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Abstract

Dependence logic is a new logic which incorporates the notion of “dependence”, as well
as “independence” between variables into first-order logic. In this thesis, we study exten-
sions and variants of dependence logic on the first-order, propositional and modal level.
In particular, the role of intuitionistic connectives in this setting is emphasized.

We obtain, among others, the following results:

e First-order dependence logic extended with intuitionistic and linear connectives
characterizes all second-order downwards monotone properties.

e First-order independence logic extended with intuitionistic and linear connectives,
and first-order inclusion logic extended with maximal implication are both equiva-
lent to the full second-order logic over sentences.

e Complete axiomatizations for propositional dependence logic, propositional intu-
itionistic dependence logic, propositional independence logic extended with non-
empty atom.

e Intuitionistic connectives are definable, but not uniformly definable in propositional
dependence logic.

e Modal intuitionistic dependence logic has a connection with modal intuitionistic
logic.

e Model checking problem for modal intuitionistic dependence logic is PSPACE-
complete.
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Introduction

In this thesis, we study extensions and variants of dependence logic, in particular, the role
of intuitionistic connectives in this setting will be emphasized.

The two central notions of this thesis are “dependence” and “independence”. De-
pendence and independence are common phenomena in many fields: from computer sci-
ence (databases, software engineering, knowledge representation, Al) to social sciences
(human history, stock markets). Formally, one encounters the issue of dependence and
independence when a first-order sentence such as

Va1 3y Ve 3y d(21, 22,91, 42)
is being considered: the sentence is true on a given first-order model M if

for all values a| of xy, there exists a value by of y; (depending on a) such
that for all values ay of T, there exists a value b, of y, (depending on @ and
ay) such that ¢(ay,a,b1,by) is true on M.

That is, in first-order logic, the value of an existentially quantified variable depends only
on the values of all universally quantified variables that come before it. Such a built-in
linear dependence relation between variables makes the familiar first-order logic a weak
and restricted logic in terms of dependence and independence. The research of developing
an appropriate logical formalism for dependence and independence has been active in
recent years.

The first step in this direction dates back to 1960’s when Henkin [46]] characterized
dependence between first-order variables by extending classical first-order logic with par-
tially ordered quantifiers, called branching quantifiers or Henkin quantifiers. A typical
sentence with a branching quantifier is as follows:

( Ve Jyi

V.’Ez Elyz ) ¢($1,$2’y1,y2)a (01)

whose semantics is given via Skolem functions: the sentence is true on a given first-order
model M if the Skolem expression

Efﬂgvxlvxz(b(l‘l , X2, f($1)79($2))

is true on M. Enderton [[19] and Walkoe [83] showed that first-order logic with Henkin
quantifiers has the same expressive power as Z%, the existential second-order logic.
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Table 1: An example of a team

T | P2
S1 0 1
S2 0 0
S3 1 0

In the second step, Hintikka and Sandu [48]], [49] (see also [69]) developed the so-
called independence-friendly logic (IF-logic), which can be easily proved to have the same
expressive power as 2{ over sentences too. IF-logic adds into first-order logic slashed
(linear) quantifiers. For example, the formula in (0.1)) is expressed by

Vo 3y Voo dya /{z1 } (1, 22,91, 92), 0.2)
which is true on a given first-order model M if intuitively

for all values ay of x|, there exists a value by of y| such that for all val-
ues ap of xp, there exists a value by of y,, independent of aj, such that
o(ay,ap,by,by) is true on M.

The game-theoretical semantics of IF-logic is defined with respect to imperfect informa-
tion games, which is a generalization of the standard game-theoretical semantics of first-
order logic. However, such semantics is non-compositional, in particular, open formulas
of the logic do not have meanings. It was only until [50], [S2], Hodges introduced compo-
sitional semantics for IF-logic, called trump semantics and later also team semantics. The
crucial innovation of the semantics is that the satisfaction relation is defined with respect
to sets of assignments, called teams, instead of single assignments as in the usual seman-
tics of first-order logic. Cameron and Hodges showed in [[6] that it is indeed not possible
to obtain compositional semantics for [F-logic with respect to single assignments.

Based on team semantics, Vainédnen [[/8] introduced first-order dependence logic,
which is the topic of this thesis. Dependence logic singles out the dependence between
variables from the use of quantifiers, and incorporates in first-order logic a new type of
atomic formulas

=1y ., Tp_1,Tn),

called dependence atomic formulas or dependence atoms. Intuitively, the above atom is
true on a first-order model if the value of the first-order variable x,, is functionally deter-
mined by the values of the first-order variables x1,...,x,—1. As we shall discuss in details
in Section 1.1 that such functional dependence do not manifest in a single assignment, but
in a set of assignments (a feam). Given a first-order model M with domain {0,1}. The
dependence atom =(z3,y>) is not true on the set X = {1, 52,53} of assignments (a team)
represented by Table [T This is because the value of y, is not functionally determined
by the value of x;, as when the value of z, is 0, the variable y, may have two different
values, namely 1 (under s1) and O (under s3).

Over sentences, dependence logic also has the same expressive power as L, therefore
it is equivalent to both first-order logic with Henkin quantifiers and IF-logic. For instance,



the formula (0.T)) or (0.2) can be expressed in dependence logic as:

Va1 3y Ve Iy (=22, 12) Ad(x1,22,91,92))- (0.3)

Over formulas, dependence logic is downwards closed, meaning that if a formula is true
on a team X, then it is true also on all subteams of X. Making use of the downwards
closure property, Kontinen and Véanénen [60] proved that open formulas of dependence
logic characterize all downwards monotone Z} properties with respect to non-empty teams
in a certain sense.

An important extension of first-order dependence logic, namely first-order indepen-
dence logic, was developed recently by Gréadel and Viaidnédnen [39]. Instead of empha-
sizing dependence, independence logic emphasizes independence. It adds into first-order
logic a new type of atomic formulas, namely independence atoms of the form

L4

Intuitively, given a first-order model, the above atom is true on a team if with respect to a
fixed value of Z the terms Z are totally independent of the terms § in the sense that know-
ing the value of Z does not tell us anything about the value of 3. Clearly, independence
logic is not downwards closed. Galliani proved in [31]] that independence logic charac-
terize all Z% properties with respect to non-empty teams in a certain sense. In particular,
dependence atoms are definable by independence atoms (see Expression in Section
1.2), implying that dependence logic is a sublogic of independence logic. Other inter-
esting sublogics of independence logic are inclusion logic [31]], [35] and exclusion logic
[31].

The main focus of this thesis is the so-called BID-logic introduced by Abramsky and
Viinidnen [1]. BID-logic is an extension of dependence logic obtained by a careful anal-
ysis of team semantics in the presence of the downwards closure property. The proposi-
tional fragment of BID-logic turns out to correspond to the logic of bunched implications
[[72]], [74]] (BI) aiming at providing a semantically based logic of resources. In particular,
the algebraic counterpart of BID-logic is both a commutative quantale (which carries an
interpretation of linear logic) and a complete Heyting algebra (which carries an interpre-
tation of intuitionistic logic). New connectives corresponding to the operations in such
an algebraic structure are then introduced into BID-logic, namely, the intuitionistic im-
plication, the intutionistic disjunction and the linear implication. In this thesis, we study
the properties of these connectives, mainly the intuitionistic ones, on the first-order logic
level (chapters 2-3), the propositional logic level (chapters 4-5), as well as the modal logic
level (chapters 6-7).

The thesis is organized as follows:

In “Note on notation”, we declare basic knowledge and facts on logic that are taken
for granted in the thesis, and fix our choices for commonly used symbols and notations.

Chapter 1 introduces the known properties of all of the first-order logics mentioned
above, namely first-order BID-logic, dependence logic, independence logic, inclusion
logic and exclusion logic.

In Chapter 2, we study the expressive power of first-order BID-logic. In the prepa-
ration sections (sections 2.1-2.2), the so-called first-order intuitionistic dependence logic



(ID), which is first-order dependence logic extended with intuitionistic connectives is de-
fined. We point out that ID satisfies all axioms of propositional intuitionistic logic, as well
as all axioms of Maksimova’s Logic ND ([68]]) and all axioms of Kreisel-Putnam Logic
KP ([63]), together with the double negation law for classical atomic formulas. This also
paves the way for Section 4.2 of Chapter 4 on propositional intuitionistic dependence
logic.

In the main part of Chapter 2, we show that over sentences, BID-logic, or already
first-order intuitionistic dependence logic (a fragment of BID-logic), is equivalent to the
full second-order logic. The content of this section is based on the publication [87]. Gen-
eralizing the method of [60], we also prove that open formulas of BID-logic characterize
all downwards monotone second-order properties with respect to all teams (including the
empty team) in a certain sense. Recall that dependence logic itself is equivalent to X!,
which is not closed under classical negation. Dependence logic extended with classical
negation is called feam logic, and team logic is also equivalent to the full second-order
logic over sentences ([59]). The importance of our result lies in that BID-logic is a char-
acterization of the full second-order logic without having the classical negation in the
language.

In Chapter 3, we study first-order independence logic with implications. Lacking of
the downwards closure property, intuitionistic implication and linear implication do not
behave the same way in independence logic as in dependence logic. However, indepen-
dence logic extended with the two implications is still equivalent to the full second-order
logic over sentences, and its open formulas define (not characterize) all second-order
empty set-closed properties. Moreover, we study the maximal implication, introduced in
[59]. We prove that inclusion logic extended with maximal implication is equivalent to
the full second-order logic.

Chapter 4 is devoted to the study of propositional dependence logic, propositional
independence logic and their variants. We introduce these logics as natural propositional
variants of their first-order counterparts. We give concrete axiomatizations and prove
completeness theorems for these logics.

For a fixed number of propositional variables, there are only finitely many distinct
teams. A consequence of this fact, discussed in Section 4.2, is that in the presence of
intuitionistic disjunction, dependence atoms are eliminatable. Therefore the so-called
propositional intuitionistic dependence logic is essentially equivalent to inquisitive logic
[L3]. Such a surprising connection opens the door for future research.

In Chapter 5, we investigate the uniform definability issue in propositional depen-
dence logic. It follows from Theorem [.4.1] that all instances of any connective is de-
finable in propositional dependence logic, however, we show in this chapter that not all
connectives are uniformly definable in the logic. For instance, intuitionistic implication
and intuitionistic disjunction are two such connectives. This work is inspired by [32].
As a consequence of [13]], this phenomenon also occurs in propositional intuitionistic
dependence logic or inquisitive logic.

In Chapter 6, we introduce modal intuitionistic dependence logic, which is a variant
of modal dependence logic [19] having intuitionistic connectives. We prove some prelim-
inary model-theoretic results of the logic, including a translation from modal dependence
logic into the logic. We reveal a connection between modal intuitionistic dependence
logic and intuitionistic modal logic IK defined independently in by Edwald [22], Fischer



Servi [26] and Plotkin and Stirling [73], and show that modal intuitionistic dependence
logic is complete with respect to a certain set of finite bi-relation Kripke models. We, by
no means, claim that the work in Chapter 6 is complete in any sense for the investigation
of modal intuitionistic dependence logic, however we present this chapter with the hope
that these results will throw some light on the future research in this area.

Chapter 7 is based on the publication [18]] in which we analyze the computational
complexity of the model checking problem for modal intuitionistic dependence logic and
its fragments built by restricting the operators allowed in the logics. In particular, we show
that the model checking problem for modal intuitionistic dependence logic in general is
PSPACE-complete and that for propositional intuitionistic dependence logic is coNP-
complete.



Note on Notation

Throughout the thesis, we assume the standard Tarskian semantics of classical first-order
logic (FO), the standard semantics of second-order logic (SO), the truth table semantics
of classical propositional logic (CPL), the Kripke semantics of modal logic (M) and
the Kripke semantics of intuitionistic logic (IPL), as well as that of intermediate logic.
Readers who are not familiar with these are referred to, e.g., [43]], [81], [64], (9, [4], [8OI,
etc.

We consider first-order logic with equality. The negated equation —(t; = ¢3) is often
written as t| # tp. For the treatment of first-order models, we follow [51]]. Unless oth-
erwise specified, we use a,b,c,d,... with or without subscripts or superscripts to stand
for constants, R,.S, ... with or without subscript or superscripts to stand for relations, and
f,9,h, ... with or without subscripts or superscripts to stand for functions. A first-order
signature L is a set of constant symbols, relation symbols and function symbols. We
write L(R) for the signature expanded from L by adding a new relation symbol R (whose
arity is always clear from the context); similarly for the expanded signature L(f). An
L-model M is a first-order model with signature L. We write ¢ for the interpretation of
the constant symbol ¢ in the model M; similarly for R and f™. If M is an L-model,
we sometimes write (M, c{‘/[, ceey c,i”, IM, U i R{”, ..., RM) for the expansion of the
L-model M obtained by adding the symbols cy,...,cg, fi,---, fm, R1,..., R, into the
signature L.

With some abuse of notation, we write M for both the model and its domain. An
assignment s on a model M is a function from a finite set dom(s) of variables into M.
The set dom(s) is called the domain of s, and it will be always clear from the context.
We sometimes use tables to represent assignments, for example, Table|l|in Introduction
contains three assignments s1, 53, s3 defined in the obvious way. Let s be an assignment
on a model M, A a set of variables, a an element of M. We write s [ A for the assign-
ment s restricted to the domain A N dom(s). We write s(a/x) for the assignment with
dom(s(a/x)) = dom(s)U{x} which agrees with s everywhere except that it maps x to a.
If {z1,...,2,} C dom(s), then we write s(T) for the sequence (s(x;),...,s(x,)). If ¢ is
a first-order term, then we write ¢(s) for the interpretation of ¢ on M under the assignment
s.

We say that M is a suitable model and s is a suitable assignment on M for a formula
¢ if all constant, relation and function symbols occurring in ¢ are in the signature of M,
and all free variables of ¢ are in the domain of s.

A sequence (o1, ...,0,) of objects is abbreviated as &, and the length of the sequence
will always be clear from the context or does not matter. That is, we write £, f , R, ¢, P
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for sequences of first-order terms, functions, relations, elements of models, propositional
variables, and so forth. We use the standard abbreviation VZ to stand for a sequence of
universal quantifiers Vz; ...Vz,, (the length of T is always clear from the context or does
not matter); similarly for existential quantifiers.

A formula in negation normal form is a formula in which negations occur only in
front of atomic formulas. Any (classical) first-order, propositional or modal formula
is equivalent to a formula in negation normal form. Let ¢(¢1,...,1%) be a formula
(first-order, propositional or modal) which has 1y,...,%; as subformulas. We write
@(01/41,...,0, /1) for the formula obtained by uniformly replacing each ; in ¢ with
0; foreach 1 < <k.

The empty set is denoted by 0; the empty sequence is denoted by () or e. The con-
catenation of two sequences Z and ¥ is denoted by "¢ or simply Z3. The notation z C y
means that x is a subset of y or z = y; the notation x C y or z C y means that x is a proper
subset of .

Natural numbers are defined inductively as:

e 0:=0;
e n+1:=nuU{n}.

We denote the set of all natural numbers by w or N. For any set A, denote the cardinality
of A by the standard notation | A].
The normal form of every second-order X! -formula is

Hflvszfnq@anﬁ/%

where 1 is quantifier free, @ is 3 or V depending on the parity of n, and @ is the dual of
Q. Similarly, the normal form of every second-order IT! -formula is

vf_lzlf_Z" 'Qf_nfl @f_an¢

We use the standard notations P, PSPACE, EXPTIME in computational complexity
theory to stand for the classes of decision problems whose solutions can be determined by
a deterministic Turing machine in polynomial time, polynomial space, exponential time,
respectively; we write NP, NPSPACE, NEXPTIME for the classes of decision problems
whose solutions can be determined by a non-deterministic Turing machine in polynomial
time, polynomial space, exponential time, respectively.



Chapter 1

First-order logics of dependence and
independence

In this chapter, we give a brief introduction to the first-order logics of dependence and in-
dependence considered in this thesis. In Section 1.1, we introduce first-order dependence
logic [78] and its extension BID-logic [[L], as well as team semantics. In Section 1.2, we
present the definitions and basic results of first-order independence logic [39]], inclusion
logic and exclusion logic [31]].

1.1 First-order dependence logic and BID-logic

In this section, we define first-order dependence logic and BID-logic, as well as team se-
mantics. As discussed in Introduction, dependence logic (D) was developed by Viidnidnen
in [[78] as an alternative approach to independence friendly logic (IF-logic) [48]], [49] (see
also [[69]]). It adds into first-order logic a new type of atomic formulas

:(l'la"'vmnflaxn)a

called dependence atomic formulas or dependence atoms. Such a formula, as well as
other formulas of D, are evaluated on a model with respect to a set of assignments (called
teams). A team X satisfies the above formula if the value of the first-order term x,, is
functionally determined by the values of the first-order terms zy,...,2,_1, that is, for all
assignments s,s’ € X,

[s(xl) =5(x1), ..., 8(xp 1) = s/(xn_l)} = s(x,) = 5 (2,,);

Such semantics is called team semantics (or trump semantics), which was originally in-
troduced by Hodges [50], [52] as a compositional semantics for IF-logic.

A basic property of D is that it is downwards closed, i.e., if a team X satisfies a for-
mula, then every subteam of X also satisfy the formula. In [1] , Abramsky and Véidnédnen
studied team semantics with the downwards closure property, and defined an extension
of D, called BID-logic (BID). In a general construction of Hodges’ team semantics, the
propositional fragment of BID corresponds to the logic of bunched implications [[12],
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[[74]] (BI), which is a semantically based logic of resources. The algebraic counterpart of
BID is both a commutative quantale (which carries an interpretation of linear logic) and a
complete Heyting algebra (which carries an interpretation of intuitionistic logic). Accord-
ingly, BID has both connectives of linear logic, i.e., ® (the additive conjunction) and —o
(linear implication), and connectives of intuitionistic logic, i.e., V (the intuitionistic dis-
Jjunction) and — (the intuitionistic implication). The connective ® was the disjunction of
D (which was inherited from the classical disjunction of first-order logicﬂ and we shall
call it tensor disjunction in this thesis, although it corresponds to additive conjunction in
BID.

In this thesis, we will treat D as a fragment or sublogic of BID, Below we define the
syntax of BID and D.

Definition 1.1.1. Well-formed formulas of BID-logic (BID) are given by the following
grammar

$ru=al|-a|=(z1,....2.) | L §AD | 60| 9V |d— 6| ¢ —o ¢ | 3ud | Voo
where « is a first-order atomic formula and n > 1.

Note that in the above definition of the syntax of BID, negations apply only to first-
order atomic formulas. Indeed, in this thesis, we do not view such atomic negation as a
connective of the logic, that is, the expression -« should be understood as a whole object
(c.f. Definition[5.2.1)). On the other hand, every formula of BID does have its intuitionistic
negation defined in the following Convention. The issues about negation will be studied
in Section 2.1.

Convention 1.1.2. For any formulas ¢ and v of BID, we define
@) ~¢:=9¢— 1]

@) T:=-1

(iii) ¢ Y :=(o = Y)A (Y — )

For technical simplicity, we use the expression =(---) to stand for a special type of
operator which acts on variables. Any dependence atom =(z1,...,2,) (n > 1) is a result
of an application of =(- - -). Similarly, the expression =(-) is an operator applying to single
variables only, that is, the resulting dependence atoms can only be of the form =(z).
Moreover, all of the connectives, quantifiers and the constant | of BID are viewed as
operators as well. Next, we define our notations for sublogics or extensions of a logic
built by restricting or extending the set of eligible operators of the logic.

Definition 1.1.3. Let L be a logic and Q a set of operators of L.

(i) We write L[Q] for the sublogic of L built from literals of L using quantifiers and the
operators only from Q. We sometimes write simply L[oj,02,...,0,] instead of

L[{o1,02,...,0n}]-

'In the literature of dependence logic, the disjunction of the logic is usually denoted by the same symbol V
as the classical disjunction of first-order logic. However, in this thesis, for the purpose of distinction, we use the
symbol & for the disjunction of dependence logic, and the symbol V for the intuitionistic disjunction.

2We will show in Lemmathat for first-order atomic formulas «, under the team semantics, the negated
atomic formula -« from Deﬁnitionhas the same meaning as o — L.
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(ii) We write L[ for the logic extended from L by adding the operators in Q. We some-
times write simply L[°1:92:++-n] instead of LI{e1-02:-0n}],
Now, we define D as a sublogic of BID.

Definition 1.1.4. First-order dependence logic (D) is the sublogic
BID[=(--),A,®,3,V]
of BID. In other words, well-formed formulas of D are given by the following grammar

¢::: Ck|—‘01|:(.’£1,,:L'n)|¢/\¢|d)®¢|3xd)‘vx¢
where « is a first-order atomic formula and n > 1.

The set Fv(¢) of free variables of a formula ¢ of BID is defined in the standard way
except that for the case of dependence atoms, we have the following definition:

Fv(=(z1,...,z,)) = {x1,...,xn}.

We call a formula ¢ of BID a sentence in case Fv(¢) = 0.
As discussed, the satisfaction relation of the logic BID is defined with respect to
teams. We now give the formal definition of a team.

Definition 1.1.5. A feam X of a first-order model M is a set of assignments on M with
the same domain. Denote the domain by dom(X).
If A is a set of variables, then we define a team X restricted to A as

X1A={sA|se X}

For example, Table[I]in Introduction represents a team X consisting of three assign-
ments sp, 52,53 with domain {3,142}, i.e., X = {s1,2,s3}. In particular, the following
sets are teams of a model M:

0 and {s},

where s is an assignment on M. For the empty domain, there is one and only one assign-
ment on M, namely the empty assignment @. The singleton of the empty assignment

{0}

is a team of M.
To give semantics for the existential and universal quantifiers of BID, we need to
define the following two operations on teams.

Definition 1.1.6. For any team X of M, and any function F': X — M, the team
X(F/x)={s(F(s)/z):s€ X}
is called the supplement team of X by Fand the team

X(M/z)={s(a/x):a€e M, s€ X}
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is called the duplicate team of X .We abbreviate the supplement team
X(Fi/zy)...(Fy/xy)

as X (F1/x1,...,F,/xy,), and the duplicate team
X(M/xy)...(M/zy)

as X(M/xy,...,x,) or X(M/Z).

Now, we give the semantics for BID. Such semantics is called feam semantics. The
logic D also has an equivalent game-theoretical semantics, however, in this thesis, we will
not go into this direction. Interested readers are referred to [78] for details.

Definition 1.1.7. We inductively define the notion of a formula ¢ of BID being satisfied
in a suitable first-order model M on a suitable team X of M, denoted by M E=x ¢, as
follows:

o M l=x o with « a first-order atomic formula iff for all s € X, M =, « in the usual
sense;

M Ex —« with « a first-order atomic formula iff for all s € X, M |=¢ -« in the
usual sense;

M E=x =(x1,...,2,) iffforall 5,5 € X

[s(z1) =5"(@1),...,5(@n_1) = 8 (Tn_1) | = s(zn) = &' (zn);

MEx Liff X =0,
MEx ¢AYiff M =x ¢ and M =x ;
M Ex ¢®1 iff there exist teams Y, Z C X with X =Y U Z such that

MEy ¢and M =z o

MEx ¢VYiff M Ex ¢or M =x

MEx ¢ = iffforany team Y C X,

My ¢ = M =y ;

M Ex ¢ —o 9 iff for any team Y with dom(Y") = dom(X),

M=y ¢ = M Exuy ¥;

M =x 3z iff M =y (p)y) ¢ for some function F': X — M;
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If M =x ¢ holds for all suitable models M and all suitable teams X of M, then
we say that ¢ is valid in BID, denoted by =gip ¢ or simply = ¢. Sentences have no
free variable and the empty assignment 0 is the only assignment for sentences. We say
that a sentence ¢ is true in M if the team {0} of the empty assignment satisfies ¢, i.e.
M =y ¢

Let ¢ and v be two formulas of BID. If for any suitable model M and any suitable
team X of M,

MEx ¢= M Ex ¢,

then we say that 1) is a logical consequence of ¢, in symbols ¢ = . If ¢ =1 and ¢ = ¢,
then we say that ¢ and v are logically equivalent, in symbols ¢ = 1.

The above defined team semantics deserve some comments. Most importantly, a team,
as in Table E] in Introduction, can be viewed as a relational database in the obvious way.
With this setting, dependence atoms =(zy,...,Z,_1,2,) correspond exactly the func-
tional dependencies {xy,...,xn,_1} — x, in database theory (see e.g. [23]] for an early
overview). In particular, dependence atoms satisfy Armstrong’s axioms [2]:

(i) =(z,);

(ii) if =(z,y,2), then =(y,z,2);

(iii) if =(y, 2), then =(z,y,2);

(iv) if =(z,y) and =(y, =), then =(z, 2).

Following database theory, the implication problem for dependence atoms asks that for a
finite set I" of dependence atoms and a dependence atom -, whether

=y

holds. From [2], we know that implication problem for dependence atoms can be axiom-
atized by Armstrong’s axioms. We will come back to Armstrong’s axioms in Chapter 4
in the context of propositional dependence logic, where in Example[d.4.T1) we will derive
these axioms in the natural deduction system of the logic.

It is possible to allow dependence atoms of the form =(ti,...,t,), where t1,...,t,
are first-order terms in the syntax of BID, as it is done in [78]. Such an atom is satisfied
by a team X if and only if (naturally) for all 5,5’ € X,

[tl (s)y =t1(s"), ..., tn_1(s) =t 4 <3'>] = t,(s) =t, ().
One sees easily that
=(t1,...,tn) =3x1 ... Jxp (=21, .., x) AL =) A A(xn =1t0)),

therefore for simplicity, in this thesis, we will restrict our attention to dependence atoms
of the form =(zy,...,x,) only.

The connectives of BID are of special interests for the following reasons. As discussed
in [1]] and the introduction of this section, for a model M and a set V' of variables, taking
all of the downwards closed subsets of (M "), one forms the algebra of the underlying
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propositional logic of BID. Such a structure is a BI algebra, that is, both a commutative
quantale and a complete Heyting algebra. The connectives A, ®, V and — of BID cor-
respond exactly to conjunction, multiplicative conjunction, intuitionistic disjunction and
intuitionistic implication of the algebraic structure, respectively. In Chapter 4, we will
study the underlying propositional logic of BID in details.

We invite the reader to check the following lemma which justifies our choice of nota-
tions in Convention [[.1.2}

Lemma 1.1.8.

(i) ~a=a — L, whenever « is a first-order atom (c.f. Convention|l.1.2));
(i) L=-=(z1,....z.) = ((z=2)A(z # m))ﬂ

(i) T =Ve(z =1x).

We now list some known basic properties of BID, all of which also hold for the
sublogic D. All of these properties were proved in [/8] and [1].

Theorem 1.1.9 (Locality). The truth of a formula ¢ of BID on a team of a model M
depends only on the assignments of the variables occurring free in ¢. That is, for any
teams XY of M satisfying X | Fv(¢) =Y | Fv(¢),

M)Zx¢<:>M':y(b

Theorem 1.1.10 (Downwards Closure). For any formula ¢ of BID, any suitable model
M and any suitable teams X,Y of M,

(M Ex ¢andY CX| = M =y ¢.

Definition 1.1.11 (Flatness). A formula ¢ of BID is said to be flar if for all suitable
models M and all suitable teams X,

M Ex ¢ <= (M =,y ¢ forall s € X).
Lemma 1.1.12. Sentences of BID are flat.

Proof. To evaluate sentences with no free variables, one only considers the singleton team
{0} of the empty assignment 0. |

We call the logic
BID[A,®,3,V]

first-order logic (of BID), denoted by F@ﬂ and formulas of the logic are called first-
order formulas or classical formulas of BID, i.e., classical formulas are built with only
first-order literals, A, ®, 3 and V.

3In some literature of dependence logic (e.g. [78]), formulas of the form —=(zy,...,z, ) are treated as
the (primitive) negation of the dependence atom =(zy,...,xy ), and they are satisfied only by the empty team
Gi.e. ~=(z1,...,2n) = 1). In this thesis, as in Deﬁnition we do not allow D to have formulas of the
form ==(z1,...,2,), and in BID we view ==(z1,...,x,) as an abbreviation of the intuitionistic negation
=(x1,...,&n) — L. The result here shows that both readings of the same formula -=(zxy,...,z, ) induce
actually the same semantical meaning.

“Note that the notation “FQ” is different from the notation “FO” we chose for the usual first-order logic.
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Lemma 1.1.13. Formulas of BID which do not contain dependence atoms or intuitionistic
disjunctions are flat. In particular, classical formulas are flat.

Proof. We show that the lemma by induction on the complexity of formulas ¢ described
in the lemma. The only interesting case is the case ¢ =1 —o x. In this case, by the
downwards closure property, it suffices to show that

[Vs€ X, M Fy v —x] = MEx ¢ —x

for all suitable models M and suitable teams X of M.

Suppose Y is a suitable team of M with M =y ¢. By induction hypothesis, x is
flat, thus to show M E=xuy X, it suffices to show that for any so € X UY, M =,y X-
Moreover, as x is downwards closed, this reduces to showing that forany s € X, s’ € Y,

M ':{s,s’} X-
Now, since M [=y 1, by the downwards closure property, M = 1. On the other
hand, by assumption, M ):{S} 1) —o x. It follows that M |= {s,s'} X as required. ]

Lemma 1.1.14 (Empty Team Property). Formulas ¢ of BID which do not contain the
linear implication —o have the empty team property, that is, for any suitable model M,
the empty team satisfies ¢, i.e. M |=¢ ¢.

However, the full BID does not have the empty team property, as for example, for any
model M, M (g (x = ) —o (x # ). In this thesis, we will mainly focus on BID without
linear implication, we denote this sublogic of BID by BID™.

In the sequel, when comparing the expressive power of logics in the setting of team
semantics, we will use the terminology “expressibility”” defined as follows.

Definition 1.1.15.
(i) LetL; and L, be two logics with team semantics.

(a) We say that a formula ¢ of L is expressible in L,, if there exists a formula v
of L, such that ¢ = 1.

(b) We say that the logics L| and L, are equivalent, denoted by L; = L;, if every
formula of L is expressible in L, and vice versa.

(ii) Let Lgp be a sublogic of second-order logic and L a logic with team semantics.

e A sentence ¢ of L is expressible in Lgg, if there exists a sentence ¢ of Lgo
such that for any suitable model M,

ME < ME 6

e A sentence v of Lgg is expressible in L, if there exists an sentence ¢ of L such
that for any suitable model M,

MEY <= M g ¢
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It was proved in [30] that intuitionistic disjunction V is actually uniformly deﬁnableE]
in D assuming the models always have cardinality greater than 1. As we do not make this
assumption in this thesis, below we present a slightly different definition.

Lemma 1.1.16. For any formulas ¢, of D, putting
b0 :=Vay(z #y) @ (¢ @),
01 :=FaVy(z = y) @ FJwIu(=(w) A=(u) A (w =u)® ) A ((w # 1) ®Y)),
where w,u ¢ Fv(¢) UFv(1), we have that ¢\ 1) = 0y N 6.

Proof. C.f. [30]. The formula 6 deals with the case when the model has cardinality 1,
and the formula 6, deals with the case when the model has cardinality greater than 1. W

Corollary 1.1.17. D =DV,

Next, we list the known results concerning expressive power of D. We will investigate
the expressive power of BID in Chapter 2.

Theorem 1.1.18 ([78]). Sentences of D are expressible in £}, and vice versa.

Definition 1.1.19. Let R be a k-ary relation symbol and ¢(R) a second order L(R)-
sentence. We say that ¢(R) is downwards monotone with respect to R if for all L(R)-
model (M,Q) and Q' C Q,

(M,Q) E ¢(R) = (M,Q) = ¢(R).

The next lemma gives a syntactical characterization of downwards monotone sen-
tences of Z%. In Lemma , we will generalize this result to the full second order logic.

Lemma 1.1.20 ([60]). An L-sentence ¢ of Z% is downwards monotone with respect to a
predicate R iff there exists an equivalent L(R)-sentence ¢ of Z{ in which R occurs only
negatively.

Notation 1.1.21. Ler X be a team of a model M with domain {x,--- ,xy}. The set
rel(X) ={(s(z1),---,s(zx)) | s € X}.

defines a k-ary relation of M corresponding to X.

Theorem 1.1.22 ([[78]], [60]).

(i) For any L-formula ¢(Z) of D, there exists an L(R)-sentence 1(R) of £} which is
downwards monotone with respect to a new predicate R such that for any suitable
L-model M and any suitable team X of M,

M [=x () <= (M, rel(X)) = ¢(R).

3 A connective is uniformly definable in D if it is uniformly definable in the sense of [32]]. In chapter 5, we
investigate uniform definability in the context of propositional dependence logic.
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(ii) For any L(R)-sentence 1)(R) of £1 which is downwards monotone with respect to a
predicate R, there exists an L-formula ¢() of D such that for any suitable L-model
M and any suitable non-empty team X of M,

M [=x ¢(Z) <= (M, rel(X)) = ¢ (R).

If a logic L with team semantics and a sublogic Lgg of second-order logic satisfy item
(ii) of the above theorem with respect to a set T of teams, then we say that formulas of
L define Lgo with respect to T; in case items (i) and (ii) are both satisfied, then we say
that formulas of L characterize Lgg with respect to T. Formulas of D characterize all Z}
downwards monotone properties with respect to non-empty teams.

As D is equivalent to Z%, “truth” is definable in D, therefore by the Undefinability
of Truth argument of Tarski, logical validity in D is non-arithmetical, and D cannot have
any (effective) complete axiomatization. But it is possible to obtain weak completeness
by making certain restrictions on the semantical consequence relation. Along this line,
Galliani [33] defined a type of general models for D and proved the completeness theorem
for D with respect to these models, and Kontinen and Viinénen [62] axiomatized the first-
order consequences of D.

We know from Fagin [24] that NP corresponds exactly to Z% over finite structures,
therefore D also characterizes NP over finite structures. Other computational issues of D
are studied in [57]], [16], [58], [38], etc.

Many extensions and variants of D are investigated in recent years, including depen-
dence logic with classical (contradictory) negation (team logic) [59], probabilistic depen-
dence logic [28]], [36], dynamic dependence logic [29]], dependence logic with generalized
quantifiers [20], [21], etc. In particular, the modal variant of dependence logic, namely
modal dependence logic was introduced in [79]. Work on this topic include [76], [66],
[[67]], [L7], etc. In this thesis, we will devote chapters 6-7 to an extension of modal depen-
dence logic, called modal intuitionistic dependence logic. In chapters 4-5, we will study
the underlying propositional logic of first-order and modal dependence logic.

1.2 First-order independence, inclusion and exclusion log-
ics

In this section, we define independence logic, inclusion logic and exclusion logic, and
survey recent developments of these logics.

Dependence logic is a logic with team semantics which highlights the notion of de-
pendence between variables. As mentioned in Introduction, other logics defined along
this line (i.e., first-order logic with Henkin quantifiers [46], independence friendly logic
[48]], [49]) emphasize the notion of independence instead. In [39]], Gridel and Viidndnen
introduced independence atoms into the team semantics setting and defined independence
logic. A typical independence atom is as follows:

rzl,y.

A team X satisfies the above formula if the value of x is totally independent of the value
of y, given a fixed value of z. This is formulated as, for all assignments s,s’ € X with
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s(z) = §'(z), there exists s” € X such that s”(z) = s(z) = §'(2),
s"(z) = s(z) and 5" (y) = s'(y).

For example, the team {si, s2, 83, 54, 85} of Table satisfies « 1, y, and in the team,
fixing a value for z, the value of x is completely undetermined by y as the restricted table
actually induces a Cartesian product with respect to = and y.

One observes from this example that independence logic is not downwards closed, as,
e.g., the subteam {s; } does not satisfy the same independence atom z L, y. On the other
hand, we will see that the downwards closed dependence logic is actually a sublogic of
independence logic.

As mentioned in Section 1.1, teams can be viewed as databases. In such context, in-
dependence atoms correspond to embedded multivalued dependencies in database theory.
Moreover, introducing inclusion dependencies [25]] and exclusion dependencies [1], [8]]
of database theory into the team semantics setting, Galliani [31] (see also [30]) defined in-
clusion logic and exclusion logic. Inclusion logic adds inclusion atoms of the form z C ¢
and exclusion logic adds exclusion atoms of the form Z | § into first-order logic. Consider
a team or a database represented in Table[I.2] Typical inclusion atom and exclusion atom
are as follows:

Father C Name and Name | Place_of_death.

Intuitively, the inclusion atom Father C Name is satisfied by X if in X, every value of
Father is also a value of Name, or formally, for all s € X, there exists s’ € X such that

s(Father) = s'(Name).

One sees that this is not the case for the team of Table [I.2] On the other hand, the ex-
clusion atom Name | Date_of_birth is satisfied by X if no value of Name is a value of
Date_of_birth and vice versa, or formally, for all s,s’ € X,

s(Name) # s'(Place_of death).

This is clearly the case for the team of Table [I.2] as the data in the attribute Name is of
different zype from that in the attribute Place_of_death.

Next, we give formal definitions of all these logics. In the sequel, we call all of the
logics with team semantics mentioned so far logics of dependence and independence.

Table 1.1: An example of a team satisfyingz L, y

zlx |y
S1 0 1 0
s |0]0 |1
53 0 1 1
s41010|0
ss | 1] 1]0
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Name Father Place_of_death
S Isaac | Abraham Canaan
sy | Jacob Isaac Canaan
s3 | Joseph Jacob Egypt
s4 | Judah Jacob Egypt

Table 1.2: An example of a database

Definition 1.2.1. Let « be any first-order atomic formula, Z,7,Z tuples of first-order
terms, where Z and ¥ are non-empty and of the same length.

o Well-formed formulas of first-order independence logic (Ind) are given by the fol-
lowing grammar

¢:::a’ﬁa‘fj_gy‘qﬁ/\(b’qS@gb‘ﬂx(b‘qub

o Well-formed formulas of first-order inclusion logic (Inc) are given by the following
grammar

bi=a|-a|zCy|ons|oes| e | vao

o Well-formed formulas of first-order exclusion logic (Exc) are given by the follow-
ing grammar

qb:::a‘ﬂa‘£|g‘¢A¢‘¢®¢‘3x¢’Vx¢

e The union of inclusion and exclusion logic is called inclusion/exclusion logic (1/E).

Formulas of the forms Z L ; ¢,  C § and Z | § are called (conditional) independence
atoms, inclusion atoms and exclusion atoms, respectively. We write the independence
atom T Ly ¢ simply as T L 7, and call such independence atoms unconditional indepen-
dence atoms. We call the sublogic of independence logic in which only unconditional
independence atoms are allowed pure (first-order) independence logic.

As mentioned, all of the above logics have team semantics defined as follows. A
game-theoretic semantics for inclusion and exclusion logic was introduced in [31]], but in
this thesis, we will not go into this direction.

Definition 1.2.2. We inductively define the notion of a formula ¢ of Ind, Inc or Exc being
satisfied in a suitable model M by a suitable team X of M, denoted by M [=x ¢. All the
cases are the same as those of BID as defined in Definition except the following:

e MExT l;giffforalls,s’ € X,
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o M Ex & Cjiff forall s € X, there exists s’ € X such that s'(j) = s(Z).

o M Exz|yiffforalls,s’ € X, s(z)# s (7).

o M [=x Ju¢ iff there exists F': X — p(M) \ {0} such that M |=x(p/,) ¢, where
X[F/x]={s(a/x)|s € X, a€ F(s)}.

Note that for the sake of Locality, we modify the semantics of existential quantifier.
The semantics for existential quantifier as above is called lax semantics, while the seman-
tics for existential quantifier as in Definition is called strict semantics. For logics
having the downwards closure property (e.g., dependence logic), lax and strict semantics
coincide, however, for logics lacking of the downwards closure property, only lax seman-
tics respects Locality. For further discussions on lax and strict semantics, see [31]] and
[30]. With lax semantics defined as above, all of the logic Ind, Inc and Exc are local,
namely Theorem|T.1.9]holds for these logics. Moreover, all of these logics have the empty
team property, namely Theorem[I.1.14] holds for these logics.

As mentioned in the introduction, the independence atom

Ty Tm J—zl---zk Yt YUm

corresponds exactly in database theory to the embedded multivalued dependency

{Zl,...,Zk}—» {$l7"'ax7n} | {y17~~-7ym}-

Atoms & — ¢ (called multivalued dependence atom) which correspond to multivalued
dependencies in database theory were introduced in [20], and dependence logic with mul-
tivalued dependence atom is proved in [30]] to be equivalent to independence logic.

An independence atom Z L ; j in which the underlying set of variables of the tuples
Z, ¢ and Z are pairwise disjoint is said to be normal. Any independence atom is shown in
[30] to be expressible by a normal one.

By [37], the implication problem for unconditional independence atoms can be ax-
iomatized by the following Geiger-Paz-Pearl’s axioms:

() ifz Ly, then L g;

(ii) if # L ¢ and Z is a subsequence of Z, then Z L ;

(iii) if @ is a permutation of &, v is a permutation of ¢, and & L ¢, then @ L o;

(iv) ifz L gand Zy L Z, then & L §Z.

In Example[.7.9|of Chapter 4, we will derive these axioms in the context of propositional
independence logic in the natural deduction system of the logic.

Dependence atoms, as observed in [39], are easily definable by independence atoms
as follows:

:<x1;---7$n—l>xn)5mn J—xlwa:n,l Tn. (11)

Therefore D is a sublogic of Ind. From this, one easily derives that Ind = IndM, as it is
not hard to see that the formula 6y A #; in Lemmal[T.1.16|can also work as a definition for
¢V 1 in the logic Ind. Basic results concerning the expressive power of Ind are listed in
the following two theorems.
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Theorem 1.2.3 ([39]). Sentences of Ind are expressible in Y1 and vice versa.
Theorem 1.2.4 ([31]).

(i) For any L-formula ¢(Z) of Ind, there exists an L(R)-sentence ¢(R) of £} with a new
predicate R such that for any L-model M and any suitable team X of M,

M Ex ¢(z) <= (M,rel(X)) = (R).

(i) For any L(R)-sentence 1(R) of £\ with a predicate R, there exists an L-formula
o(z) of Ind such that for any L-model M and any suitable non-empty team X of
M,
M =x ¢(F) <= (M, rel(X)) E ¥(R).

It follows from the equivalence of independence logic and Z} that independence logic
is not (effectively) axiomatizable either. In [42]] however, the first-order consequences of
Ind were axiomatized. Computational issues concerning hierarchies in Ind are studied in
[34].

Inclusion and exclusion logics are clearly expressible in Z{, therefore they are both
sublogics of Ind. Moreover, as shown in [31], Exc is in fact equivalent to D. As a
consequence, Exc is downwards closed and is equivalent to Z%, namely Theorem ,
Theorem [.T.18] and Theorem [[.T.22]hold for Exc.

As observed in [31], inclusion logic is closed under unions, that is the following the-
orem holds.

Theorem 1.2.5 ([31]). For any formula ¢ of Inc, any suitable model M, any collection
of suitable teams { X; }ic1 of M,

Viel, M):Xi¢:>M':UieIXi o.

Recent result by Galliani and Hella [35] shows that Inc is equivalent to the positive
greatest fixed point logic.

Theorem 1.2.6 ([35]). For any formula ¢(R, ) of the positive greatest fixed point logic,
there exists a formula 1 () of Inc, and vice versa, such that for all suitable models M

and all suitable teams X of M,
M Ex ¢(z) < (M,rel(X)) Es ¢(R,Z) forall s € X.

In particular, over sentences, Inc and positive greatest fixed point logic (GFP") have the
same expressive power.

Corollary 1.2.7 ([35]]). On finite structures, Inc and least fixed point logic (LFP) have the
same expressive power. In particular, on ordered finite structures, Inc captures PTIME.

Proof. It is well-known that over finite structures, LFP is equivalent to GFP™. By Im-
merman [54] and Vardi [82], on ordered finite structures, LFP captures PTIME. |

Below we summarize the most important results concerning expressive powers of the
logics of dependence and independence obtained in the research area so far.



21

Figure 1.1: First-order logics of dependence and independence

Table 1.3: Expressive power of logics of dependence and independence

Logic Expressive power Over finite structures
Ind z NP
D | downwards monotone X! NP
Exc | downwards monotone Z} NP
Inc GFPT PTIME

Theorem 1.2.8 ([39], [31], [35]). Relationships between the logics of dependence and
independence considered in this section are as depicted in Figure[I.I|and Table[I.3]



Chapter 2

First-oder dependence logic with
implications

In this chapter, we investigate the expressive power of first-order dependence logic ex-
tended with intuitionistic and linear implications, or that of BID-logic (as by Corollary
[[.1.T intuitionistic disjunction is eliminatable in the logic). In Section 2.1, we sort out
interesting properties concerning negation, flat formulas and singleton teams of the logic
BID™ i.e., BID without linear implication (which has the empty team property, by Lemma
[[.1.T4). Section 2.2 introduces an important sublogic of BID, called first-order intuition-
istic dependence logic. In Section 2.3, we prove that over sentences, BID and first-order
intuitionistic dependence logic are equivalent to the full second-order logic. The content
of this section is based on the publication [87]. Section 2.4 proves that formulas of BID
characterize all second order downwards monotone properties. In Section 2.5, we make
some concluding remarks.

Intuitionistic implication and linear implication are of particular interests in the con-
text of BID, because, among other things, as pointed out in [1]], there are Galois connec-
tions between intuitionistic implication — and conjunction A, linear implication — and
tensor disjunction ®, that is, for all formulas ¢, ), x of BID,

PNV EX = dFEY = X,
PRYEXE= DY —X.

In this thesis, we will mainly focus on the properties of intuitionistic implication. As
the name suggested, axioms of intuitionistic propositional logic (IPL) are valid in BID ™,
namely the following axiom schemes are valid in BID:

L. g—=(—9)
2.(p= W —=x) =2 (¢—=9¢) = (¢—X))
3. pAY — @
4. oA =Y
22
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5.0 0VY

6. Y — GV

7. 9= (¥ = (9AY))

8. (d—=x) = (W —=x) = (dVY —x))
9. L—¢

Note that the above axioms 1-8 are valid also in BID, while axiom 9 (ex falso) is not valid
in the presence of linear implication —o, as the axiom requires the empty team property.

