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Abstract—We consider a compositional method for the verifica- difficulty in designing compositional techniques. As expéal
tion of component-based systems described in a subset of tB&  jn [24], compositional rules are in general of the form
language encompassing multi-party interactions. The metbd is
based on the use of two kinds of invariants. Component invasnts B; < &1 >, Bs < &y >, C(P1, Do, D)
are over-approximations of components’ reachability setsinter- BB, < ® >
action invariants are constraints on the states of compondsa
involved in interactions. In this paper we propose fixed poim That is, if two components with behaviod3;, B, meet
characterization for computing interaction invariants. We also individually properties®;, ®, respectively, then the system

propose a new technique that takes the incremental design of B, || B resulting from the composition oB; and Bs will
the system into account. In many situations, the technique it L=2 ! 2

help to avoid redoing all the verification process each timem Satisfy a global propertp. C(®1,®,,®) is some condition
interaction is added in the design. Our two techniques haveden taking into account the semantics of parallel composition
implemented as extension of the D-Finder toolset. The resuhas  operation and relating the individual properties with thebgl
been applied to check deadlock-freedom on several case stes. property.

Our experiments show that our new methodology is generally
much faster than existing ones.

One approach to compositional verification is agsume-
guaranteewhere properties are decomposed into two parts.
One is an assumption about the global behavior of the system
within which a component is interacting; the other is a prope

Model checking [22], [15], [34] is by now a well-known guaranteed by the component when the assumption about its
method for proving properties of programs. The main reasenvironment holds. This approach has been extensiveljestud
for its success is that it works fully automatically, i.ethaut (see for example [2], [1], [14], [11], [20], [25], [29], [3P]
any manual intervention of the user. Unfortunately, thehoét Many issues make the application of assume-guarantee rules
may suffer from the so callestate-space explosigoroblem, difficult. These are discussed in detail in a recent papef [16
i.e., the number of states of the system may be too big to Wéich provides an evaluation of automated assume-guaante
analyzed automatically. techniques. The main difficulties are finding decomposg#tion

There have been a lot of work on developing newto sub-systems and choosing adequate assumptions for a
methodologies to cope with the state-space explosion prgiarticular decomposition.
lem. Among them, one findpartial order reductiontech- In a recent paper [5], Bensalem et al. proposed a new
niques[27], [35] or symbolic representationdased tech- approach for compositional reasoning. This approach isas
nigues [23]. Unfortunately, the situation gets even workemv on the following rule:
one has to apply model checking techniques to the verifigatio
of concurrent systems. The problem being that concurrency, , , . e )
often requires to compute the product of the individualesyst VB < @i >}, We Iﬁ(ﬁ%{?}i’ gb;}z)’ A 2N T = @
by using both interleaving and synchronization. In general R
the size of this structure is prohibitive and cannot be heshdl The rule allows to prove invariance ob for systems
without manual interventions. obtained by using a n-ary composition operation paranestéri

In a series of recent works, it has been advocated tH¥t @ set of interactions. It uses global invariants which are
compositional verification techniquesuld be used to cope the conjunction of individual invariants of componesitsand
with state explosion in concurrent systems. The idea is & interaction invarian¥. The latter expresses constraints on
apply divide-and-conquer approaches to infer global piigse  the global state space induced by interactions between@omp
of complex systems from properties of their component@ents. It can be computed automatically from abstractidns o
Separate verification of components limits state explasiofie system to be verified. These are the composition of finite
Nonetheless, components mutually interact in a system agtéte abstraction&* of the components3; with respect to
their behavior and properties are inter-related. This isajom their invariantsp;. The approach has been implemented in the

D-Finder toolset [6] and applied to check deadlock-freedom

This work was supported by the COMBEST project (IST STREPS285  several case studies. The results of these experimentstshbw

|I. INTRODUCTION




D-Finder is exponentially faster than well-establishedlgo o — &
such as NuSMV [13]. D1 D2
The methods in [5], which can be implemented in a sym- @ @
bolic manner, requires to handle complex formulas that rep- n ” Do g
resent both the behaviors of components and the interaction 7'1 T T3 T
between components. Moreover, it does not allow to reuse @ @
existing verification results when one adds new interastion
the design. This is problematic as components are generally B, U By ¢
developed by independent teams, which call for successive B — —¢
verifications until the whole design (all the interactiomsis Fig. 1. A simple example
been built.

In this paper, we go one step further and propose a fixed
point characterization for interaction invariants. Thehteique of our fairly simple approach. What is really exciting about
starts by computing successors for each component locattbis direction of work is that so much could be achieved with
and, at each iteration, constrains the result by usingiegistso little.
interactions and the partially computed information foneot
locations. The resulting formula represents exactly theesa Structure of the paper. In Section Il, we recap the
interaction invariant than the one produced by the method égoncepts that will be used through the rest of the paper.
[5]. However, it is generally smaller and easier to handénth Section Il presents a fixed point extension of the technique
the one obtained with the method in [5] that directly mixds apresented in [5], while Section IV presents the incremental
the invariants with all the interactions. version. Experimental results are discussed in Section V.
Incremental system design methodologies often work IBynally, Section VI concludes the paper.
adding new interactions to existing sets of componentshEac
time an interaction is added, one may be interested to verify
whether the resulting system satisfies some given propertyln this section, we recap concepts that will be used through
Indeed, it is important to report an error as soon as it ajgpeahe rest of the paper. We start with the conceptsarfiponents
However, each verification step may be time consumingnd parallel composition of component§hen we discuss
which means that intermediary verification steps are gdlgerasystemsandinvariants
avoided. The situation could be improved if the result of the -
verification process could be reused when new interactiofts Components and Parallel Composition
are added. Unfortunately, existing techniques do not focusin the paper, we will be working with a simplified model
on such aspects. In this paper, we propose a solution to tfis component-based design, which is used in Behavior-
problem, which takes the form of a new technique that takésteraction-Priority (BIP) component framework developed at
the incremental design of the system into account. In makgrimag[19], [30]. This framework has been implemented in
situations, the technique will help to avoid redoing all the language and a toolset called BIP[4]. The BIP language
verification process each time an interaction is added in tbéfers primitives and constructs for modelling and compgsi
design. Our solution is developed for the fixed point formul@omponents starting from atomic components.
but the principle could be generalized to other techniques. Roughly speaking, an atomic component is nothing more
Our two techniques have been implemented as extensitiian a transition system whose transitions’ labels areedall
of the D-Finder toolset. The result has been applied to chegkrts These ports are used to synchronize with other compo-
deadlock-freedom on several case studies. Our experimemgsits. Formally, we have the following definition.
show that our new methodology is generally much faster . .. _ . .
than the one proposed in [5]. In particular, we have be nef|n|t|p_n 1 (Atomic Component) An at[0m|c component is
capable to verify deadlock-freedom of Utopar, an automaté‘dtranSItlon systenB = (L, P, T), where:
transportation system developed by one of our industrial® L = {l1,l2,...,lx} is a set of locations,
partners within the COMBEST European project. This case® I is a set of ports, and
study is beyond the scope of existing verification techrsque * 7 € L x P x L is a set of transitions.
for checking deadlock-freedom. We have also identified casegjen + — (I,p,I') € T, | and ! are thesource and

