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Chapter 1

Introduction

Whether the design of a system is correct regarding an intended specification is a
reoccurring question in almost all fields of computer science. With increasing com-
plexity of the system, the developer loses the ability to make a resilient statement
about its correctness. Hence, automatic or at least semi-automatic methods for ad-
dressing this question are needed. One common way is simulating and testing the
actual implementation of a system. However, this method allows finding errors,
but can not make any comprehensive statement about the absence of errors or the
correctness of the implementation.

For many cases formal verification allows answering this question with mathematical
reasoning. A valid verification by a formal verification method implies that all possi-
ble behaviors of the intended system have been explored, thus it guarantees that the
design is in fact correct with respect to a given specification [CGP99]. Model checking
is one of the main techniques in this context, which enables checking a given model
against a given specification. The model is a formal description of a system and the
specification is a property that this system should meet or not meet, encoded in form
of a formula. Typically, these formulas are specified formulas of a temporal logic.

The modal p-calculus is such a temporal logic, which possesses a high expressive
power. Many other temporal logics like CTL* can be embedded into the modal
p-calculus [DGL16]. But properties that are expressible in the modal p-calculus
are at most regular, a result from its equi-expressiveness to the Monadic Second
Order Logic [JW96]. However, there are many interesting properties that are non-
regular such as uniform inevitability, infinite counting properties or certain assume-
guarantee properties [Eme87]|[Lan07]][[VV04].

Higher-order fixpoint logic (HFL) [VV04] achieves expressability of such properties
by incorporating a simply typed A-calculus into the modal p-calculus. This makes
it possible that formulas not only describe state sets, but also functions between
them, functions between sets of functions and so on. At the same time, the model
checking problem for finite transition systems remains decidable in HFL as shown
in its introductory work. Unfortunately, this gain in expressive power leads to the
fact that the model checking problem in HFL for a fixed model and formula is k-
EXPTIME complete, where k is a restriction on the order of usable functions [ALS07].
There exist fragments that can be model checked in (k — 1)-EXPSPACE [BLL17], but
this relatively high computational complexity still creates a need for efficient model
checking algorithms.
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Axelsson and Lange introduced a symbolic model checker for the first-order frag-
ment HFL1 of HFL, which restricts formulas to denote state sets or functions be-
tween them only. The idea is to localize fixpoint computations and thus avoid best-
case exponential behavior [ALO7]. To achieve this, they transfered the idea of needed-
ness analysis from traditional data-flow analysis to model checking HFL1. Originally,
neededness analysis states that it is sufficient to only include values that appear non-
trivially in the computation of a fixpoint of interest [Jor94]. In the context of model
checking HFL, this can be achieved by utilizing the fact that the value of a fixpoint
is usually not needed globally, i.e. for all possible arguments. Therefore, it can be
localized to needed ones only. It is shown in its introductory work that for NFAs of
finite size the universality problem encoded in HFL1 can be model checked with this
algorithm with far less computations then a naive model checking algorithm would
need.

Therefore, it is a problem of interest to lift this approach to higher-order fragments
of HFL. The goal of this thesis is developing a model checking algorithm with need-
edness analysis for the second-order fragment HFL2 of HFL, where formulas also
can denote functions between functions of state sets. Furthermore, it will be dis-
cussed, which challenges and difficulties come with lifting the original approach of
Axelsson and Lange to a higher-order fragment like HFL2:

In Chap. | all needed preliminaries, including syntax, semantic and type-system of
HFL are defined as well as needed definitions for the fragments HFL1 and HFL2 are
given.

In Chap. [3|the model checking algorithm for HFL1 as it was originally introduced by
Axelsson and Lange in [AL07] is described. Furthermore, an example computation,
underlining the computational benefits of this approach and the expressive power
already gained in HFL1 compared to the modal p-calculus, is given.

In Chap. | an algorithm with neededness analysis for model checking HFL2 and its
proof of correctness is presented. This is followed by a discussion of different pos-
sible optimizations in a practical context and an example, illustrating the computa-
tional benefits compared to a naive approach and the increased expressive power
compared to HFL1.

In Chap.[§|challenges coming with a neededness analysis approach for model check-
ing HFL2 are discussed and it shows that the problem of optimizing this approach
is significantly more complex in HFL2 than in HFL1.

In Chap. [f] this thesis is summarized and directions for possible future work are
given, based on the results of this thesis. Especially, the results are considered in
the light of an actual implementation and lifting this approach to other, even higher
order fragments and ultimately generalizing it to complete HFL.

In App.[Ala short introduction to fundamentals of the higher-order fixpoint logic is
given, including the modal y-calculus and the simply typed A-calculus.



Chapter 2

Preliminaries

2.1 Labeled Transition Systems

Definition 1. A finite labeled transition system (LTS) is a structure 7 = {S,{R,; | R; €
S xS8,ae€ A}, L}, where

e S ={sp,..., Sk} is a finite set of states

e Ais a finite set of symbols, representing transition names

e P is a finite set of symbols, representing propositions

e each R, describes a binary relation on S

e and £ is a labeling function S — 27, which assigns to each s its set of valid

propositions.

Typically, transition names are denoted by a, b, ... and p, g, . . . are used to range over
proposition names.

Intuitively, an LTS is a directed graph with labeled edges and vertices, where the
labels of edges are elements of .4 and the valid propositions for each vertex are ele-

ments of P. With this in mind, an infix notation s — s for edges can be used, which
means (s,s') € R, and identify R, with 4.

Example 1. The LTS shown in Fig. [2.1|is formally described by {{so,s1,52,53}, {—

, i), 5 }, Lex }, where L., maps the states sy, s3 to the proposition {p} and every other

state to @. The transitions —, i>, 5 are defined as:

% = {(s0,51), (51,52, (52,53) }
LA {(s1,s3), (s3,51) }
Gy

(s2,52), (s3,83)}

2.2 The HFL Type System

HFL uses a type system, to prevent polymorphic effects and in general ensure that
its semantics are well-defined. This type system can be seen as an extension of the
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FIGURE 2.1: Simple labeled transition system.

type system of the simply typed A-calculus. 7 is called a type if it is producible by
the following grammar:

Tu=e|7" =71 veE{+,—,0}

e denotes the base-type predicates, which are subsets of the underlying state space S.
v is called variance and it corresponds to the behavior of a function in its arguments.
The variance v of a type T° — T’ describes how the ordering of 7 is respected. If
v = + then a function with type ¥ — 7’ is monotonic, for v = — it is antimonotonic
and for v = 0 it is arbitrary in the corresponding arguments.

Over a given LTS 7 such a type 7 is interpreted as a partially ordered set. This is
formally defined in the following.

1. For a relation R C U x U on a set U, the relations R, R~ and R are defined
as follows: Rt = R,R™ = {(b,a) | (a,b) € R} and R® = R* N R~. For any
partial order / = (U,LCy), the partial order U is defined as (U, C};) with
v={+,—-,0}.

2. The semantics 7 [t] of any type T are inductively defined as

Tlel = (25,9)
Tlt° = U] = (T[z])* = T[*']
For the base-type e this is the power set of S with C as ordering. For a type of
the form 79 — 7’ the elements are functions mapping from elements of type T to

elements of type 7/ with respect to v ordered pointwise, means that 7[t? — 7’|
denotes the set

{f:7" =7 | fax,ye T[r]:x Crq v = f(x) Crpey f(0) -

The ordering of two functions f,g of type ¥ — 7’ is denoted by "y, and
defined as:

fETpsv) 8§ fa x e Tt : f(x) Eqpeg 8(y),

It can be shown that each type T forms a complete lattice, which results from the fact
that the base-type e is a complete lattice with M and U as meet and join and that each
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(var) TX0:t,I'FX:tifve {0, 1] (prop) TFq:e

(1) I g;:'_oq) VIIIJ‘:F.IIJ ce (mod) %

(abs) N Alg;()jv T;(; (p('r;/—> T/) () FFI,—X;(XT l;)(Pgo :TT

(app +) FHP:(FT;:D;))::HP:T (app -) ”(’):(;TQD’ZI/J)):SHPZT

TABLE 2.1: The type-system and syntax of HFL.

type is a partially ordered set. Therefore the meet and join for higher order types can
be computed pointwise.

2.3 The Syntax of HFL

First a set of transition names .4, a set of propositions P as described in Sec.2.1|and
a set of variable names V = {X, Y, ...} are fixed. A formula ¢ is an element of HFL
if it is producible by the following grammar:

pu=q|X|-@loVve|{ae | MX":7)e|(pe) | u(X:1).9

where g € P,a € A, X € V. T and v are the type and the variance of a formula as
described in the previous section. The set of subformulas of a formula ¢ is denoted
by sub(¢) and is defined in the usual way.

In addition to this basic grammar there are some standard abbreviations:

tt:=qgV g ff := —tt

PAY = (VP lag = —{a)~¢
v(X:1).9:=u(X:1)9[-X/X]

In Tab. [2.1]it can be seen how the type of a formula is evaluated. I is called a context
and is a sequence of the form X{' : 7,..., X}" : T,, where X}’ : 7; means that X;
has type 7; and variance v; in this context. '™ means Xfl e PR XZ; : T, which
is evaluated in the following way: +~ = —, == = 4 and 0~ = 0. Intuitively, it
means negating the variance. I', X : T denotes I' U X” : 7. We say that a formula ¢
is well-typed if for some I' and 7 the statement I' - ¢ : T holds and that ¢ has type T
if I' = @ : T can be inferred by using the rules in Tab.

