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Executive Summary

This documents describes a tool based on model checker NUSMV able to deal
with property realizability problems. Also the theory the tool is based on is ex-
plained. Property realizability is the preliminary check before property synthesis
which in turn deals with automatically synthesizing a design from a speci�cation
given in the linear-time fragment of PSL. For more information on the theory of
realizability see the previous research report [6].

In this document we review the theoretic aspects, the techniques and algorithms
used in the tool. We explain how the tool can be used, how to specify a realiz-
ability problem, pass it to the tool and interpret the results. Finally we explain the
implementation details of the tool.

Purpose

The purpose of this document is to describe the implemented tool based on the
research on property realizability in the PROSYD project. The document provides
an overview of the tool internals and the practical aspects of tool exploitation.

Intended Audience

This document is intended for researchers and engineers working on PSL or a
similar speci�cation languages, who are interested in automatic synthesis and in
particular in tools aiming to detect the realizability or unrealizability of a set of
properties. It is assumed that readers are familiar with thenotions and terms related
to PSL, Temporal Logics and their semantics, have a good understanding of model
checking, symbolic model checking and game theory. For practical use of the tool
the knowledge of NUSMV is also required.

Background

Realizability of linear-time formulas was formalized by Pnueli and Rosner [13].
In [6] we review the theory of realizability and the techniques used so far to tackle
this problem. The most important part of the theory our tool is bases on is also
reminded in this document.

iv � Manual for Property Realizability Tool



Contents
Table of Revisions ................................................................................... iii

Authors .................................................................................................. iii

Executive Summary ................................................................................. iii

Purpose .................................................................................................. iv

Intended Audience................................................................................... iv

Background ............................................................................................iv

Contents ................................................................................................. v

Table of Figures ...................................................................................... vii

List of Tables ..........................................................................................viii

Table of Algorithms ................................................................................. ix

Glossary ................................................................................................. x

1 Introduction ....................................................................................... 1

2 Property Realizability ......................................................................... 3

2.1 Introduction to the realizability problem....................................... 3

2.2 Realizability as two player game ................................................. 4

Considerations about initial conditions ......................................... 6

Building the game structure......................................................... 7

2.3 Solving games .......................................................................... 8
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Glossary

Alternating Tree Automaton

An automaton with an arbitrary branching mode running on trees.

Atomic Proposition

An atomic proposition of a formula in a propositional logic corresponds to signals
in a design or implementation.

AWT

Alternating Weak Tree Automaton is an alternating tree automaton whose states
are partitioned into partially ordered sets. Each set is classi�ed as accepting or
rejecting. The transition function is restricted so that ineach transition, the au-
tomaton either stays at the same set or moves to a set smaller in the partial order.

BDD

Binary Decision Diagram. A data structure upon which many model checkers are
based.

Branching Mode

The branching mode is a way to classify automata. We distinguish between four
branching modes: Deterministic, nondeterministic, universal, and alternating. In
a deterministic automaton, the transition function maps from state and letter to a
single state. The transition functions of nondeterministic and universal automata
map to sets of states. The automata differ in the way they accept an input word
or tree. In a nondeterministic automaton the suf�x of the word or tree should be
accepted by one of the states in the set. In the universal automaton all states in the
set have to accept the suf�x. An alternating automaton can have nondeterministic
and universal edges.

BMC

Bounded model checking. A method of model checking in which alimited number
of cycles is examined. Typically, a bounded model checker can falsify, but not
verify, a design.

Conjunctive Normal Form (CNF)

A boolean formula is in Conjunctive Normal Form (CNF) if it isa conjunction of
clauses, where a clause is a disjunction of literals. A literal is an atomic proposition
or its negation.

Design

A hardware netlist (a list of logic gates and their interconnections which make up
a circuit) representing the design phase of a chip.

Generalized Reactivity (1) formula – GR(1)

Any PSL or LTL formula of the form

m̂

i

(always eventually!pi) )
n̂

j

(always eventually!q j )

wherepi andq j are Boolean formulas.
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In�nite Game

A �nite state machine on which two players, the protagonist and the antagonist,
determine the run, by each determining part of the input. Thegame comes with
a winning condition and the task of the protagonist is to makesure that the run
satis�es this condition.

Language Emptiness

The language of an automaton is empty iff the automaton accepts no input object
(word or tree). That means there is no accepting run for this automaton.

LTL

Linear Temporal Logic or Linear-time temporal logic. LTL isa temporal logic for
property speci�cation in formal veri�cation [12].

LTL/PSL Game

An in�nite game where the winning condition is given as LTL/PSL formula. All
plays in which the sequence of states visited ful�ll the given formula are winning
for the protagonist. Otherwise the antagonist wins.

NBT

Nondeterministic Büchi Tree Automaton. An alternating tree automaton with
Büchi acceptance condition and nondeterministic branching mode.

NBW

Nondeterministic Büchi Word Automaton. An alternating automaton with Büchi
acceptance condition and nondeterministic branching mode. The automaton runs
on words.

PSL

Property Speci�cation Language[14], the language for speci�cation of designs
upon which PROSYD is based.

Quanti�ed Boolean Formula (QBF)

Quanti�ed Boolean Formula Problem (QBF) is a generalization of the Boolean
Satis�ability Problem (SAT) in which both existential quanti�ers and universal
quanti�ers can be applied to each atomic proposition.

QBF Solver

QBF Solver is a solver for deciding quanti�ed boolean formulas (QBFs).

Realizability

A given PSL or LTL formulaj over a sets of inputE and outputS signals is
realizable if there exists a strategyf : (2E)� ! 2S such that all the computations
of the system generated byf satisfyj . Intuitively, a speci�cation is realizable if
there exists a system that can respond in such a way that independent of the input
values chosen by the environment the combination of inputs and outputs always
ful�lls the given formula.

Safety Property

A safety property states that something bad should not happen. For instance, “a is
never 1 in two consecutive clock ticks.”
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SAT

The Boolean Satis�ability Problem (SAT) is a decision problem represented by a
boolean expression written using only AND, OR, NOT, atomic propositions, and
parentheses. The question is: is there some assignment of TRUE and FALSE
values to the atomic propositions that will make the entire expression true?

SAT Solver

A SAT Solver is a solver for deciding the satis�ability of a Boolean Satis�ability
Problem (SAT).

Synthesis

The process of automatically generating a design from a given speci�cation. For-
mally, check if the given speci�cation is realizable and �nda witness.

UCT

Universal co-Büchi Word Automaton. An alternating tree automaton with co-
Büchi acceptance condition and universal branching mode.

Winning Strategy

A recipe with which a player is guaranteed to win an in�nite game, no matter what
the other player does. A �nite state strategy may depend on a �nite memory of the
past, i.e., the move the strategy suggests can depend on previous moves of the two
players. A memoryless strategy depends only on the current state of the game.
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1 Introduction
One of the most ambitious and challenging problems in reactive systems construc-
tion is the automatic synthesis of programs and (digital) designs from logical spec-
i�cations, e.g. LTL [12] or PSL [14]. As already discussed in[5] the prevalent
approaches to solving the synthesis problem suggest to reduce it to the emptiness
problem of tree automata, and view it as the solution of a two-player game.

Pnueli and Rosner in [13] propose a method that starts from a given LTL speci�-
cationj and constructs a Büchi automatonBj . The Büchi automatonBj is then
determinized into a deterministic Rabin automaton [17]. This double translation
may cause a complexity that is doubly exponential in the sizeof j . Once the Rabin
automaton is obtained, the game can be solved in timenk, wheren is the number
of states of the automaton andk is the number of accepting pairs. The high com-
plexity established in [13] and the intricacy of Safra's determinization construction
have caused the synthesis process to be identi�ed as hopelessly intractable and dis-
couraged many practitioners from ever attempting to implement it.

In the PROSYD deliverable [5] it has been thoroughly discussed how to tackle
the synthesis of a design from a logical speci�cation given in the linear fragment
of PSL. All the approaches described in [5] solve the realizability problem by at-
tempting to synthesize a winning strategy for the system, and during the expensive
process of synthesis possibly discovering that the speci�cation is not realizable.

Given the high complexity result of [13] it appears to be of extreme importance
to be able to detect in advance, before starting the synthesis process, whether the
speci�cation is realizable or not. In [6] we identi�ed suf�cient conditions for the
realizability of a given speci�cation that allow us to detect the realizability or un-
realizability of a speci�cation without starting the real synthesis process.

This document is structured as follows. In Chapter 2 we revise the formal de�ni-
tions of realizability, and we present further results (subsequent to Deliverable [6])
on suf�cient conditions for the realizability and unrealizability. We also present
the algorithms we presented in [6] aiming to detect suf�cient conditions for the re-
alizability/unrealizability without solving the whole game problem. In Chapter 3
we describe the tool we devised based on these algorithms. Wedescribe also its
input languages, and the way to run and control it. Finally, in Chapter 4 we de-
scribe the internals of the tool and details of its implementation and its integration
within the RAT tool [4].

In Table 1 we report the list of features unique to this tool asfrom the project
Description of Work document. This list is structured inmandatory, desirableand
nice to havefeatures, with the intended meaning that the minimal requirement for
this deliverable is that all the mandatory features must be implemented in the tool,
while all the others represents additional features not explicitly requested to ful�ll
the due for the deliverable.
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Present Sec. Ref.

Mandatory Features
Pointers to algorithms used YES 2
List of target operating systems YES 4.4
Explanation of coding standards YES 4.3
Discussion of license issues YES 4.5
User documentation, including documentation
of user interface (command line switches) and
imported/exported �le formats

YES 3

Test suite YES 4.6
Standard input language PSL – YES 3
Support for PSL GDL �avor YES 3
Speci�cation of requirements as properties YES 3
Requirements realizability checks as per
D1.2/7

YES 3

Desirable Features
Integration with the property assur-
ance/simulation (D1.2/4-5)

YES 3

Provide diagnostic information for the reason
of unrealizability (similar to counterexample
for unsatis�ed properties) e.g. minimal set of
requirements that is unrealizable

NO

Nice to have features
Interactive exploration of diagnostic informa-
tion

NO

Optimizing diagnostic information according
to different minimality concepts

NO

Support for other �avors NO
Integration with the synthesis tool (D2.2/3) NO

Table 1: Table of features
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2 Property Realizability
In this section we review the formal de�nition of the realizability problem, and
the theory at the basis of the algorithms presented later on.The formalization
and the revised algorithms that follows are the result of theresearch conducted
subsequently to deliverable D.1.2/7 [6].

2.1 Introduction to the realizability problem

Given two disjoint setsE andS of input and output signals respectively, a for-
mulaj expressed in a temporal logic (e.g. PSL) over atomic propositions onE [ S
speci�es the valid behaviors of the component we would like to design. Thereal-
izability problemconsists of checking whether there exists aprogram Pfor output
signalsSsuch that regardless of the input signalsE compatible withj , j is satis-
�ed [13].

Let D be some non-empty data domain. According to [13] a programP can be
represented as a functionfP mapping non-empty sequences ofD elements into
elements ofD, i.e. fP : D+ 7! D. The intuition is thatfP represents a program
with for instance an input variablee ranging overD and an output variables also
ranging overD, such that at each stepi = 0;1; : : : the program outputs (assign to
s) the valuefP(e0;e1; : : : ;ei), beingej the value assumed by variablee over steps
j = 0: : : i. In the following we do not distinguish betweenP and fP.

We de�ne a behavior of the programfP as the in�nite sequence

s : he0;s0i ;he1;s1i ; : : :

such that for everyi � 0, ei ;si 2 D, andsi = fP(e0; : : : ;ei).

We say that a programP satis�es a temporal propertyj (e;s), written P j= j (e;s),
iff every behaviors of P satis�es j , i.e. s j= j (e;s). Hereafter unless explicitly
stated, we consider in�nite behaviors and thus we restrict to the strong semantics
of PSL [14].

The realizability problem can be formally stated as follows.

De�nition 1 (Realizability [13]) Given two distinct setsE and S of input and
output signals respectively, and an LTL formulaj de�ned over(E [ S), we say
that j is realizableiff there exists a program P such that Pj= j .
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Speci�cations for which such a program exists are calledrealizable or imple-
mentable. Dually, speci�cation for which such a program does not exist are called
not realizableor unrealizable.

As an example of a realizability problem let us consider the following set of re-
quirements expressed in PSL, whereE = f go; req ;cancel g andS = f grant g,
j = ( 1) ^ (2) ^ (3), being(1), (2) and(3) the PSL formulae reported below.

(1). always ( req -> next e[1:3] grant)
(2). always ( grant -> next (!grant))
(3). always ( cancel -> (!grant) until go)

This set of requirements is satis�able. A path that satisfy all of them is in Figure
1.a.

go

req

cancel

grant

go

req

cancel

grant

a. satis�able b. unrealizable

Figure 1: Example of input and output signals.

However, this set of properties is unrealizable, because nomatter how we build
the program, the environment can enforce a behavior where the signalgo is al-
ways false, the signalcancel is issued to true wheneverreq is true, thus violating
the above speci�cation (Figure 1.b). That's there is a con�ict among formula (1)
and (3) whenreq and cancel are asserted together and the signalgo does not
cooperate by remaining always false.

This is a consequence of the fact that in constructing the programP, we cannot
control the behavior of the environment.

The prevalent approaches to solve the realizability problem consist in reducing it
to the check for language emptiness of a tree automata, and ininterpreting it as
the existence of a program satisfying the speci�cation. This approach allows to
formalize the realizability problem as a two player game among the system we are
going to realize and the environment: the system plays against the environment
and wins if it produces a correct behaviors. In this framework, checking for realiz-
ability amounts to check for the existence of a winning strategy for the system in
the corresponding game.

In the following we brie�y review the approaches to solve theproblem.
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2.2 Realizability as two player game

Using an approach similar to the one proposed in [5], we can formally de�ne a
game structureas follows.

A game structure Gis a tupleG = ( E;S;Q;QE
0 ;QS

0 ; r E; r S; j ), where:E andS
are two distinct sets of typed variables representing respectively the variables con-
trolled by the environment and the variables controlled by the system. Astate qis
an interpretation ofE [ S assigning to each variablev 2 E [ Sa value belonging
to the corresponding type.Q is the set of all states. Anassertiona is a Boolean
formula. a over variables fromE [ S is denoted bya(E;S). A stateq satis�es
an assertiona denotedq j= a, if q[a] = true. QE

0 (E) is the environment initial
condition, i.e. an assertion overE, characterizing the initial values of the envi-
ronment variables. Similarly,QS

0(E;S) is the system initial condition relating the
initial values of the environment variables to possible initial values of the system
variables. r E(E;S;E0) is the transition relation of the environment. This is an
assertion relating a state inQ to a possible input value inE, by referring to un-
primed copies ofE, S and prime copies ofE. r S(E;S;E0;S0) is the transition
relation of the system. This is an assertion relating a statein Q and a possible input
value inE to output value inS, by referring to primed and unprimed variables of
E andS. j is a PSL formula identifying the winning condition. In the following
we refer to a stateq as a pairq = he;si beinge ands the interpretation ofE and
S variables respectively. Hereafter, when clear from the context since a stateq is
an interpretation of the inputs and output variables, we write r (q;q0) instead of
r (E;S;E0;S0).

A play s of G is a �nite or in�nite sequence of statess : q0;q1; : : : such thatq0 j=
QE

0 ^ QS
0 , and for eachj � 0, q j+ 1 is asuccessorof q j (i.e. (q j ;q j+ 1) j= r E ^ r S,

where(q;q0) is the joint interpretation which interpretsu 2 E [ S asq[u] andu 2
E0[ S0 asq0[u]). Let G be a game structure ands be a play ofG. From a state
q, the environment chooses an inpute02 E such thatr E(q;e0) = 1 and the system
chooses an outputs02 Ssuch thatr S(q;e0;s0) = r S(q;q0) = 1.

A deadlockis a stateq from which either the system or the environment cannot
have a successor. By this criterion deadlocks are divided into two disjoint sets.
The �rst set, theenvironment deadlocks, consists of statesq such that there exist
noe02 E satisfying the environment transition relationr E(q;e0). The set ofsystem
deadlocksconsists of statesq for which there exist suche02 E satisfyingr E(q;e0)
that there exist nos02 Ssatisfying the system transition relationr S(q;e0;s0).

A play s is winning for the systemif it satis�es j (i.e.s j= j ), or if the play is �nite,
does not satisfy: j (i.e. s 6j= : j ) and its last state is an environment deadlock. A
play s is winning for the environmentif it satis�es : j (i.e. s j= : j ), or the play
is �nite, does not satisfyj (i.e. s 6j= j ) and its last state is a system deadlock.1

Note that for �nite plays bothj and: j may be not satis�ed. For example, for

1Though deadlocks for both the system and the environment areexplicitly allowed in this for-
malization, their presence indicates a bug in the speci�cation. Thus, the requirement of having no
deadlocks can be enforced. In this case the only possibilityfor a play to be winning for the system is
to satisfyj , and to be winning for the environment is to satisfy: j .
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j = alwaysa and a �nite plays consisting only of states satisfyinga, boths 6j= j
ands 6j= : j hold. It is so becausej = alwaysa requires a play to be in�nite and
cannot be satis�ed on �nite plays, whereas as: j = eventually! : a requires some
of the states ofs to satisfy: a.

