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1 Introduction

Overview. There is now a growing body of research on formal algorithmic mod-
els of social procedures and interactions between rational agents. These models
attempt to identify logical elements in our day-to-day social activities. When in-
teractions are modeled as games, reasoning involves analysis of agents’ long-term
powers for influencing outcomes. Agents devise their respective strategies on how
to interact so as to ensure maximal gain. In recent years, researchers have tried
to devise logics and models in which strategies are “first class citizens”, rather
than unspecified means to ensure outcomes. Yet, these cover only basic models,
leaving open a range of interesting issues, e.g. communication and coordination
between players, especially in games of imperfect information. Game models are
also relevant in the context of system design and verification. In this article
we will discuss research on logic and automata-theoretic models of games and
strategic reasoning in multi-agent systems. We will get acquainted with the basic
tools and techniques for this emerging area, and provide pointers to the exciting
questions it offers.

Content. This article consists of 5 sections apart from the introduction. An
outline of the contents of the other sections is given below.

1. Section 2 (Exploring structure in strategies): A short introduction to
games in extensive form, and strategies. Discussion of some specific strate-
gies. Introduction to games of unbounded duration, and the motivation for
such games in the study of multi-agent systems.

2. Section 3 (Automata theory for strategies in games): Backward in-
duction in games on finite graphs with reachability objectives. Going from
memoryless strategies to bounded memory strategies for regular objectives.
Strategies as finite state automata, and automata models for temporal logics.

3. Section 4 (Game logic and its descendants): Rohit Parikh’s game logic
- a discussion on decidability, non-normality, the role of iteration and dual



operators, an embedding into the mu-calculus; multi-player situations, par-
allel games, coalitions.

4. Section 5 (Making strategies explicit): A short overview of various log-
ical frameworks that talk about strategies explicitly in the language, and
then moving on to detailed logical studies of structured strategizing in ex-
tensive form games.

5. Section 6 (Dynamics of large games): Discussion of various issues re-
garding the study of strategy structure under perfect and imperfect informa-
tion in large games, e.g. strategy switching, stabilizing strategies, and others.
A preliminary look into dynamic games forms.

Lecture slides on these materials can be found at the followng location:
http://www.ai.rug.nl/~sujata/documents.html.
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2 Exploring structure in strategies

2.1 Unknown player types

Suppose that you are in a crowded room, with perhaps more than 50 persons
in it, and everyone in the room participates in a game. You are to pick a real
number in the range 0 to 100. The one who comes closest to two-thirds of the
average gets a prize. What number would you pick? If the game were played
repeatedly, would you play the same way each time? If Ms X were to win the
prize using number z, would that influence you the next time you played?

Game theory advises, rather insists, that you pick 0. The reasoning is as
follows: two-thirds of the average can never exceed 67, so all numbers above 67
are eliminated. Since nobody is going to write numbers above 67, two thirds
of the resulting average will never exceed 44. Hence all numbers above 44 are
eliminated. And so on.

However, if we actually play the game,® we find that the prize goes not to 0
but some number around 20.* Why does this happen? One reasonable conjecture
is that people reason one level down but not further. But reasons aside, empirical
evidence of this kind is often cited to attack a standard assumption in game
theory: common knowledge of rationality.

Our motive in considering this game is different. It is to point out that
something well known in game theory: strategizing during play is different from
reasoning about existence of (optimal) strategies. Played strategies have con-
siderable structure, they tend to be heuristic, partial, based on consideration of
other player types, evolve in time and are often composed using other partial
strategies that work in other game contexts.

In this game, the number you pick is determined by your own reasoning
ability, your conception of alternate player types, your expectation of how other
player types are distributed and how you revise such expectation when the result
is announced. Note that even if the game is repeated, unless the announced
result is close to 0, you get little actual information about how player types are
distributed.

Apart from heuristic play, a structure theory of strategies can offer mathe-
matical insight as well, and this is illustrated by the next example.

2.2 The Game of Nim

In this game we begin with m heaps, each heap having some number of counters.
Two players take turns alternately, a move consisting of picking heap ¢, and
removing a non-zero number of counters in it. A player whose turn it is to move
but has no move available, loses; this happens when all heaps are empty.

3 The second author has done this many times, among university students, researchers,
school children. The results are similar.
4 In ESSLLI 2011 in Ljubljana, the prize — chocolate — went to 18.54.



Proposed and completely solved by Bouton in 1902 [6], the game nevertheless
has attracted considerable interest. It is an example of a bipartisan® two-player
zero-sum game of perfect information, but more than that, every such game can
be reduced to Nim [3]. Rather than kill the reader’s joy by providing a solution,
we merely point out some interesting mathematical structure in the space of
Nim strategies, as discussed by [3].

Suppose you are faced with the situation (1,1). This is a losing position for
you, since no matter which heap you reduce (to empty), the opponent can move
and then you have no move. Now, (2,2) is also losing since no matter what move
you make on one heap, the opponent can copy that move on the other heap and
thus bring you to (1,1) or the empty configuration. Thus, in general, we can
argue that the Nim position (m,n) is winning to a player iff m # n.

But this means that (k,m,n) is winning when k& = m, since you can remove
the heap with n counters entirely and present a losing position to the opponent.
Similarly (m,m,n,n) is losing: we can consider it as consisting of two subgames,
one with configuration (m,m) and the other with (n,n), or two subgames, each
with (m,n) as configuration. Note that whatever move player I chooses in one
subgame, player II has a copycat strategy to make the same move in the other
subgame and hence cannot lose.

What kind of subgame composition are we speaking of here? Suppose we
represent the game (m,m,n,n) as (m,m) + (n,n). Then the move of player I
would be to choose one of the two subgames, and then make a move as above.
Suppose she moves in (m,m) leading to the position (m, k). Since player IT can
now move again in either of the two subgames we have the game (m, k) + (n, n).

In general, if a move in game g can lead to configurations g¢i,..., g, and
game h can lead to hq,...,h, we can define the sum game g + h as that game
which can lead to configurations g1 + h,...,gm +h,g+ h1,...,9+ hy,. That is,
the player (whose turn it is to play) either moves in g or in h. From now on we
speak of a game as winning or losing game to mean that it is winning or losing
for the player whose turn it is to move.

Let 0 denote the game with the null heap. Clearly this is a losing game. As
expected, g + 0 = g for any game g. It is easy to see that + is commutative
and associative. Is there more algebraic structure? Can one equate games g and
h based on availability of strategies? Yes, but this requires a notion of game
equivalence.

Definition 2.1. Two games g, g’ are said to be equivalent, written g = ¢’ if
and only if for any other game h, the sum g+ h is winning if and only if ¢’ + h
18 Winning.

It is easy to verify that = is indeed an equivalence relation. We can follow
the definition carefully and show that:

Proposition 2.1. If g is a losing game, then g = 0.

® A game in which both players have identical sets of moves.



Therefore a losing game can be added to any game without changing its
win/lose status. This is a simple observation that can be immensely useful. For
example, (1,2,3) is losing, since any move leads to the form (m,n) or (m,m,n)
with m # n which, we have seen, is winning. Also (4,5) is winning, and by the
proposition above, (1,2, 3,4,5) is winning, which is hard to prove directly. Thus
exploiting structure in strategies simplifies analysis greatly.

How much structure can we actually find? The next proposition offers a clue.

Proposition 2.2. (The copycat principle): For any Nim game g, we have:
g+g=0.

This is easily seen: suppose player I has a move leading to ¢’ +g. Then player
IT can mimic with the same move in the other game leading to ¢’ + ¢’, which is
losing by subgame induction, and hence g + g is losing as well.

Thus every game acts as its own additive inverse, and yes, Nim games form
a group under the sum operation, with every element acting as its own inverse.

2.3 Exploring structure

We have merely touched on algebraic structure in combinatorial games; the so-
called Sprague - Grundy theory has much more to offer [3].

But extensive form games in general exhibit such structure as well. We saw
that the analysis above proceeded by considering subgames and how player
moves result in one subgame or another. Given a Nim configuration, we can
draw the tree of possible configurations obtained by alternating moves. What
we exploited above was the symmetric structure present in subgames, Nim being
an impartial game. In some sense, history of moves is irrelevant in playing Nim.

In general, when games have temporal structure, the history of such moves,
and how much of history is/can be recorded by players can be important, and
this dictates structure in strategies as well. In particular, we can study memory
structure: how much memory is needed for a particular strategy. This suggests
a realisation of strategies by way of finite state automata (or more precisely,
transducers).

Another kind of structure we can consider is compositional. In this view,
players have a library of simple heuristics that work in some situations but not
always. Then they compose these online during play, based on and in response
to other players’ moves. This is akin to how programs are composed in program-
ming languages. Here we are led to iterative structure and the kind of reasoning
employed in dynamic logics.

While these considerations apply to games with large temporal structure,
there are also games with large spatial structure. These are games with a large
number of players, and like in the game for guessing two-thirds of the average,
players have only expectations on player type distributions and act on that basis.
Strategy structure involves heuristics, neighbourhood switching, and so on.

These are generic, independent of specific games. When we consider games
arising from specific classes of applications, these application domains offer fur-
ther structure as well. We will discuss some of these domains; but our main



attempt is not to state (the obvious) that game theory is widely applicable,
but that strategies are worth studying as first class citizens in a wide variety of
contexts, rather than asserting their mere existence in those contexts.

2.4 Some application domains

To motivate our studies from a broader perspective, we now provide a brief look
at some of the application domains. Studying structured strategies might throw
some light into understanding the actions, interactions that an individual or a
group considers to obtain a certain outcome or to attain stabilization in a system.

Negotiations From mundane talks between partners about who will fetch the
children from school and who will cook dinner, through sale of an apartment
while the seller is trying to hide from the buyer that she has already bought a
new house, to the full-fledged multi-party multi-issue negotiations in Kyoto and
Copenhagen about climate control — negotiation is everywhere. It is a complex
skill that is not easily learnt, and hence could be broken off quite easily, even
when they have potential for a win-win solution. Moreover, in many negotiations
that do result in an agreement, it may happen that one or more participants
could have done better for themselves [37,9,38].

Consider the negotiations in the second phase of the Strategic Arms Lim-
itation Treaty (SALT) during the 1970’s (http://en.wikipedia.org/wiki/
Strategic_Arms_Limitation_Talks) between the Soviets and the Americans
in the cold war era, or, the Camp David negotiations between Israel and Egypt
in 1978 with US President Carter acting as a mediator (http://en.wikipedia.
org/wiki/Camp_David_Accords). These situations provide interesting examples
of strategic communication and decision making under imperfect information
where composite strategies come into play. We will come back to the discussion
on strategic communication in games of imperfect information in Section 6.

Cognitive studies In cognitive science, the term ‘strategy’ is used much more
broadly than in game theory. A well-known example is formed by George Polya’s
problem solving strategies (understanding the problem, developing a plan for a
solution, carrying out the plan, and looking back to see what can be learned)
[36]. Nowadays, cognitive scientists construct fine-grained theories about human
reasoning strategies [23,21], based on which they construct computational cogni-
tive models. These models can be validated by comparing the model’s predicted
outcomes to results from experiments with human subjects [1].

Various cognitive scientists conduct behavioral experiments to investigate
how well humans are able to apply first and second order reasoning. First order
reasoning involves reasoning about first order epistemic attributions, e.g. “You
believe that I am holding a red card”, whereas second order reasoning involves
second order attributions, e.g. “I believe that you believe that I am holding a
red card”. Researchers present participants with strategic games to investigate
higher-order social reasoning [19,25], based on the strategic reasoning applied in
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such games. Based on these strategic game experiments, computational cogni-
tive models are built to describe human strategic reasoning. It has been proposed
how formal models of strategic reasoning could aid in building up such cognitive
models based on experimental findings [13,12].

Besides, there are various other interactive situations where such complex
strategic reasoning comes into play when the temporal or the spatial structure
of the game is large enough. Whether we think of obtaining effective bargaining
protocols, bidding in different types of auctions, stabilizing entering firms in
existing markets, obtaining cartel agreement among competing firms, effective
and efficient strategies are needed everywhere.

The concept of strategies also plays a role in language use and interpreta-
tion. For example, pragmatics can be explained in terms of a sender and receiver
strategizing to understand and be understood, on the basis of concise and ef-
ficient messages. Also, evolutionary game theory has been used to explain the
evolution of language; for example, it has been shown that in signaling games,
evolutionarily stable states occur when the sender’s strategy is a one-one map
from events to signals, and the receiver’s strategy is the inverse map [42].

With this brief introduction to the various application areas, we will now
move on to more technical discussions on ‘structured strategic reasoning’.



3 Automata theory for strategies in games

Consider a game where two players take turns as follows. Player I picks a natural
number, II responds with a larger number, then I picks a further larger number,
and so on. If the resulting infinite play is in a given set A C N, then player I
wins, otherwise IT wins (and I loses). Such two-player zero-sum infinite games of
perfect information have a long and rich history.

We say that such a game A is determined if either of the two players has a
winning strategy. In the 1930’s, Ulam asked for a characterization of determined
games. It did not take long for people to realize that non-determined games
exist. In 1953, the Gale-Stewart theorem [11] established determinacy of open
games (open in the Baire topology). This led to a series of theorems culminating
in Martin’s theorem asserting determinacy of Borel games [24].

In the sequel, we are not interested in infinite games in all their generality,
but we do wish to consider games of infinite duration. One reason for this is
our consideration of games with large temporal structure, even finite ones, as
explained below.

