normalize the game without conse-
quences regarding the strategy. I can shift payoffs of the game, and it will not change
the strategy, but I can not scale the payoffs as it has the same effect as changing λ for
quantal response player. These facts are demonstrated on results reported in Chapter 6.

A second important remark is that quantal Nash equilibrium and quantal Stackel-
berg equilibrium are not interchangeable even in a zero-sum scenario. Therefore, I will
treat them as different points in the game. I will deal with algorithms aiming to solve
both. This is also demonstrated on results shown in Chapter 6

5.2 Normal form games

In this section, I show the solution approach for normal form games.

5.2.1 Quantal Nash equilibrium

To compute quantal Nash equilibrium I use regret minimization. In this case I use
regret for playing actions instead of counterfactual regret that is needed in extensive
form games. Regret Ri(a) for not playing action a ∈ Si for player i is defined as:

Ri(a) = ui(σa)− ui(σ)

where σa is strategy profile same as σ except that player i plays action a. Now I
adopt it to the iterative scenario and then

RTi (a) =
1

T

T∑
t=1

ui(σa)− ui(σ)

is cumulative regret at time T . Now RT,+i (a) = max(RTi (a), 0). In the algorithm, I
will use regret matching as in section 2.4.3 and the opponent updates his strategy as
quantal response to actual strategy of regret matching agent.
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A B

X 1 3

Y 2 1

Table 5.1: Game used in regularization example in Figure 5.1.

Figure 5.1: Regularization used to redefine finding min-max problem of finding Nash
equilibria to min-max problem of finding quantal Nash equilibria on game from Fig-
ure 5.1. Black lines are showing saddle-point. Quantal response player is on X axis and
rational player on Y axis. Value on the axis is probability that the player will play his
first action, in this case action A for rational player and action X for quantal response
player. Left: payoff graph without regularization showing value of function u. Right:
payoff graph with regularization showing value of function u’.

Another possible approach is to use algorithms that can compute quantal Response
equilibria [11, 4] and set rationality of one player to infinity. This will again lead to
quantal Nash equilibrium. Example is in Figure 5.1. Let x be a strategy profile for
player 1 and y strategy profile for player 2. Q is payoff matrix for the game. Value of
the function u(x, y) = xTQy is in the first graph and in the second graph there is added
regularization for player 2 so the resulting function is u′(x, y) = xTQy− 1

λ

∑
a∈y a log a.

In the Figure 5.1 saddle-point for function with no regularization is (2
3 ,

1
3) which is

Nash equilibrium and for function with regularization, saddle-point is (0.89, 1
3) which

for λ = 1 is indeed quantal Nash equilibrium.

5.2.2 Quantal Stackelberg equilibrium

The first approach to solve Security games against quantal response adversary used
gradient descent [21] and is called BRQR. Authors used gradient descend restarted
multiple times from different feasible starting points, so the solution was some local
minimum of the problem.

In case of normal form game, there are multiple local minima on the objective
function. Game with two local minima is in Table 5.2 and the corresponding objective
function is in Figure 5.2.

Following these results, I tried the same approach as BRQR with restarted gradient
descent. I compared this approach to gradient descent started from Nash equilibria.
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λ A B

X 3 2

Y 7 -8

Table 5.2: Very small game which has two local minima in QSE objective function
scenario.

My objective function is the quantal Stackelberg equilibrium formulation, but with a
quantal response, constraints moved to the objective. Since I take into account two-
player zero-sum game I will use Q as payoff matrix of the game, then strategy profile
x∗ for player 1 is:

x∗ = arg max
x

xQ
eλxQ∑
eλxQ

Where the part behind the Q matrix essentially produces opponent strategy by
the quantal response, and then it is the same matrix multiplication as in the zero-sum
min-max program. Also, there are constraints that x is a strategy, but I did not write
it explicitly.

Figure 5.2: Objective function for rational player in game from Figure 5.2. Black line
is horizontal line to show that there are really two local minima.

Starting from Nash equilibria can be very beneficial in practice. It does not give
guarantee to find the quantal Stackelberg equilibrium, but it will find some local quan-
tal Stackelberg equilibrium with better payoff than just playing the Nash equilibrium
strategy against quantal response. On the contrary, starting from random points can
reach different local quantal Stackelberg equilibria. Therefore, the probability of reach-
ing quantal Stackelberg equilibrium is higher. However, there can be multiple local
quantal Stackelberg equilibria with different values, as shown in Figure 5.2. Therefore,
performing one gradient descent from a random point can find local quantal Stackel-
berg equilibrium with a lower value than the value I receive from playing the Nash
equilibrium strategy against quantal response.
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5.3 Extensive form games

In this section, I will deal with an approach to the solution for extensive form games.

5.3.1 Quantal Nash equilibrium

To compute the quantal Nash equilibrium, I use CFR-QR, which is based on CFR-
BR [8] explained in Section 3.1.3. However, in CFR-QR, after each iteration of CFR
opponent updates his strategy as a counterfactual quantal response instead of the coun-
terfactual best response.

Another option, as in normal form games, would again be a modification of quantal
response equilibria finding programs. However, CFR and similar algorithms are very
well scalable.

5.3.2 Quantal Stackelberg equilibrium

In this case, I aimed to generalize the solution I used for extensive form games. The
problem is that constraint I put into the objective is not one equation as in the case
of extensive form games. It is a set of equations one for each information set of the
opponent. Also, the value of the game is not an easy objective to define, as well.

I modified the sequence form a linear program to solve extensive form games. Where
instead of one inequality for each action in each information set to ensure the best
response of the opponent, I created a quantal response for the whole information set.
The resulting program is

min
r1,v

v(root)

s.t. r1(∅) = 1

0 ≤ r1(s1) ≤ 1 ∀s1 ∈ S1∑
a∈χI1

r1(s1a) = r1(s1) ∀s1 ∈ S1, ∀I1 ∈ inf1(s1)∑
a∈χ(I)f(I,a)ef(I,a)∑

a∈χ(I)ef(I,a)
= v(I) ∀I ∈ I2, s2 = seq2(I)∑

I′∈I2:s2a=seq2(I′)

v(I ′) +
∑
s1∈S1

u(s1, s2a)r1(s1) = f(I, a) ∀I ∈ I2, s2 = seq2(I),∀a ∈ χ(I)

The optimal solution to this program is quantal Stackelberg equilibrium, but since
the program has nonlinear constraints, solvers used might end stuck in some local
minima.