By the Kleene Fixpoint Theorem any formula yX.¢ of type q — ... = 7 — s
equivalent to a finite approximation Xj. This is recursively defined as:

Xy = AXy.. . AXpff Xfljrl = y[X},/X]

It is assumed that all formulas are well-named. This means that in every formula
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TICFqg:e], = {se€S|qeL(s)}
TIr=X:7), = nX)
TICE—gp:e], = S\T Fg:e],
TTFeVvy:e], = T[IEge:e],UT[IF1:e],
TICE(a)p:o], = {seS\ex.tET[[I’Fq):o}]:siM}
TOEAX :1)p:T" = 1], = feT[t"—=1]st
fra.deT[r]: f(d) =TI, X"tk ¢: 7] xma
TEeyp:7], = TFe:™° =], (T y:1],)
TICFu(X:t)p:tl, = [ {d e Tl | TIL X+ : T+ ¢ : Thyxss) 7 d}

TABLE 2.2: The semantics of HFL.

¢ € HFL every variable X occurs only once as a bound variable. Furthermore, there
exist no free-variable X in ¢ if X already occurs as a bound variable.

Some important restrictions due to the type-system explaining its benefits can be
noticed at this point: Firstly, the negation —¢ is only defined for formulas ¢ of type
e. Secondly, it is ensured that in the application part ¢ i the input ¢ has a correct
type regarding the type of the input expected by ¢. Lastly, it forces the X in uX.¢
to be monotonic in its arguments. With this and the fact that each type forms a
complete lattice the Tarski-Knaster Theorem [Tar55] guarantees the existence of least
(and greatest) fixpoints.

2.4 The Semantics of HFL

Let 7 be a fixed LTS. 7 is called an environment, which is a possibly partial map on the
variable set. An environment 7 is called I'-respecting with I' = Xfl T, X0 Ty
if # = T which means #(X;) € T[], i € {1,...,n}. An update of 11 is denoted by
n{X — d}, which maps X to d and everything else is mapped as given by 7. It
follows that if =T and d € T[] for some type T then n{X — d} =T,X : 1,
where X : T ¢ I'. With such an environment # with 77 |= I the semantics of HFL are
defined inductively in Tab.[2.2|for any well-typed formulaT I ¢ : T to be an element
of T[t]. In the case of application ¢ ¢ the context I is equal to T if v € {0, +} and
I'ifo=—.

For the sake of completeness, the semantics of the standard abbreviations from Sec.
are:

TICHtt:e), =S

TICHff:e], =0
TNy o], =T[IFg@:e], NT[[F¢:e],
’T[[Fl—[a](p:o]],]:{SGS]f.a.tGS:sgtthT[[FI—go:o]]}

TICFv(X:1).p:t]y, = | {d eET|dEr TIDX i1k g: T]],?{X_Ni}}



2.5. The First- and Second-Order Fragment of HFL 7

With this, the approximation given by the Kleene Fixpoint Theorem can be defined
on a semantic level as:

0._ %0717 1.
FIP T [[le]],] FhL [[T’U]]U{X%F’
Example 2. Consider the following formula:

pac =AF 07 = &) A(GT 10T = @).(v(Z:0" — ot —0).
AX™: ) A(Yt: @) (=X VY)AZ(FX)(GY)) tt (G tt)

@ac is of type (e7 — o)~ — (et — @) — e. This is an encoding of assume guar-
antee properties [VV04], which means that “Assuming that X holds, then it is guaranteed
that Y holds.” in a model that satisfies g4¢. For instance, if AX.(a)X is applied for F
and AY.(b)Y is applied for G then ¢ac F G means “Assuming that there is an a-path of
length n, then there is a b-path of length n with n > 0.”

The following conventions are used in this thesis: All formulas are considered well-
typed from now on and types and variances of a formula are omitted if they are
not relevant in the respective situation. Furthermore variables with a functional
type will range over F,G, ..., variables of type @ over X, Y, ... and the shorthand
AX1, Xs, ... X, is used instead of AX1.AX5. ... AX,. With these conventions the for-
mula of Example [2|looks like

AF,G.(vZAX,Y.(-XVY)AZ (FX)(GY))tt (Gtt).

2.5 The First- and Second-Order Fragment of HFL

Different fragments of HFL are defined by the set of types that are needed to type
their respective formulas. First, an order of types is defined in the manner given in
[ALS07].

ord(e) :=0 ord(t — 7') := max{ord(t) + 1,0rd(t")}

That a type T has an order of smaller or equal i € N is denoted by 7=

Definition 2. The first-order fragment of the higher-order fixpoint logic HFLI is de-
fined as the set of HFL formulas:

HFL1 := {¢ € HFL | f.a. ¥ € Sub(¢) : ¢ is of type T='}

HFL1 is informally defined as the fragment of all formulas, where all occurring types
are of the form e — ... — e. This means there are no applications ¢ ¢» € Sub(¢)
where 1, has a type other than e.

Definition 3. The second-order fragment of the higher-order fixpoint logic HFL? is
defined as the set of HFL formulas:

HFL2 := {¢ € HFL | f.a. ¥ € Sub(¢) : ¢ is of type T=?}

The fragment HFL2 can be understood as the fragment of HFL, where in an included
formula ¢ for all formulas ¢ ¢, € Sub(¢) holds that ¢, has a type of at most @ —
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. — e, ie, there are no applications 1 i, where 1, expects any input of a type
other than e. With the above definition this means the type T of ¢, has an order of
at most 1.



Chapter 3

Model Checking in HFL1 with
Neededness Analysis

3.1 Neededness Analysis in HFL1

In traditional data-flow analysis a neededness analysis approach only includes val-
ues that appear non-trivial in the computation of a fixpoint of interest [Jor94]. Ax-
elsson and Lange adopted this approach for model checking HFL1 in [ALO7]. They
exploited the fact that the value of a fixpoint is usually not needed on all possi-
ble arguments, hence, the computation can be localized to the necessary ones only.
The result is a model checking algorithm that achieves major computational benefits
compared to a naive model checking algorithm, which computes every fixpoint of
interest entirely. In this introductory work an extended grammar for HFL1 is used. It
is defined that a formula ¢ is an element of HFL1 if it is producible by the following
grammar.

pu=q|q|X|-X|oVeloAe|(a)g|lae|ee|[AX.e|uX".¢[vX g

where g € P, X € V and a € A of some given LTS 7. The semantics are the same as
given in Chap. 2l with the restriction that only T with ord(7) < 1 are possible. For this
chapter it is assumed that if a formula ¢ € HFL1 then it is built with the grammar
above. This allows presenting the algorithm in its original form.

3.2 Model Checker MC for HFL1

In Algorithm [I] (on p. the model checker MC is given, as it was introduced in
[ALO7]. This algorithm is a symbolic model checker with neededness analysis, which
recursively evaluates a formula ¢ € HFL] along its syntax-tree .

A call of MC is denoted by MC(¢, [T, . .., Tx]), where ¢ is a HFL1-formula of type T =
e — ... — ewith k function arrows and [T, ..., Ti] € (25)¥ is a list of arguments for
@. If k = 0, the formula ¢ is of type o, which means it expects no further arguments.
The initial call of the algorithm is then denoted by MC (¢, [|), where [ ] represents the
empty list of arguments. Note that the algorithm also needs the corresponding LTS
7 and environment #, but both are needed as global values only, which makes it
unnecessary to include them in the signature of MC.
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The global variable env represents a map from the variable set V to the set of possi-
bly partial functions from 7 [t=!]. It is needed to map variables to their correspond-
ing arguments in functional parts of a formula. In particular, it is needed to build
up approximations of fixpoints. env must be initialized according to the environ-
ment # if MC should be able to model check a formula ¢ including free variables.
An update of env, where the value of X for [Ti,...,Ty| is set to d is denoted by
env(X){[Tl,. . -/Tk] — d}

Due to its recursive nature, the algorithm MC is best described for each possible case
separately. Assuming that MC(¢, [T}, ..., Ti]) is called. Then one of the following
cases occurs:

Case (g, —q, Y1V 2, 1 A Po,(a)y, [a]p): Note that for all of these cases ¢ is of type
e, which means k = 0. With respect to the given LTS 7 and environment 7 the
algorithm computes the semantics described in Chap. 2l For the cases ¢ V ¢, and
Y1 A P, it makes recursive calls to evaluate 1y, i, separately, before evaluating the
boolean operator.

Case (1 ¢»): Note that ¢, has to be of type ® because ¢ € HFL1. The value of inter-
estis [[1/)1}],77 ([[[1[)2]],77, Ty, ..., Tx]). To compute this, the algorithm MC makes a recursive
call and computes MC (¢, []) first and then uses this result as the first argument in
the call MC (i1, [MC (o, [D, T, .- ., Tk]).

Case (AX.p): When MC(AX.¢, [T, ..., Tx]) is called, env(X) is updated with {[] —
T:}. Again, from the fact that ¢ € HFL1 it follows that X is of type . This means the
argument 17 expects no input itself and therefore can be represented as a function
from the singleton domain {[]} to Tj.

Case (X): If ¢ is a free variable a case distinction is needed: If env(X) is undefined
for [Ty, ..., Ti], then X has to be a fixpoint variable and it has to be the first applica-
tion of the arguments [T, ..., T]. It can be verified that in all other cases X would
have been defined at this point. If this is the case then X is mapped to @ or S, de-
pending on whether X is a least of greatest fixpoint variable, in order to set an initial
value for the fixpoint computation. After that and in all other cases, the algorithm
returns the value env(X) ([T, ..., T¢]). If X is of type e the value is env(X)([]). This
makes clear, why an abstraction of base-type arguments to a singleton function is
needed.

Case (—X): Note that X can only be of type o. Therefore the algorithm simply re-
turns S \ env(X) ([]) which is the complement of the value of X in S.

