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Abstract

We present a terminating tableau system for the modal logic K*. K* extends the basic
modal logic K with a reflexive transitive closure operator for relations and is a proper
fragment of propositional dynamic logic.

We investigate two different approaches to achieve termination, namely chain-based
blocking and pattern-based blocking. Pattern based-blocking has not been applied to a
modal logic with a reflexive transitive closure operator.

We have a modular completeness proof that adapts to both termination approaches.
Extending completeness arguments for a related description logic, we establish a strength-
ened soundness property of our calculus that we call straightness. Using this property
we are able to prove both verification and refutation soundness.
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1 Introduction

In this thesis we present two terminating tableau systems for a modal logic we call K*.
K* enriches the modal logic K with a reflexive transitive closure operator for relations.
The expressiveness of K* lies between that of the basic modal logic K and propositional
dynamic logic, of which K* is a proper fragment.

Modal logic was treated deductively since 1918 [25], and received its relational seman-
tics around 1960. The most significant contributions are from Kripke [22, 23, 24|, and
we refer to [10] for a detailed overview. Since then, relational semantics matured from
an analytical tool to the standard way of thinking about modal logic.

Relational semantics make the concept of locality of truth explicit: The notion of truth
depends on the state of evaluation. This allows the natural modeling of computation as
state transition. On the basis of this concept, dynamic logic provides means to specify
programs and reason about their properties.

Dynamic logic is due to Fisher and Ladner [8]. Their work extends Pratt’s [26], who
was in search of a semantics for Hoare logic [14]. Hoare logic abstracts computation
as transition between program states, thus committing to programs that are binary
relations. Dynamic Logic subsumes Hoare logic and additionally allows programs to be
represented within the language. Having both programs and properties represented in
the language is referred to as the exogenous approach [13].

In dynamic logic, programs are relations, and the language provides several operators
to compose new programs out of old ones. For two reasons, the reflexive transitive closure
operator is the most challenging of the program composition operators. First, defining
the reflexive transitive closure over relations requires higher order quantification. And
second, adding the reflexive transitive closure operator to obtain K* results in the loss
of compactness of the logic. Nevertheless, K* is decidable and possesses the small model
property. Both properties are inherited from PDL, for which they are shown by Pratt
in 1976 [26] and Fischer and Ladner [8] in 1977, respectively.

Proving completeness for a terminating tableau system for K* inherits a difficulty
from PDL: There are derivations for unsatisfiable formulas such that no finite prefix
of the derivation contains an immediate contradiction. This infinitary behavior results
from the way the transitive closure operator is treated and the lack of compactness. For
terminating tableau systems, this is a concern of soundness, since a derivation without
a contradiction cannot be discarded without justification.

In the literature, there exist different tableau systems for PDL. An early approach by
Pratt [26] resorts to a weaker semantics and annotates the tableau to keep track of ful-
filled eventualities. De Giacomo and Massacci [9] pick up this idea and show completeness
by carrying an interpretation along the derivation that satisfies the generated formulas.
Their decision procedure features path variables, which ease the tracking of unfulfilled
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eventualities greatly. Baader [3] treats completeness for the description logic ALCyrans,
which subsumes K*. In his approach, an interpretation is used to guide a derivation,
featuring an elaborate technique to ensure invariants on the derivation. These invari-
ants are then used to prove verification completeness. Abate, Goré and Widmann [1]
are extending Pratt’s approach to an on-the-fly procedure. They incrementally build an
and-or-graph and propagate information about unfulfilled eventualities upwards, such
that properties of the root of the tree indicate satisfiability. Goré and Widmann [11]
recently published an optimal tableau decision procedure.

Our approach incorporates ideas of Baader, De Giacomo, and Massacci. We show
a property similar to soundness for our calculus. This property is called straightness
and guarantees preservation of certain invariants during the derivation process. These
invariants enable us to prove a model existence theorem for maximal derivations that
satisfy them, in particular we show that such derivations satisfy all eventualities. We
justify discarding derivations by establishing that the straightness properties are violated
and give conditions to identify such derivations.

To obtain a terminating tableau system, rule applicability must be restricted. We call
a technique that provides conditions to control rule applicability a blocking technique.
We equip our system with two different blocking techniques and show completeness as
described above for both of them.

First, we equip the tableau with chain-based blocking. Chain-based blocking is the
traditional blocking technique for modal logics invented by Kripke [23]. It is standard
and has been applied to a variety of modal and description logics [5, 15, 16, 18]. The
basic idea is that expansion can be blocked if a state that has the same properties as
one of its predecessors is encountered. Instead of creating a new state, the edges can be
redirected to the corresponding predecessor.

Second, we equip the tableau system with pattern-based blocking. Pattern-based
blocking is a recent idea due to Kaminski and Smolka [19, 20], which has been applied
successfully to various logics [21, 17]. Spartacus [12], a maturing implementation incor-
porating the technique, shows promising performance results. Patterns are subsets of
the formulas present at a certain nominal. The main idea is that similar patterns require
similar sub-models. Thus similar patterns are identified, and expansion is blocked for
all instances, except for one, for which a sub-model is generated. Model existence is
achieved by sharing this sub-model among all states that correspond to a nominal with
a similar pattern. The precise notion of similarity depends on what the logic admits,
but usually inclusion or equality applies.

We conclude the thesis with a conjecture about canonical models, and give an outlook
on possible improvements and future work.

1.1 Contributions

The main contribution of this thesis is the adaptation of pattern-based blocking to a
logic with the reflexive transitive closure operator. Our completeness proof is more
modular than existing proofs for PDL [3, 9] in that it adapts to two both chain-based
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and pattern-based blocking.

1.2 Outline

In Chapter 2, we define syntax and semantics for K*. In Chapter 3, we prove decidability
and the small model property for K* using a canonical model construction. In Chapter
4, we give a tableau calculus, prove a model existence theorem, show that the system is
sound, and establish our extended soundness property called straightness. In Chapter
5, we equip the tableaux system with chain-based blocking, prove termination, devise
conditions to identify discardable derivations, and prove completeness of the system. In
Chapter 6, we do the same for pattern-based blocking.



2 Fundamentals

In this chapter, we define the syntax and semantics of K* as a fragment of simple type
theory (STT) [6, 2]. In Section 2.1, we define the syntax of K*. In Section 2.2, we define
the semantics using STT and give a definition of satisfiability.

2.1 Syntax

In Fig. 2.1 the syntactic categories of modal expressions and relations are given. For the
sake of simplicity we only consider negation normal terms. The names =, A, V, O, [,
and * are called modal constants. Note that we use infix notation for the operators A
and V, as well as postfix notation for the operator *

Figure 2.1: Syntactic Categories of K*

t u= p|at|tAt]|tve] Opt | Opt modal expressions

pu=r|r relations

Often it is useful to have the subterm closure at hand. Note that we here have a
extended subterm closure, particularly K*’s version of the Fischer-Ladner closure [8].

Definition 1 Let ¢ be a modal expression. Then Mt is inductively defined according
to the following equations.

Mp = {p}
M(=t) = {~tpu Mt
Mty Aty) = {t1 Ata} UMty U Mty
Mty Vity) = {t1Via} UMty UMty
M(Ort) = {Ortt UMt
M(Or*t) = {Or(Ort)} UMt
M(Opt) = {Opt} U Mt

Let L be a set of modal expressions. Then we define ML := [ J{Mt |t € L}.

Proposition 1 Let ¢t be a modal expression. Then Mt is a finite set.

10
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2.1.1 Substitution

Given a term ¢, we use the notation ¢ to indicate the term obtained from ¢ by subsituting
y for z. Given a set A, the notation A} indicates the set obtained by substituting y for
x in every element of A. A detailed treatment of substitution can be found in [27].

2.1.2 Names

We distinguish between variables and constants. The set of constants consists of the
logical constants —, A, V, —, the quantifiers V, 3 and the modal constants =, A, V, O, [J,*.
We use N to denote the set of all names that are not constants, and refer to it as
variables. To denote the set of all variables of a certain type o, we write N,. Note
that N, denotes the set of all nominals. We divide N,, in two disjoint subsets, namely
atomic properties and path variables. We denote the set of all path variables by V.
We reserve the following letters for variables of the given type:

T, Y,z L
p,q Lo p,q gV
o, B : o a, eV

r Lo

2.2 Semantics

We now approach semantics by embedding modal logic into Simple Type Theory (STT)
to have its rich syntactic and semantic framework at hand. For an introduction to STT
refer to [2]. To know more, read [7].

We start from two base types o and ¢ and fix the interpretation of o to be the set
{0,1}. The interpretation of ¢ is a non-empty set of states. Given two types o and T,
the interpretation of the type o7 is the set of all total functions from the interpretation
of o to the interpretation of 7. Types are right-associative.

We use names of type ¢ as states and call them nominals, names of type o as labels
and call them atomic properties, and names of type 1.0 as atomic relations.

2.2.1 Locality

Modal expressions are always of type to, whereas modal formulas are of type o. Note
that traditional modal formulas [4] correspond to the modal expressions in our setup.
Intuitively, going from a modal expression ¢ to a modal formula tz augments the property
denoted by ¢ with the state of evaluation.

2.2.2 Defining Equations

The embedding into STT is straightforward and has been successfully done before. See
for example [20, 21]. A listing of the defining equations for the modal constants is given
in Fig. 2.2.

11
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Figure 2.2: Defining Equations for the Traditional Modal Constants

S = A\pzr.—px < (to)eo

A = Apgx. pr A qz A : (to)(ro)ro
V. = Apgqzx. pxV qx Vi (o) (eo)o
O = Arpz. Jy. ray A py O 1 (weo)(to)eo
O = Arpz. Vy. ray — py O : (weo)(ro)to

2.2.3 Transitive Closure Operator

We now define the reflexive transitive closure operator in STT. We define the reflexive
transitive closure of a relation r as the intersection of all reflexive transitive relations
that contain 7.

Definition 2 Let r be a relation. The reflexive, transitive closure r* of r is defined as
follows.

r* = ﬂ{r' | 7' reflexive A’ transitive A r C '}

This equation is easy to express in STT. Note that we obtain the infinite intersection
by using an universal quantifier over relations of type wco.

