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Executive Summary

This documents describes a tool based on model check&M\/ able to deal
with property realizability problems. Also the theory tlooltis based on is ex-
plained. Property realizability is the preliminary chedaddre property synthesis
which in turn deals with automatically synthesizing a dedigm a speci cation
given in the linear-time fragment of PSL. For more inforroation the theory of
realizability see the previous research report [6].

In this document we review the theoretic aspects, the tgalesi and algorithms
used in the tool. We explain how the tool can be used, how toifypa realiz-
ability problem, pass it to the tool and interpret the resufinally we explain the
implementation details of the tool.

Purpose

The purpose of this document is to describe the implememeldbased on the
research on property realizability in the PROSYD projec¢te @ocument provides
an overview of the tool internals and the practical aspefctsad exploitation.

Intended Audience

This document is intended for researchers and engineerkingoon PSL or a
similar speci cation languages, who are interested in mattic synthesis and in
particular in tools aiming to detect the realizability orrealizability of a set of
properties. Itis assumed that readers are familiar witinttiens and terms related
to PSL, Temporal Logics and their semantics, have a goodrsitasheling of model
checking, symbolic model checking and game theory. Fortisedaise of the tool
the knowledge of NSMYV is also required.

Background

Realizability of linear-time formulas was formalized byt and Rosner [13].
In [6] we review the theory of realizability and the techréguised so far to tackle
this problem. The most important part of the theory our tgobases on is also
reminded in this document.
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Glossary

Alternating Tree Automaton
An automaton with an arbitrary branching mode running oedre
Atomic Proposition

An atomic proposition of a formula in a propositional log@responds to signals
in a design or implementation.

AWT

Alternating Weak Tree Automaton is an alternating tree matton whose states
are partitioned into partially ordered sets. Each set isstked as accepting or
rejecting. The transition function is restricted so thaeach transition, the au-
tomaton either stays at the same set or moves to a set snaiher partial order.

BDD

Binary Decision Diagram. A data structure upon which manglei@heckers are
based.

Branching Mode

The branching mode is a way to classify automata. We disishgoetween four
branching modes: Deterministic, nondeterministic, urggg and alternating. In
a deterministic automaton, the transition function mapsfistate and letter to a
single state. The transition functions of nondetermioistid universal automata
map to sets of states. The automata differ in the way theypaaseinput word
or tree. In a nondeterministic automaton the suf x of the @vor tree should be
accepted by one of the states in the set. In the universainatm all states in the
set have to accept the suf x. An alternating automaton cae m@ndeterministic
and universal edges.

BMC

Bounded model checking. A method of model checking in whitmaed number
of cycles is examined. Typically, a bounded model checkerfassify, but not
verify, a design.

Conjunctive Normal Form (CNF)

A boolean formula is in Conjunctive Normal Form (CNF) if itasconjunction of
clauses, where a clause is a disjunction of literals. Aditesran atomic proposition
or its negation.

Design

A hardware netlist (a list of logic gates and their interocections 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

A "
(always eventually!p;) ) (always eventually!q;)
i j

wherep; andq; are Boolean formulas.
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In nite Game

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

Language Emptiness

The language of an automaton is empty iff the automaton a&cepinput object
(word or tree). That means there is no accepting run for thisraaton.

LTL

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

LTL/PSL Game

An in nite game where the winning condition is given as LTISP formula. All
plays in which the sequence of states visited ful Il the giiermula are winning
for the protagonist. Otherwise the antagonist wins.

NBT

Nondeterministic Blichi Tree Automaton. An alternatingetrautomaton with
Biichi acceptance condition and nondeterministic brarmchiode.

NBW

Nondeterministic Buchi Word Automaton. An alternating@auaton with Bichi
acceptance condition and nondeterministic branching métde automaton runs
on words.

PSL

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

Quanti ed Boolean Formula (QBF)

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

QBF Solver
QBF Solver is a solver for deciding quanti ed boolean forami(QBFSs).
Realizability

A given PSL or LTL formulaj over a sets of inpuE and outputS signals is
realizable if there exists a stratedy (2F) ! 25 such that all the computations
of the system generated Hysatisfyj . Intuitively, a speci cation is realizable if
there exists a system that can respond in such a way thatandept of the input
values chosen by the environment the combination of inpautsautputs always
ful lls the given formula.

Safety Property

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

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

SAT Solver

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

Synthesis

The process of automatically generating a design from angépeci cation. For-
mally, check if the given speci cation is realizable and @advitness.

UcT

Universal co-Biuchi Word Automaton. An alternating tregasmoiaton with co-
Biichi acceptance condition and universal branching mode.

Winning Strategy

A recipe with which a player is guaranteed to win an in nitengg no matter what
the other player does. A nite state strategy may depend amite memory of the
past, i.e., the move the strategy suggests can depend daysenoves of the two
players. A memoryless strategy depends only on the curtatat sf the game.
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1 Introduction

One of the most ambitious and challenging problems in reastystems construc-
tion is the automatic synthesis of programs and (digitadjgies from logical spec-
i cations, e.g. LTL [12] or PSL [14]. As already discussed [B] the prevalent

approaches to solving the synthesis problem suggest teedtto the emptiness
problem of tree automata, and view it as the solution of aeyer game.

Pnueli and Rosner in [13] propose a method that starts fromea d¢.TL speci -
cationj and constructs a Bichi automatBp. The Biichi automato; is then
determinized into a deterministic Rabin automaton [17]isTdouble translation
may cause a complexity that is doubly exponential in theaife Once the Rabin
automaton is obtained, the game can be solved in timevheren is the number
of states of the automaton akds the number of accepting pairs. The high com-
plexity established in [13] and the intricacy of Safra'satatinization construction
have caused the synthesis process to be identi ed as hspelesactable and dis-
couraged many practitioners from ever attempting to imleinit.

In the PROSYD deliverable [5] it has been thoroughly disedsBow to tackle
the synthesis of a design from a logical speci cation giverthe linear fragment
of PSL. All the approaches described in [5] solve the rebllitgt problem by at-

tempting to synthesize a winning strategy for the systerm daming the expensive
process of synthesis possibly discovering that the spatioa is not realizable.

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

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

In Table 1 we report the list of features unique to this toofrasn the project
Description of Work document. This list is structuredmandatory desirableand
nice to havdeatures, with the intended meaning that the minimal requént for
this deliverable is that all the mandatory features mustriémented in the tool,
while all the others represents additional features noli@p requested to ful |
the due for the deliverable.

Manual for Property Realizability Tool Introduction 1



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 documentatioES 3

of user interface (command line switches) and
imported/exported le formats

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 perEs 3
D1.2/7

Desirable Features

Integration with the property assur-YES 3

ance/simulation (D1.2/4-5)

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

Nice to have features

Interactive exploration of diagnostic informa-NO
tion

Optimizing diagnostic information accordingNO
to different minimality concepts

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

Table 1: Table of features

2 Introduction Manual for Property Realizability Tool



2 Property Realizability

In this section we review the formal de nition of the realiikty problem, and
the theory at the basis of the algorithms presented laterTdre formalization
and the revised algorithms that follows are the result ofrésearch conducted
subsequently to deliverable D.1.2/7 [6].

2.1 Introduction to the realizability problem

Given two disjoint setd£ and S of input and output signals respectively, a for-
mulaj expressed in atemporal logic (e.g. PSL) over atomic préposionE[ S
speci es the valid behaviors of the component we would likel¢sign. Theeal-
izability problemconsists of checking whether there existgagram Pfor output
signalsS such that regardless of the input signlgompatible withj , j is satis-
ed [13].

Let D be some non-empty data domain. According to [13] a progPacan be
represented as a functiolp mapping non-empty sequences felements into
elements oD, i.e. fp : D* 7! D. The intuition is thatfp represents a program
with for instance an input variableranging oveD and an output variablealso
ranging overD, such that at each step= 0;1;::: the program outputs (assign to

j = 0:::i. In the following we do not distinguish betwe&nand fp.

We de ne a behavior of the prograifp as the in nite sequence

S : hepg;soi s heq; s

We say that a prograrR satis es a temporal property(e;s), writtenP = j (€9),
iff every behaviors of P satis esj , i.e.s | | (€9). Hereafter unless explicitly
stated, we consider in nite behaviors and thus we restadhe strong semantics
of PSL [14].

The realizability problem can be formally stated as follows

De nition 1 (Realizability [13]) Given two distinct set& and S of input and
output signals respectively, and an LTL formilale ned over(E[ S), we say
thatj isrealizableiff there exists a program P such that#j .

Manual for Property Realizability Tool Property Realizabi lity 3



Speci cations for which such a program exists are calledlizable or imple-
mentable Dually, speci cation for which such a program does not eai® called
not realizableor unrealizable

As an example of a realizability problem let us consider tlofving set of re-
quirements expressed in PSL, whéte= fgo;req ;cancel g andS= fgrant g,
j =(D)™ (2" (3), being(l), (2) and(3) the PSL formulae reported below.

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

This set of requirements is satis able. A path that satishpfthem is in Figure

l.a.
o | ©
‘ e ,,,,,,,,,,,,,,,,,,
cancel 7777777 o
grant 7777777777777777777 grant 77777777 i 7777777777777777
| a.‘sat‘is ablé o | b. ‘unr‘eal‘iza‘ble‘

Figure 1: Example of input and output signals.

However, this set of properties is unrealizable, becausmaiter how we build
the program, the environment can enforce a behavior whersigmalgo is al-

ways false, the signahncel is issued to true whenevesy is true, thus violating
the above speci cation (Figure 1.b). That's there is a cahamong formula (1)
and (3) wherreq andcancel are asserted together and the siggmldoes not
cooperate by remaining always false.

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

The prevalent approaches to solve the realizability prabtensist in reducing it
to the check for language emptiness of a tree automata, aimteinpreting it as

the existence of a program satisfying the speci cation. sTapproach allows to
formalize the realizability problem as a two player game agihe system we are
going to realize and the environment: the system plays ag#ie environment
and wins if it produces a correct behaviors. In this framéwohecking for realiz-

ability amounts to check for the existence of a winning sggtfor the system in
the corresponding game.

In the following we brie y review the approaches to solve fireblem.

4 Property Realizability Manual for Property Realizability Tool



2.2 Realizablility as two player game

Using an approach similar to the one proposed in [5], we camddly de ne a
game structuras follows.

A game structure Gs a tupleG = (E;S;Q; QE;Q(?;rE;rS;j ), where: E andS
are two distinct sets of typed variables representing sty the variables con-
trolled by the environment and the variables controlledHgydystem. Astate qgis

an interpretation oE [ Sassigning to each variable2 E[ Sa value belonging
to the corresponding typeQ is the set of all states. Aassertiona is a Boolean
formula. a over variables fronE[ Sis denoted bya(E;S). A stateq satis es
an assertiora denotedq | a, if gla] = true. QE(E) is the environment initial
condition, i.e. an assertion ovét, characterizing the initial values of the envi-
ronment variables. Similarlpﬁ’(E;S) is the system initial condition relating the
initial values of the environment variables to possiblgiahivalues of the system
variables. r g(E;S;EY is the transition relation of the environment. This is an
assertion relating a state @ to a possible input value ik, by referring to un-
primed copies o, S and prime copies oE. rs(E;S;E®S) is the transition
relation of the system. This is an assertion relating a stafeand a possible input
value inE to output value irfS, by referring to primed and unprimed variables of
E andS. j is a PSL formula identifying the winning condition. In theléwving
we refer to a statg as a pairg = he;si beinge ands the interpretation o and
Svariables respectively. Hereafter, when clear from theexdrsince a statq is

an interpretation of the inputs and output variables, weewr{g; % instead of
r(E;SE®SD.

A plays of Gis a nite or in nite sequence of states: gp;q1;::: such thagg F
QE’\ Qg, and for eachy 0, gj+1 is asuccessoof g; (i.e.(9j;0j+1) F re” rs,
where(q; @9 is the joint interpretation which interprets2 E [ Sasqu] andu 2
EO Sasqju]). Let G be a game structure arsdbe a play ofG. From a state
g, the environment chooses an ingf2 E such thar g(q; €% = 1 and the system
chooses an outpgf2 Ssuch thar s(q;e*s) = rg(q;q) = 1.

A deadlockis a stateq from which either the system or the environment cannot
have a successor. By this criterion deadlocks are dividedtimo disjoint sets.
The rst set, theenvironment deadlockgonsists of stateg such that there exist
noe2 E satisfying the environment transition relatiog(q; €. The set obystem
deadlocksonsists of stategfor which there exist sucE’2 E satisfyingr g(c; €9

that there exist ne®2 S satisfying the system transition relatiog(q; €* 9.

A play s iswinning for the systerfit satis esj (i.e.s F j ), orifthe play is nite,
does not satisfy j (i.e.s & : | ) and its last state is an environment deadlock. A
play s is winning for the environmerif it satises : j (i.e.s F :j), or the play

is nite, does not satisfyj (i.e.s & j ) and its last state is a system deadloék.
Note that for nite plays bothj and: j may be not satis ed. For example, for

1Though deadlocks for both the system and the environmengxptitly allowed in this for-
malization, their presence indicates a bug in the spedboat Thus, the requirement of having no
deadlocks can be enforced. In this case the only possibilita play to be winning for the system is
to satisfyj , and to be winning for the environment is to satisfy.
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j = alwaysa and a nite plays consisting only of states satisfyirg boths 6j |
ands 6 : j hold. Itis so because = alwaysa requires a play to be in nite and
cannot be satis ed on nite plays, whereas:gs = eventually!: a requires some
of the states 0§ to satisfy: a.

A strategy for the system is a partial functiofi : Q* E 7! S such that if

S = (o::::0n is a play then for everg®2 E such thatr g(gn;€%) = 1 we have
rs(on;e® f(s €9) = 1. A strategy can be seen as a program that given the his-
tory and the current assignments to input variables pratieenext assignments
for output variables. In the following we use program andtsigy as synonyms.

fifforalli 0 (< n)we havef(qo;:::;0;0i+1[E]) = gi+1[S] ands is max-
imal with respect tof. g 1[E] and g+ 1[S] are the restrictions ofj. 1 to vari-
able setE and S, respectively. s is maximal with respect td if s is in nite,

r e(gn; gn+ 1[E]). Intuitively this meaning of a play to be maximal is to make th
play as long as the game structure and the strategy allow this

Strategyf is winning for the system from a statgif all g-plays (plays departing
from g) which are compliant withf are winning for the system. We denote \Wg
the set of states from which there exists a winning strategyhie system. Dually
are de ned the notion atrategy winning strategyand thewinning set W for the
environment

A game structurés is said to bevinning for the system if for every initial value of
environment variables satisfyir(g(')E the system can choose such initial values for
its variables than is satis ed and the obtained state is winning for the system:

8e Q5(6)19 s Q5(e9) hesi2 We

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

Considerations about initial conditions

In the de nition above, a game structu@is winning for the system if for all the
initial values of the environment variables satisfyi@§ there exist such values
for the system variables that the obtained initial statiastOS and is winning
for the system. Intuitively this means that both the syst&wh the environment
control initial values of only their own variables, respeely.