Case (¢ = oX.p, 0 € {u,v}): If a fixpoint case occurs then the algorithm approxi-
mates the fixpoint [cX 1[]]],77 sufficiently to compute its value for the given argument
list [Ty, ..., Tx]. The mapping of env (X) is used to build up this approximation step-
by-step. The algorithm starts with mapping env(X) ([Ty, ..., Ty]) to the value @ or S
according to the binding fixpoint-operator of X. After this initial operation the actual
fixpoint computation begins. In every iteration of the repeat-loop the algorithm com-
putes the value of [[lp]]UT{X_)env(X)} ([T{,..., T{]) for all [T},...,T{] € dom(env(X)),
where dom(env (X)) is the domain of the partial function that env(X) currently rep-
resents. Note that in the first iteration dom(env(X)) = {[T,..., T¢]}. If an appli-
cation env(X) ([Ty, ..., Ty]) occurs during such a computation, where the argument
list [T}, ..., T}] is undefined for env(X), the value for this argument list is initialized
as described in the variable case above. This means that the argument list is added
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FIGURE 3.1: LTS with paths of the form (a"b").

to dom(env (X)) and with that included in further iterations of the repeat-loop. This
is in fact how the algorithm avoids including unnecessary arguments in a fixpoint
computation: Only those argument lists are added to the domain of env(X) for
which the values of already included argument lists depend on and ultimately the
value [[(TX.I/J]]WT ([T1,..., Tx]) depends on. The repeat-loop terminates if no changes
happened in the last iteration. This means that no new argument list was added
to dom(env(X)) and no value of env(X) for any argument list in dom(env(X))
changed. After this the value of env(X) ([Ty, ..., T]) is returned. This is sufficient
to ensure that MC(oX.9, [Ty, ..., Ti]) = [oX.9]] ([Ty,..., T¢]) holds [ALO7].

3.3 Application: Existence of Paths Definable in HFL1

To obtain a better understanding of how neededness analysis for model checking
HFL1 works as well as showing the expressive power of HFL1 compared to the
modal y-calculus, consider the following HFL1 formula:

¢ = (UFAXXV (a) (F(b)X)) p
By unfolding the fixpoint part of ¢ to an infinite disjunction

pV(a)b)p Vv (a)(a)b){b)pV ...

it can be seen that the formula describes the property "There exists a word w of the
context-free language {a"b" | n € IN} such that there is a state with proposition p that is
reachable under w". This language is not regular, which means that this property is
not expressible in the modal y-calculus as stated in Chap. |1} Without explicit model
checking it can be verified that in Fig. [3.1|this property holds for {so, s, 5}

In the following this property is model checked for the given LTS with the algorithm
MC. From the fact that ¢ is of type e, it follows that MC needs no further arguments and
is called with MC(¢, [ ]). Considering the syntaxtree of ¢, the highest-level operation
is an application which leads to the case ¥; 1> and the call MC(y, [MC(p, [])]), where
P := (UF.AX.X V (a) (F (b)X)). From the propositional case of MC and the given LTS
it follows directly that MC(p, []) = {s2}. This is the first argument for the following
fixpoint computation.
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Input: ¢ € HFL1, [T3,..., Ty € ((25))%, T and
Output: [[(p]],?T ([Ty,..., Tx])
1 env:V — Tt
2 Function MC(¢, [Ty, ..., T¢])
3 switch ¢ do
4 case g do return £(q);
5 case ~q do return S \ L£(g);
6 case 1 V §p do return MC (i, []) UMC (o, []);
7 case {1 A i do return MC(ipq, [|) NMC (o, [D;
8 case (a)y do return {s €Slex.teMc@yp,[]) st s t} ;
9 case [a|( do return {s €S|fateS:s i>t:>t€MC(l/J,[])};
10 case X do
1 if env(X) ([Ty,..., Tx]) = UNDEF then
12 if fixpoint(X) = y then T := Q;
13 else T:=S;
14 env(X) = env(X) {[T},..., T¢] = T}
15 return env(X) ([T3, ..., Ti])
16 case — X do return S \ env(X) ([]);
17 case AX.ip do
18 env(X) :={[] = Th };
19 return MC(¢, [Ty, ..., Tx])
20 case 1 P, do return MC (1, [MC(¢2, [ D, T4, ..., Ti]);
21 case 0 X.y do
22 ifc =puthenT :=0Q;
23 else T:=S;
2 env(X) :={[T1,..., Tt]| = T};
25 repeat
26 f = env(X);
27 forall [T}, ..., T}] € dom(env(X)) do
28 | env(X) i=env(X) {[T},..., Ty] = MC(y,[T},..., T]D}
29 end
30 until f = env(X);
31 return env(X) ([Ty, ..., Ti])
32 end
33 end

Algorithm 1: Symbolic model checking algorithm for HFL1.
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Iter, —~278 || {s2} {s1} {sa} {s6} @
0 @
1 {s2} @
2 {s2} {s1} @
3 {s0,52} {s1} {sa} @
4 {so,52} | {s1,54} {ss} {s6} @
5 {s0,52,85} | {s1,5a} | {s3,57} {se} @
6 {so,s2,85} | {s1,54,58} | {53,587} {se} @
7 {s0,52,55} | {s1,54,58} | {s3, s7} {s6} %)

TABLE 3.1: Fixpoint computation of example in Sec.

This fixpoint computation is listed in Tab. Row i denotes env(F) after the i-
th execution of the repeat-loop. Empty cells can be interpreted as still undefined
arguments. The initial argument, as stated above, is {s»}. Therefore, it is added to
dom(env(F)) and its value is set to @ before the first iteration of the repeat-loop.
This can be seen in Row 0. In the first iteration of the repeat-loop the only update
happening is env(F) {{s2} — MC(, [{s2}]) }. The application env (F) ({s1}) appears
in the call of MC(¢, [{s2}]). Therefore, the argument {s;} is added to dom(env(F))
and its value is set to @. With that the value of env(F) for {s;} changes and is
updated. The result can be seen in Row 1. This procedure is repeated until the
iteration becomes stable, which means that no further undefined arguments for F
occurred and no value of any argument in dom(env (F) ) changed. This can be seen
in comparison of Row 6 and 7. With this the repeat-loop terminates after the 7-th
iteration and the current and correct value for env(F) ({s,}) is returned, which is

{So, 52, S5}-

It can be seen that the algorithm localizes the computation to the needed arguments
only. In quantitative terms, this means that only the values of 5 arguments were
computed instead of the values of all [25| = 2° = 512 possible arguments. This
underlines that this neededness analysis approach achieves a major reduction of
computational effort compared to a naive approach.
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Chapter 4

Model Checking in HFL2 with
Neededness Analysis

4.1 Neededness Analysis in HFL2

Model checking HFL2 with neededness analysis can be done in a similar way as
model checking HFL1, described in Chap 3l The computation of the value of a fix-
point for a certain argument can be localized by starting the computation with this
argument and including only those arguments that the value depends on.

The only difference is the possible type of applicable arguments. In HFL1 the type
of ¢, in a formula 1 ¢, is restricted to the base-type o, whereas in HFL2 the formula
P, can be of type ®« — ... — o. For a given LTS 7 this means that a correspond-
ing algorithm for model checking HFL2 with neededness analysis needs to handle

arguments from 7 [t=!], respectively their syntactical representation.

It can be considered that the values of such functional arguments are only needed
for certain arguments in their specific applications in the fixpoint formula. However,
a partial evaluation of these arguments comes with unsolved problems, which are
further discussed in Chap.

4.2 Model Checker MC, for HFL2

In Alg. 2| (on p. a symbolic model checker with neededness analysis for HFL2
is given, which is denoted by MC,. This model checker should be understood as
a development of the approach adopted by the algorithm MC described in Chap.
hence there can be seen a far-reaching similarity between these two algorithms. Note
that the algorithm MC; uses the grammar defined in Sec.

Consider the signature of MC; and an example call MCy (¢, [T, ..., T¢]), where ¢ is
of type 1 — ... T — e. Applicable formulas ¢ are from HFL2. This means that
the argument list parameter [T7,..., Ti] is an element of (7[t=!])*. Furthermore,
the algorithm needs an LTS 7 and an environment 7. These inputs are needed as
global values only, therefore it is not necessary to include them in the signature of
MC, directly.

The global variable env is a map, mapping from the set of variables V' to the set of
possibly partial functions from 7 [t=?]. This includes state sets from S, functions
between those state sets and functions between those functions. The variable env
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has the same functionality in the different functional parts of MC; as in the algorithm
MC: In the A and variable case it is used to map a variable to the correct argument
and in the p case it is used to compute an approximation of the fixpoint considered.
Furthermore, the global variable env needs to be initialized according to # in order
to enable model checking formulas including free variables.

The structure of the algorithm MC; is similar to that of the algorithm MC as well. It is
a symbolic model checker that recursively checks a given formula along its syntax
tree. Therefore its functionality is best discussed for the different cases separately.

Case (g, =9, P1 V ¢, (a)y): In all of these cases the algorithm MC; computes the
return value according to the semantics defined in Sec. For the cases g, {1 V i,
and (a) this is done in the same way as in the algorithm MC. This is possible, because
in these cases the formulas are still restricted to the base-type e. In the case of ¢
the subformula i has to be of type e too, hence, the algorithm computes MC, (1, [])
and returns its complement in S.

Case (1 ¢»): In comparison to the algorithm MC this case is computed differently,
because ¢, is not necessarily of type e anymore. By assumption i is of type 71 —
... = T — e. The algorithm computes the value of [[lpz]],]T first. This can be seen
in Alg. 2 in line 9-13. First the algorithm identifies how many arguments the for-
mula ¢, expects, which is done in the call of #args(y,). For instance, in an ac-
tual implementation this could be derived from the type of ¢,. In the next step
it computes [[1/]2]],77 by initializing a map fy, and computing [[lpz]],;r ([T},..., T}]) for
all possible [T},...,T}] € (25 )¥'. This is done in the for-all loop. Note that in the
case that k¥ = 0 this creates a function that maps the empty list [] to [[lpz]],;r. Once
the for-all loop terminates, the algorithm uses fy, as the first argument in the call MC;
(1, [fy,, T1, - - -, Tx]), which computes the value of interest [[1/]1]],7T ([[[l[]g]]ﬂT, Ti,..., Tx])-

Case (AX.): In this case the algorithm sets env(X) := T;. Considering the variable
case, this can be understood as mapping X to T in all following occurrences of X.
After this, the algorithm returns the value of the call MCy (¢, [T5, ..., T¢]). Note that
from the application case it is guaranteed that T is a function, assuming that MC; is
called correctly initially.

