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Zusammenfassung

Im letzten Jahrzehnt wurde die Teamsemantik kontinuierlich zu einem vielseitigen und
maéchtigen Rahmen entwickelt, um Begriffe wie Abhédngigkeit und Unabhingigkeit mit
den Mitteln formaler Logik beschreiben zu kénnen. Bisher lag der Fokus dabei auf der
Vielzahl nichtklassischer Atome, die Beziehungen zwischen einzelnen semantischen
Einheiten beschreiben, wozu neben dem bekannten Abhéngigkeitsatom auch Atome
der Unabhéngigkeit, des Ein- oder Ausschlusses, der Nichtleerheit sowie verschiedene
Zidhlatome gehoren.

Das Ziel dieser Arbeit ist hingegen, die Natur der Teamsemantik auch und gerade
ohne solche Atome zu untersuchen. Im ersten Teil beschéftigen wir uns dafiir mit
grundlegenden Fragen, wie etwa: Wann genau ist eine Logik eine teamsemantische
Erweiterung einer klassischen Logik? Welche Freiheitsgrade gibt es beim Definieren
einer solchen Erweiterung? Hierfiir analysieren wir existierende Teamlogiken und
zeigen mogliche Ansétze zur formalen Beantwortung dieser Fragen auf.

Im Rest der Arbeit betrachten wir mit der Aussagenteamlogik PL(~), der Modalteam-
logik ML(~) und der Pridikatenteamlogik FO(~) drei konkrete Teamlogiken ohne nicht-
klassische Atome, die aber unter den Boole’schen Verkniipfungen abgeschlossen sind.
Wir untersuchen sie hinsichtlich dreier zentraler Fragestellungen aus dem Bereich der
mathematischen Logik, ndmlich Ausdrucksstidrke, Berechnungskomplexitdt und Axio-
matisierbarkeit. Dabei verwenden wir auch abstrakte Resultate aus dem ersten Teil.

Ein wichtiger Teil der Arbeit ist das Ergebnis, dass ML(~) nichtelementare Komplexitat
besitzt. Fiir den Beweis {ibertragen wir Begriffe aus der Modelltheorie auf die Teamlogik
und konstruieren einen Schwerebeweis in mehreren Schritten, wobei wir als Zwischen-
resultate festhalten, dass Eigenschaften wie Bisimilaritdt und Kanonizitdt in ML(~) auf
gewisse Weise effizient definierbar sind. Durch Ubertragung der Filtrationsmethode auf
Teamsemantik finden wir anschliefsend jedoch auch elementar entscheidbare Fragmente.

Danach wird FO(~) beziiglich Komplexitadtsfragen betrachtet, wobei sich das Zwei-
Variablen-Fragment wie im klassischen Fall als entscheidbar herausstellt, ebenso wie
das Guarded Fragment GF(~), das wir analog zum klassischen Fragment GF einfiihren.
Des Weiteren wird im Bereich der Modelltheorie eine Variante des Ultraproduktsatzes
von Lo$ bewiesen, aus dem beispielsweise auch der Kompaktheitssatz fiir FO(~) folgt.

Zuletzt entwickeln wir ein modulares Beweissystem fiir die genannten Logiken PL(~),
ML(~) und FO(~). Wir zeigen insbesondere, dass sich die besondere Disjunktion der
Teamlogik wie ein modaler Operator axiomatisieren lasst. Fiir die Vollstandigkeit des
Systems spielt auch die Widerlegungsvollstandigkeit auf der Ebene der Literale eine
wichtige Rolle, die fiir Teamlogiken im Gegensatz zu klassischer Logik nicht trivial
gegeben ist. Es werden zwei Moglichkeiten vorgestellt, wie sie fiir obige Logiken dennoch
erreicht werden kann.

Schlagworte:  Team-Semantik; Axiome; Ausdrucksstdrke; Komplexitat
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Abstract

In the last decade, team semantics has been continuously developed into a flexible and
powerful framework to describe concepts of dependence and independence by means of
formal logic. Until now, research mostly focused on the manifold non-classical atoms that
express relationships between the semantical units. Besides the prominent dependence
atom, among these there also are atoms of independence, inclusion, exclusion, non-
emptiness as well as various counting atoms.

The aim of this thesis is instead to study the nature of team semantics on its own and
especially without such atoms. In the first part, we consider basic questions, such as:
What makes a logic a team-semantical extension of a classical logic? Which degrees
of freedom exist when defining such an extension? For this, we analyze existing team
logics and point out possible approaches to answer these questions formally.

In the remainder of the thesis, we study propositional team logic PL(~), modal team logic
ML(~) and first-order team logic FO(~), which are three concrete team logics without
non-classical atoms, yet which are closed under the Boolean operations. We investigate
three central questions from the area of mathematical logic, that is, expressive power,
computational complexity, and axiomatizability. For this, we also utilize abstract results
from the first part.

An important part of the thesis is the result that ML(~) has non-elementary complexity.
For the proof, we generalize concepts of model theory to team logic and in several steps
construct a hardness proof, with key steps such as showing that bisimilarity and canonic-
ity are, in a certain sense, efficiently definable in ML(~). That being said, by transferring
the well-known filtration method to team semantics, we also find elementarily decidable
fragments.

Afterwards, the complexity aspects of FO(~) are studied. Its two-variable fragment
turns out to be decidable as in the classical case, and likewise for the Guarded Fragment
GF(~) that we introduce analogously to the classical fragment GF. Furthermore, as a
model-theoretic result, we prove a variant of £.0§’s ultraproduct theorem, which entails,
for example, the compactness theorem for FO(~).

Finally, we develop a modular proof system for the mentioned logics PL(~), ML(~)
and FO(~). In particular, we show that the special disjunction of team logic can be
axiomatized like a modal operator. In order to prove that this system is complete, the
refutation completeness on the level of literals plays a crucial role, which, in contrast
to classical logics, does not trivially hold for team logics. We present two methods to
achieve this property for the above logics nonetheless.

Keywords: Team semantics; axioms; expressiveness; complexity
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1 Introduction
Logic as a formalization of reasoning goes back to the ancient Greek philosophers. Their
syllogisms are a special form of deductive arguments. Consider this classical example:

Socrates is a human.
All humans are mortal.

Socrates is mortal.

If one believes that both premises are true, that is, that Socrates is a human and that
all humans are mortal, then one should also believe that the conclusion is true, that is,
Socrates is mortal. On the other hand, not all such arrangements of statements conform
to valid reasoning;:

Every hippo is a mammal.
Some mammals lay eggs.

Some hippos lay eggs.

Although both premises are true, the conclusion is not. We call such reasoning
unsound. One task of a logician is to model sound deductive rules and collect these in a
logical system, also called axiom system, formal system or simply logic. In modern first-order
predicate logic, the above examples could be written as formulas like

© = (Human(Socrates) AVx(Human(x) — Mortal(x))) — Mortal(Socrates)
and

P = (Vx(Hippo(x) — Mammal(x)) A Fy(Mammal(y) A LaysEggs(y)))
— Jz(Hippo(z) /\ LaysEggs(z)).

We agree on ¢ as being true, and on 1 as false. The concept of truth and falsity is
determined by semantics, which roughly speaking is a set of instructions on how to
assign a meaning to each formula. In modern logic, valid inferences are often given only
implicitly by means of a semantics, which then poses the question of an axiomatization, a
description of the logic as a set of valid derivation rules, or axioms.

In this thesis we consider so-called team semantics. In a nutshell, team semantics
was introduced in order to equip logics of imperfect information with a compositional
semantics. Briefly, a semantics is compositional if the meaning of a complex formula
is solely determined by the meaning of its constituents. The modern formulation of
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this principle is often accredited to Frege [34] (cf. [75]) and Boole [11], although it is
not undisputed in philosophy and linguistics (cf., e.g., [120]). Compositionality often
is a desirable property of formal logic, for example it comes with the principle of full
abstraction, which states that replacing a constituent by an equivalent one cannot change
the meaning of the overall formula. For our example, this means that

X wxpdtng elvor dvbpwTog.
Minden ember halandé.

Sokrates on kuolevainen.

is a valid deduction, as we only replaced statements by equivalent ones.

Today, the fields of mathematics and computer science are unimaginable without
formal logic. During the 19th and 20th century, logic was extensively developed and
ultimately became the foundation of modern mathematics. In computer science, logic
is ubiquitous in fields like digital systems, programming, software verification and
artificial intelligence.

As established independently by Church [15] and Turing [134], there is no algorithm
for the Entscheidungsproblem (decision problem) of first-order logic, the problem of
computing whether a given formula is true or false. Driven by this groundbreaking
result, logicians have studied numerous logical systems for decades and compared their
expressive power (which properties can be expressed in a logic?) and algorithmic complexity
(how difficult is its decision problem?). In this thesis, we will classify several logics with
team semantics with respect to these questions, and also present axiomatizations for
them.

1.1 Team logic

1.1.1 History of team semantics

The first appearance of team semantics has to be accredited to Wilfrid Hodges [70, 71]
and his work on logics of imperfect information.

In logic and linguistics, there have been a number of attempts to formally capture
the notions of dependence and independence that occur in natural language, science or
statistics. One early approach are partially ordered quantifiers, or branching quantifiers, by
Henkin [63, 92]. Branching quantifiers allow formulas such as for example

Yy dz
Sx{ ngﬂu }Vv ¢ (x,y,z, w,u,Vv)

which means “there is an x such that for all y there is a z, and for all w there is a u, such
that then for all v the statement ¢ holds.” In particular, the value of z must be chosen
depending only on the value of y, and likewise for u and w (this can be formally defined
via Skolem functions). Jaakko Hintikka [65] stressed the importance and naturality of
branching quantifiers in language, and proposed a formal semantics borrowed from the
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mathematical area of game theory. Authors such as Barwise [7] noted that branching
quantifiers are not compositional in Frege’s sense (cf. [76]). Indeed, there is no way to
interpret the above formula classically by removing one quantifier at a time.

As an alternative to partially ordered quantifiers, Hintikka and Sandu [68] proposed
“slashed” quantifiers (3x/Vyi, ..., Vyn ), meaning “there exists an x independent of the
choice of y1,...,yn.” They called their resulting logic independence-friendly logic (IF), in
which the order of syntactic elements nicely corresponds to that of the players” moves
in the game-theoretic semantics. A quantifier (3x/Vys, ..., Yyn) hereby corresponds to
a move where the player picks x without knowing the values of the y;. Accordingly,
IF-formulas are interpreted as games of imperfect information. Our example can be
expressed in IF as

(3x) (Vy)(3z) (Yw) (Fu/Vy) (W)@ (x, Y, 2, W, u, V)

with z quantified as usual. Note that, as z appears outside the scope of Vw, it is already
independent of w it by default.

Barwise, Hintikka and Sandu posed the challenge to find a compositional semantics
for logics of this kind. As a response, Hodges [70, 71] proposed his trump semantics
based on Hintikka’s game-theoretic semantics. The gist of it are objects called trumps,
which are collections of deals (read: first-order assignments') that render a formula true
in a uniform way. For example, in N, the set T = {x — 2,x +— 3} is a trump of the formula
x > 1,but T’ = {x — 1} is not. Adding imperfect information to the picture, T is not a
trump of (Fy/Vx) (x =y), since there is no way to uniformly pick a y independently of x
such that x = y throughout T. But T’ is a trump of the formula, because the question of
dependence does not manifest over single assignments.

Jouko Viddnanen [135] introduced dependence logic FO(dep) as a new approach to for-
malize (in-)dependence in first-order logic. Instead of the cumbersome slashed opera-
tors, he added a new atomic formula called dependence atom, written dep(ty,...,tn; tni1),
which states that the value of the term t,, 1 depends on the values of the terms ty, ..., tn
(and on nothing else). For n = 0, then dep(t) means that t is constant. For instance, T’
satisfies dep(x), but T does not. In dependence logic, our example formula becomes

IxVy dzvw Juvv ((p(x,y,z,w, u,v) A\ dep(x,w;u)).

With the atom dep(x, w;u) we state that u depends only on x and w, which is the same
as to say that it is independent of everything else, in particular y and z.

Viadndnen appealed to the intuition of assignments as “agents” acting together in a
“team”, and thereby coined the name of this semantics. Just like IF, dependence logic
suffers from flaws inherent to imperfect information, such as the failure of the law of
excluded middle. In the team {x — 1,x — 2}, neither x # 1 nor x = 1 are true, because
the first assignment violates x # 1 and the second one violates x = 1. The empty team

*The syntax of IF also provides constructs such as ¢ (\V/Vx) 1, in which the player chooses a disjunct
independently of x, and similarly for conjunction. Accordingly, deals in trump semantics also determine
the choice at such connectives. We omit this detail here.
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(), on the other hand, satisfies every FO(dep)-formula, including x # 1 and x = 1. This
phenomenon is referred to as the empty team property. Such peculiarities of the semantics
have led to the study of a plethora of variants and extensions of dependence logic.

1.1.2 Logics of dependence and independence

Védnédnen's approach has turned out as a powerful and flexible foundation for logics
of dependence and independence. In the spirit of the dependence atom, Gradel and
Vidninen [ 49] proposed the independence atom t L T’ which states that the values of T are
independent of those of T’ (in the sense that every value of T together with every value
of t” occurs in some assignment in the team). Galliani [37] introduced inclusion atoms
T C T (every value of T must occur in the team as a value of t') and exclusion atoms t | T
(the values of T and T’ are disjoint). The logics resulting from adding the respective
atoms are called FO(L), FO(C), and so on. Too many other non-classical atoms to list
them all have been studied, such as non-dependence #(t; t ) [123], non-emptiness N [142],
totality ALL [1, 41], and others concerning the cardinality of teams [41, 46].

Team semantics has proliferated into several other logical systems such as propo-
sitional, modal, or temporal logic. Here, seminal work is due to Yang [142], Vdana-
nen [136] and Krebs et al. [90]. Numerous papers have appeared concerning the
expressive power and computational complexity of all combinations of the above logics
with the different non-classical atoms. We will list only some of them (e.g., in Tables 2.1
and 5.4). Common to all of the results is that team logics may have vastly higher com-
plexity than their classical counterparts. For example, FO(dep) is not axiomatizable and
its decision problem is non-arithmetical [135]. In this thesis, we will mostly focus on
decidable team logics, but even those have non-elementary complexity (Chapters 4
and 5).

In proposition-based logics, which do not have terms, non-classical atoms work
differently. Namely, they are truth-functional. For instance, the dependence atom is of the
form dep(@1,..., @n; @n1), with the ¢; being formulas, not terms, and the atom does
only make statements about their truth values; in this case the truth of ¢, should
only depend on the truth of ¢1,..., @n.

We give two simple examples for practical applications in cryptography (for more
sophisticated ones, see [83]). The atom dep(p1,...,Pn;Padmin) Specifies that whether
or not a user has administrator permissions depends on some “password” encoded by
propositions p; - - - pn. By this, we can stipulate in a specification, without revealing the
values of the p;, that there is such a function determining p,gmin. As another example,
with the independence atom ¢q - -- ¢,y L k1 - - - k;y We can express that a ciphertext space
is independent from the key space, i.e., every key k; - - - k,, can produce every ciphertext
c1 -+ - Cm, and one cannot deduce information about one from the other.

1.1.3 Negation

When Hintikka [64, 66] introduced the Boolean negation (which we write as ~) to the
IF-setting, he restricted it to be applied to whole sentences. The reason for this lies
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in the game-theoretical semantics, where truth is defined via winning strategies. The
sentence ~¢@ means “there is no winning strategy for ¢”, and as such it makes little sense
to place ~ in front of the constituents of ¢, which due to the lack of compositionality
have no meaning on their own. Compare this with —, which in the game semantics
is defined as the players switching roles, and which consequently can be placed in
formulas arbitrarily.

Vddndnen [135] embraced Boolean negation as a proper connective in his Team Logic
TL, in our notation written FO(dep,~). The Boolean negation ~ satisfies the law of
excluded middle, and allows to overcome the empty team property such that formulas
can be genuinely unsatisfiable. Furthermore, it restores the duality of satisfiability and
validity, which are not necessarily dual criteria in team logic, and allows a deduction
theorem for team logic (cf. Chapter 6).

Negation was introduced to propositional team logic by Hannula et al. [53] and Yang
and Vddndnen [144], to modal team logic by Miiller [119] and Kontinen et al. [82],
and to temporal team logic by Krebs et al. [91]. With arbitrary negation, both the
complexity and the expressiveness of the logic increase tremendously. For example,
the Boolean disjunction (@) becomes easily expressible, whereas in ordinary team
logics it is not. Propositional team logic PL(~) and modal team logic ML(~), which are
PL and ML in team semantics with ~ added, become expressively complete for their
respective semantics [82, 144]. Unlike for modal logic ML, the complexity of ML(~)
is non-elementary, and for so-called synchronous team-semantical LTL, the decision
problem even becomes equivalent to third-order arithmetic [103].

With negation, the truth-functional non-classical atoms are definable in terms of other
connectives. In a recent joint work with Miikka Vilander [108], we showed that they are
in fact uniformly definable via formulas of polynomial size. Consequently, large parts
of this thesis regarding team logic without non-classical atoms easily carry over to the
respective extension by such atoms, e.g., in questions of complexity and succinctness.

1.1.4 Applications

We briefly present a few of the practical applications of team semantics in the literature,
which are all based on different interpretations of teams. For each area, we also refer
the reader to some seminal publications.

Statistics. A team can be seen as a set of (possible or actual) outcomes of a random
experiment. From this point of view, Durand et al. [27] defined a probabilistic team as a
team equipped with a distribution determining the probability of each of its members. A
similar notion is that of a measure team [72, 73]. Clearly, dependence and independence
are of utmost importance in statistics, and with team logic there is a powerful system
to express these connections syntactically. In the same vein, Hyttinen et al. [72, 73]
introduced a variant of team logic called quantum team logic to support a logical analysis
of quantum theory, and presented an axiomatization of it.
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Database theory. The most intuitive interpretation of a team is perhaps that of a
database table consisting of rows, where each row (assignment) maps columns (vari-
ables) to values. Often, rows in a database table can appear duplicated. Hence, tables
are modeled as bags, i.e., multisets, and a corresponding bag semantics has been intro-
duced to team logic [26]. Moreover, a database usually contains multiple tables, and
team semantics was generalized accordingly to polyteam semantics in which a family of
teams is considered simultaneously, one representing each table in the database [54].
Dependency notions are a crucial part of database theory, and dependence logic and its
variants seem ideal as a logical approach. Indeed, dependence atoms are long-known
under the name functional dependencies, which have been axiomatized by Armstrong [6]
(cf. Abramsky et al. [1]). Likewise, the independence atom expresses a property known
as multivalued dependency [57] in database theory, and the inclusion atom essentially is a
foreign key constraint [57].

Epistemic, doxastic and inquisitive interpretations. A team can also be interpreted
as a set of possible worlds, or of possible states of reality. This setting is related to the
probabilistic one in the sense that it reasons about uncertainty, but also supports, for
example, modeling belief and belief updates [40]. The interpretation is that a classical
formula « is deemed true only if it holds in every possible reality, that is, in each
assignment of the team. For example, epistemically, the formula p \V —p means “I know
that p is true or false”, which is true. But it is not the same as p @ —p, which means “I
know that p or I know that not p”, or more succinctly, “I know whether p holds.” The
latter is false in the team {p — 0,p — 1}, where either value of p is deemed possible.
Then again, p @ ~p means “Either I know that p or I don’t”, which is true.

Another related logic is inquisitive logic, which allows to formalize questions [16].
There, we read p @ —p as “is p true?”. That p is either true or false is expressed by p\V —p,
but as this does not settle the question of which one is the case, we have p\V —p ¥ p @ —p.
In team semantics, it thus becomes possible to formalize information exchange between
agents.

1.2 Contributions

This thesis can be divided into two parts. The first part consists of Chapter 3, in which
we study team logic from a novel abstract perspective. The second part consists of
Chapters 4 to 6, where we consider propositional, modal and first-order team logic.
We investigate central open questions and present results concerning their expressive
power, computational complexity and axiomatizability.

In what follows, we elaborate on both parts in more detail.

1.2.1 Abstract team logic

In Chapter 3, we introduce the concept of abstract connectives and study team semantics
in an algebraic setting. While past research in the area mostly focused on a particular
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flavor (like propositional, modal, or first-order) of team logic, combined with only one
or two non-classical atoms, we instead study such logics in a uniform approach. We
classify the common variants of team logic and identify similar features among them,
and propose a formal framework that covers the existing formalisms. This approach
has several benefits.

Firstly, we are able to prove recurring results abstractly instead of being tied to a
specific logic. This does apply not only to well-known properties such as flatness, but
also to a new result proved in this thesis we call the collapse theorem. It states that, under
certain assumptions, every formula is equivalent to a Boolean combination of classical
formulas, and as such is a cornerstone in the expressiveness part of this thesis.

Secondly, classical logic often admits multiple team-logical generalizations, such as
lax and strict semantics [37], or synchronous and asynchronous temporal semantics [91].
When a logician devises a new team semantics based on an existing logic, he or she
might wish that the resulting logic is well-behaved and tractable. From this point of view,
logics such as PL(~), ML(~) and FO(~) have nice and in fact nearly identical semantics, so
it seems there are conventions on which authors have silently agreed. In this light, our
framework provides some orientation on how to “teamify” a given classical connective.

Thirdly, the abstract approach puts us in the position to consider team logic from
a more philosophical perspective. We can ask questions such as, what does it mean
for a logic to be a team-semantical extension of a given classical formalism? Is a team
semantics necessarily based on a classical logic?

Previous research. Algebraization, the formulation of semantics in terms of universal
algebra, is a whole area of logic (see, e.g., Andréka et al. [5]), and has been pursued
also for independence-friendly logic. Hintikka [67] argued that the propositional part
of (extended) IF, that is, its restriction to the operations /\,V,— and ~, gives rise to a
closure algebra, which are a special case of a Boolean algebra with operators (Bao). Later,
Mann [111] proposed an algebraization of full IF. Also, an early paper by Abramsky
and Vdananen [2] suggests that Hodges’s semantics naturally results as an instance of a
more general algebraic system that combines intuitionistic and linear logic.

Although we employ algebraic notations, we do not pursue a full algebraic description
of a single logic. Instead, we utilize universal algebra as a framework to define arbitrary
connectives in, and to prove results on these abstract grounds that are common to all
team logics. For this reason, our efforts have to be understood as orthogonal to existing
results in the area of algebraic logic.

Results and organization. After some basic definitions (Section 3.1), in Section 3.2
we define the central concept of teamification, which is a relation between a “classical”
connective A and its “team-counterpart” V. Roughly speaking, it means that the power
set operation p acts as a homomorphism between the algebras spanned by A and V. It
turns out that this is a natural concept that covers virtually all team-logical connectives,
and has a number of interesting implications.

In the area of universal algebra, Boolean algebras with operators (Baos) are prevalent.
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They provide an abstract framework for modal logic and its variants and offer a rich
model theory, such as the famous Jénsson-Tarski Representation Theorem [77], which in
a sense is the modal extension of Stone’s Representation Theorem [138]. In Section 3.3,
we lay the foundations for applications to team logic by showing that many team-logical
connectives are in fact operators in this sense.

The most prominent operator is the diamond ¢ of standard modal logic. Interestingly,
in team logic, operators also cover pairs like A/V, /0 and 3/V which classically are
duals of each other. In this light, we introduce the notion of weak duality between pairs of
operators, which is a concept that does not exist in classical semantics. We also provide
two characterizations of weak duality.

In Section 3.4, we study an important subclass of operators we call transversals. Intu-
itively, a transversal is an operator with the restriction that the “successor teams” of a
team T are completely determined by the successors of the elements of T. Not only is
this a well-behaved class of operators with nice properties, in fact this concept is again
natural and ubiquitous among existing team-logical connectives.

Afterwards, in Section 3.5, we continue to formalize another recurring pattern, namely
the concept of strict and lax operators. We present a general definition that again covers
the existing connectives.

Next, in Section 3.6, we show that all connectives of propositional, modal and first-
order team logic but — and ~ fall into a subclass we call standard transversals. We propose
this class as a canonical “teamification” of connectives. In combination with our defini-
tion of laxness, we prove the main theorem of this chapter, the collapse theorem. As
mentioned before, it states that every formula is equivalent to a Boolean combination
of flat formulas. This has in fact been shown for propositional [144], modal [82] and
first-order logic [38] in lax semantics by means of different methods, but it seems that
this connection was never noticed or stated explicitly. We generalize this fact and prove
it solely based on the assumption that all involved connectives besides — and ~ are lax
standard transversals.

We conclude the chapter with an outlook (Section 3.8) on how these definitions
can lead to well-behaved team semantics of temporal logic, and with some remarks
(Section 3.9) on future research possibilities.

1.2.2 Propositional, modal, and first-order team logic

The second part of this thesis focuses on three concrete team logics, namely propositional
team logic PL(~), modal team logic ML(~), and finally first-order team logic FO(~). Moreover,
propositional team logic also comes in a quantified variant, QPL(~), which is the team
analog to the well-known quantified Boolean formulas.

The above logics do not possess any non-classical atoms (so FO(~) is not the same as
Védnédnen’s TL = FO(dep,~)), and at first sight seem to be no proper team logics and
pointless to study. We give several justifications to consider them nevertheless.

First of all, truth-functional atoms like dep(@1,..., ®n;@ni1) can be expressed in
these logics. As indicated earlier, these atoms can be translated to formulas over A,
V and ~, and indeed efficiently so [108], which includes the atoms of dependence,
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independence, inclusion, exclusion and anonymity. Our translation in [108] crucially
relies on negated disjunctions V, and indeed in the same paper, we showed that the
translation is necessarily exponential if \V may only occur positively.

In first-order logic, we can distinguish between truth-functional atoms like dep( ;)
and proper dependence atoms like dep(x;y) which range over individuals, and similarly
for independence atoms, inclusion atoms and so on. In the inquisitive interpretation,
dep(x) AR(x) corresponds to the question “which x satisfies R?” (with perhaps infinitely
many possible answers), whereas dep(¢p) means “is ¢ true?”. Essentially, any matter
with only finitely many choices can already be expressed in FO(~).

From the proof-theoretic perspective, it is actually easier to study, say, ML(~) than
all the separate fragments of modal dependence logic, modal inclusion logic etc. inde-
pendently. This is because standard tools like the deduction theorem become available
if the negation is present, but also because connectives such as V and ¢ are easier to
axiomatize in the form of their universally quantifying dual connectives.

Finally, our results on these logics also yield new complete problems for rarely studied
complexity classes.

Previous research. We provide some background on the logics PL(~), QPL(~), ML(~)
and FO(~); a formal introduction can be found in Chapter 2. For PL(~) and QPL(~), the
computational complexity of their central decision problems of satisfiability and validity
is settled as ATmmEe-Art(exp, poly)-complete [53, 56].

For ML(~), while its model checking problem is known to be PSpace-complete [119],
the satisfiability problem was only known to be ATimEe-AvLt(exp, poly)-hard, as it con-
tains PL(~) as a fragment. The exact complexity of the satisfiability and validity problems
of ML(~) was a major open question [28, 58, 82, 119].* It is resolved in Chapter 4 as
completeness for the non-elementary class Tower(poly), which corresponds to runtime
that is a tower of stacked exponentials of polynomial height.

The logic FO(~) has not yet been addressed much in questions of computational
complexity. We show that its complexity coincides with that of FO, i.e., its decision
problem is £9-complete. Furthermore, we also continue a line of previous research on
decidable fragments. In a series of papers, Kontinen et al. [79, 80, 81] showed that the
satisfiability problem of the two-variable fragments of FO(dep), FO(L) and FO(C) are
all elementarily decidable. However, their method relies on a translation to existential
second-order logic, and thus fails if arbitrary negation is allowed. In Chapter 5, we
show by a different approach that the two-variable fragment of FO(~) is decidable, albeit
non-elementary, and similarly its guarded fragment GF(~) which we introduce in this
thesis.

Concerning the expressiveness of PL(~), ML(~) and FO(~), the most relevant existing
results are the following. Kontinen et al. [82] characterized the ML(~)-definable proper-

'Hella et al. [58] already observed that a non-elementary bound for ML(~) could be achieved via a
notion of “team-bisimulation and Hintikka-types”, which presumably means proving a finite model
property for some fixed non-elementary size bound and then using a brute force algorithm. The algorithm
presented here is not so much different.
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ties as those that are invariant under k-team-bisimulation for some k. One implication
of this is that ML(~) is equivalent to the Boolean closure of ML. Galliani [38] proved
that the expressiveness of FO(~) coincides with that of FO when restricted to sentences.
For his result, he proved that FO(~)-formulas can be written as Boolean combinations of
flat formulas as well; using the fact that ~ and — are equivalent (over non-empty teams)
when applied to sentences, one can transform FO(~)-sentences into pure FO. For PL(~),
a similar normal form was established by Yang and Véddnanen [144], when they proved
that PL(~) is expressively complete.

These normal forms also follow from our collapse theorem in Chapter 3, and they also
play a major role in the computational complexity (Chapter 5) and the axiomatizations
of the respective logics (Chapter 6).

For certain fragments of the above logics, axiom systems have been proposed. Sano
and Virtema [124] and Yang [141] presented complete systems for propositional and
modal dependence logic, as well as Yang and Vadndnen [143] for propositional depen-
dence logic, and for a fragment of propositional team logic [144]. In the first-order case,
it is well-known that Vadnédnen’s dependence logic FO(dep) and team logic FO(dep, ~)
are not axiomatizable [135]. However, partial axiomatizations have been found, such
as for all FO-formulas entailed by a set of FO(dep)-formulas [78, 86], or for isolated
independence or inclusion atoms [52]. Recently, Kontinen and Yang [89] proposed a
novel first-order team logic called FOT, whose expressive power coincides with FO in
an analog way as FO(dep) does with existential second-order logic SO(3), and proved
that it is axiomatizable.

Yet, common to all these proof systems is that they do not support the Boolean
negation ~, and the full logics PL(~), ML(~) and FO(~) have previously resisted any
attempt of axiomatization.

Contributions. In Chapter 4, we prove that the satisfiability and validity problem
of ML(~) are complete for Tower(poly), which to the author’s best knowledge is the
first result of a team logic that is decidable but not elementary. We also show that
the fragments MLy (~) of bounded modal depth k are complete for classes we call
ATime-Art(expy 1, poly). Key to this approach are canonical models, which are a stan-
dard tool in modal logics. In Section 4.1, we adapt this notion to team semantics, and
prove that such models exist for ML(~). Afterwards, we proceed with the lower bounds.
In Section 4.2 to 4.4, we show that ML(~) can, in a certain sense, efficiently enforce canoni-
cal models. In Section 4.5 and 4.6, we encode computations of non-elementary length
into such large models. Moreover, we also generalize the result to strict semantics
(Section 4.7) and to the common frame classes of modal logic (Section 4.8). Finally, in
Section 4.9, we adapt the well-known filtration method to modal team logic and by this
obtain a non-trivial fragment of ML(~) that has only elementary complexity.

In Chapter 5, we focus on FO(~). By application of the collapse theorem, we obtain
results on the complexity of its model checking, validity and satisfiability problem in
Section 5.1. Furthermore, we study its two-variable fragment FO?(~) and introduce a
new fragment called guarded team logic GF(~). In analogy to the classical fragments FO?

10
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and GF of FO, we prove that both FOZ(~) and GF(~) are decidable. Next, in Section 5.2,
we show that well-known standard translation from ML to FO can be generalized to
team semantics with minor adaptations. Lastly, in Section 5.3, we study FO(~) from
the perspective of model theory and prove a variant of L.0§’s ultraproduct theorem.
Roughly speaking, it states that a structure and its ultrapower satisfy the same first-
order formulas. We adapt this to team logic, and for this introduce a suitable notion
of ultraproducts of teams. As an implication of this, we conclude that the compactness
theorem does not hold only for FO(~), but also for certain extensions of it by non-classical
atoms.

Finally, in Chapter 6, we present a modular proof system for team logic, which
we subsequently adapt to PL(~), ML(~) and FO(~). First, we axiomatize the Boolean
operators in Section 6.2, and proceed with the other operators in Section 6.3. We conclude
with some remarks on the empty team (Section 6.4) and compare our approach with
the existing axiomatizations of fragments of team logics and its fragments (Section 6.5).

1.3 Further notes

Prerequisites. Thereader is assumed to be familiar with elementary logic. In particular,
basic knowledge on propositional logic, modal logic and first-order logic in the usual
Kripke and Tarski semantics is helpful throughout the thesis. Moreover, basic complexity
theory is required for Chapters 4 and 5. We refer the reader to standard textbooks on
logic [10, 31] and complexity theory [130].

No previous knowledge on team logic is required, and we formally introduce it in
Chapter 2. We also define novel complexity classes considered in this thesis, and agree
on some mathematical standard notation.

Publications. Chapter 3 has not been published previously. Chapter 4 up to Section 4.6
isbased on a conference publication [101], with Sections 4.7 and 4.8 added in an extended
journal article [102]. The final Section 4.9 appeared as a single paper [105].

Most of Chapter 5 is based on a single conference publication [104], but the part on
model theory (Section 5.3) is new, as well as our proof for the complexity of FO(~).
Moreover, the team-semantical guarded fragment GF(~) is introduced in this thesis for
the first time.

Finally, Chapter 6 is based on a journal article [ 100] which again extends a preliminary
conference publication [99]. As part of this thesis, it was completely rewritten, and
many proofs have been significantly shortened and simplified. This applies both to the
derivations in the appendix and to proofs on the meta-level, for instance the necessary
compactness theorem is a corollary of the ultraproduct theorem (Section 5.3), whereas it
required a different proof in the original paper [100]. We also now take the connectives
N, V, ¢ and 3 as primitives instead of their duals —, —, A and !, and hence simplify the
notation and follow conventions in the literature more consistently.

11
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In this chapter, we agree on some standard notation, and in Section 2.1 lay the ground
for the complexity theoretical aspects of this thesis. Afterwards, we provide a formal
background on team logic in Section 2.2.

The set of non-negative integers {0, 1,2,...} is denoted by w or N. We write [n] for
the range {1,...,n}, and |X| for the cardinality of the set X. A set with one element
is called singleton. The set of all finite sequences of elements of X, or words, is X*. If
X = X1 ---Xn is a word, then [x| := n also denotes the length of x. If Y, Y’ C X*, then
YoV :={ww'|weY,w Y}

The power set of X is written p(X) or pX. The set p™ (X) := p(X) \ {0} is the set of all
non-empty subsets of X, p' (X) := {{x} | x € X} is the set of all singleton subsets of X, and
=@ (X) is the set of all finite subsets of X.

The domain of a function f is denoted by dom f. If X C dom f, then f[X is the restriction
of f to the domain X. The inverse of a function f: X — Y is the function f~': Y — pX with
1 (y) = {x € X | f(x) = y}.

Let (Xi)ic1 be a family of sets. A choice function for (X;)ier is a function f: T — (J; o1 Xi
such that f(i) € X; for all i € I. The set of all choice functions for (X;)ic is denoted
by [[ic: Xi, thatis, [[;c; Xi = {f: T = Uije; Xi | Vi € T: f(i) € Xi}. For example, if
I = [n], then a choice function is just an n-tuple in the Cartesian product Xy x --- x X;,.
Throughout this thesis, we assume the axiom of choice, which is equivalent to the

statement that [ [; | X; is non-empty iff X; is non-empty for all i € L.

2.1 Complexity theory

We assume that the reader is familiar with basic complexity theoretic concepts such
as Turing machines, (un-)decidability, O-notation, time and space complexity, non-
determinism, reductions, hardness and completeness. For an introduction to these
topics, the reader is referred to standard literature [130].

Recall that a reduction from a problem A C £* to a problem B C A* is a computable
function f: Z* — A* such that x € A & f(x) € B for all x € Z*. We write A < B if there is
some reduction from A to B. If the function f is additionally computable in time n°(1),
then it is called polynomial time reduction, and we write A <%, B if A is polynomial time
reducible to B. Similarly, if f is computable in space O (logn), then it is called logspace
reduction and we write A <19 B. A problem B is hard for a complexity class € with
respect to a type of reduction < if A € € implies A < B, and complete for C if B is hard
for € and B € C. If nothing else is stated, hardness and completeness in this thesis are

w.r.t. <\,

12
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Turing machines. We briefly remind the reader of some basic definitions. A (single-
tape) Turing machine is a tuple M = (Q, %, T, 8, qo, b) with the usual components, that
is, a state set Q, an input alphabet Z, a tape alphabet I' D I, a transition relation § C
QxT'xQxTx{L,R, N}, aninitial state qp € Q and ablank symbolb € I'\X. A configuration
of M is a string C € I o (Q x ') oI'*, with the successor relation C -y C’ defined as usual.
M is called deterministic if every configuration has at most one successor configuration.

For the special type of alternating Turing machines, we follow Chandra et al. [13] (see
also Sipser [130, Ch. 10.3]).

A (single-tape) alternating Turing machine is a tuple M = (Q, L, T} 3, qo, b, g) where
(Q,%,T,8,qo,b) is a Turing machine and g: Q — {3,V, acc, rej}. Suppose that configura-
tions of M do not form a loop w.r. t. Fp.

We define the sets Q3, Qv, Qacc, Qrej by Qi ={q € Q | g(q) = i} and call these the
existential, universal, accepting and rejecting states of M, respectively. Let C = w(q, a)v
be a configuration, where w,v € I'*, a € I'and q € Q. Then C is accepting if q ¢ Qrej
and additionally one of the following holds: Either q € Qacc, or q € Q35 and there is an
accepting successor configuration C’ of C, or q € Qv and all successor configurations C’
of C are accepting. An input x =x; ---xn € X* is accepted by M if the initial configuration
(qo,x1)x2 -+ - xn is accepting. A non-deterministic Turing machine is an alternating Turing
machine where g(q) # V for all q € Q.

A Turing machine M runs in time t: N — N if for every n and every input x with
Ix| = n every computation path from the initial configuration on x reaches an accepting
or rejecting state after at most t(n) steps. M runs in space s(n) if every reachable config-
uration has length at most s(n), and with a(n) alternations if on every computation path
there are at most a(n) transitions from an existential to a universal state or vice versa.

For a function f: N — N, the complexity classes TimE(f) and Spacg(f) contain all
decision problems that are decidable by some deterministic Turing machine in time
resp. space O (f). The classes NTimE(f) and NSpack(f) resp. ATiME(f) and ASpack(f)
are defined analogously via non-deterministic resp. alternating machines. Finally,
ATiMe-Arrt (f, g) contains the problems decidable by an alternating machine that si-
multaneously runs in time O (f(n)) and with g(n) alternations.

If F is a set of functions (suchasn®") = {n,n? n3,...}), then TiMe(F) := J;c 5 TIME(f),
and similarly for the other classes. Some prominent complexity classes are the following:

L

Spack (logn) PSracEe := SPACE (noﬂ))
P = TiME (nO(U) ExpTimMe = TIiME <2“om)
NP := NTiMmE (nO(U) NExpPTiME := NTiME (Z“Om>

AP = ATiME (nOUJ) 2ExpTiME := TiME (22nom)

By Chandra et al. [13], AP = PSpack. In particular, the above classes are ordered by

13
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inclusion as follows:

L CP C NP C AP = PSrace C ExpTiME C NExpTIME C 2ExPTIME.

(Non-)Elementary complexity. For this thesis, we require several other complexity
classes. Let expy(n) := n and exp,,;(n) = 2P« A function f: N — N (resp. a
problem A) is elementary if it is computable (decidable) in time O (expy (n)) for some
fixed k € N, otherwise it is non-elementary.

Definition 2.1. ELEMENTARY := TIME(expg(71)(1n)).

Hence the elementary problems are precisely those decidable by a deterministic
Turing machine in time f(n) for some elementary function f: N — N.

Definition 2.2. Let k > 0. Then
ATmME-ALT(expy, poly) := ATiME-ALT (expk (no“ ]) ,0 (no“ )>) .

In other words, this class contains the problems decidable by an alternating Turing
machine with at most p(n) alternations and runtime at most expy (p(n)), for some
polynomial p. Note that for k = 0 this class coincides with AP = PSpack. For k =1, k is
often omitted, so that this class is also known as ATime-Art(exp, poly) [56].

Some decision problems we consider are decidable, but not elementary. We can locate
them in the following class, proposed by Schmitz [125]:

Definition 2.3.

TowEr = U TiME(expe(y)(1))-
f: NN
f elementary
A suitable type of reduction for this class is the elementary reduction. An elementary
reduction from A to B is an elementary function f such that x € A < f(x) € B. We write
A <gem B if there exists an elementary reduction from A to B.

Proposition 2.4 ([125]). Tower is closed under <&™.

For our purposes, however, already a weaker complexity class is sufficient.
Definition 2.5. Tower(poly) := TIME(eXpnom (1 )).

Hence Tower(poly) is the class of problems decidable by a deterministic Turing
machine in time exp, (1) for some polynomial p. The reader may verify that both

ATIME-ALT(expy, poly) and TowEer(poly) are closed under <P and <los,

There are several problems in Tower that also have non-elementary lower bounds
(cf. Schmitz [125] and the survey of Meyer [114]). To name a few, these include the
satisfiability problem of separated first-order logic [133, 140], the equivalence problem

14
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for star-free regular expressions [132], the first-order theory of finite trees [17], the
theory of weak monadic second-order logic with one successor [115, 121], or, more
recently, the satisfiability problem of modal separation logic [23]. It is not hard to check
that all these listed problems are in fact in Tower(poly)." For the latter two, indeed
also Tower-hardness under <&°™ is claimed [23], which trivially implies Tower(poly)-
hardness and thus completeness. Yet, we have to be careful: In a sense, <$Illem is too
“coarse” as a reduction for Tower(poly), which can be seen by the argument below. For
this reason, we only use g}; and <1ﬁg as reductions in this thesis.

Proposition 2.6. TowEer(poly) is not closed under <&,

Proof. We claim that every <¢™-hard set for TowEer(poly) is also <&*™-hard for TOwEr.
This proves the proposition as follows. Assume that TowEr(poly) is closed under <&,
and let A be any Tower(poly)-hard problem (such A exists; see also Theorem 4.32 in
this thesis). In combination with our claim this would imply Tower C TowEgr(poly),
contradiction to the time hierarchy theorem (see, e.g., Sipser [130, Cor. 9.11]).

Now we prove the claim, so assume A is <&°™-hard for Tower(poly). We have to
show that it is also Tower-hard, so let B € ToweRr be arbitrary. We show B <§1fm A.

B is decidable in time exp, ,,)(1) for some elementary r. Define the set

C:={x#0"(* | x € B},

where 07(*!) is a string of r(|x|) zeroes. First, we show that C € TowEr(poly). Consider
the algorithm that first checks that the input z is of the form x#0- - - 0, computes r(|x|)
in elementary time, and checks whether z = x#07(XI). These steps take time that is
elementary in |z|. Then the algorithm verifies that x € B, which takes time exp,. () (1) <
expy,(1). Hence C € TowEer(poly).

By assumption, C <¢°™ A via an elementary reduction f. But clearly also B <& C
by the elementary reduction g: x + x#0"(*I). As a consequence, the function h:=fog
is a reduction from B to A. Now h is computable in time exp,, (expy, (n)) = expy, 4, (n)
for fixed k1, k, > 0 depending on f and g, and hence again elementary. O

In this thesis, we present several problems that are <£g—complete for Tower(poly),
which to the best knowledge of the author is the first explicit completeness result for
this class under an “efficient” reduction.

2.2 Team logic

We proceed with the formal definition of propositional, modal and first-order team
logic, and mention existing results regarding their computational complexity.

The syntax of team logics usually coincides with that of classical logic, with the
exception of non-classical atoms of dependency and the Boolean negation ~. In this thesis,

'Rabin [121] erroneously claims an elementary upper bound; this is observed and corrected by
Meyer [115].
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we use Greek letters ¢,1, 0, ... for formulas, Latin letters x,y, z,w, ... for variables and
t,u,... for terms. Atomic propositions are written p, q,r,.... Furthermore, «, #,v,...
are reserved for classical formulas and ¢,, 9,... for arbitrary team-logical formulas.

A fragment L' of a logic £ is a logic with the same semantics, but with only a subset
of formulas available. In other words, it is a syntactic restriction of £.

Given a formula ¢, we let |¢| denote the size or length of the formula ¢ over some
suitable encoding. In this thesis, every atomic formula is counted as having length one.
The set sub(¢) is the set of all subformulas defined by the usual recursion.

2.2.1 First-order logic

Classical first-order logic. A vocabulary or first-order language o is a (possibly infinite)
set of function symbols f and relation symbols or predicates P, each with finite, non-
negative arity ar(f) and ar(P), respectively. We also assume a countably infinite set
Var = {x1,x2, ...} of first-order variables. The set of o-terms is defined in the standard way
by composition of function symbols and variables. A vocabulary o is called relational
if it contains no function symbols. If t is a o-term, then Var(t) is the set of variables
occurring in t.
Formulas of classical first-order logic 0-FO are given by the grammar

as=Ptlti =t | T|L|~alaAalaVa|Ixa|Vxa,

where P € ois a predicate, x € Var, t = (t1,..., ty(p)) and t1,t2,. .. are o-terms.
We use the usual abbreviations « — B :=~aVpand x < B = (x = B) A (B — «).
If t = (t1,...,tn) and @ = (uy,...,un) are tuples of terms, then we use the shorthand

t = 1 for the formula \I"; ti = w;.
If « is a formula, then Fr(«x) and Var(«) denote the set of free resp. of all variables in
«, defined in the standard way. A sentence is a formula with no free variables.

First-order logic 0-FO is evaluated in o-structures, which are pairs A = (A, o), where
A is a non-empty set called domain of A, often written |A|, and o* maps each symbol
S € o to a function resp. relation $* of suitable arity that interprets S, i.e., f4: AT — A
for an r-ary function symbol f, and P4 C AT for an r-ary predicate P. We often identify
a structure A and its domain if the meaning is clear.

Let X C Var. A function s: X — A is called an assignment. If s: X - A and doms D
Var(t), then t(A, s) is the usual evaluation of the term t in A under the assignment s. That
is, if t = x is a variable, then t(A, s) = s(x), and if t = f(t,..., tn) for a function symbol f
and terms ti,...,tn, then t(A,s) = f4(t; (A,s),...,tn(A,s)). For tuples t = (t1,...,tn),
we define t(A,s) as (t1(A,s),...,tn(A,s)).

If s: X = A and x € Var, then s} : XU {x} — A is the updated assignment that sends x
to aand all y € X\ {x} to s(y).

We will often suppress the vocabulary o in the notation if it does not matter. Next,
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we define the classical satisfaction relation (A, s) F «, known as Tarski semantics.

(A,s) EPE < T(A,s) € P4,

(A,s) Bty =t & t1(A,s) =ta2(A,s),

(A,s) F—~x S (A, s) F «,

(A,s)ET always,

(A,s)E L never,

(As)EaxNAB & (A,s)Faand (A,s) E B,
A,s)FaVR & (A,s)Faor (A,s)EB,
(A,s)EIxa < (A,sy) F aforsome a € A,
(Ays)Evxa < (A,sy) Faforall a e A.

A model of a o-formula « is a pair (A, s) such that (A, s) F «. If the assignment s does
not matter, i.e., if « is a sentence, we sometimes simply call A a model of «.

First-order team logic. Next, we introduce team semantics and first-order team logic
0-FO(~). The set of 0-FO(~)-formulas (or simply o-formulas) is given by the grammar

eu=Pt|Ptlti=t2 | t1=t2| TIL|l~ploA@loVe|Ixe|¥xe,

where P € ois a predicate, t = (t1,... ytar(p)), x € Var and ty, 2, ... are o-terms. Note
that — now can only occur at the level of literals, that is, the ~-free fragment of o-FO(~)
consists precisely of all o-FO-formulas in negation normal form."

Definition 2.7. Let X C Var. A team in A with domain X is a set T of assignments s: X — A.

If T is a team with domain X D Y, then its restriction to Yis T|Y :={s]Y | s € T} If t
is a term and T is a team with domain X D Var(t), then t(A, T) := {t(A,s) | s € T}, and
A, T) == {t(A,s) | s € T} If A is understood, we write only, e.g., t(s) or t(T).

Like Tarski semantics, the compositional nature of team semantics is based on as-
signment updates. If T is a team in A with domain X, then f: T — p*(A) is called
a supplementing function of T. It extends (or modifies) T to the supplementing team
T :=={s} s € Tya € f(s) } with domain X U {x}. If f(s) = A is constant, we write T} for
T If f(s) = |Al, then f is also called duplicating function and T} is the duplicating team.

A pair (A, T) is admissible for a o-formula ¢ if A is a o-structure and T is a team with
domain X for some X D Fr(¢). We evaluate o-FO(~)-formulas ¢ on (A, T) as follows,
where t7,t, are terms, { is a tuple of terms, P € o is a predicate, and x € Var:

(A,T)E Pt & Vs e T:t(A,s) € P4, or equivalently, T(A, T) C P4,
(A, T) E—Pt & Vs eT:tAs) ¢ P4, or equivalently, t(A, T) N PA =9,

*For logics with ~, Vddnanen [135] originally employed the symbols ! for V and ® for V, so that ¥ could
denote the ~-dual of 3, and V the Boolean disjunction. However, we follow the notation of Galliani [38]
instead in order to simplify statements such as the flatness property (see below).
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AT Et =t <VseT:t1(As)=1t(A,s),

(AT E—t1 =t2 ©VseT:t1(A,s) #ta(A,s),

ATET always,

(AT EL s T=0,

(A, T)E~ < (AT EY,

AT)EYAS < A, T)Evand (A,T)EH,

AT EYVE <3S, UC TsuchthatT=SuUl, (A,S) EY,and (A,U) E 6,
(A, T) EIxp & (A, TF) E P forsome f: T — o " (A),

(A, T) Evx s (AT E.

As abbreviations, we use the Boolean disjunction ¢ @\ := ~(~¢ /\~p), the non-emptiness
atom NE = ~1, and strong absurdity I := ~T. Sometimes also the duals ¢ ® {} =
~(~@ V ~)), Ap :=~O~¢p and x ¢ := ~Ix~¢ are used.

A model of a formula ¢ is a pair (A, T) such that (A, T) F ¢. We say that ¢ entails ,
in symbols ¢ F 1, if (A, T) F ¢ implies (A, T) F 1 for all (A, T) that are admissible for
both ¢ and V. If ¢ F and V F ¢, then ¢ and  are said to be equivalent, in symbols
¢ =. A formula o is satisfiable if it has at least one model, and ¢ is valid if every (A, T)
admissible for ¢ is a model of .

Basic properties. If @,1, 0 are formulas, then ¢[1{/6] is the formula obtained from ¢
by replacing every occurrence of the subformula 1 by 8 (but no occurrences that appear
newly as part of 0). Formally, [/6] := 6 if ¢ =1, and otherwise

(

© if ¢ is atomic,
~(@'[W/6]) if @ =~¢’,
e[p/6] == ¢ —~(o'[b/6]) if @ =—¢’,
@10b/0l o @20p/0] if @ = @1 o@randoc {A\ V],
ox (@'[W/0]) if p=0x¢@’and o € {3,V}, x € Var.

Team semantics satisfies the full abstraction principle:
Proposition 2.8 ([135]). Let ¢, , 0 be FO(~)-formulas. If \p = 0, then ¢ = @[p/6].
Classical formulas have the flatness property.!

Definition 2.9 (Flatness). A FO(~)-formula ¢ is flat if, for all admissible (A, T), it holds
that (A, T) F ¢ if and only if (A,{s}) F ¢ forall s € T.

Proposition 2.10 ([135]). Every FO-formula is flat. Moreover, if « € FO, then (A,T) F « if
and only if (A, s) E o (i.e., in Tarski semantics) forall s € T.

'The term first appeared with Hodges [70], who defined | ¢ as the flattening of the formula ¢. In his
notation, flat formulas ¢ are precisely those where ¢ = |¢.
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A o-formula ¢ is downward closed (resp. upward closed) if for every o-structure A and
teams S C T (resp. S O T) it holds that (A, T) F ¢ implies (A, S) & ¢. It is union closed if
for every o-structure A and set T of teams in A it holds that VT € 7: (A, T) F ¢ implies
(A,UT) E . It has the empty team property if (A, D) F ¢ for every o-structure A.

Proposition 2.11 ([135]). Every FO-formula is downward closed, union closed and has the
empty team property.

Observe that union closure implies the empty team property, and that flatness is
equivalent to combined downward and union closure. Also, a formula ¢ is downward
closed (upward closed) if and only if ~¢ is upward closed (downward closed).

Negation. It is useful to add the classical negation operator — as a primitive connective
to team logic. Most authors allow — only in front of atoms, with —« defined merely as an
abbreviation for the formula resulting from pushing — inwards to the atomic level using
the classical equivalences ~(x AB) = —~aV =B, =(aV B) = ~aA=p, -T =1L, ~-L =T,
—Ixa = Vx—«, and —Vxax = Ix—a (cf., e.g., [85,135]).

Originally, Hodges [70, 71] included — in his semantics as the combination of two
operators called “game negation” and “flattening”. The definition of — in his terms is
the following.

AT E—@ & VseT:(A{s} ¥ o. (%)

This definition has also been used by Yang et al. [74, 141, 144] for the purpose of defining
uniform substitution inside formulas such as —p, as well as by Kuusisto [93] for his double
team semantics.

With — as a primitive defined as in (%), we avoid the limitation of formulas to nega-
tion normal form. It is easy to prove that this does not change the semantics [141].
Alternatively, —¢ is definable as an abbreviation:

—p = ~(T\/ (NEA~(TV (NE/\~cp))))

This formula states that every non-empty subteam contains a non-empty subteam
satisfying ~¢, which is precisely the case if every singleton satisfies ~¢. (A formal proof
for this is given as part of Section 4.2.2). Consequently, we can assume — as part of the
syntax whenever it is convenient to do so.

The following abbreviation by Galliani [41] and Kontinen and Nurmi [84] is useful
as well. For o € FO and ¢ € FO(~), define & — ¢ := ~aV (A @), and if T is a team in
A, thenwe call Ty :={s e T| (A,{s}) F a}the team T conditioned to «.

Proposition 2.12. (A, T) F o« — @ if and only if (A, T«) E .
Proof. Clear. See also Galliani [41, Lem. 16]. O

Non-classical atoms. We proceed with the common non-classical atoms for team
semantics. In what follows, let {, i, V be tuples of terms.
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The dependence atom dep(t; i) is due to Vadnidnen [135]. Gradel and Véddninen [49]
introduced the independence atom t L 5 v. Finally, Galliani [37] defined® the inclusion
atom t C 1 and exclusion atom t | i, where t and i are tuples of equal length. The
semantics of these atoms is as follows.

(A, T)Edep(t;ii) <« Vs,s'eT:(t
AT EL LV & Vs,s'eT: (T

(AT E

tci & VseT:3s' eT:ts) =1(s’),
AT ET ) s

|t & Vs,s' e T:t(s) # fs’).

The atom dep(t; i) is also known as =(t; i) in the literature. For a single term u, the
atom dep(u) is called constancy atom, as it means that u is constant (since it depends on
nothing).

The extension of FO by the respective class of atoms is called dependence logic FO(dep),
independence logic FO(L), inclusion logic FO(C) and exclusion logic FO(|). The logics
FO(dep,~), FO(L,~) and so on extend FO(~) analogously.

A desirable property of logic is locality, which means that the truth of a formula
depends only on the assignments to its free variables.

Definition 2.13. A formula ¢ is local if (A, T) E ¢ < (A, T|Fr(@)) for all admissible
(A, T). We say that a logic is local if all its formulas are.

Proposition 2.14 ([37, 49, 135]). Let D € {dep, L, C, |}. Then FO(D, ~) is local.

Proof. Easily proven by induction on the formula ¢ (cf. [135, Lem. 3.27], [37, Thm.
2.2]). The base case of atomic formulas and the inductive step for each connective work
as in Galliani’s proof [37, Thm. 4.22], to which the ~-case can be added in the obvious
way. O

Proposition 2.15 ([37, 135]). FO(dep) and FO(|) are downward closed and have the empty
team property, but are not union closed. FO(C) is union closed and has the empty team property,
but is not downward closed. FO(_L) has the empty team property, but is neither downward closed
nor union closed.

We also follow the notation of Kontinen et al. [82] and use the formula Ee, for « € FO,
which states that some assignment in the current team satisfies «. It can be defined as
~—aoras TV (NEA x).