2.1 Negation, flat formulas and singleton teams

In this section, we investigate negation, flat formulas of BID ™, and the behavior of BID™
formulas under singleton teams.

As pointed out in the discussion after Definition[I.1.T} BID or any of its sublogic does
not have negation as a preliminary connective. Consider the classical (contradictory)
negation (denoted by ~) whose team semantics is defined as

e My~ Giff My 6.

for any formula ¢ of BID, any suitable team X of any suitable model 9. As BID is
downwards closed, the classical negation is clearly not definable in BIIﬂ In this section,
by the term “negation”, we mean the intuitionistic negation ¢ — L of formulas ¢ of BID.
Recall that in Convention[I.1.2] we have reserved the usual negation notation —¢ for such
intuitionistic negations. For issues concerning negations in dependence logic, the reader
is referred to [[61]],[5]].

First of all, one observes easily that the (intuitionistic) negation of BID does not satisfy
law of excluded middle either for tensor disjunction ® or for intuitionistic disjunction V,
as, e.g., g =() ® ~=(z) and fEpp =(x) V = =(z). On the other hand, the following
negation-related formulas are derivable in IPL, thus valid in BID™:

L (¢=4) = (7 = —9)
2. ¢— g
R R

Next, we prove an easy but useful fact about flat formulas of BID™ (recalling Defini-

tion|1.1.11|for flatness).
Fact 2.1.1. Let ¢ and v be formulas of BID™. If ¢ is flat, then ¢ — 1) is flat.

'Suppose ¢ is a formula of BID which is equivalent to ~ L. For any suitable model M and any suitable
non-empty team X, since M F~x L, we have that M [=x ¢. As the formula ¢ of BID is downwards closed,
we must have that M |=¢ ¢, implying M {~¢ L, which is not the case.
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Proof. Suppose v is flat. It suffices to show that for any suitable model M, any suitable
team X of M,

VSGX,MIZ{S}¢~>¢:>M|:)(¢~>¢.

Assume the antecedent. Let Y C X be a non-empty team such that M =y ¢. For any
s € Y, by the downwards closure property, we have that M =,y ¢, thus M = (s} ¥ by
assumption. Since 1) is flat, it follows that M =y 1), as required. [ ]

An immediate corollary of the above fact is that negated formulas of BID™ are flat.
This simple result will play an essential role in Section 4.2 on propositional intuitionistic
dependence logic.

Corollary 2.1.2. Negated formulas are flat, that is —¢ (i.e. ¢ — L) is flat for any formula
¢ of BID™.

The double negation law clearly holds for negated formulas ¢ of BID ™, as we have
that = —¢ <> =—(—¢). Next, we show that the validity of the double negation law for a
formula is actually a necessary and sufficient condition for the formula being flat.

Lemma 2.1.3. A formula ¢ of BID™ is flat if and only if it satisfies the double negation
law (i.e., = ——¢ <> ¢ holds). In particular, double negation law holds for classical
formulas (or first-order formulas).

Proof. As = ¢ — ——¢ always holds, it suffices to show that for all formulas ¢ of BID ™,
¢ is flat <= E ——¢ — ¢.

“—=": If ¢ is flat, then ~—¢ — ¢ is flat by Fact It is easy to see that M |=(,}
——¢ — ¢ holds for any suitable model M and any suitable singleton team {s} of M, thus
by flatness we obtain that M =x ——¢ — ¢ holds for any suitable team X of M.

“«<=": Suppose ¢ is not flat. Then there exists a suitable model M and a suitable
team X such that

M [,y ¢ forall s € X, but M fx ¢,

For any s € X, we have that M |=;,) ~—¢, thus as =—¢ is flat, we obtain that M |=x ——¢.
By assumption, M [~ x ¢, thus M (x ——¢ — 6. u

Lemma m gave a characterization of flat formulas of BID™. An interesting fact
(Fact which we will not be able to state rigouosly until Chapter 4 is that the un-
derlying propositional logic of BID™ is not closed under uniform substitution, as simply,
double negation law fails for non-flat formulas of the logic.

By definition, to determine whether a flat formula ¢ is satisfied by a team X on a
model M, it is sufficient to check whether ¢ is satisfied by all singleton teams {s} for
s € X. In this sense, flat formulas of BID™ are simple. The next lemma shows that on
singleton teams, quantifier-free BID™ formulas behave actually as classical formulas.

Lemma 2.1.4. Let ¢ and i be formulas of BID™. Let M be a suitable model and s a
suitable assignment of M.
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(i) M=y o(T/=(21,...,7,)) <= M (4 ¢. In particular,

M ):{S} :(xl,...,xn)

always holds.

(i) M =) ¢ <= M sy ¢. In particular, if ¢ is a sentence, then
M =g —¢ <= M £y ¢

(iii) M [=() 9@ <= M | oVY <= M = ¢ = 1.
(V) My o= = M) ¢
Proof. Straightforward. ]

In Lemma [2.1.4| (i), every occurrence of any dependence atom in the formula ¢ is
replaced by the constant T. The resulting formula is written as ¢f in [78] and such a
procedure is called flattening. For formulas ¢ of dependence logic D, it is shown that
¢ |= ¢f. However, this result cannot be generalized to BID ™, as, e.g., ¢ = Vo =(x) — L
is satisfied by all teams of models with cardinality > 1 (since Vo =(z) is never satisfied
by any team in such cases), but the flattened formula ¢f = V2T — L is not satisfied by
non-empty teams. Nevertheless, item (i) of the above lemma shows that in BID™, on
singleton teams, ¢ indeed implies ¢f. On the other hand, in BID ™~ the flat formula ~—¢
can be viewed as a type of flattening of ¢, and we know that ¢ = ——¢.

Adding the “classical (contradictory) negation” into BID™, we obtain the so-called
team logic ([78]). Definable team properties of team logic correspond exactly to all
second-order properties with respect to non-empty teams, in particular, sentences of team
logic have the same expressive power as sentences of the full second-order logic ([59],
see also [71]). We have pointed out that classical negation is not definable in BID ™, but
Lemma [2.1.4] (ii) illustrates that restricted to singleton teams, the intuitionistic negation
behaves as the classical negation.

Moreover, Lemma (iii) means that on singleton teams, tensor disjunction ® is
definable using intuitionistic implications —. This result can be strengthened as follows.

Lemma 2.1.5. For any formulas ¢ and 1 of BID ™, if ¢ is flat, then

PRY = ¢ = 9.

Proof. 1t suffices to show that for any suitable model M and any suitable team X of M,
it holds that

MEx ¢@¢ <= M |Ex —¢ —1).

=—: Suppose M E=x ¢ ®1. Then there exist two teams Y, Z with X =Y U Z such
that M =y ¢ and M =z ¢. For any non-empty team U C X with M =y —¢, the
downwards closure property gives that for any s € U, M |:{S} -¢,i.e. M bé{s} ¢. Since
M =y ¢, in view of the the downwards closure property we conclude that s ¢ Y, thus
U C Z, which implies M =y ¢ by the downwards closure property.

<—: Suppose M =x —¢ — 1. Define
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Y={seX|ME(¢}and Z = {s € X | M [~ ¢}.

Clearly, X = Y U Z. Since ¢ is flat, we have that Y = ¢. On the other hand, for every
seZ, M |:{s} —¢, which implies that M =z —¢, as —¢ is flat by Corollary Thus,
since M =x —¢ — 1), we obtain that M =z 1. Hence M E=x ¢ ®1). [ |

Corollary 2.1.6. Law of excluded middle with respect to tensor disjunction holds for flat
formulas ¢ of BID ™, i.e., = ¢ ® ~¢ holds whenever ¢ is flat. In particular, law of excluded
middle holds for classical formulas.

Proof. Clearly, = —¢ — —¢, which implies = ¢ ® ¢ whenever ¢ is flat. |

We have shown in Lemma [I.T.T6] that intuitionistic disjunction V is uniformly defin-
able in D, therefore it is also definable uniformly in BID™ in terms of other connectives.
Lemma defines tensor disjunction ® uniformly under certain constraint. We now
prove in the next lemma that with an essential use of intuitionistic implication —, tensor
disjunction ® is uniformly definable in BID™ in terms of the other connectives.

Lemma 2.1.7. For any formulas ¢, of BID™, putting
02:=3avy(z =y) = (~¢ = ¥),
O3 :=VaIy(z #y) = IwIu((w=u— ¢) A (w # u— 1)),
where w,u ¢ Fv(¢) UFv()), we have that ¢ @ 1) = 0, A\ 03

Proof. If a suitable model M has cardinality 1, then 03 is trivially satisfied. On M, there
is a unique assignment s. By Lemma [2.1.4{iii),

M’:{S}(b@’(/) <~ M'Z{S} P =Y = M’Z{S} 02 N 05.

If M has cardinality > 1, then 6, is trivially satisfied. It is then sufficient to show that
for any suitable team X of M,

MEx wu((w=u— A (w#£u—1)) < MEx ¢Q1.

We leave the proof of the above expression for the reader. |

2.2 First-order intuitionistic dependence logic

In this section, we define an important sublogic of BID, first-order intuitionistic depen-
dence logic, and show some of its basic properties.

Definition 2.2.1. First-order intuitionistic dependence logic (ID) is the sublogic
BID[L,=(---),A,V,—,3,V]
of BID. In other words, well-formed formulas of ID are given by the following grammar
pr=al-a|=z,....an) [ LIOAG[ OV d—= ¢ [ Tzd | Vag

where « is a first-order atomic formula and n > 1.
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By the team semantics, for a dependence atom =(z) with a single variable z,
M f=x =(z) iff for all 5,8’ € X, s(z) = s'(x). 2.1
That is, the variable = has a constant value under all assignments in X. We call such

dependence atoms constancy dependence atoms. First-order dependence logic with con-
stancy dependence atoms only is called constancy first-order dependence logic.

Theorem 2.2.2 ([31]])). Constancy first-order dependence logic is equivalent to first-order
logic (of BID) over sentences.

The next lemma shows that dependence atoms of the form =(zy,...,x,) can be de-
composed to constancy dependence atoms using intuitionistic implication.

Lemma 2.2.3 ([1I). =(z1,...,2,) = (=(21) A+ A=(20-1)) = =(2n).

Alternatively, as shown in [32], one can also decompose dependence atoms using the
so-called announcement operator §x, since

=(x1,...,Tp) =0X] ... 0Tp—1 =(x4).

Putting together all the properties regarding the expressive power of ID we have so
far, we obtain the following equivalent definitions of ID.

Corollary 2.24. ID = ID[L,=(:),A,—,3,V]
— pll
= constancy DI
= BID".
Proof. Follows from Lemma|l.1.16] Lemma and Lemma |

Corollary 2.2.5. BID = D=,

In [60], two weak quantifiers 3' and V! are introduced. Their team semantics are
defined as follows:

Definition 2.2.6. Let M be a suitable model, and X a suitable team of M for a formula
¢ of BID. Define

o M |=x 3'2¢ iff there exists a € M such that M X (a/z)¢> Where
X(a/z) ={s(a/z):s€ X}.
o M ExV'agiffforalla e M, M {=x(4/2)0-

First-order dependence logic extended with 3' and V! is shown in [[60] to be equivalent
to D, that is,
pl¥ ¥ =p.
As a consequence, every instances of the formulas 3'2¢ and V'2¢ are expressible in D.
A uniform definition for the weak existential quantifier 3' was given in [60]:

Fz¢ = Jx(=(z) A ).

On the other hand, Galliani proved in [32] that the weak universal quantifier v! is not uni-
formly definable in D. But now, in ID, with an essential use of intuitionistic implication,
V! is uniformly definable, as shown in the following fact.
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Fact 2.2.7. For any formula ¢ of ID, we have that
Vizg = Va(=(z) = ¢).
Proof. Easy, by the downwards closure property. ]

Corollary 2.2.8. IDE'V'] = ID.

Another interesting observation is that constancy dependence atoms are definable us-
ing the weak existential quantifier 3', as shown in the following fact.

Fact 2.2.9. =(z)=3'y(y =2).
Proof. Easy. |
ID with weak quantifiers only, i.e., (with some abuse of notation) the logic
WID :=ID[L,=(--),A,V,—, 3 V],

can be viewed as a weak form of ID. An easy consequence of Fact is that in the
weak ID, dependence atoms can be eliminated, as recorded in the following corollary.

Corollary 2.2.10. WID =ID[L, A,V,—, 3" v!].

Proof. By Fact and Lemma |

We have illustrated in Corollary that on singleton teams, formulas of ID behave
classically. As an easy consequence of this fact, over sentences, WID is in fact equivalent
to first-order logic. However, the expressible power of open formulas of WID is unknown.

Theorem 2.2.11. Sentence of WID are expressible in first-order logic, and vice versa.

Proof. By Corollary it suffices to prove the theorem for first-order logic and the
logic ID[L, A, V,—, 31, V1].

Let ¢ be a formula of ID[L,A,V,—,3!,V'], and ¢* the formula ¢ viewed as a first-
order formula (view 3! as the first-order existential quantifier, etc.). We show by induction
on ¢ that for any suitable model M, any suitable assignment s of M,

My ¢ <= ME, ¢, 2.2)
We only prove the interesting cases. If ¢ = 3'z1)(x), then

M=y 3'24p(2) <= there is a € M such that M Fis(a/a)y ¥(2)
<= there is a € M such that M |=(,/s) ()
(by induction hypothesis)
= M =, Jxy(z).

The case ¢ = V' z1)(x) is proved similarly.
It follows from (2.2)) that for ¢ being a sentence,

M ¢ <= M Fro ¢".
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Therefore every WID sentence is expressible in first-order logic.

Conversely, again by (2.2), every sentence 1) of first-order logic is expressible by the
sentence ¢* of WID, where ¢* is ¢ viewed as a sentence of WID (view the first-order
existential quantifier 3 as 3!, etc.). |

Returning to the logic ID, in addition to axioms of intuitionistic propositional logic
(IPL), it is easy to check that axioms of intuitionistic first-order predicate logic (IQL) are
also valid in ID, that is, axioms of IPL together with the following ones:

1. Vz¢(x) — ¢(t), where t a first-order term such that no occurrence of any variable
in t becomes bound in ¢(t);

2. ¢(t) = xzp(x), where ¢ a first-order term such that no occurrence of any variable
in t becomes bound in ¢(t).

As for inference rules, Modus Ponens, Generlization Rules of IQL listed as follows
are valid rules in ID:

« 27V ¥ (vp)

(G
M , (VGen)
o — V()
where x is a variable which does not occur free in ¢;
V@) 2P (Sen)
Awip(z) — o(z)

where x is a variable which does not occur free in ¢.

However, we will see in Fact[d.I.TT] of Chapter 4 that the underlying propositional logic
of ID is not closed under Uniform Substitution.
Moreover, intuitionistic implication admits Deduction Theorem in ID.

Theorem 2.2.12 (Deduction Theorem). For any formulas ¢ and v of 1D,

PEY = ko
Proof. By definition and the downwards closure property of ID. |

We end this section by pointing out that axioms schemes of two intermediate logics,
Maksimova’s Logic ND ([68]]) and Kreisel-Putnam Logic KP ([63]), are all valid in ID.
These axioms in the team semantics setting were first studied in [13]] in the context of
inquisitive logic, which is essentially equivalent to propositional intuitionistic dependence
logic. We will discuss these axioms in details in the context of propositional intuitionistic
dependence logic in Section 4.2.

Fact 2.2.13. The following axioms are valid in ID.
NDk (ﬁ¢ — Vlﬁifk “wl) 4 \/lgzgk(“(b — “w’l) fOr allk € N,'
KP (=9 =9V x) = ((=¢ = ¥)V (=6 — X)).
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2.3 Expressive power of first-order intuitionistic depen-
dence logic

In this section, we prove that first-order intuitionistic dependence logic is equivalent to
the full second-order logic over sentences. The content of this section is based on the
publication [87].

It was shown in [1]] that BID formulas can be translated into second-order logic (SO).
We record the theorem with a proof sketch as follows.

Theorem 2.3.1 ([1l]). For any L-formula $(Z) of BID, there exists a second-order L(R)-
sentence Tr(¢) = 1(R) which is downwards monotone with respect to a new predicate R
such that for any L-model M and any suitable team X of M,

M Ex ¢(z) < (M,rel(X)) =¢(R).
Proof. (sketch) We define the translation 7z (¢) by induction on ¢. Let

Tr(00 vV 01) =TR(00) V TR(01),
Tr(00 — 01) =VS(VZ(S(Z) — R(Z)) — (15(00) — 75(01))),
Tr(00 — 01) =VS(15(00) = VT (VZ(T(Z) <> (S(Z) VR(Z))) — 11 (61)))-

Other cases are defined in the same way as in [78]]. |

It follows from the above theorem that BID sentences are expressible in second-order
logic. We now proceed to prove that the other direction of this statement also holds,
namely, there is a translation from the sentences of the full second-order logic into BID.
From this proof, it will follow that ID is equivalent to the full second-order logic over
sentences too.

A translation from E%-sentences into D, which is a sublogic of BID, was given in
[78]. Below we include a sketch of the proof of this translation (which is the nontrivial
direction of Theorem[I.1.18)). The idea of this proof will be generalized in the sequel.

Theorem 2.3.2 ([78]). Z]l-sentences are expressible in D.

Proof. (idea) Without loss of generality, we may assume every Z{ sentence ¢ is of the
following special Skolem normal form

E|fl ElanZL'l vmm'lpv

where v is a quantifier-free formula of first-order logic, and for each 1 <1 < n, every
occurrence of the function symbol f; is of the same form f;z;, ...x;, for some fixed
sequence (z;,,...,z;,) of variables from the set {zy,...,2,,}. We find a sentence ¢*
of D which expresses ¢. The idea behind the sentence ¢* is that in ¢, we replace each
occurrence of the function symbol f; by a new variable y;, and add a dependence atom to
specify that y; is functionally determined by the arguments ; ,...,x;, of f;. This can be
done because we have required that each occurrence of f; is of the same form f;z;, ... z;
To be precise, the sentence ¢* of D is defined as follows:

q°

¢* = vxl Vl‘ﬂ’LElyl "'Elyn(:(xll,"'axlqayl)/\

2.3)
../\:(;z;m,...,an,qu)/\¢/)7
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where 1)’ is a formula of D obtained from the formula 1) of first-order logic by replac-
ing everywhere the classical disjunction by ®, and f;z;, ...x;, by a new variable y; for
each i. In ¢*, the dependence atoms together with the existential quantifiers enable us to
pick exactly those functions corresponding to the functions assigned to the existentially
quantified function variables fi,..., f, in ¢. |

Remark 2.3.3. Equation with the first-order quantifier-free formula 1)’ in conjunc-
tive normal form is a normal form for sentences of D.

In the remaining part of this section, we give a direction translation from sentences
of the full second-order logic into BID. First, we recall the normal form of second-order
logic formulas.

Theorem 2.3.4 (Normal Form of SO). Every second-order formula is equivalent to a
formula of the form o L
vf]HfZ .. -sz’“lﬂf2”V§1/),

where v is quantifier-free, and we assume without loss of generality that for the corre-
sponding Q € {V,3}, each Qf" = Qf{---Qf, and each f; is of arity q.

The basic idea of the translation for sentences of the full second-order logic is gener-
alized from that of the proof of Theorem for Z}-sentences. For each second-order
sentence in a special normal form (to be clarified in Lemma [2.3.7), we replace each func-
tion variable by a new variable and specify the functionality of the new variable by adding
the corresponding dependence atoms. We have seen in the proof of Theorem [2.3.7] that
dependence atoms together with existential quantifiers enable us to simulate existentially
quantified function variables; on the other hand, universally quantified function variables
can also be simulated using dependence atoms and intuitionistic implications. In this way,
we will be able to express all second-order sentences in BID.

To make this idea work, we need to first turn every second-order sentence ¢ into a
better normal form than the one given in Theorem [2.3.4] that is we need to guarantee
that for each g-ary function variable f;f, every occurrence of fj in ¢ is of the same form
fixij, ... x;j, for some fixed sequence (x;j, ...x;,) of variables (this normal form is
inspired by the Z{ normal form in Theorem see Section 6.3 in [78] for detailed
discussions). To this end, we need three lemmas.

The first lemma removes nesting of function symbols in a formula.

Lemma 2.3.5. Let ¢(ft1...tq) be any first-order formula, in which the g-ary function
symbol f has an occurrence of the form fty...tq for some terms t1...t,. Then we have
that

Eo(fti...ty) o Vo--Ve (=) A A(tg=2q) = O(fa1...24)),

where 1, ...,24 are new variables and $(fx1 ...xq) is the formula obtained from ¢( ft; .. .t4)
by replacing everywhere ft;...t, by fx|...x,.

Proof. Easy. ]

The second lemma unifies the arguments of function symbols in a formula.
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Lemma 2.3.6. Let ¢(fx1...xq, fy1...yq) be a first-order formula, in which the q-ary
Sunction symbol f has an occurrence of the form fx; ...xq and an occurrence of the form
fyr...ygwith{z1,...,xq} N{y1,...,yq} = 0. Then we have that

EVz - Ve Yy - Yy o(fer ... xg, fyi ... Yq)
< dgVa; ~~~quVy1~~qu(¢(fx1 CZg, GYL - Yq)
A1 =y1) A A(zg =yq) = (fo1... 20 = gy1-..Yq)))

where ¢(fx1...2q,9Y1...Yq) is the first-order formula obtained from the formula ¢(fx
<oy q, fy1...yq) by replacing everywhere fy; ...y, by gyi...yq.

Proof. Easy. ]
The next lemma gives the intended normal form for second-order formulas.
Lemma 2.3.7. Every second-order formula is equivalent to a formula ¢ of the form
Vf1l ...vlegf% . Hf; ...... vfllnfl .. .vfgnflgffn . HfZ%”V:cl V),
where
e 1) is quantifier free;

e each function symbol f; is of arity q, and its every occurrence is of the same form
[;x"7, where

Xi’j = <mi,j] gore "Ti,jq>
with {2 j .-, Tij. } S{T1,. ., Zm ).
Proof. Start with a formula in the normal form described in Theorem[2.3.4] apply Lemma
[2.3.5]and Lemma [2.3.6]several times, and add dummy quantifiers. |

The next lemma states that under the right valuations, the behavior of functions can be
simulated by new variables. This technical lemma will play a role in the proof of Theorem
2.3.9

Lemma 2.3.8. Let o(f,T) be any quantifier-free formula of first-order logic with

f:<f1a"'7fp> and‘%:<$17"'7xm>a

where each function symbol f; is of arity g, and its every occurrence is of the same form
fiwgy o owg, with {zj, ... 25, } CS{x1,.., Tm ]

Let (M, F) be any suitable model with function symbols f1,..., f, interpreted as F\,...,
F,, respectively. Consider the classical formula ' of BID obtained from ¢ by replacing
everywhere the classical disjunction by ®, and f;xj, ...x;, by a new variable y; for each
1 < j < p. Let s be a suitable assignment for |’ such that for all 1 < j <p,

s(y;) = Fj(s(xjy),...,s(zj,)). (2.4)

Then - B
(MvFvS(T)) ': ’l/](fvf) — M ':{9} 1//~
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Proof. Ttis easy to show by induction that for any term ¢, t(s) = t'(s), where ' is obtained
from ¢ by replacing everywhere f;x;j, ...x;, by y; foreach 1 < j <p. Next, we show the
lemma by induction on . The only interesting case is the case ¢ = 6y V 6;. In this case,
we have that

(M,F,s(Z)) 0oV 0 < (M,F,s(T)) =0y or (M,F,s(T)) E 6,
=M ‘:{s} 96 or M ':{s} 9/1
(by induction hypothesis)
=M =, 000,
(since {s} = {s}U{s} ={s}uU0).
|
Now we are in a position to give the translation from second-order sentences into BID.

In the proof of the following theorem, we abbreviate a sequence of the form (u; 1,...,u; p)
by u;, and (FY,..., F}) by F".

Theorem 2.3.9. Second-order sentences are expressible in BID and vice versa.

Proof. 1t follows from Theorem [2.3.T| that BID sentences are expressible in second-order
logic. For the other direction, without loss of generality, we may assume that every
second-order sentence ¢ is of the form described in Lemma [2.3.7} For each pair (i, ;)
(1 <i<2n,1<j<p), pick a new variable u; ; not occurring in ¢. We inductively
define formulas ¢; of BID for 2n > i > 1 as follows:

o let
5271 = EIu2n,l "’3u2n,p(®2n /\wl);

o for2n >1>1, let
5 = ®; = 01, if 7 is odd:
v Jugq--- E’U,i’p(®i /\5i+1), if 7 is even,
where

0, = N\ =(x"7,ui;)

I>-

and 1)’ is the classical formula of BID obtained from the formula ) of first-order
logic by replacing everywhere the classical disjunction by ®, and each f}xi’j by
Ug,j-

Let
gb* = Vul,l .. -Vul’qug,’l .. -VU3’p ------ Vugn_m .. -VUQn_l,pr(Sl (2.5)

[i.e. ¢" =Nuy 1Yy pVuz g Vuz oo Yz, 1.1 Vuan—1 VT
(@1 — Euz,l e E|u27p(®2 A (@3 — HU471 e E|U4,p (@4 JARERIEEE
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_ The general idea behind the BID formula ¢* is that the d;’s for ¢ odd, simulate the
vV f’s, and the ¢;’s for ¢ even, simulate the 3f%’s in the second-order sentence ¢. The
rest of the proof is devoted to show that such sentence ¢* does express the second-order
sentence ¢, i.e. to show that for any suitable model M,

M ¢ M @) ¢

“=—": Suppose M |= ¢. Then for any sequence of functions
Fl,...,F): M7= M,

there exists a sequence of functions (depending on F1
FEHED), ... FX(F) : M9 — M

such that for any ... ... for any sequence of functions
Feol T M M,

there exists a sequence of functions (depending on F,F .. ,W)

FPMFT 7o), O (T P21y MY — M

such that - o
(MaFla"'szn)'ngw(flw'wfzn)' (26)

Let Y] be a non-empty subteam of
X ={0}(M/u1,u3,...,Uzn_1,T)
such that M =y, ©;. It suffices to show that
M =y, 0z, 1e. M =y, Jug g -+ Fup (@2 A63). 2.7

The team Y] corresponds to a sequence of functions Fll(Yl), ... ,F; (vy): M9 — M
defined as follows: for any 1 < j < p, and for some fixed ag € M, let

— | s(uy ), if there exists s € Y] such that s(x!"/) = d;
ap € M, otherwise.

Each Fj1 is well-defined. Indeed, for any de M1, any s,s’ € Y] such that
s(x1) =d =5 (x1),
since M =y, =(x"J,u; ;), we must have that
s(uj) = 8'(u1,5)-

Now, using the functions Flz(ﬁ), . ,Fg(ﬁ) given by the assumption, we define a
sequence of functions a1 (F2),..., a3 ,(F2) from the corresponding supplement teams of
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Y] to M such that the supplement team Y7 (a2 1 /u2,1) - .. (a2 /U2 ) satisfies @ Ad3. For
each 1 < j < p, define the function

g Yi(og1/uz).. (e -1/uz 1) = M

corresponding to sz (F1) by taking

az,j(s) = Fj (s(x*7)).

Put
Yz = Y1 (az,l/ull) ces (azyp/uzyp).
It suffices to show that M =y, ©, and

M ':Yz 53, ie. M ':Yz @3 — 64. (2.8)

The former is obvious by the definitions of Y, and a;. To show the latter, repeat the
same argument and construction n — 1 times, and it then suffices to show that for any
non-empty subteams Y3 of Y3, Ys of Yy, ... , Y2, of Y2,,_» such that

My, 03, M Ey; Os, ..., M =y, | O21,

it holds that
M =y, O4, M =y, Og,..., M =y, Oy, (2.9)

and M =y, ', where Y4,Y5...,Y>, are supplement teams defined in the same way
as above. Clause @) follows immediately from the definitions of Y4,Ys,...,Y>, and
Q1,0 - - - 0. Toshow M =y, ¢/, since ¢’ is flat (classical), it suffices to show M |=¢
¢'holds forall s € Ya,,. L

For the functions Fl(vy), F2(F"),..., F?"~l(v,,_,), F2"(#?-T) obtained as above, by
(2:6) we have that

(M,F1,... F s(z)) = o(fl,..., 2. %).

Now, it follows from the definitions of F', ..., F2" that condition (2.4) in Lemmam
is satisfied for each F, hence, an application of Lemma gives the desired result that

My '
“<=": Suppose M =g ¢". Then

M Ex 01 — 0,
where
X = {0}(M/U71,U73, s 7u2n717§)-
Let Fll yeens FZ} : M9 — M be an arbitrary sequence of functions. Take a subteam Y7 (F1)

of X which corresponds to these functions by putting
Yi={se{0}(M/ui,u3... Uzn_1,T)
| s(un) = FY (s(x"),... s(u1p) = F, (s(x"7))}.
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Clearly, M |=y, ©; holds, thus we have that M =y, d, holds (i.e., holds). So
there exist functions
a1 (FY: Y1 = M,...... v p(FY 1Y (e /uat).. . (0o p_1/uzp-1) = M
depending on F! such that M Ey, © and M =y, 63 holds (i.e., holds), where
Y2 =Yi(az1/uz1).. (ap/uayp).

Now, we define functions FIZ(F), ey Fg(ﬁ) : M7 — M, which simulate oy 1, ..., 02, as
follows: for each 1 < j < p and for any d € M9, let

FJZ(E) = s(uy ;) for some s € Y5 such that s(x>7) = d.

Note that the definition of Y, guarantees such s in the above definition always exists, and
moreover, each sz is well-defined since for any s,s’ € Y, with

s(x>7) =d = (x>7),
as M [y, =(x>J,uy, ), we must have that
s(uz,j) = ' (ua,5)-

Repeat the same argument and construction n — 1 times to define inductively for any
sequences of functions F'3, F5, ..., F2n—1 the subteams Y3 of Vs, ... , Y2, of Y3,,_1 such
that

M =y, 03, M =y, @s,...,.M =y, | Oy 1,
and the supplement teams Yy, Ys, ..., Y5, satisfy
M Ey, ©4, M =y, Oq,...,M =y, , Oryn, M =y, @y AY,
and to define inductively the sequences of functions
F4 F6...  F2n: M9 — M,

according to the functions az, @g, - . . , @, obtained from the existential quantifiers Jug,
Jus, . . ., Jup,. It then suffices to show that

(M,F,... . F2) =vEp(fl,..., f2).

Let @ be an arbitrary sequence in M of the same length as that of . By the con-
struction of Y>,,, there must exists s € Y3,, such that s(Z) = a@. Since M =y, ¢/, by
the downwards closure property, we have that M =, 1)’. Note that by the definitions of
F, ..., F?" condition l) in Lemma@is satisfied for each F;, hence, an application
of Lemma[2.3.8] gives the desired result that

(M, F,.... Fon s(T)) = o(fT,..., 2, 7).
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Theorem 2.3.10. Second-order sentences are expressible in ID, and vice versa.

Proof. Tt follows from Theorem that ID sentences are expressible in second-order
logic. For the other direction, note that in the proof of Theorem the linear implica-
tion and intuitionistic disjunction did not play any role, thus it follows that second-order
sentences are expressible in DI, which is equivalent in ID by Corollary |

Remark 2.3.11. In fact, Lemma gives a normal form for H%n-sentences (n €w),

therefore the formula in Equation (2.5) can be viewed as an ID-normal form for 11, -
sentences.

Moreover, every Z;n-sentence ¢ is equivalent to a sentence —p, where 1 is a H%n-
sentence. Taking 1* to be the formula in Equation for 1, by Lemma we have
that

Mg <= MEY < MFg¢" <= M =g~

namely the sentence =" of ID is the translation of the Zén-sentence ¢.

Obviously, applying the trick of Lemma[2.3.7] one can also obtain a nice normal form
for Z%n_l sentence, so the above observation holds for Zén_l- and Hén_l-sentences as
well. In particular, the proof of Theorem( (for Z%-sentences) can then be viewed as a
special case of the proof of Theorem[2.3.9|

As mentioned, feam logic [[/8] (TL), which is dependence logic extended with classi-
cal negation is also equivalent to the full second-order logic over sentences ([59]], see also
[71]). The significance of our result here is that the equivalence of BID (or already ID)
and the full SO on the sentence level is established without the presence of the logical
connective classical negation.

We summarize the results of the expressive power of sublogics of BID over sentences
we have obtained so far in Figure [2.1]

Figure 2.1: Expressive power of sublogics of BID over sentences

SO | BID,ID,D[™, constancy D[/, TL !
z! D
FO ' constancy D |

2.4 Definability in BID-logic

Formulas of D characterize Z% downwards monotone properties with respect to non-empty
teams ([[78]],[60], or Theorem [[.1.22). In this section, we show that formulas of BID
characterize all second-order downwards monotone properties with respect to all teams
(including the empty team). The argument of this section is divided into two parts: in
the first part, we deal with these properties over non-empty teams with formulas of BID ™,
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while in the second part, we use linear implication to obtain the missing piece with respect
to the empty team. The method presented in this section combines those in [60] and in
Section 2.3.

We start with giving a syntactical characterization for second order downwards mono-
tone sentences (recall Definition [I.T.19). This generalizes Lemma [I.1.20] ([60]) with es-
sentially the same proof as that of Proposition 4.7 in [60].

Lemma 2.4.1 (due to [60]). A second-order L(R)-sentence ¢(R) is downwards mono-
tone with respect to a predicate R iff there exists an equivalent second-order L(R)-
sentence 1) in which R occurs only negatively.

Proof. “<=": Assume ¢(R) has only negative occurrences of R and ¢(R) is in negation
normal form. It suffices to show by induction on subformulas 6( R) of ¢(R) that O(R) is
downwards monotone. The only interesting case § = — R is easily verified.

“==": Suppose ¢(R) is downwards monotone with respect to R. Let ¢(5) be the
formula obtained from ¢ by replacing every occurrence of R by a new predicate-variable
S. Letting

P(R) =3S(4(S) AVE(RT — ST)),
where R occurs only negatively, it is straightforward to verify by downwards monotonic-
ity that = ¢(R) <> ¥(R). u

Next, we generalize Lemma [2.3.7| and obtain a normal form for every second-order
downwards monotone sentence.

Lemma 2.4.2. Every second-order downwards monotone sentence with respect to a pred-
icate R is equivalent to a formula of the form

3903V VAT 3 3fF- 3G A (RG = (907 = 917))),
where
e 1) is quantifier-free and does not contain the predicate R;

e cach function symbol f; is of arity q, and its every occurrence is of the same form
[ix"9, where N
X" = (T gy T y)
with {2 ., Tij, } S{T1,. . Tm ]}y
e cevery occurrence of the function symbol g; (I = 0, 1) is of the same form g;jj.

Proof. Let ¢(R) be a sentence as described. First, apply Lemmato obtain an equiv-
alent sentence (R) in the normal form described in the lemma. By Lemma O(R)
is equivalent to

3S(0(5) AVI(RY — 7)),

where S is a new predicate symbol. This sentence is equivalent to
Fg03g1(0(g0t = 911) AVI(RT — (907 = 917)));

where 6(gof = g11) is obtained from 6(S) by replacing every occurrence of S% by (gof =
g11), which is clearly equivalent to a formula of the required form. |
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Let X be a team of M and s an assignment on M such that dom(X)Ndom(s) = 0.
We write X s for the set
Xs={t"s|te X}

Next, we prove the main theorem of this section that every second-order downwards
monotone property is definable with respect to non-empty teams by a formula of BID ™.

Theorem 2.4.3. For any second-order L(R)-sentence ¢(R) which is downwards mono-
tone with respect to a k-ary predicate R, there exists a formula ¢*(wy,--- ,wg) of BID™
such that for any L-model M and any non-empty team X of M with domain {w;,--- ,wy},

(M. rel(X)) | ¢(R) <= M |=x 6" (). (2.10)

Proof. We may assume that every downwards monotone L(R)-sentence ¢(R) is of the
normal form described in Lemma The required formula ¢*(wy, - -+ ,wy) is the same
as Formula (2.3) in the proof of Theorem [2.3.9] except we now let

k
02n (Wi, ..., WE) i= TUzp,1 -+ Fuopp (®2n/\1///\ (®(w1 # ;) ® (vg = vl))),
i=1

where 1)’ is the classical formula of BID ™ obtained from the formula v of first-order logic
by replacing everywhere

o the classical disjunction by ®,
e cach fix"7 by u, j,
e each g;y;...yr by vy,

and

(b*(w) = \v’ul’l .o -VU17PVU3)1 .o .\v’u3’p ...... vuZn—ll .o 'VUZn—l,pwvy

2.11
FvoTv1 (=(F,v0) A=(7,v1) A1 (D). @1

It remains to show that for any suitable model M, any non-empty team X of M with
domain {wy,...,wg}, (2.10) holds. The proof goes through a very similar argument to
that in the proof of Theorem[2.3.9] We will only show here the different steps.

For the direction “==>", assuming (M, rel(X)) = ¢(R) for X # 0, let Y2,,+1 be the
team obtained by the same argument as that in the proof of Theorem [2.3.9] We will show

that
k

M =y, A (Q(w; # yi) @ (v =11)).

i=1

Since R does not occur in 1) and ¢’ is flat, as in the proof of Theorem[2.3.9, M =y, .,
1)’ follows from Lemma It then remains to show that

k
M =y, ., ®(wz # Yi) @ (vo = v1).

i=1
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Observe that the above formula is classical, thus it is flat. It then suffices to show that for
all s € 5/27L+l >

k
M g @(wi # yi) @ (vo = v1). (2.12)
i=1
Indeed, if s(w) = s(%), then
s(g) = s(w) € rel(X).
By assumption, there exist functions Go, G : M* — M such that

(M,’/‘el(X),G(),G],S(:U)) }: Ry — (goﬂ 29137),

thus
s(vo) = Go(s(7)) = G1(s(7)) = s(v1).
Hence (2:12)) is obtained.

Conversely, for the direction “<=", assuming M |=x ¢* for X # 0, let Gy, G be the
team obtained by the same argument as that in the proof of Theorem Let @ and b be
arbitrary sequences of elements in M of the same lengths as Z and ¢, respectively. By the
construction of Y5, 11, there must exists an assignment

s: (dom(Yan41) \dom(X)) = M

such that X's C Y5,,4 and

We show that

(M7G07G17ﬁ7‘ M 7%,8(5)78(@)) ': ¢(907917F7' b 7@)

and
(MaTel(X)vGO’Glas(j)vs(?)) ': Ry — (90?3 = glg)'

As in the proof of Theorem [2.3.9] the former follows from Lemma [2.3.8] It then
remains to show the latter. Indeed, since

k

M ':Y2n+l ®(wi # ;) ® (vo = v1),
i=1
there are V,W1,...,Wy C Y5,,4 1 such that Y5, 1 = VUW U---UWj,
M =y vo =v and M =w, w; # y;,
for each 1 < i < k. Now, assume
(M, rel(X),Go,G1.5(z).5(7)) = 907 # 17,

then Go(s()) # G1(s(g)), which by the construction of Y3, means that
s(vo) = Go(s(7)) # Gi(s(7)) = s(v1).
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It follows that X's ¢ V. Noting that by the construction,
Yan1 | dom(X) = X,
we have that
XsCWiU---UWyg,

which means that for each ¢ € X, there exists some 1 < 4; < k such that ts € IW/;,. Hence
t(wi,) # 5(yi, ), so t(w) # s(7),
for each ¢ € X, which means that s(7) & rel(X), i.e.
(M, rel(X),Go, G, 5(T),5(y)) = ~R,
as required. ]

Theorem 2.4.4. Formulas of BID™ characterize second-order downwards monotone
properties with respect to non-empty teams.

Proof. Follows from Theorem [2.4.3|and Theorem[2.3.1 |

The proof of Theorem does not work for non-empty teams. In the remaining
part of this section, we investigate the expressive power of the full logic BID, in which
linear implication is present. The empty team property is lost in the full BID, however,
in this case we do obtain a similar theorem to Theorem for BID which holds with
respect to all teams, including the empty one.

The empty team @ can be viewed as a team of any model M with any domain {x,..., 2%},
and we have that

rel(0) = {(s(x1),...,s(zx)) | s €0} =0.

In case a predicate R occurring in a second-order sentence ¢(R) is interpreted as the
empty set @ (or rel(0)) in a model, one can replace each occurrence of R in ¢(R) by
the constant | (falsum) without affecting the truth value of the formula in the model. We
check this observation in the next lemma.

Lemma 2.4.5. Let ¢(R) be a second-order L(R)-sentence with a k-ary predicate R.
Then for any suitable L-model M,

(M,0) = ¢(R) <= M [=o(L),
where ¢(L) is obtained from ¢(R) by replacing everywhere Rt by 1.

Proof. We show by induction on subformulas )(R) of ¢(R) that for any suitable model
M, any suitable assignment s on M

(M,0) s ¥(R) <= M = (L)

The only interesting case is the case ¢(R) = R(f) for some terms t1,...,t5. As
(t1(s),...,tr{s)) ¢ 0, we always have that (M,0) =, R(%); on the other hand, M -, 1,
thus the lemma holds for this case. |



42

Next, we show that with an essential use of linear implication, formulas of BID define
second-order properties with respect to the empty team. Note that we do not require these
properties to be downwards monotone. Indeed, this lemma will be re-used in Section 3.1
on independence logic without the downwards closure property.

Lemma 2.4.6. For any second-order L(R)-sentence ¢(R), there is an L-formula T —o ¢*
of BID such that for any L-model M,

(M,0) = ¢(R) <= Mi=p T —¢".

Proof. Noting that ¢(_L) is an L-sentence, we let ¢* be the L-sentence of BID™ obtained
from Theorem [2.3.9]satisfying

ME¢(L) <= M =y ¢*

for all L-model M. It follows that

(M,0) = ¢(R) <= M = ¢(L) (by Lemma[2:4.3)
= M =g} ¢
= MEgT —9¢"
(by Locality, since Fv(¢*) =Fv(T) = 0).

Finally, we combine the results of Theorem 2.4.3and Lemma [2.4.6] to show that for-
mulas of BID define all second-order downwards monotone properties with respect to all
teams.

Theorem 2.4.7. For any second-order L(R)-sentence ¢(R) downwards monotone with
respect to a k-ary predicate R, there is an L-formula ¢ (w,...,wy) of BID such that
for any L-model M and any team X of M (including the empty team) with domain
{wy,...,w;},

(M;rel(X)) = ¢(R) < M |=x ().

Proof. Let ¢*(w) be the BID™ formula obtained from Theorem and T —o ¢* the
sentence obtained from Lemma[2.4.6] Let
P(@) == (LA(T — ¢%)) @ ¢* ().
It suffices to show that for any L-model M and any team X of M with domain {wy,...,wy},
(M,rel(X)) | ¢(R) <= M x (LA (T —¢"))®@¢" ().

“=": Suppose (M,rel(X)) = ¢(R). If X # 0, then by Theorem 2.4.3] M =x
¢*(w). Since @ C rel(X) and ¢(R) is downwards monotone with respect to R, we have
that (M, 0) |= ¢(R), thus by Lemma2.4.6] M =¢ LA (T —o ¢*). Hence M |=x ().

If X =0, then M ¢ LA (T —o ¢*) by Lemma On the other hand, by the
empty team property of BID™, M ¢ ¢*(w). Hence, we obtain M |=¢ 1 (w).
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Conversely, suppose M |=x t(w). Then, we must have that
MEp LA(T —¢*) and M E=x ¢*(w).

In case X = 0, that (M, rel(0)) = ¢(R) follows from Lemma in case X # 0, that
(M,rel(X)) = ¢(R) follows from Theorem[2.4.3] [ |

Theorem 2.4.8. Formulas of BID characterize second-order downwards monotone prop-
erties.

Proof. Follows from Theorem and Theorem [2.3.1] [ |

One should not confuse the above result with that of team logic in [S9]: formulas
of team logic are proved to characterize all second-order properties with respect to non-
empty teams. We summarize the results on expressive power of formulas of sublogics of
BID we have obtained so far in Figure 2.2}

Figure 2.2: Expressive power of sublogics of BID over formulas

SO et
w.r.t. non-empty teams ' TL .
downwards monotone SO LBID, D= 3
downwards monotone SO oot aT w
w.r.t. non-empty teams LISIP ;,IP; P,[f],l
downwards monotone X} D!

w.L.t. non-empty teams L

2.5 Concluding remarks

The logic D is equivalent to Z%, therefore it characterizes NP. By the result in sections
2.4-2.5, the logic ID or BID characterizes the Polynomial Hierarchy PH. An ID-normal
form for IT! -formulas (or X! -formulas) is obtained in Section 2.4 (see Remark ,
but a syntactical characterization for the fragment of ID that is equivalent to IT}, (or Z})
is unknown. Or further, an ID-characterization of the complexity classes T}, and ZF is
unknown.

Independence friendly logic (IF-logic) [47][48] is equivalent to Z{, thus to D, on the
level of sentences. This indicates a possibility of obtaining a similar result with that of
sections 2.3-2.4 for an extension of IF-logic. However, the argument we presented in
these two sections relies heavily on the role the intuitionistic and linear implications play
in the translation; that is, it is based on a deep understanding of the general framework of
Hodges’ team semantics. Since the original semantics of IF-logic was given by means of
imperfect information games ([48]]), to obtain a similar result for a reasonable extension
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of IF-logic, one may have to seek for different notions, the game-theoretic ones, which
correspond to the intuitionistic and linear implications in the team semantics context.