Case (X): In this case the algorithm MC; checks if the value of env(X) is undefined
for [Ty, ..., T]. If so, X has to be bound by a p-operator and it has to be the first oc-
currence of this application, hence, the value of env(X) ([T, ..., Ty]) is set to @. Af-
ter this and in every other case the algorithm returns the value env(X) ([T, ..., Tx]).
Note that for an initially unbound variable env is initialized corresponding to 7.

Case (uX.¢): In the fixpoint part the algorithm works similar to the algorithm MC.
It starts with setting the value of env(X) ([Ty,. .., Ti]) to @, followed by the actual
fixpoint computation. In each iteration of the repeat-loop the algorithm updates the
values for the arguments included in dom(env(X)). The value of newly occurring
arguments is initialized with @, as can be seen in the variable case, hence, it is in-
cluded in further iterations. This is done until stability is reached, which means that
no new arguments occurred and no values for included arguments changed. After
this the algorithm returns the value of env(X) ([Ty, ..., Tx]).
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s

N

10
11
12
13
14

15
16
17
18
19

20
21
22

23
24
25
26
27
28
29
30
31
32
33
34

Input: ¢ € HFL2, [Ty,..., T] € (T[*='])%, T and 5
Output: [¢]] ([Ty,..., Ti])

env:)V — T[t=?]

Function MC; (¢, [Ty, ..., Tx])
switch ¢ do
case g do return £(q);

case —1p do return S \ MC, (¢, [T, ..., Tk]);
case 1 V §p do return MC, (1, [|D UMC (¢, []);

case (a)y do return {s €S lex. t €MC (Y, []) st s t};

case 1 | do
k' = #args(¢o) ;
f, := { UNDEF } ;
forall [T],..., T,] € (25)¥ do
| o= i (T = MG (o, [T, ., TLD )
end
return MC; (i1, [fy,, T, - - -, Tk])

case X do
if env(X) {[T1,..., Tx]} = UNDEF then
T:=Q;
env(X) :=env(X) {[T3,..., Tx] = T}
return env(X) ([Ty,..., Ty])

case A X.i do
env(X) :=Ty;
return MC, (l/J, [Tz, ey Tk])

case uX.j do
T:=Q;
env(X) := {[Tl,. .. Tk] — T},‘
repeat
fi=-env(X);
forall [T, ..., T]] € dom(env(X)) do
‘ env(X) = env(X) {[T{,...,T,i] — MCp (¢, [T{,...,T,ﬁ])}
end
until f = env(X);
return env(X) ([Ty,..., Ty])

end
end

Algorithm 2: Symbolic model checking algorithm for HFL2.
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4.3 Correctness of M(C,

Due to the far-reaching similarity between the algorithms MC and MC,, proving cor-
rectness of MC, can be done similar to the correctness proof of MC in [ALO7]. For the
u case a fundamentally different proof is given.

In general this proof is done inductively on the structure of a formula ¢ € HFL2.
For that the following assumption is made: The call MC (¢, [T1, ..., Ti]) y denotes the
result of MC; with formula ¢ and argument list [T3, ..., T¢] if the global variable env
has the following form before the call: For all X € V of type 7y — ... — 7% — e and
all [Ty, ..., T € (T[r=1])*

e if X is A-bound then env(X)[Ty,..., Ti| = n(X)[Ty, ..., Ty]

e if X is p-bound then 1(X)([Ty,..., Tx]) # @ implies env(X) ([Ty,..., T¢]) =
n(X)([T, .., Te])

e if X is v-bound then #(X)([Ty,..., Tx]) # S implies env(X)([Ty,...,Tx]) =
n(X) ([T, -, Tl)

In order to prove correctness of MC,, the following lemma is needed. Let € be an
element of {€, ¢}, e" :=eand e := —e.

Lemma 1. For all LTS T, all environments 3, all € € {€, ¢}, all ¢ € HFL2 of type
T — ... — T — e, where the variance v of the variable X is + or —, all [Ty, ..., Ty,
where T; € T[] and all partial functions F, F, of type T — ... — T/, — o, such
that [[cp}]rlT{X%Fi} ([Th, ..., Tx]) is defined and f.a. 1 o € sub(¢) the value [[lPZ]]WT{XaF,v} is
defined:

If there is s € S s.t. se([[(p]}qT{X%Fl} ([T,..., Tx])) and se‘([[(p]]”T{X%Fz} ([Th, ..., Tk])),
then thereiss' € Ss.t. s €“(Fy ([T},..., T})])) and s’ e~ (R ([T},..., T})])).

Informally, this lemma states: If the value of a formula ¢ is different under the envi-
ronment 7{X — F; } than it is under the environment 7{X — F}, at least one of the
occurring applications of F; must differ from the corresponding application of F.

Proof. This lemma can be proven inductively on the structure of the formula ¢. In
the case that ¢ is of type o the application [[q)]};( []) is denoted by [[q)]};

Note that from the fact that [[q)]]z—{ X} ([Ty, ..., Tx]) is defined for F; and F, follows

that all occurring applications of F; and F, in [[q)]]WT{X SR ([Ty,..., Tx]) are defined.
In Sec. it is described that any fixpoint formula uX.1 is equivalent to a finite
approximation Xj. Hence, all yX.¢ € sub(¢) can be replaced by the corresponding
Xy, which means w.L.o.g. it can be assumed that a fixpoint formula does not occur.
For the cases ¢ = g and ¢ = X', where X’ # X, the premise is wrong in any case.
The statement is proven for the case that the variance v of X is +. The case that

v = — is proven analogously.

Case (p = X): It can be inferred directly, that if there is a state s € S such that
se([[X]]UT{X%Fl} ([Ty,..., Tx])) and se*([[X]]Z—{XﬁFZ} ([Ty, ..., Tx])), then it follows that

S{e(F]l,([Tlpank])) and se™ (F, ([T1,...,Ti])), because y{X — F;} (X) = F; fori €
1,2}.
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Case (¢ = —1p): Note that ¢ is of type e in this case. By definition, [—np]]UT is the
same as S\ [[gb}],;r This means that if there isan s € S such thatse [[ﬂgb]]];r{ XSE}
se” [[—\IIJ]]UT{X%FZ}, thense™ [[W]qfr{x»a} and se [[Bb]]r?]—{X%Fz}‘ With use of the induction

and

hypothesis, it follows that there is a state s’ € S such that s’ e (A ([Ty,..., L))
and s' €’ (F, ([T},...,T}])). But this v’ is the variance of X regarding ¥, which

has to be —, because the variance of X in =y is +. Then it follows directly that
s'e(F ([T4,...,Ty])) and s" e (R ([T7, ..., T{]))-

Case (¢ = 1 V ¢2): Note that ¢ is of type o in this case. By definition [y; V 1/)2]],77 =
[[1,01]],]7 U [[lpz]]ﬂT. Then there exists at least one i € {1,2} such that if there is a state
s € S such that se[yp; V ¢2]]WT{X—>F1} and se [y V lpz]]”T{X_)FZ}, then se[[l/Ji]]UT{X_)Fl}

— .17
and se [[‘Pl]]q{Xan}'
the statement is true.

Using the induction hypothesis, it immediately follows that

Case (¢ = (a)): Note that ¢ is of type e in this case. By definition [[(a)t,b]]WT ={5¢
S|ex.§ e [[1/)]],17 : 5§ % &'}, With this it follows that if there is a state s € S such
that se[[<a>1p]]qT{X%Fl} and se‘[[(a)gb]]ﬁT{XHFz}, then there is a state s’ € S such that
s’ e[[lp]]WT{X py) and s'e” [[1[1]]13—{X )+ Applying the induction hypothesis, it immedi-
ately follows that the statement is true.

Case (¢ = 1 ¢p): By definition [y, 1,[]2]},77 = [[1/J1]],77 [[l/Jz]]z— . With this it can be in-
ferred that if there is a state s € S such that se([y; 1P2]]WT{X—>P1} ([Ty,...,Ti])) and
se (M’l EDZ]]UT{X%B} ([Tlf s Tk]))r then s €([[1P1]]ZT{X4>F1} ([[[EUZHWT{X%H}/ T,..., Tk]))
and Sei(wlﬂrz—{xﬁa} ([[[gbz]]UT{XHFZ}, Ty, ..., Tx])). At this point a case distinction is
needed:

If [[gbz]]”T{ XoB} = [[1/)2]]}77{ XBy) then the premise of the lemma is true. This means that

the lemma can be applied to the statement s e([[tpl]]ﬂT{XﬁFl} ([[[1702]]1?{)(%1—"1}’ Ty, ..., Tq]))

and se*([[lpl]];{XHFz} ([[[1P2]];7T{XaF2}'T1'""Tk])' Therefore the conclusion follows
immediately in this case.

Otherwise, if [[l[)z]]l;r{x SR} # [[gbz]m{x LB then a case distinction between € = € and
€ = ¢ and for each between the three possibilities of inequality 3, C and incom-
parability is needed. But it turns out that the proofs of the cases €, 1 and &, are
identical and the proofs of the cases €, and ¢, 7 are identical too. The incompara-
bility case is proven equally for both possibilities of €. Therefore, it suffices to show
the three inequality cases for € = €.

From the inequality follows that there has to be at least one occurrence of X in .
Note that this means that ¢; has to be monotonic or anti-monotonic regarding ¢,
depending on the variance of X in . Furthermore, note that [[l,lJz]]Z—{ XE} is defined

for F; and F,. Assuming that i, isof type 71 — ... — 1 —

1. If [[l/)z}]WT{X_)Fl} 3 [[1/12]],77{)(_)5}, then there exists a [Ty,..., T;] € (T[t=])F such
that WZHZ{X—%} ([Th,..., Tz])) 2 [[lpz}];r{x_%} ([T1,...Tz]). This means there
exists at least one state 5 € S such that 56([[1,02]],77{)(%5} (|Ty,...,T7])) and
Se~ ([[1,[]2]]177—{)( LB (T1, ..., T7])). Using the induction hypothesis, it follows that

there is s' € S such that s'€” (F; ([T},...,T}])) and s’ 671/(1:2 ([T1, ..., Ty])).
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This ¢’ is the variance of X regarding ¢,. From the fact that the premise of
the lemma holds for ; ¢, it follows that ¢, has to be monotonic regarding »
in this case. Therefore v must be + to ensure that v = +. This means that
s'e(Fy ([Ty,...,T}])) and "€ (F ([T}, ..., T},])), which is in fact the conclu-
sion of the lemma for the original premise regarding ¢ 1.