A classic example of such a game is the game of chess. Zermelo showed
in [44] that chess is determined, i.e. from every game position, either there ex-
ists a (pure) strategy for one of the two players (white or black) guaranteeing
that she will win or each one of the two players has a strategy guaranteeing
at least a draw. However, given any game position, we do not know which of
the three alternatives is the correct one. For games like Hex, it is known that
the first player can force a win [10] but nonetheless a winning strategy is not
known. Again, in such situations, rather than be content with reasoning about
games using the functional notion of strategies, one needs to reason about strate-
gies themselves. For instance, most of the chess playing programs use heuristics
which are basically partially specified strategies. A library of such specifications
is developed and during the course of play, the actual strategy is built up by
composing various partial strategies. Reasoning here consists of strategy selec-
tion and composition, based on local outcomes that they yield.

Crucially, a resource bounded player who reasons locally in a large game like
chess does not reason with an unknown finite tree of fixed size, but with one
of unbounded size, a potentially infinite tree. We consider such reasoning to be
inescapable, in the following sense: when a player reasons in a large finite game,
she can only look for repetitive patterns and strategize accordingly, as done in
regular infinite games.

Another point raised above is that strategies tend to be partial. A strategy
is a function from the set of partial plays to moves: it advises a player at a game
position on the choice she can make. In a large game, this amounts to a com-
plete specification of behaviour in all possible game situations. But then in such
a game, one player’s knowledge of the strategies employed by the other is nec-
essarily partial. Rational play requires much finer analysis since strategies have
structure that depends on the player’s observations of game positions, history of
play and the opponent’s apparent strategies. We suggest that study of structure



in strategies is relevant even in finite, determined, but large, zero-sum games,
such as Chess.

Below, we suggest that standard automata theoretic techniques can be em-
ployed to usefully specify and analyze partial strategies in non-zero games on
graphs. We propose a syntactic framework for strategies in which best response
can be algorithmically determined, and a simple modal logic in which we can
reason about such strategies. This proposal is intended more as an illustration of
such analysis; ideally, we need a “programming language” for strategies, whose
structure should be determined empirically by how well they describe interest-
ing heuristics. Such heuristics have been employed in many classes of games that
arise in applications mentioned above.

We consider only finitely-presented infinite games. For this, it is convenient
to conceive of the game as played on a finite graph, and the game tree obtained
by its unfolding.

3.1 Games on graphs and strategies

We begin with a description of the game arena. We use the graphical model for
extensive form turn-based games, where at most one player gets to move at each
game position.

Game Arena

Let N = {1,2} be the set of players and X' = {aq,as,..., an} be a finite set of
action symbols, which represent moves of players.

A game arena is a finite graph G = (W', W2, — sy) where W is the set of
game positions of player i for i € N. Let W = W' UW?. The transition function
—: (W x X)) — W is a partial function also called the move function and sy is
the initial node of the game. Let 1 = 2 when i = 1 and 7 = 1 when ¢ = 2.

Let the set of successors of s € W be defined as s = {s' € W | s = s’ for

some a € X'}. We assume that for all game positions s, s # (). Note that the set
of game positions in the arena is finite, but looping would lead to visiting the
same positions infinitely often, and strategizing may involve carrying information
about returning to a position some number of times.

In an arena, the play of a game can be viewed as placing a token on sqg. If
player i owns the game position s (i.e s € W?), then she picks an action ‘a’
which is enabled for her at so and moves the token to s’ where sy — s’. The
game then continues from s’. Formally, a play in G is an infinite edge labelled
path p : spapsiay - -- where Vj : s; &, sj+1. Let Plays denote the set of all plays
in the arena.

Games and Winning Conditions Let G be an arena as defined above. The
arena merely defines the rules about how the game progresses and terminates.
More interesting are the winning conditions of the players, which specify the game
outcomes. Since we consider non-zero sum games, players’ objectives need not be



strictly conflicting, and each player has a preference relation inducing an ordering
over the set of valid plays. The game is specified by presenting the game arena
along with the preference relation for each player. Let <* C (Plays x Plays) be
a complete, reflexive, transitive binary relation denoting the preference relation
of player i for i € N. Then the game G is given as, G = (G, {=}ien)-

In general, the preference relation need not have a finite presentation, and we
restrict our attention to finite state preferences. (This is because in the applica-
tions we have in mind, as in network games, desired or preferred plays are easily
expressed as formulas of temporal logics.) Thus, the preferences of players are
presented as finite state evaluation automata, with Muller acceptance conditions.

Let M = (R, A, 1) be a deterministic automaton with finite set of states R,
initial state rg € R and transition function A : R x W x X — R. The evaluation
automaton is given by: £ = (M, {<'};en) where <t C (F x F) is a total order
over F =28\ fori e N.

A run of £ on a play p : sgag--- € Plays is a sequence of states ¢ : rory---
such that Vi : 0 < i < n, we have r;y1 = A(r;, $;,a;). Let inf(p) denote the
set of states occurring infinitely often in ¢. The evaluation automaton £ induces
a preference ordering on Plays in the following manner. Let p : sgagsy - -+ and
p' 1 spahsh -+ be two plays. Let the run of £ on p and p’ be ¢ : ror1 -+ 7, and
¢’ rory -+ -7}, respectively. For i € N, we have p <% p/ iff inf (o) < inf(¢’). A
game is presented as G = (G, £).

We will also be interested in binary evaluation automata which specify least
outcomes for player i. Such an automaton is given by €%, where F € 2%: for
every F' € 28 if F <' F', it is taken to be “winning” for player i, and every
F" # F such that F” <' F is taken to be “losing”. Such an automaton checks
if ¢ can ensure an outcome which is at least as preferred as F'. Note that the
terminology of win/loss is only to indicate a binary preference for player ¢, and
applies even in the context of non-zero sum games.

Thus we have game arenas, with players’ preference on plays. We now discuss
strategies of players.

Strategies Let Gr denote the tree unfolding of the arena G. (This is the tree
whose root is labelled sg, the initial game position, and a node labelled s has a
child labelled s’ iff there is a move at s that leads to position s’ in G.) We use
s,s' to denote the nodes in Gy. A strategy for player 1, = (W, W2, —, s0)
is a maximal connected subtree of Gy where for each player 1 node, there is a
unique outgoing edge and for the other player every move is included. (We will
use W, = W, UW2.)
That is, for s € W, the edge relation satisfies the following property:

—ifse Wl} then there exists a unique a € X' such that s im s’
—ifse Wﬁ, then for each s’ such that s —“+7 s', we have s —,, s'.

Let £2' denote the set of all strategies of Player ¢ in G, for i = 1,2. We will use x
to denote a strategy of player 1 and 7 a strategy of player 2. A strategy profile
(1, 7) defines a unique path pj, in the arena gG.

10



In games with overlapping objectives, the common solution concept employed
is that of an equilibrium strategy profile [27]: a profile of strategies, one for each
player, is said to be in equilibrium if no player gains by unilaterally deviating
from his strategy. The notion of equilibrium can be formally defined as follows.
Let u denote a strategy of player 1 and 7 denote a strategy of player 2.

— 1 is the best response for 7 iff Vu' € 021, p;// <! Pp-

— 7 is the best response for p iff V7' € £2y, p, <* .

— (u, 7) is a Nash equilibrium iff p is the best response for 7 and 7 is the best
response for u.

The natural questions that are of interest include:

— Given a strategy 7 of player 2, what is the best response for player 17
— Given a strategy profile (u, 7), is it a Nash equilibrium?
— Does the game possess a Nash equilibrium?

Clearly, if we can answer the first question, we can answer the second as
well. In any case, to study these questions algorithmically, we need to be able
to present the preferences of players and their strategies in a finite fashion. We
have evaluation automata presenting preferences; we now proceed to a syntax
for strategies.

3.2 Strategy specification

We conceive of strategies as being built up from atomic ones using some gram-
mar. The atomic case specifies, for a player, what conditions she tests for before
making a move. We can associate with the game arena a set of observables for
each player. One elegant method then, is to state the conditions to be checked as
a past time formula of a simple tense logic over the observables. The structured
strategy specifications are then built from atomic ones using connectives. We
crucially use an implication of the form: “if the opponent is apparently playing
a strategy m then play o”.

Below, for any countable set X, let Past(X) be a set of formulas given by
the following syntax:

b€ Past(X) =2 € X | = | ¥y V 2 | 0.
Syntax Let P' = {p},pi,...} be a countable set of observables for i € {1,2}
and let P = P! U P2. The syntax of strategy specifications is then given by:
o € Strat'(P?) := [ —a]' | o1 + 02 | 01 - 00 | T = 0y

where a € X, © € Strat'(P' N P?) and ¢ € Past(P?). The sets P' and P?
need not be disjoint. Observe that since the atomic specifications are always
indexed by the player identity, it cannot be the case that a strategy specification
o € Strat'(P?) N Strat”(P7).

11



The idea is to use the above constructs to specify properties of strategies. For
instance the interpretation of a player i specification [p — a]* where p € P? is
to choose move “a” at every player i position where p holds. At positions where
p does not hold, the strategy is allowed to choose any enabled move. o1 + 02
says that the strategy of player ¢ conforms to the specification o7 or oy. The
construct oy - o5 says that the strategy conforms to specifications o1 and os.

The specification m = o says, at any node player ¢ sticks to the specification
given by o if on the history of the play, all moves made by 7 conform to .
Here again, which player plays m and which one plays ¢ is determined by the
atomic formulas used in the specifications. In strategies, this captures the aspect
of players’ actions being responses to the opponent’s moves. The opponent’s
complete strategy may not be available, the player makes a choice taking into
account the apparent behaviour of the opponent on the history of play.

Let ¥ = {a1,...,a,} be the set of all moves, we also make use of the
following abbreviation.

— null' = [T = a1’ + - + [T — am]’

where T = p V —p for an observable p € P?. It will be clear from the semantics
that any strategy of player i conforms to null’, or in other words this is an empty
specification. The empty specification is particularly useful for assertions of the
form “there exists a strategy” where the property of the strategy is not of any
relevance.

Semantics Given any sequence & = tot1---ty, V : {to, -, tm} — 2%, and k
such that 0 < k < m, the truth of a past formula ¢ € Past(X) at k, denoted
&,k = 1 is defined as follows, as is standard in tense logic:

= &k Epiff pe Vi)

=&k it &k

— Gk EUI VYt k= gy or &k = .

— &,k |= O iff there exists a j : 0 < j < k such that £, j = .

We consider the game arena G along with a valuation function for the ob-
servables V : W — 2F. Given a strategy u of player i and a node s € pu, let
Ps © S0QpS1 -+ Sm = S be the unique path in p from the root node to s. For a
strategy specification o € Strat’(P?), we define when y conforms to o (denoted
w =i o) as follows:

— u |=; o iff for all player i nodes s € p, we have ps, s |=; 0.
where we define p;, s; |=; o for any player i node s; in p; as,

— ps, S5 =i [ a]i. iff ps,j = implies out,,(s;) = a.

— Ps;Sj ':1 o1+ 09 iff PsySj ':z 01 Or Pg,Sj ):1 09.

— p57$j ':1 0102 iff pS,Sj ):1 01 and pi’ Sj ':1 g9.

— ps,S; i ™ = oq iff for all player ¢ nodes s € ps such that k < j, if
Ps, Sk =7 ™ then pg, s; =i 01.

Above, m € Slfmtz(P1 NP?), ¢ € Past(P?), and for all i : 0 < i < m, out,,(s;) =
a; and out,_(s) is the unique move in p at s.

12



Remarks Note that we do not have negation in specifications. One reason is
that they are partial, and hence the semantics is not immediate. If we were
to consider a specification of the form T = o, we could interpret this as: if
the player has seen that the opponent has violated 7 in the past, then play o.
This seems rather unnatural, and hence, for the present, we are content to leave
negation aside. Note that we do have negation in tests in atomic specifications,
and later we will embed these specifications into a modal logic (with negation
on formulas).

When we consider repeated or multi-stage games, we have strategy switch-
ing, whereby players receive payoffs at specified points, and depending on the
outcomes, decide on what new strategies to adopt later. Then it makes sense to
include specifications whereby a player conforms to a strategy until some ob-
servable change, and then switches to another strategy. In this context, we have
(a form of)) sequential composition as well as iteration. However, operators are
best added after a systematic study of their algebraic properties. We stick to a
simple presentation here since our main aim is only to describe the framework.
As we will see below, any set of specifications that allows effective automaton
consruction will do.

Clearly, each strategy specification defines a set of strategies. We now show
that it is a regular set, recognizable by a finite state device. In the spirit of
prescriptive game theory, we call them advice automata.

Advice Automata For a game arena G, a nondeterministic advice automaton
for player 7 is a tuple A = (Q,d,0,1) where @ is the set of states, I C Q is
the set of initial states, § : Q@ x W x X — 29 is the transition relation, and
0:Q x W' — X, is the output or advice function.

The language accepted by the automaton is a set of strategies of player i.
Given a strategy u = (W, —,, so) of player ¢, a run of A on p is a @ labelled
tree T' = (W, —,, A), where A maps each tree node to a state in @ as follows:
A(so) € I, and for any s; where s, —, s}, we have A(s,) € 6(\(sk), Sk, ax).

A Q-labelled tree T is accepted by A if for every tree node s € WZ“ if
s 257 s then o(\(s),s) = a. A strategy u is accepted by A if there exists an
accepting run of A on p.