A strategy for the system is a partial functionf : Q+ � E 7! S such that if
s = q0; : : :qn is a play then for everye0 2 E such thatr E(qn;e0) = 1 we have
r S(qn;e0; f (s � e0)) = 1. A strategy can be seen as a program that given the his-
tory and the current assignments to input variables produces the next assignments
for output variables. In the following we use program and strategy as synonyms.

A play s = q0;q1; : : : ;qn (�nite or in�nite) is said to be compliantwith strategy
f if for all i � 0 (i < n) we havef (q0; : : : ;qi ;qi+ 1[E]) = qi+ 1[S] ands is max-
imal with respect tof . qi+ 1[E] and qi+ 1[S] are the restrictions ofqi+ 1 to vari-
able setsE andS, respectively. s is maximal with respect tof if s is in�nite,
or �nite and f (q0; : : : ;qn;qn+ 1[E]) is not de�ned for some ofqn+ 1[E] satisfying
r E(qn;qn+ 1[E]). Intuitively this meaning of a play to be maximal is to make the
play as long as the game structure and the strategy allow this.

Strategyf is winning for the system from a stateq if all q-plays (plays departing
from q) which are compliant withf are winning for the system. We denote byWS

the set of states from which there exists a winning strategy for the system. Dually
are de�ned the notion ofstrategy, winning strategy, and thewinning set WE for the
environment

A game structureG is said to bewinningfor the system if for every initial value of
environment variables satisfyingQE

0 the system can choose such initial values for
its variables thatQS

0 is satis�ed and the obtained state is winning for the system:

8e: QE
0 (e) ! 9 s: QS

0(e;s) ^ he;si 2 WS

Otherwise, the game is said to be winning for the environment.

Considerations about initial conditions

In the de�nition above, a game structureG is winningfor the system if for all the
initial values of the environment variables satisfyingQE

0 there exist such values
for the system variables that the obtained initial state satis�es QS

0 and is winning
for the system. Intuitively this means that both the system and the environment
control initial values of only their own variables, respectively.

In alternative setting an initial state can be under full control of only the environ-
ment or only the system. In this case the de�nition of a winning game structure
has to be changed.

For example, if it is the environment who controls the initial values of all variables
then a game structureG become winning for the system ifall the initial states are
winning for the system. Intuitively this means that if thereexists at least one state
satisfying initial condition and not winning for the systemthen the environment
can always start a play from this state and not allow the system to win.

6 � Property Realizability Manual for Property Realizability Tool



If the system is granted the right to choose an initial state,then a game structureG
becomeswinning for the system ifat least oneof the initial states is winning for
the system.

In both above cases the de�nition of a game structureG can be slightly simpli�ed
because instead of two initial conditions (QE

0 for the environment andQS
0 for the

system) only one initial conditionQ0 is required.

Even though from practical point of view all these de�nitions of game structure
and thus of winning conditions can be useful, for the sake of presentation unless
explicitly stated we assume the de�nitions of a game structure and winning condi-
tions, given on page 5, i.e. there are two assertions specifying the initial conditions
and both the environment and the system control initial values of only their own
variables, respectively. We will discuss how the proposed techniques to solve the
realizability problem can be adapted to capture the different setting here discussed.

Building the game structure

Given a PSL speci�cationL the corresponding game structureG can be con-
structed asG = ( E;S;Q;QE

0 ;QS
0 ; r E; r S; j ) with all assertionsQE

0 , QS
0 , r E, r S

equal totrue and j = L. Even though such construction is very simple, sound
and complete in many cases it is not practical. To make it moreamenable to be
handled in practice,j is transformed: parts of it are moved to the assertions. It
is noticeable that, moving parts ofj to assertions usually makes the correspond-
ing algorithms checking the realizability run quicker. Forexample, for a spec-
i�cation L = a ! always(b $ next g) with a being an assertion overE andb
andgbeing assertions ofE [ Sinstead ofG = ( E;S;Q;true;true;true;true;(a !
always(b $ next g))) it may be required (and may be more ef�cient) to have
equivalentG = ( E;S;Q;a;true;true;b $ g0;alwaystrue).

However, it can be problematic to construct “good” game structure for an arbi-
trary PSL speci�cation. One of the reason behind it is that all the corresponding
de�nitions related to game structure can deal with in�nite as well as �nite state
sequences whereas some PSL operators (such asalways) are de�ned over in�nite
state sequences only (as result the fact that some propertyj does not hold over
some plays does not imply that: j holds overs). A PSL speci�cationL which
directly corresponds to a game structureG = ( E;S;Q;QE

0 ;QS
0 ; r E ; r S; j ) is

L = QE
0 ! (QS

0 ^ : eventually!((historically r E) ^ : r S^ : J j )^

(j _ eventually!: r E))

where all primed variable instancesv02 E0[ S0 in r E andr S are substituted by
next v. We extended the logic with two new operatorshistorically andJ . Ex-
pressionhistorically a holds in a stateqk of a sequences = q0;q1; : : : ;qk; : : : if a
holds in every stateqi for all 0 � i � k. For a sequences = q0;q1; : : : ;qk; : : : the
expressionJ a is true in a stateqk iff a holds over pre�x sequenceq0;q1; : : : ;qk

(i.e. a holds in stateq0 of a �nite sequenceq0;q1; : : : ;qk). The purpose of the
operatorJ is to check satis�ability of a formula over a �nite pre�x. Of course
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if j can hold only over in�nite sequencesJ j is always f alse(and therefore can
be removed from the above speci�cationL). J was used in the �rst (negated)
eventually! expression to exclude situations wherer E has been maintained,r S is
violated at current transition butj still has not been satis�ed.

The construction can be even more pushed by substituting each subformulay 2 j
with a corresponding deterministic Büchi automaton, thusadding the initial con-
dition and the transition relation of the Büchi automaton to QS

0 and r S (QE
0

and r E) respectively, and using the acceptance condition as formula to replace
y . For instance, for “always(p ! eventually! q)” we introduce a fresh sys-
tem variablex, add x $ 1 to QS

0 , add x0 $ (q _ x ^ : p) to r E, and replace
“always(p ! eventually!q)” with “ always eventually! x”. As claimed in [11]
it is not dif�cult to prove that this is a sound transition (see [11] for more details).
Similar consideration apply also to any formula inj .

Once the game structure has been built, it is necessary to choose the interpretation
regarding the initial states and as consequence use the corresponding algorithm to
solve the problem.

2.3 Solving games

The prevalent approaches to solve the realizability problem are those that aims
to solve the synthesis problem, which consists in constructing a winning strategy
for the system in a two player game. These approaches assume that the system
is realizable and attempt to build a winning strategy. If they fail in building it,
then the speci�cation the game refers to is not realizable. Here we list some of
the approaches described in [5]. Then we analyze the problems that affect these
approaches.

Generalized Reactivity (1), Büchi, Safety and Reachabili ty

games

Generalized Reactivity (1) games are a subset of PSL games where the winning
condition is of the form:

j = (
m̂

i= 1

always eventually!J1
i ) ! (

n̂

j= 1

always eventually!J2
j )

For such kind of games, the set of winning states can be computed with the fol-
lowing µ-calculus formula (We refer the reader to [5, 11] for more details):
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WS = n

2

6
6
6
6
6
6
6
6
6
6
6
6
4

Z1

Z2

...

...

Zn

3

7
7
7
7
7
7
7
7
7
7
7
7
5

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

µY

 
m_

i= 1

nX(J2
1 ^ gZ2 _ gY _ : J1

i ^ gX)

!

µY

 
m_

i= 1

nX(J2
2 ^ gZ3 _ gY _ : J1

i ^ gX)

!

...

...

µY

 
m_

i= 1

nX(J2
n ^ gZ1 _ gY _ : J1

i ^ gX)

!

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

Where, gA = fhe;si j 8 e0:r E(e;s;e0) ! 9 s0:r S(e;s;e0;s0) ^he0;s0i 2 Ag, i.e. a state
q = hs;ei is included in gA if the system can force the play to reach a state inA
in one step, that's regardless of how the environment moves in q, the system can
choose an appropriate move leading intoA.

As claimed in [5, 11] this approach can solve realizability of PSL formulas in the
form that we discussed before in polynomial (cubic) time. Inparticular, given sets
of variablesE, Swhose set of possible valuations isS and an PSL formulaj with
m andn conjuncts, it is possible to determine using a symbolic algorithm whether
j is realizable in time proportional to(nmj S j)3.

Below are the simpli�ed versions of aboveµ-calculus formula for several particular
kinds of game.

A Büchi game has the winning condition in the form of:

j =
m̂

i= 1

always eventually!Ji

the set of winning states can be computed with the belowµ-calculus formula:

WS = n

2

6
6
6
6
6
6
6
6
6
4

Z1

Z2
...
...

Zn

3

7
7
7
7
7
7
7
7
7
5

2

6
6
6
6
6
6
6
6
6
4

µY((J1 ^ gZ2) _ gY)

µY((J2 ^ gZ3) _ gY)
...
...

µY((Jn ^ gZ1) _ gY)

3

7
7
7
7
7
7
7
7
7
5

For Safety games the winning condition is of the form:

j = alwaysJ

theµ-calculus formula to compute the winning states is:

WS = nY:(J ^ gY)

For Reachability games the winning condition is:

j = eventually! J
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and the winning states are:
WS = µY:(J _ gY)

Complete approach

Thecompleteapproach able to deal with a generic PSL formulaj has been pro-
posed in [13]. In [13], �rst a nondeterministic Büchi automatonBj which recog-
nizes all thew-words satisfying the PSL formulaj is constructed. This automaton
is then determinized into a deterministic Rabin automata using the Safra construc-
tion [17]. Finally, the resulting automaton is interpretedas a game and it is checked
for language emptiness: if the language is not empty the computation provides a
witness, which corresponds to a correct implementation of the given speci�cation.
The game is solved in timenk beingk the number of accepting pairs, andn the
number of states of the Rabin automaton. The double translation results in a com-
plexity which is double exponential in the size of the original formulaj [13]. Apart
from the complexity results described in [13], the main dif�culty in this approach
is the intricacy of the Safra determinization construction.

Recently in [8] and also discussed in [5] has been presented anovel approach
avoiding the Safra construction to solve the synthesis problem. In this new au-
tomata based approach �rst, a nondeterministic Büchi wordautomaton for: j is
constructed and translated into a universal co-Büchi treeautomaton that recog-
nizes all trees containing only paths that satisfyj . This translation demands the
�rst exponent of the complexity bound. Then, the tree automaton is translated
into an alternating weak tree automaton, from which a nondeterministic Büchi tree
automaton is built. The latter translation causes the second exponential blow-up.
Finally, language emptiness for this nondeterministic Büchi automaton is com-
puted. If the language is not empty the computation providesa witness, which
corresponds to a correct implementation of the given speci�cation.

Problems

The approaches described previously and also presented in [5] can tackle the prob-
lem of realizability and synthesis for the linear fragment of PSL. They are com-
plete, in the sense that if the speci�cation is not realizable, then they can detect
this since they are not able in this case to synthesize a winning strategy and thus a
corresponding digital design. They are monolithic, that'sthey consider the whole
speci�cation without even considering that the problem of unrealizability can for
instance reside in particular parts of the speci�cation (e.g. in the constraints spec-
ifying the initial conditions). These approaches assume the speci�cation being
realizable and try to synthesize a winning strategy since those algorithms have
been thought with synthesis in mind.

As pointed out in [6], it is of extreme importance to be able todetect a priori,
before starting the synthesis process, whether the speci�cation is realizable or un-
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realizable. These checks can also be incomplete, in the sense that they can provide
the speci�cation writer a better understanding of the possibility the speci�cation
being realizable, not the certainty. Once he or her is con�dent the speci�cation be-
ing realizable, he or she can start the computationally heavy process of synthesis.

In [6] we identi�ed several suf�cient conditions for realizability and unrealizabil-
ity that will be of help to the speci�cation writer to detect early and ef�ciently
whether the speci�cation is realizable or unrealizable without applying the com-
plete approaches aiming to synthesize the design.

Some novel algorithms described in [6] were wrongly answering the realizability
problem under certain corner cases. To remove these problems some of them have
been modi�ed. In the following sections we revise the algorithms we modi�ed and
then implemented.

2.4 Checking Realizability with Deadlocks
The previous section showed that the realizability problemhas the same complex-
ity as the synthesis problem: in the worst case it is doubly exponential. Thus, it is
of great importance to �nd suf�cient conditions that will allow to detect that the
speci�cation is realizable or unrealizable before really starting the synthesis.

In this section we provide some such suf�cient conditions.

Suf�cient condition for Realizability and Unrealizabilit y

Let us consider a game structureG = ( E;S;Q;QE
0 ;QS

0 ; r E; r S; j ). As we have
mentioned in previous section a winning conditionj may have such a form thatj
can hold only over in�nite sequences of states (for example,a Büchi condition).
Thus, the environment can make the system lose by enforcing �nite runs, e.g. by
forcing the system to reach a system deadlock. The de�nitionof a system deadlock
is given on page 5. Here we repeat this de�nition as a formula:

De�nition 2 (System-Deadlock States)The set ofsystem-deadlockstates DLS,
for a game structure G= ( E;S;Q;QE

0 ;QS
0 ; r E; r S; j ), is de�ned as

DLS = fhe;si j 9 e0:(r E(e;s;e0) ^ 8 s0:(r S(e;s;e0;s0) ! /0))g

The following theorem captures the fact that the ability of the environment to force
a system-deadlock state in a �nite number of steps is suf�cient condition for unre-
alizability.

Theorem 1 A game structure G= ( E;S;Q;QE
0 ;QS

0 ; r E; r S; j ) is unrealizable if
j can hold only over in�nite state sequences and there exists k� 0 such that the
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environment can choose an initial state from which the environment has a strategy
to force the system to reach a system-deadlock state in k steps:

9k � 0: 9e0:QE
0 (e0) ^ 8 s0:QS

0(e0;s0) !
9e1:(r E(e0;s0;e1) ^ 8 s1:(r S(e0;s0;e1;s1) !

� � �
9ek:(r E(ek� 1;sk� 1;ek) ^ 8 sk:(r (ek� 1;sk� 1;ek;sk) !

hek;ski 2 DLS)) � � � ))

(1)

If k = 0 this means that the environment can force the initial system-deadlock
state, i.e. even the system initial condition cannot be satis�ed: 9e0:QE

0 (e0) ^
8s0:QS

0(e0;s0) ! /0 holds.

Dually to unrealizability we can de�ne a suf�cient condition for realizability as the
ability of the system to force an environment-deadlock state in a �nite number of
steps. Before doing that let us remind the de�nition of an environment-deadlock
state, given on page 5.

De�nition 3 (Environment-Deadlock) The set ofenvironment-deadlock states
DLE, for a game structure G= ( E;S;Q;QE

0 ;QS
0 ; r E; r S; j ), is de�ned as

DLE = fhe;si j :9 e0:r E(e;s;e0)g

The following theorem captures the above intuition about the suf�cient condition
for realizability.

Theorem 2 A game structure G= ( E;S;Q;QE
0 ;QS

0 ; r E; r S; j ) is realizable if: j
can hold only over in�nite state sequences and there exists k� 0 such that the
system can choose an initial state from which the system has astrategy to force the
environment to reach an environment-deadlock state in k steps:

9k � 0: 8e0:QE
0 (e0) ! 9 s0:QS

0(e0;s0)^
8e1:(r E(e0;s0;e1) ! 9 s1:(r S(e0;s0;e1;s1)^

� � �
8ek:(r E(ek� 1;sk� 1;ek) ! 9 sk:(r (ek� 1;sk� 1;ek;sk)^

hek;ski 2 DLE)) � � � ))

(2)

Again, if k = 0 the above formula degenerates to8e0:QE
0 (e0) ! /0, which means

that the environment initial condition is a constantf alse, i.e.QE
0 = /0.

Checking Unrealizability of Games using BDDs

The unrealizability problem of a gameG can be solved using BDD techniques.
If all the constraints and transition relations are represented in the form of BDD
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1 function IsUnrealizableBdd(G)
2 Deadlock:= /0;
3 while (8e0:(QE

0 ! 9 s0:(QS
0 ^ : Deadlock))) do

4 Deadlock:=
5 Deadlock_ 9e0:(r E(e;s;e0) ^ 8 s0:(r S(e;s;e0;s0) ! Deadlock0))
6 done
7 return true;
8 end

Algorithm 1: Unrealizability check of games using BDDs.

then the algorithm to check unrealizability of a gameG can be written as a func-
tion in Algorithm 1. Assuming that the winning conditionj of a gameG can
hold only over in�nite state sequences and this function returns true only if the
speci�cation is unrealizable.Deadlockis a predicate over variableseands, repre-
senting the states from which the system can be forced to reach system-deadlock
states inDLS, i.e. from which the system cannot guarantee to run in�nitely long.
Deadlock0 is obtained fromDeadlockby substituting all variablese ands by e0

ands0, respectively. InitiallyDeadlockis empty set. At �rst iteration the condition
to be checked is the ability of the environment to cause the initial system-deadlock
state. At very iteration a new statehe;si is added toDeadlockif there are such
values for environment variables that for any values of system variables satisfying
r S the system always reachesDeadlockstates computed so far. Note that after �rst
iteration the value ofDeadlockis DLS. The algorithm stops as soon asDeadlock
states include any of the initial states the environment canenforce.

