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1

Introduction

First-order logic meets game theory as soon as one considers sentences
with alternating quantifiers. Even the simplest alternating pattern illus-
trates this claim:

Vedy(zr < y). (1.1)

We can convince an imaginary opponent that this sentence is true on
the natural numbers by pointing out that for every natural number m he
chooses for x, we can find a natural number n for y that is greater than
m. If, on the other hand, he were somehow able to produce a natural
number for which we could not find a greater one, then the sentence
would be false.

We can make a similar arrangement with our opponent if we play
on any other structure. For example, if we only consider the Boolean
values 0 and 1 ordered in their natural way, we would agree on a similar
protocol for testing the sentence, except that each party would pick 0 or
1 instead of any natural number.

It is natural to think of these protocols as games. Given a first-order
sentence such as (1.1), one player tries to verify the sentence by choosing
a value of the existentially quantified variable y, while the other player
attempts to falsify it by picking the value of the universally quantified
variable . Throughout this book we will invite Eloise to play the role
of verifier and Abelard to play the role of falsifier.

We can formalize this game by drawing on the classical theory of
extensive games. In this framework, the game between Abelard and
Eloise that tests the truth of (1.1) is modeled as a two-stage game. First
Abelard picks an object m. Then Eloise observes which object Abelard
chose, and picks another object n. If m < n, we declare that Eloise has
won the game; otherwise we declare Abelard the winner. We notice that
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Eloise’s ability to “see” the object m before she moves gives her an ad-
vantage. The reason we give Eloise this advantage is that the quantifier
Jy lies within the scope of Vz. In other words, the value of y depends on
the value of x.

Hintikka used the game-theoretic interpretation of first-order logic to
emphasize the distinction between constitutive rules and strategic prin-
ciples [28,29]. The former apply to individual moves, and determine
whether a particular move is correct or incorrect. In other words, con-
stitutive rules determine the set of all possible plays, i.e., the possible
sequences of moves that might arise during the game. In contrast, strate-
gic principles pertain to the observed behavior of the players over many
plays of the game. Choosing blindly is one thing, following a strategy is
another. A strategy is a rule that tells a particular player how to move
in every position where it is that player’s turn. A winning strategy is
one that ensures a win for its owner, regardless of the behavior of the
other player(s). Put another way, constitutive rules tell us how to play
the game, while strategic principles tell us how to play the game well.

When working with extensive games, it is essential to distinguish be-
tween winning a single play, and having a winning strategy for the game.
If we are trying to show that (1.1) holds, it is not enough to exhibit one
single play in which m = 4 and n = 7. Rather, to show (1.1) is true,
Eloise must have a strategy that produces an appropriate n for each
value of m her opponent might choose. For instance, to verify (1.1) is
true in the natural numbers, Eloise might use the winning strategy: if
Abelard picks m, choose n = m + 1. If we restrict the choice to only
Boolean values, however, Abelard has a winning strategy: he simply
picks the value 1. Thus (1.1) is true in the natural numbers, but false if
we restrict the choice to Boolean values.

To take an example from calculus, recall that a function f is contin-
uwous if for every x in its domain, and every € > 0, there exists a § > 0
such that for all y,

|zt —y| <4 implies |f(z) — f(y)| <e.
This definition can be expressed using the quantifier pattern
YaVedovy(...), (1.2)

where the dots stand for an appropriate first-order formula. Using the
game-theoretic interpretation, (1.2) is true if for every = and e chosen
by Abelard, Eloise can pick a value for § such that for every y chosen
by Abelard it is the case that...
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The key feature of game-theoretic semantics is that it relates a central
concept of logic (truth) to a central concept of game theory (winning
strategy). Once the connection between logic and games has been made,
logical principles such as bivalence and the law of excluded middle can
be explained using results from game theory. To give one example, the
principle of bivalence is an immediate consequence of the Gale-Stewart
theorem, which says that in every game of a certain kind there is a player
with a winning strategy.

Mathematical logicians have been using game-theoretic semantics im-
plicitly for almost a century. The Skolem form of a first-order sentence is
obtained by eliminating each existential quantifier, and substituting for
the existentially quantified variable a Skolem term f(y1,...,Yn), where
f is a fresh function symbol and yq,...,¥y, are the variables upon which
the choice of the existentially quantified variable depends. A first-order
formula is true in a structure if and only if there are functions satisfying
its Skolem form.

For instance the Skolem form of (1.1) is Vz(z < f(z)). In the natural
numbers, we can take f to be defined by f(x) = x + 1, which shows
that (1.1) is true. Thus we see that Skolem functions encode Eloise’s
strategies.

Logic with imperfect information

The game-theoretic perspective allows one to consider extensions of first-
order logic that are not obvious otherwise. Independence-friendly logic,
the subject of the present volume, is one such extension.

An extensive game with imperfect information is one in which a player
may not “see” (“know”) all the moves leading up to the current position.
Imperfect information is a common phenomenon in card games such as
bridge and poker, in which each player knows only the cards on the table
and the cards she is holding in her hand.

In order to specify semantic games with imperfect information, the
syntax of first-order logic can be extended with slashed sets of variables
that indicate which past moves are unknown to the active player. For
example, in the independence-friendly sentence

Vavy(3z/{y}) R(=,y, 2), (1.3)

the notation /{y} indicates that Eloise is not allowed to see the value of
y when choosing the value of z.
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Imperfect information does not prevent Eloise from performing any
particular action she could have taken in the game for the first-order
variant of (1.3):

VaVy3zR(z, y, 2). (1.4)

Instead, restricting the information available to the player prevents them
from following certain strategies. For instance, in the game for (1.4)
played on the natural numbers, Eloise may follow the strategy that takes
z = x +y. However, this strategy is not available to her in the game for
(1.3).

The restriction on Eloise’s possible strategies is encoded in the Skolem
form of each sentence. For instance, the Skolem form of (1.3) is

‘v’a:VyR(x, Y, f(x)),

whereas the Skolem form of (1.4) is

VavyR (z,y, f(z,y)).

The set under the slash in (3z/{y}) indicates that the quantifier is
independent of the value of y, even though it occurs in the scope of Vy.

Returning to calculus, a function f is uniformly continuous if for every
2 in its domain and every £ > 0, there exists a > 0 independent of x
such that for all y,

|z —yl <4 implies |f(z)— f(y)| <e.

The definition of uniform continuity can be captured by an independence-
friendly sentence of the form

Vave (36 /{z})Vy(...),

or, equivalently, by a first-order sentence of the form
Vedovavy(...).

Not all independence-friendly sentences are equivalent to a first-order
sentence, however. Independence-friendly (IF) logic is related to an ear-
lier attempt to generalize first-order logic made by Henkin [25], who
introduced a two-dimensional notation called branching quantifiers. For
instance, in the branching-quantifier sentence

Vr Jy
MERL Y (15)
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the value of y depends on z, while the value of w depends on z. The
Skolem form of the above sentence is given by:

VaVzR(z, f(z), 2, 9(2)).
We can obtain the same Skolem form from the IF sentence
VaIyvz(Jw/{z,y})R(z,y, 2, w). (1.6)

Ehrenfeucht showed that sentences such as (1.5) can define proper-
ties that are not expressible in first-order logic [25]. Since branching-
quantifier sentences are translatable into IF sentences, IF languages are
also more expressive than first-order languages. In fact, IF logic has the
same expressive power as existential second-order logic.

The additional expressive power of independence-friendly logic was
the main reason why Hintikka advocated its superiority over first-order
logic for the foundations of mathematics [28].

Several familiar properties of first-order logic are lost when passing
from perfect to imperfect information. They will be discussed in due
time. Here we shall briefly consider two such properties. It will be seen
that the Gale-Stewart theorem fails for extensive games with imperfect
information, and thus there is no guarantee that every IF sentence is
either true or false.

One such notorious IF sentence is

v (Jy/{z})z =y. (1.7)

Even on a small domain like the set of Boolean values, Eloise has no way
to consistently replicate the choice of Abelard if she is not allowed to
see it. Abelard does not have a winning strategy either, though, because
Eloise may guess correctly.

Thus, allowing semantic games of imperfect information introduces
a third value in addition to true and false. It has been shown that the
propositional logic underlying IF logic is precisely Kleene’s strong, three-
valued logic [31, 34].

Another familiar property of first-order logic that is often taken for
granted is that whether an assignment satisfies a formula depends only
on the values the assignment gives to the free variables of the formula.
In contrast, the meaning of an IF formula can be affected by values
assigned to variables that do not occur in the formula at all. This is
exemplified by sentences such as

Vo3z(Jy/{z})z = y. (1.8)
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In the semantic game for the above sentence, Eloise can circumvent the
informational restrictions imposed on the quantifier (3y/{z}) by storing
the value of the hidden variable x in the variable z. Thus, the subformula
(3y/{z})z = y has a certain meaning in the context of sentences like
(1.7), and a different meaning in the context of sentences like (1.8), where
variables other than x may have values.

The failure to properly account for the context-sensitive meanings of
IF formulas has resulted in numerous errors appearing in the literature.
We shall try to give an accessible and rigorous introduction to the topic.

Traditionally, logicians have been mostly interested in semantic games
for which a winning strategy exists. Game theorists, in contrast, have
focused more on games for which there is no winning strategy. The most
common way to analyze an undetermined game is to allow the players
to randomize their strategies, and then calculate the players’ expected
payoft.

We shall apply the same approach to undetermined IF sentences.
While neither player has a winning strategy for the IF sentence (1.7),
in a model with exactly two elements, the existential player is as likely
to choose the correct element as not, so it seems intuitive to assign the
sentence the truth value 1/2. In a structure with n elements, the prob-
ability that the existential player will guess the correct element drops
to 1/n. We will use game-theoretic notions such as mixed strategies and
equilibria to provide a solid foundation for such intuitions.

Chapter 2 contains a short primer on game theory that includes all the
material necessary to understand the remainder of the book. Chapter 3
presents first-order logic from the game-theoretic perspective. We prove
the standard logical equivalences using only the game-theoretic frame-
work, and explore the relationship between semantic games, Skolem
functions, and Tarski’s classical semantics. Chapter 4 introduces the
syntax and semantics of IF logic. Chapter 5 investigates the basic prop-
erties of IF logic. We prove independence-friendly analogues to each of
the equivalences discussed in Chapter 3, including a prenex normal form
theorem. IF logic also shares many of the nice model-theoretic properties
of first-order logic. In Chapter 6, we show that IF logic has the same
expressive power as existential second-order logic, and the perfect-recall
fragment of IF logic has the same expressive power as first-order logic.
Chapter 7 analyzes IF formulas whose semantic game is undetermined
in terms of mixed strategies and equilibria. In Chapter 8 we discuss the
proof that no compositional semantics for IF logic can define its sat-
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isfaction relation in terms of single assignments. We also introduce a
fragment of IF logic called IF modal logic.

Although it is known that IF logic cannot have a complete deduction
system, there have been repeated calls for the development of some kind
of proof calculus. The logical equivalences and entailments presented in
Chapter 5 form the most comprehensive system to date. They are based
on the work of the first author [39,40], as well as Caicedo, Dechesne,
and Janssen [9].

The IF equivalences in Chapter 5 have already proved their usefulness
by simplifying the proof of the perfect recall theorem found in Chapter 6,
which is due to the third author [52]. The analogue of Burgess’ theorem
for the perfect-recall fragment of IF logic is due to the first author. The
results presented in Chapter 7, due to the third author, generalize results
in [52] and extend results in [54].
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2
Game theory

According to A Course in Game Theory, “a game is a description of
strategic interaction that includes the constraints on the actions that
the players can take and the players’ interests, but does not specify the
actions that the players do take” [45, p. 2]. Classical game theory makes
a distinction between strategic and extensive games. In a strategic game
each player moves only once, and all the players move simultaneously.
Strategic games model situations in which each player must decide his
or her course of action once and for all, without being informed of the
decisions of the other players. In an extensive game, the players take
turns making their moves one after the other. Hence a player may con-
sider what has already happened during the course of the game when
deciding how to move.

We will use both strategic and extensive games in this book, but we
consider extensive games first because how to determine whether a first-
order sentence is true or false in a given structure can be nicely modeled
by an extensive game. It is not necessary to finish the present chapter
before proceeding. After reading the section on extensive games, you
may skip ahead to Chapter 3. The material on strategic games will not
be needed until Chapter 7.

2.1 Extensive games

In an extensive game, the players may or may not be fully aware of the
moves made by themselves or their opponents leading up to the current
position. When a player knows everything that has happened in the
game up till now, we say that he or she has perfect information. In the
present section we focus on extensive games in which the players always
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have perfect information, drawing heavily on the framework found in
Osborne and Rubinstein’s classic textbook [45].

2.1.1 Extensive games with perfect information

Definition 2.1 An extensive game form with perfect information has
the following components:

e N a set of players.
e H, a set of finite sequences called histories or plays.

— If (a1,...,a¢) € H and (ay,...,ay,) € H, then for all £ <m < n we

must have (a1, ...,amn) € H. We call (aq,...,a¢) an initial segment
and (aq,...,ay) an extension of (ay,...,am).
— A sequence (ay, . ..,a,) € H is called an initial history (or minimal

play) if it has no initial segments in H, and a terminal history (or
maximal play) if it has no extensions in H. We require every history
to be either terminal or an initial segment of a terminal history. The
set of terminal histories is denoted Z.
e P: (H — Z) — N, the player function, which assigns a player p € N
to each nonterminal history.

— We imagine that the transition from a nonterminal history h =
(a1y...,am,) to one of its successors h"a = (ay,...,am,a) in H is
caused by an action. We will identify actions with the final member
of the successor.

— The player function indicates whose turn it is to move. For every
nonterminal history h = (ay,...,a), the player P(h) chooses an
action o’ from the set

Ah)y={a:(a1,...,am,a) € H },
and play proceeds from h' = (aq,...,am,a’).

An extensive game with perfect information has the above components,
plus:

o u,: Z — R, a utility function (also called a payoff function) for each
player p € N. a

Our definition differs from [45, Definition 89.1] in three respects. First,
we do not require initial histories to be empty. Second, we only consider
games that end after a finite number of moves. Third, we use utility
functions to encode the players’ preferences rather than working with
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preference relations directly. We assume that players always prefer to
receive higher payoffs.

Figure 2.1 An extensive game form with perfect information

When drawing extensive game forms, we label decision points with the
active player, and edges with actions. Filled-in nodes represent terminal
histories. Figure 2.1 shows the extensive form of a simple two-player
game. First, player I chooses between two actions a and b. If she chooses
a the game ends. If she chooses b, player II chooses between actions ¢
and d. To obtain an extensive game with perfect information, it suffices
to label the terminal nodes with payoffs as shown in Figure 2.2.

Figure 2.2 An extensive game with perfect information

Notice that the extensive game form depicted in Figure 2.1 has a tree-
like structure. A forest is a partially ordered set P = (P; <) such that
for all x € P, the set {y € P:y < x} is well ordered. The height of x
is just the order type of {y € P : y < 2 }. A minimal element of a forest
has height 0 and is called a root; a maximal element is called a leaf.
The height of an entire forest is the least ordinal greater than the height
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of every element in the forest. A branch is a maximal linearly ordered
subset of a forest. A forest with a single root is called a tree.

For any two histories h and h’ of an extensive game form, let h < b’ if
and only if & is an initial segment of h’. In the game-theoretic literature,
it is traditional to draw extensive game forms so that initial histories
are at the top, and play proceeds down the branches. An extensive game
form has finite horizon if the height of its set of histories is finite. All of
the games discussed in this book have finite horizon.

Definition 2.2 A two-player extensive game is strictly competitive if
the players have no incentive to cooperate, that is, if for all h, h' € Z,

uI(h) Z ul(h’) iff 'LLH(h/) 2 ’LLH(h).

A constant-sum game is one in which the sum of the players’ payoffs is
constant, i.e., there exists a ¢ € R such that for every terminal history h
we have up(h) +upr(h) = ¢. When ¢ = 0 the game is called zero sum. -

Figure 2.3 A strictly competitive game

In a constant-sum game, any gain for one player is balanced by an off-
setting loss for the other. Thus the interests of the players are diamet-
rically opposed. Every constant-sum game is strictly competitive, but
not vice versa. For example, the game depicted in Figure 2.3 is strictly
competitive, but not constant sum. In a zero-sum game ur(h) = —ur(h)
for every terminal history h.

Definition 2.3 If the only possible payoffs are 1 and 0, we say that
player p wins a terminal history h if u,(h) = 1, and loses if u,(h) = 0.
An extensive game is win-lose if exactly one player wins each terminal
history, in which case we can replace the players’ utility functions with
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e u: Z — N, the winner function,

which indicates the winner of each terminal history. When drawing a
win-lose game, we label terminal nodes with their winner (Figure 2.4).
_|

I II

Figure 2.4 A win-lose extensive game

2.1.2 Strategies

When observing many plays of the the same game, we might notice that
a given player always makes the same move in a certain position. After
observing a few more plays, we may notice other positions in which the
player plays consistently. Eventually, we may even be able to predict
how the player will move in any possible position. At that point, we
could say that we know the player’s strategy.

Definition 2.4 Let H, = P~!(p) denote the set of histories where it
is player p’s turn to move. A strategy for player p is a choice function®
ae [] A

heH,
that tells the player how to move whenever it is his or her turn. A player

follows a strategy o during a history A’ = (ai,...,a,) if, whenever
h=(a1,...,am) € H, is an initial segment of A’, the history

h™o(h) = (ay,...,am,o(h))
is either A’ or an initial segment of h'. =

I Do strategies always exist? Axiom-of-choice skeptics should feel free to substitute
“nondeterministic strategy” for “strategy” as necessary. A nondeterministic
strategy is a rule that tells a player how to move whenever it is that player’s
turn— just like a strategy —except that in some situations a nondeterministic
strategy might say: “Choose a or b, it doesn’t matter.”
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Three sets of plays are of particular interest:

e H,, the plays in which a particular strategy o is followed;
e 7, = H, N Z, the set of maximal plays in which o is followed;

and, in a win-lose game,
e Z, =u"'(p), the maximal plays that player p wins.

A strategy o for player p is winning if Z, C Z,. In other words, o is a
winning strategy if and only if p wins every maximal play in which he or
she follows . In the game depicted in Figure 2.5, player I has a winning
strategy defined by o(a) = b and o(b) = a. Having a winning strategy
is the best possible scenario because a player cannot lose as long as he
executes his strategy correctly.

I II 11 I

Figure 2.5 Player II has a winning strategy

A win-lose game is determined if one of the players has a winning
strategy. Determining whether a winning strategy exists for a particular
game is not always easy, and can even be independent of the axioms of
set theory! Luckily, we will only need to consider a well-behaved class of
games for which the answer is already known.

2.1.3 The Gale-Stewart theorem

In their seminal paper, Gale and Stewart [21] used trees to study the
class of two-player, win-lose games in which there is a unique initial
history, and every terminal history has infinite length w.

In a Gale-Stewart game it may happen that after finitely many moves
one of the players has already won in the sense that he wins every possi-
ble continuation of the current history. The other player should obviously
try to avoid such histories, and successfully doing so may be enough for
her to win. A Gale-Stewart game is closed if player I wins every history
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with the property that all finite initial segments of the history have a
terminal extension that she wins. The Gale-Stewart theorem states that
every closed game is determined. Since all of the games in this book
have finite horizon, we only prove the following special case of the Gale-
Stewart theorem.

Theorem 2.5 Fvery two-player, win-lose, ertensive game with per-
fect information that has finite horizon and a unique initial history is
determined.

Proof First we extend the winner function to a labeling 4: H — {I,II}
of every history in a canonical way. Let H,, denote the set of histories
of height m. If the game tree has height n then every history in H,_;
is terminal. For all h € H,,_1 let 4(h) = u(h). Now suppose @ has been
defined for all h € H,,. Extend @ to H,,_1 as follows. If h € H,,,_1 is
terminal, let 4(h) = u(h). If h is not terminal, define

a(h) P(h) if there is an a € A(h) such that 4(h™a) = P(h),
a(h) =< ___~
P(h) otherwise,

where P(h) denotes the opponent of P(h). When @(h) = p, we call h a
winning position for player p.

Let hg € Hy be the unique initial history, and suppose hg is a winning
position for player po. We claim pg has a winning strategy o defined
as follows. For all h € Hp,, if h is a winning position for py, choose
o(h) € A(h) such that h™o(h) is a winning position for py. Otherwise,
choose o(h) arbitrarily.

To show ¢ is a winning strategy we prove that every h € H, is a
winning position for pg. The initial history hg is a winning position for pg
by hypothesis. Furthermore, if h™a € H,, then h € H,, so by inductive
hypothesis h is a winning position for pg. If P(h) = pg, then a = o(h),
and h™o(h) is a winning position for py by construction. If P(h) = py,
then h™a must be a winning position for pg because otherwise A would
have been a winning position for pg.

Thus we have shown that every h € H, is a winning position for pyg.
In particular, every terminal history in which pg follows o is a winning
position for pg. Therefore o is a winning strategy. o
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2.1.4 Extensive games with imperfect information

We define extensive games with imperfect information by extending the
definition of extensive games with perfect information.

Definition 2.6 An extensive game form with imperfect information is
a tuple

(N,H,P,{Np:pEN})

where N is a set of players, H is a set of histories, P is a player func-
tion, and ~,, is an equivalence relation on H, with the property that
A(h) = A(h') whenever h ~, h'. When h ~, b’ we say that h and b’ are
indistinguishable for player p. An extensive game with imperfect infor-
mation is an extensive game form with imperfect information equipped
with a utility function u,: Z — R for each player. n

Figure 2.6 An extensive game form with imperfect information

Graphically, we indicate that two histories are indistinguishable for
a player by connecting the corresponding decision points with a dotted
line. For example, Figure 2.6 depicts an extensive game form with im-
perfect information in which player II cannot tell whether player I chose
a or b on her first move. Therefore player II must always choose ¢ or al-
ways choose d, regardless of how his opponent moved. In order to choose
an action, however, a player needs to know which actions are possible,
hence the requirement that A(h) = A(h’) whenever h ~, h'.

A strategy o for player p in an extensive game with imperfect infor-
mation is defined as for an extensive game with perfect information,
with the restriction that o(h) = o(h') whenever h ~, h’. For example,
in any extensive game with the form shown in Figure 2.6, player II has



2.2 Strategic games 17

only two possible strategies 7 and 7’ defined by 7(a) = ¢ = 7(b) and
7'(a) = d = 7'(b), respectively.

Whether player II prefers to follow 7 or 7/ depends on the payoffs
associated with each terminal history. Recall that a winning strategy is
one whose owner wins every maximal play in which he or she follows it.
Thus, if player II wins both (a, ¢) and (b, ¢) then 7 is a winning strategy;
if he wins both (a,d) and (b,d) then 7’ is a winning strategy. Neither 7
nor 7’ is a winning strategy for the game depicted in Figure 2.7, however.
Since player I does not have a winning strategy either, we see that the
Gale-Stewart theorem fails for games with imperfect information.

I II II I

Figure 2.7 An extensive game with imperfect information for which
neither player has a winning strategy

2.2 Strategic games

Extensive games emphasize the sequential nature of games, as well as
the epistemic states of the players at each decision point. A strategy
for an extensive game is a guide that tells its owner how to act in every
situation in which he or she is to move. Thus the outcome of an extensive
game is determined once the players choose which strategies to follow.

A strategic game abstracts away the internal structure of an extensive
game and focuses on the moment the players select their strategies. Once
the strategies are fixed, the game ends and the players receive their
payoffs.



18 Game theory

2.2.1 Pure strategies

In a strategic game, each player selects from a set that includes all
possible strategies for that player. Let S, denote the set of strategies
for player p. The elements of S, are sometimes called pure strategies to
distinguish them from mixed strategies, which will be introduced shortly.
Pure strategies can be thought of as strategies for some extensive game,
or simply as balls in an urn.

Definition 2.7 A strategic game has the following components:

e N, a set of players.
o S, aset of (pure) strategies for each player p € N.
o uy: [[;en Si — R, a utility function for each player p € N.

A strategic game is finite if every S, is finite. —

Example 2.8 For our first example of a strategic game, consider the
game Stag Hunt:

Each of a group of hunters has two options: she may remain attentive to the
pursuit of a stag, or she may catch a hare. If all hunters pursue the stag,
they catch it and share it equally; if any of the hunters devotes her energy to
catching a hare, the stag escapes, and the hare belongs to the defecting hunter
alone. Each hunter prefers a share of the stag to a hare. [44, p. 20]

Suppose there are three hunters named I, II, and III. In the scenario
described above, the set of strategies for all three hunters is the same,
but the payoff each hunter receives depends on the strategies of her
fellow hunters, as well as her own strategy. On the one hand, if the third
hunter chooses to catch a hare, it is impossible for the first hunter to
catch the stag no matter what she or the second hunter does. Thus it
is better for the first hunter to catch a hare. On the other hand, if the
third hunter pursues the stag, then the first hunter should pursue the

stag as well, assuming the second hunter does too (Figure 2.8). —
Player III = stag Player III = hare
stag hare stag hare
stag | 2,2,210,1,0 stag | 0,0,1]0,1,1
hare | 1,0,0 | 1, 1,0 hare | 1,0,1 | 1,1, 1

Figure 2.8 The Stag Hunt payoff matrix
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quiet fink

quiet | =1, -1 | —4,0

fink 0,—4 | -3, -3

Figure 2.9 The Prisoner’s Dilemma payoff matrix

Since we are mostly interested in applications of strategic games to
logic (Chapter 7), we will usually restrict our attention to two-player
strategic games. For a two-player strategic game, the adjectives strictly
competitive, constant sum, zero sum, and win-lose are defined as they
are for extensive games, except that histories are replaced by pairs of
strategies, e.g., a two-player strategic game is strictly competitive if and
only if for all 0,0’ € St and 7,7" € S;; we have

ur(o,7) > ur(o’, 7)) it up (o), 7)) > un(o, 7).

Example 2.9 Perhaps the most famous two-player strategic game is
the Prisoner’s Dilemma:

Two suspects in a major crime are held in separate cells. There is enough
evidence to convict each of them of a minor offense, but not enough evidence to
convict either of them of the major crime unless one of them acts as an informer
against the other (finks). If they both stay quiet, each will be convicted of the
minor offense and spend one year in prison. If one and only one of them finks,
she will be freed and used as a witness against the other, who will spend four
years in prison. If they both fink, each will spend three years in prison. [44,
p. 14]

The payoff matrix of the Prisoner’s Dilemma is given in Figure 2.9.
One can see that the Prisoner’s Dilemma is not a strictly competitive
game because for both players I and II we have

up(quiet, quiet) > u, (fink, fink).

Thus it is in the interest of both suspects to keep quiet. However, if the
second prisoner remains quiet, the first prisoner has an incentive to fink
because

up (fink, quiet) > ur(quiet, quiet).

If the second prisoner finks, then the first prisoner still has an incentive
to fink because

up (fink, fink) > wuj(quiet, fink).

Thus, no matter what the second prisoner does, the first prisoner prefers
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to rat out her accomplice rather than remain silent. The second prisoner
reasons similarly, and so, paradoxically, both prisoners fink on the other,
and both are sentenced to three years in prison. —

Definition 2.10 Let I' be a two-player strategic game. The pair
(0'*,7'*) € St X Sip
is an equilibrium (in pure strategies) if:

o ur(c*,7*) > ur(o,7*) for every pure strategy o € Sj,
o up(o*,7*) > unr(o*, 7) for every pure strategy 7 € Syi. -

There is a visual technique we can use to easily identify the equilibria
of a finite, two-player strategic game. In each column, circle the maxi-
mum payoffs for player I. For example, in Figure 2.9 we would circle 0
in the first column and —3 in the second column. In each row, circle the
maximum payoffs for player II. For example, we would circle 0 in the
first row of Figure 2.9 and —3 in the second row. If the maximum payoff
occurs more than once in a given column or row, circle every occurrence
in that row or column. A pair of pure strategies (o*, 7*) is an equilibrium
if and only if both uj(o*, 7*) and u (o™, 7*) are circled. In other words,

ur(o*,7%) = maxui(o,7") and wun(c*,7) = maxun(c*, 7).
(o) T

If I is strictly competitive, the second condition in Definition 2.10 can
be rewritten as:

o ui(o*,7*) <wur(o*, 1) for every pure strategy 7 € Sir.

In this case, (o*,7*) is an equilibrium if and only if for every o € St and
7 € Sip we have

ur(o, 7)) <wur(o*,7%) <wur(o*, 7). (2.1)
Equivalently,
max uy(o, 7%) = ui(c*,7*) = minui(c*, 7). (2.2)

We can easily generalize Definition 2.10 to games with more than two
players. A strategy profile

(67,...,00) € H Sp
PEN

is an equilibrium if and only if no player can improve her utility by
unilaterally changing her strategy. By inspecting Figure 2.8 one can see
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that Stag Hunt has two equilibria. If all the hunters pursue the stag, then
each will receive a payoff of 2, which is the maximum possible payoff. If
every hunter catches a hare, then each will receive a payoff of 1, which
is not optimal, but it is better than nothing. Furthermore, none of the
hunters can improve her utility by single-handedly pursuing the stag.

2.2.2 Mixed strategies

Not every strategic game has an equilibrium in pure strategies. In the
game Matching Pennies, two players each hold a coin that they secretly
turn to heads or tails. Then the coins are revealed simultaneously. If the
coins are both heads or both tails, player II pays one dollar to player I;
otherwise player I pays one dollar to player II (Figure 2.10).

heads tails

heads 1,-1| —-1,1

tails | —1, 1 1, -1

Figure 2.10 The Matching Pennies payoff matrix

Matching Pennies does not have an equilibrium in pure strategies
because no matter which strategies the players follow, one of the players
will be able to unilaterally improve his or her utility. For example, if
both players play heads, player II has an incentive to play tails instead.
But if he does, then player I has an incentive to play tails too.

Intuitively, each player should conceal his or her strategy so that the
other player cannot take advantage. For example, if the players repeat
the game for several rounds, and player I always plays heads, eventually
player II will start to play tails. Thus the players should randomize which
strategy they select in each round.

Given a set A (called the sample space) and a nonempty collection A C
P (A) of subsets of A that is closed under complementation, countable
unions, and countable intersections, a probability distribution over A is
a function ¢: A — [0, 1] with the following properties:

(i) 6(A) = 1.

(ii) If Ay, Ao, ... are pairwise disjoint sets in .4, then

6 ([j AZ-) = ié(Ai).

i=1
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Elements of the sample space are called outcomes, while the subsets in
A are called events. If a is an outcome, we write d(a) instead of 6({a}).
We denote by A(A) the set of all probability distributions over A.

In this book, we will mostly be concerned with finite sample spaces, in
which case we may assume that A = H(A), i.e., every set of outcomes is
an event. Let § be a probability distribution over a finite sample space.
The support of § is the set of outcomes to which ¢ assigns nonzero
probability. We say § is uniform if it assigns equal probability to all the
outcomes in its support.

Definition 2.11 Let I' = (N, {S, : p € N}, {u, : p € N}) be a strate-
gic game. A mized strategy for player p € N is a probability distribution
w e A(Sy). o

Let I be a two-player strategic game, and let ¢ and v be mixed strate-
gies for players I and II, respectively. The probability that player I fol-
lows o € Sy is precisely (o), and the probability that player IT follows
T € Sqp is v(7). We assume that the players choose their strategies in-
dependently of each other. Thus the probability that player I follows o
and player II follows 7 is the product u(o)v(7).

After many rounds in which player I employs p and player I employs
v, the average payoff a player can expect to receive is the weighted
average of the payoffs he or she receives when the players follow a given
pair of pure strategies. For example, when S; and Sy; are finite, the
expected utility function for player p is

=2 X ulo(nuy(o,).
€St TESH
If T is a finite c-sum game, that is, ur(o, 7) + ur (o, 7) = ¢ for all o € 51

and 7 € Sy, one can easily calculate that

Ur(p, v) + Un(p,v) = c.

Example 2.12 In the game Matching Pennies, let u be the mixed
strategy for player I defined by p(heads) = p and p(tails) = 1 — p.
Let v be the mixed strategy for player II defined by v(heads) = ¢ and
v(tails) = 1 — ¢. The expected utility for player I is:

ZZ Tui(o, T)

oc€S1 TESIT
=pg—p(l—q)—(1-plg+(1—-p)(1-q)
=(2p—-1)(2¢-1).
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For example, if p = 2/3 and ¢ = 1/4, then Ur(u,v) = —1/6. Since
Matching Pennies is a zero-sum game it follows that Up(p,v) = 1/6.

We can simulate a pure strategy o with a mixed strategy u that assigns
o probability 1. We will commonly identify such “degenerate” mixed
strategies with the unique pure strategy in their support. If o € S7 and
IS A(SH),

Up(o,v) = Z v(T)up(o, 7).
TESH
Similarly, if 4 € A(Sp) and 7 € S,
UP(M7T) = Z M(U)UP((L 7).
oEST
It follows immediately from the definitions that
Upv) = 3 wlo)Uylo.v) = 32 v Wplur). (23)
oEST TEST
With these definitions in place, we can now say what it means for a

pair of mixed strategies to be an equilibrium.

Definition 2.13 Let I" be a two-player strategic game with p* € A(S)
and v* € A(Sir). The pair (u*,v*) is an equilibrium (in mized strategies)
if it satisfies the following conditions:

o Up(u*,v*) > Ur(u,v*) for every mixed strategy pu € A(Sr),
o Up(p*,v*) > Un(u*,v) for every mixed strategy v € A(Sm). -

If T is strictly competitive, then (p*,v*) is an equilibrium if and only
if for all u € A(S1) and v € A(St),

Ur(p,v*) < Ur(p",v*) < Ui(p*,v). (2.4)
Equivalently,
max Ur(p, v*) = Ur(p*,v*) = min Ur(p™*, v). (2.5)
“w v

Example 2.14 The pair (p,v) of mixed strategies in Example 2.12
according to which player I plays heads with probability 2/3 and player
IT plays heads with probability 1/4 is not an equilibrium. Keeping
fixed, player IT can improve his expected utility to 1/3 by always playing
tails (¢ = 0). However, if p* is the mixed strategy according to which
player I plays heads with probability p = 1/2, then

Ur(p*,v) = 0= Un(p",v)
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regardless of ¢. Similarly, if v* is the mixed strategy according to which
player II plays heads with probability ¢ = 1/2, then

Ur(p,v™) = 0 = Un(p, v")

regardless of p. Thus (u*,v*) is an equilibrium.

In fact (u*,v*) is the only equilibrium for Matching Pennies. If player
I plays heads with probability p > 1/2, then player II can maximize his
utility by always playing tails. If p < 1/2, then player II maximizes his
utility by always playing heads. Similarly, if ¢ > 1/2 then player I should
always play heads, and if ¢ < 1/2 she should always play tails. n

Every equilibrium in pure strategies is also an equilibrium in mixed
strategies. Thus Stag Hunt shows that a strategic game can have multiple
mixed-strategy equilibria, and that a given player may receive different
payoffs from different equilibria. A strictly competitive game can also
have multiple equilibria, but the players always receive the same payoffs.

Proposition 2.15 If (u,v) and (¢/,v') are two equilibria in mized
strategies for a strictly competitive strategic game, then

Up(p,v) = Up(p',V").
Proof Tt (u,v) and (u,v') are both equilibria, then
Ur(p,v) < Ur(p, V") < Ur(p', V") < Ui(p',v) < Un(p, v).
Hence Ur(u,v) = Ur(p/,v'). Likewise, Ur(p, v) = Un(p/, V). !

Note that Proposition 2.15 does not guarantee that a strictly com-
petitive game has an equilibrium, only that every equilibrium results in
the same payoffs, if any such equilibria exist. Luckily, von Neumann [43]
proved that for a special class of games, equilibria always exist. Known
as the minimax theorem, this result is considered by many to be the first
major theorem in game theory.

Theorem 2.16 (Minimax) Fuvery finite, two-person, zero-sum game
has an equilibrium in mized strategies. -

Nash later proved that every finite strategic game has a mixed-strategy
equilibrium [42]. The notion of equilibrium has been associated with
Nash’s name ever since. The theory developed in this volume, however,
depends only on the minimax theorem.

The following proposition allows us to extend the minimax theorem
to constant-sum games.
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Proposition 2.17 Let T’ and I be finite, two-player strategic games
involving the same players and the same strategy sets. Let f(x) = ax+b
be an affine transformation, where a,b € R and a > 0. If for all o € Si
and T € Su, u(o,7) = f(up(o, 7)), where uy, is the utility function of
player p in I, and u; is the utility function of player p in I, then every
mized-strateqy equilibrium in T is a mized-strategy equilibrium in T".

Proof We write U,, for the expected utility of player p in I". It is easy
to show that for every u € A(Sr) and v € A(St),

Uy, v) = aUp(p, v) + b.

Let (u*,v*) be a mixed-strategy equilibrium in I'. Then for every p €
A(S1) we have

UII(/J’*7V*) = a’UI(M*vy*) +b=> aUI(/JHV*) +b= UI/(/’(H V*)'

Similarly, for every v € A(Sy) we have Ujj(u*,v*) > Uf;(n*,v). Thus
(p*,v*) is an equilibrium in I". -

2.2.3 Identifying equilibria
When presented with a pair (u*, v*) of mixed strategies for a strategic
game, determining whether it is an equilibrium seems a daunting task
because one must compare it to all other pairs of mixed strategies for
the same game. The next proposition shows that it suffices to compare
(p*,v*) against pairs of the form (o,v*) and (u*, 7), where o and 7 are
pure strategies [44, p. 116].

Proposition 2.18 In a finite, two-player strategic game, the pair
(u*,v*) € A(S1) x A(Su) is a mized-strategy equilibrium if and only
if all of the following conditions hold:

(1) Ur(p*,v*) = Ui(o,v*) for every o € Sy in the support of u*,

(2) Un(p*,v*) = Un(p*,7) for every T € Sy in the support of v*,

(8) Ur(p*,v*) > Ur(o,v*) for every o € St outside the support of p*,
(4) Un(p*,v*) > Un(p*, ) for every T € Sy outside the support of v*.

Proof Suppose (u*,r*) is an equilibrium in mixed strategies.
(1) Let us consider only the strategies in the support of ur,

St={o€Si:u(c)>0}.
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For every o € St we have Ui(o,v*) < Up(up*,v*) because (u*,v*) is an
equilibrium. By Equation (2.3) we know that

> W (@)U(o,v*) = Ur(u",v").

oeSt

If Ur(o,v*) < Ur(p*,v*) for every o € Sf we would have

> W (0)U(ow") < Tnlyr” ),

oeST

which is not the case. Hence there is a pure strategy o* € S| such that
Ui(o*,v*) = Ur(u*,v*). Now suppose for the sake of a contradiction
that for some o’ € Sf we have Ui(o’,v*) < Ur(o*,v*). Then

Zu UICTI/)

oeSt

T G AL D SRR Gl AN

oeSf—{o'}

<p (@Ui(o*, v )+ > p(o)Ui(o,v").

oeSy—{o'}

That is, player I improves her expected utility by playing o* instead of ¢”,
contradicting the fact that (u*,v*) is an equilibrium. Thus Ui(c,v*) =
U(u*,v*) for every o € St.
The proof of (2) is similar, while (3) and (4) are immediate.
For the converse, suppose (u*, v*) satisfies conditions (1)—(4). The sets
SI*:{UESI:M*(U)>O} and Sp = {UESI w*( —O}

are disjoint and S} U S; = Sy, so for any u € A(Sy),

UI(u,V*):Z w(o)Ui(o, v™) —i—Z o)Ur(o, V™)

o€eSy o€ST
Z o)Ur(p*,v*) + Z o) Ur(p*,v")
oeSy ceST
=Un(p*,v*) Y plo)
oc€ST
= Ur(p",v")

by conditions (1) and (3). A similar argument shows that Urr(p*,v)

<
Un(p*, v*) for every v € A(Sm). -
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71 T2 73 T4

g1 1 0 1

g2 1 1 0

o o o

o3 | O 1 1

o, | 0 0 0 1

Figure 2.11 Player I's payoff matrix

Example 2.19 Let I' be a two-player, win-lose game for which player
I’s utility function is depicted in Figure 2.11. Consider the pair of mixed
strategies (u*,v*), where u* € A(Sr) is defined by

« 1/5 if o; € {0—170—2703}3
p(o;) = .
2/5 if 0; € {04},

and v* € A(Sq) is defined by

*( ) 1/5 iijE{Tl,TQ,Tg},
vi(r;) =
! 2/5 if ;€ {m}.

We leave it as an exercise to compute that Up(u*, v*) = 2/5. To see that
(u*,v*) is indeed an equilibrium, consider a strategy o; € Sr. If i = 1,
then
. 2
Ui(o1,v") = > v (r)u(on,75) = v* (1) + v (73) = 5

j=1
The calculations for ¢ € {2,3} are similar. If ¢ = 4, then we have

2
Ui(og,v*) =v* (1) = £

As an exercise, the reader should check that U (u*,7;) = 3/5 for all
1 < j < 4. (Note that the payoff matrix for player II is the inverse of
the one shown in Figure 2.11.) Thus (u*,v*) is an equilibrium. =
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First-order logic

We assume the reader is familiar with first-order logic. Nevertheless,
we feel it worthwhile to collect the main definitions and results in the
present chapter so that we may refer to them throughout the remainder
of the book. Doing so will serve the dual purpose of making the book
self-contained and preparing the reader for what lies ahead.

3.1 Syntax

Let {xq,x1,22,...} be a countably infinite set of variables. We will use
x,v,2,... as meta-variables ranging over the variables in this set. The
symbols U, V, W, ... range over finite sets of variables.

Definition 3.1 A wocabulary is a set of relation symbols and function
symbols. Each symbol is associated with a natural number, called its ar-
ity, that indicates the number of arguments the symbol accepts. Nullary
function symbols are called constant symbols, and will often be treated
separately. Unary relation symbols are sometimes called predicates. -

The function symbols in a vocabulary can be combined with variables
to form more complicated expressions called terms.

Definition 3.2 Let L be a vocabulary. The set of L-terms is generated
by the finite application of the following rules:

e Every variable is an L-term.

e Every constant symbol in L is an L-term.

o If f is an n-ary function symbol in L and ty,...,t, are L-terms,
then f(t1,...,t,) is an L-term. -
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Relation symbols can be combined with terms to form (atomic) formu-
las. Formulas can be combined with logical connectives and quantifiers
to form (compound) formulas.

Definition 3.3 The first-order language generated by the vocabulary
L, denoted FOp, is generated by the finite application of the following
rules:

e If ¢; and ty are L-terms, then (¢, = t2) € FOp.

e If R is an n-ary relation symbol in L and t4,...,t, are L-terms,
then R(ty,...,t,) € FOL.

o If p e FOy, then ZAS FOL.

o If p, ' € FOL, then (¢ V ¢') € FOL and (p A ') € FOL.

e If p € FO[, and z is a variable, then dzp € FOp, and Vxp € FOp. -

The elements of FOy, are called FOp formulas. A first-order formula
is an FOp, formula for some vocabulary L. When the vocabulary is irrel-
evant or clear from context we will not mention it explicitly. Formulas
of the form (t; = t2) or R(t1,...,t,) are called atomic. It will some-
times be convenient to let the symbol o range over the set of connectives
{V, A}, and let Q range over the set of quantifiers {3,V}. By Q we mean
the dual of @, which is to say 3 =V and V = 3. When writing first-order
formulas we will be flexible in our use of brackets.

Definition 3.4 Let ¢ be a first-order formula. The set of subformulas
of ¢, denoted Subf(yp), is defined recursively:

Subf(v) = {¥} (¢ atomic),
Subf(—y) = {—} U Subf(z)),
Subf(1) 0 ') = {1 o %'} U Subf (1) U Subf (1),
Subf(Qzv) = {Qxy} U Subf(v).
The set of atomic subformulas of ¢ is denoted Atom(y). The set of

existentially quantified subformulas is denoted Subfz(p), while the set
of universally quantified subformulas is denoted Subfy(y). =

We will treat each instance of a particular subformula as being dis-
tinct.! For example, in the formula v V 9 we distinguish between the
left and right disjunct. If ¢ is a proper subformula of Qz¢ we say ¥ lies
within the scope of Qz, as does every variable and quantifier that occurs

1 There are several ways to enforce this property, one of which would, for instance,
rely on an indexing of the brackets enclosing subformulas: (¢);.
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in 9. If Q'y lies within the scope of Qx we say that Q'y is subordinate
to Qz and that Qz is superordinate to Q'y.

Definition 3.5 A particular occurrence of a variable z is free in ¢ if
it does not lie within the scope of any quantifier of the form Qz. If ¢ is
atomic, all its variables are free. For compound formulas:

Free(—¢) = Free(y),
Free(p o ) = Free(yp) U Free(v)),
Free(Qzp) = Free(y) — {z}. -

An occurrence of a variable is bound if it is not free. Specifically, an
occurrence of a variable is bound by the innermost quantifier in whose
scope it lies. That is, an occurrence of x in the formula Qzy is bound by
Qr if and only if = € Free(y). The set of bound variables of ¢ is denoted
Bound(yp). For example, in the formula

Vedy(z +y < z2),
the variables x and y are bound, whilst z is free. In the formula
Red(x) V 3z Green(z)

the variable x occurs both free and bound. A formula with no free vari-
ables is called a sentence.