On the other hand, in the literature, there is dependence friendly logic (DF-logic)
whose semantics is given by imperfect information games as well. DF-logic emphasizes
the dependence between variables with quantifiers with back slashes instead. Formulas of
DF-logic are built from first-order literals using conjunction, disjunction and back-slashed
existential and universal quantifiers. Intuitively, the formula

Jx\xy, ..., Tnd
means “there exists an x, dependent completely of z,...,x, such that ¢”; analogously,
the formula

Va\zy,...,xne
means “for all x, dependent completely of x1,...,x,, we have ¢”. In [1]], a compositional

team semantics for the two back-slashed quantifiers are given as: for all suitable models
M, all suitable teams X of M,

o Ml=x (Fx\z1,...,20)0 <=rdef M |Ex Jx(=(x1,...,20,T) AP);
o M Ex (Va\zy,...,2,)0 <= def M Ex Va(=(z1,...,25,2) = ¢).

Applying a similar translation with that in the proof of Theorem[2.3.1] DF-logic are easily
seen to be expressible in second-order logic. Conversely, by a similar argument with that
of the proof of Theorem [2.3.9] every second-order sentence is expressible in DF-logic.
Therefore we have the following theorem.

Theorem 2.5.1. DF-logic is equivalent to the full second-order logic over sentences.

Proof. By Theorem every second-order sentences is equivalent to a formula ¢* of
BID. Observe that all occurrences of dependence atoms and intuitionistic implication in
this formula are (essentially) of the forms

Hyl "'Hyk)(:(xl,l;---7xl7n1ayl)/\"'/\:(mk,la"ka},nkvyk)/\a)

and
vyl "'vyk<:(m1,17---7$1,n1ay1)/\'“/\:(mk,17"'7$k,nk7yk) — eﬂ

The former can be replaced equivalently by
Cui\Ti,15--%1m,) - CUr\Tr 15 Theyng )0,
and the latter can be replaced equivalently by
Vyi\e1,15- @1 0) - (VUR\TR, L - Thny, )0
|

2In the formula ¢*, all of the universal quantifiers are in the front, but each Vu;, 4 for 7 odd can be moved to
the front of §;.



Chapter 3

First-order independence logic with
implications

First-order independence logic (Ind) is equivalent to Z{ over sentences ([39]), and over
formulas, it characterizes all Z{ properties with respect to non-empty teams ([31]). As in
Chapter 2, in this chapter, we will obtain the expressive power of the full second-order
logic by adding implications to the logic Ind. However, Ind is not downwards closed, so
intuitionistic and linear implications do not behave the same way in Ind as in BID. In
Section 3.1, we show by a similar argument with that in Chapter 2 that over formulas,
Ind extended with intuitionistic implication still characterizes all second-order properties
with respect to non-empty teams; and with respect to all teams, Ind extended with both
intuitionistic and linear implication defines (not characterizes) all second-order empty set-
closed properties. In Section 3.2, we study the maximal implication introduced in [39],
and show that first-order inclusion logic extended with maximal implication is equivalent
to the full second-order logic. In Section 3.3, we make some concluding remarks and list
the main open problems.

3.1 Definability in first-order independence logic with in-
tuitionistic and linear implications

Based on the downwards closure property, intuitionistic and linear implications were de-
fined in the context of first-order dependence logic [[1]]. The lack of the downwards closure
property in first-order independence logic makes it less interesting for the study of these
two implications in the context of this logic. However, in this section we show by a simi-
lar argument with that in Chapter 2 that Ind extended with the two implications does have
some nice properties: Ind ™ still characterizes all second-order properties with respect
to non-empty teams; and with respect to all teams, Ind/ ! defines (not characterizes)
all second-order empty set-closed properties.

We start with clarifying some basic facts about intuitionistic and linear implications
in the context of Ind.

45
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Fact 3.1.1. In the logic Ind =),

PRYEX = oY —X,

but

PNV EXF=OFEY = X-

Proof. We only give a counterexample to the second clause. Consider the model M =
{0,1}, and the four assignments sq, s1, 2,53 : {z,y} — M defined by Table3.1] Clearly,
(x Ly)AT =z L y. However,

M ’:{80»51,52#3} z Ly but M %{50,51,52,53} T—(xLy),
as,e.g, ME v Ly. [ |

In the remaining part of this section, we investigate the expressive power of the logic
Ind™ ). First of all, we know from Chapter 2 that D=l is equivalent to the full
second-order logic over sentences. By [39], dependence atoms are expressible in Ind,
therefore we obtain the following immediate corollary.

Corollary 3.1.2. Second-order sentences are expressible in Ind"™ ), and vice versa.
Proof. Follows from Theorem [2.3.10/and [39]. [ |

Next, we proceed to generalize the argument in Section 2.4 to determine the expressive
power of open formulas of Ind/ ™). We first show that formulas of Ind/~! characterize
all second-order properties (not necessarily downwards monontone) with respect to non-
empty teams. This is proved by generalizing Theorem [2.4.4]and the result in [31]].

By [391, [1]], every formula of Ind~! can be translated into second-order logic (c.f.
Theorem and Theorem [2.3.1).

Theorem 3.1.3. For any L-formula ¢(Z) of Ind ™=, there exists a second-order L(R)-
sentence ¥ (R) with a new predicate R such that for any L-model M and any team X of
M)

M x () <= (M,rel(X)) E¢(R).

Proof. Follows from [39]], [1]. |

To give the translation of the other direction, analogous to Section 2.4, we need to
obtain a normal form for any second-order sentences with a new relation symbol that can
occur both positively and negatively.

Table 3.1
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Lemma 3.1.4. Let ¢(R) be any second-order L(R)-sentence. Then

= o(R) < 3S(0(S) AVH(RY < 57)).

where ¢(S) is obtained from ¢(R) by replacing everywhere R by a new predicate symbol
S.

Proof. Easy. C.f. Lemma[2.4.1] [ |

Lemma 3.1.5. Every second-order L(R)-sentence is equivalent to a formula of the form

3903V fL -V 3 St 3 3" 3V A (R < (905 = 917))),
where
® 1) is quantifier-free and does not contain the predicate R;

e cach function symbol f; is of arity q, and its every occurrence is of the same form
f}xi’j, where
LI — .
X0 = (i gy i)
with {x; j .., i j, } S{T1,- s Tm )

e every occurrence of the function symbol g; (I =0, 1) is of the same form g;3.

Proof. Apply Lemma and Lemma C.f. Lemma2.4.2 |

Now, we prove that formulas of Ind ™! define all second-order properties with respect
to non-empty teams. Recall that first-order dependence logic and inclusion logic are
sublogics of Ind (see Section 1.2, or Figure , therefore in the following proof, we will
freely use dependence atoms and inclusion atoms in the constructed formula ¢*. Readers
can also view these atoms as shorthands for the equivalent formulas in the language of
Ind.

Theorem 3.1.6. For any second-order L(R)-sentence ¢(R) with a k-ary predicate R,
there exists a formula ¢*(wy,--- ,wy) of Ind™! such that for any L-model M and any
non-empty team X of M with domain {wy,--- ,wy},

(M,rel(X)) E ¢(R) <= M =x ¢"(w). (3.1)

Proof. We may assume that every L(R)-sentence ¢(R) is of the normal form described
in Lemma The required formula ¢*(wy, - -+ ,wy) is the same as Formula (2.5)) in the
proof of Theorem[2.3.9] except we now let

k
02 1= Fuop,1--Fuonp (®2n A A Q) (w; # i) @ (v = 1))

=1
MECD) @ £w))),

where 9 is the classical formula of Ind obtained from the formula ¢ of first-order logic
by replacing everywhere



48

e the classical disjunction by ®,
e cach fix"7 by u, j,
e cach gy ...yx by vy,

and

(b*(w) = Vul,l .o .Vul’vaG,l .. .Vfu/3’p ...... vuZn—l,l .o .vUzn_l’pWVy

Jvgdu; (:(y,vo)/\:(gj,vl)Aél (u‘;)) (3-2)

It remains to show that for any suitable model M, any non-empty team X of M with

domain {wy,...,wg}, (3.1) holds. The proof goes through a very similar argument to
those in the proofs of Theorem and Theorem [2.4.3l'| We will only show here the

different steps.

For the direction “==", assuming (M, rel(X)) = ¢(R) for X # 0, let Y24 be the
team obtained by the same argument as that in the proof of Theorem[2.3.9] We will show

that
k

M vy, ' A(Q(wi # yi) @ (vo = v1)) A (5 S @) @ (vo # v1)).

i=1

By the construction, we have that

(M,’I’el(X),G(),Ghﬁ,... 7ﬁ> ): VEV?(’L/}(QCHQDF’ s 7@)

3.3)
A(RF < (907 = 919)))- (

Thus, that
k

M ':Y2n+l WA (®(wz #1i) ® (vo = 111))
i=1
follows from the corresponding part in the proof of Theorem 2:4.3] It remains to show
that

M Ey,,,, (§ S @)@ (vo # v1).
Define
V={seYonq1]s(vo) #s(vi)},

and W =Y5,11\ V. Clearly, M v vy # v1. We show that M |Ew § C . Let se W
be arbitrary. Since M |=w vy = vy, we have that s(vy) = s(v;), thus by the definition of
Yv2n+la

Go(s(7)) = s(vo) = s(v1) = G1(s(9))-

The proofs of Theorem and Theorem do not reply on the downwards closure property of the
logic, except the fact that the classical formula ¢’ is downwards closed is used, but classical formulas are
downwards closed in all logics based on team semantics.

Moreover, note that in this proof, lax semantics is applied to existential quantifiers. But this does not give rise
to an essential difference in the proof, since in the direction “=="" of the proof, one can define each function
a5 by taking s, j (s) = { F}(s(x"7))}; for the other direction “<=" of the proof, when defining each function

F;, the construction of ¢*(w) guarantees that the corresponding s(u; ;) has always a single value.
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Now, by (3.3)), we have that
(M, rel(X),Go,G1,5(9)) = (907 = 919) = RY,
hence (M,rel(X),Go,G1,s(y)) = Ry, i.e.
s(g) € rel(X).

It follows that there exists t € X such that ¢(w) = s(g). Now, let so be s restricted to
dom(Y2,+1) \ dom(X). By the construction of Y5, 11, we know that X sy C Y3,,+1, thus
tsg € Yo,41 and

tso(w) = t(w) = s(7),

as required.

Conversely, for the direction “<=", assuming M |=x ¢* for X # 0, let Gy, G be the
team obtained by the same argument as that in the proof of Theorem Let @,b be ar-
bitrary sequences in M with the same length as Z and ¥, respectively. By the construction
of Y2,,+1, there must exists an assignment

s: (dom(Yan41) \dom(X)) = M
such that X's C Y5, and B
s(T) =a and s(g) = 0.
‘We show that

(M’GO,G17F7...,ﬁ78(f)78(?)) ): w(g(%ghﬁw'wfﬁh

(M,rel(X),Go,G1,s(x),s(y)) E RY — (907 = 917),
and
(Mvrel(X)aGﬂle78(5)53(y)) ': (g()g = glg) - Rg

The first two of the above three expressions follow from the corresponding part in the
proof of Theorem [2.4.3] It remains to show the last expression.
Since

My, (5 S W)@ (vo #v1),
there are V,W C Y,,11 such that Y311 = VUW,

M):Vvo;évl andM'ZngU_}.

Now, assume
(M,TCZ(X),G(),GI,S(T),S(g)) ): 909 = 1Y,
then Go(s(g)) = G1(s(@)), which by the construction of Y5, 4 means that

s(vo) = Go(s(7)) = G1(s(7)) = s(v1).

Thus, X's ;(_ V and Xs C W. For any ts € X s, since M |=w § C w, there exists sew
such that

s' () = ts(g) = s(7).
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Note that by the construction of Y3,1, we have that

Y—2n+1 = U XS(),

$€Yon 41
where s is s restricted to dom/(Y2,,+1) \ dom(X). Hence, we must have that
s =1t's,
for some ¢ € X. Thus for such ' € X

t'(w) = §'(w) = ts(7) = s(7), so s(7) € rel(X),

- (M, rel(X), Go, G, s(z),5(7)) = R3,

as required. |

Theorem 3.1.7. Ind!™! formulas characterize all second-order properties with respect to
non-empty teams.

Proof. Follows from Theorem [3.1.6]and [39] [1]. [ |

Next, we generalize Theorem and show that formulas of Indl = define all
second-order properties that are closed under empty set.

Definition 3.1.8. Let R be a k-ary relation symbol and ¢(R) a second order L(R)-
sentence. We say that ¢(R) is closed under empty set with respect to R if for all L(R)-
model (M,Q),

(M, Q) = ¢(R) = (M,0) = ¢(R).

Theorem 3.1.9. For any second-order L(R)-sentence ¢(R) closed under empty set with
respect to the predicate R, there is an L-formula (@) of Ind"™ ! such that for any
L-model M and any team X of M (including the empty team),

(M,rel(X)) = ¢(R) <= M |=x ().

Proof. Apply Lemma (noting that BID C Ind ™)) and Theorem , use a sim-
ilar argument to that of the proof of Theorem [2.4.7] |

However, in the absence of the downwards closure property, the logic Ind! ™! does
not characterizeE] the empty set-closed second-order properties. The following Fact illus-
trates that the converse of the above theorem fails.

Fact 3.1.10. There exists an L-formula () of Ind™~ such that the second order
L(R)-sentence )(R) obtained from Theorem is not closed under empty set with
respect to R.

Proof. 1t suffices to find a formula ¢, a model M, a team X of M such that M =x ¢ but
M g ¢. Let M = {0,1} and the four assignments s, s, $2, 83 : {x,y} — M defined by
Table Clearly, M =y 55,553 T = (z Ly),but M =g T —o (z L y). |

2See the discussion after Theorem|1.1.22|of Chapter 1 for the difference between “defining” and “character-
izing”.
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3.2 First-order inclusion logic with maximal implication

In this section, we show that inclusion logic (Inc) extended with maximal implication
(introduced in [39]) is equivalent to the full second-order logic.

It is pointed out in [30]] that maximal implication can be interpreted as minimal skep-
tical implication in the framework of the logic of belief revision (see e.g. [3]]), but in this
thesis, we will not go into this direction.

We first recall the definition of maximal implication from [59].

Definition 3.2.1 (Maximal implication). The binary connective — is called the maximal
implication, and its team semantics is defined as follows. For any formulas ¢, of first-
order independence logic, for any suitable model M, any suitable team X of M,

o M E=x ¢ —iff for all maximal Y C X such that M =y ¢, it holds that M =y 1.

The logic Ind( ! clearly has the empty team property. By the above definition, if the
family
F={Y CX|MEy ¢}

does not have any maximal element, then M =x ¢ <1 is trivially true. Now, we show
that the maximal implication is nontrivial when applied to formulas closed under unions
of chains.

Definition 3.2.2. A formula ¢ with team semantics is said to be closed under unions of
chains if for any suitable model M, any suitable teams {X; };<o of M with X; C X for
all 1 < j < «, it holds that

M Ex, ¢foralli <a=— M =,__ x, ¢.

Lemma 3.2.3. (Axiom of Choice) Let ¢ be a formula which is closed under unions of
chains. If M \=y ¢ for some Y C X, then there always exists a maximal extension Z C X
of Y such that M =z ¢.

Proof. Suppose M =y ¢ for some Y C X. Consider the family
F={ZCX|MEzdand Z2DY}.

Clearly, (#,C) forms a partial order. Since ¢ is closed under unions of chains, every
chain {X;};<, in % has an upper bound |J; ., X;. Therefore by Zorn’s lemma, .# has a
maximal element. u

Corollary 3.2.4. For formulas of first-order inclusion logic, Lemma holds and the

maximal extension is unique.

Proof. By Theorem formulas of Inc are closed under unions, thus closed under
unions of chains. Moreover, in this case, the family .# in the proof of Lemma has a
unique upper bound | J.7. ]

Lemma 3.2.5. Lemma holds for formulas of Ind or D without any occurrence of @
and 3.
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Proof. Tt suffices to show that the formulas satisfying the requirement in the lemma are
closed under unions of chains. We will show by induction on ¢ that for any suitable model
M, any suitable teams {X; },<, of M with X; C X forall i < j < a, it holds that

MEx, ¢foralli <a= M [=x ¢,

where X = {J; ., Xi.

We only show the non-trivial cases. If ¢ = Z | ; ¢, then for any s,s’ € X with s(2) =
s'(Z), there exists k < « such that s,s" € Xj.. Since M [=x, & L; 7, there exists s” €
X} C X such that

Hence M Ex & L; .

The case =(T) is checked similarly as the above case.

If ¢ = Va1, then for each i < o, since M [=x,; Vop, M [=x, (ai/) - Forany i < j <
o, as X; C X, we have that X;(M/z) C X,;(M/z). Note that

U Xi(M/) = (U X)(M/x) = X (M/z).

<o i<a
Hence, by induction hypothesis, M = x (a7/5) ¢ holds, thereby M =x V. |

The next fact shows that maximal implication is transitive only with respect to valid
formulas.

Fact 3.2.6. For any formulas ¢,,x of Ind <,
[E¢—=pand = x| == ¢ —x.

However,
(¢ =) A (Y —=X) = ¢ —X-

Proof. Suppose |= ¢ <) and = 1) <. We show that for any suitable model M, any
suitable team X of M, M Ex ¢ < x. Let Y be a maximal subset of X such that M =y
¢. Since M =x ¢ <=1, M |=y 1. On the other hand, since M =y 1 < x and Y is
obviously the maximal subset of Y satisfying M |=y 1, we obtain that M =y x, as
required.

However, consider the model M = {0,1}, and the four assignments s, $1, 2,53 :
{z,y,z} — M defined by the following table:

lz y =z
so| 0 1 O
st 0 0 O
S2 0 0 1
s3| 1 0 O
Clearly,
M ':{80,81,82,83} ('T = Z) C—>(Z - y) and M ):{80,81,82,83} (Z - y) <_>(y - .13),
but M %{50,31,32,53} (LE = Z) (_>(y - SC) u
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Dependence atoms of the form =(zy, ..., ;) are definable uniformly from constancy
dependence atoms using either the announcement operator ([32]]) or intuitionistic impli-
cation (see [1] or Lemma @]) However, such definitions make heavy use of the down-
wards closure property of first-order dependence logic, therefore it cannot be generalized
directly to the case of first-order independence logic. In the next lemma, we present a de-
composition of conditional independence atoms to unconditional ones using the maximal
implication instead. A simple form of this decomposition can be found in Section 7.5 of
[30].

Lemma 3.2.7. IfzZ = (z1,...,2;), then

k
Tl:9= (/\(ziin)> —(z L7).

i=1
Proof. Suppose M =x & Lz §. Let Y C X be a maximal subteam such that

k

M ):y /\(ZZ 1 Zi)~

i=1

For any s,s' € Y, we have that s(Z) = s/(2), thus by assumption, there exists s” € X such
that

§"(%) = s(z) and s" (§) = 5’ (7). 3.4)
It follows that
M Eyugen /\(Zi 1 z),
i=1
thus by the maximality of Y, we must have that s” € Y, as required.

Conversely, suppose M |=x (AF_;(z; L 2;)) <> (Z L 7). Let 5,5’ € X be arbitrary
elements such that s(Z) = s'(Z). Then we have that

k

M ):{S’S/} /\(Zz 1 Zi)~

i=
By Lemma(3.2.5] {s, s’} has a maximal extension Y C X such that

k

M ):y /\(Zz 1 ZZ‘),

i=1

thus by the assumption, M =y & L §, which implies that there exists s” € Y C X such
that (3.4)) holds. [ |

Next, we show that independence atoms, exclusion atoms, dependence atoms are all
expressible in the logic Incl =,
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T|y|w|v
spo |lal|b|al|b
sorlalblal|d

|y sp|lal|blec|b

X so|lalb Y sp3 |alblc|d
si1 | ¢cld sjo|¢ld|al|b
sii|cldlald

sp|¢cld]e|b

si3|c¢ld|c|d

Table 3.2

Lemma 3.2.8. Let & = (xy,...,x), §= (Y1, .., Yr) be two tuples. Let © = (wy,...,w),
0= (v1,...,v;) be two other tuples, neither of which has common variables with & and

4.

() 7|79 = vaz‘;(((u‘; CHADCH)) = QR (w; # vi))
(i) z Ly= Vu’;VT}(((u‘) CE)A(0CY)) —(wd C J':gj))
(iii) =(z) =Vy((y o) >(x=y))

(iv) =(z1,...,Tm,y) = (=(x1) A A=(2m)) = =(y)

Proof. For any team X, and any sequence Z = (21, ..., 2,,) of variables in the domain of
X, define

X1z:={s(2)|seX}={(s(z1),...,8(zm)) | s € X}E|
We first prove the following claim.
Claim: Let M be any model, X a team of M with {x,yi,...,2x,yx } C dom(X). Then
there exists a unique maximal subteam Y C X (M /w, o) such that
My (0 CZ)A (D C ), (3.5

and we have that

(Y 12)x (Y [§) =Y | wi] (3.6)
(see Table[3.2).

Proof of Claim. The existence and uniqueness of the required maximal team Y are guar-
anteed by Corollary[3.2.4] It remains to check (3.6).
For any s(w?) € Y [ wo, by (3.5)), there exist sg,s; € Y such that

s0(z) = s(w) and s1(g) = s(D).

3Note that X [ Z is different from X [ {z1,...,2m } defined in Definition
“Here, with some abuse of notation, we identify a pair (@, b) of sequences with the concatenation ab of the
two sequences.
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Since (s9(Z),s1(7)) € (Y [ Z) x (Y | §), we have that
s(w)s(0) = s0(Z)s1(7) = (so(),51(7)) € (Y [ T) x (Y [ 7).
Conversely, for any (so(Z),s1(g)) € (Y [ Z) x (Y [ §), letting s : dom(X ) U{w, vy,
..., W,V } — M be any assignment satisfying
s(w) = s(z) = s0(Z), s(v) = s(7) = s1(9),
we have that
M Eyysy (@ S 2)A (DS F).
It then follows from the maximality of Y that s € Y, thus

s0(Z)s1(y) = s(w)s(v) €Y [ wd.
_|

Now, let M be any suitable model, and X a suitable team of M. We proceed to prove
the lemma.

(1) It suffices to show that

MExZ|j < MEx vwva(((wgam(@gg)) ;>®(wﬁevi>).

i=1

“=": Suppose M |=x & |§. LetY C X (M /w,?) be the maximal subteam such
that M =y (0 C &) A (5 C §). It suffices to show that M =y @F_ (w; # v;).
Forany s € Y, since M =y (0 C Z) A (0 C §), there exist sg,s1 € Y satisfying

s(w) = so(Z) and s(0) = $1(7). 3.7)

As M =x T | §, we must have that so(Z) # s1(§), thus s(w) # s(©). It follows that there
exists 1 <4 < k such that s(w;) # s(v;). Hence M =y @F_; (w; # v;).

“«=": Suppose M |=x VwVv (((U_] Cz)A(0C 7)) =@ (w; # vl)> By Claim,
there exists a unique maximal Y C X (M /w,?) such that (3.5) and (3.6) hold. For any
50,81 € X, by (3.6), there exists s € Y such that (3.7) holds. By assumption, M =y
®F_, (w; # v;), thus (1) # s(7), thereby so(Z) # s1(7). Hence M |=x T | 7.

(ii) It suffices to show that
MExTLlj < MEx VzDV@(((u"J Cz)A(0CF)) (0D gjg)).

“=—": Suppose M =x & L §. Let Y C X (M /w,v) be the maximal subteam such
that M =y (w C ) A (0 C §). It suffices to show that M =y @0 C Z.

For any s € Y, since M |=y (0 C Z) A (9 C §), there exist sg,51 € Y such that
holds. As M |=x & L 7, there must exists s’ € X such that

() = so() and 8'(§) = s1(7).
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It follows that there exists s” € Y such that
s"(2)s"(9) = 5'(2)s'(7) = s0(Z)s1(7) = s(0)s(D).
Hence M [y w9 C Zj.
“=": Suppose M [=x ViV (((u‘; C)A(0CY)) —(wv C y‘cg)). By Claim, there
exists a unique maximal Y C X (M /w, o) such that (3.5) and (3.6) hold. For any s, s; €

X, by (3.6), there exists s € Y such that (3.7) holds. By assumption, M =y w? C Z7,
thus there exists s’ € Y such that

s'(27) = s(w?),
which implies that form some s” € X,
s"(2) = 5'(z) = s(0) = s0(%) and " () = 5'(7) = s(v) = 51(7)-
Hence M Ex & L 4.

(iii) It suffices to show that
MEx =(z) &= MExVYy((yCz) —=(r=y)).

“==": Suppose M =x =(z). Let Y C X (M /y) be the maximal subteam such that
M Ey y C x. It suffices to show that M |y = =y.

Since M =x =(z), there exists a € M such that for all s9 € X, so(x) = a. Now, for
any s € Y, since M =y y C z, there exists s’ € Y such that s(y) = §'(z) = a = s(x).
Hence M Ey x =y.

“«=": Suppose M =x Vy((y C ) =(z =y)). Let Y C X(M/y) be the maximal
subteam such that M =y y C x. For any sg,s; € X, letting s : dom(X)U{y} — M be
any assignment satisfying

s(x) = s0(x), s(y) = s1(2),

we have that M |=y () y € 2. By the maximality of Y, s € Y. By assumption, M [=y
x =y, thus

Hence M Ex =(x).
(iv) Easy, c.f. Lemma[2.2.3] |

We now proceed to investigate the expressive power of first-order inclusion logic ex-
tended with maximal implication. First, we give a translation from Incl ! into second-
order logic.

Theorem 3.2.9. For any L-formula ¢(Z) of Incl ™1, there exists a second-order L(R)-
sentence Tr(¢) = Y(R) with a new predicate R such that for any L-model M and any
suitable team X of M,

M =x ¢(2) <= (M, rel(X)) = ¢(R).
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Proof. (sketch) We define the translation 7z (¢) of ¢ by induction. For the only interesting
case, we let

r(00 —01) = vs((Ts(eg) AVS (15 (60) — 3T(SEA-S'E))) — Ts(el)).

By examining the role the intuitionistic implications play in the proof of Theorem
[3.1.6] one obtains the expressive power of inclusion logic extended with maximal impli-
cation.

Theorem 3.2.10. Formulas of Inc! ! characterize all second-order properties with re-
spect to non-empty teams. In particular, Incl = sentences are expressible in SO, and vice
versa.

Proof. In the proof of Theorem if one replace all the intuitionistic implications
in the formula ¢*(w) by maximal implications, the argument still works. The direction
“=—" of the proof still works because ¢ — ¥ = ¢ <1). The other direction “<=" still
works because the Y;’s in the proof of Theorem [3.1.6]are in fact maximal teams satisfying
M =y, 0;.

Moreover, by Lemma all dependence atoms in the formula ¢* () can be re-
placed equivalently by a formula in Incl =,

Putting the arguments together, we conclude that the theorem holds. |

3.3 Concluding remarks

We conclude the main results obtained in Chapter 2 and Chapter 3 concerning the expres-
sive power of logics of dependence and independence extended with linear and intuition-
istic implication in Figure [3.1]and Figure[3.2]

Below we list two main open problems of this chapter:

1. In Theorem , we proved that the logic Ind ™! defines all empty set-closed
second-order properties. But the precise expressive power of formulas of the logic,
i.e., the properties that the logic characterizes, is unkown.

2. Maximal implication is transitive only with respect to valid formulas (Fact [3.2.6).
The properties of maximal implication need to be further studied.
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Figure 3.1: Expressive power of logics over sentences

SO 'BID,ID,D!"), TL,Ind"], Incl |

r! ‘D, Ind |
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downwards monotone SO
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w.r.t. non- emptytey
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'FO |
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Chapter 4

Propositional dependence,
independence logics and their variants

In this chapter, we consider the logics of dependence and independence concepts in propo-
sitional logic. We define the underlying propositional logic of first-order dependence
logic, intuitionistic dependence logic, independence logic, as well as first-order inclusion
logic and exclusion logic. We give axioms and prove completeness theorems for these
logics and their variants.

In Section 4.1, we discuss motivations and philosophical backgrounds of the propo-
sitional logics of dependence and independence. Formal definitions and basic properties
of propositional dependence and independence logic are given in this section. In sec-
tions 4.2-4.5, we study downwards closed propositional logics with team semantics. In
Section 4.2, we introduce propositional intuitionistic dependence logic. We reveal its sur-
prising connections with inquisitive logic ([L3]]): the two logics are essentially equivalent.
As a consequence, propositional intuitionistic dependence logic is complete with respect
to the axioms given in [13] for inquisitive logic, and one extra axiom for dependence
atoms. We also point out that it is a maximal downwards closed logic. In Section 4.3, we
axiomatize another natural maximal downwards closed logic, namely propositional de-
pendence logic extended with intuitionistic disjunction. Based on this, in Section 4.4, we
axiomatize propositional dependence logic. Moreover, this section contains a proof (due
to Taneli Huuskonen) that propositional dependence logic is also a maximal downwards
closed logic. In Section 4.5, we generalize the method used in Section 4.4 to axiomatize
propositional exclusion logic. In sections 4.6-4.8, we study propositional logics with team
semantics which are not downwards closed. In Section 4.6, we introduce and axiomatize
a natural maximal such logic, namely propositional dependence logic extended with intu-
itionistic disjunction and non-empty atom (a new atom that is satisfied only by non-empty
teams). Based on this, in Section 4.7, we axiomatize propositional independence logic
extended with non-empty atom. In Section 4.8, we generalize the method in Section 4.8
to axiomatize propositional inclusion logic extended with non-empty atom. Finally, in
Section 4.9, we list some open problems of this chapter.
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4.1 Introduction

Studying the logics of dependence and independence concepts in propositional logic is
similar to the case of predicate logic in that we use the method of teams. A team in this
case is defined to be a set of valuations. There are, however, also grave differences. Most
importantly, propositional dependence and independence logics are decidable because for
any given formula of the logics with n propositional variables, there are in total 2" valu-
ations and 22" teams. The method of truth tables has its analogue in these logics, but the
size of such tables grows exponentially faster than in the case of traditional propositional
logic, rendering it virtually inapplicable. This emphasizes the role of the axioms and
the completeness theorem in providing a manageable alternative for establishing logical
consequence.
Classical propositional logic is based on propositions of the form

p

not p
porg

If p, then ¢

and more generally
If p;,,...,pi,, then q. 4.1

We present extensions of classical propositional calculus in which one can express, in
addition to the above, propositions of the form “q depends on p” and “q is independent of
p”, or more generally

q depends on p;,,...,pi; ., 4.2)

and
Diys---,Di, are independent of p;,...,pj,,. 4.3)

In our setting, both {.2) and (4.3)) are expressed as atomic facts. The former is character-
ized formly by a new atomic formula
:<p11 P 7pik7q)7

called dependence atom, while the latter by the so-called independence atom

Diyy- s Pigy L Djys 3Dy

Intuitively, @ means that to know whether ¢ holds it is sufficient to consult p; ..., p;, .
Note that as in the first-order dependence logic case, says nothing about the way in
which p;,...,p;, are logically related to g. It may be that p;, A...Ap;, logical implies g,
or that =p;, A...A—p;, logical implies —q, or anything in between. Technically speaking,
this is to say:

The truth value of g is a function of the truth values of p; ,...,p;, . “4.4)

Given the huge amounts of data available nowadays, arising from DNA, astronomical
data, Google data, etc, with no clear picture what the functions in action are, it seems—
and we suggest—that the propositions (4.2)) and their logic would deserve a mathematical
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treatment just as the simpler propositions (4.1)) have deserved in classical propositional
logic.
Examples of natural language sentences of this kind are the following:

1. Whether it rains depends completely on whether it is winter or summer.

2. Whether you end up in the town depends entirely on whether you turn here left or
right.

3. Iwill be absent depending on whether he shows up or not.

4. Whether the earth will be destroyed depends only on whether there is another planet
that crashes into the earth.

Another basic ingredient of classical propositional calculus is, as in (.3)), the a pri-
ori independence of the atomic propositions. Knowing the truth value of the sequence
Diys---,Piy, gives no information of the truth value of pj,,...,p;,,. Any individual valu-
ation s fixes the true value of both p; ,...,p;, and p;,...,p;,,, but if we have a set of
valuations (called a team), the truth value of neither of the two sequences needs to be
fixed, and we can ask are these truth values independent of each other in the sense that
knowing one does not reveal, in the light of the given team, the other. This is, of course,
the matter in the maximal team of all valuations s for all relavant propositional variables.
The maximal team represents the world of all logical possibilities. However, in practice
we may be interested in a particular team and the manifestation of independence in that
team.

For example, if we have a pool of human chromosomes arising from a group of actual
people, we may ask whether certain traits are independent of each other in this pool of
chromosomes. Knowing that they would be independent, if all logically possible chro-
mosomes were present, would be of no interest what so ever. Of course, such a team of all
logically possible chromosomes would densely fill every cubic millimeter of the physical
universe.

Here are some other examples:

1. Whether it rains is completely independent on whether it is winter or summer.

2. As to whether you end up in the town or not it makes no difference whether you turn
here left or right.

3. I will decide whether I come to the party independently of whether he decides to
show up or not.

4. Whether the earth will be destroyed is independent of whether the sea level rises
over 50 cm or not.

In this chapter we give exact mathematical meanings to “dependence” and “indepen-
dence”. Below we give formal definitions of propositional dependence and independence
logic.

Definition4.1.1. Letp;,p;,,...,Piy,Pj;s- - -»Djy,, De propositional variables, and k,m > 1.
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o Well-formed formulas of propositional dependence logic (PD) are given by the
following grammar

¢ = pi | i | =Diys-0i,) | GNP | 0P

o Well-formed formulas of propositional independence logic (PInd) are given by the
following grammar:

¢ =pi | =pi | piy - Piy, LPjy - Pj | 9N D[ 9@ P,

Definition 4.1.2.

(i) A valuation s is a function s : N — {0, 1} For any n € N, an n-valuation so on N is
a restriction of a valuation s to an n-element subset N C N, that is, so = s [ N with
|IN|=n.

(ii) A ream is a set of valuations. An n-team on [V is a set of n-valuations on V.

(iii) We write ¢(p;,,...,p;,) to mean that the propositional variables occurring in the
formula ¢ are among p;,,...,p;,. A formula of the form ¢(p;,,...,ps, ) is called
an n-formula.

Fix an n-element subset N C N, there are in total 2™ distinct n-valuations, and 22"
distinct n-valuations, among which there exists a maximal team consisting of all of the
n-teams on N, denoted by 2".

Definition 4.1.3. We inductively define the notion of a formula ¢ of PD or PInd being
true on a team X, denoted by X = ¢, as follows:

o X Ep;iffforallse X, s(i)=1;

o X | —p;iffforall s € X, s(i) =0;

X E =(pi,,....ps,) iff forall s, s’ € X

<5(i1),...,8(ik_1)> = <S/(i1),...,8/(ik_1)> — S(Zk) = S/(ik);

X = piy---pip, L pj, -..pj,, iff forall s,s" € X, there exists s” € X such that

(s"(i1),...,8" (ix)) = (s(i1),...,s(ix))
and
(s"(1)s--8" (Gm)) = (s'(G1), -8 ()
X E¢Apiff X = ¢and X = o
1n literature of propositional logics, a valuation is usually a function s from a set of propositional variables

to {0, 1}. In this thesis, for technical reasons, we choose to define valuations as in this definition. Each natural
number in the set N stands for an index of a propositional variable.
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e X E ¢®1 iff there exist teams Y, Z C X with X =Y U Z such that
Y E¢and Z =

Let L be the logic PD or PInd. For any formula ¢ of L, if X |= ¢ holds for all teams
X, then we say that ¢ is valid in the logic, denoted by |=| ¢ or simply |= ¢. The notions
of logical consequence and logical equivalence are defined analogously to the first-order
case.

We call the independence atom p;, ... p;, L pj, ...pj,, an unconditional independence
atoms. As in the first-order case, we can also define conditional independence atoms of
the form p;, ... p;, J_pkl Pk Pit - Pjps whose team semantics is as follows: for any team
X?

o X E iy ---Diy Lpg,.cop, Pir -y, iff for all s,8' € X with s(ky)---s(k.) =s'(k1)
-+ §'(ke), there exists s € X such that

(s"(k1)y. .., 8" (ke)) = (s(k1), ..., 8(ke)) = (' (k1),...,s (k)),

(s"(i1),. .-, 8" (ia)) = (s(i1), ..., 5(ia))
and
(8" (18" (G6)) = (8 (41), -+ 8" (G))-

But in this case, conditional independence atoms are definable by unconditional ones, as
the next lemma shows, where if p; is a propositional variable, then we let

1. 0.
p; :=p; and p; 1= —p;.

Lemma 4.1.4.
Pjy - -Pj, J‘Pil~~~pic Dk - -Pky = ® (Pf.(”) A "/\pfc(%) A (pjl --Dj, L Pr, "'pkb))a
s€2¢
where 2€ is the maximal c-team on {iy,...,i.}.
Proof. Easy. |

As in the first-order logic case, dependence atoms are definable in terms of conditional
independence atoms as follows:

:(p’il yee o9 Pig_y 7plk) = Piy, J—pil s Dig Diy, (45)

(c.f. Equation (I.T)), thus by Lemma[4.1.4} they are definable by unconditional indepen-
dence atoms as well.

The team semantics of the above defined logics is a natural adaption of the first-order
team semantics, therefore, not surprisingly, many of the relevant properties of the first-
order dependence logics are true for the propositional dependence logics. Most impor-
tantly, analogous to the first-order case, all of the above defined logics have the empty
team property, locality property, and PD has the downwards closure property.
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Lemma 4.1.5 (Empty Team Property). PD and PInd have the empty team property, that
is, O = ¢ for every formula ¢ in any of the logics.

Proof. Easy, by induction on ¢. |

Lemma 4.1.6 (Locality). Let ¢(p;,,...,pi,) be an n-formula of PD or PInd. For any
teams X,Y such that X | {iy,...,in} =Y [ {i1,...,in}, we have that

XE¢ = YEog
Proof. Easy, by induction on ¢. |

Theorem 4.1.7 (Downward Closure). For any formula ¢ of PD, any teams X,Y,
[XE¢andY CX] =Y E¢.
Proof. Easy, by induction on ¢. |

Corollary 4.1.8. For any downwards closed n-formula ¢(p;,,...,pi, ),

k¢ —=Fo9,
where 2™ is the maximal n-team on {i,...,in}.

Proof. The direction “<=" follows from Locality. For the direction “=", if 2" |=
&(Piy»---+Pin), then X |= ¢ for all n-teams X on {iy,...,i,}, since X C 2" and ¢ is
downwards closed. By Locality, this means that = ¢. |

Fix an n-element set N = {iy,...,i,} C N. Let 2" be the maximal n-team on N. The
semantic truth set of an n-formula ¢(p;,,...,pi, ) of PD or PInd is defined as the set [¢]
of all n-teams satisfying ¢, namely

[¢] :={X C2" | X |~ ¢}.

Clearly, for any two n-formulas ¢(p;,,...,pi,) and ¥(p;,,...,pi,), ¢ =1 if and only
if [¢] = []. Let Vn be the family of all non-empty downwards closed collections of
n-teams on IV, i.e.

Vy={KC2¥ |K+#0,and X €K, Y C X imply Y € K}.

For any n-formula ¢(p;,,...,p;, ) of PD, since it is downwards closed, [¢] € V.
As in the first-order case, formulas ¢ satisfying

XE¢ <= VseX, {s}=¢

for all teams X are called flat formulas. A formula built from propositional variables
and negated propositional variables by conjunction A and tensor disjunction ® is called a
classical formula. That is, a classical formula of PD or PInd is a formula that does not
contain dependence atoms or independence atoms, or a formula of the logic PD[A, ®] or
PInd[A, ®].
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Lemma 4.1.9. Classical formulas of PD or PInd are flat.

Proof. Easy, by induction. |

Classical formulas behaves classically on singleton teams, as the following lemma
shows.

Lemma 4.1.10. If ¢ is a classical formula of PD or PInd, then identifying tensor dis-
Jjunction @ with the classical disjunction V, for any valuation s,

sfEcpL ¢ <= {s} F ¢

Proof. We prove the lemma by induction on ¢. The only interesting case is the case
¢ =1 ® x. In this case, we have that

{stEvox <= {s}Fyor{s} =X

<= s=cpL ¥ or s [=cpL X (by induction hypotheis)
< sEcPLY VX

We end this section by pointing out that none of the logics PD and PInd is closed
under Uniform Substitution:

d)(pi] PR ap’in) (Sub)
¢(1/11/Pi1,~-~7¢n/1%n)

We will discuss this fact in the next section and Section 5.1.

Fact 4.1.11. Neither of PD and PInd is closed under Sub.

Proof. In the definition of the syntax of the logics PD and PInd, we only allow negations
occur in front propositional variables, therefore strictly speaking, for example the formula
i ® —p; cannot have substitution instances of the form ¢ ® —¢ in the logics PD and PInd,

as —¢ is simply not a well-formed formula. Even if we define —¢ as the formula obtained
by pushing negation all the way to the front of atomic formulas and define

_‘:(pi17- .. ’pik) = 1 and _‘(pi] .. 'p'ik J_pj] . "pjm) = J_,
still we have that = p; ® —p;, but

e =(pi) ® ~=(p;) and = (p; L pi) @ (pi L pi).



66

4.2 Propositional intuitionistic dependence logic and in-
quisitive logic

Before we investigate propositional dependence and independence logic, in this section,
we introduce a natural and interesting variant of propositional dependence logic, namely
propositional intuitionistic dependence logic.

As in the first-order logic case, “classical (contradictory) negation” is not definable
in the downwards closed propositional dependence logic (c.f. Footnote [1|of Section 2.1).
This raises the question of how to define implications, or how to express conditional
statements in PD. One natural solution is to intrepret the conditional statement

“if ¢, then " (4.6)

as
PCi=9¢ ®Y,

where ¢~ stands for the literal negation of ¢, that is the formula —¢ with negation —
pushed inside ¢ all the way to the front of atomic formulas. This way, for example, “if
(p A—q), then r” is expressed by the formula

(pA=q) Cri=(-pRq) @

However, despite of the intuitive meaning of this treatment for conditional statements, this
solution has a technical drawback: it is not able to express conditionals of dependence
statements. For example, the following conditional statement

If whether the earth will be destroyed depends only on whether there is
another planet that crashes into the earth, then whether the human being will
migrate to other planets depends only on whether the crash will occur.

will be interpreted as

=(p,q) € =(p,r) := (==(p,q)) @ =(p, 7).

But ~=(p, q) is (by definition) equivalent to L (see Footnote[3|in Lemma|I.1.8), thus we
have

(=(p.q) € =(p,r)) = =(p,7),

which is certainly unreasonable.
A better treatment of conditional statements is, as we suggest, to read (4.6) as

¢ =1 (¢ logically implies v)). 4.7)

Given that the logic is downwards closed (as with PD), the above expression is (by the
Deduction Theorem of intuitionistic implication, c.f. Theorem [2.2.12) equivalent to

E ¢ — ¢ (“¢ intuitionistically implies ¢” is valid).
In view of this, we propose to interpret {.6) as

o=,
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where — is the intuitionistic implication studied in the preceding chapters.

In this section, we define propositional intuitionistic dependence logic (PID), in which
conditional statements about dependence can have a reasonable interpretation. Moreover,
we will reveal a surprising connection between PID and inquisitive logic [13]: the two
logics are essentially equivalent. We present a complete axiomatization of PID due to
[13].

Below we give formal definition of propositional intuitionistic dependence logic.

Definition 4.2.1. Well-formed formulas of propositional intuitionistic dependence logic
(PID) are given by the following grammar:

pu=pi|-pi|l LI=(pi) [oNP OV d— ¢

To simplify notations, we apply Convention to PID too, in particular, ¢ — L is
abbreviated as —¢ for any formula ¢.

Definition 4.2.2. We inductively define the notion of a formula ¢ of PID being true on
a team X, denoted by X |= ¢. All the cases are the same as those of PD as defined in
Definition .T.3]except the following:

o X = Liff X =0;
o X | =(p;)iffforall s,s' € X, s(i) = 5'(4);
o X oVyiff X = ¢or X =1
e X E¢—iff forany teamY C X,
YEo— Y.

It is straightforward to verify that PID has the empty team property, the locality prop-
erty and the downwards closure property defined in Section 4.1. Next we show that PID
is not closed under Sub.

Fact 4.2.3. PID is not closed under Sub.

Proof. We have that = ——p; — p;, but by Lemma[2.1.3] = =—¢ — ¢ fails for non-flat
formulas (e.g. &£ -—=(p;) = =(p:)). [ |

One observes that propositional intuitionistic dependence logic is the underlying propo-
sitional logic of first-order intuitionistic dependence logic. As a consequence, PID inher-
its all relevant properties from ID, including the following:

e Dependence atoms of the form =(p;) are called constancy dependence atoms. By
the same proof as that of Lemma [2.2.3] non-constancy dependence atoms are de-
finable by constancy ones, as

=(Diys--sDiy,) = (Z(Pil)/\"'/\Z(pik,ID — =(piy,)-

e All axioms of intuitionistic propositional calculus (IPL), all axioms of Maksi-
mova’s Logic ND, all axioms of Kreisel-Putnam Logic KP are valid in PID, i.e.,
Fact[2.2.13lholds for PID as well.
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e Deduction Theorem holds in PID (c.f. Theorem[2.2.12).

o A formula is flat iff it satisfies the double negation law; in particular, negated for-
mulas are flat. That is Lemma and Corollary hold for PID as well.

e Lemma and Lemma [2.1.5]are true for PID and tensor disjunction.

The disjunction of IPL has the so-called disjunction property, the same is true for
PID, as shown in the next theorem.

Theorem 4.2.4 (Disjunction Property). For any formulas ¢ and 1) of PID,
if = 6\, then |= ¢ or = 1.
Proof. By Corollary |

Unlike in ID, where intuitionistic disjunction is superfluous as it is uniformly defin-
able (Lemma [I.1.T6), intuitionistic disjunction of PID turns out to be so useful that in its
presence, dependence atoms are, in fact, eliminatable.