Lax and strict semantics. Galliani [37] noticed that there are formalisms under which
locality fails, notably for so-called strict semantics, as opposed to lax semantics. While
these originally were two alternative semantics for certain connectives, in this thesis, we
introduce them as separate syntactic elements, namely strict splitting \/ and the strict

*Although he claims that the notation is due to Gradel.
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existential quantifier 3, as opposed to the lax operators \V and 3 introduced before. Their
definition is (with the lax connectives restated to compare):

(AT)EYVO«<3IS,UC Tsuchthat T=SUU, SNU =0, and
(A,S)EvPand (A, U) E 0,

(AT)EWPYVO <3S, UCTsuchthat T=SUU, (4,S) P and (A,U) E6,

AT EIxe < (A, TF) E ¢ for some f: T — o' (A),

AT EIxe & (A TY)E @ forsomef: T— p"(A).

For V/, the condition S N U = () is new, and for 3, only p* was changed to .

In Vddnanen’s original definition [135], there was no distinction between lax and strict
semantics. This is because for dependence logic, and in general for downward closed
logics, both are equivalent. This also applies to downward closed FO(~)-formulas:

Proposition 2.16. Let ¢, € FO(~) such that ¢ is downward closed. Then @ V1 = @ \V/ {
and Ixe = Ixe.

Proof. Clearly ¢ \/ ¥ entails ¢ \V 1 and 3x¢ entails Ix¢ by definition. If conversely
(A, T) E @V viasubteams S,U C Tsuchthat SUU =T, (A,S) F ¢ and (A, U) E ¥, then
we instead split T into the subteams T \ U and U. Since T\ U C S and ¢ is downward
closed, this proves (A, T) E ¢ V.

Likewise, suppose (A, T) E Ix¢ via some supplementing function f: T — p*(A). By
the axiom of choice, there also is some function f': T — p'(A). Then TS € Tr. By
downward closure, we obtain (A, TY) F ¢, so (A, T) & Ix is witnessed by f’. O

In this thesis, where we assume negation ~ as part of the logic, the distinction between
strict and lax semantics becomes apparent already for simple formulas suchas ETVET #
ET \ ET, where the former defines non-emptiness, but the latter means that the team
contains at least two assignments. If nothing else is stated, the notation FO(- - -) will
always refer to lax connectives and not include \/ and 3.

Decision problems. Let us define the central decision problems of logic in the setting
of team semantics.

Definition 2.17. Let ¥ be a set of formulas. The satisfiability problem of ¥ is the set
SAT (V) :={¢p € ¥ | ¢ is satisfiable}.

Definition 2.18. Let ¥ be a set of formulas. The validity problem of ¥ is the set
VALY) :={¢p € ¥ | ¢ is valid}.

Definition 2.19. Let ¥ be a set of formulas. The model checking problem of V¥ is the set

MCW) ={(A,T,@)| @ €V, (A,T) admissible for ¢, and (A, T) F ¢}.
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Note that the satisfiability problem becomes trivial for logics with the empty team
property. For this reason, in the literature on team semantics, the empty team is usually
excluded from the definition of satisfiability [37, 49, 135]. However, since we have NE,
both problems are equally hard: A formula ¢ is satisfiable iff T \V ¢ is satisfied in some
non-empty team, and conversely ¢ is satisfied in some non-empty team iff N A\ @ is
satisfiable at all.

Galliani [37], Grddel and Védédnénen [49], and Vddndnen [135] showed that sentences
of inclusion, exclusion, independence and dependence logic all have the same expressive
power, namely that of existential second-order logic sentences, and that there are effective
translations in both directions.

The classes X, and T, are the second level of the Lévy hierarchy [95].

Theorem 2.20 ([37, 49, 135]). Let D € {dep, L,C, |}. Then the satisfiability problem of
FO(D) restricted to non-empty teams is T19-complete, and the satisfiability problem of FO(D,~)
is L-complete. The validity problem of both FO(D) and FO(D, ~) is T1,-complete.

Theorem 2.21 ([44]). For any D € {dep, L, C, |}, the model checking problem of FO(D) is
NExpTimE-complete.

2.2.2 Modal logic

Classical modal logic. Fix a countably infinite set Prop := {p, q,,...} of propositional
variables. Formulas of modal logic ML are built by the grammar

axx=p|T|L|-a|laNx|aVa|dx|Dx (p € Prop).

The set of propositional variables occurring in a formula o is Prop(«). Next, we briefly
recall classical Kripke semantics. Let @ C Prop be finite. A Kripke structure (over @) is
a tuple X = (W,R,V), where W is a set of worlds or points, (W, R) is a directed graph
called frame of X, and V: ® — oW is the valuation. Occasionally, by slight abuse of
notation, we use the inverse mapping V=': W — p®. A pointed structure (over @) is a
pair (K, w) where X = (W, R, V) is a Kripke structure (over ®) and w € W. ML-formulas
are evaluated in Kripke semantics, where p € Prop and (X, w) is a pointed structure:

(K, w) E < we V(p),

(K, w) E always,

(K,w)E L never,

(K,w)E—-a < (K,w) E«,

(K,w)EaAB < (K,w) Exand (K,w) E B,
(Kw)EaVp s (K,w)Eaxor (K,w) EB,
(K,w)E QO < IveW:Rwvand (K,v) F «,
(K,w)EOx < Vve W:if Rwy, then (K,v) FE o

We sometimes omit X and write only w F «.
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Modal team logic. Formulas of modal team logic ML(~) are defined by the grammar

eu=p|lPplT|lLl~eloeNeleVe|dp|[Oep,

where again p € Prop. The semantics of ML(~) is defined on pairs (X, T) called structure
with team (over ®), where X = (W, R,V) is a Kripke structure (over ®) and T C W'is
called team in K. A structure with team (X, T) is admissible for a formula ¢ if X is a
Kripke structure over @ for some ® O Prop(¢).

The image of a team T is RT :={v | w € T,(w,v) € R}. For w € W, we simply write
Rw instead of R{w}. Sometimes we use the “iterated” image, defined by R°T := T and
RU1T := RRIT. An R-successor team (or simply successor team) of T is a team S such that
S C RTand T C R™'S, where R™! := {(v,w) | (w,v) € R} Intuitively, S is formed by
picking at least one R-successor of every world in T, which means that every w € T has
a successor in S, and every v € S has a predecessor in T. Equivalently, S is a successor
team of T if and only if S = |J,, 1 f(w) for some f € [[,, .1 #" (Rw). The evaluation of
ML(~)-formulas is now as follows, where (X, T) is an admissible pair and p € Prop:

Ep & Vw e T: (K,w) Ep, or equivalently, T C V(p),

E—p & VweT: (X,w)¥p,orequivalently, TN V(p) =0,

ET always,

FL  &T=0,

F~p & (KT FEY,

EWAB < (K,T)Evpand (K,T)E0,

Ey\VO <3S, UCTsuchthat T=SUU, (X,S)E ¥, and (5, U) £ 0,
EOY & (K,S) E for some successor team S of T,

ECW o (K, RT) E .

AARAAAARRAAA
JJd22d23223 2

Like in the classical case, we sometimes omit X and write only T F ¢. As for first-order
team logic, let NE := ~1, I :=~T and Ex := ~—«. (We can again consider negation — as
part of the syntax where this is convenient.)

Basic properties. The definition of flatness is similar to the first-order case:

Definition 2.22 (Flatness). An ML(~)-formula ¢ is flat if, for all admissible (X, T), it
holds that (X, T) E ¢ if and only if (X,{w}) F ¢ forallw e T.

The definitions of satisfiability, validity, model checking, entailment, substitution,
downward /upward closure, union closure and the empty team property are also analo-
gous.

Proposition 2.23 ([128]). Every ML-formula is flat. Moreover, if x € ML, then (K, T) F « if
and only if it holds that (X, w) F « (in Kripke semantics) for allw € T.
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The modal depth md(¢) of a formula ¢ is recursively defined:

md(p),md(T),md(L) =0

md(~¢), md(—¢) = md(o)

md(@ Ab),md(¢ V) :=max{md(p), md()}
md(Q@), md(Ce) =md(¢) + 1

MLy and MLy (~) are the fragments of ML and ML(~) with modal depth < k, respectively.
If the propositions are restricted to a fixed set ® C Prop as well, then the fragment is
denoted by ML or ML (~), respectively.

The bisimulation relation = captures the expressive power of modal logic [9, 43].

Definition 2.24. Let ® C Propand k > 0. For i € {1, 2}, let (X, w;) be a pointed structure
over ®! O @, where K; = (Wj, Ry, V). Then (Kq,w;) and (K,,w;) are (@, k)-bisimilar,
in symbols (K1, wq) = (K2, wy), if

e Vp € ®:wy € Vi(p) & wz € Valp),

e andif k >0,
- Wi € Rywy: Iva € Rowa: (K, vi) =P (K2, v2) (forward condition),

- Wy € Rowy: 3vy € Rywy: (Ky,vi) =2 (K2, v2) (backward condition).
The next result is standard:

Theorem 2.25 ([43, Thm. 32]). Let ® C Prop be finite and k > 0. For i € {1,2}, let (Xi, wi)
be a pointed structure over ® O ®, where X; = (Wi, Ry, Vi). Then the following statements
are equivalent:

(1) Vo € MLk (K],W]) Foas (K],Wz) E o
(2) (K1,w1) =2 (K3, wy).

Furthermore, so-called characteristic formulas or Hintikka formulas represent the bisim-
ulation equivalence classes syntactically.

Proposition 2.26 ([43, Thm. 32]). Let ® C Prop be finite, k > 0, and let (X, w) be a pointed
structure over ®' O ®. Then there is a formula ¢ € MLy such that for all pointed structures
(XK', w') we have (K, w) =2 (XK', w’) if and only if (X', w’) F C.

The notion of bisimulation was lifted to team semantics by Hella et al. [60] and
Kontinen et al. [82, 83]:

Definition 2.27. Let ® C Prop be and k > 0. For i € {1,2}, let (X, T;) be a structure
with team over ®/ D @. Then (X1, Ty) and (X, T2) are (®, k)-team-bisimilar, (K1, T;) =
(X2, T2), if

e Ywy €Ty:dwy €Ty (K],W]) ﬁg) (Kz,Wz), and
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e Ywy €Ty: E|W1 eTy: (K],W]) \ig) (j(z,Wz).

If no confusion can arise, we will also refer to teams Ty, T, that are (@, k)-team-bisimilar
simply as (@, k)-bisimilar.

Proposition 2.28. Let @ C Prop be finite, and k > 0. For i € {1,2}, let (Xi,w;) be a pointed
structure over ® O @, where X; = (Wi, Ry, Vi). The following statements are equivalent:

(1) Yoo e MLY: (K1, w1) Ex < (Kaywa) E

(2) (K1,wq) =2 (K3, w2), that is, (Kq,w1) and (K2, w3) are (@, k)-bisimilar,

(3) (Kq1,fw1)) =2 (Kz,{w2)), that is, (K1, {w1}) and (K3,{w,}) are (®, k)-team-bisimilar,
and if k > 0,

(4) (Kiywi) = (Kzy,wa)and (K1,Rywq) =P 1 (K2, Rowa).

Proof. (1) < (2) is just Theorem 2.25. (2) < (3) follows from Definition 2.27. For k > 0,
we first show that (2)+(3) = (4). Clearly, (Kq,w1) :g’ (K2, w3) follows from (2). By
Hella et al. [60, Lem. 3.3], (3) implies (X;,Riwq) = _k 1 (K2, Rowy).

Finally, we show (4) = (2). Suppose (K1,wqp) = *o (K2,w7) and (K;7,Rywq) :&1
(X2,R2w32). Then to show (Kq1,wq) =P (K3, wy), it is sufficient to prove the forward
and backward conditions of Definition 2.24. Suppose vi € Ryw;. Since (X7, Riwq) ﬁfq
(K2, Raw;y), by Definition 2.27 there exists v, € Ryw; such that (Kq,v1) :]‘f_] (K2,v2),
proving the forward condition. The backward condition is symmetric. O

This means that the forward and backward condition from Definition 2.24 can be
equivalently stated in terms of team-bisimilarity of the respective image teams.
Characteristic formulas exist also in the team setting;:

Theorem 2.29 ([82, Prop. 3.10]). Let ® C Prop be finite and k > 0, and let (K, T) be a Kripke
structure with team over ®' D ® such that T is non-empty. There is an MLY (~)-formula ¢
such that for all admissible Kripke structures with team (X', T’), for T non-empty, we have
(K, T) =P "Yifand only if (X', T') E ¢.

Moreover, a characterization similar to Theorem 2.25 exists for team-bisimilarity. The
following theorem slightly extends Kontinen et al. [82, Prop. 2.8 and 3.10].

Proposition 2.30. Let ® C Prop be finite, and k > 0. Let (X, T;) be a structure with team for
i €{1,2}. Then the following statements are equivalent:

(1) Vo € MLk (fK],T]) Foase (sz,Tz) = x,
(2) Vo e ML(MP: (K1, T F o < (K2, T2) F o,

(3) (K5, T) =P (X2, To).
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Logic Satisfiability Validity References
PL(dep) NP NExpTIME [96, 139]
ML (dep) NExpTimE NExpTiMmE [51, 128]
PL(L) NP NExpTime-hard,in TTE  [55]
ML(L) NExpTimE TE-hard [51, 83]
PL(C) ExpTiME co-NP [55]
ML(C) ExpTiME co-NExpTime-hard [58, 59]
PL(~) ATiMe-ALt(exp, poly) ATiMe-ALt(exp, poly) [53, 56]
MLy (~)  ATiMe-Arr(expy,q,poly) ATiMe-Art(expy1,poly) Thm. 4.32
ML(~) TowEer(poly) TowEer(poly) Thm. 4.32

Table 2.1: Complexity of satisfiability and validity of propositional and modal logics of dependence,
independence, inclusion, and full team logic. Entries are completeness results unless stated
otherwise. For logics without ~, the satisfiability problem excludes the empty team.

Proof. An easy induction yields that (X1, 0) and (X3, 0) satisfy the same ML (~)-formulas.
Moreover, a team satisfies L iff it is empty. Consequently, the above statements are all
true if Ty = T, = 0, and are all false if exactly one of the teams is empty. So w.Lo.g.
let T; and T, be non-empty. Then (3) = (2) is due to Kontinen et al. [82, Prop. 2.8].
(2) = (1) is clear. Finally, (1) = (3) in shown as follows: Suppose w; € Ty. Let ¢
be the characteristic M Lg’ -formula from Proposition 2.26, i.e., we have (X, w,) F ¢ iff
(Kq1,w1) ﬁf? (K2,w2). Then obviously (X1, Tq) E E¢, so (K1, Ti) ¥ —¢, and consequently
(X2, T2) ¥ =C by (1). Hence (X,,T,) F EC. This means that there exists w, € T, such
that (K7, wq) :fé’ (K2,w2). As wq was arbitrary, and the argument is symmetric, we
obtain (X, Tq) :\g) (K2, T2). L]

Note that the team analog of (4) in Proposition 2.28 is not equivalent: It is possible
that (1, Ty) = (X2, T2) and (K1,RiTh) =2 (K2, R2T2), but (K1, Ty) £ (K2, T2).

Lax and strict semantics. Similarly to first-order logic, the modal connectives \V and
{ comes in strict and lax variants. Let X = (W, R, V) be a Kripke structure and T C W.

(K,T)EPYVO<3IS,UCTsuchthatT=SUlU, SNU =0, and
(X,S) Epand (K, U) E 9,

(K, T)Eop <« 3Ife J] o' (Rw) such that <9<, U f(w)> F .

weT weT

We call the team | J,, 1 f(w) strict successor team if f(w) is a singleton for every w; other-
wise it is called lax successor team.

It is noteworthy that truth in strict semantics is not invariant under bisimulation. An
example is the formula ET \/ ET, which states that the team has at least two elements.
However, a result analogous to Proposition 2.16 holds.
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Logic Model Checking Reference
PL(dep) NP [29]
ML (dep) NP [29]
QPL(dep) NExpTIME [53]
PL(L) NP [56]
ML(L) NP [83]
QPL(1) NExpTiME [53]
PL(C) P [58]
ML(C) P (58]
QPL(Q) ExpTiME [53]
PL(~) PSpAcE [56]
ML(~) PSpacke [119]
[

QPL(~) ATmmEe-Art(exp, poly)

Q1
S8
—

Table 2.2: Complexity of model checking of propositional and modal logics of dependence, indepen-
dence, and inclusion, and with negation. All entries are completeness results.

Proposition 2.31. Let @, € ML(~) such that ¢ is downward closed. Then ¢ /1 = @ \V/
and O = O .

Proof. The proof for V is identical to Proposition 2.16. For ¢, suppose (X, T) F O via
some successor team S of T. By the axiom of choice, there is some function f: T — S
such that f(w) € Rw for each w € T. The team {f(w) | w € T} C S is now a strict successor
team of T and by downward closure satisfies ¢, so (X, T) E ¢¢. Conversely, (X, T) E Q¢
again trivially follows from (K, T) F ¢ . O

With modal team logic, strict semantics was studied, e.g., by Hella et al. [58, 59] and
Hella and Stumpf [61]. In these works, the underlying team logic has been enriched by
non-downward closed atoms such as inclusion or independence atom, analogously as
for first-order logic. As we will not study these here, and they are similarly defined as
the first-order atoms, we will skip their definitions here.

Decision problems. The complexity of modal logic equipped with the different atoms
has been subject to several studies (cf. Tables 2.1 and 2.2). For the model checking
problem of ML(~), the complexity is as follows:

Theorem 2.32 ([119]). The model checking problem for ML(~) is PSpace-complete. More-
over, it is decidable by an alternating Turing machine that runs in polynomial time and with
polynomially many alternations in ||, where (X, T, @) is the input.

However, the complexity of satisfiability and validity has been open [28, 58, 82, 119].
We consider it in Chapter 4. We do not explicitly consider extensions ML(D, ~) by the
various atoms D € {dep, L, C, |}; these logics can be translated to ML(~) in logarithmic
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space [108] and consequently the same completeness results apply. For instance, the
constancy atom dep(a), where « is a classical formula, is equivalent to o @ —«, and

dep(a1,...an; 0tn41) is equivalent (cf. [56]) to ~<T V AL dep(ai) A ~dep(an 41 )).

2.2.3 Propositional team logic

Propositional team logic (resp. propositional dependence logic) has been first studied
by Yang [142] and subsequently by Yang and Vadnanen [143, 144]. Since it is closely
related to modal team logic, we introduce it only briefly.

Syntactically, PL(~) coincides with MLy (~), i.e., modal team logic without modalities,
just like PL coincides with ML,. Its semantics is based on propositional teams.

Definition 2.33. Let ® C Prop. A team with domain ® isaset T C (© — {0, 1}).

Given a PL(~)-formula ¢, a team is admissible if it has domain ® O Prop(¢). The
satisfaction relation is similar to ML(~):

TEp SVseT:s(p)=1,

TE—p ©VseT:s(p)=0,

TET always,

TEL sST=0,

TE~p < TEY,

TEYAOeTEpand TEO,
TEYVOsIS,UCTsuchthat T=SuUU,SEY,and Uk 0.

Adding propositional quantifiers 3p, Vp results in the logic QPL(~), a team-semantical
analog to quantified Boolean formulas:

TE3pe & TP Eeforsomef: T — p*({0,1}),
TEVpe & T{%lecp.

These teams are defined as in the first-order case, i.e., T? :={s} | s € T,b € f(s)} and
T 1y ={s§, s} | 's € T}, where s} is the assignment that maps p to b and all q # p to s(q).
Again, there are also strict connectives:

T':¢V9<:> IS, UC TsuchthatT=SulU,SNU=0,SFEyPand Uk 0,
TE3Ipe < TP E ¢ forsome f: T — {{0},{1}).

Analogously to before, PL resp. QPL corresponds to the ~-free fragment of PL(~) resp.
QPL(~), and the logics PL(D), PL(D,~), QPL(D) and QPL(D, ~), for non-classical atoms
D, are defined as expected. Concerning the complexity of the above logics, we refer the
reader to Tables 2.1 and 2.2 for the relevant completeness results.
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Since the seminal work of Vddndnen [135], numerous team-logical formalisms have been
proposed, most importantly in first-order logic [135], modal logic [136], propositional
logic [142] and temporal logic [90]. Moreover, these logics have been augmented with
a plethora of non-classical atoms of dependency [37, 41, 49, 123, 135] and non-classical
types of disjunction, implication, and other connectives [2, 61, 123], to only list a few.

In this chapter, we present a framework in which we systematically classify existing
team logics in an abstract fashion. We will not consider the concrete atoms and connec-
tives mentioned above, but rather abstractly gather those that have similar properties in
classes. While it turns out that the different manifestations of team semantics exhibit
many similarities, at the same time, the framework is be flexible enough to allow con-
cepts such as “lax” and “strict” semantics [37], or “synchronous” and “asynchronous”
semantics [91].

First, in Section 3.1, some basic definitions are introduced. In Section 3.2 we propose
a natural transformation from classical connectives to team-logical ones to which we
refer as teamification. As the next step, we then introduce the notion of flatness equivalent
operator pairs (i.e., that behave equivalently on flat formulas), such as lax and strict
disjunction, \V and \V. We also distinguish between strong and weak duality. Section 3.3
deals with connectives that are operators, which includes all connectives of modal, propo-
sitional and first-order team logic but — and ~. Moreover, in Section 3.4, we study a
subclass of operators called transversals which is well-behaved and yet surprisingly abun-
dant in team logics. As an attempt to generalize strict and lax semantics, we consider
the further restriction towards standard transversals (Section 3.6) and relaxations thereof
(Section 3.5). In Section 3.7, we prove our collapse theorem inside our framework;
namely that logics such as PL(~), ML(~) and FO(~) collapse to Boolean combinations
of flat formulas. We also discuss in Section 3.8 how our framework can be applied to
temporal logic. Finally, we conclude with some remarks in Section 3.9.

3.1 Basic definitions

We start with a compositional, algebraic definition of semantics.

Definition 3.1 (Signature). A signature is a (possibly infinite) set T of symbols A, called
connectives, each having a finite arity ar(A) € w. A connective with arity zero is an atom.

Definition 3.2 (Algebra). Let T be a signature. A t-algebra is a pair A = (X, (fa)aex)
where X is a non-empty set, the carrier of A, and fa: Xarl&) 5 X for each A € 1. The fa
are called operations on X.
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Definition 3.3 (Formula). The set J of t-formulas is built as follows. If @1,..., @, are
t-formulas and A € tis r-ary, then A(¢q,..., @) is a -formula (including the case
T =0 where A is an atom). Nothing else is a T-formula.

Formulas themselves constitute an algebra, namely that where each r-ary A € =
induces an r-ary composition operation. This is known as term algebra (cf. [24, p. 21]).

Definition 3.4. The length || of a T-formula ¢ is inductively defined as

V1, )= T4 Y il

ie(r]

Definition 3.5. The set of subformulas sub(¢) of ¢ is inductively defined as

Sub(V(1,..., %)) = {V(r,..., )} U | sublay).

ie(r]

Note that always [sub(¢)| < |@].

We sometimes identify an algebra A = (X, (fao)ae<) With its carrier and write, e.g.,
x € A instead of x € X. We adapt the infix notation where this is common, that is, x A\ y
and x 'y for A(x,y) and V(x,y). Also, if no confusion can arise, we identify the symbol
A and the map f and sometimes write A? or even just A instead of fa.

Definition 3.6 (Evaluation of formulas). For a t-algebra A and t-formula ¢, we induc-
tively define the element [¢]* € A as

[A(@1- -y Par(a))] = AN [@01]7 - o [@ara)]™)
for all A € Tand t-formulas @1,..., @ar(a).

We sometimes refer to the elements of an algebra A as properties, and say that ¢ defines
the property [o]?.

Definition 3.7 (Homomorphism). Let A = (X, (fa)ae<) and B = (Y, (ga) ac<) be T-alge-
bras. A homomorphism from A to B is a map h: X — Y such that

h(fA(X1y .oy Xar(f0))) = ga(h(x1)y ..oy hXar(r0)))

for all A € Tand elements x1,..., Xy (£,) € X.

fa

Remark. If A is a t-algebra, then []* is the unique homomorphism from F. to A (cf.
[24]). If [-]* is injective, then there are no non-trivial logical equivalences.® If [-]*
is surjective, then J; is expressively complete, i.e., every property is definable by a
formula.

Note that signature in logic often means “first-order language”. However, this is
crucially different from the signature of an algebra. Our definition, where everything

'If there is at least one atom and any Boolean connective, then [-]* is not injective.
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built from 7 is a formula, is completely obliviously of concepts like terms or variables.
To interpret first-order logic algebraically, we require a new atom in 7 for each atomic
FO-formula. Needless to say, there are more sophisticated approaches to algebraize
first-order logic (see, e.g., the very good introduction by Andréka et al. [5]), but this is
not necessary for our purposes.

Before continuing with definitions, we present an exhaustive list of how connectives
of PL, ML and FO are defined algebraically.

Example 3.8 (Algebraization of syntax). We list the signatures of propositional, modal
and first-order (team) logic.

e The signature of PL is Tp| := Tp,e U Prop, where tp,01 := {/\,V,—, T, L}. Note that
every proposition p € Prop is an atom.

e The signature of QPL is tqp. := tpL U{3p,Vp | p € Prop}. In other words, the
quantifiers translate to infinitely many unary connectives, one for each p.

e The signature of ML is Ty = tp U{0,O}

e The signature of 0-FO is T4.Fo = TBoo1 U{3X, VX | X € Var}UAtom, where Atom, :=
{« € 0-FO | « atomic }. For example, 0 = 1 is an atom if 0 and 1 are o-terms.

o The signature of the corresponding team logic £(~) (without dependency atoms),
with £ being PL, QPL, ML or 0-FO, is then 7 () := ¢ U{~}.

Note that the first-order dependence atom dep(t;,...,tn;tn41) is atomic and hence a
nullary connective, while the truth-functional atom dep(a, ..., &n; an1) can be defined
as an (n + 1)-ary connective.

To algebraize the semantics of the above logics, we are interested in algebras with
power sets as carriers. This is because a property P usually refers to a collection of states,
assignments, etc. For example, in modal logic, ¢ is often defined as

(K,w)EQp < IveRw: (K,v) E o
for a Kripke structure X = (W, R, V). Algebraically, this definition now becomes
(W) :={weW|[RwNU#D}.

Intuitively, if U C W is the set of worlds where a formula ¢ is true, then {(U) is the set
of worlds where ¢ is true.

Example 3.9 (Algebraization of classical semantics). Let tp|, TqpL, TML and T,.Fo be as
in Example 3.8.

e PL is evaluated on the set Prop — {0, 1} of propositional assignments. This corre-
sponds to the unique tp _-algebra A with carrier p(Prop — {0, 1}) and

- AUy, Uz) = Uy NnUy,
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- VAU, Uz) = Uy Uy,

—A(U) = (Prop — {0, 1h \ U,

- TA =Prop — {0,1},

- 1A=,

— p?A ={s: Prop — {0,1}| s(p) = 1} for p € Prop.

e For QPL, we add for each p € Prop
- IpA(U) ={s: Prop — {0, 1} [{s§, s} nU # 0},
- vpA(U) ={s: Prop —{0,1} [ {s§,sf} C UL
e ML is evaluated on Kripke structures X = (W, R, V). The 1\ -algebra A induced
by X has carrier pW and
- A, V,—, T and L are defined analogously to PL,
- pA = V(p) for p € Prop,
- MU =weW|RwNU#D},
- DAU)={weW|RwC UL
e Finally, let A be a o-structure for a first-order language 0. The semantic units in
first-order logic are, as for propositional logic, assignments, hence the t,_ro-algebra

A corresponding to A has the carrier p(Var — A). Besides the Boolean connectives,
we now have

- o ={s: Var = A | (A, s) F «} for atomic formulas «,
- A (U) ={s: Var = A |{s¥ | a € A}n U # 0} for x € Var,
- WA (U) ={s: Var - A | {s¥ | a € A} C U} for x € Var.

Note that the carrier of an algebra is not determined by the encoded structure, but
can also depend on the specific semantics. For example, LTL-formulas are modeled
by Kripke structures X = (W, R, V), but the corresponding carrier is the set of sets of
infinite traces in X, p(R), and not pW as in modal logics.

Also note that for the sake of simplicity we deviate from the definitions in Chapter 2
and w.l.o.g. assume that the domain of an first-order assignment is always Var, and that
every Kripke structure is over the set Prop of all propositions.

Team semantics

Logics with team semantics enjoy closure properties such as flatness, union closure or
downward closure. To be able to talk about these properties, we require carriers that are
double power sets.

Definition 3.10 (Team algebra). A t-team algebra is a t-algebra with carrier ppX, where
Xis a set.
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Example 3.11 (Algebraization of team semantics). Under team semantics, the connec-
tives can be algebraically defined as follows.
e In PL, we have the unique t-team algebra A with carrier pp(Prop — {0, 1}) and
- ANMT,T2)=T1n Ty,
71,72) = {T] UT, | (T],Tz) € (I] X r.Tz} (lax semantics),

- T1,72) ={THUT2 | (T}, T2) € T7 x T2 and Ty N T, = (} (strict semantics),
- AT ={TCProp—={0,1}|VseT:{s} ¢ T},

- TA = p(Prop — {0, 1)),

- LA ={0,

— p? = pls € Prop — {0, 1} | s(p) = 1.

VA(
vA(
(

For QPL, the quantifiers become
- IpAMT) ={T|3f: T = p*({0,1}) : T} € T} (lax semantics),
- IpAMT) ={T|3f: T — ' ({0,1}) : TP € T} (strict semantics),
- WAT) ={TITH ;€ Th
e For ML, the team algebra A corresponding to a Kripke structure (W,R,V) has
carrier ppW, and
- A, V,—, T and L are analogous to PL,
- pA =pV(p),
- OMT) ={T|3f € [Tver 0 (RW) : Uyyet f(W) € T} (lax semantics),
= OMT) ={T | 3f € [[yet " (RW) : Upper (W) € T} (strict semantics),
- DMT)={T|RT € T}
e Finally, for 0-FO, given a first-order structure A, the corresponding team algebra
A has carrier pp(Var — A), and

- /A, V,—, T and 1 are again analogous to before,

ar = p{s: Var = A | (A,s) E «}, if « € 0-FO is atomic,
- IAMT)={T|3: T — pT(A) : T¥ € T} (lax semantics),
- IA(T) ={T|3f: T — p'(A): T¥ € T} (strict semantics),
- WAT) ={T | T € T}
Observe that we use — as a logical primitive instead of considering —o as some formula
in negation normal form, already for the simple reason that negation normal forms do

not necessarily exist in arbitrary t-algebras.
It is straightforward to algebraize other team-logical connectives, for example

o ~T = (ppX) \ T for the contradictory negation, where ppX is the carrier,
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o dep(ti, ..oy tnitnity .. oytnam)> ={T|Vs,s’ € T:(Vienl: ti(s) =ti(s")) = (Vie
[m] : tnii(s) = tnyi(s’))} for the first-order dependence atom.

Next, we algebraically define the common closure properties of team logic. Fix a team
algebra A and let T € A be a property, i.e., a set of teams.

Definition 3.12 (Coherence). 7 is k-coherent, for k € N, if for all teams T € A it holds
that T € T if and only if T € T for all subteams T’ C T of size [T’| = k.

Definition 3.13 (Flatness). 7 is flat if it is 1-coherent.

Definition 3.14 (Closure properties). T is union closed if, for any set 7’ C T of teams,
UT’ € T. Tis downward closed if T € Tand T’ C T implies T' € 7.

A formula ¢ is called k-coherent, flat, union closed or downward closed (w.r.t. A) if
[o]? is.

Proposition 3.15. T is flat if and only if it is union closed and downward closed.

Proof. For “<”,if T is downward closed, then T € T implies {s} € T for all s € T, and if it
is union closed, then {s} € T for all s € T implies T € T. Hence T is then flat.

For “=", if T is flat, we show that the other two properties hold. If T/ C T, then{s} € T
foralls € T € T’; so in particular {s} € T for all s € [JT’. But then |JT’ € T by flatness.
Likewise, if T € Tand T C T, then Vs € T : {s} € 7, so in particular Vs € T" : {s} € 7.
Consequently, T’ € T again by flatness. O

Corollary 3.16. T is flat iff T = o |J T iff T is a power set.

The flatness of formulas is usually proved by induction on the syntax, exploiting that
each connective in a sense “preserves flatness.” This can be made formal as follows.

Definition 3.17 (Flatness preserving). An operation A: A" — A preserves flatness in a
team algebra A if A(T5,...,7;) is flat whenever T7,...,7; € A are flat properties.

The team-logical variants of the common classical connectives preserve flatness.
Proposition 3.18. The connectives =, /\, \V, \7, g, O, ©, Vx, Ix and Ix preserve flatness.

The above is seen as part of typical inductive proofs of flatness in the literature, so we
will not include a proof here. However, we prove a stronger statement (Corollary 3.35)
later in this chapter.

Proposition 3.19. Let A = (ppX, (fa)aex) be a T-team algebra. If a t-formula ¢ contains
only connectives A € t such that f 5 preserves flatness, then [@]* is flat.

Proof. Straightforward by induction on the syntax of ¢. O
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Often it seems natural to define a connective in a flatness preserving manner, such as
the above, but in other cases this is neither obvious nor desirable. For instance, Krebs
et al. [91] defined two team semantics for LTL, a synchronous and an asynchronous one.
Only the asynchronous connectives preserve flatness, but some properties can only be
defined synchronously.

Another example is the work of Gradel and Hegselmann [46] on first-order logic
with counting. They proposed two counting mechanisms for team semantics: counting
quantifiers 37" as flatness preserving connectives on teams, and forking atoms i@ <" v,
which are non-flat atoms.

3.1.1 Duality

The idea of duality of connectives is tightly connected to negation. In team logic, there
are two distinct notions of duality, each induced by its own negation. We refer to duality
w.r.t. — as weak and to duality w.r. t. ~ as strong. *

Definition 3.20 (Complement). Let A be a t-algebra with carrier pX. The complement of
a property P C X is the property P := X\ P.

Definition 3.21 (Strong dual). Let A be a t-algebra with carrier pX and A: (pX)" —
pX. The strong dual AL of A is defined by AbUy, .Uy = A(ul},...,uﬁ)ﬂ for all
Uy, ..., Uy CX.

Proposition 3.22 (Symmetry). V = A ifand only if A = VC.

Proof. Clear. O

We proceed with the second type of duality, weak duality, which exists only in team
semantics. Fix a t-team algebra A = (ppX, (fa)aer). Symbols AV, ... will denote
operations on A with some arity r > 0.

Recall the definition of — as a logical primitive in Chapter 2:

ATIE-e & VseT:(A{s})Fe.
Accordingly, the algebraic definition is:
—~T:={TeA|VseT:{s}¢T}
For flat properties 7, =7 is simple to compute:

Proposition 3.23. Let T € A be flat. Then =T = p(X\ 7).

*It is not easy to come up with sensible and intuitive names for the two kinds of negation. In the
literature, — is called game negation, dual negation, intuitionistic negation, or strong negation, while we call it
weak negation. The connective ~ is called classical negation, contradictory negation, Boolean negation or weak
negation, while we call it strong negation. (So only the non-classical negation is allowed to appear in
classical formulas.) We simply call — weak and ~ strong because, unlike ~, — does not allow to define one
connective in terms of its dual, as we show at the end of the section.
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Proof. Due to Corollary 3.16, for the team T = | J T we have T = pT. Note that s € T iff
{s} C Tiff {s} € pT. Hence

ﬁ‘I:{T"VseT’:{s}é“T}} (def. —)
Z{T/‘VSGT/Z{S}¢ZQT}}
={T'|VseT :s¢T}}
={T'|T"CX\T}
= p(X\T) O
Proposition 3.24. Foreach T € A, =T is flat.
Proof. The condition Vs € T : {s} ¢ T is downward and union closed w.r.t. T. ]

Corollary 3.25. The connective — preserves flatness, and ——T = T for all flat T.

Next, we proceed by defining weak duality. Note that for it we consider only singletons.
We come to the reason for that later.

Definition 3.26 (Weak duality). Let A, V: (ppX)" — ppX. Then V is a weak dual of A if
{s}e AT1,...,T) & {s} ¢ V(=T1,...,~T;)

for all s € X and flat 77,...,T; € A.

Proposition 3.27 (Symmetry). If V is a weak dual of A\, then /A is a weak dual of V.

Proof. For all flat properties T7,...,7. € Aand s € X,

{5} € V(Th"')‘Ir)
< {ste V(—T1,...,/T;) (Corollary 3.25)
S {steE A(—T1,...,~T) (by assumption) [

Proposition 3.28. Every operation A has a weak dual.

Proof. We apply symmetry and show that A is the weak dual of
V({T1y . Tr) = {{s} € X [{s} ¢ A(=T1,..., 2 T7) .
As clearly {s} € V(T1,...,T;) iff {s} ¢ A(—=T5,...,—T;), the proposition follows. O

Above, we used the fact that weak duality is defined only w.r.t. flat arguments
T1,...,Tr. Without this, we could construct operations A with no weak dual. By
Cantor’s theorem, |A| = |ppX| > |pX| = [T € A | T flat}| > {—T | T € A}, so — cannot be in-
jective. This means there are properties T # T’ with =T = =7”, and Definition 3.26 would
be impossible to satisfy. On flat properties T however, — is a bijection (Proposition 3.23),
so this issue cannot occur.
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The observant reader may also wonder why weak duality is defined only on the level
of singletons. Another natural definition of duality would be the stronger condition

ATy To) ==V (=T, ey =Ty).

However, the weaker one is easier to prove and suffices for our purposes, since both
definitions are equivalent for flatness preserving connectives:

Proposition 3.29. If V and A are flatness preserving and weak duals of each other, then
AT, TH) =V (=T, T)
and
AT, Te) ==V (=T, 7T5)
forall flat Ty,..., T+ € A.

Proof. First observe that =A(75,...,7;) and V(=T7,...,~7;) are flat by Proposition 3.24
and since V preserves flatness. Then for all teams T,

Te-AT7,...,Ty)

SVseT:{s}¢ A(T1,...,T%) (def. —)
SVseT:{s}e V(-T1,...,~T}) (def. weak dual)
STeV(ET,. o, =T, (flatness)
The other equivalence is analogous. O

Observe that any operation A has exactly one strong dual, but may have multiple
weak duals. For instance, /\ has the strong dual @ but (among others) the weak duals
\V and V. The same holds for O and ¢ /¢, or Vx and 3x/3x.

The terminology “weak” is not completely unjustified: Since weak duals are not
unique, and —7 is always flat, — cannot be used to define a connective by its weak
dual. While A and V are strong duals and thus interdefinable in classical logic, in team
semantics they become weak duals and are not definable in terms of each other, and for
this reason both need to be included as primitives in team logic. The same holds for the
pairs ¢/0 and 3/v.

3.2 Teamification

Team semantical connectives such as /\,V,V, 3,0, ¢ are carefully defined in the literature
in order to preserve flatness. Now imagine we are given some logical system and want
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to build a “faithful” team semantics for it from scratch:

Given: An arbitrary logical connective A
Question: What is a “"natural” connective V that satisfies
TEV(xt,...,0r) & VseT:skE A(aq,..., ) forall flat oy, ..., 0?2

This is not trivial, and connectives may have multiple team-semantical, seemingly
equally valid alternatives (think of 3 and 3, where 3 was introduced first [135]).

In this section, we propose a rule called teamification® to lift classical operations to
flatness preserving team semantics. We will show that the standard connectives obey it,
and prove several abstract results based on it.

The fundamental idea is that the power set operator p is a natural homomorphism
between the corresponding algebras.

Definition 3.30 (Teamification). An operation V: (ppX)" — ppX is a teamification of an
operation A: (pX)" — pXif

AT, .., o) =V(pTh, ... 0Tr)

forall Ty,..., T, € X.

Definition 3.31. A 1-team algebra B = (ppX, (ga)acr) is a teamification of a T-algebra
A = (pX, (fa)aer) if ga is a teamification of fA for all A € T, or equivalently;, if p is an
algebra homomorphism from A to B.

Proposition 3.32. (1) Every operation has multiple teamifications.
(2) There are operations that are not the teamification of any operation.
(3) IfV is the teamification of some operation A, then that A is unique.

Proof. For (1), simply defining V(pTy,...,oT:) := pA(Ty,..., T,) yields a teamification,
with V acting arbitrarily on arguments that are not power sets. As () is not a power set,
V(0,...,0) can take for instance the distinct values () (the set of no teams) and {0} (the
set containing only the empty team), which yields two distinct teamifications.

For (2),if V(pT1,...,9T:) = 0 then V cannot be a teamification.

For (3), suppose that V is a teamification of A and A’. Then

@A(Th-")—r‘r) :V(PTh--->83Tr) = pA/(Th'--)TT)
for all Ty,..., T. € pX. But p is injective, so A = A, O

Next, we show that the standard team-logical connectives are teamifications, that is, p
is a homomorphism from the corresponding classical semantics to the team semantics.
Recall that the usual atomic formulas are represented as nullary connectives.

'The term stems from a recent paper by Galliani [39], where he referred, without formal definition, to
a process of “lifting” classical compositional semantics to team semantics.
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Theorem 3.33. The operations T, L,/\,V, V,—, 0, 6,0, 3x, 3x, Vx, p € Prop, and all atomic
first-order formulas are teamifications of the corresponding classical connectives.

Proof. While we usually use the same symbol for both, in this proof for the sake of
readability the classical operations will be denoted by A, and the team-semantical
counterparts by A¢. We show for all operations that A is a teamification of A, i.e.,

pAc(Th---)TT) = At(pTh---)pTr)

for all teams Ty,..., T,. Let us start with atoms. Since all the mentioned atoms obey
flatness,

TeAit & VseT:seA & TC A& Tepl..

In other words, /A, = A¢. As an example, we have 1 = {0} = pf) = p L .. We proceed
with the Boolean connectives A, V, —.

e For conjunction, we have to show A¢(pT1, 9T2) = A (T1, T2).

T € Ae(oTr, 9T2)
T eplingl, (team semantics of /N\)
T ' CTandT'C T,
ST CTinT,
ST CA(T,TL) (classical semantics of N)
& T e pN\ (T, T2).

e For disjunction, we have to show V¢ (pTq, 9T2) = 9V (T1, T2) (which was already
observed by Abramsky and Viddnénen [2]).

T € Vi(pT, 9T2)
s3IV ep, Vo eph: T =V, UV, (team semantics of V)
SIVIiCT,VLCh:T'=ViuV,
ST CTHuT,
ST CV (T, T) (classical semantics of V)
& T e pVe(T,Ty).

For strict disjunction \/, the union V; UV, in the second and third line has to be
disjoint, but then the fourth line is still equivalent.

e For negation, we have to show —(pT) = p—c(T).
T' € =¢(pT)

& VseT ({s}¢pT (team semantics of —)
SVseT :s¢T
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ST CX\T
& T C—(T) (classical semantics of —)
& T € pc(T).

Next, we consider modal logic.

e For diamond, we show O (pT) = 90 (T).

T' € OclpT)
& 3S € oT : S successor team of T’ (team semantics of ¢)

e3scT:3fe [[ o™ Rw):s= [ fw)
weT! weT!

For ”=", the existence of f clearly implies the weaker statement below. For <",
to construct f and hence S we apply the axiom of choice to pick an element from
each of the non-empty sets RwN T.

svYvweT :RwNT#()
sVYweT :we O (T) (classical semantics of ¢)
& T e pdc(T)

For strict semantics, f additionally is a function from [, ./ o' (Rw). The above

argument for the construction of S in the “<” direction however yields precisely
such a function.

e For box, we show Oy (pT) = o0 (T).

T' € O (pT)
& RT € oT (team semantics of [J)
S RT'CT
SVYseT :RsCT
SVseT :seld(T) (classical semantics of J)
& T CO(T)
& T e el (T)

Finally, the quantifiers behave analogously to the modal connectives.
e Existential quantification:
T" € Ix(pT)

& 3S € pT : S supplementing team of T’ (team semantics of 3x)
SIeT 5 pt(A):(THFCT
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eVseT :JaeA:sEeT

S VseT :seIx(T) (classical semantics of 3x)
& T/ CIx(T)

& T € pIxc(T)

For strict semantics, f(s) must be a singleton for each s. This is handled like for
the strict ¢.

e Universal quantification:

T € Vx¢(pT)

& (T} € pT (team semantics of Vx)
e (TR CcT

&VseT :VaeA:sEeT (def. of duplicating team)
S VseT :seVx(T) (classical semantics of Vx)
& T Cx(T)

& T e pvxc(T) O

The next result is a central characterization of teamification.
Theorem 3.34. A map V: (ppX)" — X is a teamification if and only if it preserves flatness.

Proof. “=": Let V: (ppX)" — ppX be the teamification of A, where A: (pX)" — pX, and
let 77,...,7 C pX be flat properties. By Corollary 3.16, T; = p|JT;. By definition of
teamification, then V(pJ71,...,oU7T+) = oAU T,...,UT+), which is a power set
and hence flat.

“<”: Let V: (ppX)" — ppX preserve flatness. We define an operation A: (pX)" — pX
such that, for arbitrary Ty,..., T, C X, we have pA(Ty,...,T;) = V(pTi,...,9T:). The
pT; are flat, so by assumption, V(pTs, ..., oT,) is flat. Hence it is also of the form pU for
some team U C X. Now, to define A, we let A(Ty,...,T.) = UW. O

This yields an alternative proof of Proposition 3.18 by means of Theorem 3.33:
Corollary 3.35. The operations T, L, A\, V, V, =, 0, ¢, 0, Ix, Ix and Vx preserve flatness.

We return to the original question at the beginning of this section, and as follows
relate a semantics and its teamification.

Proposition 3.36. Let the t-team algebra B be a teamification of a t-algebra A. Then, for all -
formulas @, [@]® = p[e]*. Moreover, T € [@]B iff Vs € T:{s} € [@]Biff Vs € T:s € [@]?,
for all teams T.

Proof. Note that the second claim follows easily from the first: For all teams T, T € [¢]®
iff T C [@]? iff Vs € T:s € [@]?. Setting T = {s} furthermore proves the equivalence to
Vs € T:{s} € [o]®B.
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We prove the first claim by induction on the syntax of ¢. Let ¢ = A(y,...,¥;),
where A € T and the proposition already holds for the T-formulas ;. Let Ax or Ag
denote the respective operation in the algebra A or B.

[o]® = Ap([Wi]®, ..., [W:]®) (def. [-])
= Ag(p[w1]h, ..., o[w+]?) (induction hypothesis)
= pAA([[1b1]]A, ey [[wr]]A) (def. teamification)
= plo]*. (def. []) O

Teamification also turns strong into weak duality, as is shown below.

Theorem 3.37. Let Ay, Ay: (pX)T — pXand V1,V2: (ppX)" — ppX. Fori e {1,2}, let V;
be a teamification of Ay. Then Ay and A, are strong duals of each other if and only if V1 and
V, are weak duals of each other.

Proof. “=": Suppose Ay and A; are strongly dual. Let Ty,..., T, C pXbe flat properties
and Ty,..., T, teams such that 7; = pT;. For weak duality, we have to show that {s} ¢
Vi(Tr,..., 7)) & {s} € Vo (—T5,...,—T;), or equivalently, by Proposition 3.23, that

{sh& ValeTh,...,0T) & {s} € Va(p(X\T1), ..., o(X\ Tr)).

This follows by
{s}¢ Vi(eTi,...,90T:) {s}¢ oL (Th,..., Ty) (def. teamification)
S % A](Th”')TT)
SseNAy(X\Tq,..., X\ T) (def. strong duality)

st e pla(X\Th,..., X\ Ty)
S{ste ValpX\T1)y...,0(X\ Tp)). (def. teamification)

“<": Let V1 and V; be weakly dual and let Ty, ..., T, C Xand s € X be arbitrary. For
strong duality, we have to show that s ¢ A¢(Ty,...,T;) © s € A(X\ Ty,..., X\ T;):

s ¢A1(T1>'--)TT) @{S}¢KJA1(T1)“-»T1‘)

S{s} ¢ Vi(pTr,...,0T+) (def. teamification)
S{s} e Va(—pT,...,—pT) (def. weak duality)
S{s} e Valp(X\Tq)y...,0(X\ T})) (Proposition 3.23)
&{s}e ey (X\Tq,..., X\ T;) (def. teamification)
eseA(X\ Ty, X\ To). O

Based on the results of this section, we return to one question from Chapter 1:

Is a team semantics necessarily based on a classical logic?
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This obviously depends on the meaning of “is based on”. At least if we interpret it as
being a teamification in the sense of Definition 3.31, we are in the position to give a
formal answer.

Theorem 3.38. Let B be a t-team algebra. Then B is a teamification of some t-algebra A if and
only if AB is flatness preserving for all A\ € .

Proof. Immediately from Theorem 3.34. O

3.3 Operators

In the algebraic world, a unary operator A (in a set algebra) is an operation that is
normal: A(0) =0

additive: A(UUU’) =A(U)UA(U)

monotone: U C U’ = A(U) € A(U’) (which follows from the first two).

Remarkably, many team-logical connectives behave like operators. In the literature,
a Boolean algebra augmented with operators is called Bao (Boolean algebra with opera-
tors) [138]. The most common operators A are those generated by a binary relation R
such thats € A(U) < 3s” € U: (s,s’) € R, such as the classical ¢ from modal logic.

By the famous Jénsson-Tarski Representation Theorem [77], every Bao is isomorphic
to one where the operators are generated in this way. For this reason, in this thesis we
restrict ourselves to such operators.’

Definition 3.39 (Operator). A map A: (pX)" — X is an r-ary operator if there is a
relation R C X" generating A, meaning

ueAUp,...,U) & I(wyug,...,ue) €ER:ug € Uyg,...yur € Uy
forall Uq,...,U; C Xand u € X.
Our definition meets the above criteria of an operator:
Proposition 3.40. Let A: (pX)" — X be an operator. Then A is
o additive: Uuieemuh...,ur) =A(Uy,...,Ui—1,UC Uiy1,...,Uy) forall € C pX,

e normal: A(U],...,U.i_],@,ui_,_],...,ur) = @,

e monotone: A(Uy,...,U) C A(Ug,...,Ui—1, V,Uitq,...,Uy) forall Uy CV C X,
where Uy,...,U, C Xand i e [r].
Proof. Standard (see, e.g., Givant [42, Theorem 1.2]). O

A generating relation exists if the Bao has atoms in the order-theoretic sense. Otherwise, those can be
obtained by an ultrafilter construction. For details, see Givant [42] or Venema [138].

43



3 Abstract team logic

As logical laws, these are well-known in, e.g., classical modal logic as 0¢ V O =
OleV), 0L =1,and o F = Qo F O.

Proposition 3.41. The relation generating an operator is unique.

Proof. Suppose that A: (pX)" — pX is generated by both R and R’. Then by definition,
the following are equivalent for all sets Uy,...,U, C Xand u € X:

(1) ue A(Uy,...,Uy)
(2) Jup e Uy -+ Fuy € Up s (wyug,...,uy) €R
(3) Jujely---Ful e Up: (w,uf,...,u;) €R’

This implies R = R’ as follows: Suppose (uo, us,...,ur) € R. Then up € A({ug},...,{ur})
by (2) = (1). Hence, (up,us,...,u;) € R" by (1) = (3). This proves R C R’, with the
other direction being symmetric. O

The unique (r + 1)-ary relation generating an r-ary operator A is denoted by Ra.
Given an (r + 1)-ary relation R, every element u € X induces an r-ary relation,

Ru:={(ur,...,u) | (u,ug,...,ur) € R},

These can be interpreted as “successor tuples” of u w.r.t. R. Note that in the case r =1
there are only two possible relations Ru, namely () and {¢} (where ¢ is the empty tuple).

Observe that the usual semantics of polyadic modal operators (cf. Blackburn and van
Benthem [9]),

wEA(@1,...,0r) & 3(vi,...,vr) € Rawsuch that Vi € [r] : vi E @3,

precisely mirrors Definition 3.39 on the level of formulas.

Example 3.42. Not only ¢, but also the classical /\ and 3x are operators. For instance, A
is generated by Rx = {(s, s, s)}. In a first-order structure A, the relation R is equal to
~x, Where s ~, s’ if there exists a such that s’ = s¥.

Curiously, in team semantics, a lot more connectives become operators, even those
that are classically strong duals of each other.

Theorem 3.43. In classical semantics, /\, & and 3x are operators, \/, O and Vx are strong duals
of operators, and — is neither. In team semantics, N\, \V, \V/, O, O, &, ¥x, Ix, Ix are operators,
while — and ~ are not.

Proof. For the classical operators, see above. For team semantics,
o RAT={(T,T)},
o RyT={(M, T)IT=T1UT,},

e RoT={(, ) IT=THuT2},

44



3 Abstract team logic

RoT = { Upyer fw) ‘ f € [Lver 7 (Rw) } (in a Kripke structure (W, R,V)),

RoT = { Uper fw) ‘ fe]ler o' (Rw) },

RoT ={RT},

RaxT={Tr|fe[[cr o (A) } (in a first-order structure A),

R, T={TrIfe[lser o' (A },
[ ] :RVXT = { Tz }

On the other hand, — and ~ are for example not monotone, and hence no operators. [

Proposition 3.44. Every nullary operation A is an operator, and Rn = A.

Proof. Straightforward from Definition 3.39. O

An operator A is functional if [Rau| =1 for every u.

Theorem 3.45 (Self-dual modalities). Let A: (pX)" — pX be a non-nullary operator and
X # 0. The following statements are equivalent:

(1) AL is also an operator.
(2) A is unary and functional.
(3) A is strongly self-dual.

Proof. (1) to (2): Suppose A and AP are operators. For the sake of contradiction, assume
they have arity two (or higher; the proof is similar then). Any operator is normal
(Proposition 3.40), so A(B, P) = A(P,0) = 0 for any P C X. But the strong dual of A is
also an operator and hence normal, so A(P, X) = X for any P. But then ( = A((,X) =X,
contradiction to the assumption X # (. So A can only be unary.

Next, we show that A is functional, that is, that R s u is a singleton for all u € X. First,
assume that Rau is empty. Then u ¢ AP for any P C X, in particular u ¢ AX, so by
duality u e AC), contradiction to normality. So Rau # ), and by symmetry R ¢ # 0,
for all u € X. Second, if v #v' and v,v’ € Rau, then

ue AMINAN} euwd APX\ ) uAlX\ )
sug ALX\MHUX\W)) =A8X = (a0t =9t =X,

contradiction to additivity. Hence A (and in fact also Al) is unary and functional.
(2) to (3): If A is unary and functional, then A is strongly self-dual:

ueA(U) & RaunuUu #0 (def. operator)
& RaucCUu (since Rau is a singleton)
& Ran(X\UW) =0
S ug AX\U) (def. operator)
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(3) to (1): Trivial. -

Example 3.46. Besides — and ~, there are also less trivial examples for non-operators,
for instance in classical linear temporal logic LTL. The connectives F (“future”) and X
(“next time”) are operators, but the binary U (“until”) is not, since L U¢ is equivalent
to ¢ and not L.

Every connective has a weak dual, but does every operator also have a weakly dual
operator? In the next subsection, we give a characterization of weak duality to answer
this question affirmatively.

3.3.1 Characterizations of weak duality and flatness equivalence

Fix r-ary operators A, V: (ppX)" — ppX. In the context of weak duality, we are interested
in the relations Ra{s} and Ry{s} for singleton teams {s} C X.

As we are working in team semantics, the elements of Rx{s} are r-tuples of teams, i.e.,
tuples (Xi)ier) = (X1,...,Xs) where Xj,...,X; € X. We omit the subscript and just
write (Xi) for (Xi)icpy)- The following abbreviations will also be important. For r-tuples
(Xi) and (Y;i), (Xi) C (Y;) means that X; C Y; for all i. If X is a set of r-tuples, then | X is
the component-wise union (Y;);¢[,] defined by

Y; ZZU{Xi | (Xi)iem € x}

In the next two lemmas, we give an upper and a lower bound, respectively, on what
(tuples of) teams may be in Ry for V to be a weak dual of A. So-called hitting vectors, a
generalization of hitting sets, play a crucial role in this.

Definition 3.47. Let X C (pX)". A hitting vector of X is an r-tuple (Hi)ic(r) € (9X)" that
has a non-empty intersection with every tuple (X;) € X, meaning X; N H; # 0 for at least
one i € [r]. The set of all hitting vectors of X is hv(X).