I used scipy [9] for the minimization with method SLSQP [10]. This method is for
solving the constrained problem of the form.

min
x
f(x)

subject to: b(x) = 0

c(x) ≥ 0

lbi ≤ xi ≤ ubi i = 1, ..., N
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Where both f and c should be continuously differentiable. The solver uses an
iterative approach with local search, but the search direction d is not a simple gradient,
and for the problem, at iteration k it is computed by solving quadratic subproblem in
a form

min
d
f(xk) +∇f(xk)

Td+
1

2
dT∇2

xxL(xk, λk, σk)d

s.t. b(xk) +∇b(xk)Td = 0

c(xk) +∇c(xk)Td = 0

5.4 Decomposition

In this part, I used the subgame definition from [2]. I tried to create a working decom-
position for both approaches.

5.4.1 Quantal Nash equilibrium

To find the trunk strategy in quantal Nash equilibrium without having to store all
subgame strategies at once, I proposed an algorithm that is inspired by CFR-D. First
I split the game to the trunk and the subgames. I initialize strategy for both players
in the trunk to uniform and proceed to solve subgames. I solve one subgame at a time
using current trunk strategy and CFR-QR then I update counterfactual values at the
root of the subgame. After each subgame solved I perform an update of the trunk
strategy for one player, in next iteration, I perform an update for the second player.
In the trunk, one player uses CFR updates, and the other one updates its strategy as
a counterfactual quantal response to the previous strategy with actual values.

Unsafe resolving is then used to resolve the subgame after playing. Trunk strategy
reach probabilities for both players are taken, and the subgame is again solved using
CFR-QR or even by decomposition again if it is still too large to handle the whole
strategy at once.

Unfortunately, the algorithm does not always converge. I will show more results
concerning convergence in Chapter 6.

5.4.2 Quantal Stackelberg equilibrium

I tried to apply decomposition to the sequence form program that I had. The first
problem that I encountered was that the program has the flow of information from the
root to terminal nodes for one player through the sequence probabilities and then from
terminal nodes back to root through the constraints governing the quantal response.
So when split to the subgame and trunk there are no values in the algorithm that can
be directly put forward to the trunk from the subgame.

I tried to solve this by computing values at each node in the root of the subgame
and then treating this as new terminal nodes. However, a much bigger problem that I
encountered is that the algorithm is strictly minimizing using all the constraints it has.
When I take the trunk with only constraints for the trunk and variables for the trunk
the minimization problem is suddenly very different. Moreover, even when I know
which strategies should be in the subgames, I set all the strategies in the subgame to
the correct ones and generate the values the computed strategy in the trunk is incorrect.
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Figure 5.3: Simple game I used to test decomposition for quantal Stackelberg

That is because in the original problem changing the strategy changes the whole system
and therefore I have to balance it to arrive at the local minima. With few values fixed
the reaction to the strategy change is much smaller, and the resulting best strategy is
mostly pure and incorrect.

Figure 5.3 shows a very simple game with one subgame where only the opponent
acts. My player acts only in the trunk. Even in this game, any strategy in the subgame
results in the pure optimal strategy in the trunk. In this case, the problem is obvious,
when I fix the values from the subgame, the trunk strategy picks the better value,
and the resulting strategy is pure. If I solve subgame again, the strategies change
dramatically, and new values generate opposite trunk strategy. Thus, it goes like this
infinitely.

One solution for future work that has arisen during the elaboration of my thesis is
similar to CFR-D. Because I am using the solver that uses steps, it might help to solve
the subgames and then perform one step of the trunk solving algorithm and iteratively
continue like this.
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Chapter 6

Evaluation

In this chapter I will present results from my experiments.

6.1 Equilibria analysis

First, I analyzed both equilibria that I defined in simple normal form games. I used
normal form games with different parameters and showed the equilibria with different
opponent rationality λ. I did this to get useful information for further work.

6.1.1 Shifting and scaling of payoffs in the game

The first result that I show is a problem with game normalization when quantal response
opponent plays in the game as scaling utilities will change its strategy. Table 6.1 shows
one game with shifted and scaled utilities and Table 6.2 shows corresponding strategies.
Strategies were found by CFR-QR for quantal Nash equilibrium and gradient descent
from Nash equilibrium for quantal Stackelberg equilibrium. Here I know that it is
quantal Stackelberg equilibrium because there is only one local minimum in this game
as shown in Figure 6.2. Rationality used for this experiment is λ = 1.

A B

X 1 3

Y 2 1

A B

X 2 4

Y 3 2

A B

X 2 6

Y 4 2

Table 6.1: Shift and scale example. From left to right: Original game, the game with
shifted payoffs one up, the game with scaled payoffs by 2.

As shown in the example, shifting utilities does not change the strategy, and there-
fore, shifting is safe regarding quantal response. However, the same does not hold for
scaling. The example shows that the game with scaled payoffs differs. Furthermore,

Game Original Shifted Scaled

Action X Y A B X Y A B X Y A B

QNE 0.33 0.66 0.90 0.10 0.33 0.66 0.90 0.10 0.33 0.66 0.78 0.22

QSE 0.42 0.58 0.78 0.22 0.42 0.58 0.78 0.22 0.42 0.58 0.72 0.28

Table 6.2: Strategies of both players in games from Table 6.1 in both quantal Nash
equilibrium and quantal Stackelberg equilibrium.
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the resulting strategy is the same as in the original game, where I set opponent ratio-
nality to λ = 2. It means that scaling payoffs by a constant have the same effect as
multiplying λ by the same constant.

6.1.2 Example games

Games used in this part are handcrafted to fall into different categories as I needed to
analyze different behavior present in games with fully mixed Nash equilibria and also
games with dominated actions. These games are shown in Table 6.3 and properties of
the games are that Game 1 has dominated action and pure Nash equilibrium. Game 2
has fully mixed Nash equilibria. Game 3 is bigger, has no dominated action but Nash
equilibria is not fully mixed and Game 4 has fully mixed Nash equilibria.

A B

X 3 2

Y -2 1

A B

X 1 3

Y 2 1

A B C

X 4 1 2

Y 3 2 4

Z 2 3 2

A B C

X 1 3 5

Y 4 1 2

Z 2 5 1

Table 6.3: Example games. From left to right: Game 1 - dominated action, Game 2 -
fully mixed Nash equilibria, Game 3 - no action dominated but not fully mixed Nash
equilibria, Game 4 - fully mixed Nash equilibria.