Lemma 4.2.5. =(p;) =p; V —pi;
Proof. Easy. |

The above lemma shows that PID is equivalent to PID[L, A,V, —], the fragment of
PID which has no occurrences of dependence atoms. Dick de Jongh and Tadeusz Litak
observecﬂ that this fragment of PID is essentially equivalent to propositional inquisitive
logic [13]] (see also [LL1]).

Inquisitive logic is a new logic based on the so-called inquisitive semantics. Inquisi-
tive semantics is a new type of formal semantics, first conceived by Groenendijk [41] and
Mascarenhas [70]. It develops a new notion of semantic meaning that directly reflects the
use of language in exchanging information. The central aim of inquisitive semantics is to
develop a new notion of semantic meaning that captures both informative and inquisitive
content of natural language. This enriched notion of meaning is intended to provide a new
foundation for the analysis of discourse that is aimed at the exchange of information.

Early work on inquisitive logic was done by Mascarenhas [[70] and Sano [75]]. A gen-
eralized formal system for inquisitive semantics and logic was developed by Groenendijk
[40], Ciardelli and Roelofsen [13]]. One of the basic formal notions of this generalized
inquisitive semantics is the notion of information states. An information state is a set of
models for the language, that is, a set of possible worlds. One thinks of an information
state as the set of configurations that the subject considers possible for the actual world. It
turns out that in terms of mathematical content, an information state is essentially a feam.
Exactly as in team semantics, the satisfaction relation

“S ': ¢”

of inquisitive logic (called the “support” relation) is defined between teams (i.e. informa-
tion states) s and formulas ¢. In the setting of inquisitive semantics, an information state
s embodies a potential update of the common ground, and the proposition expressed by

2In a private conversation with the author in September 2011.
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a sentence ¢ captures both inquisitive and informative content. That an information state
s supports a sentence ¢ is interpreted as “s settles the issue raised by ¢”. This way, the
nature of information exchange is reflected in the semantics as a cooperative process of
raising and resolving issues, achieving the goal of inquisitive semantics.

As seen from the above, although inquisitive logic has a completely different motiva-
tion from that of dependence logic, it uses essentially and independently team semantics.
Moreover, propositional inquisitive logic (InqL) [[13]] has exactly the same syntax as the
logic PID[L,A,V,—], and it interprets the corresponding atomic formulas and logical
constants the same ways as in PID. This way, InqL and PID are essentially equivalent.

Below we present important properties and a complete axiomatization of PID ob-
tained essentially in [13]] and [[11]. For simplicity, we will stick on our notations and refer
to InqL only indirectly.

In PID, we stipulate \/0 := L. Next lemma shows that every n-team X is definable
up to subteams by an n-formula Wx of PID (or InqL).

Lemma 4.2.6 (due to [13])). Let X be an n-team on N = {iy,...,i,}. Define a formula
Yx of PID (or InqL) as

W= V@ A Ap™).
se€X

Then for any n-team'Y on N,
YEYy < YCX.
Proof. Easy, or see [13]]. |

PID (or InqL) is a maximal downwards closed logic in the sense of the following
definition.

Definition 4.2.7. A logic L with team semantics is called a maximal downwards closed
logic if for every n-element set N = {ij,...,i,} CN,

Vn ={[¢]: o(pi,...,pi,) is an n-formula of L}

Theorem 4.2.8 (due to [13]])). PID (or InqL) is a maximal downwards closed logic.

Proof. Tt suffices to show “C”. For every L € Vy, noting that /C is finite (it has at most
22" elements), we obtain by Lemma that

ViE\ Px <= 3IXeK(Y CX) < YeK,
XeKx

i.e., [[\/XGIC lPXH = ’C .

The above theorem also shows that every formula of PID (or InqL) can be expressed
as a formula in the so-called disjunctive-negative normal form:

V== V@i A appi™),

JjeJ SEX]'
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where J is a set of indices and each X is an n-team on {41,...,i,}. Interested readers
are referred to [13] for more details on this normal form, we only remark here that in the
above formula in the normal form, each (double) negated formula is flat (Corollary @

A set L of formulas is called a weak intermediate logic if IPL C L C CPL and L is
closed under MP ([13]]); a weak intermediate logic L is called an intermediate logic if L
is closed under Sub. Using the normal form, it was proved in [13] that InqL is a weak
intermediate logic.

Definition 4.2.9 ([L3]]).

e Let ¢ be a formula. The negative variant ¢~ of ¢ is obtained from ¢ by replacing
any occurrence of a propositional variable p with —p.

e The negative variant L™ of alogic L is defined as L™ = {¢ | ¢ € L}.

The logic InqL, as shown in [13]], is equivalent to the negative variant of Maksimova’s
logic [68]
ND = IPL @ {ND, | k € N}[J|

and also to the negative variant of Kreisel-Putnam logic [63]]
KP =I1PL ¢ KP,

where NDy, and KP are defined in Fact[2.2.13]

Theorem 4.2.10 ([13]]). InqL =ND " =KP".

This is then also true for PID, in particular, the logic PID is complete with respect to
the following Hilbert style deductive system:

Definition 4.2.11 (A Deductive System for PID). We write Fpyp ¢ if the PID formula ¢
is derivable from the following axioms using the following rules:

Axioms:

1. all substitution instances of IPL axioms
2. ——p; — p; for all propositional variables p;

3. axiom schemes of ND,, for all k € N:

(NDi) (o= \/ i) =\ (mo— ).

1<i<k 1<i<k

or axiom scheme of
(KP)  (=¢—= (¥ VX)) = (¢ = ¥) V(=g = X))

4. =(p;) <> (pi V—pi)

Rules:

3Denote by L @ L, the smallest set of formulas containing all axioms of the two propositional logics L; and
L, and is closed under MP and Sub.
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6o
S e)

Theorem 4.2.12 (Completeness Theorem of PID). For any formula ¢ of,

Modus Ponens:

Fpp ¢ <= P ¢
Proof. Axiom 4 eliminates dependence atoms. The rest of the proof is due to [[13]. |

An important feature of PID (or InqL), as pointed out in Fact§.1.T1] is that it is not
closed under uniform substitution, however, it is closed under the so-called flat substitu-
tion described in the following lemma.

Lemma 4.2.13 (due to [13]]). PID is closed under flat substitution, that is, for any formula
¢(p11 yree 7pin) OfPID,

':¢(pi1a"'7pin) — ':¢(¢]/pi17"'7w’rb/pin);
whenever V1, ..., are flat formulas of PID.
Proof. See [13]]. |

It was proved in [[11] that InqL is strongly complete with respect to negative saturated
intuitionistic Kripke models. This is then also true for PID. We will come back to this
issue in Chapter 6.

Definition 4.2.14. An intuitionistic Kripke model is a triple 9t = (W, >, V) consisting of
anon-empty set W, a partial ordering > on W, a function (a valuation) V' : Prop — p(W)
satisfying monotonicity with respect to >, that is,

[we V(p)and w > v] = v € V(p).

The pair § = (W, >) is called the underlying frame of 91.

Definition 4.2.15. A point w in an intuitionistic Kripke model 9t = (W, >,V) is called
an endpoint iff there is no point v € W such that w > v. Denote the set of all endpoints
seen from w by E,,, i.e.,

E, ={veW |w>vandwvis an endpoint}.

Definition 4.2.16. An intuitionistic Kripke model 9t = (W, >,V) is called a negative
saturated model iff

o the valuation V' is negative, namely

MwEp < MwE —p;

o the underlying frame of 91 is saturated, that is, for every point w € W,

- B, 7é 0;
— for every non-empty subset £ C F,, there exists v < w such that £, = E.
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Theorem 4.2.17 (due to [L1]). PID is strongly complete with respect to negative saturated
intuitionistic Kripke models.

Theorem 4.2.18 (Strong Completeness Theorem). Let I' be a set of formulas and ¢ a
formula of PID. Then

Ckpp ¢ <= T Fpp ¢.
Proof. Due to [11]]. [ |

Theorem 4.2.19 (Compactness Theorem). For any set I of formulas and any formula ¢
of PID, if T |= ¢, then there exists a finite set A C T such that A |= ¢.

4.3 Axiomatizing propositional dependence logic with in-
tuitionistic disjunction

We showed in Theorem [4.2.8] that PID is a maximal downwards closed logic. In this sec-
tion, we study another naturally arisen maximal downwards closed logic, that is proposi-
tional dependence logic extended with intuitionistic disjunction PDV). We give axioms
and prove a completeness theorem for the logic.

We start with analyzing the expressive power of PDY. For logics based on team
semantics which have the empty team property (such as PD, PD!Y! and PID), we define

e R0:=\0:=1,

where L is a shorthand for p; A —p; for any p;. In the next lemma, we prove that all
n-teams X are definable up to subteams in PD! by a very similar formula ®x to the
formula Wx of PID in Lemma[4.2.6]

Lemma 4.3.1. Let X be an n-team on N = {iy, ... i, }. Define a formula ®x of PD"!
as

Ox == @ A+ Apl).

n
seX

Then for any n-team'Y on N,
YEOx <— Y CX.

Proof. “=": Suppose Y =0@x. If X =0, then @x := | and we must have that Y =
0 = X. Otherwise, if X # 0, then for each s € X, there exists Y such that

Y = U Y, and Y, }:pffi') /\~-~/\pfff").
seX
Then, either Yy =0 or Y; = {s} implying Y C X.
“<=": By the downwards closure property, it suffices to show that X = @x. Clearly,
if X =0, then ®x := 1 and X |= Ox. Otherwise, clearly, for each s € X, we have that

{s} Epi™ A+ Api™), which implies that X |= @ . ]

Now we show that PDV) is a maximal downwards closed logic by a very similar
argument to that in the proof of Theorem 4.2.8]
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Theorem 4.3.2. PD! is a maximal downwards closed logic.

Proof. Tt suffices to show that

Vy ={[¢]: o(pi,.--,pi,) is an n-formula of pD'}

for any N = {ij,...,i,} € N. The direction “D” follows from the fact that PDV is
downwards closed. For the other inclusion “C”, for every K € Vi, K = [V xex Ox]
(note that  is finite). |

Corollary 4.3.3. PD!Y! = PID = IngL.
Proof. By Theorem4.3.2]and Theorem[4.2.8] [ |

The proof of Theorem shows that every n-formula ¢(p;,,...,pi, ) of PD is
logically equivalent to a formula in the normal form

feF SEXf
where F'is a finite set of indices and each Xy is an n-team on {iy,...,%, }. It is worthwhile

to point out that a similar normal form (of typically infinite size) for first-order dependence
logic extended with intuitionistic disjunction was suggested already in [1]. The formula
in the normal form does not contain dependence atoms, this means that dependence
atoms are expressible in PDV. We prove this in the following lemma.

Lemma 4.34. =(p;,,....p;,) = \V & (p;(gj())/\---/\pjfl(i’“l’l)/\p;-c(s)), where 25 is
f622k se2k
the maximal n-team on K = {jo,...,jx—1}-

Proof. 1t suffices to show that for any team X,

X =pyem) = X\ @ (900 npi0 ) 2pl0)

f€22k se2k
Suppose X = =(pjq,,- .-, pj, )- Define f : 2% — 2 by taking
t(jx), if3t e X suchthatt | K =s,
f(s)= .
1, otherwise.
The function f is well-defined, since for any #¢,t; € X such that
to | K=t | K, 4.9)

the assumption guarantees that to(jx) = t1 (jx)-
For each s € 2%, define

X,={teX:tIK=s}
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It is easy to see that X = (J ok X and

X, g0 A AR A pt (), (4.10)

Hence X = @,k (pjém) R /\pjlij_kl’l) /\pﬁs))
Conversely, for “<=", by assumption, there exists a function f : 2X — 2 and for each
s € 2K there exists a team X, C X such that X = Useax X and lb holds. For any

to,t; € X such that (4.9) holds, there exists s € 2 satisfying
s=ty [ K=t [ K.

Clearly, to,t1 € X,. By (4.10), to(jx) = f(s) = t1(Jjx), as required. [ ]

We now present a natural deduction system for PDY! for which the normal form
(#.8) can be obtained proof-theoretically. The main goal of this section is to prove the
completeness theorem for this system.

Definition 4.3.5 (A natural deduction system for PDV)). The rules are given as follows:

1. Conjunction Introduction: u (A
PAY
2. Conjunction Elimination: % (AE) % (AE)
3. Intuitionistic Disjunction Introduction: ¢ vh ¥ vh
PV Y PV Y
4. Intuitionistic Disjunction Elimination:
[¢]  [¥]
PV X X
Y (VE)
5. Tensor Disjunction Introduction: ¢ (®h
oY
6. Weak Tensor Disjunction Elimination:
o] W]
o :
PRY Xx X (2WE)

whenever Y is a classical formula.

7. Tensor Disjunction Substitution:
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[¢]

62% X
W (®Sub)

8. Commutative and Associative Laws for Tensor Disjunction:

0V comey  OEHEOX)

POWEX) (A
v&¢ Govax |0

¢® (p;/\ jpi) (J_E)

10. Atomic Excluded Middle: 5, —p, (EMo)

9. Contradiction Elimination:

11. Dependence Atom Introduction:

V@ (i A nih )

2k ge2k
= (Depl)
:(pjm o 7pjk,1 7pjk)
where 2¥ is the maximal k-team on the set {jo, ..., jx_1}.
12. Dependence Atom Elimination:
V @ (5 nee i npfl?)
feazk se2k
where 2¥ is the maximal k-team on the set {jo, ..., jx_1}.
13. Distributive Laws:
A\
98 [WVX) (Dstr@ V) SN DX) (Dstr A ®)
(p@9Y)V(p®x) (pAD)® (A X)
(@B OX) petrave)
o@ (Y VX)

If a formula ¢ of PD!V is derivable in the system, then we write 51 ¢ or simply
F¢. If ¢ - and ¢ - ¢, then we say that ¢ and ¥ are provably equivalent, in symbols

¢ .

In the above system, all of the substitution, commutative, associative and distributive
rules involving tensor disjunction & are necessary, as we only have the weak elimination
rule for tensor disjunction (®WE), whereas the strong elimination rule:
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PP X X

is not valid (since e.g. = =(p;) ® =(p;) but = =(p;) ). Moreover, not all usual distributive
laws are valid in PD'!, for example, the following distributive law:

(pVi)®@(pVx)
OV (Y ®x)

is not valid even for classical formulas, since e.g.,

(pV-p)@(pV-p)FEpV(-p®p).
Interesting derivable rules are listed in the next lemma.

Corollary 4.3.6. The following are derivable rules:

1. ex falso: %( ex falso)
2. Distributive Laws:
PDWAX)  (petrgp) OVWOY)  (perve)
(PRY)N (P@X) (pVe)®(6VX)
(p@¥) A (d®x) *
55 WA (%) (Dstr'® A®)
BADSGAY) . perr
YOS (%) (Dstr* A@A)

(*) whenever ¢ is a classical formula.

3. Commutative and Associative Rules for Conjunction and Intuitionistic Disjunction:

PN PV
NG (ComA) AV (ComvV)
(@AY) Ax (Assh) (eVY) VX (Assv)
A (Y AX) PV (Y Vx)
4. Substitution Rule for Intuitionistic Disjunction and Conjunction:
[4] (]
VY x ONAY X
svx onx



77

5. Distributive Laws for Intuitionistic Disjunction and Conjunction:

PN (YVX) (Dstr) oV (Y AX) (Dstr)
(PAY)V(6AX) (V) A (PVX)
(pVY) A (PVx) (Dstr) (@A) VI(PAX) (Dstr)

oV (P AX) PNV X)

Proof. The rules in Items 3-5 are derived as usual. It remains to derive all the other rules.
For (ex falso):

Pi A\ p;

————— (®))
¢ ® (pi A —pi) (LE)
¢
For (Dstr® A):
[vAx] [ Ax]
E
$® (P Ax) v " seway x B
(®Sub) (®Sub)
68 Y PEX 1
(0@Y)A(p®X)
For (DstrV ®):
[#]
(@0
PR [V ®x]
VI, ®Sub VI, ®Sub
oviwen @vieev P Grneev e
(eVY)@(oVx)
For (Dstr* @ A®): If ¢ is a classical formula, then we have the following derivation:
(¢@¢Y)A(P®X)
(Dstr A ®)
(G2v)Ad) @ (B2VAY) o
(AE, ®Sub)
@ ((p@1)Ax)
(Dstr A ®)
PBPAX)BWAX) e e
6epewrg oo
— X (QWE, ®
FEICTS VI a
For (Dstr* A @A): If ¢ is a classical formula, then we have the following derivation:
(PAY) ® (oA x)
(AE, ®Sub)
099 WE) (AE. ©Sub) (@)@ (@AX)
¢ VRX (Al
PA(P®X)

Next, we prove the Soundness Theorem for the above deductive system.
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Theorem 4.3.7 (Soundness Theorem). For any formulas ¢ and ¢ of PDLY),

o= o

Proof. Tt suffices to show that all of the deductive rules are valid. The rules 1-5, 7-10
are easy to verify. The validity of Dependence Atom Introduction and Elimination rules
follows from Lemma[4.3.4] It remains to verify the validity of the rules 4,5 and 13.

For (®WE), it suffices to show that

pExandy = x = 0@V X,

whenever  is a classical formula. By Lemma[.1.9] the assumption implies that x is flat.
For any team X such that X |= ¢ ® 1, there are teams Y, Z C X such that X =Y U Z,
Y E¢and Z = 1. Since ¢ |= x and ¢ = x, we have that Y =y and Z |= x, which imply
that X |= x, as x is flat.

For (Dstr® V), it suffices to show that ¢ @ (¢ V x) = (¢ @) V (¢ ® X). For any team
X suchthat X = ¢ ® (¢ V x), there are teams Y, Z C X suchthat X =Y UZ,Y |= ¢ and
ZEYVx. Itfollowsthat Y UZ E @y orYUZ Eéd®x, hence X = (0@¢)V (p@x).

For (Dstr A ®), it suffices to show that ¢ A (¢ ® x) E (¢ A1) ® (¢ A x). For any team
X such that X = ¢ A (¢ @), we have that X = ¢ and X |= 1) ® x. The latter implies that
there are teams Y, Z C X suchthat X =Y UZ,Y ¢ and Z |= . By the downwards
closure property, Y = ¢ and Z |= x. It follows that Y = ¢ A4 and Z |= ¢ A x, thus
XE @A) @(@AX)

For (Dstr ® V®), it suffices to show that (¢ ®¢) V (¢ ® x) = ¢ ® (¢ V x). For any
team X such that X | (¢ ®1)V (¢ ® x), we have that X = ¢ @1 or X = ¢ ® x. In the
former case, there are teams Y,Z C X suchthat X =Y UZ,Y |= ¢ and Z |= ¢, which
implies that Z =1V x, thereby X = ¢ ® (¢ V x). By a similar argument, one derives
X E ¢® (¥ V x) in the latter case as well. [ |

Next, we show that every PD!Y!

intended normal form (4.8|).

formula is provably equivalent to a formula in the

Theorem 4.3.8. Any n-formula ¢(p;,,...,pi,) of PDV is provably equivalent to a for-

mula of the form
\/ ® (pfl(ll) A Apfflln))’
feFSEXf

where F is a finite set of indices, and each Xy is an n-team on N = {iy,...,i,}.

Proof. Let 2™ be the maximal n-team on N. We prove the theorem by induction on
¢(p21 P 7pin)‘

Case ¢(pi,,---,Di, ) = Dij, for 1 <k <n.If N = {i}}, then p;, - ® pf}ii"’), where
se{1}
1:{ix} — {0,1} is defined as 1(iy) = 1.
Now, assume N D {i; }. We prove that p;, -+ 6, where
f:= ®(pf](ll>/\.../\p:liiklfl)/\pik /\pflilm])/\mp?(m)).

+1 n
se2n
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For p;, =6, we have the following derivation:

(1>pik

(2)(Pip @ Wig) A+ A Pip_, @iy ) A (Digsy @ Wi ) A A (D3, @ i)
(EMy, Al)

() @ () A ApE) A p) A i) (Dstep o, 1, @Sub)
se2M

4) pzk/\® pflu A- /\pf}i%l 1)/\pf£zk+1)/\ pzn ) (1), (3), Al)

se2n

(5) ®(pfl( A /\plli kl I)Apzk /\p”i k) A p:(ln))

se2n

(Dstr A ®,ComA, ®@Sub)

For the other direction 8 F p; ,» We have the following derivation:

(1)6

@) @ iy AW A ApSED A A L)) (Comn, @Sub)
se2n

B)pi, A Q@ A Apr ) Aps i) AL piin)) (Dstr* A @A, @Sub)

sen
Case ¢(pi;,---,Pi, ) = ~Pi;, (1 <k <n)is proved similarly with the above case.
Case ¢ = :(pijo"" ,pi].k)(pil,...,pin). Put K = {ij,,...,45, ,}. T N\ {i, } = K,
then by (DepE) and (Depl), we derive
=(pi, - pi. )(ps ) - \/ ® 51]0 AL s(ijy,_ 1) f(S))
- p1j07 >p2jk pljo pljk 1]() plj pijk .
fe22k se2k
Now, assume N \ {i;, } D K. We show that :(pij0 I ’pijk) =~ 60, where
Vo @ A Apy ) g plCTE) p pr k) L p pstindy

Yik—1 Ik Yik+1 n
f€22k sean-1

where 2¥ is the maximal k-team on K and 2" 1 is the maximal (n — 1)-team on N \ {i;, }E|
. Let M = N\ (KU{ij_}), |[M| =m and 2™ be the maximal m-team on M. For
:(p% 2P, ) F 6, we have the following derivation:

(I)Z(Pz‘jo ,pijk)

2V @i neenpl " Al DepE)

f622k se2k

#Note that here 2"~ can be viewed as the subset {sU{(i;,,1)} | s € 2""1} of the maximal n-team 2" on

{i17-~-7in}-
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BV @ (v, e, A A (@ A wi))

f€22k se2k te2mac M
(EMy, Dstr A ®)

V@ (1" nnem, nl A (A ) O

fEsz sc2kte2m acM

s(% s(i ) sIK s(i ) s(tn
5) \/ ® (pil( 1) /\p”k]kl 1 p{j(kf ) pzjk]le .../\pir(l ))
f€22k sean—1

For the other direction 6 & =(p; -, Pij, ), we have the following derivation:

j ( ) K s(ijy. ) in
DV @ @ A Apy M AL Ap A g )
f622k862"71

)V X o A ) p{ )} (AE, @Sub)

p;. 7
J0 Jk—1
f€22k sean-1

DV Qi A Aty @we)

erzk se2k

(4) :(pijo [ ’pijk ) (Depl)

Case ¢(pi,---Pin) = ¥(Piys--+Pin) VX (Di,, - - -, Di, ). By induction hypothesis, we

have that ]
¢(pi]7 apZn _“_ \/ ® SO i) ps:)l(zn))v
fEFb()EXf
X)) AN Q@ @ A Ap ), @.11)
gEG s1€Xy

where each X ¢, X, C 2" If F,G # 0, then it follows from (VE) and (V1) that

ovxA- @ @ A Apt).

heFUG seXy,

If =0 or G =0, then v 4 p;; A—p;, or x == p;; A—p;,. In the former case, we derive
by (ex falso), (VE) and (VI) that

oV i AV (V@ W5 A api )
geGs1€Xy
- \/ ® p:ll A AAp::L(7n))
geGs1€Xy

Similarly, in the latter case, we derive ) Vx =+ \/ &) (" G AL A pfz(ln))

]
fEFS()GXf
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Case ¢(pi,---Pin) =V(Diys---sPin) ©X(Pi)»-- - Piy ). By induction hypothesis, we
have @.IT). If F =0 or G =0, then ¥ = p;, A—p;, or x = p;; A—p;,. In the former
case, we derive by (LE) and (®I) that

vex Ay Ap)e (V@ @A ap )
qeGsleXg
=V e A ap ).
geEG 51€Xy

Similarly, in the latter case, we derive v @ x = \/  (X) (p;° @) AL A pfg(i”))_
fEF s EXf
Now, assume F,G # 0. We show that 1) ® x —F 6, where

0=V V & " n-nrp).

fEF geG s€X UX

For ¢ ® x - 0, we have the following derivation:

( Jb@x
Y, ey, @ )
f\G/F<(So(§<f pff WA /\péo in) ) (g\E/GSI(?;g P “./\pz(in)»)
(Dstr® V)
GV V(@ oianith)e( @ i nrri)))
(Dstr® V)

5) \/ \/ ® (pfl(ll) A /\pi(lin))

FEF 9EG (s,a)€(X 5 x{0})U(X g x{1})

OV YV & @ a-ap)y @wE)

JEF geG seX fUX
The other direction 6 F ¢ ® x is proved symmetrically using (®I) and (Dstr ® V®).

Case ¢(piy,---,Din) =V(Piy»--->Pin) NX(Diys-- -, Di,,)- By induction hypothesis, we
have @.T1). If F' =0 or G' = 0, then ¢ 4~ p;; A—p;, or x =k pi; A—p;,. In this case, we
derive ¥ A x A pi; A—py,,ie., Y Ax A V0, by (AE) and (ex falso).

Now, assume F,G £ 0. We show that 1) A x -+ 6, where

=VV ® @Maan).

fEF geGs€eXNXy

For 1) A x | 6, we have the following derivation:

(D Ax
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(\/ & (P A Apie) ) (\/ Q i /\prlL(i")))

feF S()€Xf gEGSlexg

SAVAY; (( R pflo i AmApfg(’n)))A( ® (pfll(mA ,,Ap;un))))
fEF geG SOEX f s51€Xg
(Dstr)

\/ \/ ® ® (pf]() i) /\pfﬁ(ln)) (pfll(ll)/\"'/\pz(in>)>

FEF geG s0€EX § 51€ X
(Dstr A ®, @Sub)
5) \/ \/ ® ((pf]()(ll) /\pfll(“))/\'”/\(pjg(in) /\p;(z")))
FEF GEG (s9,51)eX s X Xg
(Com ®, Ass ®)
6) \/ v (( ® ((pf?(”)/\pfll(il))/\.../\(pfg(in)/\pfl(ln>))>

feEFgeG — (sg,81)€Xfx Xy
50=S1

® ( ® ((pf?(”) /\pfll(ll))/\.../\(pfg(in) /\pfl(ln))))>
(sg,sl)EXfXXg

s0781
7) \/ \/ ® ((pflo(ll) pfll(ll))/\ (pfg(ln) pfl(%n)>) (AE, LE)

fEF geG (S(),Sl)EXf xXg
S0=51

VYV & " A-ap) (AE)

fEF geG (s,5)eXx Xy

AV YV Q @ AAp) (2WE)

FEF geEG s€EX NXy

For the other direction 6 I i A x, we have the following derivation:

DV V. & o a-api™)

fEF geGseXNXy

2) \/ \/ ® ((pf:)(ll)/\.../\pfg(ln)> (pfll(ll) ,/\p;ll(ln))) (/\|)
fEFgEGso,SIGXfﬂXg
s0=5]

AV V@ (67 A npl ™Al A npl ) (@)

fEF gelG sg, SleXf xXg

\/ \/ ® ® 50 i) /\pfg(ln))/\@ﬂ(ll)/\ /\p s1(in )))

fGFgEGé()EXf s1€Xg
SV V(& e aenpe™))a( @ @™ n-npi™)))
feF geG 80€Xf SIEXg

(Dstr* A @A, ®@Sub)
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OV Q G - npe™))a(V @ i np™))

fGFS()GXf gEGSIEXg
(Dstr)
(M Ax

The next lemma is crucial in proof of the completeness theorem.

Lemma 4.3.9. For any finite non-empty collections {Xy | f € F}, {Y, | g € G} of n-
teams on an n-element set N C N, the following are equivalent:

@ \/ 0x, =\ 0y,
feF geG

(b) foreach f € F, we have that Xy C Yy, for some g € G.
Proof. (a)=-(b): For each f € F, by Lemma.3.1]

Xf 'Z@Xf, '[hllSXf ': \/ @Xf,
feF

which by (a) implies that X |= \/ Oy,. It follows that there exists gy € G such that
geG
X k= @ygf. Hence by Lemma , Xy CYy,.

(b)=-(a): Suppose X is any n-team on N satisfying X = \/ Ox,. Then X = Ox,
feF
for some f € F, which by Lemma and (b) means that X C X; C Y f for some

gr € G. Since by Lemma , Yy, @ygf, it follows from the downwards closure
property of @ygf that

X [= Oy, . thereby X = \/ Oy,
geG

as required. ]
Now, we are in a position to prove the completeness theorem for pPDV.

Theorem 4.3.10 (Completeness Theorem). For any pp! Sformulas ¢ and 1,
pEY= ¢k .
Proof. Suppose ¢ =1, where ¢ = ¢(p;,,...,pi,) and ¥ = ¢ (p;,,...,pi, ). By Theorem

[4.3.8] we have that
o\ Ox,, v\ Oy,

feF geG

for some finite sets {X | f € F'} and {Y} | g € G} of n-teams on {41,...,i,}. Then, by
the Soundness Theorem, we have that

\/ ®Xf ': \/ ®Yg'

feF geG
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If F' =0, then ¢ 4 p;; A —p;,, thus, by (ex falso), we obtain that ¢ ). If G = 0,
then 9 4k p;; A —p;,, thus we must have that ¢ =+ p;; A —p;,, hence ¢ - .

If F,G # 0, then Lemma [4.3.9] for each f € F, we have that Xy C Ygf for some
gy € G. Thus, we have the following derivation:

(1) Ox;

(2) ®sexf(pff“)/\“-Apff”))

() (@ucx, @5 A ABN® @revy,\x, 5 A AD)) (@D
(4) ey, (i A AP™)

(5) Oy,

(6) VgeG®Yg )

Thus, @, \/ Oy, for cach f € F, which by (VE) implies that
geG

\/ Ox, \/ Oy, , namely ¢ 1.

feF geG
|
Corollary 4.3.11. For any PD! formula ¢(p,,...,p:, ),
E¢ = Fo.
Proof. Since |= p;, ® —p;,, by Theorem4.3.10| we have that
E¢ = py®@py Eo = pi, @i o
Thus, we obtain - ¢ by (EMp). |

Theorem 4.3.12 (Strong Completeness Theorem). Let I' be a set of formulas and ¢ a
formula ofPDM. Then

¢ < k¢

Proof. The direction “=" follows from Soundness Theorem. For the other direction
“e=": Since PD!V/ = PID (Corollary and Compactness Theorem holds for PID
(Theorem , we know that PDIY! is also compact. Thus, if I' |= ¢, then there exists
a finite set A C I" such that A |= ¢. Taking

0= N\ ¢,

PEA

we have 6 = ¢. Hence by Theorem [4.3.10] we obtain 6 - ¢, thereby ' - ¢. |
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4.4 Axiomatizing propositional dependence logic

In this section, we study the expressive power of propositional dependence logic (PD),
and give a complete axiomatization of the logic based on the method used in Section 4.3
for PD[V!,

We proved in Theoremthat PD!" is a maximal downwards closed logic. It turns
out that PD is also a maximal downwards closed logic, although apparently it appears
to be less expressive than PD!V (as the latter has an extra connective, the intuitionistic
disjunction). This result is due to Taneli Huuskonen (2012, unpublished). Below we
present the proof with his permission.

Theorem 4.4.1 (T. Huuskonen). PD is a maximal downwards closed logic.

Proof. Tt suffices to show that for every set N = {ij,...,i,} C N, every collection K €
V. there is an n-formula ¢(p;,,...,p;, ) of PD such that IC = [¢].
We define formulas o, for each k € w as follows:

® g :=p; Npi;

o ap:==(py) A\ AN=(pi,);
k
° ::®a1,f0rk> 1.

i=1
Claim 1. For any n-team X on N, X | oy, iff | X| < k.
Proof of Claim 1. Clearly,
XEa <= X=0 = |X|<0
and
XEa <= |X|<L
For k£ > 1, we have that

k
XEap, <= X=JX;withX; Ea
i=1
k
i=1

= | X|<k
_|

Let Y be a non-empty n-team with |Y'| = k+ 1 and 2" the maximal n-team on N .

By Lemmaf.3.1]
XEOmy <= XC2"\Y <= XNY =0. (4.12)

Define
@; = ® ®2n\y.
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Claim 2. For any n-team X on N, we have that X =03}, iff Y ¢ X.
Proof of Claim 2. We have that
X EOy <= X=UUVsuchthatU = a} and V = Opn\y
<= X=UUVsuchthat|U|<kandVNY =0
(by Claim 1 and (4.12)). (%)
IfY ¢ X, then [Y'\ X| > 1. We have that X = (Y NX)U(X\Y). Clearly (X \Y)N
Y = 0. On the other hand,
YNX[=Y\T\X)| =Y [Y\X|<(k+1)—1=F.

Thus, by (%), we conclude that X = ©F.

Conversely, suppose X |= 0%. By (x), X =U UV such that |[U| <k <k+1=|Y|
and V' NY = 0. It follows that there exists s € Y such that s ¢ UUV = X, thus Y’ Q X,
as required. —

Now, let I € V. Consider the finite collection
2P\K={Y;|je ]}
of n-teams on N which are not in K.

Claim 3. For any n-team X on [V,
Xek < Y,ZXforalljeJ

Proof of Claim 3. If X ¢ K, then by definition, X = Y}, for some jo € J, so Y, € X.
Conversely, if X € IC, then as I is downwards closed, for all Y C X, Y € K. Thus for
allY; ¢ KC, we must have that Y; ¢ X. o

Finally, since @ € X', we have that Y; # 0 for any j € J. Hence by Claim 2 and Claim
3, we obtain that for any n-team X on NV,

XENOY <= V¢ Xforallje] + XKk,

JjeJ
ie, K=[Ajes @;j]], as required. |
Corollary 4.4.2. PD = PD!Y! = PID = IngL.

Proof. By Theorem[.4.T]and Corollary {.3.3] |

Propositional logic can be viewed as first-order logic over a first-order model 2 with a
two-element domain {0, 1}. An n-valuation on N = {iy,...,i,} can be viewed as a first-
order assignment from an n-element set {z; ,...,2;,} of first-order variables into the
first-order model 2. In this sense, Corollary implies that for a fixed number n, PD
(viewed as a special kind of first-order dependence logic) can characterize all downwards
closed collections K of first-order teams of 2 with an n-element domain. These collections
K are called (2,n)-suits in [6], and the function value f(2,n) represents the number of
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distinct collections K for the fixed n. It then follows straightforwardly from the counting
result in [6] that there is no compositional semantics for PD in which the semantic truth
set of an n-formula ¢ is a subset of 2™. This justifies that the team semantics given in this
chapter is an appropriate compositional semantics for PD.

The proof of Theorem [4.4.1]shows that every n-formula ¢(p;, ,...,ps, ) of PD is log-
ically equivalent to a formula in the normal form

s
jeJ

where J is a finite set of indices and each Y is an n-team on {41,...,, }. Using this nor-
mal form, one can define a natural deduction system for PD and prove the completeness
theorem. However, as this normal form is complex, we will not take this approach to the
axiomatization of PD. Instead, we define a similar natural deduction system with that of
PDV) and prove the completeness theorem by a similar technique.

One of the crucial steps in the argument is that dependence atoms will be eliminated
in a certain way. In the case of PDY!, we made use of the following equivalence (Lemma

i) = V R (p;ém)/\~~/\p§fj_kl’l>/\p§£s)) (4.13)
f622k se2k
and added the corresponding rules (Depl) and (DepE) in the natural deduction system.
However, the intuitionistic disjunction, which plays a crucial role in the equivalence
(@.13), is not an eligible connective in the logic PD. To overcome this problem, we make
the following observations.

Consider a formula ¢ of PD, which contains an occurrence of the dependence atom
=(pjy,---»pj,,). For any team X such that X = ¢, there exists a subteam Y C X such
that Y = =(pj,, ..., pj,. )El By the team semantics, there exists a function f : 2% — 2 such
that forall s € Y,

S(jk) = f(S f {jOa cee 7jk71})7
where 2¥ is the maximal k-team on {jo,...,jx_1}. In ¢, replace the occurrence of the
formula =(pj,,...,p;, ) by

(=igs-+-23))s = @ (B Ao npse) npl),
se2k
and denote the resulting formula by ¢%. The formula (b’} can be viewed as an approxima-
tion of ¢, and we will see in Lemma that X = 7.
More generally, suppose the following are all the occurrences of all dependence atoms
in a formula ¢ of PD:

An approximation sequence Q= (f1,..., f.) of ¢ is a sequence such that for each | <¢ <
¢ fe: 2ke 5 2 is a function from the maximal k¢-team on {jg, . ,jig_l} into 2={0,1}.
For each such sequence €, define a dependence atom-free (classical) formula ¢g,, called
an approximation of ¢, by induction as follows:

SCf Theorem
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o (pz‘)z} :=p; and (ﬁpi)’@ =i

e
_ . sUS) o SUket) fe(s)
. (f(pjg,u-,pjgg))w =Q <pj§ AP S APET s

s€2k§

* (YAX)G = V5 A Xgr» Where QY and Q' are subsequences of Q consisting of
all the f¢’s such that the dependence atoms :(pjg,..., P ) occur in % and x,
b k
1
respectively;
o (YRX)G = V5o @ XG> Where QY and Q! are as above.

Next, we show that every PD formula is logically equivalent to the intuitionistic dis-
junction of all its approximations.

Lemma 4.4.3. Let ¢ be a formula of PD and A the set of all its approximation sequences.
Then
o=\ oo

QeA

Proof. We first show by induction on ¢ that for each Q € A, ¢g, = ¢. Suppose all the
occurrences of all dependence atoms in ¢ are as follows:

:(pj(l),,pji]),,:(ng,apg;;C)

Case ¢ := p; or ¢ := —p; is trivial as in this case, Q = () and ¢*<‘> =p;=¢.
Case ¢ := :(pjg,...,pjg ) for 1 < ¢ <¢. Then Q = (fe) for some fe : 2ke 52,
0 k
¢

Suppose for some team X,
S(jg) S(jfgg*‘) fe(s)
XE Q@ P N AD e APe |-
0

Then for each s € 2¥¢ there exists X s C X such that X = U X, and

562k5
SS) k1) fes)
XS):pjg A= AD ¢ Ape "
0 ]kg—l ]k5

For any ¢,# € X such that
ET (5o sdigor} = TG sdiem} = s0 €25,
we must have that ¢,¢' € X,. Thus
t(ji,) = fe(s0) =1'(jig,).

Hence X & :(pjg,...,pjg ).
S
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Case ¢ := ¢ ® x. By induction hypothesis, we have that ¢, [= 9 and X, [= x, where

Q% and Q! are subsequences of Q consisting of all the fe’s with the dependence atoms

:(pjg rsD e ) occurring in ¢ and X, respectively. It follows that ¥5, ® x§1 F ¥ ® X,
0 k

3
namely (¢ ®x)g =¥ @ x.
Case ¢ := ¥ A x. Similar to the above case.

Next, we show that ¢ = \/qcp ¢6 by induction on ¢.
Case ¢ :=p; or —p; is trivial, as /g (pi) g = (pi)’{) =piand Voea(—pi)g = (_'pi)ﬁ@ =
—Pi-
Case ¢ := =(p.e,...,p.e ) for 1 <& <c. Suppose X = =(p.c,...,p.¢ ) for some
Jo Jkg Jo jkg
team X. Define a function f¢ : 25 — 2 by taking

t(r,) i3t € X (T {o,o oot} = 5):
fe(s) = .
1 otherwise.

By assumption, if for ¢,t' € X,
t14j0s - sdk—1} =t T {jo,- .. Jr—1} = s,

then ¢( j,ﬁé) =t( j,ig), thus the function f is well-defined.
Clearly, for each s € 2ke s
%3
S(J’cgfl) fe(s)

¥
s(dg)

Xs|:pj50 TASRRNAY 29 A B
0 ]kg—l Jkg

thus c
f jg j}i -1 jlﬁ
s€2°€ 3 €

Case ¢ := ¢ ® x. By induction hypothesis, we have that

Y E \/ zﬂ}}oandx\: \/ Xala

QOcA0 Qleal

where Al is the set of all Q*’s which are subsequences of some Q € A consisting of all

the f¢’s with the dependence atoms :(pjg, SRRy - ) occurring in v, and Q! is obtained
0 k

3
in the same way for .

Now, since A® (BVC) = (A® B)V (A® C) for all formulas A, B,C, we obtain
that

w®xb=< V wzao>®< V x;al) EV V @pexg),
QOcAD Qleal QOcAO QleAl

where

\/ \/ (Ve ®Xo1) = \/(1/%0@)(51): \/W@X)B,

QA0 QleAl QeA QeA
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as required.
Case ¢ := 1) A x is proved similarly, using the fact that AA (BVC) = (AAB)V(AA
() for all formulas A, B,C. |

In the formula Vg5 ¢, €ach ¢ is classical (does not contain any dependence atoms
and intuitionistic disjunctions), but the whole formula is not in the language of PD. We
shall view \/qcp @5, or the sequence

< ‘15?2 >QeA

as a weak normal form for formulas of PD. We now define a natural deduction system
for PD which will enable us to derive in effect the weak normal form \/ o5 ¢ for every
formula ¢.

Definition 4.4.4 (A natural deduction system for PD). The rules are given as follows:

1. The rules (Al), (AE), (®1), (RWE), (2Sub), (Com ®), (Ass ®), (LE), (EMy), (Dstr
A®) as in Definition [4.3.5] (see also Appendix).

2. Dependence Atom Strong Introduction: For any function f : 2K — 2 of the maximal
k-team on {jo, ..., jk—1} into 2 = {0, 1},

® (s rnwi anllY)

o (DepSl)
=(Pjos- -+ Py
3. Approximation Transition:
[65,] (65, ]
4 7 i ¢ (ApTr)

where {Qo,...,Q,,} is the set of all approximation sequences of ¢.

The Approximation Transition rule (ApTr) has the same effect as the combination of
Intuitionistic Disjunction Elimination rule (VE) and following rule

_¢
m .
V
i=1
However, in the above deductive system for PD, we avoid the use of intuitionistic dis-

junction by taking the rule (ApTr) instead.
Next, we prove the Soundness Theorem for the above deductive system.

Theorem 4.4.5 (Soundness Theorem). For any formulas ¢ and 1) of PD,

Py =91
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Proof. Tt suffices to show that all of the deductive rules are valid. The validity of (DepSl)
and (ApTr) follows from Lemma4.4.3] and the validity of all the other rules follows from
the proof of Theorem[#.3.7] [ |

Corollary 4.4.6. The following are derivable rules:

1. Rules (ex falso), (Dstr® A), (Dstr* @ A®), (Dstr* A®A), (Com A), (Ass A) and
(ASub) as in Corollary[.3.6|(see also Appendix).

2. Dependence Atom Weak Elimination:

vf
[(=wjor- 03]

0 :(pj07"'7pjk)
0

(DepWE)

where f : 2 — 2 is any function from the maximal k-team 2% on {jo,...,jx_1} into
2.

3. Approximation Elimination:

P
2 (ApE,
3 (ApE)

where Q is any approximation sequence of ¢.

Proof. The rules in Item 1 are derived in the same way as in Corollary [4.3.6] Rule
(DepWE) is a special case of the rule (ApTr).
We now proceed to derive the rule (ApE) by induction on ¢. The case ¢ := p; or —p; is
trivial as in this case ¢, = ¢2‘> = ¢. The case ¢ = :(pjg Sy ) follows from (DepSl).
Case ¢ := 1 ® x. By induction hypothesis, we have that wgogl— ¥ and x, kX, where
QO and Q! are as before. By (®Sub), we derive that P50 ® X1 ¥ @ x, namely (Y ®

XaFv®x.
Case 0 := 1 A x is proved similarly using (ASub). ]

It is not hard to see that the rules (ApTr) and (ApE) imply in effect that
\ o6+ ¢,

QeA

for any PD formula ¢, where A is the set of all approximation sequences of ¢. We now
proceed to prove the completeness theorem for PD using the above weak normal form.

First, we show a completeness theorem for the dependence atom-free fragment of PD
(which consists of all classical formulas of PD).

Proposition 4.4.7. For any classical formulas ¢, 1 of PD,
PEYV=90F1.
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Proof. For classical formulas (which can be identified with formulas of classical propo-
sitional logic CPL), PD has the same deductive rules as CPL. Thus, it suffices to show
that for classical formulas ¢, 1 of PD,

¢ Fpp Y <= ¢ =cpL -

“—": Suppose ¢ =pp . For any valuation s, we have that

s =cpr @ = {s} Fpp ¢ (by Lemma[4.1.10)
= {s} Epp ¢ (since ¢ E=pp V)
= s =cpr, ¢ (by Lemmaf.1.10).

“<=": Suppose ¢ =cpr, 1. For any team X, we have that

X Epp o =Vse€ X, {s} Epp ¢ (by downwards closure)
= Vse X, s =cpL ¢ (by Lemma[1.10)
= Vs € X, s=cpL ¥ (since ¢ F=cpL ¥)
= Vse X, {s} =pp ¢ (by Lemma[d1.10)
= X Epp ¢ (¢ is flat, by Lemma[f.1.9).

Theorem 4.4.8 (Completeness Theorem). For any formulas ¢ and v of PD,
pEY= ok
Proof. Suppose ¢ |= 1. By Lemma[#.4.3] we have that
o= \/ g and ¢ = \/ i,

QeA AeN

where A and A’ are the sets of all approximation sequences of ¢ and for v, respectively.
For each Q € A, we have that
dalk=V i

AeN

N

By the Completeness Theorem of PD!"!, we have that

‘ﬁ) Fp])[V] \/ wz

AeN

Thus, in PID = PD[!, we have that
Fep 05— \/ ¢Zﬂ

AN
By KP axiom of PID, we have that
Fe (m—on — \ va) =\ (mh = ¥).