It is easy to see that any bounded memory strategy can be represented using a
deterministic advice automaton. In such a framework we can ask, given a bounded
memory strategy for player 2 represented by a deterministic strategy automaton
B, can we compute the best response for player 17

Proposition 3.1. Given a game G = (G, ) and a deterministic advice automa-
ton B for player 2, the best response for player 1 can be effectively computed (in
the form of an advice automaton).

The proposition is proved easily. For each F € 2 (cf. page 10), we can
construct a nondeterministic automaton Ar which explores paths of G as follows.
It consults B to pick player 2’s moves and simply guesses 1’s moves. It runs the
binary evaluation automaton £} for player 1 in parallel and checks if the run is
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winning for player 1. We can enumerate F' € 2 in such a way that those higher
in <! appear earlier in the enumeration. We try automata A in this order.

Therefore, given a strategy profile presented as advice automaton for each
of the players, we can also check if a strategy profile constitutes a Nash equi-
librium. However, we are interested in strategy specifications which are partial
and hence constitute nondeterministic advice automata. The following lemma
relates structured strategy specifications to advice automata.

Lemma 3.1. Given a player i € {1,2} and a strategy specification o, we can
construct an advice automaton A, such that i € Lang(Ay) iff 1 =i o.

Proof. The construction of automata is inductive, on the structure of specifica-
tions. Note that the strategy is implemented principally by the output function
of the advice automaton.

For a strategy specification o, let SF(o) denote the subformula closure of o
and SF'y; (o) denote the Past subformulas in ¢. Call R C SF,; (o) an atom if it is
propositionally consistent and complete: that is, for every -y € SFy(0), -y € R
iff v ¢ R, and for every 71 Vy2 € SFy(0), 11 Vy2 € Riff y1 € Ror 72 € R.

Let AT , denote the set of atoms. Let Cy = {C' € AT ,| there does not exist
any @y € C}. For C,D € AT,, define C — D iff for all &y € SF,(0), the
following conditions hold.

—YpelC=opeD
—oveD=yelCoroyYel.

We proceed by induction on the structure of 0. We construct automata for
atomic strategies and compose them for complex strategies.
(0 = [ — a]): The automaton works as follows. Its states keep track of past
formulas satisfied along a play as game positions are traversed and that the
valuation respects the constraints generated for satisfying . The automaton
also guesses a move at every step and checks that this is indeed a when v holds;
in such a case this is the output of the automaton. Formally:

A, =(Qs,04,05,1,), where

- Qo‘ = ATG- x .
— I, ={(C,2)|C € Cy,V(s0) = CN Py, € I}
— For a transition s — s’ in G, we have:

5, ((C,x),s,a) = {f(C’,y)|C — C" V(s =C'"NP,,ye X}
— o((C, ), ) = {al el

x otherwise

We now prove the assertion in the lemma that u € Lang(A,) iff p =; o.

(=) Suppose p € Lang(Ay). Let T = (Wﬁ, Wﬁ, — 71, ) be the Q-labelled
tree accepted by A,. We need to show that for all s € W),, we have ps,s = 9
implies out(s) = a.

The following claim, easily proved by structural induction on the structure of
1), using the definition of — on atoms, asserts that the states of the automaton
check the past requirements correctly. Below we use the notation ¢ € (C,z) to
mean ¢ € C.
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Claim. For all s € W, for all o' € SF (o), ¥ € X(s) iff ps,s ="

Assume the claim and consider any s € W,. We have py,s = 9 implies
¥ € A(s). By the definition of o, we have o(A(s), s) = a.

(<) Suppose p =1 [¢ +— a]. From the semantics, we have Vs € W/}, Ps, S E ¥
implies out(s) = a. We need to show that there exists a Q-labelled tree accepted
by A,. For any s let the Q-labelling be defined as follows. Fix zg € X.

— For s € W}, let M(s) = ({¢' € SFy(0)|ps, s = ¢'}, out(s)).
— For s € W2, let \(s) = ({¢/ € SFy(0)lps,s =9}, o).

It is easy to check that A(s) constitutes an atom and the transition relation
is respected. By the definition of o, we get that it is accepting.

(0 = 01 - 02): By induction hypothesis there exist Ay, = (Qoy5001500,; Loy)
and Ay, = (Qsys00,,00,, 15,) which accept all strategies satisfying o1 and o
respectively. To obtain an automaton which accepts all strategies which satisfy
01 - 09 we just need to take the product of A,, and A,,.

(0 = 01 + 02): We take A, to be the disjoint union of A,, and A,,. Since the
automaton is nondeterministic with multiple initial states, we retain the intial
states of both A,, and A,,. If a run starts in an initial state of A,, then it will
never cross over into the state space of A,, and vice versa.

(c = 7 = ¢'): By induction hypothesis we have A, = (Qx,0x, 0x, I;) which
accepts all player 2 strategies satisfying 7 and A, = (Qs, o7, 0g7,I57) which
accepts all player 1 strategies satisfying o”.

The automaton A, has the product states of A, and A, as its states along
with a special state gsre.. The automaton keeps simulating both A,, A, and
keeps checking if the path violates the advice given by A, if so it moves into
state gfree from which point onwards it is “free” to produce any advice. Till 7 is
violated, it is forced to follow the transitions of A, .

Define A, = (Q,9,0,I) where Q = (Qr X Qo) U (gfrec x X). The transition
function is given as follows:

— For s € W}, we have 6((¢r,qo'),5,a) = {(q1,¢2)|q1 € Ox(¢r,5,a) and gz €

3o/ (¢, S, a)}

— For s € Wﬁ, we have:
o If 0:(¢x, s) # a, then 6((gx, go'), 5, @) = {(Gfree, a)|a € X}
e If 0:(qr,s) = a, then 6((¢x,qo'),s,a) = {(q1,q2)|q1 € 6x(qn,s,a) and
42 € 05/ (g0, 8,a)}
= 6((gfrees ), 8,a) = {(qfree; a)|a € X}

The output function is defined as follows: For s € Wlh 0((¢r,q07),8) = 06/ (qo7, 8)
and o((¢free, ), s) = .

The automaton keeps simulating both A, A, and keeps checking if the
path violates . If so it moves into state gre. from which point onwards it is not
constrained to follow o’.
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3.3 Best response

Since a strategy specification denotes a set of strategies satisfying certain proper-
ties, notions like strategy comparison and best response with respect to strategy
specifications need to be redefined.

Given a game G = (G, &) and a strategy specification 7 for player i, we can
have different notions as to when a specification for player ¢ is “better” than
another.

— Better,(o,0'): if IF € 27,3/ with 1/ |=; ¢’ such that Y7 with 7 |=; 7, p, is

winning with respect to % then Ju with p |=; o such that V7 with 7 =z ,
p;, 1s winning with respect to 8}}.
The predicate Better,(o,0’) says that, for some (binary) outcome F, if there
is a strategy conforming to the specification o’ which ensures winning £%
then there also exists a strategy conforming to o which ensures winning £%
as well.

— Betters(o,0’): if IF € 2% such that Vu' with p/ |=; o/, V7 with 7 =5 7, Py

is winning with respect tq &L then Yy with p | o, V7 with 7 = 7, P, is
winning with respect to £f.
This notion is best understood contrapositively: for some (binary) outcome
F, whenever there is a strategy conforming to o which is not winning for
EL, there also exists a strategy conforming to o’ which is not winning for
EL. This can be thought of as a soundness condition. A risk averse player
might prefer this way of comparison.

To algorithmically compare strategies, we first need to be able to decide the
following questions. Let o and 7 be strategy specifications for player i and player
¢ and £ a binary evaluation automaton for player i.

— Does player ¢ have a strategy conforming to o which ensures a valid play
which is winning for i with respect to %4, as long as player i is playing a
strategy conforming to 7 (abbreviated as 3o, Vr : £L)?

— Is it the case that for all strategies of player ¢ conforming to o, as long as
player i is playing a strategy conforming to 7, the result will be a valid play
which is winning for i with respect to &% (abbreviated as Vo,V : £4)?

We call this the verification question. The synthesis question is given 7 and %
to construct a specification o such that 3o,V : €L holds.

Once we can show that the verification question is decidable and synthesis
possible, the game theoretic questions of interest include: For a game G = (G, £),

— Given strategy specifications o and 7, check if o is a best response to 7.

— Given a strategy specification profile (o, ), check if it is a Nash equilibrium.

— Given a strategy specification 7 for player i and F' € F, synthesize (if pos-
sible) a specification o for i such that 3o, V7 : €4 holds.

— Given a strategy specification 7 for 4, synthesize a specification o such that
o is the best response to .
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The main theorem of the section is the following assertion.

Theorem 3.1. Given a game G = (G,€) and a strategy specification 7 for
player 1,

1. The verification problem of checking whether for a player i strategy specifica-
tion o and a binary evaluation automaton E%, if Io,Vm : EL and Vo,V : EL
hold in G is decidable.

2. For a binary evaluation automaton E%, it is possible to synthesize (when one

exists) a deterministic advice automaton A; such that A; N7 : 5} holds.

For a specification o, checking if o is the best response to w is decidable.

4. It is possible to synthesize a deterministic advice automaton A; such that A;
is the best response to .

o

For an advice automaton A;, we can define the restriction of G with respect
to A; by removing all nodes and edges that are not reachable when play proceeds
according to A;. Thus we can also define G |' A, for a strategy specification 7.
The restricted arena is no longer deterministic. However, for any player 2 node
in G | A, there is exactly one action enabled.

(1): To check if 3o,V : €& holds, we build a non-deterministic tree au-
tomaton 7 which runs on G | A,. For a 1 node, it guesses an action “a” which
conforms to ¢ and branches out on all a edges. For a 2 node, there is only one
action enabled in G |' A, call the action b. The automaton branches out on all
b labelled edges. 7 runs £} in parallel to verify that all plays thus constructed
are winning for 1 with respect to £L. If 7 has an accepting run, then 3o, V7 : £4
holds in G.

(2): We want a deterministic advice automaton .4; which ensures that for all
strategies of 2 conforming to 7 the play is “winning” for player 1. We construct
a tree automaton 7 which mimics the subset construction to synthesize A;. The
states of 7 are the subsets of states of A,. At a game position of player 1, it
guesses a move and for every player 2 game position, it branches out on all the
action choices of A, where for each move the resulting new state is the subset
of states given by the nondeterministic transition relation of A.. 7 runs £} in
parallel and checks if all paths constitute a valid play and that the play is winning
for 1 with respect to L. If there is an accepting run for 7, then constructing
A; is easy. The state space of A; is the set of all subsets of the states of A;.
The transition relation is derived from the usual subset construction performed
by 7. The output function basically follows the accepting run of 7.

(3): Given o and 7 to check if ¢ is the best response to m, we use the tree
automaton construction in (1) with a slight modification.

We enumerate the elements of 2% in such a way that those higher in <!
appear earlier in the enumeration. For each F', we construct a tree automaton
as in (1), the only difference being that the guesses made by 7 at player 1 game
positions are not restricted by o. 7 runs £} in parallel to check if player 1 can
ensure F' for all choices of 2 which conform to 7. Since the evaluation automaton
is “complete”, the play eventually settles down in one of F' € 2%. Therefore,
as we try elements of 27 in order, the tree automaton succeeds for some £, .
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This gives us the “best” outcome which player 1 can guarantee. We then check
if 3o,V : €L, holds in G. If it does then A, is a best response to A.

This also implies that we can check whether a strategy profile (presented as
advice automata) constitutes a Nash equilibrium.

(4) is similar to (3). We enumerate 2% and find the “best” outcome that can
be achieved and using the synthesis procedure, synthesize an advice automaton
for this outcome.

This proof sketch hopefully gives the reader some idea of how automata
theory is employed gainfully in strategy synthesis. Note the essential use of
memory structure in strategies. For details, the reader is referred to [39].
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4 Game logic and its descendants

In Section 2 we have argued that resource bounded players strategize locally
using heuristic methods. This calls for a study of the compositional structure of
strategies where logic provides a useful tool. We now move on to the logical stud-
ies of compositional games and strategies. In this section we discuss composite
game structures, where strategies are embedded in the models of the proposed
logics. These strategies take up an existential role in giving meaning to the game
operators in the language. Studies on modeling strategies explicitly in the logical
language will be taken up in the next section.

To look at compositional structure in games, viewing games as programs
becomes useful. We first give a brief introduction to a logic of programs, based
on which different game logics were proposed.

4.1 Propositional Dynamic Logic

As mentioned in [18], we can define a computer program as follows: a recipe writ-
ten in a formal language for computing desired output data from given input data.
Propositional Dynamic Logic (PDL) is a logic of programs (non-deterministic)
where programs are made explicit in the language. Complex programs are built
out of basic programs using some binary program constructs like U (choice)
and ; (sequential composition) and unary construct * (iteration). For a detailed
introduction to PDL, see [18,4]. The language of PDL is given as follows:

Definition 4.1. Given a set of atomic program terms II and a set of atomic
propositions ®, program terms w and formulas ¢ are defined inductively:

mi=b|mnr|TUn| 7"
pi=1Llpl-eleVvellre,

where p € @, and b € II.

If 71 and 75 are programs, the program 7, Ume nondeterministically executes
T, Or To, T1; T is a program that first executes m; and then 7y, 7* is a program
that execute 7 a finite (possibly zero) number of times.