Figure 2.3: Defining Equations for the Transitive Closure Operator

T = M. Voyzroy Aryz — rxz T : (wo)o

R = M. Vz.rozx R : («o)o

C = vl Vayray — r'zy C : (wo)(weo)o
* = My VR AT Ar Crl — oy ¥ (wo)uo

2.2.4 Satisfiability

A modal interpretation is an interpretation of simple type theory that interprets o
as the set {0, 1}, the logical constants and quantifiers as usual, and the modal constants
according to their definition.

Definition 3 A modal interpretation Z satisfies a set of modal formulas A, if
ZE A ie Is=1forall s € A. A modal interpretation Z satisfies a set of modal
expressions L, if there is a state a € Z¢ such that Z,a = L, i.e. Zta =1 for all t € L.

12
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We often write Z |= s, where s is a modal formula. In this case we mean the singleton
set containing s. The same applies to modal expressions.

We import a proposition from [20].

Proposition 2 Let Z be an interpretation and X be a set of nominals such that 7. =
{Zx | x € X}. Then the following holds for every term ¢ of type to:

ITEI <— JrxeX:ITEtx
ITEV < VreX:TkEtx

Since the above proposition is not applicable to all interpretations, we have another
proposition to lift quantifiers to the meta level.

Proposition 3 Let Z be an interpretation. Then the following holds for every term ¢
of type to:

ITEI < JacTi:T,al=t
ITEVt < YacTi:T,al=t

We also have a proposition concerned with the semantics of [J and ¢.

Proposition 4 Let Z be a modal interpretation and a € Zt. Then the following holds.

T,al=0pt <= FbeZi:Ipab=1NIT, b=t
T,a=0pt <= YoeZi:Ipab=1 = Z, b=t
T,a=0r"t = VbeZiv:Irab=1 = Z,b=t,0r"t

2.2.5 Modally Valid Formulas

A formula is modally wvalid, if it is satisfied by all modal interpretations. We give
some important modally valid formulas. They can be verified by any tableaux system
for STT using the defining equations for the modal constants from Fig. 2.2. Suitable
tableau systems can be found in [27, 2], for example.

Opp = =Op(-p)
Or*pz = pz AOr(Or'p)z
Or*pr = pxV Or(Orip)x

13



3 Models

In this chapter, we establish the existence of a class of models for K*, which we call
canonical models. In Section 3.1, we define notation to reason about the relational
structure encoded in modal interpretations. In Section 3.2, we define a notion of labels
of a state, which is a subset of the properties the state satisfies. In Section 3.3, we
compute from the labels of a state a set of formulas every successor of the state must
satisfy. In Section 3.4, we construct for every satisfiable K*-expression a finite, satisfying
model. We get decidability and the small model property as corollaries.

3.1 Relational Structure

Since modal interpretations encode a relational structure, it is convenient to have an
explicit way to talk about related nominals.

Definition 4 Let Z be a modal interpretation, a,b € Z. and r be a relation.
a ——7b:<= Trab=1

Proposition 5 Let Z be a modal interpretation, and — & Z¢ x Z¢ be a relation such
that — = Zr. Then for all a,b € Z¢ the following holds:

Ir*ab=1<= a—"b

3.2 Labels in Models

Every state in a model satisfies an infinite number of modal expressions. To work with
a reasonable set of modal expressions, we define the labels of a state with respect to
a set of modal expressions as follows.

Definition 5 Let Z be a modal interpretation, a € Z¢, and L be a set of modal expres-
sions.

LEa:={teL|T,ak=t}

3.3 Requests

Let L be a set of modal expressions. The r-request of L is the set of modal expressions
every r-successor of a state satisfying L must inevitably satisfy. An analogous concept
is used by Goré et al [1, 11].

14
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Definition 6 We denote the request of a set of modal expressions with R" L.
R'L:={t|Orte LYyU{t,0r"t | Or*t € L}
We call R"(LLa) the request of the state a in 7 with respect to L.

Proposition 6 Let Z be a modal interpretation, L be a set of modal expressions, a,b €
T such that @ —7 b, and Z,a = L. Then Z,b = R" L.

Proof. We prove rt € L — Z,b=tand Or*t € L = Z,b = t,0Or*t.

Let Urt € L.
Z,al=0rt
= YoeTi:Irab=1= Z,b|=t Prop. 4
— Z7b|:t Z?“ab=1
Let Or*t e L.
Z,a=0r"t
= VbeZi:Irab=1= Z,b=tANI,bE=0Or'"t Prop. 4
= L,bEtANT,bE=0Or't Irab=1 O

Lemma 1 Let L be a satisfiable set of modal expressions. If Ort € L then (R"L) U {t}
is satisfiable.

Proof. Since L is satisfiable, there is an interpretation Z and a state a € Z: such that
Z,a = A.

Z,aE L
<~ Z,a = 0rt Ort € L,Def. 3
— eTiia——;bANI, b=t Prop. 4
— eI I,bER'LALbEL Prop. 6 with Z,a = L
< dbeZi:I,b=R"LU{t} Def. 3
— R"A Ut} satisfiable O

3.4 Canonical Models

We now define canonical models following the construction for PDL as it appears in [4].
However, our argument does not use a notion of consistency, but is based on the semantic
notion of satisfiability. We thus need no proof system, which makes the argument in our
view more transparent.

15
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Definition 7 (Maximal Satisfiable Subset) Let S be a set of modal formulas. A
set A is a maximal satisfiable subset of S if A C S, A is satisfiable, and all sets B
such that A C B C S are not satisfiable.

Proposition 7 Let A C S such that A is satisfiable. Then there is a maximal satisfiable
subset B of S such that A C B.

Definition 8 (Saturation Closure) Let ¢ be a modal expression. Then saturation
closure C for t is defined as follows.

Ct:= MtU{~t | t € Mt}
Note that we assume Ct to contain only negation normal terms.

Definition 9 (Canonical Model) Let ¢t be a modal expression, and Z be a modal
interpretation. Z is a canonical model of t if it satisfies the following equations.

Z.:= {A | A maximal satisfiable subset of Ct}
IpA:=pe A
IrAB:= (R"A)CB

We now prove that each state satisfies the formulas it contains.

Theorem 1 (Satisfiability) Let ¢ be a modal expression and Z be a canonical model
oft. Then Ae 7. = Z,A[E A

Proof. Let s € Ct and N be a set of names such that Zo = {Zx | z € N'}. We proof by
induction on the structure of s for all A € Zi that s€¢ A = Z,A}=s. Let A € T, and
s € A

Let pc A. pe A<= IpA=1by Def. 9. Thus Z, A | p.
Let "pc A "pec A<= p& Aby Def. Tand p g€ A < IpA =0 by Def. 9.

Let t; Aty € A. Let x € N, such that Zz = A.

tiAto € A<= ti,to € A Def. 7
= L,LAEULNT, AEL Ind. Hyp.
— T EHLx AT [t Ix=A
— T EtxAtx
— Tk (ti Ate)x Fig. 2.2
— I,AEti Aty Ix=A

16
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Let

Let

Let

Let

Let

t1Vty € A. Let x € N, such that Zz = A.

tiVts € A<= t1 €AVt € A Def. 7
= Z,AEHL VI, AEt Ind. Hyp.
— ITEHLx VT [Etx Ix=A
— T EtzVitx
— Tk (t1Vig)x Fig. 2.2
— I, AEt Vit Ix=A

Ort € A. Since A is satisfiable by Def. 9, we apply Lem. 1, and get that (R" A)U{t}
is satisfiable. By Prop. 7, there is maximal satisfiable subset B of Ct containing
(R"A) U {t}. Bis a state in Z by Def. 9. Again by Def. 9, we get ZrAB = 1 and
the claim follows by induction for ¢ € B.

s = Qr*t. Since A is maximal satisfiable there is an interpretation Z’ with a € "¢
such that Z',a = A. By Prop. 4 there is b € Z’¢ such that a Lé, band Z'th = 1.
There is n € N such that a L;, b. We show by induction on n that a path of the
same length to a state satisfying ¢ exists in Z.

Let n = 0. Then Z/,a = AU {t}. Thus t € A since A is a maximal satisfiable
subset of Ct and t € Ct. The claim follows by outer induction for ¢t € A.

~1
Let n > 0. We have a ——7 ¢, ¢ L;/ b for some ¢ € Z'.. We construct a

maximal satisfiable subset of Ct, namely B := {t | t € Ct ANZtc = 1}. Observe
that B € Z. by Def. 9. We also have that Z’,¢ = R"A by Prop. 6, thus
R"A C B, hence Z = rAB. By construction Z’, ¢ |= B, thus we apply the
inner induction hypothesis, which yields the claim.

Ort € A. Let z € N such that Zz = A.

Vye N: T =rey — (RTA) C Ty Def. 9
— YweN:ITEraoy—tely t € R"A by Def. 6
= VYWyeN: ITErmy—7TFty Ind. Hyp.
— YWweN:ITEroy—ty
— YyeN:TE A\yrzy—ty)y B-law
— T E Vyray — ty) Prop. 2
— 7T E (ArpxNy.rey — py)rtz B-law
— I E=Urtz Def. from Fig. 2.2
— I,AE=D0Ort Ix=A

Or*t € A. Let B € T such that A L; B. There is n € N such that A L; B.
We show Z, B = t by induction on n.

17
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Let n = 0. Since B is satisfiable by Def. 9 and Or*t = t AOr(Or*t) is a tautology,
t € B. The claim follows by outer induction.

r n—1

Let n > 0. Then there is C' € Z¢ such that A Lé C and C —; B. Thus
R"A C C by Def. 9, in particular ¢,0r*t € C. The claim follows by inner
induction for Cr*t € C. O

Having established this lemma, we can construct a canonical model for every modal
expression t. If the expression is satisfiable, the canonical interpretation satisfies it.

Corollary 1 Let t be a modal expression and Z be a canonical model of ¢. Then ¢ is
satisfiable if and only if Z satisfies ¢.

The number of states in canonical models is bounded in the size of the saturation
closure. Furthermore, the saturation closure is polynomially bounded in the size of the
modal expression considered.

Corollary 2 (Small Model Property) Let t be a satisfiable modal expression. Then
there is a modal interpretation Z with Z¢ < 2/Cl that satisfies ¢.

Having a bound on the size of the model of a formula, we can decide satisfiability of
K*-formulas by enumerating all the models with a size below the bound and checking if
any of them satisfies the formula.

Corollary 3 (Decidability) Satisfiability of modal expressions is decidable.