3.2 Models

It is now time to give content to the relation symbols and function
symbols that constitute the vocabulary of our first-order languages. We
do this by introducing mathematical structures, or models. A model is a
nonempty set equipped with relations and operations that interpret the
relation symbols and functions symbols of a vocabulary.

Definition 3.6 Let L = {R,...,f,...,c,...} be a vocabulary. An
L-structure is an object

M= (M;R™ ... M. M)

where M is a nonempty set called the universe of M. The size of a
structure refers to the cardinality of its universe. If R is an n-ary relation
symbol, then RM is an n-ary relation on M called the interpretation of
R, and if f is an n-ary function symbol, then fM: M™ — M is an
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n-ary function on M called the interpretation of f. If ¢ is a constant
symbol, then ¢™: M® — M is a constant function. We will usually
identify ¢™ with its unique value. We will use the terms structure and
model interchangeably. 4

Let ¢ be an FOy, formula, let M be an L-structure, and M’ an L'-
structure. If L € L’ we say that M is suitable for ¢ because it has
interpretations for all the relation and function symbols that occur in .
Furthermore, if Ml and M’ have the same universe, and for every relation
symbol R in L we have RM = RM' and for every function symbol f in
L we have fM = f™' then M’ is an expansion of M to L', and M is the
reduct of M to L (written M = M/ | L).

A model tells us how to interpret the symbols in a vocabulary, but it
does not tell us the values of any variables. When pondering the atomic
formula R(x,y, z) it helps to know which individuals the variables z, y
and z refer to.

Definition 3.7 Let M be a structure. An assignment in M is a par-
tial function from the set of variables {xg,x1,z2,...} to M. If s is an
assignment in M, and a € M, then s(z;/a) denotes the assignment with
domain dom(s) U {z;} defined by:

a if i = j.

That is, s’ = s(z/a) is exactly like s except s’(z) = a. Notice that if
x € dom(s) the value that s assigns to z is overwritten when we assign
it a new value.

The notation s(z,y,z) = (a,b,c) is an abbreviation for s(z) = a,
s(y) = b, and s(z) = c¢. We shall every now and then extend an assign-
ment to a mapping from terms to individuals:

s(c) = M,

s(f(tl,...,tn)) :fM(s(tl),...,s(tn)). =

We now have enough pieces of the puzzle to determine whether an
atomic formula is true or false when its variables are taken to refer to
specific individuals.
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Definition 3.8 Let L be a vocabulary, M an L-structure, and s an
assignment in M. Then

M, S |: (tl = t2) iff S(tl) = S(tz),
M,s = R(t1,....t,) if (s(t1),...,s(tn)) € R™ o

For example, let N = {w; +N N <N } be the set of natural numbers
equipped with the standard operations of addition and multiplication
along with the normal ordering. Let s(z,y) = (3,7). Then

N,sEa <y, N,s Fy<u,
NsEr+ty=y+uz, Nyspe(z-y)+a=(x+y) o

Before continuing, the reader should practice constructing models and
testing whether a given model and assignment satisfy various atomic
formulas.

3.3 Game-theoretic semantics

In Philosophical Investigations [68], Wittgenstein uses games to explain
how we use and learn language. In a nutshell, words and sentences ac-
quire their meaning from their use in various language-games. Later
Hintikka applied Wittgenstein’s analysis to first-order logic. He proposed
game-theoretic semantics [26,27] as an alternative to the recursive def-
inition of truth wvia satisfaction advocated by Tarski [58,59,61]. In this
section we use extensive games with perfect information to formalize the
game-theoretic semantics for first-order logic.
Consider the following dialogue:?

ABELARD Eloise, tell me, is there a smallest natural number?

ELOISE Yes.
ABELARD  Which is it?
ELOISE Zero.

ABELARD  Correct. Any other number I might choose would
be greater. Is there a greatest natural number?

ELoISE No.
ABELARD Why not?
ELOISE Because no matter which number I pick, you can

always find a greater one.

2 Peter Abelard was a renowned medieval logician; Eloise was his student and
lover [1].
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In the first part of the dialogue, Eloise asserts the truth of the sentence
JaVy(z < y)

when the quantifiers range over the natural numbers and the symbol <
is interpreted by the normal ordering. When asked to justify her claim,
she responds by picking a natural number. Eloise must choose carefully,
of course. If she had picked any number besides zero, Abelard could have
found a smaller one. In the second part of the dialogue, Eloise denies
the sentence

Javy(y < ).

When asked to give her reason for denying it, she explains that her
teacher could always win a game in which they each pick a natural num-
ber, with Eloise choosing first, and the player who chooses the greater
number wins.

As early as 1898, Peirce noticed that quantifiers can be interpreted as
moves in a game. In his second Cambridge Conferences lecture, titled
“Types of Reasoning,” he remarks:

When I say “every man dies,” I say you may pick out your man for yourself and
provided he belongs to this here world you will find he will die. The “some”
supposes a selection from “this here” world to be made by the deliverer of
the proposition, or made in his interest. The “every” transfers the function
of selection to the interpreter of the proposition, or to anybody acting in his
interest. [46, pp. 129-30]

Calculus instructors continually rediscover the connection between quan-
tifiers and games. One professor of our acquaintance challenges his stu-
dents by saying: “The Devil chooses an € > 0! Find a § > 0 such that...”

Logical connectives can also be considered as moves in a game. If
Eloise asserts a disjunction she may choose which disjunct she wishes
to verify. If she asserts a conjunction she must verify the conjunct of
Abelard’s choosing.

By now the reader’s intuition should be robust enough to play the se-
mantic game for any first-order formula. Nevertheless, it is important to
give a formal definition. For the moment, we will only consider formulas
in which the negation symbol — does not appear.

Definition 3.9 Let ¢ be a negation-free formula, M a suitable struc-
ture and s an assignment in M whose domain contains Free(y). The
semantic game G(M, s, ) is a win-lose extensive game with perfect in-
formation:
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e There are two players, Eloise (3) and Abelard (V).

e The set of histories is H = (J{ Hy : ¢ € Subf(yp) }, where Hy is
defined recursively:
- HAP = {(87(p)}7
— if ¢ is x1 0 x2, then Hy, = {h7x; : h € Hy 0y, }»
— if ¢ is Qzx, then H, = {h“(:ma) th€ Hgey, a € M}
Observe that (s, ) is the unique initial history. The assignment s is
called the initial assignment. Every history h’ induces an assignment
sp extending or modifying the initial assignment:

s if h' = (s,¢),
Spr =19 Sn if b’ = h™x for some x € Subf(y),
sp(z/a) if ' = h™(x,a) for some a € M.

e Once a play has reached an atomic formula the game ends:

7 = U{ H, : x € Atom(y) }.

e Disjunctions and existential quantifiers are decision points for Eloise,
while conjunctions and universal quantifiers are decision points for
Abelard:

P(h) =

4 ifhe HXVX, or h € HE|$X7
V if h € Hypy or h € Hyg,y.

o Eloise wins a maximal play h € H, if the atomic formula ¥ is satisfied
by the current assignment; Abelard wins if it is not:

{3 it M, 55, = x, B}

u(h) =
v oif M, sy, B x.

Consider the semantic game for JzVy(z < y) interpreted in N. For
convenience, let ¢ denote the original sentence, and let v denote the
subformula Vy(z < y). Assume the initial assignment is empty, so that
H, = {(@, 4,0)} Eloise moves first, choosing a value for x. Thus

H"/J = { (®)§07(xaa/)) . a E(U}
Then Abelard picks a value for y, and the game ends:
Z = { (vaa (x,a),(y,b)) : a,b S w}.

Eloise wins if @ <Y b; otherwise Abelard wins. We see immediately that
Eloise has a winning strategy (2, ¢) = (x,0) (see Figure 3.1).3

3 Note that we omitted the outer parentheses when applying the strategy o to the
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Figure 3.1 The semantic game for 3zVy(z < y) in N

Now consider the semantic game for JzVy(y < x). The collection of
histories is the same as before, but this time Eloise wins if b <N 4.
Unfortunately for her, Abelard has a winning strategy T(@, o, (z, a)) =
(y,a+1).

3.3.1 Negation

For clarity of presentation, we delayed discussion of the game rules for
negated formulas. When Eloise asserts —¢ she is denying ¢. In other
words, she is claiming that, were Abelard to assert ¢, she would be
able to refute him. Thus a negation symbol indicates the role-reversal
of the players. Let ¢ be a first-order formula involving negations. While
Eloise’s and Abelard’s identities remain fixed during the semantic game
G(M, s, ), their roles do not. In a given position Eloise may be trying to
verify or falsify the current subformula, with Abelard always attempting
to thwart her. Let us call the player trying to verify the current formula
the verifier, and his or her opponent the falsifier. In order to generalize
Definition 3.9 to all first-order formulas, we need to modify the player
function and the winner function to account for possible role-reversals.
We also need a way of keeping track of how many role-reversals have
occurred.

Definition 3.10 Let ¢ be a first-order formula, M a suitable structure
and s an assignment in M whose domain contains Free(y). The semantic
game G(M, s, ) is defined as before, except for the following changes.

history (&, ¢), i.e., we wrote o(&, ) instead of 0((@, <p)) We will frequently
repeat this abuse of notation.
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o If 9 is —x, then H, = {h™x : h € H., }. We can tell which player
is the verifier in a history by counting transitions of the form —x to
X- If there is an even number of such transitions, then Eloise is the
verifier; if there is an odd number, then Abelard is the verifier.

e Disjunctions and existential quantifiers are decision points for the ver-
ifier p; conjunctions and universal quantifiers are decision points for
the falsifier p:

P(h) = {p if h € Hyyy or h € Hapy,

p ifhe HX/\X/ or h € HV!L’X'

e The verifier p wins a maximal play h € H, if the atomic formula x is
satisfied by the current assignment. The falsifier p wins if it is not:

p ifM,sp X,
u(h) =
p it M, s, FEx. A

For example, consider the semantic game G(N, &, =), where ¢ is the
sentence JzVy(y < x). Eloise has a winning strategy, namely

cr(@,—mp,go, (z,a)) = (y,a+1),

which is identical to Abelard’s strategy for G(N, &, p) except for the
presence of - in every history. It should be clear from this example
that Eloise has a winning strategy for G(M, s, —¢) if and only if Abelard
has a winning strategy for G(M, s, ), and vice versa.

3.3.2 Truth and satisfaction

We are now ready to say when a first-order formula is true. The attentive
reader should be able to anticipate the definition.

Definition 3.11 Let ¢ be a first-order formula, M a suitable structure
and s an assignment in M whose domain contains Free(y). Then

M, s = ¢ iff Eloise has a winning strategy for G(M, s, ¢),
in which case we say (M, s) satisfies p. When ¢ is a sentence,
MEe iff Mgk

In such cases we say M models ¢, and that ¢ is true in M. n
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Since Eloise has a winning strategy for G(M, s, ) if and only if
Abelard has a winning strategy for G(M, s, ), it follows that

M, s = - iff Abelard has a winning strategy for G(M, s, ¢).

We say a sentence ¢ is false in Ml when M | —p.

We use the notation M, s = ¢ when Eloise does not have a winning
strategy for G(M, s, ). In such situations we say that (M, s) does not
satisfy ¢. When ¢ is a sentence we write M [£ ¢ if M, & [~ ¢ and say M
does not model ¢, or that ¢ is not true in M. We wish to emphasize that
it is conceivable for Eloise not to have a winning strategy for a particular
semantic game without Abelard having a winning strategy, either. Fear
not, gentle reader! The Gale-Stewart theorem will come to the rescue.

Proposition 3.12 Let ¢ be a first-order formula, M a suitable struc-
ture, and s an assignment in M whose domain contains Free(y). Then

M, s =-¢ iff M, s .

Proof G(M,s,¢) is a two-player, win-lose game with finite horizon
and a unique initial history. If Abelard has a winning strategy, then
Eloise does not (because the game is win-lose). Conversely, if Eloise
does not have a winning strategy, then Abelard must have one by the
Gale-Stewart theorem. -

It follows that, when ¢ is a sentence, M |= = if and only if M [~ .

The values of free variables are all that matter when determining
whether an assignment satisfies a formula in a given structure. If s as-
signs values to x, y and z, we can ignore the value of z when evaluating
formulas such as R(z,y) or 3z(p A ).

Proposition 3.13 Let ¢ be a first-order formula, M a suitable struc-
ture, and s,s’ assignments in M that agree on Free(y). Then

M,s =¢ iff M,s' = o.

Proof Suppose Eloise has a winning strategy o for G = G(M, s, ¢).
Since every history h = (s,¢,...) for G corresponds to a history b’ =
(s',0,...) for G' = G(M, ¢, p) obtained by substituting s’ for s and
leaving the rest of the history unchanged, we can define a strategy o’
for G’ by ¢’(h') = o(h). That is, o’ tells Eloise to mimic her winning
strategy for G in the game G'.

Now suppose b’/ = (s, p,...,Xx) is a terminal history for G’ in which
Eloise follows o’. Then h = (s,¢,...,x) is a terminal history for the
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game G(M, s, ) in which she follows o. A simple induction shows that
the assignments sp, and sy agree on Free(). Therefore Eloise wins A’ if
and only if she wins A, which she does because ¢ is a winning strategy.
Thus o’ is a winning strategy for G’. The converse is symmetrical. -

A consequence of Proposition 3.13 is that we can play semantic games
without remembering every move. For example, if a variable is quantified
twice, as in the formula VzVz3y(x = y), Abelard chooses the value of x
twice, but only his second choice matters. Eloise need only consider the
“current” value of « when picking the value of y.

In the semantic game for a first-order formula, the state of play is
encoded by an assignment and the current subformula.

Definition 3.14 A strategy o for G(M, s, ) is memoryless if for
every history h, the action o(h) only depends on the current assign-
ment and the current subformula, i.e., for every nonatomic subformula
1 € Subf(y), if h,h’ € Hy, and s;, = sp/, then o(h) = o(h'). 4

Proposition 3.15 If a player has a winning strategy for the semantic
game of a first-order formula ¢, then he or she has a memoryless winning
strategy.

Proof Suppose player p has a winning strategy o for G(M, s, ). If ¢
is atomic, then o is the empty strategy, which is memoryless. If ¢ is
the opponent p has a winning strategy 7 for G(M, s, ) given by

7(8711)7 M ') = O-(S’ ﬁw7w7 i ')'

That is, 7(h) = o(h'), where A’ is the history for G(M, s, —¢)) that is
identical to h except for the insertion of - after the initial assignment.
By inductive hypothesis, p has a memoryless winning strategy 7’ for
G(M, s,1). Hence p has a memoryless winning strategy for G(M, s, =)
given by

U,(S) _‘/lp”l/)7 : ') = T’(S7/¢)7 A ')'

From now on we will assume p is Eloise.
The inductive step for disjunctions and conjunctions is straightforward.
If ¢ is Jxt), let o(x, Jaxp) = (x,a), and define

o' (s(z/a),,...) = o(s, a1, (z,a),...).

Then ¢’ is winning for G(M, s(z/a), 1/}), so by inductive hypothesis Eloise
has a memoryless winning strategy ¢’ for G(M, s(x/a),w). Hence the
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strategy o’ defined by
(s, 3z) = (x,a),
o (s, 3wy, (x,a),...) = 0" (s(z/a),®,...),

is a memoryless winning strategy for Eloise in G(M, s, 3x1)).
Finally, if ¢ is Va1 then, for all a € M, Eloise has a winning strategy
o, for G(M, s(z/a), 1/}) defined by

aa(s(x/a),w, .. ) = O‘(S,Vx’(/J, (x,a),.. )

By inductive hypothesis she has memoryless winning strategies o/, as
well. Define a strategy o’ by

o' (s, Vo, (z,a),...) = o (s(z/a),,...).

Then ¢’ is a memoryless winning strategy for Eloise in G(M, s, Va). -

3.4 Logical equivalence

A player may have multiple winning strategies for a semantic game.
It may also happen that essentially the same strategy is winning for
two different games. Two games may be so similar, in fact, that every
winning strategy for one induces a winning strategy for the other, and
vice versa.

Definition 3.16 Let ¢ and 1 be first-order formulas. We say that ¢
entails 1, denoted ¢ = 1, if for every suitable structure M and assign-
ment s,

M, s = ¢ implies M, s |= 1.

We say that ¢ and ¢ are equivalent, denoted ¢ = 9, if ¢ E 1 and
v E e .

One can easily prove the standard laws of propositional logic using
game-theoretic semantics. Let T be an abbreviation for the sentence
Va(z = z), and let L be an abbreviation for 3z (z # z).

Proposition 3.17 Let ¢, 1, and x be first-order formulas.

Commutativity
VY =9V
AP =Y N
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Associativity
V(P VX)
AP AX)
Absorption
eV (pNY)
PA(pV) =
Distributivity
eV (¥ AX)
e N VXx)
Complementation
pVap=T.
A= _1.

(e V) Vx.
(e NY) Ax.

~—

(eVY)A(pVX)
(e AP)V (e AX).

Proof We only prove the first of each pair of logical equivalences.
(Commutativity) Suppose Eloise has a winning strategy o for G =
G(M, s, V). Define a strategy o’ for G’ = G(M, s,v V ¢) by

o' (s, Vp,...)=0c(s,0V,...).

That is, if o tells Eloise to choose the left disjunct, then o’ tells her to
choose the right disjunct, and vice versa. Every terminal history b’ =
(s,¥V,x,...) for G’ in which Eloise follows ¢’ corresponds to a history
h=(s,oV,x,...) for G in which she follows o that induces the same
assignment and terminates at the same atomic subformula as h’. Thus
Eloise wins A’ if and only if she wins h, which she does because o is
winning strategy for G. Therefore o’ is a winning strategy for G’. The
converse is symmetrical.

(Associativity) Suppose Eloise has a winning strategy o for G =
G(M, s,V (YV X)) Define a strategy o’ for G' = G(M, s, (pVh)V X)
as follows. If U(s, oV (Vv X)) = ¢, then

o' (s,(p V) Vx) = (o V),
o' (s, (savw)vx,(sovw)) @,
o' (s, (V) VX, (V) 0,...) =0(s,0 V(P VX),e,...).

If cr(s,gp\/ (1/1\/)()) = (¢ V x) and U(s,go\/ (W Vx), @ \/x)) = 1), then

o' (s, (e V) Vx) = (¢ V),
o' (5,( V) VX, (pVY)) =0
o' (5,(e V)V X, (e V), 1,...) = a(s,0V (0 VX), (¥ VX), ;. ..).
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Ifo(s,pV (VX)) =(@Vx) and o(s,¢ V(¥ Vx), (¥ VX)) =X, then

UI(S,(SD\“/’)\/X) =X
(s, (eVVIVXX,--) =a(s,0 VWV X), ([ VX),X;--.)-

That is, ¢’ tells Eloise to choose the same disjunct (¢, ¥, or x) as o,
and to mimic o thereafter.
In the first case, every terminal history

h':(57(<pv¢)\/x,(<,0\/1/)),<,0,---)

for G’ in which Eloise follows ¢’ corresponds to a terminal history

h=(s,0V(¥Vx),ep,...)

for G in which she follows o that induces the same assignment and
terminates at the same atomic formula as h'. Thus Eloise wins b’ if and
only if she wins h, which she does because ¢ is a winning strategy for
G. Therefore ¢’ is a winning strategy for G'.
The other two cases are similar, and the converse is symmetrical.
(Absorption) Suppose that Eloise has a winning strategy o for G =
G(M, s, ). Define a strategy o’ for G’ = G(M, s,V (p A 1/))) by:

o' (5,0 V (P AY)) = o,
o (s,oV(pAY),0,...) =0(s,p,...).

That is, ¢’ tells Eloise to choose ¢, then mimic o thereafter. Every
terminal history b’ = (s, oV (pA®), ¢, ...) for G’ in which Eloise follows
o’ corresponds to a terminal history h = (s, ¢, ...) for G in which Eloise
follows o. Therefore Eloise wins h’ if and only if she wins i, which she
does because ¢ is a winning strategy for G. Thus ¢’ is a winning strategy
for G'.

Conversely, suppose Eloise has a winning strategy o’ for G’. Define a
winning strategy o for G as follows. If o/ (s, V (p A¥)) = ¢, let

o(s,e,...) :U/(57<P\/(50/\¢)7<P;~~)~
If o' (5,0 V (p A)) = (9 A1), let
o(s,0,...)=0"(s,0V (P AY), (e AY), 0,...).

That is, if o’ tells Eloise to choose ¢, then o tells her to mimic o’. If ¢’
tells Eloise to choose (¢ A1), then o tells her to mimic the part of o’
she follows when Abelard chooses .
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(Distributivity) The proof of the distributive laws is similar. The
reader should test his or her mastery of game-theoretic semantics by
writing out all the details.

(Complementation) If Eloise has a winning strategy for G(M, s, )
she can extend it to a winning strategy for G(M, s, v V =) by always
choosing the left disjunct. If she does not have a winning strategy for
G(M, s, ), then Abelard does, which implies Eloise has a winning strat-
egy for G(M, s, ~p). Eloise can extend her strategy to a winning strategy
for G(M, s, V —¢p) by always choosing the right disjunct. -

The game-theoretic perspective allows us to see the true import of
classical laws such as double negation and De Morgan’s laws—they
are statements about which player is the verifier and whose turn it is
to move. Since a negated formula tells the players to switch roles, a
doubly negated formula tells the players to switch roles twice. It would
be analogous to a rule in chess that tells the players to switch colors.
Applied twice in succession the rule would tell White to continue playing
as White, and Black as Black.

When Eloise denies a conjunction, she may pick which conjunct to
falsify. On the other hand, if Eloise denies a disjunction, Abelard decides
which disjunct she must falsify. Similarly, when Eloise denies a universal
formula Vzp, she may choose the value of = before attempting to falsify
@. If she denies an existential formula 3z, Abelard chooses the value
of x.

Proposition 3.18 Let ¢ and ¥ be first-order formulas.

(a) ==p = ¢

(b) =(p ANP) ==V 0.
(e V) =—p Ay

(c) ~Vxp = Ix(—p).
—Jzp = V().

Proof (a) Eloise has a winning strategy for G(M, s, =—¢) if and only if
Abelard has a winning strategy for G(M, s, —p) if and only if Eloise has
a winning strategy for G(M, s, ).

(b) Suppose Eloise has a winning strategy o for G(M, s, (¢ A )).
Define a winning strategy o’ for Eloise in G(M, s, —~p V =) as follows:

¢ if o(s, (@A), (P A)) =,

O’(S,_‘QO\/_‘w)_{_ﬂ/) lfo.(s’—\(gp/\ﬂ}),(sﬁ/\w)):wv
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and

O-/(Sa —pV _"(1)7_'()07@7 .- ) = 0(57_'(90 A d))v (‘P A 11[})7(:0’ .- -)7
U/(Sa Vv ﬁwaﬁwﬂ/% .. ) = U<S7ﬁ(50 A ¢

>
=
=

Conversely, suppose Eloise has a winning strategy o for the semantic
game G(M, s, —¢V —1)). Then she has a winning strategy o’ for the game
G(M, s,~(p V1)) defined by

v if o(s,—p V) = -,

(0 ). (o A ) = {w i o5, 9V ) = b

and

U/(Sa_‘(SD/\z/J)a(@/\l/J)a%---) = 0(87_‘90\/_‘/(#7_'907907"')7
O'I(S,_\(QO/\’IZJ), ((p /\w)awv o ) = U(S? Vv _‘w7_'¢a¢a e )

The proof of the dual is similar.
(c) For every strategy o for Eloise in G(M, s, —Vxy), let ¢’ be her
strategy for G(M, s, 3z(—¢)) defined by

o' (s,3x(=g),...) = o(s, ~Vap,Vop,...),
0’(57 Fz(—), (x,a), ¢, .. ) = U(s, —Vap, Voo, (z,a), . . .)7
and vice versa. Then o is a winning strategy if and only if ¢’ is too. -

Proposition 3.18 allows us to adjust the position of negation symbols
in a first-order formula while preserving its meaning. For instance, we
can push every negation symbol as deep into the formula as possible,
stopping when we reach an atomic formula. A first-order formula ¢ is in
negation normal form if the only negated subformulas of ¢ are atomic.
By repeated application of Proposition 3.18 we can show that every first-
order formula is equivalent to a formula in negation normal form, which
means that we can delay role-reversals until the end of the semantic
game.

Game-theoretic semantics also sheds light on the interaction between
quantifiers and connectives.

Proposition 3.19 Let ¢ and ¥ be first-order formulas.

(a) 3x(p V) =Txp V Iz,
Va(p A) =Vap AV,
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(b) Fx(p Ap) E Tz A xh.
Voo VVzy EVe(p V).

Proof (a) Suppose Eloise has a winning strategy o for the game G =
G(M, s, dx(p V ¢)) Let

(s, 3z(p V) = (z,a),
o(s,3z(e V), (z,a)) = x.

Define a strategy o’ for G’ = G(M, s,z V Elscw) as follows:

o' (s,3xp V Ixh) = Jwy,
o' (s, Jwp V Jxp, Jay) = (2,a),
o'(s,Jxp V Iz, Jxx, (7,0),...) = (s, Fz(p V¥), (z,a), X, .. .).
That is, o’ tells Eloise to choose Jz if she picks ¢ in G, to choose Jx1)
if she picks ¥, and to assign = the same value as she did in G.
Observe that in both games, after Eloise’s first two moves, the current

assignment is s(x/a) and the current subformula is x. Thus play proceeds
as in the game G(M, s(z/a), x). Every terminal history

B = (s,3wp V Iz, Jzx, (v, a),...)
of G’ in which Eloise follows ¢’ corresponds to a terminal history

h= (s, Fz(p V), (z,a),x,. - )

of G in which Eloise follows o that induces the same assignment and
terminates at the same atomic formula as h’. Thus Eloise wins h' if
and only if she wins h, which she does because ¢ is a winning strategy.
Therefore ¢’ is a winning strategy for G'.

The proof of the converse is symmetrical.

(b) Let G = G(M, s, Elx(cp/\w)) and G' = G(M, s, nga/\ﬂxw). Suppose
Eloise has a winning strategy o for G. Let J(s, Elx(cp/\w)) = (z,a). Define
a strategy o’ for G’ by:

o' (s, 2o A Ty, Frg) = (z,0),
U/(Sa 3.%90 A 3»’“/’» HQCQO, ((E,a), .o ) = O’(S, Elx(go A 7/))7 (ZL’,(Z), @ - -)7

and

o' (s, 3z A Fzyp, Ja1p) = (2, a),
o' (s, 3z A Jzep, Jaip, (z,a),...) = o(s,Jx(e AV), (2,a),9,...).
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That is, o’ tells Eloise to choose a for the value of x no matter which
conjunct Abelard chooses, and to mimic o thereafter.

Observe that in both games, after each player makes their first move
the current assignment is s(z/a), and the current subformula is ¢ or .
In either case, every terminal history i’ for G’ in which Eloise follows
o’ corresponds to a terminal history h for G in which Eloise follows o
that induces the same assignment and terminates at the same atomic
subformula as h'. Thus Eloise wins A’ if and only if she wins h, which
she does because ¢ is a winning strategy for G. Therefore ¢’ is a winning
strategy for G'. -

We can now see that existential quantifiers distribute over disjunctions
because they are both moves for the same player, whereas existential
quantifiers fail to distribute over conjunctions because they are moves
for different players. In the first case, Eloise can plan ahead and choose
the value of x that will verify the appropriate disjunct, or choose the
disjunct first and then choose the value of z. In the second case, she
is forced to commit to a value of x before she knows which conjunct
Abelard will choose. Universal quantifiers distribute over conjunctions,
but not disjunctions, for the same reason.

A similar argument shows that adjacent existential quantifiers com-
mute, as do adjacent universal quantifiers. If a player is asked to choose
the value of several variables in a row, the order in which he or she
chooses them does not matter. Existential quantifiers do not commute
with universal quantifiers, however. We leave the proof of the next propo-
sition as an exercise for the reader.

Proposition 3.20 Let ¢ and ¥ be first-order formulas.

(a) JxTyp = FyTzp.
VaVye = VyVae.
(b) JaVye = YyIze. .

The failure of the converses of Proposition 3.19(b) and Proposition
3.20(b) shows that the order in which the players make their moves can
affect whether a player has a winning strategy. The value of a variable
only affects subformulas in which that variable is free, so the scope of
a quantifier Qx may be expanded to include subformulas in which z is
not free.

Proposition 3.21 Let ¢ and ) be first-order formulas such that x ¢
Free(v).
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(a) Fx(p V) =Tzp V.
Voo A) =Vrp A,
(b) x(p A) = Jzp A
V(o V) =Vre V.

Proof (a) Let G = G(M, s,3z(p V 1/))) and G = G(M,s,Jzp V ).
Suppose Eloise has a winning strategy o for G such that
o(s,dx(e V) = (z,a).
Define a strategy o' for G’ as follows. If o (s, 3z(p V1), (z,a)) = ¢, let
a'(s, 3z V) = Iz,
o'(s,Jwp V¢, Jxp) = (2,a),
a'(s, Jzp VY, e, (z,a),.. ) = a(s7 Fz(p V), (z,a),p,.. )

That is, Eloise chooses the left disjunct, sets the value of = to a, then
mimics o thereafter. If a(s7 Fx(p V), (z, a)) =), let

o'(s,3xp V1) = ¢,
o' (s, 3wV ,,...) = o(s,Jz(e V), (z,a),9,...).

That is, Eloise chooses the right disjunct, then mimics o thereafter.
In the first case, every terminal history

B = (s,3zp Vo, e, (z,a),...)
in which Eloise follows o’ corresponds to a history

h= (s,ﬂx(go V), (z,a),p,.. )

in which Eloise follows o that induces the same assignment and termi-
nates at the same atomic subformula as h’. Thus Eloise wins b’ if and
only if she wins h, which she does because ¢ is a winning strategy for
G. In the second case, every terminal history

W= (s,3zp Ve, 9,....)

in which Eloise follows ¢’ corresponds to a history

h= (s, Fx(p V), (z,a),v,.. )

in which Eloise follows ¢ that terminates at the same atomic subformula
x and induces an assignment that differs from s;/ on at most the value
of z. If x does not occur in Yy, then its value does not matter. If x does
occur in y, it can only be because 1) has a subformula Qz1)’ of which
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X is a proper subformula. Hence the value of x was reset at some point
during play, i.e.,

h= (S,Hac(ga\/z/)), (x,a),1,...,(x,b),.. .),
W = (s,3zoV,0,..., (z,b),...).
Thus s;, = s/, so Eloise wins both h and h’. Therefore ¢’ is a winning
strategy for G'.
The proof of the converse is similar.
(b) Let G = G(M, s,3zp A1) and G’ = G(M, s, 3z(p A1)). Suppose
Eloise has a winning strategy o for G such that o(s,dxp A ¢, Jzp) =
(z,a). Define a strategy o’ for G’ as follows:

o' (s,3x(p A1)

o' (s, 3x(p A1), (2,0),0,...)
o' (s, Jz(e A ), (z,a),,...)

(z,a),
U(s, Jxp A, Jzp, (2,a),.. .),
J(Elxcp/\¢,w, .. )

On the one hand, for every terminal history
R = (s,3z(o AY), (z,a),0,...)
for G’ in which Eloise follows ¢’ corresponds to a terminal history
h = (s,3xp A, Fzp, (x,a),...)

for G in which Eloise follows ¢ that induces the same assignment and
terminates at the same atomic subformula as h'. Thus Eloise wins A’ if
and only if she wins h, which she does because ¢ is a winning strategy.
On the other hand, for every terminal history

n = (s,3z(p AY), (z,a),9,...)

for G’ in which Eloise follows ¢’ there is a corresponding terminal history

h= (s, 3wp A, 9,...)

for G in which Eloise follows o that terminates at the same atomic
subformula x. The two histories may not induce the same assignment,
but they do agree on the value of every variable other than x. If  does
not occur in y, then its value does not matter. Eloise wins A’ if and only
if she wins h, which she does because ¢ is a winning strategy. If x does
occur in Y, then it can only be because 1 has a subformula Qxv)’ of
which y is a proper subformula. Hence the value of x was reset at some
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point during play. That is,

h=(s,zp AN,,...,(x,b),...),
R = (s,3z(o AY), (z,a),9, ..., (x,b),...).

Thus s;, = s, so Eloise wins both h and h’. Therefore ¢’ is a winning
strategy for G'. -

3.5 Compositional semantics

Now that the game-theoretic nature of first-order logic has been firmly
established, one can ask if there is a method that determines the seman-
tic value of a formula in a particular model out of the semantic values
of its subformulas. Of course, the answer is yes. Tarski discovered such
a method and proposed using it as the definition of truth before game-
theoretic semantics was fully developed. We believe the game-theoretic
account is an improvement over Tarski’s recursive definition because it
explains certain logical phenomena (such as the duality of 3 and V) that
the recursive definition merely asserts. That is, in the Tarskian tradi-
tion it is common to simply define Vze as —3x(—¢p). Of course one can
define both dz and Vx and prove their duality, but the proof is not very
explanatory because it depends on the duality of “there exists” and “for
all” in English.

Tarski’s method remains exceedingly useful, nonetheless. For example,
we will use it to prove that every first-order formula is equivalent to one
in prenex normal form (see Theorem 3.26).

Theorem 3.22 Let ¢ and 3 be first-order formulas, M a suitable
structure, and s an assignment in M whose domain contains Free(p)
and Free(v)).

M,sE—-¢ iff M,s -~ p.
M,s =EpVy iff M,skE e orM,s .
M,sEeAY iff M,skE @ and M, s .

M, s |=3zp iff M,s(z/a) = ¢, for some a € M.
M,s =Vze iff M,s(z/a) = ¢, for everya € M.

Proof We have already proven the negation case in Proposition 3.12.
Suppose Eloise has a winning strategy o for G(M, s, ¢ V ¢) such that
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a(s,o V1)) = x. Define a strategy o’ for G(M, s, x) by

' (s,X,---) =0(s,p Vb, x,...).

That is, o’ is the strategy for G(M,s, ) that mimics the part of o
Eloise consults after choosing x. Every terminal history b’ = (s, x,...)
for G(M, s, x) in which Eloise follows ¢’ corresponds to a history h =
(s,oV 1, x,...) in which she follows o that induces the same assignment
and terminates at the same atomic subformula as h’. Thus Eloise wins h’
if and only if she wins h, which she does because ¢ is a winning strategy
for G(M, s, ¢ V ). Therefore ¢’ is a winning strategy for G(M, s, x).

Conversely, let x € {p, 1}, and suppose Eloise has a winning strategy
o’ for G(M, s, x). Define a winning strategy o for G(M, s, ¢ V ) by

o(s,o V) = x,
a(s,p Vb, x,...) =0 (s,x,--.).

That is, o tells Eloise to choose the disjunct for which she has a winning
strategy, then follow that strategy.
Now suppose Eloise has a winning strategy o for G(M, s, pA1). Define

J’(s,go,...) =a(s,p N, p,...),
a’(s,9,...)=0a(s, 0o N, 1, ...).

That is, o’ is the part of o that Eloise consults when Abelard chooses ¢,
and ¢” is the part of o she consults when he chooses 1. Then ¢’ is a win-
ning strategy for G(M, s, ¢), and ¢” is a winning strategy for G(M, s, ).
Conversely, suppose Eloise has winning strategies ¢’ for G(M, s, ¢) and
" for G(M, s, ). Define

0.(57%0/\1/)74105 b ') = O.I(S’<p7' * ')7

(s, p ANpyap,..) = 0" (s,9,...).
That is, o is the winning strategy for G(M, s, ¢ A ¢) that tells Eloise to
mimic o’ if Abelard chooses ¢ and to mimic ¢” if he chooses ).

Suppose Eloise has a winning strategy o for G(M, s, Jzp) such that
o(s,3wp) = (z,a). Then the strategy o’ for G(M, s(z/a), ) defined by

o' (s(z/a),¢,...) =o(s,Fzp, (z,a),...)

is winning. Conversely, suppose there exists an a € M such that Eloise
has a winning strategy o’ for G(M, s(z/a), cp). Then the strategy o for
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G(M, s, 3zy) defined by

o(s,3xp) = (v, a),
o(s, 3z, (z,a),...) =o' (s(z/a),¢,...),
is winning.
Finally, suppose Eloise has a winning strategy o for G(M, s, Va). For
every a € M, define

aa(s(x/a),cp, .. ) = U(S,Vamp, (z,a),.. )

That is, o, tells Eloise to mimic the part of o she consults when Abelard
chooses a. Observe that o, is winning for G (M, s(z/a), <p). Conversely,
suppose that for every a € M, Eloise has a winning strategy o, for
G(M, s(z/a),¢). Define a winning strategy for G(M, s, Vayp) by

J(S,nga, (z,a),.. ) =0, (s(x/a), 0, .. )

That is, o tells Eloise to mimic o, when Abelard sets the value of = to
be a. 4

3.5.1 Substitution

The operation of substituting terms for free variables will be used ex-
tensively throughout this book. If ¢ is a quantifier-free formula, z is a
variable, and ¢ is a term, Subst(y, x,t) denotes the first-order formula
obtained from ¢ by simultaneously replacing all free occurrences of x in
o by the term t. For example,

Subst (R(m, Y),x, u2) is R(u%,y),

while Subst(R(x, Y), 2, u2) is simply R(z,y).
Substitution involving formulas with both free and bound variables is
a more delicate matter than one might expect. Consider the formula

Jz(z+ 2z =x).

Interpreted in the natural numbers, it asserts that x is even. Similarly,
if we substitute y for z, the resulting formula

(z+2z=1y)
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asserts that y is even. However, if we substitute z for z, we obtain
Jz(z + 2z = 2),

which does not not assert anything at all about z — it is simply true.*

The meaning of the formula changed because the variable z became
bound by the quantifier 3z. To avoid this problem, whenever we substi-
tute a term for a free variable that lies within the scope of a quantifier
that binds a variable occurring in the term, we first rename the bound
variable using a fresh variable that occurs nowhere in the formula nor the
term. That way, when we substitute z for z in the formula 3z(z 4z = z)
we obtain

which asserts that z is even.

If the substituted term contains more than one variable that would
become bound after performing the substitution, we must rename all of
those variables bound in the formula simultaneously, taking care to keep
distinct variables distinct. For example, when we substitute f(x,y) for
z in the formula Vz3y(z < y Ay < z) we obtain

Vuv(u <vAv < f(z,y)).

Definition 3.23 If z is a variable and ¢ is a term, we can substitute ¢
for x in another term ¢’ by simultaneously replacing every occurrence of
x in ¢’ with an occurrence of t. More formally, if ¢ is a constant symbol, y
is a variable distinct from z, f is an n-ary function symbol, and ¢}, ..., ¢,
are terms, then

Subst(c, z,t) is ¢,
Subst(z,x,t) is t,
Subst(y,z,t) is vy,
Subst(f(t},...,t),z,t) is f(Subst(t;,z,t),...,Subst(t], z,t)). -

Definition 3.24 Let t be a term, and let ¢ be a first-order formula
in which none of the variables that occur in ¢ are bound. We define the
operation Subst(yp, x,t) of substituting the term ¢ for the variable x in

4 This example and the subsequent two definitions are adapted from [17, pp.
52-54].
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o recursively on the subformulas of ¢:

Subst(t; = tg, x,t) is  Subst(ty,z,t) = Subst(te, z,t),
Subst(R(ty,...,t,),z,t) is R(Subst(t|,z,t),...,Subst(t,,z,t)),
Subst(—\w, x,t) is - Subst(vy, z,t),
Subst(y o9, z,t) is Subst(¢,z,t) o Subst(¢, z,t),
Subst(Qz1, x,t) is Quy,

Subst (Qy¢, x, t) is QySubst(y,x,t).

Notice that y does not occur in ¢ by hypothesis. B

We extend Definition 3.24 to all formulas by renaming bound variables
as described above. More specifically, if ¢ is a formula in which variables
are quantified that occur in ¢, we take Subst(p, z,t) to be the same as
Subst(¢’, x,t), where ¢’ is obtained from ¢ by simultaneously renaming
every bound variable that occurs in ¢ in such a way as to keep distinct
variables distinct.

When we substitute a term for a free variable, assignments that satisfy
the original formula might not satisfy the new formula. For example, if
s(z,y) = (3,2), then

N,sExz+y=5.
If we substitute the term 2z for y,
N, s frx+22=5.
because s does not assign a value to z. In contrast, if s'(x,z) = (3,1),
then
N,s' =Ex+2z=5.
Now observe that s(y) = s'(2z).
The previous example suggests that whenever we substitute a term
for a free variable in a formula, every assignment satisfying the new for-

mula induces a (possibly) different assignment that satisfies the original
formula.

Lemma 3.25 (Substitution) Let ¢ be a first-order formula, M a suit-
able structure, and s an assignment whose domain contains Free(p). If
t is a term such that s(t) is defined, then

(a) for every term t,

s(Subst(t,z,t)) = s(x/s(t)) (t');
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(b) furthermore,
M, s |= Subst(g, z,t) iff M,s(z/s(t)) = ¢.

Proof (a) The proof is by induction on the complexity of ¢'. If ¢’ is a
constant symbol or a variable, then

s(Subst(c,z,t)) = s(c) = s(x/s(t))(c)

s(Subst(z, z,t)) = s(t) = s(z/s(t)) ()
s(Subst(y, z,t)) = s(y) = s(z/s(t)) (y).
If ¢ is a compound term f(¢},...,t)), then by inductive hypothesis

s(Subst(t}, z t) s(z/s(t)) (¢
Hence

s[Subst(f(t1,...,t,),x,t)] = s[f(Subst(t],z,t),...,Subst(t,, z,t))]

n?
Mls(z/s)) (), ..., s(z/s(t)) ()]
=s(z/s@t))[f{t1, ..., t0)].
(b) Since renaming bound variables does not alter the meaning of a

formula, we may assume that the variables in ¢ are not quantified in .
If ¢ is t; = t2, then by part (a)

M, s = Subst(t; = t2,2,t) iff M, s = Subst(t1,x,t) = Subst(ts, z,t)

(x/s )t1 —s(x/s )tg)

M,s(x/s ) Et = to.

Similarly, if ¢ is R(t},...,t,), then

=

i

=

i

M, s |=Subst(R(t}, ..., 1), z, )
iff M,sE R(Subst(tl,x t),. Subst(t’ ,t))
(s(z/s(t))(th), x/s t)) e R
iff M, s(z/s(t) = R(If17 . 7t;L).
The cases for negation, disjunction, and conjunction are straightfor-
ward applications of Theorem 3.22 to Definition 3.24. The case when ¢
is Qxv depends on the fact that

s(z/s(t))(z/m) = s(z/m)

for any m € M.
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If ¢ is Jy1p, then by inductive hypothesis

M, s = Subst(3y, z, t)
ifft M, s = 3y Subst(y, z, t)

iff M, s(y/a) |= Subst(¢, x,t) (for some a € M)
iff M, s(y/a)(z/s(y/a)(t)) = v (for some a € M)
iff M, s(z/s(t))(y/a) = (for some a € M)
iff M,s(w/s ) E Jyu.
The proof of the universal case is similar. B

3.5.2 Prenex normal form

A first-order formula is in prenex normal form if all of its quantifiers
appear at the front of the formula, i.e., it has the form

QY1 .- Qnynyp
where ¢ is quantifier free.

Theorem 3.26 (Prenex normal form) Fuvery first-order formula is
equivalent to a first-order formula in prenex normal form.

Proof Let ¢ be a first-order formula. Without loss of generality (see
page 43) we may assume that ¢ is in negation normal form. As a pre-
liminary step, rename the bound variables in ¢ so that the resulting for-
mula ¢’ has the property that every variable is quantified at most once,
and no variable occurs both free and bound. Starting with the left-most
quantifier, use Proposition 3.21 to pull each quantifier to the front of the
formula. For instance, if 3z V x is a subformula of ¢, then we know
x ¢ Free() because  does not occur in x. Hence Jz¢p V x = Jz (¢ V x).
Eventually, we obtain a formula ¢ in prenex normal form that is equiv-
alent to . —

For example, let ¢ be the formula
z < y/\Vw[x2 =z VIyly < z)].
After renaming bound variables, we get
< yAVu[u® =uV Iv(v<u)].
Pull the quantifiers to the front, one step at a time:

Vale <y A (= w0y 3o <)),
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Vulz <y AJv(u® =u Vo <u),

VuTv[z <y A (u? =u Vo <u).

3.6 Satisfiability

Often when considering a first-order formula we do not have a particular
structure in mind. It may suffice for a formula to be satisfied by some
assignment in some model, not necessarily this one. At the other extreme
we may require that a formula be satisfied by every assignment in every
suitable model.

Definition 3.27 Let ¢ be a first-order formula.

e ¢ is satisfiable if there exists a suitable model M and an assignment
s in M whose domain contains Free(y) such that M, s &= .

e ¢ is walid if for every suitable model M and every assignment s in M
whose domain contains Free(p) we have M, s = ¢. -

For example, the formula Vx3y—R(z,y) is satisfiable, but not valid,
while R(z,y) V —R(x,y) is valid.