studies for which our technique is less efficient than the ORRstinationlocations, respectively. In the rest of the paper,

in [5]. o . we use®r andT* to compute the source and destinationrof
The methods presented in this paper and in [5] af@spectively.

fairly simple, but they allow to verify deadlock-freedonrfo

concurrent systems that are beyond the scope of most exisfixample 1. Figure 1 presents two atomic components.
techniques. The Utopar case study has long been a challehfeé Ports of componenB; are p; and ¢i. By has two
for algorithmic approaches developed by our partners igcations:i; andl, and two transitions:; = (1, p1,l2) and
COMBEST and was handled without any specific tailoringgz = (l2,q1,11).

Il. PRELIMINARIES



We are now ready to define parallel composition betweéfde first propose the definition afystemthat is a component
atomic components. In the incremental design setting, théth an initial set of states.
parallel composmon opergtlon allows to build b'gge.r.co”befinition 4 (System) A systens is a pair (B, Init) where
ponents starting fromatomic componentsAny composition ! L . o
X . : o B is a component andinit is a state predicate characterizing
operation requires to define a communication mode betwe%n L
the initial states ofB.

components. In our context, components communicate via

interactions i.e., by synchronization on ports. Formally, weConsider the example given in Figure 1. If we assume that
have the following definition. Init = I A l3, then we obtain a composite component
v(B1, Bz), wherey = p1 p2 + q1 -

In a similar way, we distinguish invariants of a component
from those of a system. Therefore we define invariants for a
component and for a system separately.

Definition 2 (Interactions) Given a set ofn components

By, Bs,...,B, with B, = (L;, P;,7;), an interactiona is a

set of ports, i.e., a subset bf;"_, P;, such thatvi = 1,...,n.

lan P;| < 1.

By definition, each interaction has at most one port peDreﬂmt.'on 5 (Inva_rlants_) le.enacomponen?:'(L,P, 7).

. . . . a predicatel on L is an invariant ofB, denoted bynuv(B, I),

component. In the figures, we will represent interactions biy .

X . it for any location! € L and any portp € P, I(l) and

link between ports. As an example, the det,p2} is an | p , . , _

. . i . =1V eT imply I(I"), whereI(l) means that satisfies!.

interaction between Components and B; of Figure 1. This For a svstemS — (B. Init). I is an invariant ofS. denoted

interaction describes a synchronization between Compsneerl _ é it Elé a[n Tilr:vgriant of B and if Init ' T

B, and B, by Portsp; and p». Another interaction is given y inv(S, 1), it = 4

by the set{q1, ¢=}. The idea being that a parallel compositiorClearly, if I;, I, are invariants ofB (respectivelyS) then

is entirely defined by a set of interactions, which we call & A I, andI; V I; are also invariants oB (respectivelys).

connector As an example the connector f&; and Bs is the Let v(Bu,...,B,) be the composition ol components

set{{p1,p2},{q1,92}} with B; = (L;, P;, T;) for i € 1...n. In the paper,
In the rest of the paper, we simplify the notations and writan invariant onB; is called acomponent invarianand an

pip2 ... pi instead of{py,...,py}. We also writea; ...+ invariant onvy(By, ..., B,) is called aninteraction invariant

an, for the connectofay, ..., a,}. As an example, notation To simplify the notations, we will assume that interaction

for the connectof {p1,p2}, {q1,q2}} IS p1 p2 + @1 ¢2. invariants are predicates Qg L;.

We now propose our definition for parallel composition.
I1l. I NTERACTION INVARIANT COMPUTATION

A compositional verification method for safety propertiés o
component-based systems is proposed in [5]. The method is

Definition 3 (Parallel Composition) Given n atomic com-
ponentsB; = (L;, P;, 7;) and a connectory, we define the

parallel compositionB = ~(By,...,B,) as the transition based on the following rule:
system(L,~, T ), where:
e L=1,xLyx...x L, is the set ofglobal locations, {Bi(®:) 37, Ve II(y(B1,...,Bn), {®i}}),
« 7 is a set of interactions, and (AL 2)NT =
e 7T C L x v x L contains all transitonst = Y(B1,...,By) <@ >
((lhy-yln)sa, (14, ..., 1)) obtained by synchronization Thijs rule allows to prove invariance of a predicatefor
of sets of transitiongr; = (I;, pi,l;) € Ti}ier such that a systemy(By,..., B,) obtained by using a-ary parallel
{piticr=a€vandl =1;if j &I composition operation parameterized by a set of interastio

The idea is that components communicate by synchronizatgrP @ Set of component§B; }i ;. Bi{®;) means thatb;

with respect to interactions. Given an interactigronly those 1S the component invariant foB;. ¥ belongs to the set
components that are involved in can make a step. This is{{ Of interaction invariants'/ of ~(Bi, ..., B,) computed
done by following a transition labelled by the correspogdin@utomatically from®; and~(Bi, ..., By). The invariance of
port involved ina. If a component does not participate to thé IS Verified by checking tautologf/\; @) A ¥ = . .
interaction, then it has to remain in the same state. In the!! the same paper, two methods are provided for computing
rest of the paper, a component that is obtained by composfffjnPonent invariants and interaction invariants:

several components will be called @mposite component 1) Component invariants are over-approximations of the

Observe also that the parallel compositigfB, ..., B,) of set of the reachable states of atomic components and
Bi, ..., B, can be seen as &safe Petri newhose set of are generated by simple forward propagation techniques.
places is given by, = |J_, L; and whose transitions relation The iteration of the forward propagation allows to
is given by 7. In the rest of the papet, will be called the compute sequences of increasingly stronger compo-
set of locations of3, while £ is the set ofglobal locations nent invariants. A key issue is efficient computation

) of such invariants as the precise symbolic computa-
B. Systems and Invariants tion of reachable states requires quantifier elimination.