Observe that | J X itself is a hitting vector of X (and in fact the maximal one) iff X has
at least one hitting vector, iff (0,...,0) ¢ X.
The characterization of weak duality is given in two steps. Recall that weak duality

means that exactly one of A(«y,...,a;) and V(—ay,..., ;) is true for each singleton.
In two lemmas, we first define a “maximal dual candidate” V for 2\, maximal in the sense
that A(«g,..., ) and V(—oa,...,~a;) cannot be simultaneously true; and a “minimal

candidate” V where always at least one of them is true.
Lemma 3.48 (Maximal weak dual). The following are equivalent for all T C X:
(1) T¢V(T,...,Ty)NA(=Ty,...,~T;) for all flat team properties T1,..., Ty C pX.

(2) Forall (Ty) € RyT there is a hitting vector (Xi) of RaT such that (Xi) C (Ty).

In temporal logic, ¢ U} means “along the current trace (so, s1,...), there exists n > 0 such that
(SnySni1y...) Fand (sy,Sxip1y...) E @ forall k <n.”
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Proof. (1) to (2): Let (Ty,...,T;) € RyT be arbitrary. We have to find a hitting vector
(Xi) of RAT such that (X;) C (T;). In order to apply the assumption (1), we require flat
team properties T7,...,7T,. Here we simply choose T; := pT; (cf. Corollary 3.16). Now
TeV(pT,...,pT:), since clearly T; € p(T;). By (1), T ¢ A(—pTq,...,—pT:).

But this means that for every (Si) € RAT there is some i such that S; ¢ —pTi = p(X\Ti)
(cf. Proposition 3.23), i.e.,, S; ¢ X\ T;. Equivalently, S; contains an element s’ € T;.
Because (Si) was arbitrary, the tuple (X;);c[) defined by

Xi = { s’ ’ s’ € SiNTy and (Sl) S fRAT}
is a hitting vector of RA T, and obviously by definition (X;) C (T;).

(2) to (1): For the sake of contradiction, assume there are flat properties T7,...,7T, C
pX such that both T € V(T7,...,7:) and T € A(=T,...,~T;), witnessed by tuples
(Ti) € RyTsuch thatVi: Ty € T; and (Si) € RAT such that Vi: S; € —=T;. By (2), there is
a hitting vector (X;) of RAT such that (X;) C (T;). In particular, (S;) must be hit, i.e., for
some i, X;NS; # (. But observe that we also have X; C T; C | T, and by Proposition 3.23
simultaneously S; C (X\ |J7i), so Xi N'S; = 0, contradiction. ]

Lemma 3.49 (Minimal weak dual). The following are equivalent for all T C X:
(1) TeV(T,...,T)UA(=Ty,...,~T) for all flat team properties T1,..., Ty C pX.
(2) For every hitting vector (Xi) of RaT there is (T;) € Ry T such that (T;) C (Xi).

Proof. (1) to (2): Let (X;) be an arbitrary hitting vector of RAT. In order to to apply
(1), we pick the flat property T; := —pX; (cf. Corollary 3.16). Next, we show that
T ¢ A(—pXi,...,~pX;). For this, note that any tuple (T;) € RAT satisfying Vi: Ty € —pX;
would contradict (X;) being a hitting vector, since by Proposition 3.23, T; € —pX; iff
Ti € X\ X iff Ty N X; = 0. Accordingly, T ¢ A(—pXy,...,—pX;). In consequence, by (1),
T e V(pXq,...,9X;). In other words, there is some (T;) € Ry T such that T; C X; for all
1 € [r], as desired.

(2) to (1): Let T7,...,T; be flat team properties. If T € A(=T7,...,—T;), then we are
done, so assume the contrary. This means that for every (T;) € RAT there is some i € [r]
such that T; ¢ —7;. By flatness of —7;, equivalently T; contains an element s’ such that
{s’} ¢ =T, hence {s'} € T;. We gather these elements in sets

Xi={s' ] s' €T, {st € Tiand (T;) € RAT }.

By construction, for every (T;) € RAT there is some i such that X; N Ty # 0. In other
words, (X;) is a hitting vector of RAT. Due to (2), there must be (T;) € Ry T such that
(Ti) C (Xi). Moreover, Vi € [r] : X; € T, since T; contains all singletons {s} for s € X;
and is flat. This implies T; € T; by downward closure of T; (Proposition 3.15). As a
consequence, we have T € V(T7,...,7;) witnessed by (T;). O

We can restate the above two lemmas more concisely in terms from order theory. If X
is a family of (tuples of) sets, then a subfamily Y C X is called coinitial if for all x € X
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there exists y € Y such thaty C x."

Theorem 3.50 (Weak dual characterization). The following statements are equivalent:
(1) Aand ¥ are weak duals.
(2) Forall s € X, the families Ry{s} and hv(Ra{s}) are mutually coinitial.
(3) Forall s € X, the families R p{s} and hv(Ry{s}) are mutually coinitial.

Proof. By symmetry (Proposition 3.27) it suffices to consider only (1) and (2). Their
equivalence results from the above two lemmas as follows. First, recall that V and A
are weak duals if for all flat team properties T1,..., 7Ty, any singleton {s} is contained
in exactly one of V(7y,...,7;) and A(—77,...,7:). Now Ry{s} and hv(Ra{s}) being
mutually coinitial is, by these lemmas, equivalent to{s} ¢ V(75,..., T )NA (=T, ...,~T;)
and {s} € V(T1,..., T ) UA(=Ty,...,~T}), i.e., to weak duality of A and V. O

Corollary 3.51. Every operator has a weakly dual operator.
Proof. Given an operator A, define a weakly dual operator V by Ry T := hv(RAT). O

Example 3.52. Let us list some concrete team-logical operators and confirm that they
are weakly dual. Recall from p. 44 that RAT = {(T, T)}. On singletons, consequently

Ra{st={{sh{s}) }

What are the possible hitting vectors? This is the set

hv(Ra{s}) = {(0,{s}), ({s}, 0), ({s},{s}) }

which is precisely R\/{s}. Conversely, {({s},{s})} is the only hitting vector of the above set.
So V is weakly dual to /. By contrast, the strict splitting,

Rodst ={(0,{s}), ({s},0)}

is only a subset of hitting vectors. But it is not arbitrary; it is the smallest coinitial subset
of hitting vectors, that is, all other hitting vectors contain one of its elements w.r.t. C. Let
us stress that the only hitting vector of either R\/{s} or R,,{s} is ({s},{s}), which coincides
with R{s}. This explains why V comes in strict and lax flavors, but /A does not.

As another example, consider modal team logic. If w € W is a world in a Kripke frame
(W,R), then Rg{w} = {Rw}. The hitting vectors (or rather hitting sets) are precisely
all non-empty subsets, i.e., the elements of p*(Rw). Indeed, Ro{w} = p*(Rw) and
Ro{w} = p' (Rw), where the latter again contains only the minimal hitting sets of {Rw}.
In the converse direction, again Ro{w} = {Rw} is the only possible hitting set of o™ (Rw)
and/or p' (Rw), which explains why O also has no strict and lax variants.

Note that for successorless worlds we can have R{w} = {Rw} = {0} (as a formula, 0L
is then true). Then there are no hitting vectors at all, i.e., Ro{w} = 0 (so =0T is true),

'The dual notion, cofinality, is common, for example in set theory.
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since the empty set cannot be hit anywhere. However, unlike {0}, § has a hitting set,
namely (! Formally, we have to distinguish hv()) = {0} and hv({0}) = 0.

Remark. Not all duals V of an operator A are necessarily operators, not even if A and
V preserve flatness. For example, let V be a flatness preserving weak dual of A, but set
V(D) # 0. Since () is not a flat property, this changes neither the fact that V is flatness
preserving, nor the weak duality. But V is not normal and hence not an operator.

Closely related to the concept of weak duality is that of flatness equivalence. For example,
given flat formulas «1, x,, we have the equivalence o Vo = o1V ag. In this subsection,
we characterize this sort of equivalence in a similar fashion as weak duality. In what
follows, let A, V: (ppX)" — ppX again be operators.

Definition 3.53. The operators A, V: (ppX)" — ppX are flatness equivalent if
{ste A(T7,...,T) & {ste V(T1,...,T+)

for all flat team properties J7,...,7; C pXand s € X.

Proposition 3.54. Flatness equivalence is an equivalence relation, i.e., reflexive, symmetric,
and transitive.

Again, a stronger natural statement would be A(T7,...,7:) = V(Py,...,P;), but:

Proposition 3.55. If A and V preserve flatness and are flatness equivalent, then
ATy T0) =V(Tr,..,T7)

for all flat team properties Ty,...,Tr C pX.

Proof. If A and V preserve flatness, then A(77,...,7;) and V(75,...,7;) are flat. Con-
sequently, T € A(Ty,...,Ty) iff {s} € A(T7,...,T;) forall s € Tiff {s} € V(T5,...,T;) for
alls e Tiff T e V(Tq,...,T:). O

The next theorem is analogous to Theorem 3.50.
Theorem 3.56. The following statements are equivalent:
(1) Aand ¥V are flatness equivalent.
(2) Forall s € X, the families R a{s} and Ry {s} are mutually coinitial.
(3) Forall s € X the families hv(Ra{s}) and hv(Ry{s}) are mutually coinitial.

Proof. (1) to (2): Let s € X and (T;) € Ry{s}. To show that Ra{s} is coinitial in Ry{s}, we
have to find some (S;) € Ra{s} such that (S;) C (T;). As in the proofs of Lemma 3.48
and 3.49, we use the flat properties pTy, ..., pT,. By assumption, {s} € V(pTi,...,9T:),
and by (1), {s} € A(gTy,...,9T:). This is witnessed by some (S;) € Ra{s}. But then (S;)
is our desired tuple, since S; € T; = pT; implies S; C T;. Since T; was arbitrary, Ra{s} is
coinitial in Ry{s}. The above argument is symmetric, which proves (2).
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(2) to (3): Let s € X and (X;) € hv(Ry{s}) be arbitrary. The other direction of (3) is
again symmetric, so we define a tuple (Y;) € hv(Ra{s}) by

Yi = {s'|s’ € UinX; for some (U;) € Rafs}}

R a{s}. Suppose the contrary, that is, for some (U;) € Ra{s} and all i it holds U; N X; =0,
ie., Ui € X\ Xi. By (2) there is a family (S;) € Ry{s} such that (S;) C (U;), hence also
Si € X\ X for all i. But by definition, (X;) must hit (S;), contradiction.

(3) to (1): Let Ty,...,T: C pX be arbitrary flat team properties, and let s € X. To
prove that A and V are flatness equivalent, we assume {s} € A(7T5,...,7;) but {s} ¢
V(T1,...,7y) and derive a contradiction. By symmetry, this suffices.

First of all, T; = oT; for teams T; (Corollary 3.16). By assumption, for every (S;) €
Ry{s} there must exist i such that S; ¢ T;, i.e., Si N (X\ T;) # 0. This means that

where obviously (Y;) C (X;). It remains to show that (Y;) is actually a hitting vector of

X; = { s’ ’ s"e€SiN(X\Ty) and (S;) € Rv{s}}

defines a hitting vector (X;) of Ry{s}. By (3), there is a corresponding hitting vector
(Yi) of Ra{s} such that (Y;) C (X;i). Note that Y; N T; = 0 for all i by construction of X;j.
Since we assumed {s} € A(T7,...,T;), there is a witnessing tuple (U;) € Ra{s} such that
Vi:U; C T;. But (Y;) has to hit (U;), contradiction. O

Corollary 3.57. \V is flatness equivalent to \/. ¢ is flatness equivalent to ¢. Ix is flatness
equivalent to 3x.

Proof. By definition of V and V, clearly R {s} C R\/{s}, and a set is coinitial in all of its
subsets. It remains to show that R, {s} is coinitial in R\/{s}. But for any (Tq,T;) € R\/{s}
it holds that (T;, T \ T1) € R {s}. As (Ty, T2\ T1) € (Tq, T2), then R\/{s} is also coinitial
in R, {s}. The same holds for Ry{s} = pT(Rs) and Re{s} = p' (Rs), since p' (Rs) C pT(Rs),
and since every non-empty set S € p*(Rs) contains some singleton {s} which is in p' (Rs).
The quantifiers Ix and Jx are analogous. O

Finally, we conclude this section with a characterization of flatness equivalence that
is analogous to Theorem 3.37 and works also for non-operators.

Theorem 3.58. Fori e {1,2}, let Ai: (pX)" — X, and let Vi: (ppX)" — ppX be a teamifica-
tion of Ai. Then V1 and ¥V, are flatness equivalent if and only if A\ = 5.

Proof. “=": Let V1 and V; be flatness equivalent. By Theorem 3.34, they are also flatness
preserving, and hence V1 (77,...,7:) = V2(7T1,...,7T;) for all flat T; (Proposition 3.55).
By definition of teamification, for all teams Ty,..., T, € X we have pA;(Ty,...,T;) =
VilpT1,...,9T:). But then p/A1(T1,...,T:) = A2 (T7,..., ;) forall Tq,..., T, T X. As g
is injective, A1 = Aj.

“«<"”: We have to prove {s} € Vi(pT1,...,9T:) & {s} € Va(pTi,...,T;) for all teams
Ty, ..., Ty C X. But this follows immediately from Vi (pT1,...,9T:) = oA (T1,..., T;) =
pA2(Try. ., Ti) = ValpTh, ..., 0T). 0
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3.4 Transversals

We saw that the common team-logical connectives are operators (Theorem 3.43), but
in fact they satisfy an even stronger property: The sets Ry T depend solely on the sets
Rv{s} for individuals s € T. Loosely speaking, to find a successor team of T, we traverse
all s € T and pick one of the possible “successor teams” of each {s}, and afterwards take
the union of all these. We call such operators transversals.

Definition 3.59 (Transversal). A transversal is an operator A: (ppX)" — ppX that satis-
fies the following equation for all T C X:

RAT = { U{f(s) |seT}|fe H Ra{s} } . (%)

seT
We briefly explain this equation. For every s, Ra{s} contains r-tuples of teams.
[Iset Rals} is the set of all choice functions f that for each s € T pick exactly one
successor team of {s}, and so f(s) is a specific r-tuple of teams, with (J{f(s) | s € T} being
the (component-wise) union over all s € T.
The above equation uniquely determines a transversal in terms of the sets Ry/{s} for
singletons {s}. Next, we show that the common operators are transversals.

Theorem 3.60. The operators A, V, V, 0, O, &, Vx, Ix, Ix are transversals.
Proof. We prove (*) for each of these operators.

o /A: Recall that RAT = { (T, T) }, in particular Ra{s} = { ({s},{s}) }. Now [] .1 Rals}
contains only one choice function f, namely f(s) = ({s},{s}). We conclude

RAT = (D = {JLWshisn 1s e TH = { L) s e TH.

e V: Disjunction is generated by R\, T ={ (T;, T2) | 1 U T, =T }. Onsingletons, hence
RuAst ={ ({s},0), (0,{s}), ({s},{s}) }. We prove that (x) is satisfied.

For “C”, suppose T = T; U T,. Then we pick the choice function f defined by
f(s) = ({sh0)if s € T \ T, by f( ) = (0,{s}) if s € T2\ Ty, and f(s) = ({s}{s}) if
s € Ty NT,. Then clearly | J .t f(s) = (T, T2).

For “2”, let f € [[,+{ ({s},0), (0, {s}) ({s},{s}) }. Define teams

S1i={seT[f(s)=({s}0)}
S2i={seT[f(s)=(0,{s})}
S3:={s e T[f(s)=({sh{sh}.

Then clearly |J ot f(s) = (S1US3,S2 US3). Butsince T = S; US; US3, also
=(S7US3)U (S U 83) As a consequence, (S1 U S3,52US3) € RyT.

e \/: The proof is similar to \V, but with S3 = 0.
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0: Let X = (W, R, V) be a Kripke structure and T C W a team. Then RgT ={RT }.
Consequently, Ro{s} = { Rs }. Again, the choice function f is unique, and obviously,

RT = Uset Rs = Usger f(s)-

O: Let X and T be as above. Then ¢ is generated by the relation R, where S € R T
iff S is a successor team of T. The successor teams of a singleton {s} are exactly
the non-empty subsets of its image: R¢{s} = p*(Rs). Moreover, by definition
of ¢, the successor teams S are precisely those of the form |, f(s) for some
f € [[set " (Rs). Hence (x) holds.

¢: Analogous to ¢, with p' (Rs) = Ry{s}.

Vx: Let A be a first-order structure, T C Var — A a team, and x € Var. Analogously
to 0, now Ry, T = { T }, and on singletons, Ryx{s} = {{s}y }. By definition,
i = Userlshi, 50 T} = e f(s) for the unique choice function f.

Jx: Analogously to ¢. Let A, x, T be as above. By the semantics of 3, S € R3, T iff
S = T for some h: T — p*(A). So for singletons {s}, S € Ra.{s}iff S = {s}} for
some A € p* (A) iff S € p* ({s}}). For arbitrary teams T, then

Se ngXT
& S=T)forsomeh: T — p*(A) (team semantics of 3)
& S={sk|seT,ach(s)}forsomeh: T — pt(A) (def. suppl. team)
& S={s'|s" €f(s),s € THforsome f € [ ] o ({s}})
seT
&S = U f(s) for some f € H ({3 ).
seT seT
Ix: Analogous to Ix, with p* replaced by p'. O

From the above picture, the atoms are missing. For atoms however, transversals and
flat operators coincide.

Theorem 3.61. Let A C pX be flat. Then A\ is a transversal.

Proof. First, A is an operator (Proposition 3.44). Next, note that T € R iff the empty
tuple ¢ is in RAT. In particular, for every team T, either RAT = {e} or RAT = 0. We
distinguish between two cases:

T e A, ie, RAT = {e}: By flatness, {s} € A forall s € T, so Ra{s} = {e}. The only
choice function f € [[, .1 Ra{s} is the constant function f(s) = ¢. But then

feHRv{s}}.

seT

seT

JQAT:{S}:{U{EISET}}:{U{f(s)lseT}

so (x) holds.
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e T ¢ A: By flatness, {so} ¢ A for some sp € T, hence Ra{so} = 0. Then the set
[Iset Rals) of choice functions is empty, as there is nothing to choose for so.
However, also RAT = 0, so (x) holds again. O

Remarkably, virtually all common team-logical connectives are transversals (see
Table 3.1), which suggests that they constitute a natural class of connectives in team
semantics. At the very least, they are a tool to straightforwardly lift classical operators to
teams in a way that is guaranteed to preserve flatness, as we will see in the next theorem.

Theorem 3.62. Every transversal preserves flatness.

Proof. Let A be a transversal and T5,...,7; C pX flat team properties. We have to show
that Ty .= A(Tq,...,T;) is flat, i.e.,

TeTyeVseT:{s}eTp.

For “=", assume T € Ty. Then there exists a tuple (T;) € RAT such that T; € T; for
all i € [r]. As A is a transversal, there is a choice function f € [] .+ Ra{s} such that
(Ty) = U{f(s) | s € T}. For each s, call the corresponding tuple (T5,...,T?) := f(s). Then
we can write Ty as | J ¢ T7. In particular T§ C T, and since flatness implies downward
closure, we have T? € T;. But then {s} € T via the tuple (T;,...,T?) in Ra{s}.

For “«<”, assume {s} € Ty for all s € T. Again for every s € T, {s} € Ty is witnessed by
some tuple (T7,...,T7) € Ra{s} such that T € T;. Let U; := (1 T7. Flatness implies

union closure, hence also U; € T;. As the function f mapping each s € T to (T5,...,T7)
is an element of [ [, .+ Ra{s}, by definition of a transversal, (U;) must be in RAT. But as
we also showed U; € T; for each i, we can conclude T € T5. O

Observe that this constitutes another proof for Proposition 3.18.

Not every flatness preserving operator is a transversal. If we define RAT = {T} for
every non-empty team T, but R0 = X, then A is a flatness preserving unary operator,
but in a transversal the only successor team of () can be .

Example 3.63. The universal modality @ is defined in a Kripke structure (W, R, V) as
wEWe & Vv e W:vE ¢. For a team semantics, we could naively set RgT = {W} for
all T, analogously to 0. However, this would result in @ not being flatness preserving,
since then, e.g., § ¥ @_L in non-empty structures. Instead, we define it as a transversal,
where the natural choice is Rg{w} := {W} for all w € W. Then Rgl = {#} and RgT = {W}
for T # (. This yields a flatness preserving semantics of [@, namely:

always if T=190

TEUWe <
WEe ifT#0

3.5 Relaxations

Some transversals considered so far come in flatness equivalent pairs, like \V/V/, /6,
3/3, of so-called lax and strict variants. For others like /A, [, V, no such distinction exists.
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Logic Transversal V Ry{s}
All /A Conjunction { ({s}, {s} }
V' Laxdisjunction { ({s},0), (0,{s}), ({s}{s} }
VvV  Strict disjunction { ({s}, 0), (@,{s}) }
Modal 0 Box { Rs }
¢  Lax diamond 9 (Rs)
¢  Strict diamond o' (Rs)
p  Proposition te} ifs € Vip)
0 else
—p Negated proposition b ifseVip)
{e} else
First-order Vx Universal quantifier {{s¥s }

Ix Laxexistential quantifier o™ ({s}})
Ix  Strict existential quantifier ! {shy)

Temporal X  Nexttime {{s1}}
Fe  Future (async.) {{skl}| k>0}
G4 Globally {{slkl [k >0}}

Table 3.1: Transversals. For modal team logic, in a Kripke structure (W, R, V), the carrier is ppW. For
first-order logic, if A is a first-order structure, the carrier is pp(Var — A). For the temporal
operators, cf. Section 3.8.

In this section, we study the connection between these pairs formally.

Definition 3.64 (Relaxation). The relaxation of an operator A: (ppX)" — ppX is the
operator AY: (ppX)" — ppX defined by

RAuT = { Ux ] X € gt (RAT) }

In other words, the “AY-successors” of a team are the non-empty unions of its “A-
successors”.

Example 3.65. Observe that V = VU, O = oY and Ix = 3x”. For example, R, T =
{(T],Tz) \ T=T UTz,T1 NT, = [Z)} and CR\/T = {(T],Tz) | T=T UTz}, but any pair (T],Tz)
with T = T; U T, can be written as the union of two disjoint pairs from R, T, namely
(T, 2\ T U (T3 \ T2, T2).

On the other hand, we have 0 = OY, A = A", and ¥x = Vx". From this perspective,
“lax” connectives are those that cannot be further “relaxed”.

Definition 3.66 (Strict and lax). An operator A is lax if it is its own relaxation. Otherwise
it is strict.
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This definition of strictness is subtle, and ultimately a bit unsatisfying, as the following
argument shows. Fix some lax operator V, and suppose we want to define a strictmost op-
erator corresponding to V. For this, we could define a partial order < on all connectives
flatness equivalent to V such that Ay < A; if and only if Ra, T C Ra, T for all T. Then
intuitively < means “is stricter than”. Analogously to V, ¢, and 3, we could now call
those operators strict that are <-minimal. However, this does not work in general. For
example, suppose we have the transversal ¢*=° defined by R~{s} ={S C Rs | S is infinite }.
O is lax, but what is the “strictmost” operator it corresponds to? The relation < is in
general not well-founded, so there is no hope in finding such an operator.

We proceed with some basic properties of relaxations.

Theorem 3.67 (Relaxation laws). Let A be an operator. Then the following hold:
(1) RAT C RAUT forany T (monotonicity).
(2) APV = AV (idempotency).

(3) IfY € o (RAUT), then | JY € RavT (relaxations are closed under non-empty union).

Proof (1): If (Uy) € RAT, then also (U;) € RauT, since ( =U{(U) tand { (Uy) } €
Pt (RAT). (2 ) follows from (1) and (3): We have RAuT g RAUUT by (1) and if (U;) €
iRAuuT then (U;) =JY for some Y € p (RauT), so already (U;) € RauT by (3).

Finally, we prove (3). LetY € o (RauT) be arbitrary. We need to show (JY € RauT.
By definition of AY, every (U;) € Y is of the form | J X for some non-empty set X C RAT
of tuples. Clearly X contains only tuples (S;) such that (S;) C (U;). But then

UDC U{ GRAT‘ (U) } € (Uy),

so as a consequence, | JX = { )€ RAT ‘ C (Uy) }, which in turn implies

Uy =U{ Ui eﬂzm i)}](uoey}
= [ J{(S) € RAT [ 3(U) €Y :(S3) C (U) }.
Let X* == { (Si) € RaT | 3(U) € Y: (S5) € (W) }. Then JY = JX*, and X* € p(RAT).
It remains to show that | JY is actually a non-empty union of tuples in RA T, which is not

clear if UX* = |JY = 0". But in this case Y = {0} (by choice of Y, Y # 0), and hence
0" € RauT, which in turn requires that also 0" € RAT. O

Interestingly, relaxation preserves our previous classification of connectives. By
definition, the relaxation is an operator, but we can show that it is indeed flatness
equivalent, and furthermore the relaxation of a transversal is again a transversal.

Proposition 3.68. An operator A and its relaxation AV are flatness equivalent.

Proof. To show flatness equivalence, we use its order-theoretic characterization (Theo-
rem 3.56). For this, we have to show that R {s} and Rau{s} are mutually coinitial for
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arbitrary singletons {s}. By Theorem 3.67, Ra{s} € Rauv{s}, so Rauv{s}is trivially coinitial
in Ra{s}. For the other direction, let (S;) € Rau{s}. Then (S;) = [J X for some non-empty
X C Ra{s}. In consequence, there is (U;) € Ra{s} such that (U;) C (Si). As (Si) is
arbitrary, Ra{s} is also coinitial in Ru{s}. O

Theorem 3.69. The relaxation of a transversal is a transversal.
Proof. Let A be a transversal. We have to show that

RpoT = { Uals)|ae] :RAu{s}} ()

seT seT

for an arbitrary team T. We prove both directions of (*).

“C”: Suppose (Si) € RauT. Then (S;) = |J X for some non-empty X C RAT. Since
A is a transversal, every (U;) € X is the image of a choice function from T, i.e., (L) =
Uset f(s) for some f € [+ Ra{s}. The idea to show that the whole tuple (S;) is the
image of some choice function as well is to form the “union” of all previous choice
functions that do not exceed (S;). Formally, we choose

g(s) = J{ (Vi) e Rafs}| (Vi) € (S0) }.

First, we show that this is an actual choice function for AY, i.e., for all s, g(s) € Rav{s}.
By definition of AY, R Au{s} contains any non-empty union of tuples of R {s}, and hence
g(s), provided some (Vi) C (S;) exists in Ra{s} such that the above union is actually
non-empty. Let (U;) € X. As (U;) itself is the image of a choice function from T, that is,
(Ui) = Uger f(s), the tuple (Vi) == f(s) € (Uy) € (Si) is in Ra{s}).

Next, we prove that (S;) = (Jsc1 g(s). For the D-direction, obviously g(s) C (S) for all
s. For the C-direction, we show that (U;) C (J,.7 g(s) for all (U;) € X. As before, given
(Uy), there is f such that (U;) = [ J,c 1 f(s). By definition of a transversal, f(s) € Ra{s}and

f(s) C (Uy) for all s € T, hence f(s) C g(s). Consequently, (U;) = Uzt f(s) € User 9(s)-

“27: Let g € [[ser Ravistand (Uyi) := et 9(s). To show (U;) € RauT, we demon-
strate that (U;) is a non-empty union of tuples in R A T, which suffices by definition of A".
First, for arbitrary u € U;, i € [r], we identify a tuple (Vi) € RAT such that u € V; and
(Vi) C (Uy). This shows that (U;) can be written as the union of such tuples. The union
can be empty in case (U;) = (7, but we handle that case below. Let now i € [r],u € Uj;.
As (Ui) = gt 9(s), there must exist s € T such that (01, {u}, 0™ 1) C g(s). However,
g(s) € Rau{s}, so g(s) itself is a non-empty union of tuples in Ra{s}. This means that
thereis (Vi) € Ra{s} withu € V; and (Vi) C g(s) C (Uy), as desired. Finally, we consider
the case where (U;) = (". Then g(s) must be " for all s, too. In particular, " € Rau{s}
for all s € T, which is only possible if )" € Ra{s}. Recall that A is a transversal, so this
results in )" also being in RA T, and ultimately in RuT by definition of A“. O

Example 3.70. The team connectives considered so far suggest that always either for A
or its dual the lax and strict connectives coincide (such as with A, O and V). However,
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it is also possible that both sides have distinct strict and lax variants, even for unary
operators. Consider the operators ®;, ®, ©s and O satisfying

Refst = {{s1},{s2,53}}

Re st = {{s1},{s2,53}{s1,52,53}}
Ro s} = {{s1,s2},{s1,53}}

Ro{st ={{s1,52},{s1,53},{s1,52,83}}.

Then by the order-theoretic (hitting vector) characterization, ® and ®; are strict resp.
lax duals of ®; and ®1, while ©®5 and ® are strict resp. lax duals of both ®; and ®;.

3.6 Strict and lax standard transversals

We saw that transversals are a natural and sensible restriction of operators that reduce
the work of defining an operator A to the simpler task of defining R {s} for singletons
{s}. Nevertheless, there is still some degree of freedom in defining Ra{s}, for example
lax and strict variants of the same operator (cf. Example 3.52).

We propose a canonical definition on how to “teamify” arbitrary operators. In what
follows, let A: (pX)" — pX be a (classical) operator.

Definition 3.71. The strict standard transversal of A is the transversal V: (ppX)" — ppX
defined by

Ryfst = { ({si}) | (si) € Ras }.

The strict dual standard transversal is the transversal V': (ppX)" — ppX defined by

Ryrds}i= 4 (sl (s) € £ @) iep | F€ T I

(Sj)ERAS

The lax (dual) standard transversal of A\ is the relaxation of its strict (dual) standard
transversal.

This definition seems complicated, but for unary A boils down to:

Ryfs} = o' (Ras)
Ryufs} = o (Ras)
va/{S}:valu{S} = {SRAS}

Let us explain the intuition behind the general definition: If s’ is a successor of s, then
{s"} should be a “successor team” of {s} (and likewise for higher arities). For the dual
standard transversal, essentially we want V' to be a weak dual of V, as we then obtain
(by Theorem 3.37) a teamification of AC for free. For this, we follow the characterization
of weak duality via hitting vectors (Theorem 3.50). To form a hitting vector of the family
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Rv{s}, for every tuple (Si) € Ry{s} we pick a number i € [r] and include an element
of the i-th component, which ensures that (S;) is hit. Indeed, every choice function
fe H(Si]eyAs[r] encodes a hitting vector. Finally, {s; | (sj)jc() € f~1(i)} is simply the set
of all elements that have been selected from the i-th components, and thus is the i-th
component of the hitting vector.

Therefore, as shown in Table 3.1:

Corollary 3.72. The operators A, O, 3x (resp. A, &, 3x) are the lax (resp. strict) standard
transversals of /\, O, 3x. The operators \/,0,Vx (resp. \V,[0,Vx) are the lax (resp. strict) dual
standard transversals of /\, O, Ix.

In what follows, we assume A: (pX)" — pX and V,V': (ppX)" — ppX. We still have
to prove that this definition actually produces teamifications of A and A€.

Theorem 3.73. Let A be an operator. The strict and lax standard transversals of A are teamifi-
cations of /\. The strict and lax dual standard transversals of 2\ are teamifications of AC.

For the proof, we require a lemma:

Lemma 3.74. A flatness preserving operator V is the teamification of the connective A defined
by AT, ..., To) =={s [ 3(Si) € Rofs}: (Si) € (Th) 1

Proof. We have to show that pA(Ty,...,T.) = V(pTi,...,9T:). As V is flatness preserv-
ing, V(¢Ty,...,9T:) is a power set. Hence it suffices to show that s € A(Ty,...,T,) iff
{s} € V(pTy,...,9T,). But these are both equivalent to 3(S;) € Ry{s}: (Si) C (Tq). O

Proof of Theorem 3.73. Let V be the strict standard transversal of A. First of all, the relax-
ation of V is a transversal (Theorem 3.69), and flatness equivalent to it (Proposition 3.68).
Both preserve flatness (Theorem 3.62) and hence are teamifications of the same con-
nective A’ (Theorems 3.34 and 3.58). For this reason, if we show that A = A/, then we
prove the statement for both the strict and lax standard transversal. We show A = A’ as
follows:

se A(Ty,..., Ty)

S 3(si) ERps:Vicsi €Ty (A is operator)
< 3(S;) € Ry{s}: (Sy) C (Ty) (def. standard transversal)
sseN(T,...,Ty) (Lemma 3.74)

Next, we proceed with the dual standard transversal V’. By the same arguments as
above, the strict variant suffices. Again, V' is the teamification of some connective A”.
We have the equivalences:

s € AC(T1 yeey ) © V(si) €Rpas:Tier]:sieTy (A is operator)
se A"(T1,...,T.) & 3(S;) € Ry{s}t: (Si) C (Ty) (Lemma 3.74)
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So we need to show for all s that
<V(si) ERps:TFiel:s e Ti) o (3(51) € Rofs}: (Si) C (Ti)>.

For “=", assume that V(s;) € Ras: 31 € [r] : s; € T;. Then there is a choice function f

mapping each element of Ras to a number i := f((s;)) € [r], formally f € H era T,
such that f(( i) =1 implies si € Ti. By definition of V’, then the tuple (S ) where
Si={si ‘ ) € £71(1) },is in Ry{s}. Also, S; C T; for all i by the choice of f.

For “<” suppose ( i) € Ry{s} exists such that (S;) C (T;). Then by definition of V’,
the tuple (S;) must result from some f € H (si)emns [Tl such that Sy = {si | (si) € f~ 1)}
for all i € [r]. In particular, it holds that f((s;)) = i implies s; € T;. Hence f witnesses the
left-hand side of the above equivalence. O

Corollary 3.75. The (strict or lax) dual standard transversal of A is a weak dual of the (strict
or lax) standard transversal of /.

Proof. Immediately by Theorem 3.37. O

Once more, atoms are well-behaved. Recall that every nullary connective is an operator
(Proposition 3.44), and, if it preserves flatness, a transversal (Theorem 3.61). This can
be strengthened as follows:

Proposition 3.76. Given a nullary connective A\, its strict and lax standard transversal coincide
and are its unique teamification.

Proof. First, for any two teamifications V1, V, of A, we have V| = pA = V; by definition
of teamification (Definition 3.30), which proves uniqueness. As both strict and lax
standard transversals are teamifications by Theorem 13.73, they coincide. O

This implies that the team semantics of atomic formulas in propositional, modal or
first-order logic is precisely their standard transversal.

We conclude this section with illustrations of the interplay of the various relations such
as teamification, weak and strong duality, and relaxation of connectives. In Figure 3.2
we show these relations for an arbitrary operator A. In Figures 3.3 to 3.5, this is shown
specifically for propositional, modal and first-order team logic.

3.7 Quasi-flatness

In this section, we consider a generalization of flatness called quasi-flatness. A property is
quasi-flat if it is the Boolean combination of flat properties. Some logics can only define
quasi-flat properties, which has several nice implications, for instance it allows to lift a
classical decision procedure to a team-semantical decision procedure (see Chapter 5).
As a counter-example, the dependence atom dep(x;y) is not quasi-flat.

Before we come to the results, we proceed with a formal definition. As before, let
A be a 1-team algebra with carrier ppX. Let € C ppX, i.e., Cis a collection of team
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Figure 3.2: An operator A\, its strong dual A, the standard transversals AT, APT, the duals ATC, ACTC of
those, and the relaxations ATV, ALTV with their duals.
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Figure 3.5: Standard teamifications of modal and first-order quantifiers.

properties. The Boolean closure B(C) of € is B(C) := |J,,cry Cn With € := Cand €1 =
{T1NnT2, T1UT2, oX\T1 | T7,7T2 € Cul

If for example € = {[@]?, [W]*}, then B(C€) contains all properties that are definable
by a finite combination of ¢ and 1} with A\, @ and ~.

The collection of all flat properties is written Cgyy.
Definition 3.77 (Quasi-flatness). A property T € ppX is quasi-flat if it is in B(Cqay).

Obviously flatness implies quasi-flatness. Quasi-flat properties permit a “disjunctive
normal form”:

Proposition 3.78. Every quasi-flat T € ppX is of the form ;i (Pi \ Uje;, Qi) for some
finiten € N, finite sets J; C N and flat team properties Py, Qi ; € ppX.

Proof. By assumption, T is a Boolean combination of flat team properties. By de Morgan’s
laws and distributive laws, it can be written as

U | M wen (] 2

ie[n] \keKj kEK/!

for flat Py i, Qi «. As the the intersection of flat properties is flat (the intersection of zero
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properties being T), we obtain

P=J [P\ Y5

i€en] j€Ti
for finite n and J; and flat properties P;, Q; ;. ]

How do we show that a property is quasi-flat? Due to the compositional semantics,
we are interested in connectives that preserve quasi-flatness, analogously to flatness
preserving connectives (Definition 3.17).

Definition 3.79. Let A: (ppX)" — ppX. Then A preserves quasi-flatness if A(Ty,...,T;)
is quasi-flat for all quasi-flat properties T7,...,7, C pX.

Indeed all properties definable in PL(~), ML(~) and FO(~) are quasi-flat because their
connectives fall under the above definition. For these logics, this boils down to the
following “distributive laws”, which have been proven in [100]:

(A N\ EB)V (/A N\ EB)) = (aV YA N\ E(@AB)A N E(a’ ABY)
i=1 i=1 i=1 i=1

for all flat formulas o, &', B1,...,Bn, B]y.. -y Br,

Olan [\ EB) =0an \ EO(@AB)  OlaA /\ EB) =0an [\ EO(a/A i)
i=1

i=1 i=1 i=1

for all flat formulas «, 31,..., Bn, and likewise for first-order team logic,

Ix(aA /\ EBi) = IxaA /\ Eax(aAB:)  Wx(aA /\ EBi) = VxaA /\ E3x(aABy).

i=1 i=1 i=1 i=1

In each case, the disjunction, modality or quantifier outside a quasi-flat formula can be
distributed over the conjunction in such a way that we obtain a Boolean combination of
flat formulas. (They all distribute also over disjunction because they are operators.) Next,
in the main theorem of this section, we show that in fact all (lax) standard transversals of
arbitrary arity permit distributive laws like the above, and hence preserve quasi-flatness.

Theorem 3.80. All lax standard transversals and lax dual standard transversals preserve quasi-
flatness.

The proof of Theorem 3.80 will be split into a series of lemmas below.

Lemma 3.81 (Union closure for lax transversals). Let V be a lax transversal. Then (S;) €
Ry Ty and (U;) € Ry T, implies (SiUulUy) € Ry (T UTL).
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Proof. Let Ty, T, be arbitrary teams and let (Si)ic;) € Ry Ty and (Uy)iepr) € ReT2. We
have to show that (S; U Ui)ic[r] € Ry (Th U T2). First, by definition of a transversal, there
are choice functions f € HseT1 Ryf{stand g € HseTz Ry{s} such that for all i,

Si=J{Xu X, %) = f(s)ys € Th},

(*)
ui :U{Y'L ‘ (Yh"')YT) = g(S),S € TZ}

From this, we define a new choice function h on the team T; U T, as follows:

f(S) ifs e Tq \Tz
h(s) =< g(s) ifseT\ Ty
f(s)ug(s) ifseTiNT,
To see that h is a valid choice function, in symbols h € [ eT,UT, Ry{s}, observe that
f(s) U g(s) is an element of Ry{s}. This is due to the fact that by Theorem 3.67, Ry T is

closed under non-empty union for all T. Finally, we show that the tuple (S; U U;);¢ [y is
actually generated by h and hence is in Ry T. In other words, if

Siuly=|J{zi1(z1,...,Z;) =nh(s) s € T UT,}

holds for all i.

“C”: Suppose s € S; (the case s € U; works analogously). Then by (x) there exists
s’ € Ty such that f(s’') = (X;,...,X;) € Ry{s’}and s € X;. But h(s’) D f(s’).

“D”: Suppose s € Z; for (Z1,...,Z;) =h(s’)and somes’ € TyUT,. Weshow s € S;UU,;.

o If s’ € Ty \ T, then Z; = X;, where (Xi)iey) = f(s').
o If s’ € T, \ Ty, then Z; =Y;, where (Yi)icr = g(s’).

o If s’ € Ty NT,, then Z; = X; UY; by definition of h, where (Xi)ic;; = f(s’) and
(Yi)ierr) = g(s’). Consequently, s € X or s € ;. O
In all cases, s € S; U U; due to (x).
We use the abbreviation EP := ~—P,s0 T € EP if some {s} C T is in P. Also recall that
NE is the property of all non-empty teams, and P1 VP, ={T; UT, | Ty € Py, T, € P2}
Lemma 3.82. For all flat properties P,Qq,...,Qn,

PV \n/(meQmNE) = ?mﬁEQi

i=1 i=1

Proof. “C": If T € PV \/{_; (PN Qi NNE). The splitting disjunction is witnessed by teams
ToU---UTy =Tsuchthat Ty € Pand, fori >0, T; € PN Q; and T; # 0. Hence T; € EQ;.
Now by union closure, T € P, and by downward closure, T; € EQ; = T; ¢ ~Q; = T ¢
—-Q; = T € EQ;.
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“2”: Suppose T € PN (L, EQ;. The EQ; are witnessed by elements s1,...,sn € T
such that {s;} € Q;. Also, by downward closure, {s;} € P. Consequently, {s;} € PNQ; NNE.
Now T=TU{s1}U---U{sn} witnesses T € PV \/_; (PN Q; NNE). O

The remainder of the proof now consists of two lemmas, one for standard transversals
and one for dual standard transversals.

Lemma 3.83. Lax standard transversals preserve quasi-flatness.

Proof. Let V" be the relaxation of the strict standard transversal V of an operator A. Let
T1,..., T be quasi-flat properties. We have to show that VY (75, ..., 7;) is quasi-flat as
well, i.e., equivalent to a Boolean combination of flat properties. By assumption, each T;
is equivalent to a Boolean combination of flat properties. By Proposition 3.78, there are
finite 1, J1,K(; j) € N and flat properties P j), Qi j,k) such that

To=U (Penn ) EQujn

j€li keK (i)

Next, recall that operators distribute over Boolean disjunction (Proposition 3.40), so
it suffices to establish that properties of the form

V=v" PN ﬂ EQu ). Pr N ﬂ EQ()
NSE ISIE

are quasi-flat. To prove this, we show that V is equivalent to a Boolean combination of
flat formulas, viz.

V' =V (Pr, ., ) N[ EVE (P, P, PN Qi) Pigry e, P
ielrl,jeli

As E is short for ~—, V' is a Boolean combination of flat properties. We prove that it
equals V.

VCV': LetT e Vvia (S1,...,5:) € RyuT such that S; € Py N ﬂjeli EQ(;,) forall i € [r].
First of all, this witnesses T € VY(P,...,P;), as S; € P;. For the other N-conjuncts,
fixie [r]and j € J;. There exists s” € S; such that {s'} € P; N Q; ;). Because V" is a
transversal, there must exist a corresponding s € T with tuple (Uy) e € Ryu{s}
such that s’ € U; and (Uy) C (Sk). Because (Uy) is a union of tuples in Ry{s},
there must exist some (Vi) € Ry{s} as well such that s’ € V; and (Vi) C (Uy). By
definition of a strict standard transversal (Definition 3.71), each Vy is a singleton,
which implies V; = {s’} and therefore V; € P;NQ; ;). Asalso Vi € Py forallk,{s} €
V(P1,.. o, P, Pin Qi jyy Pig1y ..., Pr). Since V and VY are flatness equivalent
(Proposition 3.68), we conclude T € EVY(P1,...,Pi_1,P1 N Q1 5), Pit1,..., Pr).
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V' CV: AssumeT € V' Firstofall, T € VY(Py,...,P;) implies there is a tuple (Si)ic[r] €
RyuT such that S; € P; for all i € [r]. Likewise, by the E-conjuncts, and flatness
equivalence of V and V", for every i € [r],j € J; there exists s(; j; € T such that

{51, € V(P1y. s Pio, Pin Qi gy, Pivty ooy Pr),

which is witnessed by some tuple (US’j ) ke € Rv{s(,j)}- Every U,(j’j) is a single-
ton (Definition 3.71), so U\ € NEN P N Qi,j)- Together, we obtain

TU [Jswpt € V9P, PV VP, Pin Q) NNE, ., Py,
ie(r] ie(r]
IS ISH
but since s(; ;) € T foralli € [r],j € J;,
T eV (Pr,...,P)V \/ V(Pr,...,Pin Qe NNE, ..., Py)
ie(r]

i€l

from which we can by Ry T € RyuT conclude

T eVY(Py,..., PV \/ VY(P1,..o,PiN Qi 5) NNE, ..., Py).

ielr]
j€li
(*)
Furthermore, by Lemma 3.81,
VYT, L TV VP (U, .. U) ©VE(T VU, T VU, (%)
As PV ...V P =P, we obtain from (x) and (xx) that
T ev [PV \/ (PN ;nne),...,PV \/ (PrNQ;NNE)
j€I1 jelr
=V P () EQiee s, Pr () EQry | = V. (Lemma 3.82) O
j€h j€]r

After relaxations of standard transversals (such as ¢, 3), we proceed with relaxations
of dual standard transversals such as Vv, [, V.

Lemma 3.84. Lax dual standard transversals preserve quasi-flatness.

Proof. The proof is analogous to the case of standard transversals. Let V" be the re-
laxation of the dual standard transversal V of A. As before, we need only to prove
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properties of the form

W=v"[Pin ﬂ EQ(1,5)5---,Pr N m EQ(r)
€T ISR

to be quasi-flat where P;, Q; j are flat. We show that W equals
W' =VY(Py,.., P N E-VI (L, = (PN Qi) L77H).
ie [T}vjeli
We again proceed in two steps.

W CW': Let T € Wvia some (Sk)xefr] € RyvT. Clearly, T € VY(Pq,...,P:). Next, fix
i€ [rlandj € Ji. As VY is a transversal (Theorem 3.69), there is again some s € T
such that

{S} eV’ (9)1 ye. -»[Pifh?i N EQ(i,j))iPinL])' . "(Pr)
witnessed by a tuple (Uyx) € Ryu{s}. In particular, there is s’ € U; such that

{s'} € Pi N Q(; ;) and furthermore (Vi )xec[r) € Rv{s}such that s’ € V;.

Now tuples in Ry{s} are minimal hitting vectors of Ra s (Definition 3.71), so for
at least one tuple (uy)xer) € Ras it holds that u; = s’. If V/ denotes the strict
standard transversal of A, then consequently {s} € V/(T*" 1, PN Qi 5), T 1), so
by the weak duality of V' and V" (Corollary 3.75) we obtain

TeE=VY (L =(PinQp ), LTH.

W' CW: Let T € W. By assumption we have T € V“(P4,...,P,). Our goal is for each
i€ [r] andj € J; to identify some subteam T(%) of T that satisfies

T € V(Py, .o, Piq, Py N EQ(i), Pity - ooy Pr) ()

Since T =T U ¢, T(H3), this suffices to prove T € W as follows. From

r]vjeli

Te VP, PV V(P Py, PN EQ( gy, Pigts oy Pr)

ielr],jeli

and since Ry C Ryv and V is monotone, we conclude

CV(Pry ey, POV VP P, PN EQ ), Pigry e, Pr)
ielrl,jely

c VPV V(P NEQq ). PV \/ (PrNEQ(r;))  (Lemma 3.81)
jE]1 jGIr
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=V [P0 () EQu -, Pr [ EQuy) | =W (Lemma 3.82)
ieh SR

Next, we show that the subteams T(\J) as in (x) indeed exist. Fix i € [r] and j € J;.
By definition of W’, there exists an element s € T such that

{s}e =V (L =(Pin Qi ), L7 H.

Let again V’ denote the strict standard transversal of A, then by weak duality of
V and V’ (Corollary 3.75)

{s} € V’(Tii] ,PiN Q(i,j)) Trii).

This is witnessed by some tuple in Ry {s}, which by definition of strict standard
transversal (Definition 3.71) is of the form ({t1},...,{t;}) € Ry/{s} for some tuple

(tgi’j), ceey t?’j)) € Rps. Inparticular, {t;} € P; N Q( ;). We require t; later.

Next, we show that {s} is now our desired subteam T(1J). By assumption we have

T e VY (Pq,...,P;), and so due to flatness {s} € V(Pq,...,P;). This is witnessed
by some tuple (Vi) € Rv{s} generated by a choice function f € H(Sk) enps Tl in the
sense that Vi, = {sy | (s1,...,sr) € 71 (k)}. In order to satisfy (x), we need to add a

singleton satisfying Q; ;) to Vi. To do so, we modify f to incorporate t; as follows.
Define g like f but set g(t1,...,t;) := i. This results in a new hitting vector (U, ) of
Rys, and hence tuple in Ry {s}. Furthermore, Uy C Vi for k # i, but U; = V; U{t;}.
As a consequence, Uy € Py by downward closure and U; € P; N EQ; by union
closure, which witnesses (*). O

With Lemmas 3.83 and 3.84, this concludes the proof of Theorem 3.80.
We use the following definition for algebras that enjoy quasi-flatness.

Definition 3.85 (Nice). Let{\,@,~,—, T, L} C T. A 1-team algebra a nice if \, @,~,—, T
and L have their usual interpretations in A, and A” is a lax standard transversal or lax
dual standard transversal for all A € T\ {\, @,~,—, T, L}

This definition also covers propositional, modal and first-order team logic (in lax
semantics).

Theorem 3.86. If A is a nice t-team algebra, then [@]? is quasi-flat for every t-formula o.

Proof. By induction. We show that all connectives preserve quasi-flatness. For the
Boolean operations /\, @ and ~ this is trivial. T and L are already flat, as is —¢ for
every formula ¢, so these connectives also trivially preserve quasi-flatness. For all other
connectives, this follows from Theorem 13.80. O
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3.7.1 Two normal forms for quasi-flatness

We introduce two normal forms of formulas, and show that every formula that defines
a quasi-flat property can be brought into such a normal form. Call a formula ¢ strongly
flat if it has only flat subformulas, including itself. Recall that Ey = ~—y.

Definition 3.87 ((@/\)-normal form and (@V)-normal form). Let ¢ be a t-formula. We
call ¢ in (@A\)-normal form if

o=@ [« N\EB;

iel j€i

for finite sets I and J; and strongly flat T-formulas o, B1; foralli € Iand j € J;. Itisin
(@V)-normal form if

Q= @ o V \/(ﬁi,j/\NE)

iel €]
for I, J;, a4, By,; as above.

Lemma 3.88 (Change of normal form). Let T O {\, @,~,—, T, L}. Then for every t-formula
¢ in (@N\)-normal form (resp. (@V)-normal form) there is a formula\p in (@\V)-normal form
(resp. (@N\)-normal form) such that [@]* = [W]? for every nice t-team algebra A. Furthermore,
P is logspace-computable from ¢.

Proof. Let A be a nice T-team algebra, and let us write T = ¢ for T € [o]*.

e We first assume that ¢ itself is in (@/\)-normal form. Then every disjunct o A
Ajey EBj is equivalent to the formula

oV \/ (/A Bj) ANE),
j€]

which can be seen as follows. Suppose T F o A A\;; EBj. Then {s} F « for all
s € T, and for every j € | there is s; € T such that {s;} £ EB;. But then also
{sj} F « /A B; ANE. Moreover, the union T U Uje]{si} is a (lax) splitting of T. As a
result, TE oV \/jeJ(“/\ B; ANE).
Conversely, suppose T F « V' /(e A Bj /A NE). This is witnessed by a split

=T'UUTjsuch that T" E cand Tj E « /A B5 ANE for each j € ]. Since flat
properties are union closed, T F «. Furthermore, each Tj is non-empty and satisfies
Bj, so some s € T; exists such that {s;} F 3. Hence T F Ef;, as desired.

o Next, we assume that ¢ is in (@V)-normal form and again consider each disjunct
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oV \/j € (B; ANE). We show that the latter is equivalent to

oc\/\/[S,- /\/\Eﬁj.

i€l j€]

Assume T F oV VJEI B; ANE). Then in particular T F « VJEI B;, so the leftmost
conjunct is clear. It remains to show T F EB; foreveryj € J. Let T=T' U T
witness T F VvV \/]GI B; ANE). Then T; & 35, but since also Tj F NE, Tj is non—empty
Consequently, T; C T witnesses T = EB]-.

Finally, for the other direction, assume T F (« V' '\/; ieg Bi) A /\J - ER;. By the first
conjunct, T can be splitinto T"U|J;; Tj such that T’ F acand T;  ; forallj € J. By
the second conjunct, for each j € | there exists s; € T such that {sj} F Bj. We form
the subteams S := Tj U{s;} of T. Then T"US; U---US,, =T, and this split witnesses
TE oV Ve (Bj ANE), since T' F «, Sj is non-empty, and S; F B; by union closure.

Since the above transformation can be applied to each disjunct in parallel, it is straight-
forward that 1 is logspace constructible. O

Next, we show how formulas can be translated into these normal forms.

Theorem 3.89. Let {\, @,~,—, T, L} C 1. There is a function f: I — F computable in time
expgn) (1) such that for every t-formula @,

o (@) isin (@/\)-normal form,
o [@]* = [f(@)]? for every nice t-team algebra A.

Proof. Let ¢ € I and n := ||, and let A be a nice t-team algebra. Let us abbreviate
[W]A = [W']* asp =¥’, and refer to (@/\)-normal form simply as normal form.

We state an algorithm that computes f(¢) by repeatedly applying Lemmas 3.83
and 3.84. More precisely, it constructs formulas ¢o, @1, 92, ..., ¢n Where @ := ¢ and
f(¢@):= on and for all i € [n],

® Qi1 = Py,
e @; contains at most n — i subformulas that are not in normal form,

e il < expo(ry(l@i1l)-

It is clear than then @ = f(¢), that f(¢) is in normal form, and that [f(¢@)| < expg ) (n) =
expon)(1). The formula @; is obtained from ;1 as follows. If ;1 is already in normal
form, we do nothing and set ¢; := @i_;. Otherwise there is a minimal subformula
¥ of @;_1 that is not in normal form. Suppose we have a formula Y of size ("] <
expg(1) b] in normal form such that Pf =1 (we will prove this below). Then we set
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@i = @i_1 [P/ P™]; and have that ¢;_; = ¢, that ¢; contains fewer subformulas not in
normal form than ¢;_; (namely, 1), and that

loil < l@i1l+ @il W™ < l@ial- expo(r) bl = expor) |@i1l.
S—~— —_——— S~—~—

max. # occurrences of P in @;_ size of W + 1 since [P < |@i_1]

Next, we explain how exactly the formula ™ is constructed. As 1 is a minimal subfor-
mula not in normal form, it is of the form V(,...,{;) (with necessarily r > 0) where
P1,..., P are in normal form. In particular, it cannot be an atom. By assumption of
the theorem, V is either — or ~ or a lax (dual) standard transversal of some operator A.
Below, we handle each case separately.

o IfV=—,wehavep =— Qi \ /\].eIi EB(i,j)) for suitable I, J; and strongly flat
o, B(i,5)- By definition of —, T = iff for every s € T and every i € I it holds that
{s} ¥ «; or there is j € J; such that {s} # EB; j). But on singletons, {s} ¥ Ef; ;) iff
{s} ¥ B(i,)- As a consequence, 1\ is equivalent to

Yol = /\ﬁ o A /\ B i

iel j€i

which is strongly flat (Proposition 3.18) and hence trivially in normal form. Its
length is bounded by W™ < 21p|. Note that the empty conjunction is T.

o If V=~, then

P = N@ oy A /\ EB i)

iel j€Ji
= /\ E-oi @ @ —B i) (De Morgan’s laws)
iel SR
= @ /\ f(i) = (distributive law)
fe[]L; i€l

iel

where L; := {E~o,B(1,5) | i € Ji}. The conjunction of strongly flat formulas is
strongly flat, so Y™ is in normal form. Furthermore,

R <™l (I +3) < expor .
#of f 1] sizeofE*cxi/B(i’j)

o Otherwise V is the lax standard transversal or lax dual standard transversal. We
proceed in two steps, as in Lemmas 3.83 and 3.84. If Y = V({q,...,1,), and
Py = @jeli(“ﬁJ) /\/\keKm) EB(i,j,x)) is in normal form for all i € [r], thenp =/,
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where

= @ Vo egeqn /\/\EB 1,601 ceey X(r f(r) /\/\EB(r,f(r) K)

fel‘[h keK ey keK (i, 1(r))
iglr]

This is achieved by distributing V over @ (Proposition 3.40). Next, we proceed as
in Lemmas 3.83 and 3.84 and focus on the disjuncts of 1\, which are subformulas
of the form

0=V ]| A /\ EB(1,5)y--roe A /\ EB(r,)

i€ JETy

We expand 8 depending on whether V is a lax standard transversal or dual stan-
dard transversal.