6.1.3 Nash equilibria

Table 6.4 shows Nash equilibria strategies for future comparison with quantal Nash
equilibria and quantal Stackelberg equilibria.

A B C X Y Z value

Game 1 0 1 / 1 0 / 2

Game 2 2
3

1
3 / 1

3
2
3 / 5

3

Game 3 0.5 0.5 0 0 0.5 0.5 2.5

Game 3 0.5 0.5 0 0.125 0.25 0.625 2.5

Game 4 0.452 0.290 0.258 0.290 0.452 0.258 2.613

Table 6.4: Nash equilibria of the games.

6.1.4 Quantal Nash equilibrium and quantal Stackelberg equilibrium
examples

Since the strategy depends on the λ parameter in the quantal response, I show strategies
in quantal Nash equilibrium and quantal Stackelberg equilibrium for multiple lambda
parameters for comparison. Strategies are computed by CFR-QR for quantal Nash
equilibrium and by gradient descent from Nash equilibrium for quantal Stackelberg
equilibrium. In the tables, I do not use the same lambdas for both equilibria because
I want to show changing strategies and since for both concepts, strategies change at a
different rate and in different values of λ the values are different.
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Game 1 examples

Tables 6.5 and 6.6 show that for small λ strategy is exactly opposite from the Nash
equilibrium strategy, and it is the same for quantal Stackelberg equilibrium and quan-
tal Nash equilibrium. As λ increases, strategies shift towards the Nash strategy, but
for quantal Stackelberg equilibrium, it shifts faster than for quantal Nash equilibrium.
From λ value 2 it is again the same, and the strategy slowly converges to Nash equi-
librium for λ going to infinity. For the whole time, both solution concepts can exploit
a quantal response opponent.

Results also show that for different λ value there is the same strategy, for instance
in quantal Nash equilibrium for λ = 0.3 and λ = 1. This is not coincidence because for
the whole time the strategy is shifting from (1, 0) to (0, 1) the quantal response strategy
is (0.628, 0.372). Same works for quantal Stackelberg equilibrium but with different λ
values and strategies.

λ A B X Y value

0.1 1 0 0.622 0.378 1.112

0.3 0.666 0.334 0.750 0.250 1.75

1 0.025 0.975 0.750 0.250 1.75

2 0 1 0.881 0.119 1.881

5 0 1 0.993 0.007 1.993

Table 6.5: Game 1 QNE

λ A B X Y value

0.1 1 0 0.622 0.378 1.112

0.3 0.186 0.814 0.628 0.372 1.537

0.5 0.011 0.989 0.628 0.372 1.622

1 0 1 0.731 0.269 1.731

2 0 1 0.881 0.119 1.881

Table 6.6: Game 1 QSE

Game 2 examples

Results in Tables 6.7 and 6.8 show that quantal Stackelberg equilibrium and quantal
Nash equilibrium strategies are same for small λ and differentiates as λ increases. There
are some new observations in this case. First, quantal Stackelberg equilibrium stops
playing the (1, 0) strategy faster resulting in more exploiting of the quantal response.
Second, as soon as the strategy in quantal Nash equilibrium starts changing, value of
the game is already at the Nash equilibrium value of the game. Third, the strategy for
quantal response is not changing since strategy for my agent started to change. Fur-
thermore, in quantal Nash equilibrium it is Nash equilibrium strategy. So while trying
to exploit quantal response the best response agent actually forces him to play Nash
equilibrium strategy. This is caused by the fact that in order to play mixed strategy,
best response agent needs to have same expected utility for both actions. Therefore, it
needs the opponent to play Nash equilibrium strategy, because it is only strategy that
accomplishes the requirement in this case. Quantal Stackelberg equilibrium also forces
the quantal response adversary to play the same strategy, but in this case this strategy
is exploitable.

λ A B X Y value

0.1 1 0 0.475 0.525 1.525

0.5 1 0 0.378 0.622 1.622

1 0.898 0.102 0.333 0.667 1.667

10 0.690 0.310 0.333 0.667 1.667

Table 6.7: Game 2 QNE

λ A B X Y value

0.1 1 0 0.475 0.525 1.525

0.5 0.893 0.107 0.416 0.584 1.611

1 0.780 0.220 0.416 0.584 1.639

2 0.678 0.322 0.416 0.584 1.664

Table 6.8: Game 2 QSE
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Game 3 examples

I show results from bigger game with multiple Nash equilibria in Tables 6.9 and 6.10.
Remarks from previous game can also be applied here, and the strategy in quan-
tal Nash equilibrium that my agent forces upon the quantal response adversary is
(0.116, 0.268, 0.616). This strategy is also Nash equilibrium strategy because I list the
corner cases in the table of Nash equilibria and this is convex combination of these two
equilibrium strategies.

λ A B C X Y Z value

0.1 0 1 0 0.301 0.332 0.367 2.067

1 0.083 0.917 0 0.116 0.268 0.616 2.5

10 0.458 0.542 0 0.116 0.268 0.616 2.5

Table 6.9: Game 3 QNE

λ A B C X Y Z value

0.1 0 1 0 0.301 0.332 0.367 2.067

1 0.303 0.697 0 0.213 0.317 0.470 2.404

10 0.480 0.520 0 0.213 0.317 0.470 2.49

Table 6.10: Game 3 QSE

Game 4 examples

I have results from game with fully mixed Nash equilibria in Tables 6.11 and 6.12. All
the observations can be verified on this game and also some new interesting facts arise.
As can be seen the strategy for the opponent becomes fixed only after using all actions
that are also in Nash equilibrium strategy and for quantal Nash equilibrium the same
fact holds for value of the game.

λ A B C X Y Z value

0.05 1 0 0 0.311 0.362 0.327 2.412

0.2 0.830 0 0.170 0.284 0.422 0.293 2.560

1 0.541 0.196 0.263 0.290 0.452 0.258 2.613

10 0.461 0.281 0.259 0.290 0.452 0.258 2.613

Table 6.11: Game 4 QNE

6.1.5 Conclusion

It is evident from multiple examples that quantal Stackelberg equilibrium and quantal
Nash equilibrium are different. Quantal Stackelberg equilibrium agent can exploit
quantal response adversary more than quantal Nash equilibrium depending on the
parameter λ of the quantal response. When raising the parameter lambda, the game
can get to the point where the quantal response strategy no longer changes. In quantal
Nash equilibrium, it is the Nash equilibrium strategy for the adversary. This occurs in
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λ A B C X Y Z value

0.05 1 0 0 0.311 0.362 0.327 2.412

0.15 0.744 0 0.256 0.312 0.389 0.299 2.509

0.2 0.678 0.055 0.267 0.313 0.392 0.296 2.535

1 0.497 0.243 0.260 0.313 0.392 0.296 2.597

10 0.456 0.286 0.258 0.313 0.392 0.296 2.611

Table 6.12: Game 4 QSE

games where opponents strategy in Nash equilibrium can be fully mixed. This point
is reached when my agent starts playing all actions that are in his Nash equilibrium
strategy. For better understanding, I will show graphs of the actions and game value.