We have another interesting observation. This is essentially the backwards direction
of Theorem 1.

Proposition 8 Let ¢ be a modal expression, Z be a canonical model for ¢, a € Zu,
s€Ct,and Z,a = s. Then s € a.

Proof. Observe that there is an s’ € Ct such that s’ = s by Def. 7. Assume s € a. Since
a is a maximal satisfiable subset of Ct by Def. 9, we have s’ € a. But then Z = {-s, s}
by Theorem 1, a contradiction. O

18



4 Tableau System

In this chapter, we will develop a sound and straight tableau system for K*. We precede
as follows. In Section 4.1, we define the notion of a tableau branch and some impor-
tant relations. In Section 4.2, we give a model existence theorem that establishes that
branches satisfying certain conditions have a model. In Section 4.3, we give the tableau
rules. In Section 4.4, we construct a basic (non-terminating) tableau system by applying
the usual progress conditions. In Section 4.5, we formalize invariants on branches as
admissibility conditions. In Section 4.6, we establish soundness of the system. In Sec-
tion 4.7, we prove straightness properties for the system. Straightness is a strengthened
soundness property, which asserts that the branch encodes a models of a certain class
and thus has certain beneficial properties. The notion of encoding is given by the model
existence theorem.

4.1 Branches

To talk about sets of formulas in the context of tableaux, we define a notion of tableau
branches, or branches for short, as follows. Tableaux branches contain formulas ob-
tained from the modal expressions ¢ defined in Section 2.1, edges rxy, and formulas ax,
Orax, and a = Or*t, the latter of which we call equations. In equations, the left hand
side is always a path variable and the right hand side is always a {*-formula. We denote
the set of path variables occurring on a branch A by VA.

To capture the special structure of the formulas that occur on tableau branches, we
extend the grammar given in 2.1 by two new categories: the formulas s, and the extended
terms u. We repeat the categories t and p in Def. 10 for convenience.

Definition 10 (Extended Grammar)

s »= ux | Qraz | a=Or't | rax formula

u = alt extended modal expression
t = p|at|tAt|tvt] Opt | Opt proper modal expression

p = r|rt

We use the letters s, u, t, p to range over the corresponding categories exclusively.
Adding new categories requires the extension of the function M to formulas.
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Definition 11 Let s be an extended modal formula. We define Ms inductively ac-
cording to the following equations:

M(a = Or't) = M(Or*t)
M(Qraz) = {Qrazx,a,x}
M(razy) = {r,z,y}
M(tx) = {z} UMt
z)

M(az) = {a,z}

4.1.1 Labels

Definition 12 (Labels of a nominal) Let A be a branch and z € N, A. We define
the set of all labels of a nominal x in A as Lz = {t | te € A} U{0r*t | Ja €
VA: ax,a = Or*t € A} U{Or(Or*t) | a = Or*t,Orax € A}. A modal expression ¢ is a
label of v in Aift € L.

Note that labels never contain path variables. Instead, they contain the corresponding
modal expressions.

Definition 13 (Modal Equivalence) Let A be a branch. Two nominals z,y € N, A
are modally equivalent in A if L oz = £ 4y. We denote the modal equivalence relation
for A by ~4.

4.1.2 Patterns

In the following, we need a notion of patterns. The idea of patterns is due to Kaminski

and Smolka [19].

Definition 14 (Pattern) A pattern is a set {Opity, ..., Oppt,} with n € N of sev-
eral (J-expressions.

Definition 15 (Pattern of a Nominal) Let A be a branch. The pattern of a nominal
x € N, A with respect to an atomic relation r is defined as follows.

Phz:={0pt | Optz € A, p € {r,r*}}
Note that the r-request of the labels of a nominal is exactly the r-request of the
r-pattern of the nominal.

Proposition 9 Let A be a branch, » be an atomic relation, and x € N,A. Then
R (Phx) = R"(Lax).

Proof. Tt suffices to show for all p € {r,7*} and for all ¢ that Optz € Loz < Optx €
Plx. This is immediate from Def. 15, Def. 12 and Def. 6. U

Definition 16 (Pattern Equivalence) Let A be a branch and z,y € N, A. Then
x ~ yif Pha =Phy.

Definition 17 (Pattern Inclusion) Let A be a branch and z,y € M,A. Then x " y
if Plix C Plhy.
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4.1.3 Relations

Branches encode a relational structure, and we introduce some notation to make this
structure explicit, like we did it for interpretations in 3.1 before.

Definition 18 (r-Reachability, Reachability) Let A be a branch, and z,y € N, A.
s
T— Y= rzycA
Ty ie= iz ——,y

Definition 19 (r-Reachability Modulo Pattern Equivalence) Let A be a branch,
z,y € N;A and r be a relation.

C7
r =5 yie= T eNAzh N "t 5,y

The new categories from Def. 10 give rise to other kinds of relations. The a-relation
models transition between nominals that both contain the same path variable and are
linked by a relation r.

Definition 20 (a-Relation) Let A be a branch and x,y € NV, A and « € VA.
(03
T —y Yy <= ax,rry,ay € A

We later establish that the r-transition in Def. 20 corresponds to the relation occur-
ring the equation for . Now we abstract from the path variables and relate nominals
depending on the {*-expression of the path variable.

Definition 21 (Q*-Relation) Let A be a branch and z,y € N, A.

way@ JaeVA:a=0r'tc Ane S,y

Proposition 10 Let A be a branch and a = {r*t € A. Then LAQMA.

4.1.4 Paths

Relational structures give rise to the notion of paths.

Definition 22 (Path) Let S be a set and —e S x S. A —-path is a tuple
(zo,...,oy) such that

e Vic|[0,n]: z; €8
o Vi€ [O,H—l]Ixi—>$i+1

Definition 23 (Path Maximality) Let S be a set and —¢€ S x S. A path (z,...,y)
is maximal, if it cannot be extended: -4z € S: y — z.

Definition 24 (Cyclic Paths) Let S be a set and —€ S x S. A path (zq,...,zy) is
cyclic, if there are i,j € [0,n] such that ¢ # j and z; = ;. A path is acyclic, if it is
not cyclic.
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Figure 4.1: Evidence Conditions

(fplreAd = prgA &,
(tl/\tg)xéA = tixr€A AN thxecA 5/'\
(tl\'/tg)xeA = €AV thacA 5\'/

Ortr € A = Elye./\/'LA::chy/\tyGA &

Orftre A = JyeNAiz =S,y AtycA o

rtr € A = VYyeNA:z"5,y — tycA &o

Or*tre A = te e AANVyeNA: x5,y = r'tyc A Eo

4.2 Model Existence

In this section, we establish a model existence theorem. We prove that every branch
that satisfies a set of conditions called evidence conditions has a model. The formulation
of the evidence conditions is based on the notion of patterns. Evidence conditions will
be such that they do not take path variables into account.

4.2.1 Evidence Conditions

The evidence conditions are given in Figure 4.1. A branch that satisfies them is called
evident. In fact, the conditions entail some stronger properties. This is captured in the
following proposition.

Proposition 11 (Explicit Evidence) Let A be an evident set of K*-formulas. Then
A additionally satisfies the following conditions.

DrtxeA:VyeMA:ngy:tyeA &L
*
Dr*txeA:VyeMA:ngy:tyeA/\Dr*tyEA &L

Proof. Let A be an evident set of K*-formulas. For the proof of £/, let y € N, A.

C
Ortee ANz _—’T>Ay

— Ortrc AN e NJA: 2 T o/ na! T4y Def. 19
— Ortr e AN e NJA: Plia C Py’ Nl = 4y Def. 16
— Orte’ € Ana’ 4y Ort € Pho
— tyec A &n
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* n
For the proof of &4, let Or*tz € A, y € N,A, and x 254 y. Then dn € N: x gA Y.
We show Or*ty, ty € A by induction on n.

Let n =0. Then x = y. The claim follows with £g«.

n—1 1
Let n > 0. Then 32 e NJA: x ﬂA z N z %A y. By Induction we get Ur*tz, tz €
A. Then 32 € NMJA: z ~7 2/ N2/ -5, y by Definition 19. Or*tz’ € A since
Pz C Pz Thus Or*ty,ty € A by En-. O

4.2.2 Model Existence Theorem

Let A be an evident branch. We now construct a satisfying modal interpretation Z.

Il :=MN,A
Ix:==x
Irxy =x _—’T>A Y r atomic
Ipr:=pre A p atomic

Theorem 2 Every (finite) evident set is (finitely) satisfiable.

Proof. We prove tx € A = 7 = tx by induction on the well-founded subterm relation
of t. Case analysis.

Let px € A.
pre€ A<= Ipr=1
<~ fple

— IEpz
Let —pz € A.
preAd = pregA E-
<— T~ px Case pr € A

Let (tl /\tz).%' c A.

(tiAte)r € A = tiz,tox € A &
— T EtxNT [t Induction
— T Etixz Ntz
— TE (tiAte)z Def. A
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Let (1 Vi9)x € A.

(tiVi)r € A = tizx € AVitaz € A Ey
— T Etix VT [t Induction
— T Etiz Vi
<— TE (t1Vi)z Def. Vv

Let Ortx € A.
Ortr € A = Hye./\/LA:ngy/\tyeA Eo,y € Nt U{z}
= ElyE./\/'LA::U&Ay/\I):ty Induction
— yeNA:Irzy=1NT =ty Def. 7
— eNA:TITErzy I =ty Def. =
< yeNA:TEreyity
<~ JyeNA:TE QyrzyAty)y B-law
<— T EJy rayANty Proposition 2
<— 71 E{rtx Def. ¢
Let Or*tx € A.
*
Or'tr € A = JyeNA:z =5, yAtye A Eoery € Nt U {2}
*
= ElyEJ\/LA::U%Ay/\IFty Induction
— yeNA:Irey=1 T Ety Prop. 5
— JyeNA:ITErzyN T =ty Def. =
— yeNA:TErzyAty
— JyeNA:TE QyrizyAty)y B-law
<— TEIJy. reyAty Proposition 2
— Ik Orfte Def. ¢
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Let Ortx € A.

OJ
<
8
m
N
I

Let Or*tz € A.