AeN AeN

The formulas ¢¢ and v} may contain tensor disjunction ®, which is not in the language of PID, but as
PID = PDM, one can view them as shorthands for the equivalent formulas in PID.
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Since the formula ¢, is classical, ~—¢g, - ¢ . Therefore
Fe (06— \/ vi) =\ (64 = ¥4),
AeN AeN

which implies

Fep V(66 — ¥h)-

AeN
Now, by the disjunction property of PID, we have that for some Ag € A/,
Fpp do — Va, s
thus ¢g, Fpip wzg. By the Soundness Theorem of PID, we obtain that
Po = Vag-
Note that both ¢, and 1/129 are classical, then by Proposition we obtain that
b6 FPD Vi, -

Finally, by (ApE), we derive ¢g, -pp v for each Q € A, therefore by (ApTr), we conclude
that ¢ Fpp 1, as required. |

Remark 4.4.9. In the above proof, the use of KP axiom and disjunction property is not
essential. Because each ¢f, and ) are classical, they can be turned into formulas in
disjunctive normal form in the deductive system of PD (or CPL). In this way, one obtains
in PD that

¢6 I+ Ox, \/ By, - \/ e
AeN AeN

for some teams Xq, Ya. From this point on, one continues the proof with the same argu-
ment as in the proof of Theorem for PDL..

Theorem 4.4.10 (Strong Completeness Theorem). Let I' be a set of formulas and ¢ a
formula of PD. Then
I't¢ < T'E¢.

Proof. Since PD = PID (Corollary [#.4.2) and PID is compact (Theorem [4.2.79), we
know that PD is also compact. Therefore the theorem follows. ]

We end this section with an application of the above given natural deduction system
for PD. We will derive Armstrong axioms [2]] mentioned in Section 1.1 in the system.

Example 4.4.11. The following Armstrong axioms are derivable in PD:
W =(pi,p:)

(i) =(piy, i, Pir) = =i, Pig>Pi)

(i) =(pi,,pi,) & =(Pig>Piy»Pir)

(v) =(piy» i, )»=(Pi,»Pir) = =(DiyDi)
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Proof. The derivations are as follows:

. EM -
® TR (Al, @Sub)
(pi Api) @ (—pi A —pi)
® (pj(i) /\pl_f(s))
se21
. =(pi, i) (DepSh
where 2! is the maximal 1-team on {i} and f : 2! — 2 is defined as
f(s) = s(i).
(ii) V222
[(:(pioapi] 7pi2))zﬂf>]
® (p;?‘(f’io) /\p:l(’il) /\p{;S))
sc2? (Com A, ®Sub)
® (p?l(ﬂ) /\p?o(lo) /\pz);(S)>
se22
<2 (DepSl)
:(pzl 7pi07pi2) :(pioapil vpiz) (DepWE)
=(Piy»Pig» i)
where 22 is the maximal 2-team on {ig, i1 }.
(iii) V2l 2

[(=(pir i) )]
Q@i Apl*) P @i,
se2l
- (AD
(@ucar @3 ML) A (010 i)

(EMo)

: : (Dstr A®)
R @i Ap ™ Apl)
s€22
—! pzoapll 5p12 _ p“ 7pl2 (DepWE)
:(pi07pi1 7pi2)

where 21, 22 are the maximal 1-team on {i1} and 2-team on {4, }, respectively,
and g : 22 — 2 is defined as

g(s) = f(s I {ir}).
(iv) We first derive that for each f: 210 — 2 and f; : 21t — 2,
(=(pigspi ) N=(Pi1,Pi)) o, 11y - =(Pig>Pin ) (%)

where 210 and 211 are maximal 1-teams on {io} and on {i}, respectively.
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(:(pioapil ) A :(pil ’piz))’{anfO

& 6 nsto) ) [ @ iy )

spe2lo spe2lt
® ( 50(10)/\ fO(SO))/\ ® ( s /\ f1
Pig " AD;, i,
spe210 spe2l1 (Dstr A )
str
® ® <p80 ip) Ap! (So))/\(p /\pfl s1) )
0 i1 i1 i
506210 S1 6211
1E
® ® (pgo(lo) /\pfo(m) Ap! s1(1 )/\pf' &l)) (LE)
soe2lo s e2l ’ 1 l ’
s1(i1)=fo(s0) (AE. @Sub)

® ® (p:(())(lo) /\p{zl(sl))

soe2lo  sje2l

s1(i1)=fo(s0)
® (pf(?(m) /\pi;l (81))

soe2lo

:(Pio y Piy )

(for each s, such s; is ungiue)

(DepSl)

Now, we derive =(p;,,pi, ), =(Pi,,Pi,) = =(Diy,Di,) as follows:

Vf02210—>2,f12211—>2

|:(:(pi07p’i1 ) A :(p’bl ’piZ))z(f(),f1>:|
:(pioapiz)

:(piovpil) :(pippiz)
=(pig>Piy) N=(Di,»Pi,)

(by (x)) (AD)

(ApTr)

:(pi(wpiz)

4.5 Axiomatizing propositional exclusion logic

It turns out that the method used in Section 4.4 can be generalized to obtain an axioma-
tization for the propositional variant of first-order exclusion logic, namely propositional
exclusion logic. In this section, we will give this proof.

Let us first define the logic.

Definition 4.5.1. We call formulas of the form p;, ---p;, | pj, -+~ pj, exclusion atoms.
Well-formed formulas of propositional exclusion logic (PExc) are given by the following
grammar:

6= p; o |92,

where p;,pi,, ..., PiysPj;s- - - Dj, are propositional variables and £ > 1.

“Pi | Piy o Piy |pj1 27
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Definition 4.5.2. We inductively define the notion of a formula ¢ of PExc being true on
a team X, denoted by X = ¢. All the cases are the same as those of PD as defined in
Definition .1.3]except the following:

o X =pi pi, |pj, - pj, iffforall s,s' € X,
(s(i1),- -, 8(in)) # (8'(1), -, 8" (r))-

It is easy to check that PExc has the downwards closure property and the empty team
property, thus can be viewed as a sublogic of the maximal downwards closed logics.

Now, we proceed to axiomatize PExc using a similar method with that of PD. As in
the case of PD, we start with analyzing approximation sequences of formulas of PExc.

Suppose the following are all the occurrences of all exclusion atoms in a formula ¢ of
PExc:

Pit o Pil |1 TPy » Pig - pig | pjg - pjg -
An approximation sequence Q = {01, ...,0.) of ¢ is a sequence such that for each 1 <
£<c 06 C 2%Ke with
()-8 )) [ 5 € 0} N {(' (1), 08" (i) | ' € 0} =0, (4.14)
where 2%%¢ is the maximal 2k¢-team on {zf, . 7ii5 , jf, . j,fg}. For any such sequence

Q, define an inclusion atom-free (classical) formula ¢g,, called an approximation of ¢, by
induction the same way as in the case of PD, except the following case:

£ (%)) € s(45)
e (pc...p. D )i = S A LA S ApUT ALA A
(g -pig |Pjs-Pie Vg S(§)E (pz.f P © AP P,

Next, we show that every PExc formula is logically equivalent to the intuitionistic
disjunction of all its approximations.

Lemma 4.5.3. Let ¢ be a formula of PExc and A the set of all its approximation se-
quences. Then
o=\ 9.

QeA

Proof. We prove the lemma by induction on ¢. All the other cases are similar with those
in the proof of Lemma 4.4.3|except the case that ¢ = DD | PP -
1 k 1 k

In this case, we first show that for each (o¢) € A, ¢’<‘O£> E ¢. Suppose

(i st () (k)
XEQ|(r P A Ape S AP VN A S|
1 K2

s€og¢ ke I Jkg

Then for each s € og, there exists X; € X such that X = U X, and

SGOE

13 £
1£ (k) (]f) (Jk)
X, ):pgl /\.../\pi5 3 /\pgl A- /\p]5 3
ke ke
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For any ¢,t € X, there exists s,s’ € o¢ such that ¢ € X, and t' € X . Since (o¢) is an
approximation sequence of pe ...p.e |pe..De s
1 k k

¢

(D)o 87 = (8G5), e ss(5)) # (8GR )) = (E D), ()

Hence X Epe...pe |pe...pe
1 ke 1 Ik
Conversely, we show that ¢ = \/qcp 6. Suppose X = DD | Py Dt - De-
1 k& 1 k

fine
05 :X [{i?,...,iig,jfwuajgg}'

(i) slite) (56 (k) ,
Clearly, X = ® Pe AP S AP U AN AD . It remains to show that
s€og ‘1 Zkg I ]kg

(0¢) is an approximation sequence of p;, ...p;, | pj, .-.pj,» namely to check that (4.14)
is satisfied.
For any s, " € og, by definition, there are ¢,#' € X such that

t F{Z?a7zi§7]1€77¢7}§§} =S F{Z$a7li£731€77¢71§§}

and
t/ r{ifa"'viiyjfw”aj]g&}:S/ [{Zi,li{,ﬁaa]g&}
Since X E=pe...pe |pe...p.e , wehave that
' ke Tkg

((6), 5065, )) = (1), ) 2 G GED) = 4G a8 GE ),
as required. |

Next, we give a natural deduction system for PExc in which one can in effect show
that

V ¢o¢

QeA

for any PExc formula ¢, where A is the set of all approximation sequences of ¢.
Definition 4.5.4 (A natural deduction system for PExc). The rules are given as follows:

1. The rules (Al), (AE), (@1), (WE), (2Sub), (Com ®), (Ass ), (_LE), (EMq), (Dstr
A®) as in Definition f.3.3] (see also Appendix).

2. Exclusion Atom Introduction:

For any approximation sequence (o) of p;, ...pi, | Dj; - Pjyo

® (p;(“)/\.”/\pflgik)/\p;l(j])/\'”/\p;lg:jk)>

s€o

(Excl)
Diy -+ Dig | Pjy - -Diy
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3. Approximation Transition:

[65,] 6%, ]
? (ApTy
0
where {Qo,...,Q,,} is the set of all approximation sequences of ¢.

Next, we prove the Soundness Theorem for the above system.

Theorem 4.5.5 (Soundness Theorem). For any PExc formulas ¢ and 1),

P = ¢

Proof. 1t suffices to show that all of the deductive rules are valid. The validity of (Excl)
and (ApTr) follows from Lemmal4.5.3] and the validity of all the other rules follows from

the proof of Theorem [ ]

Theorem 4.5.6 (Completeness Theorem). For any formulas ¢ and i of PExc,

dEY= 0ok
Proof. By a similar argument to that in the proof of Theorem [4.4.8] |

Theorem 4.5.7 (Strong Completeness Theorem). For any set I of formulas and any for-
mula ¢ of PExc,
'Ep=T*Fo.

Proof. Follows from Theorem [.5.6 and the Compactness Theorem of PID (as PExc
formulas are expressible in PID). ]

4.6 Axiomatizing propositional dependence logic with in-
tuitionistic disjunction and non-empty atom

All of the logics we studied in sections 4.2-4.5, PID, PDV , PD and PExc, are downwards
closed. In this section, we study a naturally arisen non-downwards closed logic, namely
propositional dependence logic with intuitionistic disjunction and non-empty atom. We
show that this logic is maximal as it characterizes all n-teams, and we will generalize the
method used in Section 4.3 to axiomatize this logic.

In Lemma of the downwards closed logic PDM, we were able to define an n-

team up to its subteams. Observe that in the formula ® x in Lemma[4.3.1] if we could add
an atom to each disjunct which says that the team described by the conjunction (pfl(”) A
‘e Apfiin)) is non-empty, then we would be able to define the team X precisely. Let us
now introduce such an atom. We call this new atom non-empty atom and denote it by NE.

Its team semantics is defined as follows.
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Definition 4.6.1 (Non-empty Atom). For any team X, define
o X E=NEiff X #0.

We stipulate that the non-empty atom NE is a 1-formula, written as NE(p;). Clearly,
the non-empty atom NE is not definable in any logic with the empty team property. For
the logics that lack of the empty team property, stipulate

e X0:=_1
e \/O:= 1 ANE

The formula _L is satisfied only by the empty team, whereas the formula L A NE is sat-
isfied by no teams. We call the former the weak contradiction and the latter the strong
contradiction.

In a logic with the atom NE, a classical formula is a formula built from propositional
variables, negated propositional variables and NE by conjunction A and tensor disjunction
Q.

In this section, we consider the logic PD[V! extended with NE, i.e., PD[V:NEl, Now we
prove that n-teams are definable precisely in PDV:NEl (c.f. Lemma .

Lemma 4.6.2. Let X be an n-team on N = {i1,...,i,}. Define a formula ®% of PD|V:NE]
as

= @i A Al ANE).
seX

Then for any n-team'Y on N,
YEOx < Y=X.

Proof. The direction “<=" is obvious. For “=>", suppose Y |= @%. If X =0, then
®% = L, hence Y =0 = X. Otherwise, for each s € X, there exists a non-empty set Y
such that 4 4
Y= Y and Y, = p)" A ApsU) AnE.
seX

Clearly, Vs = {s} implying Y = X. [ |

Next, we show that PDYNEl i a maximal logic in the sense that it characterizes all
n-teams for a fix n-element set of natural numbers (c.f. Definition of maximal
downwards closed logic).

Definition 4.6.3. A logic L with team semantics is called a maximal logic if for every
n-element set N = {iy,...,i,} CN,

p2") ={[¢]: ¢i,,---,pi,) is an n-formula of L}, (4.15)
where 2" is the maximal n-team on N.

Theorem 4.6.4. PDIV"NEl is ¢ maximal logic.
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Proof. 1t suffices to show the inclusion “C” of (4.15). For each K € p(2"), by Lemma
for any n-team Y on N,

VE\ 0 << 3IXecK(Y =X) < YeKk,
XeK

thus [V yex @%] = K. Note that in particular, for the empty collection X = @ of n-teams
on N, we have that [\/ xco®%] = [.L ANE] = 0. |

Similar to the first-order logic case, the semantics of the classical (contradictory)
negation ~ ¢ of a formula ¢ is define as:

X g e X0

for all teams X. A consequence of the above theorem is, the classical negation ~ ¢ of
every formula ¢ is definable in the logic PDIV'NEl. Moreover, we have NE =~ L. There-
fore in fact, PD[V:NEl = PDIV:~) and PDI:~ is also a naturally arisen maximal logic. But
in this chapter, we will restrict our attention to the logic PD!VNE] only, as the non-empty
atom is considerably simpler than classical negation. Note also that from the equivalence
of the two logics, we only derive that every instance of ~ ¢ is expressible in PDVNE but
the problem of whether classical negation is uniforml deﬁnabl in PD[V-NEl jg open.

As in the case of PDY, the proof of Theoremshows that every PD!NEl formula
is logically equivalent to a formula of the normal form

\/ ® (pfl(il) /\"'/\pfii”)/\NE),

fer SEXf

where F'is a finite set of indices and each X is an n-team on {i,..., iy }. Next, we give

a natural deduction system for PD!V'NEl for which the normal form will be syntactically
derivable.

Definition 4.6.5 (A Natural Deduction System for PD!V:NE)), The rules are given as fol-
lows:

1. The rules (Al), (AE), (VI), (VE), (®WE), (®Sub), (Com ®), (Ass ®), (_LE), (EMy),
(Depl), (DepE), (Dstr ®V), (Dstr ® V ®), as in Definition (see also Ap-
pendix).

2. Weak Tensor Disjunction Introduction:

¢
500 () (®WI)

(x) whenever 1) does not contain NE.

3. Tensor Disjunction Repetition:

¢
PR¢

7See Definition for the definition of uniform definability.

(®Rpt)
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4. NE Introduction: (p; Ap;i) VNE (NED

(pi A—pi) ANE
0]

6. Strong Contradiction Introduction:

(@i nwnpi ane)) A (@i, vl nwe)

seX s'ey
(pil Ay, ) ANE

5. Strong ex falso: (ex falso™)

(o

where X and Y are n-teams on {iy,...,%,} with X #Y.
7. Strong Contradiction Contraction:

¢ @ ((pi A—pi) ANE)

0Ct
(pi A —pi) ANE (Ot

8. Distributive Laws:

PN (Y@ xX)
(pAp)@(pAX)

(x) whenever ¢ does not contain NE.

NEAQ) o,

jeJ

V & (NeAg))

fe2d jeJ
0 f(5)=1

() (Dstr* A ®)

(Dstr NEA®)

where 0 : J — 2 is defined as 0(j) = 0.

Corollary 4.6.6. The following are derivable rules:

1. The usual commutative, associative, distributive and substitution laws for conjunc-
tion and intuitionistic disjunction.

2. Weak ex falso:

Pi APy
o]

(ex falso™)

whenever ¢ does not contain NE.

3. Strong Contradiction Elimination:

(b\/ ((pz /\(;pi) A NE) (OE)
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4. Distributive Laws (Dstr® A\), (DstrV ®) and (Dstr* A® A) as in Corollary

5. Tensor Disjunction Combination:
(@) (®e)
icl jeJ
& o

keluJ

(®Cmb)

whenever ¢;, ¢; are classical formulas.

6. Tensor Disjunction Decomposition:

& on

keK

(&) (&)

iel jeJ

(®Dcp)

where I,J, K are finite sets of indices with I UJ = K.

Proof. The rules in Item 1 are derived by the standard argument, and the rules (Dstr @A)
and (Dstr* A ® A) are proved by the same arguments as those in the proof of Corollary
The rules (Dstr VvV ®) and (Weak ex falso) are derived by a similar argument to that
in the proof of Corollary except that we use (®Rpt) and (®W]I) instead of (®I). It
remains to derive other rules.

For (0E):

[(p; A—p;) ANE] N
oV ((pi A=pi) ANE)  [4] 3 (ex falso™)
¢

For (®Cmb): Suppose ¢; and ¢; are classical formulas. If I,J # 0, then the rule is
derivable using (RWE). It remains to derive the rule when I = @ or J = (. We only show
the case that I = (. Noting that @ 0@ = L, we have the following derivation:

(@) (@)
L@(@qﬁj)

jed
X ¢;

jeJ

&K o

kebuJ

(VE)

(LE)

For (®Dcp): If I, J # 0, then the rule is derivable using (®Rpt). It remains to derive
the rule when I = 0 or J = 0. We only show the case that I = @. In this case J = K and
we have the following derivation:
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) ok

keEK

(@)

keK

(&) (&)

€0 jeJ

(®WI)

Next, we check the Soundness Theorem of the above deductive system.

Theorem 4.6.7 (Soundness Theorem). For any PDYNE formulas ¢ and ),

P =o1.

Proof. 1t suffices to show that all of the deductive rules are valid. The validity of the rules
in Item 1 except for (WE) follows from Theorem and the rules (®Rpt), (NEI),
(ex falso™) and (0Ctr) are easy to verified. It remains to verify the validity of the other
rules.

The validity of the rule (WE) is checked by a similar argument to that in the proof
of Theorem .37} Note that the crucial step can go through, since the classical formula x
of PDIV:NE jg clearly closed under unions.

For (®WI), assuming that ¢ does not contain NE, it suffices to show that ¢ = ¢ ® 1.
Since 1) does not contain NE (thus ¢ has the empty team property), we have that @ = 1.
Thus, for any team X such that X = ¢, we have that 0U X = ¢ ®1).

For (01), by the locality property, it suffices to show that for all n-teams Z on {é1,...,%, },

Z (@(pff“) Ao AL ANE)) A ( & @] A Ap] /\NE)),

seX s'eYy

where X and Y are two distinct n-teams on {iy,...,i,}. Note that the left and right
disjuncts of the above formula are the formulas ®% and ®3j.. By Lemma if Z |=
0% NO3,, then X = Z =Y, which is a contradiction.

For (Dstr* A®), it suffices to show that if X = ¢ A (¢ ® x) for some team X, then
X E (6A) @ (¢ Ax), whenever ¢ does not contain NE. Since X = ¢ A (¢ @), we have
that X = ¢, Y =4 and Z |= x for some teams YV, Z C X with YUZ = X. As ¢ does
not contain NE, ¢ is downwards closed, which means that Y |= ¢ and Z |= ¢. It follows
that Y oA and Z E Ay, thus X |E (0 AY) R (P A X).

For (Dstr NE A®), it suffices to show that if X = NE/\®¢j for some team X, then

jed
X E \/ ® (NEA@;). By assumption, X # 0 and there are teams X; C X for each
fe2d jeJ
F#0 f(3)=1

J € J such that U, ; X;j = X and X |= ¢;. Define a function f : J — 2 by taking

11X, £
f(j){o it X, = 0.
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Since X # 0, there exists j € J such that X; # 0, thus f # 0. Clearly, for each j € J with
f(j) =1, we have that X; = NEA@,. It follows that

XE Q) (NEAg)), thereby X = \/ (X) (NEAG;).

jeJ f€2J jeJ
F)=1 F£0 F(G)=1

[V,NE]

Next, we show that every PD formula is provably equivalent to a formula in the

intended normal form.

Theorem 4.6.8. Any n-formula ¢(p;,,...,pi,) of PD!V:NE] g provably equivalent to a

formula of the form
\/ ® (p;?‘l(ll) A-e- /\pfr(:n) /\NE),
fEFSEXf

where F is a finite set of indices, and each Xy is an n-team on N = {i1,...,in}.

Proof. Let 2™ be the maximal n-team on N. We prove the theorem by induction on

Oy -+ Din)-
Case ¢(pi,,...,Pi,,) = NE(pi,,...,Pi, ). Noting that n > 1 by stipulation, we prove

that NE - 6, where

0=\ & " A-ALp AnE),

f622n se2n
f#0 f(s)=1

where 0 : 2" — 2 is the function defined as 0(s) = 0 for all s € 2.
For NE I~ 6, we have the following derivation:
(I)NE
(2)(pi, @ —piy) A+ A(piy, @iy, ) (EMo, Al
3R (pfl(i') /\~--/\...pf7(f">) (Dstr* A®)

se2n
WNEA R (B A A g (1), 3), Al
sen
5V & @™ A-Api ANE) (Dstr NEA®)
fea2 seam
f£0 f(s)=1

For the other direction 6 - NE, we have the following derivation:
(1)o
2V (NE/\ X (pfl(il) A AL .pfff"))) (Dstr* A® A)

Fe2?" sean
f#0 fls)=1
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JNEA \/ ® pfl” Ao AL pfln) (Dstr)

fgzln se2n
f#0 f(9)=1
(4)NE (AE)

Case ¢(pi,,- - Pi,) = Diy, for 1 <k <n.If N\ {i} =0, we show that

iy (Piy,) = (Pif, A=piy,) V (i, ANE).
We have the following derivations:

(Dpi,
(2)(piy, A—piy,) VNE (NEI)

(3)piy, A (i, A=piy,) VNE) (1), (2), Al
(4) (pi, A (piy, Apiy,)) V (Piy ANE) (Dstr)
(5)(piy A =iy ) V (piy ANE) (AE)

and
(1)(piy, A—piy,) V (i, ANE)
(2)piy, A (=i, VNE) (Dstr)

Now, assume N \ {i)} # 0. We prove that p;, —F 6, where
0= (plk A _‘pik)\/

Vo ® G A Ap D apy ApiE AL AnE)
fezzn—l sean—1

where 2°~! is the maximal (n — 1)-team on N\ {i} and 0 : 2"~! — 2 is defined as
0(s) =0 for all s € 21, For p; . - 0, we have the following derivation:

(2)(p11 ®_‘pi] ) ARERWA (pik,1 ®_'pik,1)/\ (pik+1 ®_'pik+1)/\ A (pln ®_‘pin)
(EMo, Al

(3) @ B A AP Ap ) AL A piin)) (Dstr A @, @Sub)
sean—1

Dpi A Q) O A Aps ) Aps ) A Ay (1), (3, A

sean—1

(5) ® (pzsl( DA /\pf,ilkl I)Apzk Apflizk+l)A--'Apffli">) (Dstr* A ®, ComA)

sean—1

8N0tethatpik/\ﬂpik:®0: ® ps(“)/\ /\pf’(:k] l)/\pzk/\pfim‘k]“)/\...p;(f")/\NE).

1
sezn-1
0(s)=1
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(6)(pi,, A—pip ) VNE (NEI)

1

(7)((pik /\_‘pik)\/NE) A ® (pf(il) A- Apf}izk] 1) Api, /\pé(ikﬂ)/\”./\pz(fn)

k+1
sean-1

((5), (6), Al')
(8)((pik/\ﬁpik)/\ ® (p?l(il) Ap:}izkl 1)/\plk /\p”izkﬂ) .”/\p;(fn)))
sean-1
V(NEA @ 03 A Ap ™t Apy ApE) A npi™) ) (Dstn
sean-1

(NE/\ ® p:l“ A /\p“ikl 1>AkaAp”£ k) AL AppUn )) (AE)
sean-1

(10)(pij, A —piy, )V

V & (pf]”)/\ /\pui’“l '>/\p%/\pzé k“)/\...pf’?”)/\NE)
fea?™ 1 scon-1

20 Flo)=1
(Dstr NEA®, Com)

For the other direction 6 - p;, , we have the following derivation:
(1)¢

\/ ® i, N pfl A- /\pfli%l 1)/\;0“5k“)/\...pffj")/\NE)))

f€22“ 1862“ 1
40 fls)=1

(ComA,®Sub)
(3) (pip A3, )V
\/ (Pz‘k A ® (pf](il) /\pf}i”“l V) /\p”i k1) /\...pfff") /\NE))

f€22n_1 sean-1
f#0 f(s)=1
(Dstr* A ®A)

(4)pij, A (ﬁpzk\/ V & pf]“/\ /\pf}i”“l 1)/\pf]i“”‘)/\...pi(:”)/\NE))

fea?™ 1 gean-1
f0 f(o)=1
(Dstr)

(5)pi, (AE)
Case ¢(pi,,---,Pi,) = ~pi), for 1 <k < n. Similar to the above case.
Case ¢ = =(pi; .+ ,Pi;, ) (Diys - D3 )- N\ {i, } = 0, we show that

:(pljk)(pljk) -+ (pljk Aﬁpijk) v (pljk /\NE) N (ﬁpijk /\NE)ﬂ

)
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We have the following derivations:

(1) =(py;,)
(2)pij, V-pi;, (DepE)
(3)(pi;, A—piy, ) VNE (NEI)
#)(pi;, Vw35, ) A ((piy, Apiy, ) VNE) ((2),(3),A1)
(5)((pi, v =pi;, ) A (i, A=piy )V ((piy, V =iy, ) ANE) (Dstr)
(6)(pi;, A—piz, )V ((Piy, V—pij, ) ANE) (AE)
(7)(pz]kA pzjk)\/(pzj ANE)V (—p;. ANE) (Dstr)
and
(1)(pij, A—pij, )V (Pij, ANE)V (=py;, ANE)
(2)pi;, Vpi;, Vpi;  (AE)
(3)pij, V—pi;, (VE)
(4)=(pi;, ) (Depl)

Now, assume N\ {i;, } # 0. We show that =(p;; ,---,p;; ) 6, where

e:z(pijk/\ﬁpijk)v \/ \/

fea2k et

u#0
sin) sl y) F(sIK) (i) o s(in)
@ (i ey M AL Ay A A ANE),
se2n—
u(s)=1

where 2¥ is the maximal k-team on K = {ij,,...,4;, , } and 2" 1 is the maximal
(n—1)-team on N\ {ij, }.
For :(pijo v Pig, ) F 6, we have the following derivation:

(1) =(pijy+ Dij,)
2V & (pf.(il)A"'/\pé(ij’“”)/\pf(ﬂm/\pffijml)/\.../\pé(iﬁ)

fe22k seam-1 Jk—1 Ik Tk+1 n
(derived using (DepE), (EMp), (Dstr* A®) by the same argument as that
in the proof of Theorem [the PD! case))

(3)(pi, A—pi;, ) VNE (NEI)
(4 (pi;, A iy )V (NE A

\/ ® pflu A- /\pz(]k 1)/\pf( TK)/\pj(_lij)/\.../\pZ(lin)))

Tk—1 Yk Ik+1
fezzk sc2an— 1

*Note that (pi;, A=pij, )V (pi;, ANE)V (=pi;, ANE) =®0V (pi;, ANE)V (-pi;, ANE).
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((2), (3), Al, Dstr)
(5) iz, Ay )V N (NEA

fezzk
& WA Ap“k A p T pprmet) s ™)) (Dstr)
sean-1 k—1 Ik Jk+1
©) iy, Awi )V NV
fea?k yeom !
uF#0
i S(l ) K s(ig, ) in
T N
sean-1
u(s)=1

(Dstr NEA®)
For the other direction 6 & =(p; -, Pij, ), we have the following derivation:

(16
@)(pi;, A )V NV

Feak et

u#0
® (pfl(il)/\.”/\pj;;ij_k;l)/\pifj(:rK)/\pzj(k]ﬁﬂ)/\ /\ps(zn)) (/\E,®Sub)
sean—1
u(s)=1
NV ®o)vV
f€22k fezzk ue2n1
u#0
s(i s(ij, ) s s(is ) olin
® ) - gt apfHO i) gl (v
sean-1
u(s)=1

(i s(igy_y) 1K) SUi) in
Hy\V VvV K (pjl(n) Ap, ]kll /\pfj(:T ) A p%]kﬂ .../\p;(; )
fEZZk uezzn—l sean—1
u(s)=1
(ComV,AssV)
\/ \/ ® pSll A- /\p<1k l>/\pf( sIK )/\pfgl’ml)/\“./\p?(in))
“ Yik—1 ik Yik+1 tn
f€22k uEZzn 1 gcon-1

(®WI, since for each u € 221.71’ {se on-1 |u(s)=1}C 2n- 1y
s(in) sligg 1) f(s1E) o SUiggy) s(in)
)V @ W™ A npy 5 ap Apy A A (VE)
f€22k scan-1
(7) :(pijo o 7pijk) (derived using (WE), (Depl) by the same argument as that
in the proof of Theorem [the PD!V] case])
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Case ¢(pi,---Di,) = (Piys---Pin) V X(Di,, - - -, Di,, )- By induction hypothesis, we
have that

P =+ \/ ® (pfl(i])/\---/\pfff")/\NE),

fer SEXf

x -+ \/ ® (pfl(i‘)/»u/\pfff”)/\NE),
gEG s€EXy

where each Xy, X, C 2" If F,G # 0, then by (VE) and (VI), we derive that

(4.16)

oy Vo Q@ A Apt ANE).
heFUG seXy,

If F=0o0r G =0, then ¥ 4 (p;; A—p;,) ANE or x = (p;; A—p;,) ANE. In the former
case, by (0E) and (1), we derive that

PV x A+ ((piy A=piy ) ANE)V ( V& @ A apsin) A NE))
geGs€Xy

+ V@ i A api Ane)
fEFSGXf

Similarly, in the latter case, we derive ¢ V x - \/ ® pfl A- /\psm‘) ANE).
geG s€Xy

Case (b(p”, s Din) =V(Piys- - Pin) @ X(Diy 5 - - -, iy, )- By induction hypothesis, we
have that (4.16) holds. If F =0 or G = 0, then ) =+ (p;, A—p;,) ANE or x =+ (p;, A
=P, ) ANE. By (OCtr) and (ex falso™), we derive 1) ® x 4k (p;, A—pi,) ANE, i.e., @ I+
V0.

Now, assume F,G # (0. We show that ) ® x —F 6, where

\/\/ ® pfl A- /\pf(ln)/\NE)

feEF geGseXfUXy

For the direction 1) ® x - 6, we have the following derivation:

My ®x

(2) ( V & pfl“ A AP /\NE) (\/ %) pfln A /\pf(m/\NE))
fEF&EXf gEGseXg
MV V (® P} )A"'/\pfiin)ANE)>®( & (pfl(i])/\-”/\pz(f")/\NE))
fEF geG \ seXy s€X,
(Dstr ®V)
HVYV & ;Df1 A- Apf““/\NE) (®Cmb)
fEF geGseXUX

The other direction 8 - 1) ®  is proved symmetrically using (®Dcp) and (Dstr@ V®).
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Case ¢(piy,---Din) = ¥(Piys--Pin) NX(Diy» - - -, Di, )- By induction hypothesis, we
have that holds. If F =0 or G = 0, then ¢ 4k (p;; A —p;,) ANE or x I (p;, A
—p;; ) ANE. In this case, we derive 1) A x = (p; A —p;) ANE, ie., ¥ A x - V0 by (AE)
and (ex falso™).

Now, assume F,G # (. We show that ¢ A x - 6, where

=V & @ A Ap) AnE),

heH seX},

{XrlfeFyn{Xylge G} ={Xn|he H}.

For 1) A x I 6, we have the following derivation:

(DY Ax
(2)( \/ ® (p;?l(il)/\, e(zn ANE ) ( \/ ® ps(zl)/\ /\pf,(,,in)/\NE))
feFseXy geGseX,
33V V (( ® @} )A"'Apfii")ANE)>A( & ;" A- ~/\pf:,i")/\NE)))
feF geG seXy s€Xy
(Dstr)
@V (( Q w A Apf“")ANE))A( ® @ A nplt ”)ANE)))
(f.9)eFxG s€Xy s€Xy
X=X,
vV \/ (( ® (p;?'l(il)/\.../\p;?‘r(bin)/\NE)) /\( ® (p;(i])/\"‘/\p?:’i")/\NE)))
(f,9)€FxG \ s€Xy s€Xy
X5#Xg
6V (( X (pfl(il)/\-v-/\pfii")/\NE))/\( R (pf](“)/\~-~/\pff">ANE)))
(f,g)GFXG SEXf SGXQ
Xp=X,

V ((pi A—pi) ANE)  (0I)

© V ( X (pfl(i')/\"-Apfff")ANE)) A( ® (pf,(il)/\n-/\pfii”)ANE))
(F,9)€FxG \ "s€Xy X,
X=X,

(0E)

™V <( ® @i a-np™ ane) (@ @;;mA...Ap;gnmNE))) Ve

heH sEX), s€Xp

8V & " A Api") ANE) (AE)

heH seXy,

For the other direction 6 F ¥ A x, we have the following derivation:

)V & @ A Ap) Ane)

heH seX),
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OV Q@i nwenp ™ ave)) AV @ wh" A np ™ nne))

heH seXp, heH s Xy,
(A1)
3 p‘?(il)/\_“/\p?(in)/\NE A pé(il)/\_._/\pé(in)/\NE
11 in 1] in
feF seXy geG seXy
(VI, HC F,G)
(4) A x

Similar with Lemma in the case of PDV, the following lemma is crucial in the
proof of the completeness theorem.

Lemma 4.6.9. For any finite non-empty collections of n-teams {X; | f € F}, {Y; | g €
G} with the same domain, the following are equivalent:

@ \ 0%, \ ey,

feF geG
(b) for each f € F, we have that Xy =Y, for some g € G.
Proof. (a)=-(b): For each f € F, by Lemma[.6.2] we have that

Xy E Ok, thus Xy = \/ 0%,

feF
which by (a) implies that
X\ ey,
geG
thus, there exists g5 € G such that Xy = ®§/gf. Hence we obtain by Lemma that
Xp=Y,,.
(b)=(a): Suppose X is any n-team satisfying
XEV 6x -
feF

Then X = @}f for some f € F, which by Lemma and (b) means that X = X; =
Yy, for some gy € G. By Lemma , Yy, @;gf , thus
XE @;gf, thereby X |= \/ @5,
geG
as required. |
[V,NE]

Now, we prove the completeness theorem for PD .

Theorem 4.6.10 (Completeness Theorem). For any PD!V:NE] formulas ¢ and ),

PEY= oy
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Proof. Suppose ¢ = 1), where ¢ = ¢(p;,,...,pi, ) and ¥ = (p;,,...,pi, ). By Theorem
[4.6.8] we have that
o\ Ok, v\ ey

feF geG

for some finite sets {X; | f € F'} and {Y, | g € G} of n-teams on {3y,...,i, }. Then, by
the Soundness theorem, we have that

\V 0%, \ 0y, .

feEF geG

If F =0, then ¢ 4 L A NE, thus, by (ex falso™), we obtain ¢ I 1. If G = 0, then
1 -+ L ANE, thus we must have that ¢ -+ L A NE, hence ¢ - 9.

If F,G # 0, then by Lemma W for each f € F, we have that X; =Y, f for some
gf € G. Thus, we have the following derivation:

(1) e,
@ e,
(3) VgGG ®*Yg (\/I)
Thus,
}f a \/ ®*Yg
geG

for each f € F', which by (VE) implies that
V ex, ke,
feF geG

namely ¢ F . |

Theorem 4.6.11 (Strong Completeness Theorem). For any set I' of formulas and any
formula ¢ ofPD[V’NE],
'E¢p=T*F¢.

Proof. By a similar argument with that in the proof of Theorem 3.1.10 in [[11], we can
prove that PD!V:NEl g compact. Then the theorem follows from Theorem |4.6.10 |

4.7 Axiomatizing propositional independence logic with
non-empty atom

The method used in the axiomatization of propositional dependence logic (Section 4.4)
combined with that of PD[V-NEl (Section 4.6) can be generalized to axiomatize propo-
sitional independence logic extended with the non-empty atom, i.e. PInd™E. In this
section, we will give such an axiomatization.

An independence atom

Diy pzk J_pjl o DPim
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is satisfied by a team X if and only if for any two valuations s, s’ € X, there must exists a
valuation s” € X which witnesses the independence of (p;,,...,p;, ) and (p;,, ..., Dj,.)-
Here, the set of witnesses for s and s’ must be non-empty, therefore, essentially, there is
a non-empty atom in the underlying team semantics of the independence atom. In view
of this, an axiomatization for the logic PIndNE gives some insight on the logic PInd.
However, the problem of how to axiomatize propositional independence logic alone is
still open.

We now proceed to axiomatize the logic PInd!™™!. The main argument is a general-
ization of those in Section 4.4 and Section 4.6. Essentially, we make use of the disjunctive
normal form of the maximal logic PD[V-NEl but as intuitionistic disjunction is not an eli-
gible connective in PInd V¥, we will only use intuitionistic disjunction implicitly. This is
achieved by taking approximations of each formula, which allows us to essentially push
intuitionistic disjunction to the front of a formula in one step. Technically, the non-empty
atom NE does not abey the usual distributive law, so the definition of approximations of
formulas is more sophisticated in this case than in the case of PD.

Let ¢(pi,,---,pi,) be an n-formula of PInd &, Suppose the following are all the
occurrences of all atomic or negated atomic formulas in ¢:

[NE]

Aly.n.y O
where each a¢ (1 <& < ¢) can be of the following forms:

; ; NE e...pe L
nga _‘p’Lga ) pjlé p]gg pklg pk:§§ )

where {ig,jf,...jé{,kf,...ki} C {i1,...,in}. A strong approximation sequence Y =
(ui,...,uc) of ¢(pi,-..,pi,) is a sequence such that

o if ag :pig,then
ug C{s€2"|s(i¢) = 1},

where 2" is the maximal n-team on {i1, ..., };

e if ag = —p;,, then
ug C{s€2" | s(ig) =0};

if a¢ = NE, then 0 # ug C2";
o if —pjig...pjlfi5 kaf...pkgs, then ue C 2" such that for A = {]17...,ja€},
B= {k:f,...,kfg},we have that

{(sTA,s' | B)|s,s €uct={(s"14,s" | B)|s" € ue}.

For each such sequence Y = (uy,...,u.), define an independence atom-free (classical)
formula ¢} of PIndN/, called a strong approximation of ¢, by induction as follows:
o for any atomic or negated atomic formula ae (1 <& <o),

(08)fue) 1= @ i\ A+ AP ANE) = O

s€ug
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e (Y® X)} = w]*(o ® Xi, where Y and Y; are subsequences of Y consisting of all
the u¢’s such that the atoms a¢ occur in 1) and x, respectively;

o (YAX)} = 1/1}0 A xﬁ , where Y and Y are as above.

Next, we show that the every formula of PIndNEl is logically equivalent to the intu-
itionistic disjunction of all its strong approximations.

Lemma 4.7.1. Let ¢(p;,,...,p:,) be an n-formula of PIndNE! and T the set of all its
approximation sequences. Then

o=\ ¢t
Yer
Proof. We first show that for each Y € I with Y = (uy,...,u.), ¢} = ¢. Put N =
{i1,...,in}. Assume X is an n-team on N such that X |= ¢}. We show by induction

on ¢ that X |= ¢.

The only interesting case is the case that ¢ = a¢ (1 < ¢ < ¢) an atomic or negated
atomic formula. In this case, T = (u¢) and (045)?%) =0],. By Lemma we know
that X |= ®25 implying X = u,.

If g = Digs then as

ug C {s €2 | s(ie) = 1},

where 2" is the maximal n-team on N, we obtain that u¢ |= Pigs 1.6, X = pic- By a
similar argument, we can prove that X = “Pi, in case o = ;...
If ag = NE, then X = ug¢ # 0, thus X = NE.
Ifo:=pe...pe Lpe...p ¢ ,then by definition,
N .Ytzé~ k"l kb5

{(s1A,8 I B)|s,s €ucy={(s" A" | B)| s €ug},

where A = {j¢,... ,jgg}, B= {kf,...,kgﬁ}. Thus, for any s,s" € X = ug, there exists
s" € ug = X such that

s"1A=slAands”" | B=5s| B.

Thismeansthat X Ep ¢...pe Lpe...pe ,asrequired.
Ji Jag ki kb§

Next, we show that ¢ = \/ycr ¢}3. Assume X is an n-team on N such that X = ¢.
We show by induction on ¢ that X = \/ycr ¢7.

If ¢ = a¢ (1 <& < c) an atomic or negated atomic formula, then for each T € T,
Y = (u¢) and (a§)<*u€> =@}, In view of Lemma . to show that X =V ,,)er O},
it suffices to show that X = u¢ for some (u¢) € I', namely to show that (X) is a strong
approximation sequence of cv.

If ag = p;, then X = i implies that for any s € X C 2", s(ig) =1, thus

X C{se2"|s(i¢g) =1}.

This means by definition that (X' is a strong approximation sequence of p; ¢» as required.
The case ag = —p;, is proved similarly.
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If ae = NE, then X |= NE implies that @ # X C 2™. This means by definition that (X)
is a strong approximation sequence of NE, as required.
Ifag=pe...pe Lpe...p e ,by definition, it suffices to show that
I ‘7”‘6 kl kb£

{(s1A, 8 B)|s, s eX}={(s"1A,s"|B)|s"e€X}
The direction “2” is trivial, and the direction “C” follows easily from the fact that X =
pjf ...pjgg J_pklg pkg .
The induction cases are proved by a similar argument to that in the proof of Lemma

443 [ |

As in the case of PD, we can view \/ycr ¢} or the sequence

<¢¥” >YeA

as a weak normal form for formulas of PInd™E/. We now define a natural deduction
system for PIndNE! which will enable us to derive in effect the weak normal form \/ycr ¢3

for every formula ¢.

Definition 4.7.2 (A natural deduction system for PIndNE)), The rules are given as fol-
lows:

1. Therules (Al), (AE), (®WI), (®WE), (2Rpt), (2Sub), (Ass ®), (Com ®), (ex falso™),
(_LE), (EMy), (0I), (0Ctr) as in Definition and Definition4.6.5

2. Independence Atom Strong Introduction: For any strong approximation sequence
(u) of pj, ... Dju L Py -+ -Piy Diy -+ -2 Pin )5

Q5" A Apii™) ANE)

in
seu

(IndSl)
Dj1 -+ Pja L Pky -+ Phy
3. Strong Approximation Transition:
[6%,] 6% 1
¢ (SApTr)
0
where {Yy,...,T,,} is the set of all strong approximation sequences of ¢.

Next, we prove the Soundness Theorem for the above system.

Theorem 4.7.3 (Soundness Theorem). For any PIndNE! formulas ¢ and 1,

P =
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Proof. 1t suffices to show that all of the deductive rules are valid. The validity of (IndSl)
and (SApTr) follows from Lemma [4.7.1] and the validity of all the other rules follows
from the proofs of Theorem 4.3.7|and Theorem 4.6.7| ]

Interesting derivable rules of the system are listed as follows.
Corollary 4.7.4. The following are derivable rules:

1. Rules (Dstr® A), (Dstr* A®A), (2 Cmb), (2 Dcp), (Com A), (Ass A) and (ASub),
as in Corollary[.3.6|and Corollary[.6.6](see also Appendix).

2. Independence Atom Weak Elimination:

V(u)
[(pjl - Dijq L Pk -- -pkb)?m]

0 pjl"'pjaj-pkl"'pkb

. (IndWE)

where (u) is a strong approximation sequences of pj, ...Dj, L Dr, .- Piy-

3. Strong Approximation Elimination:

oF
—L (SApE
¢( pE)

where X is any strong approximation sequence of ¢(p;,, ..., Di, )-

Proof. The rules in Item 1 are derived in the same way as in Corollary 4.6.6] Rule
(IndWE) is a special case of rule (ApWE).
We now proceed to derive the rule (SApE) by induction on ¢. The case that ¢ is an

independence atom follows from (IndSl).
Ifo= Pi;» then we have the following derivation:

(1)(ps,) 1y
@) Q@™ A~ A" AnE)

seu

(3)Qpi; (AE,@Sub)

seEu

(4)pi; (RWE)

The case ¢ = —p;; is proved similarly with the above case.
All the other cases are proved by a similar argument to that of the proof of Corollary

4.4.6 ]
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As in the case of PD, rules (SApTr), (SApE) imply in effect that for any n-formula ¢

of PInd &/,

\V ot -,

Yell
where I' is the set of all strong approximation sequences of ¢, although the formula
Vyer ¢% is not in the language of PIndNE. The complicated rule (Dstr NE A®) (in Defini-
tion[4.6.5]or see Appendix) for the NE atom indicates that there is little hope to manipulate
the NE atom without having the intuitionistic disjunction in the logic. Therefore in prov-
ing the completeness theorem for PIndN¥ | we will turn every ¢y formula into a formula
@&Y in a better form. Now, we derive this in the deductive system. To simplify notations,
we abbreviate @ := (p;, A —p;, ) ANE.

Lemma 4.7.5. Let ¢(p;,,...,pi, ) be an n-formula ofPInd[NE]. For any strong approxi-

mation sequence Y = (uy,...,u.) of ¢, we have that
* *
% O%,
where Xy is an n-team on {i,...,i,} or Xy =0.