We now define the concept of invariants, which can be used An alternative to quantifier elimination is to compute
to verify properties of (parallel composition of) compoten over-approximations based on syntactic analysis of the



predicates occuring in guards and actions. In this cadgefinition 7 (Boolean Behavioral Constraints (BBCs)et v
the obtained invariants may not be inductive. Differeriie a connector over a tuple of componeBts= (By,--- , B,,)
strategies are used to derive local assertions, thatvwdth B; = (L;,P;,7;) and L = |J._, L,. The boolean
predicates attached to control locations and which abehavioral constraints for everlye L in v(B), can be defined
satisfied whenever the computation reaches the corlsrl = o¢;, whereo; is a functionl — Bool[L] such that:

sponding control location. A more detailed presentation, .
" { ANeyierer Vieeye U B0 g

as well as the techniques for generating component
true *=0

invariants are given in [7], [5], [6].
2) Interaction invariants express global synchronization Roughly speakingy; describes the constraints added by the
constraints between atomic components. The methegnchronization ovet. For the example given in Figure 1, the
which is called Implication-based/{/F’), computes corresponding constraints of all the locations are asiallo
interaction invariants by solving logical equations that
come from implications for the conditions of interac-
tions. Their computation consists of the following steps.
1) For given component invariant®; of the atomic The logical formulal; = I, V I, ensures that only locations
componentsB;, we compute finite-state abstractionsg, or I, are reachable by following the interactipm p-.
B of B; where o; is the abstraction induced by Notice that boolean behavioral constraints- o; can be
the elementary predicates occuring®y. This step is written into equatiori = [ Aoy, which is called BBC-equation.
necessary only for components; which are infinite- Equationl = [ A o; can be viewed as an image function from
state. 2) The systemy(Bi*,---,By~) which is an a local location td and a set of reachable locations contained
abstraction ofy(By,---,B,), can be considered as ain ¢;. Those “image” locations can be reached by following
1-safe Petri net. The set of the traps of the Petri niHe interactions given ify. To simplify the notations, we often
defines a global invariant which we can compute in aseo; instead ofo;, .

symbolic manner. 3) The concretization of this invariant
gives an interaction invariant of the initial system. B. Location-based Fixed Point Computation for Interaction

In this section, we propose a new symbolic technique 10 {nvarlants
compute interaction invariants for a composite compondet. We now compute interaction invariants by using BBC-
will first propose a Boolean equation system that links imagr equations. The intuition is as follows. 1f is in o;, andl; Ao
behaviors of each component that participate to the compdsithe sets of set of reachable locations through the intierec
tion with the global behavior induced by the connector. Theffom/;, then we can apply; Ao; to l; = [; Ao;, and obtain an
we will use this system of equations to derive a fixed poi,(ﬂquation that represents the locations that can be reactrad f
characterization of interaction invariants. Finally, witlalso i Via l;. If we repeat the same operation to all the locations

propose a heuristic to improve computation performances. Until no more reachable location are added, then the riglet si
of the obtained equation for a given location represents the

A. Boolean Behavioral Constraints set of sets of reachable locations started from this losatin
We start with the following definition (taken from [5]) thatthis subsection, we present a method to compute the sogution
for a given locationl computes the sets of component transfor BBC-equations and the way to obtain interaction invatsa

tions involved in some interaction of in which transitionr;  from these solutions.
issued from/ can participate. We now formalize the above process. Since we want to

derive a fixed point characterization, we first have to define a
preorder on sets of sets of locations. We propose the faligwi

11:>12\/l4, 13:>12\/l4
12:>ll\/lg, l4:>ll\/lg

Definition 6 (Forward Interaction Set)Given a set of inter-
actionsy over B = (By,...,By,), where B, = (L;, P;, T;)

o ; ; _ definition.
are transition systems, we define for a locatibre L; |ts
forward interaction set fromy by I3 = {{TZ ier | Vim DefinitiLon 8.LGiven a set of locationg, we defLinea preorder
T, N Fibri =1 N {port(ti)}ier € "y} CC 2% x 2%, Given two sets ofy, 52 over2?”, Sy C S if

for any ms € Sy, there existan; € S; such thatm; C ms.

When it is clear from the context, we wrii& instead ofl; As

an example, consider the components given in Figure 1. GivernThen we can apply functiofmage : 22° x 22° — 22" over
v =p1 p2 +q1 g2, we havely = {{r,3}}, 13 = {{m,u}}, asetF = {f(l)}icr to compute the set of sets of locations

13 = {{m,m3}} andl} = {{m,a}} . iteratively, where
In the rest of the paper, locations of components will
be viewed as Boolean variables. We can thus Bsel[L] Image($1, F \/ /\ 1)

to denote the free Boolean algebra generated by the set of mesiiem

locationsL. We also extend the notatidn, 7* to interactions,  We are now ready to define our set of fixed point equations.
that is®a = {°r| port() € a}, anda® = {7°| port(r) € a}. We will work with vectors of solutions. We consider a vector

For connectors, we have, *y = |, . L indexed by the locations i.. We usel’ to denote the
initialization of the vector. Roughly speaking, we upddte t



reachable locations from a location by replacing everytioca

[ in o by its intermediate solutions. Within every iteration,

we usel*(l;) to replace every locatiom; in o; to obtain
the reachable locations from evelye L throughl;. Then

L* becomes a vector of reachable locations, in which every
item is the set of sets of reachable locations from its index

location. When the iteration stopk/ is a vector containing
all the reachable locations from every location. The reblha

locations are calculated by considering all the interactio
from a location. Since the method is based on the least fixed

point computation of locations, we call it Location-basédé
Point (LFP).