In alternative setting an initial state can be under fulltoanof only the environ-
ment or only the system. In this case the de nition of a wirghgame structure
has to be changed.

For example, if it is the environment who controls the ihitialues of all variables
then a game structu® become winning for the systemall the initial states are
winning for the system. Intuitively this means that if thepasts at least one state
satisfying initial condition and not winning for the systeéhen the environment
can always start a play from this state and not allow the systewin.
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If the system is granted the right to choose an initial sthten a game structui@
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 structdrean be slightly simpli ed
because instead of two initial condition®j for the environment an@§ for the
system) only one initial conditioQyg is required.

Even though from practical point of view all these de nitonf game structure
and thus of winning conditions can be useful, for the sakere$gntation unless
explicitly stated we assume the de nitions of a game stmgcand winning condi-
tions, given on page 5, i.e. there are two assertions spegifize initial conditions
and both the environment and the system control initial eslof only their own
variables, respectively. We will discuss how the proposeathniques to solve the
realizability problem can be adapted to capture the diffesetting here discussed.

Building the game structure

Given a PSL speci catiorL the corresponding game structuBcan be con-
structed asG = (E;S;Q; Qg;Qﬁ;rE;rs;j ) with all assertionsQE, Qg, rg, rs
equal totrue andj = L. Even though such construction is very simple, sound
and complete in many cases it is not practical. To make it mmarenable to be
handled in practicej, is transformed: parts of it are moved to the assertions. It
is noticeable that, moving parts pfto assertions usually makes the correspond-
ing algorithms checking the realizability run quicker. Fe@ample, for a spec-
ication L=a! alwaygb $ next g with a being an assertion ovét andb
andgbeing assertions [ Sinstead ofG = ( E;S;Q;true;true;true;true;(a !
alwaygb $ next g)) it may be required (and may be more ef cient) to have
equivalentG = ( E;S;Q;a;truetrueb $ ¢ alwaystrue).

However, it can be problematic to construct “good” gamecétme for an arbi-
trary PSL speci cation. One of the reason behind it is thatte corresponding
de nitions related to game structure can deal with in nite well as nite state
sequences whereas some PSL operators (sughvags) are de ned over in nite
state sequences only (as result the fact that some propeattes not hold over
some plays does not imply that j holds overs). A PSL speci cationL which
directly corresponds to a game struct@e ( E; S, Q; QE;Q(?; re;rs;j)is

L=Q5! (Q5~: eventuallyl((historically rg)”: rg™: 0j )7
(j _eventually!: rg))

where all primed variable instance$2 E°[ Sin rg andr s are substituted by
next v. We extended the logic with two new operatdistorically andyd . Ex-

operatonJ is to check satis ability of a formula over a nite pre x. Of @urse
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if j can hold only over in nite sequencds is alwaysfalse(and therefore can
be removed from the above speci catidr). J was used in the rst (negated)
eventually! expression to exclude situations whegehas been maintaineds is
violated at current transition bytstill has not been satis ed.

The construction can be even more pushed by substitutingsedaformulay 2 |
with a corresponding deterministic Bichi automaton, thdding the initial con-
dition and the transition relation of the Blchi automat@nQ§ andrsg (Q(')E
andr g) respectively, and using the acceptance condition as flartwureplace
y. For instance, for dlwaySp! eventually! g)” we introduce a fresh sys-
tem variablex, addx $ 1 to Qg, addx’$ (g_x": p) to rg, and replace
“alwaygp! eventually!q)” with “always eventually!x". As claimed in [11]
it is not dif cult to prove that this is a sound transition égL1] for more details).
Similar consideration apply also to any formulg in

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

2.3 Solving games

The prevalent approaches to solve the realizability probdge those that aims
to solve the synthesis problem, which consists in constrg@ winning strategy
for the system in a two player game. These approaches assaine system
is realizable and attempt to build a winning strategy. Iytfel in building it,
then the speci cation the game refers to is not realizablereHve list some of
the approaches described in [5]. Then we analyze the prablbat affect these
approaches.

Generalized Reactivity (1), Buichi, Safety and Reachabili  ty
games

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

Hul n
j =( always eventually!Jil) I ( always eventually!sz)
i=1 =1

For such kind of games, the set of winning states can be cadmith the fol-
lowing p-calculus formula (We refer the reader to [5, 11] for moreads):
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2 I3

2 3 L .
Z]_ IJY nX(JlA <,gZZ_<,gY_: ‘Ji A <,g>()
i=1 . . . I
m
22 78 Ly T nX(BA s <Y A )
WS: n |:l . . .
|
Z. m

WY T onX(32A 8z <Y 3P X))
i=1 . . .

Where9A= fhesj8elre(ese) 19 Lrg(es ) rheli2 Ag, i.e. astate

g= hs;é is included in<¥A if the system can force the play to reach a staté in
in one step, that's regardless of how the environment maves the system can
choose an appropriate move leading iAto

As claimed in [5, 11] this approach can solve realizability°P&L formulas in the
form that we discussed before in polynomial (cubic) timepéanticular, given sets
of variableskE, Swhose set of possible valuations3sand an PSL formula with
mandn conjuncts, it is possible to determine using a symbolic rtigm whether
j is realizable in time proportional tgimj Sj)3.

Below are the simpli ed versions of aboyecalculus formula for several particular
kinds of game.

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

A
j = always eventually!J;
i=1

the set of winning states can be computed with the bel@alculus formula:

2 32 3
Z; HY ((J1™ <MZo) _ <)

Z LY (2" <$Z3) _ <)
WS =n . ' . '

Zo O WY (0 <SZ2)_ )

For Safety games the winning condition is of the form:
j = alwaysJ
the p-calculus formula to compute the winning states is:
Ws = nY:(J" <)
For Reachability games the winning condition is:
j = eventually!J
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and the winning states are:
Ws = HY:(J_ <)

Complete approach

The completeapproach able to deal with a generic PSL formulhas been pro-
posed in [13]. In [13], rst a nondeterministic Blichi autatonB; which recog-
nizes all thew-words satisfying the PSL formujais constructed. This automaton
is then determinized into a deterministic Rabin automaitaguthe Safra construc-
tion [17]. Finally, the resulting automaton is interpretesia game and it is checked
for language emptiness: if the language is not empty the otettipn provides a
witness, which corresponds to a correct implementatioh@fjiven speci cation.
The game is solved in time* beingk the number of accepting pairs, andhe
number of states of the Rabin automaton. The double tramslegsults in a com-
plexity which is double exponential in the size of the oradiformulaj [13]. Apart
from the complexity results described in [13], the main diflty in this approach
is the intricacy of the Safra determinization construction

Recently in [8] and also discussed in [5] has been presenteavel approach
avoiding the Safra construction to solve the synthesislprob In this new au-
tomata based approach rst, a nondeterministic Biichi waartbmaton for. | is
constructed and translated into a universal co-Buchi &igematon that recog-
nizes all trees containing only paths that satisfyThis translation demands the
rst exponent of the complexity bound. Then, the tree auttimas translated
into an alternating weak tree automaton, from which a nardshistic Blchi tree
automaton is built. The latter translation causes the skeaponential blow-up.
Finally, language emptiness for this nondeterministicldiautomaton is com-
puted. If the language is not empty the computation provalegtness, which
corresponds to a correct implementation of the given sjpetion.

Problems

The approaches described previously and also presentgfdari tackle the prob-
lem of realizability and synthesis for the linear fragmehP&L. They are com-
plete, in the sense that if the speci cation is not realizatthen they can detect
this since they are not able in this case to synthesize a mgrsirategy and thus a
corresponding digital design. They are monolithic, thttsy consider the whole
speci cation without even considering that the problem pfaalizability can for
instance reside in particular parts of the speci catiog(& the constraints spec-
ifying the initial conditions). These approaches assungesieci cation being
realizable and try to synthesize a winning strategy sinosehalgorithms have
been thought with synthesis in mind.

As pointed out in [6], it is of extreme importance to be abled&tiect a priori,
before starting the synthesis process, whether the s is realizable or un-
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realizable. These checks can also be incomplete, in the seaisthey can provide
the speci cation writer a better understanding of the paifisy the speci cation

being realizable, not the certainty. Once he or her is contdlee speci cation be-
ing realizable, he or she can start the computationally yhpaacess of synthesis.

In [6] we identi ed several suf cient conditions for reakibility and unrealizabil-
ity that will be of help to the speci cation writer to detecardy and ef ciently
whether the speci cation is realizable or unrealizablehwiit applying the com-
plete approaches aiming to synthesize the design.

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

2.4 Checking Realizability with Deadlocks

The previous section showed that the realizability probhes the same complex-
ity as the synthesis problem: in the worst case it is doubpoagntial. Thus, it is

of great importance to nd suf cient conditions that will lalv to detect that the

speci cation is realizable or unrealizable before reatlyring 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 structu@= ( E;S;Q; QE;QOS;rE;rs;j ). As we have
mentioned in previous section a winning conditjomay have such a form that
can hold only over in nite sequences of states (for examal8iichi condition).
Thus, the environment can make the system lose by enforgiitg runs, e.g. by
forcing the system to reach a system deadlock. The de nifansystem deadlock
is given on page 5. Here we repeat this de nition as a formula:

De nition 2 (System-Deadlock States) The set ofsystem-deadlocktates Dls,
for a game structure G (E; S;Q; QE;Q?; re;rs;j),isdened as

DLs= fthesj9e®(re(ese) 8 (rs(ese®s) ! 0)g

The following theorem captures the fact that the abilityhaf €nvironment to force
a system-deadlock state in a nite number of steps is sufit@ondition for unre-
alizability.

Theorem 1 A game structure G (E;S;Q; QE;Q(?;rE;rS;j ) is unrealizable if
j can hold only over in nite state sequences and there existsksuch that the
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environment can choose an initial state from which the emvirent has a strategy
to force the system to reach a system-deadlock state in & step

9k 0 9ey:QE(en) "8 %:Q(en; o) !
9e1:(r e(€0; So;€1) "8 s1:(r s(€0; 03 €1551) !
1)
9ec(re(& 1 1&)"8sc(r (& 1,% 1,6 !
he;si2 DLg)) )

If k= 0 this means that the environment can force the initial sysieadlock
state, i.e. even the system initial condition cannot bes sati 9eo:Q§(eo) A

850:Q5(€;%0) ! 0 holds.

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

De nition 3 (Environment-Deadlock) The set ofenvironment-deadlock states
DLg, for a game structure G ( E;S;Q; Qg;Qﬁ;rE;rs;j ), is de ned as

DLg = thesij:9 *re(esdg

The following theorem captures the above intuition aboatdhf cient condition
for realizability.

Theorem 2 A game structure G (E; S, Q; Qg;QOS;rE;rs;j ) is realizable if: j
can hold only over in nite state sequences and there existsCksuch that the
system can choose an initial state from which the system baatagy to force the
environment to reach an environment-deadlock state inpsste

9k 0 8en:QE(en)!9 s0:Q(ep; )"
8ey:(re(en;soie1) !9 sii(r s(eo; Sos€1;51)"
(2)
Bac(re(& 1'% 1:8)!'9 sc(r(e& 1:% 1,86S)"
hei;si 2 DLg)) )

Again, if k= 0 the above formula degeneratesB@:Qg(eo) I 0, which means
that the environment initial condition is a constdiaise i.e.Qg = 0.

Checking Unrealizability of Games using BDDs

The unrealizability problem of a gam® can be solved using BDD techniques.
If all the constraints and transition relations are repnesz in the form of BDD
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1 function IsUnrealizableBd{G)

2 Deadlock= 0

3 while (8ep:(Q5 !9 s:(Q5": DeadlocR)) do

4 Deadlock=

5 Deadlock 9€%(re(ese)"8L(rg(ese®s) ! Deadlock)
6 done

7 return true;

8 end

Algorithm 1: Unrealizability check of games using BDDs.

then the algorithm to check unrealizability of a gadean be written as a func-
tion in Algorithm 1. Assuming that the winning conditign of a gameG can
hold only over in nite state sequences and this functiommsstrue only if the
speci cation is unrealizableDeadlockis a predicate over variablesands, repre-
senting the states from which the system can be forced tt iI®mtem-deadlock
states irDLsg, i.e. from which the system cannot guarantee to run in gitehg.
DeadlocK is obtained fromDeadlockby substituting all variables ands by €”
and<C respectively. InitiallyDeadlockis empty set. At rst iteration the condition
to be checked is the ability of the environment to cause titi@lisystem-deadlock
state. At very iteration a new stake;si is added taDeadlockif there are such
values for environment variables that for any values ofesystariables satisfying
r sthe system always reachbBgadl|ockstates computed so far. Note that after rst
iteration the value oDeadlockis DLs. The algorithm stops as soon Readlock
states include any of the initial states the environmentecdarce.

As it can be seen from theorem 1 the above algorithm retunesonly if the prob-
lem is unrealizable because the environment can force tterayinto a system-
deadlock state. Of course the rstassumption (about unsaility of the winning
condition over nite plays) of the theorem has to be true befaunning this algo-
rithm.

If the environment cannot force the system into a systentidek state the algo-
rithm as described does not terminate. This situation ig siemilar to the Bounded
Model Checking [3] where the design is assumed to be buggytensearch aims
to prove this by looking for a counterexample. However, ifaoainterexample is
found BMC cannot infer whether the design is not buggy.

To make the algorithm terminate it is necessary to checkdit garation whether
Deadlockchanges. If no new states are adde®&adlockthen we can exit from
the while-loop and returnnknownto indicate that we cannot say that the game is
unrealizable.