A model for the language of PDL, viz. a program model is of the form M =
(S,{Ry : 7 is a program}, V), where S is a non-empty set of states, each R is
a binary relation over S, and V is a valuation assigning truth values to atomic
propositions in states. Alternatively, one can also think of R;’s as maps from
S to 2°. Let us now suppose that the relations corresponding to the composite
program constructs are constructed as follows:

Roayums := Ry URnr,
Rayims i =Ry ©Rry (= {(z,y) : I2(Ryr, 2z and Ry, 2y)})

Ry« := (Rz)*, the reflexive transitive closure of R

Truth of a formula ¢ in a model M at a state s is defined as follows:
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iff s € V(p)

- iff M, s =@
eV iff M,slEpor M,s =19y
[r] iff for all §": Ryss’, M,s' =

As given earlier, IT denotes the set of basic programs. Let 1T be the smallest
set containing IT and closed under the program constructs U, ; and *. This is the
class of regular or finite-state programs. Kleene [22] showed that these operations
suffice to capture all finite-state behaviours.

In the following we are not distinguishing between a program 7 and its in-
terpretation R,. As mentioned earlier, a program 7 can be thought of as a map
from S to 2°, 7(s) denoting the set of states that the program may reach, when
started operation from s. Alternatively, if we were given a set of states X, we
can consider the program to be a mechanism that ‘achieves’ X starting from s.
If we consider X as a goal, a program then sounds like a strategy to achieve the
goal, and programs can be thought of as 1-player games.

Consider the program (a+b); (e+ f). This refers to a player (say Nature) non-
deterministically choosing between actions a or b, followed by choosing actions
e or f. But, if we consider a second player in our discussion, the same composite
structure (a + b); (e + f), could be considered as a game between two players I
and II, where player I chooses to do either an a or b, and then player IT chooses to
do e or f . One can then think of it as a sequential composition of two one player
games (a + b) and (e + f) with réles of the player and the opponent ‘switched’
in the two games. This idea leads us to a propositional game logic (cf. Section
4.2), which is similar to program logic, but admitting a player and an opponent.

4.2 Game Logic

Game Logic (GL), which was proposed in [28] studies how a player’s ‘power’
evolves in a two-player game. We talk about two person zero sum games of
perfect information in this logic. Similar to the language of PDL, the language
of GL is defined as follows:

Definition 4.2. Given a set of atomic games I' and a set of atomic propositions
@, game terms v and formulas ¢ are defined inductively:

vyi=g|e? [y |vUy ||y
p:=L1p|l-eleVele,

where p € @, and g € I'.

Here we consider a set of atomic games I", and the following constructs which
form new games: choice (7 U~'), dual (y?), sequential composition (y;7'), and
iteration (7*). The game ¢ is obtained when the game v is played with the
players switching roles.
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The intuitive reading of the formula ()¢ is ‘player 1 has a strategy in game
to ensure ’. Here we only consider the final outcomes which players can enforce
in the games. This is modeled by the notion of effectivity relations between states
and sets of states. An effectivity relation Fj, corresponding to an atomic game
g, on a state space S is a subset of S x 2° whose intuitive reading is:

(s, X) € E, iff starting at s, in game g, player 1 can enforce the outcome
to be in the set X.

Note that it is enough to assign effectivity relation to one of the players, as for
the opponent player the corresponding relation is given by the dual game. In
other words, these effectivity relations satisfy the condition of determinacy: If it
is not the case that player 1 can enforce the outcome to be in the set X, then
player 2 can enforce the outcome to be in the set X¢, the complement of X and
vice versa.

Definition 4.3. A game model is a structure M = (S,{E, | g € I'}, V'), where
S is a set of states, V is a valuation assigning truth values to atomic propositions
in states, and for each g € I', E; C § x 25, We assume that for each g, the
relations are upward closed under supersets (Monotonicity condition,).

The truth definition for formulas ¢ in a model M at a state s is standard,
except for the modality (v)e, and they are given as follows:

M,s=piff s€V(p)

M,s L

M,sl=-p it Ms @

M;sEeVy it M;sEq@or M,s =4

M, s [= (7)piff there exists X C S : sE, X and forallz € X : M,z |= .

The semantics is standard and is generally termed in the existing literature as
neighborhood models [8]. Suppose E,(X) = {s € § | sE,X}. The effectivity
conditions for players in complex two-person games are as follows:

By (X) = F,(X) U B, (X)
E,a(X) = S\ Ey(S\ X)
By (X) = E(Ey (X))

By (X) = pY. X U E,(Y)

Monotonicity of E4’s is preserved under game operations and hence the fix-
point pY.X U E,(Y) always exists. A formula ¢ is satisfiable if there exists a
model M and a state s such that M, s = . A formula ¢ is valid if it is true in
every model.

We should note here that in GL the two players cannot have winning strate-
gies for complementary winning positions, thus =((y)¢ A (%)) is a valid for-
mula, for every game . All games are determined, that is, in any game, one of
the players has a winning strategy . Thus, ({(y)¢V (y%)=¢) is also a valid formula
in this logic. The following gives an axiom system for this logic.

21



Axiom system

(a) all propositional tautologies and inference rules

(b) reduction axioms:

(YUY ) = (e V {(Y)e
(vHp — =(y)-e
(1) = (N )e
(Y = oV My

Inference rules

(MP) p, p—1 (NG) ¢—1
Y Ve — MY

(IND) {(v)p —
Ve —

Completeness and Decidability The soundness of the axiom system can
be proved easily. The system without the duality axiom can be proved to be
complete for the dual-free fragment of the logic [28]. The system without the
iteration axiom and rule can be proved to be complete for the iteration-free
fragment of the logic [34]. In [28], Parikh conjectured that the system presented
is indeed complete for game logic. This remains an interesting open problem.

The satisfiability problem for the logic above is EXPTIME-complete. This
is the same as that for PDL. Model checking game logic is equivalent to the
same problem for the modal p-calculus. Complexity of model checking is in NP
N co-NP. The details of these results can be found in [34]. A major open problem
asks if the complexity of model checking is in P.

4.3 Parallel composition: intersecting

In this section we study a parallel composition operator of two player games,
the underlying idea of which is to consider players’ powers while playing simul-
taneous games. In game theory, typical matrix games like ‘Prisoner’s Dilemma’
involve simultaneous moves for two players: each chooses independently from
the other, and the outcome may be viewed as the set of both moves. In another
setting, computer scientist use parallel games with simultaneous moves to model
concurrent processes.

Here, we will model simultaneous play of parallel games in terms of players’
abstract powers, without considering communication. Using ideas from proposi-
tional dynamic logic for concurrency [16], a system is proposed where players’
powers in a parallel game can be reduced to their powers in the constituent
games. The details of this study can be found in [2].
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Effectivity relations for product games While considering simultaneous
games, we first note that games can produce complex outcome states, denoted by
sets read ‘conjunctively’ as in Concurrent Propositional Dynamic Logic (CPDL),
developed in [16]. But in addition, players can also have choices leading to sets
of such sets, still read disjunctively at this second level as one does in GL (see
the intuitive reading of E, in Section 4.2). With this idea, to have an intuitive
model for simultaneous games, we consider effectivity relations E, for atomic
games g to be subsets of S x 22° Suppose X, U, T, W range over sets of sets of
states, t, w range over sets of states, and s,u range over states:

Effectivity relations, E* (for player i) for composite games are given as follows:

sElu,y,X iff sELX or sE}Y,X
sE,YUV,X iff sEgX and SE?Y,X
sEL, X iff sE?YX
sE%dX iff sE%X
sEL., X iff 3U : sELU and for each uw € YU, uE., X
sE X iff 3T, 3W : sEXT and sE., W

and X = {tUw:t €T and w e W}

As an illustration, we show how this format for computation of players’ pow-
ers fits an intuitive example of parallel games, for instance, simultaneous move
selection in a matrix game:

\ \
G/G b C/H d
To make things comparable, we now change earlier single outcomes s to
singleton states s. The powers of 1 in the game G are given by {{a}}, {{b}}
and that of 2 by {{a}, {b}}. Similarly, in the game H, the powers of 1 and 2 are
{{c}, {d}} and {{c}}, {{d}}, respectively. The powers of 1 and 2 in the product
game G x H are then formed by taking unions: {{a, c}, {a, d}}, {{b, ¢}, {b, d}}
and {{a, c}, {b, c}}, {{a, d}, {b, d}}, respectively. Reading the inner brackets
as conjunctive, and the outer ones as disjunctive, this seems to fit our intuitions.
We should note here that we now have separate effectivity relations for each

player. This is a result of considering simultaneous games where the determinacy
condition of GL (cf. Section 4.2) fails.

Concurrent Dynamic Game Logic The language of Concurrent Dynamic
Game Logic (CDGL) is given as follows:

Definition 4.4. Given a set of atomic games I' and atomic propositions P,
game terms v and formulas ¢ are defined inductively as:

v=glyt vy lruylyxy
p=1Llpl-pleVel{yip
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where we take p € b, g € I' and i € {1,2}.

For the sake of simplicity we are not considering ‘iteration’ here. The intended
meaning of the new game construct v x 4’ is that the games v and ' are played
in parallel, without communication. We are considering a very simple level of
abstraction in describing simultaneous games, and as such not considering the
complicated interaction aspects of parallel game playing.

Definition 4.5. A conjunctive game model is a structure M = (S,{E}, | g €
I'}, V), where S is a set of states, V is a valuation assigning truth values to
atomic propositions in states, and with basic relations EZ, C Sx 92° assigned to
basic game expressions g, satisfying the conditions of Monotonicity, Consistency
and Non-Triviality, given below:

(C1) Monotonicity: If sELX and X C X', then sE} X'.
(C2) Consistency: If sEIY and sE'Z, then Y and Z overlap.
(C3) Non-Triviality: No player can force the empty set.

These conditions can be seen as a few intuitive technical assumptions. In the
semantics of the language, the truth of a formula ¢ in M at a state s is defined
in the usual manner, with the following key clause for the game modality:

— M,s= (7,i)piff 3X :sE!X and Vo e UX : M,z = o.

Note that this squashes together the outcomes of all separate games, making
only local assertions at single states. An alternative option would be to evaluate
formulas at ‘collective states’, being sets of the original states. For a discussion,
see [2].

Naturally, this logic encodes facts about parallel games. These are two, point-
ing towards an algebra of parallel games lying encoded here:

=y xA iy = (Y Xy e
— (v x )% i) = (vEx A i)e

Axiom System

) all propositional tautologies and inference rules
b) if k¢ — ¢ then F (g,i)p — (g, i)t
c) (g,1)¢ — ~(g,2)~
d)

)

Q

—(7,4)L

reduction axioms:

(YUY, D= (7, eV (Y, e
(’YUV 2)p = (1, 2)p AV, 2)p
(v, D = (7,2)p

év 2)p < (7, 1)y
(

@

Y9 Z>s0 = (7,5 (7, )¢
¥ X0 = (1, ie ALY e
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The completeness and decidability of CDGL has been shown in [2]. While
this result may seem to be a good advocate for PDL-style ‘reductionism’, the
product axiom, {yX~',i)p < {v,i)oA {7, i)p also reflects the expressive poverty
of CDGL as an account of parallelism. On one hand there are no means of stating
truly collective properties of conjunctive states, on the other hand there is no
scope for talking about communication or transfer of information while two or
more games are played in parallel.

4.4 Parallel composition: interleaving

Consider a player playing against different opponents in two extensive form
games simultaneously. Can she then have a strategy in one game using informa-
tion from the other? The famous example of playing chess against two grand-
masters simultaneously illustrates such reasoning. The common player in the two
games acts as a conduit for transfer of information from one game to the other;
thus game composition is essential for such reasoning. In this section (based
on [14]), we consider a dynamic logic of extensive form games with sequential
and parallel composition in which such situations can be expressed.

Extensive form games Let N = {1,...,n} denote the set of players, we use
1 to range over this set. For i € N, we often use the notation 7 to denote the set
N\ {i}. Let X be a finite set of action symbols representing moves of players, we
let a,b range over Y. For a set X and a finite sequence p = x122...2,, € X¥,
let last(p) = x,, denote the last element in this sequence. Note that in the
following we will be talking about game forms (trees) only. Outcomes and players’
preferences can be encoded as propositions.

Game trees Let T = (S, =, sg) be a tree rooted at s on the set of vertices S and
=: (S x X) — S is a partial function specifying the edges of the tree. The tree T
is said to be finite if S is a finite set. For a node s € S, let s= {5’ € § | s=' for
some a € X'}, moves(s) = {a € ¥ | Is' € S with s=55'} and Er(s) = {(s,a,s') |
s5%5'}. By Ep(s) x  we denote the set {((s,z),a,(s',z)) | (s,a,s") € Ep(s)}.
The set © x E7(s) is defined similarly. A node s is called a leaf node (or terminal
node) if s=10. The depth of a tree is the length of the longest path in the tree.

An extensive form game tree is a pair T = (’]I‘,X) where T = (S5,=,50) is a
tree. The set S denotes the set of game positions with sy being the initial game
position. The edge function = specifies the moves enabled at a game position
and the turn function A : § — N associates each game position with a player.
Technically, we need player labelling only at the non-leaf nodes. However, for
the sake of uniform presentation, we do not distinguish between leaf nodes and
non-leaf nodes as far as player labelling is concerned. An extensive form game
tree T = (T, \) is said to be finite if T is finite. For i € N, let S* = {s | A(s) = i}
and let frontier(T) denote the set of all leaf nodes of T. Let S& = frontier(T)
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and SYE = S\ SL. For a tree T = (S, :>,so,:\\) we use head(T) to denote the
depth one tree generated by taking all the outgoing edges of sg.