4.3 Rules

freeety

Vye./\/LA:ngy: ty e A

VyEMA:x%Ay: TEty
Vye NA: Iray=1 = T [ty
Vye NA: T Eray = T Ety
Vy e NA: T Eray — ty

Vy e NA: T |E (\y.ray — ty)y

I EVYy. roy — ty
7T = Ortx

C *

Vye NA:z =5,y = tye A
Vye./\/LA:ngy: T Ety

Vye NA: Ir'ay =1 = T Ety
Vye NA: T ET™wy = TEty
Vye NA: T Erfay —ty

Vye NA: T |E (\yrizy — ty)y
IEYy. rrey — ty

7 = Orfte

Ehyy € Nt U {x}
Induction

Def. T
Def. =

G-law
Proposition 2
Def. OJ

Ehy g Nt U {z}

Induction
Prop. 5
Def. |

G-law
Proposition 2
Def. OJ

The schemata for the tableau rules are depicted in Figure 4.2. Note that we introduce a
path variable for every ¢*-formula. This is necessary to prove straightness of the system.

4.4 The Basic System 7

We impose progress conditions as usual on the basic system.

Definition 25 (Progress Conditions) Let (A, Ay, ..

Pl (A) ¢ T

P2 AC A,

25

.,Ay) €T and i € [1,n]. Then
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Figure 4.2: Tableau Rules of T

“p)x, px t1 Atz t1Vio)x
T (5p)z, p T (t1 At2) T, (t1 Vo)
tlx, tQCC tlx | tgx
Ortx, rey _ Or*tx - Or*tx, ray
O mE O *
ty tx Or*ty
Orux Or*ta ax, o = Or¥t
Ty, ——— y¢NA T8 ——————— a¢ VA Tor —————
rry, uy axr,a = Orit tx | Orax

P3 e NA, -~ NA = Vye./\/'LA:AgAiZj

For our proofs it will be important that the labels of a nominal never change after
a successor has been introduced. We thus prioritize the tableau rules to ensure this

property.
Definition 26 (Propagated Nominal) Let A be a branch. We say x € N, A is prop-
agated if no rule in 7,7, 7., 70, TR*,TDT*, o To~ applies to formulas at z.

We augment 7 with a side condition as follows.

Orux
Ty, —— y¢NA
rTYy, uY

e I is propagated
We define the tableau system 7 as the largest subset of the union of the rules generated

by the schemata 7-, 7,7, 70, TDIE,T&,TO, Té)i,’]'o* that obeys the progress conditions
and contains all closing rules.

Definition 27 (Propagated Branch) An admissible branch A is propagated if it
satisfies all evidence conditions, except £y and Ey+, and additionally meets the following
requirements.

Or'tre A = JaeVA:ar,a=0r"te A M
ar,a =Qr'tc A = tre AVOrare A M,

From Def. 26 one would expect a branch to be propagated if all of its nominals are

propagated. The next proposition states that this coincides with our definition of a
propagated branch in Def. 27.
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Proposition 12 Let A be an admissible branch. If no rule from 7 — 7, applies to A,
then A is propagated.

Proof. By contradiction. Case analysis.

Let

Let

Let

Let

Let

Let

Let

4.5

Spx € A for the proof of £-,. Assume px € A. Then 7- applies to A. Contradiction.

(t1 Ata)x € A for the proof of €. Assume t1x € A or tox ¢ A. Then 7, applies.
Contradiction.

(t1 Vta)x € A for the proof of ;. Assume t1z € A and tox ¢ A. Then 7T, applies.
Contradiction.

Ortz € A for the proof of £5. Assume Jy € N A: ray € A N ty ¢ A. Then 7
applies. Contradiction.

Or*tax € A for the proof of £m-. Assume tx ¢ A. Then 7% applies. Contradiction.
Assume Jy € N, A: ray AOr*ty € A. Then ’TDT* applies. Contradiction.

Or*tz € A for the proof of Me+. Assume Va € VA: {az,a = Or*t} ¢ A. Then
R¢- 1s applicable by Progress Condition P3. Contradiction.

azx,a = Qr*t € A for the proof of M,,. Assume tz ¢ A and Orax ¢ A. Then Ty«
is applicable. Contradiction. U
Admissibility

We formalize important invariants on branches as admissibility criteria.

Definition 28 A branch A is admissible, if

1.

2.

7.

(NMA,— ) is a tree

Va € VA: {z | ax € A} is an % 4-path

. Ya € VA there is a unique formula o = Qr*t € A.
Caxyrey,ay,a=0r'te A = Qrax € A
Cax,rry,ay € A = a=0r'te A

. Orare A = axc A

rey € AN(A AL, ... Ay €T = Yie[l,n]:Yurur € A<= ux € A;

These conditions are invariants the tableau system guarantees to preserve.

Proposition 13 The rules of 7 preserve admissibility.
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Proof Sketch. 1. Holds, since 7¢ uses fresh names.

2. Holds, since a formula ax can only be added to a branch if either for the predecessor
y we have ay € A and for no other successor z’ of y we have ax’ € A, or a € VA.

3. Holds, since 7§% uses fresh names.

4. Holds, since there is no other way to add ay to a branch A if o € VA than the
expansion of a formula Qraz.

5. Holds, since there is no other way to add ay to a branch A if & € VA than the
expansion of a formula ¢rax, which contains the right relation r by 74+ and thus
ensures raxy € A.

6. Holds, since 7Ty« can only add Qrax to a branch A if ax € A.

7. Holds, since 7y is only applicable to Qrux if no other rule applies to formulas at
x. O

4.6 Soundness
Proposition 14 The tableau rules of 7 are sound.

Proof Sketch. We give modally valid formulas to justify the soundness of the tableau
rules.

(p1Ap2)r = pra Apaz T}
(p1Vp2)r = praVpaz T
Orpz Arzy — py 0
Or*px = px ADr(Or'p)z 75 12
Orpr — Jy.rzy A py T
Or'pr = ax ANa = Or'p o T
Or*pr = px VvV Or(Or*p)x To~ O

4.7 Straightness

We now define a strengthened soundness property called straightness. Soundness of a
rule guarantees that if there is a model of the premise, there must be a model of at least
one alternative among the conclusions. Straightness is the same property with respect
to a certain set of branches. We formulate what it means for a branch to be straight
through straightness conditions.

Before we start, we need some intuition. If our only goal is to satisfy {r*p, we need
an r-path to a state satisfying p. Such an r-path we call a witness path. Note that
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semantics of K* do not place any requirements on the length of the witness path. In
Fig. 4.3, three models with witness paths of different length are given. The leftmost
clearly features the shortest witness path. We have an interest in keeping witness paths
in branches short.

Figure 4.3: Three witness paths of different length

0 @)

@B ©

Straight branches enjoy one nice property of particular importance: All their witness
paths are short in some sense. At the end of this section, we will be able to prove that
along a witness path on straight branches, a request never repeats before the witness
occurs.

4.7.1 Witness Distances

We now devise a measure for the length of a witness path. Note that er assume min to
yield oo for the empty set.

Definition 29 Given a modal interpretation Z, a state a € Zi, a relation r and a modal
expression ¢, the function 67 ,: Zv — NU {o0} yields the witness distance, which is the
length of the shortest r-path in Z starting at a and leading to a state satisfying t.

8% ,a:=min{n € N | IbeZi:a "7 bATth=1}

Since a {*-expression can be true in many states of a model, we are interested in the
shortest witness path the model provides.

Definition 30 Given a modal interpretation Z, a set of modal expressions L, a relation
r and a modal expression ¢, we define A7 ,: 2MA _, NU {oo}, which yields the length of
the shortest r-path in Z from a state satisfying L to a state satisfying ¢.

A7, L :=min{é7,a | Z,a = L}

4.7.2 Selectors

We now parametrize the setup with a selector function. A selector function selects a
subset of the labels of a nominal. We require all selectors to select at least enough to
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preserve the request of the nominal. Selectors make it possible to apply the same proof
technique for two different blocking techniques.

Definition 31 Let A be a branch. A selector for A is a family of functions o4 that
is parametric in the relations occurring in A such that it holds Vz € N, A: R"(0"yz) =
R"(Lax) for all relations r that occur in A.

4.7.3 Straight Branches

We now have all definitions needed to define the straightness conditions on branches.

Definition 32 Let A be a branch and Z be an interpretation. Z is straight for A if it
satisfies the following conditions for all selectors o 4:

S1 s€eA = ZIks ifsisnoedge
S2 razye A= 1,7y =R" (o)
O1 az,ray,ay,a=0rt € A = 07,(Ty) = A7 ,(R"(0)z))
02 ar,a=0r"t,0rax € A = Ttz
We say A is straight if there is an interpretation that is straight for A.

The crucial property of straight branches is that the witness distance always decreases
along the corresponding ¢*-relation.

Proposition 15 Let A be an admissible, straight branch, and Z be straight for A. If
x MA y and T [~ ty, then AL ,(R" (o)) > A% ,(R"(0”yy)) for all selectors o'y.
Proof.

way
< daeVA:a={Or't,ax,rey,ay € A Def. 21, Def. 20
— JaeVA: T E{a=0r"tay} S1 for 7
= dn e N:3Jecel: (Zy) L endte=1 Prop. 4
= EInEN:EIb,cEIL:(Iy)L%b/\bL;_lc/\ftc:l Tty

Now we fix the least n € N that satisfies the equation above. We get 67 ,b = 67 ,(Zy) — 1
since n is chosen minimally. By Proposition 6 we have Z,b = R"(L4y). Now consider
the following:

A7 (R (04y)) = min{dza | T,a =R (04y)} Def. A7 4

<074 Z,b = R"(0%y), Def. 31
< 07,4(Zy) O74b = 07,(Zy) — 1
= AL (R (o)) o1 0

Given a repetition of a selection along a {*-path, the above proposition immediately
yields a contradiction, since the witness distance only depends on the selection.
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4.7.4 Straightness of 7

Now,

we want to make sure that 7 indeed enjoys the straightness property.

Proposition 16 Let A be an admissible, straight branch and (4, A;,...,A,) € 7.
Then there is an ¢ € [1,n] such that A; is straight.

Proof. Since A is straight, there is a modal interpretation Z that is straight for A. Let
o'y be a selector. Case analysis on the schema R of the applied rule.

Let

Let

Let

Let

Let

Let

(A) € R- with pz,~pr € A. We show by contradiction that this rule never be-
comes applicable. By S1 for A, 7 = pz A Z |= “px, a contradiction.