As it can be seen from theorem 1 the above algorithm returnstrueonly if the prob-
lem is unrealizable because the environment can force the system into a system-
deadlock state. Of course the �rst assumption (about unsatis�ability of the winning
condition over �nite plays) of the theorem has to be true before running this algo-
rithm.

If the environment cannot force the system into a system-deadlock state the algo-
rithm as described does not terminate. This situation is very similar to the Bounded
Model Checking [3] where the design is assumed to be buggy andthe search aims
to prove this by looking for a counterexample. However, if nocounterexample is
found BMC cannot infer whether the design is not buggy.

To make the algorithm terminate it is necessary to check at each iteration whether
Deadlockchanges. If no new states are added toDeadlockthen we can exit from
the while-loop and returnunknownto indicate that we cannot say that the game is
unrealizable.

For a safety game the above algorithm can be slightly modi�edto make it com-
plete. If at line 2 the initial value for theDeadlockis : A, whereA is the safety
condition (i.e.j = alwaysA), then the algorithm will compute all the states from
which the environment can eventually force a step to: A or DLS states. Therefore,
the algorithm will returntrue if and only if the game is unrealizable, i.e. there is
no additional assumption onG to be satis�ed before running the algorithm. See
Algorithm 2.
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1 function IsSa f etyUnrealizableBdd(G)
2 Deadlock:= : A;
3 while (8e0:(QE

0 ! 9 s0:(QS
0 ^ : Deadlock))) do

4 Deadlockprevious:= Deadlock;
5 Deadlock:=
6 Deadlock_ 9e0:(r E(e;s;e0) ^ 8 s0:(r S(e;s;e0;s0) ! Deadlock0))
7 if (Deadlockprevious= Deadlock)return f alse; �
8 done
9 return true;

10 end

Algorithm 2: Unrealizability check of safety games using BDDs.

Checking Realizability of Games using BDDs

In a similar way to Algorithm 1 and 2 which can detect unrealizability and are
based on Theorem 1 we can write algorithms based on Theorem 2 to check the
realizability. Below is Algorithm 3 which is the counterpart of Algorithm 1 for
realizability.

1 function IsRealizableBdd(G)
2 Sa f e:= /0;
3 while (9e0:(QE

0 ^ 8 s0:(QS
0 ! : Sa f e))) do

4 Sa f e:=
5 Sa f e_ 8e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ Sa f e0))
6 done
7 return true;
8 end

Algorithm 3: Realizability check of games using BDDs.

Assuming that the negated winning condition: j of a gameG can hold only over
in�nite state sequences this function returnstrue only if the speci�cation is realiz-
able. The setSa f eovereandsrepresents all the states from which the system can
force the environment to reach environment-deadlock in a �nite number of steps.
After �rst iteration Sa f eis equal toDLE.

Similar to unrealizability Algorithm 2 it is also possible write a complete realiz-
ability algorithm for safety games (see Algorithm 4), whichwill always terminate
and report whether the game is realizable or unrealizable.

In this algorithm, the variableSa f eis the complement ofDeadlockin the original
algorithm, and initially equal to safety conditionA, i.e. a set of allowed states.
If at some iteration the environment can force the initial state to be out ofSa f e
then for this initial state the environment can force the system to reach the system-
deadlock states or states satisfying: A. This means that the game is unrealizable,
and thereforef alseis returned. Otherwise, at some iteration the value ofSa f ewill
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1 function IsSa f etyRealizableBdd(G)
2 Sa f e:= A;
3 while (8e0:(QE

0 ! 9 s0:(QS
0 ^ Sa f e))) do

4 Sa f eprevious:= Sa f e;
5 Sa f e:=
6 Sa f ê 8 e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ Sa f e0))
7 if (Sa f eprevious= Sa f e)return true; �
8 done
9 return f alse;

10 end

Algorithm 4: Realizability check of safety games using BDDs.

not change with respect to the previous iteration and thus a �xed point has been
reached. At the end of the loop the value ofSa f ewill include all the states which
are environment-deadlock or from which regardless of the environment moves the
system can always force a step back toSa f estates, i.e. stay in�nitely long in states
satisfyingA. In this case the game is realizable, and therefore,true is returned.

Note that Algorithm 4 is just a negated algorithm 2. At every iteration the value of
Sa f eis equal to: Deadlock. Also all the returned values are negated.

Checking Unrealizability of Büchi Games

Let us consider a Büchi gameG = ( E;S;Q;QE
0 ;QS

0 ; r E; r S; j ) wherej de�nes
a set of fairness conditionsF0; : : : ;Fn, each of which should be satis�ed in�nitely
many times during the game plays, i.e.j =

V n
i= 1always eventually!Fi. The sys-

tem can lose the Büchi game if from all states of at least one of the fairness con-
ditionsFi the environment can force the system to reach a system-deadlock state.
For the unrealizability of a game it is also required for the environment to be able
to avoid theenvironment-deadlockstatesDLE

2. The later requirement is always
satis�ed if there are no environment-deadlocks, i.e.DLE = /0. This suf�cient con-
dition for unrealizability can be captured with the following theorem.

Theorem 3 A Büchi game G= ( E;S;Q;QE
0 ;QS

0 ; r E; r S; j ) wherej de�nes a set
of fairness conditions F0; : : : ;Fn is unrealizable if

DLE = /0 ^
9k � 0:

9 j:0 � j < n:
8e0s0:(Fj (e0;s0) !

9e1:(r E(e0;s0;e1) ^ 8 s1:(r S(e0;s0;e1;s1) !
� � �

9ek:(r E(ek� 1;sk� 1;ek) ^ 8 sk:(r (ek� 1;sk� 1;ek;sk) !
hek;ski 2 DLS)) � � � )))

(3)

2For the de�nition of environment-deadlock states see De�nition 3 on page 12
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The unrealizability algorithms previously introduced canbe easily modi�ed for
checking the truth of the formula (3). It is just necessary toadd a most internal
loop that for a givenk at every iterationj will check whether all states satisfyingFj

may lead to system-deadlock states. The BDD Algorithm 1 described on page 13
adapted to deal with the above theorem is Algorithm 5.

1 function IsBuchiUnrealizableBdd(G)
2 noDLE := ( 8e0:: r E(e;s;e0)) = /0;
3 Deadlock:= /0;
4 while (8e0:(QE

0 ! 9 s0:(QS
0 ^ : Deadlock))) do

5 if (noDLE) then
6 foreach (i in 0; : : : ;n) do
7 if (Fi � Deadlock) then return true; �
8 done
9 �

10 Deadlock:=
11 Deadlock_ 9e0:(r E(e;s;e0) ^ 8 s0:(r S(e;s;e0;s0) ! Deadlock0))
12 done
13 return true;
14 end

Algorithm 5: Unrealizability check of Büchi games using BDDs.

Condition on initial states

In the framework considered so far, the environment and the system choose initial
value for their variables only, respectively. Thus in the condition at the initial
states in Theorem 1 and 2 on page 12 and the algorithms above the quanti�ers
of the system and the environment have the form:9e0:(QE

0 ^ 8 s0:(QS
0 ! : : :)) or

8e0:(QE
0 ! 9 s0:(QS

0 ^ : : :)) .

In an alternative setting, as explained in section 2.2, onlythe environment (only the
system) may be granted the right to choose an initial state. In this case, the problem
becomes unrealizable only if fromsome(all) initial states the environment can
force the system to reach the system-deadlock states. In this setting, for example,
in the formula of Theorem 1 the line specifying the conditionon the initial state

9k � 0:9e0:QE
0 (e0) ^ 8 s0:QS

0(e0;s0) !

will became (if the environment chooses the initial state)

9k � 0:9e0s0:(he0;s0i 2 Q0);such that

or (if the system chooses the initial state)

9k � 0:8e0s0:(he0;s0i 2 Q0); implies
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Note that the game structure now have one initial conditionQ0 instead of two –
QE

0 andQS
0 .

The conditions in the de�nitions and algorithms described above change in the
similar way. The general rule is the following: if it is the environment who chooses
the initial state then in all de�nitions and algorithms

9e0:(QE
0 ^ 8 s0:(QS

0 ! F )) is substituted to 9e0s0:((he0;s0i 2 Q0) ^ F )

8e0:(QE
0 ! 9 s0:(QS

0 ^ F )) is substituted to 8e0s0:((he0;s0i 2 Q0) ! F )

Similarly, if it is the system who chooses the initial state then in all de�nitions and
algorithms

9e0:(QE
0 ^ 8 s0:(QS

0 ! F )) is substituted to 8e0s0:((he0;s0i 2 Q0) ! F )

8e0:(QE
0 ! 9 s0:(QS

0 ^ F )) is substituted to 9e0s0:((he0;s0i 2 Q0) ^ F )

2.5 Approximated Algorithms to Check Realizability of

Safety Games

In this section we focus on safety games, and we provide specialized algorithms to
answer the realizability problem for all those speci�cations that can be reduced to
safety games.

By the de�nition a safety gameGA = ( E;S;Q;QE
0 ;QS

0 ; r E; r S; j ) with the winning
condition j speci�ed by the safety conditionA is a game such that each state of
plays has to satisfyA, i.e. j = alwaysA.

The algorithm 4 relies on the computation of a �xed point and it computesall states
where the system wins, i.e.all those states where the system can avoid system-
deadlock and: A states in�nitely long or force the environment to environment-
deadlock states.

To check the realizability of a safety game there is no need tocompute the whole
set of system winning states. Indeed, a subset may be enough.Let us de�ne
thesafe statessetSa f eStates� A such a subset of states that independent of the
environment moves the system can stay in this subset in�nitely long, or force the
environment to environment-deadlock states.

De�nition 4 (Safe States) For a game G= ( E;S;Q;QE
0 ;QS

0 ; r E ; r S; j ), thesys-
tem safe states setSa f eStates is de�ned as

Sa f eStates= fhe;si 2 Aj 8e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^he0;s0i 2 Sa f eStates))g
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If the set of statesSa f eStatesexists and the system can force an initial state to be
from Sa f eStatesthen the game is realizable.

Theorem 4 For a safety game GA, if 8e:(QE
0 (e) ! 9 s:(QS

0(e;s) ^ Sa f eStates)) ,
then GA is realizable.

The set of safe states can potentially be given from outside:a user may provide
this set as a guess; or some external tool using speci�c knowledge about the prob-
lem may infer the set of states. An externally provided candidate forSa f eStates
can easily be checked for being an actual system safe states set by the following
function:

1 function IsSa f eStates(GA;Sa f eStates)
2 return Sa f eStates� A^
3 8e;s:(Sa f eStates! 8 e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ Sa f eStates0)))
4 end

Algorithm 6: Check for safe state condition.

whereSa f eStates0 is obtained fromSa f eStatesby substituting variabless0ande0

for sande, respectively.

The algorithm 4 computes thegreatest Sa f eStates. In the rest of this section we
describe and analyze several algorithms aiming to computesomesuchSa f eStates
set.

Approximation “A”

The �rst approximation algorithm (Algorithm 7) builds the set Sa f eStatesby
adding at every iterationk such states that regardless of environment moves the
system go back to the starting state ink steps. In this algorithmSa f eplays the role

1 function IsSa f etyGameRealizableBddA(GA)
2 if (:8 e:(QE

0 ! 9 s:(QS
0 ^ A))) return f alse; �

3 Sa f e:= /0;
4 Path:= e� = e^ s� = s; Pathprevious:= /0;
5 while (Path6= Pathprevious) do
6 Pathprevious:= Path;
7 Path:= A^ 8 e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ (Sa f e0_ Path0)))
8 Sa f e:= Sa f e_ 9he� ;s� i :(e� = e^ s� = s^ Path)
9 if (8e:(QE

0 ! 9 s:(QS
0 ^ Sa f e))) return true; �

10 done
11 return unknown;
12 end

Algorithm 7: Realizability of a safety game: approximation“A”.
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of a possible safe states set. The system safe states is initialized to be the empty set.
At every iterationk the setPathis a set of pairs of stateshhe;si ;he� ;s� ii satisfying
the safety conditionA and such that statehe;si is the environment-deadlock state,
or independent of the environment moves the system can go from statehe;si to
statehe� ;s� i in k steps, or in fewer number of steps reach already computedSa f e
sets. The setSa f eis a set of stateshe;si . At every iterationSa f eis augmented by
such states that the system can go back to the same state ink steps or in one step
reachSa f ecomputed at previous iteration. The setsSa f e0 andPath0 are obtained
from Sa f eandPath, respectively, by substituting variabless0 ande0 for s ande,
respectively.

As soon asSa f ecan be force by the system at an initial state the algorithm termi-
nates withtrue since the game is realizable. Otherwise at some iteration the �xed
point in the computation ofPathwill be reached, which means that the algorithm
was not able to �nd a system safe states set big enough, and it is unknown whether
the game is realizable or not.

The apparent weakness of this algorithm is that when the loops in the game plays
are computed it is assumed then the system has to returnexactlyto the same state
the loop starts from. In speci�cations the system does not usually have thefull
control and thus it cannot guarantee whichindividual states are reached in a next
step, but only whichsubsetof states can be reached. As result, the algorithm can
often be too weak to �nd a big enough set of safe states.

Approximations “B” and “C”

From the Theorem 4 it follows that a safety gameGA is realizable if the found set
of safe states encompasses all the initial states. We can exploit this fact considering
the set of initial states as a candidate for a safe states set.Then iteratively some
new states can be added to the candidate until the set built inthis way satis�es the
condition of being a safe states set. Sinceall initial states are taken as a candidate
and the candidate can only increase, the approach is more suitable for games where
the environment chooses an initial state. In this section weassumed that it is the
environment who chooses an initial state and the initial condition is given as one
assertionQ0.

Different heuristics can be thought of for adding new statesto the candidate system
safe states set. One of the possible way consists in adding those states from which
the system for sure reaches the initial states. The intuition behind this approach is
that if a set of safe states is augmented with new states from which the system can
reach the given set then the set remains to be a system safe states set (and our guess
is that the initial states are the safe states). The algorithm that uses this heuristic is
the algorithm 8 below.

The weakness of this algorithm is that it can show the realizability of a game only
if starting in any of the initial states the system can alwaysgo back to initial states.
This is quite a strong constraint for speci�cation, and therefore the algorithm may
not be able to deal with many problems.
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1 function IsSa f etyGameRealizableBddB(GA)
2 if (Q0 6� A)return f alse; �
3 Sa f e:= Q0;
4 while (: IsSa f eStates(G;Sa f e)) do
5 NewStates:= A^ 8 e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ Sa f e0)) ;
6 Sa f eprevious:= Sa f e;
7 Sa f e:= Sa f e_ NewStates;
8 if (Sa f eprevious= Sa f e)return unknown; �
9 done

10 return true;
11 end

Algorithm 8: Realizability of a safety game: approximation“B”.

Algorithm 8 can be strengthened by considering new states for the candidate not
only from those states from which the system can reach the initial states, but also
those states that allow the system to make a one step loop. Then the line 5 in
algorithm 8 must be modi�ed as follows

NewStates:= A^8 e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ (Sa f e0_ (s= s0̂ e= e0))))

An even stronger solution (“C” – Algorithm 9) can be obtainedby the combination
of the methods “A” and “B”. At each iterationk the candidate for a safe states set
will be augmented with states from which the system can reachthe initial states in
k steps or make a loop ink steps.

1 function IsSa f etyGameRealizableBddC(GA)
2 if (Q0 6� A)return f alse; �
3 Sa f e:= Q0;
4 Path:= e� = e^ s� = s; Pathprevious:= /0;
5 while (Path6= Pathprevious) do
6 Pathprevious:= Path;
7 Path:= A^ 8 e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ (Sa f e0_ Path0)))
8 Sa f e:= Sa f e_ 9he� ;s� i :(e� = e^ s� = s^ Path);
9 if (IsSa f eStates(G;Sa f e)) return true; �

10 done
11 return unknown;
12 end

Algorithm 9: Realizability of a safety game: approximation“C”.

This method still have the drawback inherent in method “A”, i.e. to perform a loop
run outside of initial states the system has to be able to go back exactly to the same
state the loop starts from, which may be too constrictive to determine realizability
of most practical speci�cations.

A few notes about implementation details are worth mentioning here. In algorithm
“B” a set of statesPreImage= 8e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ Sa f e0)) is
computed. The same set is also computed by functionIsSa f eStates. An apparent
optimization here would be to compute this set only once.
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A similar picture can be seen with algorithm “C”. But here a larger setPreImagepath=
8e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ (Sa f e0_ Path0))) is computed. Instead of
computation of the required setPreImagefrom the beginning, it can be more ef�-
cient to universally quantify variablese� ands� from PreImagepath , i.e. PreImage=
8he� ;s� i :PreImagepath.