For a safety game the above algorithm can be slightly modiedake it com-
plete. If at line 2 the initial value for thBeadlockis : 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 stepAoor DLg states. Therefore,
the algorithm will returrirue if and only if the game is unrealizable, i.e. there is
no additional assumption 08 to be satis ed before running the algorithm. See
Algorithm 2.
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1 function IsSafetyU nrealizableBd )

2 Deadlock=: A;

3 while (8ep:(Q5 !9 5:(Q5": Deadlock)) do

4 Deadlockyevious:= Deadlock

5 Deadlock:=

6 Deadlock 9€%(re(e s e)"82(rg(ese®s) ! Deadlock))
7 if (Deadlockyrevious= DeadlocRreturn falsg

g done

9  return true

10 end

Algorithm 2: Unrealizability check of safety games using

Checking Realizability of Games using BDDs

In a similar way to Algorithm 1 and 2 which can detect unresility and are
based on Theorem 1 we can write algorithms based on Theorentizetk the
realizability. Below is Algorithm 3 which is the counterpanf Algorithm 1 for
realizability.

1 function IsRealizableBd(G)

2 Safe= 0

3 while (9en:(Q5 "850:(Q3!: Safg)) do

4 Safe=

5 Safe 8€%(re(ese) 19 L(rg(ese® ) Safd)
6 done

7 return true

8 end

Algorithm 3: Realizability check of games using BDDs.

Assuming that the negated winning conditiop of a gameG can hold only over

in nite state sequences this function retutnge only if the speci cation is realiz-
able. The sefafeovereandsrepresents all the states from which the system can
force the environment to reach environment-deadlock iniee number of steps.
After rstiteration Safeis equal toDLE.

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

In this algorithm, the variabl8afeis the complement dDeadlockin the original
algorithm, and initially equal to safety conditiol i.e. a set of allowed states.
If at some iteration the environment can force the initialtestto be out oSafe
then for this initial state the environment can force theeysto reach the system-
deadlock states or states satisfying. This means that the game is unrealizable,
and thereford alseis returned. Otherwise, at some iteration the valuBafewill
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1 function IsSafetyRealizableB{®)

2 Safe= A

3 while (8en:(Q5 19 5:(Q5" Safg)) do

4 Saf@yrevious:= Safe

5 Safe=

6 Safer8e(re(ese) 19 L(rg(es e’ O Safd)
7 if (Safeyrevious= Safgreturn true; _

8 done

9 return false

10 end

Algorithm 4: Realizability check of safety games using BDDs

not change with respect to the previous iteration and thusea point has been
reached. At the end of the loop the valueSaff ewill include all the states which

are environment-deadlock or from which regardless of tir@mment moves the

system can always force a step baclstf estates, i.e. stay in nitely long in states
satisfyingA. In this case the game is realizable, and theretote,is returned.

Note that Algorithm 4 is just a negated algorithm 2. At eveeyation the value of
Safeis equal ta Deadlock Also all the returned values are negated.

Checking Unrealizability of Blichi Games
Let us consider a Buchi gane=(E;S;Q; QE;Q(?;rE;rS;j ) wherej de nes

many times during the game plays, je= L ;always eventually!F. The sys-
tem can lose the Buchi game if from all states of at least drireofairness con-
ditions F the environment can force the system to reach a systemaisastate.
For the unrealizability of a game it is also required for theieonment to be able
to avoid theenvironment-deadlocktatesDLg 2. The later requirement is always
satis ed if there are no environment-deadlocks, D&g = 0. This suf cient con-
dition for unrealizability can be captured with the followgi theorem.

Theorem 3 A Biichi game G= (E;S;Q; Q(')E;Q(?; re;rs;j ) wherej de nes a set
of fairness conditionsd=:::; F, is unrealizable if

DLe=0 ~
9k O
9j:0 j<n
8epso:(Fj(en; o) ! 3)
9e1:(r e(€n; Sos€1) "8 s1:(r s(€n; 0 €1;81) !

Oec(re(& 1 1&)"8sc(r (& 1,% 116G !
hesi2 DLs)) )

2For the de nition of environment-deadlock states see Dgari 3 on page 12
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The unrealizability algorithms previously introduced dam easily modi ed for
checking the truth of the formula (3). It is just necessaradid a most internal
loop that for a giverk at every iteratiory will check whether all states satisfyirfg
may lead to system-deadlock states. The BDD Algorithm lrisst on page 13
adapted to deal with the above theorem is Algorithm 5.

1 function IsBuchiU nrealizableBd@s)

2 noDLg :=(8€%: re(ese)) = 0

3 Deadlock= 0

4 while (8ep:(Q5 !9 %:(Q5": Deadloch)) do
5 if (noDLg) then

6 foreach (i in 0;:::;n) do

7 if (FF  Deadloch then return true;
8 done

9 J—

10 Deadlock=

11 Deadlock 9€%(re(e s e)"82(rg(ese®s) ! Deadlock))
12 done

13 return true

14 end

Algorithm 5: Unrealizability check of Biichi games using BPB.

Condition on initial states

In the framework considered so far, the environment andytbies choose initial
value for their variables only, respectively. Thus in thendition at the initial
states in Theorem 1 and 2 on page 12 and the algorithms abewgutnti ers
of the system and the environment have the foﬁaj:(Qg ng sO:(Q§! 1)) or

8e0:(QF 19 0:(Q5" ::2)).

In an alternative setting, as explained in section 2.2, tidyenvironment (only the

system) may be granted the right to choose an initial statthid case, the problem
becomes unrealizable only if frosome(all) initial states the environment can
force the system to reach the system-deadlock states.slsetting, for example,

in the formula of Theorem 1 the line specifying the condit@mthe initial state

9k 0:9ep:QF (€0) "8 S0: Q5 (€v; o) !
will became (if the environment chooses the initial state)

9k  0:9ep50:(hep; soi 2 Qo);such that

or (if the system chooses the initial state)
9k  0:8ep5p:(hep; i 2 Qo);implies
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Note that the game structure now have one initial condi@grinstead of two —
Q5 andQy.

The conditions in the de nitions and algorithms describdmb\ae change in the
similar way. The general rule is the following: if it is thewwm@nment who chooses
the initial state then in all de nitions and algorithms

9eo:(Q§’\8 so:(Q§! F)) is substituted to 9eysy:((hep; i 2 Qo)™ F)
8e0:(Q5 19 5:(QS"F)) is substituted to 8epso:((Men;soi 2 Qo) ! F)

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

9ep:(Q5 "8 5:(Q5! F)) is substituted to 8epso:((heo;Si2 Qo) ! F)

8(30:(Q(')E 19 SO:(Q(?" F)) is substituted to 9eysp:((hep; i 2 Qo)™ F)

2.5 Approximated Algorithms to Check Realizability of

Safety Games

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

By the de nition a safety gamé&x=( E;S;Q; Qg; QOS; rg;rs;j ) with the winning
conditionj speci ed by the safety conditioA is a game such that each state of
plays has to satist, i.e.] = alwaysA.

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

To check the realizability of a safety game there is no neamitopute the whole
set of system winning states. Indeed, a subset may be endugihus de ne

the safe statesetSafeStates A such a subset of states that independent of the
environment moves the system can stay in this subset inyniteg, or force the
environment to environment-deadlock states.

De nition 4 (Safe States) For a game G=(E;S;Q; QE;Q§; re;rs;j ), thesys-
tem safe states s8afeStates is de ned as

SafeStates fhesi2 Aj8e’(re(ese) !9 L(rs(es ) hesi2 SafeStatasg
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If the set of stateSa feStateexists and the system can force an initial state to be
from SafeStatethen the game is realizable.

Theorem 4 For a safety game &3 if 8e:(Q§(e) 19 s:(Q§(e; s) N SafeStates,
then Gy is realizable.

The set of safe states can potentially be given from outsideser may provide
this set as a guess; or some external tool using speci ¢ kedyd about the prob-
lem may infer the set of states. An externally provided cdaidi forSafeStates
can easily be checked for being an actual system safe s&itby the following
function:

1 function IsSafeStatéS&a; SafeStatgs

2 return SafeStates A"

3 8e s(SafeStates8 €(re(ese) 19 L(rg(es et ) SafeStatéy)
4 end

Algorithm 6: Check for safe state condition.

whereSafeStatéds obtained fronSafeStateby substituting variables’ ande®
for sande, respectively.

The algorithm 4 computes tlgreatest SafeStatesn the rest of this section we
describe and analyze several algorithms aiming to congmrtessuchSafeStates
set.

Approximation “A”
The rst approximation algorithm (Algorithm 7) builds theetsSafeStatedy

adding at every iteratiok such states that regardless of environment moves the
system go back to the starting stat&isteps. In this algorithr®afeplays the role

1 function IsSafetyGameRealizableBd{Gp)

2 if (:8 e(Q5!9 s(QS” A))return false _

3 Safe= 0

4 Path:=e=e"s=s, Pathyevious:= 0;

5 while (Path Pathyeyioud 00

6 Pathyrevious:= Path

7 Path:= A8’ (re(ese) 19 L(rs(ese’) (Safd _ Pat))
8 Safe= Safe 9he ;si:(e = e*s = s" Path
9 if (8e(Q5 !9 s(Q5” Safg)) return true;
10 done

11 return unknown

12 end

Algorithm 7: Realizability of a safety game: approximati@i.
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At every iterationk the setPathis a set of pairs of statdsg;si;he ;s ii satisfying
the safety conditiod and such that state; s is the environment-deadlock state,
or independent of the environment moves the system can go dtatehe;si to
statehe ;s i in k steps, or in fewer number of steps reach already comhade
sets. The sebafeis a set of stateke;si. At every iterationSafeis augmented by
such states that the system can go back to the same stagtaps or in one step
reachSafecomputed at previous iteration. The s8tsf&andPatt are obtained
from SafeandPath respectively, by substituting variablésande® for s ande,
respectively.

As soon asSafecan be force by the system at an initial state the algorithrmite
nates withtrue since the game is realizable. Otherwise at some iteratierxgd
point in the computation dPathwill be reached, which means that the algorithm
was not able to nd a system safe states set big enough, andrikinown whether
the game is realizable or not.

The apparent weakness of this algorithm is that when theslaothe game plays
are computed it is assumed then the system has to rexactlyto the same state
the loop starts from. In speci cations the system does nogallg have thefull
control and thus it cannot guarantee whiotividual states are reached in a next
step, but only whiclsubsetof 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 ga@gis realizable if the found set
of safe states encompasses all the initial states. We céoitekys fact considering
the set of initial states as a candidate for a safe statesTken iteratively some
new states can be added to the candidate until the set bthilisinvay satis es the
condition of being a safe states set. Siatianitial states are taken as a candidate
and the candidate can only increase, the approach is meableuior games where
the environment chooses an initial state. In this sectiorasgimed that it is the
environment who chooses an initial state and the initiadit@mn is given as one
assertiorQo.

Different heuristics can be thought of for adding new stade¢be candidate system
safe states set. One of the possible way consists in addisg 8tates from which

the system for sure reaches the initial states. The intulighind this approach is
that if a set of safe states is augmented with new states frigichvihe system can

reach the given set then the set remains to be a system dafestt(and our guess
is that the initial states are the safe states). The algoritfat uses this heuristic is
the algorithm 8 below.

The weakness of this algorithm is that it can show the relilina of a game only
if starting in any of the initial states the system can alwgy®ack to initial states.
This is quite a strong constraint for speci cation, and #fere the algorithm may
not be able to deal with many problems.
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1 function IsSafetyGameRealizableBB{Gp)
if (Qo6 A)return false _
Safe= Qp;
while (: IsSafeStatd&; Safg) do
NewStatess A*8€2(re(gs )19 L(rg(es el Safd):;
Saf@yrevious:= Safe
Safe= Safe NewStates
if (Saferevious= Safgreturn unknown
done
10 return true;
11 end

© 00 N O U wWwN

Algorithm 8: Realizability of a safety game: approximatitsy’.

Algorithm 8 can be strengthened by considering new statethéocandidate not
only from those states from which the system can reach thialistates, but also
those states that allow the system to make a one step loopn thidine 5 in
algorithm 8 must be modi ed as follows

NewStatess A8 €% (re(es )19 L(rg(ese® O (Safd (s= T e=&9))

An even stronger solution (*C” — Algorithm 9) can be obtairldthe combination

of the methods “A” and “B”. At each iteratiok the candidate for a safe states set
will be augmented with states from which the system can rédaemitial states in

k steps or make a loop ksteps.

1 function IsSafetyGameRealizableBdi{Gp)

2 if (Qp6 Areturn false

3 Safe= Q;

4 Path:=e=e"s=s  Pathyevious:= 0;

5  while (Path6 Pathyeviou9 dO

6 Pathyrevious:= Path

7 Path:= A8’ (re(ese) !9 L(rg(es e’ (Safd  Pat)))
8 Safe= Safe 9he ;si:(e = eMs = s" Path);
9 if (IsSafeStatds; Safg)return true;

10 done

11 return unknown

12 end

Algorithm 9: Realizability of a safety game: approximatitgr'.

This method still have the drawback inherent in method “A8, to perform a loop
run outside of initial states the system has to be able to gk &eactly to the same
state the loop starts from, which may be too constrictivedteidnine realizability
of most practical speci cations.

A few notes about implementation details are worth mentigitiiere. In algorithm
“B” a set of statePrelmage= 8€®(re(gse) 19 L(rg(gs e’ safd) is
computed. The same set is also computed by funds&afeStatesAn 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 @kx sePrelmaggath=
8l(re(es )19 L(rg(es e’ (Safd  Pat)) is computed. Instead of
computation of the required sBtelmagefrom the beginning, it can be more ef -
cient to universally quantify variables ands from Preimaggatn, i.e. Prelmage=
8he ;s i:Prelmaggatn.

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

Approximation “D”

A further alternative to the previous methods can be thetoactson of a safe states
set “optimistically” and then removing the states whichlaies the de nition of a
safe states set.

Let's starts with the initial states as a candid&&fefor the system safe states
set. At every iteration this set will be augmented with alégible successors. Itis
quite likely that the obtained set will not be a safe statésBleen it is necessary

to remove “bad” states, i.e. system-deadlock states anskdles from which the

environment can force a step outsideSaffe

Bad= 9€%(re(es e "8l(rs(es e’ ) :  Safd)

It is also necessary to remove all the states from which thie@mment can reach
the bad states. If the obtained set still can be reached bgy8tem at initial state
then the game is realizable. Otherwise the removed stata®stored and the it-
eration is repeated. The algorithm implementing this tstigris the Algorithm 10

below (approximation “D").