In the best case, it is easier to show that a formula is satisfiable than
to show that it is valid because we only have to test a single model.
Satisfiability and validity are really two sides of the same coin, however,
because ¢ is valid if and only if -y is not satisfiable.

When checking the satisfiability of a sentence, we often use a process
called Skolemization to eliminate existential quantifiers. First, we place
the sentence in negation normal form. Then we remove the existential
quantifiers one by one, replacing each of the variables bound by a given
quantifier with a term involving a fresh function symbol.

Definition 3.28 Let ¢ be an FOy, formula in negation normal form,
let U be a finite set of variables containing Free(y), and let

L* = LU{ fy : ¥ € Subfa(p) }

be the expansion of L obtained by adding a fresh function symbol
for each existentially quantified subformula of ¢. The Skolem form (or
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Skolemization) of ¥ € Subf(p) with variables in U is defined recursively:

Sky(y) is @ (¢ atomic),
Sky (=) is = Sky(y) (¢ atomic),
Sky (o) is  Sky(y) o Sky(¥'),
Sky(Fzy) is  Subst (SkUu{x}(w), z, fazy (Y1, .- -, yn)),
Sky (V) s Va Skyugey (¥),

where y1,...,y, enumerates the variables in U. The term

— — — —

fEIa:w(ylv“wyn)

is called a Skolem term. We abbreviate Skg(¢) by Sk(p). If we write
Sky(¢) when ¢ is not in negation normal form, we really mean Sky (¢),
where ¢’ is the negation normal form of (. -

For example, let ¢ be the sentence Vrdy (gc <yVIz(y< z)) Then

Skizy3(y<z) is y<z

Skiagy (F2(y <2)) is y <g(=,y),
Sk{ly}(x<y\/5|zy<z) x<yVy<gz,y),
Sk{m}[ﬂy(x<y\/ﬂzy<z } w<f(x)\/f(x)<g(:v7f(x)),

Sk(p) s Vol < f(2)V (@) < g(x. f(2)))].

Skolemizing a first-order sentence makes explicit the dependencies be-
tween the quantified variables. Notice the difference in the Skolem forms
of VoIyR(z,y) and IyVzR(z,y). The first is Vo R (z, f(z)), while the sec-
ond is VzR(z, ¢), where ¢ is a fresh constant symbol. The Skolem forms
make it clear that, in the first case, the value of the second coordinate
depends on the value of the first coordinate, while in the second case it
does not.

Usually, an L-structure M that models a sentence ¢ cannot model
Sk(p) because it lacks interpretations for the fresh function symbols. We
must expand M to an L*-structure by specifying how we should interpret
the new symbols. The interpretations of the fresh function symbols are
called Skolem functions. There are many ways to expand a model to a
larger vocabulary. Generally speaking, most of the possible expansions
of M to the vocabulary L* will not model Sk(y), but there will always
be one that does.

There is another, more common, Skolemization procedure for first-
order formulas in which an existentially quantified variable x is replaced
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by a Skolem term whose arguments are exactly those variables that are
universally quantified superordinate to the existential quantifier that
binds z. Both Skolemizations produce formulas that are equisatisfiable
with the original formula. We defined the Skolem form of a first-order
formula in terms of the Skolem forms of its subformulas in order to more
easily generalize the definition in the next chapter (see Definition 4.9).

Theorem 3.29 Let ¢ be an FOp formula in negation normal form,
and let M be a suitable structure. For every finite set U of variables
containing Free(p), there exists an expansion M* of Ml to the vocabulary

L* = LU{ fy: ¢ € Subfa(y) }

such that for every assignment s with domain U,
M,s =@ iff MYs k= Sku(p).

Proof We proceed by induction on the complexity of ¢. If ¢ is atomic
or negated atomic, then Sk (¢) is simply ¢, so we can take M* = M.

Suppose @ is 1 V ¥5. By inductive hypothesis, there exist expansions
M7 and M3 of M to the vocabularies

L =LU{ fy:x € Subfs(¢y) },
Ls=LU{ fy:x€Subfs(ss) },

respectively, such that for every assignment s with domain U,

M,S ):1/)1 iff MT,S':SkU(I/Jl)7
M,S }:1/}2 iff M;,S':SkU(d)Q)
Since the fresh function symbols in L] are distinct from those in L3,

there is a common expansion M* to the vocabulary L* = L] U L3 such
that

M75’:¢1V1/)2 iff Mas):wlorMaS':wQ
f M s = Sky(d) or MY s = Sko (42)
iff M, s [= Sku (¢ V).
The proof of the conjunction case is similar.
Suppose ¢ is dz1. By inductive hypothesis, there is an expansion M**
of M to the vocabulary L** = LU { fy : x € Subf3(¢) } such that for
every assignment s with domain U and every a € M,

M, s(z/a) o it M™, s(z/a) = Skuugay ().
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Let g be a function mapping assignments to individuals with the prop-
erty that for every assignment s with domain U, if there exists an a € M
such that M, s(z/a) = 9, then M, s(x/g(s)) k= . Expand M** to M*
by defining

P (s(n1), - 5(yn)) = g(s),
where y1,...,y, enumerates U. Then by the substitution lemma,
M, s = Jzy
iff M, s(z/g(s)) Ev
iff  M™,s(2/9(s)) = Skvugey (%)

i s (2 5 (s(n), o 5(m)) ) Skuoge ()

iff M*, S ': Subst (SkUu{z} (’(ﬂ), x, fgxw (yh ey yn))
iff MY s = Sky(3ze)).
Finally, suppose 9 is Vx1. By inductive hypothesis, there is an expan-

sion M** of M to the vocabulary L** = L U {fx : x € Subfz(¢)) } such
that for every assignment s with domain U and every a € M,

Ma S(ZL'/G) ): w iff M**a S(.%‘/Cl) ): SkUU{z} (1/1)
Since the vocabulary L* is the same as L**, we can take M* = M** Then

M, s =V iff M, s(xz/a) = (for all a € M)
ifft M s(z/a) E Skyugay (V) (for all @ € M)
iff M s = Va Skyugay ()
ifft M s = Sky (Vae). o

When discussing whether M, s satisfies an existential formula Jzy,
an element a € M such that M, s(xz/a) | ¢ is called a witness to Jxep.
Thus one can say that Skolem functions point out witnesses to existential
formulas. A universal formula Vzy is not satisfied by M, s if and only
if M, s satisfies Jz(—¢). An element a € M such that M, s(z/a) E
- is called a Kreisel counterezample to Vry. For example, a Kreisel
counterexample to the sentence

VaIyR(z,y)

is an element a such that for all b we have (a,b) ¢ RM.
Skolem functions and Kreisel counterexamples will play an important
role in the next chapter.
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Independence-friendly logic

In the last chapter, we studied first-order logic from the game-theoretic
perspective. In particular, we defined the semantic game for a first-order
formula as an extensive game with perfect information. It is natural to
extend first-order logic by considering semantic games with imperfect
information. Hintikka and Sandu named this extension independence-
friendly logic because in a semantic game with imperfect information
the choices made by the players may be independent of prior moves [30].

In this chapter, we define the syntax of independence-friendly (IF)
logic and three different semantics. The first semantics is game-theoretic;
the second is based on Skolem functions and Kreisel counterexamples.
The third semantics, due to Hodges [32, 33], is modeled after Tarski’s
compositional semantics for first-order logic. At the end of the chapter,
we prove that all three semantics are equivalent.’

4.1 Syntax

Definition 4.1 Let L be a vocabulary. L-terms are defined as for first-
order logic. The independence-friendly language IFy is generated from
L according to the following rules:

e If t; and ty are L-terms, then (1 = t2) € IFy, and —(t; = t2) € IFL.

e If R is an n-ary relation symbol in L and t4,...,t, are L-terms,
then R(ty,...,t,) € IFL and —~R(ty,...,t,) € IFL.

o If p, ¢’ € IFy, then (¢ V ¢') € IFL, and (p A ¢') € IFy,.

The authors wish to acknowledge the contribution to the study of IF logic made

by Dechesne’s PhD thesis [14]. Many of our notational and conceptual choices
were influenced by her work.
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o If ¢ € IFy, x is a variable, and W is a finite set of variables,
then (3z/W)y € IF, and (Va/W)p € IFL.

The elements of IFy, are called 1IFy formulas. When the vocabulary is
irrelevant or clear from context we will not mention it explicitly. An IF
formula is an TFy, formula for some vocabulary L. -

To simplify the presentation, we only allow the negation symbol = to
appear in front of atomic formulas. We will see in Chapter 5 that this
restriction is not essential; it simply allows us to assume that Eloise
is always the verifier. Formulas of the form (t; = t3), —(t1 = t2),
R(t1,...,tn), or =R(t1,...,t,) are called literals. When ¢ is a literal,
we abuse our notation slightly by writing — for the dual of . When ¢
is a literal and ¢’ is any IF formula we use ¢ — ¢’ as an abbreviation
for —p V ¢'.

The finite set of variables W in (32/W) and (Vz/W) is called a slash
set. A slash set indicates from which variables a quantifier is indepen-
dent. We write 3z and Vz for (3z/9) and (Vz/9), respectively. Thus
every first-order formula is a shorthand for an IF formula.

The subformula tree of an IF formula is like the subformula tree of
a first-order formula except that we do not take atomic formulas to be
subformulas of their negations. Therefore a leaf of the tree may be any
literal.

Definition 4.2 Let ¢ be an IF formula. The subformulas of ¢ are
defined recursively:

Subf(y) = {¢} (¢ literal),
Subf (1) o ¢p") = {1h 0 9"} U Subf(¢)) U Subf (),
Subf((Qa:/W)w) = {(Qm/W)¢} U Subf(v)).
As with first-order formulas, we distinguish between multiple occur-

rences of the same subformula. The set of literal subformulas of ¢ is
denoted Lit(¢y). =

The set of free variables of an IF formula ¢ is defined as for first-
order formulas (Definition 3.5) except that the clause for quantifiers is
replaced by:

Free((Qz/W)g) = (Free(p) — {z}) UW.

An occurrence of a variable x is bound by the innermost quantifier
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(Qz/W) in whose scope it occurs. The set of bound variables of ¢ is
denoted Bound(y). For example, in the formula

v (3y/{x}) R(x,y) AVy(3z/{z,y}) Ry, 2),

the variables y and z are bound, while z is both free and bound. An IF
formula with no free variables is called an IF sentence.

Formulas such as Vy(3z/{xz,y})R(y, z) in which a variable occurs in a
slash set but nowhere else may strike the reader as a bit odd. What does
it mean for the quantifier (Hz/{x,y}) to be independent of a variable
that is not quantified superordinate to (Hz / {z, y})7 In a moment, we will
see that such formulas do make sense, but in the meantime we reassure
ourselves by defining a restricted class of IF formulas for which such
questions do not arise.

Definition 4.3 An IF formula is regular if it satisfies the following
conditions:

(a) If (Qy/W) is a quantifier such that x € W, then it is subordinate
to a quantifier of the form (3x/V') or (Vz/V).

(b) No quantifier of the form (Qx/W) is subordinate to a quantifier of
the form (Jz/V) or (Va/V). -

The first condition ensures that a quantifier is only independent of
superordinate quantifiers, while the second forbids double quantification.
For example, the formula Vx (ﬂy / {x})x = y is regular, while the formulas

(Jy/{z})z =y and 3Iz(pAJzy)

are not. The impact of the two constraints can be better grasped if we
keep in mind that IF formulas will be interpreted by semantic games.
Each quantifier (Qx/V) prompts the appropriate player to choose an
individual from the universe to be the value of x. However, the player’s
choice must not depend on the values of the variables in V. The first
constraint means that in the semantic game for a regular IF formula, if
the choice of y is independent of x, then the value of  must have been
specified at some earlier stage of the game, while the second constraint
implies that in a given play of the game, the value of a variable is only
specified once. Observe that in a regular IF formula it is not possible to
have a quantifier (Qx /W) such that € W because by the first condition
we would need to have another quantifier of the form (3z/V') or (Vz/V)
superordinate to (Qz/W'), which is forbidden by the second condition.
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4.2 Game-theoretic semantics

Now that we have defined the syntax of IF logic, we are ready to say
what IF formulas mean. In the last chapter, we observed that a first-
order formula could be interpreted as specifying a game with perfect
information. In this section, we interpret IF formulas as specifying a
game with imperfect information.

We will define the semantic game for an IF formula as an extensive
game with imperfect information by restricting the players’ access to the
current assignment. That is, a player may be forced to choose an action
without knowing the current assignment in its entirety.

Definition 4.4 Two assignments, s and ', such that W C dom(s) =
dom(s’) are equivalent modulo W (or W-equivalent), denoted s ~ypy ¢,
if for every variable x € dom(s) — W we have s(z) = s'(x).

€1

Definition 4.5 Let ¢ be an IF formula, M a suitable structure, and
s an assignment whose domain contains Free(yp). The semantic game
G(M, s, ) is a win-lose extensive game with imperfect information:

e There are two players, Eloise (3) and Abelard (V).

e The set of histories is H = (J{ Hy : ¢ € Subf(y) }, where Hy is
defined recursively:

- HAP - {(5790)}7

— if 9 is x1 0x2, then Hy, ={h™xi:h € Hyoy, },

— if ¢ is (Qz/W)x, then H, = {h“(m,a) th € Hgawyy, a €M }
Observe that (s, ) is the unique initial history. The assignment s is

called the initial assignment. Every history h’ induces an assignment
sy extending and/or modifying the initial assignment:

s )
Sp =1 8p ifth =h"y,
sp(xz/a) if ' =h"(x,a).

e Once play reaches a literal, the game ends:
Z =|J{Hy: x €Lit(p) }.

e Disjunctions and existential quantifiers are decision points for Eloise,
while conjunctions and universal quantifiers are decision points for
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Abelard:

P(h) _ {3 if h € HXVX' or h € H(H:r/W)xa

vV ifhe HX/\X/ or h € H(Vw/W)x-

e The indistinguishability relations ~3 and ~y are defined as follows.
For all h,h' € Hy we have h ~3 I’ if and only if s, = s,. For all
h, W' € Hizgywyx

h ~3 h/ iff Sh "W Sh’-

Similarly, for all h, b’ € H, ry we have h ~y b’ if and only if s5 = s,
and for all h, h e H(Vw/W)x>

h ~y h/ iff Sh "W Sh!’-

e Eloise wins if the literal x reached at the end of play is satisfied by
the current assignment; Abelard wins if it is not:

3 ifM
u(h) = if M, sp = X, _|
v oif M, sy, = x.

The equivalence relations ~3 and ~v specify exactly how much infor-
mation the players have at their disposal at a given decision point. For
example, in the position of the game corresponding to (3z/W ), Eloise
cannot distinguish histories whose induced assignments agree on the
variables outside of W but disagree on variables in W. Hence, Eloise must
choose the value of z without having access to the values of the variables
in W. Likewise for Abelard in the position corresponding to (Va/W ).
Note that if h is a history whose current subformula is (/W) or
(Vz /W) then

Ah) ={(z,a) :a € M }.

That is, limiting the information available to a player does not affect his
or her ability to perform any particular action. It simply prevents the
player from employing certain strategies.

Since the semantic game for an IF formula is a game with imperfect
information, we cannot rely on the Gale-Stewart theorem to guarantee
that one of the two players will have a winning strategy. Therefore, we
must be careful about how we define truth and satisfaction in IF logic.
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Definition 4.6 Let ¢ be an IF formula, M a suitable structure, and s
an assignment whose domain contains Free(yp).

M, s E&pg ¢ iff  Eloise has a winning strategy for G(M, s, ¢).
M, s =grs ¢ iff Abelard has a winning strategy for G(M, s, ¢).

In the first case we say M, s satisfies ¢, and in the second case we say
M, s dissatisfies .

An IF sentence ¢ is true in M, denoted M ':ETS v, if it is satisfied by
the empty assignment. It is false, denoted M =g ¢, if it is dissatisfied
by the empty assignment. a

Example 4.7 In the game Matching Pennnies there are two players.
Each player has a coin that he or she secretly turns to heads or tails.
The coins are revealed simultaneously. The first player wins if the coins
are both heads or both tails; the second player wins if they differ.

We can express the game Matching Pennies using the IF sentence

Vx(ﬂy/{x})x =y

interpreted in the two-element structure M = {a,b}. We wish to show
that neither Eloise nor Abelard has a winning strategy, assuming the
initial assignment is empty. Call the original sentence @yp, and let ¢ be
the subformula

(Ely/{x})x =y.
Then H,,,, includes only the initial history (&, omp), while Hy, includes
two histories: h, = (@7 omp, (T, a)) and hy = (®7 omp, (T, b)) Let o be
a strategy for Eloise. Since h, ~3 hj she must choose the same value for
y in both cases:

o(ha) = (y,¢) = ().

Hence there are two maximal plays,

(@, omp, (z,a), (y, c)) and (@, omp; (2,0), (y, c))7

of which Eloise wins exactly one.

Now let 7 be a strategy for Abelard such that 7(&, omp) = (2, ¢).
Then 7 is a winning strategy if and only if Abelard wins both maximal
plays (@,@Mp,(%c),(y,a)) and (@,@Mp,(x,c),(y,b)) which is again
impossible (see Figure 4.1). =

According to our definition the sentence Va (Ely / {x})x = y is neither
true nor false in any structure with at least two elements. Those who have
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3 v v 3

Figure 4.1 The semantic game for Vz(3y/{z})z = y in the structure
M = {a, b}

studied games with imperfect information will be unsurprised, but logi-
cians may find the failure of the principle of bivalence unsettling. There
are other surprises in store for logicians. Adding a superfluous quanti-
fier does not affect the truth value of a first-order sentence. For example
VaIyR(z,y) and VaIyIyR(x, y) are equivalent. In contrast, adding extra
quantifiers can affect the truth-value of an IF sentence.

Example 4.8 We add one dummy quantifier 3y to the sentence in
Example 4.7 to get the irregular IF sentence

Yoy (Ey/{x})x =y,

which we interpret in the two-element structure Ml = {a, b}. Surprisingly,
Eloise has a winning strategy. For convenience, let 1 be the subformula

Fy(Iy/{2})z =y,
and let x be the subformula (Jy/{z})z = y. Then Hy, is as before, while
H, consists of four histories:
haa = (@, o, (z,a), (y, a)), hap = (@7 o, (x,a), (y, b)),
hva = (@, ¢, (,b), (y,0)), ho = (2, ¢, (2,b), (y,b)).
Observe that hgq ~3 hpe and hgp ~3 hpy. Therefore all Eloise’s strategies

must satisfy o(hae) = 0(hee) and o(hay) = o(hey). Here is a winning
strategy:
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There are two terminal histories in which Eloise follows o,

(2,9, (2,a), (y,a), (y,a)) and (2,9, (x,b),(y,b), (y,b)),

and she wins both (see Figure 4.2). o

Figure 4.2 The semantic game for Vz3y(Jy/{z})z = y in M = {a, b}

By allowing Eloise to choose the value of y twice, we enable her to
copy the value of x to a location that she is allowed to see when making
her second choice. There are two ways to block Eloise’s winning strategy.
We can prevent her from seeing the value of x both times she chooses
the value of y,

vz (3y/{z}) Gy/{z})z = v,

or we can prevent her from seeing the value of y when making her second
choice,

Va3y (Jy/{z,y})z =y.

The fact that Eloise assigns a value to the same variable twice is incon-
sequential. She has a similar winning strategy for Vo3z(Jy/{z})z = y.

Such phenomena are common in games of imperfect information. In
bridge, skilled partners can communicate to each other about their hands
using only the cards they play. Playing according to a predetermined
convention in order to circumvent informational restrictions is called
signaling. The possibility of signaling in IF logic was first observed by
Hodges [32].
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4.3 Skolem semantics

In this section we describe another interpretation of IF formulas based on
Skolem functions. To this end, we generalize the Skolemization procedure
for first-order logic to IF sentences.

Definition 4.9 Let ¢ be an IF;, formula, let U be a finite set of vari-
ables containing Free(y), and let

L*=LU{fy:1 € Subfs(y) }

be the expansion of L obtained by adding a fresh function symbol for
every existentially quantified subformula of . The Skolem form (or
Skolemization) of 1 € Subf(p) with variables in U is defined recursively:

Sky () is ¢ (w literal),
Sky (¢ od)’) is  Sky(y) o Sky ('),
Sky ((3z/W)y) is  Subst(Skyugey (), @, f@aywyw (W1, - - Un));
Sky ((Va/W)y) is Vo Skyugay(¥),

=

[

where y1,...,y, enumerates the variables in U — W. Observe that at
each stage Sky () is a first-order formula. We abbreviate Skg () by
Sk(). -

The reader should notice that in the context of Sky ((3z/W)v), the
variable x may belong to U. If it does, then x will be an argument of

the Skolem term f(3,/w)(v1,.--,¥yn) unless x also belongs to W. Also
notice that SkU((Va:/W)d)) = Skyu{ay ((Vz/W)LZJ)

Example 4.10 Examine the Skolem form of the Matching Pennies
sentence Vm(ﬂy/{x})x = y. Proceeding inside-out,

Skizyy (e =) s w=y,
Sk {(Ely/{x}) = } is z=c,
Sk [Vx(ﬂy/{ac}) = } is Va(r =c),

where c is a fresh constant symbol. =

Example 4.11 Now consider the Skolem form of the Matching Pennies
sentence augmented with a dummy quantifier, Va3y (Ely / {x})x =1
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Skizyy(x=y) is z=y,
SK {44} [(Hy/{x})fﬂ =yl is z=g(y),
Skiay [3y(Iy/{at)e = y| s = =g(f()),
Sk [vxay(ay/{x} - y} Vi [:c - g(f(x))}.

If we use a distinct variable for the dummy quantifier, as in

Va3z(3y/{z})z =y,

the Skolemization procedure yields the same Skolem form:

Skizy-r(x=y) I8 z=y,

Skie | B/ et =y] s @ =g(2),
Sk} {Hz(ﬂy/{x} = y} x=g(f(x)),
Sk{VxElz(Ely/{x} = y} is Va {x =g(f(z ))} o

We are now ready to present a second way of interpreting IF formulas,
called Skolem semantics.

Definition 4.12 Let ¢ be an IF, formula, M a suitable structure, and
s an assignment whose domain contains Free(y). Define

Ma S ':gk ® iff M*v S ': Skdom(s)(@)
for some expansion M* of M to the vocabulary
L*:LU{fwiﬂ)GSubfg(@)}. n

When evaluating an IF formula under Skolem semantics, we implicitly
assume that every variable that has been assigned a value is “present”
in the formula. Thus the Skolemization of an IF formula depends on
the assignment used to evaluate it. For example, suppose s and s’ are
assignments such that dom(s) = {u, v} and dom(s’) = {u, v, w}. Then

M, s & Bz/{u})P(z) iff M%sk= P(f(v))

for some expansion M* of M, while

M,s" =d (3z/{u})P(z) if M*™ s E P(g(v,w))

for some expansion M** of M.
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The first thing to check is that Skolem semantics agrees with the
game-theoretic semantics defined in the previous section.

Theorem 4.13 Let ¢ be an IFy formula, M a suitable structure, and
s an assignment whose domain contains Free(yp). Then

M, s |:J(5Ts ¢ iff M,s ':érk -

Proof Suppose Eloise has a winning strategy o for G(M, s, ¢). Let M*
be an expansion of M to the vocabulary

L* = LU{ fy : ¢ € Subfs(p) }

such that for every existential subformula (Jz/W)y
history h € H =z wyys

" of ¢ and every

f%ﬂ;/W)wf (Sh(yl)a R Sh(yn)) =a

where y1,...,y, enumerates dom(s) — W, and o(h) = (z,a). To show
the function is well defined, suppose h,h' € H (3, /w)y are two histories
such that

o(h) = (x,a) # (z,a") = a(I).

Then sy, %w sps which means sp,(y;) # sp(y;) for some y; € {y1,...,yn}-
It suffices to show that for all ¢ € Subf(yp), if Eloise follows o in
h € Hy, then M¥ s}, |= Skqom(s,)(¥) (because Eloise does follow o in
(s,p) € Hy). If 1 is a literal, and Eloise follows o in h € Hy, then
M, 55, |= 1) because o is a winning strategy. Hence M, s, |= Skdom(s,) (¢)-
Suppose 1 is 11 Viby. If Eloise follows o in h € Hy, vy, , and o(h) = ¢;,
then Eloise follows o in A’ = h™%;. By inductive hypothesis

M*7 Sh’ ': Skdom(sh/)(¢i)7
whence
M*7 Sh’ ': Skdom(sh/)(ﬁ}l) \ Skdom(sh/) (¢2)

Since s, = sy, it follows that M sp, = Skqom(s,,)(¥1 V ¥2).
Suppose ¢ is 11 A 92. If Eloise follows o in h € Hy, ny,, then she
follows ¢ in both hy = h™ 7 and he = h™1)5. By inductive hypothesis

M, Shq ): Skdom(s;ll)(¢1) and M, Sho ): Skdom(sh2)(¢2)v whence
M*a Sh ': Skdom(sh) (wl) A Skdom(sh) (’(/JQ)

It follows that M s, = Skqom(s,) (%1 A ¥2).
Suppose ¢ is (Jz/W)y’. If Eloise follows o in h € H(z,/w)y, and
o(h) = (z,a), then Eloise follows o in ' = h™(x,a). By inductive
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hypothesis M* sp/ |= Skdom(s,,)(¢'), which is to say
M*7 Sh(.’l?/d) ): Skdom(sh,(z/a))(wl)'

By construction fg;/ww/ (Sh(yl)7 cey sh(yn)) = a, where y1,...,Yn
enumerates dom(sy) — W, so an application of the substitution lemma
(Lemma 3.25) yields

M, sp, t= Subst (SKdom(sy (z/a)) (), @, f@a/wyw Y1, - Yn))-

Hence M*, Sh }: Skdom(sh)((HI/W)l/)/).

Suppose ¢ is (Vao/W)y'. If Eloise follows o in h € Hyg/w)ys, then
she follows ¢ in every h, = h™(z,a) € Hy . By inductive hypothesis
M, sp, = Skdom(s,,)(¥')- Since sp, = sp(z/a), it follows that

M*7 Sh ): Vo Skdom(sh)u{x} (1//)’

which implies M sj, = Skdom (s, ((Vz/W)v').
Conversely, suppose there is an expansion M* of M such that

M*7 S ): Skdom(s) (‘P)
Let o be the strategy for Eloise defined as follows. If h € Hy, vy, then
if M* Skdom(s ,
o(h) = Y1 if MY sk = Skdom(s,) (Y1)
1o otherwise.

If h e H(gm/w)w/7 then

U(h’) = ($> f?glﬂ;/W)w’ (Sh(y1)7 RN Sh(yn)))u

where y1, ..., y, enumerates dom(sp) — W.

We show by induction on the length of A that if Eloise follows o in
h € Hy, then M s, = Skqom(s,)(¥). The basis step follows from the
original supposition. For the inductive step, suppose Eloise follows ¢ in

h = (Sa307ala s 7am>am+1)-

Then she certainly follows o in h = (s,¢,a1,...,an).
Suppose h € Hy, vy, and apmy1 = ¥;. Then by inductive hypothesis

M* s, E Skdom(sh) (11 V1ha), so by construction M* s,/ = Skdom(sh/) ().
Suppose h € Hy, ay,- Then by inductive hypothesis

M, 55 = Skdom(sp) (V1 A 2),
from which it follows that M sp, = Skaom(s, ) (¥i)-
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Suppose h € H(3,/w)y and a1 = (z,a). By inductive hypothesis
M, s1, = Skdom(sy) ((3z/W)y'), which is to say

M, s, |= Subst (Skaom (s, otz (V) T f@e/wyw Ws - yn)),

where y1, ..., y, enumerates dom(sy) — W. By the substitution lemma,

M, sp(2/a) = Skdom (s, )ufa} (¥,

which implies M s, = Skqom(s, ) (¥')-
Suppose h € H v, w)y - Then by inductive hypothesis

M*a Sh ): Skdom(sh) ((vx/W)’(//))
which is to say M, s;, = V& Skgqom(s,)u{a} (¥). It follows that
M*a Sh’ ': Skdom(sh/) W’)

Finally, observe that if Eloise follows ¢ in a terminal history h € H,,
then M, s, = Skdom(s,,) (X)- It follows that M, s, = x, so Eloise wins h.
Therefore o is a winning strategy for Eloise. o

We can use Skolem semantics to give examples of IF sentences that
express concepts that are not definable in ordinary first-order logic. Our
first example is adapted from [10, Example 1.4].

Example 4.14 Let ¢, be the IF sentence
Fuwvz (Jy/{w}) (Fz/{w, z}) [z =z Ay # w)],

and let 1 be the subformula [z = 2 Ay # w]. The Skolem form of ¢ is
obtained in the following stages:

Kuway ) () B 2=zAy#w,
Sk{wxy}[ 3z /{w, z}) 14 is g(y)=xNy#w,
Sk(uway |Qu/{w)) B2/ {w2}) 6] i g(f(@) =2 A f(2) £ w,
Sk{uwy [Vx(ﬂy/{w}) (3z/{w,z}) 11’} is Vz [g(f(ff)) =z A f(z) # w}
Sk(poo) s Va[g(f(@) =2 A f(2) £ ],

where f and g are fresh unary function symbols, and c is a fresh con-
stant symbol. The Skolemization of ¢, asserts that f is an injection
whose range is not the entire universe. Thus Sk(p.) is satisfiable by an
expansion of M if and only if the universe of M is (Dedekind) infinite.
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During the Skolemization process existential quantifiers are eliminated
by introducing fresh function symbols. Sometimes we wish two of these
function symbols to denote a single function. There is a standard trick
we can use to ensure two function symbols have the same interpretation.
Let ¢ be the IF sentence

Vavy(3u/{y}) (Fv/{z,u}) [(z =y — u=10) AY].
The Skolem form of ¢ is

vavy| (e =y = S(@) = 9(1) A Skizyuny ()]

The conjunct (z =y — f(z) = g(y)) ensures that f and g have the
same interpretation in any model of Sk(¢p).

Example 4.15 An involution is a function f that satisfies f(f(ac)) =z
for all z in its domain. A finite structure has an even number of elements
if and only if there is a way of pairing the elements without leaving any
element out, i.e., if there exists an involution without a fixed point. Let
Yeven be the IF sentence

VaVy(Ju/{y}) (Fv/{z,u})

[(x:y—>u:v)/\(u:y—>v:x)/\u7éx}.
The Skolem form of @eyen is

vavy|(z =y — f(@) = 9) A (/) =y — g(y) = 2) A f(x) # .

Since f and g denote the same function, we can simplify Sk(@eyen) to

Ve[ f(f(2)) =@ A fl@) # 2],

which asserts that f is an involution without a fixed point. Therefore
Sk(@even) is satisfiable by an expansion of a finite structure if and only
if the universe of the structure has an even number of elements. -

Example 4.16 A graph is a structure G = (V; E) where V is a set of
vertices and E is a set of edges. An edge is normally thought of as an
unordered pair {z,y} for some z,y € V, but in order to treat a graph
as a structure in the sense of Definition 3.6, we take E to be a binary
relation on V' that is symmetric and irreflexive. A matching in G is a
set M of edges such that no two edges in M share a vertex. A matching
is perfect if every vertex is incident to an edge in M. A graph admits
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a perfect matching if and only if there is an involution f such that for
every vertex = we have E(z, f(z)). Let ppy be the IF sentence

Vavy (3u/{y}) (Fv/{z, u})

{(a::y—>uzv)A(uzva:x)/\E(a:,u)]
The Skolem form of ¢py; is

vavy| (v =y = f(@) = 9) A (f@) =y = 9(y) = 2) A B, f(@))],

which is equivalent to

VxVy[f(f(x)) =z AE(z, f(x))} .
Thus a graph satisfies py if and only if it admits a perfect matching.

Now let us a take a short excursion to the philosophy of language. In
this field, games are used to model communication between agents. Lewis
[38] defines a signaling problem as a situation in which an agent called
the communicator wishes to communicate with one or more other agents
called the audience. First, the communicator observes one of several al-
ternative states of affairs, which the audience cannot directly observe.
He then sends a signal to the audience. After receiving the signal, the
audience performs one of several alternative actions, called responses.
Every state of affairs x has a corresponding response b(x) that the com-
municator and the audience agree is the best action to take when x
holds. Lewis argues that a word acquires its meaning in virtue of its role
in the solutions to various signaling problems.

Let S be a set of states of affairs, 3 a set of signals, and R a set of
responses. Also let b: S — R be the function that sends each state of
affairs to its best response.? The communicator employs an encoding
f:S — X to choose a signal for every state of affairs. The audience
employs a decoding g: > — R to decide which action to perform in
response to the signal it receives. A signaling system is a pair (f,g) of
encoding and decoding functions such that the composition g- f = b [38,
pp. 130-132].

For example, imagine a driver who is trying to back into a parking
space. Luckily, she has an assistant who gets out of the car and stands
in a location where she can simultaneously see how much space there is
behind the car and be seen by the driver. There are two states of affairs

2 Lewis requires the function b to be a bijection, but we see no reason why two
different states of affairs might not call for the same response.
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the assistant wishes to communicate, i.e., whether there is enough space
behind the car for the driver to continue backing up. The assistant has
two signals at her disposal: she can stand palms facing in or palms facing
out. The driver has two possible responses: she can back up or she can
stop. Interestingly, there are two solutions to this signaling problem.
The assistant can stand palms facing in when there is space, and palms
facing out when there is no space, or vice versa. In the first case, the
driver should continue backing up when she sees the assistant stand
palms facing in, and stop when the assistant stands palms facing out.
In the second case, the driver should stop when the assistant stands
palms facing in, and back up when the assistant stands palms facing
out. Both systems work equally well. If the assistant and the driver adopt
mismatched encoding and decoding functions, however, an argument is
bound to ensue.

The IF sentence Yo3z(Jy/{z})z = y from Example 4.11 can be mod-
ified to express a Lewis signaling game. In the following sentence ¢,
think of = as a situation, z as the signal sent by the sender, and y as the
receiver’s interpretation of the signal:

Va3z(3y/{z}) {S’(x) — (B() AR(y) Ny = b(a:))}

The Skolem form of ¢ is

va[S() = (S(/()) A R(9(f(@)) A g(f(@)) = b(a) ).

If M is a suitable model for ¢, then the signaling problem expressed by
 has a solution if and only if there is an expansion M* of M such that
M* E Sk(y¢). Thus a signaling system is really just a pair of Skolem
functions that encode a winning strategy for the semantic game of a
certain IF sentence.

Conversely, one can think of the semantic game for any IF sentence
as a generalized signaling problem in which each existential quantifier
corresponds to an agent who can both send and receive signals, while the
universal quantifiers correspond to states of affairs beyond the agents’
control.

Skolem functions encode Eloise’s strategies for the relevant semantic
game. In the next section, we show how to use Kreisel’s counterexamples
to encode Abelard’s strategies.
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4.3.1 Falsity and Kreisel counterexamples

Definition 4.17 Let ¢ be an IFy, formula, and let

L* = LU{fy: 9 € Subfy(p)}

be the expansion of L obtained by adding a fresh function symbol
for every universally quantified subformula of ¢. The Kreisel form (or
Kreiselization) of 1) € Subf(yp) with variables in U is defined recursively:

Kry(y) is - (¢ literal),
Kry (¥ ve') s Kru(¥) AKru(¥),
Kry(p AY) is Krp(¥) VKrp(¥),

Kry ((Bz/W)y) is Vo Kryuay (),

Kry (Yo /W)y) is  Subst(Kryugey (¥), 2, fvae/wyw (W1, - - un)),
where ¥, ..., Y, enumerates the variables in U — W. An interpretation
of frve/wyy is called a Kreisel counterezample. We abbreviate Krg (i)
by Kr(p). =

The Kreisel form of ¢ is just the Skolem form of the dual of , which
justifies the following definition.

Definition 4.18 Let ¢ be an IF;, formula, M a suitable structure, and
s an assignment whose domain contains Free(y). Define

M, s ):S_k ¥ iff M*v S ): Krdom(s) (90)
for some expansion M* of M to the vocabulary

L*:LU{f¢I¢€Subfv((p)}. -

Theorem 4.19 Let ¢ be an IF;, formula, M a suitable structure, and
s an assignment whose domain contains Free(p). Then

Ma S ':(_}TS ¥p Zﬁ Ma S ':S_k P
Proof The proof is dual to the proof of Theorem 4.13. -

Example 4.20 Abelard does not have a winning strategy for the
Matching Pennies sentence Vm(ﬂy/ {x})x = y in any structure. The
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Kreisel form helps us see why:
Krop(z=y) s z#y,
Krey [(Iy/{aD)z =y| is vy(a#y),
Kr [Vm(ﬂy/{x})x = y} is Vy(c#£vy),

where c is a fresh constant symbol. The Kreisel form of the Matching
Pennies sentence is not true in any structure because the constant sym-
bol ¢ is interpreted by some element of the universe. a

Example 4.21 In Example 4.8 we saw that Eloise has a winning
strategy for the Matching Pennies sentence augmented with a dummy
quantifier,

Vwﬂy(ﬂy/{m})x =u.

In Example 4.11 we saw that which variable we use for the dummy
quantifier (Jy versus Jz) does not affect the Skolem form. It does affect
the Kreisel form:

Krop(z=y) s z#y,
Krayy | Gy/{eh)e =y] i vylz ),
Koy [By(y/a)z =] is Wyvy(e £ ),
Kr|vady(Qy/{z})z =y| is Vyvy(e £ ),
Kripy (@ =y) is z#y,
Kriz -y [(ﬂy/{x})ﬂf =yl is Vylz#y),
Kr{y) [HZ(Ey/ {z})z = y} is Vzvy(x # y),
Kr [vxaz(ay Ja})z = } is VaVy(c % y).

However, observe that both Kreisel forms are equivalent to Vy(c # y). -

4.4 Compositional semantics

A semantics is said to be compositional if the meaning of a formula is
determined by the meanings of its subformulas and the manner of their
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composition. Such semantics are pleasant to work with because they
enable us to calculate the meanings of formulas in a systematic way,
starting from the meanings of atomic formulas (or literals, in the case of
IF logic). So far we have defined two semantics for IF logic, neither of
which is compositional because they do not define the meaning of an IF
formula in terms of the meanings of its parts. In this section we present a
compositional semantics for IF logic called trump semantics discovered
by Hodges [32, 33].

Compositionality does not come for free. In order to encode enough
information about IF formulas to make the semantics compositional, we
must switch from using single assignments to sets of assignments.

Definition 4.22 A team of assignments (or assignment team) in M
is a set of assignments in M that have a common domain. If X is a
nonempty assignment team then the domain of X, written dom(X),
is the common domain of the assignments in X. For technical reasons,
we take the domain of the empty team of assignments to be set of all
variables. =

Definition 4.23 Let X be a team of assignments in a structure M.
Alsolet a e M, AC M, and f: X — A. We define

X[z,a] = {s(z/a):s € X },
X[z, Al ={s(z/a):s€X,ac A},

X[w,f]:{s(x/f(s)):seX}. .

Given two assignments s and s’ we say that s’ extends s if s C s'.
Given two assignment teams X and Y, we say that Y extends X if
every s € X has an extension s’ € Y, and every s’ € Y is an extension
of some s € X. If x ¢ dom(X), then X[z, f] is a minimal extension of
X to dom(X) U {z}, while X[z, M] is the maximal extension of X to
dom(X)U{z}. A Cartesian extension of X has the form

XxY={sus':seX, seY},

where dom(X) Ndom(Y) = @.
Recall that we write s &y ¢ when s and s’ are two assignments with
the same domain that agree on every variable in dom(s) — W.

Definition 4.24 Let X be a team of assignments in M such that
W C dom(X). A function f: X — M is uniform in W (or W-uniform)
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if for all 5,8’ € X,
s~ s implies f(s) = f(s'). —|

A cover of a set X is a family of sets whose union is X. When {Y,Y"}
is a cover of X, we simply write Y UY' = X.

We are now ready to define a compositional semantics for IF logic in
terms of teams of assignments. We will see later (Section 8.1) that one
cannot define a compositional semantics for IF logic in terms of single
assignments.

Definition 4.25 Let ¢ and ¢’ be IF formulas, M a suitable structure,
and X a team of assignments in M whose domain contains Free(y) and
Free(¢'). If ¢ is a literal, define

M, X =f ¢ iff MyskEog (for all s € X).
Furthermore,

M, X =5 oV iff MY =5 ¢ and M,Y' =5, ¢
for some Y UY' = X;

M, X =5 oAy iff M, X & ¢ and M, X 5 ¢

M, X =5 (3z/W)e iff M, X[z, f] B ¢

for some W-uniform function f: X — M,
M, X = (Va/W)e iff M, X[z, M] =5, ¢.

When M, X ):%r o we say that M, X satisfies ¢, and that X is a winning
team of assignments for ¢ in M.3

We write M, s =1, ¢ as an abbreviation for M, {s} =1, ¢, unless s is
the empty assignment. To avoid confusion, we abbreviate M, {@} =+ ¢
by M =1 ¢, and write M, @ =1 ¢ to indicate that the empty team of
assignments satisfies .4 n

When x ¢ dom(X), we can say that X satisfies (3z/W )¢ if and only
if some minimal extension of X to dom(X) U {z} satisfies . Dually, X

satisfies (Va /W) if and only if the maximal extension of X satisfies .
In Example 4.8 we saw that Eloise can use the extra quantifier Jy in

VaIy (Ely/{x}):c =y

3 Hodges calls a nonempty winning team of assignments a trump; hence the name
trump semantics [32, p. 552].
4 We shall see that M, @ |:¥r ¢ always holds.
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to signal the value of x to herself. Let us examine how signaling manifests
itself in the trump semantics of this sentence.

Example 4.26 Let M = {a, b} be a structure with two elements. Let

sa = {(z,a)} and s, = {(x,b)}. To prove M =1, Va3y(3y/{z})z = y,
it suffices to show that

M, {sa, 55} =, Fy(3y/{a})z = v.
Let f(sq) = a and f(sp) =b. Then {sq, sp}y, f] = {Saa, St» }, where

Saa = {(z,a), (y,a)} and sy = {(x,b),(y,b)}.

To show M, {544, Stb } }:IB (Ely/{x})z =y, let g(s4q) = a and g(spy) = b.
Observe that g is {x}-uniform, {saa, Ss 1y, 9] = {Saa, St }, and

Ma {Saa7 Sbb} ':$r =Y.

Now let us see how changing the dummy quantifier from Jy to 3z
affects the trump semantics. Let

S;a = {(‘T’ a)v (27 CL)}, Saaa = {(:177 CL), (y7 a)a (Za CL)},
séb = {(l‘,b), (Zab)}7 Shbb = {(l‘, b)a (yab)7 (Zab)}
Define ¢'(s),,) = a and ¢'(s},) = b. Then
{Sa, sb}[zv ﬂ = {S;a, Sg)b}a
{84as stu 1 Ys 9'] = {Saaas svbb )
and M, {Saaa, Sbbb} Fre © = y. Since ¢’ is uniform in {z}, it follows that
M, {s;a, s;)b} )::IL‘r (Ely/{x})x =Y,
M, {54, 50} =5 EIz(EIy/{x})a: =y,
M =4, Va3z(y/{z})z = y. -

The previous example highlights an important difference between first-
order logic and IF logic. Adding a vacuous quantifier (or quantifying the
same variable twice) does not affect the meaning of a first-order formula,
but it can affect the meaning of an IF formula. For example, if ¢ is the
IF formula (3y/{z})z =y then M, {s4, sp} 4, ¢, while

M, {84, s} |:¥r Jyp and M, {sq, sp} IZ—TFY Jze.

To prove that trump semantics is equivalent to Skolem semantics, we
must extend Skolem semantics to teams of assignments.
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Definition 4.27 Let ¢ be an IF formula, M a suitable structure, and
X a team of assignments whose domain contains Free(yp). We define
M, X j:gkgo to mean there is an expansion M* of M to the vocabulary

L*=LU {fw NS Subf3(<p)}
such that for all s € X we have M, s |= Skqom(x)(¥)- =

Theorem 4.28 Let ¢ be an IFy formula, M a suitable structure, and
X a team of assignments whose domain contains Free(yp). Then

M, X =5 ¢ iff M, X Ed, e

Proof We prove by induction that for every ¢ € Subf(yp) and every
assignment team Y whose domain contains both dom(X) and Free(t)),

M,Y =4 ¢ iff MY =& .

The basis step follows easily from the definitions.