A play in the game T starts by placing a token on so and proceeds as follows:
at any stage if the token is at a position s and A(s) = i then player ¢ picks an
action which is enabled for her at s, and the token is moved to s where s=s’.
Formally a play in T is simply a path p: sgpaisy --- in T such that for all j > 0,
Sj_lgs_j. Let Plays(T) denote the set of all plays in the game tree T'.

Strategies A strategy for player i € N is a function u’ which specifies a move
at every game position of the player, i.e. u’ : S — X. A strategy p’ can also
be viewed as a subtree of T where for each player ¢ node, there is a unique
outgoing edge and for nodes belonging to players in 7, every enabled move is
included. Formally we define the strategy tree as follows: For i € IV and a player
i strategy pu’ : S° — X the strategy tree T, = (Sui, =i, 80, A\yi) associated
with p* is the least subtree of T satisfying the following property: so € S,

— For any node s € S,
o if \(s) = i then there exists a unique s’ € S,: and action a such that
Sé#i s’
e if A(s) # i then for all s such that s=>s', we have 52,8
Let £2¢(T) denote the set of all strategies for player i in the extensive form
game tree T. A play p : sgpapsi - - - is said to be consistent with p* if for all j > 0
we have s; € S* implies 1 (s;) = a;.

Composing game trees We consider sequential and parallel composition of
game trees, for which, composing them amounts to concatenation and interleav-
ing, respectively. Concatenating trees is more or less straightforward, since each
leaf node of the first is now a root of the second tree. Interleaving trees is not
the same as a tree obtained by interleaving paths from the two trees, since we
wish to preserve choices made by players.

Sequential composition Suppose we are given two finite extensive form game
trees Ty = (S1,=1,50, A1) and Ty = (S2,=>2, 59, A2). The sequential composi-

tion of T} and T5 (denoted Ty; Tb) gives rise to a game tree T = (S, =, sg, \),
defined as follows: S = SNVL U Sy, s = Y,

— X(s) = A (s) if s € SNL and A(s) = Aa(s) if s € So.
— s iff: .
e 5,5/ € SV and s=>15, or
/ L4 ’
e 5,8 €Sy and s=»,5’, or
o s SNE s = 59 and there exists s € SF such that s=>;s".

In other words, the game tree T7; T5 is generated by pasting the tree T5 at all
the leaf nodes of T;. The definition of sequential composition can be extended
to a set of trees 75 (denoted Tp;73) with the interpretation that at each leaf
node of Ty, a tree Ty € 75 is attached.
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Parallel composition The parallel composition of 77 and T» (denoted T4 | T2)

yields a set of trees. A tree t = (S, =, 50, A) is in the set of trees T | T2 provided:
S C 81 xSy, 50 = (s7,59),

— For all (s,5") € S:
o Er((s,8) = Er,(s) x s and A(s, s’) = Ai(s), or
e Er((s,8) =sx Er,(s") and A(s,s") = Aa(s).
— For every edge s1=>15} in Ty, there exists sy € S such that (s1, s9)=>(s], s2)
in ¢.
— For every edge 52:0525’2 in Ty, there exists s; € S; such that (s, s0)=(s1, 55)
in .

p1,1 q1,2

Fig. 1. atomic games

Examples Consider the trees T7 and T given in Figure 1. The sequential
composition of T7 and Ty (denoted Ty; T3) is shown in Figure 2. This is obtained
by pasting the tree Ty at all the leaf nodes of Tj.

p1,1
a x
q1,2 q1,2
q2 q3 q2 g3
Fig. 2. Tl; Ts

Now consider two finite extensive form game trees Ty and T5 given in Figure
3. Each game is played between two players, player 2 is common in both games.

Note that we are talking about different instances of the same game (as
evident from the similar game trees) played between different pairs of players
with a player in common. Consider the interleaving of T4 and T5 where player
1 moves first in Ty, followed by 2 and 3 in 75, and then again coming back to
the game Ty, with the player 2-moves. This game constitutes a valid tree in the
set of trees defined by T4|T5 and is shown in Figure 4.
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(a) Tu (b) Ts

Fig. 3. Atomic games

(p1,91)
1

(p2,91) o

2N N
b
(p2-02) 3 3 (p3.as)

N YN FATAN
A A A NS A A A

Fig. 4. Game tree T

Due to space constraints, we have not provided the names for each of the
states in the parallel game tree, but they are quite clear from the context. The
game starts with player 1 moving from p; in T4 to ps or ps. Then the play moves
to the game T3, where player 2 moves to g2 or g3, followed by the moves of player
3. After that, the play comes back to Ty, where player 2 moves once again.

These games clearly represent toy versions of “playing against two Grand-
masters simultaneously”. Players 1 and 3 can be considered as the Grandmasters,
and 2 as the poor mortal. Let us now describe the copycat strategy that can be
used by player 2, when the two games are played in parallel. The simultaneous
game (Figure 4), starts with player 1 making the first move «a, say in the game
tree Ty (from (p1,q1)) to move to (p2,q1). Player 2 then copies this move in
game T5, to move to (pa,g2). The game continues in T5, with player 3 moving
to (p2,q4), say. Player 2 then copies this move in T4 (playing action ¢) to move
to (p4,qq). This constitutes a play of the game, where player 2 copies the moves
of players 1 and 3, respectively.

Evidently, if player 1 has a strategy in T4 to achieve a certain objective,
whatever be the moves of player 2, following the same strategy, player 2 can
attain the same objective in T5.

The logic For a finite set of action symbols X, let 7(X) be a countable set
of finite extensive form game trees over the action set X~ which is closed under
subtree inclusion. That is, if T € 7 (X) and T is a subtree of T then T’ € T (X).
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We also assume that for each a € X, the tree consisting of the single edge
labelled with a is in 7(X). Let H be a countable set and h, k' range over this
set. Elements of H are referred to in the formulas of the logic and the idea is to
use them as names for extensive form game trees in 7 (X'). Formally we have a
map v : H — 7 (X) which given any name h € H associates a tree v(h) € T(X).
We often abuse notation and use h to also denote v(h) where the meaning is
clear from the context.

Syntax Let P be a countable set of propositions, the syntax is given by:

I:=h|gi;921 1 Ug2|9g1lg2
D:=pecPl-p|lpi1Veal|(g i)

where h € Hand g € I'.

In I', the atomic construct h specifies a finite extensive form game tree. Com-
posite games are constructed using the standard dynamic logic operators along
with the parallel operator. The game g1 Ugo denotes playing g1 or gs. Sequential
composition is denoted by g1; g2 and g1] g2 denotes the parallel composition of
games. The main connective (g, )y asserts at state s that a tree in g is enabled
at s and that player ¢ has a strategy subtree in it at whose leaves ¢ holds.

Semantics A model is a structure M = (W, —>,X7 V) where W is the set of
states (or game positions), — C W x X' x W is the move relation, V : W — 2F
is a valuation function and A : W — N is a player labelling function. These can
be thought of as standard Kripke structures whose states correspond to game
positions along with an additional player labelling function. An extensive form
game tree can be thought of as enabled at a certain state, say s of a Kripke
structure, if we can embed the tree structure in the tree unfolding of the Kripke
structure rooted at s. We make this notion more precise below.

Enabling of trees For a game position w € W, let T}, denote the tree unfolding
of M rooted at w. We say the game h is enabled at a state w if the structure
v(h) can be embedded in T, with respect to the enabled actions and player
labelling. Formally this can be defined as follows: N

Given a state w and h € H, let T, = (S%;,=wm, Am,s) and v(h) = T, =
(Sh, =h, Xh, Sh,0). The restriction of T, with respect to the game tree h (denoted
Tw |' h) is the subtree of T, which is generated by the structure specified by T,.
The restriction is defined inductively as follows: T}, |' h = (S, =, :\\, S0, f) where
f S — Sy Initially S = {s}, A(s) = Aar(s), so = s and f(so) = Sh,0-

For any s € S, let f(s) =t € Sp. Let {aq,...,ax} be the outgoing edges of
t,ie forall j:1<j <k, t%htj. For each a;, let {sjl, ..., 87"} be the nodes in
S5, such that ngsé. foralll:1 <11 < m. Add nodes s}, .. .,s}" to S and the

edges sgsé forall7:1 <1< m. Also set X(Sé) = XM(sé) and f(sé) =t;.
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We say that a game h is enabled at w (denoted enabled(h,w)) if the tree
Tw M h = (S,=, ), s0, f) satisfies the following properties: for all s € S,

— moves(s) = moves(f(s)),

— if moves(s) # 0 then A(s) = An(f(s)).

We should note here that, strictly speaking, due to the introduction of f,
Tw | h is not exactly a usual tree structure as we have above. But the under-
standing is clear.

Interpretation of atomic games To formally define the semantics of the logic,
we need to first fix the interpretation of the compositional games constructs. In
the dynamic logic approach, for each game construct g and player ¢ we would
associate a relation R; C (W x 2) which specifies the outcome of a winning
strategy for player i. However due to the ability of being able to interleave
game positions, in this setting we need to keep track of the actual tree structure
rather just the “input-output” relations, which is closer in spirit to what is done
in process logics [17]. Thus for a game g and player ¢ we define the relation RZ C
2(WXW)™ "For a pair x = (u,w) € W x W and a set of sequences Y € 20V >*W)”
we define (u,w) Y = {(u,w)-p| p € Y} For j € {1,2} we use x[j] to denote
the j-th component of x.

For each atomic game h and each state u € W, we define R} (u) in a bottom-
up manner in such a way that whenever h is enabled at u, R} (u) encodes the set
of all available strategies for player ¢ in the game h enabled at u. The collection
of all such strategies that a player ¢ can have, whenever the game h is enabled
at some state u € W is given by Rj.

~

Let h = (S,=,s0,A) be a depth 1 tree with moves(sg) = {a1,...,ar} and
for all s # sg, moves(s) = 0. For i € N and a state u € W, we define R} (u) C
2(WXW)™ a5 follows:

- If X(so) = i then R} (u) = {X, | enabled(h,u) and X; = {(u,w;)} where
ugwj}.

— if M(so) € 7 then R} (u) = {{(u,w;) | enabled(h,u) and Ja; € moves(sp)
with uﬁwj}}
For g € I', let Rl =, ey R (w).
For a tree h = (S, =>, s, A) such that depth(h) > 1, we define R} (u) as,

— if A(so) = i then Rj(u) = {{(w,w)-Y} | 3X € R}, 4, with (u,w) €
X, uBwand Y € R}

J

— if M(sp) € 7then R} (u) = {{(w,w)-Y | 3IX € waad(h) with (u, w) € X, uZw

and Y € R}, }}.
J

Remark Note that a set X € R! can contain sequences such as (u,w)(v, )
where w # v. Thus in general sequence of pairs of states in X need not represent
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a subtree of T, for some w € W. We however need to include such sequences
since if h is interleaved with another game tree h’, a move enabled in A’ could
make the transition from w to v. A sequence p € X is said to be legal if whenever
(u,w)(v,z) is a subsequence of ¢ then w = v. A set X C 2W*W)" i5 a valid
tree if for all sequence ¢ € X, p is legal and X is prefix closed. For X which is
a valid tree we have the property that for all g, o' € X, first(o)[1] = first(o')[1].
We denote this state by root(X). We also use frontier(X) to denote the frontier
nodes, i.e. frontier(X) = {last(0)[2] | 0 € X}.

For a game tree h, although every set X € R! need not be a valid tree, we can
associate a tree structure with X (denoted (X)) where the edges are labelled
with pairs of the form (u,w) which appears in X. Conversely given W x W edge
labelled finite game tree ¥, we can construct a set X C 2W*XW)" by simply
enumerating the paths and extracting the labels of each edge in the path. We
denote this translation by f(¥). We use these two translations in what follows:

Interpretation of composite games For g € ' and i € N, we define Ré -

2(WXW)™ as follows:
B R21Ug2 = th U Rgz' )
g, = EX)T) | X € Ry, and T = {T(Xy),...,T(Xx)} where

{X1,..., X} C Ri, ). | |
~ R = {({(T(X1)[T(X2)) | X1 € RY, and X5 € R}

The truth of a formula ¢ € @ in a model M and a position w (denoted
M,w = @) is defined as follows:

M,wlE=piff pe V(w).

— M,w |~ iff M, w £ .

— M,w= @1V iff M,w = @1 or M,w = pa.

— M,w = (g,1)¢iff 3X € R}, such that X constitutes a valid tree, root(X) = w
and for all v € frontier(X), M,v |= ¢.

A formula ¢ is satisfiable if there exists a model M and a state w such that
M,w E p.

Let hy and ho be the game trees T, and T given in Figure 3. The tree
in which the moves of players are interleaved in lock-step synchrony is one of
the trees in the semantics of hj|hs. This essentially means that at every other
stage if a depth one tree is enabled then after that the same tree structure is
enabled again, except for the player labelling. Given the (finite) atomic trees,
we can write a formula g which specifies this condition. If the tree h is a

-~

minimal one, i.e. of depth one given by (S,=,s0,A), ¢rs, can be defined as,
/\ajEmoyes(so)(<aj>T /\ [a’j](/\ajEmoves(so)<aj>—|—)'

If player 1 has a strategy (playing a, say) to achieve certain objective ¢
in the game hq, player 2 can play (copy) the same strategy in hy to ensure .
This phenomenon can be adequately captured in the interleaved game structure,
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where player 2 has a strategy (viz. playing a) to end in those states of the game
hi|ha, where player 1 can end in k1. So we have that, whenever hy and hq|hs are
enabled and players can move in lock-step synchrony with respect to the game
hy (or, ha), {h1,1) — (h1|hs,2)p holds.