As in previous program$a feCleanethndSa f @are obtained fron$a feCleaned
and Safe respectively, by substituting’ and s’ for e ands. Note that when the
successors fdBafeare computed at line 14 of algorithm 10 curregtsi and next
stateshe® 3 are switched in the transition relationg andr s. The internal loop
computes the subs&afeCleanedf Safe which does not contains the “bad”
states. If the obtained subset can be forced by the systemiaitial state then
the game is realizable. The external loop augment th&adéewith the states
reachable from initial statedy. If the xed point has been reached then all reach-
able states have been checked and there is no safe stat@sessdigh. As result
for some initial states the environment always can forcesgstem to a system-
deadlock state or a state satisfying, i.e. the game is unrealizable.

This algorithm always terminates and retutnse if the game is realizable, and
falseif the game is unrealizable similarly to the algorithm 4 og@d5.

However, the two algorithms differ. Algorithm 10 perfornigetsearch of the sys-
tem safe states set forward, while the algorithm 4 proceadkviards.

Let's assume that for a particular safety game there existdatively small safe
states set around, or equal to, the initial states, and dgtritams try to nd
out whether the game is realizable. The algorithm 4 will himveompute all the
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1 function IsSafetyGameRealizableBd¥ Gp)

2 i (:8 e(Qf !9 s(Q5" A))return false _

3 Safe= Q5" Qg;

4 Saferevious:= 0;

5  while (Safe6 Saf@yeviou9 dO

6 SafeCleaned= Safe

7 SafeCleanegevious:= 0;

8 while (SafeCleane® SafeCleanggevious do

9 SafeCleanegevious:= SafeCleaned

10 NotBad:= 8€’(re(ese) !9 2(rg(ese’) SafeCleaned));
11 SafeCleaned= SafeCleaned NotBad

12 done

13 if (8e(Q5 !9 s(Q5” SafeCleane))return true;

14 NewSafe= 9e®*(Safé@  rg(efsle) M rg(el e ) A);
15 Saferevious:= Safe

16 Safe= Safe NewSafe

17 done

18 return false

19 end

Algorithm 10: Realizability of a safety game: approximatit”.

system safe states and the number of iterations will be @qubk path length to

a system-deadlock orA state from the farthest state. The algorithm 10, on the
other hand, computes reachable states and potentiallpeedhe safe states set
instantly or in a few number of iterations. Then the interoalp removes all the
states which violate the de nition of a safe states set; afp@n that can potentially
be performed in a small number of steps.

For these reasons, we can claim that the algorithm 10 can bbe efgient than
the algorithm 4 in determining the realizability of a safggme if it is expected
that having a big number of states in total there exists divelg small set of safe
states reachable from the initial states in small numbetepfss

Condition on initial states

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

Note that algorithms “B” and “C” assume that it is the enviment only who
chooses initial states. It was done so because the candatadafety states in-
cludes all initial states and can only augment there. Saiéiki states are required
to be winning states, and as result this condition can bettoag 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 pyesisections can be
formulated in a way suitable for being submitted to a QBFaobuch ay QUAF-

FLE [18], sK1zz0 [1], QUANTOR [2], QUBE [7]. We did some preliminary exper-
iments with these formulations but it turns out that the QB&hhology is not as
mature as BDD technology. Thus, we decided for the deliverabconsider only

the BDD based algorithms.
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3 Running the Property Re-
alizability Tool

In the previous chapter we have discussed several algaritbrtackle the realiz-
ability problem. All these algorithms have been implemdrds an extension of
the NuSMV model checker [9]. The extended version of the tool has theen

interfaced with the RAT tool [15, 4] to extend its capabdgiand to provide the
user a more user friendly graphical user interface. Momgove also implemented
algorithms mentioned in section 2.3, which are able to dati Weachability,

Safety, Blichi (Generalized Response) and General Régdfiy games.

In this section it is described how to specify a realizapiptoblem and pass it to
NUSMYV, 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 altatigze ways. First,
by specifying directly the game structure in a proper laggdhus allowing for
a more direct mapping from theory to the problem. Second,p&gcifying the

problem at a higher level by means of properties. In padiguhe tool can read
an XML le as generated by the RAT tool and internally build equivalent game
structure on top of which run the checking algorithms. Tieisond interface will

allow for an easy integration of the realizability functédities within the RAT

toolset.

In the following we rst describe the language we devised ésaibe the game
structure as to pass it to the extended version 06NV, and then we describe
how to specify the same problem using an extended versidredRAT tool.

The NUSMV game speci cation language

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

A player is speci ed with one of keywordBLAYER1 or PLAYER2 (for Player 1
and 2, respectively) and a nite state machine given withdéad SMV constructs,
i.e. variable declarationgAR initial conditionsINIT , transition relatiorASSIGN,
TRANS INVAR and auxiliary de neDEFINE. The semantic of the game is as given
in section 2.2. In particular, every variable belong to ohev@ players; at every
step of a play from a current state Player 1 always moves mgtthen Player 2
moves, after which a next state is reached; every playerdiaatisfy its initial
conditions and transition relations. Initial conditionfsRdayer 1 cannot reference
variables of Player 2, as well as the transition relationlaj@r 1 cannot reference
the variables of Player 2 in the next state.

A property is a construct correspondingjtan the de nition of a game structure
on page 5. An input may contain several properties and theckecked inde-
pendent of each other (as ifUEMYV is run several times with the same players'
speci cations and different individual properties). A pexty has the following
syntax:

property _kind player exp_opt

Currently in the extended version ofU$MV we allow for 6 kinds of properties.
Depending on the kindroperty _kind is one of the following keywords:

REACHTARGET AVOIDTARGET REACHDEADLOCK
AVOIDDEADLOCK  BUCHIGAME GENREACTIVITY

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

In all the de nitions and algorithms described in sectionIRthe games were
played for the system, i.e. Player 2 in the 8IMV language. However, from the
practical point of view it can also be useful to specify pntdigs for the environ-

ment, i.e. Player 1 in the BISMV extended language.

Right after specifyingplayer an expression constituting the property is placed.
Depending on the kind of a property an expression has tdsdtiferent syntactic
constraints. In any case expressions can be only boolean vaviables of both
players and cannot contain temporal operators (includéit operator).

The meaning of the kind of properties are described below.

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

REACHDEADLOCIs a syntactic sugar f(REACHTARGEWith exp _opt equal
to FALSE, i.e. the property is realizable iff the player can force tipponent
deadlock.
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AVOIDTARGETis a Safety property corresponding to a temporal formuta
never expopt or equivalent = always: expopt. exp_opt is a boolean
formula specifying the set of states the player has to avoittely long.

AVOIDDEADLOCHKs a syntax sugar fokVOIDTARGETproperty withexp _opt
equal toFALSE, i.e. the property is realizable iff the player can avoicbitn
deadlock forever, i.e. can run in nitely long or force thepmment deadlock.

UCHIGAMES a Biichi property corresponding to a temporal formula
i'\ioalways eventually! /. exp_opt has to be of the forn{F _1, F _2,
..., F_N) where every.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

AN M
j =( alwayseventually!p))! ( always eventually!q;)
i=0 j=0

exp _opt has to be of the form

Pl p2 ..p N-=>(@11q9g2 ..q9 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:o0. 2
INIT
a=20
TRANS
(next(@) = a+l) | (next@) = 0 & a

1
N
ol

PLAYER_2
VAR
b : 0.2
TRANS
(next(b) = b+l) | (next(b) = 0 & b

1
N
ol

AVOIDDEADLOCK
PLAYER_1

BUCHIGAME
PLAYER 2 (a=2, a=1)

In this example the variable belongs to Player 1, and can assume valyés2)
The variableh with the same range asbelongs to Player 2. The initial value af
is 0. The initial value ob is not speci ed, thus it can assume any allowed value.

The rst property (avoid-deadlock) is realizable iff Playlecan avoid its deadlock
in nitely long. The second property (Blchi) is realizakifé Player 2 can reach
states wher@a = 2 and states wher@= 1 in nitely many times. In this example
both properties are realizable.
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Atext le with a game speci cation is supplied to the enhadaersion of USMV
the same way as an usual SMV le. By default, all propertieshe les are
checked for realizability using complete algorithms basedormulas from sec-
tion 2.3.

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

The RAT speci cation

We extended the RAT [15] tool to provide realizability chedapabilities together
with the already available Property Simulation and Assceaiunctionalities. We
refer the reader to the RAT documentation [15, 4] for furithetails on how to run
the RAT tool.

To achieve this extension we modi ed the wizard to specifynsis to allow to
specify whether the signal is an environment signal or sesysignal. Figure 2
show the wizard to specify an environment sigregl of type boolean.

X -+ R C X
Create a new signal

Name: ireq

Kind: @) Environment
() System

Type: (@ Boolean
() Other:

] [> Editor

Notes: The request signal

‘ 8 cancel ‘ ‘ o oK ‘

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

Similarly to the case of property assurance we can insetin@agents describing
assumption on the behavior of the environment, and guaamtehe behavior of
the system. For instance, Figure 3 show the RAT wizard toifgpdte 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 beertéasierthe RAT project,

it is possible to move to the Realizability window from whéie button that per-
forms the check of realizability for the selected propartian be pressed as to start
the check for realizability. Figure 4 shows the Realiz&pivindow 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 actiea the
realizability checks. The result of the check is showed @l#ft text area.

A RAT project le, created with the extended version of RAS, used as input
to the enhanced version ofU6MV. Internally to NUSMV, the RAT project le
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is converted into an equivalentU6MV game structure, and depending on the
generated game structure the corresponding check algaritite invoked. The
generated game structure is printed in the log tab, as tw d@le user to inspect
it. Note that, such a game structure may have fresh variamiesduced during
conversion. If the tool is not able to convert a RAT speciioatinto a NUSMV
game structure an error message with the subexpressiomgdbe problem is
printed out.

The enhanced version of B MV invoked from the RAT interface supports the
same subset of the language supported by the usual versiba BfAT tool. (We
refer the reader to the documentation of RAT for more defabs 4]) We remark
that the PSL avors supported by RAT are the Verilog avor aagartial support
for the GDL avor.

3.2 NUSMV New Commands

NuUSMYV user interface has been extended by enriching the iapgtiage to allow
for the speci cation of game structures and by introduciegesal new commands
to its interactive shell to process game property checKimghis section we report
the new commands and we refer the reader to tksSMV user manual for a
complete description of all the otheru$MV commands. We remind the reader
that the interactive shell of MSMV is enabled by specifying thint command
line switch.

NuSMV Commands

The realizability problems are solved by the algorithmscdbsd in sections 2.3
and 2.4. These algorithms can be invoked by executing theesmonding
NuUSMV command, or similarly to the case of model checking by mseaf the
check _property command, that depending on the game structure and on the dif-
ferent options invoke the most appropriate command. Thiezadslity problem

can be fed to NSMV 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 uengezhbironment

variablesgame_initial ~ _conditon  andprint _strategy , described later in this
section.
check avoid_target - Checks the given or all Safel Command
properties.
check _avoid _target [-h | -n idx] [-0 filename | -m] [-a alg]
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This command checks Safety realizability properties. Sepamge 27 for the
de nition of a Safety property. See section 2.4 and 2.5 fer description of

algorithms used.

Command Options:
-h
-n index

-0 lename

-a alg

Prints the help message only.

indexs 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.

lenameis the name of a le to output results of
checking (including a strategy).

Pipes output through the program speci ed by the
“PAGER” environment variable if de ned, and
through the UNIX command “more” otherwise.
alg speci es the algorithm to use during checking
a Safety property. Possible values default
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 Bchi realizability prop- Command

erties.

check _buchi _game [-h

| -n idx] [-0 filename | -m] [-a alg]

This command checks Biichi realizability properties.

Command Options:

-h
-n index

-0 lename

-m

-a alg

Manual for Property Realizability Tool

Prints the help message only.

indexs the numeric index of a valid Bichi prop-
erty actually located in the properties database to
be checked. If not speci ed all Biichi properties
are checked.

lenameis the name of a le to output results of
checking (including a strategy).

Pipes output through the program speci ed by the
“PAGER” environment variable if de ned, and
through the UNIX command “more” otherwise.
alg speci es the algorithm to use during check-
ing a Buchi 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 congeittto a NUSMV
game structure and then proceeds as if teSN1V game structure was spec-
i ed in the input. The command requires Expat XML library daale.

Command Options:

-h Prints the help message only.
-4 le le is an obligatory option to enable reading from
a le file

Environment Variables

New NUSMYV interactive shell environment variables have been dddehe en-
hanced version of NSMV as to modify the standard behavior of the commands
described above. These environment variablegane_initial ~ _condition — and
print  _strategy

gameinitial _condition Environment Variablq

This variable sets the interpretation of initial condisorSee section 2.2 for
more details. Possible values of the variable a¥eE and A. N stand for
Normal (Natural) and corresponds to the settings when gveser chooses
initial values for its own variables only. Value (Exists) makes a property
realizable ifsomeof states satisfying initial conditions (i.@g N Qg) is win-
ning. ValueA (All) makes the property realizable onlyall states satisfying
Q5 ~ QF are winning.

print _strategy Environment Variable(

This variable enables or disables the printing of strat€pssible values are
0 andl. The default value i9, i.e. a strategy is not printed. If a property
is realizable the strategy is printed for a player respdadir the property.
Otherwise the strategy for the opponent is printed. Thetcoction of a strat-
egy for the player is implemented for all algorithms basedasmulas from
section 2.3. Construction of a strategy for the opponemhgemented only
for some of them. For many approximated algorithms desgribesection 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 takdsistory and returns
the next value of Player 1's variables. From practical pointiew it can be inef-
cient to keep track of the whole history. To resolve the issustrategy is made
dependent on one current state only but allowed to introdchave variables (i.e.
history variables). In particular, a strategy for Player 1 is a fiorctfz : Q7! E
where new variables can be introducedHo A strategy for Player 2 is a func-
tion fs: Q E 7! Swhere new variables can be introducedSioThere can also
be a strategy for an initial state, which depends on the vefl@avironment vari-
ablegame_initial ~ _conditon . The de nition of such initial strategy is easily
deduced. NNSMV prints strategy as a list of paifgput; action) whereinput is
the input to the strategy (for example, a current state amaéixt values of Player
1's variables if the strategy is for Player 2) aadtion is the output of the strat-
egy function. If a variable does not affect the strategy tties variable is not
printed out (in the input or/and action). All other variablere printed in the form
of expressionsar = val wherevar is a variable name (optionally wrappedniext
operation) andval is its value.
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4 Implementation

Here we describe the 0EMV packages affected by the integration, and the new
packages added to provide the new realizability check fonalities explained

in this document. We also outline the extensions to the RA to allow it to
provide realizability checks. Finally we discuss the cgsstandards used, the
target operating systems the new tool can support and kcesces. Fianlly, we
will discuss some test cases we developed to check the thligarideveloped.