Note that in this section (i.e. for algorithms “B” and “C”) weassumed the environ-
ment was given the right to choose an initial state.

Approximation “D”

A further alternative to the previous methods can be the construction of a safe states
set “optimistically” and then removing the states which violates the de�nition of a
safe states set.

Let's starts with the initial states as a candidateSa f efor the system safe states
set. At every iteration this set will be augmented with all possible successors. It is
quite likely that the obtained set will not be a safe states set. Then it is necessary
to remove “bad” states, i.e. system-deadlock states and thestates from which the
environment can force a step outside ofSa f e:

Bad= 9e0:(r E(e;s;e0) ^ 8 s0:(r S(e;s;e0;s0) ! : Sa f e0))

It is also necessary to remove all the states from which the environment can reach
the bad states. If the obtained set still can be reached by thesystem at initial state
then the game is realizable. Otherwise the removed states are restored and the it-
eration is repeated. The algorithm implementing this heuristic is the Algorithm 10
below (approximation “D”).

As in previous programs,Sa f eCleaned0andSa f e0are obtained fromSa f eCleaned
andSa f e, respectively, by substitutinge0 ands0 for e ands. Note that when the
successors forSa f eare computed at line 14 of algorithm 10 currenthe;si and next
stateshe0;s0i are switched in the transition relationsr E andr S. The internal loop
computes the subsetSa f eCleanedof Sa f e, which does not contains the “bad”
states. If the obtained subset can be forced by the system at an initial state then
the game is realizable. The external loop augment the setSa f ewith the states
reachable from initial statesQ0. If the �xed point has been reached then all reach-
able states have been checked and there is no safe states set big enough. As result
for some initial states the environment always can force thesystem to a system-
deadlock state or a state satisfying: A, i.e. the game is unrealizable.

This algorithm always terminates and returnstrue if the game is realizable, and
f alseif the game is unrealizable similarly to the algorithm 4 on page 15.

However, the two algorithms differ. Algorithm 10 performs the search of the sys-
tem safe states set forward, while the algorithm 4 proceeds backwards.

Let's assume that for a particular safety game there exists arelatively small safe
states set around, or equal to, the initial states, and both algorithms try to �nd
out whether the game is realizable. The algorithm 4 will haveto compute all the
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1 function IsSa f etyGameRealizableBddD(GA)
2 if (:8 e:(QE

0 ! 9 s:(QS
0 ^ A))) return f alse; �

3 Sa f e:= QE
0 ^ QS

0 ;
4 Sa f eprevious:= /0;
5 while (Sa f e6= Sa f eprevious) do
6 Sa f eCleaned:= Sa f e;
7 Sa f eCleanedprevious:= /0;
8 while (Sa f eCleaned6= Sa f eCleanedprevious) do
9 Sa f eCleanedprevious := Sa f eCleaned;

10 NotBad:= 8e0:(r E(e;s;e0) ! 9 s0:(r S(e;s;e0;s0) ^ Sa f eCleaned0)) ;
11 Sa f eCleaned:= Sa f eCleaned̂ NotBad;
12 done;
13 if (8e:(QE

0 ! 9 s:(QS
0 ^ Sa f eCleaned))) return true; �

14 NewSa f e:= 9e0;s0:(Sa f e0^ r E(e0;s0;e) ^ r S(e0;s0;e;s) ^ A);
15 Sa f eprevious:= Sa f e;
16 Sa f e:= Sa f e_ NewSa f e;
17 done
18 return f alse;
19 end

Algorithm 10: Realizability of a safety game: approximation “D”.

system safe states and the number of iterations will be equalto the path length to
a system-deadlock or: A state from the farthest state. The algorithm 10, on the
other hand, computes reachable states and potentially reaches the safe states set
instantly or in a few number of iterations. Then the internalloop removes all the
states which violate the de�nition of a safe states set; operation that can potentially
be performed in a small number of steps.

For these reasons, we can claim that the algorithm 10 can be more ef�cient than
the algorithm 4 in determining the realizability of a safetygame if it is expected
that having a big number of states in total there exists a relatively small set of safe
states reachable from the initial states in small number of steps.

Condition on initial states

The same way as in section 2.4 the algorithms “A” and “D” described in this sec-
tion assume that the initial states are chosen by the environment as well as by the
system, i.e. the game is realizable only if for any values of environment variables
the system can choose such values for the system variables that from the initial
state the system can survive in�nitely long or force the environment to reach the
environment-deadlock states. In section 2.4 it is explained how the algorithms
have to be modi�ed to adapt other interpretations of initialconditions.

Note that algorithms “B” and “C” assume that it is the environment only who
chooses initial states. It was done so because the candidatefor safety states in-
cludes all initial states and can only augment there. So all initial states are required
to be winning states, and as result this condition can be too strong for other inter-
pretation of initial conditions.
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2.6 Realizability Checks via QBF
In [6] we also noticed that the algorithms described in previous sections can be
formulated in a way suitable for being submitted to a QBF solver such asYQUAF-
FLE [18], SK IZZO [1], QUANTOR [2], QUBE [7]. We did some preliminary exper-
iments with these formulations but it turns out that the QBF technology is not as
mature as BDD technology. Thus, we decided for the deliverable to consider only
the BDD based algorithms.
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3 Running the Property Re-
alizability Tool

In the previous chapter we have discussed several algorithms to tackle the realiz-
ability problem. All these algorithms have been implemented as an extension of
the NUSMV model checker [9]. The extended version of the tool has then been
interfaced with the RAT tool [15, 4] to extend its capabilities and to provide the
user a more user friendly graphical user interface. Moreover, we also implemented
algorithms mentioned in section 2.3, which are able to deal with Reachability,
Safety, Büchi (Generalized Response) and General Reactivity (1) games.

In this section it is described how to specify a realizability problem and pass it to
NUSMV, either via a game structure or via the RAT tool.

3.1 Specifying a game

The tool can be fed with a realizability problem in two alternative ways. First,
by specifying directly the game structure in a proper language, thus allowing for
a more direct mapping from theory to the problem. Second, by specifying the
problem at a higher level by means of properties. In particular, the tool can read
an XML �le as generated by the RAT tool and internally build anequivalent game
structure on top of which run the checking algorithms. This second interface will
allow for an easy integration of the realizability functionalities within the RAT
toolset.

In the following we �rst describe the language we devised to describe the game
structure as to pass it to the extended version of NUSMV, and then we describe
how to specify the same problem using an extended version of the RAT tool.

The NUSMV game speci�cation language

In this section we will brie�y explain how to specify a realizability problem and
pass it to the enhanced version of NUSMV. This section requires the knowledge
of the SMV language [9], the input language of the NUSMV model checker. We
describe only the new language features related to realizability checking added to
the SMV language.
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A realizability problem is speci�ed in the form of a game withtwo players – Player
1 and Player 2. A speci�cation begins with a keywordGAME. Then go the speci�-
cations of the players and the properties to be checked.

A player is speci�ed with one of keywordsPLAYER1 or PLAYER2 (for Player 1
and 2, respectively) and a �nite state machine given with standard SMV constructs,
i.e. variable declarationsVAR, initial conditionsINIT , transition relationASSIGN,
TRANS, INVAR and auxiliary de�nesDEFINE. The semantic of the game is as given
in section 2.2. In particular, every variable belong to one of two players; at every
step of a play from a current state Player 1 always moves �rst and then Player 2
moves, after which a next state is reached; every player has to satisfy its initial
conditions and transition relations. Initial conditions of Player 1 cannot reference
variables of Player 2, as well as the transition relation of Player 1 cannot reference
the variables of Player 2 in the next state.

A property is a construct corresponding toj in the de�nition of a game structure
on page 5. An input may contain several properties and they are checked inde-
pendent of each other (as if NUSMV is run several times with the same players'
speci�cations and different individual properties). A property has the following
syntax:

property kind player exp_opt

Currently in the extended version of NUSMV we allow for 6 kinds of properties.
Depending on the kindproperty kind is one of the following keywords:

REACHTARGET AVOIDTARGET REACHDEADLOCK
AVOIDDEADLOCK BUCHIGAME GENREACTIVITY

After the property kind it is necessary to specify which of the player the properties
is played for:PLAYER1 or PLAYER2.

In all the de�nitions and algorithms described in section 2 all the games were
played for the system, i.e. Player 2 in the NUSMV language. However, from the
practical point of view it can also be useful to specify properties for the environ-
ment, i.e. Player 1 in the NUSMV extended language.

Right after specifyingplayer an expression constituting the property is placed.
Depending on the kind of a property an expression has to satisfy different syntactic
constraints. In any case expressions can be only boolean, over variables of both
players and cannot contain temporal operators (includingnext operator).

The meaning of the kind of properties are described below.

REACHTARGETis a Reachability property corresponding to a temporal for-
mulaj = eventually! exp opt. exp opt is a boolean formula specifying the
set of states to be reached.

REACHDEADLOCKis a syntactic sugar forREACHTARGETwith exp opt equal
to FALSE, i.e. the property is realizable iff the player can force theopponent
deadlock.
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AVOIDTARGETis a Safety property corresponding to a temporal formulaj =
never exp opt or equivalentj = always : exp opt. exp opt is a boolean
formula specifying the set of states the player has to avoid in�nitely long.

AVOIDDEADLOCKis a syntax sugar forAVOIDTARGETproperty withexp opt
equal toFALSE, i.e. the property is realizable iff the player can avoid itsown
deadlock forever, i.e. can run in�nitely long or force the opponent deadlock.

BUCHIGAMEis a Büchi property corresponding to a temporal formulaj =
V N

i= 0always eventually! Fi. exp opt has to be of the form(F 1, F 2,
..., F N) where everyF i is a boolean expression specifying a set of states
which has to be reached in�nitely many times during a play.

GENREACTIVITYis a General Reactivity (1) property corresponding to a tem-
poral formula

j = (
N̂

i= 0

always eventually!pi) ! (
M̂

j= 0

always eventually!q j )

exp opt has to be of the form
(p 1, p 2, ..., p N) -> (q 1, q 2, ..., q M)
where everyp i andq j is a boolean expression.

Below is an example of a complete game with two properties.

GAME

PLAYER_1
VAR

a : 0 .. 2;
INIT

a = 0
TRANS

(next(a) = a+1) | (next(a) = 0 & a = 2);

PLAYER_2
VAR

b : 0..2;
TRANS

(next(b) = b+1) | (next(b) = 0 & b = 2);

AVOIDDEADLOCK
PLAYER_1

BUCHIGAME
PLAYER_2 (a=2, a=1)

In this example the variablea belongs to Player 1, and can assume values 0;1;2.
The variableb with the same range asa belongs to Player 2. The initial value ofa
is 0. The initial value ofb is not speci�ed, thus it can assume any allowed value.

The �rst property (avoid-deadlock) is realizable iff Player 1 can avoid its deadlock
in�nitely long. The second property (Büchi) is realizableiff Player 2 can reach
states wherea = 2 and states wherea = 1 in�nitely many times. In this example
both properties are realizable.
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A text �le with a game speci�cation is supplied to the enhanced version of NUSMV
the same way as an usual SMV �le. By default, all properties inthe �les are
checked for realizability using complete algorithms basedon formulas from sec-
tion 2.3.

To use specialized algorithms it is necessary to run corresponding commands with
options described in section 3.2.

The RAT speci�cation

We extended the RAT [15] tool to provide realizability checks capabilities together
with the already available Property Simulation and Assurance functionalities. We
refer the reader to the RAT documentation [15, 4] for furtherdetails on how to run
the RAT tool.

To achieve this extension we modi�ed the wizard to specify signals to allow to
specify whether the signal is an environment signal or a system signal. Figure 2
show the wizard to specify an environment signalreq of type boolean.

Figure 2: Speci�cation of an environment signal in RAT.

Similarly to the case of property assurance we can insert requirements describing
assumption on the behavior of the environment, and guarantee on the behavior of
the system. For instance, Figure 3 show the RAT wizard to specify the system
guaranteealways (req -> next e[1:3] grant) as from the example in sec-
tion 2.

Once all the signals and all the requirements have been inserted in the RAT project,
it is possible to move to the Realizability window from wherethe button that per-
forms the check of realizability for the selected properties can be pressed as to start
the check for realizability. Figure 4 shows the Realizability window after having
completely inserted the example described in section 2.
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Figure 3: Speci�cation of a system guarantee property in RAT.

Figure 4: The Realizability window in RAT.

The Check button on the right in the Realizability window of RAT activates the
realizability checks. The result of the check is showed in the left text area.

A RAT project �le, created with the extended version of RAT, is used as input
to the enhanced version of NUSMV. Internally to NUSMV, the RAT project �le
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is converted into an equivalent NUSMV game structure, and depending on the
generated game structure the corresponding check algorithms are invoked. The
generated game structure is printed in the log tab, as to allow the user to inspect
it. Note that, such a game structure may have fresh variablesintroduced during
conversion. If the tool is not able to convert a RAT speci�cation into a NUSMV
game structure an error message with the subexpression causing the problem is
printed out.

The enhanced version of NUSMV invoked from the RAT interface supports the
same subset of the language supported by the usual version ofthe RAT tool. (We
refer the reader to the documentation of RAT for more details[15, 4]) We remark
that the PSL �avors supported by RAT are the Verilog �avor anda partial support
for the GDL �avor.

3.2 NUSMV New Commands
NUSMV user interface has been extended by enriching the input language to allow
for the speci�cation of game structures and by introducing several new commands
to its interactive shell to process game property checking.In this section we report
the new commands and we refer the reader to the NUSMV user manual for a
complete description of all the other NUSMV commands. We remind the reader
that the interactive shell of NUSMV is enabled by specifying the-int command
line switch.

NUSMV Commands

The realizability problems are solved by the algorithms described in sections 2.3
and 2.4. These algorithms can be invoked by executing the corresponding
NUSMV command, or similarly to the case of model checking by means of the
check property command, that depending on the game structure and on the dif-
ferent options invoke the most appropriate command. The realizability problem
can be fed to NUSMV also by means of a command that enable the parsing of a
RAT project �le [4].

Each new provided command described below can be in�uenced by environment
variablesgame initial condition andprint strategy , described later in this
section.

check avoid target - Checks the given or all Safety
properties.

Command

check avoid target [-h -n idx] [-o filename -m] [-a alg]
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This command checks Safety realizability properties. See on page 27 for the
de�nition of a Safety property. See section 2.4 and 2.5 for the description of
algorithms used.

Command Options:

-h Prints the help message only.
-n index indexis the numeric index of a valid Safety prop-

erty actually located in the properties database to
be checked. If not speci�ed all Safety properties
are checked.

-o �lename �lenameis the name of a �le to output results of
checking (including a strategy).

-m Pipes output through the program speci�ed by the
“PAGER” environment variable if de�ned, and
through the UNIX command “more” otherwise.

-a alg algspeci�es the algorithm to use during checking
a Safety property. Possible values aredefault ,
apprxA , apprxB , apprxC , apprxD . The default
value isdefault which correspond to Algorithm
4. The other values correspond to approximated
algorithms “A”, “B”, “C” and “D” from section
2.5.

check buchi game- Checks a B̈uchi realizability prop-
erties.

Command

check buchi game [-h -n idx] [-o filename -m] [-a alg]

This command checks Büchi realizability properties.

Command Options:

-h Prints the help message only.
-n index indexis the numeric index of a valid Büchi prop-

erty actually located in the properties database to
be checked. If not speci�ed all Büchi properties
are checked.

-o �lename �lenameis the name of a �le to output results of
checking (including a strategy).

-m Pipes output through the program speci�ed by the
“PAGER” environment variable if de�ned, and
through the UNIX command “more” otherwise.

-a alg alg speci�es the algorithm to use during check-
ing a Büchi property. There are two possible val-
ues aredefault andapprxUnreal . The default
value isdefault which corresponds to the algo-
rithm based on the formula from 2.3. The value
apprxUnreal corresponds to approximated unre-
alizability algorithm described in section 2.4 on
page 15.
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read rat �le - Reads a RAT project �le. Command

read rat file [-h -i file]

This command reads a RAT[4] project �le, internally converts it to a NUSMV
game structure and then proceeds as if the NUSMV game structure was spec-
i�ed in the input. The command requires Expat XML library available.

Command Options:

-h Prints the help message only.
-i �le �le is an obligatory option to enable reading from

a �le file .