Axiom system The main technical contribution of this section is a sound and
complete axiom system. For a € X and i € N, let T¢ be the tree defined as:
Ti = (S, =, 50, \) where S = {s0,51}, so=s1, A(sg) =i and A(s1) € N. Let £}
be the name denoting this tree, i.e. v(t}) = T¢. For each a € X we define,

- <a><p = /\ieN(turni - <tfz7i>90)'

From the semantics it is easy to see that we get the standard interpretation
for (a)p, i.e. (a)p holds at a state u iff there is a state w such that u-%w and ¢
holds at w.

Enabling of trees The crucial observation is that the property of whether a
game is enabled can be described by a formula of the logic. Formally, for h € H
such that v(h) = (S, =, s, A) and moves(sp) # @ and an action a € moves(sy),
let h, be the subtree of T rooted at a node s’ with sp=s’. The formula hv
(defined below) is used to express the fact that the tree structure v(h) is enabled
and head) to express that head(v(h)) is enabled. This is defined as,

— If v(h) is atomic then h¥ = T and head} = T.

— If v(h) is not atomic and A(sg) = i then
e hY = turn; A (/\ajEWOUES(SO)(<aj>T Alazhy))).-
° head}{ = turn; A (/\ajEWOWS(SO) (a;)T).

Due to the ability to interleave choices of players, we also need to define for
a composite game expression g, the initial (atomic) game of g and the game
expression generated after playing the initial atomic game (or in other words
the residue). We make this notion precise below:

Definition of init

— anit(h) = {h} for h € G

— init(g1; g2) = init(g1) if g1 # € else init(gz).
— 4nit(gr U g2) = init(g1) U init(ga).

— nit(g1]g2) = init(g1) U init(ga).
Definition of residue

— h\h =cand e€\h =e.
o _ S (g1\h);g2if g1 # €.
(91:92)\P = { (92\h)  otherwise.
(g1\h) U (g2\h) if h € init(¢g1) and h € init(ga).
—(g1Ug)\h =< gi\h if he€init(gr) and h ¢ init(gs).
g2\h if h € init(g2) and h ¢ init(g1).
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(91\h]g2) U (g1lg2\h) if h € init(g1) and h € init(gs).
= (91lg2)\h = { (91\"lg2) if h € init(g1) and h ¢ init(gs).
(g91]92\h) if h € init(gy) and h ¢ init(gy).

The translation used to express the property of enabling of trees in terms of
standard PDL formulas also suggest that the techniques developed for proving
completeness of PDL can be applied in the current setting. We base our axiom-
atization of the logic on the “reduction axioms” methodology of dynamic logic.
The most interesting reduction axiom in our setting would naturally involve the
parallel composition operator. Intuitively, for game expressions g1, g2, a formula
¢ and a player i € N the reduction axiom for {g1]gs, %) need to express the
following properties:

— There exists an atomic tree h € init(g1]ge) such that head(v(h)) is enabled.

— Player i has a strategy in head(v(h)) which when composed with a strategy
in the residue ensures ¢. We use comp®(h, g1, ge, ) to denote this property
and formally define it inductively as follows:

-~

Suppose h = (S, =, 50, A) where A = moves(so) = {a1,...,ar}.

— If h € init(g1), h € init(gz) and
® A(s0) = i then comp’(h,g1,92,%) = V, eal{a;){(ha;: (91\h))lg2)p V
(a;){(g1(ha: (92\1)))-

* A(s0) € 7 then comp’(h,g1,92,0) = Ao eallal((ha;; (91\R))lg2)e v

a;}(g1] (ha,; (92\1))))-
— If h € init(g1), h & init(gz) and

e \(so) =i then comp®(h, g1, ga,¥) = Va,eal@;)((hay; (91\1))]g2))-

. X(so) €7 then comp®(h, g1, g2, ) = /\ajeA([ajK(haj; (91\1))]g2))-
— if h € init(gs), h & init(g1) and

o \(sg) =1 then comp®(h,g1,92, %) = \/ajeA(<aj><91 [(Ray; (92\R)))).

° /)\\(50) € 7 then compi(h, 91,92,9) = /\ajeA([angl ”(haj; (92\)))¢)-

Note that the semantics for parallel composition allows us to interleave sub-
trees of go within g; (and vice versa). Therefore in the definition of comp® at each
stage after an action a;, it is important to perform the sequential composition
of the subtree h,; with the residue of the game expression.

The axiom schemes

(A1) Propositional axioms:
(a) All the substitutional instances of tautologies of PC.
(b) turn; < A, —turn;.
(A2) Axiom for single edge games:
(a) (a)(p1V 2) < (a)p1 V (a)po.
(b) (a)turn; — [a]turn,;.
(A3) Dynamic logic axioms:
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(a) (g1Ug2,9)¢ < (g1,9)p V (g2, 1)

(b) (915 92,9) < (g1,1)(g2,7)p-

(©) (gilg2siyp = \/  head;/ A comp’(h, g1, 92, ).
heinit(g1]g2)

(A4) <ha Z>30 A l(h,i,gp)~

-~

For h € H with v(h) = T = (S, =, 50, A) we define | ; ) as follow:

¥ if moves(sg) = 0. ~
= Lnip)= vaez (a){hg, i) if moves(sg) # 0 and A(sq) = i.
/\aGE [a](ha,i)p if moves(sg) #

Inference rules

(MP) ¢, p =9 (NG) ¢
Y lale

Axioms (A1) and (A2) are self explanatory. Axiom (A3) constitutes the re-
duction axioms for the compositional operators, and Axiom (A4) is the atomic
game axiom. Note that unlike in PDL sequential composition in our setting cor-
responds to composition over trees. The details of the completeness proof can
be found in [14].
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5 DMaking strategies explicit

In this section, we discuss strategizing in large extensive form games (game
trees) by resource limited players. Such players rely on ‘local’ and ‘partial’ plans
which can be composed to form more ‘global’ plans. The notion of structures in
strategies become meaningful, leading to logical studies of structured strategies.

Dually, one could also consider the game tree as obtained by composition
from a collection of ‘small’” game trees constituting subgames and strategies as
‘complete’ plans on them to ensure local outcomes (which may be the initiation
of desired subgames).

In the following we discuss a logical language in which strategies are partial
plans, have compositional structure and we reason about agents employing such
strategies to achieve desired outcomes. We also consider functional (total) strate-
gies in finite subgames, and lift them over to strategies in structured games. For
more details on the results mentioned in this section see [41,15].

Before proceeding any further, we should mention here that the explicit study
of actions and strategies have been going on for a while in various logical frame-
works, and one can get acquainted with the different approaches in coalition
logics [5], temporal logics [20,43], first and second order logics [7,35]. A point
of departure in all these frameworks from what we are going to present below
is that, these frameworks consider strategies at an atomic level, giving differ-
ent ‘names’ to different strategies or actions, whereas we will concentrate on
studying composite structure in strategies.

Preliminary notions Extensive form games are a natural model for represent-
ing finite games in an explicit manner. In this model, the game is represented as
a finite tree where the nodes of the tree corresponds to the game positions and
edges correspond to moves of players. The leaf nodes are labelled with payoffs
obtained by players. For formal definitions we refer to Section 4.4. For simplicity,
we will consider two person games only. The results can similarly be proved for
N person games.

5.1 Strategy specifications

Similar to what has been presented in Section 3.2, we conceive of strategy specifi-
cations as being built up from atomic ones using some grammar. The atomic case
specifies, for a player, what conditions she tests for before making a move. These
constitute positional strategies and the pre-condition for the move depends on
observables that hold at the current game position and some finite look-ahead
that each player can perform in terms of the structure of the game tree. In addi-
tion to the usage of past time formulas to represent the observables (cf. Section
3.2), another method is to state these pre-conditions as future time formulas of
a simple action indexed tense logic over the observables (to facilitate describ-
ing finite look-ahead). The structured strategy specifications are then built from
atomic ones using connectives.
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Below, for any countable set X, let BF(X) be sets of formulas given by the
following syntax:

BF(X) =z e X || 1 Vi | (a)y

where a € Y.

Formulas in BF(X) are interpreted at game positions. The formula (a)v
talks about one step in the future. It asserts the existence of an a edge after
which v holds. Note that future time assertions up to any bounded depth can
be coded by iteration of this construct. The “future free” fragment of BF(X)
are the Boolean formulas over X, we denote this fragment by Bool(X).

Syntax Let P* = {p},pi,...} be a (non-empty) countable set of observables for
i € N and P = U;cyP?. The syntax of strategy specifications is given by:

Strat'(P') := [ — a]' | o1 + 02 | 01 - 09 | T = 01.

where 1) € BF(P?) and 7 € Strat'(P’ N P?). The intuitive interpretations of
these constructs can be found in Section 3.2.

Semantics Let M = (T,V) where T = (S, =, so, X) is an extensive form game
tree and V : S — 2P a valuation function. The truth of a formula ¢ € BF(P)
at the state s, denoted M, s = 9 is defined as follows:

- M,skEpiff pe V(s).

— M,s | iff M, s} 9.

— M,sE Y1 Vi iff M,s =11 or M, s = a.

— M, s |= (a)t iff there exists an s’ such that s=s' and M, s’ = .

Here, strategy specifications are interpreted on strategy trees of T. We as-
sume the presence of two special propositions turn; and turny that specifies
which player’s turn it is to move. We also assume the existence of a special
proposition leaf which holds at the terminal nodes. Formally, we assume that
the valuation function satisfies the property:

— for all i € N, turn; € V(s) iff X(s) = i.
— leaf € V(s) iff moves(s) = 0.

Recall that a strategy u of player i can be viewed as a subtree T}, =
(Sps =1, 50, Au) of T. Let V, denote the restriction of the valuation function
V to Sy and p5 : spaps1 - Sm = s be the unique path in p from the root node
so to s. For a strategy specification o € Strat’(P"), we define the notion of
conforming to o (denoted (T},,V,) = o) as follows:

= (T,,V,) [ o iff for every player i node s € S, we have p3 ,s |= 0.
where we define (similar to the definition given in Section 3.2, with some nota-

tional modifications) p3 ,s; = o for any player i node s; in p3  as,
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P+ 85 i [ a]’ iff (T, V), s; = 4 implies outps (s;) = a.

— pio,Sj ':z o1+ 09 iff ng,Sj ): o1 Or ng,Sj ): 092.

- pzovsj |:i o1 - oy iff Pgo,sj ): o1 and P§073j ): 2.

— pi,»8; i ™ = o iff (if for all player 7 nodes s; € p3 such that k& < j,
Py Sk =7 ™) then p3 s =i o1

Above, ¢ € BF(P?) and for alli: 0 <i < m, outps (s;) = a; and out,(s) is the
unique outgoing edge in T, at s. Recall that s is a player ¢ node and therefore
by definition there is a unique outgoing edge at s.

5.2 A strategy logic

We now discuss how we may embed structured strategies in a formal logic.
Formulas of the logic are built up using structured strategy specification. The
formulas describe the game arena in a standard modal logic, and in addition
specify the result of a player following a particular strategy at a game position,
to choose a specific move a. Using these formulas one can specify how a strategy
helps to eventually win (ensure) an outcome 3.

Syntax The syntax of the logic is given by:
Ls=peP|(0)i:c|-a|larVa|{a)a|@al|Ca|o~; .

where a,c € ¥, o € Strat'(P"), # € Bool(P"). The derived connectives A and
— are defined as usual. Let Ba = =©-a, (P)a = \/ @ a, [ala = —(a)—a,

Oa =V ey (@)a and O a = -O-a.

Intuitively, the formula (o), : ¢ asserts, at any game position, that the strat-
egy specification o for player i allows the move ¢ to be played at that position.
The formula ¢ ~»; 3 says that from this position, choosing any move allowed
by the strategy specification ¢ for player i ensures the outcome (. These two
modalities constitute the main constructs of the logic.

act

Semantics Models of the logic are of the form M = (T,V) where T =
(S,=>,80,/):) is an extensive form game tree and V : S — 2P is a valuation
function. As mentioned earlier, we require that the valuation function satisfies
the condition:

— For all s € S and ¢ € N, turn; € V(s) iff X(s) =1.
For the purpose of defining the logic it is convenient to define the notion
of the set of moves enabled by a strategy specification o at a game position s

(denoted o(s)). Given a model M = (T,V) where T' = (S,=,50,}), a node
s € S and a strategy specification o € Strat'(P?) we define o(s) as follows:
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‘ {a} if z(s) =i, M,s = and a € moves(s).
—[W—=al'(s)=q0 if Xs)=1i, M,s =1 and a & moves(s).
X} otherwise.
— (014 02)(8) = o1(s) U ga(s).
— (01 -02)(s) = g1(s) Noa(s).
)

B o(s)if Vj:0<j<m,a; €n(s;).
(m = o)(s { XY otherwise.

Am—1

We say that a path pzl D5 = 188y =g, = s in T conforms to o if
Vj:1<j<m,a; €o(s;). When the path constitutes a proper play, i.e. when
s = s, we say that the play conforms to o.