Definition 9 (Location-based Fixed Point Equatior(iven
a composite component(B) with a set of locations., we
define a location-based iteration process over a vedtoof
I € L, which starts fromL’(l) = [ and such that

LEFL(1) = L*(1) A Image(oy, LF) 2

The iteration terminates wheh*t! = L. In such caselL*

LO Ol Ola Ols Ols
()
LIQ}% Q}% % g
2 b4 b1 b3 b2 U4 1 3
(b)
Fig. 2. Iteration step

(l,13)

@

(l2,14)

Fig. 3. Traditional fixed point computation

following theorem shows that the fixed point solution for the

corresponds to the set of solutions for the BBC-equations BBC-equations characterizes an interaction invariant.

v(B).

Proposition 1. Consider a composite componey(tB) with
a set of locationd.. LetL be a vector ovel, ando; be the
BBC forl € Lin v(B), we haveLkT1(l) = INImage(o;, LF).

Proof: Since L*(I) = L*(I) A Image(o;,LF), we
have L*(I) © L**!(I). The proof is by induction onk.
First, we havel.’(l) I. Suppose thatl*(1) IN
Image(oy, L*=1). ThenL*+1(1) = L* (1) AImage(o;, LF) =
I A Image(o;, L*~1) A Image(oy, ILF). SincelL*~1 C ¥, we
have I'mage(o;, L*~1) A Image(o;, LK) = Image(o;,L*).
ThereforelL*+1(1) = I A Image(o;,LF). ]

This proposition shows that the iteration fdr can be
focused onlmage(o, L) instead ofL. A Image(o,LL), which
can improve the efficiency of the computation.

Proposition 2. Let v be a connector oveB with a set of
locations L. If ¥ is the set of solutions for BBC-equation
of y(B), then for eachl € L such thatL* (1) = \/,.; mi, m;

gives a minimal set of reachable locations through a segeenc

of interactions ofy via location !, wherem, is a monomial
with the conjunction of locations.

Proof: First, observe thain; is a set of reachable lo-

cations fromi;. The reason is that; contains at least one jnyariant is given by(l; V 15) A (11 V 1) A (I3 Vis) A (I3 V 1)

L) =

Theorem 1. Let~ be a connector over a set of components
B = (Bl, ey Bn), with B; = (LZ,PZ,Z) and L = U?:l L;.

If L* is the set of solutions for BBC-equationsdfB), then
for eachl € L such thatL* (1) = \/,.,; mi, L*(I) = Ac;

is an invariant and\ ;. ;. L*(1) is an invariant ofy(B).

Proof: Consider anm in IL*(1), according to Proposition
2, m gives a minimal set of reachable locations through
interactions ofy via [. Assume that for some global state
Il = (lh,---,l,), we havel; belongs tom, thenm is true.
If from [; there exists an interactiom € v such that/; € *a,
then there existé) € a* with (I;,p;,1;) andp; € a , such
that!’; belongs tom andm is still true. So any successor state
of [ by an interactioru satisfiesmn andm is an invariant of
V(B).
Since the conjunction of invariants is still an invariant,
Nicr ™ is an invariant ofy(B), and A, L*(I)
is also an invariant ofy(B). [ |
This theorem allows us to compute the global interaction
invariants ofy(B), which is the conjunction of the invariants
obtained by the dual of every solution. In Example 1, we have
computed the set of solutions for every location. The unibn o
solutions isl; Ala VIi Aly Vs Al3 VI3 Aly. SO the interaction

monomial inc;, which enumerates one reachable location for \we conclude the subsection with an example that illustrates

every interaction froni;. If o; contains some;, thenm,; also
contains those locations ;. So m; is a set of reachable
locations fromi;.

Suppose now that:; and my, are solutions ofL* (1) for
I € L by Definition 9 such thain; C m;, meaning thatn;
goes through more locations tharn,. Becausen,Vm; = my,.
Thereforem; does not exist when the iteration stops, amgl
is a minimal set of reachable locations.

[ ]
We now introduce a new notatiom for the dual ofm,

our approach.

Example 1 (LFP computation) Consider the components
in Figure 1. Consider also the following connecter =

p1 p2 + ¢1 q2. The BBC-equations for the locations of each
components are:

li=ULN (ZQ V 14),
I3 =13 N (ZQ V 14),

lo =1s N (ll \/l3)
ly =14 N (ll \/l3)

The successive solutions for each iteration of the fixedtpoin

which is used to compute invariants from solutions. Thare represented in Figure 2. In this figure, the outgoing arcs



from a node correspond to the literals of the disjunction. Proof: Both definitions give the solution computation
Conjunction of all the literals corresponding to the arcs afrom the same set of locations, based on the same set of BBC-
the path from the root of the tree to a node is associated witlyuations, which makes the same set of solutions. =
the node. As example, in Figure 2 (b), the first tree can
written asiy Als VI A ly.