— If V is a lax standard transversal, as in Lemma 3.83,

0=V(xr,.ooyor) A /\ EV(otryevvyatioty 0 A By Cistye-ny &)
\_V_/ . .
size < || telrljels size < |

— If Vis a lax dual standard transversal, as in Lemma 3.84,

0=V(,...,or) A AN EVLTT (e ABiyy), LY.
—

size < || ielr],jel size <3+

In both cases, the resulting formula is in normal form and of size < 6] + 0], In
total, we obtain a normal form equivalent to 1 of size at most

IV (Wl T T+ 3+ )
——
# disjuncts in 1\’ size of each disjunct ©
which is < exp; [ for | > 4, and hence in expy 1) [p]. O

By the lemma of the change of normal form, the same works for (©V)-normal form:

Corollary 3.90. Let {\, @,~,—, T, L} C t. There is a function f: I — F. computable in time
expgn) (1) such that for every t-formula ¢,

o (@) isin (@V)-normal form,
o [@]* = [f(@)]? in every nice t-team algebra A.

A formula in (@/\)-normal form contains only finitely many E-subformulas. This
means that every team satisfying it already contains a finite team doing so.
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Corollary 3.91. If A is a nice t-team algebra, ¢ is a -formula and T € [@]?, then there is a
finite subteam S C T with |S| < || such that S € [o]*.

Since the connectives V, (,, 3,V from propositional, modal and first-order team
logic and their atoms are lax (dual) standard transversals (Corollary 3.72 and Proposi-
tion 3.76), the results in this section apply to them:

Corollary 3.92 (Collapse theorem). For £ € {PL, QPL, ML, FO}, and for every £ (~)-formula
@, there is an equivalent L(~)-formula b in (@/\)-normal form (resp. (@V)-normal form) that
is computable in time expy |,y (1)-

3.8 Outlook: Linear Temporal Logic

As an example of a team logic that is not based on standard transversals, we turn to
linear temporal logic (LTL).

A trace min a Kripke structure X = (W, R, V) is an infinite sequence 7 = (s;)icy € W<
such that (si,si+1) € Rforall i > 0. Let n[j] denote the trace w advanced by j places, i.e.,
(sj+i)ien. The logic LTL consists of atomic propositions and the temporal connectives
X, F, G, U, which are defined as follows:

(K,m)Ep < so € V(p), where T = (so, s1,...)

(K, E—a < (K,n)kFa

(K,MEaAPp & (K,n)Eaand (K, n1) E B

(K,mEaVPB & (Kn)Faxor (K,m)FB

(K, ) EXx & (K,n[l]) F«a

(KymEFax < 3 >20: (K, 7wl F«

(K,mMEGx & Vjiz0:(K,n[])E «

(K,m) EaUB < 3 >0:(K,nlj]) E B and Vk < j: (K, ntlk]) F o

First of all, we observe that G is the strong dual of F, which is an operator, whereas
neither U nor its dual is an operator. Furthermore, X is a self-dual operator.

The team semantics of LTL works with sets of traces as teams. For a team T of traces,
let Tl :={7nfjl |meT}andforf: T — w,let T[f] :={nlf(n)] | me T}LIf,{:T— w,then
f < f' means f(n) < f'(7) forall T € T.

The connectives /\, =, ~ and V are completely analogous to modal team logic. Oth-
erwise the semantics is as follows, with all temporal connectives except for X being
defined in two variants [91]. (We omit the structure X in the definition.)

TEXe & TlllEFe
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F, G and U exist as synchronous variants,

TEFPe & FH=20:TllFe
TEG & Vi=20:TllFe
TEEUY & Fj20: Tl Eband Vk <j: TklF o,

and asynchronous variants,

TEFY <« I Tow :THlE@
TEGYY < VE:T—ow:TflEe@
TEeU < I T w T FYand Vf: T — w: if f' < f, then T[f'] E ¢.

Here, a curious asymmetry between synchronous and asynchronous definitions
emerges: All asynchronous connectives, X and G*® are flatness preserving, whereas F*
and U* are not [91]. In fact, X, F* and G are transversals. Also, G* (G®) is the strong
dual of F¢ (F*).

On teams, X, F¢, and F* are still operators: The generating relations are RxT = { T[1] },
ReaT ={Tl] | f: T— w},and ResT ={T[j]l |j = 0}, while G* and G* are the associated
strong duals. U is again neither an operator nor the dual of one. It is straightforward
to see that X is a transversal, and for F¢, the underlying choice functions correspond
precisely to the functions T — w, as on singletons, Rga {7} = { {nG1} 15 > O}. In fact, we
observe that F¢ is the strict standard transversal of the classical F. The connective F* is an
operator, but no transversal, as it is not flatness preserving.

The relaxation F¢“ of F@ would additionally allow every trace 7t € T, loosely speaking,
to advance to multiple positions at once, that is,

Reav{m} = o {nljl[j = 0}.

It seems that no such operator is defined in the literature yet. Neither is there an operator
G4 defined that—in the spirit of O and V—is a teamification of G and a weak dual of F.
It is the transversal

RaT = {{nlj] | M€ T,j > 0}}.

In other words, with G4, we associate with a trace 7 the team of all possible suffixes.
Finally, we show that G4, G* and G® are all not only flatness preserving, but teamifications
of G:

T € pG(T) & T CG(T)
ST C{n|Vj=>0:nl]eT}
svyrneT :Vj>0:a[leT
s {nfllneT,j>0}ecpT
& ReaT NpT #1)
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= T e GipT).
For G¢, additionally

cevreT V2 0:nalleT
eV T > w:T'[fl € pT
=T e GYpT),

where the equivalence of the first two lines is easy to see. For G*, the argument is
identical, since G* corresponds to G¢ restricted to constant functions f: T" — w.

A peculiar consequence is that, by Theorem 3.37, F¢ and G are simultaneously strong
and weak duals, and likewise for F* and G*. On singletons, F* and F¢ as well as G* and
G are equivalent, so these are flatness equivalent pairs (Definition 3.53). This is not
a contradiction, but stems from the fact that, loosely speaking, starting on singleton
teams, F and G advance only to other singleton teams, and on those there is no difference
between — and ~. This shows that operators may have non-operators as weak duals.
From the above, the only weakly dual operator of F® is G¢; see also Figure 3.6.

amif;
oo W ey 0,

=
-~ fod
= N ~o g
2 AN R ?
© N P \\\~j‘
> N ---
= weak dual "7 & oo G4 strong dual
= 7z N -
o - N _ £
) - N _ - =
2 .7 ST =2
2 .7 -7 N g
dr:‘: // ///::* - == \\ -
o o RSN
P <N
e ~ N
Fa Ga
strong dual
5 7
2 ]
© 8
1
9 =
E 8
=] =3
Q
8 =

strong dual

Figure 3.6: Teamification of temporal operators F and G.
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3.9 Summary and outlook

3.9.1 Summary

In this chapter, we presented an abstract framework to systematically classify existing
team-semantical logics. As a first step, we categorized connectives as teamifications of
their classical counterparts in Theorem 3.33, and saw in Theorem 3.34 that teamifications
are precisely the connectives that are flatness preserving (meaning that A(Pq,...,P;)
is flat whenever Pq,..., P, are flat team properties). Recall that a connective V is a
teamification of A if V(pTy,...,9T:) = pA(Ty,..., T;), and so the power set operation p
is a homomorphism between the corresponding algebras of classical and team semantics.

Next, in Theorem 3.43 and Proposition 3.44 we demonstrated that virtually all team-
logical connectives, including atoms, are operators, that is, generated by a “successor
relation” similar to classical modal logic. Furthermore, we showed in Corollary 3.51 that
also the duals of operators can become operators upon teamification. For example, ¢
and O are both operators on teams, and likewise /A, \V, 3 and V, while classically, of these
only ¢, /A and 3 are operators. We studied the connection between such pairs, called
weak duality, which is weak in the sense that dual connectives are in general not mutually
interdefinable by means of — in team logic. In Theorem 3.50, we gave a characterization
of weak duality in terms of so-called hitting vectors.

An important subclass of operators were transversals. An operator is a transversal
whose semantics on a team are determined by the semantics of the singletons in the team.
This is a natural restriction satisfied by common team-logical connectives (Theorem 3.60).
Since a classical connective can correspond to more than one transversal, we defined
standard transversals and their relaxations in order to propose a canonical teamification
resembling strict and lax semantics. These definitions also capture existing connectives
of propositional, modal and first-order team logic (Corollary 3.72).

Finally, we proved the main result of this chapter: Given a team logic where all
connectives but ~ and — are lax standard transversals, each of its formulas “collapses
down” and can be written as a Boolean combination of flat formulas (Theorem 3.89). We
called such formulas resp. logics quasi-flat. Although this result was indirectly known
for, e.g., modal team logic [82, 100], we generalized the theorem to logics with arbitrarily
many operators of arbitrary arity.

3.9.2 Open problems and further research directions

Atoms. One weakness of our approach is that it treats atoms as “black boxes” in order
to uniformly capture the different logics. For instance, a first-order literal o simply is
the unary relation of all assignments that satisfy it, oblivious of terms and variables. As
a consequence, concepts such as locality cannot be studied in this framework, despite
being a distinguishing feature between strict and lax semantics [37]. Moreover, our
classification mostly excluded non-classical atoms, as we focused on flatness preserving
connectives. In future research, the current model could be expanded to further analyze
and classify those atoms.
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Algebras for team logic. Boolean algebras with operators are extremely well-studied
structures [138] and could yield interesting results for team logics, such as the famous
Jonsson-Tarski Representation Theorem [77]. One obstacle towards a purely algebraic
definition of team semantics is that we require carriers of the form ppX in order to even
formulate basic properties like downward closure or flatness. But even assuming this,
given a Boolean algebra B = (ppX, U, Lyand a pair {T},{T'} € ppX, B does not “know”
whether T C T’ or not, so Boolean algebras do not suffice to talk about these closure
properties. With an operation ®, where x ® y is the set of unions of teams in x and y,
T C T’ could be expressed as {T}®{T’} = {T'}. Alternatively, we add a flattening operation
Ix in analogy to Hodges [71] with the semantics that T E |¢ iff {s} F ¢ forall s € T.
Algebraically, | maps x to o |Jx. We can then define T C T" as ({T}) U ({T'}) = ({T'}).
Then the fixpoints of | form a subalgebra that is isomorphic to the underlying classical
Boolean algebra on pX.

Furthermore, as Hintikka [67] noted, the dual of |, which we called E, is indeed an
operator. (T F Eg iff 3s € T : {s} F ¢, so the generating relation is {(T,{s}) | s € T}.) Since
—¢ = ~Eg, this allows a description of team logic in pure terms of Baos, at least if all
connectives besides /\, @, — and ~ are operators, such as for PL(~), ML(~) or FO(~).

Exotic connectives. In this chapter, we focused on teamifications as connection be-
tween classical and team-logical connectives, and special cases such as transversals.
This unfortunately excludes not only a plethora of non-classical atoms, but also two
other important classes of connectives: First, those not corresponding to any classical
symbol, such as relevant disjunction ¥ [123] or forking atoms < [46]. Secondly, natural
operators that have classical counterparts, but are not flatness preserving, or no opera-
tors. Examples for the latter are the temporal connectives F* and U. In further research,
our framework could be extended to account for such connectives.

Finally, we could turn our attention to “intermediate” operators between the classical
strict and lax ones. Take for instance the transversal ¢* where R¢+{w} is any proper ideal
on p(Rw) (i.e., closed under subsets and finite unions, for example, 9= (Rw)). Then
O* # ¢, but one can still show that ¢* preserves (quasi-)flatness. In the current form,
our results do not cover such operators.
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In this chapter, we study modal team logic ML(~) and the complexity of its satisfiability
and validity problem. We show that they are complete for the non-elementary class
Tower(poly) (Definition 2.5), and that for the fragments MLy (~) of bounded modal
depth k they are complete for ATimME-ALT(expy . 1, poly) (Definition 2.2). These results
fill a long-standing gap in the study of propositional and modal team logics (see Chap-
ter 2).

In our approach, we consider so-called canonical models, which are a standard tool in
modal logics. In Section 4.1, we adapt this notion to modal logics with team semantics,
and prove that such models exist for ML(~). For the hardness results with respect to
the above complexity classes, in Sections 4.2 and 4.3 we first show that ML(~) can, in a
certain sense, efficiently define bisimilarity. In the same spirit, in Section 4.4 we show
that it can define the canonicity of models. Then we show in Section 4.5 that the ordering
of a sufficiently large initial segment of the natural numbers can be simulated, which
we then use to encode computations of non-elementary length in such large models in
Section 4.6. See Figure 4.1 for an illustration of the whole reduction.

Afterwards, we adapt the lower bound to hold also in strict semantics (Section 4.7)
and in restricted frame classes (Section 4.8). Finally, in Section 4.9, we identify a non-
trivial fragment of ML(~) with only elementary complexity, which we prove by adapting
the well-known filtration method to team semantics.

4.1 Types and canonical models

Many modal logics admit a so-called canonical model, which witnesses all satisfiable (sets
of) formulas in some of its points. They are a standard tool for proving the completeness
of modal systems [33]. Unfortunately, a canonical model for ML is necessarily infinite,
and consequently impractical for complexity theoretic considerations. Instead, we use
so-called (@, k)-canonical models ¢ for finite ® C Prop and k € N. These are canonical
in the above sense for the fragment ML;’, and more importantly are finite, although
their size is at least the number of equivalence classes of = (Definition 2.24).

We will refer to these classes as (@, k)-types or just types and usually write them as the
letter . A first issue arises because types are proper classes. In team semantics we have
teams, so we need to speak about sets of types. For this reason, we begin this section by
defining types on proper set-theoretic grounds, by identifying the type of a point with
the set of formulas that are true in it.

Definition 4.1 (Type). A set t C MLy of formulas is a (@, k)-type if it is (classically)
satisfiable and for all x € ML}Y contains either o or —«.
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Section 4.6: Encoding large computations in a model

N

Section 4.4: Canonicity € Section 4.5: Ordering of types <y /<

N

Section 4.3: Bisimilarity = /=}

Section 4.2: Scopes and subteam quantifiers, 31, 35, V1, V5

Figure 4.1: “Roadmap” for the reduction from TowEer(poly) to satisfiability of ML(~).

Definition 4.2. The (@, k)-type of a pointed structure (X, w) is
[K,w]R = {a € MLY | (K,w) F a}.

Definition 4.3. The set of (®, k)-types of a structure with team (X, T) is
13,71 = {[K, W] [we T}

Definition 4.4. Let ® C Prop and k > 0. The set of all (®, k)-types is AL.

The following assertions ensure that the above definition of types properly reflects
the bisimulation relation.

Proposition 4.5. Let ® C Prop and k > 0. Then
(1) The unique (@, k)-type satisfied by (I, w) is [K, w]L.
(2) (K,w) =P (K", w’) if and only if [K,w]D = [K',w].
(3) (K, T) =2 (X', T") if and only if [K, T| = [K', T']L.

Proof. (1) is clear: Two distinct types T, v’ satisfied by (X, w) must differ in some formula
x € I\/IL,? , but then (X, w) E o, —, contradiction.
(2) immediately follows from Theorem 2.25.
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For (3), we begin with the direction “=". Due to symmetry, we only show that
(K, T) =P (X', T") implies [X,T]? C [X’,T']>. Hence suppose t € [X,T]>. Then
there exists w € T of type [X,w]® = 7. By Definition 2.27, there is w’ € T’ with
(K, w) =2 (K, w'). Then [K', W] =1 € [K',T']{? by (2). The direction “<=" of (3) is
shown analogously. O

Unsurprisingly, the type of a point w is determined solely by the propositions in w
and the types in the image Rw. In other words, all pointed structures of type T satisfy the
same propositions in their roots, viz. TN ®, and have the same types contained in their
image teams. The set of k-types in the image of a (world of) (k 4 1)-type 7 is defined as
Rt := {T’EAE’ |{oc|Doc€T}§T’}.

The following propositions show that types are indeed uniquely determined by the
above constituents; their proofs can be found in the appendix.

Proposition 4.6. Let ® C Prop be finite and k > 0.
(1) WP Nn@® =V Tw)n®and [Rw]®? = R[w] L, ,, for all pointed structures (W, R, V, w).
(2) The map h: t— tN @ is a bijection from AT to p®.
(3) The map h: T+ (TN ®,R1) is a bijection from AL | to p® x pAL.
Proposition 4.7. Let (W, R, V,w) be a pointed structure, ® C Prop finite and k > 0.
(1) Ifte AD, then [w]® =tifand only if V=1 (w) = 1N @.
(2) Ifte AL, then [W]P,  =tifand only if V-1 (w) = 1N @ and [Rw]P = R.
With types, we are now ready to state the formal definition of canonicity:
Definition 4.8. A structure with team (X, T) is (@, k)-canonical if [X, T|P = AP.

In the following, we often omit ® and X and instead write [w[y and [T]y, respectively,
and simply say that T is (®, k)-canonical instead of (X, T) if X is clear.

4.1.1 Canonical models in team semantics

The usual construction of a canonical model is by taking all (infinite) maximal consistent
subsets of a certain class of modal formulas as worlds (see, e.g., Fitting [33]). This
indeed results in a finite number of worlds in the case of, say, MLY (cf. [19, 20]). Truly
finitary constructions of canonical models can be traced back to Fine [32], whose work
has been extended towards various other modal systems (e.g., by Moss [117]). Also,
Cresswell and Hughes [20] coined mini canonical models, models that are “canonical”
only with respect to all subformulas of a fixed ML-formula, which allows them to be
finite models with finite sets of formulas as worlds.

We will show that, given a (®, k)-canonical model ¢, every satisfiable ML (~)-for-
mula can be satisfied in some team of (’:E’ as well. In other words, canonical models for
ML(~)® and ML coincide.
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Theorem 4.9. Let (X, T) be (O, k)-canonical and ¢ € ML(~)2. Then ¢ is satisfiable if and
only if (K, T'") E ¢ for some T" C T.

Proof. Assume (X, T) and ¢ as above. The direction from right to left is trivial. Suppose
that ¢ is satisfiable by a model (JAC, T). As a team in X that satisfies ¢, we define

T/ — {weT ‘ 1K, w]® e [k, T]¢ }

By Proposition 2.28 and Proposition 4.5, it suffices to prove [K, 'T']]](f = [K, T']®. The
direction “2” of the proof is clear by definition. For “C”, as T is (®, k)-canonical, for every
T e [K, T]? there exists a world w € T of type . Consequently, [K, T]® C [X,T']®. O

How large is a (@, k)-canonical model at least? To capture the number of types, we
define the function expj:

expy(n) :=n expyq(n):=n- 2expy(n)

This function resembles exp, (n) (p. 14) except for an additional factor of n after every
exponentiation.

Proposition 4.10. For all k > 0 and finite ® C Prop it holds that |A?| = expj, (2!?1).

Proof. By induction on k. For the base case k = 0, this follows from Proposition 4.6, as
there is a bijection between AQ and p(®) and exp} (2/®!) = 2/®! = |AQ|. For the inductive
step, note that by induction hypothesis

* X * [®|
expi, 1 (2|<D|) —l@I yexpi (2P _ Hl@f HIAR] lo(@) x p(ASN

Since there again exists a bijection from AL ; to p(®) x p(A{) (Proposition 4.6), this
proves the proposition. O

Next, we present an algorithm that solves the satisfiability and validity problems of
MLy (~) by computing a canonical model. Let us first explicate this in a lemma.

Lemma 4.11. There is an algorithm that, given ® C Prop and k > 0, runs in time polynomial
in |AL| and computes a (@, k)-canonical model.

Proof. The idea is to construct sets Lo ULy U- - - ULy of worlds in stage-wise manner such
that L; is (®,1)-canonical. For Ly, we simply add a world w for each ®’ C @ such that
V~1(w) = ®’. For i > 0, we iterate over all L’ € p(Li_1) and ®’ C ® and insert a new
world w into L; such that L’ is the image of w and such that again V='(w) = ®’. An
inductive argument based on Propositions 2.28 and 4.6 shows that L; is (®, i)-canonical
foralli € {0,...,k}. Ask < IAE) |, and each L; is constructed in time polynomial in
IAP| < AL, the overall runtime is polynomial in |AD|. O

With the help of another small lemma, we conclude the upper bound for the satisfia-
bility and validity problem of ML(~) and its fragments.
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Lemma 4.12. For every polynomial p there is a polynomial q such that

plexpi(n)) < expi(q((k+1)-n))
forallk > 0andn > 1.
Proof. See the appendix. O
Theorem 4.13. SAT(MLy(~)) and VAL(MLy(~)) are in ATimE-ALrT(exp; 1, poly).

Proof. The following algorithm decides the satisfiability resp. validity problem. Let
@ € MLg(~) be the input, n := |¢p|, and ® := Prop(¢). As stated in Lemma 4.11, we
deterministically construct a (@, k)-canonical structure X = (W, R, V) in time p(|A) for
a polynomial p. This part does not depend on the input formula ¢, only on Prop(¢).

By Theorem 2.32, the model checking problem of ML(~) is solvable by an alternating
Turing machine that has runtime polynomial in || + |X| and alternations polynomial in
lpl. We call this algorithm as a subroutine: by Theorem 4.9, ¢ is satisfiable (resp. valid)
if and only if for at least one subteam (resp. all subteams) T C W it holds that (X, T) F ¢.
Equivalently, this is the case if and only if (K, W) satisfies T \V ¢ (resp. ~(T V ~¢)), so
we call the model checking routine for the formula T V ¢ resp. ~(T V ~@).

Let us turn to the overall runtime. X is constructed in time polynomial in |AE’ | =
expi(z‘q"J < expy 1 (|®]) < expy,;(n). The subsequent model checking runs in time
polynomial in [X| + n, and hence polynomial in exp;, ; (n) as well. By Lemma 4.12, we
obtain a total runtime of exp, ;1 (q((k + 2) - n)) for some polynomial q. O

The upper bound for ML(~) is proved identically, as k := md(¢) is polynomial in |¢|.
Corollary 4.14. SAT(ML(~)) and VAL(ML(~)) are in Tower(poly).

4.2 Scopes and subteam quantifiers

Kontinen et al. [82] proved that ML(~) is expressively complete up to bisimulation: it
can define every property of Kripke structures with teams that is (@, k)-bisimulation
invariant for some finite ® and k, i.e., closed under :g’.

Two interesting such team properties are in fact (®, k)-bisimilarity itself—in the sense
that all worlds in a team have the same (®, k)-type—as well as (®, k)-canonicity. Conse-
quently, these properties are definable by ML(~)?-formulas. However, the latter might

be very long, the upper bound by Kontinen et al. [82] is non-elementary.

In this section, we consider a special subclass of Kripke structures and on these define
k-bisimilarity by a formula xy of polynomial size in ® and k. (From now on, we always
assume some finite ® C Prop and omit it in the notation, i.e., we write k-canonicity,
k-bisimilarity, =, and so on.) Similarly, in Section 4.4 we devise a formula canony of
polynomial size that expresses k-canonicity.
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x1 : x2 : X3 X1 : X2 ; X3
! ! ! !
T (. ° ; ° ° ° ° ; o .) i TS(XZ (. ° : ° l ° ° | ° : ° .)
l g ! 1 g !
Figure 4.2: Example of subteam selection in the scope «,
4.2.1 Scopes

It is the natural approach to implement k-bisimilarity by mutual recursion on the level
of formulas. The (k + 1)-bisimilarity of two points w,v is expressed in terms of k-team-
bisimilarity of Rw and Rv, and conversely, to check whether the image teams Rw and Rv
are k-team-bisimilar, we proceed analogously to the forward and backward conditions of
Definition 2.24 and reduce the problem to checking k-bisimilarity of pairs of points in
Rw and Rv.

There is still one issue: Formulas define team properties, which are classes of (Kripke
structures with) teams, but bisimilarity is a binary relation between teams. For this
reason, we take the “marked union” of Rw and Rv as a single team. To decompose the
union again, we use the connective —. Recall that T F o« — ¢ if and only if T F ¢,
where Ty ={we T|wkE «}.

Now, instead of defining an n-ary relation on teams, a formula ¢ can define a unary
relation—a team property—parameterized by formulas «1, . .., an € ML, which function
as “markers” of the respective subteams in the whole union. We emphasize this by
writing @(otq,..., 0n).

It will be useful if these parameters are invariant under traversing edges in the struc-
ture. In that case, we call these formulas scopes:

Definition 4.15. Let X = (W, R, V) be a Kripke structure. A formula « € ML is called a
scope (in X) if (w,v) € Rimplies w F « < v F «. Two scopes «, p are called disjoint (in
X) if Wy and Wy are disjoint.

1. . Prop\@ .
To avoid interference, we assume that scopes are formulas in M Lorc’p\ ,i.e., they are

always purely propositional and do not contain propositions from ®.
Next, we define the team that results from “cutting out” parts of a specific scope.

Definition 4.16 (Scope selection). Let T be a team and S C T. Let x € ML. Then
T& =T« U (TaNS).

For singletons {w}, we simply write T,;j instead of T¢,. Intuitively, T¢' is obtained
by “shrinking” the subteam T, down to S while retaining T \ T, (see Figure 4.2 for an
example). The notation should remind of first-order logic: The assignment s is the
same as s but maps x to a. Likewise, T¢ is the team T but Ty is set to S.

Scopes have several desirable properties:

Proposition 4.17. Let o, 3 be disjoint scopes and S, U, T teams in a Kripke structure X =
(W, R, V). Then the following laws hold:
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(1) Distributive laws: (TNS)y =To NS=TNSqx =Tau NSy and (TUS)y =Ty USx.
(2) Disjoint selection commutes: (Tg‘){?’l = (T)s-

(3) Disjoint selection is independent: ((T¢)f), =TaNS.

(4) Image and selection commute: (RT)s = (R(Ta)) = R(Ta)

(5) Successor and selection commute: If S is a strict resp. lax successor team of T, then S is a
strict resp. lax successor team of T.

(6) Selection propagates: If S C T, then R(TE) = (RT)gs.
Proof. Straightforward from the definition; see the appendix. O

Accordingly, we can write R'T,, instead of (R'T)4 or R*(Ty) and Tg‘:”sozz for (Tg')57.

4.2.2 Subteam quantifiers

In what follows, we use the material implication ¢ — 1 as shorthand for ~¢ @ . Its
semantics is

(KT Ee—-V < if (K,T)E @, then (K, T) .
We refer to the following abbreviations as subteam quantifiers, where « € ML:

Iz e=aVe Vs @ i=~35~0
3! =35 [Eoc/\vo%(Eoc — (p)] vl @ :=~3l~e

Intuitively, they quantify over subteams S C T, or worlds w € T such that T resp.
TS satisfies .

Proposition 4.18. The subteam quantifiers have the following semantics:

TE3Se & ISCT:TEEo TE3e & weT TEEQ
TEVSe © VSCT:T&Eo TEVe @ WweT  T8E@

Proof. We prove the existential cases, as the other ones work dually. Let us first consider
the “=" direction for 35, so suppose T F aV @. Then there exist S C Tand U C Ty
suchthatSE @ and T = SU U. Since UNT-4 = 0, it holds T~ C S. For this reason,
S=NTJUSNTo) = (SNTa) UToo = Ty, - Consequently, T$r, Fo for some set
SNTy C Ty

For “«<”, suppose T& E ¢ for some S C Ty. Then T and T\ T¢ form a partition of T.
Since T\ T =T\ (T-a U(Ta NS)) € T\ T« = Ty, itholds T\ T F «. As a consequence,
TExV .

We proceed with 3} . For “=", suppose that T & 3}, ¢. Then there exists S C Ty such
that TS F Ea A V5 (Ea — ). Since T& F Ea, there exists w € (T$) . As VS now applies
to (Tg‘)f‘w} =T as well, it follows that T} ¥ Ex — ¢, and consequently TS F ¢.
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Figure 4.3: As z violates the backward condition, shrinking RT; leads to a =,-free subteam, falsifying
33 xo(e, B).
o« B )

Suppose for “<=” that TS F ¢ for some w € Ty. Let S C Ty be arbitrary. If w ¢ S,
then (TJj)§ = Tj* ¥ Ea, and if w € §, then (T)$ = T F @. Therefore, for any S C T,
it holds (T)¥ F (Ex — ¢),s0 TS E VS (Eax — ¢). Since also T F Eq, it follows
TE3S [EaAvg(Ea»@)]. 0

4.3 Implementing bisimulation

Now we have all ingredients to implement k-bisimulation as a formula. The definition
is by induction on k:

Xolo, B) = (a\V B) = /\ dep(p)

peED

Xk+1 (O(, B) = XO(“) B) /\DXi((X, B)
Xii(o,B) = (~a A -B) @ (Ex AEBA~[(x @ B) V (Ex AEB A~FiFhxile B))] )

The reader may wonder why this translation does not follow the forward and back-
ward condition, which rather corresponds to x} (e, B) = Vlﬁ'?g)(k((x» B) A v?s 3 xx (o, B).
The reason is that the more complicated formula shown above avoids the exponential
blowup that would come with two recursive calls.

Theorem 4.19. Let k > 0. For all teams T, disjoint scopes , 3, and points w € Ty and v € Tg,
the following holds:

Tob B xk(oB) & w=yv,
TE X]‘i(oc,ﬁ) < To( :‘kTﬁ.

Moreover, both x\ (e, ) and xi (e, B) are MLy (~)-formulas that are constructible in space
O (log(k + @] + |odd + [B])).

Proof. The formulas X and xx41 are straightforward. For x§ («, ), let us start by first
providing some intuition on how this formula expresses team bisimulation. We focus
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on the case where —« /A —f is false and Ex /A Ef is true (otherwise there is nothing to
prove). The idea is to isolate a witness point in z € T, U Tg for [To]x # [Tg]«, say, [z]x €
[Te]x \ [Ta]x. We erase Tg \ {z} from T using the disjunction VV in x§, as Tg \ {z} F « @ .
The remaining team is exactly T#, in which 32@'23)&(06, B) fails (see Figure 4.3). The case
[z]x € [Talk \ [Tg]x is detected analogously.

We proceed with a formal correctness proof by induction on k. Let X = (W,R, V) be a
Kripke structure. The base case k = 0 is straightforward, as no proposition p € ® occurs
in « or B. The induction step is by mutual recursion: First we assume that the theorem
holds for xx and prove it for x;, and then we show it for xy 1.

“Xx = X" Let T be a team and «, 3 disjoint scopes in K. Observe that x} is always
true if T, and T are both empty (then [ToJx = [Tg]«x), and that it is always false if
exactly one of them is empty (then [T [« # [Tg]lk). So w.l.o.g. T, Tg # 0. Then x; (e, B)
boils down to

¥ i=~((c@PB)VExANEB A~3 LI pxic(o, B)),

for which we prove that it is equivalent to [Ty« = [Tp]«-

The first direction is proved by contradiction. Suppose [T« ]k = [Tg]« but T ¥ . The
disjunction is then witnessed by some division T = S U U, where w.l.o.g. S C T, satisfies
x@ B, (if S C Tg, the proof is symmetric), and U £ Ex AEB A ~EI(1xEléxk(oc, B). Since
To N Tg =0, then Tz C U, and clearly Tg C Ug. By the formula Ex, there exists w € U.
By assumption that [Ty]x = [Tg]x, Ug must contain a world v of type [w] as well. But
then U E xi («, B) by induction hypothesis, contradiction to U E ~3eIpxxle, B).

For the other direction, suppose [T«[x # [Tg]x. W.Lo.g. there exists w € Ty such
that [w]k € [Tg]x. (For w € Tg, the proof is again symmetric.) Consider S := Ty \ {w}
and U := T as a division of T. Then S F « @ $ and U F Ex A EB. It remains to
show U F ~3{3px« (e, B). However, this is easy to see: U = 3, 3px«(«, B) if and only if
ukE Elgsxk(cx, ), but Tg and hence Up contains no world of type [w]y, so by induction
hypothesis U cannot satisfy EI}Sxk(oc, B).

"%

X5 = Xk+1": We follow Definition 2.24 and Proposition 2.28.

T8 F X1 (o, B)

& T8 xol(e, B) A DxE (o, B) (def. Xx41)
& w =9 vand TV"V‘;{? F Oxg (e, B) (induction hypothesis)
& w = vand RT,‘;‘V‘JS’RV E X (o B) (Proposition 4.17)
& w = vand Rw = Rv (induction hypothesis)
S W= V. (Proposition 2.28)

It is routine to check that the formulas are constructible in logarithmic space from «, §,
® and k, and that md(xx) = md(x}) = k. O

Let us stress that xx relies on disjoint scopes to be present in the structure, and it
is open whether bisimilarity is polynomially definable otherwise. A related property,
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namely that a point w contains exactly one type in its image (i.e., [[Rw]x| < 1), was
recently studied by Hella and Vilander [62]. They proved it expressible in ML, but only
by formulas of non-elementary size. By this, it seems unlikely that even in ML(~) a
polynomial formula is achievable without scopes.

However, Hella and Vilander [62] proved that their property is definable in expo-
nential size in 2-dimensional modal logic ML*. Roughly speaking, ML? is evaluated by
traversing over pairs of points independently (for a formal introduction, see Marx and
Venema [112]). Pairs of points seem as a special case of teams, so it is plausible that
ML(~) is stronger than M L2. But on the other hand, the modalities in ML(~) do not act
on the points in a team independently, as they do in ML?, but instead always proceed
to a successor team “synchronously”. As a consequence, it is open whether ML(~) can
define any of the above properties in an elementary sized formula.

4.4 Enforcing a canonical model

In this section, we return to canonical models of ML(~), but prove a lower bound, in
a sense. We devise an MLy (~)-formula that is satisfiable but permits only k-canonical
models. For k =0, that is, in PL(~), Hannula et al. [56] defined the formula

max(®) := ~\/ dep(p)

and proved that T = max(®) if and only if T is 0-canonical, i.e., contains all Boolean
assignment over ®. We generalize this for all k, i.e., construct a satisfiable formula
canony that has only k-canonical models.

4.4.1 Staircase models

In our approach, we express k-canonicity by inductively enforcing i-canonical sets of
worlds for i =0,...,k located in different “height” inside the model. For this purpose,
we use specific scopes so, ..., sk (“stairs”), and introduce a certain class of models:

Definition 4.20. Let k,i > 0 and let (X, T) be a structure with team, X = (W, R, V). Then
T is k-canonical with offset i if for every T € Ay there exists w € T with [R'w]y = {t}. (X,T)
is called k-staircase if for all i € {0, ..., k} we have that T, is i-canonical with offset k — i.

As an example, a 3-staircase for ® = () is depicted in Figure 4.4. Observe that it is a
directed forest, i.e., its induced undirected graph is acyclic and all worlds are either roots
(i.e., without predecessor) or have exactly one predecessor. Moreover, it has bounded
height, where the height of a directed forest is the greatest number h such that every
path traverses at most h edges. It is straightforward to construct k-staircase models for
arbitrary k in a way similar to Figure 4.4.

Proposition 4.21. For each k > 0, there is a finite k-staircase (X, T) such that sy, ..., s\ are
disjoint scopes in K, and K is a directed forest of height at most k and T its set of roots.
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0-C. 1-canonical 2-canonical 3-canonical

e N
ometq | TNV

e e e e I._.\\/ )

Scope: so s 52 65,22 —16 = |A;] elements

Figure 4.4: Visualization of the 3-staircase for ® = (), where the team T,, is i-canonical with offset 3 —1i.

Observe that in such a model, T, is k-canonical (that is, with offset 0).

Corollary 4.22 (Finite forest model property of ML(~)). Every satisfiable ML(~)-formula
has a finite model (X, T) such that X is a directed forest of height at most md(¢) and its set of
roots being exactly T.

4.4.2 Enforcing canonicity

In the rest of the section, we prove that the existence of a k-staircase can be enforced
in ML(~). Let us start with k = 0. The rather simple formula O'max(®) might come to
mind, which expresses 0-canonicity of R'T. But this is not the same as 0-canonicity of T
with offset i, an easy counter-example is a singleton T with multiple branches leading
away from it. Instead, we use the formula

max; i= TV (0'T A~\/(0'p @ 0'-p)).
peD

Lemma 4.23. T E max; iff T is 0-canonical with offset i.

Proof. By definition, a team T is 0-canonical with offset i if it has a subteam T’ such that
for every w € T’ it holds that [R'w], = {7} for some type T, and such that every T € Ag
occurs in this way.

First, the quantification of the subteam T’ is done via T V- --. Then {'T ensures that
Riw # ) for every w € T. For the remaining proof, it holds that

~\V0poo-p =~ ) ( V <>ipv\/<>iﬁp) = A E( A DiﬁpA/\Dip).

peED O'CO  ped’ PED\ D’ O'CDO  ped’ PED\D’

This follows by the distributive law ¢ V (1 @ ¥2) = (@ V1) @ (@ V ¥2), the duality
~(p1 @P2) = ~py A~,, and the definition Eyp = ~—). The rightmost formula now
states that for all types T € Ay (each represented by a subset of @, cf. Proposition 4.6),
there exists a world w € T such that [R'w]$ C {t}. O

88



4 The complexity of modal team logic

Next, we proceed with the inductive step, which is obtaining (k + 1)-canonicity from
k-canonicity. First, we provide some intuition in the simple case ® = (). For this, we
can consider the formula V§ 3}5 Ox; («, B). It states that for every subteam T' C T, there
exists a point w € Tg such that [RT’]x = [Rw]. Intuitively, every possible set of types is
captured as the image of some point in Tg. As a consequence, if T, is k-canonical with
offset 1, then Tg will be (k + 1)-canonical.

Combining the above two ideas, k-canonicity with offset i is now recursively defined
as pL:

p5(B) == B — max;
pki1 (o B) == V5 35 (05(B) AN} Oxi (o, B))
i

kf
P (5m—1,5m)

1

canony := plg(so) AN

T>n

Theorem 4.24. Let k > 0 and X be a structure with disjoint scopes so, . ..,sc. Then (X, T) E
canony if and only if (X, T) is a k-staircase. Moreover, canony is an MLy (~)-formula con-
structible in space O (log(|®@| + k)).

Proof. Similar to Theorem 4.19, the construction of the above formula in logspace is
straightforward. We proceed with the correctness. Suppose that sy, ..., sk are disjoint
scopes in K. We show the following by induction on 0 < i < k: Assuming that T is
k-canonical with offset i + 1, it holds that Tg is (k + 1)-canonical with offset 1 if and only
if TF pt +1(a, B). With the induction basis done in Lemma 4.23, the inductive step is
proved by the following chain of equivalences:

Tp is (k + 1)-canonical with offset i

S VT e A Iwe Tp: [R'w]iy1 = {1}

Using the bijection h: T — (tN®, R1) from Proposition 4.6, we can equivalently quantify
over pAy and p®:

S VA C A VO C@:Fwe Tg: [R'W]i 1 ={h 1(D/,A")}
S VYA C A YO CD: 3w e Tg: Riw # fand W € R'w: [V = h (@', A)

By Proposition 4.7, V=1 (v) = ®' and [Rv]x = A’ is equivalent to [V]x+1 = h~' (D', A'):

SVYA CAGYD CD: 3w e Tp: Riw #£ 0
and v € R'w: V7 '(v) = @’ and [Rv]i = A’

Again by Proposition 4.6, h: T — 1N @ is a bijection from A to o(®):

S VA C A VT €Ag: Fw € Tg: R'w #£ ()
and v € R'w: V7T (v) = 1 N @ and [Rv]; = A’
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Once more by Proposition 4.7:
& VA C Ag: V1o € Ag: 3w € T: R'w # ()
and Wv € R'w: [v]o = 1o and [Rv]; = A’
& VA" C Ay: V1o € Ag: Fw € Tt [R'w]o = {10} and Wv € R'w: [Rv]y = A’

Since T is assumed k-canonical with offset i + 1, for every t/ € Ay there exists u € Ty
such that [R*"*'u]y = {t'}. Accordingly, for every set A’ C Ay there exists S C T, such
that [R¥1S], = A”":

VS C Ty: V1o € Ag: 3w € Tp: [R"W]o = {10} and W € R'w: [Rv]y = [R1'S]y
For each S, gather the respective w in a team U C Tg:

VS C T JUC Tg: (V10 € Ag: 3w € U: [R'w]o = {70})
and ¥v € R'U: [Rv]x = [R™'S]x

& VS C Ty : U C Tg: U is 0-canonical with offset i
and Vv € R'U: [Rv] = [R*'S]

By the base case k = 0, and since U = (T&ﬁ )p:

& VS C Te: IUC Tp: TEP Epi(B) and Wv € RMU: [Rv]y = [R¥1S]
By Theorem 4.19:

& VS C To: 3UC Tp: TEE Fpf(B) and Wv € RIU: (RTTT)RE ¢ o F i (ox, B)

By Proposition 4.17 (6):

& VS C To: IUC Tp: TOF F ph(B) and W € RTU: (RT)P | F Oixi (o, B)

By Proposition 4.18 applied to (R'T)p; E’ RiL

© VS C To: JUC Tg: TR F ph(B) and (RiT)gggyRiu F VO (o, B)

Again by Proposition 4.17 (6) and Proposition 4.18:
& VS C To: JUC Tp: TSP E pi() and R (Ts“ﬁ) F VO (o, B)
© VS C To: IUC Tp: TOF F p§(B) ADWEOXE (1, B)
& TEVE 35 (p5(B) ADVEOx; (o, B))
@Thpiﬂ(oc,[ﬂ). O
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4.4.3 Enforcing scopes

As the next step, we lift the restriction of the s; being scopes a priori, because, in a sense,
they are definable in ML(~) as well. For this, let » C Prop be finite and disjoint from ®.
Then the formula below ensures that 1 is a set of disjoint scopes “up to height k”.

k
scopesi (W) i= [\ ~pADA A A ((PADP)V (pADp)).
p{)(;éeq‘i’ peV¥i=1

The definition up to height k is sufficient for our purposes, which follows from the
next lemma.

Lemma 4.25. If ¢ € MLy (~), then o is satisfiable if and only if @ N\ O%+1 L is satisfiable.

Proof. As the direction from right to left is trivial, suppose ¢ is satisfiable. By Corol-
lary 4.22, it then has a model (X, T) that is a directed forest of height at most k. But then
(K, T) E O L, since R*"'T = () and (K, 0) satisfies all ML-formulas, including 1. [

Theorem 4.26. canony /\scopesy ({50, . . ., 5x. ) AO®*! | is satisfiable, but has only k-staircases
as models.

Proof. By combining Proposition 4.21, Theorem 4.24 and Lemma 4.25, the formula
is satisfiable. Since in every model (X, T) the propositions s, ..., sk must be disjoint
scopes due to (0%*! | and scopes,, we can apply Theorem 4.24. O

Like for bisimilarity, it is open whether (@, k)-canonicity can be defined in ML(~)?
efficiently without restricting the models to those with scopes. Note that the model
size lower bounds of this section do not imply that the brute force algorithm given in
Theorem 4.13 is optimal from a complexity theoretic perspective, as there could be a
satisfiability test that does not construct or a model. For a proper complexity theoretic
hardness result, we need to encode computations in such models, to which we will
proceed in the next sections.

4.5 Defining an order on types

In the previous section, we enforced k-canonicity with a formula, i.e., such that [Ay]
different types are contained in the team. In order to encode computations of length
|Axl|, we additionally need to be able to talk about coordinates in time and space, and
hence need an ordering of Ay.

Let us call any finite strict linear ordering simply an order. We specify an order <y on
Ay, and an order <; on pAy. To begin with, let us first agree on some arbitrary order <
on @, say, p; < p2 < --- < p|p|- Furthermore, if C is some order on some set X, then the
lexicographic order C* on pX is defined by

X7 C* X3 iff 3x € X5 \ X5 such that vx’ € X: (xC X/) = (X/ eX;ex' e X2).
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For example, let X ={0,1}and 0 C 1. Then § —* {0} C* {1} °* {0, 1}.
The order <y depends on the propositions true in a world, and otherwise recursively
on the lexicographic order of the image team:

T<0T & TNO® < T NO,
T<k 1T & 1NO<FT'Nd@or (tN®=1"Nd®and Rt <} Rt).

It is easy to verify by induction that <y and <} are orders on Ay and pAy, respectively.
The next step is to prove that < and < are (efficiently) definable in MLy (~). For this,
we pursue the same approach as for xx and xj; in Section 4.2, and show that <y and <}
are definable in formulas ¢, and ¢; in a mutually recursive fashion. Since order is a
binary relation, the formulas below are once more parameterized by two scopes.

Colos B)i= \/ [(a= =PI A (B =PI A A (xVB) = dep(q)
Pee 4%

Ck+1 (CX» B) = CO((X) B) V) XO((X) B) A DC;‘;((X) B)
Grlog B) =31 (Fpxlsr, B)) A (~Thxk(sk, &)
A (el BYA (Y B)) V (Vo p~Cilsis oV B))
Note that we make use of the scopes s, ..., sy in the formula, and in the following
we restrict ourselves to k-staircase models. Moreover, in the subformula (i (sx, xV B),
we use the fact that « \V 8 is a scope whenever «, 3 are scopes.

We require the next lemma for the correctness of (x and ¢;. Intuitively, it states that
MLy (~) is invariant under substitution of “locally equivalent” ML-formulas.

Lemma 4.27. Let o, € ML and @ € MLy (~). Let T be a team such that R'T E o« < B for all
1€{0,...,k}. Then TE @ ifand only if T E @[/B].

Proof. By straightforward induction; see the appendix. O

The following theorem states that in the class of k-staircase models (see the previous
section) ¢ and ;. define the required orders.

Theorem 4.28. Let k > 0, and let (X, T) be a k-staircase with disjoint scopes so, .. . , S, &, B.
If we Ty and v € Tg, then

Tl B Gl B) ifand only if [wl < [V,
T E CGile,, B) ifand only if [To]x <% [Tglk-

Furthermore, both (i (e, B) and ¢ («, B) are MLy (~)-formulas that are constructible in space
O (log(k + D] + [odd + [B])).

We first give a rough idea of the proof, and after a series of lemmas fully prove the
theorem. The definition of (i1 simply follows the definition of <y . Furthermore, the
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[O ~k X| ~klX >k @ >k @ >k x]TLX£IOQHO—\

N

* 9
<y ¢

’

[. =k X) =k .k;kx ~k X =k XJTB é].OlOOO -’/,

Figure 4.5: The pivot z € T,, determines that [T.]x <} [Ts]«x. The subteam of T,. s of worlds < -greater
than z must satisfy x; (x, ).

formula ¢} implements the lexicographic order <} as follows. As shown in Figure 4.5,
some z € T, acts as an pivot that witnesses [Ty ]« <} [Tg], in the sense that it is the
<x-maximal type in which T, and T differ." The first line of ¢} indeed expresses that
[z]x € [Tp]i \ [Ta]x-

The disjunction in the second line intuitively states that we then can “split off” the
subteam of T, U Tg consisting of the elements <y-greater than z (the solid green area
in Figure 4.5), while x} ensures that they agree on the contained types (this reflects
the part after the quantifier in the definition of =*). To achieve this, the subformula
V]X\/ﬁ%k(ﬁk, oV B) stipulates that any “remaining” elements from T, U Tg possess only
types not <y-greater than [z]x (the dashed green area in the figure).

Here, Lemma 4.27 is applied, as it ensures that after processing v/, the formula
Ck (8%, « V B) in fact is either equivalent to (i (sy, &) or to (i (sk, f); and hence behaves
correctly by induction hypothesis.

Next, we come to the formal proof, which requires a series of lemmas and the following
definition.

Definition 4.29. Let k > 0. Let «, 3 be disjoint scopes and T a team in a Kripke structure.
Then « and f are called <y-comparable in T if for all w € Ty, v € Tp

TSP E Giclo, B) iff [w]k <k [V]x and
Tl E (B, o) iff [k <k [W]k.

Likewise, x and { are < -comparable in T if

TE G(o, B) iff [Ta]k <% [Tp]k and
T G(By o) iff [Te]i <% [Talx-

The next lemma shows that the correctness of <j follows from that of <.

'Since the pivot is selected from T,, , at this point it is crucial that the underlying structure is a
k-staircase, so that any k-type can be potentially picked.
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Lemma 4.30. Suppose that (X, T) is a k-staircase with disjoint scopes «, B, so, .. ., sk. If both
ocand (3 are <-comparable to sy in all subteams S of the form T, U---UTs, , €S C T, then «
and (3 are <} -comparable in T.

Proof. Assuming X, T, «, 3, so, . .., 5k as above, the proof is split into the following claims.

Claim (a). The disjoint scopes « \/ p and sy are <x-comparable in any team S that satisfies
T, U--UT,, , CSCT.

Proof of claim. Letw € Sqyp and v € S;,.. Wlo.g. w € Sy (the case w € Sg works
analogously). Then

SRR E (VB sk )

&SP E GV By si) (since S P% = 0wk
& S“:‘v’%’i" E el 5%) (by Lemma 4.27, as U]f:o Ris;'\‘)’%‘jk Foa+s (aVPB))
& Wk <x [V]k- (by assumption of the lemma)
The case (x(sk, x V ) is symmetric. <

For the remaining proof, we omit the subscript k when referring to types and <. Fur-
thermore, for all T € Ay, let [T]™ denote the restriction of [T] to types v’ > t. Intuitively,
these types are the “more significant positions” for the lexicographic ordering. In the
next claim, we essentially show that the second line in the definition of (} (x, 3) can be
expressed as a statement of the form [T« ] = [Tg]".

Claim (b). Let T be a team and v € Ayx. Then [To]™ = [Tg]™ if and only if there exists
S C Tovp such that [Sy]| = [Sg] and [w] # T forall w € Top \ S.

Proof of claim. “=": Simply define S := {v € Tqvp | [v] = t}. Then [S«] = [Ta]* =
[Te]™ = [Sg]. Moreover, for every w € Ty, \ S clearly [w] # T holds.

“«<"”: Assume that S exists as stated in the claim. By symmetry, we only prove
[T]™ C [Tg]™. Consequently, let w € Ty such that [w] € [T]*. Then [w] > T by
definition. But then w ¢ T/ \ S. However, we have w € Ty, hence w € Ty g, which
only leaves the possibility w € S. Combining w € S and w € T yields w € S, which
by assumption also implies [w] € [Sg]. As [Sg] C [Tg] and [w] > T, the membership
[w] € [Tg]™ follows. <

We finish the proof of Lemma 4.30 in the final claim below.

Claim (c). «xand 3 are <}-comparable in T.

Proof of claim. Due to symmetry, we prove only that T (} («, B) iff [To]i <% [Tglk-

[Tl <" [Te]
s Ite[Ta]\[Ta]: V' e Ayt <t 1 € [To] & ' € [Tg] (def. <})
& It e [Ta]\ [Tal: [Tal™ =[Ta]" (def. []7)
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Since T;, is k-canonical, for every T € Ay there exists z € T, of type T

& 2zeTs : [T« [=] = [[TB]][[Z]] and [z] € [Ta] \ [T«
& Jz € To: [Ta]¥ = [Te]™ and 3x € Tp: [2] = [x] and Hy € T [2] = [u]

As «, B and sy are disjoint, we have Ty = O« and Tg = Op for O := T;*:

& IzeT,,: [04]F =[0p]F and 3x € 0p: [2] = [x] and #y € O : [2] = [y]
& FzeT,:Ixe0p:[z] =[x] and By € Oq: [z] = [y]
and 35 € Oqvp: [S«] = [Spll and Yw € Oqvp \ S: [2] 4 [W] (Claim (b))

Clearly, S is a subteam of O/ if and only if it is a subteam of O and satisfies ot \V f3:

& FeT,:Ixe0p:[z] =[x] and Py € Oq: [2] = [y]
and 3S C O: [S«] =[Spland S F «V B and Vw € Oqvp \ S: [2] 4 [W]

Observe that the property Yw € U : [z] A4 [w] is downward closed in U and hence holds
for U= 0\ Siffitholds forany U2 O\ S:

& Iz eTs:Ixe0p: [z] =[x] and By € O«: [z] = [y]
and 3S C O: [So] =[Spgland SF VB
and JUC O: UD O\ SandVw € Uyyp: [2z] 4 [W]

By Theorem 4.19:

& 326 To, 1 O F (3pxuls, B)) A (~3ixx(s, o)) and 35 € O:
SE(xVB)AXi(,p)and IUC O: U D O\ Sand Vw € Ugyp: [z] 4 [W]

Note that T, ..., Ts,_, are retained in O. Moreover, S C O4\/g, which implies that they

y IS

are still subteams of O \ S and hence of U. But by Claim (a), oV  and sy are then
<k-comparable scopes in U and we can replace [z] A [w]:
& Iz €T OF (pxls, B)) A (~Tixk(s,«) and IS C 0: S & (aV B) Axii (e, B)
and U C O: UD O\ Sand Vw € Ugyp: USP E ~(i(si, aV B)

Recalling that O = T;*, and by Proposition 4.18, we obtain:
& Iz € T TEE (Fpxrls, B)) A (~Thxk(s, ) and 35 C TE*: SE(aV B) Axii (o, B)
and JU C TS U D T\ Sand Uk V), g~Cx(sk, « V B)
& TE 3 (Fpx(s, B)) A (~Fhxk (s, «))

A (VB Axi(e, B)) V (Vo p~Cr (5K, x V B))
STEC (o B). < O
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In the next lemma, we prove the converse direction of Lemma 4.30.

Lemma 4.31. Let k > 0, and let (K, T) be a k-staircase with disjoint scopes «, 3,80, ..., 8k—_1.
Then ocand B are <\-comparable in every subteam S of T that contains T,y U--- U T, .

Proof. The proof is by induction on k. Disjoint scopes « and f are always <o-comparable,
which can be easily seen in (y. For the inductive step to k + 1, assume (X, T) and S as
above, and let X = (W, R, V). Let O := SS‘V’,% withw € S4,v € S arbitrary.

Claim (d). ocand B are <} -comparable in RO.

Proof of claim. In the inductive step, now sy, ..., sk, «, § are disjoint scopes. Additionally,
(X, RT) is a k-staircase. In particular, in the induction step, « and 3 are disjoint from sy.
For this reason, (X, RO) is a k-staircase as well, as (RO)s v ...vs, = (RT) s\, -

Hence, by induction hypothesis, for every team U such that RO;, U---URO,, , CUC
RO, we obtain that s, and « are <x-comparable in U, as well as s, and 3. Consequently,
we can apply Lemma 4.30, which proves the claim. <

We proceed with the induction step. Again by symmetry, we only show that O F
Ck+1 (0t B) iff [W]ks1 <k1 [V]k+1. We distinguish three cases w.r.t. <o:

o If [w]o <o [v]o, then O E {o(ex, B) by the induction basis. As the former implies
[Wlk+1 <k+1 [Vlk+1 and the latter O & (41 (e, B), the equivalence holds.

o If [w]o >0 [v]o, then [w]x+1 #Axs1 [V]k+1. Moreover, O ¥ (o(a, B) by induction
basis. Additionally, O ¥ xo(«, $) by Theorem 4.19. Consequently, both sides of the
equivalence are false.

o If [w]o = [v]o, then O F xo(«, ) by Theorem 4.19, but O ¥ (o(«, ) by induction
basis. Consequently, O E (1 (e, B) iff O F OC (e, B). Also, [Wlir1 <ir1 [V]k+1
iff Rlw[x41 <§ R[v]k+1. The following equivalence concludes the proof:

Rwlhe+1 =k R[v]x+1

< [Rw]k <% [Rv]x (Proposition 4.6)
< RO F ¢ (a, B) (Claim (d))
& 0 E DO (o, ). O

With the above lemmas, we are now in the position to prove Theorem 4.28:

Proof of Theorem 4.28. First, it is straightforward to construct ¢, and (} in logarithmic
space. For the correctness, let (X, T) be a model with disjoint scopes «, 8, 5o, . .., 5k as in
the theorem. By Lemma 4.31 it immediately follows that « and (3 are <x-comparable in
T. The second part, that x and § are <;-comparable in T, follows from the combination
of Lemma 4.30 and 4.31. O
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4.6 Encoding non-elementary computations

We combine all the previous sections of this chapter, and complement Theorem 4.13
and Corollary 4.14 with their matching lower bounds:

Theorem 4.32.
o SAT(ML(~)) and VAL(ML(~)) are complete for TOwgR(poly).

e Ifk >0, then SAT(MLy (~)) and VAL(MLy (~)) are complete for
ATimEe-Art(expy, 1, poly).