For a game tree T and a node s € S, let T denote the tree which consists
of the unique path p; and the subtree rooted at s. For a strategy specification
o€ Stmti(Pi), we define T, | o = (S,, =, so,xg) to be the least subtree of T}
which contains the unique path from sg to s and satisfies the property: for every
S1 € SU,

— if Xa(sl) = i then for all s, with s;=>s5 and a € o(s1) we have s;=>,55 and
)\g/ESQ) = A(SQ). N N
— if Ay (51) = 7 then for all s5 with s;=>55 we have §1=>,52 and A\, (s2) = \(s2)

The truth of a formula @ € L; in a model M and position s (denoted
M,s |= a) is defined by induction on the structure of «, as usual. Let pg

a Am—1
be 50=351 -+ = 8§, = S.

- M,sEpiff peV(s).

— M,s = -aiff M, s - a.

- M,sEarVasiff M,s|=ay or M,s = as.

M, s |= (a)a iff there exists s’ such that s=s' and M, s’ = a.

M,s = (@aif m >0, a=ay_1 and M, s,,_1 = a.

— M, s = ©a iff there exists j : 0 < j < m such that M, s; = a.

— M,sE(0);:ciff c € o(s).

— M,s = o~ (3 iff for all s’ such that s=*s’ in T, | o, we have M,s' =
B A (turn; A —leaf — enabled,).

where enabled, = \/ ({a)T A (0); : a) and = denotes the reflexive, transitive

acX
closure of =.

Figure 5 illustrates the semantics of o ~»; (. It says, for any 1 node ( is
ensured by playing according to o; for a 2 node, all actions should ensure 3.

The notions of satisfiablility and validity can be defined in the standard way.
A formula « is satisfiable iff there exists a model M and s such that M,s = «.
A formula « is said to be valid iff for all models M and for all nodes s, we have
M,s E a.
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Fig. 5. Interpretation of o ~»; 3

5.3 Axiom system

We now present an axiomatization of the valid formulas of the logic. We find the
following abbreviations useful:

root = =(P)T defines the root node to be one that has no predecessors.

07 (a) = turn; A (0); : a denotes that move “a” is enabled by ¢ at an ¢ node.
invy (a, B) = (turn; A (0); : a) — [a](c ~; B) denotes the fact that after an
“a” move by player ¢ which conforms to o, o ~»; # continues to hold.
invZ(B) = turn; — (o ~; B) says that after any move of 7, 0 ~;
continues to hold.

conf . = B((a)turn; — (@)(m)7 : a) denotes that all opponent moves in the

past conform to 7.

The axiom schemes

(A1) Propositional axioms:

(b
(A2) (a
(b

(a) All the substitutional instances of tautologies of PC.
turn; < —turns.

=)
D
[
!
=}
S
!
=
=
!
=)
=
S

(A3) (a) (a)a — [a]a

(b) (@a — [aa

(¢) (@T — —(b)T for all b #a
(A4) (a) a— [a](a)a

b) a — [@l{a)a
(A5) © root

)T = ([—a])izaforallac ¥
turn; AY A ([ — al"); a) — (a)T

~~ o~
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)t [+ a]’);:ce ) forala#c
(a) ( itce (01)icV(o2)i:c
(b) (o1-02)i:c (01)i:cN(02);:c
) ( )

itceconf. — (0);:c

=

&
Q

¢

iB—

Inference rules

—~~

B A invf (a, B) A inv (B) A (—leaf — enabled,))

(MP)a, a— 3 (NG) «

g la]a
(Ind-past) a — [Pla
a — Ha
(Ind ~) Nyex(aAdf(a) — [aa), aAturn; = Do, aA-leaf — enabled,, o — (3

a— 0~

Axioms (Al) give the propositional logic axioms with (b) corresponding to
the fact that only one player can move at a node. Axioms (A2) - (A4) provide
properties of the action operators. Axioms (A2) give the Kripke axiom for the
operators [a] and [@]. Axioms (A3) and (A4) give some consistency conditions
that are applied to the game tree model, e.g. (A3)(a) says that if one ‘a’ move
from a certain state, s (say) reaches a state where ‘p’ holds, then it holds at
all states reachable from s by the ‘a’ move. Axioms (A5) describe properties of
the past modality, whereas (A6) and (A7) describe the semantics of strategy
specifications. The rule Ind ~» illustrates the new kind of reasoning in the logic.
It says that to infer that the formula o ~»; 8 holds in all reachable states, 3
must hold at the asserted state and

— for a player ¢ node after every move which conforms to o, § continues to
hold.

— for a player 7 node after every enabled move, § continues to hold.

— player ¢ does not get stuck by playing o.

For a proof of completeness of the above axiom system see [15]. Given a finite
presentation of the model M and a formula « it is possible to construct a Biichi
tree automaton which accepts M iff M | « (details can be found in [41], pages
54-62). Thus the truth checking (or the model checking) question of the logic
remains decidable.

5.4 Compositional games

In order to express complex strategizing notions, it is also useful to compose
game-strategy pairs rather than to treat game composition and strategic anal-
ysis as independent entities (see [15] for a detailed discussion). In this section
we formalize this notion of composition. In fact we work with a more general
framework of game-outcome pairs. A game-outcome pair in effect defines the
functional strategies which ensure the specified outcome.

40



Syntax for extensive form game trees Let Nodes be a countable set. The
syntax for specifying finite extensive form game trees is given by:

G(Nodes) := (i,x) | X, cg((i,2),am,ta,,)

where i € N, x € Nodes, J C X, and t,,, € G(Nodes).
Given h € G(Nodes) we define the tree T} generated by h inductively as
follows.

— h=(i,2): Th = (Sh,=n, M, $z) where S, = {52}, A (s2) = i.

— h=((i,®),a1,ta,)+ -+ ((i,2), ar ta, ): Inductively we have trees Ty, ... Ty
where for j:1<j <k, T; = (S],:>],/\],s] 0)- Define T}, = (Sh,:>h,/\h,s$)
where

LJ Sh—{SL}USTl USTk
e Ai(sg) =i and for all J, for all s € St An(s) = Xj(s).
o =n=Uji<j<{(s2,a5,850)} U=).

PN
AN A

Fig. 6. Extensive form game tree

As an example, consider the extensive form game tree shown in Figure 6.
The nodes are labelled with turns of players and edges with the actions. The
syntactic representation of this tree can be given as follows:

— h= ((1 x0),a,t1) + ((1,20), b, t2) where
o t1=((2,21),¢1,(2,11)) + ((2,21),d1, (2,92)) and
((2 T ) 027(2 yg))+((2,x2),d2,(2,y4)).

Syntax for game-strategy logic Let P be a countable set of propositions,
the syntax of the logic is given by:

I'i=h0)]g1;592 | 91Ug2 | g*
Lo=peP|-alaVas|{gi)a

where h € G(Nodes), 3 € Bool(P) and g € I'.
Intuitively, the connective (g, i)« asserts at state w that « holds at the leaves
of a strategy tree g for player ¢ enabled at w.
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Semantics Models of the logic are pairs M = (T,V) where T = (5, =, so, :\\) is
an extensive form game tree and V : S — 2% is a valuation function. To formally
define the truth of a formula in a model we need to first formalise the notion of
when a game is enabled at a state of the model, similar to what we have done
in Section 4.4.

Enabling of trees. For w € S, let T,, denote the subtree of M starting at w.
We say the game g is enabled at a state w if the structure g can be embedded
in T, with respect to the enabled actions and player labelling. Since M needs
not be deterministic, there could be multiple embeddings, and therefore we work
with the maximal embedding (denoted T, | g) and this is the game tree under
consideration. Formally this can be defined as follows: R

Given a state w and g € G(Nodes), let T\, = (S}, =M, Sw; Am) and Ty =
(sg,%,sg,o,ﬁg). The restriction of T, with respect to the game g (denoted
Tw |\ g) is the subtree of T, which is generated by the structure specified by T,.
The restriction is defined inductively as follows: Ty, [\ g = (S, =, sO,X, f) where
f:S — S, Initially S = {s,}, :\\(sw) = XM(sw), S0 = sy and f(sy) = Sg,0-

For any s € S, let f(s) =t € Sy. Let {a1,...,ax} be the outgoing edges of
t, e forall j:1<j <Kk, tggtj. For each aj, let {s}, ..+, 87"} be the nodes in
Siy such that ngsé- foralll:1 <[] < m. Add nodes s}, .. .,5}" to S and the

edges sgsé forall 1:1 <1 <m. Also set X(sé) = XM(sé) and f(sh) =t;.
We say that a game h is enabled at w (denoted enabled(h,w)) if the tree
Tw | g = (S,=, 50, \, f) satisfies the following property: for all s € S,

—

- ng(S), =R =R
— if 5% () then A(s) = Ag(f(s)).

Having defined the notion of an atomic tree being enabled at a state, the next
step is to “interpret” compositional games. Intuitively with each compositional
game g € I' and player i« € N we associate the collection of states that player
can ensure by employing a strategy in ¢g. Formally we define sets RZ CWx2W
by induction on the structure of g. For a game tree T, let §2°(T) denote the set

of strategies of player ¢ on the game tree T and frontier(T) denote the set of all
leaf nodes of T.

Atomic pair For an atomic pair g = (h, 3) and i € N, we define Rf] as follows:

- Réhﬁ) = {(u, X) | enabled(h,u) and Iu € 2°(T, [h) such that frontier(n) =
X and Vs € X, M,s = (3}.

where for a Boolean formula 3, we have the standard interpretation for M, s = 3.

Composition Sequential composition and choice is interpreted as follows:

- R, ., = 1{(u,X)|3Y CW such that (u,Y) € R} and Yv € Y there exists
X, C X such that (v, X,) € R?D and (J, ey Xo = X}
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~ Rt

g1Uga RZH U Rzz'
Iteration The semantics of Kleene star is defined with respect to a least fixed-
point operator. We formalize this as follows: let - be a binary operator over

W x 2W which is defined as,

— R{-Ry = {(U,X) ‘ le,Yl,...,wk,Yk with (u, {wl,...,wk}) c Rl,Vj, (’LUj,Y')
€ Ry andX:Uij}.

for all R1, Ry C W x 2W.

Given a Z C W x 2% let F be the operator over the domain W x 2V
defined as Fz(R) = RTUZ- R where Rt = {(u,{u}) | u € W}. Observe that the
operator - is monotonic in the following sense: if Ry C Ry then Ry-R; C Ry Rs.
This also implies that F is monotonic for every Z C W x 2W. Thus by the
Knaster-Tarski theorem we have that for every Z, the least fixed-point (LFP) of
Fz exists. LFP(Fyz) can be computed as the limit of the following sequence of
partial solutions: Ry = R1,Rj+1 = Fz(R;)(= Rt UZ - R;) and Ry = Uy<aR,
for a limit ordinal A.

~ Ri. = LFP(Fg,).

Truth The truth of a formula o € £, in a model M and a position s (denoted
M, s = ) is defined as follows:

- M,skE=piff pe V(s).

— M,s E —aiff M, s [~ a.

— M,sEaypVayiff M,s|Eay or M, s | as.

— M,s = (g,i)a iff 3(s, X) € R}, such that Vs’ € X we have M, s |= a.

A formula « is satisfiable if there exists a model M and a state s such that
M,s E a.
5.5 Axiom system

We present an axiomatization of the valid formulas of the logic. Let h! =
((i,2),a,(j,y)) and hl = ((7,2),a,(j,y)). We can then define (a)a with the
standard modal logic interpretation as follows:

— (a)a = (turn; — {(h%, T),i)a) A (turn; — ((h2, T),7)a).

For h € G(Nodes), we use the notation h¥ to denote that the tree structure
h is enabled. This is defined as follows:

— If h = (i,x) then h¥ =T.
—Ifh=(0(,2),a1,te,) + ...+ ((4,2),ak,tq,) then
e hY = turn; A (/\ajemoves(SO)((aj>T Alag]ty)).-
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The axiom schemes

(A1) Propositional axioms:
(a) All the substitutional instances of tautologies of PC.
(b) turn; < —turns.
(A2) Axiom for single edge games:
(a) (a)(a1 V ag) < (a)ay V (a)as.
(b) (a)turn; — [a]turn,.
(A3) Dynamic logic axioms:
(a) {g1Uga, i) < (g1, )V (g2, ).
(b) <gl7 g2, 7’>a - <gl7 Z> <92a Z>O[
(¢) (g%, i)a = aV{g,i){g", D).
(A4) <(ha /B),Z>OZ — hYA l(h,i,ﬁ,a)~

where we define | (1, ;,3,4) as follow:

— if h = (j,z) for j € N then |(4,8,0)= 6 Aa.

_ lf h = ((ja x),CLl,ta,l) + - + ((j7x)7a/k:7tak) Wlth A = {al’ . 7a’k} then
_J Vaea@){(ta, ) i) if j=1i.

) l(h’z’ﬁ,a)_ {/\aeA [a]<(ta»6)7i>a if j:i.

Inference rules

(MP)a, a— 5 (NG) «
B la]a
(IND) {g,i)a — «
(g%, )a = «

For a proof of completeness of this axiom system as well as decidability of the
logic, see [15].
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6 Dynamics of large games

We have merely touched on logical and finite memory structure in strategies in
games. Hopefully, all the preceding discussion convinces the reader that grant-
ing first class citizenship to strategies is worthwhile and feasible. The question
remains whether such an approach yields new and interesting insights. Below
we mention some directions in which such a study might proceed, offering only
a graphic outline of ideas and trends; a fully formulated theory awaits devel-
opment. The main strand running through the discussion is that we consider
temporally large games (that have episodic structure) and spatially large games
(where the number of players is too large for rationality to be based on exhaustive
intersubjectivity).