6.1.6 Game graphs

I show graphs of the example games for easier understanding of the concepts that I am
solving in these games. Since the quantal response is always well defined, and only one,
the expected utility in the game is directly dependent only on the actual strategy of
my agent. This means that it can be shown as a function, depending on the strategy.
For the graphs, I have chosen Game 2 because it is fully mixed and has only 2 actions
for my player, so it can be easily shown on the 2D graph.

Figure 6.1: Game 2 lambda 0.1

6.1.7 Graph explanation

On X axis is my agent’s strategy. 0 is strategy (0, 1) and 1 is strategy (1, 0). On Y axis
is expected utility and the blue line is the expected utility for the whole game given
strategy of my agent. Value of action X is the expected value of action X given the
current strategy. In other words, it is the value of the game for pure X strategy when
the opponent plays against the actual strategy. The same for value of the action Y.
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Figure 6.2: Game 2 lambda 2

Figure 6.3: Game 2 lambda 0.3402

These graphs clearly show quantal Nash equilibrium as a point where action or
both actions intersect value of the game. This is caused by the best response mechanic.
Quantal Nash equilibrium simply can not use two actions if they do not have the
same value. This fact leads to one action strategy or mixed strategy in the point of
intersection. Quantal Stackelberg equilibrium is much simpler, it is just minimum on
the game value function. So for λ = 0.1 quantal Stackelberg equilibrium and quantal
Nash equilibrium is the same because graph minimum is in 1 and there is also an
intersection of Y value and game value. For λ = 2, there is already intersection of all
three, and the minimum is clearly somewhere else so quantal Stackelberg equilibrium
and quantal Nash equilibrium differ. Moreover, with increasing λ both values move
closer to the Nash equilibrium strategy, which is, in this case, (0.66, 0.33) for our agent.

Finally, I isolated points where the strategy started to be mixed for both quantal
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Figure 6.4: Game 2 lambda 0.693

A B C

X 1 2 3

Y 2 2 2

Z 3 2 1

Table 6.13: Normal form game with two quantal Nash equilibria.

Stackelberg equilibrium and quantal Nash equilibrium and showed it in other graphs.
For λ = 0.3402 quantal Nash equilibrium is still pure, but it is the point where the
value of the game function is starting to curve upwards on the right, and therefore its
minimum is moving to left. For λ = 0.693 both action values meet at X value of 1. As
λ increases, the quantal Nash equilibrium moves towards the Nash equilibrium point.
However, for the same lambda value, quantal Stackelberg equilibrium is already much
closer to the Nash equilibrium strategy.

6.2 Normal form games

I will discuss the existence of multiple quantal Nash equilibria and Stackelberg equilibria
In this part. I will then proceed to the evaluation of both algorithms on normal form
games.

6.2.1 Multiple quantal Nash equilibria

There may be multiple Nash equilibria and quantal Nash equilibria in zero-sum games.
Example game where there are two quantal Nash equilibria is in Table 6.13. This game
is made in a way that playing (0.5, 0, 0.5) by the rational column player produces the
same quantal response as (0, 1, 0) and both are best responses to the quantal response
strategy (1

3 ,
1
3 ,

1
3).

In the example, the two quantal Nash equilibria have the same value. I hypothesize
that all quantal Nash equilibria in a game have to have the same value. Unfortunately, I
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was unable to prove the hypothesis. I tried to produce contradiction given two quantal
Nash equilibria with different values using properties of quantal Nash equilibria. I also
tried to produce counterexample that would fulfill all the requirements. However, I was
unable to find such a game.

6.2.2 Quantal Nash equilibria results

In this section, I will show results on very small game and show that CFR-QR indeed
finds quantal Nash equilibrium in this game. I perform and show this experiment to
provide an example of a game where CFR-QR finds quantal Nash equilibrium.

A B C

X 1 3 5

Y 4 1 2

Z 2 5 1

Actions A B C

str. 0.541 0.196 0.263

E. val. 2.613 2.613 2.613

Actions X Y Z

str. 0.290 0.452 0.258

E. val. 2.444 2.886 2.326

Exp v. 11.52 17.91 10.24

Table 6.14: Example of game solved by CFR-QR. Left: The game. Center: Strategy
and expected values for actions for the rational player. Right: Strategy, expected values
for action and their exponentials.

In Table 6.14 is an example game and also its strategy and expected values. This
strategy is created by CFR-QR algorithm. As can be seen, expected values for the
rational player are indeed all the same, so it is the best response. For the quantal
response player, I also reported exponentials of the expected value. It can be easily
computed that the strategy is quantal response with λ = 1.

This fact is true for all the games that I tested. I used CFR-QR to solve the game
in this experiment. Then I checked whether strategy played by the rational agent is
the best response, and if the strategy played by the opponent is a quantal response. I
will also report the exploitation and exploitability of the resulting strategy for random
games.

Convergence and speed

I proceeded tests with numbers of iteration, and I show different convergence curves of
the algorithm in Figures 6.5 and 6.6. On X axis are the iterations of the algorithm.
Figure 6.5 shows the expected value of the game based on strategies from the last iter-
ation. Also, it shows the best response value to the strategy in each iteration. Finally,
it shows expected value and best response value for quantal Stackelberg equilibrium
strategy.

Figure 6.6 shows expected values for multiple games. These curves show that values
stabilize around 40 iterations. I will use 100 iterations in speed tests for lower bound
on speed to be sure the algorithm will converge.

Speed is reported in Table 6.15 and it shows that the algorithm scales very well
with game size. I measured the speed for all generated games, and I report average.
The speed is measured from the start of the algorithm with initialization to the point
when the algorithm returns the strategy.

6.2.3 Quantal Stackelberg equilibria results

Because quantal Stackelberg equilibrium is very general minimization problem, checking
whether I have reached the quantal Stackelberg equilibrium is as complex as finding
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Figure 6.5: Convergence curves of CFR-QR on normal form game. Figure shows value
after each iteration, best response to actual strategy and quantal Stackelberg equilib-
rium values for comparison.