Environment Variables

New NUSMV interactive shell environment variables have been added to the en-
hanced version of NUSMV as to modify the standard behavior of the commands
described above. These environment variables aregame initial condition and
print strategy .

game initial condition Environment Variable

This variable sets the interpretation of initial conditions. See section 2.2 for
more details. Possible values of the variable are:N, E and A. N stand for
Normal (Natural) and corresponds to the settings when everyplayer chooses
initial values for its own variables only. ValueE (Exists) makes a property
realizable ifsomeof states satisfying initial conditions (i.e.QE

0 ^ QS
0) is win-

ning. ValueA (All) makes the property realizable only ifall states satisfying
QE

0 ^ QS
0 are winning.

print strategy Environment Variable

This variable enables or disables the printing of strategy.Possible values are
0 and1. The default value is0, i.e. a strategy is not printed. If a property
is realizable the strategy is printed for a player responsible for the property.
Otherwise the strategy for the opponent is printed. The construction of a strat-
egy for the player is implemented for all algorithms based onformulas from
section 2.3. Construction of a strategy for the opponent is implemented only
for some of them. For many approximated algorithms described in section 2
computation of strategies is not implemented at all.
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Remark on strategies For Player 2 the de�nition of a strategy is given on page 6.
For Player 1 the de�nition is similar but now a strategy takesa history and returns
the next value of Player 1's variables. From practical pointof view it can be inef-
�cient to keep track of the whole history. To resolve the issue a strategy is made
dependent on one current state only but allowed to introducenew variables (i.e.
history variables). In particular, a strategy for Player 1 is a function fE : Q 7! E
where new variables can be introduced toE. A strategy for Player 2 is a func-
tion fS : Q� E 7! S where new variables can be introduced toS. There can also
be a strategy for an initial state, which depends on the valueof environment vari-
able game initial condition . The de�nition of such initial strategy is easily
deduced. NUSMV prints strategy as a list of pairs(input;action) whereinput is
the input to the strategy (for example, a current state and the next values of Player
1's variables if the strategy is for Player 2) andaction is the output of the strat-
egy function. If a variable does not affect the strategy thenthis variable is not
printed out (in the input or/and action). All other variables are printed in the form
of expressionsvar = val wherevar is a variable name (optionally wrapped innext
operation) andval is its value.
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4 Implementation
Here we describe the NUSMV packages affected by the integration, and the new
packages added to provide the new realizability check functionalities explained
in this document. We also outline the extensions to the RAT tool to allow it to
provide realizability checks. Finally we discuss the cosing standards used, the
target operating systems the new tool can support and licence issues. Fianlly, we
will discuss some test cases we developed to check the algorithms developed.

4.1 NUSMV extensions
NUSMV is organized in packages, each providing several modules. Figure 5
provides an excerpt of the packages in the NUSMV distribution as described in
Deliverable [16]. The complete list of the packages is present in the NUSMV
programmer manual available within the NUSMV distribution [9].

SAT Solvers

Encoding SAT

BeEncBoolEncBddEnc

SymbTable

Realizability
MBP BDD-Based

Model Checking
Bounded Model

Checking

Node BDD BE

RBC

SymbLayers

Figure 5: Excerpt of the NUSMV Software Architecture.

The majority of the new code is placed in thembp (Model Based Planner) pack-
age. By default the package is not enabled for the inclusion in the creation of
the NUSMV binary. At the end of section 4.1 we describe how to con�gure and
compile this package.

There is also new code placed in other packages since they were extended to pro-
vide new speci�c functionalities. Since these functionalities are only meaningful
if MBP has been enabled, such code is usually protected by a macroHAVEMBP, i.e.
if MBP package is disabled the code is not compiled in.

Dealing with a game speci�cation and a usual SMV �le NUSMV performs many
things in common. We will skip this common part and refer a reader to [10].
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Below is brie�y reported the description of �les constituting thembpnew package.
They are described in the order an input �le is processed by NUSMV. The names
of the �les are preceded by package names.

mbp/mbpFlatten.c – a �attener of a game structure.mbpFlatten.c is a wrapper
for compile/FlatHierarchy. f h,c g to run the �attener on each player's
body. Also a check of legal use of Player 2's variable in initial conditions and
transition relations of Player 1 is implemented there (see section 3.1). During
�attening a symbol table is �lled in with declared identi�ers. A difference of
games from usual SMV input is that in games all identi�ers aredivided into
two instead of one variable layer – one for each player. Standard command
flatten hierarchy can be used to invoke the �attener.

mbp/mbpGameHierarchy.f h,cg – a representation to store result of �attening a
game structure. Data structures fromcompile/FlatHierarchy. f h,c g are
used to represent each player.

mbp/mbpVarEncoding.c – creates boolean (BDD and ADD) representations of
variables declared in the game. For every variable layer declared during
�attening the usual operations for variable encoding are invoked. Standard
commandencode variables can be used to invoke the variable encoder.

mbp/fsm – a sub-package ofmbp package, which de�nes representations of vari-
ous FSM (Finite States Machine) of a game structure.

mbp/fsm/GameSexpFsm.f h,cg – a Scalar Game FSM representation. It contains
two usual Scalar FSM (fsm/sexp/SexpFsm. f h,c g) – one for each player.

mbp/fsm/GameBeFsm.f h,cg – a Game FSM with all expressions represented in
Boolean Expression format (be package). Boolean Game FSM consists of
two usual Boolean FSM (fsm/be/BeFsm. f h,c g) – one for each player.

mbp/fsm/GameBddFsm.f h,cg – a Game FSM with all expressions repre-
sented with BDD. BDD Game FSM consists of two usual BDD FSM
(fsm/bdd/BddFsm. f h,c g) – one for each player. Also a few new functions
speci�c for games are implemented there. For example, in thefunction com-
puting a strong preimage of a set of state it is also taken intoaccount the
player which is responsible for reaching the given states.

mbp/mbpBuildModel.c – performs a creation of a Scalar, Boolean
and BDD Game FSMs. Standard commandsbuild flat model ,
build boolean model and build model can be used to create Scalar,
Boolean and BDD Game FSM, respectively.

mbp/mbpWriteModel.c – performs outputting a Scalar and Boolean Game
FSMs in the text format. Standard commandswrite flat model and
write boolean model , respectively, can be run for that.

mbp/mbpCheckReachAvoidSpec.c– contains functions to perform checking of
Reachability and Safety games, including the approximatedalgorithms de-
scribed in section 2.5 and unrealizability algorithm for B¨uchi games de-
scribed in section 2.4. For not-approximated algorithms the strategy com-
putation is also implemented there.
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mbp/mbpCheckGenReactivityBuchiSpec.c– contains functions to perform
checking of Büchi and General Reactivity (1) games and compute the corre-
sponding strategies.

mbp/General.c – contains a few auxiliary functions used by other �les. In par-
ticular, there are functions for initialization and de-initialization of variables,
printing log message, etc, before and after checking a realizability prop-
erty. There are also a few function to construct and output a strategy, used by
mbpCheckReachAvoidSpec.c andmbpCheckGenReactivityBuchiSpec.c
�les.

mbp/mbp.h, mbp/mbpInt.h – de�ne a list of functions, data types and global
variables used outside and insidembp package, respectively.

mbp/mbpXmlReader.c – an XML reader to parse a games speci�cation in the
form of an XML �le. See section 3.2 for the description of command
read rat file .

mbp/mbpCmd.c – implements invocation of commands introduced bymbppack-
age.

Below is a list of some packages and individual �les modi�ed in order to integrate
the newmbp package.

parser/grammar.y – a grammar description of an input. New constructs were
added to enable parsing of game speci�cations. See section 3.1 for more
details about the syntax of games. If a game speci�cation is met the system
variablembp game is set up to distinguish a game speci�cation from a usual
SMV �le. Standard commandread model can be used to invoke the parser.

prop – a package responsible for manipulation of all the information associated
with a given property. Since realizability properties refer to Game FSMs,
the implementation of properties has been modi�ed. All the new code is
protected with macroHAVEMBP.

sm – the package responsible for initialization and de-initialization of packages.
mbp was added to the list of packaged. Similar toprop package, macro
HAVEMBPprotects the new code.

opt – the package controlling command line options and environment variables.
The new command line options and environment variables related to mbp
were added (see section 3.2 for more info).

Compilation

The compilation of the enhanced version of NUSMV with the new commands to
check for realizability follows the same rules to compile the of�cial version of
NUSMV. However, the new functionalities are by default disabled (i.e. not com-
piled in). To enable the new functionalities it is necessaryto con�gure NUSMV
with the option--enable-mbp and then recompile it as speci�ed in the NUSMV
distribution, i.e. it is necessary to run:
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./configure --enable-mbp

make

This will create a NUSMV executable with the new functionality available at the
interactive shell and in batch.

4.2 RAT extensions
RAT [15, 4] is a stand-alone multi-platform application that runs in one process.
Even if multi-threading is used to run external veri�cationengines, the GUI part
�ts into a single main thread.

RAT has been fully developed with the Python object-oriented programming lan-
guage, and the GUI part relies on the PyGtk graphical toolkitto draw itself to the
screen, and to handle the interaction with the user.

We refer the reader to [15, 4] for a detailed description of the system and software
architecture of RAT. Here we describe the new software modules added to the RAT
software architecture to provide the new functionalities.

The RAT software structure has been split horizontally by using theModel View
Controller (MVC) and Observer Infrastructure. There exists also a vertical split-
ting that breaks the software structure up through a hierarchy of software entities.

Application

Project

Options SignalsRequirements
Property 

Assurance
Property 

Simulation

Options

Possibilities Assertions

Traces
Manager

Standard
NuSMV Stub

VIS Stub

TraceProperty Signal

Property 
Realizability

Enhanced 
NuSMV Stub

Figure 6: RAT - Hierarchy of main software entities

Figure 6 depicts the hierarchy of the main software entitiesthat occur within RAT.
Each of the boxes represents a software entity, and each vertex of the hierarchy
tree is a containment relation, where cardinality is not expressed. That means for
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example that an Application contains one (or more) softwareentities to represent a
Project and the Options of the Application. Boxes and vertexof the hierarchy tree
depicted in thick lines highlights the new software components added to RAT.

The way each software entity is implemented depends on the entity's role. Those
entities that need to be shown, will follow the MVC pattern, and will be mapped
down to three object-oriented classes (or to a triple of a limited set of classes)
to associate to each entity a Model, a View and a Controller. Those entities that
instead do not need to be shown (e.g. the stubs), will be mapped directly down to
one class, or to a set of classes.

In the following we detail the new software entities added toRAT, and we refer
the reader to the RAT documentation [15, 4] for a more detailed description of the
other components.

Property Realizability This is the entity for Property Realizability. Its view is
shown when the Property Realizability feature is selected at the application
level.

Enhanced NUSMV Stub The Enhanced NUSMV stub handles the interaction of
RAT with the enhanced version described in this document of the NUSMV
model checker. This entities has no associated View and Controller, and it
is implemented by a single class. Similarly to the NUSMV Stub already
available in RAT, this class is the specialization of a more generic classes
hierarchy that provides support for implementing speci�c tool stubs.

4.3 Coding standards
The extensions to NUSMV have been implemented following the coding stan-
dard of the NUSMV model checker. (The reader is referred to the NUSMV
code rules.tex document in the NUSMV distribution.)

The coding of RAT extension followed a few standards ”de facto” as for RAT.
Classes, methods and functions names follow PyGTK convention (seehttp://
www.pygtk.org ), that derives from the GTK's one (seehttp://www.gtk.org ).
Style and indentation are strictly Python compliant. Packages and �lenames are
java style, but slightly less restrictive: e.g. a �lefoo and foo.py contains def-
inition of classFooAndFoo , but may contains the de�nitions of other classes if
convenient.

4.4 Target operating systems
The new functionalities implemented within the NUSMV tool are available to
any platform and operating system the NUSMV system is available. In particular
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NUSMV has been tested in a range of architecture/operating system combinations.
It has been tested on PC Intel, Apple Mac and Sun architectures, with different
versions and distributions of Linux, Solaris, Windows and Mac OS X.

Similar considerations holds for the RAT tool. RAT has been tested on x86 and
AMD64 Linux machines running 2.4 and 2.6 series kernels withappropriate Python
and PyGtk packages and should run on any similar con�guration. Compatibility
with other platforms has not been tested and consequently isnot guaranteed; how-
ever, full support for Python and PyGtk must be provided in order to be able to run
RAT.

For running RAT the following libraries are mandatory:

� Python version 2.2 or later. (http://www.python.org/ )

� PyGtk version 2.4 or later. (http://www.pygtk.org/ )

4.5 Licensing and Warranty

For the provided NUSMV new source code the following copyright notice (with
varying copyright holders and dates) holds.

Copyright (C) 2006 by ITC-irst.

NUSMV version 2 is free software; you can redistribute it and/or mod-
ify it under the terms of the GNU Lesser General Public License as
published by the Free Software Foundation; either version 2of the Li-
cense, or (at your option) any later version.

NUSMV version 2 is distributed in the hope that it will be useful, but
WITHOUT ANY WARRANTY; without even the implied warranty
of MERCHANTABILITY or FITNESS FOR A PARTICULAR PUR-
POSE. See the GNU Lesser General Public License for more details.

You should have received a copy of the GNU Lesser General Public Li-
cense along with this library; if not, write to the Free Software Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA.

For more information on NUSMV seehttp://nusmv.irst.itc.
it or email tonusmv-users@irst.itc.it . Please report bugs to
nusmv- users@irst.itc.it .

To contact the NUSMV development board, email to
nusmv@irst.itc.it .
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RAT is distributed under GNU LESSER GENERAL PUBLIC LICENSE Version
2.1, February 1999 (LGPL). Following this licence for extensions to RAT the fol-
lowing copyright notice (with varying copyright holders and dates) holds.

Copyright (c) 2006 ITC-irst.

This is free software; you can redistribute it and/or modifyit under the
terms of the GNU Lesser General Public License as published by the
Free Software Foundation; either version 2 of the License, or (at your
option) any later version.
This software is distributed in the hope that it will be useful, but WITH-
OUT ANY WARRANTY; without even the implied warranty of MER-
CHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.
See the GNU Lesser General Public License for more details.
You should have received a copy of the GNU Lesser General Public Li-
cense along with this library; if not, write to the Free Software Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA.

For further info refer to http://www.gnu.org/licenses/
licenses.html n#LGPL.

For further information on RAT refer tohttp://rat.itc.it/ and to
rat@itc.it .

Note that the license for RAT, and NUSMV as already said in [4] allows for com-
mercial use.

4.6 Test Cases
To test the implementation of the new functionalities addedto NUSMV and to
run very preliminary benchmarks we have used 3 kinds of realizability problems,
namely: Arbiter Game, Traf�c-Light Game and Evader-Pursuer Game. Every kind
of a game has several variants with modi�ed winning conditions, initial conditions
and transition relations, etc. Every game is also parameterized by a parameter
N. For the Arbiter GameN is a number of clients. For the Traf�c-Light GameN
is a number of farm roads. For the Evader-Pursuer Game 2N � 2N is the size of
the board. In Appendix A are given examples speci�cations ofthese games (one
variant for every game) with parameterN equal to2.

Below are examples of execution time of the enhanced versionof NUSMV (default
algorithms without additional optimizations are used) forthe above problems with
various values of parameterN running the experiments on an Intel Xeon 3GHz
equipped with 4Gb of RAM.
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Game Kind Arbiter Traf�c-Light Evader-Pursuer
ParameterN 50 100 150 30 50 70 8 9 10
Time(sec) 3.48 44.5 195 2.25 16.0 72.5 3.7 11.3 302

Table 2: Example execution time of NUSMV on realizability problems.
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5 Conclusions
In this document we have given the formal de�nition of realizability, suf�cient
conditions for the realizability and unrealizability, andwe described additional re-
search performed subsequently to deliverable [6]. We also described the complete
(brie�y) and approximated (in more detail) algorithms presented in [6] aiming to
detect suf�cient conditions for the realizability/unrealizability without solving the
whole game problem. Newly presented algorithms �x some errors found in the al-
gorithms of [6]. Based on these algorithms we have implemented a tool using the
NUSMV Model Checker as a core. In this document we also gave the description
of the input languages, the way to run and control the tool as well as the internals
of the tool and details of its implementation and its integration within the RAT
tool [15, 4].
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A Examples of Game Speci-
�cation

Below are examples of game speci�cations used to testmbppackage of NUSMV.

A.1 Arbiter Game
Given thatr0 andr1 are requests controlled by the environment (Player 1) the task
of the system (Player 2) is to control grantsg0 and g1 such that the following
formula is satis�ed:

(
^

i

: r i) ! ((
^

i

: gi)

^ ( (always
^

i

(( r i 6= gi ) ! (r i = next r i))) !