4.1 NUSMV extensions

NUSMYV is organized in packages, each providing several magduleigure 5
provides an excerpt of the packages in theSWV distribution as described in
Deliverable [16]. The complete list of the packages is prese the NUSMV
programmer manual available within theyJSMV distribution [9].

MBP BDD-Based Bounded Model
Realizability Model Checking Checking
‘ Encoding ‘ \ SAT \
‘ BddEnc HBooIEnc ‘ ‘ BeEnc ‘
|Node | | BDOD| | BE |
RBC

Figure 5: Excerpt of the NSMV Software Architecture.

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

There is also new code placed in other packages since theyextgnded to pro-
vide new speci ¢ functionalities. Since these functiotia are only meaningful
if MBP has been enabled, such code is usually protected byceoHAVEMBR i.e.
if MBP package is disabled the code is not compiled in.

Dealing with a game speci cation and a usual SMV leU$MV performs many
things in common. We will skip this common part and refer alezdo [10].
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Below is brie y reported the description of les constitatj thembp new package.
They are described in the order an input le is processed bsNMV. The names
of the les are preceded by package names.

mbp/mbpFlatten.c —a attener of a game structurebpFlatten.c  is a wrapper
for compile/FlatHierarchy. fh,c g to run the attener on each player's
body. Also a check of legal use of Player 2's variable in aitionditions and
transition relations of Player 1 is implemented there (geedi@n 3.1). During
attening a symbol table is lled in with declared identi st A difference of
games from usual SMV input is that in games all identi ers direded into
two instead of one variable layer — one for each player. St@hdommand
flatten  _hierarchy  can be used to invoke the attener.

mbp/mbpGameHierarchyf h,cg — a representation to store result of attening a
game structure. Data structures freaompile/FlatHierarchy. fhc gare
used to represent each player.

mbp/mbpVarEncoding.c — creates boolean (BDD and ADD) representations of
variables declared in the game. For every variable layeladst during
attening the usual operations for variable encoding am®ked. Standard
commandencode _variables  can be used to invoke the variable encoder.

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

mbp/fsm/GameSexpFsni.h,cg —a Scalar Game FSM representation. It contains
two usual Scalar FSMym/sexp/SexpFsm.  fh,c g) — one for each player.

mbp/fsm/GameBeFsnt.h,cg —a Game FSM with all expressions represented in
Boolean Expression formabd package). Boolean Game FSM consists of
two usual Boolean FSMgm/be/BeFsm. fh,c g) — one for each player.

mbp/fsm/GameBddFsmfh,cg — a Game FSM with all expressions repre-
sented with BDD. BDD Game FSM consists of two usual BDD FSM
(fsm/bdd/BddFsm. fh,c g) — one for each player. Also a few new functions
speci c for games are implemented there. For example, ifitthetion com-
puting a strong preimage of a set of state it is also takenaotmunt 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 commanbgld _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 commandiie _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 approximatgdrithms de-
scribed in section 2.5 and unrealizability algorithm foudBi' games de-
scribed in section 2.4. For not-approximated algorithnes dtrategy com-
putation is also implemented there.
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mbp/mbpCheckGenReactivityBuchiSpec.c— contains functions to perform
checking of Biichi and General Reactivity (1) games and cdenfhe corre-
sponding strategies.

mbp/General.c — contains a few auxiliary functions used by other les. Im-pa
ticular, there are functions for initialization and detialization of variables,
printing log message, etc, before and after checking azedality prop-
erty. There are also a few function to construct and outptreteg)y, used by
mbpCheckReachAvoidSpec.c  andmbpCheckGenReactivityBuchiSpec.c
les.

mbp/mbp.h, mbp/mbplint.h — de ne a list of functions, data types and global
variables used outside and insidbp package, respectively.

mbp/mbpXmlIReader.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 corand
read _rat _file

mbp/mbpCmd.c —implements invocation of commands introducedribyp pack-
age.

Below is a list of some packages and individual les modi edarder to integrate
the newmbp package.

parser/grammary — a grammar description of an input. New constructs were
added to enable parsing of game speci cations. See sectibifioB more
details about the syntax of games. If a game speci cationastime system
variablembp.game is set up to distinguish a game speci cation from a usual
SMV le. Standard commancead _model can be used to invoke the parser.

prop — a package responsible for manipulation of all the inforomaaissociated
with a given property. Since realizability properties refie Game FSMs,
the implementation of properties has been modi ed. All tlemvcode is
protected with macrélAVEMBR

sm — the package responsible for initialization and de-ilitégion of packages.
mbp was added to the list of packaged. Similarptop package, macro
HAVEMBPprotects the new code.

opt — the package controlling command line options and enviemtmariables.
The new command line options and environment variablegectleo mbp
were added (see section 3.2 for more info).

Compilation

The compilation of the enhanced version ad8IMV with the new commands to
check for realizability follows the same rules to compile tbf cial version of
NuSMYV. However, the new functionalities are by default disab{i.e. not com-
piled in). To enable the new functionalities it is necesdargon gure NUSMV
with the option--enable-mbp  and then recompile it as speci ed in theuSMV
distribution, i.e. it is necessary to run:

Manual for Property Realizability Tool Implementation 37



Jconfigure --enable-mbp

make

This will create a NNSMV 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 thans in one process.
Even if multi-threading is used to run external veri catiengines, the GUI part
ts into a single main thread.

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

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

The RAT software structure has been split horizontally bpgishe Model View
Controller (MVC) and Observer Infrastructurel here exists also a vertical split-
ting that breaks the software structure up through a hibyao€ software entities.

Application

Options Project

Propert, Propert Traces
Pro.pen‘y‘ perty Options Requirements . P ty
Realizability Assurance Simulation Manager

Possibilities Assertions

Signals

Property Trace Signal

Enhanced Standard
NuSMV Stub NuSMV Stub

VIS Stub

Figure 6: RAT - Hierarchy of main software entities

Figure 6 depicts the hierarchy of the main software entthas occur within RAT.
Each of the boxes represents a software entity, and eactxwafrthe hierarchy
tree is a containment relation, where cardinality is notregped. That means for
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example that an Application contains one (or more) softveatéies to represent a
Project and the Options of the Application. Boxes and veofethe hierarchy tree
depicted in thick lines highlights the new software compus@dded to RAT.

The way each software entity is implemented depends on titg'®mole. Those

entities that need to be shown, will follow the MVC patterndawill be mapped

down to three object-oriented classes (or to a triple of atdidhset of classes)
to associate to each entity a Model, a View and a Controll&os€g entities that
instead do not need to be shown (e.g. the stubs), will be ndagipectly down to

one class, or to a set of classes.

In the following we detail the new software entities addedR#@T, and we refer
the reader to the RAT documentation [15, 4] for a more detailescription of the
other components.

Property Realizability This is the entity for Property Realizability. Its view is
shown when the Property Realizability feature is selectdteaapplication
level.

Enhanced NUSMV Stub The Enhanced NSMV stub handles the interaction of
RAT with the enhanced version described in this documert@NUSMV
model checker. This entities has no associated View andr@ltamf and it
is implemented by a single class. Similarly to the8MV Stub already
available in RAT, this class is the specialization of a moeedgic classes
hierarchy that provides support for implementing specooltstubs.

4.3 Coding standards

The extensions to NSMV have been implemented following the coding stan-
dard of the NUSMV model checker. (The reader is referred to theSWMV
code _rules.tex  document in the NSMYV distribution.)

The coding of RAT extension followed a few standards "dedacts for RAT.
Classes, methods and functions names follow PyGTK coraer{seehttp:/
www.pygtk.org ), that derives from the GTK's one (sé&#p://www.gtk.org ).
Style and indentation are strictly Python compliant. Pgelsaand lenames are
java style, but slightly less restrictive: e.g. a feo _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 theuSMV tool are available to
any platform and operating system the 8IMV system is available. In particular
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NUSMYV has been tested in a range of architecture/operatirtgraysombinations.
It has been tested on PC Intel, Apple Mac and Sun architetwigh different
versions and distributions of Linux, Solaris, Windows anddDS X.

Similar considerations holds for the RAT tool. RAT has beested on x86 and
AMDG64 Linux machines running 2.4 and 2.6 series kernels aiibropriate Python
and PyGtk packages and should run on any similar con gunatiGompatibility
with other platforms has not been tested and consequentlyt iguaranteed; how-
ever, full support for Python and PyGtk must be provided tteoito be able to run
RAT.

For running RAT the following libraries are mandatory:

Python version 2.2 or latertfp://www.python.org/ )
PyGtk version 2.4 or laterhttp://www.pygtk.org/ )

4.5 Licensing and Warranty

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

Copyright (C) 2006 by ITC-irst.

NuSMYV version 2 is free software; you can redistribute it andiod-
ify it under the terms of the GNU Lesser General Public Lieeas
published by the Free Software Foundation; either versiofitRe Li-
cense, or (at your option) any later version.

NUSMYV version 2 is distributed in the hope that it will be usetult
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 morésdeta

You should have received a copy of the GNU Lesser GeneraldLibl
cense along with this library; if not, write to the Free Safte Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 0211171BGA.

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

To contact the MNSMV development board, email to
nusmMv@irst.itc.it
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RAT is distributed under GNU LESSER GENERAL PUBLIC LICENSErgion
2.1, February 1999 (LGPL). Following this licence for exdiems to RAT the fol-
lowing copyright notice (with varying copyright holdersdchdates) holds.

Copyright (c) 2006 ITC-irst.

This is free software; you can redistribute it and/or modifynder the
terms of the GNU Lesser General Public License as publisgdatido
Free Software Foundation; either version 2 of the Licenséatoyour
option) any later version.

This software is distributed in the hope that it will be uggbut 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 GeneraldLibl
cense along with this library; if not, write to the Free Saite Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 0211171BGA.

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

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

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

4.6 Test Cases

To test the implementation of the new functionalities adtedNuSMV and to
run very preliminary benchmarks we have used 3 kinds ofzakility problems,
namely: Arbiter Game, Traf c-Light Game and Evader-Purs@ame. Every kind
of a game has several variants with modi ed winning condisiginitial conditions
and transition relations, etc. Every game is also paraimetkby a parameter
N. For the Arbiter Gamé\ is a number of clients. For the Traf c-Light Gani¢
is a number of farm roads. For the Evader-Pursuer Gadine2? is the size of
the board. In Appendix A are given examples speci cationshese games (one
variant for every game) with parametéequal to2.

Below are examples of execution time of the enhanced vedfiNu SMV (default
algorithms without additional optimizations are used)tf@ above problems with
various values of paramet&rrunning the experiments on an Intel Xeon 3GHz
equipped with 4Gb of RAM.
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Game Kind Arbiter Traf c-Light Evader-Pursuer
ParameteN | 50 | 100 | 150| 30 | 50 | 70 | 8 9 10
Time(sec) | 3.48| 445| 195| 2.25| 16.0| 72.5| 3.7 | 11.3| 302

Table 2: Example execution time ofd$MV on realizability problems.
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5 Conclusions

In this document we have given the formal de nition of realidity, suf cient
conditions for the realizability and unrealizability, awe described additional re-
search performed subsequently to deliverable [6]. We adsoribed the complete
(brie y) and approximated (in more detail) algorithms peated in [6] aiming to
detect suf cient conditions for the realizability/unréadbility without solving the
whole game problem. Newly presented algorithms x somersrfound in the al-
gorithms of [6]. Based on these algorithms we have implesteattool using the
NuSMV Model Checker as a core. In this document we also gavedberigtion
of the input languages, the way to run and control the tool @lsag the internals
of the tool and details of its implementation and its intéigra within the RAT
tool [15, 4].
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A Examples of Game Speci-
cation

Below are examples of game speci cations used tortégtpackage of NSMV.

A.1 Arbiter Game

Given thatrg andr; are requests controlled by the environment (Player 1) tle ta
of the system (Player 2) is to control gramg and g; such that the following
formula is satis ed:

R OR N (G )
A ((alW&ySA ((ri® g)! (ri=nextr)) !

! N

((always ((ri=g)! (gi=nextg)"1 Sg)

N I AN

N(( always eventually!: ri _: g)! ( always eventually!g = r;)))))
i i

This formula can be represented as a following two-playenga

GAME

PLAYER 1 -- Clients (Player One)

VAR r_0 : boolean; r_1 : boolean;

INIT Ir 0 & Ir 1
TRANS (r 0 '= g 0 -> next(r 0) = r_0)
& (r1!=9g1->next(rl =r1)

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)
& (1 =91 -> next(g_1) = g 1)

GENREACTIVITY PLAYER 2 (r 0 | 'g 0, 'r 1| !g_1)
> (g0=r09g1=r1

A.2 Traf c-Light Game

Given that the timetimer and cargcg andrc; are controlled by the environment
(Player 1) the task of the system (Player 2) is to controldr@dhts on highway
hwl and farm roadsl andrl; such that the following formula is satis ed:

N
alwaygtimer! (rli = nextrl;) ™ hwl = next hwl)
i

~alwayg(l  (hwl+ Sirl;)

A alwaydrci ! eventually! rl;)
i

This formula can be represented as a following two-playenga

GAME

PLAYER_1 s and e fmer
VAR timer : boolean; rc_0 : boolean; rc_1 : boolean;

PLAYER 2 - Tafic gt constoler

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 O : boolean; rc_F rl_1 : boolean;

INIT rc Fr1 0 &rcFirll

TRANS next(rc_F r1.0) = (.0 | ('rc_0 & rc_F_rl_0))
TRANS next(rc_F rl.1) = (.1 | ('c_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 + 1.0 + rl_1)

GENREACTIVITY PLAYER 2 (itimer) -> (hwl, rc_F 1l 0, rc_F_ i_1)

A.3 Evader-Pursuer Game

Evader-Pursuer game was created directly as a two-playee gathout writing
an LTL formula.