Figure 6.6: Values after each iteration of CFR-QR for multiple normal form games.

the equilibrium. Because of this fact I can only check the correctness on very small
game, which I will deal with in the next paragraph. I will report exploitation of the
opponent and also exploitability by rational player for bigger games. I will report these
values for both quantal Stackelberg and quantal Nash equilibria.

The example game is shown in Table 6.16. For this game, the strategy found by
my Gradient descent from Nash is (0.78, 0.22) for the rational player and (0.42, 0.58)
for quantal response player. Graph of the value based on rational player strategy for
λ = 1 is shown in Figure 6.7. The minimum is showed to be 0.78, which is exactly the
strategy that my algorithm found.
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Game size 2 3 5 8 13 21 34 55 89 144 2x8 2x16 8x2

Time [ms] 10 11 12 12 14 16 20 26 38 58 12 13 12

Table 6.15: Speed of CFR-QR algorithm on Normal Form games with 100 iterations.
One number in Game size means that the game is square.

λ A B

X 1 3

Y 2 1

Table 6.16: Game used for quantal Stackelberg evaluation.

Problem with this solution is scalability, Nash equilibrium can be found very fast
in zero-sum games using Linear programming, but function on which I am performing
gradient descent is not convex. Therefore, for higher dimensions, the algorithm is very
slow. Speed of the algorithm is reported in Table 6.17. Time is measured for the whole
procedure, so it is both finding Nash equilibrium and the gradient descent. The time
required is very small for small games as Gradient descent does not need to perform
many iterations as CFR-QR does. However, at 144x144, the time required is already
at almost three times as much as CFR-QR.

6.2.4 Testing on random games

I created games of different sizes, and for square games, I created 10000
game size games. I

created 2500 of each category for rectangle games. I generated payoff as an integer
from -10 to 9. I generated these games to test and compare both approaches. I also
compare both approaches to the Nash equilibrium strategy playing against quantal
response. This is lower bound, and my algorithms should not perform worse in terms
of exploitation of the opponent.

Square games

Square games values are reported in Figures 6.9 and 6.8. For all graphs similar to
these I will use the same notation. I will use RGD-QR for Gradient descent starting
from 100 random starting points and quantal response to this strategy. NGD-QR is
gradient descent starting from Nash equilibrium strategy and quantal response to the
found strategy. NE-QR is Nash equilibrium strategy to which the opponent plays
a quantal response. NGD-BR is strategy found by gradient descent from the Nash
equilibrium strategy, but the opponent plays the best response. NE-BR is a Nash
equilibrium. QNE-QR is quantal Nash equilibrium, and QNE-BR is quantal Nash
equilibrium strategy with the best response as an opponent.

Game size 2 3 5 8 13 21 34 55 89 144 2x8 2x16 8x2

Time [s] 0.002 0.003 0.004 0.006 0.01 0.02 0.05 0.2 0.49 2.8 0.002 0.003 0.003

Table 6.17: Speed of gradient descent from Nash equilibrium on Normal Form games.
One number in Game size means that the game is square.
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Figure 6.7: Value of the game from Table 6.16 showing strategy in quantal Stackelberg
equilibrium.

For a group of games, I use average values in all solution approaches and graphs. For
RGD-QR, I generate a random strategy for my agent, compute the quantal response,
and then optimize using scipy [9] minimize with SLSQP [10] method. For NGD-QR
I compute Nash equilibrium using linear program with Gurobi [7] solver. Then I use
computed strategy as a starting point and optimize using the same tools as in RGD-
QR. In NE-QR, I compute Nash equilibrium using a linear program with Gurobi and
then compute the quantal response to the strategy of my agent. NGD-BR is computed
by taking my agent strategy from NGD-QR and computing best response to it. NE-BR
is computed using linear program and Gurobi. QNE-QR is computed using CFR-QR,
and by taking the strategy of rational agent and computing best response against it, I
get QNE-BR.

Figure 6.8: Values of different solution concepts in square games with rationality λ = 1.
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Figure 6.9: Normalized values of different solution concepts in square games with ra-
tionality λ = 1.

To summarize, squares are best responses, circles are quantal responses and colors
indicate the same strategy for my agent. Difference between Nash equilibrium and Nash
equilibrium strategy against quantal response shows how much I gain simply by the fact
that the opponent has bounded rationality. Difference between Nash against quantal
response and quantal Nash equilibrium and quantal Stackelberg equilibrium shows how
much my agent can gain when expected rationality model is correct. Difference between
Nash equilibrium and best response against both quantal Nash and quantal Stackelberg
strategies show how much my agent can lose when the opponent is rational.

From the results it is evident that quantal Stackelberg equilibrium is overall better
solution concept than quantal Nash equilibrium as not only my agent can gain more
but also he loses less when the bounded rationality assumption is wrong.

I also show how the values change when I change the rationality of the quantal
response opponent. In Figure 6.10 I show values against opponents with rationality
λ = 0.1 and the trend is very similar to previous graphs except for that quantal Nash
equilibrium and quantal Stackelberg equilibrium are much closer. Overall values are
higher in terms of exploitation and exploitability.

In Figure 6.11 are values against opponent with rationality λ = 10 and here values
are stacked very closely around corresponding Nash equilibria. Quantal Nash equilib-
rium is in this case very close to Nash against quantal response and ratio of exploitation
against exploitability is very high. On the other hand, quantal Stackelberg is holding
similar ratio even against a more rational opponent. Still, the biggest value difference
is about 0.1 while in the λ = 0.1 scenario it is over 4.

The last graph in this section shows all values for 144x144 games sorted by Nash
equilibrium value in Figure 6.12. It shows very well that the values are smooth and
there are no wild extremes canceling each other in the average.

6.2.5 Rectangle games

I also tested 3 classes of rectangle games 2x8, 2x16 and 8x2. I only show normalized
values in Figure 6.13 because when shown together unnormalized the difference between
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Figure 6.10: Values of different solution concepts in square games with rationality
λ = 0.1.

Figure 6.11: Values of different solution concepts in square games with rationality
λ = 10.

the values in one game is very little compared to the difference between games. I used
2500 games in each class.

When my agent has fewer actions than the opponent, it is much harder for quantal
Nash equilibrium to exploit the opponent while quantal Stackelberg equilibrium can
still exploit relatively well. Also, when my agent has a low number of actions, it is less
exploitable when exploiting the opponent.