( (always
^

i

(( r i = gi) ! (gi = next gi)) ^ 1 � Sigi)

^ ((
^

i

always eventually!: r i _ : gi) ! (
^

i

always eventually!gi = r i)))))

This formula can be represented as a following two-player game:

GAME

--------------------------------------------------- -------------------

PLAYER_1 -- Clients (Player One)

VAR r_0 : boolean; r_1 : boolean;

INIT !r_0 & !r_1

TRANS (r_0 != g_0 -> next(r_0) = r_0)

& (r_1 != g_1 -> next(r_1) = r_1)

--------------------------------------------------- -------------------

PLAYER_2 -- Controller (Player Two)

VAR g_0 : boolean; g_1 : boolean;
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INIT !g_0 & !g_1

INVAR 1 >= (g_0 + g_1)

TRANS (r_0 = g_0 -> next(g_0) = g_0)

& (r_1 = g_1 -> next(g_1) = g_1)

--------------------------------------------------- -------------------

GENREACTIVITY PLAYER_2 (!r_0 | !g_0, !r_1 | !g_1)

-> (g_0 = r_0, g_1 = r_1)

A.2 Traf�c-Light Game
Given that the timertimer and carsrc0 andrc1 are controlled by the environment
(Player 1) the task of the system (Player 2) is to control traf�c lights on highway
hwl and farm roadsrl0 andrl1 such that the following formula is satis�ed:

always(timer !
^

i

(rl i = next rl i) ^ hwl = next hwl)

^ always(1 � (hwl + Sirl i ))

^
^

i

always(rci ! eventually! rl i)

This formula can be represented as a following two-player game:

GAME

--------------------------------------------------- ----------------

PLAYER_1 -- Cars and the timer

VAR timer : boolean; rc_0 : boolean; rc_1 : boolean;

--------------------------------------------------- -------------------

PLAYER_2 -- Traffic light constroller

VAR hwl : boolean; rl_0 : boolean; rl_1 : boolean;

-- New vars are introduced to implement G(rc_i -> F rl_i)

VAR rc_F_rl_0 : boolean; rc_F_rl_1 : boolean;

INIT rc_F_rl_0 & rc_F_rl_1

TRANS next(rc_F_rl_0) = (rl_0 | (!rc_0 & rc_F_rl_0))

TRANS next(rc_F_rl_1) = (rl_1 | (!rc_1 & rc_F_rl_1))
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-- If timer is up the light cannot change

TRANS timer -> (next(hwl)=hwl & next(rl_0)=rl_0 & next(rl_ 1)=rl_1)

-- No two light is up at the same time

INVAR 1 >= (hwl + rl_0 + rl_1)

--------------------------------------------------- -------------------

GENREACTIVITY PLAYER_2 (!timer) -> (hwl, rc_F_rl_0, rc_F_ rl_1)

A.3 Evader-Pursuer Game
Evader-Pursuer game was created directly as a two-player game without writing
an LTL formula.

GAME

--------------------------------------------------- ----------------

PLAYER_1 -- Evader (Player One)

VAR Ex : word[2]; Ey : word[2];

INIT Ex = 0d2_0 & Ey = 0d2_0;

-- Stay at the same position or move to a neighbor position

TRANS next(Ex) = Ex

| (Ex != 0d2_3 & next(Ex) = Ex + 0d2_1)

| (Ex != 0d2_0 & next(Ex) = Ex - 0d2_1);

TRANS next(Ey) = Ey

| (Ey != 0d2_3 & next(Ey) = Ey + 0d2_1)

| (Ey != 0d2_0 & next(Ey) = Ey - 0d2_1);

-- evader's deadlock is when pursuer meets evader

TRANS !(Ex=Px & Ey=Py);

--------------------------------------------------- -------------------

PLAYER_2 -- Pursuer (Player Two)

VAR Px : word[2]; Py : word[2]; even : boolean;

INIT even & Px = 0d2_1 & Py = 0d2_3;
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-- Stay at the same position or move to a neighbor position

TRANS next(Px) = Px

| (Px != 0d2_3 & next(Px) = Px + 0d2_1)

| (Px != 0d2_0 & next(Px) = Px - 0d2_1);

TRANS next(Py) = Py

| (Py != 0d2_3 & next(Py) = Py + 0d2_1)

| (Py != 0d2_0 & next(Py) = Py - 0d2_1);

-- every even iteration the pursuer does not move

TRANS even != next(even)

TRANS even -> (next(Px) = Px & next(Py) = Py)

DEFINE EVADER_GOAL :=

Ex = 0d2_3 & Ey = 0d2_3 & ! (Ex = Px & Ey = Py);

--------------------------------------------------- -------------------

AVOIDTARGET PLAYER_2 EVADER_GOAL
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1 RAT Users Manual
The tool RAT ful�ll the need for a proper technological support to formal methods
in the setting of requirements analysis by providing its users with the integration of
three sets of functionalities that enact the Property Simulation, Property Assurance
and Property Realizability methodologies. In this sectionwe show how to interact
with RAT in order to accomplish the tasks related to these three methodologies.

All the examples in the following sections are written in theVerilog �avor of PSL
as from [8], the language supported by the veri�cation engines VIS and NUSMV.

1.1 Running RAT

RAT can be execute from the command line by the following command

rat - Launches the python interpreter to executeRAT
program

Command

rat [-h|--help] [-v|--version]
[-f <FILE.rat> | --project = <FILE.rat>]

Command Options:

-h Prints the command usage.
-v Prints the program version.
-f <FILE.rat> Loads the given project �le

Figure 1 shows the start-up screen-shot of RAT when the tool is launched without
any project as argument.

The unit of interaction with RAT is theproject, i.e. a collection of formal pro-
perties and results of veri�cation checks. The relevance ofthe role of a project,
as an object with a state that can be saved and reloaded is clear as far as Prop-
erty Assurance and Property Realizability are regarded: the user that builds formal
speci�cations and inspect their quality, must have the possibility to work in dif-
ferent sessions and of saving the results of the work performed from session to
session. With Property Simulation, such a feature could seem less relevant, but the
value of having the possibility of saving simulation sessions (i.e. the properties
simulated and the connected traces) shows clearly if we think of long time con-
suming work sessions and of the importance of having a quick reference to their
results.
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Figure 1: RAT- Main window.

Through the menuFile or the commandNewin the tool bar it is possible to access
the wizard for the creation of new projects, shown in Figure 2, select the kind of
project, and specify the details of the project entering thedata in the �elds shown
in Figure 3.

Figure 2: RAT- New project wizard.

As a result of the integration Property Simulation, Assurance and Realizability
into RAT (rather than simply juxtaposing them), it is possible to shift between
these three kinds of projects at any time, and to load properties, for example, from
Property Assurance into Property Simulation or Property Realizability. A project
hence sums up all the history of a design development process, from the initial ex-
plorations of properties prototypes, to the de�nition of a set of requirements, from
the inspection of requirements adherence to the intended meaning, to the possi-
ble use of simulation to perform a �ne grained inspection of properties coming
from Property Assurance, and to checking the interplay between controlled and
uncontrolled signals and their requirements with Realizability.

Once a project has been created, the user can proceed as described in Sections 1.2,
1.3 and 1.4.

2 � RAT Users Manual RAT – Requirements Analysis Tool



Figure 3: RAT- New project wizard, project data.

1.2 Property Assurance in RAT
RAT enacts the Property Assurance Methodology (see [2] Section 2.2) by support-
ing the users in Property Assurance related tasks; RAT provides a proper frame-
work for managing set of properties, a user-friendly interface towards veri�cation
engines, and a proper framework for managing the results of Property Assurance
proof obligations. In this section we describe how to interact with the tool by
following a typical use case, which encompasses the following steps:

� editing of a project;

– editing of signals

– editing of requirements

– editing of possibilities

– editing of assertions

� veri�cation

– activation of the checks

– management of traces

In the setting of Property Assurance,Projectsare the entities that correspond to
the ensemble of a speci�cation together with the results obtained by the connected
proof obligations. The building blocks of a speci�cation inthe Property Assurance
Methodology arerequirements, possibilitiesandassertion, all of which are proper-
ties formally expressed on a set of atomic symbols calledsignals. Following the
methodology, given a speci�cation, some proof obligation need to be discharged;
in [2] Section 2.2 it has been shown how these proof obligations can be mapped
onto SAT technology: the tool provides an interface towardsthis technology and
communicates the results of the performed veri�cation checks by means of ex-
tended waveforms calledtracesthat show the evolution of the values of signals in
possible models of the system under speci�cation.

RAT – Requirements Analysis Tool RAT Users Manual � 3



The Main Window

RAT main window when in Property Assurance mode is shown in Figure 4. In
the upper part of the body of the window there are the tables for the management
of signals and requirements; in the middle the are the tabbedtables for the man-
agement of possibilities and assertions (on the left), and the control panel for the
veri�cation tasks (on the right); the bottom of the window isoccupied by a text
box showing the output of the veri�cation activity.

Figure 4: Property Assurance main window.

Adding and modifying elements of a project. The activities of adding, edit-
ing and removing items from the sets of signals, requirements, possibilities and
assertions follow the same pattern regardless the class theitems belong to. The
screen-shots in Figure 5 and 6 show the windows for creating anew signal, a new
requirement, a new possibility and a new assertion respectively, all of which are
accessible by clicking on the �rst one among the buttons on the top right of the
table of the proper class.

Note that in Property Realizability signals are distinguished of being System or
Environment. Similarly, requirements are distinguished of being Assumption or
Guarantee. For Property Assurance and Property Simulationthese distinctions are
of no importance and therefore ignored.

Once an item is created, it is shown in the table of its class and it is possible to
modify or to delete it by clicking on the proper button on the table of the class of
the item. A window similar to the one used for creation is usedfor editing, and a
warning window will ask for the user's con�rmation before deleting an item. Mul-
tiple selection is allowed (Ctrl keyboard button pressed when left-clicking with
the mouse on the desired items) and hence is possible to open the editing windows
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Figure 5: Creating signals, requirements.

of several items at one time, or to delete more than one item atone time. Multi-row
editing and parenthesis highlighting are provided to ease the input of properties and
to make more effective their visualization. Notice that, all the tasks that can be per-
formed on signals, requirements, possibilities, assertion, traces and categories are
accessible also through pop-up menus that shows when the user right-click with
the mouse on an item; the pop-up menus offer also selection facilities like “select
all”, “deselect all” and “invert selection”.

Since, as pointed out in [2] Section 2, it may be of great use tosimulate a property
when the results of a Property Assurance check are not of easecomprehension,
the user is provided with the possibility of loading an item that belongs to re-
quirements, possibilities or assertions into Property Simulation mode; this can be
accomplished by selecting the desired items and clicking onthe last one among the
four buttons on the top right corner of the proper table, or byselecting the voice
Load into Simulation from the pop-up menu accessible by right clicking on
the selected items. The logical conjunction of the selecteditems is copied in the
Property text box in the Property Simulation mode (See Section 1.3).

Veri�cation The veri�cation tabbed panel, on the middle right of the window,
provides the user with control on the execution of the veri�cation engine used to
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Figure 6: Creating possibilities and assertions.

perform Property Assurance related checks. The two tabs, shown in Figure 7, al-
low to chose among SAT-based BMC techniques or BDD-based MC techniques,
and to set the respective options. As far as SAT-based BMC is regarded, it is pos-
sible to choose which SAT solver to use, whether incrementaltechniques should
be used, the depth of the BMC problem generated, and the valuefor the loop back.
With regard to BDD-based MC, the user can de�ne the partitionmethod, whether
using Cone of In�uence techniques, and which kind of dynamicreordering should
be used, if any. For more details on the meaning of these options, the user can refer
to the user manual of NUSMV [5].

Figure 7: Veri�cation panels.
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Traces and their management

The results of veri�cation checks are shown as traces, whichare shown as new
tabs beside theOutput tab as depicted in Figure 8.

Figure 8: An example of trace visualization.

Each trace has a name and is connected to the requirements andthe possibili-
ties/assertions it has been generated from, i.e. those thatwere selected to perform
the check of which the trace is the result. These data allow totrack the dependen-
cies among the traces and the other elements of the project; for example, knowing
which requirements a trace depends on allows the system to signal it as out of
date or no longer meaningful if some changes have been performed to one of the
requirements the trace depends on.

In Figure 8, the trace shown is composed by an initial step followed by an in�nite
repetition of the second step, i.e. a loop. Loops are signaled by a little black
arrow close to the name of the step they start from. Color of steps changes to help
depicting the �nite pre�x and the in�nite loop in traces, light gray for the former,
dark gray for the latter.

To ease their management and to re�ect the typical use case ofProperty Assurance,
traces are organized in differentcategoriesamong which the following system
categories are provided:

New: the category where traces generated in the current session are stored by
default;
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Default : the category where up to date traces that have been generatedin pre-
vious sessions are stored;

Out of date : the category where out of date traces are stored (a trace is out of
date when some element in its dependencies have been deletedor modi�ed);

Trash : the category of traces the user scheduled for deletion.

A simple way of managing traces with respect to categories isprovided by the
buttonsTrash andMove on the right of each trace in the main window, as shown
in Figure 8.

Clicking on the buttonTraces in the tool-bar, it is possible to access the window
of thetrace manager, as shown in Figure 9, which allows the user to manage traces
by editing the associated data, moving them from a category to another category,
deleting them, creating new categories and editing the dataconnected to categories.

Figure 9: An example of trace visualization.

At the top left corner of the trace manager window the list of categories is shown,
where each category has a name and aDescription ; it is possible to select more
than one category and, on selection, the contained traces are shown on the right part
of the window grouped under the name of the category they belong to. In the left
bottom corner of the window there is the list of the names of the traces contained
in the selected categories, by selecting or de-selecting names it is possible to show
or hide traces in the right part. As shown, each trace is visualized together with its
complete data that comprise a brief description, the notes entered by the user, the
list of dependences and the history (when the trace was generated, etc.). Categories
and traces tables on the left part of the window, allow the users to edit, delete or
add items, in Figure 10 and Figure 11 the editing dialog for categories and traces
are shown.
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Figure 10: Editing a category.

Figure 11: Editing a trace.

An Example

In this section we work out a simple but meaningful example that covers the most
relevant Property Assurance features of RAT, and link together in a cohesive view
the usage information given in the previous section.

The example we are going to tackle is the speci�cation of a bounded counter (an
instantiation of what described in [2] Section 2.2); a �rst naivë speci�cation could
be the one shown in Figure 12.

The speci�cation is based on the following signals:

inc : the signal that models the issuing of increment operations

dec : the signal that models the issuing of decrement operations

v: the signal (integer valued) that models the value of the counter

this signals are shown in theSignals table together with their type and notes.

TheRequirements table collects three requirements that constitute an initial spec-
i�cation of the functional behavior of the counter, and of the assumptions on the
environment

R1: prescribes that any increment operation is immediately followed by a unit
increment in the value of the counter
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Figure 12: Counter - initial speci�cation.

R2: prescribes that any decrement operation is immediately followed by a unit
decrement in the value of the counter

R3: states that increment and decrement operations must not occur simultane-
ously (this is a constraint on the environment)

Once this initial speci�cation is entered by the user, it is possible to proceed and
check it for consistency, i.e. checking that the requirements are not mutually con-
tradictory. This can be achieved by selecting all the requirements, by ticking the
check boxConsistency check , and by clicking on theCheck button in the con-
trol panel at the top. Figure 12 shown the result of this checkis positive: the output
from the veri�cation engine, shown in the tabOutput , reports that the run of the
engine has completed successfully and no warning message isissued by RAT. As
shown in the control panel, this check has been performed using SAT technology
with a depth of the problem equal to 30, and checking for all possible loop-backs.

Now that we have an initial consistent speci�cation, we can start analyzing it and
check if it describes exactly the behavior we have in mind.

The �rst step can be that of checking that the value of our counter is always coher-
ent with the inputs received. In particular, we want to be sure that if no operation
is issued, the value of the counter does not change, whateverthe value is; this is
the meaning of assertionA1 shown in theAssertions table in Figure 13.

OnceA1 has been entered, we can check it against all the requirements and get the
result shown in Figure 13: the assertion is signaled asfailed by a red bullet next to
its name in theAssertions table, and a trace showing a counterexample toA1 is
created and shown at the bottom of the main window. Note that asummary of the
information related to the trace is provided close to the trace itself. By examining
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Figure 13: Counter - checking an assertion.

the trace, we notice that the counterexample shown has an initial stepin which the
value of the counter is -2 and no operation is issued, and a second step in which
the value of the counter is changed to 4. Note that the last state is actually the �rst
and only one of an in�nite loop, as signaled by the little black arrow close to the
name of the step in the header of the trace. A review of the requirements reveals
that actually nothing is said about the evolution of signalv when no operation is
issued, and this leads us to the de�nition of a new requirements that �lls this hole

R4: prescribes that if no operation is issued the value of the counter remains un-
changed

Figure 14 illustrates the new state of the speci�cation and shows that ifR4 is added,
the check forA1 passes, as signaled by the green bullet in theAssertions table.
Note that in this case the check has been performed using BDD technology with
the Sift dynamic reordering method. In this case no trace is shown because no
counterexamples has been found.

Once the check forA1 is passed, we gained more con�dence on how the counter
reacts to the stimuli of the environment. Now we can check that the system ex-
hibits desired behaviors, i.e. that it is possible that something happens, even if not
mandatory. For example, we may want to check that it is actually the case that the
value of the counter may change, this means looking for a scenario in which the
system evolves reacting to the stimuli of the environment insuch a way to modify
the initial value of the counter. This check can be performedby the possibilityP1
shown in Figure 15.

The possibility is signaled aspassedin thePossibilities table, and a trace cor-
responding to a witness of the desired system behavior is shown; the trace exhibits
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Figure 14: Counter - �xing the speci�cation.