GAME

PLAYER_1 -- Evader (Player One)

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

INIT Ex = 0d2 0 & Ey = 0d2_O0;

-- 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

50 Examples of Game Speci cation Manual for Property Realizability Tool



B RAT Manual

Manual for Property Realizability Tool RAT Manual 51



52 RAT Manual Manual for Property Realizability Tool



RAT

Requirements Analysis Tool

Version 1.2

Authors
Roderick Bloem, Roberto Cavada,
Alessandro Cimatti, Ingo Pill,
Marco Roveri, Simone Semprini and
Andrei Tchaltsev

€ 2005-2006 by ITC-irst and Technical University of Graz



Notices
For information, contadRAT (rat@itc.it)

This tool has been developed within the PROSYD Europearg@ragontract number 507219.
(http:/www.prosyd.org )

The information in this document is provided "as is”, and n@@ntee or warranty is given
that the information is t for any particular purpose. Thesushereof uses the information at

its sole risk and liability.
¢ Copyright 2005-2006 ITC-irst and Technical University afa@. All rights reserved.

ii RAT — Requirements Analysis Tool



Contents

(O] 0112 o | £ TP iii
Table Of FIQUIES ...oviii e e iv
IS 00 IF= ] [ PP v
1 RATUSErS ManUal.....c..oouiuiiiiiiiii i iemeee e 1
L1 RUNNING RAT e e 1
1.2 Property ASsSurance in RAT ......oiiiiiiiiie e e ae 3
The Main WINAOW ........ovniiiici et 3
Traces and their management.............coovieveieeii i, 6
AN EXAMPIE L. 8
1.3  Property Simulation iN RAT ..o e 13
The Main WINAOW .......oouiiiiiic e e 13
The Analysis WINAOW........c.oiiiiii e 15
AN EXamMPle ... 16
1.4 Property Realizability INn RAT ....oiiiiii e 19
Realizability Problem ..o e eeee e 20
Specifying a Realizability Problem............cccoceeiiiinn, 21
The Main WINAOW ........ouuiiiiciic e et 22
2 RAT ArChItECIUIE . ... it e e e e en 25
2.1  Architecture and Implementation Notes ............ccooovvvieniinnnnnn. 25
2.2 Architectural Patterns ............couuiiunt e 26
The Model-View-Controller pattern...............oomeeeeveeeneennnnnnn. 27
The Observer pattern ..........ooueiieii e 27
2.3 SOMWAre STTUCTUIE . .. .uiiiit et i e eas 28
TOOIS STUDS ...t 29
A vertical view over the Software Structure.........ccccccoeeeeieenn.n. 30
3 RAT Installation and Distribution.............c.oceiriiiiiiiieec e 33
3.1 System ReQUIFEMENES .. .uiviiiiiiiit et corsrmnir e e e e e e e et eeaaenees 33
Requirements for Compiling M ........coocoeiiiiiiiiiie e 33
Requirements for Compiling BISMV........ocoooiiiiiiiiieeeen 34
3.2 Installing RAT ..oei e 35
ComMpPIliNG VIS, e e 35
3.3 Licensing and Warranty ............coeuveues e eereeneeieeneeneeneenaenns 36
A REIBIENCES. ...t e 39

RAT — Requirements Analysis Tool Contents iii



Table of Figures

Figure 1 -
Figure 2 -
Figure 3 -
Figure 4 -
Figure 5 -
Figure 6 -
Figure 7 -
Figure 8 -
Figure 9 -
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36

iv  Table of Figures

RAT- Main WiNAOW. .....cc.veiiiniiieiiie e 2
RAT- New project wizard. ..........cccouitmmmmmeevenennenennenns. 2
RAT- New project wizard, project data. .....cccceeevvvevvenen. 3
Property Assurance main Window. .........ccccevvvvvenennnnnn. 4
Creating signals, reqUIr€mMeENtS. ....... .o eeeereeneneenennenns
Creating possibilities and asSertions. ... ceeeeeeeeinenenn.s
Veri cation Panels. .. ..o, 6
An example of trace visualization. ........emeeevieiiiininn. 7

An example of trace visualization. ........eeeoiiiiiiinannnnns

Editing @ CAtEOOIY......vuiviieeenie e s e e e e veeaneeanas 9
Editing @traCe.......cocovviiii e 9
Counter - initial speci cation. ..........ccceeviiiiiieinienenn, 10
Counter - checking an assertion........cccccecvvvviveennennnn. 11
Counter - xing the speci cation..........ccccevviveiiviennnnnn. 12

Counter - checking a possibility. ........ccmmeeveiiiiiiinnnnn.. 12

Counter - traces of the session...........cccoeiviiiineinnen. 13
Property Simulation Main Window. ........cccccocovviennnns. 14
Property Simulation Evaluation Analysis Windaw......... 16
Create a project for Property Simulation. .................... 17
Property Simulation Start Window........ccccceevviieviininnnn. 17
Witness for proper@(r 7! F(a)). ..ocovvveiiiiiiiiiiiiiieeene, 18
Analysis of trace for proper@(r 7! F(a)).........coevevennenn. 18
Ask for arequest onsignal I .......cooveeeeeiiiiiiiiieens 19
Witness with request for prope@fr 7! F(a)). ................ 19
Witness for proper@(r 7! F(a)) && F(r). cooovvvvevininnnnnnn. 20
Witness for proper§G(r 7! F(a))) && (F(r))..ccccoeeneennen.. 20
Shaping the trace. ..o 21

Witness for shaped trace request......cowecmeeeeveeenennn. 21
Creating signals, requirements. ...... .o eeeeeieeienennnnen. 22
Speci cation of an environment signal in RAT.............. 22

Speci cation of a system guarantee property ilTRA...... 22

The Realizability window in RAT. ......oociiiviiiiiiinieens 23
The Realizability window in RAT . .......oooiiiiiiiiiinieens 24
RAT- Software parts and collocation ......cceeeevivvenen.... 26
RAT- Software Structure ...........cooceeciieeieieieeen. 28
RAT- Hierarchy of main software entities.................... 30

RAT — Requirements Analysis Tool



List of Tables

RAT — Requirements Analysis Tool List of Tables v



vi List of Tables RAT — Requirements Analysis Tool



1 RAT Users Manual

The tool RAT ful Il the need for a proper technological suppto formal methods

in the setting of requirements analysis by providing itssigéth the integration of

three sets of functionalities that enact the Property Satian, Property Assurance
and Property Realizability methodologies. In this secti@nshow how to interact

with RAT in order to accomplish the tasks related to theseemethodologies.

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

1.1 Running RAT

RAT can be execute from the command line by the following c@andh

rat - Launches the python interpreter to execlRAT Command
program

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 $dalinched without
any project as argument.

The unit of interaction with RAT is th@roject i.e. a collection of formal pro-
perties and results of veri cation checks. The relevancéhefrole of a project,
as an object with a state that can be saved and reloaded isasldar as Prop-
erty Assurance and Property Realizability are regardeslugier that builds formal
speci cations and inspect their quality, must have the gy to work in dif-
ferent sessions and of saving the results of the work peddrirom session to
session. With Property Simulation, such a feature coulthdess relevant, but the
value of having the possibility of saving simulation sessidi.e. the properties
simulated and the connected traces) shows clearly if wek thinong time con-
suming work sessions and of the importance of having a qufdeence to their
results.
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Figure 1: RAT- Main window.

Through the menéile or the commandlewin the tool bar it is possible to access
the wizard for the creation of new projects, shown in Figureedect the kind of
project, and specify the details of the project enteringddie in the elds shown
in Figure 3.

Figure 2: RAT- New project wizard.

As a result of the integration Property Simulation, Assueaand Realizability
into RAT (rather than simply juxtaposing them), it is po$sito shift between
these three kinds of projects at any time, and to load priggeffor example, from
Property Assurance into Property Simulation or PropertglRability. A project

hence sums up all the history of a design development proftessthe initial ex-

plorations of properties prototypes, to the de nition ofed of requirements, from
the inspection of requirements adherence to the intendexhimg to the possi-
ble use of simulation to perform a ne grained inspection obgerties coming
from Property Assurance, and to checking the interplay eetwcontrolled and
uncontrolled signals and their requirements with Reallitgb

Once a project has been created, the user can proceed dbett#tiSections 1.2,
1.3and 1.4.
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Figure 3: RAT- New project wizard, project data.

1.2 Property Assurance in RAT

RAT enacts the Property Assurance Methodology (see [2]@€e2t2) by support-
ing the users in Property Assurance related tasks; RAT gesva proper frame-
work for managing set of properties, a user-friendly irdeef towards veri cation
engines, and a proper framework for managing the resultsagfdPty Assurance
proof obligations. In this section we describe how to intenaith the tool by

following a typical use case, which encompasses the fotigwteps:

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 Assuranderojectsare the entities that correspond to
the ensemble of a speci cation together with the resultsioled by the connected
proof obligations. The building blocks of a speci cationthre Property Assurance
Methodology areequirementspossibilitiesandassertion all of which are proper-
ties formally expressed on a set of atomic symbols callgdals Following the
methodology, given a speci cation, some proof obligatiaed to be discharged;
in [2] Section 2.2 it has been shown how these proof obligatican be mapped
onto SAT technology: the tool provides an interface towdhis technology and
communicates the results of the performed veri cation &seloy means of ex-
tended waveforms calletdacesthat show the evolution of the values of signals in
possible models of the system under speci cation.
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The Main Window

RAT main window when in Property Assurance mode is shown guig 4. In
the upper part of the body of the window there are the tablethBomanagement
of signals and requirements; in the middle the are the takddglds for the man-
agement of possibilities and assertions (on the left), Arccontrol panel for the
veri cation tasks (on the right); the bottom of the windowdscupied 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, requiremgmssibilities and
assertions follow the same pattern regardless the cladgethe belong to. The
screen-shots in Figure 5 and 6 show the windows for creatimgaasignal, a new
requirement, a new possibility and a new assertion resmigtiall of which are
accessible by clicking on the rst one among the buttons anttp right of the
table of the proper class.

Note that in Property Realizability signals are distinheid of being System or
Environment. Similarly, requirements are distinguishéd&ng Assumption or
Guarantee. For Property Assurance and Property Simuldtese distinctions are
of no importance and therefore ignored.

Once an item is created, it is shown in the table of its claski@ais possible to
modify or to delete it by clicking on the proper button on thble of the class of
the item. A window similar to the one used for creation is ukedediting, and a
warning window will ask for the user's con rmation beforeldgng an item. Mul-
tiple selection is allowedQirl keyboard button pressed when left-clicking with
the mouse on the desired items) and hence is possible to lpedliting windows
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Figure 5: Creating signals, requirements.

of several items at one time, or to delete more than one itemetime. Multi-row
editing and parenthesis highlighting are provided to das@iput of properties and
to make more effective their visualization. Notice thaltita tasks that can be per-
formed on signals, requirements, possibilities, assertiaces and categories are
accessible also through pop-up menus that shows when theigiseclick with
the mouse on an item; the pop-up menus offer also selectailitiés like “select

all”, “deselect all” and “invert selection”.

Since, as pointed out in [2] Section 2, it may be of great usgnbolate a property
when the results of a Property Assurance check are not ofaasprehension,
the user is provided with the possibility of loading an itelnatt belongs to re-
quirements, possibilities or assertions into Propertyubaton mode; this can be
accomplished by selecting the desired items and clickingpetast one among the
four buttons on the top right corner of the proper table, osélecting the voice
Load into Simulation from the pop-up menu accessible by right clicking on
the selected items. The logical conjunction of the seleiteads 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 womd
provides the user with control on the execution of the veiion engine used to
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Figure 6: Creating possibilities and assertions.

perform Property Assurance related checks. The two talosyrsin Figure 7, al-
low to chose among SAT-based BMC techniques or BDD-based eédiniques,
and to set the respective options. As far as SAT-based BM&yerded, it is pos-
sible to choose which SAT solver to use, whether incremeatdiniques should
be used, the depth of the BMC problem generated, and the faaltiee loop back.
With regard to BDD-based MC, the user can de ne the partitieethod, whether
using Cone of In uence techniques, and which kind of dynaremrdering should
be used, if any. For more details on the meaning of theseraptibe user can refer
to the user manual of BISMV [5].

Figure 7: Veri cation panels.
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Traces and their management

The results of veri cation checks are shown as traces, whighshown as new
tabs beside th@utput tab as depicted in Figure 8.

Figure 8: An example of trace visualization.

Each trace has a name and is connected to the requirementbeapdssibili-
ties/assertions it has been generated from, i.e. thoseviratselected to perform
the check of which the trace is the result. These data allawatk the dependen-
cies among the traces and the other elements of the projeex&mple, knowing
which requirements a trace depends on allows the systengmalsit as out of
date or no longer meaningful if some changes have been pestbto one of the
requirements the trace depends on.

In Figure 8, the trace shown is composed by an initial stdpvi@d by an in nite
repetition of the second step, i.e. a loop. Loops are signhjea little black
arrow close to the name of the step they start from. Coloregdssthanges to help
depicting the nite pre x and the in nite loop in traces, Ifg gray for the former,
dark gray for the latter.

To ease their management and to re ect the typical use cad@mpkrty Assurance,
traces are organized in differenategoriesamong which the following system
categories are provided:

New the category where traces generated in the current sessostaed by
default;
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Default : the category where up to date traces that have been genératest
vious sessions are stored,;

Out of date : the category where out of date traces are stored (a tracé @ ou
date when some element in its dependencies have been deletexdli ed);

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

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

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

Figure 9: An example of trace visualization.

At the top left corner of the trace manager window the listategories is shown,
where each category has a name aml@stription ; it is possible to select more
than one category and, on selection, the contained traeehiawn on the right part
of the window grouped under the name of the category theyngeio. In the left
bottom corner of the window there is the list of the names efttaces contained
in the selected categories, by selecting or de-selectimgerdt is possible to show
or hide traces in the right part. As shown, each trace is limatogether with its
complete data that comprise a brief description, the notesred by the user, the
list of dependences and the history (when the trace was agekeetc.). Categories
and traces tables on the left part of the window, allow thesuszedit, delete or
add items, in Figure 10 and Figure 11 the editing dialog féegaries 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 exampé tovers the most
relevant Property Assurance features of RAT, and link togiein a cohesive view
the usage information given in the previous section.

The example we are going to tackle is the speci cation of arolea counter (an
instantiation of what described in [2] Section 2.2); a rstivé 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 t@yun

this signals are shown in tf&gnals table together with their type and notes.