6.2.6 Conclusion

As showed above it is obvious that quantal Stackelberg equilibrium is better solution
concept than quantal Nash equilibrium. Even though I do not have an algorithm for
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Figure 6.12: Values of different solution concepts in all generated games with size
144x144 with rationality λ = 1.

Figure 6.13: Normalized average values for different solution concepts in rectangle
games.

exact solution and gradient descend may end in local quantal Stackelberg equilibrium,
the solution is still better than quantal Nash equilibrium. Figure 6.12 shows that this
also holds for all single games in 144 set and not only for the averages. However,
the algorithm used to find local minima has very bad scalability compared to CFR-
QR. CFR-QR can exploit quantal response opponents as well and can be efficiently
computed. On the other hand, the cost for playing against an opponent that does not
have bounded rationality can be great.

There is space for improvement in quantal Stackelberg equilibrium computation for
future work. Firstly a big advantage would be to elaborate with an algorithm to solve
the problem exactly. Secondly, at least create the approximation algorithm with better
scalability than the current one.
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Figure 6.14: Extensive form game for testing of quantal Nash and quantal Stackelberg
equilibria.

6.3 Extensive form games

In this part, I will evaluate the proposed sequence form program and CFR-QR on
extensive form games. I will begin on smaller ones to test it directly, and then again,
I will report values of different computed results compared to the Nash equilibrium
strategy against quantal response. I will use the game shown in Figure 6.14 for the
first tests for both solution concepts.

For time tests and exploitability tests, I use random games generated by framework
from Game Theoretic Library [1]. I label my games as mini, small, bigger and big.
All games generated by this framework are sequential, so one player acts, then the
other player acts and so on. Game is generated randomly with a setting of depth,
which governs the number of rounds being played, maximal branching factor and a
maximal number of observations. Mini games have depth 1, which means that each
player plays once maximal branching factor 3 and maximum observations also 3, so the
game can be of perfect information. Small games have depth 2, maximal branching
factor and observations also 3. Bigger games also have depth 2, but the branching
factor is increased to 4 while still keeping maximal 3 observations, meaning that these
games can not be perfect information anymore. Finally, big games have depth 3 and
branching factor and observation also 4 and 3 respectively.

The utility is generated in such a way that utilities are correlated by the path from
the root for all games. Generation of utilities proceeds as follows, at the root the value
is set to 0 and with each node created the value from the parent is propagated to the
node and can be changed by one up or down. This means that maximal and minimal
utility is twice the depth of the game and that utilities on nodes that have the same
parent can not differ by more than 2.

6.3.1 Quantal Nash equilibrium

In this section, I will show results on example game from Figure 6.14 to show that
CFR-QR finds quantal Nash equilibrium in this extensive form game. This example is
provided to explicitly show a game where CFR-QR finds quantal Nash equilibrium.

The strategies found by CFR-QR for the game are in Table 6.18. It is evident
that the rational player plays the best response, and it can be easily computed that
opponent strategy is quantal response with λ = 1.

This holds for all games from my testing set. I solved the game by CFR-QR and
checked if the computed strategy fulfills the requirements of a Nash equilibrium.
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Action X Y A B C D

str. 0.494 0.506 0.320 0.680 0.560 0.440

E. val. 1.899 1.899 0.5 1.253 0.993 0.753

Exp v. 1.649 3.501 2.702 2.123

Table 6.18: Strategy found by CFR-QR with expected values for actions and also
exponential values for quantal response adversary.

Convergence

I also tested convergence and speed for CFR-QR in extensive form games. I show
different convergence curves in Figures 6.15 and 6.16. On X axis are the iterations of
the algorithm. Figure 6.15 shows the expected value of the game based on strategies
from the last iteration. Also, it shows the best response value to the strategy in
each iteration. Finally, it shows expected value and best response value for quantal
Stackelberg equilibrium strategy. The first value in both cases is uniform strategy and
quantal response against it.

Figure 6.15: Convergence curves of CFR-QR on extensive form game. Figure shows
value after each iteration, best response to actual strategy and quantal Stackelberg
equilibrium values for comparison.

Figure 6.16 shows that values stabilize after 400 iterations. All curves are based
on a set of games that I call big because it had the worst convergence speed of all
my generated sets. I will use 1000 iterations in my speed tests to be sure that the
algorithm will converge. Speed is reported in Table 6.19 along with quantal Stackelberg
equilibrium solution speed.

6.3.2 Quantal Stackelberg equilibrium

Game value of game from Figure 6.14 based on actual strategy of the rational player
is shown in Figure 6.17. I reported a minimum in the graph, which is a point that
the quantal Stackelberg equilibrium finding algorithm should find. The strategy that
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Figure 6.16: Values after each iteration of CFR-QR for multiple extensive form games.

sequence form program finds is (0.487, 0.513). Thus, for this small game, the algorithm
works correctly. For games with multiple local minima, it will find one. Because the
starting point is from the Nash strategy, the value found will be less or equal to the
Nash equilibrium strategy against quantal response.

Figure 6.17: Game value of the game from Figure 6.14 based on rational player strategy.

Speed of the Algorithm is shown in Table 6.19. Scalability of sequence form program
is bad as CFR-QR with 1000 iteration is 50 times faster for big games.

6.3.3 Testing on random games

I will evaluate how much I can gain practically by computing quantal Nash equilibrium
and quantal Stackelberg equilibrium on random games. I will use the same notation
of solution concepts as in normal form games. To remind NE-QR is Nash equilibrium
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Size mini small bigger big

CFR-QR speed [s] 0.003 0.01 0.02 0.06

quantal Stackelberg equilibrium speed [s] 0.009 0.048 0.177 2.58

Table 6.19: Speed of CFR-QR with 1000 iterations and sequence form with quantal
response on random extensive form games.

strategy to which the opponent plays quantal response. NE-BR is a Nash equilibrium.
QNE-QR is quantal Nash equilibrium, and QNE-BR is quantal Nash equilibrium strat-
egy with the best response as an opponent. However, the program for computing local
quantal Stackelberg differs so NGD-QR is sequence program initialized from Nash strat-
egy and quantal response to the found strategy. NGD-BR is strategy found by sequence
program from the Nash equilibrium strategy, but the opponent plays the best response.

Nash equilibrium is computed in this case by linear sequence form program for zero-
sum games, which is solved by scipy [9] minimize with the linear optimization method.
My sequence form program with exponential constraints is solved by scipy minimize
with SLSQP [10] method.