The initialization ofL° is shown in Figure 2 (a). After the
first iteration, we obtain the solutions shown in Figure 2. (n)

tIlzexample 2. Consider again the example given in Figure 1,
with v = p1 p2 + 1 go. After the first iteration, we have
Lo =1, Vi VI3 Vi, andA is given by

the second iteration, we apply' to replace the corresponding All)) =L A2V, A(l)=IaA (1 Vs)

location in o; as follows: A(lz) =13A (12 Vi), A(l)=1sN (L Vis)

L2(11) =LA A V) VIAA (V) =L Al Vi Alg By Definition 10]L' = I'mage(IL°, A) = 1y Alo VI AlyVia A
L2(lz) =la A(L A(la V1) VIsA(l2Vig) =l AlaVIs Als 15vi3AL. Sincel? = L1, the iteration stops and, according to
L2(I3) = I3 A(la A (L VI3) VIS A (L VI3)) =12 AlsVIs Al our definition,L! is the set of solutions for the BBC-equations
]]_42(14) = l4 A (ll A (12 V 14) V lg A (lQ V 14)) = lg A l4 V ll A l4 of ’}/(B)

SincelL? = L!, the iteration stops, and the solutions are
shown in Figure 2 (b).
Observe that the result of the above fixed point computation

differs from the set of reachable states of the composite ) ) ]
component. Let, and [ respectively be the initial locations " component-based design, the construction of a composite

in B, and B,, Figure 3 shows another invariant that is thecomponenf[ is both step-wise and hierarchic_al. This meaats th
set of reachable global states of the composition. Thissetd SyStem is obtained from a set of atomic components by
more accurate than our computation, but this precision hasS¥ccessive additions of new interactions, also calfexfe-
cost when working with complex systems. It takes interactif?€nts In this section, we propose a methodology that allows
as a global transition and computes exactly the destinatidf @dd new interactions to a composite component without
locations from each source location in the global state th&"€aking existing synchronization. We also show how toeeus
participates the synchronization. However, in our methodltérmediary results to increase efficiency.

Whgttwe rtl_eed is only one location that can be reached by |ncremental Construction of Component-based Systems
an interaction.

IV. INCREMENTAL COMPONENTBASED SYSTEM
CONSTRUCTION ANDCOMPUTATION OF INTERACTION
INVARIANTS

In component-based design, new increments are progres-

C. Implementation or.F’P Computation sively added during the step-wise construction process. It

The method presented in the above subsection requiresstamportant that these new increments do not break the
compute the fixed point for each location of each componesynchronizations that are assumed by interactions befare t
that participates to the composition. However differertalo addition takes place. Our first step is thus to define a notion
tions may have the same solutions. Being able to identiff sucf forbidden interactions. Formally, we propose the foilogv
locations would improve the efficiency of the computation. definition.
¢ In fact, we observe _that tWC.) locations that are reacha_ Yefinition 11 (Closure and Forbidden Interactiong)et v be
rom each other by an interaction do have the same solution;
Unfortunately, by using the computation above, the sofuiso a connector. ) _
computed twice. A way to this problem is instead to compute ® The closurey® of 4, is the set of the non empty in-
the solutions for every location separately, we can put the eractions contained in some interaction of That is

locations together and compute fixed point induced by BBC- ° = {a#0]3bey. ac b

equations defined in the following definition. « The forbidden in.teractions-_f of ~ is the set of interac-
o . ) . tions that are strictly contained in all the interactions of
Definition 10. Given a composite componer(tB) with a set . That isyf = ~¢ —~.

of locationsL, assume alsd\, a vector of BBC-equations for
all I € L with A(l) = I A ;. We define an iteration processlt iS €asy to see that for two connectors andy,, we have

by (71 +72)¢ =97 +95 and (1 +92) = (11 +72)° =71 — 2.
Lo = Vier! In our theory, a connector describes a set of interactiods an
LF+1 = Image(ILk, A) ©) by default, also those single component interactions inrevhe

only one component can make progress. This assumption
5llows us to define new increments in terms of existing
interactions. We propose the following definition.

WhenLL*+1 = LL*, the iteration stops and we obtain the se
of solutions for the BBC-equations ¢fB).

Obviously, we havel.* C L**!. Therefore, though we
obtain different solutions from different locations, wenca
always obtain the minimal solutions by using Definition 10.

Definition 12 (Increments) Consider a connectory over
a composite componenB and let§ C 27 be a set of
interactions. We say is an increment overy if for any
Proposition 3. The set of solutions obtained from Definitiorinteractiona € 6 we have interaction$,,...,b, € v such
9 and 10 are always the same. that J;_, b; = a.



In the above definition, fusion of existing interactionsoint s °
new interactions can produce a new increment. B D2 By
In practice, one has to make sure that existing interactions @
defined by~ will not break the synchronizations that are n —_— @ ps ry
enforced by the incremert For doing so, we remove from Q
the original connectoy all the interactions that are forbidden @ ¢ @ @ @
by §. This is done with the operation dfayering which r1 o
describes how an increment can be added to an existing set *
of interactions without breaking synchronization enfakdsy
the increment. Forma”y, we have the fO”OWing definition. Fig. 4. Example for incremental invariant computation

Definition 13 (Layering) Given a connectory and an

increme_ntzi over v, the new set of int_eract?ons_ obtained by, BBC-equations for each increment have already been
comb|_n|ng 0 and 1, aIsc; called Ia_lyerlng, is given by _thecomputed and we will show how to obtain the BBC-equations
foIIowmg setdy - (v = 5'_ ) + 4 the mcrem_e_nta_l CONSHrUCtion ¢4 he original connector plus the increments. Given aeseri
by layering, that is, the incremental modification-pby 6. of increments{8, } 1 <;<», and a locatior, o, denotes the BBC

The above definition describes one-layer incremental cdig+ the location/ with respect to Incremen;. We useoy; to
struction. By successive applications of the rule, we cafenote the BBC with respect tp— (X7, 46;)7.

construct a system with multiple layers. Besides the fUSiWoposition 5. Consider a composite componddtwith a set

of m_teractlons_,, .|ncreme_ntal construction can also beinbth of locationsL. Let~ be a connector oveB and let{6;}1<i<,,
by first combining the increments and then apply the restﬂ{E a set of increments over Assume thafy = 7— (37, 0;)/
1= 1

to the existing system. This process is calledperposition and let! = [ A oy be the BBC-equation of in &,(B) for

Formally, we have the following definition. 0 < i < n. The BBC-equations fof>_,o)7(B) are of the
Definition 14 (Superposition) Given two increments;,d, following form: .

over a connectoty, the operation of superposition betwe@&n . _

and d, is defined by, + d». I=1A /:\0 it (5)

Superposition can be seen as a composition between in- Proof: For any! € L, let I3, be the forward interaction
crements, with looser coupled relation. If we combine theet of! unders;, we havel(‘éﬁév) =13 Ul foranyd; and
superposition of increments with the layering proposed ). And its BBC isc; A ojy. Therefore the BBC-equations of
Definition 13, then we obtain an incremental constructiof:r , 5,)y(B) are of the formi = I A A}, 0. ]
from a set of increments. Formally, we have the followinghe above proposition states that BBC-equations of lonatio
proposition. for a superposition of increments can be obtained by takiag t
conjunction of the corresponding equation for each incrgme
By inspecting Equation 5, one can observe that if a location
is involved in more than one increment, then the number of

Proposition 4. Let~ be a connector oveB, the incremental
construction by the superposition afincrements{d; }1<i<n

is given b
g y . . N forward interaction sets for that location will increasdhigh
N — (o N\ f ‘ is caused by sharing a same port or more than one outgoing
(; %)y = (3 (Z; 5:)7) + Z; o 4 ansition.