Figure 15: Counter - checking a possibility.
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a �ve step loop in which initiallyv is 1 and two consecutiveinc operations are
issued (the value ofv changes accordingly) and then twodec operations are issued
making the value ofv going back to 1 in the �fth step.

The result of a work session is a speci�cation, a set of possibilities, a set of as-
sertions and a set of traces corresponding to the results of the checks performed.
Figure 16 shows the trace manager window with the traces generated during this
session (actually other traces are shown that we do not described but that have been
generated within this section).

Figure 16: Counter - traces of the session.

1.3 Property Simulation in RAT
This section illustrates the RAT Property Simulation features. Some general GUI
features will be introduced, followed by explanations of the main and analysis
windows and an example scenario for a simple standard property.

The Main Window

When enacting Property Simulation in RAT you will see the RATmain window
to change to Property Simulation mode as illustrated in Figure 17. Please note that
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Figure 17: Property Simulation Main Window.

the user is able to switch the mode at any time using the switchcontrols in the
upper right of the main window.

In the �gure you see the three main sections of the Property Simulation interface.
On the upper left you can see a multi-row text entry window where you can enter
your property. The various lines are combined to a single property, thus you may
split your property to several lines for a better overview.

The middle section of the Property Simulation window consists of two widgets
showing waveforms. The upper one illustrates the derived example behavior using
waveforms. The different waveforms illustrate the signal values for every time step
in the trace. The whole trace is determined by the �nite part as pre�x completed by
an in�nite repetition of the in�nite parts. The background color indicates whether
the value is in the �nite or in�nite part of the trace. Light grey corresponds to
the �nite part and dark grey to the in�nite part. You may select a single signal
to highlight its waveform, there is no further impact of sucha selection. The
trace/signal view offers the possibility to request features for the next trace. A
click on the right button of your mouse on a step of the trace produces a pop-up
window offering the following requests:

� Insert timestep: Another time-step is entered just before the one you have
clicked on. The default value is `Do not care', which means that you don't
have any preference for the value in the next trace.

� Remove timestep:A given time-step is removed in the next trace.

� Fix value to False:In the next trace this value shall be false.

� Fix value to True: In the next trace this value shall be true.

� Set to `Do not care': You do not care about the signals value at this time
step in the next trace. This option can be used to unset required values.

When you establish requests you will notice that the color ofthe trace for this
signal and time step changes to red. Red parts in the trace show that these parts are
requested to be �xed to the current values for the next trace request. You'll also
notice that the status Value at the bottom changes to “Outdated” and the waveform
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color of the formula evaluation changes to black. This meansthat the tree-view for
the Formula/Property evaluation does not correspond to thetrace anymore.

The tree-view for the Formula/Property evaluation beneaththe Trace/Signal view
is not editable, so you cannot shape the waveform here. It illustrates and corre-
lates the single parts of the property to the trace. For each time-step of the trace
the property and all its sub-formulae are evaluated to true or false, visualized by
waveforms organized in a tree. The tree structure is derivedfrom the property to
illustrate the dependencies between the parts of the property. Use the tree-view to
make sure that the formula has been parsed the way you expected. Relating the
waveforms to each other shows how the different parts of the property interact with
each other interpreted on the trace.

The last part of the Property Simulation main window is the control and status bar
located at the bottom. It includes the following contents:

� Witness Button: Pressing this button you can ask RAT to derive a trace
living up to the property and the feature requests you may have stated.

� Counterexample Button: With a click on this button you can ask RAT to
provide a trace contradicting the property or possible feature requests.

� Status: At this location you can always see what RAT is up to when doinga
computation and the status of the trace and evaluation when idle. Examples
areWitness, Counterexample,V IS Error, ....

� Analysis Button A click on this button raises another second analysis win-
dow offering coverage information and controls as discussed in the very next
section.

The Analysis Window

The analysis window completes the information and controlsof the main window.
For each sub-formula of the property the window contains coverage statistics and
offers controls to request for the next trace that this part should evaluate globally
or �nally to true or false.

The coverage statistics tell how often a properties part evaluates to true and false,
and how often this evaluation change during the evaluation of the trace. These
statistics are derived for the �nite and in�nite parts of thetrace, complemented by
numbers for the entire trace including possible changes at the interconnection of
the trace and the transition from the last state to the �rst state of the in�nite part.

The graphical concept uses a tree-view for organization of the visualization and
offers a `close' button at the bottom to close the window. Thetree-view shows the
coverage statistics for each part of the property and the controls to request features.
The �rst column contains the name of the part, followed by nine columns to illus-
trate the coverage information. For each part there are columns labeled̀0',`1', and
`C', corresponding to the numbers for false (`0'), true (̀1') and evaluation result
changes(̀C'). The three sections for the �nite, in�nite parts, and the whole trace
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are distinguished by the used background colors. The sections for the �nite and
in�nite parts use the same colors used for the waveforms; light grey and dark grey.
The section for the whole trace uses a very dark grey.

Additional four columns offer the option to request features for the next trace. You
can request a sub-formula to evaluate a property eventuallyto true (̀F(==1)' ),
globally to true (̀G(==1)' ), �nally to false (̀ F(==0)' ), or (̀ G(==0)' ). A green
zero for a request indicates that there is no request for the next trace, whereas a
red one indicates a desired request. Pressing the right mouse button on a value
produces a pop-up window enabling to set or unset a request.

Considering the tree structure and the coverage information can be of great help
in exploring the behavior of a property. Considering the example of a property
requiring an request to be acknowledged the coverage information may show that
there is no request happening (columns labeled `1' show zerovalues for request)
for a vacuous trace. So by setting the request to be eventually true you can ask for
a more interesting trace for example. When a part of the property doesn't evaluate
to a speci�c value at any time you may ask for an illustration of what happens if it
does by seating the corresponding request.

Figure 18: Property Simulation Evaluation Analysis Window.

An example

This section illustrates RAT Property Simulation functionality with a simple ex-
ample. For this example scenario we will consider the informal property that a
request should be eventually acknowledged .

First we have to start a new project. This is done by calling rat and clicking the
“New” button at the top of the window. As for this example we decide to do Prop-
erty Simulation only we can skip the step of entering projectdetails at this stage;
Property Simulation extracts the information it needs for its computations directly
from the property itself. With a click on the �nish button (Figure 19) we are pre-
sented with the main window of Property Simulation (Figure 20). Please note
that if you would like to perform Property Simulation in an existing requirements
engineering project for a device under construction, you can switch to Property
Simulation by clicking the control button at the top right ofthe main window.
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Figure 19: Create a project for Property Simulation.

Figure 20: Property Simulation Start Window.

Our �rst guess on PSL syntax for our informal property isG(r 7! F(a)) . G (“Glob-
ally”) is the short form of the PSL operator “always”, and F (“Eventually, Finally”)
is the short form of the “eventually!” operator. We enter that property into the en-
try widget of the Property Simulation main window and press the ”Witness” button
to ask for an example trace ful�lling and illustrating the property. We're presented
with the trace illustrated in Figure 21.

The trace is vacuous because there is no request, but actually there are acknowl-
edges. We see that the property does neither need a request tohappen, nor that
there is a request for an acknowledge to occur. Although the example is very sim-
ple and we can obtain that information by judging and interpreting the waveforms
we now press the analysis button to show the coverage information illustrated by
Figure 22.

A check of the analysis reassures our preliminary conclusions. To gain a more in-
teresting trace we request a request to eventually happen asillustrated in Figure 23.
We keep the analysis window opened and ask for a new witness bypressing the
corresponding button in the main window.
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Figure 21: Witness for propertyG(r 7! F(a)) .

Figure 22: Analysis of trace for propertyG(r 7! F(a)) .

We are presented with the trace illustrated in Figure 24. As we are satis�ed with
the trace and want a request to happen for future examples we change our property
to G(r 7! F(a))&& F(r). By asking for a new witness we want to recheck this
change.Please note that the requests are reset for every trace; so you might not
include a forgotten request forever resulting in the miss ofinteresting behaviors
during property exploration.

The derived trace illustrated in Figure 25 however, unveilsthat we have got some-
thing wrong, as the tree structure does not �t our intention.By the investigation
of the tree structure we uncover that we have forgotten two brackets. We have to
put theG() part of the property into brackets, otherwise thelogical andbinds the
F(r) to the implication part and not to the globally part. We add additional brack-
ets to the property to gain(G(r 7! F(a))) && (F(r)) . By asking for a new witness
we recheck the property and are satis�ed with the presented trace and evaluation
(Figure 26).

Now we want to check if a single of the two acknowledges conforms to the prop-
erty. Again this might be obvious for our example, but it might not be obvious for
a more complex one. Thus we shape the trace by editing the waveform. We �x the
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Figure 23: Ask for a request on signal r.

Figure 24: Witness with request for propertyG(r 7! F(a)) .

values of signalr to the values of the trace and signala to true for time-step one
and false for the remaining time-steps (Figure 27).

Asking for a new witness produces a trace illustrating that our requests are satis�-
able (Figure 28).

We have used all elements of the Property Simulation interface so far, and now it
is up to you to explore the property and the potential of Property Simulation on
your own. To give you some initial direction we would like to suggest to enhance
the property to allow an acknowledge only on a request, or to limit the length of
an acknowledge to one time-step.

1.4 Property Realizability in RAT
This section illustrates the RAT Property Realizability features.
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Figure 25: Witness for propertyG(r 7! F(a))&& F(r).

Figure 26: Witness for property(G(r 7! F(a))) && (F(r)) .

For using Realizability feature the enhanced version of NUSMV [4] is required.
See Section 3 for details.

Realizability Problem

Informally, Property Realizability problem can be described as follows. All signals
are divided into two disjoint sets – uncontrolled (environment) signals and the
controlled (system) signals. Similarly, every requirement belongs to one of two
sets – the assumptions and the guarantees. At every step of a play at �rst the
environment variables are set to some unknown-beforehand values and then system
decides values for its variables. Assuming that the assumptions hold the task of
the system is to satisfy the guarantees. If the system is ableto do that for every
possible behavior of the environment the speci�cation is Realizable. Otherwise
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Figure 27: Shaping the trace.

Figure 28: Witness for shaped trace request.

the speci�cation is Unrealizable. For the detailed de�nition of the Realizability
problem see [4].

Specifying a Realizability Problem

As was told in Section 1.2 the distinction of signals in System and Environment as
well as the distinction of requirements in Assumption and Guarantee is important
only for Property Realizability. Thus now, a user have to specify explicitly whether
a signal is an environment signal or a system signal. For example, Figure 30 shows
the wizard to specify an environment signalinc of type boolean. Similarly, a
requirement describes an assumption on the behavior of the environment, or a
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Figure 29: Creating signals, requirements.

Figure 30: Speci�cation of an environment signal in RAT.

guarantee on the behavior of the system. For instance, Figure 31 show the RAT
wizard to specify the system guaranteealways(forall M in f -6:5 g: ((v=M
&& inc) -> next(v=(M+1)))) .

Figure 31: Speci�cation of a system guarantee property in RAT.

The Main Window

Once all the signals and all the requirements have been inserted in the RAT project,
it is possible to move to the Realizability window from wherethe button that per-
forms the check of realizability for the selected properties can be pressed as to
start the check for realizability. Figure 32 shows the Realizability window with an
example of realizability problem.

The Check button on the right in the Realizability window of RAT activates the
realizability checks. The result of the check is showed in the left text area. In this
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Figure 32: The Realizability window in RAT.

particular example the speci�cation is unrealizable because the system may force
the violation of the guarantee requirements by setting bothsignalsinc and dec
up.1 To avoid such behavior we can add an assumption requirementnever(inc
&& dec) . With this assumption the speci�cation becomes realizable(Figure 33).

A set of assumptions and guarantees is internally convertedinto an equivalent
NUSMV game structure, and depending on the generated game structure the cor-
responding check algorithms are invoked (with the help of the enhanced version of
NUSMV [4]). The generated game structure is printed in the log tab, as to allow
the user to inspect it. Note that, such a game structure may have fresh variables
introduced during conversion. If the tool is not able to convert a RAT speci�cation
into a NUSMV game structure an error message with the subexpression causing
the problem is printed out.

1At the moment no debugging information is printed out. Though the enhanced version of
NUSMV [4] in many cases is able to construct a strategy for the system as well as for the environment.
In future such support may be added to RAT.
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Figure 33: The Realizability window in RAT.
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2 RAT Architecture
In the following the design and implementation of RAT will bediscussed. The
general information about RAT implementation and run time environment will
be described in Section 2.1. Section 2.2 explains architectural patterns used during
RAT development. The hierarchy of the RAT software is described in Section 2.3.

2.1 Architecture and Implementation Notes
RAT is a stand-alone multi-platform application that runs in one process. Even if
multi-threading is used to run external veri�cation engines, the GUI part �ts into a
single main thread.

RAT has been fully developed with thePythonobject-oriented programming lan-
guage, and the GUI part relies on thePyGTKgraphical toolkit to draw itself to the
screen, and to handle the interaction with the user.

The coding followed a few standards ”de facto”. Classes, methods and functions
names followPyGTK's convention (seehttp://www.pygtk.org ), that derives
from the GTK's one (seehttp://www.gtk.org ). Style and indentation are strictly
Pythoncompliant. Packages and �lenames are java style, but slightly less restric-
tive: e.g. a �le foo and foo.py contains de�nition of classFooAndFoo , but may
contains the de�nitions of other classes if convenient.

RAT uses external tools to check properties for Property Assurance, Simulation
and Realizability. In particular currently it relies on theNUSMV and VIS model
checkers that are written in Posix C language. The tools are called and used by
RAT as external processes, and are kept separated from RAT byan abstraction
layer calledStubthat exports a standard interface.

RAT is based on several other software entities, that affectits software architec-
ture. The picture in Figure 34 shows the main set of layered software entities which
RAT relies on. The layers depict the dependencies among the entities, as higher
parts depend on lower parts.

At the top is positioned the RAT Application, gray shaded to make it clearly dis-
tinguishable from the other parts.

The single parts are described in the following from the bottom to the top.

Operating System & Runtime System Libraries Those depend on the speci�c
architecture implemented on the host computer. Currently RAT has been
tested underGNU/Linuxwith a 2.4 and 2.6 kernel.
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Figure 34: RAT- Software parts and collocation

GTK Toolkit GTK is a set of libraries that provide a pretty platform independent
support for drawing and handling graphical widgets like windows, buttons,
text entries, fonts, etc. Seehttp://www.gtk.org for further information
about GTK and its components.

Python Library This is a general multi-platform runtime environment provided
by the Python environment. It provides a large set of features and data
structures to be used from anyPython-based application. It also provides a
portable abstraction layer over the underlying Operating System, making the
application platform independent. Seehttp://www.python.org for further
information.

NUSMV and V IS These are the Model Checkers RAT is currently based on.

PyGTKBindings This is aPythonbinding that allowsPythonprograms to use
the GTK Toolkit. See athttp://www.pygtk.org for further information.

MVC & Observer Infrastructure This is aPythonpackage that helps to design
and develop GUI applications. It implements theModel-View-Controllerand
theObserverpatterns developed speci�cally forPyGTK.

RAT Application This is the set ofPythonpackages that implement the RAT
application. The underlying layers make RAT platform independent, and the
internal sub-partTool Stubsinsulates RAT even from the model checkers.

2.2 Architectural Patterns

RAT has a pretty complex structure, as it currently �ts in seven packages, about 65
modules and 12300 lines ofPythoncode including comments. RAT is character-
ized by strongly interconnected features, and by the need ofhorizontal communi-
cation among independent parts. Furthermore, it provides many different indepen-
dent views over the same objects, and those views are often potentially editable by
the user. Whenever one of those view is changed by the user or by RAT itself, all
the other should react accordingly.
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To reduce the structural complexity, to keep a clean design,and to minimize the
development and maintenance costs, two architectural patterns were considered:
The Model View Controller (MVC) and theObserverpatterns, see [3].

The Model-View-Controller pattern

MVCis an architectural pattern that forces the designer to break up the application
being designed among three main parts: a Model, a View and Controller. The
traditional implementation of this pattern re�ects the normal data �ow of non-GUI
applications: data input, data processing, and result presentation. Historically, the
MVC pattern is an attempt to map this natural data �ow to the GUI design. In fact,
it associates the data input to the Controller, the data processing to the Model, and
the result presentation to the View.

In RAT this pattern is implemented in theMVC and Observer Infrastructure. This
implementation wanted to be different from the traditionalone, as it is speci�c for
the underlying graphical toolkit (PyGTK) and language (Python) to exploit their
peculiarities and features. In particular, a part of the traditional View's features
have been moved to the Controller, and the model has been madenot aware of
the existence of any Controller or View. In combination withtheObserverpattern
(see next section), this allows for a real separation of the application logic from the
presentation layer.

Model Contains the logic of the program, intended as data and data manipulation
routines. Models can communicate with other models (especially with mod-
els that they contain), but do not know the other parts of theMVC pattern,
namely the Controller and the View. This limitation guarantees the insulation
between the application logic and presentation.