The above complexity classes are complement-closed, and additionally ML(~) and
MLy (~) are syntactically closed under negation. For this reason, it suffices to prove
the hardness of SAT(ML(~)) and SAT(MLy(~)), respectively. Moreover, the case k =0
is equivalent to SAT(PL(~)) being ATime-ALt(exp, poly)-hard, which was proven by
Hannula et al. [56]. Their reduction also works in logarithmic space. Consequently, the
result comes down to the following lemma:

Lemma 4.33.
e If A € Tower(poly), then A <128 SAT(ML(~)).
o Ifk > 1and A € ATimE-ALt(expy 1, poly), then A <los SAT(MLy (~)).

We devise for each A a reduction x — @y such that @ is a formula that is satisfiable if
and only if x € A. By assumption, there exists a single-tape alternating Turing machine
M that decides A in suitable runtime. For the case of Tower(poly), clearly a deterministic
machine is a special case of an alternating one.

Let Q be the set of states of M, and the disjoint union of Q3 (existential states), Qy
(universal states), Qacc (accepting states) and Qrej (rejecting states). Also, let Q contain
the initial state qo. Let M have a finite tape alphabet I" with blank symbol b € T', and a
transition relation 5.

We design ¢y in a fashion that forces its models (X, T) to encode an accepting compu-
tation of M on x. Let us call any legal sequence of configurations of M (not necessarily
starting with the initial configuration) a run. Then, similarly to Cook’s theorem [18],
we encode runs as tableaus, which can be depicted as square grids with a vertical time
coordinate and a horizontal space coordinate, i.e., each row of the grid represents a
configuration of M. In what follows, let x = x; - - - x, be some input, i.e., [x| = n.

W.Lo.g. M never leaves the input to the left, and there exists N that is an upper bound
on both the length of a configuration and the runtime of M. Formally, a run of M is
then a function C: {1,...,N}> — T'U (Q x I), Here, C(i,j) = c for ¢ € I means that the
i-th configuration (i.e., after M performed i — 1 transitions) contains the symbol c in its
j-th cell. The same holds if C(i,j) = (q,c) for (q,c) € Q x I, but then additionally the
machine is in the state q with its head visiting the j-th cell in the i-th configuration. As
an example, if C starts from M’s initial configuration then we have C(1,1) = (qo,x1),
C(l,i)=xifor2 <i<n,and C(1,i) =bforn <i << N.
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Due to the semantics of ML(~), such a run must be encoded in (X, T) very carefully.
We force a team T to contain N? worlds wj j in which the respective value of C(i,j) is
encoded as a propositional assignment. However, we cannot enforce an actual N x N-
grid in the frame of X, as by Corollary 4.22, we cannot force the model to even contain
R-paths longer than md(¢y ). Instead, we define grid neighborship indirectly. The idea
is to encode i and j in w; ; by its type. More precisely, we use the linear order < on
Ay we defined with the MLy (~)-formula ¢y in the previous section. Then, instead of
using [J and ¢, we examine the grid by letting ¢, judge whether a given pair of worlds
is deemed (horizontally or vertically) adjacent.

4.6.1 Encoding runs in a team

Next, we discuss how runs C: {1,...,N}> = T'U (Q x TI') are encoded in T. Given a world
w € T, we partition the image Rw with two fresh propositions t (“timestep”) and p
(“position”). Then we assign to w its location {(w), which is the pair (i,j) such that
[(Rw)¢]«—1 is the i-th element, and [(Rw),]x_1 is the j-th element in the order <} ;.
The space of such representable coordinates is N = [p(AP ;)|. For the reduction
from the class ATimME-ALT(exp, 1, poly), M has runtime bounded by exp,._, 1(g(n)) for a
polynomial g. Then taking @ := {py,...,pq(n)} yields sufficiently large coordinates, as

expi1(g(n)) = expyyq (|@]) = 20Pe1 (2) < gexpi s () — 2IATH 1 = N

by Proposition 4.10. Likewise for the class Tower(poly) where M has runtime exp (1)
for a polynomial g: We define @ := () and compute k := g(|x|) + 1 in the reduction, but
otherwise proceed identically.

Next, let = be a set of propositions disjoint from @ that encodes I' U (Q x I'), formally
there is a bijection c: = — I'U (Q x T'). If a world w satisfies exactly one proposition p
of those in =, then by slight abuse of notation we write c(w) instead of c(p). Intuitively,
c(w) e TU (Q x T) is the content of the grid cell at location ¢(w).

Using ¢ and ¢, the function C can be encoded into a team T as follows. First, a team
T is called grid if every point in T satisfies exactly one proposition in Z, and every pair
(i,j) € {1,...,N}? occurs as the location ¢{(w) of some point w € T. Moreover, a grid T
is called pre-tableau if for every pair (i,j) and every element p € = there is some world
w € T such that £(w) = (i,j) and w k p. Finally, a grid T is a tableau if any two elements
w,w’ € T with {(w) = {(w’) also agree on =, i.e., c(w) = c(w’).

Let us motivate the above definitions. Clearly, the definition of a grid T means that T
captures the whole domain of C, and that c is well-defined on the level of points. If T is
additionally a tableau, then c is also well-defined on the level of locations. In other words,
a tableau T induces a function Ct: {1,...,N}> - T'U (Q x ') via C«(i,j) := c(w), where
w € T is arbitrary such that {((w) = (i, ).

A pre-tableau can be seen as the union of all possible tableaus. In particular, given any
pre-tableau, with this definition we ensure that arbitrary tableaus can be obtained from
it by the means of subteam quantification (cf. p. 84).

98



4 The complexity of modal team logic

A tableau T is legal if Ct is a run of M, i.e,, if every row is a configuration of M, and if
every pair of two successive rows represents a valid 6-transition.

The idea of the reduction is now to capture the alternating computation of M by
nesting polynomially many quantifications (via 3 and V<) of legal tableaus, of which
each one continues the computation of the previous one.

4.6.2 Accessing two components of locations

As discussed earlier, we choose to represent a location (i, j) in a point w as a pair (A, A”)
by stipulating that A” = [(Rw)¢]Jx—1 and A” = [(Rw),]k—1. To access the two components
of an encoded location independently, we introduce the shorthand

lg b= (A=) V ([ = q) A1),

where q € {t,p} and « € ML. It is easy to check that T & |5 iff Tﬁ E.

In order to compare the locations of grid cells, for each component g € {t, p} we define
the following formulas. Assuming singleton teams T, and Tg, 3 («, B) tests whether
the location in Ty is less than that in Tg w. . t. its g-component. Analogously, V2 (e, B)
checks for equality of the respective components:

Y (o, B) =018 (o, B)
Y (o, B) =018 x% (o, B)

For this purpose, 1Y, is built upon the formula ¢ ; from Theorem 4.28, while L
checks for equality using x;_; from Theorem 4.19.

Claim (e). Let K be a structure with a team T and disjoint scopes « and . Suppose w € Ty
and v € Tg, where {(w) = (iw,jw) and L(v) = (iv,jv). Then:

TOE EYi(aB) & iw =1y

TOP EYE (o B) < jw =jv
Moreover, if o, B, 50, . . ., 5k are disjoint scopes in K and (X, T) is a k-staircase, then:

ToB EPYL (o B) & iw<iy
TOB EYP (o B) < jw <jv

Proof of claim. Let us begin with pL (then Y£ works identically):

w=1i & [[(Rw)t]]k—l = [[(Rv)t]]k—l (def)
A RT&’E)U(RV){ F Xk—1(o, B) (Theorem 4.19)
B
RT‘X»B E *
= ( Rw,Rv) RT,RT, Xk—1 ((Xa [5)

= RT}?\:VB,RV = ‘f‘@ﬁlq ((X, B)
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o Tyov‘:f’ E O |t Xt (o B) (Proposition 4.17)
Similarly for ¢!, (then V¥, again works identically):

iw <1y € [(Rw)Ji—1 <571 [(RV) (k-1 (def.)
= RTO}E‘E Ry F G (o, B) (Theorem 4.28)

RTEE ) L (o p)
Rw,Rv T T, k]O(,B

© RTE‘W% = RIP G (0 B)
& Tl FOIMP G (o B) (Proposition 4.17) <

4.6.3 Defining grids, pre-tableaus, and tableaus

Next, we aim at constructing formulas that check whether a given team is a grid, pre-
tableau, or a tableau, respectively.

First, to check that every location (i,j) € {1,..., N}? of the grid occurs as £(w) of some
w € T, we quantify over all corresponding pairs (A’,A”) € p(Ax_1)?. To cover all these
sets of types we can quantify, for instance, over the images of all points of T,,. However,
as subteam quantifiers 3¢, 3!, V<, V! cannot pick two subteams of the pair from the same
scope, we enforce a k-canonical copy s, of sy in the spirit of Theorem 4.24:

k
canon’ = pf(s0) A /\ Pl ™(5m—1,5m) A PR (51, 5¢)
m=1

Then sy is used for the first component and s, is used for the second.

Claim (f). If s, ..., sk, s are disjoint scopes in K, then (X, T) E canon’ if and only if (X, T)
is a k-staircase and T, LS k-canonical. Moreover, canon’ Ascopes, ({so, . . . , 5k, 51, }) ACFT V1 s
satisfiable, but is only satisfied by k-staircases (K, T) in which both T, and T, are k-canonical.
Furthermore, both formulas are constructible in space O (log(|®| + k)).

Proof of claim. Proven similarly to Theorem 4.24 and 4.26. <
The next formula checks whether a given team is a grid. More precisely, the sub-
formula \pair compares the t-component of the selected location in Ty to the image of

the world quantified in sy, and its p-component to s;, respectively. That every world
satisfies exactly one element of = is guaranteed by 19 as well.

Wgra(a) = (= \ e A\ —e) AV Skl
ecz e'e=z
e'#e

Wpair (o) == O [ (1§ x5 1 (51, €)) A (15 x5 1 (53, &) |

In the following and all subsequent claims, we always assume that T is a team in a
Kripke structure X such that (X, T) satisfies canon’ A Ok+T11 . Moreover, all stated scopes
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are always assumed pairwise disjoint in X (as we can enforce this later in the reduction
using the formula scopes, ).

Claim (g). T F Ugg(a) if and only if Ty is a grid.

Proof of claim. Clearly TF o = \/ = e/A\Aicz o1 —€’ if and only if every world w € Ty
satisfies exactly one element of =. For the proof that all locations appear in T, we use
the following chain of equivalences:

V(i,j) € {1,...,N}2: 3w € Ty: {(w) = (1,))
SVATA" CA_1: 3w € Ty : [(RW) (k1 = A" and [(Rw),]k—1 = A" (def.)

By k-canonicity of sy, s; due to Claim (f):
SWeT,,Vv € Ty 3w e T [RW)¢Jx—1 = [Rv]k—1 and [(Rw)p]k—1 = [Rv']x—1
By Theorem 4.19:

SWE T, v €Ty 3w e Ta: RT‘X 5“)’5‘]‘% ryr F X1 (81, &)

and RT‘X ﬁk’skRv ryr F X1 (87, &)

X, 5K ,5
S We T, v €Ty 3we Ty (RT) kRkav ), F X1 (516, 0)

Xy 51,57 o
and (RTR;v,ﬁvlva')RT F Xk—1 (51, &)

X sk,sk

W E T, v €Ty 3w € Tot RT VR e 0 F IEXR -1 (51, ) A X (5, @)
By Proposition 4.17 (6):

[ 2%

SWeT,,Vv € Ty IweTa: T, vﬁ,k F O (%1 (5%, &) A [ X% (51, )
By Proposition 4.18:

& TEV VL A00EKG 1 (51, ) A 13X (51, &)

5k5

& TEVE V], 3L Vpair(a) <

Sk 5
With slight modifications it is straightforward to define pre-tableaus:

11’pre—’cab1eau((x) = 1])gnd /\Vsk V; /\ 3] 1l’palr A (o= e))

ec=
Claim (h). T F Yy papieqn () if and only if Ty is a pre-tableau.

Proof of claim. Proven similarly to Claim (g). <

The other special case of a grid, that is, a tableau, requires a more elaborate approach to
define in ML(~). The difference to a grid or pre-tableau is that we have to quantify over
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all pairs (w,w’) of points in T, and check that they agree on = whenever {(w) = {(w’).
However, as mentioned before, while V! can quantify over all points in a team, it cannot
quantify over pairs.

As a workaround, we consider not only a tableau T, but also a second tableau that
acts as a copy of Ty. Formally, for grids Ty, Tg, let T &~ Tg mean that for all pairs
(w,w') € Ty x Tg it holds that £(w) = ¢(w’) implies c(w) = c(w’). As ~ is symmetric
and transitive, T4 =~ Tg in fact implies T ~ Ty and Tg =~ Tg, and hence that T and Tg
are both tableaus and in fact Ct, = Cr,. The following formula defines this, where v, is
a new scope that contains the “copy” of T.

Wiableau () = 1l"grid(o‘) A 3%0 ll)griolh/O) A b (a,v0)

e B) = VAVh ((Whle B) AW (o, B)) = A (s e) oo (B )

ec=

In the above formula, we use the scopes vo,v1,7V2, ... as “auxiliary pre-tableaus”. Later,
we will also use them as domains to quantify extra locations or rows from. (The index
of y; is incremented whenever necessary to avoid quantifying from the same scope
twice.) For this reason, from now on we always assume, for sufficiently large i, that T,
is a pre-tableau. This can be later enforced in the reduction with ¥pre tapleau (Yi)-

Claim (i). (1) TF Vypeqn () if and only if Ty is a tableau.
(2) For grids Ty, Tg, it holds T F WV~ («, B) if and only if To = Tg.

Proof of claim. (2) follows straightforwardly from Claim (e), so let us consider (1). As
Wiableau €Ntails Pgriq, we can assume that Ty is a grid.

Suppose that the formula is true. Then there exists S C T, such that T F $griq(vo)-
By Claim (g), then S is a grid as well. Moreover, T4 ~ S by (2). As argued above, this
implies that T, (and S) is a tableau.

For the other direction, suppose that Ty is a tableau. Then it defines a function
Cr,. Since T,, is a pre-tableau, we can pick a subteam S of it that contains for each
(i,j) € {1,...,N}? exactly those worlds w with ¢(w) = (i,j) such that c(w) = Ct_(i,j).
Then Ty ~ S, and Pigpjeay is true, with the quantifier 3%0 witnessed by S. 4

4.6.4 From tableaus to runs

To ascertain that a tableau contains a run of M, we have to check whether each row
indeed is a configuration of M—in other words, exactly one cell of each row contains a
pair (q, a) € Q x '—and whether consecutive configurations obey the transition relation
5 of M.

For this, in the spirit of Cook’s theorem [18] it suffices to consider all legal windows in
the grid, i.e., cells that are adjacent as follows, where eq,...,ec € TU(Q x I'):

€1 (] (%]
(<} €5 €g
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If, say, (q,a,q’,a’,R) € >—M switches to state q’ from q, replacing a on the tape
by a’, and moves to the right—then for all b, b’ € I, the windows obtained by setting
el =e4s =Db,e; =(q,a),es =a’, e3 =b’, e = (q’,b’) are legal. Using this scheme,
5 is completely represented by a constant finite set win C Z° of tuples (ey, ..., eq) that
represent the allowed windows in a run of M.

Let us next explain how adjacency of cells is expressed. Suppose that two points
w € Ty and v € Tg are given. That v is the immediate (t- or p-)successor of w then means
that no element of the order exists between them. Simultaneously, w and v have to agree
on the other component of their location, which is expressed by the first conjunct below.
If g € {t,p} and q € {t, p} \ {q}, we define:

Yee(o, B) = I (o, B) A% (o, B) A~TL (WL (e, v0) AL (vo, B))
Claim (j). If w € Ty and v € Tg, then:

Tx:e F q);ucc(o‘> B) <~ Eli)j € {1) . wN}: e(w) = (1>J) and f(\)) = (i"’_ 1)])
TB E el B) & Fi,j € {1,..., N} (w) = (i,j) and ¢(v) = (i,j + 1)

Proof of claim. Letus consider only q = ¢, as the case q = p is proven analogously. Assume
that the formula V¥ ..(c, B) is true in TV"V‘;{::’. By Claim (e), Y2 holds if and only if there
is a unique j such that ¢(w) = (i,j) and £(v) = (i’,j), for some i,1i’; in other words, if w
and v agree on their p-component.

Next, consider the sets A,, := [(Rw)¢Jx—1 and A, := [(Rv)¢]«_1 which correspond to
the t-components of {(w) and £(v). Suppose that A,, is the i-th element of <} ;. By !,
and Claim (e), then clearly A, is the i’-th element for some i’ > i.

Suppose for the sake of contradiction thatalsoi’ > i+1, and let then instead A’ C Ay _;
be the (i + 1)-th element of <} ;. As T, is a pre-tableau, it contains a world z such that
0(z) = (i+1,j). But then Y% (,v0) AL (vo, B) is true in Tf\ﬁ;rv?’;lo, contradiction to Vf,..
Consequently, i’ =i+ 1. The direction from right to left is shown similarly. <

To check all windows in the tableau T, we need to simultaneously quantify elements
from six tableaus T,,,..., T, that are copies of T. For this purpose, we define the
following abbreviation:

sz/ioc ¢ = H%i (d’grid (vi) Ao, vi) A @)

Intuitively, under the premise that T,, is a pre-tableau and Ty is a tableau, it “copies” the
tableau Ty into T, by shrinking T, accordingly. This is proven analogously to Claim (i).
The next formula states that the picked points are arranged as in the picture below:

1l)WiI‘ldOW(‘YI Yoo )YG) = w;ucc(Y] >Y4) /\ll);ucc(’YZ)‘YS) /\Iwbéucc(’y_’))‘yS) /\
1l)gucc (Y] )YZ) A IJr”gucc (Y2> VS)

TY 1 TVz TYs
TY4 TYS TYé
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The formula defining legal tableaus follows, for which we define subformulas 6+, 6,, 63.
Lplegal(fx) = 1I)tableau(o‘) A 3$1“ T 356“ (09 AB2 A B3)

With 01, we check that the head of M is over at most one cell:

01 :=V] V1, (11);(1/1,1/2) AV (v1,v2)) —

/\N((Y] = ¢ qr,a1)) Alyz = ¢ (g2, (12)))
(ql)a1))(q2)a2)€er

With 0,, we check that the head is on at least one cell. For this, Vl, , fixes a row and
EILZLL)‘E (v1,7v2) searches that particular row for a state of M:

05 =}, 3}, WL (y1,v2) A (D) (v2 = ¢ (q,0))
(q,a)eQxT

Finally, 63 states that every window must obey the transition relation:

3= \qul "'vl/é (IbWiDdOW(‘Y])"')‘Y6) - @ /\ Yi— € )

(e1,...,eg)EWIn i=1

Claim (k). T F () iff T is a legal tableau, i.e., iff Cr,, exists and is a run of M.

Proof of claim. Suppose that the formula holds. We show that T is a legal tableau; the
other direction is proven similarly.

Due to Claim (i), there are tableaus S; C T, ..., S¢ C T, that are copies of Ty such
that 67 A9, A 03 holds in TY" ’g’:

Due to Claim (e), the subformula 01 ensures the following: For allw € S1,w’ € S5,
Lw) = (4,j), Lw’) = (i/,j’), if 1 = V" and j < j’ hold, then it is not the case that both
c(w)=(g,a)and c(w’) = (q’, a’) for any state symbols q, q’ € Q. Since Cs, = Cs, = Ct,,
this is precisely the case if each row of Ct, contains at most one state symbol.

Conversely, again by Claim (e), the subformula 6, states that for every cell w € S;
there is some cell w’ € S, in the same row (possibly w itself) that carries a state symbol:

in other words, every row of Ct, contains at least one state symbol.

Finally, 63 relies on Claim (j) and states for every choice of singletons wy,...,wg
in S1,...,Ss, assuming that they are arranged as a window, that there exists a tuple
(e1,...,e6) € win such that w; € S; satisfies c(w;) = e;. As we showed that Ct, contains
in each row a configuration of M, this implies that Ct, exists and is a run of M. <

4.6.5 From runs to a computation

To encode the initial configuration on input x = x; - - - x,, in a tableau, we access the first
n cells of the first row and assign the respective letter of x, also we assign the initial state
to the first cell. Finally, we assign b to all other cells in that row. To find the first cell, for
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each q € {t, p}, we check whether the g-component of a point in Ty is minimal:

P in () == ~3L % (o, &)

This enables us to fix the first row of the configuration:
binpur() = 3773, By imin (Y1) AR (Y1) A (v1 = ¢ (o, 1))

/\ Whuce Vi1, 71) A (vi = ¢ (xi1))
i=2

Ay (s Vs D) AU Yy 1)) = (Yner = ¢710)))
Claim (1). Let Ty be a tableau. Then T = iyt () if and only if
(1) Cr,(1,1) = (qo,x1),
(2) Cr (i) =xifor2<i<n,
(3) Cr (l,i)=bforn<i<N.

Proof of claim. Suppose that the formula holds. After processing 37*---37% , for all
m € {I,...,n + 1} the team T, is a tableau such that Ct, = Cr,. (Obviously this
requires these teams to be pre-tableaus beforehand.) For this reason, we can freely
replace Ct_(i,j) with Ct,_(i,j) when proving the properties (1)—(3).

In the second line of the formula, we make sure that ¢(w) = (qo, x1) holds for least one
pointw € Cr, | of location ¢(w) = (1,1). That £(w) = (1, 1) holds follows from Claim (e),
Pl , and the assumption that T, is a pre-tableau (which it still is after processing the
quantifiers 37 - - 37 ,)- In particular, Ct, (1 1) =1(qo0,x1)-

The third hne works similarly: for 2 < 1 < n, it assigns x; to Cr,, (1,1) and hence

to Ct, (1,1). Finally, the last two lines state that every other location (1 i) withj’ > n
contains b. The other direction is again similar. <

Until now, we ignored the fact that M (polynomially often) alternates. To simulate
this, we alternatingly quantify polynomially many tableaus, each containing a part of
the computation of M. Each of these tableaus possesses a tail configuration, which is
the configuration where M either accepts, rejects, or alternates. Formally, a number
ie{l,...,N}is a tail index of a run C if, for some j,

(1) C(i,j) has an accepting or rejecting state,

(2) or C(i,j) has an existential state and there are i’ < i and j’ with a universal state in
C@,j",

(3) or C(i,j) has a universal state and there are i’ < i and j’ with an existential state in
C@’,j".
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The least such i is called first tail index, and the corresponding configuration is the first tail
configuration. The idea is that we can split the computation of M into multiple tableaus
if any tableau (except the initial one) contains a run that continues from the previous
tableau’s first tail configuration.

We formalize the above as follows. Assume that T, is a tableau, and that Tg marks
a single row i by being a singleton {w} with ¢(w) = (i,]) for some j. Then the formula
Pait(x, B) below will be true if and only if the i-th row of Cy,_ is a tail configuration.
With the subformula

Q'-state(B) := () (B > ¢ (q, ),

(q,a)€Q’'xT

we check if a given singleton Tz = {w} encodes an accepting, rejecting, existential,
universal, or arbitrary state by setting Q' to Qacc, Qrej, Q3, Qv or Q, respectively.

Vit (o, B) = 3IT 3!, [lb;( o, B) A Q-state(x) A [Qacc-state(oc) @ Qrej-state(w)
@3, (lbi (vo, @) A\ (Qs-state(a) A Qy-state(vo))
@ (Qu-state(a) A Qa-state(yO)))H
rrserai (% B) = Wrain(% B) A~3}, (W (v1, B) Abian (2, v1))

Claim (m). Suppose that Ty, is a tableau, Tg = {w}, and ¢(w) = (i,j). Then T E Py (x, B) if
and only if i is a tail index of Ct,,. Moreover, T F ypysp-ai1(ox, B) if and only if i is the first tail
index of Ct,.

Proof of claim. Since T,, is a pre-tableau and hence contains all locations in rows i’ < i,
it is easy to see that the proof for VP .tai1 boils down to that of P,;. Consequently, let
us consider y,;. First, due to 7%, we can assume that T, is a tableau that is a copy of
To, ie, Cr, =Cr, . Here, it is required for the inner quantification in the definition of a
tail index.

The first line of the formula reduces Ty to a singleton that is (due to YL ) in row i.
Furthermore, it carries a state ¢ of M due to Q-state(«). The further examination of
this state will determine if i is a tail index. Now, q is exactly one of accepting, rejecting,
existential, or universal. If q € Qacc U Qrej, then 1 is a tail index by definition.

Otherwise we quantify over the states q’ of all (copies of) earlier rows in T, using
EIL Otp: (vo, &), and search for a universal state if q is existential and vice versa, which as
well, if it exists, proves by definition that i is a tail index. <

Given a run C of M that has a tail configuration, we say that C accepts if the state q in

its first tail configuration is in Qacc, C rejects if that q is in Qyej, and C alternates otherwise.
That a run of the form Cr_ accepts or rejects is expressed by

Pace(a) = Elwz/zoc 31,2 (Qacc-state(y2) A Wfirst-tail (%, Y2)),
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Prej(o0) := 35 3] (Qrej-state(v2) A Wirstotair (2, v2))-

In this formula, first the tableau T, is copied to Ty, to extract with 3], the world
carrying an accepting/rejecting state, while ) qt1ai1(, v2) ensures that no alternation
or rejecting/accepting state occurs at some earlier point in Ct,.

If the first tail configuration of the run contains an alternation, and if the run was
existentially quantified, then it should be continued in a universally quantified tableau,
and vice versa. The following formula expresses, given two tableaus Ty, Tg, that Cr, is
a continuation of Ct,, i.e., that the first configuration of Ct, equals the first tail configu-
ration of Cr,. In other words, if 1 is the first tail index of Cr,, then Ct,_(i,j) = C1,(1,]))
forallj e {1,...,N}.

Yeont(e, B) =3, [wﬁrst-taﬂ(oc, v2) N VLVh

| ($hin(B) A VL (e, v2) AWE (0, B)) =+ (D eV B) e)H

ec=

The above formula first obtains the first tail index i of Ct, and stores it in a singleton
y € T,,. Then for all worlds w € Ty and v € Tg, where v is t-minimal (i.e., in the first
row) and w is in the same row as y, and which additionally agree on their p-component,
the third line states that w and v agree on =. Altogether, the i-th row of Ct, and the first
row of Ct, then have to coincide.

M performs at most r(n) — 1 alternations for some polynomial r. Then we require
T =r(n) tableaus, which we call «1, ..., «,. In the following, the formula \{un; describes
the behaviour of the i-th run, i.e., the part of the computation after i — 1 alternations.
W.lo.g. riseven and qo € Q3. We may then define the final run by

Wrun,r = VS, [ (Pregar () Aot (e 1, 6r)) =+ (< () A el xr))]
For1 < i< randieven, let

runyi 3= V5, | (Wregat (06) A Peont(0ti 1, 06)) =+ (brej (06) A (ace(01) @ Prum,i1)) |
and for 1 <i<randiodd,

Prun,t = 35, [Pioga (06) A\ teont (@1, 06) A ~rei(e0) A (Wace(06) @ Yranyi1)] -

Finally, the initial run is described by
Yrun,1 = 30% (ﬂ)legal((xl ) A 1l)input((X] ) A N\brej((xl ) A ('Lpacc((xl ) @ 1l’run,l)) .

We are now in the position to state the full reduction. Let us gather all relevant scopes
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in the set ¥ C Prop:
Vi={si [0<i<KU{sp} U{yi|0<i<n+1} U {a|1<i<n)
The scopes that host pre-tableaus are
Yi={y;[0<i<n+1}U{o | T<i<rh

Wlo.g.n >5,asvy,...,Ve are always required in the construction. The reduction now
maps x to the MLy (~)-formula

Px = canon’ A\ SCOpeSk(‘P) AN /\ 1I)pre-tableau (P) A l])run,l .
pevw’

It is straightforward to check that all of the above steps are computable in logspace
from x and k, where k itself is either constant or a polynomial in [x| and hence logspace-
computable. By Lemma 4.25, ¢ is satisfiable if and only if ¢, A Ok+11 is satisfiable.
For this reason, we conclude the reduction with the following proof.

Proof of Lemma 4.33. It remains to argue that @, A O L is satisfiable if and only if
M accepts x. For the sake of simplicity, assume r = 2. The cases r > 2 are proven
analogously.

“=": Suppose (X,T) F @x AO*TT L. Similarly as in Theorem 4.26, the p € ¥ are
disjoint scopes due to scopes, (V). Moreover, by canon’ and Claim (f), (X, T) is then a
k-staircase in which T,, and T,; both are k-canonical teams. Due to Claim (h) and the
large conjunction in @y, Ta;, Tayy Tyyy-- -y Ty, are then pre-tableaus.

As the formula P yn,1 holds, by Claim (k) and Claim (1), Ty, has a subteam S; that is
a legal tableau and starts with M’s initial configuration on x. In particular, Cs, exists.
Moreover, either .. holds (i.e., Cs, and hence M is accepting) or Pryn,2 holds (i.e.,
if Cs, alternates). Consider the latter case. Then for all legal tableaus S, C T, such
that Cs, is a continuation of Cg, it holds that Cs, is accepting. However, as Ty, is a
pre-tableau, every run is of the form Cs, for some S, C T,. Consequently, M accepts x.

“«<”: Suppose M accepts x. First of all, due to Claim (f), the formula canon’ A
scopesy ({50, - - -, 5k, 51.1) A OFF1 L has a model (X, T). Moreover, we can freely add a
pre-tableau T, for each p € 1 to satisfy the large conjunction in ¢. By labeling the
propositions in 1 correctly (as disjoint scopes), we ensure that scopes, () holds as well.

It remains to demonstrate T E {yn,1. As M accepts x, there exists a run C; starting
from M'’s initial configuration such that either C; accepts, or, for all runs C, continuing
Cy, C3 accepts.

Since Ty, is a pre-tableau, it also contains a subteam S; such that S; is a legal tableau
and Cs, = C;. We choose S; as witness for 3%1. If C; itself accepts, then Pacc(x1) and
hence Pyun,1 is satisfied. Otherwise we consider Wrun,2. Suppose that S, C Ty, is picked
as a subteam by v%z. If it forms a legal tableau and Cgs, is a continuation of Cy, then C,
must be accepting since M accepts x. But this implies that Pacc(x2) is true for any such
S,. Consequently, Pryn,2 and hence Pryn,1 is true. O
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4.7 Hardness under strict semantics

Next, we further generalize the hardness results of the previous section and show that
they also hold under strict semantics. Recall the strict connectives \ and ¢:

(K, TV EYpVO< 3S,UC Tsuchthat T=SUU,SNU=0,
(X,S)Epand (K,U) =0,
(K, TYEOY <« (X,S)E for some strict successor team S of T,

where a strict successor team of T is a successor team S C RT for which there exists a
surjective f: T — S satisfying f(w) € Rw for allw € T.

In the lax disjunction the teams of the splitting may overlap, while in the strict disjunc-
tion they are disjoint. Likewise, a lax successor team may contain multiple successor of
any w € T, while in a strict successor team we pick exactly one successor for each w € T.

We prove that our hardness results also hold in strict semantics. Let the logics
ML(~,V,0) and MLy (~,V,0) be defined like ML(~) and MLy (~), but with \V instead
of V and without ¢ and ¢ (i.e., only using the modality (J). Hardness for this fragment
clearly implies hardness for strict semantics.

Theorem 4.34. The satisfiability and validity problem of ML(~,V/, ) is TowEr(poly)-hard.
For k > 0, the satisfiability and validity problem of MLy (~,V, ) is ATiME-ALT(exp, , 1, poly)-
hard.

Proof. An analysis of the proof of Lemma 4.33 yields that the ML(~)-formula ¢ pro-
duced in the reduction can be easily adapted to strict semantics. First, observe that ¢
occurs only in the subformula max;, which is by Proposition 2.31 equivalent to

VA Rt N' i i
T\/( o' LA \/peq)( Op @ —O p)>,

since O« = ~0—a, and since —O'p @ ~0'—p is a downward closed formula. A quick
check reveals that Proposition 2.31 applies to all other instances of \V in @ as well, except
of the occurrence in the second line of (. Here, the critical part of the correctness proof
is the choice of the subteam U in Claim (c) of Lemma 4.30. In strict semantics, the only
possibility becomes U = O \ S, for which the proof works identically. Finally, for the
case k = 0, a similar check of the proof for PL(~) [56, Theorem 4.9] reveals that again
every V can be replaced by V due to Proposition 2.31. O

Note that the corresponding upper bound via the construction of a canonical model
(Theorem 4.9) does not apply to strict semantics. As already mentioned in Chapter 2,
the reason for this is the failure of Proposition 2.30, which roots in the fact that in strict
semantics MLy (~)-formulas are not invariant under k-team-bisimulation in general.
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4.8 Hardness on restricted frame classes

A frame is a pair F = (W, R), where W is a non-empty set and R € W x W. A natural
restriction in the context of modal logic is to focus on Kripke structures over a specific
subclass of frames, which is useful for instance for modeling belief or temporal systems.
For an introduction to frame classes, consider, e.g., Fitting [33]. Prominent frame classes
include

K: the class of all frames,

D: serial frames (w € W = Rw # (),

T: reflexive frames (w € W = w € Rw),

K4: transitive frames (u € Rv/Av € Rw = u € Rw),
D4: serial and transitive frames,

S4: reflexive and transitive frames.

In this section, we consider these classes from a complexity theoretic perspective, and
show that the lower bounds of ML(~) are preserved when restricted to these classes.
Given a frame class J and a fragment £ of ML(~), let SAT (£, J) denote the set of all
L-formulas that are satisfied in a model (X, T) where X = (F,V) and F € F. Define
VAL(L, J) analogously.

For example, ECL € SAT(ML(~),K), but EOL ¢ SAT(ML(~), D4).

Ladner’s theorem [94, Theorem 3.1] implies that classical modal satisfiability and
validity are PSpace-hard for any frame class between S4 and K, i.e., the complexity does
not change for restricted frame classes. This includes all the above frame classes. We
show an analog to Ladner’s theorem for team semantics, in the sense that the complexity
of ML(~) does not decrease for any frame class between S4 and K.

Theorem 4.35. Let J be a frame class such that S4 C § C K. Then SAT(ML(~),JF) and
VAL(ML(~), J) are hard for Tower(poly), and SAT(MLy(~),F) and VAL(MLy(~),F) are
hard for ATiME-ALT(expy, 1, poly), for k > 0.

The hardness is shown by a reduction from the case of unrestricted frames, i.e.,
SAT(MLy (~), K) <1§’1g SAT(MLx(~), ). The proof for ML(~) (i.e., unbounded modal
depth) is similar. Also, the reduction for VAL is clear.

As a part of the reduction, we use a class of models that are “stratified” in the following
sense. Given a formula ¢ € MLY (~), we introduce new propositions {o, ..., {x ¢ @ that
mark the layers of different height in a structure. For this to be a consistent labeling, we
use propositional formulas A; = ¢; A /\]- i that exclude all but one ¢; from being true
in each world. Given a ® U {{, ..., {}-structure X = (W, R, V), let X° := (W, R°, V) be
the structure where only “good” edges are retained, i.e., between layers with numbers i
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and i+ 1, respectively:

k—1
R®=RN [ J (V&) x V(tii1).
i=0

On the formula side, we mirror this by changing the modalities such that all “bad”
edges are ignored. For this, we inductively define the formula ¢ from ¢ as follows. The
propositions and Boolean connectives are unchanged, i.e., pt :==p forp € ®, (P A0)" :=
PEABYL (~P)ti=~pt, (P VO =PtV Ol For the modalities, let (O1p)t := O(Ajp 1 APiFT)
and (W) := Oy = pHT).

The next lemma now states that we can arbitrarily add “bad” edges as long as each
world has a well-defined “layer”.

Lemma 4.36. Let k > 0. Let X = (W, R, V) be a structure such that V(£;) NV (¢;) = 0 for all
0<i<j<k

Then, for all i € {0,...,k}, teams T C V(&), and formulas \ € MLy_;(~), it holds that
(K, T) E Yt ifand only zf Ke,T) E .

Proof. By induction on . Let X, i, T be as above.

e Atomic propositions are clear, and the Boolean connectives and splitting follow
easily from the induction hypothesis.

o Let{p = 06 € MLy_i(~). In this case, k —i > 1,s0 k > i+ 1. Now suppose
(K, T) E P, ie., (K,S) E Ay A 04T for some R-successor team S of T. Then
observe that S € V(¢ 1), and 8 € MLy_(;11)(~). Consequently, by the induction
hypothesis, (X°,S) E 6. S is also an R°-successor team of T, since (w,v) € R
is retained in R° for every (w,v) € V({;) x V({i;1), and we have T C V({;) and
S C V({iy1). This proves (X°,T) E .

Conversely, if (X°,T) & 1, then (X°,S) F 6 for some R°-successor team S of
T. However, any R°-successor team of T is a subset of V(¢;1). This is because
i+1 <k soT C V() implies TN V(¢) = 0 for all j # i, which means that
any outgomg R°-edge must lead into V(€1+1 ). Consequently, we obtain both
(X,S) F €1 and by induction hypothesis (X, S) F 0**+1. This ultimately yields
(K, T) E Yt = Ol ABHHT), since the R°-successor team S is trivially a R-successor
team of T.

e Lety =00. Then:

(I, T)E Pt < (K,RT) F (Gipq < 011 (def. ¢t = (06)")
& (K, RTN V(L)) E 0! (def. <)
& (K, RTN V(i) EO (induction hypothesis)
(%) & (K°,R°TEO
& (KO, T) E

111



4 The complexity of modal team logic

For (), we show that R°T = RT N V({;;1). Clearly R°T C RT and by a similar
argument as before we have R°T C V({i; 1), which proves “C”. Conversely, if
w € RTNV({i 1), then (v,w) € R for somev € T. As (v,w) € V({;) x V(£i 1), then
(v,w) € R°, hence w € R°T This shows “D". O

We proceed with the proof of the full theorem.

Proof of Theorem 4.35. The reduction is now

K Kk
(p»—>(p’::€o/\(p0/\/\Di\/?\j
i=0  j=0

We proceed with proving the correctness of the reduction, i.e., ¢ is satisfied in an
arbitrary model if and only if ¢’ is satisfied in a reflexive and transitive model.

“="": First, assume that ¢ € ML (~) is satisfiable by some model (X, T). We show that
¢’ has a reflexive and transitive model.

By Corollary 4.22, w.l.o.g. (X, T) is a forest of height k with the set of roots being
T. W.l.o.g. the propositions {o,...,{x (which we can assume do not occur in ¢) ap-
pear in X as follows: V({;) = R'T, thatis, V({y) = T, V({1) = RT and so on. The sets
V(Lo), V(£1),...,V(lx) are then pairwise disjoint since X is a forest.

This enables us to apply the lemma. Let R* be the reflexive transitive closure of R
and X* := (W,R*, V). We will show below (R*)° = R. Then by the lemma we obtain
(K*,T) E ¢°, and since we ensured (K*,T) E ¢y A /\]f:O at \/}‘:O A;j from the beginning,
(*,T) is then a reflexive transitive model of ¢’.

It remains to prove (R*)° = R. It is easy to see that R = R° C (R*)°. For the other
direction, suppose (w,v) € (R*)°. By definition of (R*)®, there is i such that w € V({;),
v € V(li41), and v is reachable from w by some R-path (uo,...,u,) where w = upy and
v = u, (and possibly n = 0). But since up € R'T, for all m it holds u,, € RV ™T =
V(liym). AsV({i n)N V(i 1) =0 forn #1,we concluden =1, so (w,v) € R.

“<": Suppose ¢’ = lo A ° A AK_, O \/;;O A; is satisfiable by some model (X, T).
Wlo.g. (K, T) again is a directed forest of height k. The large conjunction then has the
effect that every world in X satisfies precisely one ¢;. Moreover, (X, T) F {,. For these
reasons, the lemma again applies, and from (X, T) F ¢° we conclude (X°,T) F ¢, so ¢
is satisfiable. O

Originally, Ladner [94 ] proved the hardness of the satisfiability problem of modal
logic by a direct reduction from the satisfiability problem of QPL. The proof worked,
like our result, for any frame class between S4 and K. The new part of our result here
is that such a flexible reduction is not only possible from, say, QPL, but even between
different frame classes of modal logic. This way, it is also applies to modal team logic
and possibly other logics as well.
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4.9 Filtration in team semantics

Next, we study a model-theoretic concept called the filtration technique. Filtration turned
out to be a powerful tool to prove that a logic has the small model property. This property
states that, if a formula ¢ has a model, then ¢ has a model that obeys a specific size
bound. If this is for instance an exponential size in |¢|, then the logic has the exponential
model property. Prominent examples of logics with this property are modal logics [9],
dynamic and temporal logics [30], and even fragments of first-order logic [48]. The
application of filtration to modal logic seems to go back to Segerberg [127] as well as
Gabbay [35].

In this section, we adapt the filtration technique to team semantics, and prove the
exponential model property for a non-trivial fragment of ML(~) we call ML(mon).

4.9.1 Morphisms and filtrations

Definition 4.37 (Modal homomorphism). Let X = (W,R,V) and X’ = (W’,R’, V') be
Kripke structures over ® C Prop. A mapping h: W — W’ is a homomorphism, in symbols
h: X = X/, if

(1) forallp € @, if w € V(p), then h(w) € V'(p)
(2) for allw,v € W, if Rwv, then R'f(w)f(v).
If h is additionally surjective, then X’ is called morphic image of X and written h(X).

If ~ is an equivalence relation on a set S, then [s]x := {s’ € S| s’ ~ s } denotes the
equivalence class of s € S. The set of all equivalence classes in S is the quotient S/~ =
{[sl~ | s € S}, and the index of ~ is the cardinality |S/~|. For a subset U C S, let U] :=
{[s]x~ | s € U}. We often will drop the subscript and write [s] and [U]. If ~ and =~ are
equivalence relations on S such that s =’ s’ implies s ~ s/, then =’ is a refinement of
~. Given two equivalence relations ~1,~; on §, their intersection ~; N ~; is again
an equivalence relation on S and a refinement of both ~; and ~;, and |S/~,n~,| <
1S/ 7118/, |-

Definition 4.38 (Filtration). Let X = (W,R,V) be a Kripke structure. Let ~ be an
equivalence relation on W. Then the Kripke structure (W’,R’, V') defined by

R'Wlv] < 3w’ € W], € [v] such that Rwv,
Wl e V'(p) & WInV(p)#0,

is the filtration of X through ~, denoted K /~."

Every filtration of a structure is also a morphic image of it, via the mapping w — [w].

'The definition used here is also known as the minimal filtration.
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Standard modal logic has, for any given formula « € ML and model X, a filtration
down to a model of « of size exponential in |«|. The approach is the following: For a
fixed Kripke structure X = (W,R, V) and a subset I' C ML, we define an equivalence
relation ~r on W such that w ~r w’ ifand only if V& € I": (X, w) F o & (K, w’) F a. The
result is the next theorem, which is standard (see, e.g., Blackburn and van Benthem [9]):

Theorem 4.39. Let X = (W, R,V) be a Kripke structure, and let T C ML be closed under
taking subformulas, i.e., sub(l") = T'. Let =’ be any refinement of ~r. Then (X,w) E o iff
(K/~ry Wlnr) E o, for all formulas o € T and worlds w € W.

Corollary 4.40 (Small model property of modal logic). Every satisfiable formula x € ML
has a model of size at most 2/,

4.9.2 Strongly invariant formulas

An obvious generalization of Theorem 4.39 is to replace the universal quantification of
worlds by that of teams. It is plausible that a similar inductive proof works for teams.
The next definition yields some filtration results for team semantics, but its limits are
quickly reached, as we see later in this section.

Definition 4.41. If X = (W, R, V) is a Kripke structure, T C W is a team, ~ is an equiva-
lence relation on W, and ® C ML(~), then =~ is

o O-invarianton (K, T)if Vo e @ : (K, T)F ¢ & (K/~,[Tlx) E @,
o O-invariant on X if itis (X, T)-invariant forall T C W,

o strongly ®-invariant on X (resp. (X, T)) if every refinement =’ of ~ is ®-invariant
on X (resp. (X, T)).
Recall that sub(T") is the closure of I' under taking subformulas.

Proposition 4.42. Let ' C ML. Then on any structure X, the corresponding equivalence
relation ~qp(ry is strongly T-invariant on X.

Proof. Let X = (W, V,R), and let =’ be a refinement of ~,,(ry. We have to show that ~’
is a-invariant on X for all « € T. By Theorem 4.39, it holds w £ « < W]~/ E o for all
w € W. The statement is then proven, since forall T C W,

TFEF«
S VweT:wka (flatness)
S VweT: Wla Fa (by assumption)
& Viwla € [Tyt Wla Fa (def. [T]~)
< My Fa (flatness) [

The above result demonstrates that team semantics supports filtration when restricted
to flat formulas. Next, we proceed with non-flat fragments of ML(~) and show that they
still admit filtration.
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Definition 4.43 (B- and S-closures). If ® C ML(~), then B(®) is the closure of ® under
~and /A, and §(®) is the closure of ® under ~,/\ and V.

Clearly ® C B(®) C §(®) C ML(~).

Lemma 4.44. Let X = (W, R, V) be a structure and ® C ML(~). If ~ is (strongly) ®-invariant
on X, then ~ is also (strongly) 8(®)-invariant on XK.

Proof. The proof is by induction on ¢, where ¢ € §(®). The inductive step is clear for
the truth-functional connectives on the level of teams, i.e., ~ and A.

Next, suppose ¢ =11 V,. Let (K, T)FeviaSuUU=T,SE{; and UF {,. Then
clearly [T]x~ = [S]x U [U]~. By induction hypothesis, [T]~ F 7 V .

Conversely, let [T]x F ¢ via teams S,UC W/~ such that SUU = [Tlx, S F V7 and
U k ;. There is not necessarily a unique choice of S,U C T such that [S]» = S and
[Ul~ = U, so we choose corresponding S and U as large as possible to ensure T is covered
by SUU. Namely, defineS:={weT|wlx €S}andU:={weT|wl €U} Ifnow
w € T, then W]y € [Ty, so [W]x € S or W]x € U, and consequently w € Sorw € U.
Therefore T C S U U. By definition S, U C T,so T=SUU.

To show that T F 11V, follows from the induction hypothesis, it remains to show that
actually [S]~ = S resp. [U]~ = U holds. Suppose [wlx € [S]~. (The proof is analogous
for U). Then by definition of [-]~ there exists W € S such that W ~ w, again implying by
definition of S that [W]~ = W]~ € S. Hence [S]~ C S.

Let conversely [w]x, € S. Then [w]x N T is non-empty, since otherwise [wl~ ¢ [Tl~ by
definition of []~, contradicting W]~ € S C [T]~. Hence there exists some w € T such
that w ~ w. Since w € T and W]~ = W]~ € S, it follows w € S by the definition of S, and
hence W]y = [W]x € [S]~ as desired. O

Theorem 4.45. For every Kripke structure X and every finite ® C §(ML) there is an equivalence
relation of index at most [ [, ¢ ¢ 2\l that is strongly ®-invariant on XK.

Proof. LetT :=sub(®)NML. By Proposition 4.42, ~ is I'-invariant. I < Z(PE(D lpl, so ~r
has indexatmost [ [, ¢ 2lel, Since ® C §(T'), the theorem follows from Lemma 4.44. [

Corollary 4.46. Every satisfiable ¢ € S(ML) has a model of size at most 2/®!.

Based on these results, it appears that (strong) invariance is a natural property of
filtrations. It seems like a straightforward tool to generalize the usual filtration technique
to team semantics. However, it is inadequate when team-wide modalities come into
play, as the following counter-example shows. Recall the PL(~)-formula from p. 87,

max(®) :=~\/ dep(p),
ped

due to Hannula et al. [56], where @ C Prop is a finite set of propositions, and dep(p) :=
p @ —p. Clearly, max(®) has length O (|®|). It is true in a team T if and only if all Boolean
assignments to variables in ® appear in T. The following counter-example is based on
it. It even applies to a more general notion of homomorphism than filtration.
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Definition 4.47. Let h: X — X’ be a homomorphism between Kripke structures and
® C ML(~). If Tis a team in X, then h(T) :={h(w) |[w e T}

e his O-invariant on (I, T) if (K, T)E ¢ & (X', h(T)) E ¢ forall ¢ € O,

e his ®-invariant on X if it is ®-invariant on (X, T) for all teams T in X.

We simply write @-invariant instead of {¢}-invariant.

Theorem 4.48. Let ® C Prop and ¢ = Omax(®). Then there is a structure X such that the
image of any homomorphism that is @-invariant on X has size at least 22",

Proof. Let @ := {p1,...,pn}. Define X = (W,R,V) as follows. Let W be the set of all
propositional teams over @, that is, W := p(® — {0, 1}). Consequently, [W| = 22",

For any singleton X = {s} € W of exactly one assignment s, let {s} € V(p) & s(p) =1,
thatis, worlds in the Kripke structure that are singletons mimic the propositional labeling
represented by their unique member. In all other worlds, all propositions are true, i.e.,
if [X| # 1, then X € V(p) for all p € ®. Finally, for all X € W and s € X, add the edge from
X to {s}.

Let now h(X) be a morphic image of X with h being ¢-invariant. As a first step, we
show that h is also p-invariant for all p € ®, which is not clear just from the fact that is
g-invariant. By definition of homomorphism, X E p implies h(X) E p. For the converse
direction, suppose X ¥ p but h(X) F p for some X € W and p € ®. Then by construction
of V, X must be one of the singletons {s} € W for s: ® — {0, 1}. It is not hard to see that of
the 2™ — 1 assignments with at least one zero, only 2™ — 2 of them occur as the valuation
of a world in h(X). As a consequence, no team in h(X) can satisfy Omax(®) anymore,
and in particular not h(T). So X ¥ p must imply h(X) ¥ p.

Next, we come to the actual proof. Suppose that the image h(X) has less than 22"
worlds. Then h is not injective, i.e., h(X) = h(Y) for some distinct X,Y € W. W.Lo.g.
there is an assignment s € X\ Y. Let Z := (® — {0, 1}) \ {s} and consider now the team
T :=1{Y, Z}. Neither of its element has {s} as successor, and no edges lead to non-singleton
elements of W, and so there is no edge from T to any world with the same propositions
as in the assignment s. Hence T ¥ Omax(®). But below we show that h(T) & Omax(®),
which contradicts the fact that h is @-invariant, so h(X) must have 22" or more worlds.

By definition, Z has {s’} as successor for any assignment s’ # s. Recall that h(X) = h(Y),
so h(T) = {h(Y),h(Z)} = {h(X),h(Z)} = T’. But the team T’ is a team in h(X) that
satisfies Omax(®), since h preserves edges, and so h(X) has successor h({s}), and h(Z)
has successor h({s'}) for all s’ # s. O

Corollary 4.49. There are families (¢n)n>0 of PL(~)-formulas of size |on| € O (n) and struc-
tures (K )n>o such that every Oy -invariant equivalence relation on Ky, has index at least
22",

Recall that by Theorem 4.45, §(ML) has filtration down to an exponential model. Hence
there is a succinctness gap between §(ML) and §(ML) preceded by modal operators.
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Corollary 4.50. There is a family (¢n)n>o of S(ML)-formulas of size O (n) such that every
8(ML)-formula equivalent to D¢y, has length > 2™.

Also, any homomorphism invariant for Omax(®) is also invariant for TV {max(®),
which is shown similarly to Lemma 4.44. But TV Omax(®) = Omax(®), so as before,
no ¢max(®@)-invariant homomorphism exists for X with an image of size < 22",

Corollary 4.51. There is a family (¢n)n>o0 of S(ML)-formulas of size O (n) such that every
8(ML)-formula equivalent to @y has length > 2™.

However, if ¢ € B(ML), then O has an equivalent B(ML)-formula of length only
< 2|¢|. The translation is performed by O~ = ~[Chp and O(p AY’) = Op Ay,

Corollary 4.52. There is a family (@n)n>0 of S(ML)-formulas of size || € O (n) such that
every B(ML)-formula equivalent to ¢, has length > 2™.

In other words, O is easy to distribute over A and ~, but hard to distribute over Vv, and
8(ML) is exponentially more succinct than B(ML).

4.9.3 A weak filtration for monotone modal team logic

An exponential model property can be obtained for larger fragments of ML(~), provided
the requirements of filtration are weakened properly. An obvious candidate is the
invariance property. To find a small model of ¢ starting from a given model (X, T), it is
unnecessary to have ~ preserved as well; hence we replace invariance by an asymmetric
feature called preservation.

Moreover, a filtration ~ does not need to preserve a formula ¢ in all teams of a model
(X, T) — having ¢ true in [T]x would be completely sufficient. For this reason, we do
not define preservation on the whole structure X, but only locally:

Definition 4.53. If ~ is an equivalence relation on a Kripke structure X = (W,R,V),
T C Wisateam, and ® C ML(~), then =~ is

o O-preserving on (K, T)ifVo e @: (K, T)E @ = (K/x,[Tlx) F @,
o strongly ®-preserving if every refinement ~’ of ~ is ®-preserving.

The above property is clearly not closed under negation, but still closed under the
modal connectives. In this context, we consider the ML(~) operators /A, V, { and O as
monotone, and also add the Boolean disjunction @ as a primitive connective. Based on
these, we define the following fragment.

Definition 4.54. The monotone fragment ML(mon) of ML(~) is defined as the closure of
8(ML) under A, @, V, 0 and ¢.

In a series of lemmas, we will prove the following upper bound for this restricted
fragment:
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Theorem 4.55. For every finite ® C ML(mon), every structure X = (W, R, V), and every team
T C W, there is an equivalence relation of index at most [ [ , < ¢ 2!l that is strongly ®-preserving
on (K, T).

Note that we still quantify over all teams T, but are allowed to choose a different
filtration for each team. The order of these quantifications makes a crucial difference
here, in particular it eliminates the vulnerability against the method of Theorem 4.48
for filtration lower bounds.

In the following lemmas, let X = (W, V, R) be a Kripke structure and ~ an equivalence
relation on W, and accordingly X/~ = (W/~,R’,V’) as in Definition 4.38.

First we prove that subformulas starting with ¢ are preserved.

Lemma 4.56. If S is a successor team of T, then [S]~ is a successor team of [T]x.

Proof. Suppose that S is a successor team of T. We have to show that every (w] € [T] has
an R’-successor in [S] and that every [v] € [S] has an R’-predecessor in [T]. Let [w] € [T],
then w’ € T for some w’ = w. w’ has an R-successor v € S, so [v] € [S]. But Rw’v implies
R’'w’][v], so [w’/] = [w] has an R’-successor in [S].

Conversely, if v] € [S], then v’ € S for some v/ ~ v. v/ has an R-predecessor w € T.
However, Rwv’ again implies R’[w][v'], so R’[w][v] for some [w] € [T]. O

Formulas starting with [ are similarly preserved in teams T, at least as long as the
filtration does not cross the boundaries of the preimage team T:

Lemma 4.57. If S is the image of T, and T is closed under ~ (i.e., w ~ w’ and w € T implies
w’ €T), then [S] is the image of [T].

Proof. As in the previous lemma, every [v] € [S] has an R’-predecessor in [T]. It remains
to prove that [S] contains all R’-successors [v] of all [w] € [T]. Let R’[w][v] for [w] € [T].
There exist w’ ~ w and v’ ~ v such that Rw’v’. By assumption of the lemma, w’ € T, so
its R-successor v must be in S, and [v/] = [v] € [S]. O

It is easy to verify that the converse of the above two lemmas is false, or in other words,
that the negations of modal operators are not preserved in filtrations.
We are now ready to prove the theorem.

Proof of Theorem 4.55. Let X = (W,R,V), T C Wand ® C ML(mon) be as in Theorem 4.55
such that (X, T) £ ®. Below, we define an equivalence relation ~ and show that ¢ :=
Ayeo ¥ is strongly preserved.

By definition of ML(mon), ¢ is a monotone combination (i.e., using only operators
N, @,V,0,0) of §(ML) formulas. We exploit the monotonicity and define a witness team
T* () for subformulas 1\ of ¢. W.Lo.g. every subformula of ¢ occurs only once in ¢.
The idea is that it suffices to preserve these subformulas in their corresponding witness
teams instead of the whole structure.

The team T* (1) C W is defined top-down for each{ ¢ $(ML) such that (K, T*(\)) E 1.
Accordingly, we start by setting T*(¢) := T. Whenever T*(Chp) is defined for Chp € sub(¢),
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set T*({) := RT* (). Intuitively, if the team T’ := T*(Chp) witnesses [hp, then the team
RT’ must witness 1.

Similarly, T*(0y) must have a successor team S that satisfies ), so set T*({) = S.
Any team T*((p V'), for p V1’ € sub(g), likewise can be split into S = and U E 1)/,
consequently then T*({) := S and T*(}’) :== W. If p =P’ APp” orp =9’ @ " isin
sub(¢), then T*(’) and/or T*(\") simply equals T* ().