The above proposition provides a way to transform incre- We now introduce the incremental computation of solutions

mental construction by a set of increments into the separ#fi@t computes the invariant for a composite component and a
constituents, where— (X7, ;)7 is the set of interactions that Set of increments. The method, which is called Incremental

K3

are not tightened during the incremental construction gssc Location-based Fixed Poinf{F'P) assumes that an invariant

We conclude the subsection with the following example. has already been computed for a set of interactions. This
information is exploited to improve the efficiency. The idea

Example 3 (Incremental construction)Consider again the 4 follows. According to Equation 4, the superposition oéf s
components given in Figure 1 and fgt= p1 +p2+¢1+42 b&  of increments{s; }1<,<, over a connector can be regarded
a connector. Led; = pi p» anddz = g1 g2 be two increments 44 separately applying increments over theirs constisudie

over v. Sincey — (01 + 02)7 = 0, we have(d; + d2)7 =  incremental computation of solutions is based on the smisti
P1pP2+q1 Ga. of these increments over their constituent$B) and the
B. Incremental Computation of Interaction Invariants solutions from the BBC-equations fdr — (37,6;)/)(B).

We now study the modification in the BBC-equations thz¥tve suggest the following proposition.

are needed to take increments added to the original desRpoposition 6 (IncrementalL.FP Computation) Consider a
into consideration. Our first objective consists in extegdi composite compone®® and a set of locationd.. Lety be a
the BBC-equations of each location. We will assume thabnnector forB and assume a set of incremerdi§ }1<;<»



overy(B). Letdy = v — (¥7_,6;)f andL; be the solutions of V. EXPERIMENTS

BBC-equations 06;(B) with respect toV/,.;, 177:/vhere0 = We have implemented both theFP method (Section I11)
i < n. The solutions for the BBC-equations(@;,:)Y(B)  and its incrementalL F'P version (Section IV) in th®-Finder

can be computed with the following equation. toolseq6].
Lo =V LV Vier—yr, w ! In this section, we start with a brief introduction to the
LA = I'mage(IL*, A) = (6) the D-Finder tool and explain what are the modifications that

have. Then we show the experimental results obtained by
implementing the methods discussed in this paper.

Proof: The idea behind the proof is to show tha '
we can get the same set of solutions by using Equ%l D-Finder Structure
tion 6 or Equation 3. Aslmage distributes over disjunc- The D-Finder tool implements a compositional methodol-
tion, we have Image(L°,A) = \/I_,Image(L;,A) V ogy for the verification of component-ba§ed systems deemtri_b
Image(vleL—U’.‘ o, ). Then, since\/,., I C L;, and In the BIP _Ianguage[8]. The tool prowdes_thre_e syml_)ollc-
A(l) is monotf):r?ic,' we have thal/,; ! and \/I_ L; v rep_resentanons-based methods for computing interadtion
Vier_11» . «. | have the same least fixed points over m variants, namely thdLFP and theLF'P methods presgnted
Proposition 6 shows that the invariants computed for theeinc in this paper as well as théM/P method presented in [5]
ments (thes;) can be reused in other computation where mofhd discussed in the beginning of Section IIl. D-Flnderelsel_|
increments are added. Hence this invariant can be maintaif® the CUDD package[31] and represents sets of locations
for further incremental constructions and verificationsjsk Py BDDs. D-Finder also proposes techniques to compute
should improve the efficiency of the verification proces§omponent invariants. Those techniques, which are destrib
Observe that in the case that *y, no outgoing interaction N [5], rghes on the Yices[18] and Omega [33] toolsets far th
from [ will be considered, and it can be regarded as a deadIdgSes in where a component can manipulate data. A general
location in~(B). As it will not in *; either, we need to add OVerview of the structure of the tool is given in Figure5.

such locations when we compute the global solutions. D-Finder is mainly used to check safety properties of
We conclude the section with an example. composite components. In this paper, we will be concerned

] ) with the verification of deadlock properites. We B S be the
Example 4 (IncrementalLF'P computation) Consider the  set of global states in where a deadlock can occur. The tdiol wi
components given in Figure 4 and tet= p1 +p2+q1+¢2+  progressively find and eliminate potential deadlocks as fol
r1+72. Consider also two incremends = p1 p2 +71 72 @nd  |ows, D-Finder starts with an input a BIP model and computes
02 = q1 g2 that are defined over. Sincey — (0; + 02)f =0, component invariant§'I by using the technigdeoutlined in
we havesy = (). The vector of BBC-equations; for 61(B) [5]. From the generated component invariants, it computes a
can thus be defined as follows: abstraction of the BIP model and the corresponding int&nact

where A is the vector of BBC-equations fQE]"_,d;)v(B).

Ar(l) =1 ANl VI Aly, A1(lg) =1 ANlgVigAls invariants/1. Then, it checks satisfiability of the conjunction
Aq(l2) = 1o, Aq(ls) =15 IINCINDIS. If the conjunction is unsatisfiable, then there
Ai(I3) =1 ANlsVIsAly, Ai(lg) =1 Alg VI Alg is no deadlock else either it generates stronger component

and interaction invariants or it tries to confirm the detdcte

The vector of BBC-equations; for 6,(B) is as follows. deadlocks by using reachability analysis technidues

AQ(ll) = ll, A2(14) = l4 .
Ag(ly) =ly Als Vi Alg, Ao(ls) =15 Al Vs Als B. Experimental Results
As(l3) =13, As(ls) = ls We have compared the three methodéKP, LFP and
The set of solutions for BBC-equations are IMP) on several case studies. All our experiments have been
conducted with a 2.4GHz Duo CPU Mac laptop with 2GB of
51(3)2 Li=ULALVIUANEVILNIEVIoNl RAM.