Proof. We prove the lemma by induction on ¢.
In case ¢ = a¢ (1 < ¢ < ¢) an atomic or negated atomic formula, T = (u§> and
(ag)Z‘%) = O], thus (ag)y - O holds trivially.
Case ¢ := 1 ® x. By induction hypothesis, we have that
¥y, - ®*Xr0 and X7, -+ @}TO. 4.17)
Since by (®Sub),
B 443, © X%, Oy, @Oy
it suffices to show that @}YO ® ®§Y1 - ©%, for some X.
If Xy, =0, then taking Xy = 0, we derive O - @}TO ® @)’5(Y by (ex falso™) and
1
@}YO ® @}Yl F ©; by (0Ctr). The case Xy, = 0 is proved similarly. If Xy , Xy, #0,
then by (®Cmb) and (®Pcp), .We derive @ﬁ.qo ® @}Yl =+ @}T uXr
Case ¢ := 9 A x. By induction hypothesis, we have that (4.17) holds. Since by (ASub),
oY Ay, AXF, F @}ro /\G);(r, ,

it suffices to show that @}YO A @}Tl - @Y%, for some Xy.

If Xy, =0, then taking Xy = 0, we derive Oy - @}TO A @}YI by (ex falso*) and
@}YO A @*Xrl F @, by (AE). The case that Xy, = 0 is proved similarly. If Xy, = Xy, #0,
then by (AE) and (Al), we derive ®}YO /\®§<]rl -+ G)’;(ro. If Xy, Xy, #0and Xy, # Xy,
then we derive O - @}TO A ®_“§<rl by (ex falso*) and @}YO A @}Yl = ®; by (0I). |

Corollary 4.7.6. Let I" be the (non-empty) set of all strong approximation sequences of
an n-formula ¢(p;,,...,pi,) of PIndNE.. Then

¢ = \/@}YE \/@}r,

Yer Yery
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where each Xy is an n-team on {i,...,in} or Xy =0, and
Iy ZZ{Y'GIT‘)(y750}.
Proof. Tt follows from Lemma.7.1] Lemma[d.7.5]and Soundness Theorem that

o=\ ot =\ O%,,

YeI' Yer'

for some Xy such that ¢f -+ ©%
Moreover, for each Y € I" such that Xy = 0, by definition,

O, = Oy = (pi, Api;) ANE.
Since for any formula ¢, ((ps;, A —pi) ANE) V¢ = ¢, we obtain that \/yerO%, =
Ver, @Y%, as required. |
Now, we are in a position to prove the completeness theorem for PInd &, The proof
is similar with that of Theorem 4.8
Theorem 4.7.7 (Completeness Theorem). For any PIndNE! formulas ¢ and ¥,

dEY= 0ok
Proof. Let ¢(p;,,...,pi,) and ¢ (p;,,...,pi,). Suppose ¢ |=1). By Corollary 4.7.6| we

have that
¢= \/ ®XY \/ ®Xr and ¢ = V ®XA \/ ®XA
Yer' Yely Aer’ Aely,

where

(i) T, I’ are the (non-empty) sets of all strong approximation sequences of ¢ and 1),
respectively;

(i) ¢y - O%, and yx 4~ @%, forallY € Cand A € T";
(iii) To={Y el | Xy #0}and T, = {Y €' | Xy # 0}
To derive ¢ - 9, by (SApTr) and (ii), it suffices to derive that foreach Y € T, ®§(r .

If Xy =0, then Oy = 06j = (pi, A=pi;) ANE, thus we derive @ I ¢ by (ex falso™).
If Xy #0, thenI'p # 0 and V/yer, ©% . # (pi; A—p;, ) ANE. Noting that by assumption,

\/ ®Xr ): \/ ®XA’
Yel A€l
we must have that /ey O, # (pi, A—pi,) ANE, thereby I, # 0. Now, by Lemma
there exists A € I such that Xy = X . Thus, we derive @}r F 4 as follows:
(1
2 (since Xy =Xa)

)
2)®
(3) z/JA (by Lemma[.7.3)
(4) ¢ (SApE).

This completes the proof. |
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We did not use Atomic Excluded Middle Rule (EMy) in the proof of the above theo-
rem, but this rule is required in the proof of the (Weak) Completeness Theorem: for any
formula ¢ of PIndNE/,

F¢ = ko
(see Corollary |4.3.11).

Theorem 4.7.8 (Strong Completeness Theorem). For any set I of formulas and any for-
mula ¢ ofPInd[NE],
'y = T'to.

Proof. Follows from Theorem and Compactness Theorem of PD(V-NE| (as PInd/NEl
is clearly a sublogic of the maximal logic PD!V:NE], |

We end this section with an application of the natural deduction system of PIndNEl. In
the following example, we derive the Geiger-Paz-Pearl’s axioms [37/] which axiomatized
the implication problem for unconditional independence atoms (see Section 1.2).

Example 4.7.9. The following Geiger-Paz-Pearl’s axioms are derivable in PIndNEl: Let
T =Dj - Dja>Y =Pk Phy a0 Z =y, -+ Di.

@zlghb gl=z
i) x Ly F ozl 1, where Z is a subsequence of Z.

Gii) z L g Foal 0, where 4 = p;, - - - p;,, is a permutation of Z and ¥ = py,, * - - Pryy, 18
a permutation of g.

(v) {2 Ly 25 Lz F z Ly

Proof. Put A={ji,...,ja}, B=1{k1,...,kp} and C = {iy,...,i.}. The derivations are
as follows:

. v (u)
(i) , .
®(p;_'l(J1)/\m/\p;{(lja)/\pz(lkl)/\m/\pzikb)/\NE)
a (IndSl)
(|ndWE) pk] ..Apkb J‘pjl pJa pjl p]n J_pk] ..Apkb
Pk -+ - Pky, J_pjl v Pjg
where (IndSl) is applicable because the strong approximation sequence (u) of the
atom p;, ...p; L pr, ...p 1S clearly also a strong approximation sequence of the
Pjy -+ -Pjq L+ Pky - -- Pk, y g app q
atom pg, ... pry L Dj; -+ Pijq-
(i) v (u)
j o k k
®(p;1(31)/\.“/\p;£] )/\pz(l 1)/\“./\1)21 b)/\NE)
seu
, — — - (AE, ®Sub)
®(p«:l(u) /\.../\p;?flu) /\pz(]kl) /\.../\pz(bkb) ANE)
Sy (IndSl)
(|ndWE) Piy -+ -Pi, J_pkl ..,pkb pjl ...pja J_pkl ...pkb

Diy -+ -Pi, L Dk, -+ Dry
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where (IndSl) is applicable because (u) is a strong approximation sequence of
Diy - Pie L Diy -+ -Dy-

Indeed, since (u) is a strong approximation sequence of p;, ...p;, L Dk, ... Dk,
{(s1 A, I B)|s,s eul={("1A,s" | B)|s" €u}. (4.18)
Since C' C A, it follows that
{(s1C,d I B)|s,secut={(s"1C,8"1B)|s" €u},

as required.

Y (u
(iii) (w)
s(d1) s(da) 5 s(k1) s(kp)
@(pjl CA AR T AP A Apy,  ANE)
scu
(IndSl)
Dig L Dmy - Dmy Djy - Pja L Pky - Py

Di, .-
(IndWE) =2
Diy -+ -Dig L Pmy - Dmy

where (IndSl) is applicable because A = {i1,...,iq}, B = {mi,...,mp} and the
strong approximation sequence (u) of pj, ...p;, L Dk, ...Dk, is obviously also a

strong approximation sequence of p;, ... pi, L Py -+ Pmy -

(iv) For each approximation sequence (u,uz) of
(AAB)(Pimys- s Pmy) =
(D)1 - -Pja L Py - -Phy) N(Djy - DjaDhy - -Phy L Diy -+ Pic)
we derive
(@) 7y ANB)luy) F Pjt - -Pja L Phy - PryDiy - Pic (4.19)

as follows. If u; # wuy, then we have the following derivation:

(a)?uo A (5)@2)
(@ @™ A Apil™ ) ANE) A (R (pral™ A+ Apral™ ) ANE))

S €Uy Sr2€UY

0l
(Pmy A —Pm, ) ANE b
(ex falso™)
Djy - -Pjo L DEy -+ -PkyPiy -+ - Pi,,
If u; = uy, then we have the following derivation:
(a)?uw A (5)&@
(@ o™ A Apial™ ANE) A (@) (o™ A+ Apia™ ANE))
S1€EU Sr€EUY
(AB)
® @™ A npia" ) ANE)
S1€EUY

(IndSl)

Dji +--Dj, L Py - -PkyDiy -+ - Pi,
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where (IndSl) is applicable because (u;) is a strong approximation sequence of
Djy - -Pjg L Dky -+ -DhyDiy -+ - Pig-

Indeed, since (u;,u,) is an approximation sequence for oA 3, we have (4.18) holds
for u; and

{(s1 (AUB),s' 1 C)|s,s €eup} ={(s" | (AUB),s" | C) | §" € up}.
Thus, for any s,s’ € u; = up, there exists s” € u; = uy such that

(s1 A8 B)=(s"1A,s"|B).

n

Moreover, for s”,s' € up = u1, there exists s € uy = uj such that

(s 1 (AUB),s' | C) = (s" | (AUB),s" | C).
It then follows that
(s A8 [ (BUC))=(s"T1A,(s" | B)"(s' 1 C))

=(" 1 A,(s" 1 B) (5" 1 ©))
(8/// rA,SW r(BUC)),

which implies that
{(s14,8 1 (BUQC))|s,s eur}={("1A,3"1(BUC))|s" €url,

as required.

Now, we derive the axiom of item (iv) as follows:

V (up,uz)
(a)ziuq) A (ﬁ)?uﬁ @ ﬁ
by @) —— (AD
Pji -+ Pja L Phy - -PhyPiy -+ Pic anp (SApTr)

Dji - Djq L Dhy -+ PhyDiy - -+ Pic
|

4.8 Axiomatizing propositional inclusion logic with non-
empty atom

In this section, we generalize the method in Section 4.7 to axiomatize the propositional
variant of first-order inclusion logic extended with the non-empty atom.
First, we define propositional inclusion logic.

Definition 4.8.1. We call formulas of the form p;, ---p;, C pj, ---pj, inclusion atoms.
Well-formed formulas of propositional inclusion logic (PInc) are given by the following
grammar:

b =pi| i ono|oo,

where p;,p;,,...,Di,,Pj; -+, Pj, are propositional variables.
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Definition 4.8.2. We inductively define the notion of a PInc formula ¢ being true on a
team X, denoted by X |= ¢. All the cases are the same as those of PD as defined in
Definition .1.3]except the following:

o X =pi i, Cpj, -y, iff forall s € X, there exists s’ € X such that
<S/(j1),"'asl(jk)> = <S(Z]),,S(’Lk)>

It is easy to verify that PInc inherits most of the properties of first-order inclusion
logic, in particular, PInc satisfies the locality property and the union closure property
(c.f. Theorem|1.2.5)): for any formula ¢ of PInc, and collection of teams { X };cr,

Viel, XiEF¢o=|JXi =9
i€l

In the rest of this section, we axiomatize PInc extended with the non-empty atom,
namely PInc/N®l, using a similar method with that of PIndNE. Analogous to PInd, an
inclusion atom
is satisfied by a team X if and only if for any valuation s € X, there must exists a valuation
s" € X which witnesses the values of the sequence (p;,,...,p;, ) being included in that of
<Pj1 ey pjk>. Here, the set of witnesses for s must be non-empty, therefore, essentially,
there is a non-empty atom in the underlying team semantics of the inclusion atom, too.
In view of this, we hope that an axiomatization for the logic PInc gives some insight on
the logic PInc. However, the problem of how to axiomatize propositional inclusion logic
alone is still open.

As in the case of PInd[NE/| we start with analyzing strong approximation sequences
of PIncNEl formulas. Let &(pi;, - - -, Diy,) be an n-formula of PIncNEl, Suppose the fol-
lowing are all the occurrences of all atomic or negated atomic formulas in ¢:

Aly ..., Oe
where each a¢ (1 <& < ¢) can be of the following forms:

pi§7 _‘pi§7 NE, p]gpj'éné gpkgpkf ;

J me
where {ig,kf, ... kgg,kf, . kfng} C {ity...,in}. A strong approximation sequence Y =
(uiy...,uc) of ¢(psy,...,pi,) is a sequence such that for every o, the set u¢ is defined

as in the case of PInd™ E], except

o if g :pjf"'pjfng gpkf"'pkfng’then ug C 2" such that

{60, 505)) | 5 € e} C{(S (D). () | & € ).

For any such sequence Y = (uy,...,u.), define an inclusion atom-free formula ¢3 of
PIncNE, called a strong approximation of ¢, the same way as in the case of PIndNEl.

Next, we show that every PIncN®! formula is logically equivalent to the intuitionistic
disjunction of all its strong approximations.
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Lemma 4.8.3. Let ¢(p;,,...,pi,) be an n-formula of PInc/NE!

strong approximation sequences. Then

o=\ ot

YeI'

and T the set of all its

Proof. We prove the lemma by induction on ¢. All the other cases are similar with those
i 4 = . - . .
in the proof of Lemma except the case ¢ pjf P .S pkf Py .
In this case, we first show that for each (u¢) €T, qﬁ(*u ) = ¢. Suppose for some n-team
XonN={i,...,in}, X E ;- Then by Lemma4.6.2, X' = u¢. Since
{(5(75)s -1 50ie)) | 5 € ueh SH(S (KD, o8 (Ko ) | 8 € ue), (4.20)

for any s € X = ug, there exists s’ € ug = X such that

(8 (7)o (K5 )) = (555075 ),

thusXI:pjg...p_g Cpe---Pe -
1 ]mf 1 me
Conversely, we show that ¢ = Viu c)er (b’(u@. Suppose for some n-team X on N,

X E Pie-o D Cpe..-pe - Taking ue = X, clearly (4.20) holds, i.e. u¢ €T By
1 m 1 me
Lemma XEFO,, ie. X = /g)» hence X = Viug)er Plug): [ |

Next, we define a natural deduction system for PIncNE which will enable us to derive
in effect the weak normal form \/yvcr ¢% or (¢%)yer for every formula ¢ of PIncNEl.

Definition 4.8.4 (A natural deduction system for PInc/NE). The rules are given as fol-
lows:

1. Therules (Al), (AE), (®WI), (WE), (2Rpt), (2Sub), (Ass ®), (Com ®), (ex falso™),
(LE), (EMy), (0I), (0Ctr) as in Definition 4.3.5|and Definition 4.6.5

2. Inclusion Atom Strong Introduction: For any strong approximation sequence {(u)
Of Pjy - Pjin S Py -+ Pk (i3 Pi )

Q@i A Api AneE)

seu

IncSl
Dj1 -+ Djm S Dky -+ Pl ¢ )
3. Strong Approximation Transition:
[6%,] (6%, ]
0 ¢ (SApTr)

where {Yo,...,Y,,} is the set of all strong approximation sequences of ¢.
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Next, we prove the Soundness Theorem for the above system.

Theorem 4.8.5 (Soundness Theorem). For any formulas ¢ and ¢ of PIncNE]

o= ¢

Proof. 1t suffices to show that all of the deductive rules are valid. The validity of (IncSl)
and (SApTr) follows from Lemma [4.8.3] and the validity of all the other rules follows
from the proofs of Theorem4.3.7]and Theorem 4.6.7] [ |

Lemma 4.8.6. Let ¢(p;,,...,pi,) be an n-formula of PInc/NE

mation sequence Y of ¢, we have that

. For any strong approxi-

¢y 1+ 0%,
where Xy is an n-team on {i,...,in} or Xy =0.
Proof. By a similar argument to that of the proof of Lemma{.7. |

Theorem 4.8.7 (Completeness Theorem). For any formulas ¢ and ) of PInc/NE/
dEY= 0ok
Proof. By a similar argument to that in the proof of Theorem[4.7.7] |

Note that as in the case of PIndNE/, Atomic Excluded Middle Rule (EMp) is not
needed in the proof of the above theorem, but this rule is required in the proof of the
(Weak) Completeness Theorem: for any formula ¢ of PIncNE/,

¢ = ¢.

Theorem 4.8.8 (Strong Completeness Theorem). For any set I" of formulas and any for-
mula ¢ ofPInc[NE],

I'=E¢p=TF¢.
Proof. Follows from Theorem and the Compactness Theorem of PD [V:NE] (a5 PIncNE!
is a sublogic of the maximal logic PD!V:NE]), ]

4.9 Open problems

In this chapter, we defined the propositional variants of the logics of dependence and in-
dependence, and gave complete axiomatizations of these logics and their variants. Below
we list the main open problems and future directions concerning the topics of this chapter
(some of which are already mentioned in the corresponding sections).

1. We have shown in this chapter that PID, PDV! and PD are maximal downwards
closed logics (Theorems |4.2.8L I4.3.2|, I4.4.1|), and PDV'NE is a maximal logic (Theorem
[A.6.4). The relationship of the main logics discussed in this chapter in terms of expressive
power is depicted in Figure [d.1](c.f. Figure[3.2).

Classical propositional logic (CPL) is a proper sublogic of all the other logics, since
all classical formulas are flat and all of the other logics have non-flat formulas. PInc¢ and
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Figure 4.1: Expressive power of propositional logics

PInd are proper sublogics of the maximal logic PD!V:NEl since NE is not definable in nei-

ther of these logics. The downwards closed logic PD (or PID, PDV))isa proper sublogic
of the non-downwards closed logic PInd, since dependence atoms are definable in PInd
(Expression (4.5))). The logic PExc is downwards closed, thus it is a sublogic of the maxi-
mal downwards closed logics PD, PD!V! and PID. Recall that first-order dependence logic
is equivalent to first-order exclusion logic. However, propositional dependence logic is
different from propositional exclusion logic as, e.g., with only one propositional variable,
PD has in total 5 non-equivalent formulas:

p, —p, pA-p, pR-p, =(p),

whereas PExc has only 4 non-equivalent formulas, in particular, p | p = p A —p.

The logic PInc is different from the downwards closed logics PD and PExc, as it
is not downwards closed. Recall that first-order inclusion logic is a proper sublogic of
first-order independence logic, but the connection between PInc and PInd is unknown.

2. As discussed in Section 4.2, propositional intuitionistic dependence logic and in-
quisitive logic turn out to be essentially equivalent. This surprising connection certainly
deserves to be further explored. In particular, the connection between first-order inquis-
itive logic ([[L1]],[12]) and first-order (intuitionistic) dependence logic deserves investiga-
tion.

3. In Sections 4.7 and 4.8, we have axiomatized PInd extended with NE and PInc
extended with NE. The problem of how to axiomatize PInd and PInc alone is open.

4. The deductive rule Approximation Transition (ApTr) in Definition (see also
Appendix) has a complex form. It is not known wether it is derivable by the simpler
rule Dependence Atom Weak Elimination (DepWE). Similarly for Strong Approximation
Transition (SApTr) rule and Independence Atom Weak Elimination (IndWE) rule.

5. It is proved in Corollary that PDV) = PD. Given this fact, it is reasonable to
conjecture that PDV:NEl — PDINEI o1 even PD!V:NEl — PInd/NE!. This problem is open.




Chapter 5

Uniform definability in propositional
dependence logic

We have proved in Theorem that propositional dependence logic (PD) is a maxi-
mal downwards closed logic, therefore adding intuitionistic disjunction or intuitionistic
implication into propositional dependence logic does not increase the expressive power
of the logic. In particular, every formula with intuitionistic disjunction and intuitionistic
implication can be translated equivalently into a formula of PD without these two con-
nectives. In this chapter, we show that although such a non-uniform translation exists,
neither of intuitionistic disjunction and intuitionistic implication is uniformly definable in
propositional dependence logic. The work is inspired by [32]], in which the weak universal
quantifier V! (see Definition is proved to be non-uniformly definable in first-order
dependence logic. Also along this line, due to Ciardelli [[11]], in inquisitive logic or propo-
sitional intuitionistic dependence logic (PID), every instance of conjunction is expressible
in terms of other connectives of the logic, but a uniform definition for conjunction does
not exists. We adapt this result in this chapter in our framework.

In Section 5.1, we give formal definition of uniform definability of connectives, and
make some remarks concerning the issues of definability and uniform definability in clas-
sical and intuitionistic propositional logic. In Section 5.2, we study the properties of
contexts for PD, which is a crucial notion in the main proof of this chapter. Section 5.3
records the main results of this chapter. We prove that neither of intuitionistic implication
and intuitionistic disjunction is uniformly definable in PD. We also include the result due
to [[L1]] that in the conjunction-free fragment of PID, every instance of A is definable, but
A is not uniformly definable.

5.1 Contexts and Uniform Definability of Connectives

In this section, we define context and uniform definability of connectives for the follow-
ing logics: classical propositional logic (CPL), intuitionistic propositional logic (IPL),
propositional dependence logic (PD), and propositional intuitionistic dependence logic
(PID). We also make some remarks concerning the issues of definability and uniformly
definability of connectives in CPL and IPL.
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Throughout this section, we use L to stand for any of the four propositional logics:
CPL, IPL, PD and PID. For the purpose of this chapter, let us first recall basic definitions
of L. The language of L consists of a set A of atoms and a set € of operator symbols. A
(well-formed) formula in the language of L is any atom o« € A or %(«y,...,a,), where
% € Q is a ~y-ary operator symbol, and «y,...,a, € A. For the logics CPL and IPL,
the corresponding set A of atoms consists of all propositional variables, that is, atoms
are propositional variables. The set Q of operator symbols for CPL contains classical
negation — and other classical connectives, the set Q for IPL contains the nullary operator
falsum 1 and other intuitionistic connective In this chapter, special attention needs to
be paid to the syntax of PD, as well as that of PID. We stipulate (only in this chapter) that
the language of PD consists of the set

A:{pi,—\piIiEw}U{Z(pil,...,pik)‘il,...,ikEW}

of atoms and the set Q = {A,®} of operators. Both —p; and the dependence atom
=(pi,,---,pi;,) are considered as atoms that cannot be decomposed. Similarly, (only in
this chapter) the language of PID consists of the set

A ={pi,=(pi) | i € w}

and the set Q = { L,A,V,—}.
For a formula ¢ of L, we call the class of all models of ¢, denoted by [¢], the truth
class (or truth set) of ¢. In particular:

e In CPL, the semantic truth set [¢] of a formula ¢ is defined as
[¢] :={s:w—=2]s[=¢}.
o In IPL, the semantic truth class [¢] of a formula ¢ is defined as the class
[¢] := {(9,w) | M is an intuitionistic Kripke model with a node w

and M, w = ¢}.

e In PD or PID, the semantic truth set [¢] of a formula ¢ is defined as
[¢] :={X C2*: X ¢}
Let V' be the set of all semantic truth sets (or classes) of all formulas of L, that is
Vbt :={[¢] | ¢ is a formula of L}.

In case the logic L is clear from the context, we simply write V for V*. In this chapter, by
a y-ary connective % of L we mean a ~y-ary operator of L having a compositional meaning,
that is, there is a y-ary function % : V7 — V such that for any formulas ¢1,...,6, of L,

[5(01,....0,)] = %([01], - ... [04])- (5.1)

For the logic CPL, a y-ary connective is usually understood as a y-ary Boolean function.
We prove in the next lemma that our definition agrees with this usual understanding.

IRecall that intuitionistic negation is defined as: —¢ := ¢ — L.
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Lemma 5.1.1. In CPL, every function % : VY — V induces a Boolean function fx :27 —
2 such that for all formulas 01, ...,0~, all valuations s : w — 2,

s(%(01,...,0y)) = fa(s(01),...,5(05)), (5.2)
and vice versa.
Proof. Let % : VY — V be a function. Define
O:=land1:=T.

Pick a valuation s : w — 2. Define the function fg : 27 — 2 by taking for any x1,...,z €
27

fe(z1,...,2q) = so(x(21,...,27)). (5.3)
It remains to check that fx satisfies Equation (5.2).
For some arbitrary formulas 61, ...,60,, arbitrary valuations s : w — 2, put

z1 =5(01),...,0y = 5(05).
Noting that
s(x(61,...,04)) = so(x(x1,...,25)),

Equation (5.2) follows from Equation (5.3).
Conversely, suppose f : 27 — 2 is a function. We find a function 3% : V7 — V satis-
fying Equation (5.2). For any formulas 61,...,6,, define that

sexs([0].....[0:]) <= f(s(01)....,5(6,)) =1,

for any valuation s : w — 2. It remains to find a formula ¢ such that [6] =% ([01],...,[6])-
Let N = {iy,...,i,} be the set of indices of all propositional variables occurring in
the formulas 61, ...,6,. Consider the set

S={s|N|sexs([0:],....[6-])}-

Note that the set S is finite, since restricted to the n-element set IV, there are in total 2™
possible distinct valuations. Now, consider the formula

®s=\/ " A Apli)

n
seS

(c.f. the formula ® x of PDV! defined in Lemma . Since in CPL, the truth value of a
formula depends only on the variables occurring in the formula (namely CPL is local, c f.
Lemma4.1.6), it is not hard to see that [@g] = %¢([6:1],...,[6+]). So we are done. W

It is well-known that in IPL, the intuitionistic connectives L, A, V and — are inde-
pendent of each other, as none of them is definable in terms of the other connectives (see
e.g. [80]). On the other hand, in CPL, the set {—, V} of classical connectives is function-
ally complete, meaning that each Boolean function f : 27 — 2 is uniformly definable by
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certain combination of the connectives in the set {—,V}. For example, for each formulas
0, and 6, their conjunction is uniformly defined as

(91 /\92) = —\(ﬁel \/—|92).
Other known functionally complete sets of connectives of CPL are

(= A} (5=) {0 ete

In this chapter, we study the uniform definability issue of PD and PID. To this end,
we first define the notion of uniform definability formally for the logics L mentioned in
this section. Basically, a connective is uniformly definable in L if and only if there is a
context for L which defines the connective. A context for a logic L is a formula of L with
distinguished atoms 7; (7 € w). Intuitively, these atoms r; are understood as “holes” that
are to be substituted uniformly by concrete instances of formulas.

Definition 5.1.2 (context). A context for L is a formula of L with distinguished atoms r;
(j € w). For the logic CPL, IPL, PD or PID, r; can be understood as a distinguished
propositional variable, and a context for these logics is a formula built from propositional
variables 7; (j € w) and other atoms using the connectives in L. We write ¢[r1,...,7,] to
mean that the distinguished atoms (distinguished propositional variables) occurring in the
context ¢ are among 7y, ..., 7.

For example, the formula

¢0 [7‘1,7“2] = ﬁ(ﬁ?“l V ﬁ7“2) 5.4

is a context for CPL, and the formula

o1[r1,m2] == ((=p1 @71) A (=(p2,p3) @ (11 A12))) (5.5)

is a context for PD.

As mentioned already, in a context ¢[ry,...,r,], each distinguished atom r; marks
the places that are to be substituted uniformly by a formula of L. For any formulas
01,...,0, of L, we write ¢[0y,...,0,] for the formula ¢(6,/r1,...,0,/r,). Two contexts
¢[r1,...,m] and [ry, ... rl] for L are said to be equivalent, in symbols ¢[r1,...,7,] ~
Y[r,..., 7% ], if and only if for any formulas 6y, ...,6., of L,

[[d)[elv“'vo’v”] = [w[elvaa"/]ﬂ

Definition 5.1.3 (Uniform definability). We say that a context ¢[ry,...,r,] for L uni-
formly defines a y-ary connective % if for all formulas 61,...,0, of L,

[6[61,-...0.)] = [%(61,....6.)]-

We say that a y-ary connective % is uniformly definable in a propositional logic L, if
there exists a context ¢[ry,...,r,] for L which uniformly defines .

24| is called the Sheffer stroke, which is the binary connective defined by the following truth table:

A|B| A B
oo 1
0| 1
1|0
1 1

=] =
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For example, in CPL, the context ¢g[ry,r2] from (5.4) uniformly defines classical
conjunction A, since for any two formulas 61,6, of CPL,

[¢0[61,62]] = [=(=61 Vv =62)] = [01 A 62].

With our new terminology, a set C of connectives of a logic L is said to be functionally
complete if and only if every vy-ary function % : V7 — V is uniformly definable by a
context @[ry,...,r,] for L with connectives only from the set C. In particular, as already
noted, the set {—,V} is functionally complete for CPL, since every v-ary function % :
VY — V (which corresponds to a Boolean function fx : 27 — 2, by Theorem is
uniformly definable by a context @[ry,...,r,] with only — and V as connectives. On the
other hand, none of the intuitionistic connectives 3 is uniformly definable in the fragment
of IPL without the presence of s%. The notion of uniform definability is also related to
algebraic (or compositional) translation (see e.g. [50]).

Most commonly used contexts do not contain extra atoms than the distinguished ones,
for example classical conjunction A of CPL is defined by the context ¢g[r,7;] from
of this kind. Contexts with extra atoms, e.g. ¢;[r1,7;] from or

¢2[r1] :=r1 V Rainy,

may intuitively make only little sense, but they are technically eligible,
Let x be a y-ary connective of L. We say that every instance of % is definable in L if
for every formulas 01,...,0, of L, there exists a formula ¢ of L such that

[[9:6(917"'79V)]] = [[¢]]7

In CPL, every instance of classical conjunction A is definable, as A is in fact uniformly
definable. As mentioned, intuitionistic disjunction V is not uniformly definable in the
V-free fragment of IPL (i.e. IPL[L,A,—]); moreover, not every instance of V is de-
finable in IPL[ L, A, —], since given finitely many propositional variables, the full logic
IPL has infinitely many non-equivalent formulas, whereas by Diego’s Theorem, there are
only finitely many non-equivalent \-free formulas (see e.g. Section 5.4 of [9]). For the
logic PD, by Theorem[4.4.1] every instance of intuitionistic disjunction \ or intuitionistic
implication — is definable in PD, however, we will show in this chapter that neither of
V and — is uniformly definable in PD. Moreover, we adapt the result due to [11] with
our terminology that in the fragment of PID without conjunction A, every instance of A
is definable, but A is not uniformly definable.

5.2 Contexts for PD

In this section, we investigate the properties of contexts for propositional dependence
logic.

In Definition [5.1.2] we defined contexts for the mentioned propositional logics L in
general. In the case of PD, a context for PD is a formula ¢ with distinguished proposi-
tional variables r; (j € w) built from the following grammar:
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where p;,pj,,...,pj, are (non-distinguished) propositional variables. Note that for tech-
nical reasons that will become clear in Definition we do not omit parentheses in
a context. As emphasized in the previous section, we do not view negation as a con-
nective, and dependence atoms cannot be decomposed, therefore by Definition [5.1.2] a
context cannot have a subformula of the form —r; or =(p;,,..., D), 176, Pjpsy - Pjy,)-
To make this idea clear, below we present the formal definition of subformulas of contexts
for PD.

Definition 5.2.1 (Subformula). Let ¢ be a context for PD. We define the set Sub(¢) of
subformulas of ¢ inductively as follows:

e Sub(r;) ={r;};

* Sub(p;) = {p:}:

® Sub(—p;) ={-pi}:

® Sub(=(pjy,---pji.)) = {=Ps» - pii) 15

® Sub((¢ A X)) = Sub() USub(x) U{(¢ Ax)}:

® Sub((¢®x)) = Sub(¢)) USub(x) U{ (¢ ©x)}.

A context ¢[ry,...,r,] is said to be contradictory if ¢[ry,...,r,] = L;itis said to be
tautological if ¢[ry,...,r,] = T. A contradictory context ¢[ry,...,r,] defines uniformly

a y-ary connective that we call the contradictory connective. The following lemma shows
that we may assume that a context is either contradictory or it does not contain a single
contradictory subformula.

Lemma 5.2.2. Let ¢[ry,...,r,] be a context for PD. If [r1,...,74] is not contradictory,
then there exists a context ¢'[ry,...,r] with no single contradictory subfromula such that

Ariy...,my] = Plri,... ).

Proof. Assuming that ¢[ry,...,r,] is not contradictory, we find the required formula ¢/
by induction on ¢.

If ¢[ry,...,r,] is an atom, then it clearly does not contain a single contradictory sub-
formula.

If ¢[r1,...,ry] = (¥ Ax)[r1,...,74], which is not contradictory, then it is easy to see
that none of +[ry,...,r,] and x[ri,...,r,] is contradictory. By induction hypothesis,
there are ¢'[ry,...,7,] and x'[r,...,7,] such that

1//[7“1,...7m] ~[re, ..., ryl, X/[rl,...,m] ~ X[,

and none of 7" and X’ contains a single contradictory formula. Let ¢/[r,...,7] := (¢’ A
X)[r1,...,r4]. Clearly,

(w/\X)[rlv"'vr’Y] ~ (¢/AX/)[T],...,T7].

As we have assumed that (¢ A x) % L, by induction hypothesis, the set

Sub((¢ Ax')) = Sub(¥') USub(x') U{(s' AX')},
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does not contain a single contradictory element.
If ¢[r1,....74] = (Y ®x)[r1,...,7], which is not contradictory, then 7 and x cannot
be both contradictory. There are the following two cases:

Case 1: Only one of ¢ and x is contradictory. Without loss of generality, we may assume

that ¢[ry,...,7y] = L and x[r1,...,7] = X[r1,...,74], where x/[r1,...,7] is a
context for PD which does not contain a single contradictory subformula. Clearly,
for any formulas 61,...,0, any team X,

X @ax)[0,....0, <= X = (Loy)b,....0,]
= X =y[01,....0.),

thus (v @x)[r1,...,7y] = X'[r1,...,7,]. Sowecantake ¢'[r1,...,7y] ;== X[r1,...,74].
Case 2: [ry,...,r | =¢'[r1,...,ry] and x[r1,...,7] = X'[r1,...,7,], where neither of
Y'[r1,...,r4) and x'[r1,...,74] contains a single contradictory subformula. Let

dri,...,r) =W @x)[r1,...,ry). Clearly,
WX,y = (W @X)[r1,. .. oms).

As we have assumed that (¢’ ® x') % L, by induction hypothesis, the set
Sub((¢'®x")) = Sub(¥") USub(x') U{(s/ ®X)},

does not contain a single contradictory element.

Contexts for PD are monotone in the sense of the following lemma.

Lemma 5.2.3. Let @[r1,...,r] be a context for PD and 0y,...,0,,01,...,0., formulas of
PD. If0) =0),....0, =0, then 3[6h,...,0,] = o[0},....00].

Proof. Suppose 0 |= 01, ...,0, = 0. and X |= ¢[61,...,0,] for some suitable team X.
We prove by induction on ¢[ry,...,r,] that X |= ¢[0],...,0"].

The only interesting case is the case ¢[ry,... ,rn,] =r; (1 <7< 79). In this case, if
X [ rifbh,...,0,], then X |= 0; |= 0, thus X |=r;[01,...,0.]. ]

Corollary 5.2.4. Let @[ry,...,r] be a context for PD. If ¢[ry,...,r4] % L, then there
exists a non-empty team X such that X = ¢[T,...,T].

Proof. Since ¢[ry,...,m4] # L, there exist formulas 6y, ...,60, and a non-empty team X
such that X |= ¢[01,...,0,]. As 6, =T forall 1 <i <+, by Lemma|5.2.3] we obtain that
X Eo[T,....T) [ ]

In the main proofs of this chapter, we will make use of syntax trees of contexts for
PD. Now, we recall the notion of labeled full binary tree.

Definition 5.2.5 (Full Binary Tree). A full binary tree is a triple (T, <,r) which satisfies
the following conditions:
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(i) T is a non-empty set with » € T'. Elements of T are called nodes or points. The node
r is called the root of ¥.

(ii) < is a binary relation on 7" which satisfies the following conditions:
(a) < is transitive, that is, for all t|,,,t3 € T,

[tl <ty and t -<t3} =t < 13.

(b) < isirreflexive, thatis, forallt € T, t £ t.
(c) Forallt e T\ {r}, r <t.

(d) Each node ¢t € T'\ {r} has a unique immediate predecessor ¢ty € T. A node tg
is called an immediate predecessor of a node t if typ < t and there is no node
t' with tg < ¢’ < t. In this case, the node ¢y is called the parent of t, and ¢ is
called a child of t.

(e) Each parent has exactly two children. The nodes of 7" which have no children
are called leaves.

A node ty € T is said to be an ancestor of a node t; € T if to < t;.The depth d(t) of
anode ¢ in a full binary tree (T, <,7) is defined inductively as follows:

e if ¢; is a child of to, then d(¢;) = d(tp) + 1.
The depth d(T') of a tree (T, <,r) is defined as d(T") = sup{d(¢) |t € T'}.

Definition 5.2.6 (Labeled Full Binary Tree). A labeled full binary tree with root r is a
quadruple ¥ = (T, =<,r,f) such that (7, <,r) is a full binary tree with root r and f is a
labeling function from 7" into a non-empty set F'.

In order to give a technical definition of syntax trees of contexts for PD, we will fix
a specific occurrence of a subformula in a context. To this end, we count the number of
parentheses in a context. For example, the context

((“P1®7”1) A (=(p2.p3)® (7“1/\7“2)))
12 3 4 5 678

(5.6)

has 8 parentheses (excluding the parentheses of the dependence atom). In the formula
depicted above, we labeled each parenthesis by a natural number positioned right below
the parenthesis. The parenthesis labeled with the natural number k is the k-th parenthesis
of the formula (counting from the left). Let

(9x¢)

k m
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be a subformula of a context 6, where x € {A, ®} and the above two outermost parenthe-
ses are the k-th and the m-th parentheses in 6, respectively. The formula ¢ is said to be
bounded by the k-th parenthesis, and every parenthesis in ¢ is said to be inside the scope
of the k-th parenthesis. Similarly, the formula ¢ is said to be bounded by the m-th paren-
thesis, and every parenthesis in 1) is said to be inside the scope of the m-th parenthesis.
Our treatment of specific occurrences of subformulas is analogous to that in Section 5.2
of [[78]], one may compare (5.6) with Table 5.1 in [78].

(ﬁp1®7"1 =(p2,p3) ® (11 A12) )

o) / \ =(p2,p3) © (11 AT2))
P1 / \ ! =(p2,p3) / \ (riAm)
2 3 7

BVAN

Figure 5.1: The syntax tree of ((—p1 ®71) A (=(p2,p3) @ (r1 A12)))

Below we present the definition of syntax trees of contexts for PD. An example of a
syntax tree is depicted in Figure

Definition 5.2.7 (syntax tree). The syntax tree of a context ¢ for PD is a labeled full
binary tree T, = (T, <, r,f) satisfying

e T :=m+ 1, where m is the number of all parentheses in ¢;
o 1r:=0;

o <= {(0,k)|0<k<m}U{(k, k)]
the k;-th parenthesis is inside the scope of the ki-th parenthesis};

e fisafunction f: 7T — Sub(¢) satisfying

- f(0) =¢;
— f(k) := 4, where 1 is the subformula of ¢ bounded by the k-th parenthesis.

If f(k) =+, we sometimes say that the node k is labeled with 1) or the formula v
is attached to the node k.

Fact 5.2.8. The leaf nodes of a syntax tree are always labeled with atoms.
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For a context @[ry,...,r,] for PD, if X |= ¢[0;,...,6,], then each occurrence of a
subformula of ¢[6;, .. .,0,] is satisfied by a subteam of X . This can be described explicitly
by a function ¢ which maps each node in the syntax tree T4 of [0, ...,6,] to a subteam
of X satisfying the formula attached to the node. We now give the definition of such
functions.

Definition 5.2.9 (Truth Function). Let ¢[r,...,r,] be a context for PD and 0,...,0,
formulas of PD. Let N (with |[N| = n) be the set of all indices of all propositional
variables occurring in the formula ¢[¢;,...,6,], and 2" the maximal n-team on N. Let
Ty = (T,=<,r,f) be the syntax tree of ¢. A function o : T4 — ©(2") is called a truth
function for ¢[0y,...,0.] iff

(@) forall k € Ty, o(k) =f(k)[b1,...,0,];
(i) if f(k) = (¢ Ax) and ko, k; are the two children of k, then

o(k) = o(ko) =a(k1);

(iii) if f(k) = (v ® x) and ko, k; are the two children of k, then

o(k)=o(ko)Ua(ky).

A truth function o is called a truth function for (01, ...,0,] over an n-team X iff o(0) =
X.

Fact 5.2.10. Let o be a truth function for $[01,...,0.]. If k, k" are two nodes with k < K/,
then o(k') C o (k). In particular, if o is a truth function for ¢[61,...,0,] over an n-team
X, then forallk € Ty, (k) C X.

Proof. Easy, by induction on d(k") — d(k). |

First-order dependence logic has a game-theoretic semantics with perfect information
games played with respect to teams (see Section 5.2 in [[78]). With obvious adaptions,
one can define a game-theoretic semantics for propositional dependence logicE] In fact,
a truth function defined in Definition corresponds to a winning strategy for Verifier
in the game. An appropriate semantic game for PD has the property that X |= ¢ if and
only if Verifier has a winning strategy in the corresponding game. In the next theorem,
we show essentially the same property for truth functions. C.f. Lemma 5.12, Proposition
5.11 and Theorem 5.8 in [78]].

Theorem 5.2.11. Let ¢[ry,...,7,] be a context for PD and 0,...,0, formulas. Let N
(with |N| = n) be the set of all indices of all propositional variables occurring in the
formula ¢[01,...,0,], and X an n-team on N. Then X |= ¢[01,...,0,] iff there exists a
truth function o for ¢[6y,...,0,] over X.

3In Definition 5.10 in [[78]], leave out game rules for quantifiers and make obvious modifications to game
rules for atoms. We leave the details to the reader, as we will not go into this direction in this thesis.
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Proof. The direction “<=" follows easily from the definition. For the other direction
“=", suppose X = ¢[f1,...,0,]. Let Ty = (T,<,r,f) be the syntax tree of ¢. We
define the value of o on each node k£ of T4 and check conditions (i)-(iii) of Definition
[5.2.9|by induction on the depth of the nodes.

If & = 0 the root, then define o(0) = X. Since X = ¢[01,...,0,], condition (i) is
satisfied for the node 0.

Suppose k is not a leaf node, o (k) has been defined already and conditions (i)-(iii) are
satisfied for k. Let kg, k1 be the two children of &k with f(ko) = ¢ and f(k;) = x for some
subformulas 1, x of ¢. We distinguish two cases.

Case 1 f(k) = (¢ A x). Define
o(ko) =o(k1) =o(k).
Then condition (ii) for kg, k; is satisfied. By induction hypothesis,

a(k) = (@ AX)[01,...,0,],

thus
o(ko) E=¥[61,...,04] and o (k1) = x[601,...,0,],
namely condition (i) is satisfied for ko, k.

Case 2 f(k) = (¢ ® x). By induction hypothesis,

o(k) E (W@X)[01,-.,04],
thus there exist n-teams Y, Z C o (k) such that o(k) =Y U Z,

Y E9[0y,....0,)and Z = y[0y,....0,].

Define o(ko) =Y and o(k;) = Z. Then, conditions (i) and (ii) for ko, k; are satis-
fied.

Hence o is a truth function for ¢[6y,...,6,] over X. [ ]

The next lemma shows that a truth function is determined by its values on the leaves
of the corresponding syntax tree.

Lemma 5.2.12. Let ¢[ry,...,7~] be a context for PD and 01, ... ,0, formulas of PD. Let
N (with |N| = n) be the set of all indices of all propositional variables occurring in the
formula $[b,,....,0,]. Let Ty = (T, <,r,f) be the syntax tree of . If 0 : Ty = p(2") is a
function satisfying conditions (ii),(iii) in Definition[5.2.9 and condition (i) with respect to
01,...,0, for all leaf nodes, then o is a truth function for ¢[61,...,6,].

Proof. It suffices to prove that o satisfies condition (i) with respect to 61,...,6, for all
nodes of T4. We show this by induction on the depth of k.

Leaf nodes satisfy condition (i) by the assumption. Now, assume % is not a leaf. Then
k has two children ko, ky with f(ko) = ¢ and (k) = x for some subformulas 1,y of ¢.
Since d(kp),d(k;) > d(k), by induction hypothesis, we have that

O’(k()) ): ¢[91,...797] and U(k’]) ': X[Ql,...,ev]. (5.7)

Now, we distinguish two cases.
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Case 1: f(k) = () A x). Then, by condition (ii), o (k) = (ko) = o(k1). It follows from
that o (k) = (Y Ax)[01,--.,04].

Case 2: f(k)= (¢ ®x). Then, by condition (iii), o (k) = o (ko) Uc (k). It follows from
that o(k) = (Y@ x)[01,...,6,].

|

5.3 Non-uniformly definable connectives in PD and PID

In this section, we prove that neither intuitionistic implication nor intuitionistic disjunc-
tion is uniformly definable in PD. At the end of the session, we include the result due to
[L1]] that in the conjunction-free fragment of PID, every instance of A is definable, but A
is not uniformly definable.

By Lemma [5.2.3] contexts for PD are monotone, thus PD cannot define uniformly
non-monotone connectives. Below we show that intuitionistic implication is not mono-
tone in the sense of Lemma therefore not uniformly definable in PDE]

Theorem 5.3.1. Intuitionistic implication is not uniformly definable in PD.

Proof. Suppose there was a context ¢[ry,r;] for PD which defines intuitionistic implica-
tion. Then for any formulas 1, x,

[o[v, x1] = [ — x]- (5.8)

For any non-empty team X, we have that

XEL—oland X T — L.

Thus by (5.8),
X = [L, 1] and X i 6[T, 1],
But this contradicts Lemma as L =T. |

We now proceed to give another sufficient condition for connectives being not uni-
formly definable in PD. It will follow from this that intuitionistic disjunction is not uni-
formly definable in PD. To this end, we first make the following observations.

Fact 5.3.2. Let §[r1,...,14] be a context for PD and 0, ... ,0., formulas. Let o be a truth
function for ¢[01,...,0,] over a team X. In the syntax tree Ty of ¢, if a node k has no
ancestor node with a label of the form ¢ ® x, then o(k) = X.