2. If [[1/J2]];7QXHF1} C [[1;12]]UT{X%§2}, then there exists a~[Tl,..;,T,~(] € (T[r=!]* such
that [[lpz]]ﬂT{X%Fl} ([Th,...,Tz]) < ﬂgbz]]zv{xﬁpz} ([Th,...T]). This means there
exists at least one state § € S such that §e*([[1p2]]WT{X_>F1} ([T1,...,T7])) and
§ G(HIPQ]]WT{ XoB) ([T1,...,T;])). Using the induction hypothesis, it follows that
there is s’ € S such that s/e_U/(Fl ([T},...,T}])) and s'€” (F ([T}, ..., T,])).
This ¢’ is the variance of X regarding ¢,. From the fact that the premise of the
lemma holds for ¢ 1, follows that ¢; has to be anti-monotonic regarding 1,
in this case. Therefore v must be — to ensure that v = +. This means that
s'e(Fy ([Ty,...,T,])) and "€ (F ([T}, ..., T},])), which is in fact the conclu-
sion of the lemma for the original premise regarding ¢ 1.

3. If WZHZ—{XHH} | [[1p2]],77—{XHF2} and wzﬂr;T{XﬁFl} iz IIIPZ]]Z{X%FZ} is the case, then
there has to exist a [T4,..., T;] € (T[t=!]) such that there exists a state s; €
S such that s; e([[tpz]]ﬂT{X%Fl} ([Th,...Tz])) and sq 6_([[1.}72]])77—{}(%1:2} ([Th,.... T}]))
and there exists another statfz Sy € ‘? such that s, 6*([[1;72]],77—{X%F1} ([T,..., 7))
and that s, e(ﬂlpz]]z—{x LB ([Th,...,T])). Depending on whether ¢, is mono-
tonic or anti-monotonic regarding 1,, the state s; respectively s, can be chosen.

Then the conclusion of the statement follows with the same argumentation as
in the J, respectively the [ case.

Case (p = AX'.yp): Using ﬁ-reductio it follows that [AX’ .w]]UT([Tl,...,Tk]) =
[[1/]]])77{ XIST} ([T, ..., Tx]). With this, it can be inferred that if there is s € S such that

se([[)\x'.gu}]ﬂ”f{x%l} ([Ty,..., T¢])) and se‘([[/\X’.tpﬂqT{X%Fz} ([Ty,..., T])), it follows

that s €(H¢]]qT{XaF1}{Xle} ([To,...,T¢])) and s 67([[¢HUT{X%F2}{X’ﬁTl} ([T, ..., Tk]))-
Let 4’ := n{X' — Ti}. Then, it follows from the fact that X’ is not an element
of sub(X) that se([[lp]];{x_}ﬂ} ([Tp, ..., Tg))) and s e*(ﬂlp]]g{x_ﬂz} ([T, ..., Tx])). Ap-
plying the induction hypothesis, it immediately follows that the statement is true.

O
With this the following theorem can be proven, which shows correctness of the al-
gorithm MCy.
Theorem 1. For all LTS T, all environments 1, all formulas ¢ € HFL2 of type 1y — ... —
Tk — ©® and all [Tl, ceey Tk] S (T[[Tgl]])k: MCz(q), [T1, ceey Tk])ﬂ = [[(P]]Z—([Tl’ ey Tk])

Proof. This theorem can be proven by induction on the structure of the formula ¢.
Consider the call MCy (g, [Ty, ..., Ty])y, where [T4, ..., Ty] € (T[t=!]). Then one of
the following cases occurs:

Case (¢ = q): Comparing the defined semantics in Sec. for a proposition and
this case of MC,, the statement is true immediately.

IThe semantic of HFL inherits invariance under B-reduction from the simply typed A-calculus.
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Case (¢ = X): It can be verified in Alg. 2| that MC,(X, [Ty, ..., Tx]), is the same
as env(X) ([Ty,..., T¢]). With the above assumption about the form of env before
a call follows that env(X) ([Ty,..., Tx]) = n(X)([T1,..., T¢]). By definition this is

[X]7 ([Ty, -, TR))-

Case (¢ = —p): Note that =1 and ¢ are of type e. It can be verified in Alg. 2| that
MCy (=9, [y = S\ MC2 (1, []) . By induction hypothesis follows that MC, (1, []), =
[¢]] . Therefore MCy (—¢, []); = S\ [¢]], which by definition is the same as [~¢]].

Case (¢ = 1V ¢n): Note that ¢ V i, 1 and ¢, are of type . It can be verified
in Alg. 2| that MC (1 V ¢, []); = MC2 (41, []); UMC2 (¢, []) . Using the induction
hypothesis, it can be inferred that this is equal to |It/)1]],77 U [w2]7, which in turn is the
same as 1 V lpz]],;r.

Case (¢ = P1yn): By assumption ¢, is of type 7 — ... — T — e. It can be
verified in Alg. 2] that MCo (@1 @2, [Th, ..., Ti])y = MC2 (@1, [fy,, Th, ..., Tk} and that
fo. ([T, ..., TL]) = MCa(ga, [T}, ..., T])y for all arguments [T},... T},] € (T[t='])F.
Using induction hypothesis, it follows that f,, = [[tpz]],]T after termination of the for-
all loop. This means MCy (@1, [fy,, T1, -, Ti])y = MC2 (@1, [[[wz]],]T, Ty, ..., Tk])y. Using
the induction hypothesis again, it follows that this equals [[1/)1]],77' ([[1/12]],77—, Ty, ..., Tx]),
which by definition is the same as [y 1/)2]],77 ([T, ..., Ti)).

Case (¢ = AX.p): It can be verified in Alg. 2] that env(X) = T after the call
of MGy (AX.4p, [T, ..., Tx]) ;. This means that MCo (AX.4, [Ty, ..., Ty]) ; is the same as
MC (y, [To, ..., Tk yyx—,)- With use of the induction hypothesis, it can be inferred
that MC, (lp, [Tz, ceey Tk])U{XﬁTl} = [[llb]]in{X%Tl}([Tz’ vy, Tk]) and using ,B-reduction
this is the same as [[AX.QD]],?T([TL o Ti).

Case (¢ = (a)y): Note that (a)y and ¢ are of type o. It can be verified in Alg.
that MC; (@), []) = {s €S |ex.t €MLY, [y st s t}. Using the induction

hypothesis, this is the same as {s eS|ex.te [[1#]],77 st.s 5 t}, which by definition
is the same as [[(a)gb]],;r.

Case (uX.p): To prove correctness of the y case, the case MCo (uX.4, [Ty,..., Ti]); C
[yX.1p]],]T([T1, ..., T]) and the case MCo (uX.9, [T1,..., Te])y 2 [LMXJ,D]]WT([TL. T
are proven separately.

Case (C of p case): In order to show this case, the following statement is proven to
be an invariant of the repeat-loop of the y case in Alg.

fa. [Ty,...,Ti] € dom(env (X)) : env(X) ([Ty, ..., Te]) € [uX-9l) ([T, ..., Ti])

The invariant holds before the loop, because dom(env(X)) = {[Ty, ..., T¢]} and env
maps this argument to @, which is a subset of [[;LtX.l,b]]UT([Tl, ..., T¢]). For the next
step it must be shown, that if the invariant holds at the beginning of an iteration of
the repeat-loop, it follows that it holds at its end. Let env(X) be the global variable
at the beginning of an arbitrary repeat-loop iteration and [T7, ..., T}] € dom(env (X))
at this point. From the fact that this is a fixpoint formula follows that i is monotonic
in X. Therefore, with the assumption that the invariant holds at the beginning of a
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repeat-loop iteration and the fact that HﬂX.l[J]]WT is a fixpoint of ¥ follows that:

907 emvco) (T T € 11 gy (T -0 THD)

But [[gb]]nT{X %env(x)}([T{,...,T,i]) is, using the induction hypothesis, equivalent to
MCo (i, [TY, - -, T y{x—env(xy}, Which is the value of env(X) for [T7,..., Tj] at the
yixsigpyy (T T) s
the same as [[yX.t/J]]WT([T{, ..., T{]). This shows that the invariant holds after this it-
eration. For finite transition systems the loop terminates eventually and since the
domain of env grows or stays the same in each iteration it is valid that [T, ..., Ty] €
dom(env (X)) at this point. This means the invariant is applicable to [T, . .., Ty after
the repeat-loop. With the fact that MCo (uX.¢, [Ty, ..., Ti])y = env(X) ([Ty,..., Ti]),
where env is the global variable upon termination of the repeat-loop, this proves the
C direction of the yu case.

end of this repeat-loop iteration and by definition [¢]

Case (2 of y case): In order to show this direction of the y case, it must be shown
that the following statement is true.