The equivalence relation ~ is now constructed as follows. Similarly as in Theorem 4.45,
let T := sub(¢@) N ML. Define ~’ as the coarsest refinement of ~ that does not cross
the boundaries of witness teams T*(1), i.e., w &’ w’ if and only if w ~r w’ and, for all
P esub(@),we T*(p) &w € T*(V).

Lemmas 4.56 and 4.57 now allow to prove (X/~», [T*()]~~) E 1 for any refinement
~'" of &', and any 1\ € sub(¢), by induction on . The splitting case is handled as in
Lemma 4.44. As ~’ has index at most 2/sub(®)NMLI. 7lsub(@NS(ML)I  2l@l this proves the
theorem. O

Corollary 4.58. Every satisfiable formula @ € ML(mon) has a model of size at most 2'®!.
Proposition 4.59. The satisfiability problem of ML(mon) is ATiME-ArLT(exp, poly)-complete.

Proof. The hardness already holds for PL(~) [56], which coincides with the modality-
free fragment of ML(mon), so we only need to prove the upper bound. By Theorem 2.32,
the model checking problem for ML(~) is decidable by an alternating Turing machine
that with runtime polynomial in |X| + || and alternations polynomial in |¢|. This allows
to decide the satisfiability problem of ML(mon) as follows. Given a formula ¢, guess a
Kripke structure X of size up to 2/®! and a team T in K. Then execute the above model
checking algorithm on (X, T, ). By the preceding corollary, the algorithm decides
ML(mon) in exponential runtime and with polynomially many alternations. O

4.10 Summary and outlook

4.10.1 Summary

Theorem 4.32 settles the complexity of ML(~) and proves that its satisfiability and
validity problems are complete for the non-elementary complexity class Tower(poly).
Moreover, the fragments MLy (~) are proved complete for ATiME-ALT(expy 1, poly), the
levels of the elementary hierarchy with polynomially many alternations.

In our approach, we developed a notion of (k-)canonical models for modal logics
with team semantics. We demonstrated that such models exist for ML(~) and MLy (~).
Moreover, we also proved a matching lower bound for this (Theorem 4.24) in the sense
that small MLy (~)-formulas exist that are satisfiable, but only have k-canonical models.

Afterwards, we considered variants of the satisfiability problem for ML(~). We showed
that it is as hard as the original problem when ML(~) is interpreted in strict semantics,
and in fact already for O-free formulas with O and either \ or V. Also, any restriction of
the satisfiability problem to a frame class that includes at least the reflexive transitive
frames is at least as hard.

119



4 The complexity of modal team logic

Using the filtration method, we found the fragment ML(mon) of ML(~) with its satis-
fiability problem in ATiMe-Art(exp, poly). It seems that there is a tipping point with
respect to the complexity of the satisfiability problem: ML-formulas, and their closure
under /\,VV and ~ are easy to solve. Furthermore, adding a layer of ¢, O, V, ® and N\
around these (resulting in ML(mon)) does still not increase the complexity. The jump
in computational hardness happens as soon as \V as well as O and/or ¢ are allowed to
occur negatively. A close inspection of the proof of Theorem 4.19 and the following
theorems show that universal splitting quantification, and thus negatively occurring V,
is indispensable in order to define subteam quantifiers, which we utilized to define
bisimilarity and canonicity. For this reason, the reduction cannot work in ML(mon),
which explains why the latter has only elementary complexity.

4.10.2 Open problems and further research directions

Canonical models. In future research, it could be useful to further generalize the
concept of canonical models to other logics with team semantics. As a first idea, in
their proof that the satisfiability problem of FO? is in NExpTimE, Gradel et al. [48]
defined types as maximal consistent set of literals quite similar to our definition of
(@, k)-types in Definition 4.1. Can this approach be adapted to a notion of canonical
models for FO?(~)? In this vein, can a small model property can be achieved, perhaps
again by filtration? This would also be interesting because for the fragments MLy (~) of
bounded modal depth k we obtained completeness results for the levels of the elementary
hierarchy. The corresponding fragments of first-order logic would be FOZ(~), the two-
variable fragments with additionally bounded quantifier depth k. Since the model
checking problem of FOf (~) also is in AP (see the next chapter), this would imply that
its satisfiability problem is complete for ATiME-ALT(expy, 1, poly) as well.

In principle we could solve FO7 (~) by expanding its formulas as in the result Corol-
lary 3.92, but that translation is non-elementary in the nesting depth of ~, even if k
is constant. Hence, for the fragment FOﬁ(~), it seems that a detour via a small model
property is necessary, similar to MLy (~).

Strict semantics and frame classes. Two other open problems are the matching upper
bounds for Theorems 4.34 and 4.35. Does the complexity coincide with the case of lax
semantics and arbitrary frames? To solve these issues, it seems that the model theory of
modal team logic has to be refined. For example, what is the analog of Proposition 2.30
for strict semantics? More specifically, what is a suitable notion of bisimulation =
such that (X1, Ty) =2 (K3, T2) if and only if (X;,T;) and (K,,T,) satisfy the same
MLy (~)-formulas, but with strict semantics?

It seems that any sensible notion of bisimilarity, canonical model and types for strict
semantics has to account for multiplicity of types, so an approach similar to, e.g., the

multiteam semantics by Durand et al. [26] seems to be a good starting point.
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Parameterized complexity. In parameterized complexity theory, introduced by Downey
and Fellows [25], decision problems are studied with respect to a so-called parameter
k, which is a function that maps every input to a natural number. A problem is called
fixed-parameter tractable (fpt) if it is decidable in time f(k(x)) - [x|°'") for some computable
function f. The idea is that the runtime of the algorithm, even if it may depend on «(x), is
reasonably short if we assume « to take only small values on “practical” input instances,
and indeed many NP-complete problems turn out as fpt. In the area of team logic,
recently Meier and Reinbold [113] studied the enumeration complexity of a fragment of
propositional dependence logic in terms of parameterized complexity. In the same vein,
Mahmood and Meier [110] considered the model checking problem of PL(dep).

In modal team logics, several measures suggest themselves as a parameter. Examples
include the modal depth of formulas, the nesting depth of ~, the number of occurring
propositions, the size of the team, or the treewidth of the underlying syntax dag of
the input formula. Parameters such as the modal depth, number of propositions, or
treewidth have already been studied in the setting of temporal logic (cf. Liick and
Meier [106] and Liick et al. [107]) and modal logic (cf. Achilleos et al. [3]). Investigating
those parameters potentially leads to new progress on the complexity of (modal) team
logic.
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In the past decades, the work of logicians has unearthed a plethora of decidable frag-
ments of first-order logic FO. Many of these decidability results are rooted in a finite
model property: if there exists a (computable) upper bound on the size of minimal
models with respect to a class of formulas, and the logic admits effective model checking,
then the question of satisfiability can be settled by exhaustively searching all structures
of suitable size. Prominent examples are logics with restricted quantifier prefixes, such
as the BSR-fragment which contains only 3*v*-sentences [122]. Others include the
monadic class [98], the guarded fragment GF [4, 45], the recently introduced separated
fragment [133, 140], or the two-variable fragment FO? [48, 116, 126], which all are de-
cidable. The above fragments all have been subject to intensive study with the purpose
of further pushing the boundary of decidability.

In this chapter, we continue this line of research in the setting of team semantics.
We study the logic FO(~), that is, first-order team logic with negation but no atoms of
dependence. In the following sections, we show that FO(~) shares many nice properties
with FO, including several decidable fragments. First, in Section 5.1, we revisit the idea
of normal forms which we treated abstractly in Section 3.7, and now give some concrete
applications for the case of first-order logic. One is the result that FO(~) is recursively
enumerable, and hence of the same complexity as FO, that is, its satisfiability problem is
T9-complete. Moreover, in the same spirit, we consider an analog to two-variable logic
FO? and the guarded fragment GF in team semantics, which we call FO?(~) and GF(~),
and prove upper bounds for their complexity.

Next, in Section 5.2, we show that the classical standard translation from ML to FO?
can be generalized to team semantics. With minor adaptations, we show that there is a
similar translation from ML(~) to FO?(~). This also carries the lower bounds from the
previous chapter into the first-order setting.

Finally, in Section 5.3, we study FO(~) from the perspective of model theory and prove
a variant of L.o$’s ultraproduct theorem. Roughly speaking, it states that a structure and
its ultrapower satisfy the same first-order formulas. We adapt this to team logic, which
includes a novel definition of the ultraproduct of teams, and prove an analogous result
for FO(~)-formulas. This also entails, for instance, a variant of the compactness theorem
for FO(~).

5.1 Upper bounds for satisfiability and validity

Several results on dependence logic and its variants stem from the well-known trans-
lation to second-order logic due to Vddndnen [135] and Kontinen and Nurmi [84].
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Distributive laws for @ over /A, V,3,V:

(07 @02)N03 = (61 AN03)@(02A03) 07 A(02@03) = (07 A02) @ (67 AO3)

(07 @02) V03 =(01VO3)@(02V03) 07V (02@03) = (0;V02)©(67V03)
Ix(07 @ 0,) = (Ix07) @ (Ix03) Vx(01 @ 03) = (Vx07) @ (Vx03)

Distributive laws for A over V, 3, V:

(oc/\/\ieIEﬁi)\/h//\/\jelEéj) = (VYA Nier E(@ABI AN ElY A )
Ix(a A Ajer E[S ) (Fxa) A Ajer EFx(x A B1)
Vx (e A N\ (Vxo) A Ajer EFx(ae A By)

‘LEI

Table 5.1: Distributive laws for FO(~)

Dependence logic FO(dep) and team logic FO(dep, ~) are equivalent to existential and
tull second-order logic, respectively, so it appears there is not much left to say from a
model-theoretic or complexity theoretic perspective.

The logic FO(~) on the other hand has no such known characterization. For sentences,
it collapses to FO [38], and otherwise it can only express Boolean combinations of flat
formulas (recall that Ey = ~—y):

(pz@ (Xi/\/\ E[Si,j

iel SN

This was first shown in [100, Thm. 7.5]. (We called this quasi-flat in Corollary 3.92, and
the above form in particular (@/\)-normal form.)

As a consequence, in the spirit of Kontinen and Nurmi [84] we can translate FO(~)
without using any second-order quantifiers. The result is a Boolean combination of
formulas of the form VX(R(X) — «(X)) (where R is a new relation variable not appearing
in o that represents the team), but this is not a particularly natural fragment of first-order
logic.

The above normal form can be achieved by repeated application of the logical laws
depicted in Table 5.1. For the distributive laws for @, see Galliani [38, Prop. 5] or
Proposition 3.40. The other laws were proven in general form in Lemmas 3.83 and 3.84.

A similar but independent result by Galliani [38], which was discovered earlier
already by Yang [142] in the propositional setting, is that every FO(~)-formula can be
written as:"

o=@ | «V V (BiyAnE)

iel j€i

In the case of downward closed team logic, we can omit the NE atom. For dependence logic, the
corresponding normal form appeared already in Abramsky and Véddnénen [2, p. 304].
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We called this form (@V)-normal form in Subsection 3.7.1. We also showed that these
normal forms are easily mutually derivable, since

o A\ /\ EBij = o V \/ ((eg A Bi,j) /ANE),
SIS SIS

and conversely

o V \/(Bi,j ANE) = (axV \/ Bij) A /\ EBi,;-

j€Ji j€]i jeJi

The above normal forms offer a point of attack for complexity theoretic considerations.
In particular, by such a translation we establish a new decidability result for two-variable
team logic FO?(~). More precisely, we show that satisfiability and validity of FO?(~) are
Tower(poly)-complete. This is an interesting result when compared with two-variable
dependence logic, in our notation called FO?(dep). These logics are incomparable in
terms of expressive power, since FO?(dep) is downward closed and FO?(~) is not, but
dep(x) is expressible in FO?(dep) and not in FO?(~) [38]. (The same holds without the
restriction to two variables).

From the viewpoint of computational complexity, we now obtain a similar result.
Specifically, FO?(dep) has an undecidable validity problem [81], but only a NExpTiME-
complete satisfiability problem [80]. By contrast, satisfiability and validity of FO?(~) are
complete for Tower(poly). That means that FO?(dep) and FO(~) are also incomparable
in terms of their computational complexity.

5.1.1 Computing the normal form

For the sake of self-containedness, we repeat some terminology from Chapter 3 and
concretize it to first-order logic.
We say that a 0-FO(~)-formula is in (@/\)-normal form if it is of the form

Y= @ i /A /\ EB (i)

iel j€li

for finite sets I, J; and o-FO-formulas «, (i j)-

A formula is quasi-flat if it is equivalent to a formula in (©@/\)-normal form. In this
chapter, we do not use the (@V)-normal form, so let us just refer to the (@/\)-form as
normal form.

Theorem 5.1. For every ¢ € o-FO(~), there exists an equivalent formula\p in normal form
computable from @ in time expg(|,)(1).

The first part, i.e., that there exists such a translation, was already shown in Chapter 3,
in particular in Corollary 3.92. However, the abstract proof can be greatly simplified if
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we restrict ourselves to first-order logic. Let us sketch an outline of the proof for this
special case.

Proof. Applied to 0-FO(~), the idea of the proof of Theorem 3.89 boils down to the
distributive laws depicted in Table 5.1. The algorithm that computes 1} from ¢ proceeds
as follows. As long as there exists a subformula 6 of ¢ that is not in normal form,
pick one of the shortest such subformulas and replace it by a normal form in a case
by case distinction regarding the outermost operator, as shown below. Suppose 8’ =

Qicrlai A Ajey, EBij) and 07 = @ (vi A /\1'6]{ Edi5)-
o 0 = Aicr (g A /\].eIi Bi,;), which is flat.

o 0 = Aig(Emxy A @jeh —B4,j), which can be expanded into normal form by
standard propositional laws for @ and A.

o x0' = Qicq[(Fxei) /\/\je]i Edx(oq A Byl
[ ] Vxel = @iel[(vxoci) /\/\]EL Eax((xl/\ ﬁiaj)]'

[ ] e/ AV e/, = @(i,i’)GIXI/ (((X'L AN /\je}i EB’L,]) Vv (Yi/ A /\]’EII’ Eéi/‘j/))
=Qiyerxr (( Vyi) A Njeg, Elo ABi) A /\i’el{/ E(vir A\diry)).

Each of the above equivalences was shown in the proof of Theorem 3.89 and/or follows
from Table 5.1.

Since the number of subformulas that are not in normal form strictly decreases with
each step, at most || iterations are needed. Moreover, as the ~-case leads at most to
doubly exponential blow-up, and the other cases to at most polynomial blow-up, the
overall runtime is expg |, (1)- O

Clearly, the number of required elements in the team can be bounded from above by
the number of E-subformulas in the above normal form.

Corollary 5.2. If ¢ € FO(~) and (A,T) E o, then there is a finite subteam T' C T of size
expo(|)) (1) such that (A, T') F .

The above corollary is related to the notion of k-coherence. A formula ¢ is k-coherent
if a structure with team (A, T) satisfies ¢ precisely if (A,T’) E ¢ forevery T C T
with [T’] = k. However, the notions of k-coherence (for k > 2) and quasi-flatness are
orthogonal, as we show next.

Proposition 5.3. There are FO(dep, ~)-formulas \, @1, @2, ... such that \p is 2-coherent but
not quasi-flat, and for each k, ¢y is quasi-flat but not k-coherent.

Proof. The constancy atom 1\ := dep(x) is 2-coherent but undefinable in FO(~) [38],
which includes all formulas in normal form, hence dep(x) is not quasi-flat. For ¢y,

assume pairwise distinct constants c1,...,cx41 and let
P = @ V(x=cy).
IC[k+1] i€l
ITI=k
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The formula ¢y is not k-coherent, since in the team T = {s1,..., 541}, si(x) = cl, it is
false, but true in all size k subteams of T. It is however quasi-flat since each \/;;(x = ci)
is flat for all 1. O

5.1.2 An upper bound for FO(~)

Next, we show that the satisfiability problem of FO(~) can be reduced to that of mere
FO-sentences. Intuitively, this is because an existential literal of the form Ef3, which states
that the team contains some assignment satisfying (3, can be simulated by existential
quantifiers 3x; - - - Ix,, f. This leads to the next translation.

Theorem 5.4. For every o-FO(~)-formula ¢ in normal form there is a polynomial time com-
putable o-FO-sentence \ such that A =\ if and only if there is a team T such that (A, T) F ¢.
Moreover, T can be assumed to have size |T| < |o|.

Proof. Suppose ¢ € 0-FO(~) is of the form

(p:@ O(i/\/\ Eﬁi’j

iel j€Ji

for «y, Bi,; € FO. Let Fr(¢) ={x1,...,xn}. Then we define the sentence

P = \/ /\Hm - Ixn (o A Bij)

ielje]i

which is obviously polynomial time computable.

Now we prove the correctness as stated in the theorem. Suppose that thereisi € I
such that A E 3xq - - Ixn(a; A Bij) forallj € J;, and for each j let sj: {x1,...,xn} = A
be the assignment witnessing the existential quantifiers. Then (A, {s;}) £ a; A By; in
team semantics. Now by union closure (Proposition 2.11), (A,{s; | j € Ji}) F «. Also,
by upward closure of E-formulas (as their negations are downward closed (Proposi-
tion 2.11)), (A,{s; | j € Ji}) F EBy,;. Consequently, with the team T = {s; | j € Ji} we
prove the first direction.

Next, assume some team T such that (A, T) F ¢ viai € I, where (A,T) F «; and
(A, T) E EBy; for all j € Ji. The latter is witnessed by a family (s;);cj, of assignments
sj € T. Then for each j we have (A,{s;}) F Bi; and additionally (A,{s;}) F «; by
downward closure. Hence the assignment s; witnesses A F 3x1 - - - xn (a3 A By). O

Corollary 5.5. For every o-FO(~)-formula ¢ in normal form there is a polynomial time com-
putable o-FO-sentence \p such that o is satisfiable in team semantics iff \p is classically satisfiable.

We are now in the position to conclude the overall complexity of FO(~).

Theorem 5.6. The problem SAT(FO(~)) is T19-complete. The problem VAL(FO(~)) is Z?—com—
plete.
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Proof. The lower bounds already hold for FO, so we argue for the upper bounds. For
those, recall that classical satisfiability resp. validity of FO are complete for ﬂ? resp. Z?.

Given ¢ € FO(~), we compute a normal form \ of ¢ (Theorem 5.1). By the previous
corollary, we can then compute a formula 1\’ that is classically satisfiable iff 1 is satisfiable
in team semantics. Hence ¢ is satisfiable in team semantics iff 1" is classically satisfiable,
which reduces the problem SAT(FO(~)) to SAT(FO). As a consequence, SAT(FO(~))
is in T19. For VAL, ¢ is valid iff ~¢ is unsatisfiable, which is the complement of the
previous problem, so VAL(FO(~)) is in Z9. O

The approach of a translation to normal form is flexible enough to even yield decid-
ability results for fragments of FO(~), as is shown in the next subsections.

5.1.3 Two-variable logic

The logic FO™, called n-variable logic, is the fragment of FO that contains the formulas
o such that [Var(x)| < n, i.e., « contains at most n distinct variables (although it can
contain any variable arbitrarily often). By a famous theorem by Mortimer [116], FO? is
decidable. The result was subsequently improved to a sharp complexity bound:

Theorem 5.7 (Gradel etal. [48]). If o is a relational vocabulary, then SAT (0-FO?) is complete
for NExpT1IME.

For three or more variables, the problem again becomes undecidable [12].

We consider a similar fragment in team semantics. We define n-variable team logic,
0-FO™(~), as the fragment of 0-FO(~) that contains all formulas ¢ such that |Var(¢)| < n.
We notice that 0-FO™(~) admits the same normal forms as o-FO(~):

Theorem 5.8. For every ¢ € 0-FO™(~), there exists an equivalent formulap € o-FO™(~) in
normal form that is computable from @ in time expg(,))(1).

Proof. The proof of Theorem 5.1 does not introduce any new variables. ]

Theorem 5.9. For every o-FO™(~)-formula ¢ in normal form there is a polynomial time com-
putable o-FO™-sentence \p such that o is satisfiable in team semantics iff \b is classically satisfi-
able.

Proof. If ¢ is in 0-FO™(~), then the formula 1 constructed in the proof of Theorem 5.4
itself also is in 0-FO™, since again no new variables are added. O

Theorem 5.10. If o is a relational vocabulary, then SAT(0-FO?(~)) and VAL(o-FO?(~)) are
in TowEer(poly).

Proof. Completely analogous to Theorem 5.6. For the sake of self-containedness, we
sketch the algorithm for SAT.

Given ¢ € 0-FO?(~), first translate ¢ to an equivalent normal form ¢’ as in Corol-
lary 5.5. This takes time expy ;) (1). Next, translate ¢’ to a formula ¢” € 0-FO? that is

127



5 First-order team logic

classically satisfiable iff ¢’ is satisfiable in team semantics. This takes time polynomial
in '], so " itself is computable again in time expg|,)(1)-
Finally, the problem SAT(0-FO?) is in NExpTiME [48] and consequently in 2ExpTIME.
So to decide whether ¢ is satisfiable, we call the decision algorithm for FO? as a
subroutine on ¢"”. The overall runtime is still expg(|,)(1). As FO?(~) is closed under
negation, the algorithm for VAL is analogous. O

The classical two-variable fragment, FO?, is decidable in NExpTime, and hence ele-
mentary. However, this complexity is dwarfed by the cost of the translation into normal
form. So one could say that the complexity of the underlying classical logic vanishes
inside the TowEr(poly) upper bound.

5.1.4 The guarded fragment

Another well-behaved fragment of first-order logic is the guarded fragment by Andréka
etal. [4]. Itis called guarded because quantification can only be performed relative to
some atomic formula, called the guard of the quantifier. Guarded o-FO-formulas are
inductively defined:

e Any atomic o-FO-formula is guarded.
o If o, are guarded o-FO-formulas, then so are x A 3, « V 3, and —a.

e If xis a guarded o-FO-formula and vy is an atomic o-FO-formula, then 3x(y A «)
and Vx(y — «) are guarded o-FO-formulas, provided that Fr(x) C Var(y), i.e.,
every variable free in « occurs in the atomic formula .

The logic o-GF is now the fragment of all guarded o-FO-formulas.

Theorem 5.11 (Grédel [45]). Let o be a relational vocabulary. Then SAT (o-GF) is complete
for 2ExpT1ME, and for every n > 2, the problem SAT (o-GF"™) is complete for ExpTIME.

Next, we propose a definition of a guarded fragment in team logic, which we call
GF(~). Compared to the classical logic GF, there are only minor changes in the definition:

e Any atomic 0-FO(~)-formula is guarded.
o If ¢, are guarded o-FO(~)-formulas, then so are ¢ A, ¢ VI, ~p and —¢.

e If ¢ isa guarded o0-FO(~)-formula and vy is an atomic o0-FO-formula, then 3Ix(y A @)
and Vx(y < ¢) are guarded o-FO(~)-formulas, provided that Fr(¢) C Var(y), i.e.,
every variable free in ¢ occurs in the atomic formula .

Recall that o« < ¢ is defined as —« V' (x A @). There are technical reasons why this
change in the definition of guardedness is necessary, which will become clear later.

Definition 5.12. The logic 0-GF(~) is the fragment of all guarded o-FO(~)-formulas. The
logic 0-GF™(~) is the fragment of all formulas in o-GF(~) N 0-FO™(~).
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Distributive laws for @ over 3, V:
IxyI(601 @ 02) = (Ix[y]01) @ (3x[y]02)  Vx[¥I(61 @ 02) = (Vx[y]01) @ (Vx[v]62)
Distributive laws for A over 3, V:

Ixlyl(a A /\iGI ER+)
Vxlyl (e A /\iel EB1)

(Fxbyle) A Ajer E3xbyl (e A\ By)
(Vx[vle) A Aier EFxyI (A By)

Table 5.2: Distributive laws for GF(~)

As before, we often omit o.

Next, we present a result on the complexity of satisfiability of the guarded fragment.
It behaves like two-variable logic in that the complexity becomes non-elementary in
team semantics due to the translation to normal form.

In the following, we also use the shorthands 3x[y]¢ and Vx[y]e for Ix(y A ¢) and
Vx(y — @), where v is the guard.

Theorem 5.13. For every ¢ € o-GF(~) there is an equivalent o-GF(~)-formula \ in normal
form that is computable in time expg|,|)(1)-

Proof. The proof is similar to the non-guarded case (Theorem 5.1). For this, we prove
variants of the laws in Table 5.1 for guarded formulas. For laws that swap only @ and
A/V, this is clear, as these preserve guardedness. Let us focus on the laws that concern
quantifiers. Those are depicted in Table 5.2, and we prove them as follows.

e Distribute Ix[y] over @:

Ix[yl(61 @ 63)

=3Ix(y N (067 @63)) (def. Ix[y])
=Ix((yN0) @ (y/A\0)) (/\ distributes over @)
=Ix(yAN07) @ Ix(y A\ 0Oy) (3 distributes over @)
= Ix[y]0; @ Ix[y]0> (def. Ix[y])

Clearly Fr(67)UFr(6;) C Var(y) ifand only if Fr(6; @6,) C Var(y). The cases below
behave analogously.

e Distribute Vx[y] over @:

=Vx(y = (07 ©02)) (def. vx[y])
=W (Y V (YA (07 ©@02))) (def. —)
=Vx(~yV ((YyN\01) @ (y\63))) (A distributes over @)
=Vx((y V(¥ A1) @ (—yV (YA 82))) (V distributes over @)
=Vx((y = 01) @ (v = 02)) (def. <)
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=Vx(y <= 07) @ Vx(y < 02) (V distributes over @)
= Vx[y]07 @ Vx[y]0> (def. vx[y])

e Distribute 3x[y] over A:

A« J\ EB:)

iel

= Iy A (x A /\ EB:)) (def. 3x[y])
i€l

=x((y N\ a) /\E/\ EBi) (V is associative)

iel

=Wx(yYA)A /\e E3x((y N\ o) A By) (by Table 5.1)
i€l

= Iyl A /\ E3x[y] (o A By) (def. 3x[y])

iel

e Distribute Vx[y] over A:

wxlyl(aA N\ EB1)
iel
= Vx(y < (« A /\ EB1)) (def. Vx[y])
iel
=x((y = ) A \(y = EB:))  (asy = (81 A82) = (y = 01) Ay = 62))

iel
zw((vwm‘/\awﬁin (asy — EB =E(yA\B))
=Vx(y = ) A }\EIEHX((V < o) A (y ABi)) (by Table 5.1)
=Vx(y = &) A /e\I Edx(y A (A By)) (as (y = «) Ay implies )
= xlyla A A ElEEI;h/](oc/\ Bi) (def. vxly]) O

iel

In the above proof of the final distributive law for V and /\, it also becomes clear why
the guard of V needs to be connected via — and not —. Suppose we define Vx[y]¢ as
Vx(y — @) = Vx(—y V @) instead. Then we have the equivalences

wxlyl(eA A\ EBY)

iel

=Vx(myV (aA [\ EB:))
iel
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=Wx((—yV &) A /\ E(ax A 1))
il
= Vx[yla A /\ VxE (ot A Bi)
iel
= Vxlyla A N EFx(a A Bs)

iel

but here the final formula may be not guarded, since we only know that vy, but not «,
guards f;.

Next, we come to the step analogous to Theorem 5.4 where a formula in normal form
can be simulated by classical sentences. The approach we used previously for FO(~)
and FO?(~) does not simply go through for the guarded fragment, because the resulting
formula is not guarded due to the additionally introduced quantifiers. To circumvent
this, we tweak the proof a bit as follows.

Theorem 5.14. Let o be a relational vocabulary. For every o-GF(~)-formula ¢ in normal form
there is a relational vocabulary o’ O o and a polynomial time computable o’-GF-sentence
such that ¢ is satisfiable in team semantics iff \p is classically satisfiable.

Proof. We change the sentence 1\ from the proof of Theorem 5.4 from
Pi= \/ /\ Ixy - Ixn (o A Biy)-
ielje];

to

P’ = \/ /\ Ix1[Ryxq] Ixa[Roxaxz] -+ Ixn[Ruxy - xnl (o A By j),
ielje]i

where each R; is a fresh i-ary predicate not in 0. The formulas 1\ and 1’ are clearly
satisfiability equivalent, as a model of 1’ can easily be obtained from one of { by
interpreting each R; as the full i-ary relation. Moreover, as we assumed that ¢ is
guarded, so must be all «;, B1,j, and hence 1\’ is guarded as well. O

Theorem 5.15. Let o be a relational vocabulary. Then SAT(0-GF(~)) and VAL(o-GF(~)) are
in ToweRr(poly).

Proof. Completely analogous to the approach for FO?(~) (Theorem 5.10), using the
corresponding translation to GF (Theorem 5.14 and Theorem 5.13) instead of FO?. [J

Before we come to the lower bounds for the above logics, we will consider the model
checking problem in the next section.

5.1.5 Model checking

Next, we consider the model checking problem, and present an algorithm.
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Algorithm: MC(A, T, ¢) for ¢ € FO(~), a o-structure A, and a team T in A.

T+ TIFr(e);
if ¢ = « is a first-order formula then
‘ universally guess s € T; if (A, s) F « then return true else return false;
end
else if ¢ = ~o for a first-order formula o then
| existentially guess s € T; if (A, s) ¥ « then return true else return false;
end
else if ¢ = ~~ then return MC(A, T, ));
else if ¢ =17 A, then universally guess i € {1,2} and return MC(A, T, ;);
else if ¢ = ~(P7 AYy) then
‘ existentially guess i € {1,2} and return MC(A, T, ~;);
end
else if ¢ =17 V1, then
existentially guess S1,S, C Tsuchthat S;US, =T
universally guess i € {1,2} and return MC(A, Si,14);
end
else if ¢ = ~(; V U3) then
universally guess S1,S, C Tsuch that S;US, =T
existentially guess i € {1,2} and return MC(A, S;,~4);
end
else if ¢ = Vx1p then return MC(A, T}, V);
else if ¢ = ~Vx1p then return MC(A, T}, ~);
else if ¢ = Ix1p then existentially guess f: T — p* (A); return MC(A, T¥,);
else if ¢ = ~Ix1p then universally guess f: T — o™ (A); return MC(A, T, ~);

Algorithm 1: Algorithm for MC(FO(~))

Proposition 5.16. MC(FO(~)) is decidable in time 22" and with © (n) alternations.

Proof. Algorithm 1 decides MC(FO(~)). Every run of the algorithm has at most ||
recursive calls, since the formula passed to the return-statements always is strictly
shorter than the respective input formula. Each call has at most two alternations,
yielding at most 2|¢p| alternations in total. Lines 3 and 6 run in time polynomial in
log [T| + 2l since first-order model checking is in PSpack (cf. [47]). Lines 14 and 18
are also polynomial in [T|. Finally, the lines 23 and 24 run in time polynomial in [T|lAl,

In other words, MC(FO(~)) € ATime-Art(exp, poly).

which is the maximal size of a supplementing function f.

The structure A is clearly unchanged in every recursive call, and || strictly decreases.
As the runtime in every call depends polynomially on T, for an overall exponential
runtime it suffices to show that the team T can only grow exponentially with respect
to the original input, call it (A, Ty, @o). This is ensured by line 1, which exploits that ¢
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is local (Proposition 2.14). Hence T is a team with domain dom T C Var(¢,) and so is
bounded by O (|A|“"°|) =0 (zlog |A|'\<Po|)' u

Corollary 5.17. MC(FO"™(~)) is in PSpack for all finite n.

Proof. Since PSpace = AP [13], we modify the previous proof and show that the runtime
of each recursive call is polynomial. If the number of variables in the formula bounded
a priori, then lines 3 and 6 run in deterministic time polynomial in log |T| + |A| + |/, as
model checking for FO™ is in P for every n [137]. Moreover, lines 14 and 18 resp. 23
and 24 run in polynomial time since the size of T (and hence of S;, S, and f) is always

polynomial in the original input, as [T| € O (IAIVN(("O)> — 1A%, O

5.2 A standard translation for team semantics

The well-known standard translation embeds modal logic ML into FO? with the relational
vocabulary om = (R, Qpeprop), Where the binary relation R represents the edges in a
Kripke structure, and the Q, are unary relations containing worlds that satisfy the
variable p € Prop. The standard translation of an ML-formula « is denoted by st (o)
or sty («) depending on its free variable, which is either x or y. It is defined by mutual
recursion between x and y:

stx(p) := Qpx forp € Prop sty (—ot) = —sty ()
sty (o) := Vy (Rxy — sty (a)) sty (A B) :=sty(e) A\ ste(B)
stx (O := Fy (Rxy A sty («)) stx(oV B) = stx(a) V stx(B),

with sty («) defined in a symmetric fashion. The corresponding first-order interpretation
of a Kripke structure X = (W,R’,V) is the opm-structure "X with domain W and
interpretations R"*" = R’ and Q;w = V(p) of om. For a world w € W and x € Var,
define the corresponding first-order assignment w*: {x} — W by w*(x) = w.

The next theorem is standard:

Theorem 5.18. Let (X, w) be a pointed Kripke structure and o« € ML. Then (X, w) F « if and
only if ("7, W) E sty (o).

Proof. By straightforward induction (cf. Blackburn and van Benthem [9]). O

In this section, we lift this result to team semantics and translate ML(~) to FO?(~). On
the model side, the first-order interpretation of a team T in a Kripke structure becomes
T* :={w* |w e T}. In other words, the team of worlds becomes a team of assignments
of x to these worlds.

The standard translation for ML(~) now extends that of ML by the final ~-case. For
similar reasons as for the guarded fragment, we also change the clause for OJ to utilize
— instead of —. Recall that « — @ =~V (ax A\ @).

stx(p) := Qpx for p € Prop sty (—@) == —sty (@)
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stx(Oe) := Yy (Rxy = sty (¢)) stx (@ AD) = sty (@) Asty (V)
stx (O@) := Jy (Rxy A sty (¢)) stx(@ V) == sty (@) Vst (V)
stx (~@) = ~stx (o),

with sty (@) again defined symmetrically. Here, the naive translation of O to
Yy (Rxy — sty (@) = Yy (—Rxy V sty (¢))

would be unsound under team semantics, so using — instead of — is crucial. (The
similar translation by Yang [141] for modal dependence logic did not require this tweak
since this logic has downward closure.)

Theorem 5.19. For all Kripke structures with team (X, T), all ¢ € ML(~) and x € Var it holds
(K, T) E @ ifand only if (TK7,T*) E sty (@).

Proof. Proof by induction on ¢. Let X = (W, R, V). We omit K and "X to the left of .

e ¢ € ML: We have T E ¢ iff Yw € T: w E ¢ due to flatness, which by Theorem 5.18
is equivalent to Yw* € T*: w* E sty(¢@). However, as st (@) € FO, the latter is
equivalent to T* F st, (¢) again by flatness.

e ¢ =P AN06, o ="pand ¢ =~ are clear by induction hypothesis.

e ¢ =19 VO: Suppose T F V6. ThenT = SUUsuch that S 1 and U F 6.
By induction hypothesis, $* F sty (1) and U* E st,(8). AsSUU = T, clearly
S*UUX* =T*. As a consequence, T* F sty () V sty (0) = st (P V' 0).

For the other direction, suppose T* sty (1 V 0) = sty (1) V sty (0) by the means of
some subteams S’ U U’ = T* such that S’ F st, () and U’ E st, (0). Then S’ = $*
and U’ = U* for some suitably chosen S, U C T. By induction hypothesis, S F 1
and U F 6. In order to prove T F 1 V 6, it remains to show T C S U U. For this
assume w € T. As then w* € T%, as least one of w* € S’ or w* € U’ holds. But
thenw € Sorw € U.

e ¢ = [h: Consider the duplicating team (T*)3,, of T*. We define subteams S and U
of (T¥),, as follows: S contains all “outgoing edges”: S :={s € (T¥)5,, | s(y) € Rs(x)}.
By contrast, U contains all “non-edges”: U := {s € (T*)}, | s(y) ¢ Rs(x)}. Then
clearly (T*)j,, = SUU, S F Rxy and U F —Rxy. Moreover, the above division of
(T¥)}y into S and U is the only possible splitting of (T*)}, such that S = Rxy and
U E —Rxy. (This is the step that requires <, not —, in the standard translation.)

By the induction hypothesis, T = O} iff RT E 1 iff (RT)Y E sty (). Moreover, by the
above argument, T* F st (C) iff T* E Rxy — sty (V) iff S F sty (). Consequently,
it suffices to show that (RT)Y and S agree on sty (). This follows from locality
(Proposition 2.14), since

(RT)Y ={VW9 |ve Rw,weT}
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={s|s: {y} > W,s(y) e Rw,w € T} (def. vY)
={sHy}Is: {x,y} = W,s(y) € Rs(x),s(x) € T}

={sMy} s € (TF),s(y) € Rs(x)}

= SH{y}. (def. S)

e ¢ = O1: For the first direction, suppose T = O, i.e., S F 1 for some successor

team S of T. We have to prove T* 3y (Rxy Asty (1)), that is, find a supplementing
function f: T* — o™ (W) such that (T*)} F Rxy /A sty ().
By induction hypothesis, SY F sty (). We define f on T* as follows. Given w* € T¥,
let f(w*) := RwnNS. Then f(w*) is non-empty for each w, as S is a successor team, so
f: TX — p* (W) as required. Moreover, (T*)} F Rxy. To prove that (T*)} & sty (1),
we again apply locality (Proposition 2.14) and show that (T*)} [{y} = SY:

(T Ny ={s¥ | s € T, v € f(s)}/{y} (def. supplementing team)
={s¥H{y} s € T*,v € f(s)} (def. I
={s:{y} = (v} 3Is" € T, v € f(s')}
={s:{y} = {}|IweT,ve RwnS} (def. 1)
={s:{y} = {}ves} (since S = [ J,,cr(RWNS))
Y

For the other direction, suppose T* F Jy (Rxy A sty (1)) by means of a supplement-
ing function f : T* — p™ (W) such that (T*)} E Rxy /A sty ().

We define the team S := [ J,, . f(w*), first prove that it is a successor team of T, and
then show that it satisfies \. For the first part, let v € S. Then there exists w € T
such that v € f(w*). As a consequence, the assignment s given by s(x) = w and
s(y) =visin (T*){, and hence satisfies Rxy. In other words, v has a predecessor
in T, namely w. Conversely, if w € T, then f(w*) is non-empty, i.e., contains an
element v. Again, v is a successor of w. Since v € f(w*), v € S, so w has a successor
in S. For the second part, we again use locality and the fact that SY = (T*){ [{y} as
before. O

It is easy to see that the standard translation of an ML(~)-formula is in fact an GF?(~)-
formula. From this, in the next section we obtain several lower bounds for fragments of
FO(~).

5.2.1 Lower bounds

Next, we prove that the standard translation carries several complexity lower bounds
into the first-order setting.

In fact, the lower bounds already hold with equality and without equality if another
predicate is present. For this reason, in what follows we explicitly consider equality as a
predicate and then write = € o.
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Lemma 5.20. MC(0-GF'(~)) is PSpace-hard if o contains infinitely many predicates.

Proof. We reduce from MC(PL(~)) which is PSpace-complete (see [119] or [56, Thm.
3.3]). The lower bound by Hannula et al. [56] is easily seen to hold under logspace
reductions. The reduction is now simply the standard translation, i.e., it maps (X, T, ¢) to
(TK7, T%,stx(@)). (W.lo.g. o contains predicates Q,, for every p € Prop; otherwise they
are easily simulated by predicates of higher arity). Itis easy to see that sty (¢) is quantifier-
free, hence guarded, and contains only the variable x. Moreover, by Theorem 5.19,
(KT E e e (TK,TY) E st (o). O

Lemma 5.21. MC(0-FO(~)) is ATimMEe-Art(exp, poly)-hard if o contains at least one predicate
or equality. This even holds when restricted to sentences and for a fixed o-structure A with
domain {0, 1} and team {()}.

Proof. We reduce from SAT(PL(~)), which is ATime-Art(exp, poly)-hard (see Theo-
rem 4.32 or [56, Thm. 4.9], the hardness result by Hannula et al. [56] again also
holds for logspace reductions).

The reduction from SAT(PL(~)) consists of several steps. Given ¢ € PL(~), suppose
that Prop(¢) = {p1,...,pn}. First, observe that ¢ is satisfiable if and only if ¢’ :=T V ¢
is true in the full propositional team T™* over p1,...,pn. So it suffices to reduce from
the problem of deciding truth of ¢’ in the full team w.r.t. @'.

Next, we translate from propositional to first-order logic. Fix a o-structure A with
domain {0, 1}. Recall that o contains either equality or some other predicate. We start
with the first case. The idea is that the Boolean assignments are simulated by first-order
assignments s: X — A, where X = {z,x1,...,xn}. Here, x; simulates p;, and the auxiliary
variable z plays the role of the domain element 1.

Hence we map ¢’ to the formula ¢* which is obtained from ¢’ by replacing every
occurrence of a proposition p; by the atomic formula x; = z. We define the team
accordingly; for b € {0,1}, let V}, == {s: X — {0,1} | s(z) = b}, i.e., V} is the full team
w.T.t. {x1,...,Xn}, but z is constantly b. By a straightforward induction, now V; F ¢* iff
Tmax (P,-

The team V; is exponentially large, so we cannot compute it as part of the reduction.
But we can compute an equivalent instance with the team U; := {z — 1}, and the formula
VX1 -+ Vxn@*, as Vq is the n-fold duplicating team of U;. In fact, we can output the
team U := {0} and formula { := 3zVx; - - - Vxn @*, as T £ ¢’ implies U F . The other
direction holds as well, since w.l.o.g. z is chosen as 1. (Otherwise flip all bits in all
assignments, this does not change the truth of x; = z for any i, and hence not of ¢*.)
Hence we map ¢ to the team {0}, structure A and formula 3zVx; - - - Vxn ™.

The case remains where o does not contain =, but contains some predicate R. Then we
define the team as above, but let R* := {(1,..., 1)}, and output the formula Vx; - - - Vxn @¥,
where ¢* is defined as the formula obtained from ¢ by replacing p; with R(xi,...,xi). O

Clearly, the standard translation of satisfiable formulas is itself satisfiable. But the
converse is also true: In a sense, from a given first-order structure (and team) that
satisfies sty (@) we can reconstruct a Kripke model (and team) for ¢.
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NExpTiME

ExpTiME | GF? Tower(poly) | ML(~)

PSpacE @/l ATime-Art(exp, poly)

Figure 5.3: Inclusion diagram of fragments of first-order team logic.

Complexity of ...
L SAT(L) SAT(£(~))
PL NP [18] ATmme-Avrt(exp,poly) [56]
ML  PSpace [94] Tower(poly) Thm. 4.32
GF? ExpTIME [45] Tower(poly) Thm. 5.26
FO? NExpTimMe [48] Tower(poly) Thm. 5.26
GF  2ExeTiMe  [45] Tower(poly) Thm. 5.26
FO 119 [12] TI9 Thm. 5.6

Table 5.4: The complexity of fragments of first-order team logic. All entries are completeness results.
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Lemma 5.22. Let ¢ € ML(~). Then o is satisfiable if and only if sty () is satisfiable.

Proof. As Theorem 5.19 proves “=", we only consider “«<”. Suppose (B, S) F stx(¢),
where B is some first-order structure and S is a team in B. By locality (Proposition 2.14),
w.Lo.g. S has domain {x}. Define now the Kripke structure X = (|B|, R3 V) such that
V(p) := Qg. Then clearly "X = B. By Theorem 5.19, (X, x(S)) F ¢, so ¢ is satisfiable. [

Theorem 5.23. Let o be a vocabulary that contains at least one predicate or equality.

e MC(0-FO(~)) is ATiME-Art(exp, poly)-complete, with hardness also on sentences and
for a fixed o-structure A with domain {0, 1} and a fixed team {0}.

o If o contains infinitely many predicates and 0 < n < w, then MC(0-FO™(~)) and
MC(o-GF™(~)) are PSpace-complete.

Proof. The upper bounds are due to Proposition 5.16 and Corollary 5.17. The lower
bounds are due to Lemmas 5.20 and 5.21. O

Let D be a set of non-classical atoms. We call D polynomial time computable if
{(A,T,s) |5cDand (A,T) F 5} cP

where A denotes a first-order structure and T a team in A. Let FO(D, ~) be the logic
FO(~) extended by atoms in D. Define FO™ (D, ~) analogously.

Now, Algorithm 1 is easily adapted to have another clause for atoms in D. The
resulting runtime is clearly still exponential, or polynomial in the case of a bounded
number of variables, respectively.

Corollary 5.24. Let D be a polynomial time computable set of non-classical atoms. Then
MC(FO(D, ~)) is ATime-Art(exp, poly)-complete, and MC(FO™ (D, ~)) is PSpace-complete
ifo<n<w.

Corollary 5.25. MC(FO(dep,~)) is ATiME-ALT(exp, poly)-complete.

Likewise, the model checking problems of independence logic, inclusion logic and
exclusion logic with Boolean negation are ATiMe-ArLt(exp, poly)-complete, and their
two-variable fragments are PSpace-complete.

The next theorem gathers the results of this chapter regarding the complexity of
satisfiability (see also Figure 5.3 and Table 5.4).

Theorem 5.26. Let o be an infinite relational vocabulary with at least one binary predicate.
Let £ be any fragment such that 0-GF?(~) C £ C 0-FO?(~) U 0-GF(~). Then SAT(L) and
VAL(L) are TowEer(poly)-complete.

Proof. The upper bounds for FO?(~) and GF(~) are by Theorems 5.10 and 5.15, so an
algorithm can choose the appropriate decision procedure as a subroutine depending
on the input formula. For the lower bounds, the mapping ¢ — st.(¢@) constitutes
a reduction from SAT(ML(~)) to SAT(GF?(~)) (see Theorem 4.32 and Lemma 5.22).
Finally, the validity cases easily follow since the logics 0-G F%(~) and 0-FO?(~) U 0-GF(~)
and the class Tower(poly) are closed under negation. O
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5.3 tos$’s theorem for team semantics

Model theory offers manifold notions of morphisms and constructions, of which many
preserve the first-order theory of structures. One such construction is the product of
structures, and in particular the ultraproduct of structures (also called ultrapower if all
factors are identical). A famous theorem by Jerzy Lo$ states that a structure and its
ultrapower have the same first-order theory. For this section we mostly follow Chang
and Keisler [14] (see also van Dalen [21]); the fluent reader is referred to the original
result by Los [97] and to Skolem [131] for an early appearance of an ultraproduct
construction of N.

In this section, we generalize the construction to team semantics. Currently, for
example for dependence logic FO(dep), most model-theoretic results stem from its
equivalence to existential second-order logic SO(3). With added negation however,
FO(dep,~) is equivalent to full SO and loses many nice model-theoretic properties, such
as compactness [135]. Because of this, for investigating the model theory of FO(~) or
other team logics with negation, their second-order characterization may not be a good
starting point. Instead, a direct approach that does not hinge on translation to higher
order logic may be more favorable.

In this section, we instead study the model-theoretic properties of FO(~) directly. As
a new result in this area, we present a team-semantical analog to L.o§’s theorem. A
corollary of it is the compactness theorem for FO(~)." Previously it was only known that
FO and FO(dep) are compact (since SO(3) is compact) and that FO(dep, ~) is not. With a
compactness theorem for FO(~), this now implies that it cannot define, e.g., the infinity
of structures (even if this unsurprising since it can also not define the infinity of teams,
cf. Corollary 5.2).

We begin with some required notation from basic order theory. The reader is also
referred to the very good introduction by Davey and Priestley [22]. A partially ordered set
(poset) is a pair (X, <) where X is a set and < is a reflexive, transitive and anti-symmetric
(if x < yand y < x then x = y) binary relation. A filter on a poset (X, <) is a family
J C pX of subsets of X that is upward closed (Y € Fand Y C Z C X implies Z € J), and
that is closed under finite intersection (Y,Z € ¥ implies YN Z € F). For example, the
Fréchet filter is the filter of all subsets of X with a finite complement.

An ultrafilter I on a poset (X, <) is a filter such that additionally Y € I < X\ Y ¢ J for
all Y C X. In what follows, ultrafilters will denoted by U. The Fréchet filter on infinite X
is never an ultrafilter, since there are sets Y such that neither Y nor X\ Y is finite. For any
fixed x € X however, for example U :={Y C X | x € Y} is an ultrafilter. Any ultrafilter is
non-empty, as it contains X. The existence of ultrafilters is implied, for example, by the
so-called finite intersection property (see, e.g., [14, Proposition 4.1.3]):

Proposition 5.27. If Xis a set, F C pX, and the intersection of finitely many elements of F is
always non-empty, then there exists an ultrafilter U C X such that U 2 .

*Of course the compactness theorem can also be obtained by other means, such as a sound and
complete proof system for FO(~) (see Chapter 6), or by a translation to FO sentences (see Theorem 5.4).
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We write (ultra-)products of sets, structures etc. in German letters. In what follows,
we always assume that I is a set and U is an ultrafilter on I.

Two families a = (ai)ier and b = (bi)icr are U-equivalent, in symbols a =~ b, if
{il ai = by} € U. Observe that this is an equivalence relation. The intuition is that an
ultrafilter U contains all the “large” subsets, and if the set {i | a; = b;} is “large”, then a
and b “agree almost everywhere”. The ~y-equivalence class of a is [a].

Ultraproducts. The set ultraproduct of sets (Xi)ie1 is the quotient w.r.t. =~ of their
Cartesian product:

IIxi= { [al
u

Next, for each i € I, let A; be a o-structure with domain A;.

aeHXi}

iel

Definition 5.28 (Structure ultraproduct). The structure ultraproduct 2 .= [ [, A; is the
o-structure with domain [ [;; A; and the following interpretation of o.

e For an r-ary relation symbol R € o and ay,...,a; € [[; [ Ay, let
(lar)y...,[a]) €R* & L eT](ar(i),...,ar(i)) e RM}eU

e For an r-ary function symbol f € o, and a1, ...,a: € [[;c; Ay, let
2 (lardy. ooy far]) = [(F (e (@), an (D)) ier]

The above interpretations of relations and functions are well-defined [14, Proposition
4.1.7], since they depend only on the respective equivalence class.

For formulas with free variables we have to construct an assignment in the same
fashion. Let s;: Var — A; be an assignment for each i € I. We cannot simply define
s = (si);cp; Observe that s € [[;;(Var — A;), so s maps I to functions of Var instead of
the other way around. We have to transpose the arguments to obtain an assignment.

Definition 5.29 (Assignment ultraproduct). Let (si);c; € [[;c1(Var — A;). Then the
assignment ultraproduct | [, si: Var — [ [ Ay is defined by

Hsi DX [(si(x))iel]

for all x € Var.

Intuitively, s(x) = (Hu si) (x) is the “consensus” of the evaluation of all the s; at x.
Evaluating a term in the ultraproduct 2 behaves as expected:

Lemma 5.30. Let t be a term. Then t(2,s) = [(t(Ai,si))ic1l-
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Proof. Proved in Chang and Keisler [14, Theorem 4.1.9]. Essentially, the proof is by
induction on t and application of Definitions 5.28 and 5.29. O

From the above lemma, L.08’s theorem again follows easily by induction.

Theorem 5.31 (Lo$). Let A = [[ Ai and s = [ [ si. Then, for every formula « € o-FO, it
holds that (2,s) E ocif and only if {i] (Ai,si) Fa} e W

Proof. See Chang and Keisler [14, Theorem 4.1.9]. O

Here, the intuition is again that the ultraproduct 2 satisfies the formulas that are
true in “almost all” A;. Having stated the classical definitions and result, we now
switch to the team-semantical setting and introduce basic definitions that are required
to generalize the theorem.

5.3.1 Definition for team semantics and main result
First of all, we propose a suitable notion of ultraproducts of teams.

Definition 5.32 (Team ultraproduct). Let (T;)ic1 be a family of teams in the respective
structures A;, thatis, T; C Var — A; for all i. Then the team ultraproduct [, T; is defined
as the team

KRN

Let us lose some words on this definition. First, by definition of assignment ultra-
products [ [, si (Definition 5.29) it is easy to see that [ [, Ty € Var — [];; A, that is, this
is a team in 2 := [ [, Ai. The intuition is now that this team contains precisely those
assignments that are a member of “almost all” teams T;, which is a definition that fits
with the idea of set, structure and assignment ultraproducts. This is expressed by the
condition {i]s; € Ty} € U.

(s)ier € [ J(Var — Ai) and {i| s € Tih € U } .
iel

With the above definition, we are now ready to prove the analog to Lo$’s theorem.
Let 2 := [ [ Ai and T := []; Ti be the ultraproduct of structures (A;);.; with domains
(Ai)ier and teams (T;); g, respectively, where T; C Var — A;.

In what follows, we say that a formula ¢ is preserved in ultraproducts if

LI EFe & {i| (A, T Felel
forall I, U, A, T, A;, and T; as above.

Lemma 5.33. Every flat formula is preserved in ultraproducts.

Proof. We have to show (A, %) F « < {i] (A, Ti) F a} € U, where « is flat. The proof is
by contraposition.

“=": Suppose {i| (Ai, Ti) F } ¢ U. As U is an ultrafilter, J :={i| (A, Ti) ¥} € U.
By flatness of «, for each i € ] the team T; contains an assignment s; falsifying «. By the
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axiom of choice, extend this to a family (s;);; of assignments where s; is arbitrary for
i ¢ ], but such that s; € T; and (A, si) ¥ «if i € J. Let s := [];; si. Our goal is to show
that s is a witness of the flat formula « being false in . First observe that ] C {i | s; € T}
by choice of the s;, and by upwards closure of ultrafilters, the latter set is in U. But then
s € T by Definition 5.32. Moreover, | C {i] (Aj,si) ¥ o}, so the latter set is in U as well,
and by Lo§’s theorem, (2, s) ¥ «. Consequently, (2, T) ¥ « by flatness of «.

“«<": Suppose (2,%) ¥ «. Then (2,s) ¥ « for some family (si);c; with s = [];;s1
and s € T. By Lo§’s theorem, {i| (Ai,si) Fa} ¢ U, so for the complement | :=
{i|(Ai,si) ¥ a} we have ] € U. If now each of these s; is in T; we would be done,
but this is not necessarily the case. However, recall that {i|s; € T; } € U by definition
of T. U is closed under finite intersection, so {1i]s; € T; and (Ai,s;) ¥ «} € Uand as a
consequence, { i (A, Ti) ¥ « } € U by flatness. O

Theorem 5.34. Every FO(~)-formula is preserved in ultraproducts.

Proof. Let ¢ € FO(~). The proof is now by induction on ¢. By Theorem 5.1, ¢ is
semantically equivalent to a Boolean combination of FO-formulas, so it suffices to
consider only classical formulas, negation ~, and conjunction A.

e The case ¢ € FO is proved by the previous lemma.

o If =Y A0, then (2,T)F,0iff {i|(A;, i) Fd}eUand{i| (A, Ti)FO} el
But this is equivalent to {i| (Ai, i) Fp A0} € U due to closure under finite
intersection and upward closure of ultrafilters.

o If ¢ =~, then (A, T) ¥ Pisequivalentto{i]| (Ai, Ty) F P} ¢ U, whichis equivalent
to {1 (Ai, Ti) ¥ } € U by definition of an ultrafilter. O
5.3.2 to$’s theorem for non-classical atoms

Next, we show that L.0o§’s theorem for teams does not hold only for FO(~), but also for
the non-classical atoms such as dependence or independence.

In what follows, fix a vocabulary o and an n-ary relation symbol R ¢ o. If R is an
n-ary relation, then (A, R) means the o U {R}-structure that expands A by interpreting R
as R.

Definition 5.35. Every first-order o U {R}-formula & defines an n-ary atom D as follows:
For all o-structures A, teams T in A and o-terms t = ty,..., t, it holds that

(A, T)EDT & (A, t(A,T)) F3(R).
An atom D is first-order definable if it is defined by some formula.

Theorem 5.36. Every first-order definable atom is preserved in ultraproducts.

Proof. Let D be an atom defined by the first-order formula §(R). To reduce clutter, we
assume that D is unary. The case of higher arities is handled analogously. We also omit
A in the notation t(A, -) if it is clear.
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Letnow 2 = [ A, T =[] Ti, and let t be a term. The key is that
[a] € (%) if and only if {i|a; € t(Ty) } € U. (%)

for all families a = (ai)ier € [ [;; Ai, which mirrors the definition of the interpretation
of a relation symbol in an ultraproduct (Definition 5.28). Consequently, (2, t(T)) =
[Ty (A, €(T1)). Hence by Lo§’s theorem, (2, (%)) F & if and only if {i | (Ai, t(T:)) F 8} € U,
which proves the theorem by definition of D.