Suppose ¥ is 11 V 9. If MY =5, 1 V 902 then M, Y7 =4 ¢ and
M, Yo |:jf'r 1o for some cover Y1 UY; = Y. By inductive hypothesis, there
is an expansion M; of M to the vocabulary

Ly =LU{fy:x€Subfs(¢y) }

such that for all s € Y1 we have M1, s = Skqom(v;)(¥1). Likewise, there
is an expansion My of M to the vocabulary

Ly =LU{ fy:x € Subfs(¢s) }

such that for all s € Y5 we have My, s = Skqom(v,)(¥2). We may assume
LN Ly = L, so there is a common expansion M* to the vocabulary

L* :LU{fX:XeSubfg(w)}
such that for all s € Y,

M*a S ': Skdom(Yl)(wl) or M*v S ): Skdom(Yz)(w2)7

which implies M, s = Skgom(y)(¥1 V 92). Therefore M, Y ':gk 1 V s,
Conversely, suppose there is an expansion M* of M to the vocabulary
L* such that for all s € Y we have M* s |= Skqom(yv)(¢1 V ¥2). Let

Y; ={seY :M"s = Skiom(v;)(¥i) }-

Then Y; UY5 = Y. In addition, we have M, Y} |:§k 1 and M, Ys |:§k
12, so by inductive hypothesis M, Y; 5 ¥; and M, Ys =5, . Thus
M,Y =4, 1 V 4.
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Suppose 1 is 11 A . If MY |=5, 11 A tbg, then MY =1 ¢ and
M, Y ):}“r 19, so by inductive hypothesis there are expansions M; and
Ms to the vocabularies L; and Lo, respectively, such that for all s € Y
we have My, s = Skgom(y)(¥1) and My, s = Skgom(y)(¥2). Hence there
is a common expansion M* to the vocabulary L* such that for all s € Y,

M*7 S ): Skdom(Y) (1/11) and M*a S ): Skdom(Y) (1/}2)7
which implies
M, s = Skqom(v) (Y1 A 12).

Thus M, Y ’:;_k ¢1 AN wg.

Conversely, suppose there exists an expansion M* of M to the vocab-
ulary L* such that for all s € Y we have M*, s = Skqom (v (¥1 A12). Let
M; be the reduct of M* to the vocabulary L;. Then for all s € Y,

My, s = Skdom(v)(¥1) and My, s = Skgom(y) (¥2),
which implies M, Y =4, 11 and M, Y =d, 92. By inductive hypothesis
M,Y =5 ¢ and M,Y =4 o,

which implies M, Y =1 11 A ba.

Suppose ¢ is (Jz/W)Y'. If MY =1 (32/W)y’ there is a W-uniform
f:Y — M such that M, Y[, f] =+, ¢'. By inductive hypothesis

M, Yz, f] Fg ¥,
so there is an expansion M’ of M to the vocabulary
L'=LU{fy:xe€Subfz(y)}

such that for all s € Y we have

MI7 S(x/f(s)) ': Skdom(Y)U{:c} (W)

Let M* be an expansion of M’ to the vocabulary L* such that for all
sey,

fF/HH;/W)zp’ (S(y1)7 ) s(yn)) = f(s),

where y1,...,y, enumerates dom(Y) — W. Observe that M* is well de-
fined because f is uniform in W. Then for all s € Y,

M*a S |: Subst (Skdom(Y)U{x}(z//)v z, f(Ha:/W)w’ (y17 cee ayn)>

by the substitution lemma. Hence M* s = Skdom(y)((ﬂx/W)d)’). Thus
M,Y =&, (Jz/W)y'.
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Conversely, suppose there is an expansion M* of M to the vocabulary
L* such that for all s € Y,

M*a S ': Subst (Skdom(Y)u{:c} (1//)» z, f(H:c/W)z/;’ (yh s 7yn)) .
Define a W-uniform function f: Y — M by

f(s) = f?éﬂ;/W)dﬂ (S(yl)v tr S(yn))»

where y1,...,y, enumerates dom(Y) — W, and let M’ be the reduct of
M* to the vocabulary L’. Then for all s € Y,

M, 5(x/ f(s)) E Skdom(v)uie} (¥);
which implies M, Y[z, f] =&, ¢'. By inductive hypothesis

M, Y[z, f] =, ¢
Thus M, X =4, 3z/W)y'.
Suppose 1 is (Vo/W)y'. If MY =+ (Vo/W)y', then
M, Y [z, M] =4 .

By inductive hypothesis M, Y[z, M] =4, ¢/, so there is an expansion
M* of M to the vocabulary L* such that for all s € Y and a € M,

M*v s(z/a) ): Skdom(Y)U{x}(qp/)'
It follows that for all s € Y we have M, s |= V& Skqom(v)uz} (¢'). Thus
M,Y =g, (Vo /W)y'.
Conversely, suppose there is an expansion M* of M to the vocabulary
L* such that for all s € Y we have M*, s |= V& Skqom(v)u{z} ¥’- Then for
alls€Y and a € M,

M, s(x/a) = Skdom(v)ufa} (1)
Hence M, Y[z, M] =4, ¢'. By inductive hypothesis M, Y[z, M| =4 ¢/,
which implies M, Y =1, (Va/W)y'. -

So far we have only defined the “truth” half of trump semantics. The
“falsity” half is its mirror image. The falsity clause for literals is

M, X =1, ¢ iff M,s o, forall s € X.

The other falsity clauses are obtained from the truth clauses in Definition
4.25 by exchanging everywhere V with A and (Jz/W) with (Vz/W).
When M, X =1, ¢ we say that M, X dissatisfies ¢, and that X is a
losing team of assignments for ¢ in M.
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We adopt the same convention concerning singleton teams as before.
If s is not the empty assignment,

M, s =g o iff M, {s} E5 ¢,

and for IF sentences

Mg ¢ iff M {2} F5, o

We can extend the Skolem semantics for falsity to assignment teams
by declaring M, X =g, ¢ if and only if there is an expansion M* to the
vocabulary

L* =LU{ fy:1 € Subfy(y) }

such that for all s € X we have M, s = Krgom(x) (). We leave the proof
of the next theorem as an exercise for the reader.

Theorem 4.29 Let ¢ be an IF formula, M a suitable structure, and
X a team of assignments whose domain contains Free(p). Then

4.5 Game-theoretic semantics redux

We have defined the syntax for independence-friendly logic and three
semantic interpretations. The first two interpretations were defined rel-
ative to single assignments, whereas the third interpretation was defined
relative to teams of assignments. By identifying assignments with sin-
gleton teams, we proved that all three interpretations agree:

M, s Edps ¢ iff M,s)zgk@ iff M, s =5 o,
M,s Egrs ¢ iff M,skEg ¢ iff M,skE=q e

In order to prove the equivalence, we needed to extend Skolem semantics
to teams of assignments. We can also extend game-theoretic semantics
to assignment teams by allowing the initial assignment to vary from one
play to another.

Definition 4.30 Let ¢ be an IF formula, M a suitable structure, and
X a team of assignments whose domain contains Free(y). The semantic
game G(M, X, ¢) is defined exactly like G(M, s, ) except that the initial
assignment of a play may be any s € X. To wit,
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o H={Hy:v e Subf(p) }, where Hy is defined recursively:
sz{(S,QD)ZSGX},
— if ¢ is x1 0 X2, then Hy, = {h7x; : h € Hy oy, }»
— if ¢ is (Qz/W)y, then Hy = { A" (x,a) : h € Higuw)y, a € M }.
Every history A’ induces an assignment sj/ extending and/or modify-
ing the initial assignment:

s if h' = (s,¢),
Sp = 4 sp ifh' =h"y,
sp(z/a) if B =h"(z,a).

e Once play reaches a literal, the game ends:

Z = U{ x 1 x € Lit(p) }.

e Disjunctions and existential quantifiers are decision points for Eloise,
while conjunctions and universal quantifiers are decision points for
Abelard:

P(h) = {3 if h € Hyyyr or h € Hiz, wys

vV ifhe HX/\X' or h € H(Vz/W)x~

e For h,h' € H(z,/w), we have h ~3 h' if and only if 55, ~w sp.
For h,h' € Heyy/wy, we have h ~y h' if and only if 55, ~w spr.

e Eloise wins if the literal x reached at the end of play is satisfied by
the current assignment; Abelard wins if it is not:

3 if M, sy E x,
u(h) =
Vi M, sy X

Notice that the histories of G(M, X, ¢) form a forest rather than a tree
(unless X is a singleton) because every (s, ) € H,, is a root. Let H(*)
denote the set of histories for G(M, X, ¢) in which the initial assignment
is 5. Note that if s,s’ € X are distinct, then H® is disjoint from HE)
and

H:U{H(“"):SEX}.

Playing an extensive game whose histories form a forest is similar to
playing a game whose histories form a tree. The only difference is that
the players may be unsure of the initial position.? For example, the goal

5 Hodges calls a semantic game in which the initial assignment can vary a contest
[32, p. 549].
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of the popular game Minesweeper is to clear an abstract minefield by
flagging all the mines. At first, the player has no idea where the mines
are located. After a few moves, however, the player can start to deduce
the location of the mines from the feedback provided by the game. At the
beginning of the semantic game G(M, X, ¢) the players are unsure which
values the free variables of ¢ take. They know that the initial assignment
belongs to X, but they are unaware of precisely which member of X is
the actual assignment. It may help the reader’s intuition to imagine that
the initial assignment is secretly chosen from X by a disinterested third
party (Nature).

Our definition of a strategy for an extensive game did not depend on
there being a unique initial history (see Definition 2.4). Eloise or Abelard
might have a winning strategy for G(M, X, ), despite the lack of perfect
information at the beginning of the game.

Definition 4.31 Let ¢ be an IF formula, M a suitable structure, and
X a team of assignments whose domain contains Free(yp).

M, X E&ps ¢ iff Eloise has a winning strategy for G(M, X, ¢).
M, X f=gpg ¢ iff Abelard has a winning strategy for G(M, X, ¢). -

The proof of Theorem 4.13 can be easily modified to show that
M, X Férs ¢ iff M, X E o,
and the dual follows easily as well. Thus
M, X Egps o iff MX Eg ¢ iff M, X 5 ¢

Throughout the remainder of the book we shall use all three semantics
and the terminology that comes with them interchangeably. We will use
the symbols =1 and =" instead of specifying a particular semantics
'ZéTS7 |:§Ek or ):’:}:‘r

To conclude the chapter, let us consider another kind of signaling that
can occur with IF formulas. We know that the players can use quantifiers
to signal the values of hidden variables to themselves. They can also use
connectives to accomplish the same task. In the next example, Eloise
will use a disjunction to separate assignments based on the value they
assign to x.

Example 4.32 Let ¢ be the formula
(Fy/{z})z=yV By/{a})z =y.
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Let M = {a, b} and the various assignments be as in Example 4.26. We
show that M, {sa, s} ET @, but M, {sq, s} T (Jy/{z})z =y.
Suppose for the sake of a contradiction that

M, {54,5,} ET (Hy/{z})x =y.

Then there is an {z}-uniform function f: {s,,sp} — M such that

ML {sa (/£ (50)s 50 (9/F(0)) } = 2 =,

Since f is uniform in {2} we must have

a= f(sa) = f(sp) = b,
a contradiction.
Now observe that M, {s.e} E" # =y and M, {spp} =T = = y. The
functions f: {s,} — M and g: {sp} — M defined by f(s,) = a and
g(sp) = b are both uniform in {z}. Moreover, {s,}[y, f] = {Saa} and

{sv}y, 9] = {spp}. Thus
M, {so} E* (By/{z})z =y and M,{sp} =" (Jy/{a})z=y.
Therefore M, {sq, 55} ET . —|

Because she can see the value of x when choosing the left or right
disjunct, Eloise can choose the left disjunct whenever s(z) = a, and the
right disjunct whenever s(x) = b. Thereafter, Eloise can infer the value
of x from the current subformula.



5
Properties of IF' logic

Many basic properties of IF logic were observed by Hodges while he was
developing trump semantics [32, 33]. Subsequently, Caicedo and Kryn-
icki attempted to prove a prenex normal form theorem for IF logic
[10], but they failed to properly account for the subtleties of signal-
ing. Later Caicedo, Dechesne, and Janssen succeeded in proving many
logical equivalences for IF logic, including a prenex normal form theorem
[9]. Additional equivalences and entailments first appeared in [39] and
were later published in [40]. Basic model-theoretic properties of IF logic
have been investigated in [24,49-51].

5.1 Basic properties

A team of assignments encodes a player’s knowledge about the current
assignment. When we write M, X =T ¢ we are asserting that Eloise has
a winning strategy for the semantic game for ¢ as long as she knows the
initial assignment belongs to X. Now imagine that, at the beginning of
the game, an oracle informs Eloise that the initial assignment belongs to
asubteam Y C X. Then Eloise gains an advantage because she has fewer
possibilities to consider. Thus smaller teams represent more information
about the current assignment. At the extremes, a singleton team repre-
sents having perfect information about the current assignment, while the
team of all possible assignments with a given domain represents having
no information about the current assignment.

The following propositions record two important properties of assign-
ment teams: (1) every subteam of a winning team of assignments is
winning, and every subteam of a losing team of assignments is losing;
(2) the empty team of assignments is both winning and losing for every
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IF formula, and it is the only team of assignments that can be both
winning and losing for the same formula.?

Proposition 5.1 (Downward monotonicity) Let ¢ be an IF formula,
M a suitable structure, and X a team of assignments whose domain
contains Free(p). For every assignment team 'Y C X,

M, X =% ¢ implies M,Y =% o.

Proof Suppose Eloise has a winning strategy o for G(M, X, ¢) and
Y C X. Let Hs denote the histories of G(M, X, ¢) in which it is Eloise’s
turn to move, and let HS denote the histories of G(M, Y, ¢) in which
it is her move. We can obtain a strategy o’ for G(M,Y, ) simply by
restricting o to HS. Every terminal history of G(M, Y, ¢) in which Eloise
follows o’ is a terminal history of G(M, X, ¢) in which she follows o.
Therefore ¢’ is a winning strategy for G(M, Y ¢).

Similarly, if Abelard has a winning strategy 7 for G(M, X, ) then he
has a winning strategy 7’ for G(M, Y, ¢). -

Proposition 5.2 (Noncontradiction) Let ¢ be an IF formula, M a
suitable structure, and X a team of assignments whose domain contains
Free(y). Then M, X =T ¢ and M, X == ¢ if and only if X = @.

Proof The semantic game G(M, @, ) has no histories, so the empty
strategy is winning for both players. If X is nonempty it is impossible
for both players to have a winning strategy for G(M, X, ¢). -

That the empty team of assignments is both winning and losing for
every IF formula may seem anomalous, but it is necessary to properly
interpret disjunctions and conjunctions. For any two IF formulas, ¢ and

v,
M, X =t ¢ implies M, X =T oV

because X = X U@ and M, & =1 ¢ (even if 4 is tautologically false).
If Eloise has a winning strategy for G(M, X, ¢), then she can always
win the semantic game for ¢ V ¢ simply by choosing the left disjunct
and then executing her winning strategy. Similarly, M, X =" ¢ implies
M, X == ¢ A9 because if Abelard can falsify ¢ he can falsify ¢ Ay by
always choosing the left conjunct.

1 Hodges states both properties as Fact 11.1 in [32]. We follow Caicedo et al. in
calling the former property “downward monotonicity” [9, Lemma 4.6].
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If smaller assignment teams correspond to more information about the
current assignment, larger assignment teams correspond to less informa-
tion. In particular, a player can have a winning strategy for G(M, X, ¢)
and a winning strategy for G(M, Y, ) without having a winning strat-
egy for G(M, X UY, ¢). For instance, in our two-element structure M =
{a, b}, the IF formula

(Fy/{z})z =y

is satisfied by {s,} and {sp}, but not {sq, sp}-

The fact that the family of winning (or losing) teams for an IF for-
mula in a particular structure is not closed under unions depends in
an essential way on the lack of perfect information in the formula’s se-
mantic game. We leave it as an exercise for the reader to prove that for
every IF formula ¢ whose slash sets are all empty (i.e., those IF formulas
whose semantic games have perfect information) we have M, X =T ¢
and M, Y =+ ¢ implies M, X UY =+ ¢ (and similarly for =7).2

5.1.1 Substitution

Definition 5.3 Let ¢ and ¢’ be IF formulas, let R be an n-ary relation
symbol, and let ¢1,...,t, be terms. Let x, y and z be distinct variables,
and let W be a finite set of variables such that x ¢ . The operation of
substituting y for = in a term is defined as for first-order logic (Definition
3.23). Substituting y for x in an IF formula is defined by:

Subst(t1 = tg,ac,y) is  Subst(t1,x,y) = Subst(te, z,y),
Subst(R(tl7 conytn), y) is R(Subst(tl, x,y),
) 7Subs‘c(tn,ac,y)),
Subst(—, z,y) is - Subst(p,z,y),
Subst(p o ¢, x,y) is Subst(yp,z,y) o Subst(y, z,y),
Subst((Qm/W 0, T, y) is (Qz/W)p,
Subst((Qz/W)p,z,y) is (Qz/W)Subst(y,z,y),

(
Subst((Qac/W U{z})e, y) is  (Qz/W U {y})e,
Subst((Qz/W u {oc})go7 x, y) is (Qz/W U {y}) Subst(p, x,y).

2 Saying that the family of winning teams for an IF formula ¢ is closed under
unions is equivalent to saying that an assignment team X satisfies ¢ if and only
if every assignment in X satisfies ¢. Hodges calls formulas with the latter
property flat [33, p. 54].
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Observe that we are not allowed to substitute arbitrary terms into IF
formulas, only variables. If ¢ is an IF formula that has a free variable
z in a slash set, such as (Jy/{z})z = y, the result of substituting a
compound term or a constant symbol for  would not be an IF formula.
Nor are we allowed to substitute a variable y into the scope of a quantifier

(Qy/W), ie.,
Subst ((Qu/W)e,z,y)

is not defined. Thus we do not have a full substitution lemma for IF
formulas. The next lemma, due to Caicedo et al. [9, Lemma 4.13], is as
close as we come. For any assignment s, let

5y = s| (dom(s) — {z}).

Lemma 5.4 (Interchanging free variables) Suppose x does not occur
bound and y does not occur in ¢. For any suitable structure M and
any team X whose domain contains Free(y), if v € dom(X) and y ¢
dom(X), then

M, X =% iff M, { s(y/s(:v))_m 1S € X} =+ Subst(y, z,y).

Proof On the right-hand side, y takes the place of x in both the team
and the formula. a

5.1.2 Extending assignments

Another difference between first-order logic and IF logic appears when
assigning values to additional variables. Extending an assignment does
not affect whether it satisfies a first-order formula (assuming the domain
of the original assignment contained the free variables of the formula).
Extending the assignments in a team can affect whether it satisfies or
dissatisfies an IF formula, however, because the extra variables may
encode information otherwise unavailable to the players. For example,
let M = {a, b}, s, and s, be as before, while

Sim: {(xaa)v(zva)}a Sia: {(x,b),(z,a)},
S;b:{(xva)7(z7b)}’ S;)b:{(va)v(zvb)}
The formula (Jy/{z})z = y is satisfied by {sl,,s},} but not {sq, s}

aa?’
because in the first case the value of z signals the value of 2.% Dually,

3 Is the formula satisfied by {s’,, s} }?
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(Vy/{z})z # y is dissatisfied by {s,,s,,} but not {s4,s,}. Thus, ex-
tending a team of assignments may help Eloise or Abelard depending on
the situation.

One way to avoid encoding illicit information in the new variables is to
extend every assignment in the same way. That way the players cannot
infer anything about the original assignment from the values of the new
variables. For example, the formula (Hy/ {x})x = y is not satisfied by
{8has Shats {5hps Stpts OF {Sha, Shps Shas Sppt because for any {z}-uniform
function f we must have f(s,,) = f(s;,) and f(s,,) = f(s;,)- The
general principle that uniformly extending every assignment in a team
does not encode any additional information by the team is formalized
by the following theorem, which is [9, Theorem 5.1].

Theorem 5.5 (Cartesian extension) Let ¢ be an IF formula, M a
sustable structure, and X a team of assignments whose domain contains

Free(y). For any nonempty assignment team 'Y whose domain is disjoint
from that of X,

M, X =fp iff M,XxY ET .

Proof 1If ¢ is a literal, the theorem follows immediately from Proposi-
tion 3.13. Since =" is defined dually to =7 it suffices to prove the cases
for =T in the inductive step.

Suppose p is 11 Vipg. I M, X =T 1)1 Vahy there exists a cover X1UXp =
X such that M, X; 1 ¢y and M, X5 =" 92. By inductive hypothesis

M, X, xY =t and M, X, xY =T ¢,

from which it follows that M, X x Y =T 41 V 1)5. Conversely, by down-
ward monotonicity (Proposition 5.1), the previous statement implies
that for any s € Y we have M, X x {s} " 91 V ¢5. Hence for some
cover (X1 x {s}) U (Xz x {s}) = X x {s} we have

M, X1 X {5} ‘:+ ’(/)1 and M, X2 X {8} ):+ wg.

Then by inductive hypothesis M, X; =1 91 and M, X5 =1 19, which
implies M, X =T 1)1 V 1s.
Suppose ¢ is Y1 A 3. By inductive hypothesis,
M, X ="y Apy iff M, X =T ¢ and M, X =71 9y
iff M, X xY =1 and M, X x Y =T 9y
iff M,XxY ':+ 1 A YPa.
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Suppose ¢ is (Jz/W)p. If M, X =1 (32/W )1 then there exists a W-
uniform function f: X — M such that M, X[z, f] ET ¢. By inductive
hypothesis M, X[z, f] x Y =T ¢, where Y/ = {s_, : s € Y }. Observe
that

X[z, f]x V' = (X xY)[z, 4]
where g: X XY — M is the W-uniform function defined by
g(s) = f(sdom(X)).

Thus M, X x Y =1 (32/W)1. Conversely, if there exists a W-uniform
function g: X x Y — M such that M, (X x Y)[z,g] ET «, then for any
sp€eY,

M’ (X X {80})[1‘,9] ':Jr 77[}

by downward monotonicity. Let f: X — M be the W-uniform function
defined by f(s) = g(sU so). Then

M, X[z, f] x {(s0)-z} ET ¢,
so by inductive hypothesis M, X[z, f] ET . Thus M, X =1 (Jz/W ).
Suppose ¢ is (Vz/W)1p. Then by inductive hypothesis
M, X =+ (Vo/W)y iff M, X[z, M] =" v
iff M, X[z, M] x Y' =+ ¢
iff M,(X xY)[z, M] =T
iff M, X xY =t (Ya/ W),

where Y/ ={s_,:z €Y} —|

Extending a winning team cannot hurt Eloise’s chances of winning —
nor can extending a losing team hurt Abelard —because the winning
player can simply ignore the information stored in the extra variables.

Theorem 5.6 (Caicedo et al. [9, Theorem 5.3])  Let ¢ be an IF formula,
M a suitable structure, and X a team of assignments whose domain
contains Free(p). If V is a finite set of variables disjoint from dom(X),
and Y is an extension of X to dom(X)UV,

M, X =% ¢ implies M,Y =% ¢

Proof By the Cartesian extension theorem (Theorem 5.5) M, X =+ ¢
implies M, X x MY E* ¢, which by downward monotonicity implies
M,Y I:i ®. 4
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The converse of Theorem 5.6 does not hold because the variables in
V' may encode information that enables the players to follow otherwise
forbidden strategies (see pp. 90-91). However, we can prevent the players
from using any additional information encoded by the extended team
simply by adding the extra variables to every slash set in the formula.

Definition 5.7 Let ¢ be an IF formula, and let V be a finite set
of variables. The formula ¢/V is obtained by making every quantifier
independent of V:

e/V =¢ (p literal),
(pog)/V =(p/V)o(¥/V),
[(Qz/W)e]/V = (Qz/W UV)[p/V]. B

Lemma 5.8 (Caicedo et al. [9, Lemma 5.5]) Let ¢ be an IF formula,
M a suitable structure, and X a team of assignments whose domain
contains Free(p). If V is a finite set of variables that occur neither in ¢
nor in dom(X), and Y is an extension of X to dom(X)UV,

M, X 5@ iff MY @/V.

Proof 1If ¢ is a literal, then ¢/V is simply ¢, and the theorem follows
from Proposition 3.13.

Suppose ¢ is 11 V 2. Then M, X 1 1)1 V 1hy implies M, X; =71 11
and M, X5 =1 95 for some cover X3 U Xo = X. Let

Yi={seY:s]dom(X) € Xy },
Y;={s€Y:sldom(X) € X, }.

Then Y; is an extension of X; to dom(X;)UV | so by inductive hypothesis
M,Y; =T 91 /V and M,Ys =1 4y /V.

Since Y1 UY2 =Y we have M, Y =T (11 V 1b2)/V. Conversely, suppose
M,Y; T ¢ /V and M,Ys =T 4y/V

for some cover Y1 UY; =Y. Let X; = { sdom(X) : s € Y; }. Then Y;
is an extension of X; to dom(X) UV, so by inductive hypothesis

M, X; EY ¢y and M, Xo =T o,

Since X1 U X5 = X we have M, X =T 1 V 1s.
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Suppose ¢ is ¥1 A 3. Then by inductive hypothesis

MaX ':Jr 712}1 A 1/)2 iff MaX ':Jr 712)1 and MaX ':Jr 7;[}2
iff M,Y T ¢1/V and MY =T 4y /V
iff MY ' (Y1 Aga)/V.

Suppose ¢ is (Fz/W)y. If M, X =T (3z/W )1 there is a W-uniform
function f: X — M such that M, X[z, f|] ' 9. Define a function
g:Y — M by

g(s) = f(s 1 dom(X).

Then Y[z, g] is an extension of X[z, f] to dom(X[z, f]) UV, so by in-
ductive hypothesis M, Y[z, g] =T 1/V. Since g is uniform in WUV it
follows that M, Y =T (3z/W U V)4/V. Conversely, suppose there is a
W UV -uniform function g: ¥ — M such that M, Y[z, g] " 1/V. Then
there is a W-uniform function f: X — M defined by

f(sldom(X)) = g(s)

such that Y[z, g] is an extension of X[z, f] to dom(X |z, f]) UV, so by
inductive hypothesis M, X[z, f] ET . Thus M, X =T (3z/W ).
Finally, suppose ¢ is (Vz/W ). Then by inductive hypothesis

M, X E* (Vo /W)y iff M, X[z, M] E" ¢
iff M,Y[z,M] =t /V
iff MY T (Vo/WUV)y/V

because Y[z, M] is an extension of X[z, M] to dom(X [z, M])UV. A

Given all the complications due to signaling we have encountered thus
far, we should be extremely careful when evaluating IF formulas. The
reader may reasonably wonder whether IF sentences are susceptible to
signaling. Fortunately, they are not. Any information stored in a variable
before the semantic game for an IF sentence begins cannot signal any
useful information to the players.

Theorem 5.9 (Caicedo et al. [9, Theorem 5.2]) Let ¢ be an IF sen-
tence, M a suitable structure, and X a monempty team of assignments
in M. Then M =% ¢ if and only if M, X =% ¢.
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Proof By the Cartesian extension theorem,

ME* ¢ iff M {o}E*¢
if M, {2} x X ETo
iff M, X =% . =

5.2 Extensions of IF logic

In this section we consider two extensions of IF logic that are defined in
terms of the basic syntax presented in the last chapter.

5.2.1 Negation

To simplify the presentation of the semantics for IF logic, we only allowed
the negation symbol — to appear directly in front of atomic formulas.
We now relax that restriction by defining —¢ as the dual of . When ¢
is atomic, we have already defined —(—¢) to be ¢. We now extend the
definition to compound IF formulas:

(V) s mp Ay,
(e A B8 —p Vg
(Fz/W)e is  (Yo/W)-e,
Vz/W)e is  (Fx/W)—e.

-

-

Lemma 5.10 Let ¢ be an IF formula, M a suitable structure, and X
a team of assignments whose domain contains Free(y). Then

M, X =5 —p iff M, X ET o
Proof 1If ¢ is a literal, then
M, X T ¢ iff M,skE -y (for all s € X)
iff M,s e (for all s € X)
iff M, X E~ ¢,
M, X = —p iff M,sp-p (for all s € X)

ifft M,skEe (for all s € X)
iff M, X =T .
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Suppose ¢ is 1 V 1'. Then by inductive hypothesis,

M, X =F () vy') iff M, X Y = Ay
iff M, X =t —ep and M, X =1~/
iff M, X =" and M, X =~ ¢/
if M, X ="V

Suppose ¢ is ¥ A1)’. Then by inductive hypothesis M, X ET = (1) A)')
if and only if M, X ET —t) vV =’ if and only if there exists a cover
YUY’ = X such that M, Y E* —¢ and M, Y’ =T =’ if and only if
there exists a cover YUY’ = X such that MY =~ ¢ and MY’ =~ ¢/
if and only if M, X =~ ¢ A9,

Suppose ¢ is (3x/W)1)p. Then by inductive hypothesis

M, X =t =(3z/W)p if M, X =t (Va/W)—y
iff M, X[z, M] =+
i M, X[z, M] =" 1
it M, X == (Gz/W)y.

Suppose ¢ is (Vz/W ). Then by inductive hypothesis
M, X =T =(Vz/W)y

if and only if M, X =T (3z/W)-w if and only if there is a W-uniform
f: X — M such that M, X[z, f] ET — if and only if there is a W-
uniform f: X — M such that M, X[z, f] E~ ¢ if and only if M, X =~
(Va /W ). =

5.2.2 Slashed connectives

Connectives prompt Eloise or Abelard to choose a disjunct or a con-
junct, respectively. A player’s choice may depend on the values already
given to certain variables, so we can extend IF logic by attaching slash
sets to connectives. If we had included the slashed connectives Vi, and
A,w in the basic syntax for IF logic, the indistinguishability relation for
connectives on page 63 would have read:

e For h,h' € Hy we have h ~3 h' if and only if s, ~yw sp.

For h,h' € H,

1V/w X2

1Aswxe We have b~y 1" if and only if 55 =w sp/.
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Thus in the semantic game for ¢ V/y ¢ Eloise must choose ¢ or v
without knowing the values of the variables in . Abelard faces similar
restrictions in the semantic game for ¢ Ay 1.

We did not include slashed connectives in the basic syntax of IF logic
for two reasons. First, we wished to keep the basic syntax of IF logic
as simple as possible; second, we can simulate slashed connectives using
slashed quantifiers. The trick is to allow Eloise (Abelard) to store her
(his) choice of disjunct (conjunct) in a special-purpose variable that plays
no other role in the formula.

From now on, let ¢ V,y 9 be an abbreviation for

B2/W)[(z=0ne/{=) v (= = 1A/,

where 0 and 1 are constant symbols, and z is a fresh variable that does
not occur in ¢, ¥, or W. Eloise uses the value of z to declare which
disjunct she will choose, the conjuncts z = 0 and z = 1 force her to stick
to her word, and the slash set in (3z/W) prevents her from seeing the
variables in W when making her choice. Similarly, we can restrict the
information available to Abelard by taking @A /179 to be an abbreviation
for =(=¢ Vyw —¢).

In order to interpret IF formulas with slashed connectives compo-
sitionally, we need a way to split a team of assignments X into two
subteams Y and Y’ such that the subteam to which a given assignment
belongs does not depend on the values of variables in W.

The following definition is a modified version of [9, Definition 4.1].

Definition 5.11 Let X be a team of assignments with W C dom(X).
A subteam Y C X is W-saturated in X if it is closed under =y, i.e.,
for all s,s" € X

s~y s and s €Y imply se€Y.

A cover YUY’ = X is uniform in W (or W-uniform) if both Y and Y’
are W-saturated in X. o

If Y and Y’ are W-saturated in X, then so are Y UY”, Y NY”, and
X — Y. Hence, whenever Y UY’ = X is a W-uniform cover, we may
assume Y and Y’ are disjoint.

Lemma 5.12 Let X be a team of assignments with domain U.

(a) Every cover Y UY' = X is uniform in &.
(b) A cover YUY’ = X is uniform in U if and only if Y = X or
Y =X.
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Proof (a) Suppose YUY’ = X. If s g ¢ then s = §’, so both Y and
Y’ are @-saturated in X. (b) For all s,s" € X we have s ~y §', s0 Y is
U-saturated in X ifand only if Y =@ or ¥ = X. -

Theorem 5.13 Let ¢ and ¢ be IFy formulas, M an L-structure, and
M* an expansion of M to the vocabulary LU{0,1} in which the constant
symbols 0 and 1 are interpreted by distinct elements, if possible. Let X
be a team of assignments whose domain contains Free(yp), Free(y), and
W. Finally, let z be a variable that does not occur in @, ¥, or dom(X).
Then on the truth axis,

M*, X =+ (32/W) [(z =0/ {z))V(z=1A 1/)/{2})]
if and only if there ezists a W-uniform cover Y UY’ = X such that
MY =t ¢ and MY’ =T 4.
On the falsity azis,
MY, X =~ (32/W) [(z —0A@/{z))V (z=1A ¢/{z})}
if and only if M, X == o and M, X =~ ¢.

Proof 1If |M| = 1 the theorem is trivial, so assume that |[M| > 2 and
OM" £ 1M", Starting with the reverse implication, suppose M,Y =1 ¢
and M, Y’ =7 4 for some W-uniform cover YUY’ = X. We may assume
without loss of generality that Y NY’ = &. Define a W-uniform function

f: X — M by
M
o= oSy,
Then by Lemma 5.8
M*,Y[z,OM*} ETz=0nA¢/{z},
MY Y [2, 1] Bt 2 =1 A9/{z),

and since Y[z,OM*] Uy’ [z, 1M*] = X[z, f] we have

M X[ f] B (2= 0A 0/} V (= = LA /{ED),
which implies M* X =1 (3z/W) [(z =0Ap/{z})V(z=1A w/{z})}
Conversely, suppose there is a W-uniform function f: X — M such that

MY X[z f] T (2 = 0A@/{z}) Vv (= = LAw/{=)).
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Then
MY Y [2,0M] BT 2 =01 ¢/{z},
MY Y [2, 1] EY 2 = 1Ap/{z},

for some cover YUY’ = X which is uniform in W because f is. Since z
does not occur in ¢ or ¥, Lemma 5.8 tells us that

MY Y =T o and MYY' =T 4
which implies M, Y =T ¢ and M, Y’ =1
On the falsity axis, it suffices to show that
MY X (V2/W)[ (2 # 0V g/ {z1)A( # 1V ~w/{z))]

if and only if M, X =T —¢ and M, X =T —1). Suppose the latter. Then
by Lemma 5.8 we have

M, X[z, M] =¥ ~p/{z} and M, X[z, M] =" ~/{z}.

Thus M*, X[z, M] =* (2 # 0V —¢/{z}) A (2 # 1V —p/{z}) because
z # 0 and z # 1 are both satisfied by the empty team of assignments.
Therefore

MY, X =t (Vz/W) [(z L0V —p/{z}) A (z £ 1V w/{z})]
Conversely, suppose
M, X[z, M] =+ (2 £ 0V ~g/{z}) A (2 £ 1V ~/{z}).
Then
M*, X[z, M =Y 2 # 0V ~p/{z},
M X[z, M =Y 2 # 1V —p/{z},

which implies M*, X [z, OM*] Et —p/{z} and M*, X[z, 1M*} =t —ap/{z},
so by Lemma 5.8 we have M, X =T —p and M, X 1 —). 4

Dually we have M, X =T ¢ Ay 4 if and only if M, X =" ¢ and
M, X =T ¢, while M, X =~ ¢ Ay ¢ if and only if there exists a
W-uniform cover YUY’ = X such that MY == ¢ and MY’ =~ 4.

5.3 Logical equivalence

One IF sentence entails another if whenever Eloise can verify the former
she can also verify the latter, and whenever Abelard can falsify the latter
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he can falsify the former. Two IF sentences are logically equivalent if they
entail each other. Checking whether two IF sentences are equivalent is a
more complicated affair than verifying the equivalence of two first-order
sentences because we must keep track of truth and falsity separately.

When checking the equivalence of IF formulas with free variables, we
must also take into account the context of the formula. Any variable
that has been assigned a value can affect the strategies of the players,
even when the variable does not occur in the formula. Thus we will only
consider the logical equivalence of IF formulas relative to a specified set
of variables.

Throughout this section ¢, ¥, and x will be IF formulas, and W,V C U
will be finite sets of variables such that U contains Free(y), Free(v), and
Free(x).

Definition 5.14 We write ¢ |:§ 1, and say ¢ truth entails i relative
to U, if for every suitable structure M and assignment team X with
domain U,

M, X E* ¢ implies M, X T 1.

Similarly, we write ¢ |=; ¥, and say ¢ falsity entails ¢ relative to U, if
for every suitable structure M and assignment team X with domain U,

M, X =~ ¢ implies M, X =~ 4.

We write ¢ |y ¥, and say ¢ entails ¥ relative to U, if
el and ¥lp @

We write ¢ E$ 1, and say  is truth equivalent to ¥ relative to U, if
el and ¥ @

We write ¢ =; 9, and say ¢ is falsity equivalent to ¢ relative to U, if
eEy Y and Y Ep e

We write ¢ =y ¢, and say @ is equivalent to ¢ relative to U, if

eFrvY and Yy .

As usual, we omit the subscript U when it is empty. Thus, when ¢ and
1 are IF sentences we may simply write

pEEY, BV, o=ty p=1,

and say @ truth/falsity entails ¥, @ entails 1, ¢ is truth/falsity equivalent
to v, and ¢ is equivalent to v, respectively. B
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The following example shows that the domain of the assignment teams
can affect whether two IF formulas are equivalent.

Example 5.15 We wish to show that

F/{z})r =y =g V2(@y/{a})z =,
Suppose M is a structure and X is a team of assignments with domain

{z}. Then X[z, M] = X x M{#} is a Cartesian extension of X, so by the
Cartesian extension theorem

MX B (3y/{al)e—y i M X[5M] B (Gy/{a})e =y
iff M, X =" Vz(3y/{z})z =v.

Thus the two formulas are truth equivalent relative to {x}. They are
falsity equivalent relative to {} because no team with domain {z} dis-
satisfies either formula.

Let M = {a, b} be a two-element structure, and let

saf{ :E,a)} Sb:{(fﬂab)}a
Saa = { x,a), } ng = {(va)v (z,a)},
sab_ {( ) ( )}7 sgb: {(va)v(zvb)}'

Then M, {s,,,s},} ET (3y/{z})z = y (see Example 4.26), but by the
discussion on page 91,

M, {har st} B V2 (Fy/{a})z = y.
Hence the two formulas are not truth equivalent relative to {x,z}. -

Negation reverses the order of entailment between two IF formulas,
while connectives and quantifiers preserve it.

Proposition 5.16 ¢ )zﬁ ¢ if and only if =p =5 —. Thus
vy iff YU e
Proof Let M be a suitable structure, and let X be a team of assignments
with domain U. If ¢ |=;; ¢ then
M, X = —¢ implies M, X T ¢
implies M, X =1
implies M, X =~
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Likewise, if ¢ |=(; 9 then
M, X =T =p implies M, X = ¢

implies M, X =~ ¢

implies M, X =1 —.
The converse is symmetrical. Thus ¢ =7, ¢ and 9 =, ¢ if and only if
—¢ [y~ and ~¢ = —p. 5
Proposition 5.17 (a) Suppose ¢ =y ¢’ and ¢ =y . Then

oViw ¥ v @ Vyw Y,
o Nw Y Ev @ Nw

(b) Suppose ¢ Fyuizy V- Then

(Fz/W)e v (Fz/W),
(Va/W)e Fu (Vo /W)y

Proof Let M be a suitable structure, and let X be a team of assignments
in M with domain U.

(a) If M, X =T ¢ V)i 1) then there is a W-uniform cover X =Y U Z
such that M, Y =T ¢ and M|, Z =" 4 which implies by hypothesis that
M,Y = ¢ and M, Z = 4. Hence M, X =7 ¢’ Vi ¢'. On the falsity
axis, if M, X =7 o' V¢, then M, X =7 ¢’ and M, X =" ¢', which
implies M, X =~ ¢ and M, X =" 9. Hence M, X =" o Vi ¢.

By Proposition 5.16, the hypotheses imply that —¢' Ey —¢ and
-’ =y =, which by the previous argument implies

' Viw = Eu —e Viw .

Hence ¢ Ayw ¥ Eu ¢ Ayw 9.
(b) If M, X =1 (3x/W )¢ there is a W-uniform function f: X — M
such that M, X[z, f] E" ¢, which implies by hypothesis that

M, X[z, f] E* %

Hence M, X |1 (3x/W)i. On the falsity axis, if M, X =~ (Jz/W)y
then M, X[z, M| =" 4, which by hypothesis implies M, X [z, M] E~ ¢.
Hence M, X =" (32/W ). The dual follows from Proposition 5.16.

Proposition 5.17 tells us how to substitute equivalent subformulas
into an IF sentence to obtain an equivalent IF sentence. For example, if

© ={z,y) ¥ then
v (3y/{z}) e A x] = Ve (Fy/{x}) [ A -
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We can also substitute equivalent subformulas into open IF formulas, as
long as we keep track of the variables that have been assigned a value.

Theorem 5.18 Suppose ¥ is a subformula of the IF formula o, and let
@’ be the result of replacing ¥ with another formula v'. If x1,...,x, are
the variables quantified superordinate to ¥ in , and ¢ EfUEu{zl

.....

then @ E§ . -

To see why it is necessary for ¢ and ¢’ to be equivalent relative to
UU{xy,...,2,} and not just U, consider the IF formulas

(y/{z})z=y and Vz(Jy/{z})z=y.

In both, x is the only free variable. Furthermore, in Example 5.15 we
saw that the two formulas are equivalent relative to {z}, but they are
not equivalent relative to {z,z}. Thus substituting one for the other
within the scope of Vz3z, for example, may alter the meaning of the
larger formula. For instance, the IF sentences

Va3z(3y/{z})z =y,
VxElez(Ely/{m})I =Y,

are not equivalent. The former is the signaling sentence, which is true
in every structure, whereas the second is not true in any structure with
at least two elements because Abelard gets to overwrite the value Eloise
assigns to z, thus blocking the signal.

5.3.1 Duality

Logical equivalences (and entailments) between IF formulas always come
in pairs. When we wish to prove a pair of equivalences such as

eViw b =u Y Viw o,
e Nw Y =u v Aw e,

we can exploit the duality between =1 and =" to save ourselves some
effort. Normally, we would begin by showing that

eViw Y =H v Viwe and @V Y =5 % Vi e,
and then proceed to show
<P/\/W1/JEJ(§¢/\/W<P and o Ayw Y =g Y Aw p.

However, the first truth equivalence holds for every pair ¢ and v of IF
formulas if and only if the second falsity equivalence holds for every ¢
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and 1. Likewise, the first falsity equivalence holds in general if and only
if the second truth equivalence does too. Thus it suffices to prove that
both truth equivalences hold for arbitrary ¢ and .

5.3.2 Propositional laws

The failure of the law of excluded middle shows that not all of the
propositional laws familiar to us from first-order logic are valid in IF
logic. Remarkably, a restricted version of each propositional law does
hold in IF logic with slashed connectives. We begin by verifying the law
of double negation and De Morgan’s laws.

Proposition 5.19 (Double negation) ¢ =y ——p.

Proof For any structure M and assignment team X with domain U we
have

M, X =% ——p iff M, X ET -
iff M, X =T . .
Proposition 5.20 (De Morgan)
(e Vyw V) =u ~ Ayw Y,
(o Ayw ¥) =v @ Vyw .
Proof Recall that oAy 9 is an abbreviation for =(—¢ V, —1). Hence

(¢ Vyw ) =v ~(——¢ Viw 2 ) =u -0 Ayw ),

(o Ayw V) =v (=0 Vyw ) =u —@ Viw ). -

Next we investigate the propositional laws corresponding to the stan-
dard axioms of Boolean algebra. Observe that commutativity is the only
property that holds unconditionally.

Proposition 5.21 Suppose W C V.

Commutativity
eViw Y =u Y Viw e,
eNw Y =u Y Ayw e
Associativity
Vv (U Viw x) Fu (9 Vv ¥) Viw X,
(e Ayv ) Ayw X Eu ¢ Ay (0 Ayw X)-
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Absorption
oV (o \yw ¥) =u ¢,
e N (e Vyw ¥) =u .
Distributivity
e Viu (Y Ao x) =u (e Vo ) Ao (9 Voo X)),
o Nju (Y Viu x) =v (e Ao ) Vo (9 Ao X)-
Complementation
4 \//W ' EE T;
©Nyw Eg 1.

Proof Let M be a suitable structure, and let X be a team of assignments
with domain U.
(Commutativity) If M, X =7 ¢ V) ¢ then

MY Et ¢ and M, Y' 1o

for some W-uniform cover Y UY’ = X, which implies YUY = X is a
W -uniform cover such that

M,Y' =T+ and M,Y T o.

Hence M, X =T ¢ Vyw . The converse is symmetrical.

Observe that M, X =T ¢ A,y ¢ if and only if M, X =% ¢ and
M, X =7 4 if and only if M, X =T 9 Ay .