MCo (@, [Ty, ..., Ty 2 [pXy]] ([T, Tid)) 4.1)

As it is described in Sec. the fixpoint [LMXJP]]WT is the same as some finite approx-

Ju
{X—=F '}

MC, (uX.¢, [Th, ..., T¢]) = env(X) ([Ty,..., Tx]), where env(X) denotes the value of
the global variable for X upon termination of the repeat-loop. From the termination
criterion of the loop follows that env(X) equals env (X) after the second to last itera-
tion. This means that env(X) ([Ty, ..., T¢]) = MC2 (¢, [T1, .. ., Tk])ﬂ{xﬁenv(x)} and by
induction hypothesis it follows that this is the same as [[1;7]]13—{ Xsrenv ()} ([T, ..., Ti])-
To prove statement [4.1] it is assumed that the opposite is true and shown that this
assumption leads to a contradiction. If the statement is wrong, then the following
must be true:

imation Fj, which in turn is the same as [¢/] It can be seen in Alg. [2| that

ex. n€ Nex.s€S:s€Fy([Th,...,Tx]) and s & env(X) ([Ty, ..., T]) (4.2)

With the above argumentation, this means there is an n € IN such that thereisan s
S such that s € [[¢]]UT{X_>F$,1} ([T1,..., T])) and s & ([[¢]]WT{X_>QHV(X)} ([Th, ..., Tk]))-

Let n be fixed as such an approximation. From the fact that X is a fixpoint variable
follows that the variance of X in ¢ is +-. This means, that Lem. [T|can be applied with
€ = € and it follows that:

ex.s’ €5:¢ € (F’l;’1 ([T1,..., Ty])) and 8" & (env(X) ([T}, ..., Ty]))

If n — 1 = 0 this would be a contradiction because F) maps to @ for all arguments.
If n — 1 > 0 the argumentation starting from statement 4.2 can be repeated until this
case occurs. Therefore, the assumption must be wrong and it must in fact be true
that statementholds, which proves the D part of the y case.

This means Th. [T|holds for all possible cases of ¢, which finishes the proof and shows
that the algorithm MC; is correct. O
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()

FIGURE 4.1: LTS with path of the form (abc).

4.4 Application: Existence of Paths Definable in HFL2

Consider the following formula.
(HE-AG1, G2, G3. ((G10 G20 Gs) p) V E (Gro((a))) (G20 (b)) (Gs o () id id id

where o0 := AF,F, X.F; (©,X), fog:=ofg ((x) := AX. (x)X and id := AX. X.
Furthermore let ((x°)) := id and {(x"*1)) := (x") o {(x)). The formula beneath the
u operator is denoted by ¢. Informally, this formula describes the property "There
exists a word w of the not context-free language {a"b"c" | n € N} s.t. there is a state
with proposition p that is reachable under w". This is a not-regular property, which
means it is not definable in the modal p-calculus. Furthermore, it is believed that
this property is not expressible in HFL1.

Consider the LTS in Fig. In this LTS the property described above is true for the
set {sg, s3}. In Tab. the computation of MC, (uF.¢, [id, id, id]) is given. Each column
corresponds to an included argument and Row i denotes the form of env(X) after
the i-th iteration of the repeat-loop. Empty cells are understood as still undefined. It
can be seen in Row 0, that the algorithm starts with setting the value of the initial ar-
gument list [id, id, id] to @. In Alg. this is done before the repeat-loop of the y case.
After this the actual fixpoint computation starts: In each iteration of the repeat-loop
the values for all arguments of dom(env (X)) are updated until stability is reached.
Row 1 shows that dom(env (X)) = {[id,id,id], [({a)), (b)), ((c))]} after the first itera-
tion of the repeat-loop. The argument list [((a)), (b)), ((c))] is added to the domain
during the computation of MC, (1, [id, id, id]) in the corresponding variable case of the
algorithm MC,. In Row 2 it can be seen, that the argument list [((a2)), (b)), {(c?))] is
added to dom(env (X)) in the second iteration of the repeat-loop. This happens dur-
ing the computation of MC, (¢, [((a)), (b)), {(c))]). After the second iteration all nec-
essary arguments are included. The argument list [{(a3)), (b%)), {(c®))] occurs during
the computation of MC(y, [{(a2)), (b?)), ((c?))]), but it can be verified that [[((a2>>]],7T =
[(a®)Ty, [*)1] = [(P°)]] and [(2)]] = [()];]. This means that the ar-
gument list [((a®)), (b®)), ((c®))] is the same as [((a?)), (b?)), {(c?))] semantically and
therefore not needed. In comparison of Row 3 and 4 it can be seen that no changes
happened, which means that the termination criterion of the repeat loop is fulfilled
and stability is reached. Therefore, the algorithm MC, returns the value of [id, id, id]
of Row 4, which is {s3, o} at this point.

Tab. 4.1 shows that the algorithm needed 3 argument lists to compute the value of
interest. For the LTS in Fig. there exists a total of (2)2' functions of the form 25 —
25. This means that in fact there is a total of ((24)2')3 & 6 x 10%7 possible argument

lists, which underlines the efficiency gained by adopting neededness analysis for
model checking HFL2.



24 Chapter 4. Model Checking in HFL2 with Neededness Analysis

Tter. Arg. [id, id, id) [(a)), (B, (D] | [€a?), (%), (D]
0 @
1 {s3} %)
2 {s3} {s0} @
3 {s3,50} {so} %
4 {s3,50} {s0} %)

TABLE 4.1: Fixpoint computation of example in Sec.

4.5 Practical Optimizations of MC, for HFL2

First of all it can be noticed, that the operators A, [] and v do not occur in MCp. In
the way that the grammar of HFL is defined in Sec. this is not necessary, but
would require all formulas that are applied to MC, to use the correspondences given
in Sec.2.3]instead of the above mentioned operators. To avoid this the algorithm MC,
should be supplemented by the corresponding cases in an actual implementation.

It was already mentioned that the values of functional arguments may only be needed
for certain arguments. However, the algorithm MC, computes these arguments com-
pletely, which means that it performs unnecessary computations. But there are some
practical adjustments that can attenuate this efficiency gap:

One can distinguish between arguments of fixpoint formulas and A formulas. In fact
the full information about a functional argument is only needed if it is applied to a
fixpoint variable or fixpoint formula to check for equality. Therefore a short case-
distinction can lead to computational improvements, especially if there is a high
number of different A applications in a given formula. But this requires information
about the structure of the formula in application cases.

Arguments for a fixpoint formula are typically applied again in later iterations of
a fixpoint computation. In a practical context arguments, which are already com-
puted, should be identified and reused instead of recomputed.

Example 3. Consider the following formula.
¢ = pE.AGy, G2 (G1q) V (G2pg) (X (G2 p) Go)

An argument for G, has to be of type @ — o — o. Hence, in the first application it
would be evaluated for all [T}, T»] € (2°)2. But in the next iteration of the fixpoint it
appears in G, p as a new argument. Here it would be redundant to recompute it for
all possibilities of its second argument. It makes much more sense to use some kind
of interface for the original G, argument, which simply fixes its first argument to .

Another optimization is based on the underlying data-structure of dom(env(X)),
where X is a fixpoint variable. The main idea of the localization of a fixpoint com-
putation is to include only needed arguments, which are identified through their
dependencies regarding the value of interest. This means that the computed value
of one argument depends on the computed value of another argument. To illus-
trate this, consider the example from Sec. again. In Tab. the computation
of Tab. is given. Additionally, dependencies between the values are marked
through arrows. Some of these arrows show that redundant computations happen
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Iter, —~278 || {s2} {s1} {sa} {s6} @
0 @
1 {2} «+— ©
2 {s2} {s1} —+ ©
3 [[fsos} | s} | (s} - @
4 | fsos2} | Asusad | fss} | {ss) - @
5 {50,52,55f {51,54}K {s3,87} {s6} @
6 {so,s2,55) | {su5a,58) | {sa,57} | {ss} | @
7 {s0, 52,55f {51,34,58}K {s3,87} {s6} %)

TABLE 4.2: Fixpoint computation with dependencies between argu-
ments.

in this computation. For instance, it can be seen that the value for {s,} in iteration
1 and 2 is computed with the same value of {s;}. This is a result from the fact that
in this example computation dom(env(X)) is considered as some sort of ordered
structure e.g. a list, where new found arguments are appended at the end. The
reason for this becomes clearer if these dependencies between values are reduced
to dependencies between the corresponding arguments. This is given in form of a
dependency graph for the included arguments in Fig. This dependency graph
shows that it would be more efficient to add new found arguments at the beginning
of dom(env (X)), if it continues to be considered as a list. This is because it has a
chain-like structure starting from the node @, which is dependent on itself, and end-
ing at the node {s2}, which is ultimately dependent on the values for sq, 53,56 and
@. If this approach is adopted, the same computation can be performed with fewer
computations. This can be seen in the computation given in Fig. There, a row
il ... s—=s; ... ,i€e{0,...,5},s,s € dom(env(X)) denotes that the ar-
gument s is evaluated to s’ in the i-th iteration. Obviously, this computations needs
two iterations less than the original one. This shows that an ordering of included
arguments based on their dependency graph promises computational advantages
against a naive succession.

Another optimization related to dependencies between included arguments is up-
dating only the values of those arguments where the dependencies were updated. In
fact, this is part of the traditional neededness analysis approach, where in advanced
iterations of a fixpoint computation only those values are updated for which the val-
ues they depend on change [Jor94]. In Alg. 2/in the u case it can be seen that in each
iteration of the repeat-loop all arguments of the domain of the global variable env
are updated. But considering Tab. |4.2| and Fig. 4.2 the value of the argument @ is
dependent on itself, which means that it is sufficient to compute it once, because the
value will not change in further iterations. And this would mean that the argument
{s6} has to be computed just once, too.

FIGURE 4.2: Dependency graph of arguments.
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0 {Sz} -0

1 {Sz} — ©&; {Sl} — @

2| {s1} = {s1}; {s3} =@ {sa} = {s0,%2}

3 {53} — {53},' {56} — @,’ {Sl} — {51,54},' {Sz} — {50,52,55}

4\ {s6} = {s6}; @—O; {ss} = {s3,s7}; {s1} — {s1,54}; {s2} — {s0,52,85}
5 @ — @; {56} — {56}; {53} — {53,57},‘ {Sl} — {51,54}; {Sz} — {50,52,55}

FIGURE 4.3: Optimized fixpoint computation.