TheRequirements  table collects three requirements that constitute aralripec-
i cation of the functional behavior of the counter, and oéthssumptions on the
environment

R1. prescribes that any increment operation is immediatelpvied 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 immediatelgvield by a unit
decrement in the value of the counter

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

Once this initial speci cation is entered by the user, it spible to proceed and
check it for consistency, i.e. checking that the requireisane not mutually con-
tradictory. This can be achieved by selecting all the regménts, by ticking the
check boxConsistency check , and by clicking on th&€heck button in the con-
trol panel at the top. Figure 12 shown the result of this cheglositive: the output
from the veri cation engine, shown in the talutput , reports that the run of the
engine has completed successfully and no warning messageiezl by RAT. As
shown in the control panel, this check has been performet) BAT technology
with a depth of the problem equal to 30, and checking for adisgae loop-backs.

Now that we have an initial consistent speci cation, we ctartsaanalyzing 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 ¢teuis always coher-
ent with the inputs received. In particular, we want to beeghat if no operation
is issued, the value of the counter does not change, whatevemlue is; this is
the meaning of assertiokiL shown in theAssertions  table in Figure 13.

OnceAl has been entered, we can check it against all the requirsraadtget the
result shown in Figure 13: the assertion is signalefhied by a red bullet next to
its name in thessertions  table, and a trace showing a counterexampl&ltcs

created and shown at the bottom of the main window. Note tsatranary of the
information related to the trace is provided close to thedtritself. By examining
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Figure 13: Counter - checking an assertion.

the trace, we notice that the counterexample shown hastéal 8tepin which the

value of the counter is -2 and no operation is issued, and@ndestep in which
the value of the counter is changed to 4. Note that the last stactually the rst
and only one of an in nite loop, as signaled by the little Iarow close to the
name of the step in the header of the trace. A review of theinmments reveals
that actually nothing is said about the evolution of signathen no operation is
issued, and this leads us to the de nition of a new requiramtrat lIs this hole

R4. prescribes that if no operation is issued the value of thetesuemains un-
changed

Figure 14 illustrates the new state of the speci cation dmlss that ifR4is added,
the check forAl passes, as signaled by the green bullet inAfsertions  table.
Note that in this case the check has been performed using BBihdlogy with
the Sift  dynamic reordering method. In this case no trace is showausecno
counterexamples has been found.

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

The possibility is signaled gsassedn the Possibilities table, and a trace cor-
responding to a witness of the desired system behavior 8rgtthe 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 consecutiviec operations are
issued (the value of changes accordingly) and then tdex operations are issued
making the value o¥ going back to 1 in the fth step.

The result of a work session is a speci cation, a set of pd##dls, a set of as-
sertions and a set of traces corresponding to the resulteafhecks performed.
Figure 16 shows the trace manager window with the tracesrgtukeduring this
session (actually other traces are shown that we do notideddsut 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 featu Some general GUI
features will be introduced, followed by explanations of ttmain and analysis
windows and an example scenario for a simple standard gyoper

The Main Window

When enacting Property Simulation in RAT you will see the Ri&in window
to change to Property Simulation mode as illustrated infieidi7. 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 swibchrols in the
upper right of the main window.

In the gure you see the three main sections of the Propertyu&ition interface.
On the upper left you can see a multi-row text entry window rghgu can enter
your property. The various lines are combined to a singl@enty, thus you may
split your property to several lines for a better overview.

The middle section of the Property Simulation window catssi two widgets

showing waveforms. The upper one illustrates the derivadngte behavior using
waveforms. The different waveforms illustrate the sigraeduies for every time step
in the trace. The whole trace is determined by the nite pani@e x completed by

an in nite repetition of the in nite parts. The backgroundlor indicates whether
the value is in the nite or in nite part of the trace. Light gy corresponds to
the nite part and dark grey to the in nite part. You may sdlecsingle signal

to highlight its waveform, there is no further impact of suzlselection. The
trace/signal view offers the possibility to request feasufor the next trace. A
click on the right button of your mouse on a step of the tracelpces 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 mearat ffou 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 eshualues.

When you establish requests you will notice that the colotheftrace for this
signal and time step changes to red. Red parts in the travetbabthese parts are
requested to be xed to the current values for the next tracgiest. You'll also
notice that the status Value at the bottom changes to “Cedtiaind the waveform
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color of the formula evaluation changes to black. This melaaisthe tree-view for
the Formula/Property evaluation does not correspond ttrdlce anymore.

The tree-view for the Formula/Property evaluation bendéaghTrace/Signal view
is not editable, so you cannot shape the waveform here.u#itiites and corre-
lates the single parts of the property to the trace. For eantr$tep of the trace
the property and all its sub-formulae are evaluated to trualee, visualized by
waveforms organized in a tree. The tree structure is defiaed the property to

illustrate the dependencies between the parts of the fyopése the tree-view to
make sure that the formula has been parsed the way you edpdr@dating the

waveforms to each other shows how the different parts of thpegsty interact with

each other interpreted on the trace.

The last part of the Property Simulation main window is thetod 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 mag ktated.

Counterexample Button: With a click on this button you can ask RAT to
provide a trace contradicting the property or possibleui@atequests.

Status: At this location you can always see what RAT is up to when daing
computation and the status of the trace and evaluation whienkExamples
areWitness, Counterexample|s Error, ....

Analysis Button A click on this button raises another second analysis win-
dow offering coverage information and controls as discdigs¢he very next
section.

The Analysis Window

The analysis window completes the information and contwbtbe main window.
For each sub-formula of the property the window containecage statistics and
offers controls to request for the next trace that this paotikl evaluate globally
or nally to true or false.

The coverage statistics tell how often a properties patuates to true and false,
and how often this evaluation change during the evaluatiothe trace. These
statistics are derived for the nite and in nite parts of thrace, complemented by
numbers for the entire trace including possible changekeainterconnection of
the trace and the transition from the last state to the i@liesof the in nite part.

The graphical concept uses a tree-view for organizatiorhefvisualization and
offers a “close’ button at the bottom to close the window. free-view shows the
coverage statistics for each part of the property and theasrio request features.
The rst column contains the name of the part, followed byen@olumns to illus-
trate the coverage information. For each part there areromuabeled0',"1', and
"C', corresponding to the numbers for fals@'], true (1') and evaluation result
changes(C'). The three sections for the nite, in nite parts, and the olé trace
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are distinguished by the used background colors. The sectmr the nite and
in nite parts use the same colors used for the waveformbf kigey and dark grey.
The section for the whole trace uses a very dark grey.

Additional four columns offer the option to request featui@ the next trace. You
can request a sub-formula to evaluate a property eventt@altyue (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 foréletrace, whereas a
red one indicates a desired request. Pressing the rightertmuton on a value
produces a pop-up window enabling to set or unset a request.

Considering the tree structure and the coverage informaizm be of great help
in exploring the behavior of a property. Considering thenepke of a property
requiring an request to be acknowledged the coverage iafitsmmay show that
there is no request happening (columns labeled "1' show\adtees for request)
for a vacuous trace. So by setting the request to be eventuadl you can ask for
a more interesting trace for example. When a part of the prppleesn't evaluate
to a speci c value at any time you may ask for an illustratidiwbat happens if it
does by seating the corresponding request.

Figure 18: Property Simulation Evaluation Analysis Window

An example

This section illustrates RAT Property Simulation functdity with a simple ex-
ample. For this example scenario we will consider the in&drproperty that a
request should be eventually acknowledged .

First we have to start a new project. This is done by callingaral clicking the
“New” button at the top of the window. As for this example wecidke to do Prop-
erty Simulation only we can skip the step of entering progtails at this stage;
Property Simulation extracts the information it needs feicomputations directly
from the property itself. With a click on the nish button @ire 19) we are pre-
sented with the main window of Property Simulation (Figuf®.2Please note
that if you would like to perform Property Simulation in anising requirements
engineering project for a device under construction, yau s&itch to Property
Simulation by clicking the control button at the top righttbé main window.
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Figure 19: Create a project for Property Simulation.

Figure 20: Property Simulation Start Window.

Our rstguess on PSL syntax for our informal propertydé 7! F(a)). G (“Glob-
ally”) is the short form of the PSL operator “always”, and E{entually, Finally”)
is the short form of the “eventually!” operator. We enterttheoperty into the en-
try widget of the Property Simulation main window and prées"Witness” button
to ask for an example trace ful lling and illustrating theoperty. We're presented
with the trace illustrated in Figure 21.

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

A check of the analysis reassures our preliminary conahssido gain a more in-
teresting trace we request a request to eventually happkusasted in Figure 23.
We keep the analysis window opened and ask for a new witnegsdsging the
corresponding button in the main window.
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Figure 21: Witness for properi@(r 7! F(a)).

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

We are presented with the trace illustrated in Figure 24. Asave satis ed with
the trace and want a request to happen for future examplebange 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 eveey @ you might not
include a forgotten request forever resulting in the misstdresting behaviors
during property exploration.

The derived trace illustrated in Figure 25 however, unvibidgd we have got some-
thing wrong, as the tree structure does not t our intenti@y. the investigation
of the tree structure we uncover that we have forgotten twacKats. We have to
put theG() part of the property into brackets, otherwise lbgical andbinds the
F(r) to the implication part and not to the globally part. We additonal brack-
ets to the property to gaifG(r 7! F(a))) && (F(r)). By asking for a new witness
we recheck the property and are satis ed with the presemtaxt tand evaluation
(Figure 26).

Now we want to check if a single of the two acknowledges cankto the prop-
erty. Again this might be obvious for our example, but it migbt be obvious for
a more complex one. Thus we shape the trace by editing thefovaveWe x the

18 RAT Users Manual RAT — Requirements Analysis Tool



Figure 23: Ask for a request on signal r.

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

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

Asking for a new witness produces a trace illustrating thatrequests are satis -
able (Figure 28).

We have used all elements of the Property Simulation interfeo far, and now it
is up to you to explore the property and the potential of Prigp8imulation on
your own. To give you some initial direction we would like toggiest to enhance
the property to allow an acknowledge only on a request, oimd the length of
an acknowledge to one time-step.

1.4 Property Realizability in RAT

This section illustrates the RAT Property Realizabilitatieres.
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Figure 25: Witness for proper@(r 7! F(a)) && F(r).

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

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

Realizability Problem

Informally, Property Realizability problem can be desedlas follows. All signals
are divided into two disjoint sets — uncontrolled (enviramt) signals and the
controlled (system) signals. Similarly, every requireniealongs to one of two
sets — the assumptions and the guarantees. At every steplay atprst the
environment variables are set to some unknown-beforehalneésand then system
decides values for its variables. Assuming that the assangptold the task of
the system is to satisfy the guarantees. If the system istalide that for every
possible behavior of the environment the speci cation iglRable. 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 aitii of the Realizability
problem see [4].

Specifying a Realizability Problem

As was told in Section 1.2 the distinction of signals in Sgstnd Environment as
well as the distinction of requirements in Assumption an@f@uatee is important
only for Property Realizability. Thus now, a user have tacifgeexplicitly whether

a signal is an environment signal or a system signal. For plgrigure 30 shows
the wizard to specify an environment signied of type boolean. Similarly, a
requirement describes an assumption on the behavior ofrivieoement, 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, &RBfushow the RAT
wizard to specify the system guarantays(forall M in f-65 g ((v=M
&& inc) -> next(v=(M+1))))

Figure 31: Speci cation of a system guarantee property imfTRA

The Main Window

Once all the signals and all the requirements have beertéasarthe RAT project,

it is possible to move to the Realizability window from whéie button that per-
forms the check of realizability for the selected propertian be pressed as to
start the check for realizability. Figure 32 shows the Reeddility window with an
example of realizability problem.

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

particular example the speci cation is unrealizable baeathe system may force
the violation of the guarantee requirements by setting s@halsinc anddec
upl To avoid such behavior we can add an assumption requireneegr(inc

&& dec) . With this assumption the speci cation becomes realizéblgure 33).

A set of assumptions and guarantees is internally conventtedan equivalent
NUSMV game structure, and depending on the generated ganctusérihe cor-
responding check algorithms are invoked (with the help efghhanced version of
NuUSMYV [4]). The generated game structure is printed in the &y &s to allow
the user to inspect it. Note that, such a game structure may finesh variables
introduced during conversion. If the tool is not able to canhva RAT speci cation
into a NuSMV game structure an error message with the subexpresaiming
the problem is printed out.

1At the moment no debugging information is printed out. Thoube enhanced version of
NUSMYV [4] in many cases is able to construct a strategy for tiséesy 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 Hescussed. The
general information about RAT implementation and run timginment will

be described in Section 2.1. Section 2.2 explains architalgbatterns used during
RAT development. The hierarchy of the RAT software is dématiin Section 2.3.

2.1 Architecture and Implementation Notes

RAT is a stand-alone multi-platform application that run®he process. Even if
multi-threading is used to run external veri cation enginthe GUI part tsinto a
single main thread.

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

The coding followed a few standards "de facto”. Classeshous and functions
names followPyGTKs convention (seénttp://www.pygtk.org ), that derives
from the GTK's one (sebttp://www.gtk.org ). Style and indentation are strictly
Pythoncompliant. Packages and lenames are java style, but §lidgss restric-
tive: e.g. a lefoo _and_foo.py contains de nition of clas§ooAndFoo, but may
contains the de nitions of other classes if convenient.

RAT uses external tools to check properties for Propertyufeste, Simulation
and Realizability. In particular currently it relies on thewySMV and Vis model
checkers that are written in Posix C language. The tools @tedcand used by
RAT as external processes, and are kept separated from RAdh lapstraction
layer calledStubthat exports a standard interface.

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

At the top is positioned the RAT Application, gray shaded t@kmit clearly dis-
tinguishable from the other parts.

The single parts are described in the following from thedmatto the top.
Operating System & Runtime System Libraries Those depend on the speci c
architecture implemented on the host computer. Currentiyf Ras been

tested unde6GNU/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 indagent
support for drawing and handling graphical widgets like adaws, buttons,
text entries, fonts, etc. Sewtp://www.gtk.org for further information
about GTK and its components.

Python Library This is a general multi-platform runtime environment poed
by the Python environment. It provides a large set of features and data
structures to be used from afythorrbased application. It also provides a
portable abstraction layer over the underlying Operatiygfe&n, making the
application platform independent. Seatp://www.python.org for further
information.