Proof. Easy, by induction on the depth of k. |

Lemma 5.3.3. Let x be a y-ary connective such that for every 1 < i <=y, there are some
Sformulas 0,...,0, satisfying

If ¢[r1,...,14] is a context for PD which uniformly defines %, then in the syntax tree
Ty = (T,=,r.f), every leaf node labeled with r; (1 < i < ~y) has an ancestor node with a
label of the form ¢ ® x.

4The author would like to thank Samson Abramsky for pointing out this fact.



138

Proof. Suppose there exists a leaf node k labeled with r; which has no ancestor node with
a label of the form 1) ® x. By assumption, for 7, there exist formulas 61, ..., 0, satisfying
. Let N (with | N| = n) be the set of all indices of all propositional variables occurring
in the formula ¢[6,...,0,]. Take an n-team X such that

X € [%(61,...,0,)] and X ¢ [6;].
Since ¢[ry,...,r] uniformly defines %,

X € [%(61,...,0.)] = [l61,....0,]],

thus X |= ¢[01,...,6,]. By Theorem|5.2.11} there is a truth function o for ¢[6i,...,0,]
over X . By the property of k and Fact|5.3.2] o(k) = X. Thus

X ): 7“1'[91,...,97], ie, X € [[91‘]],
which is a contradiction. |

The following elementary set theoretical lemma will be used in the proof of Lemma

533

Lemma 5.3.4. Let X,Y,Z be sets such that | X| > 1,Y,Z#0and X =Y UZ. Then
there existY',Z' C X suchthatY' CY,Z' CZand X =Y'UZ'.

Proof. Y, Z C X, then taking Y’ =Y and Z’' = Z, the lemma holds. Now, assume one
of Y, Z equals X.

Casel: Y =7 = X. Pick an arbitrary a € X. Let Y/ = X\ {a} C X and Z' = {a}.
Since | X| > 1, we have that Z’' C X. Clearly, X = (X \ {a})U{a}.

Case 2: Only one of Y and Z equals X. Without loss of generality, we assume that
Y=Xand ZC X. LetY =X \Zand Z' = Z. Clearly, X = (X \ Z)UZ and
Y72 CX,as0#7Z C X.

|
The next lemma is crucial to the proof of Theorem [5.3.6]

Lemma 5.3.5. Let ¢[ri,...,r,] be a non-contradictory context for PD such that in the
syntax tree Ty = (T,=<,7,f) of ¢, every leaf node labeled with r; (1 <i < ) has an
ancestor node labeled with a formula of the form ¢ ® x. Let N (with |N| = n) be the set
of all indices of all propositional variables occurring in the formula ¢[T,...,T], and 2"
the maximal n-team on N. If 2" |= ¢[T,...,T|, then there exists a truth function o for
@[T,..., T] over 2™ such that o(z) C 2" for all leaf nodes x labeled with r; (1 <i <)

Proof. By Lemrna we may assume that ¢[ry,...,r,] does not contain a single con-
tradictory subformula. Suppose 2" = @[T, ..., T]. The required truth function o over 2"
is defined inductively on the depth of the nodes in the syntax tree ¥ in the same way as
that in the proof of Theorem except for the following case.

For each leaf node labeled with r;, consider its ancestor node k with f(k) = (¢ ®
x) of minimal depth, where ¢,y € Sub(¢) (the existence of such k is guaranteed by
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assumption). Let kg, k; be the two children of k. Assuming that o (k) has been defined
already, we now define o (kg) and o (k).
By induction hypothesis,

o(k) E@@x)[T,.... T].

The minimality of k implies that & has no ancestor node labeled with 6y ® 6}, thus o (k) =
2" by Fact Then there exist teams Yy, Zp C o (k) = 2" such that 2" = Y, U Z,

Yo E[T,...,T]and Zy = x[T,..., T].
Claim: There are non-empty teams Y, Z such that 2" =Y U Z and
Y EY[T,...,T]and Z = x[T,...,T]. (5.10)

Proof of Claim: 1f Yy, Zy # 0, then taking Y = Yy and Z = Z, the claim holds. Now,
suppose one of Yy, Zy is empty. Without loss of generality, we may assume that Yy = 0.
Then let Z := Zy = 2". Since ¢[r1,...,74] % L, by Corollary and locality of PD,
there exists a non-empty n-team Y C 2" such that Y = 4[T,..., T]. Thus Y and Z are
as required. —

Now, since [2"| > 1, by Lemma[5.3.4] there are teams Yy, Zy C 2" such that Yo C Y,
Zo C Z and YpU Zy = 2". Define o(ko) = Yp and o(k;) = Zy. Clearly, condition (iii)
of Definition for ko, k; is satisfied. Moreover, by downwards closure, it follows
from that condition (i) for ko, k; is also satisfied. Hence, such defined o is a truth
function for ¢[T,..., T] over 2™.

It remains to check that o () C 2" for all leaf nodes « labeled with r; (1 <14 < ). By
assumption, there exists an ancestor k of x labeled with (1) ® x) of minimal depth. One
of k’s two children, say k;, must be an ancestor of = or k; = x. Thus, by Fact and
the construction of o, we obtain that o(x) C o(k;) C 2™ [ |

Recall that in the proof of Theorem [4.4.1] for each n-element set N C N, for each
non-empty n-team X on N, we have constructed an n-formula ®% of PD such that

YE® «— XY

for any n-team Y on N.
Now, we give the intended sufficient condition for a non-contradictory connective
being not uniformly definable in PD. In the proof, we will make use of the formula @%.

Theorem 5.3.6. Every non-contradictory y-ary connective % satisfying the following
conditions is not uniformly definable in PD:

(i) Forevery 1 <1i <, there exist some formulas 01,...,0~ of PD satisfying
[#(1,...,0,)] € [6:]. (5.11)

(ii) There are formulas d1,...,0 of PD such that |= %(61,...,0-).
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(iii) For any n-element set N C N, there exist 1 < j1 < --- < Jp, <y such that
2" (o, ..y 0n), (5.12)

where 2™ is the maximal n-team on N, and for each 1 <1i <+,

K2

{(9;,. fi=ja,1<a<m (5.13)

T otherwise.

Proof. Suppose % was uniformly definable in PD. Then there would exist a context
¢[r1,...,ry] for PD such that for all PD formulas 61,...,60.,,

[o[01,...,05]] = [x(01,...,0,)]. (5.14)
Since % satisfies condition (i), by Lemma [5.3.3] in the syntax tree T, = (T, <,r,f) of
olri,. .. 77"7], each node labeled with ; (1 <4 <) has an ancestor node labeled with a
formula of the form ¢ ® x.
By condition (ii), |= %(d1,...,d,) for some formulas ¢, ...,d~, thus by (5.14),
= @01,...,04].

As d; =T forall 1 <i <+, by Lemma we have that

Eo[T,...,T]

Let N (with |[N| = n) be the set of all indices of all propositional variables occurring in
@[T,..., T]. Let 2™ be the maximal n-team on N. We have that

M G[T,...,T].

Since ¢[ry,...,r,] % L, by Lemma there exists a truth function o for ¢[T,..., T]
over 2" such that o (z) C 2" for all leaf nodes x labeled with 7; (1 <4 <+) in T.

By condition (iii), for the set N, there exist 1 < j; < --- < j,,, < such that (5.12)
holds. On the other hand, for each j, (1 < a <m), as 2" g o () holds for every leaf node
x labeled with r;,, we have that o(z) |= O, i.c.,

o(z) =f(x)[ar,...,a4],

where for each 1 < i <, Equation (5.13) is the case.
Thus, by Lemma|5.2.12} o is also a truth function for ¢[a, ..., a,] over 2", where for
each 1 <i <, Equation (5.13) is the case, thereby

2" = ola,. .., 0n].

Thus by (5.14), we obtain 2" |= % («, ..., ). But this contradicts (5.12). [ ]

Theorem 5.3.7. Intuitionistic disjunction is not uniformly definable in PD.
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Proof. Tt suffices to check that intuitionistic disjunction satisfies conditions (i)-(iii) in
Theorem [5.3.6] Condition (i) is satisfied, since, e.g., [LV T] ¢ [L] and [TV L] & [L].
Condition (ii) is satisfied since, e.g., = T V T. Lastly, for any n-element set N C N,
clearly 2" [~ ®3, V ©3a, thus condition (iii) is satisfied. |

We have already proved that intuitionistic implication is not uniformly definable in PD
in Theorem[5.3.1| by observing that intuitionistic implication is not monotone. In fact, the
non-uniform definability of intuitionistic implication in PD also follows from Theorem
as intuitionistic implication also satisfies conditions (i)-(iii). Indeed, we have that
@) [L— L] Z[L], ) =T — T and (iii) 2" & T — O}, for any n-element set N C N.

We end this section by including a result on the issue of definability and uniform
definability of connectives in the logic PID. The proof of the next theorem is due to [L1].

Theorem 5.3.8 ([L1]). In the fragment of PID without conjunction A (i..e. the logic
PID[=(-), L,V,—]), every instance of A is definable but A is not uniformly definable.

Proof. Proposition 3.5.5 in [11]] shows that A is not uniformly definable in the fragment
of inquisitive logic IngL without A (i.e. InqL[L,V,—]). By Lemma[4.2.5] dependence
atoms are finable in terms of V, thus PID[=(-), L,V,—| =PID[L,V,—] =InqL[L,V,—
].

Moreover, Proposition 2.5.2 in [[11] shows that every non-empty downwards closed
class KC of n-teams is characterizable by a formula of InqL[L,V,—]. This implies that
PID[=(-), L,V,—] is also a maximal downwards closed logic, therefore every instance of
A is definable in the logic PID[=(-), L,V,—]. The basic idea of this proof is the follow-
ing. By Theorem K =[Vxex ¥x]. Each Px is a (double) negated formula, thus
flat (c.f. Corollary @]) Then, to evaluate the formula W x, it suffices to consider its
satisfiability on singleton teams only. But on singleton teams, the formula ¥ x behaves
like a formula in CPL (c.f. Lemma [2.1.4/and Lemma[4.1.10). In CPL, the set {—,V} of
connectives is functionally complete, therefore ¥ x viewed as a CPL formula is equiv-
alent to a formula 'y of CPL with only — and V as connectives. Putting the argument
together, we obtain that K = [V ycx Pk |- [ |

5.4 Concluding remarks

Team semantics was originally designed by Hodges ([50],[52])) for independence friendly
logic in order to meet one of the fundamental needs of logic and language, namely “com-
positionality” (see e.g. [55],[S3]] for an overview). The idea of team semantics is a natural
and powerful generalization of the usual semantics of classical logic. This new method-
ology provides a wide and solid framework for logics of dependence and independence.

On the other hand, the results of this chapter, as well as those in [[1L1]], [32] show that
for logics L based on team semantics, even if every instance of a compositional connective
% (i.e. Equation (5.1]holds for %) is definable in L, a uniform (or compositional) defini-
tion for s does not necessarily exist in L. This phenomenon seems to indicate that the
compositionality or uniformity in another level is lost in team semantics. In the author’s
opinion, this problem reflects some deep content of team semantics that surely deserves
further investigation.



Chapter 6

Modal Intuitionistic Dependence Logic

In the preceding chapters, we studied first-order and propositional intuitionistic depen-
dence logic. We devote the following two chapters to modal intuitionistic dependence
logic.

Viindnen introduced in [79]] modal dependence logic (MD), which incorporates the
notion of “dependence” into modal logic. Loosely speaking, modal dependence logic can
be understood as propositional dependence logic with modalities. A typical formula of
MD can be of the following form:

OO =(p,q)-
A corresponding practical statement can be as follows:

However the environment will be degraded in the next 100 years, it is
possible that in 200 years from now, whether the earth will be destroyed
depends only on whether there is another planet that crashes into the earth.

The meaning of this formula is given on the usual Kripke models (of modal logic). As
in the case of propositional logic, the dependence atom =(p, ¢) only makes sense when it
is evaluated on a set of possible worlds instead of a single world. These sets are called
teams and the corresponding semantics is referred to as team semantics. Known results
of model-theoretic properties of MD can be found in [76], and its computational issues
are investigated in [76], [67], [17], [66], etc.

As discussed in Section 4.2, propositional dependence logic does not have a satisfac-
tory treatment for conditional statements (especially conditionals of dependence facts).
For the same reason, conditional modal statements such as the following one cannot have
a reasonable interpretation in modal dependence logic:

However the environment will be degraded in the next 100 years, it is
possible that in 200 years from now, if whether the earth will be destroyed
depends only on whether there is another planet that crashes into the earth,
then whether the human being will migrate to other planets depends only on
whether the crash will occur.

142
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We propose to interpret the above conditional statement as

00 (=(p,q) = =(p,7)),

where — is the intuitionistic implication studied in the preceding chapters.

In view of this, in this chapter, we introduce modal intuitionistic dependence logic
(MID), which is the modal variant of propositional intuitionistic dependence logic studied
in Section 4.2. We include in this chapter preliminary results on modal intuitionistic
dependence logic. We give basic definitions in Section 6.1. In Section 6.2, we show that
MID is a weak intermediate modal logic K with an axiom characterizing determinacy.
We also give a translation from MD into MID. In Section 6.3, we reveal a connection
between modal intuitionistic dependence logic and intuitionistic modal logic IK, defined
independently in by Edwald [22]], Fischer Servi [26] and Plotkin and Stirling [[73]], and
show that model intuitionistic dependence logic is complete with respect to a certain set
of finite bi-relation Kripke models. In Section 6.4, we give concluding remarks and open
problems.

We, by no means, claim that the work in this chapter is complete in any sense for the
investigation of modal intuitionistic dependence logic, however we present this chapter
with the hope that these results will throw some light on the future research in this area.

6.1 Modal dependence logic and modal intuitionistic de-
pendence logic

In this section, we give formal definition of modal dependence logic and modal intuition-
istic dependence logic, and list their basic properties.

Definition 6.1.1. Let p,p,...,p; be propositional variables.

o Well-formed formulas of modal dependence logic (MD) are given by the following
grammar:

pu=p|-p|=P1,.-.,px) | ¢AP | pR¢ | O | .

o Well-formed formulas of modal intuitionistic dependence logic (MID) are given by
the following grammar:

¢pu=p|LI=(p1,--,pk) [ 9N [0V | ¢ =[O | O

In this chapter, we will mainly focus on MID. As before, to simplify notations, we
apply Convention[I.1.2]to MID, in particular, ¢ — L is abbreviated as —¢ for any formula
¢. In the usual modal logic, the modalities O and < are dual to each other, namely, e.g.,
O¢ is equivalent to =C—¢. However, as we will see from the semantics given below, this
is not true for MID.

As for the usual modal logic, the semantics of MD and MID is defined with respect
to the usual Kripke models of modal logic (not Kripke models of intuitionistic logic!).

Definition 6.1.2. A (modal) Kripke frame is an ordered pair § = (W, R) consisting of
a nonempty set W, a binary relation R on W. The set W is called the domain of 3.
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Elements of W are called states, possible worlds, nodes or points, while subsets of of W
are called teams of §, i.e. a team is a set of possible worlds.

A (modal) Kripke model is a triple M = (W, R, V'), where (W, R) is a (modal) Kripke
frame and V' : Prop — (W) is a valuation function from the set Prop of all propositional
variables into the powerset of .

If wRw, then v is called a successor of w, and w is called a predecessor of v. For any
team X of a Kripke frame §, we define

R(X)={weW |JveX, st vRw}.

Clearly, R(0) = 0. In case X = {w}, we write R(w) instead of R({w}). If Y is a team
such that
Y CR(X)andVw € X, R(w)NY #0, 6.1)

then Y is called a successor team of X, and we write X RY . Clearly, R0 and the empty
team is the unique successor team of the empty team itself.
A valuation V' : Prop — (W) of a Kripke model induces a function my : W —
p(Prop) defined by
mv(w) = {p € Prop |w € V(p)}.

Conversely, a function 7y : W — p(Prop) determines a valuation V. : Prop — (W)
defined as
Ve(p) ={weW|[pemn(w)}

In this thesis, we will use the terminologies V' and 7 simultaneously.

The satisfaction relations of MD and MID are defined with respect to feams. A game
theoretic semantics of MD based on set game is given in [79], such semantics can be
generalized to MID, but in this thesis, we consider team semantics only. Below, we
present the formal definition of team semantics of these logics.

Definition 6.1.3 (Team Semantics). We inductively define the notion of a formula ¢ of
MD or MID being satisfied in a Kripke model 9t = (W, R, V') on ateam X C W, denoted
by MM, X = ¢, as follows:

o M X E=piff X CV(p);
o M X = —piff XNV (p)=0;
e MXELiff X =0;
e M X E =(p1,--,pp) iff for any w,v € X, if
myv(w) N {p1,....pe-1} = v (0) N {p1,....pe-1},
then v (w) N {p} = 7 (1) N {p}:
o M, X = PN iff M, X = ¢ and M, X = 1)
o M X E ¢4 iff there exist teams Y, Z C X such that X =Y U Z,
MY = ¢ and M, Z | 4,
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M, X = ¢V apiff M, X = ¢ or M, X = o)

M, X ¢ —iffforany team Y C X,

MY |= ¢ = MY =4,

M, X = O iff M, R(X) F ¢;

M, X = O iff there exists a team Y such that X RY and M, Y = qﬁﬂ

Let L be any of the logics MD and MID. For any formula ¢ of L, if 9T, X = ¢ holds
for all teams X of 97, then we say that ¢ is true in the Kripke model 91, denoted by
M = ¢. If M = ¢ holds for all Kripke models 01, then we say that ¢ is valid in the
logic L, denoted by = ¢ or simply = ¢. The notions of logical consequence and logical
equivalence are defined analogously to the first-order or propositional case. The logic
MID is the set of all valid formulas of MID, namely

MID = {¢ : =M ¢};

similarly for the logic MD.

Analogous to the first-order or propositional case, both of the logics MD and MID
have the downwards closure property, the empty team property and the locality property.
Moreover, Deduction Theorem holds in MID.

Theorem 6.1.4 (Downwards Closure). For any formula ¢ of MD or MID, any Kripke
model M, any teams X,Y of M,

MXEdandY CX] = MY E ¢.
Proof. Easy. |

Lemma 6.1.5 (Empty Team Property). MD and MID have the empty team property, that
is, every formula ¢ of any of the logics is satisfied on the empty team of any Kripke model
M, i.e. M0 = ¢.

Proof. Easy. |

Lemma 6.1.6 (Locality). Let ¢(p;,,...,pi,) be a formula of MD or MID. For any
Kripke model M = (W, R,V'), any team X of M, let M" = (W, R, V™), where V" =
V I {pi,,--- i, }- We have that

MX = = M, X = o

Proof. Easy. ]

By the downwards closure property (see Theorem , it is equivalent to define this case as
M, X = Opiff M,Y |= ¢ for some teams Y, Z such that XRZ and Z C Y.

However, we choose to use the strong version of the definition for reasons that will become clear in Definition
[6:3:3] of powerset Kripke models in Section 6.3.
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Lemma 6.1.7 (Deduction Theorem). For any formulas ¢ and v of MID,

dEY —= o
Proof. By the downwards closure property. ]

As in the first-order or propositional case, formulas ¢ satisfying
MXEP = VseX, M{s}Eo

for all Kripke models 91, all teams X of 91 are called flat formulas. A formula built
from propositional variables and negated propositional variables by conjunction A, tensor
disjunction ® and the two modalities O, < is called a classical formula. It is easy to show
that formulas of MID or MD which do not contain dependence atoms or intuitionistic
disjunction are flat. In particular, classical formulas are flat. Moreover, Sevenster showed
[76] that on singleton teams, MD is equivalent to the usual modal logic.

The underlying propositional logics of MD and MID are PD and PID, therefore many
of the relevant properties in Chapter 4 are true also for MD and MID. In particular, in
MID, dependence atoms are eliminatable as

=(p1,--,p) = (01 V=p1) A A(pr—1V =pr—1)) = (pr V k),

negated formulas are flat, all axiom schemas of the intermediate logic ND or KP, as
well as the atomic double negation law ——p — p are valid, and MID is not closed under
uniform substitution. Moreover, Lemma2.1.3| holds for MID: a formula ¢ of MID is flat
if and only if =pp ——¢ > ¢

In MD and MID, we adopt the usual notions of disjoint unions of models, generated
submodels, p-morphisms for the usual modal logic (see e.g. [4]], [9]).

Definition 6.1.8. Let M = (W, R, V) and M’ = (W', R', V") be Kripke models.
e The disjoint union MYM' = (Wy, Ry, V) of M and M’ is defined as
Wo=WuW' Ry=RWR and Vy(p) =V (p)uV'(p)
for all p € Prop, where W takes the disjoint union of two sets.

o M is called a submodel of M if
W’ - VV, R/ =RN (W’ X W/) and Ty =Ty T W’.
A submodel 9V of M is called a generated submodel of M if R(W') =W'.

e A function f from W to W' is called a p-morphism or bounded-morphism of
into 9" if it satisfies the following conditions:
i) 7y (w) =my (f(w)) forall w € W;
(ii) for any w,v € W, wRv implies f(w)R'f(v);
(iii) f(w)Rv' implies v € W(wRv A f(v) =').
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We leave it to the reader to check that truth of formulas of MD and MID are preserved
under taking disjoint unions, generated submodels and p-morphic images.

Theorem 6.1.9. Let M = (W,R, V), M = (W',R, V') and M; = (W;,R;,V;) (i € I)
be Kripke models.

(i) Foreveryi € I and every X CW;,
M, X ¢ < M, X 0.
iel
(ii) If M is a generated submodel of M, then for all X C W,
MX Ed = M X o
(iii) If f : O — M is a p-morphism, then for all X C W,

MX o = M, f(X) o

We end this section by verifying the disjunction property of MID.

Theorem 6.1.10 (Disjunction Property). MID has the disjunction property, that is, for
any formulas ¢ and 1p of MID, if = ¢\ 1), then |= ¢ or = 1.

Proof. Suppose My, Xo = ¢ and My, X B~ . Let M= Mo WMy, X = XoUX;. Then
we have that
M, Xo = ¢ and M, X = P,

thus as Xy, X| C X, by the downwards closure property,
M, X = ¢ and M, X .

Hence M, X (= o V. |

6.2 Modal intuitionistic dependence logic and weak in-
termediate modal logic

In this chapter, we investigate the connection between modal intuitionistic dependence
logic and intuitionistic modal logic.

Intuitionistic modal logic has been studied extensively by philosophers, mathemati-
cians and computer scientists since around 1950’s. The basic idea is to combine intuition-
istic logic and (classical) modal logic in order to obtain a logic which has both construc-
tive and intensional content. As it turned out, this theoretically natural extension finds
increasingly wide applications in the field of practical computer science. For a survey on
intuitionistic modal logic, see e.g. [77], [86].

Modal intuitionistic dependence logic has a close connection with the intuitionistic
modal logic IK defined independently by Edwald [22]], Fischer Servi [26] and Plotkin
and Stirling [[73]]. We prove in this section that MID is between IK with d(eterministic)
axiom O(¢ V1) — (¢ V Ov) and the classical modal logic K with d axiom. We also
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prove that MD is a sublogic of MID in the sense that all formulas of MD are expressible
in MID.

We first recall relevant definitions concerning intuitionistic modal logic IK. The (clas-
sical) modal logic K is defined as follows.

Definition 6.2.1. The modal logic K is the smallest set of formulas that contains the
following axioms and is closed under the following rules:

1. All axioms of CPL 4. (Cop—OY) = 0O(p =)
2. O(p—=v)— (Op — Oy) 5.  Modus Ponens (MP)
3. O¢p -0 6. Uniform Substituion (Sub)

All connectives and modalities in the above axioms have classical interpretations,
whereas in intuitionistic modal logic, these logical constants have constructive meanings.
In other words, the underlying propositional logic of classical modal logic is classical
propositional logic, whereas intuitionistic modal logic is based on intuitionistic proposi-
tional logic. Among the independent intuitionistic modal logics considered in the litera-
ture, the most relevant one to our purpose is the following logic IK (also known as FS),
introduced independently by Edwald [22], Fischer Servi [26][27] and Plotkin and Stirling
in [[73]]. The axioms we listed below are given by Plotkin and Stirling in [73]]. IK is a
proper sublogic of K i.e., IK C K.

Definition 6.2.2 ([[73]]). The intuitionistic modal logic IK is the smallest set of formulas
that contains the following axioms and is closed under the following rules:

All axiom schemas of IPL 6. (Co—OyY)—=0O(p— )
O(¢p — ) — (Op — O) 7.  Modus Ponens (MP)
O(¢p = ) = (O — OY) 8.  Uniform Substituion (Sub)
oL 9.  Generalization (Gen): ¢/0O¢
CloVy) = (CoV oY)

In the next lemma we check that IK C MID. However, IK % MID as MID is not
closed under Sub.

Lemma 6.2.3. Let ¢ and 1) be formulas of MID. We have the following:

1. All axiom schemas of IPL are valid in MID

2. All axiom schemas of IK are valid in MID

3. MID is closed under MP and Gen
Proof. Clearly, all axioms of IPL are valid in MID, and MID is closed under MP and
Gen. It remains to check that all the other axiom schemas of IK are valid in MID. Axiom

schemas 2-5 are verified straightforwardly. We will only check the validity of the axiom
schema 6. By Deduction Theorem, it suffices to show that

O¢ = Oy = 0() = o).

Let M = (W, R, V) be a Kripke model and X C W. Assume I, X = C¢p — Oy, Tt
suffices to show that 9, R(X) = ¢ — 1. For any team Y C R(X) such that M, Y |= ¢,
consider the team

BAEEIR S

Z={we X |wRv forsomev € Y}.
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Clearly ZRY, thus M, Z = $¢. Since M, X = O — Oy and Z C X, we obtain that
M, Z |= O, thereby M, R(Z) E=1). AsY C R(Z), by the downwards closure property,
M, Y 1. Hence M, R(X) = ¢ — 1), as required. |

In IK, the two modalities O and < are independent of each other, in particular, "O¢ —
O is not derivable and not a valid formula of IK. We invite the reader to check that
this is also the case for MID.

In the next lemma we list without a proof the derivable formulas of IK that are most
relevant for the rest of this chapter.

Lemma 6.2.4. The following formulas are valid in MID as they are derivable in IK:
(i) Fik =C¢ <> O-¢;
(i) Fik C(PVY) < (CPV O).
(i) Fik (B¢ VOy) = O(e V),
@iv) Fik O—¢ — -0
In addition to all derivable formulas of IK, the formulas listed in the next lemma are

also valid in MID. It will turn out later in this and the next sections that these formulas
are of particular interests.

Lemma 6.2.5.

(i) =mm ——p —p;
(i) v O(¢ V) — (o Vv OY);

(iii) Emm —~0¢ — O, whenever ¢ is flat; in particular Eypp ~0-¢ — O

Proof. Ttem (i) follows from the fact that =pgp ——p — p (c.f. Lemma[2.1.3) and item (ii)
is straightforward to verify. We only show (iii).

Let Mt = (W,R,V) and X CW. We show —O¢ |= O—¢p, whenever ¢ is flat. Suppose
M, X = —0O¢. Then for any w € X, we have that I, {w} = Og, i.e. M, R(w) £~ ¢.
Since ¢ is flat, there exists v,, € R(w) such that 9, {v,, } = ¢. Define

Y ={vy, € R(X)|we X}.

For any v,, € Y, we have that 01,{v,, } = —¢, thus MM, Y |= —¢ as —¢ is flat. Clearly,
XRY, thus M, X = O, as required. [ ]

Let us call the formula
O(¢ V) — OpV oy

the d axiom. The d axiom is very strong, as it is known that the modal logic
Kd:=Kaod

is complete with respect to the class of deterministic frames (see [15]). A Kripke frame
§ = (W, R) is called deterministic if every node has at most one successor, i.e., for all
w,u,v € W,

wRu, wRv = u=w.
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We now show that over deterministic models (i.e. models whose underlying frames are
deterministic), on singleton teams, MID is equivalent to Kd.

Lemma 6.2.6. Let M = (W, R, V') be a deterministic model and w € W. Then for any
modal formula ¢,
Mw ke ¢ <= M {w} Fm ¢

Proof. By induction on ¢. The only interesting cases are the following ones.
If ¢ = ), then we have that

M, w kg W = M,w Fxe ¥
<~ M, {w} Emm ¢ (by induction hypothesis)
<~ m, {w} ':MID w — 1.

If ¢ = O, then we have that

M, w Egg OY <= M, v =gy 9 for the unique v s.t. wRwv (if such exists)
<~ M, {v} Emp ¢ for the unique v s.t. wRw (if such exists)
(by induction hypothesis)
<~ M, R(w) E=mip ¢
<~ M, {w} Em 0.
|

Next, we define intuitionistic Kd, which is a proper sublogic of Kd and will play an
important role in this chapter.

Definition 6.2.7. The intuitionistic modal logic of Kd, denoted by IKd, is the smallest
set of formulas containing the following axioms and is closed under the following rules:

1. All IK axiom schemas
2. O(pVey) —0OpvOy
3. 20-¢ = O—¢

4. All IK rules

Immediately from Lemma we know that all axiom schemas of IKd are valid
in MID, and MID is closed under all rules of IKd except for Sub. This means that
IKd C MID. Next, we show that MID is a proper sublogic of Kd, implying that MID is
between IKd and Kd.

Lemma 6.2.8. IKd C MID C Kd.

Proof. We only check that MID C Kd. As law of excluded middle p V —p fails in MID,
we have that MID # Kd. Now, suppose ¢ ¢ Kd. Since Kd is complete with respect
to the class of deterministic frames, there exists a deterministic model 90t and a point w
in 90 such that 9, w kg ¢. By Lemma we have that 9, {w} Fmip ¢, thereby
¢ ¢ MID, as required. [ ]

ZDenote by L; @ L, the smallest set of formulas containing all axioms of the two modal logics L; and L, and
is closed under MP, Gen and Sub.
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Modal logics with superintuitionistic logics as their underlying propositional logic
are studied in the literature, especially the logics between intuitionistic K4 and classical
K4 (see e.g. [85], [84], etc). In this chapter, for our purpose, we consider what we call
intermediate Kd modal logic.

Definition 6.2.9. An intermediate Kd modal logic is a set L of formulas closed under
MP, Sub, Gen such that IKd C L C Kd.

Recall from Theorem that PID = KP™, where PID is the underlying proposi-
tional logic of MID. Now, the logic

KP_Kd :=IKd & KP

is clearly an intermediate Kd modal logic. In view of Lemmal6.2.8and that PID = KP™,
we know that KP_Kd C MID. However, MID is not an intermediate Kd modal logic, as
it is not closed under Sub. Instead, MID is a weak intermediate Kd modal logic defined
as follows (the definition is inspired by [[13] and [[11]).

Definition 6.2.10. A weak intermediate Kd modal logic is a set L of formulas closed
under MP and Gen such that IKd C L C Kd.

Analogous to Proposition 3.31 in [13], we can prove the following lemma (recalling
Definition 4.2.9] of the negative variant of a logic).

Lemma 6.2.11. For any intermediate Kd modal logic L, its negative variant L™ is the
smallest weak intermediate Kd modal logic including L and the atomic double negation
axiom ——p — p for each propositional variable p. Moreover, if L has the disjunction
property, then so does L™.

Proof. By a similar proof with that of Proposition 3.31 in [13]. ]
Corollary 6.2.12. KP_Kd C KP_Kd™ C MID.
Proof. By Lemma|6.2.11| and =ypp ——p — p. |

In summary, we have obtained so far the following inclusions:
IKd C KP_Kd C KP_Kd™ C MID C Kd. (6.2)
However, we do not know whether
KPKd™"=MID or htgpgd ¢ < FEwmp 9,

i.e., whether MID is complete with respect to the deductive system of KP_Kd™.

In the remaining part of this section, we show that all formulas of MD are express-
ible in MID. This goal is achieved through a so-called disjunctive-negative translation,
generalized from [13].

Definition 6.2.13 (Disjunctive-negative translation (c.f. [13]]) ). For any dependence
atom-free formula ¢ of MD or MID, we define its disjunctive-negative translation DN(¢)
inductively as follows:
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* DN(p) :==——p
e DN(L):=-~1
Assume that DN(tp) = by V- -+ V =, and DN(x) = =1 V-V =xsm. Define
¥V x) := DN(4) v DN(x)
VAX) = V{mi V) [ 1<i<n, 1<j<m}
Y@x) =V{~=(; = ~xi) [ 1 <i<n, 1 <j<m}
V= x) = V{0 Atcicm OG; 2> i) [ 1< 1,0 e Smb
OY) i=V{=0-=; | I <i<n}
Y) = V{~Oy; [1<i<n}

Next, we show that the disjunctive-negative translation is truth-preserving.

DN(
DN(
DN(
DN(
DN(
DN(B

Lemma 6.2.14 (c.f. [13]). For every dependence atom-free formula ¢ of MD or MID,
¢ =DN(¢).

Proof. By induction on ¢. The modality-free cases except for the case ¢ = 1 ® x of the
inductive proof follow from Proposition 3.14 in [13]], which makes essential use of the
following clauses:

Emmp ——p — pand =yp NDy, for all k € Nﬂ

If » =19 ® x, then by induction hypothesis,

Y =DN(¢)) = —thy V-~V —1h, and x = DN(x) = —x1 V-V "Xm-

Thus

YRX= (1 Ve Vahy,) @ (mx1 VeV axm)

\/ \/ (= @ =x;)

1<i<n1<j<m

(c.f. the distributive laws Dstr @V, Dstr @ V& of PDV))
\/ \/ (m=p; — —x;) (¢ is flat, Lemma[2.1.3)

1<i<n 1<j<m

\/ \/ wj — i)

1<i<n1<j<m

DN(v @ x)

If ¢ = <qp, then by induction hypothesis,

QY =0(— V-V hy,)

3Note that NDy, is a special case of KP.
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= Oy V-V Oy, (by Lemmal6.2.4] (i1))

= -0-—py V---V-0--1), (by Lemmal6.2.4](iv) and Lemmal[6.2.3](iii))
= DN(Ov).

If ¢ = O, then by induction hypothesis,

Oy =0(=¢h1 VooV =iy
=0y V--- VO, (by Lemmal[6.2:4(iii) and Lemma|[6.2.3](ii))
=0y V-V =0y, (by Lemmal6.2.4 (1))
= DN(Ov).

Corollary 6.2.15.
e Formulas of MD are expressible in MID,
e MID®! = MID.
Proof. Since
=iy, >0ip) = (Piy Vi ) A A iy, V 04y, ) = (Pi VD3, ), (6.3)

and each formula DN(¢) is a formula of MID. |

The following corollary shows that in MID, although the two modalities O and < are
not dual to each other (since =O¢ = ), the two modalities are definable from each
other via the disjunctive-negative translation.

Corollary 6.2.16. Every formula of MID is logically equivalent to a O-free or <-free
formula.

Proof. By Lemma (1), for any formula 1) of MID, we have that
—0--9% = -—=C—p and =OY = - —=OY = ~—0—).
Thus, in Definition[6.2.13]of the disjunctive-negative translation, we can take equivalently
DN(O9) := \/{==0—¢; [ 1 <i<n}

or

DN(D’L/}) = \/{ﬁﬁDﬁ’L/}i ‘ 1 S 7 S n}

This way, the resulting equivalent formula DN(¢) will be O-free or O-free. ]
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Figure 6.1

6.3 Model-theoretic properties of MID

Based on the results in the previous section, especially (6.2), in this section, we further
reveal the relationship between MID and intuitionistic modal logic.

Intuitionistic modal logic IK is strongly complete with respect to bi-relation Kripke
models [26],[27],[73]. Every modal Kripke model can be associated with a powerset
Kripke model, which is a bi-relation Kripke model. For formulas of MID, the point-
based satisfaction relation over these powerset Kripke models coincides with the set-based
satisfaction relation given by team semantics. In the main part of this section, we will
prove that MID is complete with respect to a class K of finite bi-relation Kripke models.

Let us start with recalling the Kripke semantics of IK ([26]],[271,[73], see also [77]]).

Definition 6.3.1 ([26]],[73])). A bi-relation Kripke frame is a triple § = (W, >, R), where

e WV is a non-empty set;
e > is a partial ordering and R is a binary relation on W;

e 1R and > satisfy the following two conditions (F1) and (F2) (see Figure :

(F1) If w > w' and wRuv, then there exists v' € W such that v > v’ and w' Rv'.
(F2) If wRv and v > ¢/, then there exists w’ € W such that w > w' and w'Rv'.
A bi-relation Kripke model is a quadruple 9t = (W, >, R, V') such that (W, >, R) is a bi-

relation Kripke frame and V' : Prop — p(W) is a function (a valuation) satisfying mono-
tonicity with respect to >, that is,

[weV(p)andw >v] = v e V(p).

Definition 6.3.2 (satisfaction relation). Let 9t = (W, >, R, V) be a bi-relation Kripke
model. We inductively define a satisfaction relation 9%, w I- ¢ as follows:

e Muwlkpiffwe V(p);

e Mwh 1;

M, w =Y Ay iff M, w - and M, w - y;
M, w -V oy iff M w -y or M w ik x;
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o I w Ik — x iff for all v such that w > v,
Mol = Mok y;

o Nt w Ik O iff there exists v such that wRv and M, v |- .
o . w Ik O iff for all u,v such that w > u and uRwv, it holds that 9, v I 1.

If 9, w I ¢ for all nodes w in a model I, then we say that ¢ is true on the model O
and write M = ¢. If (F,V) = ¢ for any model (F, V') on a frame §, then we say that ¢ is
valid on the frame § and write § = ¢.

Lemma 6.3.3 (Monotonicity). For any formula ¢ of IK, any bi-relation Kripke model
M= W,> R, V), any w,v € W,

M, wl- ¢ and w>v = MvlF ¢.
Proof. Easy. |

Theorem 6.3.4 ([27], [73]). The intuitionistic modal logic IK is strongly complete with
respect to bi-relation Kripke frames.

Proof. See [27], [73]], and also [[77]. |

For propositional intuitionistic dependence logic, fixing a set of propositional vari-
ables {p;,,...,pi, }, it is proved essentially in [11]] that there is a powerset intuitionistic
Kripke model consisting of all non-empty teams on {iy,...,i,}, over which the usual
Kripke semantics is equivalent to the team semantics (see [[L1] for details). Analogously,
in the setting of MID, each modal Kripke model induces a so-called powerset Kripke
model, which is a bi-relation Kripke mode.

Definition 6.3.5 (Powerset Kripke Models). Let 9t = (W, R,V) be a modal Kripke
model. The powerset Kripke model IM° induced by M is a quadruple IM° = (W°, D
,R°,V°), where

We = p(W)\ {0}, i.e. W° consists of all nonempty teams on W;
e D is the usual superset relation on W°;

e XR°Y iff XRY, forany XY € W°¢,

o X cV°(p)iff M, X =p, forany X € W°.

All powerset Kripke models are defined in the above way, in other words, each powerset
Kripke models 91° is induced by a unique modal Kripke model 9.

As the reader may observe from Definition [6.3.5] in a powerset Kripke model 901°,
elements of W° correspond to all non-empty teams of its associated modal Kripke model
. In an obvious way, the powerset Kripke model 901° carries the information of teams of
its associated modal Kripke model 9. Note that the relation R° resembles the successor
team relation R on W, but R° # R as R is viewed here as a relation between teams (sets
of nodes), whereas R° is a relation between single nodes of 17/ °!
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Fact 6.3.6. Powerset Kripke models are bi-relation Kripke models.

Proof. Clearly, the superset relation O is a partial ordering, and the monotonicity of V°
follows from the downwards closure property of the team semantics of propositional vari-
ables. It remains to check that any powerset Kripke model 9t° = (W°, D, R°, V°) satisfies
(F1) and (F2) (see also Figure[6.2)).

For (F1), let X, X', Y € W° be such that X D X’ and X R°Y. Let

Y'=R(X')NY.

Clearly, Y 2 Y’'. We show that X' R°Y”, i.e. (6.1) is satisfied for X', Y”. Clearly, Y’ =
R(X"YNY C R(X'). On the other hand, for any w € X' C X R°Y, there exists v € Y’
such that wRv, thusv € YNR(X') =Y.

For (F2), let X,Y,Y’ € W° be such that X R°Y and Y D Y. Let

X' =R (Y)nX.

Clearly, X D X’. We show that X'R°Y”, i.e. (6.1) is satisfied for X', Y”.

For any v € Y/ C Y, since X R°Y, there exists w € X such that wRv, thus w €
RN (Y)NnX = X'. It follows that Y’ C R(X").

On the other hand, for any w € X’ = R~!(Y’)N X, there exists v € Y’ such that w Rv.
It follows that v € R(w)NY". u

We show in the next lemma that for formulas of MID, the team-based satisfaction
relation with respect to the usual modal Kripke models is equivalent to the single-node-
based satisfaction relation with respect to powerset Kripke models.

Lemma 6.3.7. For any formula ¢ of MID, any Kripke model Ot = (W, R,V') and any
non-empty team X C W, it holds that

M X ¢« M, X ol

Proof. By induction on ¢. The only interesting case is the case ¢ = 0. In this case, we
have that

M, X IF 0Oy = M°, R(X) Ik 1) (since X C X and X R°R(X))

4Note that the symbol “X” on the left-hand side stands for a team (a set of nodes), while the “X” on the
right-hand side stands for a single node.
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= M, R(X) [ ¢ (by induction hypothesis)
— M, X |= O,

and that
M X EOy =M R(X) =
—for all non-empty Y, Z C W s.t. X DY and YRZ, M, Z =1
(since Z C R(X) and = is downwards closed)
=—forallY,Z e W°st. X DY andYR°Z, M°, Z I+
(by induction hypthesis)
=-IM°, X |- Op.

By a natural argument whose details will not be included in this thesiﬂ one can show
that MID has the finite model property, that is,

if femip ¢, then there exists a finite Kripke model 93t such that 90t [~ ¢.

Therefore, together with Lemma we know that MID is complete with respect to
finite powerset Kripke models.

In the rest of this section, we show that MID is complete with respect to a class K
of certain finite bi-relation Kripke models. Recall that propositional intuitionistic de-
pendence logic PID is complete with respect to negative saturated intuitionistic Kripke
models (Theorem [4.2.17). These models are generalizations of the associated powerset
intuitionistic Kripke models of PID. Here, for the logic MID, we will follow the same
idea and define K as the class of finite bi-relation Kripke models having the properties
abstracted from powerset Kripke models.

To give a definition of such class K, we study the KP axioms and the valid formulas
of MID listed in Lemma[6.2.3] namely

~p—p, O(@VY) = (0pVOY) and —O=¢ — G (6.4)

As pointed out already, these formulas are not valid in IK (we invite the reader to check
it using Theorem the completeness theorem of IK). We conjecture that MID is
complete with respect to these axioms together with the axioms of IK, as well as the rules
MP and Gen. Although this problem is open, and to axiomatize MID more axioms than
these ones may be needed, it turns out that for the goal of this section, it is enough to
consider these mentioned axioms only.

First of all, PID satisfies the KP axioms and atomic double negation law =—p — p, and
it is complete with respect to negative saturated intuitionistic Kripke models (Theorem
[@.2.T7). In view of this, we give the following definition.

5For each formula ¢(p1,...,pn) of modal depth k, and a (possibly infinite) team X of a Kripke model 91,
select a finite submodel 2V and a finite subteam X’ as follows: 1. Unravel the submodels of 91 generated by
each node w € X, and take the disjoint union of all these unravelled tree-like models ¥,,. 2. Cut the forest
Wwex Tw up to depth k to form a new forest Fst. 3. Restrict attention to valuations on {pj,...,pn, } only. For
each tree T of §st, starting from the deepest layer, layer by layer, identify isomorphic subtrees on each layer.
For fixed k and n, the resulting new tree ¥y must be finite. 4. For the same reason, the resulting new forest §st(
contains at most finitely many non-isomorphic trees. Delete the isomorphic copies. The remaining forest is the
required finite model 9V, and the roots of the trees in the new forest 1 form the required team X'.
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Definition 6.3.8. A bi-relation Kripke modal 9t = (W, >, R, V) is said to be negative
and saturated if V' is negative and (W, >) is saturated in the sense of Definition|4.2.16

As in [11]], and as we shall see in the sequel, in a saturated bi-relation Kripke model,
>-endpoints (i.e. endpoints in the sense of Definition #.2.15] with respect to >) behave as
singleton teams of a usual modal Kripke model.

Secondly, in the following two lemmas we prove that each of the other two formulas
of (6.4) characterizes a frame property under certain conditions.

We write R; o R; for the composition of the two relations R and R, which is defined

as
(z,y) € Rio Ry iff Iz(xR1z A zRyy).

Lemma 6.3.9. Ler § = (W, >, R) be a bi-relation Kripke frame. Then
SEO(pVq) — (OpvOq) < F satisfies (GI’),
where (G1’) is defined as follows:

(GY’) For all w,u,v € W, if u,v € (> oR)(w), then there exists t € W such that w >
oRt, t > uandt>v.

Before we prove the lemma, we depict condition (G1’) by the left figure as follows.
This condition is abstracted from the corresponding property of powerset Kripke models
(depicted by the right self-explanatory figure below).

~ -

Also, we point out that in case § is finite, condition (G1’) is equivalent to condition
(G1) defined as follows:

(G1) For any w € W and any nonempty X C (> oR)(w), there exists a node u € (>
oR)(w) such that u > v forall v € X.

Proof of Lemma[6.3.9] Suppose § satisfies (G1°) and (§, V), w ¥ OpV Og for some val-
uation V' and some w € W. Then there exists u,v € W such that w > oRu, w > oRuv,

(F,V),ul¥pand (§,V),v¥q.

Let t € W be the point given by (G1”). Then by monotonicity, we have that (§F,V),t ¥
pV ¢, which implies that (F,V),w ¥ O(pV q).