In general such a dependency graph would be more complex than in the given ex-
ample and will not include binary dependencies only. In this case a broader ap-
proach could be helpful, where the computation of a fixpoint starts with collecting
all needed arguments first. With this an optimal ordering of the arguments could
be found, which allows avoiding redundancies in the following computation of the
fixpoint approximation.

It should be taken into considerations that the efficiency gain of most of the opti-
mizations discussed depends heavily on the actual applied formula. This means, it
should be decided situationally if and which adjustments of MC, promise relevant
computational advantages.
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Chapter 5

Efficient Model Checking in
Higher-Order Fragments of HFL

5.1 Model Checking HFL with Neededness Analysis

As mentioned before the approach of the algorithms MC and MC, for avoiding un-
necessary computations in a fixpoint computation is an adoption of the neededness
analysis approach of traditional data-flow analysis. The goal here is to only include
values that appear non-trivial in the computation of a fixpoint of interest [Jor94]. In
the context of a fixpoint computation, this means including needed arguments only.

Alg. B|is an informal description of the functionality of the algorithms MC and MC.
The input for this algorithm is a fixpoint formula pX.1p, an initial argument list T,
an LTS 7 over which the formula is evaluated and the corresponding environment
1. The output is the value of interest [[th.lp]],]T(To). It can be seen that such an algo-
rithm needs to initialize some sort of map My first, which holds the approximation
of [uX 1/]]],77 created in the following. After this the algorithm starts with computing
this approximation, beginning with the computation of the value of [[1,[1],77 (To). If a
new argument occurs during this it is added to Mx and included in following itera-
tions. The algorithm terminates and returns the value of interest if nothing changes
anymore. This is checked by comparing the map Mx with its snapshot Sx, which is
created before the last iteration.

5.2 Efficient Model Checking HFL2 with Neededness Anal-
ysis

In the case of model checking the first-order fragment HFL1, the avoidance of un-
necessary computations, in other words, neededness analysis, is fully met by the
functionality of MC. In the case of HFL2, the algorithm MC; only partially meets this
requirement. Indeed, unnecessary arguments are omitted, but necessary ones are
computed completely. Considering Alg. 3| this is needed in Line 7 to check if a new
argument for the fixpoint variable is already defined in the corresponding map and
therefore already included in the computation. However, the values of functional
arguments are only required for certain arguments.

Example 4. Consider following formula:

(}lP.AGL Gz. ((Gl o Gz) p) V F (Gl ¢] <<ll>>) <G2 @) <<b>>)) id id
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Input: A fixpoint formula pX.¢, a list of arguments Ty, a LTS 7 and an
environment 7.
Output: The value of [[yX.l[J]],?T(To).
1 initialize a map My and set Mx(Ty) to @;
2 repeat
3 save snapshot Sx of Mx;
4 forall T defined in Mx do
5 calculate value [[1,0}],77 ([T]) with Mx replacing X begin
6 o
7 if undefined Mx(T') occurs then set My (T ) to @;
8 .
9 end
10 update Mx (T) with calculated value;
11 end
12 until Mx equals Sx;
13 return My (Ty)

Algorithm 3: Fixpoint computation in HFL with neededness analysis.

where o := AF,F, X.F; (©,X), fog:=ofg, ((x)) := AX. (x)X and id := AX. X.
Furthermore, let {(x)) := id and ((x"*1)) := ((x")) o ((x)) and let ¢ denote the for-
mula beneath the y operator. Informally, this formula describes the property “There
exists a path of the form a"b" for some n € IN to a state where p is true.”. It can be seen that
in a fixpoint computation following the approach of Alg.[Blnew arguments occur ac-
cording to the pattern [id, id], [((a)), (b))], [((a®)), {(b?))], ... and so on. Nevertheless,
regardless of the arguments currently applied to ¢, the value of G, is only needed for
p and the value of Gy is only needed for the value of G, p. Hence, a full computation
of the arguments for G; and G; is not necessary.

As seen in Ex. [} to achieve a complete neededness analysis in HFL2 a weaker con-
cept of equality is needed, which avoids unnecessary computations of functional
arguments but still ensures correctness of a fixpoint computation.

Let ~ denote a relation between two possible arguments in a computation of [uX 1,[1}],77
with #X.¢ € HFL2 for some argument Tp € HFL1F. If T = T' holds for some
T, T € HFL1X, then T can be omitted from the computation if T is included.

A first hypothesis for the definition of the relation ~ is comparing two arguments
based on their actual occurrences within the fixpoint formula only. This would avoid
computing values of functional arguments for unnecessary arguments.

Hypothesis 1. Assuming that T, T € HFL1* with T = [ay,...,a] and T = [&}, ..., a}]
are possible arguments in a computation of the value of [uX 1[]]],77 for some initial ar-

gument list. Then T ~, T holds if and only if for all a; and &/ holds that their
occurring applications in ¢ are equal.

Practically, this can be checked by applying T and T to Y, saving the occurring ap-

plications as well as their values for each single argument in T and T and comparing
them afterward.



5.2. Efficient Model Checking HFL2 with Neededness Analysis 29

Example 5. Consider the formula
(HFAG1, Ga. ((G1 0 Ga) p) V E (G o ((a)) (G20 (b)) id id

again and the LTS in Fig.5.1] In Tab.[5.I|the approach of Hyp.[I|is performed for this
example. Each row represents one of the variables G;, G;. Column 1 represents the
initial argument list respectively arguments and the small tables in the cells repre-
sent their applications. For example, the initial argument corresponding to G; is id,
whose value is needed for {s,} only. Considering the formula this is correct, because
the value of the current argument for G, is only needed for p, which in this LTS eval-
uates to {s2}. The arguments of Column 2 occur as arguments for the variable F if
[id, id] is applied to . The arguments of Column 3 occur if the arguments of Column
2 are applied to ¥ and so on. In fact, this is the scheme described in Alg. 3| It can
be verified that the applications listed in Column 4 and 5 are identical. Following
Hyp.[l]it is true that:

[{a®), (07D =y [(a"), (B*)]

which means that the argument list [{(a*)), {(b*))] does not need to be included in
the computation if [((a®)), (b%))] is already included. Taking a look at Fig. [5.1| this
is correct: The longest path of the form (a"b") is for n = 2, hence, all checks for the
existence of paths (a” b"') with n’ > 2 will return false, i.e., the empty set. This means
that including [((a®)), ((b®))] is necessary, but all argument lists up from [((a*)), ((b*))]
are redundant because they evaluate to the same values as [{(a®)), ((b3))].

However, for a different example it turns out that Hyp.[1|is wrong.

Example 6. Consider the following formula:

(HF-AG1, G2 (G1p) V F G2 (Gro (D)) (a)) ((a))

Informally, this formula denotes the property “There is a path of the form (ab™) for some
n € N that leads to a state where p is true.” Due to the way the arguments are applied
to the variable F every possible path is checked twice. This is best understood if the
formula is unfolded to an infinite disjunction:

{a) pv (a) pv (a) (b)) p v (a) (b)) p Vv () (B2 p v () (B2 p V...

This leads to the computation in Tab.5.2|for the LTS in Fig. It can be verified that
for this LTS the property is true for the set {so,s4}. But the applications in Column
1 and Column 2 are equal, which means that an algorithm adopting Hyp. 1l would
not include the argument list of Column 2 in the computation. But then, according
to the scheme in Alg. 3} Column 3,4 and 5 would not occur, which means that state
s4 is not considered. This would be incorrect and therefore the hypothesis must be
wrong.

The failure of Hyp. |1/ shows that equality in the occurring applications of different
arguments is an insufficient relation. Alg. 3} Ex.[|and Ex.[f|show that new occurring
arguments are in fact modifications, combinations or permutations of the initially
applied arguments. Therefore, a next idea is comparing two argument lists T and T
based on the occurring applications of the initial arguments if T and T are applied
to the fixpoint formula.
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b
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0

FIGURE 5.1: LTS with paths of the form (a"b").

Hypothesis 2. Assuming that T, T e HFL1* are possible argument lists in the com-
putation of the value of [[]JX.T,D]],?T for some argument list Tp = [ay,...,ax]. Then

T =y T holds if and only if for all #; holds that the occurring applications of «;
in the application of T to ¢ are the same as the occurring applications of «; in the
application of T' to 1.

Practically, the approach of Hyp. [2]is checked in almost the same way as for Hyp.

Applying T and T to Y, saving the occurring applications of the initial arguments
and comparing them afterward.

Example 7. Consider the formula

(HE.AG1, G2 (G1p) V FGa (Gro () (a)) ((a))

and the LTS in Fig. again. Let ¢ denote the formula beneath the p operator.
In Tab. the approach of Hyp. [2] is performed for this example. Each column
represents a possible argument list and each of the two rows stands for one of the
initial arguments. ((2)); denotes the initial argument ((a)) for the variable G; and
((a)) the initial argument ((a)) for the variable G,. This index is also used to denote
where which initial argument occurs in the argument list currently considered e.g.
((ab?));1 includes ((a))1. The small table in a cell shows the applications of the initial
argument of this row, if the argument-list of this column is applied to the fixpoint
formula. It can be seen that with the column corresponding to [{(ab®))y, ((ab?)),] the
applications of ((a))1 and ((a)), start to repeat. Therefore, by Hyp.[2]it follows that

[({ab®)1, (ab®))2] ~y [(ab*)1, (ab*))2] and [((ab®)2, (ab*))1] = [(ab*))2, (ab”))1]

Considering the given LTS this is correct, because there exists no path (b") with n >
2, which means there exists no path (ab") with n > 2. Therefore, all arguments of G;
checking for such a path to {s;} must evaluate to the empty set and the argument
lists [((ab*))1, ((ab*))2] as well as [{(ab*)),, ((ab®))1] can be omitted in the computation.

However, for a similar example it turns out that the approach of this hypothesis is
insufficient, too.