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

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

MVC & Observer Infrastructure  This is aPythonpackage that helps to design
and develop GUI applications. It implements Medel-View-Controllerand
the Observematterns developed speci cally f®lyGTK

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

2.2 Architectural Patterns

RAT has a pretty complex structure, as it currently ts inesepackages, about 65
modules and 12300 lines &ythoncode including comments. RAT is character-
ized by strongly interconnected features, and by the neddrigontal communi-
cation among independent parts. Furthermore, it providasyrdifferent indepen-
dent views over the same objects, and those views are oftent@ily editable by
the user. Whenever one of those view is changed by the usgrRAD itself, all
the other should react accordingly.
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To reduce the structural complexity, to keep a clean desigd,to minimize the
development and maintenance costs, two architecturarpativere considered:
The Model View Controller MVC) and theObserverpatterns, see [3].

The Model-View-Controller pattern

MVCis an architectural pattern that forces the designer tddanpahe application
being designed among three main parts: a Model, a View andr@len. The
traditional implementation of this pattern re ects the mail data ow of non-GUI
applications: data input, data processing, and resuleptason. Historically, the
MVC pattern is an attempt to map this natural data ow to the Gl$igie In fact,
it associates the data input to the Controller, the datagssing to the Model, and
the result presentation to the View.

In RAT this pattern is implemented in tiVC and Observer Infrastructurel his
implementation wanted to be different from the traditiooaé, as it is speci ¢ for
the underlying graphical toolkitRyGTK) and languageRythor) to exploit their
peculiarities and features. In particular, a part of theitianal View's features
have been moved to the Controller, and the model has been nwidevare of
the existence of any Controller or View. In combination witle Observerpattern
(see next section), this allows for a real separation of pipdi@ation logic from the
presentation layer.

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

View Contains the presentation layer. The View constituted bstafgraphical
widgets organized as a forest (typically a single tree). Wygls widgetis
one atomic GUI element, like a button, a text label, a windete, Often
widgets are containers for other widgets, hence widgetsoayanized in
trees, where vertices represents the containment redatisfor the models,
views do not know the models they are connected to, as theectian is
delegated to the controllers. This is another variatiorhwéspect to the
original MVC pattern, as this implementation is intended to t betterhwit
the PyGTKtoolkit.

Controller Contains the actions that must be carried out when a viewt eeen
quires the interaction with the model's logic. The Contolis always con-
nected to a single Model, and to a single View, making a solihkfamong
these two separated parts of the pattern. If a Controllebearonnected to
one Model, the same model can connect more controllers &ea gme.
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The Observer pattern

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

The Observerpattern is ofter used together with the/C pattern, and to a certain
extent it may be considered as complementary, as it harttdedatta ow from the
model to the view, whereas in tihdVC pattern the communication goes generally
from the View to the Model through the Controller.

This communication is carried out without making the modeireknow the exis-
tence of the view, by using observable properties withimtioglel, and by de ning
observers over those properties. The observers will beedadf any changing that
occur to the observable properties.

In RAT theMVC and Observer Infrastructuggrovides an implementation for both
the patterns. In particular, any Model can contain obsdevatoperties, and any
Controller is by default an Observer for the Model it is cocted to.

2.3 Software Structure

The software structure of RAT is strongly affected by thetqrat it is based on,
and by the other software entities it relies on, that haven tseeady shown in
Figure 34.

The main part of RAT is represented by its core, fully basedheMVC & Ob-
server Infrastructure At the core sides, there exist services and resourcesarthat
available transversally to the core. Figure 35 providesenu@tails about the core
and the provided services.

>
S — |
Utilities and Views

Services Clade

1 Files

.
Tool Stubs Controllers Resources ==
Images

==
Models v
XML

Schemata

(@

Model
Checkers ]

Threading
Control

MVC & Observer Infrastructure

Figure 35: RAT- Software Structure
At the leftmost side of Figure 35 are depicted the most ingdrservices that are
available to models, controllers and views. These sendoasot 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 externatié\
Checkers. Stubs export an interface known to RAT, and eadehabecker
has an associated stub. The result is that RAT can call a nubgeker
careless of the speci ¢ Model Checker it is actually calling

Threading Control Provides ne-grained portable control over threads. This s
vice is used for example in stubs invocation, for runningrttaelel checkers
in background, for controlling the associated process,fandapturing its
output.

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

Glade Files As already mentioned, a Views is a forest of widgets. The eislg
can be build and connected each other by hand, or by usinggmoging
tools like glade (seehttp://glade.gnome.org ). This tool can be used to
visually design a forest of widgets representing the viewidgets. With
very few limitations, this tool can be used then to set theperties of all
widgets, and to associate action to be carried out when aicetents oc-
cur (signals). For example a widget like a button can be #®satwith a
function name to be called when clicked. The result of thésation and set-
ting process is a glade le, that can be loaded at runtime kyMNC and
Observer Infrastructurghat provides the needed support for Views creation
based on glade les, and to connect the associated Comtzdhat 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 checkke NUSMV and

Vis is managed by &tuh a software entity that provides platform and Operating
System independent support for running generic externaleincheckers. The
execution of a model checker is restricted to a stand-alorgad that controls the
model checker within @ession The session is monitored, and can be stopped at
any time if the underlying Operating System supports preaaterruption. Also,

the stub provides access to the session I/O, allowing taioaihe model checker
standard output and error, and to control its standard input

A stub execution is a sequence of events:

The stub is initialized.

A session is initialized.

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

Session results are processed.

S T oA

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, eithédatch mode,

in interactive mode or through its library. In RAT the stulbstt control both
NuUSMYV and Vs use the model checkers in batch mode, launching their respec
tive executable les. This is achieved by specializing tlemeric stub classes, by
implementing some interfaces and overloading some clagisoai® 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 bggitheMVC and Ob-
server Infrastructure There exists also a vertical splitting that breaks thensk
structure up through a hierarchy of software entities.

Application

Options Project

Pr?perFY Property Options Requirements !’roperFy Traces
Realizability Assurance Simulation Manager

e

Possibilities Assertions

Signals

Property Trace Signal

Realizability Assurance
NuSMV Stub NuSMV Stub VIS Stub

Figure 36: RAT- Hierarchy of main software entities

Figure 36 depicts the hierarchy of the main software estitieat occur within
RAT. Each of the boxes represents a software entity, and eatlx of the hi-
erarchy tree is a containment relation, where cardinaditpat expressed. That
means for example that an Application contains one (or menffjvare entities to
represent a Project and the Options of the Application.

The way each software entity is implemented depends on tiitg'&mole. Those
entities that need to be shown, will follow tihd\VC pattern, and will be mapped
down to three object-oriented classes (or to a triple of #didset of classes) to as-
sociate to each entity a Model, a View and a Controller. Fangxe, the entity ap-
plication's Options has a model to hold the options, and gWiew/Controller
to present the options to the user, and to allow the user tafyntite options.
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Those entities that instead do not need to be shown (e.gtubg)swill be mapped
directly down to one class, or to a set of classes.

In the following the software entities depicted in Figuree36 detailed.

Application The application is the top-level entity. When the RAT exablg le
is run, a triple Model, View and Controller of this entity Wie instantiated
and connected each other, and RAT will nally enter in the maient 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 stoguldcalized
within this entity. A the moment this entity is empty, and riés not an
associated View for it.

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

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

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

Requirements This entity contains the set of requirements used by Prppgest
surance and Realizability.

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

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

Property Realizability This is the entity for Property Realizability. Its view is
shown when the Property Realizability feature is selectdteaapplication
level.

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

Assurance NUSMV Stub The Property AssurancedSMYV stub handles the in-
teraction of RAT with the NSMV model checker when Property Assurance
is run. This entities has no associated View and Contradied, it is imple-
mented by a single class. This class is the specializatianmbre generic
classes hierarchy that provides support for implementiegisc tool stubs.

Realizability NUSMV Stub The Property Realizability NSMV stub handles
the interaction of RAT with the enhanced version ot SMV [4] when
Property Realizability is run. This entities has no asdecid/iew and Con-
troller, and it is implemented by a single class. Similadytlhe Property
Assurance NSMV Stub already available in RAT, this class is the special-
ization of a more generic classes hierarchy that providppat for imple-
menting speci ¢ tool stubs.
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Possibilities Contained within the Property Assurance entity, this gm#pre-
sents the set of possibilities for Property Assurance.

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

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

Vis Stub Like the NUSMV Stubs entities, but speci ¢ for thel® model checker.

Trace A trace is the result of model checking, and can represemeredt withess
or a counter-example. In RAT there exist several view oveaeet, as they
can occur within the main application window, and within Tirace Manager
window. In general a trace can be shown as a graphical wamefeith some
associated information like the category it belongs to,rthmber of steps,
the loop information, etc.

Property This entity represent a single property, like a requirenoera possibil-
ity. The model contains information about the propertye lthke name and
formula. The view is shown when the user wants to create draegiop-
erty. There exist a dependency between a property and thasestthere
were generated from it. Whenever a property's formula isged, the cor-
responding traces will be invalidated.

More information about RAT implementation details can b&wobin [2].
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3 RAT Installation and Dis-
tribution

This section gives information on the architecture of RAMd anstallation and
distribution related issues such as system requiremests|lation procedure, and
licensing.

3.1 System Requirements

The provided RAT tool has been developed un@®&tU/Linuxusing thePython
language and theyGTKwidget toolkit.

RAT uses the model checkerauSMV and an enhanced version of3for some
computations. Binary executable les for both the modelaktees are shipped with
the provided RAT package. Both the executable les have lweenpiled under
GNU/Linuxon a 32bit x86 architecture and will not work on differenttfilams.

For running RAT the following libraries are mandatory:

Pythonversion 2.2 or later.hftp://www.python.org/ )
PyGTKversion 2.4 or later.htp://www.pygtk.org/ )

The API documentation for the RAPythonmodules can automatically extracted
from the source code using thpydoc 2 tool.

RAT has been tested on x86 and AMD&NU/Linuxmachines running 2.4 and
2.6 series kernels with approprid@gthonandPyGTKpackages and should run on
any similar con guration. Compatibility with other platfims has not been tested
and consequently is not guaranteed; however, full suppoRythonandPyGTK
must be provided in order to be able to run RAT.

Requirements for Compiling vV Is

The provided PSL-support forig used in RAT has been developed forswer-
sion 2.1. Ms-2.1 has been built and tested on the following platformsl, @y
work on others:

2http://epydoc.sourceforge.net
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IBM RISC System/6000 / AlX 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 \f's-executable was compiled for x86 with gcc 3.4.6-20060402d(R
Hat 3.4.6) on an Intel machine and should run on any similartine.

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 o 8IMV [4] is required. The provided
enhanced version of BISMV executable was compiled for x86 with gcc 3.4.6
20060404 (Red Hat 3.4.6) on an Intel machine and should riangrsimilar ma-
chine.

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

The NUSMYV pre-compiled binaries for different platforms are désadable from

[5], where it is also possible to get the source code of theesysWhile no partic-

ular requirements are posed GMNU/Linuxsystems, in the following we identify
the requirements for compiling and runningy SMV under other platforms.

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

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

To generate part of the documentation (the user manual antutbrial),

LaTeX is needed. You might consider that thee S3MV binary distribu-

tion already provides full documentation and help les. Téare several
implementations for Mac OS X, one good web page which pravidis

and installation information for various versions is attp://www.rna.

nl/tex.html

To generate the help on-line available at theSWV shell, lynx (ttp://
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 digtdnexpat _
win32bin is required and is downloadable frohttp://sourceforge.
net/projects/expat/

NUSMYV has been tested with two solutions on Microsoft Windowsre
ating systems: MinGW h{tp://www.mingw.org/ ) and Cygwin [ttp:
[Iwww.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 additionakages and
programs are needed. Consider that binary distributiaesdy provide full
documentation and help les.

latex: There are several implementations for Windows, one canuredffat:
http://www.miktex.org/

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

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

3.2 Installing RAT

RAT is provided as a bzip2 compressed tar archive. To decessfihe archive on

a GNU/Linuxplatform, the shell commanidr -vxjf rat.thz2 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 dgoess the archive.

The contents of the archive will be organized in three sutleic and the main
directory. The main directory holdsREADMEle, a copy of theLGPL, therat.py
executable and scripts to start RAT or compilss\calledrat andsetup respec-
tively.

The subdirectories contain:

src : The python sources of RAT, organized according to the soéwt&ucture
presented in Section 2.3)

resources : This directory holds in its subdirectolyn the executables of the
enclosed model-checkersd/and NUSMV. Furthermore the glade les can
be found exploring this directory.

doc: This directory contains a pdf version of this document, asdiladirectory
devel that contains the script to generate the programmer's dentation
of RAT in HTMLformat (the documentation is produce usingepgdoadoc-
umentation system d?ython
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Compiling V Is

3.3 Licensing and Warranty

RAT is distributed under GNU LESSER GENERAL PUBLIC LICENSErgion
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 modifynder the
terms of the GNU Lesser General Public License as publisldtid
Free Software Foundation; either version 2 of the Licenséatoyour
option) any later version.

This software is distributed in the hope that it will be uggfut 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 GeneraldlLibl
cense along with this library; if not, write to the Free Saiter Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 0211171B&A.

For further info refer tdttp://iwww.gnu.org/licenses/licenses.
html n#LGPL.

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

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

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

Permission is hereby granted, without written agreemedtveithout
license or royalty fees, to use, copy, modify, and distebiltis soft-
ware and its documentation for any purpose, provided trettiove
copyright notice and the following two paragraphs appeaitlinopies
of this software.

In no event shall Graz University of Technology be liable iy party
for direct, indirect, special, incidental, or consequantiamages aris-
ing out of the use of this software and its documentationn evéhe
Graz University of Technology has been advised of the poisgibf
such damage.
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Graz University of Technology speci cally disclaims any manties,

including, but not limited to, the implied warranties of raleantability

and tness for a particular purpose. the software providectkunder
is on an “as is” basis, and the Graz University of Technology ho

obligation to provide maintenance, support, updates, sgraents, or
modi cations.

For the provided NSMYV 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/andnod-
ify it under the terms of the GNU Lesser General Public Lieeas
published by the Free Software Foundation; either versioht&e Li-
cense, or (at your option) any later version.

NuSMV version 2 is distributed in the hope that it will be udebut
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 mordsdeta

You should have received a copy of the GNU Lesser GeneraldLibl
cense along with this library; if not, write to the Free Saite Founda-
tion, Inc., 59 Temple Place, Suite 330, Boston, MA 0211171BGA.

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

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

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