02(B) i Lo =la Alg VI Nls Vs Nlg Vg Nl The case studies we consider are the Gas Station [21], the
For (6, + d2)v(B), we haveL = *5; U %5, S0 Smoker [26], and the ATM [12]. The classical examples of
Reader/Writer and Producer/Consumer are also considered.
0 _ —
Lr=Livi, ;lll/\/\lbv\/lllA/\ll5v\/lf4A/\ll5\/vlb/\/\lf4 Regarding the Gas Station example, we assume that every
2B VIR0 TS A6 VA8 TS pump has 10 customers. Hence, if there are 50 pumps in a
Applying A for (61 +d2)y(B) into L° by I'mage function, we Gas Station, then we have 500 customers and the number

obtain that of components including the operator is thus 551. In the
L' = Image(LO,A) =11 Ala Al VI Al Alg ATM example, every ATM machine is associated to one
VILNANIs ANlgVIE NI ANIsVIg N3 Ay . ) ) o L
Vig Ay Alg VIg Als Al Vi Ay Als For those systems that do manipulate data, this requirestifier elimi-

nations, which are performed with the Omega toolset [33hdack-freedom

2 _q1 1 ; _ ; f components is checked by using the tool Yices [18].
Thenl L", sol" are the solutions for the BBC equanonso 2D-Finder is also connected to the state-space exploratiohof the BIP

of (51 + 52)7(3)- platform, for finer analysis when the heuristic fails to praleadlock-freedom.



TABLE |

COMPARISON BETWEEN DIFFERENT INVARIANT COMPUTATION METHOI3

N FOR THE GAS STATION, THE SMOKER, THE READER/WRITER, AND THE
PRODUCER'CONSUMER CASE STUDIES
@ Local deadlock- Component |[pe o iates|
| i [T L |5tz —Gas Staton
- scale location interaction IMP LFP ILFP
e ) 50 pumps 2152 2000 0:50 0:17 0:17
cilun martant 100 pumps 4302 4000 2:58 0:38 0:52
: v L 200 pumps 8602 8000 11:34 1:34 1:55
L@—- satisfiability | | Deadlock | 300 pumps 12000 12902 26:00  2:53 2:51
ClallADIS | |confirmation 400 pumps 17202 16000 47:38 501 3:51
= = — 500 pumps 21502 20000 - 7:45 4:43
riesestian faa || TASSEUEER 600 pumps 25802 24000 - 1121 5:53
! 700 pumps 30102 28000 - 1604 7:14
Deadlock freedom > Smoker
scale location interaction IMP LFP ILFP
Fig. 5. D-Finder tool 300 smokers 907 903 0:07 0:06 0:07
T 600 smokers 1807 1803 0:13 0:18 0:14
1200 smokers 3607 3603 1:.06 0:40 0:34
1500 smokers 4507 4503 1:38 0:59 0:44
. . 000 smokers 9007 9003 6:21 3:43 1:57
user. Therefore, _n‘ we ha\_/e 10_mach|nes, then the numbeﬁ200 emokers 12607 12603 1321 639 311
of components will be 22 (including the two components that 6000 smokers 18007 18003 27:03 14:45 5:57
describe the Bank). 7500 smokers 22507 22503 41:38 22:44 8:29
. . . . 9000 smokers 27007 27003 - 3252 11:36
The computation times for the application of the three meth ATV
ods on these case studies are given in Table |. Regarding theale location interaction IMP LFP ILFP
legend of the tablescale is the “size” of examplesiocation 10 machines 224 182 025 030 0:27
denotes the total number of control locatiorst tion IS 50 machines 1104 902 10:49 - 317 2:20
- _ HIRLETACIION 100 machines 2204 1802 43:.00 650  6:00
for the total number of interactiong) P provides the amount 150 machines 3304 2702 - 10:00 9:30
of time for computing invariants and checking deadlock- ggg maCE!neS 3?83 gggg - égfgg gféi
freedom using the technique of [SEFP is for the LFP macmnes v M '
method presented in Section Ill, add FP is for the ILFP scale location interaction IMP LFP ILFP
method presented in Section IV. The computation time is4ggoread3rs 2%%% 2%%4 %10‘; %106 %10%
: f : : B W 1 readers 4 1 11 1
given in minutes. The timeout, i.e., “-" is one hour. For the 2000 readers 1006 1004 040 031 0-32
incremental method, we start with all the components, andsooo readers 6006 6004  1:23 056 1:01
progressively add interactions between them. As an exampleb000 readers 10006 10004  4:43  3:02 2:17
for the Smoker case study, we start with interactions3fay ~ 8000 readers %?ggucemoﬁg?:‘er 528 340 319
smokers, then add the interactions 800 more smokers and  gcgle location interaction IMP LFP ILFP
so on. We observe that, for the classical case studieBP 1000 consumers 2004 2003 0:11 012 0:12
; 2000 consumers 4004 4003 0:27 0:27 0:33
and LFP perform better than thdMP method. In Figures 000 consumors 8004 8003 197 1419 118
6(a) and 6(b) , we also compare the memory consumed b¥ooo consumers 12004 12003 301 2140 232
the three methods on the Gas Station and Smoker exampleg000 consumers 16004 16003 6535 520 422
P i~ 10000 consumers 20004 20003 8:44 8:40 6:12
Again, b(?t.hLFP and ILFP. are mor.e efficient thadMP. 12000 consumers 54004 54003 1206 1102 837
In addition to these quite classical benchmarks, we also