Example 8. Consider the following formula:

(HF-AG, G2 (Grp) V F G2 (((b)) © G1)) ((a)) (a))

and the LTS in Fig. Let ¢ denote the formula beneath the y operator. In compar-
ison to the formula of Ex. [l and Ex. [7] the only change in the formula above is that
the order of the composition of ((b)) and G; changed. Hence, this formula describes
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FIGURE 5.2: LTS with path of the form (b?a).

the property “There is a path of the form (b"a) for some n € IN that leads to a state where
p is true.” Tab. 5.4/ shows the occurring applications of the initial arguments for the
different possible argument lists. Following the approach of Hyp. 2 it can be seen
that:

[((a)1, {a))a] =y [(ba)1, (ba))e] and [(a))2, (ba))1] ~y [(ba))2, (b2a))i]

This means an algorithm adopting the approach of this hypothesis omits the argu-
ment lists [((ba))1, ((ba))2] and [{(ba))2, ((b?a))1]. But then the path (b?a) is not consid-
ered, which in fact is incorrect for the given LTS. Therefore, Hyp. 2| must be wrong.

In the failure of Hyp. [1jand Hyp. [2|it can be seen that partial computation is most
likely not sufficient for the definition of ~y. Different variations of these two hy-
pothesis can be considered, but it should be taken into account that Hyp. 2| already
uses the atomic components of possible arguments in a fixpoint computation in
form of the initial arguments. This makes it unlikely that other approaches of this
form, which necessarily consider combinations or variations of the initial arguments,
promise success.
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I [id, id] )2 200 O P ) I 0 () B I (G R (9
G {s2} {51,853} {s4} @ %)
{s2} {so} {se} ) %)
G, {s2} {s2} {s2} {s2} {s2}
{s2} {s1,s3} {s4} ) %)
TABLE 5.1: Table corresponding to Example
| [€a). Lad] | [Ka). Labh] | [Kab)), §ab))] | [(ab), (@b®)] | [{ab®), (ab®)]
C {s2} {s2} {s2} {s2} {s4}
! 2 9 {s0} {so} {ss}
G
TABLE 5.2: Table corresponding to Example@
| (G Gada] | [Gado Qabha] | [Qabh (abla] | [Kabla, {ab®)a] | [{ab®)1, (ab®)o]
(a1 {52} {s1,55) {54}
2 {s0} {ss}
{s2} {s1,53}
<a>2 %) {50}
(b2, (ab’ D] | [(ab®D1, {ab®)o] | [(ab®)a, (ab*Da] | [(ab* D, (ab*Da] | [(ab*)2, (ab®)]
o 2 o
{s4} @ @
(a2 {55} %) %)
TABLE 5.3: Table corresponding to Examplel?}
| (G Gada] | [Gado (ba)a] | [(ba)i, (bada] | [(bao, (B*a)s] | [(bPa), (ba))o]
(a)1 {53} {ss} {ss}
{s2} {s2} {s2}
{s3} {s3}
- &) =2}

TABLE 5.4: Table corresponding to Example
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Chapter 6

Conclusion

6.1 Results

This thesis presented a symbolic model checker MC, for HFL2 using neededness anal-
ysis. In the example computation of Sec. [4.4]it was shown that even for a simple LTS
and formula the adoption of neededness analysis for model checking HFL2 promises
major computational benefits compared to a naive approach. Furthermore, it can be
seen that there is not much difference between neededness analysis for model check-
ing HFL1 and HFL2, which suggests that an adaptation for higher order fragments
or complete HFL can be achieved in a similar way:.

An actual implementation of the algorithm MC; given in Alg. 2| can achieve further
computational advantages. The chosen data-structure for the map env and its inter-
nal sorting as well as informations about dependencies between included arguments
can reduce the number of necessary iterations of a fixpoint computation further. Ad-
ditionally, the neededness analysis idea can be extended such that not all included
arguments in a fixpoint computation are updated in each iteration, but only those,
whose dependencies were updated before.

Considering efficiency, this thesis showed that the algorithm MC, has limitations.
Functional arguments need to be computed completely, even if their value is only
needed for certain arguments in the formula of interest. This is necessary to identify
which arguments need to be included and which do not need to be included in a
fixpoint computation. It was shown that it is most likely not sufficient to compute
corresponding arguments partially and compare them solely based on computed
values. Moreover, a more complex approach seems to be needed to further improve
the efficiency of a model checker for HFL2 with neededness analysis.

6.2 Outlook

Currently, there are three possible continuations of this work, which have already
been mentioned implicitly. Firstly, an actual implementation of the algorithm MC; is
a topic of interest. This would not only give an efficient model checker for HFL2
at hand, but opens a way for more profound studies of its computational benefits
and drawbacks due to the unsolved problem regarding efficiency. Furthermore, the
practical optimizations discussed in Sec. 4.5/could be verified and extended.

Secondly, this neededness analysis approach is most likely applicable on even higher
order fragments. As it turns out, the structure of MC; is quite similar to the structure
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of the algorithm MC by Axelsson and Lange. This is not surprising, since the algo-
rithm MC; can be seen as an advancement of MC, however, it shows that the adopted
idea of neededness analysis works in more or less the same way for model check-
ing HFL2 as for model checking HFL1. This implies that the approach can be used
for model checking HFL with neededness analysis and that the corresponding algo-
rithm will not differ that much from MC, respectively MC. A next step is investigating
this notion further.

Lastly, the problem of necessary complete computation of applied arguments un-
solved in this thesis should be addressed further. If it is considered to lift this ap-
proach to higher order fragments than HFL2, the drawbacks become bigger. This
results from the fact that in HFL2 arguments are at most functions between state
sets, but for instance in HFL3 they can be functions between these functions, which
are more expensive to compute. Therefore, an efficient evaluation of arguments be-
comes more relevant with the increasing order of fragments. In this context, the
insufficient approaches shown in this thesis are to be seen as a foundation for more
profound research of this problem.
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Appendix A

Fundamentals

In this appendix basic knowledge and short introductions for necessary fundamen-
tals are presented.

A1 The modal y-calculus

The modal p-calculus is an extension of the propositional modal logic and todays
commonly used definition was given by D. Kozen in [Koz83], and a sufficient intro-
duction can be found in [BSO1].

First we fix a set of atomic propositions P and a set of transitions { =, L .} with
transition names from 4. Additionally, we need a set V = {X,Y, ...} of variables.
The syntax of MMC is then defined as:

pu=p|X|oVe|-p|(a)e|uXe

where p € P,a € Aand X € V. j denotes the least fixpoint operator and () is called
diamond operator. In addition there are some standard abbreviations. Let ¢ and ¢ be
formulas of MMC, then the following are formulas of MMC as well:

PAY=(—¢V p)
[a]g := —(a)~g
UX.(P = ﬁyX.ﬂgD[—\X/X]

where [-X/ X] means substituting every free occurrence of X with =X, [] is the box
operator and v denotes the greatest fixpoint operator.

The expressiveness of MMC and its added value compared to propositional modal
logic becomes clear, taking a look at its actual semantics. To describe these we need
an environment 17, which is a partial function V — 25 mapping each used variable to
a subset of the state set S. With such the semantics are described as follows:

[Pl =={s€S|pecLs)} [=¢]] =S\ [l
[[(P\/IIJ]]UT = [[(P]]UTU [vly [[<ﬂ><P]]r,T ={seS| Jte [[90]]177 ts St}
[XD; = n(X) [#X-9l] = (UT S| [9]]ir/x S T3

At this point it can be seen that the defining feature of MMC is the u operator. This
operator provides semantics of recursive expressions, which allows a neat way of
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expressing usual temporal logic operators [BSO1].

Example 9. Given the following MMC formula ¢:
p=uXpV@X (A1)

with p € P and a € A the name of the transition denoted by . ¢ then expresses
the property "“There is an a-path where p holds”. This can best be seen by unfolding the
fixpoint formula to p V (a)p V (a)(a)p V ..., showing that each length of a possible
a-path is checked.

A.2 Simply typed A-calculus

The simply typed A-calculus is a typed form of the classical lambda calculus, which
is a model for computable functions. The prefix "simply" denotes that it has one
type-constructor only. It was first described by A. Church in [Chu40] and a detailed
description can be found in [Bar93].

Terms of the classical (untyped) A-calculus are described by the grammar

fa=x|Axf|ff

where x is a term-variable. Ax.f and f f are the two basic operations of the lambda
calculus: abstraction and application.

An abstraction is an expression of the form Ax.f, where f is some kind of statement
possibly dependent on x. Intuitively this term represents the mapping x — f(x).

The application is an expression of the form f; f, which simply means applying f1
considered as some algorithm or function on the input f,. Application is left asso-
ciative, means f1 f2 f3... fp istoberead as (... (f1 f2) f3) --- fu)- If fi = f2, means
they denote the same kind of object, f; f» would still be valid, which is a result of the
untyped lambda calculus being type-free.

Both operations in combination can intuitively be understood as (Ax.f(x))c = f(c)
which formally means

(Ax.flx])e = fle/x]

thus the substitution of x in the expression f with c¢. This equation is called -
conversion and is the only essential axiom of the lambda calculus.

As mentioned above the simply typed A-calculus adds types with just one kind of
type-constructor — to the untyped lambda calculus, hence we can skip the discus-
sion of the general typed lambda calculus here and start with this simplified type
system. To denote different types we range over o, 7,.... Let A be a set of base-
types. Then the set of STLC-types is inductively defined as

Tu=a|T—>7T wacA

Furthermore — is defined to be right associative, which means that oy — o> —
... > oyistoberead as (61 — (02 — ... = (041 — 0n)).
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To determine if a term is well-formed, there exist three typing rules

(x:0)eT I'-fi:(c—=1) THf:o [x:okFf:7T
OFre O Frgpma S S Py P e

the axiom (1), elimination (2) and the introduction (3) rule. A term of the form f : ¢ is
called statement and means that f has type ¢. For a variable x the term x : ¢ is called
declaration. T' is called context and represents a set of such declarationsand I' - f : ¢
denotes that f : ¢ is derivable from I'.

A term is called well-typed if it is derivable from a context I' with the given typing-
rules.
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