It remains to prove ().

“=": Assume a = (ai)ie1 as above and let [a] € t(¥). This means there is some
assignment s € T such that t(s) = [a]. Now s is of the form []; s; for some (si);c;. By
Lemma 5.30, t(s) = [a] = [(t(si))ic1]. So by definition of [], {i | a; = t(si)} € U. Moreover,
by definition of ¥, the set {i | s; € Ti} is in U. By intersection and upward closure,

{filsieTiand a; = t<81>} C{ilae t<T1>} clu

which finishes the first direction.

“«<": By assumption, the set ] := {i| a; € t(T;) } is in U. This means that for every
i € J there exists an assignment s; € T; such that a; = t(s;). By the axiom of choice,
extend this to a family (s;);.; of assighments such that s; € T; and a; = t(s;) fori e ],
and s; is arbitrary for i ¢ J. Define the assignment s := [[, s;. Firstly, s € ¥ since
J C{ilsi € Ti} € U. Secondly, t(s) = [t(si)ic1] by Lemma 5.30, which equals [a] by
definition of [-], as ] C {i| a; = t(s;i)} € U. It follows that [a] € t(T). O

Corollary 5.37. The atoms of dependence, independence, inclusion, and exclusion are preserved
in ultraproducts.

By the inductive proof for A and ~ in Theorem 5.34, we obtain:

Corollary 5.38. Every Boolean combination of FO(~)-formulas and/or first-order definable
atoms is preserved in ultraproducts.

5.3.3 to$’s theorem for non-classical atoms: A direct proof

The above proof that L.0$’s theorem extends to all first-order definable generalized atoms
is powerful but rather opaque. In what follows, we give an exemplary direct proof for
the independence atom in order to demonstrate how such a result can be proved without
assuming that an atom is first-order definable. This can easily be adapted to the other
non-classical atoms.

Theorem 5.39. The independence atom is preserved in ultraproducts.

Alternative proof. Again, we omit the structure A in the notation t(A, -) if it is clear.

Let P, g, ¥ be sequences of terms and let ¢ := § Lz . We have to show that (A, %) F ¢
ifand only if {i| (A, i) F e } € U

“="": Proof by contraposition. Let {i| (A, Ti) Fo} ¢ U. Then ] :={1i| (A, Ti) K e} e
U. By definition of the independence atom, for each i € ] we can pick s;,s{ € T; that
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violate ¢ in the sense that ¥(s;) = ¥(s{), but there exists no s’ € T; that satisfies both
Pr(si) = pr(s{’) and q(s{) = q(s{’). From this, we define assignments s, s’ as follows. By
the above argument, there are families (s;);c1, (s{), c1 such that s; and s; are arbitrary for
i¢ ], butifie Jthensi,s! € T, and no s{ as stated before exists in T;. Next, let s := [ [ s3
and s’ := [ [ s{. Then clearly s,s" € ¥, since ] C {i|s; € Ti}and J C {i|s{ € T;}.

If now (2, T) F ¢, then there must exist an assignment s € T such that p7(s) = p7(s”)
and G(s) = G(s”). There is a family (s{’), _, such that s” =[] s{". By Lemma 5.30 and
Definition 5.32, the sets {i | p7(si) = pT(s{")}, {i| G(s{) = q(s{)}and {i | s{’ € Ty} are all in
U, and so is their intersection

J':={i|s{ € Tyand p¥(s;) = p¥(s{’) and G(s{) = q(s{) }.
But then the sets |’ and
7= { 1] B € Ty prisy) = pr(s”) and q(s)) = 4(s") } 2]

are both in U, which is impossible since they have an empty intersection.

“<”: Suppose that {i| (A, T;) F @ } € U. Lets = [[;si and s’ =[] s{ be arbitrary
assignments in T such that ¥(s) = ¥(s’). First observe that

. 8
J= { PT(s{’) and q(s;) = q(s{’)) }

isinUdueto] D {1i] (A, Ti) F @ }. Intuitively, in ] the independence only needs to hold
for the specific pair si, s{ and not for all pairs. Next, from 7(s) = 7(s’) and Lemma 5.30,
it follows that

Jo:={i|%(s;) =7(s{) } e W

Also, as 5,5 € T, thesets J; :={i|s; €Ty }and J; := { ils]leTy } are in U. Hence

sy € Tyorsi ¢ T; or T(si) # T(s
or 3s{ € Ty : (BT(sy)

J''=TJonJiNJ2={i|3s{ € Ti: (FF(s1) = pT(s{’) and q(s{) = G(s{")) } € U.

Given the witnesses s!’ quantified in this set, we extend these to a family s” = (s/’ )1
such that s{’ is arbitrary for i ¢ J/, but for i € J’ it holds that s{’ € Ty, p¥(si) = pT

and finally q(s/) = d(s{’). It is easy to see thats” € T, p7(s) = pr( sy and q(s’) = q(s”).
As s,s" were arbitrary, (2, %) F . O

5.3.4 Application: The compactness theorem

We present an application of the ultraproduct theorem, namely a compactness theorem
for team logic that does not rely on translation to SO(3) or a similar logic. The proof is
standard for first-order logic (e.g., Chang and Keisler [14, Cor. 4.1.11]). Below, we adapt
it to team semantics.
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5 First-order team logic

Theorem 5.40 (Compactness theorem). Let ® be a set of formulas that are preserved under
ultraproducts. Then @ is satisfiable if every finite subset of ® is satisfiable.

Proof. LetI:= p=“®, i.e., lis the set of finite subsets of ®. Assume that every finite
subset of ® is satisfiable. Then there exists a family (A, Ti)ie1 of models such that
(Ai, Ty) Eiforall i € I. If we now find an ultrafilter U on I that for all ¢ € ® contains
the subset {i]| (A, Ti) F @ }, then by the assumption that all ¢ € ® are preserved in
ultraproducts, (A, %) E ©.

We obtain U as follows. For eachi € [, letil :={i’ € I|i’ D i}. We apply Proposi-
tion 5.27 to the set F := { it ] iel } C pI, for which we have to show the finite intersec-
tion property. But any finite intersection ﬁ N---Nik is non-empty, sincei:= i U---Uin €],
andsoiecil = (i U---Ui)T =1 n---nil.

Next, we ensure that {1 | (A, T;) F ¢ }isin U for all ¢ € ®. For this, it suffices to show
that {@}" C {i] (A, Ti) F @}, since {9}T € F C U, and U is upward closed. For showing
that {@}" C {i] (A;,T;) F @}, suppose i € {¢}!. Then {¢} C i. But we assumed at the
beginning that (A, T;) is a model of i. Consequently, also (Ai, T;) E . O

Corollary 5.41. FO(~) satisfies the compactness theorem, i.e., if ® C FO(~) is unsatisfiable,
then already some finite ®' C @ is unsatisfiable.

As an example for a dependence logic formula that is beyond the power of first-order
logic, Vdandnen [135] gave the FO(dep)-sentence

Qoo = IcVxTYVzaw(dep(z;w) Ac £ YA (x =z y =w))

which states that a structure is (Dedekind-)infinite, i.e., its universe is in bijection with
a proper subset. The set {NE,~@o} U {5, | 1 > 1}, where 1, states that the structure has
at least n elements, is unsatisfiable, but each finite subset is satisfiable. Hence it is not
compact. With Corollary 5.38, this proves that a Boolean combination of FO-formulas
and non-classical atoms cannot define ¢.., we must nest them inside \V or quantifiers in
order to define ¢, as demonstrated above.

5.4 Summary and outlook

5.4.1 Summary

In this chapter, we settled the computational complexity of FO(~) and identified decid-
able fragments (see Figure 5.3 and Table 5.4). In terms of decidability, team logic in a
sense mirrors classical logic. We showed that FO(~) is recursively enumerable, just like
FO, and that both its two-variable fragment FO?(~) and its guarded fragment GF(~) are
decidable, similarly to FO? and GF. Our method of proof was the translation into an
equivalent—albeit non-elementarily longer—form called (@/\)-normal form. Moreover,
FO(~) has compactness, just like FO, and unlike FO(dep, ~).

Allin all, one could argue that FO(~) is just a non-elementarily more succinct encoding
of first-order logic, and that it is perhaps closer related with FO than with FO(dep, ~).
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5 First-order team logic

This is supported by the result of Galliani [38] that the expressive power of FO(~) and
FO coincides on sentences. From this point of view, however, we have at least precisely
quantified the difference in succinctness.

In Table 5.4, it is worth noting that all decidable first-order logics are complete for the
class Tower(poly). Subtle differences in the classical realm, such as GF* being complete
for ExpTimEg, FO? for NExpTiME, and GF for 2ExpTime, vanish due to the vastly larger
succinctness of team logic. In order to prove the matching lower bounds, we generalized
the well-known standard translation to modal team logic, and thus utilized the lower
bounds we proved in Chapter 4.

Finally, we transferred the celebrated theorem by L.0§, i.e., that first-order theories of
models are preserved in ultrapowers, to team logic. By this, we also gave an alternative
proof that FO(~) satisfies the compactness theorem, even if non-classical atoms are
added, as long as they are only inside Boolean connectives.

5.4.2 Open problems and further research directions

Expressiveness. We showed that the logics ML(~), GF?(~), FO%(~) and GF(~) all have
the same complexity, that is, they are Tower(poly)-complete. However, a separation
of these logics in terms of expressiveness would be desirable. Can we separate ML(~),
GF(~) and FO(~) in the same way as ML, GF and FO, by a notion similar to (guarded)
bisimulation as defined by Andréka et al. [4]? Specifically, can we lift these bisimulation
relations to teams analogously to modal team-bisimulation (Definition 2.27)?

Standard translations and loosely guarded formulas. Analogously to our standard
translation from ML(~) to GF?(~), it would be interesting to embed other logics, such as
team-logical linear temporal logic (LTL) [91] or computation tree logic (CTL) [90], into
fragments of FO(~).

Classically, the translation of LTL into FO is similar to the standard translation of ML:
Assuming a linear order <, for example the translation of Fo is Fy (x < y A sty(e)).
Likewise, @U1 is translated to 3y (x < y Asty(P) AVz((x < zAz < y) — st.(@))).
However, the latter is not guarded since (x < z/\z < y) is not atomic. Van Benthem [§]
defined the loosely guarded fragment LGF where certain conjunctions of atomic formulas
are allowed as guards. LGF contains LTL, and Grédel [45] proved that this fragment
has an 2ExpTime-complete satisfiability problem, just like GF.

In future research, we could define a team analog LGF(~), which presumably is
complete for Tower(poly) as well. This could yield results also for LTL(~), that is,
LTL with team semantics and added negation, of which the complexity of both the
model checking problem and the satisfiability problem are open under asynchronous
semantics [91]. Finally, the result on GF(~) could serve as an upper bound for a polyadic
modal team logic which does not translate into FO? but into GF (see, e.g., Goranko and

Otto [43]).
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5 First-order team logic

Ultraproducts and model theory. Besides our ultraproduct construction, which results
from model theory else carry over to the team setting? For example, it is known that
FO(dep) is compact [135], since existential second-order logic is. However, it cannot be
preserved in ultraproducts: If a formula is preserved, then so is its negation, but the
negated FO(dep)-formula

~JcVxAyvzaw(dep(z;w) Ac Ay A (x =z y=w))

is not preserved, since it expresses that the universe is finite (whereas the ultraproduct
of infinitely many finite but unbounded structures is infinite).

That being said, we showed that Boolean combinations of FO(~)-formulas and first-
order definable atoms of dependency are preserved in ultraproducts, so the crucial
difference is the power of nesting the atoms inside quantifiers and splitting disjunctions.
It would be interesting to find the exact boundary of where L.0§’s theorem fails.

Also, are there other approaches for proving, say, the compactness of FO(dep) and
related logics, without relying on translations to second-order logic?
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6 An axiomatization of team logic

In this chapter, we turn to the question of axiomatization of team logic, that is, finding a
set of rules from which we can derive all true formulas. In practice, one wants this rule
set to be small, natural, obvious and simple. In this thesis, we focus on Hilbert-style proof
systems. For an introduction to this area, we refer the reader to van Dalen [21].

This chapter is organized as follows. In Section 6.1, we start with an introduction
to proof systems and remind the reader of the different existing system for classical
propositional, modal and first-order logic. Afterwards, in Section 6.2, we switch to
team semantics and first consider the Boolean combinations (via /A and ~) of classical
formulas. We call this fragment B(J), for a classical logic F. It was already investigated
in Sections 3.7, 4.9 and 5.1; we return to it now and show how a proof system for J can
be adapted to one for B(F).

The full logics PL(~), ML(~) and FO(~) are handled in the subsequent Section 6.3.
Essentially, the idea is that the connectives \V, O, ¢, ¥, and 3 can be eliminated from
formulas, which again leads to the tractable fragment B(J). We proved similar results
already in Corollary 3.92 and Theorem 5.1. Here, we extend this result by showing that
the elimination can be carried out inside our proof system. As then every formula can
be translated to one in B(JF) (with F € {PL, ML, FO} accordingly), the completeness of a
proof system for a team logic boils down to that of B(J), which ultimately relies on a
system for JF. Figure 6.1 visualizes this approach.

6.1 Introduction

A logic £ is a triple (®g, 2., F.), where @ is a set called formulas of £, 2 is a class
called valuations, and F is the satisfaction relation between 2 and @ .

(eliminate Vv, 0, ¢, V, 3)

B(PL) B(FO)
HPLL HFOUL
(lift propositional axioms)
Figure 6.1: Axiomatization of PL(~ ~) and FO(~
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6 An axiomatization of team logic

For example, in modal team logic, @ is the set of ML(~)-formulas, 2 is the class of
pairs (X, T) where X is a Kripke structure and T a team in X, and k, is defined as in
Chapter 2. In what follows, we often omit £ as a subscript. Sometimes we write ¢ € £
and ®' C L tomean ¢ € @, and &’ C O .

For sets @', ®” C £, the notation @' F ®” means that A F @’ implies A F ®” for all
A € 2. Likewise, ®' = ®” means @'  ®” and ®” F @'. If ®’ and/or ®" is a single
formula, we omit the braces and write, e.g., @' F ¢ instead of @’ = {¢}.

Definition 6.1. A proof system is a triple Q = (Z,¥,J) where = is a set of judgments
(usually formulas), ¥ C Z is a set of axioms, and J C p=<(Z) x Z is a set of inference rules.

We often depict an inference rule (®’, ¢) € J as a bar with the premises @1,...,¢n €
@’ on top of it and the conclusion ¢ below it. An example for an inference rule is the
well-known modus ponens:

o x— B

p

In this chapter, =, ¥ and J are all assumed countable and decidable in polynomial
time. The component-wise union of two proof systems Q, Q' is written QQ’.

Definition 6.2. Let QO = (=, ¥, J) be a proof system and ® C =. An Q-proof P from ® is a
finite sequence P = (Py, ..., Py) of finite sets P; C = such that & € P; implies that either
E€ePi_1UYU®,or (P& € JforsomeP C P;_;.

In other words, every formula in P; \ P;_; is either an axiom, an premise from @, or is
derived by some rule in J from P;_;.

We say that the proof P = (Py,...,Pyn) proves or derives a formula ¢ from @ if ¢ € Py,
and P is an Q-proof from ®. We write ® i ¢ if there is some Q-proof of ¢ from .
We omit Q if it is understood.

Definition 6.3 (Theorem). If Q = (Z,¥,7J) is a proof system, ¢ € Zand 0 - ¢, then ¢ is
called theorem of Q.

Instead of § - ¢, we also write .
If two formulas ¢ and ¢’ prove each other, i.e., {9} F ¢’ and {¢'} - ¢, then we write
¢ 1 @’ and say that ¢ and ¢’ are provably equivalent.

Definition 6.4. Let O be a proof system and £ a logic. Then Q is sound for £ if for all
® C L and ¢ € £ it holds that ® o ¢ implies @ =, ¢. Moreover, Q is complete for £ if
for all such @ and ¢ it holds that conversely ® =, ¢ implies ® o .

A sound and complete proof system for £ is an axiomatization of L.

We use the classical proof systems depicted in Table 6.2. This variant of the proposi-
tional calculus ((H1)-(Hg) and (E—)) goes back to Lukasiewicz [109]. We refer to it as
HPL. The modal logic part ((H1)-(Hg), (K1)-(K2), (E—), (Nec)) is standard, see, e.g.,
Fitting [33]. We call this system HML. The notation “(« theorem)” means that the rule
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6 An axiomatization of team logic

(H1) a—=(p—«

(H2) (= (B —=7v) = (= B) = (x =)

(H3)  (~a——B)— (B — &

(H4) o= (B — (xAB))

(H5)  («AB)— «

(H6)  (xAB)—B

(H?)  a— (axVB)

(H8) B — (xVB)

(H9)  (x—=vy)=(B—=7v) = ((«VB)—7Y)

E @ x—f

(E=) s

(K1)  Oa < —O-a

(K2)  O(x— B)— (O — OR)

(Nec) Dioc (o theorem)

(H10) of — Ixa (t term)

(H11) ¥xax — of (t term)

(H12) x=x

(H13) x=y = (o — o)
x—f3

(GV) XS B (x & Fr(«))
ox— P

63 5.7 5 (x & Fr(B))

Table 6.2: Hilbert-style axiomatizations of PL, ML and FO.

may only be applied to « that are derived without any assumptions, i.e., are theorems.
It is well-known that O« is valid (i.e., true in all models) if « is valid, but O« is not
necessarily true if o is true. We will come back to this complication in Subsection 6.2.1.
For now, observe that it can easily be encoded whether a formula is a theorem, e.g., by
choosing {0, 1} x ML as the set of judgments, and flipping (0, ¢) to (1, ¢) whenever a
non-axiom premise is used in a proof, i.e., the first component is a “dirty bit”.

For the first-order axioms ((H1)-(Hz13), (E—), (GY), (G3)), we follow Hodges [69],
and call this system HFO.!

In each of these logics, we can assume that T, 1, — and < are the usual abbreviations
via A, V and —.

HML

Proposition 6.5. In classical semantics, HP' is sound and complete for PL, is sound and

complete for ML, and HF® is sound and complete for FO.

*The notation o in (H10)-(Hz11) means that all free occurrences of x are replaced by the term t, but in
such a way that all variables introduced via t are still free. This is achieved by renaming all bound
variables into whose scope t falls.
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6 An axiomatization of team logic

(L1) o — (W — o)
(L2) (@ —= (b —=>0)) = (¢ =) —= (¢ —0)
(L3) (o —~) = (b — )
(L4) (oA P)— o
(L5)  (eNAY) =
(L6) o — (b — (@A)
(L7)  (ax—B)—> (x—P)
(Ew) £ o—=¥
P

Table 6.3: The system L of lifted propositional axioms for B(J); « and 3 denote classical F-formulas.

Recall that the logics PL, ML and FO all enjoy the flatness property (Propositions 2.10
and 2.23). Flatness has one particularly useful consequence regarding proof systems:

Proposition 6.6. Let F € {PL,ML,FO}, T C F,c € F. Then T" = « holds in classical semantics
if and only if it holds in team semantics.

Proof. We prove only the FO case, as the others are similar. For “=", let ' F « in classical
semantics. Let (A, T) be arbitrary such that (A, T) satisfies . Then (A,s) ET foralls € T
by flatness. By assumption, (A, s) F «in for all s € T. Consequently, (A, T) £ « again by
flatness.

Next, we prove “<” by contraposition. If I' ¥ « in classical semantics, then there
is a valuation (A, s) such that (A,s) £ T and (A,s) ¥ «. But then also (A,{s}) £ T and
(A,{s}) ¥ o by flatness. Consequently, I' ¥ « in team semantics. O

Corollary 6.7. The systems HPY, HM- and HFC are sound and complete for PL, ML and FO in
team semantics, respectively.

6.2 Axioms of the Boolean connectives

The second step towards an axiomatization of team logic is to investigate the Boolean
operators /\ and ~, which are added on top of a given classical logic . The other Boolean
connectives are defined as abbreviations, besides ¢ @ P := ~(~¢ A ~) these are the
material implication ¢ — \{ :=~¢ @ P, the equivalence ¢ >} := (¢ = P) A (P — @)
and the strict falsum 1 :=~T.

We again consider the Boolean closure B(J), and generalize the definition from that
in Section 4.9.

Definition 6.8. Let I be a logic. Then B(J) is the logic called the Boolean closure of 7,
with its formulas given by the grammar ¢ == o |~¢ | ¢ N\ @, for « € F, with the same
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A& —-a

B &— (a— )

1 (@ B) = (x— B) (L7)

2 & ((c—=B)— (o = B)) (L1),1
36— (ax—p) (L2),B, 2
> &—p (L2), A, 3

Figure 6.4: Example derivation in L

valuations as F, and with the semantics

AEg o if ped,
AFEgF) @ & (AFgF ¥ if o ¢ Fand ¢ =~,
A Fg) b1 and A Fgg) P2 if @ € Fand @ =Py Abs.

On the axiom side, the proof system L shown in Table 6.3 mainly consists of proposi-
tional axioms “L"ifted to team logic. The classical axioms (L1) to (L3) and (E—) describe
the meaning of — and ~. The axioms (L4) to (L6) define /\. The only “non-classical”
axiom is (L7), which is necessary to relate the implication on the level of singletons (—)
with that on the level of teams (—).

Derivations are written down as in the example below (Figure 6.4). The premises have
the special line numbers A, B, ..., whereas > marks the conclusion. The right column of
each proof shows the applied rules with the line numbers of the arguments. The format
is

ruley),..., (ruley), argument,,...,argument
) ) ) g I B) yarg n

where omitted line numbers of the arguments means that the preceding lines are used.
For brevity, we omit applications of (E—) in L that are clear.

In the next several subsections, we prove that L, when combined with a proof system
for F, completely axiomatizes B(F). First, we show that L also preserves soundness.

Lemma 6.9. Let QO = (=, ¥, J) be a proof system such that every rule and axiom of Q contains
only F-formulas, that is, = C F. If (E—) € J and Q is sound for F, then QL is sound for B(TF).

Proof. We show that all axioms and inference rules of QL are sound. Then the soundness
of QL is easily shown by induction on the length of proofs.

The axioms and rules of Q apply only to J, and for this reason are sound by assumption.
As (E—) is also sound, {«, « — B} E B for all «, 3 € F. For this reason, o« —  E & — f3,
so (L7) is sound. For the other axioms and rules of L this is straightforward by the
semantics of ~, A\ and —. O
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6.2.1 The deduction theorem for team logics

Similar to propositional logic, the first step in the completeness proof is the deduction
theorem, i.e., that ® - (¢ — ) if and only if ® U {¢} F ¥. Unfortunately, for logics
beyond the propositional connectives, the status of the deduction theorem is rather
unclear. The prime example is modal logic, for which Hakli and Negri [50] claim:

For modal logic, however, there seems to be lack of agreement about the validity of the
deduction theorem. The answer to the question whether the deduction theorem fails
for modal logic is far from unanimous. Some sources in the literature claim that the
deduction theorem holds, whereas others claim that it fails, some give conditions and
restrictions for the theorem to hold or arque for the failure of the deduction theorem
as a consequence of a certain formulation of the rule of necessitation.

Classical modal logic consists of the propositional calculus together with the distri-
bution axiom O(¢@ — ) — (e — Op) and the Godel rule (necessitation): ¢ + Oe.
But clearly ¥ ¢ — O¢, which is the said failure of the deduction theorem. Basically, the
deduction theorem is incompatible with the necessitation rule. On this account, some
authors claim only weak soundness and completeness of an axiom system for modal
logic, meaning b ¢ < E ¢ (cf. Sider [129]).

Instead, we pursue the approach of Hakli and Negri [50], which goes back to Fit-
ting (cf., e.g., [33]). Essentially, they restrict the application of ¢ + O to those cases
where ¢ is a theorem (cf. p. 150). This approach leaves the calculus complete and pre-
serves the deduction theorem with only minor changes to the classical proof systems.

Since team logic contains several non-Boolean connectives, we generalize the proof of
Hakli and Negri [50, Thm. 2]. As the crucial property of a rule to be compatible with
the deduction theorem, we identify the following.

Definition 6.10. Let O = (Z,1{,J) be a proof system. A rule ({&1,...,&}L ) € T has
conditioning if { @ — &1,...,0 = & JF (@ =) forall € =.

In other words, the rule can be applied relative to an arbitrary premise ¢. It is needless
to say that we eventually will prove the above property for all rules of the corresponding
team-logical connectives.

We say that a system Q has conditioning if all inference rules have it.

Theorem 6.11 (Deduction theorem). If Q is a proof system and QL has conditioning, then
O Fou (@ —¥) ifand only if ® U{e} Far .

Proof. “="is clear, as L has (E—). We prove “<” by induction on the length n of a
shortest proof of . If € @, = ¢, or if P is an axiom, then ® - (¢ — ) by (L1) and
(E—). For n = 1 these are the only cases. If n > 1, then 1\ could also be obtained by

application of some inference rule ({&1, ..., &k}, ). Butthen &;,..., & each have a proof
of length < n —1 from ® U {¢}, so by induction hypothesis, ® F ¢ — &; for 1 <i < k.
As QL has conditioning by assumption, ® - ¢ — 1\ as desired. O
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This for example applies to the rule ¢ F O in its weakened form (requiring ¢ to be
a theorem), as we will show next.

Definition 6.12. Let Q and Q' be proof systems. Q' is a conservative extension of Q, in
symbols Q' = Q, if Q' contains all judgments, rules, and axioms of Q, but all rules of
Q' that are not in Q apply only to theorems.

Theorem 6.13. Every conservative extension of L or HPLL has the deduction theorem.

Proof. Let Q be a proof system as above. It suffices to show that all rules of QO have
conditioning.

There are three cases to distinguish: (E—), (E—), and rules that apply only to the-
orems. The latter case is clear: If a rule (®’, ¢) applies only to theorems, then the
produced formula ¢ itself is a theorem. Then by (L1) and (E—) we can prove & — ¢
for arbitrary &, so the rule certainly has conditioning.

Next, consider the rule (E—), i.e., ({@, @ — P} ). To demonstrate that it has con-
ditioning, we assume the premises & — (¢ — ) and & — ¢, where ¢ is arbitrary. By
(L2) and (E—), it is straightforward to derive & — 1. Finally, for (E—), conditioning is
proved as in Figure 6.4. O

For team logic, we will later introduce rules like ¢ - O, @ - Vx@ etc. that act only on
theorems, and thereby fulfill the above requirement.
6.2.2 Completeness of L

We follow the standard completeness proof for propositional logic, which relies on Lin-
denbaum’s lemma to construct a so-called maximal consistent set. Let us first introduce
an analogous notion of consistency. In what follows, let QO = (Z,1, J) be a proof system.

Definition 6.14. A set ® C = is Q-inconsistent if @ +- =, i.e., if everything can be derived.

@ is Q-consistent if it is not Q-inconsistent. Moreover, ® C = is maximal Q-consistent if it
is Q-consistent and contains & or ~¢ for every & € =.

As before, we usually omit Q. The following lemmas are standard, with their proofs
also found in the appendix.

Lemma 6.15. Let Q = L. The following statements are equivalent:
(1) ®Fq @ and © o ~@ for some @,
(2) @ is Q-inconsistent,
(3) b L.

Lemma 6.16. Let Q = L and let @ be consistent. Then @ ¥q ¢ implies that ® U {~@} is
Q-consistent, and ® - ¢ implies that ® U {¢} is Q-consistent.

Lemma 6.17 (Lindenbaum’s lemma). If Q = L, then every Q-consistent set has a maximal
Q-consistent superset.
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The next step in standard completeness proofs is to construct a model for any maximal
consistent set. The application of Lindenbaum’s lemma is usually as follows: if @ is
maximal consistent, then there is a model M fulfilling all its atomic formulas. By the
maximality of @, then also all Boolean combinations of atomic formulas, if they are in
@, are true in M.

The part where we have to deviate from the standard proof is in fact the induction
basis, since at the bottom we do not have atomic propositions, but F-formulas as “atoms”.
For this reason, a bit more work will be required.

Let ~F denote the fragment of B(JF) that is restricted to the formulas in { ~x | x € F}.
Likewise, 3 U ~J denotes the fragment restricted to formulas in { «,~x | € F}. Intu-
itively, ' U ~J is the set of “literals.”

Definition 6.18. A proof system is refutation complete for £ if every unsatisfiable ® C £
is inconsistent.

With an additional assumption, the standard proof goes through:

Theorem 6.19 (Completeness of L). If Q = L is refutation complete for F U ~F, then it is
complete for B(F).

Proof. Let ® C B(F) and ¢ € B(F). For completeness, we have to show that ® ¥ ¢
implies ® ¥ . If ® ¥ ¢, then by Lemma 6.16, ® U {~¢} is consistent. Then ® U {~¢}
has a maximal consistent superset ®* by Lemma 6.17. Clearly, ®* N (F U ~3J) is then
consistent as well. By refutation completeness of Q for U ~J, it has a model A. We
show that € ®* < A F  for all Y € B(F). In particular, ® U{~@} is then satisfiable,
which proves @ ¥ ¢. That ) € ®* < A E 1 holds for ¢ ¢ (I U~TF) can be proven by
induction on the length of { (see the appendix). O

Why is the refutation completeness of literals an issue in team semantics? Let us
consider propositional logic PL as an example. Classically, it is the Boolean closure of
Prop, but the set {p, —p | p € Prop} of literals is trivially refutation complete: Any subset ®
is inconsistent only if it contains p, —p for some proposition p. Otherwise it is satisfiable
simply due to the assignment s with s(p) = 0 iff —p € ®. But full team logic now
constitutes another layer on top of classical logic, in the sense that B(J) is the Boolean
closure of F-formulas. That means that “atoms” of team logic are not propositions, but
formulas of the underlying classical logic. For this reason, refutation completeness on
the level of literals becomes a non-trivial issue, whereas in classical logic it is not.

However, the case of having only propositions as atoms gives us a useful result. Let
¢ € B(Prop). A formula ¢’ is a substitution instance of ¢ if there are n € N, propositions
P1y.-.,Pn and formulas b1, ..., such that ¢’ = @p1 /1] - [pn/Unl.

Theorem 6.20. If F3(prop) @, then b @' for any substitution instance @' of @.

Example 6.21. The distributive law a A (b @ ¢) <+ (a Ab) @ (a A ¢) is semantically valid.
Therefore all its instances ¢ A (P @ 08) < (¢ AYP) @ (@ A1) are provable.
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Proof of Theorem 6.20. Let @ € B(Prop) such that Fg(pop) @. First, we show that L is
complete for B(Prop). For this, we apply Theorem 6.19 and show that L is trivially
refutation complete for Prop U ~Prop. The argument is similar to the one above: Any
set ® C Prop U ~Prop either contains p,~p for some p, or it is satisfiable due to the team
T ={s}with s(p) =0 < ~p € @ for all p € Prop.

Hence | ¢. Now, suppose that ¢* is a substitution instance of ¢, i.e., there are n,
pi and ; such that @* = @[p1/P1]- - [pn/bn) . Let 6* denote the same substitution
applied to 0, for arbitrary formulas 6, i.e., 0* := 0[p1/P1] - - - [pn/Pnl.

We proceed with showing - ¢* by induction on the length of a shortest proof of ¢ in
L. If ¢ is an instance of (L1) to (L6), then the same is the case for ¢*. (Being a B(Prop)
formula, ¢ cannot be an instance of (L7).)

If ¢ was derived from {y — ¢ and { via (E—), then - (p — ¢)* and F| P* by
induction hypothesis. As (p — @)* =1{* — ¢*, we can apply (E—) to obtain ¢*. [

Corollary 6.22. The standard propositional laws such as De Morgan's laws, distributive laws,
commutative laws, etc. (over /\ and ~) are all provable in L.

6.2.3 Refutation completeness on literals

For the completeness of B(J), we required that our proof system is at least refutation
complete for literals, i.e., F U ~F. Next, several ways to establish this are presented.

Counter-model merging

Definition 6.23. A logic J admits counter-model merging if, for arbitrary sets I', A C F the
following holds: If for every 5 € A there is a model M such that M E " and M ¥ 5, then
there is a model M such that M ET"and M ¥ b for all 6 € A.

In other words, if every & € A is falsified by a model of T, then I' also has a model that
falsifies all formulas in A simultaneously. A similar property, the @-disjunction property,
was used by Virtema [139] and Yang and Vddndnen [142, 143, 144]. It says thatF ¢ @ ¥
implies that either F ¢ or F 1. For this reason, the Boolean disjunction @ is sometimes
also known as intuitionistic disjunction in team logic.

Our definition speaks about entailment instead of only validity, but the proof is
essentially the same as for the disjunction property in the literature. For the sake of
self-containedness, we include it below.

Proposition 6.24. PL and ML admit counter-model merging.

Proof. We prove the more general case, ML. Let I'A C ML, and for each § € A, let
(K5, Ts) be a model of ' U{~b8}, where K5 is a Kripke structure and Ts is a team in XK.
W.l.o.g., the Kripke structures X5 are pairwise disjoint. Let X* be the union of the Xs.
The truth of ML-formulas is invariant under disjoint union of structures [43]; hence
(X*,w) F «if and only if (X, w) F «, for all formulas « € ML and w € Ts. By flatness of
ML it follows that (K*, Ts) F T and (K*, Ts) ¥ 6 for all 5 € A. Finally, consider the team
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T™=U sca T5- As ML is union closed, (K*,T*) satisfies ', and as it is downward closed,
(X*, T*) falsifies each 6 € A. d

Lemma 6.25. If F admits counter-model merging and Q is complete for F, then QL is refutation
complete for U ~TF.

Proof. Let ® C J U~J be unsatisfiable. Let I' := ® N J and A := ® N ~J. There exists
~6 € A such that I' U {~8} is unsatisfiable, since otherwise ® would be satisfiable by
counter-model merging. But then I' = 3, which implies I' - 5 by completeness of Q for J.
Consequently, @ I {5,~6}. By Lemma 6.15, ®@ is inconsistent. O

Theorem 6.26. HPLL axiomatizes B(PL). HMLL axiomatizes B(ML).

Proof. The soundness follows from Corollary 6.7 and Lemma 6.9. The completeness
follows from Proposition 6.24, Lemma 6.25 and Theorem 6.19. O

Closure under quantification: First-order logic

First-order logic FO does not enjoy the counter-model merging property. Consider, for
instance, the sentences R(c) and —R(c), where c is a constant. Clearly, either of them can
be falsified by an appropriate interpretation in team semantics, but to falsify both in the
same structure is impossible regardless of the assigned teams. The crucial point is that
R(c) and —R(c) are contradicting sentences.

In this section, we show that sentences are in fact the only obstacle for axiomatizing
B(FO). The problem can be remedied by introducing an additional axiom, the unanimity
axiom:

(U) ~o— —a (asentence)

We will refer to the above system simply as U.
Similar to classical first-order logic, the truth of a sentence depends only on the
underlying structure itself and not on the assignments in a given team:

Lemma 6.27. For any sentence o« € FO and structure A, the following are equivalent:

(1) (A,T)E o for some non-empty team T.

(2) (A, T)E aforall teamsT.

(3) (A,s) F «forsomes:Var — A.

(4) (A,s)E aforalls:Var — A.
Proof. Straightforward by the flatness property. O
Corollary 6.28. The system U is sound for FO(~).
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We proceed by investigating the fragment ~FO := {~« | « € FO}. The next proposition
and the subsequent lemma show that the system HFOU is not only sound, but also
“complete” for FO-entailments from sets of ~FO-formulas:

Proposition 6.29. Let A C ~FO be non-empty, and suppose that A E o for some « € FO. Then
there is an FO-sentence € such that A F ~e F —¢e F .

Proof. Define € := 3x7 - - - Ixn—a, where {x1,...,xn} = Fr(a). Clearly, —¢ = Vx; - - - ¥xp .
In particular, —¢ F «. Moreover, ~¢ E —¢ by the previous lemma.

It remains to prove A F ~e. Suppose (A, T) £ A for some team T and first-order
structure A. Let V ={s | s : Var — A } be the team of all assignments. Then T C V, and
(A, V) E Aby upwards closure of ~FO. By assumption of the proposition, (A, V) F «.

The next step is to show that A = —e. Since V contains all assignments, it also contains
a team of the form U}'..." for non-empty U, which then satisfies « by downward
closure. By definition of V in team semantics, (A, U) E Vx; ---Vxn &« = —e. Note that
T # 0, as T satisfies at least one ~FO-formula. By Lemma 6.27, (A, T) F ~e. O

The above proposition exhibits an important property of ~FO: If a subset A C ~FO
is not satisfiable, then it already entails contradicting sentences. This fact is exploited
in the next lemma. It is the first step toward refutation completeness of the fragment
FO U~FO, which is required in order to utilize Theorem 6.19 for completeness of B(FO).

Lemma 6.30. The system HTOUL is refutation complete for ~FO.

Proof. Let A C ~FO be unsatisfiable. Note that ~5 Fyro; ~L forall § € FO, as L Fyro 6.
As A necessarily contains at least one formula, which is of the form ~5, we have A - ~_L.
So we only need to demonstrate A - L to show it is inconsistent.

For the rest of the proof, we write 5(x1,...,xn) to indicate that  has the free variables
X1,...,Xn. Then we define a set I' C FO of sentences by

Fi={3x7 - Ixn=8(X1y.eeyXn) | ~0(X1,...,Xn) € A}.

The remaining proof of A - L is split into showing A Fyroy I'and T Fyro L. For the
first part, note that Vxy ...Vxn 8(x1,...,Xn) Fyro 8(x1,...,%n) as HFO is complete for FO.
Consequently, for all 3xy - - - Ixn,=8(x1,...,xn) €T,

AF ~8(x1,. ey xn)

Farop ~¥x7 -+ - Vxn 8(X1, ..., Xn)
Fu =X VX 8(X1y ..oy Xn)
Faro 3x1 -+ Ixn=0(x1y...yXn).

So A+ T. It remains to prove I' - L. By classical completeness, it suffices to show
that ' is classically unsatisfiable. Hence, for the sake of contradiction, assume that I'
has a model (A, s). With A fixed, now for every formula 3x; - - - Ixn=8(x1,...,xn) €T
the set S5 := {s: Var = A | (A, s) E —8(x1,...,xn) } must then be non-empty. But then
(A, Ss) E~8(x1,...,xn). By downward closure of FO, and hence upward closure of ~FO,
we obtain (A, |Js Ss) F A, contradiction to the assumption of the lemma. O
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Lemma 6.31. The system H™OUL is refutation complete for FO U ~FO.

Proof. We have to show that any unsatisfiable ® C FOU~FO is inconsistent, so suppose ®
is unsatisfiable. We showed that FO(~) satisfies the compactness theorem (see Chapter 5,
Corollary 5.41), so w.l.o.g. @ is finite. Let I' := ® N FO and A :== ® N ~FO. As T is finite,
and by completeness of HFO, w.lo.g. I = {y} for some y € FO.

We construct the following set AY C ~FO, which “adjoins” y to all formulas in A:

AY = {~(~yV8) |~6 €A} ={E(yA—5) |~s € A}

The remainder of the proof shows that {y} UA F AY and that AY is unsatisfiable.
As HFOUL is refutation complete for ~FO by Lemma 6.30, then A and consequently
® is inconsistent. As {y,—y V &8} Fyro 5, we have ® + {y,~8} Fyro ~(—y V 8) for all
~(0V —y) € AY. Hence ® - AY.

Next, assume for the sake of contradiction that AY is satisfiable, say, in (A, T) for a first-
order structure A and team T. For each ~6 € A, there is s € T such that (A, s) Fvy A —é.
However, if T' := {s € T| (A,s) F v}, then (A, T’) E vy by flatness and (A, T’) £ A by
downward closure. Contradiction to the assumption that {y} U A is unsatisfiable. O

Theorem 6.32. HFOUL is sound and complete for B(FO).

Proof. The system H© is sound by Proposition 6.5, and L by Lemma 6.9. U is sound by
Corollary 6.28. By Theorem 6.19 and the above lemma, H™OUL is complete. ]

6.3 Operator elimination

In this section, we build on top of the system L and axiomatize the other connectives,
V, ¢,0,3 and V, in multiple steps. This yields a proof system for the respective logics
JF(~), where J € {PL, ML, FO}. We prove completeness by presenting a translation of F(~)
to the fragment B(J) that can be carried out in the proof system. A similar approach was
pursued by Yang [141, 142] for propositional and modal dependence logic, although
she translated formulas into a normal form based on @ and V instead of @ and A
(cf. Subsection 3.7.1).The following lemma formalizes our approach.

Lemma 6.33. Let £, L’ be logics such that L' C L. Let Q be a proof system that is sound for £
and complete for L', and such that every L-formula is provably equivalent to an L’'-formula in
Q. Then Q is also complete for L.

Proof. Assume ® C £ and ¢ € £. We have to show that ® £ ¢ implies ® - ¢. By
assumption, every L-formula is provably equivalent to an £’-formula, hence ® ++ @’
for some set @’ C L’. Likewise, ¢ ++ ¢’ for some ¢’ € L’. Since these equivalences
are proved between (sets of) L-formulas, soundness for £ implies ® = ®" and ¢ = ¢’.
Consequently, @' = ¢’. By completeness of Q for £’, we obtain ®’ + ¢’. Altogether,
then ® - @' ¢’ . As | is transitive, the lemma follows. O
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(Dual—) (@ V) «» ~(¢@ —o ~) Definition of —
(SubV)  a— (@ —o ) Downwards closure
(LaxV) ©— (VYY) — (V) Lax semantics
(AssV) (VPVO)) — (V) VO) Associative law
(ComV) (V) — (VV o) Commutative law
(Dis—) (p — (P —0)) = (¢ —P) — (@ — 0) Distribution axiom
(Nec—o) ﬁ (¢ theorem) Necessitation

Table 6.5: The system S, splitting axioms

To translate a formula to B(JF) in our proof system, we use the following definition of
the elimination of connectives.

Definition 6.34. Let £ be a logic and Q a proof system. Let f be an n-ary connective. £

has f-elimination in Q if for all formulas &.,..., &, € £ there exists some ¢ € £ such that
f(a] Yooy E,n) 4F_(1 ®.
In other words, if &1,..., &, are L-formulas, then f(&;1,..., &y ) is provably equivalent

to an L-formula as well. As we let the elimination start at the innermost subformulas,
we additionally require the next definition, which is a syntactic counterpart to the full
abstraction principle (Proposition 2.8):

Definition 6.35. Let g be an n-ary connective. A proof system Q has substitution in g if
forall @1,V1,...,@n,Prn itholds that @1 4 P1,..., @n - Py implies g(@1,..., ¢n) -
g1, ¥n).

6.3.1 Splitting elimination

The splitting disjunction is axiomatized by the rules listed in Table 6.5. We also include
a universal version of the splitting operator, which is denoted by —o. It has the semantics

TEe oY & VS,U:if T=SUUand S F ¢, then U E .

In this thesis, we consider ¢ — 1 as an abbreviation for ~(¢ V ~). The connective
—o is useful in describing properties such as downward closure, which are formulated
by universal quantification over all subteams.

Let us briefly explain the role of each axiom and rule of S in the next lemma, and
prove that they are sound. We do not give a proof that this system is minimal, but the
informal explanation below hopefully convinces the reader that it cannot be condensed
much further.

Lemma 6.36. The proof system HPLLS is sound for PL(~).

Proof. The soundness follows by induction on the length of proofs, for which we show
that all axioms are valid and rules preserve truth. For H® and L, this is by Proposition 6.5
and Lemma 6.9, respectively. Finally, for S, we consider each axiom and rule separately.
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(Dual—) states that \V can be defined in terms of —. It is clearly sound, since
~(@ — ~p)is ~~(@ V ~~p) = ¢ V | by definition.

e (SubV) states that \/ always produces subteams of T (and not, say, successor teams
like (). This is expressed in terms of downward closure of classical formulas «;
if oc holds, then a holds in every split (hence we use — instead of V). Formally,
let T E o, and let S U U be an arbitrary split of T such that S = ¢. Then U & « by
downward closure, as U C T.

o (LaxV) describes that \V is lax. If a team T satisfies ¢, and there is an arbitrary split
into SUU such that S = 8 and U 1, then TU U is also a split, witnessing ¢ V1. In
strict semantics, this law is not true, hence it is not provable from the other axioms
(which are sound for strict semantics).

e (AssV) and (ComV) are the associative and commutative law of \V, and clearly are
true since U is associative and commutative.

o (Dis—) and (Nec—) are used to introduce V in the spirit of the necessitation
(Gddel rule) and the axiom K (distribution law) of modal logic. In analogy to ML,
where necessitation introduces the universal O and not the existential ¢, here we
introduce the universal —. We prove that they are sound. For (Dis—), suppose
that for every split SU U of T such that S F ¢ it holds that U F 1} — 6. If then
additionally for every split S U U of T it holds that U F 1, then also U k 6 for all
such U. For (Nec—o), let ¢ be a theorem. Then by induction hypothesis, it is valid,
i.e., true in all teams. But then 1 — ¢ is valid, since U & ¢ for every split S U U of
T. O

Example 6.37. The dependency atom dep(«; ) can be defined as T — (dep(x) —
dep(B)), where dep(y) = y @ —y. Figure 6.6 depicts a proof of one of Armstrong’s
axioms of dependence [6] in our system, namely the axiom of transitivity. It states that
from dep(«; B) and dep(B;y) we can infer dep(w; ).

We proceed with showing that \V can be eliminated by means of the system S. For
that matter, the following lemma considerably simplifies the required proof.

Lemma 6.38. Let Q = LS. Then Q has substitution in ~, /\ and \/. Furthermore, Q admits
the following meta-rules:

o Reductio ad absurdum (RAA): If ® U{@} F {{,~}, then @ - ~q. If © U{~@} - {,~},
then @ F .

e Modus ponens in — (MP—o): If @ — P and © -6 —o @, then ® + 6 — .
e Modus ponens in\V (MPV): If @ — Y and @+ 0V @, then ® -0V 1.

Proof. First, we derive the meta-rules in Q. For (RAA), the standard proof is as follows.
Suppose @ U{¢} + {1, ~p}. By the deduction theorem (Theorem 6.13), @ - {@ — P, @ —
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A dep(o; B)
B dep(B;v)

|1 T —o (dep(«) —» dep(B)) def., A
2 T — (dep(B) —» dep(y)) def., B

| 3 (dep(o) — dep(B)) — ((dep(B) — dep(y)) —» (dep(x) —> dep(y))) L
T —o (((dep(ex) — dep(PB))

"+ ((dep(B) —» dep(y)) —» (dep(a) —» dep(y)))) =)
; (7 (dep(ag — dep())) (Diso)
— (T —o ((dep(B) — dep(y)) — (dep(x) — dep(v))))
6 T —o ((dep(B) — dep(y)) — (dep(a) — dep(v)) (E=+),1,5
7 (T — (dep(B) — dep(y))) — (T — (dep(a) — dep(y)) (Dis—)
8 T —o (dep(a) —> dep(y))) (E=+),2,7
> dep(o;y) def.

Figure 6.6: Example derivation: Transitivity of dependence

~}. Moreover, the propositional law (¢ — ~p) — (P — ~¢) is derivable in L due to
Theorem 6.20. Consequently, ® + {¢ — P, — ~¢}, and together ® +- {¢ — ~¢}. But
(¢ = ~p) — ~@ is again a theorem, so ® I ~¢ as required. The other case is proved
analogously.

The rule (MP—) is straightforward by application of (Nec—), (Dis—) and (E—):
Givent ¢ — 1, by (Nec—) we have - 6 — (¢ — 1), so by (Dis—) thent (8 — @) —
(0 — 1), and finally with (E—) we obtain ® - 6 — 1\ from ® - 6 — ¢.

Finally, (MPV/) is derived as follows, where “(thm)” marks a formula as a theorem:

A p—1 (thm)
BoVe

1 s~ (thm), L, A
20— (> ~g) (thm), (Nec—)
3 (0o ~1p) = (0 = ~¢) (thm), (Dis—)
4 ~(0—o~¢) > ~(0—o~p)  (thm),L
5 ~(6 o ~¢) (Dual—), B
6 ~(0 1) ()
> 8V (Dual—)

Next, we prove substitution in ~, A and V. For ~, suppose ¢ = ~§ and & - 1.
Obviously, {@, )} - &,~&. By (RAA), ¢  ~. For A, suppose ¢ = & A&y, &1 - 1y
and &, -~ . Then in L, immediately ¢ = & A&y F {&1, &) F {W1, P2} F Py As.
Finally, substitution is \V is obtained by two applications of (Com\/) and (MPV) and the
deduction theorem. O

Example 6.39. For «, 3 € PL, the formula (x — B) — f is valid: « is satisfied by the
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(DAV) (aN\ (V) « (xAN@)V (xAD)) Distr. /A over V
(DV@) (VW @0)) + (¢ V)@ (pV0) Distr. \V over @
(DVA) (@ V (xAEB)) «» (¢ V a) AE(aAB)) Distr. V over A
(AbseV) (ExV @) — Ex Absorption of \V in E
(AbsEN) (e AEB) — E(x A\ B) Absorption of Ain E

Table 6.7: Useful theorems of HP'LS

empty team, and as every team T has the trivial division into () and T, having T F « — 3
implies T F 3. We sketch a proof of it in the system HP-LS. For a proof by (RAA), we
start with the assumptions (x — 3) and ~ and derive a contradiction. First, observe
that TV L is a classical tautology and hence provable in HP-. By (Lax\/), we obtain
~B V L, and since classically L - «, we derive ~f VV « by (MPV) and oV ~p by (ComV/).
This yields the desired contradiction, as o — (3 is short for ~(« V' ~f3).

Moreover, the axioms S allow to derive auxiliary laws regarding VV and —o:
Lemma 6.40. Let Q = HPLLS. Then all instances of the laws in Table 6.7 are provable in Q.
Proof. Proven in the appendix. O

The actual proof that HPLLS has V-elimination spans several further lemmas. We
implicitly apply Lemma 6.38 when using substitution in A, ~ and VV and make use of
the laws in Lemmas 6.38 and 6.40. The first step is the and/or lemma.

Lemma 6.41 (And/Or lemma). If Q = HPLLS, then

n n
/\ EBi - \/ EB:
i=1 i=1

in Q forall Bq,...,Pn €T.

Proof. We begin with the direction “F”, and proceed by induction on n. The case n =1
is trivial. For n > 1, due to the induction hypothesis and by substitution in A it suffices
to prove (\/i; EB )AEBn Vi EBi.

In L, we can separate the two conjuncts and obtain Ef, and A", EBL Now, TV T is
classically provable in HPL, and yields EB,, \V T by one apphcatlon of (LaxV), TV EBn
by (Com\/), and \/{"_;' EB: \ EBn by another (Lax\/), hence \/I_, EB;.

The other direction “4” is shown by a separate derivation of each conjunct with
(AbsEV), (AssV) and (ComV), which in L then yields the whole conjunction. O]

Lemma 6.42 (Change of normal form). If Q = HPLLS, then

a A\ /n\ EB1 =+ \n/ (0(/\ Eﬁl) (1)

i=1 i=1
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foralln € Nand o, B1,...,Bn € F, and

n

(i AEBy) - (\/ oq> A J\ Eloi AB3) (2)
i=1

n
= i=1

i=1

foralln e Nand oqy...,Bn,B1y...,Pn € T.

Proof. Let us start with (1). Here, we first apply the and/or lemma to replace the large
conjunction by \/1'_; EBi. Then we simply distribute « with repeated application of
(DAV), (AssV) and (ComV/). Both steps are provable equivalences.

For (2), we consider both directions separately. For “I”, we obtain \/{"_; o; from
Vi (i A EBy) by the application of (Ass\/), (ComV) and (MPV), as («; AER3) k. «; for
all i. Next, we apply (AbsEA\) to similarly derive \/i"; E(x; A B1), which by Lemma 6.41
yields Ai_; E(ai /A Bi). In L, we form the conjunction of both.

For “-”, we repeatedly apply the theorem (D\//\) of Lemma 6.40, thatis, (¢ V ) A\
E(x AB) F @V (x NEB). We proceed as follows. Assume that the formula has the
following form after k applications:

k n n
(\/(cxm EB+) V\/oq> A J\ Eles A By).
i=1 i=k+1 i=k+1

For k = 0, this is just the right hand side of (2). We isolate a single subformula on each
side with the commutative and associative laws:

k n
[(\/((Xi/\EBi) V\/“i) V ot

i=1 i=k+2

n
AE(etesr ABrst) A\ Elei A By)
i=k+2

Then we apply (DVA) (from right to left), resulting in

k n
[(\/ (i NEBy) V \/ 061) V (o1 AEBry 1)

i=1 i=k+2

AN /n\ E(“i N Bi)/

i=k+2

and again with commutative and associative laws in

k+1 n n
( \/ (i NEBy) V \/ “i) N /\ E(ai A B1),

i=1 i=k+2 / i=k+2
where we can repeat the above steps until k = n. O

With the above lemma, we are ready to prove V-elimination.

Lemma 6.43 (V-elimination). Let J be a logic closed under —,\/,\, T, L. Let Q = HPLLS.
Then B(F) has \V-elimination in Q.

Proof. Suppose that ¢ =1V 6 where {,0 € B(F). For V-elimination, we have to show
that ¢ is provably equivalent to a B(J)-formula. By Theorem 6.20, all propositional
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laws are available, and we have substitution in V (Lemma 6.38), so w.l.o.g. }, 6 are in
(@A\)-normal form (cf. Section 3.7.1), that is, in the form

n

@ O(i/\ ;1\1 Ef)i,]'

i=1 j=1
for n,m; € Nand oy, Bi,; € F. Then, we have the following provable equivalences in Q:

n mg n’ m{
¢ - [@ i ANEBs | VD [ N EBL ]
i=1 j=1 i=1 j=1

!
1.
i/

my
4 @ A\ EBi | V| o AN EBL (DV®)
1<i<n j=1 j=1
1<i/'s<n’ —
m; m
- @ \/ <oci A EBi)j> Vv \/ <oc{, N Eﬁ{,’j> (Lemma 6.42, (1))
1<i<n \ j=1 j=1
1<i'<n’
¢k
- \/ (vi,; /\Ebyj) (renaming, v j,8i; € F)
i=1 j=1
¢ ki ki
+ Q| VyiiA AE(isAsy) | € BE). (Lemma 6.42, (2)) [
i=1 \ j=1 =1

Theorem 6.44. The system HPLS axiomatizes PL(~).

Proof. Using substitution in /A, ~ and V (Lemma 6.38), any PL(~)-formula can be trans-
formed into a B(PL)-formula by means of \VV-elimination (Lemma 6.43). Hence every
PL(~) is provably equivalent to a B(PL)-formula in the system HP-LS. The completeness
consequently follows from the combination of Lemma 6.33 and Theorem 6.26. The
soundness was shown in Lemma 6.36. O

6.3.2 Modality elimination

Next, we extend the proof system to cover the modal operators. This is achieved with
the proof system M depicted in Table 6.8. As for PL(~), we introduce the universal dual
of O, which we write A. It has the semantics

TEA@ & VS:if Sisasuccessor team of T, then S E ¢

and is syntactically defined as A := ~O~@. Recall that the operator (J is self-dual, so
we do not require an additional connective here.

Lemma 6.45. The proof system HMLLSM is sound for ML(~).
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(Dual®) O «» ~A~@ Duality of A and ¢
(LinO)  O~¢ « ~O¢ Self-duality of O
(DisOV) Ol V) « (O V OU) Distr. ¢ over V
(ED) Ox — Aa Successors are subteams of image
(10) Q@ — (AP — ) Image is a successor (if one exists)
(Dis0d) O(e — V) — (D — )  Distribution axiom of O
(DisA)  A(e —»¥) — (Ap — AY)  Distribution axiom of A
(Nec) Diip (¢ theorem) Necessitation of [J
(NecA\) AL (¢ theorem) Necessitation of A
[0)

Table 6.8: The system M, modal axioms

Proof. The soundness of HML, L and S is shown analogously to Lemma 6.36. Below, we
consider every rule and axiom of M.

o (Dual() states that ¢ can be defined in terms of A, and is clearly sound, as Q¢ =
~~O~~@, which is ~A~¢ by definition.

(Lin(J) states that OJ is self-dual, or equivalently, that the image team RT of a team
Tisunique. Hence TE O~p & RTE @ & TFE Oe & T E ~Oe.

(DisQV) states that ¢ is lax. This is formalized by saying that it distributes over
the lax disjunction (whereas its strict counterpart ¢ distributes only over strict
disjunction V). A formal proof follows. Let X = (W, R, V) be a Kripke structure
and T C W a team.