(A, AU{t1z}, AU {tox}) € Ry, with (t1 Via)xz € A. S1 for A yields Z = (t1 V i)z,
thus Z | t1z V T |= tax. We can choose the branch i € {1,2} such that Condition
S1 holds for AU {t;}. Condition O1 and Condition O2 hold, since the disjunction
cannot contain a path variable by admissibility of A.

(A, AU {t1z,tox}) € Rji with (t1 Ate)z € A. By S1 for A we get T |= (t1 Ato)z,
thus 7 | t12 AZ = tox, which ensures Condition S1. Condition O1 and Condition
02 hold, since the conjunction cannot contain a path variable by admissibility of

A.

(A, Au{az,a = Or*t}) € RE. with Or*tz € A. Since o ¢ VA, we arrange things
such that Z = a = Or*t. Then we get Z |= ax since Z |= Or*ta by S1 for A. This
yields Condition S1. Condition O1 and Condition O2 hold, since a ¢ V A.

(A, AU {tz}, AU{Orax}) € R¢- with ax,a = Or*t € A. By S1 for A we get
T = Or*te, thus 7 | tx or 7 |= Qrax. Case analysis.

Let Z | tx. We choose A U {tz}, so Condition S1 holds. Condition O1 and
Condition O2 hold, since t does not contain path variables by admissibility
of A.

Let Z }~ tz. We choose AU {Orax}. This ensures Condition S1 and Condition
02.

(A, AU{ray,uy}) € R with Oruz € A,y € N, A. Since Z = Qrux by S1 for A,
there is b € Zu such that (Zz) —; band Zub = 1 by Proposition 4. By Proposition
6,Z,b = R"(Lax). Case analysis on the form of w.

Let u € VA. Then u = {r*t € A. We choose b € Z: such that 6§tb’ =
A7 (R (o)) and Z,b" = R"(0x). Note that since R"(Laz) = Rr(agx),
b itself is a possible candidate for such a b', thus it is sure that 67 ,b" € N.
Setting Zy := ' ensures Condition S1, since ¢%,' € N entails Z, b’7): Ort.
We get Condition S2 and Condition O1 by the choice of ¥'. Condition 02
holds, since y € N, A, thus Qruy ¢ A.
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Let u & VA. We set Zy := b and get Condition S1. Condition S2 holds since
R"(Laz) = R"(0"yx) by Definition 31. Condition O1 holds, since ¢ contains
no path variable since A is a branch and y € N, A. Condition O2 holds, since
y &€ N, A, thus for all o € VA, Oray € A.

Let (A, AU{ty}) € Rpo with Ortz,rzy € A. Since Z,7y = R"(o"yz) by S2 for A,
and t € R" (0 x) by Def. 6, we get Z |= ty by Prop. 6 and thus Condition SI.
Condition O2 holds, since t contains no path variable by admissibility of A. We
did not invalidate condition O1, since y has no successors by admissibility of A.

Let (A, AU {tz}) € RE. with Or*tx € A. Since T = Or*tz by S1 for A, we get T |= ty
from the tautologies in 2.2.5, thus we have Condition S1. Condition O2 holds, since
t contains no path variable by admissibility of A. We did not invalidate condition
01, since = has no successors by admissibility of A.

Let (A, AU {Or*ty}) € RL. with Or*tz,rey € A. Since Z,Zy = R"(0"yx) by S2 for A,
and Or*t € R"(0"yx) by Def. 6, we get Z = Or*ty by Prop. 6 and thus Condition
S1. Condition O2 holds, since ¢ contains no path variable by admissibility of A.
We did not invalidate condition O1, since y has no successors by admissibility of

A. O

4.7.5 Path Variables and Straightness

In 4.3 we stated that path variables are necessary to prove straightness. We now demon-
strate the point. The general problem is that we cannot formalize O1 without having
path variables. Consider Example 1, which is a tableau derivation not using path vari-
ables.

Example 1 A hypothetical derivation without path variables.

Or*pz, Or(Or*p)z, Orqx
pz | Or(0r*p)a
rryY,qy
Or*py

It is not possible for the tableau to remember whether Or*py was added during ex-
pansion of Or(Or*p)z or Or(Or*p)z. But this is important for the proof of straightness,
because if the [-expansion added the formula, then the interpretation of y was already
fixed and we cannot guarantee any condition like O1. Additionally, the expansion of
Or(Or*p)x is not possible due to progress condition P2.

4.7.6 Straight Models

Up to now, we have not defined what exactly a straight model is. A model is straight,
if it provides a direct successor with optimal witness distance for ¢ for every state that

satisfies Or(Qr*t).

32



4.7. Straightness Chapter 4. Tableau System

Definition 33 (Straight Model) Let Z be a modal interpretation and L be a set of
modal expressions. Z is straight for L, if for all a € Z: and Or(Or*t) € L such that
Z,a = Or(Or*t) there is a b € Zt such that a ——7 b and 0% ,b = AL (R"(LLa)).

Note the correspondence between this definition and the condition O1 we required for
straight branches.

Proposition 17 Let ¢ be a modal expression and Z be a canonical model for ¢. Then
7 is a straight model for Mt.

Proof. Let a € Tv and Qr(Or*t) € Mt such that Z,a = Or(Or*t). Consider

A7a={67,b|Z,bE R a}

= A%,ta = {5%,151’ | R"a C b} Prop. 8, R"a C Ct
= A%,ta = {6%,tb | 7 = rab} Def. 9
The considered set is non-empty, since Z is a model. O
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5 Chain-based Control

In this chapter we equip the tableau system 7 with chain-based blocking and prove it
complete. In Section 5.1 we define the blocking condition, and restrict 7, accordingly.
In Section 5.2 we prove termination for the new system. In Section 5.3 we characterize
maximal branches and develop conditions to identify evident ones. In Section 5.4 we
finally obtain the completeness theorem.

5.1 Blocking

We use the established idea of chain-based blocking to ensure termination through re-
striction of rules applicability. This idea is due to Kripke [23]. The central concept of
chain-based blocking is the notion of a repeating nominal.

Definition 34 Let A be a branch and =,y € NV, A. y is repeating x in A if = —>j Y
and Lz = L4y. A nominal y € N, A is repeating in A if it is repeating some z € N, A.

The idea is, that for every repeating nominal, there already exists a nominal with
exactly the same properties on the branch. Thus, instead of duplicating it, we just insert
backward edges and obtain a model. Consider Example 2. {rpz cannot be expanded,
since it is repeating y. The encoded relational structure is not yet a model of the initial
branch, we have to add the edge rzz, for example.

Example 2 A tableau derivation blocked by chain-based blocking for the initial branch
{0 (Orp)a).
Or*(Orp)x
Orpx
rryY,pyY
Or (Orp)y
Orpy
rYz,pz
Or*(Orp)z
Orpz

5.1.1 The Restricted System 7.,

We are now ready to restrict 7 and 7y as follows.
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Ortx
rey, ty

Ro y ¢ NA
e x not repeating in A

e 1 is propagated

The system equipped with R¢ in place of 7¢ is denoted by 7Z.p,.

5.2 Termination

We prove that every derivation in 7.y, is finite. The proof precedes as follows. The
crucial observation is that ExpStk(A) is finite and preserved under rule application. We
then use that in admissible branches, (N, A, —,) is a tree. We bound breadth and
depth of this tree, and get by Konig’s lemma that the set of nominals ever introduced to
a branch is finite. The difficulty here is to bound the number of ¢-formulas at a nominal,
since we have to treat formulas Orax as well. Finally we obtain a bound on the number
of formulas ever added to a branch, which is sufficient for termination since our calculus
is cumulative.

A key concept we use is the notion of a stock and a slack [20]. A stock is the set of all
formulas that could possibly be introduced to the branch by a certain set of rules. The
corresponding slack is the subset of the stock that has not been introduced so far. We
then show that the size of the slack is strictly decreasing under application of rules from
the set of considered rules.

5.2.1 Expressions

We define the expression stock ExpStk(A) of a branch A as the subset of proper modal
expressions that occur, possibly as subexpressions, on A.

Definition 35 Let A be a branch.
ExpStk(A4) :={t |t € MA}

Note that ExpStk(A) neither contains path variables, nor expressions that contain path
variables. However, Or*t € ExpStk({a = 0r*t}).

Proposition 18 Let A be a finite branch. Then ExpStk(A) is finite.

It is easily checked that all rules preserve the expression stock.

Proposition 19 Let (A, A;y,...,A,) € 7. Then ExpStk(A) = ExpStk(4;) for all i €
[1,n].
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5.2.2 Variables

For 7., we need another measure. We first define the variable stock VarStk(A), which
is the set of all ¢*-formulas possibly in A given N, A and ExpStk(A). We then define the
variable slack VarSlk(A), which contains all {*-formulas from VarStk(A) for which no
path variable has been introduced.

Definition 36 (Variable Stock, Variable Slack) Let A be a branch.

VarStk(A) := {Or*tx | Or*t € ExpStk(A),x € N, A}
VarSlk(A) := VarStk(A4) — {Or'tx | az,a = Or't € A}

Proposition 20 Let A be a finite branch. Then VarStk(A) is finite.
Proposition 21 The rules of 7 preserve introduction of path variables.

Proposition 22 Let (A, Ay,...,A,) € T — 7. Then VarStk(A) = VarStk(A;) for all
i€[1,n].

Proposition 23 Let (A, A;) € T NT§.. Then [VarSlk(A)[ > [VarSlk(Ay)|.

Proposition 24 The rules of 7,,; are cumulative.

5.2.3 Termination Proof

Proposition 25 (Bound on Breadth) Let A be an admissible branch and = € N, A.
Then the number of direct successors of x is linearly bounded in the size of ExpStk(A)
in jzhn-

Proof. We have Lz C ExpStk(A). Together with Prop. 23 and Prop. 20 we get that
the number of formulas ax in A is finite, thus the number of {-formulas at every nominal
is finite by admissibility of A. By Progress Condition P3, a {-formula can only be
expanded once, and by Prop. 24, expansion is preserved. Thus the number of direct
successors of every nominal is finite. O

Proposition 26 (Bound on Depth) Let A be an admissible branch and z € N, A.
Then the number of predecessors of z is exponentially bounded in the size of ExpStk(A)
in /Tchn-

Proof. Since Lz € 2F¥PSk(4) there are only finitely many labels. By the Pigeon-hole
principle, below a depth of at most |2EXpStk(A)|, a label must be repeating, thus below
such a depth there is a repeating nominal by Def. 34. Since {-formulas cannot be
expanded at repeating nominals, we have established a bound on the depth of x. O

Proposition 27 7., terminates.
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Proof. For all admissible branches A, we have that (M,A, — ,) is a tree by admissibility
of A. From Prop. 25 and Prop. 26, it follows by Koénig’s lemma that this tree cannot
grow infinitely, but its size is bounded, thus we have a bound on the number of nominals
ever introduced during the expansion of A. Together with Prop. 23, Prop. 20, Prop. 18,
and Prop. 19, the number of formulas ever added to the branch A is bounded. By
Prop. 24, this is sufficient for termination. O

5.3 Maximal Tableaux

Consider Example 3. We have a maximal tableau with three open branches. Clearly, the
rightmost branch is missing the witness for Or*pz, since none of the nominals satisfies
p. Also, the rightmost branch is not straight, since z and y share the same request.