(Associativity) Suppose M, X =T ¢ V) (¢ Vw x). Then for some
V-uniform cover Y UY’' = X,

MaY ':+ ¥ and M7Y/ ':Jr 7/}\//W X

which implies there is a W-uniform cover Y” UY" = Y’ such that
M,Y” E* ¢ and M,Y"" =T x. Without loss of generality we may
assume Y, Y and Y are pairwise disjoint. To show Y and Y are
V-saturated in their union, suppose s € Y and s’ € Y”. Then s” € Y,
which implies s %y s”. Thus M, Y UY" =1 ¢ V) 4. To show Y UY"
and Y’ are W-saturated in X, suppose s € Y UY"” and s € Y. If
s € Y, then we have s € Y and s’ € Y, which implies s %y s, so
s #w s, whereas if s € Y”, then we have s € Y” and s’/ € Y, which
implies s %y s”. Therefore M, X =7 (¢ Vv ¥) Vyw x.
Observe that M, X =7 (¢ Ay 9) Ayw x if and only if

M, X =T ¢ and M, X "¢ and M, X Ty

if and only if M, X =T o Ay (¢ Ayw x)-
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(Absorption) By Lemma 5.12(b), a cover Y UY’ = X is uniform in
Uifand only if Y = X or Y’ = X. Thus M, X =1 ¢ V/y (¢ Ayw )
implies M, X =T ¢ or M, X =T o Ay 4. In either case M, X =T o.
Conversely, if M, X T ¢ then X U@ = X is a U-uniform cover such
that M, X =" ¢ and M, @ =" ¢ Ay 9. Hence

M, X =Y o Viu (0 Ayw ).

M, X =T oA u(eVywd) then M, X =7 ¢ immediately. Conversely,
if M, X =T ¢, then X U@ = X is a W-uniform cover such that

M, X =T ¢ and M, o =t .

Hence M, X =7 ¢ V) ¢, which implies M, X =1 o Ay (0 Vyw ).

(Distributivity) M, X =T oV, (¢ Ay x) if and only if M, X =T ¢ or
M, X =1 ¢ Ay x if and only if M, X = o Vg9 and M, X =1 oV x
if and only if M, X =7 (¢ Vyu ¥) Aju (0 Vo X)-

Similarly, M, X =1 ¢ Ay (¢ Vu x) if and only if M, X = ¢ and
M, X =T 4 V,y x if and only if M, X = o Ay or ML X ET o Ay x
if and only if M, X =T (¢ Aju ¥) Vo (9 Ao x)-

(Complementation) M, X = ¢ Ay =g, if and only if M, X =1 ¢
and M, X =~ ¢ if and only if X = @. -

The associative laws are one-directional. In the semantic game for

o Vv (¥ Viw X)

Eloise is first prompted to choose between ¢ and ¥ V,y x, without
seeing the variables in V. If she chooses the latter, she must then choose
between ¢ and x, but only after the variables in V' — W are revealed to
her. In the game for

(Vv ) Vyw x

Eloise is prompted to choose between ¢ V,y 1 and x without seeing
the variables is W. If she chooses the former, she must then choose
between ¢ and v, but only after the variables in V' — W are hidden. The
associative law tells us that Eloise is better off making her initial choice
with as much information as possible. When the slash sets are identical
the associative law holds in both directions:

oVw (U Vw x) =u (@ Vyw V) Viw X
(e Nw V) Ayw X =u e Nw (O A w X)-
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5.3.3 Slash sets

Shrinking the slash set on a disjunction or existential quantifier helps
Eloise verify the formula by revealing the values of additional variables.
Shrinking the slash set on a conjunction or universal quantifier helps
Abelard falsify the formula.

Proposition 5.22 Suppose W C V.

(a) Vv ¥ v ¢ Viw ¥,
e Nw Y EU e Ny .

(b) Fz/V)e Fv (3z/W)e,
(Yz/W)e v (Vo /V)e.

Proof Let M be a suitable structure, and let X be a team of assignments
with domain U.

(a) Since W C V, every V-uniform cover YUY’ = X is automatically
uniform in W. Thus M, X =" ¢V, ¢ implies M, X =1 ¢ vy 9.
Furthermore M, X =~ ¢ V)y % if and only if M, X = ¢ Vi ¢ by
definition. Thus ¢ Vv ¢ Fu ¢ Vyw 9.

It follows from the previous statement that —¢V,y 1) =y —~p Vw9,
so by Proposition 5.16 we have ¢ Ay ¥ v @ Ajy 9.

(b) Similarly, since W C V, every V-uniform f: X — M is uniform in
W. Thus M, X =1 (32/V)p implies M, X = (32/W)e. Furthermore,

M, X =t (Vz/W)p iff M, X =T (Vz/V)e

by definition. The dual follows from Proposition 5.16 -

5.3.4 Distribution of quantifiers over connectives

In first-order logic existential quantifiers distribute over disjunctions —
and universal quantifiers distribute over conjunctions— because they
are both moves for the same player. In IF logic, quantifiers distribute
over similar connectives as long as the player has access to the same
information when making each choice.

Proposition 5.23 Suppose x ¢ U.

Gx/W) (e Viw ¥) =v Cx/W)e Vyw (Fz/W)ip,
(Va/W)(e Ayw ¥) =u (Ve /W) Aypw (Vo /W)Y
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Proof Let M be a suitable structure, and let X be a team of assign-
ments with domain U. Suppose M, X =1 (3z/W)@V w (3x/W)ip. Then
there exists a W-uniform cover X; U Xy = X as well as two W-uniform
functions f1: X7 — M and fo: X9 — M such that

M, X:[z, fi] " ¢ and M, X[z, fo] E1 9.

Without loss of generality we may assume X; N X3 = &, which allows
us to define a W-uniform function f: X — M by

. fl(S) ifSEXl,
f(s)_{fg(s) if s € Xs.

Since x ¢ U, the cover X[z, fi1] U X[z, fo] = X[z, f] is uniform in W,
which implies

M, X =+ (Ge/W)(e Vyw o).

Conversely, suppose there exists a W-uniform function f: X — M
and a W-uniform cover Y3 UYy = X[z, f] such that M,Y; =T ¢ and
M, Yy 1 1. Without loss of generality we may assume Y; NYs = @.
Define

Xy ={se X :s/f(s) e i},
Xo={seX:s(z/f(s) eYa},

and let f; be the restriction of f to X;. Then the fact that Y; = X[z, fi]
implies

M, X; =T Ba/W)e and M, X, =1 (Jz/W)ep.
Since the cover X; U X5 = X is uniform in W we have
M,X = (32/W)e v (/W)
Observe that M, X =1 (Vo /W)(¢ Ayw ) if and only if
M, X[z, M] =" ¢ and M, X[z, M] ="
if and only if M, X =1 (Vo /W) Ajw (Yo /W)ip. 4

When the quantifier and the connective belong to different players,
the player who moves first is at a disadvantage.

Proposition 5.24 Suppose x € W orxz ¢ U.

Fz/V) (e Ayw ¥) Fu Go/V)e Ayw (Fz/V)e,
(Vz/V)e Viw (Vo /V) v (Ye/V)(e Viw ).
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Proof Let M be a suitable structure, and let X be a team of assignments
with domain U. If M, X =7 (32/V)(¢Aw)), then there is a V-uniform
function f: X — M such that M, X[z, f] ET ¢ and M, X[z, f] ET 9.
Hence

M, X ' 3z/V)e Ayw 3a/V ).
Instead of proving (Iz/V)e Ayw Bz/V)Y =i Gz/V) (@ Ajw ©), it

suffices to show

(V/ V) Vyw (Ya/V)e g (V2 /V) (@ Viw ).
If M, X =1 (Vz/V)e Vyw (V2 /V)1, then for some W-uniform cover
YUY’ = X we have M, Y[z, M] T ¢ and M,Y’[z, M] =" 4. The

cover
Yz, MUY [z, M] = X[z, M]
is uniform in W because x € W or x ¢ U. Thus

M, X =T (Yz/V) (e Vyw ). B

The hypotheses © € W or & ¢ U are necessary because otherwise
Eloise’s choice between (Va/V)e and (Vz/V)i may depend on infor-
mation encoded in x that gets erased by the universal quantifier in
(Y / V) Vyw ©)-

For example, let B = {0,1} be a two-element structure in which both
elements are named by constant symbols, and let s;; = {(x,i), (y,j)}.
Observe that

B, {500,511} T Va(y = 0) V() Va(y = 1)
because B, {so0} ' Vo (y = 0) and B, {s11} = Va(y = 1). However,
B, {500, 811} %Jr V:z:(y = 0 \//{y} Yy = 1)

because B, {so0, So1, 510,511} Ty =0 Vigyy =1

5.3.5 Vacuous quantifiers

Vacuous quantifiers do not affect the meaning of first-order formulas, but
they can affect the meaning of IF formulas. If ¢ is a first-order formula,
and x does not occur in ¢, then ¢ = Jzy (see Proposition 3.13). In IF
formulas, however, vacuous quantifiers create signaling opportunities —
a player can assign a value to the new variable that signals the value
of another (hidden) variable (see Examples 4.8 and 4.26). One way to
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prevent a vacuous quantifier from altering the meaning of an IF formula
is to hide the value of the vacuously quantified variable.

Proposition 5.25 (Caicedo et al. [9, Theorem 11.1])  If the variable x
occurs neither in ¢ nor in U, then

¢ =v (Qz/W)p/{z}.

Proof Let M be a suitable structure, let X be a team of assignments
with domain U, and let f: X — M be any W-uniform function (e.g., a
constant function). Then X[z, f] is an extension of X to dom(X)U{z},
so by Lemma 5.8,
M,X E* o implies M, X[z, f] =" o/{z)
implies M, X T (3z/W)p/{x}.
Conversely, if there is a W-uniform f: X — M such that M, X[z, f] =T
o/{z}, then M, X =71 ¢. Similarly,
M, Xt it M, X[r, M) o/{z)
iff M, X =T (Vz/W)p/{z}. 4

Applying Proposition 5.25 to the formula from Example 4.26 yields
(By/{ah)e =y = Qz(Fy/{z, 2})z =y.

Another way to prevent a vacuous quantifier from affecting the mean-
ing of an IF formula is to make its slash set so large that the vacuously
quantified variable cannot store any useful information.*

Proposition 5.26 If x occurs neither in ¢ nor U, then p =y (Qx/U)ep.

Proof Let M be a suitable structure, and let X be a team of assignments
with domain U. For all a € M, let s, = {(m,a)}, and let f,: X - M
be the constant function defined by f,(s) = a, which is clearly uniform
in U. Then

Xz, fo] = X x {84},
X[z, M]=X x{sq:ae M},

are both Cartesian extensions of X to dom(X) U {z}. Thus, by the

4 The reader may wish to compare Proposition 5.26 to [9, Theorem 11.3].
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Cartesian extension theorem,

M, X =T iff M, X[z, fJ E' e
iff M, X ET (3z/U)e,

M, X "¢ iff M, X[z, M] "¢
iff M, X =T (Vz/U)p. o

Applying Proposition 5.26 to our example formula yields

(By/{z})z =y =y (Qz/{z}) By/{z})z =y.

5.3.6 Double quantification

In first-order logic, quantifying a variable twice in succession is equiv-
alent to quantifying it once, with the latter quantifier determining the
meaning of the formula. In IF logic, the situation is more complicated
because we must account for the information available to the players. If
the same player chooses the value of x twice in a row, the first choice
is redundant when (a) the player has access to less information when
making the first choice than when making the second choice, or (b) the
player cannot see the value of x when making the second choice.

Proposition 5.27 (o) Ifx ¢ U and V O W then

(Qz/V)(Q/W)p =v (Qz/W)p.
(b) Likewise, if v € W then

(Qz/V)(Qz/W)p =v (Qu/W)p.

Proof (a) Suppose M, X =1 (3z/V)(3xz/W)p. Then there exist a V-
uniform function f: X — M and a W-uniform function g: X[z, f] — M
such that M, X[z, f][z,g] ET . If V. O W, we can define a W-uniform
function h: X — M by

h(s) = g(s(x/f(5)))-

Since Xz, f][z, g] = Xz, h], it follows that M, X =T (3z/W ).
Conversely, suppose there is a W-uniform function h: X — M such
that M, X[x,h] ET ¢, and let f: X — M be any V-uniform function
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(e.g., a constant function). If ¢ U, define a W-uniform function
g: X[z, f] — M by
9(s(x/f(s))) = h(s).
Then X |z, f][z, 9] = X[z, h], so we have M, X =1 (3z/V)(3x/W ).
Furthermore,
M, X Y (Vo /W) (Yo/W)e iff M, X[z, Mz, M] E" ¢
iff M, X[z, M] " ¢
iff M, X T (Va/W)ep.
The proof of (b) is similar. !

For the sake of comparison, notice that applying Proposition 5.27(a)
to the formula (Jy/{z})z = y yields

Gu/{z)e =y =gy Cy/{z}) Gu/{z})z =y,

while applying Proposition 5.27(b) to (Jy/{z})z = y yields

Gz, y})r =y =y W/ {z,y})z=y.

When different players choose the value of the same variable which has
not already been assigned a value, and nothing else happens in between,
then the first player’s choice is irrelevant.

Proposition 5.28 Suppose = ¢ U.
B /V)(Va/W)e =u (Vo /W)e,
(Vo /V)(Fx/W)e =u (Fz/W ).
Proof If M, X ET (3z/V)(Va/W)e then there exists a V-uniform
f:V — M such that M, X[z, f][z, M] =" ¢. Since
Xz, fllz, M] = X[z, M]

it follows that M, X =1 (Va/W)p. Conversely, if M, X [z, M] =1 ¢ then
for any constant function f: X — M we have M, X[z, f][z, M] ET ¢;
hence

M, X =1 (3z/V) (Yo /W )p.
Finally, since « ¢ U the Cartesian extension theorem gives us
M, X =1 (Vz/V)3Bx/W)p iff M, X[z, M] =" 3Fz/W)e
if M, X =T (3z/W)e. o
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Applying Proposition 5.28 to our example formula (Jy/{z})z = y
shows that it is equivalent (relative to {x}) to both

Vy(Fy/{z})z =y and (vy/{z})(By/{z})z =y,

which demonstrates that the amount of information available to Abelard
when he chooses the value of y is irrelevant. If Abelard is allowed to see
the value of z, then conceivably he could try to signal its value to Eloise.
Alas, he is unlikely to do so, which means Eloise cannot trust the value
of y as a signal.

5.3.7 Interchange of quantifiers

Now we consider the case when two adjacent quantifiers quantify distinct
variables. In first-order logic, like quantifiers commute because they are
moves for the same player, whereas JxVyyp entails Vydxp because in
the latter Eloise’s choice of & depends on Abelard’s choice of y, and
in the former it does not. With IF logic we have the power to specify
the variables upon which a given quantifier depends irrespective of its
position in the formula. In particular, we can reorder any two adjacent
quantifiers by adjusting their slash sets. For example, if Free(¢) = {z, y},

Va (Jy/{x}) e = Jy(Va/{y})e.

Even though the above IF sentences are equivalent, their semantic games
differ in the order the players make their moves. An alternative view is
that two mutually independent moves are made simultaneously. Van
Benthem [2, pp. 199-200] has observed that the above equivalence can
be seen as an instance of the game-algebraic identity

(GxH);K=(HxG);K.
When applied to IF logic, this general principle yields:

Proposition 5.29 (Caicedo et al. [9, Theorem 13.1]) If z and y are
distinct variables not in U, then

(Qz/V)(Q'y/W U{z})p =v (Qy/W)(Qz/V U {y})e.

Proof Let M be a suitable structure and X a team of assignments
with domain U. Suppose M, X =" (3z/V)(3y/W U {z})p. Then there
exist a V-uniform function f: X — M and a W U {z }-uniform function
g: X[z, f] — M such that M, X[z, f][y, 9] ET ¢. Define a W-uniform
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function ¢’ X — M by
g'(s) = g(s(z/f(s))),
and a V' U {y}-uniform function f': X[y, g'] — M by
F'(s(y/d' () = f(s).
Then X[z, flly, 9] = X[y, ¢'][z, f'], so
M, X =7 3y/W)(Ba/V U {y})e.

The converse is symmetrical.
Observe that

M, X =1 (Va/V) (Vy/W U {z})e
iff M, X[z, M][y, M] =" ¢
iff M, X[y, M][z, M] =1 ¢
iff M, X = (Vy/W)(Vz/V U{y})e.

Now suppose M, X =+ (3z/V)(Vy/W U {z})p. Then there is a V-
uniform f: X — M such that

M, X[z, flly, M] =" .
Define a V U {y}-uniform function f': X[y, M] — M by
' (s(y/a)) = f(s).
Then M, X[y, M][z, f'] =" ¢, hence
M, X Y (Vy/W)(32/V U {y})e.

Conversely, if there exists a V U {y}-uniform function f’: X[y, M] — M
such that M, X[y, M][z, f'] ET ¢ we can define a V-uniform function
f: X — M by

f(s) = f'(s(y/a)).
Thus M, X[z, f][y, M] = ¢, which implies
M, X =* (3z/V) (Vy/W U {z})e.

The proof of the dual is similar. -
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5.3.8 Quantifier extraction

Recall that in first-order logic we may add a formula 1) to the scope of
a quantifier as long as the quantified variable does not occur free in ):

Qoo = Qr(po).

This allows us to pull all of the quantifiers to the front of a first-order
formula, placing it in prenex normal form (see Proposition 3.21 and
Theorem 3.26).

In IF logic, quantifier extraction is a more delicate matter because the
extra variable x may affect the players’ strategies for the semantic game
of 1. On the one hand, a player may be able to use = to signal the value
of a hidden variable, thus gaining an advantage.

Example 5.30 If M = {a,b} is a two-element structure, and

sq = 1(z,0)}, Sua = 1(2,0), (2,0) },
52:{(2717)}» SZb:{(x7b)v(z7b)}a

then M, {s,, s;} =" Ju(z # x) v (3y/{z}) y = 2 because the left dis-
junct is tautologically false, and the right disjunct is neither satisfied
nor dissatisfied by {s,, s, }. However,

M, {s,s;} =T 3z [:17 #aV (Jy/{z})y = z]

because M, {s},,s,,} ET (Gy/{z}) y = . 4

On the other hand, if = already has a value, assigning it a new value
might erase information that was previously stored there.

Example 5.31 (Caicedo et al. [9, Example 7.2]) Let M and the various
assignments be as in Example 5.30. Then

ML {55t} 1 Vae £ 2) vV (3y/{z}) y = =
but
ML {0, s} 17 Vo £ 0 v (By/ =)y = 2]

because the universal quantifier erases the information about z that was
stored in x. .

We solve the first problem by adding x to all of the slash sets in ¥,
thereby preventing it from affecting the players’ strategies for ¥. We
solve the second problem by excluding x from the domains of the teams
used to evaluate the formulas (see Theorem 5.35).
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We will prove the quantifier extraction laws for IF logic using Skolem
semantics. In order to do so, we need to revisit the Skolemization pro-
cedure for first-order formulas. If ¢ and ¢’ are first-order formulas in
different vocabularies, then it is unlikely they that are equivalent since
 may have models that are unsuitable for ¢’, and vice versa. However,
if p is

y[R(z,y) V f(z,y) = 2]

and ¢ is y[R'(z,y) V f'(z,y) = z] there is a sense in which the two
formulas are equivalent, since one formula can be obtained from the
other simply be renaming relation and function symbols.

Definition 5.32 Let L and L’ be first-order vocabularies. A renaming
of L to L' is a bijection p: L — L’ such that every relation symbol in L
is sent to a relation symbol in L’ with the same arity, and every function
symbol in L is sent to a function symbol in L’ with the same arity.

If ¢ is an IFy, formula, then p(¢p) is obtained by systematically replac-
ing the relation and function symbols in ¢ with their images under p.
If M is an L-structure, let p(M) denote the L’-structure with the same
universe whose interpretations of the relation symbols p(R) and function
symbols p(f) are given by

p(R)PED =R and p(f)""0 = . .
It is a straightforward exercise to show that for any assignment s,

M,s¢ iff p(M),s = p(e).

Lemma 5.33 Let ¢ be an IF;, formula. If the variables in V' occur
neither in ¢ nor in U, then the function

p: LU{ fy: 9 € Subfa(p) } — LU{ fy : ¥ € Subfa(p/V)}

that fires L and sends fa./w)y to f@zwuv)x/v 18 a renaming such
that p(SkU (QD)) = SkUUV ((p/V)

Proof The function p is a bijection because distinct existential subfor-
mulas of ¢ correspond to distinct existential subformula of ¢/V, and
every existential subformula of ¢/V has the form (Jx/W U V)x/V for
some existential subformula (3x/W)x of ¢. If ¢ is a literal, then both
Sky () and Skyyuy (¢/V) are simply ¢, and p(p) = ¢ because p fixes L.
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Suppose ¢ is 1 o ¢)’. Then by inductive hypothesis
p(Sku (¢ o)) = p(Sku (¥)) o p(Sku (¥'))

= Skyuv (¥/V) o Skpuv (v'/V)
= Skyuv (o ¢")/V).

Suppose ¢ is (3z/W ). Then by inductive hypothesis

p(Sku ((3e/W)e))
= p(SubSt(SkUu{z}(¢)7 T, f@e/wye (Y1, - ,yn))>

= Subst (p(SkUU{m}(w))a &, p(f(ﬂm/W)d)(yla cee 7yn)))
= Subst (Skyuvuia} (V) T, faewovye v ULs - - Yn))
= Skyuv (Bz/W U V)y/V),

where y1,...,y, enumerates U — W = (UUV) — (W UV).
Suppose ¢ is (Vz/W ). Then by inductive hypothesis

p(Sku ((Va/ W) ) = p(v Skiugay ()

= Vap(Skyu(ay ()
=V Skquu{z}(d’/V)
= Skyuv (Yo /W U V)Y V). -

Lemma 5.34 Let ¢ and ¢ be IFL, formulas. If x occurs neither in ¢
nor in U, then the function

p: LU{ fy: x € Subfa(Qz/W)pov) }
— LU £+ x € Subts ((Qu/W)[pow/{x)]) }

that fizes L and {fx X € Subfg(go)}, sends fy to fy/(zy for all

X € Subfs(v), and sends fzz/wyp 10 fza/w)pow/{x) (if @ = 3) is
a renaming such that

p(Sku ((Qu/W)p o)) =Sk ((Qu/W) [ 0w/} ).
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Proof First we consider the existential case. By Lemma 5.33,
p(Sku ((Be/W)p 0 v) )
= P(SUbSt (SkUU{r}((p)v z, f(ﬂx/W)cp(yh cee 7yn)) o Skys (w))

= Subst (Skyuga} (9), s f@e/w)lpow/{a}] Y1y - - > Un))
o Skyu(ay (¥/{z})

= Subst (SkUU{w} (pov/{a}), =, fae/m)ipow/tan Wis-- - Z/n))
= Sku (@2/W) [ 0 w/{}]).
Next we consider the universal case. By Lemma 5.33,
p(Sku ((¥2/W)p 0 1) ) = p(Va Skogay () 0 Sku (1))
=V Skyu(a} (@) © Skuuay (¥/{z})
=Vz (SkUU{z} (po ¢/{$}))
= sku ((Va/W) [ 0 w/{2}]). A

Now we can prove the quantifier extraction laws, which we adapted
from Theorems 7.5 and 8.3 in [9].

Theorem 5.35 Let ¢ and ¢ be IFp formulas. If x occurs neither in ¢
nor in U, then

(Qz/W)p ot =y (Qu/W)[por/{z}].

Proof Let M be a suitable structure, let X be a team of assignments

with domain U, and let p be the renaming defined in the previous lemma.
Suppose M, X =T (Qx/W)p o 1. Then there is an expansion M* of M
to the vocabulary

LU { Jx : x € Subf3((Qz/W)p o)) }

such that for all s € X we have M*, s |= Sky ((Qz/W)p o). Thus by
the previous lemma p(M*) is an expansion of M to the vocabulary

LU{ fi: x € Subfs((Qz/W) [pow/{a}]) }
such that for all s € X,
p(M*), 5 = Skor ((Qu/W) [ 0 6/{x}]).
Hence M, X =" (Qz/W)[p o ¢/{z}]. The converse is similar. 8
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We can also extract quantifiers from IF formulas with slashed connec-
tives.

Corollary 5.36 If x occurs neither in ¥ nor in U, then

(Qz/V)p opw b =v (Qu/V)[p oywigay ¥/ {x}]-
Proof The formula (Qx/V')¢ V/y 1 is an abbreviation for

(32/W) [(z =0 (Qu/VU {z})go/{z}) v (z =1A 1/1/{2})]

which by a double application of Theorem 5.35 is equivalent relative to
U to

(32/W)(Q/V U {z}) [(z —0Ap/{z}) V(2 =1 Av/{x, z})}.

By Proposition 5.29, the previous formula is equivalent relative to U to
(Qz/V)(32/W U {z}) [(z =0A@/{z}) V(2 =1A/{z, z})}

which is (Qz/V) [90 Viwuz} 1/}/{96}]
Furthermore,

(Qz/V)e Apw b =v ~[~(Qz/V ) Vi —]
(Qz/V)=¢ Vyw 9]
=y =(Qz/V)[~¢ Vywuiay "0/ {x}]
=v ~(Qz/V)=[p Aywutay ¥/{z}]

=v (Qz/V)[¢ Nywuiay ¥/{z}]. B

5.3.9 Prenex normal form

An IF formula is in if all its quantifiers occur at the front of the formula,
i.e., it has the form

where ¢ is quantifier free. To put an arbitrary IF formula in prenex
normal form we must use the quantifier extraction laws to pull each
quantifier to the front of the formula. Before we start applying Theorem
5.35 we must ensure that its hypotheses will be satisfied at each step.
We can achieve this by renaming the bound variables of the formula so
that every variable is quantified at most once, and no variable occurs
both free and bound.
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Renaming bound variables in IF formulas is a more delicate matter
than in first-order formulas because we must take care not to alter the
dependencies between the variables. For example, consider an IF sen-
tence of the form

(Fz/V) [ A (Fy/W)ep].

If the variable y occurs in ¢, then we cannot use Theorem 5.35 to extract
the quantifier (3y/W). First, we need to rename the variable in (Jy/W)
using a fresh variable z and replace every occurrence of y in the scope of
(Jy/W) with an occurrence of z. If y happens to occur bound in ), then
the bound occurrences of y will not be replaced when we substitute z
for y using the usual substitution operation Subst (¢, y, z). To avoid this
problem, we work from inside out, starting with the innermost quantifier
of a variable we wish to rename. Let us assume then that y does not occur
bound in . After renaming we obtain the formula

(Fx/V) [cp A (3z/W) Subst(¢, y, z)]

Unfortunately, this formula may not be equivalent to the previous one
because if y is free in ¢, then y will already have a value when play
reaches the subformula (Jy/W)y or (3z/W) Subst(¢,y, z). In the first
case the value of y is overwritten when Eloise chooses a y independent
of W, whereas in the second case it is not. To compensate for this as-
symmetry we add y to the slash sets in Subst (¢, y, 2):

(Ba/V) [0 A B2/ W) (Subst(w,y, 2)/{y}) .
The next proposition is adapted from [9, Theorems 6.12 and 6.13].

Proposition 5.37 Suppose x does not occur bound in ¢. If y occurs
neither in (Qx /W) nor in U, then

_ ) (Qy/W)Subst(p,z,y) ifr¢U,
(Qz/W)p =u )
(Qy/W)[Subst(p, 2,y)/{z}] ifzeU.
Proof Let M be a suitable structure, and let X be a team of assignments
with domain U. By definition M, X = (32/W)¢ if and only if there

exists a W-uniform function f: X — M such that M, X[z, f] ET ¢,
which holds by Lemma 5.4 if and only if

M, { s(y/f(s))7$ ise X }|:+ Subst(p, x, y). (5.1)

If © ¢ U the above assignment team is equal to X[y, f]. Thus (5.1) is
equivalent to M, X =1 (Jy/W) Subst(p, z,y).
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If x € U then X|y, f] is an extension of the assignment team in (5.1)

to dom(X) U {y}. Consequently (5.1) holds if and only if

M, X[y, f] =" Subst(p, z,y)/{x},

by Lemma 5.8. Thus (5.1) is equivalent to

M, X =7 (3y/W) Subst(p, ,y)/{z}.

For the universal case, first suppose © ¢ U. Then by Lemma 5.4,

M, X E* (Vo/W)p iff M, X[z,M]E" ¢
iff M, X[y, M] =" Subst(yp,z,y)
iff M, X " (Vy/W)Subst(p,z,y),

Now suppose z € U. Then by Lemmas 5.4 and 5.8,

M, X 1 (va;/W)
iff M, X[z, M]E"* ¢
iff M, { (y/a)-o s € X, a € M }=" Subst(p, z,y)
iff M, X[y, M] =" Subst(p,z,y)/{x}
iff M, X =T (Vy/W)[Subst(e, z,y)/{x}].

4|

To show the hypothesis y ¢ U is necessary, consider the following

example adapted from [9, p. 111]. Let ¢ be the formula
dzo (3.’1?3/{%1})(.’170 =T Nx1 = .’L‘3),
and let ¢’ be the formula

3%4 (31’3/{!171}) (1’0 =Ty NT1 = Ig).

Let ¢ and 1’ denote the subformulas of ¢ and ¢', respectively, ob-
tained by removing each formula’s initial quantifier. Notice that ¢’ is
x4 Subst(¢), 22, 4). Now let M = {a,b} be a two-element structure,

and
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One can verify that

Ma {Saaaa Sabbs Sbaa s Sbbb} ':+ ©,

M7 {Saaa7 Sabby Sbaas sbbb} |7&+ 90/'

We now return to our main example. After renaming y to a fresh
variable z we can extract (3z/W), yielding either

(3z/V)(32/W)[¢ A Subst(y,y,2)] or
(F2/V)(32/W)[p A Subst(s, y, 2)/{y}]

depending on whether y belongs to the domain of the assignment team
used to evaluate the formula.

Theorem 5.38 (Caicedo et al. [9, Theorems 9.3 and 9.4]) Let ¢ be
an 1Fy, formula with n quantifiers. For every finite set of variables U
that contains Free(y), and every set of variables V' of size n that is

disjoint from U, there exists an IFy, formula ¢’ =y ¢ such that Free(p) C
Free(¢’) CU and Bound(y') = V.

Proof Let U be a finite set of variables containing Free(y), and let V'
be a set of n variables such that U NV = @. If ¢ is a literal there is
nothing to prove.

Suppose @ is Y1 o ¥y, where 11 has m; quantifiers, and 1y has my
quantifiers. Let V3 UV, = V be a disjoint cover of V' such that |V;| =
my and |Va| = mo. By inductive hypothesis, there exist IF;, formulas
Y] =u 1 and ¥ =y s such that Free(y;) C Free(y)) C U and
Bound(v}) = V;. It follows that ¢} o 95 =y 11 0 1ha,

Free(t o 1hg) C Free(w); o 1y) C U,

and Bound(¢] o %) = V.

Suppose ¢ is (Qx/W )i, where x ¢ U. Then Free(y) C U U {z}, so
for any subset V/ C V of size n — 1 that does not include z, there exists
an IFy, formula ¢ =pyy,) 9 such that

Free(v) C Free(y') C U U {z}
and Bound(¢') = V. If V = V' U {}, then (Qz/W)¢' =y (Qz/W ),
Free((Qxz/W)y) C Free((Qz/W)y') C U,
and Bound ((Qz/W)y') = V.
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If V = V'U{y}, where y is a variable distinct from =z, let ¥" be
Subst (¢, z,y). Then by Proposition 5.37,

(Qz /W) =y (Qz /W)Y =u (Qy/W )y

Furthermore, since y ¢ Free(v) and Free(y) —{z} C Free(¢”) C UU{y}
we have

Free((Qxz/W)y) C Free((Qy/W)y") C U.

Also, Bound ((Qy/W)¢") =V because Bound (") = Bound(¢') = V.

Now suppose ¢ is (Qx/W )i, where x € U. Then Free(y) C U, so for
any subset of V' C V of size n— 1, there is an IF,, formula 1)’ =¢ 1 such
that Free(y) C Free(y)') C U and Bound(¢)') = V. Let V — V' = {y},
and let ¢ be Subst(¢’, x,y)/{z}. Then by Proposition 5.37,

(Qz /W) =y (Qz /W)Y =u (Qy/W )"

Finally, by the same argument as above,

Free((Qxz/W)y) C Free((Qy/W)y") CU
and Bound ((Qy/W)y") = V. —|

Since the formula ¢’ has the same number of quantifiers as bound
variables, every bound variable must be quantified exactly once. Thus,
the previous theorem implies that every IF formula ¢ is equivalent (rel-
ative to U) to an IF formula ¢’ in which every variable is quantified at
most once, and no variable occurs both free and bound. If U = Free(y),
then ¢’ will have the same free variables as (.

If Free(y) C U, then ¢’ may not have the same free variables as .
Consider the IF formula

P(y) AVzIyR(z,y).

If U = {z,y} and V = {u, v}, when we use Proposition 5.37 to rename
z to u and y to v we obtain

P(y) AVu(Fv/{z})R(u,v).

Notice that x is free in the above formula, but not in the original formula.
As an exercise in applying Theorem 5.38, the reader should show that
VaVaVzP(z) is equivalent to YuVo (Vw/{u})P(w).

Theorem 5.39 Let ¢ be an IFy formula in which every variable is
quantified at most once, and no variable occurs both free and bound. For
every finite set of variables U that contains Free(¢) and is disjoint from
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Bound(yp), there exists an IFL, formula ©* =y ¢ in prenex normal form
with the same free and bound variables as .

Proof If ¢ is quantifier free, then it is in prenex normal form. Otherwise,
let (3x/W) be the left-most quantifier in ¢. We use Theorem 5.35 to pull
(3z/W) to the front of the formula. To illustrate the procedure, let us
assume ¢ has the form

(Qz/W)pod)’) oy

By hypothesis, the variable & does not occur in ¥, 9", or U. Thus,
applying Theorem 5.35 once yields

((@u/w)[wow/{a}]) o v
Applying Theorem 5.35 again yields

(Qu/W) | (¥ 0¥/ {x}) o v/ {a}].

Observe that the formula inside the square brackets has fewer quantifiers
than ¢, its free variables are contained in U U {z}, and x does not occur
bound, so by inductive hypothesis there is an equivalent (relative to
Uu {x}) formula 9* in prenex normal form with the same free and
bound variables. Thus ¢ =y (3x/W)1* which is in prenex normal form
and has the same free and bound variables as . n

Corollary 5.40 (Caicedo et al. [9, Theorem 10.1]) Let ¢ be an IFy
formula with n quantifiers. For every finite set of variables U that con-
tains Free(y), and every set of variables V' of size n that is disjoint from

U, there exists an IFp formula ©* = ¢ in prenex normal form such that
Free(y) C Free(¢*) C U and Bound(p*) = V.

Proof Let U be a finite set of variables containing Free(p), and let
V be a set of n variables such that U NV = &. By Theorem 5.38,
there exists an IFy, formula ¢’ =y ¢ such that Free(p) C Free(¢’) C U
and Bound(y’) = V. By Theorem 5.39, there exists an IF; formula
©* =y ¢’ in prenex normal form such that Free(p) C Free(¢*) C U and
Bound(¢*) = V. .

Corollary 5.41 (Caicedo et al. [9, Corollary 10.3]) Every IFL, sentence
is equivalent to an IFy sentence in prener normal form.

Consider the IF sentence

Va Ty [P(y) AVzIyR(z,y) A (Yz/{y})R(y, z)}
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In order to place the sentence in prenex normal form, we first rename
bound variables:

YaIy {P(y) AVu(Fv/{z})R(u,v) A (Vz/{y})R(y, z)}
Then we extract the quantifiers, one after another:
VzIyVu [P(y) A (Hv/{x})R(u, v) A (Vz/{y,u})R(y, z)],
Vadyu(3v/{a}) [P(y) A B(u,v) A (F2/{y, w0} Ry, 2)|.

VxEIqu(EIv/{m}) (Vz/{y, U, v}) [P(y) A R(u,v) A R(y, z)] )

5.3.10 Hintikka normal form

Most of the time our sympathies lie with Eloise—we are often more
interested in whether an IF sentence is true than whether it is false. In
such cases, we can ignore the slash sets on universal quantifiers because
limiting the information available to Abelard affects the strategies he
may follow, but it does not affect which actions he is allowed to perform.
Thus, Eloise must plan for the same eventualities, regardless of whether
Abelard makes his moves with full knowledge or in complete ignorance.
For example, consider the IF sentences

EIxVy(EIz/{y})R(x,y,z) and EIx(Vy/{x})(EIz/{y})R(m,y,z)

Both sentences have the same Skolemization, namely

VyR(c,y, f(c)).

Hence, Eloise has a winning strategy for one if and only if she has a
winning strategy for the other.

Dually, we can modify the slash sets on existential quantifiers without
affecting whether Abelard has a winning strategy.

Lemma 5.42 (Vz/V)p =} (Va/W)p and (3z/V)p =; Bz /W )e.

Proof Let M be a suitable structure, and X a team of assignments with
domain U. Then M, X =1 (Vz/V)ep if and only if M, X[z, M] ET ¢ if
and only if M, X =1 (Vz/W)e. =
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Lemma 5.42 allows us to strengthen Proposition 5.29 as follows:

Proposition 5.43 If z and y are distinct variables not in U, then

G/ V)(Vy/ W) = Yy (32/V U {y})e.
Proof By Lemma 5.42 and Proposition 5.29,
G/ V)(Vy/W)p = (3/V)(Vy/W U {z})e
=vu (Vy/W)(3Fz/V U {y})e
E?} Vy(Eiac/V U {y})<p -

In those cases when we only care about the satisfaction (as opposed to
dissatisfaction) of a particular IF formula, we can use Proposition 5.43
to obtain an improved prenex normal form theorem.

Definition 5.44 An IF formula is in Hintikka normal form if it is in
prenex normal form, every universal quantifier is superordinate to every
existential quantifier, and all of its universal quantifiers are unslashed,
i.e., it has the form

Vyl R vym(zlym-‘rl/W’m—i-l) R (Elyn/Wn)@
where ¢ is quantifier free. -

Theorem 5.45 Let ¢ be an IF;, formula. For every finite set of vari-
ables U that contains Free(p), there exists an IFy formula ¢** E; @ in
Hintikka normal form such that Free(y) C Free(¢**) C U.

Proof By Corollary 5.40, there is an IF;, formula ¢* = ¢ in prenex
normal form such that Free(p) C Free(¢*) C U. To obtain the desired
IF;, formula ¢** in Hintikka normal form, use Proposition 5.43 to pull
every universal quantifier in front of every existential quantifier. —

Corollary 5.46 FEvery IF;, sentence is truth equivalent to an IFf, sen-
tence in Hintikka normal form.

For example, when we place the sentence

VaIyVu(Iv/{z}) (Vz/{y,u, v}) [P(y) A R(u,v) A R(y, z)} .

in Hintikka normal form, we get

Vavuvz(3y/{u, 2}) (Fv/{z, z}) {P(y) A R(u,v) A R(y, z)}
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5.4 Model theory

So far, we have only considered one formula or sentence at a time. In this
section, we consider sets of IF sentences. Many familiar theorems from
first-order logic such as the compactness theorem and the Lowenheim-
Skolem theorem lift to IF logic via Skolem semantics.

Definition 5.47 A set of sentences in some logical language is called
a theory. If T' is a first- or second-order theory, a structure M models I'
if it models every sentence in I'. In symbols, M |= T" if and only if for
every ¢ € I' we have M = . =

Definition 5.48 If T" is an IF theory, then T' is true in M, written
M ET T, if for all ¢ € T" we have M =T ¢, and T is false in M, written
M =" T, if for all ¢ € I we have M =" ¢. =

A first- or second-order theory I' is satisfiable if it has a model in the
above sense, i.e., if there is a structure M such that M |=T". An IF theory
T is satisfiable if there is a structure such that M =7 T.

5.4.1 Compactness

The well-known compactness theorem for first-order logic states that a
first-order theory I' has a model if every finite subtheory of I" has a
model. A similar theorem holds for IF logic.

Theorem 5.49 (Compactness) An IF theory T is satisfiable if every
finite subtheory of ' is satisfiable.

Proof Observe that by the Skolem semantics for IF logic (Definition
4.12), an IF theory I is satisfiable if and only if

I ={Sk(p):pel'}

is satisfiable. Hence, if every finite subtheory A C I' is satisfiable, then
so is every finite subtheory A* C I'*. By the compactness theorem for
first-order logic, I'* must be satisfiable, which implies I' is satisfiable
too. -

There is a stronger version of compactness that holds in first-order
logic, but not IF logic.
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Definition 5.50 When I' U {¢} is a first- or second-order theory, T
entails o, denoted T' |= ¢, if for every suitable structure M,

MET implies M [ .
When T is empty we simply write | ¢. B

Definition 5.51 When I' U {¢} is an IF theory, I truth entails ¢,
denoted T =1 o, if

M ETT implies M ET o.
T falsity entails @, denoted T' =" o, if
ME"T implies ME" .
When T is empty, we simply write =T ¢ or =" ¢, as appropriate.

An alternative formulation of the compactness theorem for first-order
logic is the following: Every first-order theory I' U {¢o} has the property
that I' = ¢ if and only if there exists a finite A C I" such that A = ¢.
In contrast, when T is an IF theory it is possible to have I' =" ¢ even
if A JET o for every finite A C T

Example 5.52 Let ¢, denote the IF sentence

dz;...3z, /\ Ti # T

1<i<j<n

which asserts that the universe has at least n elements. Then

{¢n:n22}):+90007

where ¢, is the IF sentence that asserts the universe is infinite (see
Example 4.14). However, there is no finite subtheory A C { ¢, :n >2}
such that A ET . —|

It follows immediately from the previous example that IF cannot have
a complete proof system in which proofs have finite length.

Theorem 5.53 There is no sound and semantically complete proof
system for IF logic. That is, there is no proof system Fip such that for
every IF theory T U {¢},
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Proof Suppose for the sake of a contradiction that kg is such a proof
system. Then by Example 5.52 we must have

{on:n>2}FF poo-

Since a proof of ¢, from { ¢, : n > 2} can use at most finitely many
premises, there must be a finite subtheory A C { ¢, : n > 2} such that
A FF 900, which would imply A ET ¢pg- H

A proof system F for a logical language is weakly complete if for every
sentence ¢ in the language we have F ¢ if and only if | ¢. In other
words, every valid sentence is provable. One naturally wonders whether
IF logic might have a proof system that is complete in this weaker sense.

Theorem 5.54 There is no proof system g such that for every IF
sentence @ we have Fip @ if and only if =T .

Proof Observe that for every IF sentence ¢ we have T ¢ V ¢o if
and only if ¢ is true in every (suitable) finite model. Thus, if there were
such a proof system, the set of first-order sentences that are true in
every (suitable) finite model would be recursively enumerable, contrary
to Trakhtenbrot’s theorem.? -

5.4.2 The Lowenheim-Skolem theorem

The Léwenheim-Skolem theorem states that if a countable first-order
theory has an infinite model, then it has models of every infinite car-
dinality [55-57,61]. Like the compactness theorem, we can extend the
Léwenheim-Skolem theorem to IF logic.

Theorem 5.55 (Léwenheim-Skolem) Let I' be a countable IF theory.
If there is an infinite structure M such that Ml =1 T, then for all infinite
cardinalities k there is a structure M of size k such that M’ =T T.

Proof Suppose M is an infinite structure such that M =T T" and that
k is an infinite cardinal. Then there is an expansion M* of M such that
M* | {Sk(p) : ¢ € T'}. By the Lowenheim-Skolem theorem for first-
order logic, {Sk(cp) NS I‘} has a model of cardinality , the reduct
of which to the vocabulary of T" is a structure M’ of size s such that
M’ =+ T. =

5 One can also use Godel’s first incompleteness theorem to prove Theorem 5.54.
We are grateful to Antti Kuusisto for pointing out this simpler proof using
Trakhtenbrot’s theorem, which can be found in [17, pp. 171-172].
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5.4.3 Separation

Craig’s interpolation theorem [13] says that whenever ¢ is an FOy, sen-
tence, and ¢ is an FOp, sentence such that ¢ |= 9, there is an FOpnr
sentence 0, called an interpolant, such that ¢ = 6 = ¢. We can use
Craig’s interpolation theorem to prove a separation theorem for IF logic.

Two IF formulas are contrary if there is no model in which both are
true. If 6 is a first-order formula, 6ir denotes the IF formula for which
0 is a shorthand.

Theorem 5.56 (Separation) Let ¢ and ¢ be contrary IF;, sentences.
Then there is an FOp, sentence 6 such that

eEY b and =T 0.

Proof Since ¢ and 1 are contrary IF, sentences, it follows that there
is no model M such that M = Sk(¢) and M = Sk(¢). Hence Sk(p) =
- Sk(1). We may assume the fresh function symbols introduced in Sk(¢)
and Sk(v) are all distinct, so by Craig’s interpolation theorem for first-
order logic there is an FO, sentence 6 such that Sk(p) = 6 = —Sk(v).
It follows that Sk(y) | 6 and Sk(¢)) = —6. Hence

ek Or and ¢ ET 0. —|

We can strengthen the separation theorem for IF logic by restricting
attention to structures with at least two elements.

Theorem 5.57 (Burgess [8]) Assume every structure has at least two
elements, and let ¢ and ¢ be contrary IF, sentences. Then there is an
IF;, sentence x such that

e="x and ¢ =" -x.
Proof Let oyp denote the Matching Pennies sentence

Va(3y/{z})z =y,

which is neither true nor false in any structure. Let ¢’ be ¢ V oypp, and
let 1" be 1 V oump. Observe that ¢’ and v’ are contrary IFy, sentences
such that ¢ =T ¢’ and ¢ =T 4’. Also note that ¢’ and ¢’ are never
false because Eloise can always choose the disjunct oyp.