Figure 6.18: Average values of different solution concepts in randomly generated ex-
tensive form games with λ = 1.

Average values for the mentioned solution concepts are shown in Figure 6.18 and
normalized in Figure 6.19. From these values, the exploitation and exploitability ratio
is much better than for normal form games. Both quantal Nash equilibrium and local
quantal Stackelberg equilibrium can exploit the opponent very well while still main-
taining low exploitability in comparison to exploitation. However, as in normal form
games, quantal Nash equilibrium is still worse in both parameters than solution created
by sequence form program.

I also show results with increased rationality to λ = 2 in Figure 6.20. In this case,
the local quantal Stackelberg equilibrium is still very similar in terms of a ratio of
exploitation and exploitability while quantal Nash equilibrium is much worse, in this
case, being so close in the mini set of games that because of numerical instability it is
even shown above the Nash against quantal response. Thus, quantal Nash equilibrium
ability to exploit is significantly reducing with increased opponent rationality.
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Figure 6.19: Normalized average values of different solution concepts in randomly gen-
erated extensive form games with λ = 1.

Figure 6.20: Average values of different solution concepts in randomly generated ex-
tensive form games with λ = 2.

Last overall values that I show are values with decreased rationality to λ = 0.5
showed in Figure 6.21. There the exploitation of the opponent is even bigger than the
exploitability caused by playing the strategy. Also, values of quantal Nash equilibria
and local quantal Stackelberg equilibria are very close, so if I knew with high probability
that the opponent plays quantal response with low rationality, both solution concepts
would be very good to use.

6.3.4 Conclusion

From the results, it is evident that quantal Stackelberg is better than quantal Nash
equilibrium. Overall exploiting and exploitability ratio is better for extensive form
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Figure 6.21: Average values of different solution concepts in randomly generated ex-
tensive form games with λ = 0.5.

games than it is for normal form games, probably because of higher complexity of
the game and more steps where the opponent can make mistakes by playing quantal
response.

The problem is that sequence program designed for finding local quantal Stackelberg
equilibrium has very poor scalability and therefore can not be used to solve very large
imperfect information games. On the other hand, CFR-QR scales very well, and even
though the value gained is lower, it could be potentially used against low rationality
opponents, as is shown in Figure 6.21.

6.4 Decomposition

Because I was not able to create reasonable decomposition algorithm for solving quantal
Stackelberg equilibrium, I can only show results for the new algorithm for quantal Nash
equilibrium decomposition. I call it CFR-QR-D and I tested this on small, bigger and
big games. Mini games were not used because I wanted such subgame split where both
players have actions in both trunk and the subgame.

6.4.1 Convergence

First, I will show the convergence curves to show a required number of trunk iterations.
I will use 1000 subgame iterations because subgame is solved using CFR-QR. I already
showed in Figure 6.16 that 1000 iterations are enough for games of the size that I am
using. Convergence curves are in the Figure 6.22. I did not show the convergence curve
of the game that does not converge, because it would not give information about the
number of iterations I need. Curves show the values of the game after each iteration
and are computed from the whole strategy. The first value is already after solving each
subgame because I initialize the strategy when solving the subgame for the first time.
Therefore, even the first values can be already close to the final solution.
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Figure 6.22: Values after each iteration of CFR-QR-D for multiple games.

Game size small bigger big

Time [s] 427.42 660.82 1640.21

Table 6.20: Speed of CFR-QR-D algorithm using 100 trunk iterations and 1000 sub-
game iterations.

6.4.2 Algorithm speed

The speed of the algorithm is generally hard to measure because I can set two param-
eters that both influence the speed. First is the number of iterations in the trunk,
and the second one is the number of subgame iterations. I used 1000 iterations in the
trunk and 1000 subgame iterations. Values are shown in Table 6.20. Compared to
CFR-QR speed follows the same trend as bigger is twice slower than small and big
is approximately 3 times slower than bigger. This means that scalability is still good
and it becomes even better when some heuristic function is used instead of solving the
subgames, for example, neural networks.

6.4.3 Solution quality

CFR-QR-D converges for the majority of the games I tested. When the algorithm
converges, then the solution after convergence is the same as CFR-QR. Unfortunately,
in some cases, the algorithm was not able to converge. This happened in 11% games
from small set, 16% games for bigger set and 14% games from big set. When analyzing,
the algorithm gets to a point where it switches between few strategies and is unable
to converge. I managed to increase the convergence rate to 99% when I stored average
counterfactual values in the roots of the subgame. Instead of using newly computed
counterfactual values after each subgame solved when computing trunk strategy, I use
average counterfactual values in order to compute the trunk strategy.

I also tried to do iterations of the trunk at once or for one player and after solving
another subgame for another player, which did not change the solution. I also tried
to perform trunk update only after all subgames are solved one by one and that did
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not help either. Thus, for future work, I will try to get into the theory behind the
algorithm, and I will try to make it finally converge in all cases.

6.4.4 Resolving

When I used unsafe resolving based only on the reaches to the subgame from the trunk
strategy for both players, the strategy generated in the subgame was the same as the
one generated by CFR-QR.

48



Chapter 7

Conclusion

I have worked on solving large imperfect information extensive form games with the
assumption of bounded rationality of adversary. First, I showed related work from the
domain of solving large imperfect recall games. Second, I showed related work from
security games domain where opponent modeling and quantal response is already used
to some degree of success.

In my work, I have defined two new solution concepts, quantal Nash equilibrium,
and quantal Stackelberg equilibrium. I analyzed the basic properties of these concepts,
and I showed that they are not interchangeable. I showed properties of strategies in
these solution concepts for both rational agent and the quantal response adversary.

For normal form games, I showed that CFR-QR could be used to get the quantal
Nash equilibrium strategy. For quantal Stackelberg equilibrium, I tested a new method
which uses gradient descent from Nash equilibria. In average this method performs
only slightly worse than restarted gradient descent but is much faster, and the resulting
expected value is guaranteed to be less or equal to the value I gain by simply playing
Nash equilibrium strategy against quantal response.

In extensive form games, I tested CFR-QR as an algorithm to compute quantal
Nash equilibrium and created a sequence form program based on a linear program to
solve Nash equilibria. Sequence form program starts from a Nash equilibrium strategy.
Therefore, the resulting value cannot be higher than the Nash strategy played against
quantal response adversary.