6.1 Strategy switching and stability

We have argued that resource limited players do not select complete strategies.
Rather, they start initially with a set of possible strategies, knowledge about the
game and other players’ skills. As the game progresses, they compose/switch to
devise new strategies. This can be specified in a syntax for strategy specification
that crucially uses a construct for players to play the game with a strategy 14
up to some point and then switch to a strategy vs.

; n=v € X; | Straty U Strats | Straty N Strate | Strat,” Strate | Straty + Strats |
?Strat

Using the “test operator” ?Strat, a player checks whether an observable
condition v holds and then decides on a strategy. We think of these conditions
as past time formulas of a simple tense logic over an atomic set of observables.

In the atomic case, v simply denotes a partial strategy. The intuitive meaning
of the operators are given as:

— Strat; U Strat, means that the player plays according to the strategy Strat;
or the strategy Strats.

— Straty N Strat; means that if at a history ¢ € T, Strat; is defined then the
player plays according to Straty; else if Strats is defined at ¢ then the player
plays according to Strats. If both Strat, and Strats are defined at ¢ then the
moves that Strat; and Strate specify at ¢ must be the same (we call such a
pair Strat, and Strate, compatible).

— Strat,” Strat, means that the player plays according to the strategy Straty
and then after some history, switches to playing according to Strate. The
position at which she makes the switch is not fixed in advance.

— (Strat; + Straty) says that at every point, the player can choose to follow
either Strat, or Strats.

— 1?7 Strat says at every history, the player tests if the property ¢ holds of that
history. If it does then she plays according to Strat.
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The following lemma relates strategy specifications to finite state transducers,
which are automata that output advice. Below note that Strat is a strategy
specification, a syntactic object, and y is a (functional) strategy, defined earlier
to be a subtree of the tree unfolding of the game arena.

Lemma 6.1. Given game arena G, a player i € N and a strategqy specifica-
tion Strat € (2;, where all the atomic strategies mentioned in Strat are bounded
memory, we can construct a transducer Agiq; such that for all u € 2° we have

G, p = Strat off u € Lang(Astrat)-

Call a strategy Strat switch-free if it does not have any of the ~ or the +
constructs.

Given a game arena G and strategy specifications of the players, we may ask
whether there exists some subarena of G that the game settles down to if the
players play according to their strategy specifications. (Note that a play being
an infinite path in a finite graph, by settling down, we refer to the connected
component that the play is eventually confined to.) This subarena is in some
sense the equilibrium states of the game. It is also meaningful to ask if the game
settles down to such an equilibrium subarena, then whether the strategy of a
particular player attains stability with respect to switching.

Theorem 6.1. Given a game arena G = (W, —,wg) a subarena R of G and
strategy specifications Straty, ..., Strat, for players 1 to n, the following ques-
tions are decidable.

— Do all plays conforming to these specifications eventually settle down to R?

— Given strategy specifications Straty, ..., Strat,, for players 1 ton, if all plays
conforming to these specifications converge to R, does the strategy of player
i become eventually stable with respect to switching?

For a detailed study of strategy switching, see [33].

6.2 Issues in games with a large number of players

Game models of social situations typically involve large populations of players.
However, common knowledge of rationality symmetrizes player behaviour and
allows us to predict behaviour of any rational player. On the other hand, it is
virtually impossible for each player to reason about the behaviour of every other
player in such games, since a player may not even know how many players are
in the game, let alone how they are likely to play.

What is the technical implication of number of players being large? In our
view, in large games, the payoffs are usually dependent on the ‘distribution’
of the actions played by the players rather than the action profiles themselves.
Moreover, in such games the payoffs are independent of the identities of the
players.

An action distribution is a tuple y = (y1,¥2,...,%4)) such that y; > 0, Vi

and Ziill y; < n. Let Y be the set of all action distributions. Given an action
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profile a, we let y(a) be its corresponding action distribution, that is, y(a)(k)
gives the number of players playing the kth action in A. Every player ¢ has a
rational valued function f; : Y — Q which can be seen as the payoff of i for a
particular distribution.

Why are such distributions interesting? They are used in many social situ-
ations. For instance, recently Singapore decided to make the entire city Wi-Fi
enabled. How is it decided that a facility be provided as infrastructure? Typi-
cally such analysis involves determining when usage crosses a threshold. But then
understanding why usage of one facility increases vastly, rather than another,
despite the presence of several alternatives, is tricky. But this is what strategy se-
lection is about. However, we are not as much bothered about strategy selection
by an individual player but by a significant fraction of the population.

Similar situations occur in the management of the Internet. Policies for band-
width allocation are not static. They are dynamic, based on studying both vol-
umes of traffic and type of traffic. The popularity of an application like YouTube
dramatically changes such usage, calling for changes in Internet policies. Predict-
ing such future requirements is tricky, but much wanted by the engineers. Herd
mentality and imitation are common in such situations.

In large games, payoffs are associated not with strategy profiles, but with
type distributions. Suppose there are k strategies used in the population. Then
the outcome is specified as a map u : II(n) — PF, where IIj(n) is a set of
distributions: k-tuples that sum up to n, and P is a payoff. Thus every player
playing the j** strategy gets the payoff given by the j** component specified by
u for a given distribution. Typically there is usually a small number ¢ of types
such that ¢ < n where n is the number of players. Can one carry out all the
analysis using only the t types and then lift the results to the entire game?

Why should such an analysis be possible? When we confine our attention
to finite memory players, for n players, the strategy space is the n-fold product
of these memory states. What we wish to do is to map this space into a t-fold
product, whereby we wish to identify two players of the same type. We can show
that in the case of deterministic transducers, such a blow-up is avoidable, since
the product of a type with itself is then isomorphic to the type.

A population of 1000 players with only two types needs to be represented
only by pairs of states and not 1000-tuples. But we need to determinize trans-
ducers, and that leads to exponential blow-up. So one might ask, when is the
determinising procedure worthwhile? Suppose we have n players, ¢ types, and
p is the maximum size of the state space of any nondeterministic type finite
state transducer. It turns out ([30]) that the construction is worthwhile when
n > 0.693-¢-w(p), where 7(p) is the number of primes below p. As we are talking
about large games, the inequality above can be expected to hold.

In general, while we have spoken only of qualitative outcomes, and this is
natural for a logical study, it makes sense to consider quantitative objectives
as well, especially when outcomes are distribution determined. For infinite play,
such outcomes may diverge, and we then need to consider limit-average payoffs (or
other discounted payoffs). It is still possible to carry out the kind of analysis as we
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have discussed here, to show existence of equilibria in finite memory strategies,
as for instance, in [30].

Neighbourhood structures In large games, it is convenient to think of play-
ers arranged in neighbourhoods. A player strategizes locally, observing behaviour
and outcomes within her neighbourhood, but may switch to an adjacent neigh-
bourhood.

As an example, consider vegetable sellers in India. In Indian towns, it is still
possible to see vegetable sellers who carry vegetables in baskets or pushcarts
and set up shop in some neighbourhood. The location of their ‘shop’ changes
dynamically, based on the seller’s perception of demand for vegetables in different
neighbourhoods in the town, but also on who else is setting up shop near her, and
on her perception of how well these (or other) sellers are doing. Indeed, when she
buys a lot of vegetables in the wholesale market, the choice of her ‘product mix’
as well as her choice of location are determined by a complex rationale. While
the prices she quotes do vary depending on the general market situation, the
neighbourhoods where she sells also influence the prices significantly: she knows
that in the poorer neighbourhoods, her buyers cannot afford to pay much. She
can be thought of as a small player in a large game, one who is affected to some
extent by play in the entire game, but whose strategising is local where such
locality is itself dynamic.

In the same town, there are other, relatively better off vegetable sellers who
have fixed shops. Their prices and product range are determined largely by
wholesale market situation, and relatively unaffected by the presence of the
itinerant vegetable sellers. If at all, they see themselves in competition only
against other fixed-shop sellers. They can be seen as big players in a large game.

What is interesting in this scenario is the movement of a large number of
itinerant vegetable sellers across the town, and the resultant increase and de-
crease in availability of specific vegetables as well as their prices. We can see
the vegetable market as composed of dynamic neighbourhoods that expand and
contract, and the dynamics of such a structure dictates, and is in turn dictated
by the strategies of itinerant players.

When we model games with such neighbourhood structures, the central ques-
tion to study is that of stability of game configurations. When can we guarantee
that game dynamics leads to a configuration that does not change from then
on, or oscillate between fixed configurations? Do finite memory strategies suf-
fice? What kind of game theoretic tools are used for such analysis? [31] offers
an instance, where a characterization is presented in terms of potential games
[26]. However, the general question of what stable configurations are of interest
and how to strategize to achieve them is of general interest, as well as obtaining
bounds on when stability is attained.

Dynamic game forms Social situations often involve strategies that are generic,
(almost) game-independent: threat and punishment; go with the winner / follow
the leader; try to take the lead, and if you can’t, follow a leader; imitate someone
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you think well of; and so on. They have some (limited) efficacy in many interac-
tion situations. But when a significant proportion of players use such heuristics,
it may affect game dynamics significantly.

In general, we can consider such dynamics as follows. An individual player
has to make choices; making choices has a cost. Society provides choices, incurs
cost to do so. Society revises choices and costs from time to time based on the
history and prediction of the future. This effects individual strategies who switch
between the available choices. Then the game arena is not static but changes
dynamically.

We can then ask several questions based on eventual patterns dictated by
the dynamics:

— Does the play finally settle down to some subset of the game?

— Can a player ensure certain objectives using a strategy that doesn’t involve
switching?

— Given a subarena, is a particular strategy live?

Does an action profile eventually become part of the social infrastructure?

— Do the rules of the society and the behaviour of other players drive a par-
ticular player out of the game?

[32] offers a formal model in which such questions are posed and it is shown
that these can be checked algorithmically. Therefore, it is possible to compare
between game restriction rules in terms of their imposed social cost. For a player,
if the game restriction rules are known and the type of the other players are
known then she can compare between her strategy specifications.

The more general objective of such study is to explore the rationale of when
and how should society intervene, and when such rationale is common knowledge
among players, how they should strategize. In this sense, individual rationality
and societal rationality are mutually recursive in each other, and the study of
such interdependence offers an interesting challenge for logical models.

The imitation heuristic In a large population of players, where resources and
computational abilities are asymmetrically distributed, it is natural to consider
a population where the players are predominantly of two kinds: optimisers and
imitators. Asymmetry in resources and abilities can then lead to different types of
imitation and thus ensure that we do not end up with “herd behaviour”. Mutual
reasoning and strategising process between optimizers and imitators leads to
interesting questions for game dynamics in these contexts.

Is imitation justified? We can say no since it does not achieve optimal in
most cases. But we can also say yes, since it saves time, uses less resource and
does not do much worse than optimal outcomes in most cases.

The rationality (or otherwise) of imitation has been studied (though perhaps
not extensively) in game theory. In [29], games of unbounded duration on finite
graphs are studied, where players may have overlapping objectives, and are di-
vided into players who optimise and others who imitate. In this setting, it is
shown that the following questions can be answered algorithmically:

49



— If the optimisers and the imitators play according to certain specifications,
is a global outcome eventually attained?

— What sort of imitative behaviour (subtypes) eventually survive in the game?

— How worse-off are the imitators from an equilibrium outcome?

However, this is a preliminary study, and more sophisticated models would
involve randomizing players as well as more nuanced player types in the popu-
lation.

6.3 A research agenda

An important area that we have not touched on at all is that of games of im-
perfect information. This is especially important since communication structure
in strategies is important and worthwhile for study. What to communicate and
when it is strategic and when players have only a partial view of the game state
and must communicate to learn more as well as coordinate to achieve desired
goals, this dictates considerable structure in strategies. For an instance of such
reasoning, see [40].

Below we list several questions that come up in the course of a search for
strategy structure.

— We have discussed games with a fixed number of players (albeit unknown
perhaps). How is strategizing affected when the set of players is unbounded,
and hence potentially infinite? This is the case in games such as the Internet.

— We discussed neighbourhood structures, but in the model, we have merely
replaced a flat structure on players by one which has one level depth. It is
natural to consider a hierarchical structure of neighbourhoods, and a topo-
logical study would be more useful.

— We have talked only of player behaviour in games. A closely related question
is one that keeps the strategy space fixed, but asks for incentive mechanisms
that achieve desired outcomes. Mechanism design in the context of structured
strategies is unclear.

— We have suggested that heuristics such as imitation are important in large
games. It would be interesting to offer such analysis for a study of herd
behaviour and runaway phenomena.

— At a foundational level, what we seek is an algebraic theory of strategies.
What operators should be considered and how they interact requires a deeper
mathematical study.

— We talked of game - strategy pairs, to show that they are dependent notions.
A theory in which games and strategies are mutually recursive in the other
is needed for offering foundations to such reasoning.

— Finite state transducers provide a natural complexity measure for strategies:
the size of the minimal deterministic finite state machine that can play that
strategy. Developing a nuanced complexity theory of strategies based on such
notions is a definite need. This requires notions of strategy reductions that
await further exploration.
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— A most critical lacuna in our discussion has been the omission of randomized
strategies. Logical theories that admit strategy structure as well as random-
ization are essential for applicability.

To conclude, singing praise of strategies is not only interesting in itself, but
can also offer new questions for study to both game theorists and logicians.
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