By the separation theorem for IF logic (Theorem 5.56), there is an
FOy, sentence 0 such that ¢’ =1 01 and ¢’ =1 —601p. The IF, sentence
x we are looking for is ¢/ A(—)' Vg ). Observe that —x is =’V (¢’ A—61F)
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by definition. Furthermore,

I+

=T A=t =t

because —1’ is never true, while
— !/ — (A
X =t Y AOp =ty =T
because ¢’ is never true. -

Theorem 5.57 shows that knowing the class of structures in which an
IF sentence is true reveals nothing about the class of structures in which
it is false (beyond the fact that the two classes are disjoint).

5.4.4 Determinacy

Definition 5.58 An IF sentence ¢ is determined in a structure M if it
is either true or false in M. Otherwise ¢ is undetermined in M. We say
that ¢ is determined if it is determined in all suitable structures. -

Proposition 5.59 (Vadndnen [66, Corollary 6.10]) If ¢ is a deter-
mined IF sentence, then there is a first-order sentence 6 such that ¢ is
equivalent to Op.

Proof The IF sentences ¢ and —p are contrary, so by the separation
theorem for IF logic (Theorem 5.56) there is a first-order sentence 6 such
that ¢ =1 01 and ¢ =" O1p. If @ is determined, then O =T ¢ because

M = fp  implies M~ O
implies M }£~ ¢
implies M =7 ¢,
and a similar argument shows that O = . =
Thus, an IF sentence that is not equivalent to a first-order sentence
must be undetermined in some structure. It might also be interesting to

know in which structure. It turns out that for certain IF sentences, this
question can be given a more specific answer.

Theorem 5.60 (Vaandnen [65]) Let ¢ be an IF; sentence, and let
M be an infinite L-structure. Suppose that for every L-structure M’ we
have

M EY e if MM,

Then ¢ is undetermined in exactly the structures isomorphic to M.
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Proof Tf M 22 M, then M’ =T ¢, and thus ¢ is determined in M.
Conversely, if M = M’, then M’ [£* . Suppose for the sake of a

contradiction that M’ =~ ¢. Then M’ 1 —p. Given that M = M/

and M is infinite, M’ must be infinite too. By the Lowenheim-Skolem

theorem, there is a strictly larger structure M such that M” =T —p.
Whence M 2 M and thus M” =" ¢, which is impossible. -

To conclude the chapter, we consider an application of Theorem 5.60
to (Peano) arithmetic. The vocabulary L = {0, S} of arithmetic consists
of a constant symbol 0 and a unary function symbol S. In any model,
the interpretation of the constant symbol 0 is called zero, and the inter-
pretation of the function symbol S is called the successor function. The
axioms of Peano arithmetic are meant to define what it means to be a
natural number.

PA1. Vz(S(z) #0).
PA2. VaVy(S(z) = S(y) —» z =1y).
PA3. VX KX(O) AVz[X (z) — X(S(x))}) - va(y)]

The first axiom asserts that zero is not the successor of any number.
The second axiom asserts that the successor function is injective. Thus
any model of the axioms must contain an infinite set of numbers

{0,5(0),5(5(0)),...}.

The third axiom is called the induction axiom. It asserts that any set
of natural numbers that includes zero and is closed under the successor
function contains every natural number. Notice that the induction axiom
is a second-order sentence because the variable X ranges over sets of
natural numbers. We will discuss second-order logic in the next chapter.

Up to isomorphism, there is only one model of the Peano axioms,
which is denoted N.

Theorem 5.61 (Dedekind [15]) Any two models of Peano arithmetic
are tsomorphic. -

Example 5.62 Consider the IF sentence ¢:

VaIyvu(Fv/{z, y}) (Fw/{z,y,u,v}) (o1 A o2 A @3 A ps),
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where
p1 s z=u—y=uv,
g2 is r=0—-y=0,
3 is (y=0Au=S(x) »v=0,
pr 18 y=0—zF#w.
The Skolem form of ¢ is
VmVu[(m =u— f(z) =gu) A (z=0— f(z)=0)
A(f(@) = 0 Au=S()) = glu) = 0
/\f(a:)zO—>x7éc],
which is equivalent to
Vi [f(()) —0
A F() = 0= f(S(x)) =0
Af(@)=0—a# .

Thus M =T ¢ if and only if there is an expansion of M with a unary
function for which the preimage of 0™ includes 0™ and is closed under
S™ but is not the entire universe. In other words, ¢ is truth equivalent
to the (contradictory) negation of PA3.

Let 6 be the IF sentence

Fz(S(z) =0) vV IzTy(z £y A S(z) = S(y)) Ve
Then for any {0, S}-structure M we have
ME* 6 iff M2N.

By Theorem 5.60, the sentence 6 is undetermined in exactly those {0, .S}-
structures that are isomorphic to N. -
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Expressive power of IF logic

In this chapter, we compare the expressivity of IF logic to that of other
logical systems such as first-order logic and second-order logic. We will
show that IF logic is a conservative extension of first-order logic in the
sense that every property expressible by a first-order sentence can be
expressed by an IF sentence. Furthermore, there is a class of structures
defined by an IF sentence that is not first-order definable, which shows
that IF logic is strictly more expressive than first-order logic. In fact, IF
logic has exactly the same expressive power as the existential fragment
of second-order logic.

At the end of the chapter we consider a fragment of IF logic. We will
show that the fragment of IF logic consisting of sentences whose semantic
games have perfect recall has the same expressive power as first-order
logic.

6.1 Definability

One of the primary functions of a formal language is to enable us to
express interesting properties. For example, the property of having two
elements is captured by the first-order sentence

JoTy[z £y AVz(z =2Vy =2)]

because the sentence is true in every structure with two elements, and
no others.

Definition 6.1 Let L be a vocabulary. A class K of L-structures is
defined by an FOp, sentence ¢ if for every L-structure M|

MeK if ME .
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A class of L-structures is first-order definable (or elementary) if it is
defined by an FOy, sentence. —

Definition 6.2 A class K of L-structures is defined by an IF, sentence
p if for every L-structure M,

MeK iff MET o

A class of L-structures is IF definable if it is defined by an IF;, sentence.
A pair (KT, K7) of classes of L-structures is IF definable if there is an
IF;, sentence ¢ such that for every L-structure M we have M € KT if
and only if M =T o, and M € K~ if and only if M =~ ¢. =

Recall that every first-order formula ¢ can be viewed as a shorthand
for an IF formula orp in which every slash set is empty. The only differ-
ence between the semantic game for ¢ and the semantic game for ¢
is the addition of the indistinguishability relations ~3 and ~y. Since no
information is hidden from the players, however, the indistinguishability
relations have no effect.

Theorem 6.3 Let ¢ be an FOp, formula, and let o1 be the IFL, formula
for which ¢ is a shorthand. Then for any suitable structure M and any
assignment s whose domain contains Free(p) = Free(pir),

M,sE¢ iff MsE" o

If v is a first-order sentence,

MEe if MET oF.

Proof By definition, any winning strategy for G(M, s, prr) is also a
winning strategy for G(M, s, ¢). Conversely, since every slash set in 1
is empty, two histories of G(M, s, prr) that lead to the same subformula
are indistinguishable if and only if they induce identical assignments. By
Proposition 3.15, if Eloise has a winning strategy for G(M, s, ), then
she has a memoryless winning strategy for G(M, s, ¢), which is also a
winning strategy for G(M, s, prr).

If ¢ is a sentence, then M |= ¢ if and only if M, & |= ¢ if and only if
M, {@} ET ¢rF if and only if M =1 ¢rF. -

Corollary 6.4 FEvery elementary class of structures is IF definable.

The converse of Corollary 6.4 does not hold. In Chapter 4, we exhib-
ited an IF sentence ¢, that defines the class of structure with infinite
universes (see Example 4.14). However, the class of infinite structures
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is not first-order definable, which shows that IF logic is strictly more
expressive than first-order logic.

6.2 Second-order logic

One of the features of first-order logic that limits its expressive power
is the fact that first-order quantifiers range over individuals, but not
functions or relations. In order to quantify over functions and relations,
we must ascend to second-order logic.

The syntax of second-order logic has two new sorts of variables: rela-
tion variables and function variables (collectively known as second-order
variables). Like relation symbols and function symbols, each second-
order variable comes with a specified arity. We assume that there are
infinitely many relation and function variables of each arity. To distin-
guish ordinary first-order variables from relation variables and function
variables, we will sometimes refer to them as individual variables.

The rules for generating second-order formulas and terms are the same
as for first-order logic, plus additional rules for second-order variables.

Definition 6.5 Let L be a vocabulary. The set of second-order L-terms
is generated by the finite application of the following rules:

e Every individual variable is a second-order L-term.

e Every constant symbol in L is a second-order L-term.

e If f is an m-ary function symbol in L and t1,...,t, are second-order
L-terms, then f(t,...,t,) is a second-order L-term.

e If I’ is an n-ary function variable and t4,...,t, are second-order L-
terms, then F'(t1,...,t,) is a second-order L-term. -

Relation symbols can be combined with terms to form (atomic) formu-
las. Formulas can be combined with logical connectives and quantifiers
to form (compound) formulas.

Definition 6.6 The second-order language generated by the vocabu-
lary L, denoted SOy, is generated by the finite application of the fol-
lowing rules:

e If ¢t; and ty are second-order L-terms, then (t; = t3) € SOp.

e If R is an n-ary relation symbol in L and t4,...,t, are second-order
L-terms, then R(t1,...,t,) € SOL.
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e If X is an m-ary relation variable and ¢1,...,t, are second-order L-
terms, then X (¢1,...,t,) € SOp.

o If ® € SO, then =® € SO.

o If &, &' € SO, then (P Vv @) € SO and (& A P') € SOL.

e If & € SOy, and z is an individual variable, then dz® € SO and
Vz® € SOp.

e If ® € SOy and X is a relation variable, then 3X® € SOy and
VX® e SOy.

e If & € SO, and F is a function variable, then 3F® € SO, and
VF® € SOp. o

The elements of SO, are called SOy, formulas. A second-order formula
is an SOy, formula for some vocabulary L. As usual, when the vocabulary
is irrelevant or clear from context we will not mention it explicitly.

An occurrence of a variable in a second-order formula is free if it is
not bound by a quantifier of the appropriate type. If ® is an atomic
second-order formula, all its variables are free. For compound second-
order formulas, we apply the clauses from Definition 3.5, plus:

Free(QX ®) = Free(®) — {X},
Free(QF®) = Free(®) — {F'},

where X is a relation variable, and F' is a function variable.

The semantics of second-order logic is similar to that of first-order
logic, except that a second-order assignment assigns values to three sorts
of variables. The value of an individual variable must be an element of
the universe, the value of an n-ary relation variable must be an n-ary
relation on the universe, and the value of an n-ary function variable must
be an n-ary function from the universe to itself.

Definition 6.7 Let ® be a second-order formula, M a suitable struc-
ture, and s a second-order assignment. If X is an n-ary relation variable,

M,s =3X® iff M, s(X/R) | @, for some R C M",
M,s EVX® iff M, s(X/R) E ®, for every R C M".

If f is an n-ary function variable,

M,s =3F® iff M,s(F/f) = ®, for some f: M™" — M,
M,s EVF® iff M,s(F/f) = ®, for every f: M" — M. -
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An n-ary function can be considered as an (n + 1)-ary relation with
the property that whenever the first n coordinates of any two (n + 1)-
tuples in the relation agree, their final coordinates also agree. Conversely,
an n-ary relation R can be defined in terms of an n-ary function f by
choosing a special element of the universe ¢, and defining

(J’Jl,...,l’n)GR iff f(xla-"axn):&

These considerations allow us to restrict our attention to a single kind
of second-order variable. For our purposes, it will be useful to focus on
function variables, and ignore relation variables.

We saw in Chapter 3 that if a first-order sentence ¢ is true in a model,
then the Skolemization of ¢ is true in an expansion of the model. In
Chapter 3, we extended the Skolemization procedure for first-order logic
to IF logic. By using function variables instead of function symbols, we
can define a second-order Skolemization procedure for IF logic that will
allow us to identify second-order truth and falsity conditions for any IF
sentence.

Definition 6.8 Let ¢ be an IF formula, and let U be a finite set of
variables containing Free(yp). The second-order Skolem form (or second-
order Skolemization) of ¢ € Subf(y) with variables in U is defined ex-
actly like the first-order Skolem form of ) (Definition 4.9), except that
each fresh function symbol f(3,,w)y is replaced by a corresponding func-
tion variable F(g;/w)y. The second-order Kreisel form (or second-order
Kreiselization) of 1 is defined analogously (see Definition 4.17). =

We will be a bit lax in our notation by allowing Sk () to denote
either the first-order or the second-order Skolem form of 1, depending
on the context. Likewise, for Kry (v).

Definition 6.9 For any IF sentence ¢, let ¢ denote the second-order
formula

3F, ... 3F,, Sk(y),

where F1, ..., F,, are the free function variables in Sk(p). Dually, let ¢~
denote

3G, ... 3G, Kr(y),
where Gy, ..., G, are the free function variables in Kr(y). =

For example, if ¢ is the IF sentence from Example 4.14, then ¢ is

3C3AFIGYz [G(F(:c)) =z AF(z) £ 0|,
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which asserts that there exists an injection from the universe to it-
self whose range is not the entire universe, i.e., that the universe is
(Dedekind) infinite. One can check that ¢ is

FFYVwVyVz [z =F(w)ANy # w],
which is tautologically false.

Theorem 6.10 Let ¢ be an IF sentence and M a suitable structure.
Then M =T ¢ if and only if M |= ™.

Proof M [T ¢ if and only if there is an expansion M* of M to the
vocabulary L* = LU { fy : ¢ € Subfz(p) } such that M* = Sk(y), and
such an expansion exists if and only if M = ™.

Dually, M =~ ¢ if and only if there is an expansion M* of M to the
vocabulary L* = L U { fu : ¥ € Subfy(p) } such that M* | Kr(p), and
such an expansion exists if and only if M = ¢ -

Thus we are justified in calling o+ the second-order truth condition of
p, and ¢~ the second-order falsity condition of .

6.3 Existential second-order logic

By definition, ¢t and ¢~ consist of a block of existential second-order
quantifiers followed by a second-order formula that does not contain
any second-order quantifiers. Second-order formulas in which all second-
order quantifiers are existential and appear at the front of the formula are
called existential second-order formulas. The class of existential second-
order formulas is denoted ¥} because of its position in the second-order
quantifier-alternation hierarchy.

Definition 6.11 A second-order formula belongs to the class 3 =
1} if it does not have any second-order quantifiers. It belongs to the
class X} if it consists of a block of existential second-order quantifiers
followed by a II;, formula, and to the class II}, ,; if it consists of a block
of universal second-order quantifiers followed by a 3} formula. -

Theorem 6.10 shows that every IF sentence has a ¥} truth condition
and a Y falsity condition. The converse holds as well. Working in the
context of branching quantifiers, Enderton [19] and Walkoe [67] indepen-
dently proved that every ¥} sentence is equivalent to the second-order
truth condition of an IF sentence. Furthermore, for every pair (®*, &™)
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of contrary ¥{ sentences there is an IF sentence ¢ such that ot is equiv-
alent to ®T, and ¢~ is equivalent to &~ [8].

Enderton and Walkoe’s result depends on the fact that every 3 sen-
tence is equivalent to a ¥} sentence with a specific form. First of all, we
want the sentence to be in prenex normal form and free of first-order
existential quantifiers.

Definition 6.12 A ¥} formula is in Skolem normal form if it has the
form

JFy ... 3F V2, .. V2, U

where Fy,..., F, are function variables, x1,...,x,, are individual vari-
ables, and ¥ is quantifier free. a

Skolem [55] proved that every %1 formula is equivalent to a formula in
Skolem normal form.! The 3} part of a 31 sentence in Skolem normal
form looks suspiciously like the second-order Skolem form of an IF sen-
tence. However, the second-order Skolemization of an IF sentence cannot
have second-order terms like F'(x, x,y) in which the same variable occurs
as an argument multiple times. Nor can it have terms in which the same
function variable occurs with different arguments, such as F(z,y, z) and
F(z,y,z). If U satisfies the further requirement that there are no second-
order terms with nested function variables, e.g., F(x, y, G(u, v)), then we
can find an IF sentence ¢ such that Sk(y) is equivalent to Vzy ...V, V.

Proposition 6.13 Let ® be a %} formula of the form Vzi...Vz,, ¥,
where W is a quantifier-free formula in negation normal form whose free
individual variables are among x1, . .., Ty, If for every second-order term
F(tl,...,tk) m \I/,

(1) {th...,tk} - {xl,...,mm},

(2) the terms t1,...,t; are distinct,

(8) for every second-order term F'(t},...,t}) in U, F = F' implies that
t; =t foralll1 <i<k,

then @ is equivalent to the second-order Skolemization of an IF sentence,
modulo renaming of function variables.

Proof Suppose W satisfies conditions (1)—(3). We will construct an IF
sentence ¢ whose second-order Skolem form is equivalent to ® modulo
renaming function variables. Let g be ®, and let 1)y be ¥. Apply the
following routine, starting from ¢ = 0:

1 English translations appear in [56,57]. See [66, Theorem 6.12] for a nice proof.
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o If F(ty,...,t) is the left-most second-order term in ¢;:

Vay . VT, By /Wh) - .. Gy /W),

replace every instance of F'(t1,...,t;) with a fresh individual variable
Yi+1 that is bound to an existential quantifier (3y;+1/Wi+1), obtaining
the formula ¢;1:

V.. Ve, (3yn /Wh) - (Fya/ W) (Fyisr /Wisa )it

where W1 = {21,...,Zm,y1,-- -, Yi} — {t1,.-.,tk}, and ;41 is the
quantifier-free formula such that ; is

Subst(zbiH, Yi+1, F(t1, P ,tk)).

By condition (3) every occurence of a given function variable F' appears
with the same arguments ¢4, ...,t;. Therefore ;11 has no occurrences
of F'. Thus we create a sequence ¢y, . .., @, of formulas, each with fewer
function variables than the last. The formula ¢, contains no function
variables; hence it is the desired IF formula ¢. Since all the individual
variables x1,...,x,;, were bound in the original formula, and each of
the new variables y1, ..., y, is bound by a new existential quantifier, we
conclude that ¢ is an IF sentence.

We show by induction that for every 0 < ¢ < n, the second-order
Skolemization of ¢; is equivalent to ® modulo renaming function vari-
ables. The base case is easy because gy is ® by definition, and ¢q is
Sk(po) because g contains no existential quantifiers. For the induc-
tive case, suppose Sk(¢;) is equivalent to ® modulo renaming function
variables. If we can show that 1; is equivalent to

..... et} (FYie1/Wig1 ) i)

modulo renaming function variables, then certainly Sk(y;) is equivalent
to Sk(pi+1), and we are done. Observe that

{x1, o Ty Y1, Yi b — Wigr = {1, .t}
Hence Skia, .z yrsys} (3Wig1/Wis1)¥iga) is
Subst (Vi 1, Yit15 Fayer /Wisa)wiss (b1 - 5 k)5
which is equivalent to 1; modulo renaming function variables. o
Example 6.14 Consider the X} formula
VaVyR(z, F(z),y,G(y)).
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Two iterations of the routine in the proof of Proposition 6.13 convert
this formula into an IF sentence. First, we remove the second-order term
F(z) to obtain

Vavy(Fv/{y}) R(z,v,y,G(y)).

Next we remove G(y):

vavy(Fv/{y}) (Gw/{z,v})R(z,v,y, w).

We leave it as an exercise to check that Skolemizing the above formula
yields the original formula. -

Example 6.15 Not every IF sentence has a second-order Skolem form
that satisfies the conditions of Proposition 6.13. For instance, the formula

VavyP(G(F(z)))
does not meet condition (1), even though it is the Skolemization of

VxVy(Elz/{y}) (Elu/{z,y})P(u) B

The proof of the following theorem hinges on the fact that every %}
formula can be massaged into an equivalent >} formula that does satisfy
the conditions of Proposition 6.13.

Theorem 6.16 (Enderton [19] and Walkoe [67]) For every X1 sentence
D there is an IF sentence ¢ in the same vocabulary such that for every
structure M,

ME® if MET o
Proof Let ® be a ¥} sentence, which we may assume is of the form

where V¥ is quantifier free. For each of the three conditions, we present
an equivalent pair of X} formulas, so that by iteratively replacing the
one by the other we obtain a formula that meets the condition at hand.
The proof steps closely follow the proof of Theorem 6.15 from [66].

Condition (1). Let R(t1,...,tx) be an atomic subformula of ¥ such
that t; = F'(t},...,t;) and t} is a compound second-order term, for some
1<i<kand1l<j<U/ Let y be an individual variable that does not
appear in W. Then R(tq,...,tx) is equivalent to

Vy[y=t;~—>

R(tl,...,ti,l,F(tll,...,t;_l,y,t;_i_l,...,t}),tiﬂ,...,tk)]
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Thus we may assume that every second-order term in ¥ has the form

F(y1,...,ye) where each y; is an individual variable.
Condition (2). Let R(t1,...,tx) be an atomic subformula of ¥ such
that t; = F(y1,...,y¢) is a second-order term in which the same variable

occurs twice, say y; and y;-. Let z be an individual variable that does
not appear in W. Then R(ty,...,t;) is equivalent to

Vz{z:yj —

R(tla'"7ti—17F(y17"'7yj—1azvyj+1a"'ayf)vti+1a"'atk):|'

Thus we may assume that the arguments of any second-order term
F(y1,...,ye) that occurs in ¥ are all distinct variables.

Condition (3). Let F(yi,...,yx) and F(z1,...,2;) be second-order
terms in ¥ that have the same function variable but different arguments,
that is, for some 1 < ¢ < k, the individual variables y; and z; are not
the same. Suppose that {y1,...,yx} N {z1,...,2x} = @. If this is not
the case replace the variables in the intersection using the method for
condition (2). Let F’ be a k-ary function variable that does not appear
in ®. We replace F' by F’ in the second term, using the equivalence
between V1 ...Vx,,0 and

Ay Vo [(n = 218 A gy = 2) —
F(ylv'-'7yk):F/(Zlv"'yzk‘))/\gl:|7

where 6’ is the result of replacing F(z1,...,2) for F'(z1,...,2;) in 0
wherever it appears. Thus we may assume that a given function variable
F always appears with the same sequence of arguments.

Each modification preserves the earlier conditions. Thus ® is equiva-
lent to a Y1 sentence 3F) ...3F,/\Vzy ..., 2, ¥, where U’ satisfies con-
ditions (1)—(3). By Proposition 6.13, there is an IF sentence ¢ such that
Yy ..., ;P is equivalent to Sk(p), hence @ is equivalent to p*. -

Example 6.17 Consider the ¥} formula
IV [ac = F(F(z)) Ax # F(az)},

which expresses evenness on finite structures (see Example 4.15). To
meet condition (1), we replace the term F(z) in F(F(z)) by the new
variable y:

HFVxVy[y:F(x) — (m:F(y)/\x;«éF(x))}
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The resulting sentence violates condition (3) because the terms F'(z) and
F(y) have the same function variable but distinct arguments. Replacing
the function variable in F'(y) with a new function variable G yields:

EIFEIGVJ:Vy[(m —y— F(z) = G(y))
Ay =F@) = (@ =Gy re £ F@))],
which is the second-order truth condition for
vavy(Ju/{y}) Bo/{zu}) (@ =y = u =)
/\(y:u—>(x:v/\x7éu))}. =

Definition 6.18 A class of L-structures K is defined by a X1 sentence
® if for every L-structure M,

MeK iff ME®.

A class of L-structures is X1 definable (or pseudo-elementary if it is
defined by a ¥i sentence. =

Every elementary class is pseudo-elementary, but not vice versa. For
example, the class of infinite structures is pseudo-elementary, but it is
not elementary. It follows immediately from Theorem 6.16 that every
pseudo-elementary class is IF definable.

By combining the compactness theorem for IF logic with Theorem
6.16, one can show that the class of finite structures is not pseudo-
elementary. Thus the complement of a pseudo-elementary class is not
necessarily pseudo-elementary, which implies that neither IF logic nor
existential second-order logic is closed under contradictory negation.

Moreover, the orthogonality of the truth and falsity “coordinates” of
an IF sentence implied by Theorem 5.57 means that the game-theoretic
negation, which tells Eloise and Abelard to switch roles, does not corre-
spond to any operation on classes of models.

Theorem 6.19 (Burgess [8]) FEzcluding one-element structures, every
pair of disjoint, pseudo-elementary classes is IF definable.

Proof Let KT and K~ be pseudo-elementary classes. Then there are
IF sentences ¢ and v such that M € K* if and only if M =T ¢, and
M € K~ if and only if M =1 4. Since K+ and K™ are disjoint, there is
an IF sentence x such that

M e K* iff MET . .
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6.4 Perfect recall

Chapters 4 and 5 have given us a sense of the streams of information
that flow through IF semantic games. We have seen how information
can be hidden from the players, how the players can signal informa-
tion to themselves, and how adjusting slash sets allows us to rearrange
quantifiers.

Many of the information patterns specifiable by IF sentences cannot
be obtained with first-order sentences. In the semantic game for an IF
sentence, we have the ability to hide the value of any variable from any
player at any time. In this section, we will consider IF sentences whose
information flows satisfy a couple of natural conditions.

Informally, a player of an extensive game has action recall if he al-
ways remembers his own moves, and has knowledge memory if he never
forgets information he once knew. A player with both action recall and
knowledge memory is said to have perfect recall [35, 36].

In extensive games with perfect recall, ignorance of an opponent’s
move can be ascribed to “external” factors. For instance, we can imagine
that the players write each move on a separate card, which is then placed
face-up or face-down on a table. In the first case, the opponents learn
which move was played and remember it for the rest of the game. In
the second case, the opponents do not know which move was played
unless and until the card is turned face up. In games with imperfect
recall, a player’s ignorance may be caused by “internal” factors such
as forgetfulness or limited computational resources. Games that lack
perfect recall have not received much attention in the game-theoretic
literature, see [45, p. 204] and [47, p. 4].

We shall define perfect recall as a syntactic property of IF sentences.
It is straightforward — but somewhat tedious —to prove that under the
definition given below, an IF sentence has perfect recall for a player if
and only if that player has perfect recall in all the sentence’s semantic
games [52].

For the purpose of illustration, consider the signaling sentence

Va3z(3y/{z})z = y.

It was observed by van Benthem [4] that in this sentence Eloise does
not have knowledge memory because she knows the value of x when she
chooses the value of z, but not when she chooses the value of y. She does
have action recall, because she knows the value she assigned to z when
she picks y. As another example, Eloise has knowledge memory in the
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semantic game for the IF sentence
Vo (Jy/{z})3z(Fu/W)R(z,y, z,u), (6.1)

if and only if W C {z} because she knows the values of x and y when
she chooses the value of z. She does not have action recall if y € W or
z € W because then she would have forgotten one of her own moves.

Does the observation that Eloise lacks perfect recall in certain IF
sentences, such as the signaling sentence, render their games unplayable?
Not necessarily. A well-known way to interpret games with imperfect
recall is by regarding its players as coalitions of players whose interests
are perfectly aligned. The popular card game bridge is played with four
people divided into two teams. Each pair of partners must coordinate
their moves, even though they are not allowed to see each other’s cards.
As the bidding moves around the table, each team “forgets” half of
their cards. Thus the team as a whole does not have knowledge memory,
even though each member does. The playability of IF games and their
coalitional interpretation is discussed in [4, 28, 52], amongst others. See
also the discussion of signaling games on pages 73-74.

To avoid complications that arise when a variable is assigned a value
twice, we will restrict our attention to regular IF sentences. We introduce
some auxiliary notions that help us talk about the set of variables that
a player has seen so far in the game. For any regular IF sentence ¢
and any ¢ € Subf(y), let A, (1)) denote the set of variables quantified
superordinate to 1. Note that if ¢ is of the form (Qz/W )4’ then z is
not contained in A, (¢). Now define

A<p(1b) if ¢ is yox’
Ap() Wi s (Qu/T)x.

That is, K,(¢) is the set of variables the active player can see in the
position corresponding to 1.

Kso(w) = {

Definition 6.20 For a regular IF sentence ¢, Eloise has

e action recall if, whenever the variable x is existentially quantified su-
perordinate to a subformula of the form (Jy/W)wy, we have

w € Ky ((Qy/W));

o knowledge memory if, whenever 1, x € Subf(y) are subformulas that
belong to Eloise and x € Subf(¢), we have K, () C K, (x);
e perfect recall if she has both action recall and knowledge memory.
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Abelard has action recall, knowledge memory, or perfect recall for ¢ if
the dual clauses hold. =

Example 6.21 Consider the IF sentence ¢ from (6.1). Let ¢ be the
subformula

(Fu/W)R(z,y, z,u),
and observe that K, () = {z,y,2} — W. According to Definition 6.20,

Eloise has action recall if both y and z belong to K (1)), or (equivalently)
if neither belong to W. Furthermore, Eloise has knowledge memory if

Ko ((Qu/{a})320) € Ky (320) € Ko(0).

The first containment is automatic since the set on the left is empty.
To obtain the second containment we need {z,y} C K,(¢), which is
equivalent to W C {z}. -

We will use the following equivalences.

Proposition 6.22 Let ¢ and ¥ be IF formulas, and let U be a finite
set of variables that contains Free(y), Free(v), and W. If x and y are
distinct variables not in U,

(a) V(o AY) =y Vo AVzy,
Ju(p V) =v Jwe V Ixy;

(b) VaVyp = YyVae,
dzIye =;; JyIzp;

(¢) Va(3y/W U{z})p = (Fy/W )V,
Ju (Vy/W U {z}) e = (Vy/W)Tzep.

Proof Part (a) follows immediately from Proposition 5.23. To prove
part (b), observe that by Proposition 5.29 and Lemma 5.42,

VaVye =f Yz (Vy/{z})e
=u Vy(Vz/{y})e
= VyVzo.

Part (c) is proved similarly. o

It was shown by the third author [52, p. 44] that IF sentences have
first-order truth conditions.

Theorem 6.23  Every reqular IF sentence for which FEloise (Abelard)
has perfect recall is truth (falsity) equivalent to a first-order sentence.
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Proof Let ¢ be a regular IF sentence for which Eloise has perfect recall.
Since we are only interested in truth equivalence, we may assume that
the slash sets of universal quantifiers in ¢ are empty (see Lemma 5.42).
If all the existential slash sets are empty, then by Theorem 6.3 we are
done, so let us assume that (3z/W)y is a subformula of ¢ such that
the variable x belongs to W. Since Eloise has action recall, x must be
universally quantified superordinate to (3z/W)x. Hence there must be
a subformula of ¢ of the form V1 such that (3z/W)x is a subformula
of 1.

Since Eloise has knowledge memory, 1) cannot be of the form 6 Vv #’.
If ¢ is O A 8" we can use Proposition 6.22(a) to distribute the universal
quantifier over the conjunction to obtain Vx6 A Vz#'.

If Vaep is VaVyl, we can use Proposition 6.22(b) to obtain VyVz6. If it
is Vo (Jy/W')6 we know that © € W’ because Eloise has knowledge mem-
ory. Thus we can use Proposition 6.22(c) to pull the universal quantifier
inside the existential quantifier to obtain

(3y/W' — {a})Vab.

Notice that each transformation preserves Eloise’s perfect recall. By
repeating these steps, we can eliminate all the variables in every slash set
by pushing universal quantifiers as deep into the formula as necessary,
but no further. Eventually, we will obtain an IF formula in which every
slash set is empty that is truth equivalent to the original.

The proof for Abelard is similar. B

Corollary 6.24 For any regular IF sentence whose truth (falsity) con-
dition is not equivalent to a first-order sentence, Eloise (Abelard) does
not have perfect recall.

Theorem 6.23 does not imply that every regular IF sentence for which
both Eloise and Abelard have perfect recall is equivalent to a first-order
sentence, even though such sentences do have first-order truth and fal-
sity conditions. For example, both players have perfect recall for the
Matching Pennies sentence

Vz(Jy/{z})z = v.

When we push the universal quantifier inside the existential quantifier,
we obtain the first-order truth condition JyVz(x = y). To obtain the
first-order falsity condition, we negate the formula and drop the slash
set on the universal quantifier, which yields JzVy(z # y).
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Burgess showed that every pair of disjoint pseudo-elementary classes
is IF definable (Theorem 6.19). Is it also the case that every pair of
disjoint elementary classes can be defined by an IF sentence for which
both players have perfect recall?

Theorem 6.25 FEzxcluding one-element structures, every pair of dis-
joint elementary classes is definable by a reqular IF sentence for which
both FEloise and Abelard have perfect recall.

Proof Let Kt and K~ be disjoint elementary classes defined by ¢ and
1, respectively. Let ¢oyp denote the Matching Pennies sentence

Vo (Jy/{z})z =y.

Let ¢’ be ¢rr V omp and 9" be rr V oump. Then ¢’ is an IF sentence
that defines K+ but is never false, while ¢/’ defines K~ but is never false,
either. By the separation theorem for IF logic (Theorem 5.56) there is
a first-order sentence 6 that is true in every M € K and false in every
MeK™.

As in the proof of Theorem 5.57, the sentence we are looking for is

(p/ N (ﬁ’(ﬁl V 911:‘)

Observe that ¢’ A (-’ V 0ir) is a regular IF sentence for which both
Eloise and Abelard have perfect recall. -



7
Probabilistic IF logic

Game-theoretic semantics attempts to characterize two logical notions,
truth and falsity, in the setting of extensive game theory. We saw that in
this framework, the truth (falsity) of an IF formula amounts to the exis-
tence of a winning strategy for Eloise (Abelard). Assuming that Abelard
and Eloise act in their best interest, they will follow a winning strategy
if such a strategy is available to either of them.

The question arises how Abelard and Eloise play if neither player has
a winning strategy. Consider for instance the Matching Pennies sentence
pwmp that is defined by

Vm(ﬂy/{x})x =y

and the Inverted Matching Pennies sentence ¢nyp that is defined by
Vr(y/{z})z # y.

In the framework of game-theoretic semantics, the games of ¢yp and
pimp on any structure with at least two objects are undetermined: nei-
ther player has a winning strategy.

This does not mean that Eloise is indifferent as to which game she
plays. Intuitively, if Ml has two objects, Eloise’s odds of winning the game
G(omp, M) are equal to her odds of winning the game G(@rvp, M). But
let’s see what happens if M contains more than two objects. In the game
of pump on M, given that Eloise is to choose the same object as Abelard,
her chances of winning decrease. On the other side, in the game of pvp
on M her chances to win increase as the size of the M increases. So Eloise
prefers playing G(M, ¢ivp) to playing G(M, pmp) if M contains more
than two elements. The game-theoretic machinery laid out in Chapter 4
does not account for this observation as it does not explain how Abelard
and Eloise play in undetermined games.
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In this chapter we will introduce a new approach that allows Eloise
and Abelard to randomize their strategies in such a way that the payoff
resulting from their behavior is stable, i.e., is in equilibrium. We will see
that applying the notion of equilibrium gives us a means to assign to IF
games a value in the interval [0, 1]. As a result, yp has value 1/n on
finite structures with n elements, whereas prvp has value (n — 1) /n.

There is an on-going debate in game theory about the interpretation
of the notion of equilibrium and the implications it has on the behavior
and resources of the players, etc. We are not going to enter this debate in
this chapter. Nonetheless, the results we formulate are likely to provide
interesting new ramifications for its articulation.

The bulk of the work presented in this chapter draws on recent results
presented in [54]. The notion of applying equilibria to semantic games
has been anticipated in [3, 7].

7.1 Equilibrium semantics

The idea to apply the minimax theorem to undetermined games (in the
framework of Henkin quantifiers) goes back to Ajtai [7]. It was later
taken up in [52] for a special class of quantifiers and generalized in [54]
to IF logic. In this section we will interpret IF logic by strategic games
and in this context we will use the minimax theorem to formulate a new
semantic interpretation, called equilibrium semantics.

We first define the strategic counterpart T'(M, s, p) of an extensive
game G(M, s, ¢).

Definition 7.1 Let ¢ be an IF formula, M a suitable structure, and
s an assignment in M whose domain contains Free(y). Let G be the ex-
tensive game G(M, s, ). The strategic IF game T'(M, s, @) is a strategic
game with components defined as follows:

e Nis {3V}

e S, is the set of strategies of player p in G for each player p € N;
e u, is the utility function of player p such that

(0,7) 1 if playing o against 7 is winning for Eloise in G,
ug\o, 7) =
’ 0 if playing o against 7 is losing for Eloise in G,

uy(o,7) =1 —ugz(o, 7). -
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Whenever ¢ is a sentence and s is the empty assignment, we write
T'(M, ¢) instead of I'(M, s, ¢). We shall often write S for S3 and T for
Sv, as well as u instead of ug and U instead of Us.

Every strategic IF game is a one-sum game, since for every o € S
and 7 € T, uz(o,7) + uy(o,7) = 1. We can transform every strategic IF
game I into a zero-sum game I'" whose utility function u;, is defined from
[s utility function u, by u(o,7) = 2up(0,7) — 1 for every o € S and
7 € T. By Proposition 2.17, every equilibrium in I" is an equilibrium
in our strategic IF game I', and we can therefore apply the minimax
theorem to strategic IF games.

Let (p1,v1),. .., (1, v;) enumerate the equilibria in a finite strategic
IF game I'. By the minimax theorem (Theorem 2.16), " has at least
one equilibrium: ¢ > 1. By Proposition 2.15, U(u1,v1) = U(p,v;) for
all 4. Thus, for any equilibrium (u;,7;), we can unambiguously refer
to U(pi,vi) as the value of I'. We write V(T') for the value of T'. If
' =T(M, s, ¢), then we refer to V(I') as the value of ¢ on M relative to
s. It is obvious that strategic IF games take values in the interval [0,1].

Any strategic IF game T'(M, s, ¢) is finite if and only if the structure
M is finite. Therefore, it is not guaranteed by the minimax theorem that
(M, s, ) has an equilibrium if M is infinite. In this chapter we shall
only deal with finite strategic IF games.

Example 7.2 Let M be a finite structure with universe {1,...,n}.
Recall our earlier example pyp, the Matching Pennies sentence

Vo (Jy/{z})z =y.

We have seen that the Skolem form of pyp is Va(z = ¢) and that the
Kreisel form of pyp is Vy(d # y). This means that in T'(M, ppp) every
pure strategy o; instructs Eloise to pick the object ¢ € M, and similarly
for strategies 7; of Abelard. Let us write S = {o1,...,0,} for the pure
strategies of Eloise in I'(M, oyp), and T = {7,...,7,} for the pure
strategies of Abelard. The utility functions are given by

1 ifi=j,
uz(0;,7;) = o
0 ifi#j,
uy(04,75) =1 —uz(o, 75).

Eloise’s utility function is displayed as a payoff matrix in Figure 7.1(a).
Letting p* denote the uniform strategy over S and v* the uniform strat-
egy over T, we claim that (u*,v*) is an equilibrium in I'(M, ppp). For
any pure strategy o; € S, Us(o;,v*) = er v*(1;)us(0;, 7). Eloise’s
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T1 T2 T3 Tn T1 T2 T3 Tn

o1 1 0 0 0 o1 | O 1 1 1

o2 | O 1 0 0 o2 1 0 1 1

g3 0 0 1 0 g3 1 1 0 1

On 0 0 0 1 On 1 1 1 0
(a) I'(M, pmp) (b) I'(M, ¢rmp)

Figure 7.1 The payoff matrices of Eloise in Matching Pennies and
Inverted Matching Pennies

utility function ug returns 1 if ¢ = j; otherwise it returns 0. Hence,
Us(o;,v*) = v*(1;) = 1/n. Similar reasoning shows that for cach 7; € T,
Uy(p*,7;) = (n —1)/n. By Proposition 2.18, (p*,v*) is an equilibrium.
We conclude that the value of T'(M, ¢ypp) is 1/n. —

Example 7.3 Let M be the structure from the previous example and
¢mvp the Inverted Matching Pennies sentence Vz(3y/{z})z # y. In
I'(M, ¢rvp), the set of strategies of Eloise and Abelard are the same as
in the game I'(M, ¢yp). The utility function of Eloise in I'(M, ¢rvp)
is the inverse of the utility function of I'(M, pmp), as shown in Figure
7.1(b).

The two uniform strategies p* and v* from the previous example are
also an equilibrium in this case. However, in this game they yield an
expected utility for Eloise of (n —1)/n, that is, the value of T'(M, ¢rvp)
is (n —1)/n. .

The following result compares the values of strategic IF games to the
truth values of extensive IF games.

Proposition 7.4  Let ¢ be an IF formula, M a suitable structure, and s

an assignment in M whose domain contains Free(p). Let G = G(M, s, ¢)
and T =T(M, s, ). Then

e Floise has a winning strategy in G if and only if the value of T is 1;

o Abelard has a winning strategy in G if and only if the value of T' is 0.
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Proof We prove the first claim. Let o be a winning strategy in G, that
is, u(o,7) = 1 for every strategy 7 € T. Consequently, for each mixed
strategy v € A(T), U(o,v) = 1. Let p € A(S) be the degenerate mixed
strategy that assigns probability 1 to o. We have U(u,v) = 1. Hence,
condition (1) of Proposition 2.18 is met. Condition (2) follows from the
fact that u(o,7) = 1 for every strategy 7 € T. Conditions (3) and (4)
are immediately satisfied since U(u,v) = 1 is the maximal value that
can be secured in T'.

For the converse direction, suppose (u,v) is an equilibrium in T' with
value 1. Let o € S be a strategy in the support of p. By condition (1)
of Proposition 2.18, U(o,v) = U(u,v) = 1, that is, o is winning against
every strategy 7 in the support in v. For the pure strategies 7 that are
not in the support of v, we derive from condition (4) of Proposition
2.18 that U(p,7) > 1. Since the maximal value in T is 1, this reduces
to U(u,7) = 1. We conclude that o is a winning strategy in G since
u(o,7) =1, for every 7 € T'. .

Observe that by the direction from right-to-left of the proof of Propo-
sition 7.4, every strategy ¢ in the support of u is winning. Consequently,
(0,v) is an equilibrium in I for every ¢ in the support of p. This shows
that randomizing over winning strategies does not improve the expected
utility.

Proposition 7.4 shows how the satisfaction of an IF formula under
game-theoretic semantics is connected to the value of strategic IF games.
We will now introduce a new satisfaction relation that is based on the
values of strategic IF games.

Definition 7.5 Let ¢ be an IF formula, M a suitable structure, and s
an assignment in M whose domain contains Free(y). Let 0 < & < 1 and
I' =T (M, s, ). We define the relation “the value of ¢ in M relative to s
is € under equilibrium semantics,” written I:%q, by the following clause:

M,s Fgq e iff V(T(M,s,¢)) =e.
In the same vein we introduce the following two relations:
M, s Fpg @ iff V(T(M,s,0)) >
M,s sl o iff V(D(M,s,¢9)) <e. 4

It follows from the analyses in Examples 7.2 and 7.3 that on finite
structures M with n objects,

M )ZlE/qn evmp and M |:](E'r:171)/n PIMP-
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Equilibrium semantics is a conservative extension of game-theoretic
semantics.

Corollary 7.6 Let ¢ be an IF formula, M a suitable structure, and s
an assignment in M whose domain contains Free(yp). Then

M, s ET ¢ iff M, s gy o
M,sk="¢ iff M,sEpL, e

Proof Immediate from Proposition 7.4 and Definition 7.5. -

We can study other model-theoretic notions of IF logic under equi-
librium semantics. Analogous to Definitions 6.1 and 6.2 we say that a
class K of L-structures is e-defined under equilibrium semantics by an
IF;, sentence ¢ if for every L-structure M,

MeK iff ME§, o

A class K of L-structures is e-definable under equilibrium semantics if
it is e-defined under equilibrium semantics by some IF;, sentence.

In the same vein we can define that K is <e-definable under equi-
librium semantics and >e-definable under equilibrium semantics with
respect to the relations f=5¢ and =55, respectively.

Corollary 7.6 shows that every IF definable class is 1-definable under
equilibrium semantics. The expressive power of IF logic under equilib-
rium semantics was studied in [54].

Example 7.7 Under equilibrium semantics IF formulas are assigned
values in the interval [0,1]. We can use the new semantics to describe
the proportion of objects in the universe that satisfy a certain property
. As an example we will show how the Rescher quantifier R can be
defined in IF logic under the new interpretation. The Rescher quantifier
Rz says that more than half of the objects satisfy ¢:

M, s = Rzp iff 2‘{a€M:M,s(m/a) ):go}‘ > |M].

The Rescher quantifier Rt P(z) can be defined in IF logic under equi-
librium semantics. Let M be a finite structure with universe {0, ...,n—1}
that interprets the binary function (... +...) mod n as usual on the in-
tegers. Note that (i + 7) mod n is an element of M, for each i,j € M.