Example 3 A maximal tableau in 7, for the initial branch {Qr*px}.

Or*px
a = Qr*p, ar
pr | Orax
rTy, oy
py | Oray

The question we have to answer is whether there will always be an evident branch in
every maximal tableau for a satisfiable initial branch. The key is to prove evidence for
straight branches. But this argument requires some preparation, so we first analyze the
properties of the three kinds of maximal branches in 7.,,.

e Closed branches
e Maximal, open branches

e Maximal, open, and evident branches

5.3.1 Closed Branches

A branch A is closed, if (A) € T.p,. A branch is open, if it is not closed. Closed
branches contain a contradiction and are unsatisfiable.

5.3.2 Maximal, Open Branches

Maximal branches may fail to be evident because the tableau system cannot guarantee
that every formula Qr*tx is eventually expanded to ty at some nominal . Consider the
leftmost branch in Example 3, for example.

We now refine the modal equivalence relation to obtain >%, which only relates a
nominal x to other nominals, if = is labeled with the path variable o, and blocked by a
predecessor that is also labeled with «. This means, we only consider pairs of nominals
such that a path variable has been propagated from the second to the first. In Example 3,
we would have y >9 .
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Definition 37 (a-Repetition Relation) Let A be an admissible branch and z,y €
N, A.

*
r>% 2 = a=0r'tar,ar’ €ANT~a 2 N Ty

Now we interpret the a-relation modulo the a-repetition relation. That means, we
introduce edges to successors of modally equivalent predecessors that have the same

path variable. In Example 3, we would have y = AY-

Definition 38 (a-Request Relation) Let A be an admissible branch and z,y € N, A.

>
=5,y ' eNA: xS A S,y

Definition 39 (Maximality) An admissible set A is maximal if it is propagated,
satisfies £, and the following condition:

Oraz,a =Or'te A = EIyEJ\/LA::U%Ay My

Proposition 28 Let A be an admissible branch. If A is open and no rule from 7.,
applies, then A is maximal.

Proof Sketch. A is propagated by Proposition Prop. 12. We show the missing two prop-
erties.

Let Ortx € A for the proof of £y. Assume Vy € N, A: x E’A y = tyd A. Then x
is not repeating in A, thus Ry is applicable. Contradiction

Let Oraz,a = Or*t € A for the proof of M. Assume it is not the case that

>
Jy e NA: x _—’Q>A y. But then x is not repeating and thus R is applicable.
Contradiction. O

Proposition 29 Let A be an admissible branch and oo = ¢r*t € A. Then %AgﬂA.

5.3.3 Maximal, Open and Evident Branches

Now we are interested in paths in the a-request relation.

Definition 40 (a-Request Path) Let A be an admissible branch and ax € A. A

. . >, . by .
request path for o in A is a =4 4-path that starts at « and is =9 4-maximal.

The important property of acyclic a-request paths is that maximality implies the exis-
tence of the corresponding witness.

Lemma 2 Let A be a maximal, admissible branch, o = ¢r*t € A, and (zo,...,z,) be
a request path for ax € A with n € N. If (zo,...,,) is acyclic, then tz, € A.
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Proof. We show that the assumption tz, ¢ A leads to a contradiction. We analyze two
cases.

Let n=0.
ar € A Def. 40
= Qraxz e A Mg, tx & A
:>3y€./\/LA:xI2’aAy My
Let n > 0.
> a
Tp—l —— 4 Tn Def. 50
— W eNA z,_ >SN’ 5,z Def. 38
— ' e NA: 2, 1 D>G 2
Aoz re'x,, ar, € A Def. 20
= a=0r't,ar, € A Admissibility of A
= a=0r"t,Qrar, € A Mo, te, € A
>
— JyeNA: iz, =S,y Mo
In both cases we have a contradiction, since (xg, ..., x,) is Ba 4-maximal by Definition
40. O

Having established this lemma, it is easy to formalize a condition to identify evident
branches.

Definition 41 Let A be an admissible branch. A loop is a request path (xq,...,zy)
such that z¢g = z,, and n > 0.

Proposition 30 Let A be a maximal, admissible branch and z € N, A. If A is loop-free,
then A is evident.

Proof. Since A is maximal, it satisfies all evidence conditions except (possibly) Eex.
Let Or*tz € A. Since A is loop-free, no request path for in A is cyclic. By M,
a = Or*t,ax € A. By Lemma 2, the request path for axr leads to a state satisfying t.
With Proposition 29, Or*tz is evident in A. O

5.4 Completeness of 7.,

In this section we prove completeness. The proof idea is as follows. By Prop. 16, we know
that every tableau for a satisfiable formula contains a straight branch. We lift Prop. 15
to the a-request relation and use this result to show that the a-request relation is loop-
free on straight branches. Finally we get that a straight, maximal branch is evident by
Prop. 30.
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Proposition 31 Let A be a branch. Then £ 4z is a selector.

Lemma 3 Let A be an admissible, straight branch, Z be straight for A, and a = {r*t €
A Tfx %A y and T [~ ty, then A%, (Lax) > AL, (Lay).

Proof.
x Q)A Y
— ' eNA: 2GS AN S,y Def. 48
= Hx/EMAZCUNACEIA$Ii>Ay Def. 47
— Ja' e NA: &~ 2" NAT(Laz') > AT (Lay) Prop. 15, Prop. 31
— Ja' e NA: Laxz = Lax" NAT(Laz’) > AT (Lay)  Def. 16
= A7,(Lax) > AT, (Lay) u

Lemma 4 Let A be an admissible, straight branch, Z be a modal interpretation that is
straight for A, z,y € VA, and a = Or*t € A. If E’aA y, then 7 }~ ta.

Proof.
T Q’A Y
— T eNA: 2> N S,y Def. 38
— ' eNA:a=r't,ar,ar’ € ANz ~q 2" Ao L{Z x
AN 5,y Def. 38
= a=0r"t,ax,Orax € A A admissible
— T~ tx 02 for A O

Lemma 5 Let A be a maximal branch. If A is straight, then A is loop-free.

Proof. Since A is straight, there is an interpretation Z that is straight for A. As-
sume (xg,...,2Tp) is a loop in A for contradiction. By Lemma 4, Z [~ tz; for all
i € [0,n —1]. By Definition 41 it holds xy = z,. Thus, Z [~ tz,. Lemma 3 yields
AT (Lawo) > AT ((Lazy). But AL (Lamo) = AL (Laxy), since A7, and L4 are func-
tions. Contradiction. O

Theorem 3 (Completeness) Every maximal 7,q-tableau for an satisfiable set of K*-
expressions contains an evident branch.

Proof. Every satisfiable set of K*-expressions L there is a straight initial branch, namely
{tzg | t € L}. Since L by construction contains no edges and no path variables, any
modal interpretation satisfying L is straight for L. A maximal tableau for L contains
a maximal branch A which is straight by Prop. 16. By Lem. 5, A is loop-free. With
Prop. 30, A is evident. U
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6 Pattern-based Control

In this section, we apply pattern-based blocking to 7 and obtain a complete and termi-
nating system. In Section 6.1, we explain the blocking technique and apply it to 7 to
obtain the system 7. In Section 6.2, we prove termination by embedding a suitable
size measure into a lexical termination ordering. In Section 6.3, we characterize maximal
branches and give conditions to identify evident branches. Finally in Section 6.4, we are
able to prove completeness for 7.

6.1 Blocking

We use pattern-based blocking which has first appeared in [19, 20]. The idea is to forbid
diamond expansion if the diamond expression has already been expanded at another
nominal with a similar pattern. Let us make this precise.

6.1.1 {-Patterns

Definition 42 ({-Pattern) A (-pattern is a set {Opt} U {Opity, ..., Oput,} with
n € N, i.e. a set consisting of one {-expression and arbitrarily many [l-expressions. We
may call a Q-pattern a O*-pattern to indicate that p is not an atomic relation.

Definition 43 (Pattern of a {-Formula) Let A be a branch. The (-pattern of a
formula Qruz € A denoted by P’ (Orux) is defined according to the following equations:

PL(Ortx) :={0rt} UPLx
PL(Oraz) :={0r't | a = Or't € A} UPHz

Note that the definition of P’; could potentially allow more than one {-expression in
a Q-pattern. This is not the case for the branches we consider.

Proposition 32 Let A be an admissible branch and ¢rax € A. Then P (Orax) is a
O*-pattern.

Proof. Follows from admissibility of A, which ensures that defining equations for path
variables are unique. O

6.1.2 Realization of {-Patterns

We now define what it means for a pattern to be realized. The condition depends on
the relation p of the diamond expression in the pattern. If p is an atomic relation, we
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use the notion of realization as it appears in [20]. If the relation is not basic, the pattern
belongs to a formula of the form Qrax where o = Qr*t. In this case we must be careful
to allow expansion long enough for a witness to be produced.

Definition 44 ({-Pattern Realization) Let A be a branch and z € N,A.

e {Ort} UP,x is realized in A, if there is y € N, A such that x &A y, and ty € A.

e {Or*t} UPYx is realized in A, if there is 2/, y € N, A such that P2’ = Pz and

Note that for admissible branches A we have Qrax € A in case of {*-patterns.

6.1.3 The Restricted System 7,

We are now ready to restrict the diamond rule 7¢, as follows.

e P7(Oruz) not realized in A

e 1 is propagated

The system equipped with R¢ in place of 7y is denoted by 7.