In tests, both methods aiming to compute quantal Stackelberg equilibrium perform
better than CFR-QR in terms of both how much they can exploit the opponent and
how much they can be exploited by a rational opponent. Unfortunately, both methods
scale poorly compared to CFR-QR, thus for very large games, CFR-QR is still the only
option.

Finally, I explored decomposition using mentioned algorithms for extensive form
games, and I showed problems that are present when using the sequence form program.
Therefore, I was unable to propose a working algorithm for quantal Stackelberg equi-
librium. As for CFR-QR, I was more successful, and I developed CFR-QR-D based on
CFR-D. CFR-QR-D converges, in most cases, and when it does the result is quantal
Nash equilibrium. For some games, the algorithm, unfortunately, did not converge even
though I tried many different versions. In the test, the algorithm converged for 99% of
the games.
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7.1 Future work

In normal form games, there is a place for improvement in the scalability of the gradient
descent algorithm. Another option is using some non-local search methods which could
find the global minima while having the upper bound from the Nash equilibria strategy
starting point.

In extensive form games, the algorithm finding the quantal Stackelberg equilibrium
is very slow, and it can be improved by using some linear approximation of constraints
as is used in PASAQ [22] for computing the equilibrium in security games. Another
possible approach is to explore the concept of online updates in each information set as
CFR does. If possible, use it with gradient descent to compute the quantal Stackelberg
equilibrium.

Concerning decomposition, there is an open problem with decomposition for quantal
Stackelberg equilibrium, it may be worth to explore averaging of the values in the game,
but it may lead back to the solution of CFR-QR.

For CFR-QR-D, I will try to improve the algorithm and test it on more games and
in the long run, possibly in some real-world scenario.
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Appendix A

User guide

Here I will explain how to use provided algorithms.

A.1 Requirements

My programs use python modules that are not present in common python distributions.
Modules used are numpy, scipy, and for the linear program in normal form games even
gurobipy.

A.2 Data

When using with own data, the program uses Gambit [12] representation for normal
form and extensive form games. It accepts gbt format for normal form games and for
extensive form games gbt and efg format.

A.3 Normal form games

Here I will explain how to use algorithms for normal form games. They are located in
the folder normal_form_games.

A.3.1 CFR-QR

CFR-QR can be run on normal form games from file main_cfrqr.py and has four
arguments that can be set. They are all optional, and the algorithm can run without
setting any argument because there are default values. The first argument is -f that
sets the path to the game file, default is example test normal form game. The second
argument is -i which specifies the number of iterations performed by the algorithm,
default is 100, and it must be an integer. Third is -r which sets the rationality for
quantal response player, default is 1, and it must be a float. The last argument is -v

with possible values 0,1,2 and 3. 0 shows only the game value after solving, 1 includes
resulting strategies for both players, 2 also shows expected value for actions in the end,
and 3 also shows average regret. Example:

python main_cfrqr.py -r=0.5 -i=50 -v=3

takes the example game and performs CFR-QR with 50 iterations against quantal
response with rationality λ = 0.5 and reports the value of the solution, strategy for
both players and expected values for the actions and also average regrets.
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A.3.2 Gradient descent

Gradient descent to find quantal Stackelberg equilibrium can be started from file
main_gradient.py and has four optional arguments. First -f specifies the path to
game file, default is the example normal form game. The second argument is -r and
sets the rationality of the quantal response opponent, this must be a float. The third
argument is -s and sets whether to use Nash equilibrium strategy as starting point of
the search or use randomly generated strategy, this is 0 for Nash strategy and 1 for
random strategy, default is 0. And the last argument -v determines whether to show
only resulting expected value of the game with argument value 0 or with value 1 also
strategies for both players. Example:

python main_gradient.py -r=1.5 s=1 -v=1

takes the example game and preforms gradient descent from randomly generated strat-
egy against quantal response with rationality λ = 1.5 and reports the value of the
solution and strategy for both players.

A.4 Extensive form games

This part is focused on algorithms used with extensive form games that are located in
separate folder extensive_form_games.

A.4.1 CFR-QR

CFR-QR on extensive form games can be run from main_cfrqr.py and has four ar-
guments to set. All arguments are optional with default values set for example run.
The first argument is -f which specifies the path to the game file, default is example
test game. The second argument is -i which sets the number of iterations performed
by the algorithm, default is 1000, and it must be an integer. Third is -r which sets
the rationality for quantal response player, default is 1, and it must be a float. The
last argument is -v with possible values 0,1,2 and 3. 0 shows only the game value after
solving, 1 includes resulting strategies for both players, 2 also shows counterfactual
values in the end, and 3 also shows counterfactual regret. Example:

python main_cfrqr.py -r=0.1 -i=100 -v=2

takes the example game and performs CFR-QR with 100 iterations against quantal
response with rationality λ = 0.1 and reports the value of the solution, strategy for
both players and counterfactual values.

A.4.2 Sequence program

Sequence program for computing quantal Stackelberg equilibrium can be run from
main_sequence.py and has two arguments. Arguments are optional with default values
so that the code can be simply run with no arguments. The first argument is -f which
specifies the path to the game file, default is example test game and the second argument
is -r and sets the rationality of the quantal response opponent, this must be a float.
Example:

python main_sequence.py -r=2

runs the Sequence program on example game with rationality λ = 2.
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A.4.3 CFR-QR-D

CFR-QR-D on extensive form game can be run from main_cfrqrd.py and has six
arguments. All arguments are optional with default values set for easy running. The
first argument is -f which specifies the path to the game file, default is example test
game. The second argument is -it which sets the number of iterations int the trunk,
default is 200, and it must be an integer. Third is -is which sets the number of
subgame iterations, and the default number is 1000, it must be an integer. Fourth is
-r which sets the rationality for quantal response player, default is 1, and it must be
a float. The last argument is -v with possible values 0,1,2 and 3. 0 shows only the
game value after solving, 1 includes resulting strategies for both players, 2 also shows
counterfactual values in the end, and 3 also shows counterfactual regret. Example:

python main_cfrqrd.py -r=0.1 -it=10 -is=100 -v=1

takes the example game and performs CFR-QR-D with 10 iterations in the trunk and
100 iterations in subgames against quantal response with rationality λ = 0.1. Then it
shows the value of the solution and strategy for both players.
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Appendix B

CD structure

/

README.txt ... description of folders and files and

instructions how to run the program

data ......... data used by the program

...

src

normal form games ...... source files for algorithms on normal form

games

...

extensive form games ... source files for algorithms on extensive

form games

...

text

thesis.pdf ............ text of the thesis in pdf
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