provide results orlJtopar, that is an automated transporta-

tion system.Utopar is one of the two main case stud-

ies of the European project COMBEST[17]. A succincgtopar by abstracting from data exchanged between compo-
description of the Utopar case study can be found BENts as well as from continuous dynamics of the U-cars. In
http://www.combest.eu/home/?link=Application2. Rougly this version, each U-car is modeled by a component having
Speaking’ the Utopar system is the Composition of threes[yp’é control locations and integer variables. The Automatic

of components that are: (1) autonomous vehicles, called gontrol System has 3 control locations ahihteger variables.
cars, (2) a centralized Automatic Control System’ and (é—ﬁe Calllng Units have control locations and no variables.
Calling Units. The centralized Automatic Control Systend anin Table I, one can see that our techniques scale very well,
the Calling Units have (almost exclusively) discrete betiav While the IMP one runs out of time quite quickly. Also, we
On the other hand, U-cars are equipped with a local controll@bserve that the incremental version is always faster.
responsible for handling the U-car sensors and performingOn the bad side, we have observed that for the case of cyclic
various routing and driving computations depending onsisetopologies, the performance may decrease with the incrgasi
requests. The system is deadlock-free if there alwayssexistimber of components. This is illustrated with the Dining
some U-car that can respond a request from either a CalliRbilosophers for whichMP is much faster (see Table II)
Unit, the Automatic Control System or a Customer inside trend consumes less memory (See Figure 6(c)) than the two
U-car. In this paper, we have analyzed a simplified version ofethods presented in this paper. The reason is that in the



TABLE I 600

COMPARISON BETWEEN DIFFERENT INVARIANT COMPUTATION METHOS Increméntal tEEiZ[}F}ﬁQ{}SR‘ -
ON THE UTOPAR CASE STUDY ool IMP verification -~
scale location interacton IMP LFP ILFP
100 cars, 400 units 1503 40500 3:35 0:59 0:56 g 400 -
200 cars, 400 units 2203 80600 8:05 2:15 1:45 S
300 cars, 400 units 2303 120700 13:38 3:45 2:29 8 a0l
400 cars, 400 units 2903 160800 20:32 6:08 3:46 2 -
100 cars, 900 units 2503 91000 17:52  2:47 2:44 § ool -
200 cars, 900 units 3203 181100 38:41  7:11 4:59 = -
300 cars, 900 units 3903 271200 - 2330 7:18
100 cars, 1600 units 3903 161700 59:30 12:02 5:53 100 -
200 cars, 1600 units 3903 161700 - - 17:46
0 0 1;30 260 32)0 4(‘)0 560 6(‘)0 700
Gas Station: Number of pumps
TABLE IlI (a) Gas Station
COMPARISON BETWEEN DIFFERENT INVARIANT COMPUTATION METHO3
ON DINING PHILOSOPHERS 600 " ncremental LEP verifibation ~——
Il_r\l;lg ven;\ca:ion
verification «---%---
scale location interaction IMP LFP ILFP 500 -
50 philosophers 300 250 0:04 4:34 0:05
60 philosophers 360 300 0:06 9:36 0:06 = 400 |
70 philosophers 420 350 0:07 18:59 0:07 %
80 philosophers 480 400 0:09 30:46 0:09 g w00 |
90 philosophers 540 450 0:11  49:14 0:11 2
100 philosophers 600 500 0:13 - 0:20 2
150 philosophers 900 750 0:29 - 0:47 S 200
200 philosophers 1200 1000 0:52 - 1:18
250 philosophers 1500 1250 1:23 - 2:20 100 |
300 philosophers 1800 1500 2:19 - 3:54 —
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Smoker: Number of smokers
(b) Smoker
case of cyclic topologies, one often has to compute intienact 200 ‘ ‘ ‘ ‘ B}
invariants with constraints that involve all the comporseint Nl Lep vafcaton -
the cycleat the same timeThe symbolic implementation of [5]
starts with a formula that tries to interleave the behavidiall _wor
the components simultaneously. In general, the formuladas :
be refined in order to build the interaction invariant. Adestia &
. . . 8 100
above, this does not seem to be the case for cyclic topologies 2
. . . . . o
On the other hand, the fixed point characterization will only £
build the constraints in an interative way and hence it will = ol
take some time until the fixed point is reached. This explains
the difference in performances: in geneidFP and LFP
only work with small formulas that represent the behavior§ s o e 1 e e a0
of a subset of components, but sometimes they have to build Dining Philosophers: Number of philosophers
a huge one. In such situation, they are less efficient than a (¢) Dining Philosophers

technique that directly works with all the components frmﬁig. 6. Comparison of memory usage between different vatiio methods
the very beginning. On the good side, one can see ih&af

can still compete withfMP. Since our incremental principle

is quite general, we have good hope to build an incremental VI. CONCLUSION

version of IMP, which should be much faster than the current

. In this paper, we have presented two new techniquiés’
version.

and LFP for computing interaction invariants for a composite

The analysis on experimental results also provides uscamponent described within the BIP framework. The concept
heuristic on how to construct a component-based systera-incdf interaction invariant for BIP models was introduced by
mentally to facilitate the verification process. We can gisva Bensalem et al. in [5]. In [5], the authors also propose aajlob
choose much related interactions (the interactions spagif methodology, called/P, for computing such invariants.
the synchronizations within a group of components) into one The LFP method computes solutions for interaction in-
increment, which may reduce the computation when we pwdriants by computing local reachable states of components
the solutions of increments together to obtain all intécact from global interactions. ThéLFP method uses directly the
invariants by thelL FP method. solutions from the separate application of set of intecasti



over the same set of components.

As we have seen L FP and LFP work faster and consume
less memory thadMP in the case of acyclic topologies. On
the other hand, for cyclic topologie&)/P seems to be more
efficient. (23]

As a future work, we plan to work on extensions of D-
Finder that should be capable to handle systems with stacks.
This would allow us to model recursion. Another perspectiVié?]
is to combine D-Finder with existing techniques for compgti
the set of reachable states of an infinite-state system (whies]
can be viewed as a component invariant) that manipul%g%]
unbounded data[3], [9], [10]. Finally, we are also consiutgr
extensions of the tool that could handle linear temporaiclog
properties [28].
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[27]
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