6.1.4 Remark: Pattern Inclusion

For proper {-patterns we use pattern inclusion in the realization condition. A {-pattern
is realized if there is an expanded {-formula for a pattern it is contained in, i.e. the
pattern of the expanded formula contains more [J-expressions. It turns out that pattern
inclusion does not work for {*-patterns. We show a maximal tableau which is by no
means contains an evident branch as counterexample.

Example 4 A maximal derivation in a hypothetical system for a satisfiable initial
branch without an evident branch.

Or*px, Or(-p)z, ~pz
a = Or*p, ax
pz | Orox
rITY, QY
Py
py | Oray

The formula Qray in the tableau from Example 4 cannot be be expanded since its
pattern {Qr*p} is a subset of the pattern {Qr*p,Or(-p)} which is realized at z. Al-
though the initial branch is satisfiable, the tableaux contains no evident branch since
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the only open branch is missing the witness for the formula {r*px. We have taken care
of this problem by formulating separate realization conditions for {*-patterns, such that
expansion of formulas of the form (Qrax is only blocked on the basis of pattern equality.

6.2 Termination

We now prove that every derivation in 7,4 is finite. We use the result from Section 5.2
stating that no new modal expressions are introduced by 7,4, which allows us to bound
the number of patterns on a branch. The termination proof is an embedding of the size
measures into a lexical termination ordering.

Tpqt contains two generative rules, R¢ and 7o+. To measure their progress, we will
use the notion of a stock and a slack [20] as described in 5.2.

6.2.1 Patterns

We will now take care of the generative rules R¢ and 7. that introduce new names.
We first take care of R¢, and define the pattern stock PatStk(A).

Definition 45 (Pattern Stock, Pattern Slack) Let A be a branch.

PatStk(A) = 2=xpStk(4)
PatSlk(A4) := PatStk(A) — {PL(Oruz) | Oruz € A, Py (Orux) realized }

Proposition 33 Let A be a finite branch. Then PatStk(A) is finite.

Proposition 34 The rules of 7,,; preserve realization of {-patterns.

6.2.2 Formulas

We are ready to define the formula stock ForStk(A) for a branch A to be the set of
all formulas possibly on the branch given NV, A, VA and ExpStk(A). We then define the
formula slack ForSlk(A), which contains the formulas from ForStk(A) that have not
been introduced to the branch A.

Definition 46 (Formula Stock, Formula Slack) Let A be a branch.

ForStk(A) := {tx | t € ExpStk(A),z € N, A}
U{azx, Qraz,a = Or't | Or*t € ExpStk(A),z € NJA,a € VA}
ForSlk(A) := ForStk(A) — A

Proposition 35 Let A be a finite branch. Then ForStk(A) is finite.
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6.2.3 Termination Proof

Proposition 36 7, terminates.

Proof. Let A be a branch. Consider

the size of the pattern slack of A, |PatSlk(A)|
the size of the variable slack of A, |VarSlk(A)]
the size of the formula slack of A, |ForSlk(A)|

The corresponding lexical ordering is a termination order for 7,4, i.e. every application
of a rule from 7,4 to a branch A decreases the lexical product of the three size measures
given above. Case analysis on the schema of the applied rule. If not stated otherwise,
the size of PatSlk is preserved by Prop. 19 and 34, and the size of VarSlk is preserved
by Prop. 21 and 22.

Let
Let

Let

Let

Let

Let

Let

Let

Le

-+

(A) € T- with px, ~pzr € A. Nothing to show.

(A, AU{tiz}, AU {tax}) € T, with (t; Vig)z € A. Let i € {1,2}. By Progress
Condition P2, t;z ¢ A. Since (t1 Vitz)z € A, we have t;x € ForStk(A4). Thus
|ForSlk(A U {t;z})| < |ForSlk(A)|.

(A, AU {t1z,tox}) € T; with (t1 Ate)z € A. By Progress Condition P2, t;x & A
for some ¢ € {1,2}. Since (t1 At2)z € A, we have t1z,tox € ForStk(A). Thus
|ForSlk(A U {tiz, tax})| < |ForSlk(A)|.

(A, Au{az,a = Qr*t}) € T with Or*tr € A. Note that Or*tr € VarStk(A).
With Progress Condition P3 it follows |VarSlk(AU{ax, a = Or*t})| < |VarSlk(A)|,
since for every path variable 3 € VA it holds A C (AU {ax,a = Or*t})j.

(A, AU {tz}, AU{Orax}) € To- with ax,a = Or*t € A. Note that ¢,0r*t €
ExpStk(A), since t,Or*t € SubExps({aw = Or*t}). Since tx ¢ A by Progress
Condition P2, we have |ForSlk(AU{tx})| < |ForSlk(A)|. Since further QOraz ¢ VA,
by Progress Condition P2, we have [ForSlk(A U {Orax})| < |ForSlk(A)|.

(A, AU {rzy,uy}) € Re with Oruz € Ay & N,A. |PatSlk(A U {rzy,uy})| <
|PatSlk(A)| since P’ (Orux) has not been realized by blocking conditions of R.

(A, AU {ty}) € Tg with Ortx,rzy € A. By Progress Condition P2, ty ¢ A. Since
Ortx, rey € A, we have ty € ForStk(A). Thus |ForSlk(A U {ty})| < |ForSlk(A)|.

(A, AU {tx}) € T with Or*tz € A. By Progress Condition P2, tz ¢ A. Since
Or*tx € A, we have tx € ForStk(A). Thus |ForSlk(A U {tz})| < |ForSlk(A)|.

(A, AU{Or*ty}) € T2, with Or*tz,rzy € A. By Progress Condition P2, Or*ty ¢
A. Since Or*tz,rxy € A, we have Or*ty € ForStk(A). Thus we get that
|ForSlk(A U {Or*ty})| < |ForSlk(A)|. O

Next we will characterize maximal tableau branches.
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6.3 Maximal Tableaux

In this section we investigate the properties of maximal tableau branches. Unlike usual
systems, 7T,q+ has three kinds of open branches:

e Closed branches
e Maximal, open branches

e Maximal, open, evident branches

6.3.1 Closed Branches

A branch A is closed, if (A) € 7pq:. A branch is open, if it is not closed. Note that open
does not mean satisfiable. It merely means that we do not have an explicit inconsistency
on the branch.

6.3.2 Maximal, Open Branches

Maximal branches may fail to be evident because the tableau system cannot guarantee
that every formula Qr*tx is eventually expanded to ty at some nominal y on every branch.
Thus, maximal, open branches can be unsatisfiable. Consider the following example.

Example 5 A derivation in 7,4 for the initial branch {Qr*pz, Or*(-p)z}.

Or*px, Or*(-p)z
a = Or'p, ax

pr | Orax
rry, oy
Or*(<p)y
Py
py | Oray

Note that the rightmost branch is open. This example makes it clear that we need an
argument to discard certain branches that contain no immediate contradiction.

We are now interested in the process of expansion of ¢*-formulas. Thus we investigate
how a formula ax is treated. Given ax, the tableau can either produce the witness, or
request a successor that satisfies . We now define a relation that relates a nominal x
to a nominal y if either y has been produced to satisfy the request of x for a successor
satisfying «, or y bears another path variable § for the same {*-expression and was
introduced to satisfy 5. We call this relation {*-request relation.

First, we restrict pattern equivalence such that a nominal z is only related to other
nominals if there is a request for a successor for some path variable at x.

Definition 47 (Pattern Relation with Diamond Presence) Let A be a branch,
and z,7" € N A.

x Egr*t 7<= JaeVA:a=0r't,Orav € ANz~ o
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We now construct the ¢*-request relation. This relation allows us to track the {*-
requests in our branch.

Definition 48 (0*-Request Relation) Let A be a branch and x,z’ € N, A.

> Or*t

=

r sy = Hxle./\/LA:xE?{*tx'/\x’mAy

The ¢*-request relation is a refinement of the corresponding reachability relation
(Def. 19).

Proposition 37 Let A be an admissible branch and o € VA such that a = Qr*t € A.

> Or*t Cr

We now give maximality conditions. Note that we use the ¢*-request relation for M.

Definition 49 (Maximality) An admissible set A is maximal if it is propagated,
satisfies £y and the following condition:

Orax,a=or't e A = ﬂyGMAixgﬁtAy Mo

Proposition 38 Let A be an admissible branch. If A is open and no rule from 7,4
applies, then A is maximal.

Proof Sketch. By Prop. 12, A is propagated. We show the missing two properties:

Let Ortx € A for the proof of £y. Assume Vy € N A: x E’A y = ty & A. Then
P’ (Ortx) is not realized in A, thus Ry is applicable. Contradiction

Let Oraz,a = Or*t € A for the proof of M. Assume it is not the case that Jy €
>,0r*t
NA:z == 4y

—dy GJ\/LA: x E,()_T’:

t
AY

o 3y N 3al € N 2B A Py

= -y ecMA: T’ e NJA: Ja € VA: a = Or*t,Orar € ANz ~ +

Az mAy

Since Qraz, a = Or*t € A by assumption, the ¢*-pattern P’ (Orax) is not realized
and thus R is applicable. Contradiction. O
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6.3.3 Maximal, Open, and Evident Branches

In this section we establish a condition on maximal branches that qualifies them as
evident. We first give some intuition for two of the maximality conditions. Let us
assume we have a branch A such that a = Or*t,ax € A.

M If tz was not added to A by T5., then Orax was added.
My If Orowx is on the branch, then there is a successor that satisfies cv.

Now assume tz has never been added in the course of the expansion of ax. By intuition
M, for each nominal y with ay in the branch, but not ty, it was Oray added. And by
My, for every such O-formula, there is a successor satisfying o. From the termination
proof we know that the maximal branch contains only finitely many nominals. Thus we
must have some sort of loop on the branch. We will use the existence of loops to identify
non-evident branches.

The situation is complicated by the precise definition of the phrase a successor that

satisfies a. First, successor is interpreted with respect to the SiN 4-relation. And second,
satisfying o may mean satisfying another path variable § such that § = Qr*t € A. We
have already defined a suitable formulation of the phrase a successor that satisfies «,
namely the {*-request relation.

Definition 50 (0*-Request Path) Let A be an admissible branch and {r*tz € A. A

>, Or* >, Or*
O*-request path for Or*trin Aisa =0t 4-path that starts at « and is =0t 4-maximal.

The important property of every {*-request path is, that if it is maximal and not cyclic,
we can prove the existence of the witness. This exactly matches our intuition for M,.