Conversely, suppose § does not satisfy (G1’). Then there exists w,u,v € W such that
w > oRu, w > oRv and for all ¢ € W such that w > oRt, either t # w or ¢t # v. Clearly,
we can find a monotone valuation V' such that

V(p)=W\>""(v)and V() = W\ > (u).
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For each ¢ € W such that w > oRt, by assumption, either ¢ ¢>"1 (v) ort ¢>"1 (u),
thus (§,V),t - pV ¢, thereby (F,V),w Ik O(pV ¢). On the other hand, we have that
(F,V),ul¥ gand (§,V),v ¥ p, thus (§,V),w ¥ OpV Og. [ ]

Lemma 6.3.10. Let § = (W, >, R) be a saturated bi-relation Kripke frame Then
FE-O-p— O-—p < F satisfies (G2),
where (G2) is defined as follows:

(G2) Let w € W be an arbitrary point and E a set of >-endpoints such that E C R(E,,)
and for each v € E,,, there exists u,, € E with vRu,,. Then there exists t € W such
that

wRt and B, C E.

Condition (G2) is abstracted from the corresponding property of powerset Kripke
models (depicted by the self-explanatory figure below).

Proof of Lemma[6.3.9] Suppose § satisfies (G2) and (§, V), w |- =0O-p for some valua-
tion V and some w € W. Then, foreach v € E,,, (F,V),v ¥ O-p. Since v is a >-endpoint
and § is saturated, there exists an endpoint u,, such that vRo > u, and (F,V),u, |- p. By
(F2), there exists v' € W such that v > v’ and v/ Ru,,. But as v is a >-endpoint, we must
have that v = v and v Ru,, thus the set

E={u,|veE,}
satisfies the condition in (G2). By (G2), there exists a point ¢ € W such that
wRt and F; C E.

Hence (§,V),w IF O—=—p.

Conversely, suppose § does not satisfy (G2). Then there exists w € W and a set E of
>-endpoints satisfying £ C R(FE,,) and for each v € E,,, there exists u,, € E with vRu,,
and forallt € W,

wRt=E; Z E.

Clearly, we can find a monotone valuation V' such that V' (p) = E.

For each v € F,,, since vRu,,, we have that (§,V),v ¥ O-p, thus (§,V),w IF =0O-p.
On the other hand, for each ¢ € R(w), by assumption, there exists s € E; such that s ¢ E,
thus (F,V), s ¥ p. Hence (F,V),w ¥ O——p. |
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Now, we are ready to define the class K of generalizations of all powerset Kripke
models.

Definition 6.3.11. Let K be the class of all finite negative >-saturated bi-relation Kripke
models M = (W, >, R, V) satisfying (G1) and (G2).

In the remaining part of this section, we show that MID is complete with respect to
K, that is, we will prove the following theorem. The idea of the proof is inspired by that
of Theorem 3.2.18 in [[L1]].

Theorem 6.3.12. For any formula ¢ of MID, we have that

'ZM[])QZ) <~ K':gb

Proof of “<=". We leave it for the reader to check that each finite powerset Kripke
model is indeed in K. Then, we have that

Kk ¢ = 9M° = ¢ for all finite powerset Kripke models 91°
= 9 = ¢ for all finite modal Kripke models 9t (by Lemmal6.3.7)
= =M ¢ (by the finite model property of MID).

To prove the other direction “==" of Theorem [6.3.12} we first show that each model
in K can be mapped p-morphically into a finite powerset Kripke model. As p-morphisms
are truth-preserving, the required result will then follow. Now, we recall the definition of
p-morphisms of bi-relation Kripke models given by Wolter and Zakharyaschev in [86].

Definition 6.3.13 ([86]). Let M; = (W}, >, Ry, V1) and M, = (Wo, >2, Ry, V2) be bi-
relation Kripke models. A function f : W — W is called a p-morphism iff

(P1) w e Vi(p) <= f(w) € V2(p) for all propositional variables p
(P2) w>1v= f(w) >3 f(v)

(P3) wRiv = f(w)Ra2f(v)

P4) f(w) > v = FveW;st f(v)=v andw > v

(P5) f(w)Ryv' = Jv € Wy s.t. v’ > f(v) and wRyv

(P6) f(w)(>20Ry)v) = Fv e Wy s.t. w > oRvand f(v) >3 0/

Next, we prove the crucial lemma for the proof of the direction “=" of Theorem
6.3.12]

Lemma 6.3.14. For each finite bi-relation model 9 = (W,>, R, V) in K, there exists
a finite Kripke model 2t such that there exists a p-morphism [ of 9 into the powerset
Kripke model J1° of M.

Proof. Define a Kripke model 9t = (Wy, Ry, Vy) as follows:
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o 11 is the set of all >-endpoints of W,
(] R():R[WoandVo:V [W().

Now, consider the powerset Kripke model 0t° = (W, 2, Rg, V5') of 91. Define a function
f: W — W by taking
f(w)=E, forallw e W.

Since 9 is saturated, F, # 0 for all w € W, thus E,, € W and f is well-defined.

Before we continue the proof, let us ponder over the above construction. As defined,
a >-endpoint e of 2 is mapped through f into the singleton {e} = E.. Intuitively, in the
main argument of the proof, >-endpoints of 9J7 are simulated by singletons of 91°. On the
other hand, other points w of W are mapped into the sets £,,. Basically, during the proof,
it is helpful for the reader to think of a node w of 91 as a team formed by all >-endpoints
seen from w, namely the set E,,.

Now, we proceed to show that f is a p-morphism, i.e., f satisfies (P1)-(P6).

(P1). It suffices to show that M, w IF p <— N°, E, IF p. The direction “=—"
follows from the monotonicity of V. For the direction “<=", if 9, w I p, then since V'
is negative, M, w ¥ ——p. Thus, there exists v € E,, such that 91, v I p, which implies
that 91, v ¥ p, thereby MN°, E,, ¥ p.

(P2). Clearly, if w > v, then E,, 2 E,, i.e. f(w) 2 f(v).

(P3). Assume wRv, we show that E, R E,, namely E,,RoE,. For any s € E,,, by
(F1) of 9, there exists t € W such that

v >t and sRt.
For each t' € E, such that t > ¢/, by (F2), there exists s’ € W such that
s> s and s'Rt’.

As s is a >-endpoint, we must have that s = s’ and sRt'.

On the other hand, for any ¢ € FE,,, consecutively applying (F2) and (F1) of 901, by a
similar argument to the above, we can find an s’ € E,, such that s’ Rt. Hence we conclude
that £, Ry E,,.

(P4). If E,, D v', then as 90 is >-saturated, there exists v € W such that w > v and
E, =/, as required.

(P5). If E,RjV, then E,Ryv'. Clearly, v’ is a set of >-endpoints such that v’ C
R(FE,,) and for each s € F,,, there exists ts € v’ such that sRt,. Thus, by (G2) of 9,
there exists v € W such that

wRv and E, C v/,
as required.

(P6) Suppose E,, D oRjv’. Then v’ # 0 and

v' C (> oR)(w).
By (G1) of the finite model 901, there exists v € W such that
w>oRvandv > sforall s € v'.

Since v’ is a set of >-endpoints, the latter of the above implies that F, D v'. |
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Finally, we complete the proof of Theorem as follows.

Proof of Theorem[6.3.12] the direction “=>". Suppose =wmip ¢. For each M € K, by
Lemmal[6.3.14] there is a Kripke model 9t and a p-morphism f : 91 — 91°. By assumption
and Lemma we know that 91° |= ¢. Since p-morphisms preserve truth, we conclude
that 901 |= ¢, as required. [ |

6.4 Concluding remarks and open problems

In this chapter, we defined syntactically a logic KP_Kd™ as the smallest set of formulas
containing the following axioms and is closed under the following rules:

1. All IPL axiom schemas;

2. Axiom scheme of
(KP) (== (¥ VX)) = (¢ = ¥) V(=9 = X));

3. —=p — p for all propositional variables p;
4. All IK axiom schemas;

5. O(¢p V) — O¢ VO,

6. —20O-¢ — O—g;

7. Modus Ponens (MP);

8. Generalization (Gen): ¢/0¢.

MID is sound with respect to the above system, as we showed in in Section 6.2.
Dependence atoms are eliminable in MID (see (6.3)), so for simplicity, we may identify
MID with MID without dependence atoms. In this setting, the main open problem of
this chapter is: is MID complete with respect to the deductive system of KP_Kd™, or
equivalently does the following hold:

Fkpkd~ ¢ <= Fmm ¢ (6.5)

for all formulas ¢ of MID?
We proved in Theorem [6.3.12|that MID is complete with respect to the set K of finite
bi-relation Kripke models, or

Emm ¢ <= KEo¢. (6.6)

Therefore, (6.5)) reduces to whether the following is the case:
l_KPKdﬁ ¢ +— K ': ¢ (67)

In this direction, we know already the following:
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e By Theorem [4.2.12] the underlying propositional logic of MID, i.e. PID, is com-
plete with respect to the deductive system of KP™', namely axioms 1-3 and rules
7-8 of the above. Furthermore, by Theorem[4.2.17} PID (or KP™) is complete with
respect to negative saturated intuitionistic Kripke models.

e By Theorem [6.3.4] IK (whose deductive system consists of axiom 4, rules 7-8 of
the above and Sub) is complete with respect to bi-relation Kripke frames.

e By Lemmal6.3.9)and Lemmal6.3.10] over finite (saturated) bi-relation Kripke frames,
axiom 5 and axiom 6 characterize (G1) and (G2), respectively.

The class K was defined as Kripke models having all of the properties mentioned
above, and observe that in the proof of Theorem[6.3.12]or (6.6), we made essential use of
all of the axioms of KP_Kd™. These seem to indicate that should hold.

One related open problem (or, further and deeper problem) is: the logic

KP_K:=IK&KP

is an intermediate K modal logics, as clearly IK C KP_K C K. Is KP_K complete with
respect to bi-relation Kripke frames § = (W, >, R) such that (W, >) is a KP-frame (see
e.g. [9] for the definition of KP-frames)?



Chapter 7

Model Checking for Modal
Intuitionistic Dependence Logic

In this chapter, we study the computational complexity of model checking problem for
modal intuitionistic dependence logic. The model checking problem (MC) for a modal
logic L of dependence and independence asks whether a given formula of L is satisfied by
a given team of a given (modal) Kripke model.

The computational aspect of modal logics of dependence and independence deserves
investigation for two reasons. A priori, the nature of team semantics gives such logics
more complexity, as the successor search for formula evaluation has to be done for sets
of states. On the other hand, in practice, particularly interesting properties involving
dependence and independence are often supposed to be identified from a large amount of
data (an example of such properties is given in Example[7.1.2).

For modal dependence logic (MD), the satisfiability problem (SAT) is showed by
Sevenster [76] to be NEXPTIME-complete, and a complete classification of the compu-
tational complexity of SAT for all operator fragments of MD is given in [67]. In [17],
the computational complexity of MC for MD and some of its fragments (e.g. proposi-
tional dependence logic) are shown to be NP-complete. In this chapter, we investigate the
computational complexity of MC for modal intuitionistic dependence logic.

By Corollary we know that MID has the same expressive power as MID ex-
tended with tensor disjunction ®. In this chapter, we choose to identify these two logics,
namely, formulas of MID in this chapter are built from the following grammar:

¢u=p|p| LI=(p1--00) [9ND |90 [ V|6 = ¢ Do | O,

where p,pi,...,p, are propositional variables.

Following [67] and [17], we will systematically analyze the complexity of MC for
fragments of MID defined by restricting the set of modal operators (<, O), propositional
operators (—/ L, A, ®, V, —), as well as dependence operator (=(: - -)) allowed in the log-
ics (recall Definition[I.1.3). By the choice of the syntax of MID, modal dependence logic
(MD), propositional dependence logic (PD) and propositional intuitionistic dependence
logic (PID) are all viewed as operator fragments (sublogics) of MID. The method of sys-
tematically classifying the complexity of logic related problems by restricting the set of
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operators allowed in formulas was used by Lewis [65]] for SAT for propositional logic, by
Hemaspaandra et al. [44] [45] for SAT for modal logic, and by others. The motivation for
this approach is twofold: theoretically, this systematic approach may lead to insights into
the sources of hardness, i.e., the exact components of the logic that make SAT, MC and
other problems hard; practically, by systematically examining all fragments of a logic,
one might find useful fragments of the logic in practice with both efficient algorithms and
high expressivity.

In Section 7.1, we give formal definition of the model checking problem for operator
fragments of MID. Section 7.2 contains the main result of this chapter. We show that MC
for MID in general is PSPACE-complete and that for PID is coNP-complete. In Section
7.3, we point out open problems.

The content of this chapter is based on the joint paper [18]].

7.1 Model checking problem

Given a Kripke model 971, a team X of 91, and a formula ¢ of MID, the model checking
problem for MID is the problem of deciding whether 9, X = ¢ holds.

Definition 7.1.1. Let L be a sublogic of MID. The model checking problem for L (denoted
by L-MC) is defined as the decision problem of the set

L-MC := {<sm,X, &)

M is a Kripke model, X is a team of 9, ¢ is a formula
of Land M, X = ¢ ‘

Note that in this chapter, we only consider the combined complexity of model check-
ing problem for MID, i.e. the input consists of both a model and a formula. One can also
consider the data complexity of model checking problem for MID, where the formula is
fixed and the input consists of a model only. Usually, the data complexity of a model
checking problem is lower than the combined complexity. In our case, for a given MID
formula with finitely many propositional variables, there are even only finitely many ir-
reducible models (with respect to p-morphisms, c.f. Footnote [5]on the proof of the finite
model property of MID in Section 6.3), therefore the data complexity for MID model
checking is not very interesting and is not the topic of this chapter.

A typical formula of MID expresses a modal property involving implications of de-
pendence statements. Such properties are commonly found in many fields. Knowing
whether these properties hold in certain sets of some system can be important in many
cases. Below we present an example illustrating the applications of MID-MC in practice.

Example 7.1.2. Suppose the United Nations wants to build a model (represented as a
Kripke model) of the imitation of the future of the earth and human race. Among all the
candidate models, the United Nations wants to know which ones are optimistic models
from the point of view of environmental degradation. One important criterion of being
such an optimistic model is that in the model, the present world has to satisfy the following
property (x):

However the environment will be degraded in the next 100 years, it is
possible that in 200 years from now, if whether the earth will be destroyed
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depends only on whether there is another planet that crashes into the earth,
then whether the human being will migrate to other planets depends only on
whether the crash will occur. (%)

In the language of MID, the above criterion is interpreted by the formula
0 (=(crash, earth_destroyed) — =(crash, human_migration)).

Selecting optimistic models with respect to this criterion is done by implementing an
MID-MC on the candidate models.
For example, given the below depicted Kripke model 91, where every symbol is self-
explanatory, we achieve the above goal by checking whether
—crash

—earth_destroyed
—human_migration

crash —crash —crash —crash
earth_destroyed —earth_destroyed 200 years laters —earth_destroyed —earth_destroyed
human_migration human_migration 7 —human_migration human_migration

[ 200 years later; ] [ 200 years latery ] [ 200 years latery ] [ 200 years laters ]

forest_coverage< P0%

[ 100 years later; ] [ 100 years later; ] [ 100 years laters ]

sea_level_rises> 50cm > 50%_species_become_extinct

Now

M, {now} = O (=(crash, earth_destroyed) — =(crash, human_migration))

holds. In this case, the above expression holds, as for the team
X = {200 years later;,200 years laters,200 years latery},
it holds that
9M, X = =(crash, earth_destroyed) — =(crash, human_migration),

therefore 91 is an optimistic model with respect to criterion (). 4

In the next section, we will sometimes reduce one model checking problem to another
in a complexity preserving way. Such reductions are defined as follows.

Definition 7.1.3. Let C' be a countable set and A,B C C. Then A is polynomial-time
many-one reducible to B, in symbols A SE] B, iff there is a reduction function f : C' — C
such that f is computable in polynomial time and for all x € C,

r€A < f(x)€B.
If both A<P B and B <l A, then we write A=} B.

Most complexity classes C with P C C (e.g. PSPACE, coNP, etc.) are closed under
the relation <P, that is, if A<F B and B € C, then also A € C.

We end this section by pointing out that for any set Q of MID operators, the com-
plexity of MID[Q]-MC is independent of the presence of L and atomic negation — in

MID[Q], that is, the following fact is ture.
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Fact 7.1.4. MID[Q]-MC =F, MID[Q\ { L, ~}]-MC.

This is basically because, given an MID[Q]-MC instance (9, X, ), in the formula
¢, if one replaces all occurrences of L by a fixed fresh propositional variable r, and all
occurrences of every negated propositional variable —p by a fresh propositional variable
p’, and modifies the valuation of 991 in such a way that 7 is made to be true nowhere and
p’ is made to be true only on the states where p is false, then the resulting formula ¢’ and
Kripke model 0" would satisfy

MXEp = M XEP.

7.2 Complexity of model checking for fragments of MID

In this section we study the complexity of model checking problem for fragments of
MID and obtain the results listed in Table The results for the fragments where the
intuitionistic implication — is not present have been obtained already in [17]], so we will
only consider the cases where — is involved. We start with giving a PSPACE algorithm
for MID-MC.

Theorem 7.2.1. MID-MC is in PSPACE.

Proof. To prove the theorem, it suffices to give an algorithm for the problem that can be
implemented on an alternating Turing machine running in polynomial time (AP Turing
machines) [10]. An AP Turing machine uses an extension of ordinary non-deterministic
guessing. Here the algorithm can switch between two guessing modes, namely universal
and existential guessing. The existential guessing mode makes non-deterministic guess-
ing in NP, whereas the universal guessing mode makes non-deterministic guessing in
coNP. When the number of alternations is unbounded, AP Turing machines decide the
PSPACE problems.

To prove the theorem, we consider an algorithm which has as input a Kripke model
N, a formula ¢ of MID, and a team X of 91. The output of the algorithm is “true” if and
only if M, X = ¢. By Fact we may assume that ¢ does not contain L or —p. In the
cases

¢€ {pv:(plv“'apn)aw/\X7w\/X}a

the algorithm checks whether 91, X |= ¢ according to the team semantics in an obvious
way. These cases are deterministic and can be done in PSPACE.

If ¢ =Y ® x or ¢ = O the algorithm guesses existentially the right fragmentation of
the team and the right succeeding team, respectively. In case ¢ = ¥ — ¥, the algorithm
checks universally if for every team Y C X (i.e. every computation path) with 9, Y =),
it also holds that 9, Y = x. Altogether the algorithm can be implemented on an alter-
nating Turing machine running in polynomial time or — equivalently — on a deterministic
machine using polynomial space.

Below we give the full algorithm Algorithm

Algorithm 7.1: check(® = (W, R, 7),$,X)
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case ¢
when ¢=p
foreach se X
if not pem(s) then
return false
return true

when ¢ = =(pi,...,pn)
foreach (s,s')e X xX
if 7(s)N{p1,....pn—1} = ()N {p1,...,pn_1} then
if (¢gen(s) and not gemn(s’)) or (not gem(s) and g€ n(s’)) then
return false
return true

when ¢ =19 Ax
return (check (9,X,1) and check (IM,X,x))

when ¢ =9 ®x
existentially guess two sets of states Y, ZCW
if not YUZ=X then
return false
return (check(9,Y,v) and check(9M,Z,x))

when ¢=19Vyx
return (check (9M,X,¥) or check (IM,X,v))

when ¢p=v—x
universally guess a set of states Y CX
if not check(9M,¥,Y) or check(9M,x,Y)
return true
return false

when ¢ =0y
Y =0
foreach s'eW
foreach se X
if (s,s')€R then
Y :=YU{s'}
//'Y is the set of all successors of all states in X, i.e. Y = R(X)
return check (9M,Y,v)

when ¢ = Oy
existentially guess a set of states YCW
foreach se X
if there is no s €Y with (s,s')€ R then
return false
//'Y contains at least one successor for every state in X, i.e. X RZ for some Z CY

return check (9,Y,v)
|

If we forbid tensor disjunction ® and diamond < in the sublogic of MID in question,
the complexity of the above algorithm drops to coNP.

Corollary 7.2.2. MID[—,=(---),A,V,—,0]-MC is in coNP. In particular, PID-MC is
in coNP.
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Proof. In Algorithm [7.1] existential guessing only applies to the cases ¢ = ¢ ® x and
¢ =Y. |

If neither dependence atoms nor intuitionistic disjunction V is allowed in the logic,
the model checking problem can even be decided in deterministic polynomial time.

Theorem 7.2.3. MID[—, A, ®,—,0,O]-MC is in P.

Proof. Formulas of the logic MID[—, A,®, 0, O] (classical formulas) are flat, and can be
identified with formulas of the usual modal logic (M) in negation normal form (identify
® with the classical disjunction). It is not hard to show that

MID[—, A, ®, 0, ]-MC =P M-MC.
We know by [14] that M-MC is in P, so it suffices to show that
MID[—, A, ®,—,0,]-MC 551 MID[-, A, ®,0,<$]-MC. (7.1)

The direction “>F” holds trivially. We show the other direction “glﬁ;”.

For each formula ¢ of L; = MID[—, A, ®,—, 0, <], it suffices to find a logically equiv-
alent formula ¢* in the language of L, = MID[—, A, ®, 0, <] that can be obtained in poly-
nomial time.

Consider two formulas ¢ and y of L,. View v as a formula of the usual modal logic,
the formula —) has an equivalent formula ¢~ in negation normal form in the usual modal
logic. The resulting formula ¢~ is in the language of L,, as well as L;. In L, it is not
hard to prove by induction that

Y—=x =Y Qx. (7.2)

Now, for each formula ¢ of L, starting from the innermost intuitionistic implication
—, apply Equation to eliminate all occurrences of the connective — in ¢ and obtain
an equivalent formula ¢* in the language of L,. Such a translation can clearly be done in
polynomial time. So we are done. ]

In the remaining part of this section we provide hardness proofs for the model check-
ing problems for various sublogics of MID. We first consider the sublogics without dia-
mond < and tensor disjunction ®.

Theorem 7.2.4. PID[A,V,—]-MC is coNP-hard.

Proof. By Lemma[2.2.3] Lemma[4.2.5|and Fact

PID[A,V,—]-MC =P PID[-,=(--),A,V,—]-MC
=" PID-MC.

—m

Thus it suffices to give a polynomial-time reduction from a known coNP-complete prob-
lem to PID-MC.
Consider the well-known coNP-complete problem

TAUT = {¢ is a tautology | ¢ is a formula of classical propositional logic}.
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Figure 7.1: Kripke model 97 in the proof of Theoremm

Let ¢(p1,...,pn) be an arbitrary formula of classical propositional logic in negation nor-
mal form. Let ry,...,r, be new propositional variables. Let 9t = (W, R, 7) be a Kripke
model defined as (see Figure

w = {Sl,...,Sn,Sil,...,E},
R = 0,
m(si) = A{ri,pi},
m(s) = {ri}
Define a formula ¢ of PID inductively as follows:
pi =T i
(=pi)” = ri— i,
(90/\91)H = 9: /\9?,
(90\/91)—} = 9()_)\/9?
Let
n
Qp .= /\ (Ti%:(pi))v
i=1
and

Vo=, — ¢,

It suffices to show that ¢ € TAUT iff 9, W |= 4.

The general idea of the proof is as follows. By the construction, each team X of 9
satisfying the formula «,, contains at most one of the states s; and s;, for each 7. In the
Kripke model 901, the state s; simulates positive truth assignments for p; (i.e. assign-
ments o such that o(p;) = T), while 3; simulates negative truth assignments for p; (i.e.
assignments o such that o(p;) = L). Thus, any maximal such team X simulates a truth
assignment o x for py,...,p,. Moreover, under the assignment o x, the formula ¢ of clas-
sical propositional logic will behave exactly as the formula ¢ of PID under the team X,
thatis, ox (¢) = T iff M, X |= ¢ . The required equivalence will then follow.

Formally, first suppose ¢ € TAUT. By the downwards closure property, It suffices to
show that for any maximal team X C W such that 9, X = «u,, it holds that 0, X = ¢
Now, if Y is a maximal subteam of X such that 91, Y |= r;, then by the construction of 901,
we must have that Y C {s;,5;}. Since M, X |=r; — =(p;), we have that M, Y = =(p;),
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so p; has a constant value in Y, which means that Y contains at most one state of s; and
5;. Therefore, the maximal team X contains exactly one of the states s; and s; for each
1<i<n.

Clearly, X induces a truth assignment o x for py,...,p, defined as follows:

o= | T sEX,
OX\Pi) = | ifse X,

Such team X and its induced truth assignment o x are in one-one correspondence; more-
over, the assignment ox makes the classical formula ¢ true if and only if the team X
satisfies the PID formula ¢—. We show this by showing a more general claim as follows:

Claim: For all subformulas x of ¢, it holds that ox (x) = T iff 9, X = x 7.
Proof of Claim. An easy inductive proof. We only show the case that x = —p;. First
suppose ox (—p;) = T. Then 5; € X and s; ¢ X, thus, for all non-empty team ¥ C X
such that 9, Y = r;, we must have that Y = {3;}, hence M, Y |= —p, which implies that
M, X |: Ty — P;.

Conversely, suppose I, X |=r; — —p;. Then we must have that s; ¢ X, thus by the
maximality of X,5; € X and ox(p;) = L,ie. ox(—p;) =T. =

Now, as ¢ € TAUT, we have that ox (¢) = T. Hence we obtain by Claim that 001, X |=
¢, as required.

Conversely suppose that 9t, W' |= 1 and o is an arbitrary truth assignment for py, ..., p,.
The truth assignment ¢ induces a team X, defined by

Xo:={si|opi)=T}u{si|o(p) =1}

Clearly, M, X, = a,, thus by assumption, 9, X, = ¢~. Hence by Claim we obtain that
o(¢) =T, thereby ¢ € TAUT. |

Theorem 7.2.5. Forall {\,V,—} CQC {—,=(--),A,V,—,0}, MID[Q]-MC is coNP-
complete. In particular, PID-MC is coNP-complete.

Proof. Follows from Theorem and Theorem|[7.2.4] |

Next, we analyze the complexity of the model checking problem for fragments of
MID containing tensor disjunction ® and intuitionistic implication —.

Theorem 7.2.6. Let Q D {=(--),\,®,—}. Then MID[Q]-MC is PSPACE-complete.

Proof. The upper bound follows from Theorem For the lower bound we give a
reduction to the problem from the well-known PSPACE-complete problem

QBF = {¢ is a quantified Boolean formula | ¢ is true}.

Lety =Vzdx;...Vz,_13x, ¢ be aquantified Boolean formula, where ¢ is quantifier-
free. Assume without loss of generality that n is even and that ¢ = C; A--- AC,, is in
3CNF with

Cj:Otj()\/OLj]\/ajz (1§j§m)
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for distinct propositional literals « o, ;1,52 Let

Ty 5Ty Plse -+ PnyCls - - - 5Cms €105 - - -, €m0, ClLy - - -5 Cm 15, C125 - -+, Cm2

be distinct propositional variables. Define an instance (9t = (W, R, w), W, ) of MID|Q]-
MC as follows

o W:i={s1,...,80,51,--,5n}

e R:=0,

o m(s;) = {ri,pi} U {cj.cjolajo=ai, 1<j<m}

U {ejreii laji =z, 1 <j<m}
U A{¢,cn|ap =z, 1 <j<m},

o n(5i)) = {ri}U {¢jicjolajo=—zi, 1<j<m}
U {ej,ci|aji =z, 1 <j<m}
U {¢j,cjp|ajp=—xz;, 1 <j<m}
(see Figure[7.2]for an example of the construction of 1),
e 0 := 0y, where

k1= (rox—1 = =(p2r—1)) = 02 (1 <k <n/2),
Oot i= (o N=(p2r)) @021 (1 <k <n/2),
Op = (rn A=(pn)) ®¢17

and

m

¢ = j/z\l (Cj — ( (=(ejo) A=(eji) A=(cj2))
(=(enl A=) A=(e) ) ).

Tlvpl@ Tz,pz@ T3;p3@ 7”47]74.

C1,C11 C1,C12 €2,C22
€2,C20
@ @& ® e
C1,C10 2,021

The model M for ¢ = (-1 Vaa Vo) Az V -z Vay)

Figure 7.2: An example the construction of 91 in the proof of Theorem
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It suffices to show that ¢ € QBF iff I, W = 6.

The general idea of the proof is that the alternating operators — and ® in the formula
6 of MID simulate the alternating quantifiers V and 3 in the quantified Boolean formula
1, respectively. In the formula v, for each 1 < k < n/2, the universal quantifier V5
corresponds to the formula dp;—; in 6 , and we have that d;_; is satisfied in a team
X iff 5y is satisfied in all subteams X, _; C X which satisfy 751 — =(p2x—_1), i. €. all
subteams containing at most one of the states s>;—1 and S3;,—1. Every existential quantifier
Jaxpy, in ¢ corresponds to the subformula dyy of 6, and dyj is satisfied in a team X iff X
can be split into Xy and Yy, such that I, Xop = 0ok+1 and I, Yo, = rop A =(p2k ),
i.e. 9y has to be satisfied in a team with exactly one of the states sy and 57.

In the Kripke model 90, starting from the team W of all states, for every nested level 7
of — or ® drop exactly one of the states s; and 5; according to the truth assignment of the
Boolean variable x; quantified by V or 3. Iterate this procedure until we arrive at a team
X, that contains exactly one of the states s; and 5; for each i € {1,...,n}. This team X,
is in fact the team induced by the complement of a truth assignment o for zy,...,z, (ina
similar sense to that in the proof of Theorem(7.2.4) and 9, X,, = ¢ iff o(¢) = T. Then
the required equivalence will follow.

Formally, first suppose that 1y € QBF. During the proof, we will construct a truth
assignment o for x1,...,2, such that 0(¢) = T by choosing values for

o(x1),0(x3),...,0(Tn-1).

The assumption guarantees that an appropriate value for each o (z7y) that will satisfy the
formula ¢ exists and they are determined by the values of o(z1),0(x3),...,0(z2k—1).
We have to show that

MW = (r1—=(p1)) = 0.

By the downward closure property , it suffices to show that for the maximal teams X C
W such that 0, X = r1 — =(p ), namely the teams W\ {s;} and W\ {57}, it holds that

M, X4 ': 0a,1.¢€. M, X, ’: (7“2 A Z(p2>) ® 3.
Choose the value of o(z) according to X by letting

T X =W\ {s1},
"(‘”1)‘_{ 1 ifX::W\{%}.

Note that o | {z} is defined as the complement of the truth assignment induced by X
— which was used in the proof of Theorem We will continue to define the truth
assignment as the complement of the induced one. The reason for this will become clear
when we show the connection between ¢ and ¢’ in the end.

Since 1 € QBF, by our discussion above, an appropriate value of o(xz;) that will
satisfy the formula ¢ exists and is determined by o (x1). Now we split the team X into
X> and Y according to the value of o (z2) by letting

| A{s2} ifo(z)=T,
YZ"{ {53} ifo(aa) =L,
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and X, = X\ Y. Clearly, MM, Y> |= r» A=(p;) and it suffices to check that I, X, = d3.
As shown so far, to prove 9, W = §1, it is enough to show that for every X chosen
as above, the above constructed X, satisfies 0, X, |= d3. Repeating the same arguments
and constructions n/2 times, it remains to show that 9, X,, = ¢'.
Note that X, and o satisfy

si€X, < o(x;) =1, (7.3)

5;€X, < o(-z;) =L )
Moreover, since o(¢) = T, forall j € {1,...,m}, itholds that 0 (ajo) = T or o (1) =T
oro(ajn)=T.

Consider an arbitrary j € {1,...,m}. We illustrate the idea of the proof by an exam-
ple. Let us suppose cvjo = &y, 01 = &3, (o = T4, for some ig,i1,i2 € {1,...,n},
and o(—x;,) = T. For any X C X,, such that 9, X |= ¢;, by the construction of 9,
X C {5i,5i;,,5i,}. But in view of (7.3), we know that 53, ¢ X. Thus, X C {5, 5, },
which implies that

M, X = (=(ejo) A=(eji) A=(cj2)) @ (=(cjo) A=(ej1) A=(ej2)),

as dependence atoms are always satisfied on singleton teams. This shows that 01, X, =
¢'.

Conversely, suppose 9, W = 0. Choose arbitrarily some values for

0(1'1),0(%3),...70(1'2”,1)

and define the values for
O’(:Ez),d(sm), feey O’(:Czn)

by reversing the above arguments and constructions, and repeat them n/2 times, we
then arrive at and M, X,, | ¢'. The crucial observation is that when evaluat-
ing (rok—1 — =(pax—1)) — 21 we only need to consider the maximal teams satisfying
72k—1 — =(pax—1) and there are exactly two of those, one without sy5_; and the other one
without 53;,_1. And when evaluating (r2; A =(p2x)) ® d2x+1 We have to consider only the
complements of the maximal teams satisfying r,; A =(pyj) and again there are exactly
two, one without sp; and the other one without s;z.

It remains to show that o(¢) = T. That is to show that o(co V a1 Vajp) = T for
an arbitrarily chosen j € {1,...,m}. Again, we illustrate the idea of the proof by an
example. Let us suppose

Q0 = Ty, Qi1 = Tgy and Q42 = g, -

Now let X C X, be the maximal team such that 01, X |= c¢;j. Then, by the construction
of 91, we know that X C {s;,,s;,,5, }. Since M, X,, = ¢/,

M, X = (=(cjo) A=(cj1) A=(c;2)) @ (=(cjo) A=(cj1) A=(cjn)).

Thus, by construction of 9, we must have that| X | < 2. Say s;, ¢ X, then, by maximality
of X, we obtain that s;, ¢ X,, which means that o(x;,) = T by (7.3)), thereby o (cr;1) =T.
This way we obtain that o(¢) = T. [ |
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Finally, we study the model checking problem for the sublogics of MID containing
diamond <, intuitionistic disjunction V and intuitionistic implication —.

Theorem 7.2.7. Let Q D {A,V,—, O} Then MID[Q]-MC is PSPACE-complete.

Proof. The upper bound again follows from Theorem For the lower bound, noting
that

MID[—, =(---),A,V,—,C]-MC =F MID[A, Vv, —, ¢]-MC,

it suffices to give a reduction from QBF to MID[—,=(-- ), A, V,—,<$]-MC in polynomial-
time.

Let ¢ =Vx 13z, ... V2,13, ¢ be a quantified Boolean formula, where ¢ quantifier-
free and without loss of generality we assume that n is even. Define an instance (9t =
(W, R,7),X,0) of MID[—~,=(-- ), A, V,—,O]-MC as follows:

e W:i= (J W;,, Ri= U R;andforl <i<n/2

1<i<n 1<i<n
Wit = {s2i-1,52i-1}
Wi = {si, 5 U{ti} U{tin, -t}
Ryio1 = {(52i-1,82-1),(52i-1,52i-1) }
Ry = {(ti,tar), (tanst)s -, (taa—2)s taq-1))

U{(ti(i=1),52¢), (ti(i—1),520) }
U{(82i782i)7 (872178727,)}

o 7(s;) = 1{r;,p;},
o 7(55) ={r;},

o m(t):=0,fort¢ {s;,5 |1 <j<n}
(see Figure[7.3|for the construction of 1),

o X :={s;,5|1<i<m,iodd}U{t;|1<i<n/2};
e =0y, where

Soi—1 :=(rak—1 = =(p2r—1)) =02 (1 <k <n/2),
Ok :=Cbpt1 (1 <k<n/2),
671, ::<>¢_>7

and ¢~ is generated from ¢ by the same inductive translation as in the proof of

Theorem

e 0= (r1—=(p)) =0 ((rz 5 =(p2)) = e

...... =0 ((ra1 = =pa1)) 2 067 ) ).
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Figure 7.3: Kripke model 91 in the proof of Theoremm

We will show that ¢ € QBF iff 91, X |= 6. The idea, analogous to the proof of Theo-
rem is that the alternating operators — and < in the formula 6 of MID simulate the
quantifiers V and 3 in the quantified Boolean formula 1), respectively. Note that the model
9 can be viewed as the disjoint union of n submodels M; (as depicted in Figure [7.3)),
where each 91; contains for p; a positive state s; with a loop and a negative state 5; with
a loop, and for even 1 < i < n, 9; also contains a chain of length (i/2 — 1) with a split
leading to s; and s; at the end. The states in every 91; with no proper predecessors (all
Sak—1s S26—1, tg’s for 1 < k < n/2, these form the team X)) can be viewed as starting
states and those with no proper successors (all s;, 5;’s for 1 <4 < n) can be viewed as
final states. In the proof, we start with the team X of all starting states, and then for every
nested level ¢ of — we drop one of the states sp;4 and 53,11, while for every nested level
1 of & we simultaneously move forward on the chains and thereby choose one of the states
s2; and 5y;. Iterate this procedure until we arrive at a team X, that contains exactly one of
the final states s; and 5; for each ¢ € {1,...,n}. This team X,, induces a truth assignment
o for xy,...,x, as in the proof of Theorem and M, X, E ¢~ iffo(¢p) =T.

Now, formally, suppose 1 € QBF. We have to show that
M, X = (r1—=(p1)) = &

By the downwards closure property, it suffices to show that for the maximal teams X C X
such that 9, X =1 — =(p1), it holds that

W,Xl ':52, i.e. E)JT,XI |:<>53.

Analogous to the proof of Theorem [7.2.6] choose the value of o (z) according to X by
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letting

L X =X\ {81},
"(“’”‘)"{ T if X=X\ {7}

(but here o | {x;} is defined as the truth assignment induced by X instead of the comple-
mentary one, as in the proof of Theorem[7.2.6). By a similar argument to that in the proof
of Theorem an appropriate value of o () that satisfies ¢ exists and is determined
by o(x1). We now choose X such that X; RX, as follows:

[ RO\ {5} ifo(e) =T,
Y= { ROX)\{s2} ifo(zs) = L.

It suffices to check that 9, X, |= 3. Again, analogous to the proof of Theorem|7.2.6}
repeating the universal and the existential arguments n/2 times, it remains to show that
M, X,, = ¢ And, analogous to (7.3), X,, and o satisfy

$;€X, = o(x;)) =T, (7.4)
5€X, <= o(-z;) =T, ’
and moreover o(¢) = T.
Noting that o is the truth assignment induced by X,,, by the Claim in the proof of
Theorem [7.2.4] we obtain that ', X,, = ¢, where ' = (W', R',7) with

o W' ={s;,5|1<i<n},
e R =0,
o ' =m | W

(i.e., M’ is the model constructed in the proof of T heorem which can also be viewed
as a submodel of 99t consisting of all final states). Next, since ¢ is modality-free, it
follows that M”, X, = ¢, where 9" is the submodel of 9 generated by W' (namely
9 with all the loops). Finally, since the truth of MID formulas with respect to teams is
invariant under taking generated submodels (Theorem|[6.1.9), we conclude that 90, X, |=
¢

Conversely, suppose that 91, X |= 6. As in the proof of Theoremwe can reverse
the above constructions and arrive at (7.4). The crucial point is that when evaluating
Obax+1 we only need to consider minimal successor teams.

Now, by the construction of X,,, we have that 9, X,, = ¢~. Reversing the above
argument, by the Claim in the proof of Theorem[7.2.4] we obtain that o(¢) = T. ]

7.3 Concluding remarks and open problems

Table[7.T| contains all results we have obtained in this chapter. We have shown that model
checking for MID in general is PSPACE-complete, and this still holds if we forbid O,
=(--) and either < or ®. If we forbid ¢ and ®, on the other hand, the complexity drops
to coNP. In particular, PID-MC is coNP-complete.
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Operators Complexity Reference
OQA®V —/L|—=|=(--)
* ok [+ +| + | PSPACE Theorem|(7.2.6)
* x|+++ % |+| % | PSPACE Theorem|/.2.6| Lemma[$.2.5|
x4+ x4+ x |+| x | PSPACE Theorem|(7.2.7
¥ —|+—=4+ *x |4+| *x | coNP Theorem|(7.2.5
* k|xx— *x |x| — | P Theorem|(7.2.3]
ok |k ok % % | —| P /NP [LL7]

+ : operator present  — :

operator absent

* : complexity independent of operator

Table 7.1: Classification of complexity for fragments of MID-MC
All results are completeness results except for the P cases which are upper bounds.

In Table some of the cases are missing, e.g., the one where only conjunction is
forbidden, the one where only both disjunctions are forbidden and the one from Theo-
rem [7.2.7)but with dependence atoms allowed instead of intuitionistic disjunction.

One other main open problem is: the computational complexity of the satisfiability

problem for MID is unknown.
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Appendix: Rules of natural deduction systems for propo-
sitional logics of dependence and independence

Below we list all of the rules of natural deduction systems for the propositional logics
considered in Chapter 4, and the main derivable rules used in the chapter.

The following table tabulates (in an obvious way) all of the natural deduction systems
defined in Chapter 4. The listed logics are complete with respect to the corresponding
deductive systems.

rules PD! [ PD | PExc | PDIVNEl [ PIndNE/ | PIncNF
1-2 + + + + + +
3-4 + +
5 + + +
6-7 + + +
8-12 + + + + + +
13-14 + +
(Dstr ®@V) + +
(Dstr @ V®) + +
(Dstr A®) + + +
(Dstr* A ®) +
(Dstr NEA®) +
16 +
17 +
18 +
19 +
20 + +
21 + +
22 +
23-25 + + +
Rules:
1. Conjunction Introduction:
2 ¥
PAY
2. Conjunction Elimination:
M (/\ E) M (/\ E)
¢ (4
3. Intuitionistic Disjunction Introduction:
¢ (s
PV v Vo v
4. Intuitionistic Disjunction Elimination:
(4] [¥]
PV X X
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5. Tensor Disjunction Introduction:

¢
PRY

(®@h

6. Weak Tensor Disjunction Introduction:

¢
P9

(x) whenever ¢ does not contain NE.

(%) (®WI)

7. Tensor Disjunction Repetition:

¢
PR¢

(®Rpt)

8. Weak Tensor Disjunction Elimination:

DY 5< 5<

(®WE)
whenever Y is a classical formula.

9. Tensor Disjunction Substitution:

(4]

$0Y
O eeox (®Sub)

10. Commutative and Associative Laws for Tensor Disjunction:

PRY P (Y ®X)
C N T AT
vos " Gewex

11. Contradiction Elimination:

(Ass®)

@ (pi A—p;) (LE)
¢
12. Atomic Excluded Middle:

— (EM
Pz’®ﬂpz‘( 0

13. Dependence Atom Introduction:

V@ (e )

f€22k se2k
(Depl)
:(pjoa s ’pjk,| 7p]k)
where 2¥ is the maximal k-team on the set {jo,. .., jx_1}-
14. Dependence Atom Elimination:
=\Pjos-+-3Pjr_1:Pjp
( Jo Jk—1 ]k) (DepE)

V@ (e A

f€22k se2k



15.

16.

17.

19.

20.
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where 2K is the maximal k-team on the set {jo, . ..,7x—1}-

Distributive Laws:

¢ (Y Vx) (Dstr®V) (p@Y)V(p®X) (Dstr& V&)
(pRY)V(6@X) P (W VX)
M(Dstr/\@)
(pAY)@(dAX)
A (P®X) .
PRI (D
@A) aony )OS

(x) whenever ¢ does not contain NE.
NEAQD &;
jeJ

V & (NEAgy)

fe2t jeJ
f#0 f(5)=1

where 0: J — 2 is defined as 0(j) = 0.

(Dstr NEA®)

Dependence Atom Strong Introduction: For any function f : 2K — 2 of the maximal k-team
on {jo,...,jk_1} into 2 ={0,1},

® (5w )

se2k

(DepSl)
:(pjm e 7pj1«)

Independence Atom Strong Introduction: For any strong approximation sequence (u) of
Diy - plk uE p]] o 'pjm (p2| g 7p’in,)a

Q" A+ Api ) ANE)

SEU

Pi; ...pik J_pjl ...pjm

(IndSl)

. Exclusion Atom Introduction: For any approximation sequence (0) of p;, ...p;, | Pj, ---Pjy

® (pfl(il)/\._./\pjiik) /\pj](jl) /\”./\p«;’(jw)
s€o

(Excl)

Diy - Piy, | Py - Djy
Inclusion Atom Strong Introduction: For any strong approximation sequence (u) of the atom
Dji -+ P S Phy -+ Pl (Piy -5 Diy )
®(p’f]<“> A /\pi(fn) A NE)
sEu

(IncSl)
Pjy - Pjm € Phy - Phyy,

Approximation Transition:

[65,] (65 1

(ApTr)
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where {Qq, ..., Qp, } is the set of all approximation sequences of ¢.

21. Strong Approximation Transition:

[#%,] [3,,]
7 ¢ (SApTr)
where {Y,...,Tp } is the set of all strong approximation sequences of ¢.

22. NE Introduction:

——F X  (NED)

(i A—pi) VNE
23. Strong ex falso:

i A—p;) ANE

% (ex falso™)

24. Strong Contradiction Introduction:

<®(pfl<il>A,..ApZ<fﬂ) ANE)) A( R (p::(il>/\"'/\Pf;(i")/\NE)>
seX s'eY

(pi A —pi) ANE o
where X and Y are n-teams on {41,...,%n } with X £ Y.
25. Strong Contradiction Contraction:
@ ((pi A—p;i) ANE) (0Ctr)
(pi A—pi) ANE
Main Derivable Rules:
1. Distributive Laws:
9@ (Y AX) PV (P®x)
Dstr® A — =~ (Dstrve®)
Ganreon N Gvae v
(p@¥)A(p®X) (pAYP) ® (9 AX)

() (Dstr'® A®) (%) (Dstr* A®A)

¢® (P AX) PN (Y @X)
(*) whenever ¢ is a classical formula.
2. exfalso:

A =D
% (ex falso)

3. Tensor Disjunction Combination:
(@) (®)
iel jeJ
X o

keluJ

(®Cmb)

whenever ¢;, ¢; are classical formulas.

4. Tensor Disjunction Decomposition:
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Q) o

keK

(©2)+(@9)

jeJ

(®Dcp)

where 1, J, K are finite sets of indices with [ UJ = K.

5. Approximation Elimination:

o7y
== (ApE,
) (ApE)

where Q is any approximation sequence of ¢.

6. Strong Approximation Elimination:
*
% (SAPE)

where Y is any strong approximation sequence of ¢.
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