Let ¢ be the IF sentence

Jz(Vy/{z}) P((z + y) mod n).
Suppose M is a structure with universe {0,1,2,3,4} and P™ = {0,1,2}.
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70 T1 T2 T3 T4

o) 1 1 1 0 0
o1 | 0 1 1 1 0
o2 | O 0 1 1 1
o3 | 1 0 0 1 1

oy | 1 1 0 0 1

Figure 7.2 The payoff matrix of Eloise in the game I'(M] )

The payoff matrix of Eloise in T' = T'(M, ¢) is given in Figure 7.2. Since
more than half of the objects in M are P objects we have Ml = Rz P(x).

Let S = {o0,...,0n—1} and T = {70,...,7n—1} and let p and v be
the uniform mixed strategies with support S and T, respectively. Then

U= 3 3 wodvlmulonm) =5 | 3 3 sulowm)| = o)
o, €S ;€T T;EM

for an arbitrary oy € S. With the help of Proposition 2.18 we can easily
show that U (', v) = U(p,v') = 3/5 for all p’ € A(S) and v/ € A(T). It
follows that (u,v) is an equilibrium in I

To generalize this argument, let n and P™ be arbitrary. Then the
value of T'(M, ¢) equals m/n, where m is the cardinality of P™. Thus
we arrive at the following characterization of the Rescher quantifier:

M ReP(z) iff MEq/% . .

7.2 Monotonicity rules

Strategic IF games can be large objects. In this and the following section
we develop a toolkit to reduce strategic IF games to smaller games that
have the same value.

In this section we will give a set of rules that tell us how to compute
the value of certain IF formulas in terms of the values of its parts. We will
show that the value of an IF formula ¢V is the maximum of the values
of ¢ and 1. The plan of the proof is as follows. We first express the pure
strategies in a strategic game I' = T'(M, s, ¢ V ¢) in a way that reflects
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their mode of composition from the pure strategies in I', = I'(M, s, ¢)
and I'y, = I'(M, s,9). Then we show that every mixed strategy p in T’
defines two mixed strategies p, and py in 'y, and Ty, respectively, such
that the expected utility of u is a weighted sum of the expected utilities
of pu), and . Finally, we will show that the equilibria in I' correspond
to the equilibria in I', and I'y, which will prove our claim.

Next we will show how the value of some existentially quantified for-
mulas (Jx/W ) is the maximum of the values of ¢ relative to all possible
assignments to z. The structure of the proof is similar to the previous
one. Finally we show that the values of IF formulas ¢ and —p add up
to 1.

7.2.1 Constructing strategies for connective games

Consider the IF formula ¢ V . Let M be a suitable structure and s an
assignment in M whose domain contains Free(y V ).

The game I' = T'(M, s, » V 9) on the one hand and the games I',, and
I'y, on the other hand are closely related. Every history (s, ¢, a1, .., am)
for G, = G(M, s, ) corresponds to a history (s, V1, ¢, a1,...,an) for
G = GM, s, V ). The converse holds as well: every history for G
corresponds to a history for either G, or G, in the same sense as above.
We will exploit this insight by showing that there is a natural way to
identify the set of strategies of player p in I' with the product of his or
her strategies in I', and I'y.

Let o, and o, be pure strategies of Eloise in I', and I'y,, respectively.
Let x € {¢,¢} be a choice for the disjunction. We write ®(x, 0y, 0y)
for the function whose arguments are histories of Eloise in G such that

S(X,0p,09) (5,0 V) = X,

oo(s,p,...) if xis g,
op(s,,...) if x is 9.

To check that &(x, 0, 0y) is a pure strategy of Eloise in I', we need to

EB(X7O'Q07U/¢)(5,S0 V w,X, .. ) = {

verify that it meets the uniformity requirements imposed by the subfor-
mulas 6 in oV of the form (EIJ:/W) 6'. To this end, consider two histories
h,h' € Hy from G such that h =y h'. Let x € {¢,%} be the disjunc-
tion that contains € as a subformula. Let g and ¢’ be the histories from
G(M, s, x) that correspond to h and h’'. Since the assignments induced
by h and k' coincide with those induced by g and ¢’, respectively, it fol-
lows that g ~=w ¢'. Since o, is a strategy in Iy, we have o, (g) = 0, (¢').
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By the construction of &(x, 0y, 0y ), B(X, 0, 0y )(h) = B(X, 04, 04) ().
Hence for every pure strategy o, in I', and oy in I'y, their composition
&(x,04,0y) is a pure strategy in I'.

We introduce similar notions for Abelard’s pure strategies in I', 'y,
and I'y. If 7, and 7, are pure strategies of Abelard in I', and L'y,
respectively, then &(7,,7,) denotes the function whose arguments are
histories of Abelard in G such that

To(S,0,...) if x is ¢,
Ty(s,,...) if x is 4.
It can be checked by a similar argument to the one above that @&(7,, 7y)

is a strategy of Abelard in T'.
Let

69(7—%077-1/1)(5’()0 \ w,X, .. ) = {

@({%df}a F<par¢) = ({H,V}, {SEBaTEB}vu@)

be the strategic game such that

Sg = {@(x,a¢,aw): X €{p, ¢}, 0, € Sy 04 € Sw},
Te = {69(7'@77'1[,): To €Ty, Ty € T¢}7

where S, is the set of Eloise’s pure strategies in I'y, etc., and

Uy (04, 7o) i X IS ¢,

ue (DX, 90, 00), (T, 7)) = {uw(ow ) if xis 4.

Proposition 7.8 T and @ ({¢,v},T,,Ty) are identical.

Proof We have already seen that every strategy in Sg and Ty is a
strategy of Eloise and Abelard in T, respectively. For the converse di-
rection, let o be a strategy of Eloise in I'. For any 6 € {p, ¢}, let gg be
the function whose arguments are the histories g = (s,6,...) of Eloise
in Gy such that o9(g) = (s, V1,6,...). In order to prove that oy is
a strategy in I'g, let ¢ ~ ¢’ be two histories in Gg. Let h and h' be
the histories in G that correspond to g and ¢’, respectively. Since h and
g correspond, they induce the same assignment. The same is true for h’
and ¢'. Hence h =y h' and therefore o(h) = o(h’). By the construction
of og, 0g(g) = 0¢(g’). It follows that o and ®(x,0,,0y) agree on all
histories in G, where x € {p, %} is the disjunct chosen by o.

The case for strategies 7 of Abelard is similar.

It is straightforward to see that for every o = ®(x,0,,04) and 7 =
B(Te, Ty), (o, T) = ug (B(X, 00, 0y), B(Tp, Ty)).- o

The same analysis can be applied to IF formulas of the form ¢ A 1.
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7.2.2 Probability theory for mixed strategies

Let P be a probability distribution. A random variable A is a variable
that ranges over a set of values {ay, ..., a,} that it can assume. The prior
probability that variable A assumes value a is denoted by P(A = a). If the
random variable A is clear from the context, we shall simply write P(a)
for P(A =a). Let Ay,..., A, be random variables and let aq, ..., a, be
values that they can assume, respectively. Then

P(Ar=ay,...,Ap = an)

denotes the probability that A1 = ay,...,An_1 = an_1, and A,, = a,.

According to this notation the probability that p, assigns to o, is
written as p,(X, = 0,), where X, is the random variable that ranges
over the pure strategies of player p. The shorthand notation allows us
to use the familiar notation yu,(c,) for the same probability.

Let 'y = @({e, ¢}, T, Ty). Let Xy be the random variable that
ranges over {, 1} and X, the random variable that ranges over Eloise’s
strategies in I'y for each x € {p,9}. If 1 is a mixed strategy of Eloise
in T'g, then u(Xy = x, Xy = 04, Xy = 0y) = p(x,04,04) denotes
the probability u(@(x,acp,aw)). Symmetrically, when Y, ranges over
Abelard’s strategies in I'y, and v is a mixed strategy in Abelard in
I'g, then v(Y, = 7,,Yy = 7y) = v(7,,7y) denotes the probability
v(®(7e, 7))

The expression

P(A1:a17...7AZ-:ai|Ai+1:ai+17...7An:an)

denotes the posterior probability that Ay = aq,...,A; = a; given that

Aiv1 = Qit1, ..., Ap = ay. Again if the random variables are clear from
the context, we shall simply write P(aq,...,a,) and
P(al,...,ai ‘ ai+1,...7an).

The posterior probability P(a1,...,a; | ait1,...,a,) can be defined
in terms of prior probabilities:

Play,. .., an)

P(ajs1,---yan) (7.1)

P(al,...,ai|ai+1,...,an)=

If the events A;41 = a441, - .., A, = a, are all independent, then
P(G,H_l, N ,an) = P(aH_l) e P(an),

in which case we can multiply both sides of (7.1) by P(a;+1) to obtain
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the following equation, known as the product rule:
P(aiy1)P(ar, ... a; | Qiy1y---50n) = Play, ... 041 | Giyo, ... an).

Summing over the values a; that the random variable A; can take
eliminates the random variable A; from P(ay,...,a; | ajy1,-..an):

ZP(al,...,ai|aiﬂ,...an):P(al,...,ai,l|ai+1,...an).

Applying this rule we get

= ZZN’(Xao—gno—w)v

Tp O

wop | X) =Y wog, 0y | X),

T

and by the product rule,

(X Ty o) = X0, Ty | X)-

Observe that our terminology allows us to use the symbol p both as a
unary function (e.g. u(y)) and as a binary function (e.g. p(oy, | ¢)). All
these functions are derived from the ternary probability distribution x on
{¢, ¥} x Sg x Tg. The same holds for Abelard’s probability distribution
v that can be used as a unary function v(7,).

If B is a random variable that can take the value b, then P, denotes
the probability distribution such that

Pylat,...,a;| aiy1,...an) = P(ay,...,a; | aigz1,...an,b).

For instance, p,(0y,0y) = oy, oy | ).

Example 7.9 Let X range over {¢, 9}, X, over A = {a1,a2} and X,
over B = {by,bs}. Let pu be the probability distribution over {p, %} x
A x B as defined in Figure 7.3. Note that p corresponds to a mixed
strategy of Eloise in @ ({¢,%},Ty,Ty), where I'y, = T'(M, 3zP(z)) and
I'y =I'(M, 3zQ(z)) for some suitable two-element structure M.
By elimination of the random variable X,
1 1 3

= b:— _— = —,
p(p,ar) ng:Bu(%ah D=3+ =16

Similarly,

1 1 1 5 3
#(%’)—ZZN(%%‘,Z’J) ST Ta 16T 1
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Xy Xe Xyoop

al b1 1/8

al b2 1/16

a2 bl 1/4

a2 b2 5/16

al bl 1/8

al b2 1/16

S | &S |6 |6 |6 |6

a2 b1 1/32

’([) az b2 1/32

Figure 7.3 The probability distribution u

and p(y) = 1/4. In addition, p(a;) = 3/8. Observe that u(p,aq) is
distinct from p(p)p(as).
Posterior probabilities can be computed with the product rule:

_ plp; a1, by) w,ah 1
M(a1|<P)—Z (a1,b; | ¢) = Z —1
bjeB b eB

and p(ag | ) = 7/8. Observe that u(p,aq) is distinct from p(a; | ¢).
The probability distribution p,, is the mixed strategy in I',, such that
pp(ar) = 1/4 and puy,(az) = 3/4. o

From a mixed strategy in the game I'g one can extract mixed strate-
gies for both players in I', and I'y,.

Proposition 7.10 Let 'y = @({p. v}, Ty, Ty). Let p be a mized
strategy of Eloise in I'q and v a mized strategy of Abelard in I'q. Then

o L}y is a mized strategy of Eloise in 'y for each x € {p,1};
o v is a mized strategy of Abelard in both I'y, and I'y.

Proof

o Let x be . We have

el = XSl | 9) = Y30 HETET,

Op Oy Op Oy
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which is equal to

YD ulpopop) = 1.

Op Oy

1
()

The case for v is similar.

e We have
Y ovlrg) =) wirem) =1
To Ty Ty
The case for 9 is similar. -

7.2.3 Monotonicity rule for connectives

A mixed strategy p of Eloise in I' encompasses the mixed strategy s,
in ', and the mixed strategy py, in I'y. We show that the expected
utility of playing u in I is the weighted sum of the expected utilities of
playing p, in I'y, and playing j)y, in T'y.

Lemma 7.11 Let oV ) be an IF formula, M a suitable structure and
s an assignment in M whose domain contains Free(yp V ¥). Let Ug be
the expected utility function of @ ({¢, v}, Ty, Ty) and Uy the expected
utility function of T'y for each x € {p,¥}. Then
UGB(,L"? V) = /‘L(('O)UQD(/U'\QD’ V) + /“L(w)Ul/)(:uWa V)'
Proof First we observe that Ug(p, V) = ki, + ky, where
kx = Z Z Z Z /U‘(Xv Ty, Uw)V(Tgw TTL')U@ (@(X7 Ty, O'w)a 69(7-&,0’ Tw)) .
Tp Oy Tp Topy

We can reduce ug in k, to the utility function u, of the game I'y:

Ug (®(Xa Oy, 01/1)7 @(T@, 7.1/))) = U‘X(va TX)'

By the product rule, u(x,0p,04) = u(x)i(op, oy | X). Suppose x is
. Since we sum over all o, in k,, we can eliminate the random variable

Xy from p(og, 0y | @):

kcp = Z Z Z N(@)M(Utp | ‘P)V(Tsaa Tw)ucp(asm Ttp)'

Oy Te Ty
Similarly we can eliminate the random variable Yy, from v(7,, 7):
kcp = Z ZN(‘P)PJ(U«/J | @)V(Tw)uw(gwﬂa) = U(@)Usa(ﬂ\w v).

In the same way it follows that ky = pu(v)Uy (1), V). =
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It follows from the previous result that there is no mixed strategy p
whose expected utility in I' is greater than that of ), in I', and py in
I'y, that is, expected utility of the mixed strategy p is monotone with
respect to expected utilities of the mixed strategies y, and p,,. We will
use this insight when we prove the monotonicity rule for the connectives.

Theorem 7.12 Let ¢ and ¢ be IF formulas, M a suitable structure
and s an assignment in M whose domain contains Free(p) U Free(z)).
Then

V(F(Ma 37 QO \/ ’l,[})) = ma’X(V(FSD)7 V(F¢))7

V(T(M, s, Av)) =min(V(Ty),V(Ty)).
Proof Fix Ty = @({p,v},Ty,Ty). Write v, for V(I',) and vy for
V(I'y). We may assume without loss of generality that v, = max(v,, vy).
Let (u,,vy;) be an equilibrium in I'y, and (47, ;) an equilibrium in Ty,
Fix any of Eloise’s pure strategies oy, in I'y. Let i € A(Sg) be the
mixed strategy in I'g, such that for every pure strategy o = ®(x, 0y, 0y),

. wi(op) if xis ¢ and oy = o)),
o) =4 77 . v
0 otherwise.
Let © be the mixed strategy in I'qy such that for every pure strategy
T = @(Tgaa Tw),
D(7) = v (To)v (Tp)-
Observe that 0(7y) = vi(7y) for every pure strategy 7, of Abelard in
T,.
It suffices to prove that (i) U(f,?) = v, and (ii) (&, 2) is an equilib-
rium in Ig.

(i) Let SZ be the set of strategies in Sg that choose disjunct ¢. Then

Us(fn )= Y > io)(r)ug(o,7)

Gesé T€Ty

= Z Z Zﬂ(g@, Te; U;)Q(Twﬁlb)uw(awﬁwh

Op Ty Ty

where o, ranges over the pure strategies of Eloise in I, etc. Elim-
inating the random variable Yy, yields:

DD il 00, 00 (T (0, T,

Oy Ty
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*

By construction, ii(p, 0y, 07) = pi(0,) and ¥(7,) = v,
U@(laaf/) = Uiﬂ(,u:;a V:;) = Vp-

(ii) Suppose pu € A(Sg) is a mixed strategy such that Ug(u,?) >
V- By Lemma 7117 U@(/J‘7 I}) = :u(@)UsD(:U’W) ﬁ) + H(IZ’)Uw(sza ZA/)
Since p(¢p) and u(1p) are values between 0 and 1 that sum up to 1,
there is a x € {p, 1} such that U, (u)y,?) > v,. Suppose x is ¢.

By a similar reasoning as above, Uy (p),, ) = Uy(py, ;). Since

(7,). Hence,

(1%, v5) is an equilibrium in 'y, we must have that U, (p,, v5) <
v,. Contradiction.

Suppose x is ¥. We have Uy (p1jy, V) = Uy (14, v,)- Since (py,, vy,
is an equilibrium in Ty, Uy (p)y, ;) < vy. Recall that vy, < v, and
a contradiction follows.

In a similar way it can be shown that a contradiction follows from
the assertion that Abelard has a strategy v such that Ug(fi,v) <
V-

The case for ¢ A 1) is left as an exercise to the reader. —

This result allows us to consider a connective ¢ o1 as a choice point
between playing I', and I'y. The player associated with o compares his
or her expected utilities in I', and I'y,, and chooses the game with highest
expected utility.

7.2.4 Constructing strategies for quantifier games

We explored the correspondence between the strategies in I'(M, s, o V1))
on the one hand and the strategies in I'(M, s, ) and T'(M, s,v) on the
other hand. In a similar way there exists a correspondence between
the strategies in I'(M,s, (3z/W)p) and the strategies in the games
F(M, s(z/ay), <p), . ,F(M, s(z/an), <p), where a1, ..., a, enumerate the
objects in M. We will first introduce the composition operator & for
strategic IF games associated with existentially quantified formulas.

In the context of a singleton assignment team, the existential quan-
tifier (3z/W ) can be conceived of as a big disjunction \/,.,, @ over
the objects a in the structure at hand. We can exploit this analogy
between existential quantifiers and disjunctions to prove the quantifier
monotonicity rules. The structure of the proof is similar to that of the
proof of the monotonicity rules for the connectives. We need to account
for one essential difference between connectives and quantifiers, though.
Once Eloise has chosen a disjunct in ¢ V 9, her choice is known to both
players throughout the game. However, it may happen that one of the
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players does not know the move made for the outer quantifier in the IF
formula (3z/W)e.

To restore the analogy we will only consider IF formulas (3z/W )y in
which both players can see the value assigned to x throughout the game.
Note that it is not required that the value assigned to x by (3x/W) is
not overwritten in the remainder of the game. We say the variable x is
public in the IF formula (Qz /W)y if € K, (¢) for every subformula ¢
in . For instance, z is public in Jz3zVyR(x,y) but not in

Jz(3y/{z})R(z,y) and Fz(Vy/{z})R(z,y).

Fix a suitable structure M with universe {a1,...,a,} and an assign-
ment s in M whose domain contains Free((3z/W)¢). As usual we let
G =G(M,s, (3z/W)yp) and for every a € M, we denote by G, the exten-
sive game G(M, s(z/a), ). Similarly we write I' for I'(M, s, (3z/W)ep)
and T, for I'(M, s(z/a), ¢).

For each a; € M, we let o,, range over the pure strategies for Eloise
in T'y,. For each b € M, we let &(b,04,,...,0,,) denote the function
whose arguments are histories of Eloise in G such that

®(b, 04y, -+ 0a,) (s, (F2/W)p) = (2,b)
&b, 0ays---,0a,)(s, Fz/W)g, (z,b),...) = op(s(z/b), p,...).

To see that &(b,0q,,...,04,) is a strategy of Eloise in G, let h ~y A
be two histories from G belonging to Eloise. The histories h and h’ are
both of the form (s, (Jz/W)e, (,b),...). Since z is public, z ¢ U. It
follows that the assignments induced by h and h’ agree on x. Let g and
¢’ be the histories of the form (s(x/b), ¢, ...) from G, that correspond
to h and h’, respectively.

Suppose h is of the form

(s, (Fx /W), (:v,b),...,(x,c),...), (7.2)

that is, the value assigned to x by (Jx/W) is overwritten at least once.
Since g corresponds to h, g is of the form

(s,go, (:c,b),...,(&c),...).

It follows that the assignments induced by g and h coincide. The same
is true for the assignments induced by ¢’ and h'.

Suppose h is not of the form (7.2), that is, the value of = is never
overwritten. Then the assignments induced by ¢g and h assign b to x,
and they also agree on every other variable in their domain. Again, we
have that the same is true for the assignments induced by ¢’ and h'.
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We conclude that g =~y ¢'. Since o} is a strategy in Gy, op(g9) = o(g’).
Then by construction, ®(b, 04, ,...,04,)(h) = &(b,04,,--.,04,)(h’) and
the claim follows.

For each a; € M, we let 7,, range over the pure strategies of Abelard
inTy,. By ®(7a,,---,Ta,) we denote the function whose arguments are
histories of Abelard in G such that

D(Tayy--- ,Tan)(s, (Fz /W), (x,b), .. ) = Tb(s(x/b)7go, .. )

The function ®(7q,,..., 7, ) is in fact a strategy of Abelard in G. The
proof of this claim is analogous to the earlier claim that &(b, o4, ..., 04, )
is a strategy of Eloise in G.

Example 7.13 If z fails to be public in (32/W )¢, there are composite
functions @(...) that are not strategies. For instance, let ¢ be the IF sen-
tence 3z (Vy/{z}) R(z,y). Fix a structure M with at least two elements
a,b. For ¢ € {a, b}, fix

r.= F(M, {(x, c)}, (Vy/{m})R(x,y))

Let 7, be Abelard’s pure strategy from I', that picks a and 73 his pure
strategy from T', that picks b. Consider the function @(7,, ), which
assigns (y,a) to h = (@,% (m,a)) and (y,b) to A’ = (@,(p, (x,b)). Since
h =5y b', ©(7a,7p) is not a strategy of Abelard in the game of ¢.

The same argument applies to the IF sentence ¢’ in which Eloise
moves twice: 3z (3y/{z})R(z,y). Let o, be Eloise’s pure strategy from
I, that picks a and o3, her pure strategy from I'y that picks b. Consider
the function @(a,04,03). Since h =,y h', ©(a,04,0p) is not a strategy
of Eloise in the game of . The fact that A’ does not materialize if Eloise
assigns a to x is irrelevant in this context. —

Let
P M. T, Ta,) = {3V} {5, Te}, ue)
be the strategic game such that
Sg = {@(b70a1,~-~70an)1 be M,04, € Sayy...,04, € San},
T ={®Tars---1Tan): Tay € Tays---1Tan € Tay s
and
Ug (G}(b7 Cays--s0a,), B(Tay,- - ,Ta”)) = up(op, ),

where uy, is the utility function of the strategic IF game I',.
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Proposition 7.14 T and @(M,Tq,,...,L,,) are identical.
Proof Analogous to the proof of Proposition 7.8. -

Let X3 be the random variable that ranges over the objects in M,
Xa, the random variable that ranges over the strategies in Sg,, and Yy,
the random variable that ranges over the strategies in T,;. Fix a mixed
strategy 1 € A(Sg) from I'g = @ (M, Ty, ..., Iy, ). Then for any pure
strategy ®(b,04,,...,04,) In Sg,

wWXa=0,X4, =0ay,---,Xa, =0a,) = pub,0a,,-..,0a,)
denotes the probability ,u(ea(b, Tags---s oan)). For any of Abelard’s pure
strategies &(7q,,. .., Ta, ) in Tg,
v(Yo, =Tays- s Ya, =Ta,) = V(Tayy -5 Ta,)

denotes the probability v(®(7a,, ..., 7a,)). We will use the notation for
probability distributions introduced earlier by which, for instance,

/’L(b) = Z-~-Zﬂ(b70a1,~~,0an)7
Oay Tap
tip(0p) = p(ow | b).
Proposition 7.15 Let I' = @(M,Tq,,...,T,,). Let p be a mized
strategy of Eloise in I'q, and v a mized strategy of Abelard in I'q. Then

o Ly i a mized strategy of Eloise in T'y for each b € M;
o v is a mized strategy of Abelard in allTy,,..., Ty, .

Proof Analogous to the proof of Proposition 7.10. .

7.2.5 Monotonicity rule for quantifiers

We proceed to show the quantifier analogues of Lemma 7.11 and Theo-
rem 7.12.

Lemma 7.16 Let (3z/W)p be an IF formula in which x is public. Let
M be a suitable structure and s an assignment in M whose domain con-
tains Free((Jz/W)p). Let Uq, be the expected utility function of T, for
any a; € M, and Ug the expected utility function of@(M, Tapy--- ,Fan).
Then

U (i,v) = Y n(0)Us(pp, v).
beM
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Proof First we observe that Ug(u,v) = >,y kb, Where

ky = Z...ZZ...ZM(Z),O‘M,...,Uan)I/(Tal,...,Ta")U@(U@,T@),

og = ®b,04,,...,04,) and 7 = B(Tay,.-.,7a,). It can be shown,
by an argument analogous to that of Lemma 7.11, that k; is equal to
1(O)Us (yp, v)- B

Theorem 7.17 Let (Qx/W)p be an IF formula in which x is public.
Let M be a suitable structure and s an assignment in M whose domain
contains Free((Qz/W)y). Let T}, = I'(M, s(z/b),¢) for each b € M.
Then

v(r(M, s, (Elx/W)go)) = max{V(T}): be M},
V(T (M5, (Va/W)g) ) = min{V(Ty): b€ M}.
Proof The proof is analogous to the proof of Theorem 7.12. n

We can use Theorem 7.17 to strip off quantifiers that quantify public
variables.

Example 7.18 Consider the IF sentence ¢,
FuVw(u # w V pmp),

where @\p is the Matching Pennies sentence 3z (Vy/{z})z = y. Let M
be a finite structure with n elements. Since w is public in ¢ and w is
public in Yw(u # w V @ypp) it follows from Theorem 7.17 that

V(D(p,M))= max mbin V(T"),
where
I’ = F(M, {(u,a), (w,b)},u#wV @Mp).

By the monotonicity rule for disjunction (Theorem 7.12), V(I') equals

maX[F(M, {(u,a), (w,b)},u# w),I‘(M, {(u,a), (mb)},g@Mp)]

Hence, V(I'") is 1 if a # b and 1/n otherwise. For every a € M, Abelard
can minimize V(I') by choosing a for Vw as well. That is, min, V(I") is
1/n for every a € M. Consequently, max, min, V(I") is 1/n. o
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7.2.6 Monotonicity rule for negation

Finally we will study the impact of negation on the value of IF formulas.
We will show that Eloise can do no better in the game of ¢ than Abelard
in the game of —¢. This principle is illustrated by the Matching Pennies
sentence @yp. Its negation —yp is given by dx (Vy/{x})x # y and
has the same value behavior as the Inverted Matching Pennies sentence
wrvmp. It follows from Examples 7.2 and 7.3 that the values of I'(M, ¢np)
and I'(M, prvp) add up to 1.
First we prove an easy game-theoretic result.

Lemma 7.19 LetT = ({I,II}, {SI,SH}7u) be a two-person game and
I" = ({LII}, {S], S{;}, v') the two-person game obtained from T in the
following way: S{ = Su, Sf; = St and u(o,7) = 1 —u/(1,0) for every
o €S and T € Spp. Then V(I') =1 -V (IY).

Proof Let U and U’ be the expected utility functions of T' and IV,
respectively. Then

Ulp,v) = Z Z wow(r)(1—u'(r,0)) =1=U'(v, p).
o€S1 TES
Let (p,v) be an equilibrium in I'. For every u' € A(S1) = A(S]),
U(p,v) > U(y/,v) if and only if 1 — U'(v,u) > 1 — U’ (v, 1’). Hence for
every u', U'(v, ) < U'(v, ). In a similar fashion we can derive that for
every V' € A(Si) = A(S)), U'(v, ) > U'(V', ). Tt follows that (v, u) is
an equilibrium in I". -

The following result shows that the values of ¢ and =y add up to 1
as claimed above.

Theorem 7.20 Let ¢ be an IF formula, M a suitable structure, and s
an assignment in M whose domain contains Free(yp). Then

V(F(M7 s, —w)) =1- V(F(M, s, gp))

Proof Every choice point in G(M, s, ) belonging to p belongs to P
in G(M, s, ~¢) and vice versa. It follows that in the strategic IF game
I =T(M, s, ~p), Abelard (Eloise) controls the strategies that belong to
Eloise (Abelard) in the strategic game I' = T'(M, s, ).

Let o be a strategy of Eloise in I" and let 7 be a strategy of Abelard in
I. Let h = (s, ¢,...) be the terminal history in which Eloise follows o and
Abelard follows 7. The utility u(o,7) is determined by the assignment
induced by h and the literal ¢ for which h € H,, as follows: if M}, s, =t
then u(o, 7) = 1, and otherwise u(o, 7) = 0.
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The strategy o is a strategy of Abelard in IV and 7 is a strategy of
Eloise in the same game. Playing o against 7 yields the terminal history
K =(s,~p,...) € H.y. The assignments induced by h and A’ coincide.
Hence, if M, s,y = =) then u/(7,0) = 1, and otherwise v/(7,0) = 0. We
conclude that u(o,7) =1 — u/(7,0), and the claim follows from Lemma
7.19. 4

7.3 Behavioral strategies and compositional
semantics

The monotonicity rules in the previous section can be seen as a first
attempt to find a compositional semantics for IF logic that is equivalent
to equilibrium semantics. When evaluating IF formulas relative to single
assignments under equilibrium semantics, we face the same difficulty we
encountered in Chapter 4, namely that a single assignment is insufficient
to encode the state of the semantic game. In fact, now the problem is even
worse. Before (when the players were only allowed to use pure strategies)
it was enough for the players to keep track of which assignments were
possible. Now that they may use mixed strategies, the players must
assign a probability to each assignment, as well.

Calculating how the probability of each assignment changes as the
game progresses is nontrivial. The problem becomes more tractable if
we assume the players follow behavioral strategies rather than mixed
strategies. Whereas a mixed strategy randomizes a player’s choice of pure
strategy, a behavioral strategy randomizes the player’s actions at each
decision point. A behavioral equilibrium is defined similarly to a mixed-
strategy equilibrium, i.e., no player can improve his or her expected
utility by switching to a different behavioral strategy.

Independently of [54], Galliani [22] developed a probabilistic approach
to IF logic based on behavioral strategies by assuming that when two
histories are indistinguishable to a player, the probability distribution
over his or her actions must be the same. He then gives a composi-
tional semantics equivalent to the behavioral analogue of equilibrium
semantics. He and the first author later generalized this semantics into
a compositional semantics that is equivalent to equilibrium semantics,
called lottery semantics [23].

Every behavioral strategy corresponds to a mixed strategy, but not
conversely. The converse is true, however, for games with perfect recall.
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This follows from a game-theoretic result known as Kuhn’s theorem
[35,36]. Thus Galliani’s semantics coincides with equilibrium semantics
if we restrict to IF formulas for which both Eloise and Abelard have
perfect recall.

7.4 Elimination of strategies

It is often clear to us that one strategy is inferior to another and that
it is not in its owner’s best interest to play it. We proceed to introduce
the notion of “weak dominance” that formalizes this sense of a strategy
being inferior to another.

Definition 7.21 Let I'" be a two-person strategic game. For 0,0’ €
St we say that o weakly dominates o', or (equivalently) o’ is weakly
dominated by o if the following conditions are satisfied:

e For every 7 € S, ui(o, 7) > ui(o’, 7).
e For some 7 € Syy, ui(o,7) > ui(o’, 7).

A similar notion is defined for player II. A strategy is weakly dominated
in I if its owner has a strategy in I that weakly dominates it. o

Suppose Eloise’s strategy o weakly dominates® the strategy o’ in the
strategic IF game I". Then, by definition, for every strategy 7 of Abelard,
u(o,7) > u(o’, 7). Since in strategic IF games either player receives 0 or
1, this means that for every 7, if u(o’,7) = 1 then u(o,7) = 1. That is,
if the weakly dominated o’ wins against 7, then so does . Furthermore,
by definition, there is a strategy 7 for which w(o, 7) > u(o’,7), i.e, there
is a strategy against which o wins, but ¢’ loses.

Our interest is in finding the value of strategic IF games, that is, in
finding equilibria. To this end, it is useful to eliminate certain strategies
so that we obtain a smaller, less complex game that has the same value.
The following result enables us to eliminate weakly dominated strategies.

Proposition 7.22 Let T' be a finite, two-player, strictly competitive
strategic game. Then T' has an equilibrium (ur, pir) such that for each

1 In the literature, weak dominance is contrasted to strong dominance. A strategy
o of player p strongly dominates another strategy o’ if the following condition is

met:

e For every 7 € Sp, up(o,7) > up(o’, 7).
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player p, none of the strategies in the support of pi, is weakly dominated
in L.

Proof Suppose (u,v) is an equilibrium in T'. Suppose p and p’ are two
strategies in the support of u, such that p weakly dominates p’. Consider
the mixed strategy p* in I' that is defined for o € Sy by

wp) +u(p’) ifoisp
p (o) =<x0 if ois p/
w(o) otherwise.
So p* is the mixed strategy that is exactly like p except that it plays p
whenever p would play p’. The support of p* is that of y minus p'.

By the definition of equilibrium, Ur(p,v) > Un(u, ') for every v/ €
A(St). Since I is strictly competitive,

Ur(p,v) < Un(p,v"). (7.3)

Now we will show that
Ur(p, ') < Ur(p*, V"), (7.4)

which coincides with
Z Z T)ur(o, 7) Z Z Tui(o, 7). (7.5)
oceS1TESH €SI TESH

Since p and p* agree on every strategy except p and p’, it follows from
Equation (7.5) that

[Z w(p) (Thur(p, )| + | Y u(p’)V’(T)uI(p’,T)] (7.6)
TEST TESH
is less than or equal to
lz wr () (Mur(p, )| + | Y u*(p’)V'(T)UI(P’J)] - (7.7)
TEST TESH

By definition, p*(p) = p(p) + p(p’) and p*(p’) = 0. Thus, modulo some
rewriting, (7.7) is equal to

_|_

> u(p) (r)ur(p, T)] : (7.8)

TESTT

[ > ulp) (T)ui(p,7)

TESH

Since p weakly dominates p’, ur(p’, 7) < ur(p, 7) for every 7 € Srr. Hence,
(7.6) is less than or equal to (7.8), and Equation (7.4) follows.
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If we substitute v for v/ in Equation (7.4), we get Ur(u,v) < Ur(p*,v).
Since (u,v) is an equilibrium, we also have Ur(u,v) > Ur(u*,v). Hence
Ur(p,v) = Ur(p*,v). Connecting this equivalence with Equations (7.3)
and (7.4) yields

UI(:U*v V) = UI(M? V) < UI(/’[H l/) < UI(M*v Vl)'
Since T' is strictly competitive, we arrive at Urr(p*,v) > Un(p*,v').

A result similar to Proposition 7.22 can be proved for finite, non-
strictly competitive games, but the proof is more complicated, cf. [44,
p. 122].

Let

F:(N,{Sp:pEN},{up:pEN})

be a finite, two-player, strictly competitive game in which S} C St is
the set of player I's strategies that are not weakly dominated in I'. By
Proposition 7.22, if (u,v) is an equilibrium in T'; then there is a mixed
strategy p* € A(Sy) such that (p*,v) is an equilibrium in I'. Any two
equilibria in T' have the same value (Proposition 2.15). Consequently,
(u,v) and (p*,v) have the same value. The same reasoning applies to
player II's strategies in Sf; C Sy1 that are not weakly dominated in I'.
It follows that the smaller game

= (N,{S; :peN},{u;:peN}),

where uy, is the restriction of w, to the pairs of strategies in I'*, has
the same value as I'. We can iterate the elimination process to obtain a
series I, I"* I** ... of games of decreasing size that all have the same
value.

Note that if I" is a strategic IF game and I'* is a subgame of I" that
is the result of removing weakly dominated strategies, then I'* need not
be a strategic IF game. That is, the class of strategic IF games is not
closed under removing weakly dominated strategies.

We present another result that enables us to remove strategies that
are equivalent in terms of payoff. Let I" be a two-player strategic game
and let 0,0’ € S;. We say o and o’ are payoff equivalent if for every
strategy T belonging to player II, uj(o,7) = ui(o’, 7). A similar notion
is defined for player II.

Proposition 7.23 Let I' be a strategic game. Then I' has an equilib-
rium (ur, pir) such that for each player, there are no two strategies in
the support of p, that are payoff equivalent.
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Proof Analogous to the proof of Proposition 7.22. As a matter of fact we
can prove that Up(p, i) = Up(uf, pefr), which is a stronger statement
than what we need for Equation (7.4). !

Example 7.24 Consider the two-player, zero-sum game I'g in Figure
7.4(a). In this game, player II's strategy 74 is weakly dominated by 75.
Hence, the value of Ty coincides with that of I'y in Figure 7.4(b). In T'y,
o4 is weakly dominated by 1. (Note that o4 is not weakly dominated by
o1 in T'g.) Therefore we can eliminate o4 and obtain the game I'y, which
has the same value as I'g and I';. The strategy 71 is weakly dominated
in 'y by 73. Removing it yields I's, as shown in Figure 7.4(d). In T's,
o3 is weakly dominated by o1 and os. If we remove o3, we obtain I'y, a
variant of the Matching Pennies game, as shown in Figure 7.4(e), which
cannot be further reduced by eliminating weakly dominated strategies.
It follows that the value of I'y is 1/2.

In a strategic game there may be many strategies that can be elimi-
nated. The order in which we eliminate them has an effect on the game
in which we end up. For instance, in I's, o1 weakly dominates o3. Elim-
inating o3 yields T'%, as shown in Figure 7.4(f). In T%, the strategies
71 and 73 are payoff equivalent. Eliminating the latter yields I}, which
is again a variant of the Matching Pennies game, as shown in Figure
7.4(g). -

Observe that in strategic IF games, o is weakly dominated by or payoff
equivalent to o’ if and only if for each strategy 7, u(o,7) < u(o’,7).
Similarly, 7 is weakly dominated by or payoff equivalent to 7’ if and
only if for each strategy o, u(o,7) > u(o, 7).

If o is a winning strategy of player p in the extensive game G(M, s, )
then it weakly dominates all strategies of p in T'(M, s, ¢) that are not
payoff equivalent to o. Thus we can eliminate all strategies of p other
than the winning strategy ¢ without harming her expected utility. In
the reduced game, her opponent p still owns all the strategies he owned
in the original game. However, in the reduced game, they are all payoff
equivalent to each other as they all lose against o. Therefore we can
eliminate all but one arbitrary strategy of player p. In the resulting
game both players have one choice.

Every semantic game associated with a first-order formula is deter-
mined and its strategic games can therefore be reduced to a “1 x 1
game.” By abuse of terminology, we will refer to a subformula of ¢ with
empty slash sets as a first-order subformula of ¢. If ¢ is a first-order
formula that appears as a subformula in the IF formula ¢, then we can
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T1 T2 T3 T4
o1 1 0 1 0 01
o2 | O 1 0 1 o2
o3 | 1 0 0 1 o3
os | O 0 1 1 o4
(a) To
T T2 T3
o1 | 1 0 1 o1
oz | O 1 0 o2
g3 1 0 0 g3
(c) I'2
T2 T3 T1 T2 T3
o1 0 1 g1 1 0 1
g2 1 0 () 0 1 0
(e) T4 (f) T
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T1 T2 T3
1 0 1
0 1 0
1 0 0
0 0 1
(b) Ty
T2 T3
0 1
1 0
0 0
(d) T's
T1 T2
g1 1 0
a2 0 1
(&) T}

Figure 7.4 A series of strategic games in which I'; is obtained from
I';_1 by eliminating weakly dominated strategies. The process is non-
deterministic since both I's and I'; can be obtained in this manner

from I's.

reduce every strategic IF game of ¢ to a smaller game in which for every

player p, all of p’s strategies yield the same actions for p’s choice points

in . This amounts to treating ¢ as an atomic formula.

Proposition 7.25 Let ¢ be an IFy formula and ¢ a first-order sub-
formula in ¢ such that Free(v)) = {x1,...,xm}. Let R ¢ L be an m-ary
relation symbol, and M an LU{R}-structure such that for every assign-
ment s in M with domain containing Free(1)),
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Mys g iff M,s b R(@,....om).

Then for every assignment s in M with domain containing Free(yp),
V(T(M,s,¢)) = V(D(M,s,¢)),

where ¢’ is the result of replacing ¥ in ¢ by R(x1,...,Zm).

Proof In the game G = G(M,s, ), let Hy = {h1,...,h,} and H{p
the closure of histories in H,, under extensions. Since v is first-order it
follows from the Gale-Stewart theorem that the game G; = G(M, sy, , 9)
is determined for every 1 < ¢ < n. Without loss of generality, assume
that Eloise has winning strategies o7,...,07 in the games Gy,..., G,
respectively, for some 0 < j < n.

For every strategy o in I' let o* be the function whose arguments are
the histories h of Eloise in the game G such that

“(h) = of(sh,v,...) if h equals or extends some h; € {hi,...,h;},
a(h) otherwise,

where (sp,,...) is the history in G; corresponding to h. To see that
o* is a strategy of Eloise in I' = T'(M, s, ¢) let h =y A’ be two distinct
histories in H (3, /). Since h and b’ are distinct and ¢ is first-order, h
and h' do not belong to H,,. Therefore, 0*(h) = o(h) and o™ (h') = o (h').
The strategy o is certainly W-uniform. Whence, o(h) = o(h’).
Similarly, we let 7* be the strategy of Abelard in I" such that

“(h) = {Ti*(sh,w, ...) if h equals or extends some h; € {hjy1,...,hn},

7(h) otherwise,

where (sp,,,...) as above.

To see that o is payoff equivalent to or weakly dominated by o*,
fix any strategy 7 of Abelard. Let h be the history that follows o and
7. If h extends a history in {hi,...,h;}, playing c* against 7 yields
a history that is winning for Eloise. Otherwise, if h does not extend a
history in {hq,...,h;}, playing o* against 7 yields h as well. Therefore,
u(o*,7) > u(o, 1) for every 7.

In the same way we can see that any strategy 7 of Abelard is payoff
equivalent to or weakly dominated by 7*.

Let S* = {o*: 0 € S} and T* = {7*: 7 € T}. By Propositions 7.22
and 7.23, the game I'* = ({EI,V},{S*,T*},U*) has the same value as
T, where u* is the function defined on S* x T* such that u*(o*,7%) =

u(o®, 7).
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We will show that T and IV = T'(M], s, ¢’) are the same game modulo
renaming of strategies. To this end, observe that every history in G that
is not in Hj, is a history in G' = G(M, s, ¢') and vice versa. Further, we
observe that every two strategies o and oy of Eloise in I' that make the
same action on every history h ¢ Hy, are mapped to the same strategy
oy = 0. So for any two strategies of Eloise in I'* there exists a his-
tory h ¢ H,, such that o} (h) # oj(h). The same applies to Abelard’s
strategies.

For every strategy o’ of Eloise in IV let 3(¢’) be the strategy in I'*
such that

/ : !
80 h) = {” W IR e Hy,
o*(h) otherwise,

for any o* from I'*. The function [ is injective, since for any two strate-
gies o # ol of Eloise in I, clearly 3(o) # B(c%). It is also surjective,
since for every strategy o* of Eloise in I'* it is the case that 5(c’) = o*,
where o' is the strategy in I' such that for every history h ¢ Hj, of
Eloise, c*(h) = o’(h). Hence 3 is a bijection between the strategies in
S* and the strategies of Eloise in I'". Similarly we can show that there is
a bijection § between the strategies in T and the strategies of Abelard
in IV

Consider any pair of strategies (o*,7*) from S* x T*. Let h be the
history that is the result of playing o* against 7*. Suppose h ¢ qup
Then, playing ((c*) against 3(7*) also yields h. Hence, u*(c*,7*) =
u' (B(c*), B(t*)), where v’ is the utility function of I".

Suppose h € H! , in particular suppose h equals or extends the history
h; € Hy. Assume that h is winning for Eloise. Then Eloise has a winning
strategy in GG; and therefore M, s;,, = 1. By hypothesis,

M, sp, = R(x1,. .., Tm)-

The history A’ that is the result of playing §(c*) against S(7*) sits in
Hgz,,....x,,) and furthermore s, = s;/. We conclude that

M, sp = R(z1,- - Tm).

The case for Abelard is similar and therefore u*(c*,7*) is equal to

u/(ﬁ(a*),ﬁ(T*)).



178 Probabilistic IF logic

Modulo renaming strategies, I'* and I are identical. In particular, T'*
and I have the same value. Since I" and I'* have the same value, also I’
and IV have the same value. -

Example 7.26 Consider the following IF sentence ¢,
Jz(Vy/{z})(z = cVa =1y).

Let M be a finite structure with n elements. In the strategic game I' =
T'(M, ¢), Eloise has n choice functions associated with 3z and no less
than 2" choice functions associated with the disjunction (r = cvVz = y).
So in total she has n2"" strategies in I'. Let R be a fresh binary relation
symbol. Let M* be the expansion of M such that

M sExz=cvVe=y iff M" sk R(z,y),

for every assignment s in M with domain containing {x,y}. Let ¢’ be
the IF sentence

3z (Vy/{x}) R(z,y).

In the game IV = T'(M*, '), Eloise has only n strategies. By Proposition
7.25, the value of T'(M*, ¢) is equal to the value of I'(M*, ¢'). o

The following example illustrates how we can use iterated elimination
of payoff equivalent and weakly dominated strategies to compute the
value of a complex strategic IF game.