Lemma 6 Let A be a maximal, admissible branch, and (zo,...,z,) be a {*-request
path for Or*tz € A with n € N. If (zo,...,z,) is acyclic, then Or*tx is evident in A.

Proof. If tx,, € A, then Or*tx is evident in A by Prop. 37. We show that the assumption
tx, ¢ A leads to a contradiction. We analyze two cases.

Let n=0.
Or*ta, € A
— JaeVA:a={r't,ax, € A M-
— da e VA: Orax, € A Mg, tx & A
— JyeNA:z, EﬁtAy My
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Let n > 0.
Tp_1 IZ’<>—T>tA Ty Def. 50
«— J' e NJA: z,_1 Ezr*t ' Ao mA T, Def. 48
— J2' e NA: 2,1 Egr*t 2’
Ada € VA: a = Or*t,ax’,ra’x,, ax, € A Def. 21, Def. 20
= Ja e VA: a={r"t, Orax, € A My, tx, € A
D *
— FyeN Az, 25,y Mo
In both cases we have a contradiction, since (xg, ..., z,) is &0 tA—maXimal by Def. 50.00

Having established this lemma, it is easy to formalize a condition to identify branches
which may lack some witnesses. All we need is a cycle in the {*-request relation.

Definition 51 (Loop) Let A be an admissible branch. A loop is a request path
(zo,...,xy) such that zy = x,, and n > 0.

Proposition 39 Let A be a maximal, admissible branch and z € N, A. If A is loop-free,
then A is evident.

Proof. Since A is maximal, it satisfies all evidence conditions except (possibly) E¢+. Let
Or*tx € A. Since A is loop-free, no request path for in A is cyclic. By Lem. 6, Or*tz is
evident in A. O

The last proposition allows us to identify evident branches by checking that no loops
oceur.

6.3.4 Detecting Loops

Checking for loops requires some computation. In the following we give a criterion which

is easier to check.
I> *
Proposition 40 Let A be a branch and a = ¢r*t € A. Then LAg—’Q—@ tA.

The idea is to track which formulas ¢rax were blocked by an expanded formula {rg3y.
In this case we say « is blocked by 8. If 3 then is blocked by « again, we have a cycle
in the corresponding ¢*-request path.

First we refine the pattern equivalence relation to only relate —— 4-terminal nominals
x to other nominals if Qrax is on the branch, i.e. x demands a successor satisfying «.

Definition 52 (Blocking Nominal Relation)

e = o~y AQrar € AN-TyeENA xS,y
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We are now ready to formulate the blocking relation among path variables. We relate a
path variable « to a path variable (3, if o was blocked by S.

Definition 53 (Blocking Path Variable Relation)

a>y B Irt:a=0r"t,F=0r"te A
Az, 2y e NJA: 2> 2/ Ao LAy

We now prove that a cycle in >, corresponds to a cycle in the corresponding (*-
request relation.

Lemma 7 Let A be an admissible branch, o = ¢r*t € A, f € VA, and >, . Then

JyeNA:Byec ANVe e NJA: ar € A — xE’O—r:tAy.

Proof.

Oé[>Aﬂ
— drt:a=90r"t,f=0r"tec A

Adz,2’,y e NNA: z>G" 2/ Na! i>Ay
— dnt:a=0r"t,B=0r"t e ANz, 2’y e NA: x ~Ty 2

AOrax € AN-TFy e NJA: x =,y Ao i>Ay

We get ax € A by admissibility of A from Qrax € A. Since the set {z | ax € A} is an a-

path by admissibility of A, and it holds ~3y € NV,A: z -, y, we have that z is the last

element of the path. Thus by Prop. 40, we have V2’ € N A: ax’ € A — o/ IZ’<>—T>tA x.

The claim follows. O
Proposition 41 Let A be an admissible branch. If > , is cyclic, there is a 2 0r e 4-loop.

Proof Sketch. By Induction on the length of the cycle in > ,. O

6.4 Completeness of 7,

We now prove completeness of 7,,,;. This means we have to show that for every satisfiable
initial branch we end up with a maximal tableau that contains at least one evident
branch. This situation is complicated by the fact that we have three kinds of maximal
branches, instead of the usual two. From straightness of 7 it follows that 7,4 is also
straight. We will use this result to show that if the initial branch A is satisfiable, there
is one evident, straight branch in every maximal tableau for A.

We have already shown that the function that assigns each nominal to its pattern is

a selector in Prop. 9. We now seek to lift Prop. 15 to the relation 2,0t 4- This will

>,Or
enable us to prove that 2O 4 1s also loop-free.

49



6.4. Completeness of T,q; Chapter 6. Pattern-based Control

Lemma 8 Let A be an admissible, straight branch, and Z be straight for A. If x Sl A

y and T = ty, then A7 (Phx) > A7 (PLy).

Proof.
z Eﬁth Y
«— J' e NJA: xEXr*t ' ANd mAy Def. 48
= EIx'EMA:xNZ:U’Ax'ﬁAy Def. 47
— ' e NA: x ~y o’ NAT(Pha') > AT (Phy) Prop. 15,Prop. 9
— J2’ e NA: Pha = Pha' NAT(Pha') > A7, (Phy)  Def. 16
o AL (Phe) > AL(Phy) .

. . . >, Or*t
We have now established that the witness distance decreases also along =] 4 on

straight branches, provided that the witness was not possible at the origin. We now
prove that the witness is never possible at the origin. The key is that in Def. 47 we
demand a request to be present at all non-terminal nodes on the witness path.

Lemma 9 Let A be an admissible, straight branch, Z be a modal interpretation that is
|Z7<>T'*t

straight for A, and z,y € N A. If ¥t == 4 y, then 7 }~ tx.
Proof. By Def. 48 and Def. 47, there is & € VA such that o = Or*t, Orax € A. By 02,
T [~ tx. O

Now comes the crucial lemma of this section. We prove that no pattern can repeat
before the witness is created.

Lemma 10 Let A be a propagated branch. If A is straight, then A is loop-free.

Proof. Since A is straight, there is a modal interpretation Z that is straight for A. As-
sume (g, ..., T, ) is aloop in A for contradiction. By Lem. 9, Z [~ tz; for all i € [0,n—1].
By Def. 51 it holds zg = xy,. Thus, Z }= tz,. Lem. 8 yields A} (Phzo) > AL ,(Plhzy).
But A7 ,(Phzo) = A7, (Phan), since A7, and P} are functions. Contradiction. O

Theorem 4 (Completeness) Every maximal 7,4-tableau for a satisfiable set of K*-
expressions contains an evident branch.

Proof. For every satisfiable set of K*-expressions L there is a straight initial branch,
namely {tzg | t € L}. Since L by construction contains no edges and no path variables,
any modal interpretation satisfying L is straight for L. A maximal tableau for L contains
a maximal branch A which is straight by Prop. 16. By Lem. 10, A is loop-free. By
Prop. 39, A is evident. U
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7 Conclusion

The logic K* includes an operator for the reflexive transitive closure, and is not compact.
Maximal tableaux for K* may contain branches that are neither evident nor closed.

To solve the problem of discarding such branches, straightness is established for the
tableau system. Straightness is similar to soundness, in that it is sustained by the tableau
rules for at least one branch among the alternatives. We prove that on satisfiable, straight
branches witnesses occur before requests repeat.

We give two terminating tableau systems for K*, and prove both complete. The key is
to discard branches with cyclic request relations. Verification soundness is established by
showing that branches with acyclic request relations are evident. Refutation soundness
is established by showing that on straight branches request relations are never cyclic.
This idea works for both blocking techniques under consideration.

Improvements

The proof of straightness in Chapter 4 used an interpretation that satisfies all formulas
except the edges on the branch. We could not require the interpretation to satisfy the
edges, since we cannot guarantee that we have a direct successor for every {-formula
that provides the minimal witness distance in the interpretation. We solve the problem
using a selection technique from Baader to find a suitable state among all states in the
interpretation, using additional conditions to ensure satisfaction of [J-formulas.

To make the proof more transparent, it is desirable to have the interpretation satisfy
the edges as well. Using a canonical interpretation in the proof of straightness, our
conjecture is, that a canonical interpretation can also satisfy the edges. We must ensure
that there are sufficient direct successors to provide every eventuality with the optimal
witness distance. This requires the set of boxes present in the interpretation to be exactly
the set of boxes of the associated nominal present on the branch. Our conjecture is, that
this is possible using a canonical interpretation and a carefully selected initial state. The
straightness invariants can then be maintained under ¢-expansion by carefully selecting
the state among the successors in the interpretation. Our conjecture is that in canonical
interpretations it is sufficient to choose the state among the successors that have the
minimal witness distance such that the size of the request of the state is minimal.

The abstract concept behind our completeness proof is interesting. Terminating
tableau systems only produce a subset of the models of a logic. The key insight is
that we must identify a subset of the models produced by the tableau that is complete
for the logic in the sense that for every satisfiable formula of the logic there is a model in
the class. Completeness for the system can then be proven on the basis of properties of
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the complete class. We conjecture that this process works the other way round as well.
Given a complete class of models, it should be possible to devise a blocking technique
tailored for this class. If the conjecture is true, it should be the case to determine the
most restrictive blocking technique with respect to a class of models.

One step towards a minimal model class for K* are the canonical interpretations. At
the end of Chapter 4 we have been able to show that canonical models satisfy a condition
analogous to straightness: Given an expression Qr(Qr*t) in the saturation closure of the
expression a canonical interpretation is built for, every state in the canonical interpre-
tation that satisfies Qr(Or*t) also has an immediate r-successor with minimal witness
distance for t.

Outlook

The next step is to extend this proof to full PDL. One would need to take the Fischer-
Ladner closure instead of the extended subterm closure, and adapt the termination
proof accordingly. The other proofs also have to be reworked, but it seems reasonable
to assume that the approach scales to full PDL.

The investigation of canonical interpretations for the proof of straightness, as de-
scribed before, is also a possible topic of interest. The main difficulty is to maintain the
straightness invariants under {-expansion, which requires a selection technique.

Finally, we consider it promising to investigate wether the pattern-based blocking
conditions can be reformulated on the basis of requests. This requires two main steps.
First, a model existence theorem based on a suitable reachability relation must be proven.
And second, a suitable realization condition based on requests must be formulated, and
the completeness proof must be adapted.
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