View Contains the presentation layer. The View constituted by a set of graphical
widgets organized as a forest (typically a single tree). A single widget is
one atomic GUI element, like a button, a text label, a window,etc. Often
widgets are containers for other widgets, hence widgets areorganized in
trees, where vertices represents the containment relations. As for the models,
views do not know the models they are connected to, as the connection is
delegated to the controllers. This is another variation with respect to the
original MVC pattern, as this implementation is intended to �t better with
thePyGTKtoolkit.

Controller Contains the actions that must be carried out when a view event re-
quires the interaction with the model's logic. The Controller is always con-
nected to a single Model, and to a single View, making a sort oflink among
these two separated parts of the pattern. If a Controller canbe connected to
one Model, the same model can connect more controllers at a given time.
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The Observer pattern

The Observerpattern connects the application logic to the presentationlayer, by
allowing the latter to be noti�ed when the former changes.

TheObserverpattern is ofter used together with theMVC pattern, and to a certain
extent it may be considered as complementary, as it handles the data �ow from the
model to the view, whereas in theMVC pattern the communication goes generally
from the View to the Model through the Controller.

This communication is carried out without making the model even know the exis-
tence of the view, by using observable properties within themodel, and by de�ning
observers over those properties. The observers will be noti�ed of any changing that
occur to the observable properties.

In RAT theMVC and Observer Infrastructureprovides an implementation for both
the patterns. In particular, any Model can contain observable properties, and any
Controller is by default an Observer for the Model it is connected to.

2.3 Software Structure
The software structure of RAT is strongly affected by the patterns it is based on,
and by the other software entities it relies on, that have been already shown in
Figure 34.

The main part of RAT is represented by its core, fully based ontheMVC & Ob-
server Infrastructure. At the core sides, there exist services and resources, thatare
available transversally to the core. Figure 35 provides more details about the core
and the provided services.

Models

MVC & Observer Infrastructure

Glade 
Files

Resources

Views

Controllers
Model

Checkers

Utilities and 
Services

Tool Stubs

Threading 
Control

Images

XML 
Schemata

Figure 35: RAT- Software Structure

At the leftmost side of Figure 35 are depicted the most important services that are
available to models, controllers and views. These servicesdo not �t well with the
MVC andObserverpatterns as they do not have any associated view, or any user
interaction.

Utilities and Services Contains general utilities, globally accessible data, etc.
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Tool Stubs Stubs are those entities that isolate RAT from the external Model
Checkers. Stubs export an interface known to RAT, and each model checker
has an associated stub. The result is that RAT can call a modelchecker
careless of the speci�c Model Checker it is actually calling.

Threading Control Provides �ne-grained portable control over threads. This ser-
vice is used for example in stubs invocation, for running themodel checkers
in background, for controlling the associated process, andfor capturing its
output.

At the rightmost side of Figure 35 are depicted those resources that are exclusively
used by the RAT Views. Noticeable resources are:

Glade Files As already mentioned, a Views is a forest of widgets. The widgets
can be build and connected each other by hand, or by using programming
tools likeglade(seehttp://glade.gnome.org ). This tool can be used to
visually design a forest of widgets representing the view'swidgets. With
very few limitations, this tool can be used then to set the properties of all
widgets, and to associate action to be carried out when a certain events oc-
cur (signals). For example a widget like a button can be associated with a
function name to be called when clicked. The result of this creation and set-
ting process is a glade �le, that can be loaded at runtime by the MVC and
Observer Infrastructurethat provides the needed support for Views creation
based on glade �les, and to connect the associated Controllers that provide
the implementation of signals actions.

Images Contains icons, and other images to be shown by the views.

Tools Stubs

As already mentioned, the interaction with the model checkers like NUSMV and
V IS is managed by aStub, a software entity that provides platform and Operating
System independent support for running generic external model checkers. The
execution of a model checker is restricted to a stand-alone thread that controls the
model checker within asession. The session is monitored, and can be stopped at
any time if the underlying Operating System supports process interruption. Also,
the stub provides access to the session I/O, allowing to capture the model checker
standard output and error, and to control its standard input.

A stub execution is a sequence of events:

1. The stub is initialized.

2. A session is initialized.

3. The session is prepared (setting of session options).

4. The session is run.

5. Session results are processed.

6. The session is de-initialized.
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7. The stub is de-initialized.

The phases from 2 to 6 may be possibly repeated inde�nitely.

A generic stub might control a model checker in any way, either in batch mode,
in interactive mode or through its library. In RAT the stubs that control both
NUSMV and VIS use the model checkers in batch mode, launching their respec-
tive executable �les. This is achieved by specializing the generic stub classes, by
implementing some interfaces and overloading some class methods that handles
the execution of a single session in batch mode.

A vertical view over the Software Structure

The RAT software structure has been split horizontally by using theMVC and Ob-
server Infrastructure. There exists also a vertical splitting that breaks the software
structure up through a hierarchy of software entities.

Figure 36: RAT- Hierarchy of main software entities

Figure 36 depicts the hierarchy of the main software entities that occur within
RAT. Each of the boxes represents a software entity, and eachvertex of the hi-
erarchy tree is a containment relation, where cardinality is not expressed. That
means for example that an Application contains one (or more)software entities to
represent a Project and the Options of the Application.

The way each software entity is implemented depends on the entity's role. Those
entities that need to be shown, will follow theMVC pattern, and will be mapped
down to three object-oriented classes (or to a triple of a limited set of classes) to as-
sociate to each entity a Model, a View and a Controller. For example, the entity ap-
plication's Options has a model to hold the options, and a couple View/Controller
to present the options to the user, and to allow the user to modify the options.
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Those entities that instead do not need to be shown (e.g. the stubs), will be mapped
directly down to one class, or to a set of classes.

In the following the software entities depicted in Figure 36are detailed.

Application The application is the top-level entity. When the RAT executable �le
is run, a triple Model, View and Controller of this entity will be instantiated
and connected each other, and RAT will �nally enter in the main event loop
to handle user interaction and events.

Application Options This entity is a container for application's options. For ex-
ample tools paths, and other general purpose options shouldbe localized
within this entity. A the moment this entity is empty, and there is not an
associated View for it.

Project This entity represents a RAT project. The project's model contains most
of the application logic, meaning that most of the application's models are
contained within this model. The view is embedded within theapplication's
main window whenever a project is created, and it is constituted by a large
number of sub-views corresponding to the contained entities.

Project Options This entity is a container for the project's options. Similarly to
the Application Options entity, this entity is currently empty, and there is no
associated view.

Signals This entity contains the set of signals used by Property Assurance and
Realizability.

Requirements This entity contains the set of requirements used by Property As-
surance and Realizability.

Property Assurance This is the entity for Property Assurance. Its view is shown
when the Property Assurance feature is selected at the application level.

Property Simulation This is the entity for Property Simulation. Its view is shown
when the Property Simulation feature is selected at the application level.

Property Realizability This is the entity for Property Realizability. Its view is
shown when the Property Realizability feature is selected at the application
level.

Traces Manager This entity handles the set of traces that have been generated
in the project. Also, this entity organizes the set of traceswithin a set of
categories that traces belong to.

Assurance NUSMV Stub The Property Assurance NUSMV stub handles the in-
teraction of RAT with the NUSMV model checker when Property Assurance
is run. This entities has no associated View and Controller,and it is imple-
mented by a single class. This class is the specialization ofa more generic
classes hierarchy that provides support for implementing speci�c tool stubs.

Realizability NUSMV Stub The Property Realizability NUSMV stub handles
the interaction of RAT with the enhanced version of NUSMV [4] when
Property Realizability is run. This entities has no associated View and Con-
troller, and it is implemented by a single class. Similarly to the Property
Assurance NUSMV Stub already available in RAT, this class is the special-
ization of a more generic classes hierarchy that provides support for imple-
menting speci�c tool stubs.
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Possibilities Contained within the Property Assurance entity, this entity repre-
sents the set of possibilities for Property Assurance.

Assertions Contained within the Property Assurance entity, this entity represents
the set of assertions for Property Assurance.

Signal This entity represent a single signal. The model contains information about
the signal, like the name and type information. The view is shown when the
user wants to create or edit a signal.

V IS Stub Like the NUSMV Stubs entities, but speci�c for the VIS model checker.

Trace A trace is the result of model checking, and can represent either a witness
or a counter-example. In RAT there exist several view over a trace, as they
can occur within the main application window, and within theTrace Manager
window. In general a trace can be shown as a graphical waveform, with some
associated information like the category it belongs to, thenumber of steps,
the loop information, etc.

Property This entity represent a single property, like a requirementor a possibil-
ity. The model contains information about the property, like the name and
formula. The view is shown when the user wants to create or edit a prop-
erty. There exist a dependency between a property and those traces there
were generated from it. Whenever a property's formula is changed, the cor-
responding traces will be invalidated.

More information about RAT implementation details can be obtain in [2].
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3 RAT Installation and Dis-
tribution

This section gives information on the architecture of RAT, and installation and
distribution related issues such as system requirements, installation procedure, and
licensing.

3.1 System Requirements
The provided RAT tool has been developed underGNU/Linuxusing thePython
language and thePyGTKwidget toolkit.

RAT uses the model checkers NUSMV and an enhanced version of VIS for some
computations. Binary executable �les for both the model checkers are shipped with
the provided RAT package. Both the executable �les have beencompiled under
GNU/Linuxon a 32bit x86 architecture and will not work on different platforms.

For running RAT the following libraries are mandatory:

� Pythonversion 2.2 or later. (http://www.python.org/ )

� PyGTKversion 2.4 or later. (http://www.pygtk.org/ )

The API documentation for the RATPythonmodules can automatically extracted
from the source code using theepydoc 2 tool.

RAT has been tested on x86 and AMD64GNU/Linuxmachines running 2.4 and
2.6 series kernels with appropriatePythonandPyGTKpackages and should run on
any similar con�guration. Compatibility with other platforms has not been tested
and consequently is not guaranteed; however, full support for PythonandPyGTK
must be provided in order to be able to run RAT.

Requirements for Compiling V IS

The provided PSL-support for VIS used in RAT has been developed for VIS ver-
sion 2.1. VIS-2.1 has been built and tested on the following platforms, and may
work on others:

2http://epydoc.sourceforge.net
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� IBM RISC System/6000 / AIX Version 4.3.3 / gcc, g++

� Intel ix86 /GNU/Linux/ gcc, g++

� Intel ix86 / Windows98SE with Cygwin 1.3.2 / gcc, g++

� Sun Sparc/ Solaris 2.8 / gcc, cc, g++

The provided VIS-executable was compiled for x86 with gcc 3.4.6-20060404 (Red
Hat 3.4.6) on an Intel machine and should run on any similar machine.

Requirements for Compiling N USMV

RAT relies on NUSMV version higher than 2.3.0. However, to use the Realiz-
ability features the enhanced version of NUSMV [4] is required. The provided
enhanced version of NUSMV executable was compiled for x86 with gcc 3.4.6
20060404 (Red Hat 3.4.6) on an Intel machine and should run onany similar ma-
chine.

The usual version of NUSMV has been tested in a range of architecture/operating
system combinations. It has been tested on PC Intel, Apple Mac and Sun architec-
tures, with different versions and distributions ofGNU/Linux, Solaris, Windows
and Mac OS X.

The NUSMV pre-compiled binaries for different platforms are downloadable from
[5], where it is also possible to get the source code of the system. While no partic-
ular requirements are posed onGNU/Linuxsystems, in the following we identify
the requirements for compiling and running NUSMV under other platforms.

Mac OS X: To run NUSMV, the X11 Unix environment needs to be installed.
This is available from Apple at:http://www.apple.com/macosx/features/
x11/download/ . Please note that NUSMV has only been tested on Mac OS
X 10.3 (Panther) although the version of the operating system does not mat-
ter as long as X11 is installed.

For the binary distribution it is also necessary to have the Expat XML parser
library installed. This library can be downloaded fromhttp://sourceforge.
net/projects/expat/ . With the source distribution, the Expat library is
NOT required.

To generate part of the documentation (the user manual and the tutorial),
LaTeX is needed. You might consider that the NUSMV binary distribu-
tion already provides full documentation and help �les. There are several
implementations for Mac OS X, one good web page which provides links
and installation information for various versions is at:http://www.rna.
nl/tex.html

To generate the help on-line available at the NUSMV shell, lynx (http://
lynx.isc.org/ ) or links (http://atrey.karlin.mff.cuni.cz/ � clock/
twibright/links/ ) are required. Binary versions can be obtained by look-
ing to Mac OS X repositories.
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Microsoft Windows: Binary distribution has been tested for MS Windows XP
and MS Windows 2000 Operating Systems. For the binary distributionexpat
win32bin is required and is downloadable fromhttp://sourceforge.
net/projects/expat/
NUSMV has been tested with two solutions on Microsoft Windows oper-
ating systems: MinGW (http://www.mingw.org/ ) and Cygwin (http:
//www.cygwin.com ) environments. In order to build documentation and
help �les, latex, perl and lynx packages are required.

To generate documentation and help �les, a few additional packages and
programs are needed. Consider that binary distributions already provide full
documentation and help �les.

latex: There are several implementations for Windows, one can be found at:
http://www.miktex.org/

perl: One implementation can be found at:http://www.activestate.
com/Products/ActivePerl/ (registration is required)

lynx: One implementation can be found at:http://csant.info/lynx.
htm

3.2 Installing RAT

RAT is provided as a bzip2 compressed tar archive. To decompress the archive on
a GNU/Linuxplatform, the shell commandtar -vxjf rat.tbz2 may be used.
If your GNU/Linux installation does not feature this command or you work on
another platform, please use a utility of your choice to decompress the archive.

The contents of the archive will be organized in three sub-folders and the main
directory. The main directory holds aREADME�le, a copy of theLGPL, therat.py
executable and scripts to start RAT or compile VIS, calledrat andsetup respec-
tively.

The subdirectories contain:

src : The python sources of RAT, organized according to the software structure
presented in Section 2.3)

resources : This directory holds in its subdirectorybin the executables of the
enclosed model-checkers VIS and NUSMV. Furthermore the glade �les can
be found exploring this directory.

doc : This directory contains a pdf version of this document, and asubdirectory
devel that contains the script to generate the programmer's documentation
of RAT in HTMLformat (the documentation is produce using theepydocdoc-
umentation system ofPython.
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Compiling V IS

3.3 Licensing and Warranty
RAT is distributed under GNU LESSER GENERAL PUBLIC LICENSE Version
2.1, February 1999 (LGPL).

Copyright (c) 2006 Graz University of Technology.
Copyright (c) 2006 ITC-irst.

This is free software; you can redistribute it and/or modifyit under the
terms of the GNU Lesser General Public License as published by the
Free Software Foundation; either version 2 of the License, or (at your
option) any later version.
This software is distributed in the hope that it will be useful, but WITH-
OUT ANY WARRANTY; without even the implied warranty of MER-
CHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.
See the GNU Lesser General Public License for more details.
You should have received a copy of the GNU Lesser General Public Li-
cense along with this library; if not, write to the Free Software Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA.

For further info refer tohttp://www.gnu.org/licenses/licenses.
html n#LGPL.

For further information on RAT refer tohttp://rat.itc.it/ and to
rat@itc.it .

For the provided VIS source code the following copyright notice (with varying
copyright holders and dates) holds.

Copyright (c) 2004-2005 Graz University of Technology. Allrights
reserved.

Permission is hereby granted, without written agreement and without
license or royalty fees, to use, copy, modify, and distribute this soft-
ware and its documentation for any purpose, provided that the above
copyright notice and the following two paragraphs appear inall copies
of this software.

In no event shall Graz University of Technology be liable to any party
for direct, indirect, special, incidental, or consequential damages aris-
ing out of the use of this software and its documentation, even if the
Graz University of Technology has been advised of the possibility of
such damage.
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Graz University of Technology speci�cally disclaims any warranties,
including, but not limited to, the implied warranties of merchantability
and �tness for a particular purpose. the software provided here-under
is on an “as is” basis, and the Graz University of Technology has no
obligation to provide maintenance, support, updates, enhancements, or
modi�cations.

For the provided NUSMV source code the following copyright notice (with vary-
ing copyright holders and dates) holds.

Copyright (C) 2006 by ITC-irst.

NuSMV version 2 is free software; you can redistribute it and/or mod-
ify it under the terms of the GNU Lesser General Public License as
published by the Free Software Foundation; either version 2of the Li-
cense, or (at your option) any later version.

NuSMV version 2 is distributed in the hope that it will be useful, but
WITHOUT ANY WARRANTY; without even the implied warranty
of MERCHANTABILITY or FITNESS FOR A PARTICULAR PUR-
POSE. See the GNU Lesser General Public License for more details.

You should have received a copy of the GNU Lesser General Public Li-
cense along with this library; if not, write to the Free Software Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA.

For more information on NuSMV seehttp://nusmv.irst.itc.it
or email tonusmv-users@irst.itc.it . Please report bugs tonusmv-
users@irst.itc.it .

To contact the NuSMV development board, email tonusmv@irst.itc.it .

Note that the license for RAT, VIS sources and NUSMV sources allows for com-
mercial use (currently the use of VIS and NUSMV takes place in commercial
settings).
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