Example 7.27 Write 0 for the IF sentence Jwé’_, where 0/ is
Vady(3z/{z})(z =z Ay # w).

Eloise has a winning strategy in the game G = G(M,s,0) if M is
(Dedekind) infinite (recall the sentence @o, in Example 4.14). It can be
checked that Abelard has a winning strategy in G if M contains one
element; GG is undetermined in all other cases. Suppose that M is finite
and contains more than one element.

Since w is public in 0, it follows from the monotonicity rule for
quantifiers (Theorem 7.17) that V(I') = max{I'y: d € M}, where I'y =
I'(M,s,6.) and s = {(w,d)}. Fix d € M and consider the game I'y.

Let 6% be the result of replacing the subformula (z = z Ay # w)
by the atomic formula R(z,y,z,w), where R is a fresh 4-ary relation
symbol. Since the formula (z = z Ay # w) is first-order, it follows
from Proposition 7.25 that the value of I'; is equal to the value of I'}; =
I'(M*, s, 0% ) where M* is the expansion of M that interprets R as in the
hypothesis of Proposition 7.25.
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Let S be the set of strategies of Eloise in I'}; and T" the set of strategies
of Abelard. We index each of Abelard’s strategies 7, € T' with the object
Abelard chooses, that is,

Ta($,05) = (z,a).

We associate with every strategy o € S of Eloise the pair of choice
functions (f,g), where f: M — M is the choice function associated
with (Jy/{w}) such that

0(570207 (SL‘,CL)) = (yvf(a))a

and g: M — M is the choice function associated with (3z/{w,z}) such
that

0(3, 0%, (z,a), (y, b)) = (z,g(b)).
For A C M, let S4 C S be the set of strategies (f,g) such that

9(f(a)) =aand f(a) £#d iff a¢ A

Every o € S4 wins against 7, € T if and only if a ¢ A. Since Eloise does
not have a winning strategy, S is empty for A = &.

Let A C M and 0,0’ € S4. To see that o and ¢’ are payoff equiva-
lent, consider an arbitrary strategy 7, € T. By the construction of Sj4,
u(o,7) =1 if and only if a ¢ A and by a similar argument: u(c’,7) =1
if and only if a ¢ A. Hence, u(o,7) = u(o’,7) for all 7 € T.

Let S” be a set that contains precisely one strategy o = (f,g) from
Stqy for each a € M. It is not hard to see that Si,) is nonempty as it
contains the pair (f,g), where f = g are the functions on M such that

a if z=d,
fz)=4¢d if z=a,

z otherwise.

Figure 7.5 provides an illustration of what f is like on a five-element
structure. Since f is an involution, g(f(z)) = z for every z € M. In
addition, f(z) = d if and only if z = a. Hence, (f,g) € S{a}-

Let B be a nonempty subset of M. Fix any o € Sg. For any 7. € T,
suppose u(o,7) = 1, that is, ¢ ¢ B. For any singleton {a} C B we also
have that ¢ ¢ {a}. Hence, for the strategy o’ in S’ N S¢qy, u(o’,7) = 1.
It follows that every strategy o in S is payoff equivalent to or weakly
dominated by a strategy in S’.

By Propositions 7.22 and 7.23, it follows that there exists a u € A(S")
such that (i, ) is an equilibrium in I
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0N
\\Cy QO O

Figure 7.5 The function f on a five-element structure. It is an invo-
lution that maps a to d and the other objects to themselves.

Let us focus on the payoff matrix defined by S’ x T. We already saw
that T = {b: b € M}. Similarly, S’ can be written as {o,: a € M}
where o, is the strategy from Sy,;. Consider the strategies o, and 7.
Eloise wins if and only if a # b. It follows that the payoff matrix of
S’ x T is equal to the payoff matrix of the Inverted Matching Pennies
game depicted in Figure 7.1(b), modulo renaming of strategies. Hence,
the value of 'y is (n — 1)/n. Since d was chosen arbitrarily, the value of
Tis (n—1)/n as well.

Interestingly, on finite structures 6., has the same value behavior as
the simpler

PIMP = Vx(ﬂz/{x})x # 2.

Apparently, the signaling quantifier 3y and the conjunct y # w only
come into action on infinite structures. a

The value of T'(M, 0,) increases as n goes to infinity. It is tempting
to take the value of the game on finite models as an approximation of
the property expressed by 6,. This may be true in this case but it does
not hold in general. For instance, [54] contains as an example the IF
sentence Yeven,

VaVy(Ju/{y}) (Fv/{a)v=azAu=yAu#taz o=y —u="1),

which is true on finite M if and only if M has even cardinality. It was
shown that if M has odd cardinality n, then the value of T'(M, @eyen) iS
1 — (1/2n). The value of the strategic game I'(M, peyen) increases as n
grows, for odd n. However, in the case of @eyen it does not make much
sense to say that a structure with nine objects is a closer approximation
of the property of having odd cardinality than a structure with seven
objects.
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7.5 Expressing the rationals

In this section we will study the values that the strategic IF games can
realize. We show that they realize precisely the rationals in the interval
[0, 1].

First we recall a result about the values of general zero-sum, two-player
games, see [48, p. 739].

Theorem 7.28 Let I' be a zero-sum, two-player game whose utility
function has the rationals as range. Then the value of T' is rational.

We have already seen an IF sentence that can realize all rationals. The
IF sentence

Jz(Vy/{z}) P((z + y) mod n),

which defines the Rescher quantifier (see Example 7.7), has value m/n,
where m the number of P objects and n the size of the universe at hand.
Hence, for every rational m/n there is a strategic IF game with m/n as
its value.

In the remainder of this section we show a stronger version of this
result. We show that for every rational ¢ in the interval [0, 1] there is an
IF sentence in the empty vocabulary that has value g on every structure
with two or more elements.

Theorem 7.29 (Sevenster and Sandu [54, Theorem 19]) Let 0 < m <
n be integers and ¢ = m/n. There exists an IF sentence that has value
q on every structure with at least two objects.

Proof The idea of the proof is as follows. We let one player pick m
objects from a set of n objects. Then we let another player pick one
object from the same set of n objects. The probability that the second
player picked an object that was among the first player’s m objects is
obviously m/n. We will define a game in the language of IF logic that
enforces this behavior. The value of this game will be m/n and the result
follows.

e Game—Let M be a set of at least n objects and C' a subset of M
with precisely n objects. We describe a two-step game:
S1: Abelard picks m objects by, ..., by, from M;
S2: Eloise picks one object ¢ from M not knowing the objects chosen
in S1.

Eloise gets payoff 1 if and only if at least one of the following con-
ditions is met for some distinct 1 < ¢,5 < m:
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(1) Abelard has chosen two equal objects: b; = b;;
(2) Abelard has chosen outside C: b; ¢ C;

(3) Eloise guesses one of Abelard’s objects: ¢ = b;.

Conditions (1) and (2) force Abelard to chose m distinct objects
from C. Let G denote the game thus described. There is no need to
hardwire in the winning conditions that Eloise must choose ¢ from
C. Any strategy of Eloise that chooses ¢ from outside C' is weakly
dominated by every strategy that chooses an object from C.

e Value —Let p be Eloise’s uniform mixed strategy with support {o, :
a € C}. Let B be the set of sets B for which B C C and |B| = m.
Let T be the set of strategies 7 that pick the objects in B (in any
order). All strategies in T are payoff equivalent. Every strategy 7’
that is not in a set Tz violates condition (1) and/or (2) and will result
in a loss for Abelard. Every such strategy 7’ is weakly dominated by
a strategy from T for any B € B. Pick one strategy 75 from T for
each B € B, and collect these strategies in T*. Since every strategy
in T is payoff equivalent to or weakly dominated by a strategy from
T*, the value of G is equal to the value of the game in which Abelard
chooses from T instead of T'.

Let v be Abelard’s uniform mixed strategy with support T%. We
claim that (u,v) is an equilibrium in G with value m/n. First we
observe that

U(/j,,l/) = Z Z N(Ua)V(TB)u(O—a»TB) = Z V(TB)v

acC BeB BeB,

where B, = {B’ € B: a € B’} for any object a € C. The expression
> pes, V(TB) denotes the probability m/n that a randomly drawn set
B of m objects contains a. The payoff matrix of the reduced game has
the same diagonal band of 1s as Figure 7.2. It can thus we seen that
(4, v) is an equilibrium.

e Definition in IF logic— Assume that M interprets the constant sym-

bols ¢y, ..., ¢, in such a way that C = {c}!,... M

e n :

The following IF sentence defines G:

Voi... Vo, (Ely/{xla cee 7xm})51 \ ﬂZ \ ﬁ37
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where

gis\/ Voo om=a
ie{l,....,m} je{1,....m}—{i}

pis  \ N\ w#e,

i€{1,m} je{1,...,n}

B3 is \/ T =Y.

The formulas $;—33 encode the respective winning conditions (1)—
(3) from G in first-order logic. By Proposition 7.25 we can replace the
first-order subformula 31 V B2 V B3 by the atom R(z1,...,Zm,y) to
obtain an IF sentence ¢ that has the same value on M* as M, where
M* is the appropriate expansion of M. The game of 1 is the game
described earlier.

The previous game assumes that M contains at least n objects and
that we have n constants at our disposal, each interpreted by a different
object. We can drop both assumptions by letting Eloise pick any set
of n objects from which Abelard has to chose, and to let them draw
bitstrings that encode their choice. In this way, we only require two
dedicated objects (the bits), which can also be chosen by Eloise. It does
not matter which two objects she choses as long as they are distinct.

o Game—Let £ = [%logn].
S0’: Eloise picks two distinct objects ag and a; from M;
S1”: Eloise picks ¢n objects bi,...,b{,... bL ... bl from M;
S2': Abelard picks #m objects ci,... cf,...,cL ... ct from M;
S3’: Eloise picks ¢ objects d',...,d" from M not knowing the objects
chosen in S2'.
Eloise gets payoff 1 if and only if ag # ay, b},...,b5,dY, ... d° €
{ag,a1} and at least one of the following conditions is met for some
distinct 1 < 1i,j < m:

(1) Abelard has chosen two equal bitstrings: ¥ = cf forall 1 <k </

(2) One of Abelard’s bitstrings is not in {(b1,...,b%),..., (b, ..., b5)}:
(6%7""85>¢{(b%""7b§)7"'7(b;l(L7"'7bfl)};

(3) Eloise guesses one of Abelard’s bitstrings: c¥ = d* for all 1 < k < /.

Let G’ be the game described by S0’-S3’ and the latter winning
conditions.
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e Value — Compared to G, Eloise has an extra step in G’, but there is
no way in which she can benefit from it. The other steps correspond
to the steps in G, modulo the coding trick by bitstrings. Hence the
value of G’ is m/n.

e Definition in IF logic— The following IF sentence defines G':

321322310%...Elwf...Elwrll...ﬂwf;in...fo...inn...fon

(3y'/X) ... (3 /X,
where X = {1,...,2%} and v = (21 # 22 A (71 V72 V 73)) with

v is \/ \/ (x}:x}/\.../\xf:xf)
ie{l,...m} je{l,....m}—{i}

Ve is \/ /\ (w}#x}\/wa#xf)
i€{1,...,m}je{l,..n}

s is \/ (xl =y AL Anzb =y,
i€{l,....m}

Observe that the variables z; are public in the subformula 3z; ..., and
h

similarly for the variables wj in the subformula Hw? R -



8
Further topics

In our final chapter we briefly discuss two topics we feel deserve to
be mentioned in spite of space constraints that prevent us from giving
them fuller treatment. In the first half of the chapter, we address the
debate concerning the possibility of giving a compositional semantics
for IF logic. In the second half, we investigate the effect of introducing
imperfect information to modal logic.

8.1 Compositionality

The original game-theoretic semantics for IF logic assigned meanings
only to IF sentences [30]. Thus IF logic was immune to a common com-
plaint lodged against Tarski’s semantics for first-order logic, namely that
truth is defined in terms of satisfaction, rather than truth alone. How-
ever, it also meant that one was not able to analyze IF sentences by
looking at the meanings of their subformulas. Furthermore, Hintikka fa-
mously claimed that there could be no compositional semantics for IF
logic:

... there is no realistic hope of formulating compositional truth-conditions for
[IF sentences], even though I have not given a strict impossibility proof to that
effect. [28, pp. 110ff]*

Hintikka’s assertion inspired Hodges to develop his trump semantics,
which gives meanings to all IF formulas [32,33]. In Chapter 4, we de-
fined two other semantics for IF formulas: game-theoretic semantics and
Skolem semantics. In order to emphasize the similarities between IF

I See also [31, pp. 370-371].
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logic and first-order logic, we introduced both semantics in terms of sin-
gle assignments. However, in order to prove their equivalence with trump
semantics, we later extended them to teams of assignments.

Is such an extension necessary? In other words, can one formulate a
compositional semantics for IF logic that defines satisfaction (and dis-
satisfaction) using single assignments? Before we can attempt to answer
such questions, we must specify the properties we desire such a semantics
to have.

Definition 8.1 (Cameron and Hodges [11]) A semantics for IF logic is
a function that assigns to every IF formula ¢ a meaning |¢ly ;; in every
suitable structure M, relative to any finite set of variables U containing
Free(yp). We will simply write ||, when the structure is clear from
context, and omit U when it is empty. A semantics for IF logic is adequate
if it has the following two properties:

(1) There is a distinguished value, called TRUE, such that for any IF
sentence ¢ we have |p|,, = TRUE if and only if M Ed1q ¢

(2) For any IF sentence ¢ with a subformula v, if ¢’ is the result of
replacing ¢ by an IF formula o', U = A, (v) = A, (¢') is the set of
variables quantified superordinate to 1 in ¢, and

|¢|M,U = |¢/|M7U7

then |¢|,, = TRUE if and only if |¢’|,; = TRUE. -

Condition (1) says that an adequate semantics for IF logic agrees with
game-theoretic semantics on sentences. Condition (2) is a weak form of
the principle of compositionality.

The semantics we defined in Chapter 4 satisfy both conditions. If ¢ is
an IF formula, and U is a finite set of variables that contains Free(t)),
let [|4/]|y; i denote the set of winning assignment teams for 1 in M with
domain U, and let ||¢)[|,; ; denote the set of losing assignment teams with
domain U. We take |[¢)||; ;; to be an ordered pair whose first coordinate
is ||’(/}||;\:LU and whose second coordinate is [|¢)[|,; ;. For every finite set
of variables U, define TRUE ;7 to be a pair whose coordinates are

TRUE}; , = 2(M"Y) and TRUEy, = {2},

respectively. In particular, note that TRUE, = 3”({@})
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Theorem 8.2 |- || is an adequate semantics for IF logic.

Proof (1) Let ¢ be an IF sentence, and let M be a suitable structure.
Then M =4 1g ¢ if and only if {@} is a winning team of assignments for
. It follows from Proposition 5.2 that

lellyy = 2({2}) and lely = {2}

Hence ||¢l,; = TRUE.

(2) Suppose 1) is a subformula of ¢, and [Vl 4_ () = 19"l 4, (y)-
If ¢ is the result of replacing v by %', then by mimicking the proof of
Proposition 5.17 one can easily show that ||¢|ly = [|© ||y o

The semantics defined in Chapter 4 are also fully abstract in the sense
that whenever two IF formulas do not have the same meaning, there is a
structure in which replacing one formula for the other changes the truth
value of an IF sentence.

Theorem 8.3 (Hodges [32, Theorem 7.6]) Let U be a finite set of vari-
ables, and let ¢ and 1’ be IF formulas whose free variables are contained
in U. Suppose that for every IF sentence ¢ in which v is a subformula
and A,(v) = U, we have ¢ = ¢’ whenever ¢’ is the result of replacing
Y by Y in o. Then ¥ =y Y'.

Proof Suppose there is a suitable structure M such that

19l # 1% oo -

Then without loss of generality there is an an assignment team X C MY
such that X € il but X & ¢/

Let U = {x1,...,2n}, let R be a fresh n-ary relation symbol, and let
M* be the expansion of M in which

R = {(s(xl), c8(zn))is € X}.
Let ¢ be the IF sentence
Yoy .. .Vxn(ﬂR(xl, cey ) V 1/))
Then M* =7 ¢ because
M* (MY — X) =" =R(z1,...,2,) and M5 X 1o,

whereas M* J£+ ¢’ because if it did we would have M*, X =1 ¢’ which
implies M, X =T 4, contrary to hypothesis. -
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Now we will show that there is no adequate semantics | - | for IF logic
such that for every IF formula ¢ whose free variables are contained in U
we have |‘P|M,U C MVY. The proof is a simple counting argument based
on the fact that any adequate semantics for IF logic must have more
distinct meanings than there are subsets of MU.

Definition 8.4 (Cameron and Hodges [11]) Let M be a structure and
U a finite set of variables. An (M, U)-suit is a nonempty collection S C
& (M U) of assignment teams with domain U that is downwards closed,
ie, Y C X € Simplies Y € S. A double (M, U)-suit is an ordered pair
(8T, 87) such that ST and S~ are (M, U)-suits and STNS~ = {@}.2 A

It follows immediately from Propositions 5.1 and 5.2 that the meaning
1¥0|lpg o of an IF formula 1) in a suitable structure M relative to a finite set
of variables U containing Free(v)) is a double (M, U)-suit. Theorem 8.6

below shows this is the strongest possible characterization of meanings
of IF formulas in finite structures.

Lemma 8.5 Let M be a finite structure in which every element is
named by a constant symbol, and let U be a finite set of variables. Then
for every (M, U)-suit S there is an IF formula ¢ such that S = ||¢||IJVFH7U,

Proof Let U = {z1,...,2,}, and for every assignment s € MY let 1),
be the formula

T1 = Cs(zy) N - N T = Cs(z,,)s
where c(,,) is the constant symbol whose interpretation is s(x;). For ev-

ery assignment team X C MY, let 1)x be the formula \/ sex ¥s- Observe
that

1l = 2(X)

lx gy = 2 (M7 - X).
Also note that every (M, U)-suit S has the form

S=2(X1)U...UL2(Xy),

where each X C MU is a team of assignments with domain U. Let 1
be the IF formula

vx, Viu - Viu Yx,-

2 Cameron and Hodges define a suit to be a collection of nonempty assignment
teams that is closed under nonempty subsets. We allow the empty team of
assignments to be both winning and losing for any IF formula, so we include it in
our suits and double suits.
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It follows from Lemma 5.12 that

L
1l = U 19x,lw = S- -

k=1

Since H—|g0||f\t,ﬂvU = ||g0||§LU, it is also the case that for every (M, U)-suit
S we can find an IF formula x such that S = || x|y -

Theorem 8.6 Let M be a finite structure in which every element is
named by a constant symbol, and let U be a finite set of variables. If M
has at least two elements, then every double (M, U)-suit (ST,87) is the
meaning of an IF formula in M relative to U.

Proof Let ¢ and x be IF formulas such that
lolly =S* and x|y =5~

Let omp be the Matching Pennies sentence Va (Ely/{x})x =y, where x
and y are variables not in U. Let v’ be the formula ¢ V,;; ¢mp, and let
X' be x Ay omp. Since ||<pMp||§/EH7U = {@}, we have

/Il = 8% Xl = {2},
191l = {2}, XNl =S~
Finally, let X = |JS™. Then ST C #(X) and S~ C Z(MY — X), so

" Ao (X Vyu ¢x)|\; =8t
[ Ao (X Vo o), =S 4

Thus, to obtain a measure of the expressiveness of IF formulas on
finite models, one should count double suits. However, to prove the im-
possibility result we are aiming for, it is sufficient to only consider the
truth coordinates of IF formulas. Thus we only need to count suits. Let
f(m,n) denote the number of (M, U)-suits when M is a structure of size
m, and U is a set of n variables. Cameron and Hodges [11, §4] perform
several calculations involving f(m,n). In particular, they observe that
when n = 1 there are as many (M, U)-suits as elements in the free dis-
tributive 1-lattice on m generators. Figure 8.1, which was adapted from
[11, p. 679], shows the value of f(m) = f(m,1) compared to 2™ for
1 < m < 8. One can see that f(m) appears to grow much faster than
2™ which is the crucial fact we will use to prove our desired impossibility
result.
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m | 2™ | f(m)

T2 |2

214 |5

318 |19

4|16 | 167

5|32 | 7,580

6 | 64 | 7,828,353

7 | 128 | 2,414,682,040,997

8 | 256 | 56,130,437,228,687,557,907,787

Figure 8.1 Counting suits

Proposition 8.7 (Cameron and Hodges [11, Proposition 4.2(c)]) If
m > 1, then f(m) > 2™

Proof Let M be a structure of size m > 1, and let U = {x}. For each
a€ M, let s, = {(x, a)} be the assignment that assigns the value a to
2. Then for any two distinct subsets A, B C M, the collections

Sq= {{sa}: ac A} uU{g},

Sp = {{ss}: be B} U{a},
consisting only of singleton assignment teams (and the empty assignment
team) are distinct (M, {})-suits. Hence 2™ < f(m). If a,b € M, then

{@, {Sa}, {Sb}, {sm sb}}
is an (M, {z})-suit that is distinct from every S4. Thus 2™ < f(m).
Theorem 8.8 (Cameron and Hodges [11, Theorem 6.1]) If |-| is an
adequate semantics for IF logic, then for each integer m > 1 there is a

structure M of size m in which there are at least f(m) distinct meanings
|¢|M’{‘T} of IF formulas v with exactly one free variable.

Proof Fix m > 1, and let M be a structure of size m in which every
element is named by a constant symbol. Let

(Si:0§i<f(m))

enumerate all the (M, {x})—suits. By Lemma 8.5, for each i there is
an IF formula %; such that S; = H%Ha} Thus, for any two distinct
0 < 1,7 < f(m) there exists a nonempty assignment team X;; C Mz}
such that M, X;; =1 4; but M, X;; K& 1, or vice versa. Let x;; be an
IF formula such that

”Xij”?m} = «@(M{I} - Xij),
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and let ¢;; be the IF sentence Y (v; V x;;). Then ¢;; has the property
that its truth-value [|¢;;|| changes when 1; is replaced by ;.

Now suppose |- | is a adequate semantics for IF logic. Since |- | agrees
with || - || on sentences, the truth-value |p;;| changes when we replace
¥i by v;. Hence [¢hi[y,, # |1/)j|{x} by condition (2) of the definition of
adequate semantics. Thus |- | assigns at least f(m) distinct meanings in
M to IF formulas with one free variable. =

We conclude that there is no adequate semantics for IF logic for which
the meaning of an IF formula is a set of assignments. In the single-
variable case, there are only 2"" distinct sets of assignments in a structure
of size m, while there is a structure of size m in which any adequate
semantics must assign at least f(m) distinct meanings to IF formulas
with a single variable. By Proposition 8.7 we have 2™ < f(m) for any
m > 1, which proves our claim.

8.2 IF modal logic

There is no algorithm to decide whether a given first-order sentence is
satisfiable [12]. A fortiori, the satisfiability problem for IF logic is not
decidable. In light of this negative result, it is worthwhile to study the
computational virtues of fragments of IF logic. This will help us improve
our understanding of independence-friendliness from a computational
point of view. In this section we consider a fragment of IF logic that
we call IF modal logic due to the resemblance it bears to the standard
first-order translation of ordinary modal logic. We will see that this frag-
ment cannot be translated to first-order logic, but that its satisfiability
problem is decidable.

8.2.1 Syntax and semantics

Modal logic is tailored to graph-like structures M that interpret modal
vocabularies {R, Py, ..., P,} in which R is a binary relation symbol and
Py, ..., P, are predicate symbols. The elements of the universe are called
objects or states. If (a,b) € R™ then we say that state b is accessible
from a or that b is a successor of a. The interpretation of each predicate
symbol P; is a subset of the universe consisting of those states that have
the property PM

The semantic game of a modal formula ¢ starts from a so-called cur-
rent state or current object a. The quantifiers of modal logic (¢ and O)
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range over the successors of the current state, or game-theoretically, they
prompt Eloise or Abelard to choose a successor of the current state. For
instance, in the semantic game of the modal formula ¢y at the current
state a, Eloise is to pick a successor b of a. The semantic game of ¢ then
continues from b. Similarly, in the semantic game of the modal formula
Op at a, Abelard is to pick a successor b of a.

For our purposes it will be convenient to regard modal logic as a
fragment of first-order logic.3

Definition 8.9 Let L be a modal vocabulary and let x be a variable.
The set ML7 is generated by the finite application of the following rules:

e If P is a predicate symbol in L, then P(z) € ML} and —P(x) € ML7.

o If ¢, ¢’ € ML7, then (p V ¢') € ML7 and (¢ A ¢') € ML7.

e If R is a binary relation symbol in L, y is a variable distinct from =z,
and ¢ € MLY, then

Jy(R(z,y) N¢) € ML} and Vy(R(z,y) — ¢) € ML].

The modal language generated by the vocabulary L, denoted MLy, is
the union of ML] for all variables x. !

The elements of MLj, are called MLy, formulas. A modal formula is
an MLy, formula for some modal vocabulary L. When the vocabulary is
irrelevant or clear from context we will not mention it explicitly.

Every MLy formula is an FOp formula for any modal vocabulary
L. This allows us to transfer some technical machinery from first-order
logic to modal logic, such as the notion of subformula and free variable.
Every element in ML7 has precisely one free variable: z. The value of z
is interpreted as the current state.

Unlike first-order quantifiers, modal quantifiers always occur bound
by the relation R, e.g., Qy (R(z, Y).. ) This forces Eloise and Abelard
to only pick successors of the current state.

We can also transfer the semantics of first-order logic to modal logic.
Thus if ¢ is a modal formula with free variable x, M is a suitable struc-
ture, and s is an assignment whose domain includes x, then

M,s = ¢

3 It is well known that the current formulation is interchangeable with the
customary syntax of modal logic in terms of propositional variables p,q, ...,
negation —, connectives V, A, and modalities <, 0. The so-called “standard
translation” mediates between the customary syntax of modal logic and its
first-order rendering used here, see [5, p. 83].
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expresses that Eloise has a winning strategy in the first-order semantic
game G(M, s, ¢).

Every modal formula is a first-order formula, but not every first-order
formula is equivalent to a modal formula. Cases in point are

y(x #yNye) and Ty(R(y,z) A )

for any modal formula ¢ with free variable y, see [5, p. 63]. Also, the
formula

HZVy(R(x, y) = (R(y,2) A ‘p))

has no equivalent in modal logic, for any modal formula ¢ with free
variable z.

The good news is that modal logic is decidable [37]. An extensive
literature has been developed on extensions and variants of modal logic
and their computational properties, see [5,41]. In a series of publications
Tulenheimo, later joined by the third author, proposed an independence-
friendly modal logic [52, 62-64].

Given the definition of modal logic, the definition of IF modal logic
should come as no surprise.

Definition 8.10 Let L be a modal vocabulary, and let x be a variable.
The set IFML7 is generated by the finite application of the following
rules:

e If P is a predicate symbol in L, then P(x) € IFML] and —P(z) €
IFMLY.

o If ©, ¢ € IFMLY, then (¢ V ¢') € IFML] and (¢ A ¢') € IFMLY.

e If R is a binary relation symbol in L, y is a variable distinct from =z,
¢ € IFMLY, and W is a finite set of variables, then

(3y/W)(R(w.y) A ¢) € IFMLE,
(Vy /W) (R(x, y) — cp) € IFMLY.

The IF modal language generated by the modal vocabulary L, denoted
IFMLy, is the union of IFMLY for all variables x. =

The elements of IFML; are called IFML; formulas, while an IF
modal formula is an IFMLy formula for some vocabulary L. Every
IF modal formula is an IF formula, and in every IF modal formula
(Qy/W)(R(z,y)...) € IFML], the variable z is free.

As before we can transfer the semantic apparatus of IF logic to IF
modal logic. Thus if ¢ is an IF modal formula, M is a suitable structure,
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and X is an assignment team whose domain contains Free(y), then
M, X =+ o

expresses that Eloise/Abelard has a winning strategy for G(M, X, ¢).

8.2.2 Model theory

Tulenheimo [62] showed that there are IF modal formulas that are not
truth equivalent relative to {z} to any ordinary modal formula. The
simplest case in point is

vy (R(w, y) — (3z/{y}) (R(y, z) A @))

By Theorem 5.35 and Proposition 6.22(c), this formula is truth equiva-
lent relative to {z} to the IF formula

320y (Rw) — (R 1 9)),

which, as we saw earlier, has no equivalent in modal logic.

Later it was proved that there are also IF modal formulas that are not
truth equivalent to any first-order formula [64]. Therefore, the notion of
independence-friendliness is powerful enough to increase the expressive
power of modal logic beyond first-order logic.

Theorem 8.11 There is an IFMLj, formula that is not equivalent to
any FOp formula.

Proof The proof involves the class of seastar structures. A seastar
structure is a directed graph whose edges radiate out from a central
point. For each 1 < m < 4, the set of vertices exactly m steps from
the center is called the ring of radius m. Every ring in a seastar struc-
ture has the same number of vertices. The circumference of a seastar
structure is the number of nodes in each of its rings, and S,, denotes
the seastar structure with circumference n. The seastar structure with
circumference n = 8 is drawn in Figure 8.2. Let a denote the middle
object in Sy, and let s = {(z,a)} be the assignment that assigns a to
the variable z.

The proof comes in two parts. First we show that for every first-order
formula ¢ with free variable x there is an n such that S,, and S, ;1 are
indistinguishable, that is,

Sp,s =@ implies S,41,8 FE .



8.2 IF modal logic 195

DS

LT

/ N\

i)
L J

"
e

N\
\/

/
N\

W
|

N
-\\/

AV,

N,

Figure 8.2 The seastar structure S,, with circumference n = 8.

This can be proved by means of Ehrenfeucht-Fraissé games [18,20]. In
the proof we can exploit the resemblance of S,, with the cyclic graph
with 2n objects. It is well known that first-order logic cannot define
evenness on cyclic graphs (see [16, p. 23]), that is, it cannot distinguish
cyclic graphs of size 2n from cyclic graphs of size 2n + 1.

Second we show that the IF modal formula Yy (R(;v,y) — (Y Vv w)),
where 9 is

Vu(R(y,u) — (Fv/{u}) [R(u,v) A (Fw/{y, v})R(v,w)])

has the property that n is even if and only if S,,, s =1 . Using trump
semantics, S,,s ET ¢ if and only if S, {s}[y, A] ET ¥ V ¢, where A is
the set of objects in the inner ring of S,,, that is, the objects that are
accessible from its middle object a.

If n is even, there is an exclusive cover of A, that is, a cover B U B’
of A such that for both C' € {B, B'}, no two objects in C have a shared
successor. Let B U B’ be an exclusive cover of A. It can be shown that
Su, {s}y, B] E" ¢ and Sy, {s}ly, B'| E* ¥

If n is odd, there is no exclusive cover. Consequently, for every cover
BUB’ of A thereisa C € {B, B’} that contains two objects with a shared
successor. One can prove that for this C we have S, {s}[y,C] £+ ¢

Hence S, {s}y, A] ET 1 V. -
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Observe that the IF modal formula used in the second part of the
proof, the one that has no first-order equivalent, lacks perfect recall for
Eloise (compare Corollary 6.24).

8.2.3 Decidability

In a recent publication by the third author [53] it was shown that IF
modal logic is decidable.

Theorem 8.12 The class of satisfiable, regular IFMLy, formulas is
decidable.

Proof The proof given in [53] is based on a tableau argument. It re-
volves around the notion of “witness system” that collects the satisfia-
bility constraints of each subformula % in a regular IF modal formula
. Technically a witness system (w, S) consists of two objects. The first
object w is a function that maps each subformula v to a team of as-
signments AY, where U is the set of variables that appear free in the
subformulas in ¢ that contain 9 as a subformula, and A is a sufficiently
large set of objects. The second object S is a binary relation on A.

The idea is that w(z)) is a team of assignments that suffices to satisfy
¥. Thus, if (w,S) is a witness system of ¢, we require that for every
subformula v of the form x V x’ in ¢,

w(v) = w(x) Uw(x)

and similarly we require that for every subformula ¢ of the form x A x/,

w(th) = w(x) = wx)

Each assignment s € w(t) with domain y1,...,y, introduces the ob-
jects s(y1),...,8(yn). The size of a witness system refers to the total
number of distinct objects introduced by its assignments. The relation
S contains all pairs of objects thus introduced that need to be connected
to satisfy the subformulas in . If (w,S) is a witness system of ¢, we
require that for every subformula ¢ of the form (Jy/W)(R(z,y) A1)
in ¢ there is a W-uniform function f with domain w(¢) such that

w()ly, f] = w(y’)

and (s(z), f(s)) € S for every s € w(v).
If (w, S) is a witness system of ¢, we require that for every subformula
¥ of the form (Vy/W)(R(z,y) — '),

w()ly, B = w(y)),
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where B = {b € A: (s(z),b) € S for some s € w(1)}. So the universal
quantifier only affects objects that are reachable from the objects in B.

In order to avoid the all-empty witness system, we require w(p) to be
nonempty if (w, S) is a witness system of .

For literals ¢ of the form P(z), the set { s(z) : s € w(t) } contains
the objects that should be P objects, whereas for literals ¢’ of the form
—P(y), the set { s(y) : s € w(¢’) } contains the objects that should not
be P objects. There is an inconsistency in the witness system if there
are two such subformulas ¢ and ¢’ such that { s(z) : s € w(¢) } and
{s(y): s € w(y’) } overlap. In that case we say that (w,S) is closed. It
it is not closed, we say it is open.

We can now prove that ¢ is satisfiable if and only if ¢ has an open
witness system. The direction from right-to-left is straightforward, as
we can easily convert a witness system to a structure M and prove that
M, w(y)) ET 4, for every subformula v in ¢, including ¢ itself. The
converse direction requires us to distill an open witness system from a
structure-assignment pair that is known to satisfy ¢ by carefully man-
aging the order in which we construct the sets w(1)) for the subformulas
.

Finally it can be shown that there is a finite upper bound on the size
of the witness system of ¢. A naive algorithm would thus iterate through
all witness systems. It accepts ¢ and terminates the moment it finds an
open witness system of ¢ . If it has checked all witness systems that
have size less than the upper bound for ¢, then it rejects . This proves
the theorem.

The regularity constraint is an artifact of the way the language was
presented in [53]. It is conceivable that this constraint can be lifted
without affecting the decidability of IF modal logic. 4
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[, see structure, reduct
~p, 16, 63
1,39
T, 39
F1r, 128
9, see @
zﬁhp(~)7 146
absorption, 40, 105
action, 10
recall, 145-146
Ajtai, 151
arity, 28, 136

Index

assignment, 31

extend, 77, 90-95

induced by history, 34

initial, 34, 62

second-order, 137
assignment team, see team of

assignments

associativity, 40, 104
Atom(-), see formula, atomic
axiom of choice, 13

Benthem, van, 113, 145, 146, 151

bitstring, 183-184

Blackburn, 192-193

Bound(+), see variable, bound

branch, 12

bridge, 3, 66, 146

Burgess’ theorem, 130, 140, 144
for elementary classes, 149

Caicedo, 71, 87, 88, 90-95, 109-111,

113-115, 118, 120-124
Cameron, 186, 188-191
Cartesian extension, 77

theorem, 91, 92, 95, 101, 111, 112

Church, 191
class
E} definable, 144
e-definable under equilibrium
semantics, 155
first-order definable, 135
IF definable, 135
commutativity, 39, 104
compactness theorem, 127
complementation, 40, 105
compositional, see semantics,
compositional
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conservative extension, 134, 155
constant sum
extensive game, 12
strategic game, 19
constant symbol, 28
contest, 84
continuous function, 2
uniformly, 4
counting argument, 188
cover, 78
exclusive, 195
uniform, 97
Craig’s interpolation theorem, 130

A(A), 22
De Morgan’s laws, 42, 104
Dechesne, 87, 88, 90-95, 109-111,
113-115, 118, 120-124

decidability

of first-order logic, 191

of IF logic, 191

of IF modal logic, 196-197

of modal logic, 193
Dedekind, 132

infinite, 71, 139, 178
definable, see class
determined, 131

win-lose extensive game, see win-lose,

extensive game, determined

dissatisfy, 64, 82—83
distributivity, 40, 105

of quantifier, see quantifier,

distributing over connectives
dom(X), 77
double quantification, see quantifier,
double

double suit, 188
downward monotonicity, 88
duality, 103

3, see Q
Ebbinghaus, 51, 129, 195
Ehrenfeucht, 5
Ehrenfeucht-Fraissé game, 195
elementary class, see class, first-order
definable
elimination of strategies, 173, 178-180
Enderton, 139-140, 142
entail
first-order formula, 39
IF formula, 100
falsity, 100
truth, 100

Index

theory, 128
equilibrium
behavioral, 170
in mixed strategies, 23, 25
in pure strategies, 20
semantics, 154-155
equivalent
assignment modulo W, 62
first-order formula, 39
IF formula, 100
falsity, 100
truth, 100
event, 22
expansion, see structure, expansion
extension of history, see history,
extension of
extensive game
with imperfect information, 16
with perfect information, 10
extensive game form
with imperfect information, 16
with perfect information, 10
extraction of quantifier, see quantifier,
extraction

FOp, see first-order language
false
first-order sentence, 37
IF sentence, 64
finite horizon, 12
first-order language, 29
Flum, 51, 129, 195
forest, 11, 84
formula
atomic, 29
equivalent, see equivalent
first-order, 29
satisfiable, see satisfiable,
first-order formula
valid, 55
IF, 60
contrary, 130
regular, 61, 146
IF modal, 193
regular, 196-197
modal, 192
kL, 139
»L. 139
second-order, 137
existential, 139
Free(-), see variable, free
function
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symbol, 28
uniform, 77
variable, 136

T", see theory

(M, s, @), see strategic IF game

G(M, s, @), see semantic game

G(M, X, ), 83

Gale-Stewart theorem, 5, 14—15, 17, 37,
63, 176

Galliani, 170

Godel’s first incompleteness theorem,
129

graph, 72

H (set of histories), 10

Hy, 13

Hy, 14

Hy, 34

height of forest, 11

Hella, 87

Henkin, 4, 5

Hintikka, 5, 32, 59, 146, 185
normal form, 125-126

history, 10
extension of, 10
indistinguishable, 16
initial, 10
terminal, 10

Hodges, 59, 66, 77-78, 84, 87-89,

185-191

IFL, see independence-friendly, language
IFMLy,, see independence-friendly,
modal language
independence-friendly
language, 59
modal language, 193
interchange of quantifiers, see
quantifier, interchange of
interchanging free variable, 90
interpolant, 130
Inverted Matching Pennies, see
Matching Pennies
involution, 72, 179

Janssen, 87, 88, 90-95, 109-111,
113-115, 118, 120-124

Ky(-), 146
Kry(+), 75
Kleene, 5
knowledge memory, 145-146
Kreisel
counterexample, 58
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form, 75
second-order, 138
Krynicki, 71, 87
Kuhn, 145
Kuhn’s theorem, 171

Ladner, 193

language-game, 32

leaf, 11

Lewis, 73-74

Lit(-), see literal

literal, 60

Lowenheim-Skolem theorem, 129, 132

lose, 12

losing team, see team of assignments,
losing

W, see strategy, mixed
/J,|(P, 160
Mann, 87, 170
Marx, 193
matching, 72
perfect, 72
Matching Pennies, 5, 21-24, 64, 67, 75,
130, 148-150, 152, 168, 180
meaning, 186
minimax theorem, 24, 152
MLy, see modal language
modal language, 192
model, 36, 127
as synonym for structure, see
structure
monotonicity rule
for connective, 162—-164
for negation, 169-170
for quantifier, 167—-168, 178
N (set of players), 10, 18, 151
Nash, 24
Nature, 85
negation
double, 104
equilibrium semantics, see
monotonicity rule, for negation
in IF logic, 95-96
normal form, 43
Neumann, von, 24
noncontradiction, 88

Osborne, 9, 10, 18, 19, 25, 145, 173
outcome, 22

Peven, 72, 144, 180

p1F, 130, 135, 149

Poo, 71, 128, 135, 138-139, 178-180
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ot 138
»/V, 93
pMp, see Matching Pennies
P, see player function
parking a car, 73
payoff equivalent, 173
payoff function, see utility function
Peano arithmetic, 132
Peirce, 33
perfect recall, 145-149, 170, 196
Piccione, 145
play, 10
playability, 146
player, 10
function, 10
posterior probability, 159
predicate, 28
prenex normal form
first-order formula, 54-55
IF formula, 87, 119-125
principle of bivalence, 65
prior probability, 159-160
Prisoner’s Dilemma, 19
probability distribution, 21, 159
uniform, 22
product rule, 160, 161, 162
proof system, 128
pseudo-elementary class, see class, Z}
definable

Q, 29

quantifier
alternation hierarchy, 139
branching, 4
distributing over connectives, 107-109
double, 111-113
extraction, 115-119
Henkin, see quantifier, branching
interchange of, 113-114
modal, 191
Rescher, 155-156, 181
subordinate, 30
superfluous, 65
superordinate, 30
vacuous, 79, 109-111

p, see renaming, of vocabulary
Raghavan, 181
random variable, 159
elimination of, 160
reduct, see structure, reduct
relation
symbol, 28

Index

variable, 136
renaming

of variable, 120-123

of vocabulary, 116
Rijke, de, 192-193
role-reversal, 35, 43
root, 11
Rubinstein, 9, 10, 145

S, see suit
Se, 158, 160, 166
sp, see assignment, induced by history
Sp, 18, 151
sample space, 21
Sandu, 5, 7, 59, 87, 151, 155, 170, 180,
181, 185
satisfiable
theory, 127
satisfy, 36, 64, 78
saturated, 97
scope, 29
seastar structure, see structure, seastar
second-order language, 136
semantic game
for first-order formula, 33-35
for IF formula, 62—63
redux, 83-85
for modal formula, 191-193
semantics, 186
adequate, 186
compositional, 48, 76-77, 170, 185,
186
fully abstract, 187
game-theoretic, 32, 62—64
game-theoretical, 83-84
Skolem, 68, 75
Tarski, 48, 185
trump, 77-78, 82, 83
sentence
first-order, 30
IF, 61
separation theorem, 130
Sevenster, 145-148, 151, 155, 170, 180,
181, 193-197
signaling, 65—66, 67-68, 74, 76, 79, 103,
109, 145, 180
problem, 73-74
system, 73-74
with connectives, 85-86
with IF sentences, 94
Sky (+), see Skolem, form
Skolem, 129, 140
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form
of first-order formula, 55
of IF formula, 67
second-order, 138
function, 56
normal form, 140
semantics, see semantics, Skolem
term, 56
slash set, 60, 107
SOy, see second-order language
Stag Hunt, 18, 21, 24
standard translation of modal logic, 192
strategic game, 18
finite, 18
strategic IF game, 151
first-order subformula, 173
strategy
behavioral, 170
follow, 13
in extensive game
with imperfect information, 16
with perfect information, 13
in strategic game, 18
mixed, 22
pure, 18
memoryless, 38, 135
nondeterministic, 13
profile, 20
winning, 14, 153
strictly competitive
extensive game, 12
strategic game, 19
structure, 30
expansion, 31
reduct, 31
seastar, 194
suitable, 31
Subf(-), see subformula
Subfy(+), 29
Subfs(+), 29
subformula
of first-order formula, 29
of IF formula, 60
subordinate, see quantifier, subordinate
Subst(-, -, ), see substitution
substitution, 50-54, 89-90
in first-order formula, 52
in IF formula, 89
in term, 51
of equivalent subformulas, 103
suit, 188
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superordinate, see quantifier,
superordinate, 30
support, 22

T, 158, 160, 166
tableau argument, 196
Tarski, 6, 32, 48, 59, 129, 185
semantics, see semantics, Tarski
team of assignments, 77
losing, 82
winning, 78
term, 28
second-order, 136
theory, 127
Thomas, 51, 129
Trakhtenbrot’s theorem, 129
tree, 12
TRUE, 186
true
first-order sentence, 36
IF sentence, 64
trump, 78
semantics, see semantics, trump
Tulenheimo, 193-194

up, see utility function
ug, 158, 166
Up, see utility function, expected
uniform
function, see function, uniform
probability distribution, see
probability distribution, uniform
universe, 30
utility function, 10, 18
expected, 22
for semantic games, 34
for strategic IF games, 151

V(I'), see value of strategic IF game
Vadnanen, 87, 131-132, 140, 142
value of strategic IF game, 152
variable, 28
bound
in first-order formula, 30
in IF formula, 60
free
in first-order formula, 30
in IF formula, 60
in second-order formula, 137
individual, 136
public, 165
random, see random variable
second-order, 136
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Venema, 192-193
vocabulary, 28
modal, 191

Walkoe, 139-140, 142
weakly dominant, 171
win, 12
win-lose
extensive game, 12
determined, 14
strategic game, 19
winner function, 13
winning team, see team of assignments,
winning
witness system, 196
Wittgenstein, 32
X[, -], 77
Z (set of terminal histories), 10
Zp, 14
Zg, 14
Z€ero sum
extensive game, 12
strategic game, 19
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