“—": Suppose (X, T) E ¢(@ V). Then T has a successor team T’ such that there are

S"and U with T =S’uU’, (X,S’) E ¢ and (X, U’) E . We define subteams
Sand Uof Tsuchthat T=SuUU, (X,S) E O and (X, U) E Op:

S::{VGT‘HV,ES,Z(V,V,)GR},
U:={veT | el :(v,v)eR}.

Every world v € T has at least one successor v/ € T'. Since S’ UU’ = T/, either
v/ e §/,orv’ € U, or both. By definition, v is in then in S or U. Consequently,
T=SUlL

To prove (X, S) £ O, we demonstrate that S’ is a successor team of S. (X, U) F
O is then shown analogously. First, by definition of S, every v € S has at
least one successor in S’. Likewise, every v/ € S’ has at least one predecessor
in S: Since S’ C T" and T’ is a successor team of T, v/ has some predecessor v
in T. By definition of S, v € S. It follows that S’ is a successor team of S.

: Suppose (X, T) E ¢ V O due to subteams S and U of T suchthat T=Su U,

(X,S) E Q@ and (K, U) E . Then there is a successor team S’ of S satisfying
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@, and a successor team U’ of U satisfying .

We show that T’ := S’ U U/, which satisfies ¢ V 1, itself is a successor team
of T. If ve T,thenv € Sorv € U, and v has a successor in S’ or U’, and
consequently in T’. On the other hand, v/ € T’ implies v’ € S’ or v/ € U’. But
then v’ has a predecessor in S or U, and hence in T.

e (ED) states that the image team RT of T contains all successor teams of T as a
subteam. Like (SubV/), it is formalized in terms of the downward closure of
classical formulas.

e (I0J) states that the image team RT of T is itself a successor team of T, provided
that there is some successor team at all. If some w € T has no successor, then A
is trivially true as no successor team exists, but [hp is not necessarily true. If the
premise (¢ holds for some ¢, then the implication is true.

e (Disld), (Necd), (DisA) and (NecA) are the distribution and necessitation of OJ and
A\, respectively, and are sound by the same argument as (Dis—) and (Nec—). [

Lemma 6.46. Let Q > LSM be a proof system. Then Q has substitution in ~,\,V, 0 and §.
Furthermore, Q admits the following meta-rules:

e Modus ponens in O (MPO): If - ¢ — Y and ® + Do, then © + Chp.
e Modus ponens in A (MPA): If = @ — Y and ® + A, then © - A.
o Modus ponens in ) (MPO): If = @ — P and @ + Qo, then O + (1.

Proof. 1t is straightforward to prove (MPLJ) and (MPA) from (NeclJ) and (Dis[l) resp.
(NecA) and (DisA) (see also the proof for (MP—o) in Lemma 6.38). As Q = LS, (RAA)
is available by Lemma 6.38, so (MP¢) can be derived as follows.

A o—1 (thm)
B O
D ~p — ~@ (thm), L, A
2 A~
3 A~g (MPA), 1,2
4 ~N~@ (Dual®), A
5~ (RAA), 3, 4
> Op (Dual)

It remains to prove that Q admits substitution. The cases ~, /A and V follow from
Lemma 6.38, as Q > LS. Finally, the cases 00 and ¢ immediately follow from (MP[J) and
(MPG). O

Lemma 6.47. Let Q = HMLLSM. Then all instances of the laws in Table 6.9 are provable in Q.

Proof. Proven in the appendix. O
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(DisOA) O(e AYP) « (e ALCY) Distr. O over A
(Dis0@) Ole @U) « (0o @ OV) Distr. ) over @
(DisOA)  O(x ANEB) «» Qax AEQ(ax A B) Distr. ¢ over A

Table 6.9: Useful theorems of HM-LSM

Lemma 6.48. Let Q = LSM. Then B(ML) has O-elimination in Q.

Proof. Suppose ¢ € B(ML). To prove the lemma, we have to show that ¢ - 1 for some
P € B(ML). We repeatedly apply (DisC]/\) and (Lin[J) in order to push O inside any /A
and ~. Since afterwards O only occurs in classical subformulas, and since the used laws
are symmetric, we conclude that O¢ is provably equivalent to a B(ML)-formula. ~ [J

Lemma 6.49. Let Q = HMLLSM. Then B(ML) has (-elimination in Q.

Proof. Suppose ¢ € B(ML). We prove that O -1 for some { € B(ML). Analogously
to the proof of Lemma 6.43, we can assume that ¢ is in normal form.

n ki
oo 0 (om A Ersi,j)
i=1 j=1

n ki
kY, \/ (oq N Eﬁi,j) (Lemma 6.42 (1))
i=1 j=1
n ki
+ QD 0V (s AEBy) (DisO®)
i=1  j=1
n ki
4+ Q) V0 (i AEBy,) (DisoV))
i=1 j=1
n ki
I+ Q) V (Oxi AEO(as A By g)) (DisOA))
i=1 j=1
n ki
- @ \/(MA Evi,j) (renaming, ui, vi; € ML)
=1

i=1 j

n

ki ki
+H+ @ (\/ w A\ E(MAWJ)) e B(ML). (Lemma 6.42 (2)) [
j=1 j=1

i=1

Theorem 6.50. The system HMLLSM axiomatizes ML(~).

Proof. Similar to Theorem 6.44. With O-elimination (Lemma 6.48) and {-elimination
(Lemma 6.49), every ML(~)-formula is provably equivalent to a B(ML)-formula, so we
can apply Lemma 6.33 and Theorem 6.26. Soundness was proved in Lemma 6.45. [
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6.3.3 Quantifier elimination

For first-order team logic, we use the system Q depicted in Table 6.10. The universal
dual of Ix is denoted by !x and is defined as !x ¢ := ~3x~¢@. The axioms almost resemble
those of the system M. There are two differences: First, there is no necessitation rule
for 0J, as it is derivable from (Nec!) and (1V). Second, (IV) lacks the additional premise
compared to (ICJ), because there always is a supplementing team.

Lemma 6.51. The proof system HFOULSQ is sound for FO(~).

Proof. The soundness of HFO, L and S is again shown analogously to Lemma 6.36. U
was shown sound in Corollary 6.28. It remains to consider the rules and axioms of Q.

e (Dual3) defines ! in terms of 3, analogously to A/¢ and — /V.

e (LinV) states that Vx is self-dual, as the duplicating team T} is unique.

o (Dis3V) states that Ix is lax, i.e., distributes over \V. For a proof, let A be a first-order
structure, x € Var and T a team in A.

“ .,
—

Suppose (A, T) E Ix(¢ V). There is a supplementing function f: T — p™(A)
such that T¥ can be split into T = S’ U U’ with (A,S’) F ¢ and (A, U’) F .
We define subteams S and U of T such that T = SuU U, (A,S) F Ixe and
(A, W) E Ixp:

S:={seT|3s'eS;acA:s" =5} },
U:={seT|3s’el,acA:s' =5} }.

Lets € T. As f(s) # 0, there is at least one a € A such that s§ € T¥, and hence
sy € S"UU’. Consequently, s € Sors € U. As s was arbitrary, T = SU U.
Next, we will prove that S is a supplementing team of S’ (the proof for U is
analogous). Asthen (A,S’) E 3x g and (A, U’) E Ix Y, (A, T) E (Ix @)V (IxP)
follows.

We show that S = (§')§ for g(s) := {a€ Al|sy €S} g(s) is always non-
empty, since s € S’ implies s} € S for some a by definition of S’. So g is a

Ix @ > ~Ix~@ Duality of 3 and !
VX ~@ <> ~Vx @ Self-duality of V
(V) « Ixe VXY Distr. 3 over V
Vx oo — Ix o Suppl. teams are subteams of dupl. team
x P — Vx Dupl. team is a suppl. team

Vx(¢@ — 1)) — (Vx — ¥x1) Distribution axiom
(@ = ) — (Ixp — Ix1)  Distribution axiom

% (¢ theorem) Necessitation

Table 6.10: The system Q, quantifier axioms
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supplementing function. In order to prove S C (S’)§, suppose s’ € S. As
S C T, then s’ = s§ for some a € f(s) and s € T. By definition of S/, then
s € S, and since a € g(s), we have s§ € (S")§. For (S')5 C S, let s’ € (S")5.
Then s’ = s for some s € S’ and a € g(s). By definition of g, then s’ = s € S.

“«": Suppose (A, T) E (Ix @) V (Ix ), i.e, that (A,S) F Ix e and (A, U) E IxP
for T = SUU. Let S} and U} be supplementing teams of § and U such that
(A,S¥) E @ and (A, ug) F . We prove that S U Ugisa supplementing team
of T, which implies (A, T) F 3x (¢ V). Consider the functionhon T=SuU
given by

f(s) ifseS\U,
h(s) := ¢ g(s) ifseU\s,
f(s)Ug(s) ifseSnu.

Clearly h : T — p*(A). We demonstrate S} U uy = Ty. For S§§ C Ty (U’é
is analogous), suppose s’ € S§. Then s’ = s for somes € S C T and
a € f(s) C h(s). Consequently, s’ € T}.

Conversely, for T} C S U Uy, lets’ € T}, i.e., s’ = s§ for some s € T and
a € h(s). If s € S\ U, then necessarily a € f(s), and s} € S§. Likewise, if
s € U\ S, then a € g(s) and sj; € Uj. Finally, ifse SNU, then a € f(s) Ug(s),
SO sy is either in S} or in Uj.

e (EV) states that the duplicating team T} of T contains all supplementing teams of
T as a subteam.

e (IV) states that the duplicating team T} of T is a supplementing team, namely by
the full supplementing function f: T — p™ (A) with f(s) = A.

e (Dis!), (DislJ) and (Nec!) work as their modal counterparts in Table 6.8. O

Lemma 6.52. For each x € Var, the logic B(FO) has 3x-elimination and Vx-elimination in
HFOLSQ.

Proof. Shown identically as for the modal operators ¢ and 0. All necessary proofs in
Subsection 6.3.2 and in the appendix are valid proofs in HFOLSQ when each ¢ is replaced
by 3x, O by Vx, and A by !x. O

Theorem 6.53. The system HFOULSQ axiomatizes FO(~).

Proof. The completeness is analogous to that of ML(~) (Theorem 6.50), since by the above
lemma we have elimination of 3x and Vx for every variable x € Var. The soundness
follows from Lemma 6.51. Hence, we can again apply Lemma 6.33 together with
Theorem 6.32. O]

As a consequence of completeness of FO(~), we also obtain compactness. Note that
we needed compactness in Lemma 6.31, but in fact only that of FO U~FO, which can be
proven by other means (cf. [100]).
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Corollary 6.54 (cf. Corollary 5.41). FO(~) satisfies the compactness theorem.

Corollary 6.55 (cf. Theorem 5.6). SAT(FO(~)) is complete for TI9, and VAL(FO(~) is
complete for 9.

6.4 A remark on the empty team

Most existing literature deals with team logics that have the empty team property.
For this reason, the empty team often is excluded from questions of complexity and
definability (cf. e.g., [59, 128, 135]). This goes back to Hodges [70], who defined trumps
(his term for teams), as non-empty sets of assignments that satisfy a formula.

The sense and meaning of the empty team (), or of the contradictory formula L, is
worth discussing. There are some arguments to consider it purely as an artifact, or as
a technical detail, that § = L holds. At least it is unintuitive and often requires special
treatment." Ronnholm [123] argued that the empty team naturally corresponds to the
absence of data, but lacks more useful interpretations. For example, in the epistemic
interpretation, or in the related inquisitive setting [16], a team represents a set of possible
states, but then should contain at least the actual state.

In this section, we discuss this matter from a proof-theoretic perspective, and also
show that the notions of consistency and satisfiability are subtle and deserve some
attention in team logic. A set @ is called absolutely inconsistent if ® + ¢ for all formulas ¢,
and it is L -inconsistent if ® + L. Moreover, it is Aristotle inconsistent if ® + ¢, —¢ for some
formula ¢. In classical logic, all these conditions coincide, and by the completeness
theorem are equivalent to unsatisfiability.

Proposition 6.56. Let J € {PL, ML, FO}and I" C F. The following are equivalent:
o T
o N1
o I'F o, ~« for some x € F.
e T is unsatisfiable is classical semantics.

Alogical constant L is called proof-theoretic falsum if 1 - ¢ for every ¢, and a connective
— is a proof-theoretic negation if —¢ is derivable whenever ¢ + L [118]. A semantic falsum
is a formula that is never true, and a semantic negation is a unary connective that inverts
the truth of its argument. In classical logic, these of course coincide with proof-theoretic
falsum and negation.

In team semantics of classical logics, however, the above notions of inconsistency still
coincide, but every formula is true in the empty team. Consequently, proof-theoretic

*The paper On Definability in Dependence Logic [88] characterized the properties definable in
dependence logic by means of SO(3). Later, an erratum [87] appeared solely to address the issue that this
characterization does not extend to the empty team.
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falsum and negation exist, but semantical falsum and negation do not. Also, a set ®
of formulas can be satisfiable but inconsistent. Does this mean that the completeness
theorem fails for team logic? Obviously, the matter is more complicated, since we have
completeness by Corollary 6.7. This apparent contradiction is of course due to the lack of
semantic negation and falsum: If the semantic falsum L is available, then inconsistency
of ¢ would mean that it is derivable from ¢, so ¢ cannot be satisfiable. However, in
classical logics with team semantics, L is simply not a formula.

One could exclude the empty team to obtain a more “natural” behaviour. Let I
denote the restriction of the classical logic J (with team semantics) to only valuations
with non-empty teams. Then the consistent sets again become exactly the satisfiable
sets:

Proposition 6.57. Let F € {PL,ML,FO}and I C F. The following are equivalent:
o 'HT
o [ is unsatisfiable is classical semantics.

e [ is unsatisfiable by non-empty teams.

In fact, F* is axiomatizable: Clearly I' F5 o implies I' F4+ «. Since valuations with
the empty team satisfy every «, the converse is also true. So F5 = F5+, and since J is
axiomatizable, so is F.

Proposition 6.58. A proof system is sound resp. complete for I € {PL, ML, FO} if and only if
it is sound resp. complete for F.

How useful is the logic F"? Now, L is a semantical falsum when excluding the empty
team, yet — is still no semantical negation. In particular, the law of excluded middle
still fails, i.e., there are formulas « and valuations satisfying neither « nor —« under
team semantics (for instance p in the team T = {p — 0,p ~— 1}). Furthermore, excluding
the empty team has unintuitive side effects, for instance, the formula L VV T would be
unsatisfiable instead of valid and hence contradict the flatness property.

In B(J), the picture changes, and much of the classical behaviour is restored. The
operators ~ and L are both the semantic and proof-theoretic negation and falsum. In
order to express non-emptiness, one can simply use the formula NE = ~L.

Proposition 6.59. Let F € {PL,ML,FO} and ® C B(F). The following are equivalent:
e O B(TF)
o OF I
o O ¢,~¢ for some ¢ € B(TF)

o @ is unsatisfiable under team semantics.
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But now we have that {«, ~o} = F # B(F), so the set {«, —~«} is consistent relative to
B(F). Mossakowski and Schroder [118] call a logic paraconsistent that has a negation —
for which Aristotle inconsistency does not imply absolute inconsistency. But it is hardly
justifiable to call team logic a paraconsistent logic, as this behaviour once more rather
is an artifact due to the empty team being allowed, and due to the fact that team logic
consists of two “layers” of logic stacked on top of each other. Forbidding the empty team
again, we would obtain L F B(J) and avoid paraconsistency, but it seems preferable to
allow it in general and instead require the team to be non-empty where it is necessary.

6.5 Summary and outlook

6.5.1 Summary

We axiomatized the logics PL(~), ML(~) and FO(~), and for this proceeded in several
steps. First, the Boolean connectives /\ and ~ have been captured by the system L, then
the disjunction \V by the system S, and finally the modalities and quantifiers by M and
Q, respectively. For first-order logic, we additionally required the axiom U, ~o« — —« for
sentences «, to achieve refutation completeness on the level of literals. Propositional
and modal team logic do not require this step as they do not have sentences. Together
with existing complete proof systems for the underlying classical logics PL, ML and FO,
this yields the full axiomatizations. Below, in Table 6.11, we present an overview of
the introduced rules and axioms. Since the (truth-functional) non-classical atoms of
dependence, independence, inclusion and exclusion can be efficiently defined in the
above logics with only polynomial blow-up [108], adding these translations as axioms
almost trivially leads to sound and complete proof systems for propositional and modal
logics of dependence, independence, and so on.

Comparison to existing results. We proceed with comparing our results with the
existing approaches in literature. Most notably, we presented a Hilbert-style proof sys-
tem (i.e., mostly axioms and only a few rules), whereas most other authors proposed
Gentzen-style proof systems of sequent calculi and natural deduction (i.e., only rules and
no axioms) for various team logics. This includes Yang and Vaddnanen [143, 144] and
Yang [141] in the propositional and modal setting, and Kontinen and Vdandnen [86] and
Galliani [36] for fragments of first-order team logic. Hilbert-style systems, and a tableau
calculus, were presented by Sano and Virtema [124] as well as Yang and Vadnanen [144 ]
for modal dependence logic.

This bias is unsurprising, since Hilbert-style systems are infamous for being rather
opaque and requiring lengthy proofs even for simple theorems. In particular, for practi-
cal purposes they lack the subformula property that many Gentzen-style systems enjoy,
which means that it suffices to have subformulas of the premises and/or conclusion
occurring in the proofs [21]. Nevertheless, it turned out as a fruitful approach to con-

In [100], which appeared before [108], these axioms have been stated explicitly.
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sider not only ¢, 0J, but also the connectives 3, V and in particular \V as modalities, and to
include Hilbert-style necessitation rules (cf. Tables 6.5 and 6.8).

Although the axiomatization of modal logic-like operators is also possible by means of
natural deduction, this creates new technical pitfalls. For instance, one has to distinguish
between “local” and “global” subproofs, since the necessitation rule has no simple
correspondent in natural deduction [33].

Yang [141] proposed a Hilbert-style calculus that works in a similar fashion as ours,
and is sound and complete for the downward closed fragment ML(dep, @) obtained
from adding @ and dep(+; -) to ML. By downward closure of the logic, her normal form
consisted of Boolean disjunctions of flat formulas instead of full B(ML), but essentially
the idea is the same. As these results occurred independently [99, 141], the method of
operator elimination seems to be a viable option for the axiomatization of team logic.

The other major difference to existing work is that we include the contradictory
negation ~. Previous authors have avoided ~ as part of the logic because their approaches
rely on downward closure (in particular, Yang and Vdanédnen [143, Thm. 4.7], Sano and
Virtema [124, Lem. 21], and Kontinen and Vadnanen [86, Lem. 8]). It is noteworthy
that even Yang and Vaananen [144] considered not the full logic PL(~), but only an
expressively equivalent fragment of it where ~ is rewritten in terms of other connectives.

Here, we instead embrace ~ as a primitive connective and hence can employ propo-
sitional calculus to lift much of the heavy work. This not only generalizes the existing
axiomatizability results towards logics closed under Boolean connectives, but also per-
mits a notably simpler set of rules. For example, Yang and Vdadnanen [144] included

(Vsex(P;ﬁ] PN At A NE)) N (\/sey(p;“‘ PN AP A NE))
1 ANE

as the rule “Strong contradiction introduction” for all distinct propositional teams X, Y
with domain iy,...,1,. Intuitively, it says that if a team T equals X and Y at the same
time then T cannot exist, i.e., T F 1L = L /A NE. Admittedly, our completeness proof
required complicated distributive laws such as ¢(« NEB) = Oa AEQ(x /\ B) instead, but
nonetheless we showed that they are provable from simpler axioms.

6.5.2 Open problems and further research directions

First of all, it is desirable to find a natural and simple system of sequent calculus or
natural deduction for the full logics PL(~), ML(~) and FO(~) that also accounts for
~. Also, it would be interesting to see whether our approach extends to other team
logics, say, in the first-order setting. Just like dependence logic FO(dep), team logic
FO(dep, ~) is not axiomatizable [135]. But is there some hope to find a new partial proof
system? For example, can we axiomatize all FO(~)-consequences of FO(dep, ~)-formulas
in the spirit of Kontinen and Védnanen [86], who axiomatized all FO-consequences of
FO(dep)-formulas?

Also, small modifications like adding the universal modality @ (cf. Example 3.63)
to modal team logic leads to issues for the axiomatization. The reason is that the
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logic then in a sense has “sentences”, and the technique of counter-model merging
(Proposition 6.24) fails, as modal logic with @ has no longer the property that truth
is preserved under disjoint union of Kripke structures. It would be interesting to see
whether an axiom similar to U could help here.

Finally, one can combine the axiomatization with the ideas of Chapter 3. We showed
in Chapter 3 in an abstract way that certain team logics permit a translation into a
normal form based on Boolean combinations of flat formulas. In this chapter, we used
a similar result, but additionally had to carry out this translation in our proof system.
Is it possible to combine these approaches, and to find an axiomatization for arbitrary
team logics that are quasi-flat in the sense of Chapter 3?

The necessitation and distribution axioms are easy to adapt to arbitrary arities:

()
Nec):
( eC) A(J-L)"')J-L)(Pail—a"'ail—)
(DiS)Z A(J—»"'»J—»(Pi”q)»i)"')J—)H>A((P1»---)(Pr)wA((Ph---»Lp’---»(Pr)

The other axioms are more difficult. For instance, for a generalized diamond A, (E[J)
becomes

—“A=(Lyoy 000, L) = ~A~(AL Ly, L)

For axioms such as (Lax\/), it is open how they can be generalized.
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(L1) ¢ — (b — o)

(L2) (@ = (P —=0)) = (¢ =) = (¢ —=0)

(L3) (~¢ = ~) = (b — o)

(L4) (@ AP) = @

(L5) (@A) =

(L6) ¢ — (b — (@A)

(L7) (= B) — (ocw—> B)

E. I

(- J

(V) ~ot—> (« sentence)
(Dual—) (@ V) s> ~(@ — ~)

(SubV) & — (¢ — «)

(LaxV) ¢ — (0VY) — (@ V)

(AssV)  (@V (Vv 8) = ({9 V) V)

(ComV) (V) = (b Vo)

(Dis—) (@ — (Y = 0)) = (@ — V) — (¢ —6)

(Nec—o) ﬁ (¢ theorem)
(Dual®) Q@ «» ~A~@

(LinO) O~ «> ~Oe

(DisOV)  Ole V) += (0@ V Ov)

(ED) Oo — Ao

(1I0) 0@ — (L — )

(Dis0) Ole =) — (Op — 0Y)

(DisA) Ale =) = (A = AY)

(NecD) DLip (¢ theorem)
(NecAh) j‘o(? (¢ theorem)
(Dual3)  Ix@ «» ~Ix~@

(Linv) VX ~@ +> ~Vx @

(DisaV)  Ix(@ V) «» Ix @V IxP

(EV) Vx oo — Ix o

(Iv) IxPp — Vx

(DiSD) Vx(p — 1) — (Vx@ — Vx )

(Dis!) (@ = V) — (Ix@ — IxP)

(Nec!) L!X(p (¢ theorem)

Table 6.11: Overview of the systems L, U, S, M, and Q
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7 Conclusion

Summary

The thesis can be divided into two parts: One on abstract team logic and one on concrete
team logics.

In the first part of the thesis, Chapter 3, we studied team logic in general. We identified
teamification as a pattern which ensures that a team logic is a well-behaved and faithful
extension of the classical logic it is based on. Next, we showed that most common
team-logical connectives are operators in the sense of Boolean algebras with operators
(Baos). As mentioned in Section 3.9, a fully algebraic and abstract description of team
logic in terms of Baos is a promising goal for future research. We also identified transver-
sals—operators whose action on a team is determined by those on its elements—as a
natural class of operators that preserve flatness. This series of restrictions on the opera-
tors culminated in lax standard transversals, and in the result that team logics based on
those, e.g., PL(~), ML(~) and FO(~), collapse to the Boolean closure of classical formulas.

This result was also crucial for the complexity of these logics in Chapters 4 and 5
and their axiomatizations in Chapter 6, which form the second part of the thesis. In
Chapter 5, we proved that FO(~) has the same complexity as FO, and that it admits
a compactness theorem, which we proved with an adaptation of L.o§’s ultraproduct
theorem to team logic. Moreover, we showed that it mirrors classical logic also in
the sense that it encompasses ML(~), GF(~) and FO?(~) as decidable fragments, namely
having a satisfiability problem that is complete for the non-elementary class Tower(poly).
The lower bound for this complexity was shown for ML(~) in Chapter 4 by succinctly
enforcing canonical models. In Chapter 6, we cast the transformation into said Boolean
normal form into a proof system, and by this axiomatized the above logics.

Discussion

Let us draw some final conclusions and discuss the results of this thesis. The main
insight from the first part is that existing team semantics seems carefully designed
to ensure that the respective logics are well-behaved and follow certain patterns. By
studying the teamification pattern in particular, we formally approached the question
whether a team logic is necessarily based on a classical logic. We showed that a team
logic is a teamification of some classical logic precisely if all its connectives preserve
flatness. This again seems to be an indispensable feature of any well-behaved team logic
(leaving aside the negation ~ and non-classical atoms, as these are not corresponding to
any classical connectives).
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7 Conclusion

One could even argue that, in a sense, we studied only one team logic in this thesis that
manifests in the different formalisms (propositional, modal, first-order), but is uniformly
defined. The similarities between the team-logical operators are striking. Table 3.1
illustrates them as standard transversals, displaying a row A, ¢, , 3, 3 of “diamonds” and
arow V,V, 0,V of “boxes”.

We consider two possible interpretations of this fact. One is that propositional and
modal team logic have originally been meant to mirror the semantics of first-order team
logic as close as possible, and that alternative definitions besides strict and lax semantics
have not been considered much. The other is that the constraint of having flatness
preserving connectives in a team logic—and hence being limited to teamifications—is
so restrictive that no other sensible choice exists but (strict and lax) transversals.

A strong argument in favor of the first alternative is the fact that, for example, temporal
logic after all noticeably deviates from this pattern. Of its connectives, only F¢ and X
are standard transversals. By contrast, G¢, G* and U¢ are flatness preserving but no
operators, and F* is an operator, but not flatness preserving, and consequently none
of them is a transversal. Still, these definitions seem to be natural generalizations of
classical LTL. This suggests the conclusion that the framework presented in this thesis
has much potential to be further generalized and relaxed, in hope to classify more types
of natural team-logical connectives.

The main technical result of the first part is the collapse theorem, i.e., that every
formula using only lax standard transversals and negation can be written as a Boolean
combination of flat formulas. This result seems to severely limit the expressiveness of,
e.g., PL(~), ML(~) and FO(~). On the other hand, it is strongly hinged on lax semantics.
While the latter also implies other natural properties such as locality [37], in this light,
all complexity upper bounds obtained in this thesis seem rather fragile. From this
perspective, finding similar normal forms for non-lax semantics is definitely worth
pursuing.

In Chapters 4 and 5, we demonstrated that the satisfiability problems of ML(~), GF(~)
and FO?(~) are all complete for the class Tower(poly). This proves that the Boolean
negation vastly increases the complexity of these problems. The surprisingly uniform
complexity of the different logics ultimately reflects the non-elementary succinctness gap
between the mentioned Boolean combinations of flat formulas and the respective full
logic, in which the original complexity-wise differences between ML, GF and FO? vanish.
In a sense, these completeness results refine the expressiveness result of Chapter 3 in a
quantitative sense.

In a nutshell, the Boolean negation seems to drastically increase the succinctness,
but only marginally the expressiveness of team logic, which comes down to Boolean
combinations of flat formulas. By contrast, non-classical atoms such as the dependence
atom tremendously increase the expressiveness—in a sense, from first-order to second-
order logic—but the non-classical atoms yield no additional succinctness.

Team logic was designed as a compositional semantics for logic of imperfect informa-
tion, and as a framework for dependency notions in logic. Upon a closer look, however,
its rich and fascinating structure surpasses these purposes by far.
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Appendix

The appendix contains several technical or standard proofs omitted from the previous
chapters of this thesis.

A Proof details for Chapter 4

Proposition 4.6. Let ® C Prop be finite and k > 0.
(1) WP N® =V T(w)n®and [Rw]®? = R[w] L, ,, for all pointed structures (W, R, V, w).
(2) The mapping h: t — ©N @ is a bijection from AL to p®.
(3) The mapping h: © — (TN @, R7) is a bijection from AP, | to p®@ x pAP.

e Proof of (1). Assume (W,R,V,v),® C Prop and k > 0 as above. For all p € ©,
clearly p € [w]? iffw F piff p € V~'(w). Next, we show that [Rw]? = R[w]{ ;.
Let T = [w]?, ;, and recall that Rt = {t’ € A? | {« | O € 1} C t'}. To prove
[RW]® C Rt, let 7 € [Rw] be arbitrary. Then [v]? = t’ for some v € Rw.
Now, for all x € ML{?, Ou € Timplies w F Ow. In particular, v F «, i.e., x € T'.
Hence, {x | Ox € 1} C T/, which implies v/ € Rt.

For the converse direction, Rt C [Rw]{?, let v/ € Rt be arbitrary. By definition,
{oo | Ox € 1} C 1/. Since T’ is a k-type, it has a model (X’,v’), and due to
Proposition 4.5, [X’,v']® = t’. By Proposition 2.26, there is a formula { € MLy
such that (X”,v") F ¢if and only if (X',v") =2 (KX”,v"). Astisa (k+ 1)-type,
either 0l € tor 0l € 1.

First, suppose —¢( € 1. Then [0—( € 7, hence —( € 1’ by definition of t’. But
as (X’,v') E v/, then both (KX’,v') ¥ ¢ and (X',v') F ¢, as (K',v/) =2 (K',v).
Contradiction, therefore (¢ € 1. Consequently, w has an R-successor v such
thatvE ¢ ie, v/ = [V]D € [Rw]P.

e Proof that hin (2) and (3) is injective. Let T,t" € AP be arbitrary. Let (X, w) =
(W,R,V,w) be of type 7, and (K',w’) = (W/,R",V/;w’) of type t/. We first
consider (2) and demonstrate that h: T — ©N @ injective. This follows from
(1),astN® = ' N® implies V' '(w) =1tN® =1 Nd = V'~ T(w),ie,
(K, w) =8 (X', w’). By Proposition 4.5, then T = 1’

For (3), let k > 0, and additionally suppose Rt = Rt’. Again by (1), we have
[, RW]P ;= Rt = Rt/ = [K/,R'wW]|{_,. By Proposition 4.5, (X,Rw) = ,
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(X', R'w’) follows. Since (X,w) =2 (X’,w’) holds as before, (X,w) =
(X', w') by Proposition 2.28. By Proposition 4.5, T = [K,w]{ = [K', w']{¥ =1’

e Proof that hin (2) and (3) is surjective. First, consider (2). We have to show that,
for all ®' C @, there exists a type T € A such that 1N ® = @'. Likewise, for
(3) we have to show that forall k > 0, ®’ C ® and A’ C AE’, there exists a type
T e AP, such thattN® = @&’ and Rt = A’. We show the second statement,
as the first one is then analogous. The following model (K,w) = (W, R, V,w)
witnesses that there exists T € Ay such that 1N ® = ®’ and Rt = A’. First,
recall that each v’ € A’ has a model (N./,v./) such that, by Proposition 4.5,
[Nryve ]2 =1’ W.lo.g. all N/ are pairwise disjoint. Define X as the disjoint
union of the models N and of a distinct point w, and let V="' (w) = ®’. By (1),
then [[w]]f?+1 N® = ®’. Moreover, let Rw = {v/ | T/ € A’}. Again due to (1),
Rw]P.; = [Rw]g. By definition, [Rw]¢ = [{ve [ T/ € A} ={[vo]¢ | T/ €
A=A O

Proposition 4.7. Let (W, R,V,w) be a pointed structure, ® C Prop finite and k > 0.
(1) If t € AD, then [w]® =tifand only if V-1 (w) =N .
(2) Ifte AR, then [W]L ; = tifand only if V=1 (w) =1tN @ and [Rw]? = R.

Proof. The direction “=" of both (1) and (2) follows directly from Proposition 4.6.
Moreover, we prove “<«<" only for statement (2), as the proof is analogous for (1).
Suppose that there are 1,7’ € AP, such that V='(w) = 1N ® and [Rw] = R, but
W], ; =t’. Then, by “=", we have V=!(w) = /N ® and [Rw]{> = Rt’ as well. In other
words, TN ® =1’ N ® and Rt = R1’. However, since the mapping h: T +— (TN ®,R71) is
bijective according to Proposition 4.6, we have T =t/ = [w], ;. O

Lemma 4.12. For every polynomial p there is a polynomial q such that

plexp(n)) < expy(q((k+1) - n))
forallk > 0andn > 1.
We require the following inequalities.

Lemma A.1. Let n, k,c > 0. Then c+expy (n) < expy(c+n). Ifalson > 1, then c-expy (n) <
expy(cn).

Proof. Induction on k, where k = 0 is trivial. For k > 1,

¢+ expypq(n) = ¢ + 28P(m) < ge gexp(n) (asc+a<2¢-aforc=0,a>1)
= 2¢Fexpe(n)  pexpi(en) (induction hypothesis)

= eka+1 (C +TL)
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For the product, the cases ¢ =0, 1 are trivial. For ¢ > 2,

C-expyyq(n) <2671 . 20xPe(n) (since ¢ > 2 implies ¢ < 2¢71)
— e THexpi(n) < gexple—T+n) (by + case)
< 28xprlen) expy. 1 (cn). (as(c—1)+n<enfore,n>1) O

Recall that expj(n) := n and exp;, , ; (n) := n - 29Pk(m),
Lemma A.2. Let n,k > 0. Then expj (n) < expy((k+1)-n).
Proof. Induction on k. For k = 0, exp§(n) =n = expy((0 + 1) - n). For the inductive step,
explt—o—] (Tl) -n. zexpi(n) < o, zexp]*((n) — 2n+exp;(n)
< 2ntexpl (et in) (induction hypothesis)
< 20P (et (ke Tin) — exp1((k+2)n) (Lemma A1) O
The next inequality states that a polynomial can be “pulled inside” exp:

Lemma A.3. For every polynomial p there is a polynomial q such that

plexpy(n)) < expy(q(n)))
forallk > 0,n > 1.

Proof. For every polynomial p there are integers c,d > 1 such that p(n) < cn4 for all
n > 1. Let q(n) := cdn® + c. Then the case k = O is clear. Fork > 1andn > 1,

plexp(n)) < ¢ -expy ()¢ < 2¢ - (281 (n))d — petdeexpey(n)
< 24(exp(n)) (as q(n) = c+dn)
< 29Pi1(aM)) — oxp, (q(n). (Lemma A1) O

Finally, we combine both lemmas:

Proof of Lemma 4.12. Let p be a polynomial as above. W.l.o.g. p is non-decreasing. Then
by Lemma A.2, p(expi(n)) < p ( expi((k+1)- n)). Moreover, due to Lemma A.3, there
is a polynomial q such that p(expy ((k+ 1) -n)) < expy (q((k+1)-n)). O

Proposition 4.17. Let o,  be disjoint scopes and S, U, T teams in a Kripke structure X =
(W, R, V). Then the following laws hold:

(1) Distributive laws: (TNS)q =Ta NS=TNSq =TaNSxand (TUS)y =Ty USq.
(2) Disjoint selection commutes: (Tg‘)ﬁ = (1)s-

(3) Disjoint selection is independent: ((Tg‘){i) =TaNS.

(4) Image and selection commute: (RT)o = (R(Ta)), = R(Ta)
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(5)

(6)

Proof.

(2)

Successor and selection commute: If S is a strict resp. lax successor team of T, then Sy is a

strict resp. lax successor team of Ty.

Selection propagates: If S C T, then R(T&) = (RT)gs.

(1) Observe that X, = XN W,. Hence, for the union (TUS)yx = (TUS) N Wy =
(TNWy)U(SNWy) = Ty US4 holds. For the intersection, likewise (TNS) "Wy =
(TAW)NS=TN(W5xNS)=(TNWg)N(SNWy).

Proved in the following equation. We use the fact that X, ry» = (Xy )y = (Xy/)y =
Xy’ Ay for all teams X and scopes vy, .

= (T-a U (Tan$)_s U (T U (Ta N8)) ;N L)
Distributing all scopes according to (1):

=Toon—p U (Tan-p NS=p) U (Toang NU) U (Teng NSe N )
Replace U by U-.« /Uy due to the intersection law of (1):

=Toarn—p U (Tan—pg NS=p) U (Tmanpg NU-a) U (Tanp NS NU)
Likewise, replace S—/Sg by S:

=Toarn—p U (Tan—p NS) U (Tmanp NU-g) U (Teng N SN Uy)
= TﬁﬁAﬁa U (TﬁAﬁ(x N Uﬁcx) U (T*B/\oc N S) U (TBAKX NUyN S)

Reverse distribution of scopes:

= (TpU(TpNW)__ U ((Tﬁrs U(Tg N, ﬂs)

= (T)s-

(3) By definition and application of (2), ((T§)f)  equals

[(Tﬁﬁ UM nl)_, U ((LB U(Tg N W), N S)}

= (T U T W)y, U ((Ta U (T 1), 1S)

[0 4

[0 4

pu ((Tﬁﬁ u(TgNu)) ms(x)
= (TﬁB/\o‘ N S“) U (TB/\tX NUxN Scx)

Since « and f are disjoint:

= (Ta NSa) UMNUxNSy) =T NS.
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(4)

(5)

(6)

(RT)a € (R(T«)) : Suppose v € (RT)q. Then v € Rw for some w € T. Moreover,
w € Ty, since « is a scope. Hencev € R(Ty). AsvE o, v e (R(Ta))“ follows.

(R(Ta)) , € R(Ta): Obvious.

R(T«) € (RT)«: Again, let v € R(Ty) be arbitrary. Then v € Rw for some w € Ty.
Hence v € RT. Since v £ « follows from w F «, we conclude v € (RT) 4.

If w € Ty and S is a lax successor team of T, then RwN'S # (. Scopes are closed
under R, so Rw = Rwg. Since Rwy NS = (RWNS)y € RwN Sy by (1), whas a
successor in S. Conversely, since S C RT we have S C (RT)« = R(T«) by (4), so
every v € S, has a predecessor in Ty. Hence S is a lax successor team of Ty.

If S is a strict successor team of T, then S = {f(w) | w € T} for some f € [, .1 Rw.
Consider the function ' := f[Ty € [], 1, Rw. Asfor allw € Ty we have that
Rw = (Rw)4 and f(w) € S, it holds that {f/(w) | w € Ty} C S«. Likewise, if v € S,
then v = f(w) for some w € T. But as « is a scope, then w € T, and so v = f'(w).
This shows {f'(w) | w € Ty} = S«. Consequently, S is a strict successor team of Ty.

For “C”, suppose v € R(T¢), i.e., v € Rw for some w € T¢. In particular, v € RT.
If wk «, then v € RT— and trivially v € (RT)gs. If w F «, then necessarily w € S.
Moreover, v E «. Consequently, v € RS, N RTy, hence v € (RT)Rs.

For “2”, suppose v € (RT)gs = RT-« U (RTx NRS).

If v e RT-, then by (4) v € Rw for some w € T—. In particular, w € T, hence
v e R(TE).

If v e RTo NRS, then by (1) v € RS«. By (4) v € R(S«), in other words, v € Rw

for somew € Sy. AsS C T,thenw € S, NT, and in fact w € T, N S due to (1).
Consequently, w € T and v € R(Tg). O

Lemma 4.27. Let o, B € ML and ¢ € MLy (~). Let T be a team such that R'T F o <> B for all
1€{0,...,k}. Then TF @ ifand only if T F @[/p].

Proof. Proof by induction on k and the syntax on ¢. W.l.o.g. «occurs in ¢. If ¢ = «, then
@[oe/B] = B, in which case the proof comes down to showing T F < T = 3. However,
this easily follows from T F « <+ by the semantics for classical ML-formulas.
Otherwise, « is a proper subformula of ¢. We distinguish the following cases.

e ¢ =—y: Then (~y)[a/p] = ~yla/p)], and

TF ola/Bl
& TF—~yle/Bl
S VYw e T: {whE —yla/pB]
SYweT: {wkE -y (induction hypothesis, as {w},Rw,... F « < )
STE—y
STEe
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e @ =~ resp. ¢ = /A 0O: Obvious by induction hypothesis.
e ¢ =1V 0: First note that (V V 0)[o/B] = Ploe/B] V 0[ec/B]. Then:

TE @lo/p]
& TEYl/B]V 0[e/B]
SIS, U: T=SUW,SEPla/Bl,UE B[a/PB]

By downward closure, S,U,RS,RU, ... F « <+ 8, so by induction hypothesis:
IS U:T=SUWSEY,UES
STEe
e ¢ = [P: We have (p)[o/B] = Chp[ee/B], hence

TE ¢loe/Bl
< TEDpla/p]
& RT E Pla/Bl.

However, since { € MLy_1(~) and RT,...,R*"'RT F « ¢+ B holds by assump-
tion, we obtain by induction hypothesis:

SRTEY
S TEE
o ¢ = O\ As before, (01)[a/B] = O1pl/B]. Then:

TE ela/p]
& TE OP[e/Bl
&3S CRT,TCR'S: SEPla/Bl

Note that S, RS,...,R*¥"'S are subteams of RT,...,R*T, respectively. For this
reason, the teams S, RS, ..., RS satisfy o <+  as well. Asalsop € MLy_1(~)
holds, we obtain by induction hypothesis:

& ISCRT,TCR'S:SEYP
STEe 0

B Proof details for Chapter 6

Recall that a set @ is Q-inconsistent if from it we can derive all formulas in Q.

Lemma 6.15. Let Q > L. The following statements are equivalent:
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(1) ®Fq @and © o ~@ for some @,
(2) @ is Q-inconsistent,
(3) O} I—_Q_ A,

Proof. For (1) to (2), we have to show @ + & for arbitrary &. First, ® - (~& — ~¢) follows
from @ + ~p by (L1) and (E—). Next, ® F (¢ — &) follows by (L3) and (E—), and
finally @ - & by (E—) again. (2) to (3) is obvious. For (3) to (1), we take any standard
proof of propositional logic that derives T,as 1L =~T. O

Lemma 6.16. Let Q > L and let @ be consistent. Then ® ¥q ¢ implies that ® U {~¢} is
Q-consistent, and @ Fq ¢ implies that ® U{¢} is Q-consistent.

Proof. For the first part, suppose for the sake of contradiction that ® ¥ ¢, but ® U {~¢}
is inconsistent. Then ® U{~@} - ~ for any axiom 1. As conservative extensions have
the deduction theorem (Theorem 6.13), ® - (~¢ — ~). But by (L3), ® -9 — ¢, and
ultimately @ + ¢, since \ is an axiom. This contradicts @ ¥ ¢, so instead ® U {~@} must
be consistent.

The second statement is proven similarly: Suppose that ® + ¢, but ® U{¢} is inconsis-
tent. Then ® U{¢} I 1L by Lemma 6.15, and again by the deduction theorem, ® - ¢ — .
As aresult, ® - 1L, contradicting Lemma 6.15, since @ is consistent. O

Recall that maximal means that either 1\ € ® or ~p € @ for every formula .

Lemma 6.17 (Lindenbaum’s lemma). If Q = L, then every Q-consistent set has a maximal
Q-consistent superset.

Proof. Let @ be Q-consistent, Q = (Z,y, 1), and = = {&;, &2,...}. Define @y := @, and for
eachi>1,

O u{E) DR
v D;_1 U{~&;} otherwise.
By Lemma 6.16, the QO-consistency of ®;_; implies that of ®;. Consequently, ®; is

Q-consistent for all 1, and hence ©* := Un> o @n is O-consistent as well. By construction,
@* is maximal Q-consistent. OJ

Recall that refutation completeness means that every unsatisfiable set is also inconsis-
tent, which is a strictly weaker property than completeness.

Theorem 6.19. If O = L is refutation complete for I U ~F, then it is complete for B(TF).

Proof. Let ® C B(JF) and ¢ € B(F). For completeness, we have to show that ® ¥ ¢
implies @ ¥ ¢. If ® ¥ ¢, then by Lemma 6.16, ® U{~@} is consistent. Then ® U{~¢} has a
maximal consistent superset ®* by Lindenbaum’s lemma. Clearly, ®* N (3 U~3J) is then
consistent as well. By refutation completeness of Q for U ~J, it has a model A. We
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show that € ®* < A F  for all p € B(F). In particular, ® U{~¢} is then satisfiable,
which proves @ ¥ ¢.

The proof is by induction on 1. In the simplest case, 1 is just an F-formula. Then
either { € ®*, and A F 1 by definition of A, or { ¢ ®*, but then ~ € ®* by maximality
of ®*, and A ¥ 1 by definition of A.

For the induction step, let ) ¢ F. The case { = ~0 is clear as ®* is maximal consistent,
which implies that ~¢ € ®* iff ¢ ¢ ™.

Next, suppose p =11 /A\p,. Ifp € O*, thenboth~p; ¢ O* and ~p, ¢ @, as otherwise
®* would be inconsistent by (L4) and (L5). Hence {1p1,1,} C ®* by maximality of ®*,
so A F 11,1, by induction hypothesis, and A 1.

Conversely, if p ¢ ®*, then ~p € ®*. By consistency, ®* ¥ . For the sake of
contradiction, suppose that A F 1, i.e., A F7,,. By induction hypothesis, {{p1,,} C
®*. But then ®* 17 — (P, — ) via (L6), so @* I} by two applications of (E—).
But we showed ®* ¥ 1), so A ¥ 1 must hold. O

C Proof details for Lemma 6.40 (Table 6.7)

In the proofs below, we sometimes implicitly apply (E—), (MPV) and (MP—) to replace
subformulas of VV and — without stating the rule in the right column. We also tacitly
apply (ComV) if we replace the first argument of \V instead of the second.

(AugV) (IV):
A oV A Ex
B @ —0 |1 oes —ma (thm), HPL, (L7)
T 1@ —o~(PpA0O) 2 mx —o ~~(ox = —)
2 @ — (00— ~) L 3 o —o (ax — ) L
3 (@ —o0)—> (@ —~1p) (Dis—o) 4~V (thm), HPt
4@ —o~ (E-),B,3 5~V (aA(x——a)  (AugV)
5 ~(@ V~~) def. 6 ~aV L
6 @\ ~~ L, A 7 - HPL
7 ~(@ —o ~(p AB)) (RAA), 5,6 8 ~—« def., A
> @V (pAB) (Dual—o) 9 ~(—ot — ~~(ax = —x)) (RAA)
10~V ~(ax = — ) (Dual—o)
11TV (e A~—ox) HPL, L
> TV (xANEx) def.
(AbsE\/): (AbsEN)
A ExV ¢ A o« NEB
71—« 1~ (aAB) = (= —B) HPL
2 @ —o - (Sub\/) 2 (xAB) = (= —P) (L7)
3 ~~(@ —~~—a) L 3« L A
4 ~(@V~—x) (Dual—o), L 4 0 —> B
5 ~~axV @ def., A 5 =B HPL, 3,4
6 @V ~—a (ComV) 6 EB LA
7 ~T (RAA), 4,6 7 ~—B def., 6
> Ea def. 8 ~(x = —PB) (RAA), 5,7
9 ~—(x/AB) L,28
> E(xAB) def.
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(DAY T (DAV)2:
A aN(pV) A (aN@)V (axNP)
1« L, A 1 (N @)V L
2 @ —o (SubV) 2 aV(axA @) (ComV)
3 VY LA 3 aV L
4oV (WA« (AugV) 4 « HPL
5 (WA a)—o (SubV), 1 5 (/N @)V L, A
6 (WAx)V @ (ComV), 4 6 PV (/A @) (ComV)
7 (WA)V (@A) (AugV) 7VVe L
> (AN @)V (xAp) L 8V (ComV)
> aN(e V) L, 4,8
(DV@)': (DV©)?2
AoV (poo) A (V)@ (eV0O)
[ 1 ~(eVb) @ (e Ve) 1¢—o~(h©0)
2 ~(p V) L,1 2 @ —o~ L, (MP—o)
3 ~(pV0) L1 3 ~~(p — ~) L
4 @ —o ~ (Dual—o), L, 2 4 ~(@ V) (Dual—o), L
5 @ —o ~0 (Dual—o), L, 3 5 VO L, A 4
6 @ o~(p@0) L, 4,5 6 @ —~0 L,1
7 ~(eV (P@o)) (Dual—o), L 7 ~(@\V0) (Dual—o), L
> (V)@ (p\V0)) (RAA), A, 7 8 ~(p —o~(P©@0O)) (RAA), 5,7
> eV (p@o) (Dual—o)
(DVA) (DVA)2:
A oV (ae/NEB) A (V) NE(axA\PB)
1 @ VE(xAB) (AbsEA) 1oV L
2 E(aAB) (AbsEV) 2 E(xAB) LA
3 oV LA 3 TV (e ANB)ANE(xAPB) ()
> (V) AE(x A B) L 4 TV (aANEB) HPL, L
5 (@Va)V (xANER) (Lax\V), 1, 4
8 oV (xV (xNEB)) (AssV)
9 ¢V ((xAx)V (xAER)) HFt
10 @V (A (aVEB)) (DAV)
> @V (e NER) (AbsEV)

D Proof details for Lemma 6.47 (Table 6.9)

As for (MPV) and (MP—o), we mostly omit applications of (MP¢), (MPA) and (MPLJ)
in the derivations.

(DisOOA) 1: (DisCOA) 2:

A O(p AP) A O ANy

1 O LA 1 ~O(e AW)

> O L, A | 2 O~(o A D) (LinO)

> Do ADyp L 3 (¢ — ~) L
4 O¢ — O~y (Disd)
5 O LA
6 O~ (E—=)
7 ~Oy (LinOJ)
8 Oy L, A

> Ule AY) (RAA), 7,8

198



Appendix

(DisO®@) ':

A Qe @)

1 ~(0p @0Y)
| 2 ~(~2~p @ ~2~)
A~@

A~
~@ = (~ —

~(¢ @)

L~ @)
~~D~(@ @)
8 ~O(e @)
> 09 @Oy

N O G bW

(ComOE):

A OEx

Fl O~

2 ~EQx
O
-0
O—«
A—
~O~—ax
> EQx

NG W

(Augd)

A Qo

B Ay

| [ 1 ~0(e AW
2 A~(@ AWb)
3 AW —~@)
4 DN — DA~@
5 A~¢
6 ~O@

> Ole A)

(DisOA) 1

A O NEB)

1 O

2 OE(ax A\ B)

3 EQ(x A B)

> Qa ANEQ(ax A B)

(Dual¢)
L,2
L,2

(thm), L
(MPA), 3, 4,5
L

(Dual?)
(RAA), A, 8

def.

def.

L

HML

(ECD)
(Dual¢)
(RAA), 1,7

(Dual®), L
L

(DisA)

L, B, 4
(Dual¢), L
(RAA), A, 6

L
(AbsEN), A
(ComOQE)
L,1,3

(DisO®@)2:

A Qo @OV
1 ~0(e @)
~~L~(0 @)
A~
A~
(~~A~@) N (~~L~)
(~O0@) A (~0Y)
~(Op @ OW)
(¢ @)

<ON VU R W N

>

(ComEQ):

Ao
B EQx
F 1 A~~—x
2 A—x
3 O-a
4 0«
5 ~—0w
6 ~A~~mx
> OEax

(Join®)

A Qx

B EQx

|| 1 A~(x AEx)
Fz A~ N\ ~—x)

3 Al — —a)
Ol N (¢ = —a))

(DisOA) 2:

A Qax NEQ(ax A\ B)

EOQ(x A B)
TV(O(xABINEG(ax/AB))
TVO(aAB)ANE(xAB))
TV O(xeNEBR)

X214

Ola A\ o)
OlaNa)VO(e NER)
((acN )V (x/NEB))
(ax N\ (xVER))

(x ANEB)

[

VO 00N U1 =W N

o
o
o
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(Dual®)
L,2

L, 2

L
(Dual?), L
L

(RAA)/ A/ 7

L

(10), A, 2
HML

def., B
(RAA)/ 4/ 5
(Dual¢), def.

def.

L

(Aug®), A, 4
L

HML
HML
def., B
(RAA)
(Dual®)

L

(V)

(Joind)

L, HML

L, A

HML

(Lax\V), 4,6

(DisO V)

(DAV)

(AbseV), (ComV/)



Index

sy, see assignment update

dep(-), see atom, dependence
|, see atom, exclusion

C, see atom, inclusion

1, see atom, independence
=, see bisimulation

1, see bot

[ I;c1 Xi, see choice function

/\, see conjunction

—, see conditioning

| - |, see domain; size

t(-), see evaluation

[-], see evaluation; type

1L, see falsum

F., see formula

R, see generating relation

V, see lax, disjunction

3, see lax, quantifier

w, N, see natural numbers

—, see negation, dual

~, See negation, contradictory

0, 0%, 01, =@, see power set
[-], see range

<élem see reduction, elementary
<1ﬁg, see reduction, logspace
[, see restriction

E, see truth; entailment

\/, see strict, disjunction

3, see strict, quantifier

@ /0], see substitution

Ty, see team, conditioned

Tx, see team, duplicating

TE, see team, selection

TF, see team, supplementing

T, see top
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X*, see word

ATmmEe-Art(exp, poly), 14
ATiMe-Art(expy, poly), 14
admissible, 17, 23, 28
algebra, 29

team, 32
assignment, 16
assignment update, 16
atom

constancy, 20

dependence, 20

exclusion, 20

inclusion, 20

independence, 20
axiom, 149

bisimulation, 24
Boolean closure, 115, 151
bot, 18, 22, 23

canonical, 8o

carrier, 29

choice function, 12
coherence, 34

comparable, k-comparable, 93
complement, 35

complete, 149

conditioning, 19, 153
conjunction, 18

connective, 29

conservative extension, 154
consistent, 154
counter-model merging, 156

deduction theorem, 153
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dep, 20 inference rule, 149
dom, 12 invariant, strongly invariant, 114, 116
domain inverse, 12

of a function, 12

of a structure, 16

of a team, 17
downward closure, 19, 34

judgment, 149

Kripke structure, 22

dual L, 151
strong, 35 lax, 54
weak, 36 disjunction, 18

quantifier, 18

ELEMENTARY, 14 local, locality, 20

elementary, 14

hierarchy, 14 M, 166
reduction, 14 MC, 21
empty team property, 19 md, 24
entailment, 18 ML, 22
equivalence, 18 ML(mon), 117
evaluation, 17, 30 ML(~), 23
exp(n), expy(n), 14 model, 17, 18
f-elimination, 160 natural numbers, 12
falsum, 18, 23 NE, 18, 23
filter, 139 negation
filtration, 113 contradictory, 18
flat, 18, 23, 34 dual, 19
flatness non-elementary, 14
equivalent, 49
flatness preserving, 34 operation, 29
FO, 16 operatot, 43
FO(~), 17 functional, 45
formula, 17, 30
frame, 22 Prop, 22
function PLf PL{~), 28
duplicating, 17 point, 22
supplementing, 17 poset, 139
power set, 12
generating relation, 44 preserving, strongly preserving, 117
proof, 149
hitting vector, 46 proof system, 149
homomorphism, 30, 113 property, 30
HPL/ HML/ HFO/ 149 deﬁned, 30
image, 23 provably equivalent, 149
inconsistent, 154 Q, 169
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QPL, QPL(~), 28
quasi-flat, 62
preserving, 63

range, 12
reduction
elementary, 14
logspace, 12
polynomial time, 12
refutation complete, 155
relaxation, 54
restriction, 12

S, 160
SAT, 21
scope, 83
semantics
classical, 17
strict, 20
team, 17
sentence, 16
signature, 29
singleton, 12
size, 12
sound, 149
staircase, 87
strict, 54
quantifier, 21
splitting, 20
structure, 16
pointed, 22
with team, 23
substitution, 18
in g, 160
successor team, 23
lax, 26
strict, 26

Tower, TowEer(poly), 14
team, 17
conditioned, 19
duplicating, 17
selection, 83
supplementing, 17
teamification, 38

202

term, 16
algebra, 30
theorem, 149
top, 18, 22, 23
transversal, 51
standard, 57
truth, 17, 22, 23
Turing machine, 13
type, 78

U, 157

ultrafilter, 139

ultraproduct
assignment, 140
set, 140
structure, 140
team, 141

union closure, 19, 34

upward closure, 19

VAL, 21

valuation, 22

Var, 16

variable, 16
free, 16
propositional, 22

vocabulary, 16
relational, 16

word, 12
world, 22
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