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1 Introduction

Contract and interface frameworks are emerging as the formalism of choice for system designs that require
large and dispersed teams, or where the supply chain is complex [3]. Contracts are usually expressed as
pairs of assumptions, or properties that the environment must satisfy, and guarantees, the properties that
must be satisfied by each particular component. This style of specification is typically employed in the
context of component-based frameworks, which facilitate the design process by hierarchically decompos-
ing the design. This process is particularly effective if one can deduce properties of the entire system from
properties of its parts. In this case the framework is said to support compositional reasoning.

Of interest in system design is the relationship of refinement between a specification and an implemen-
tation. In contract frameworks, refinement takes different forms, depending on whether we are considering
refinement with respect to a specification, refinement of contracts, or refinement of an implementation
with respect to a contract. In this paper we present a methodology that makes use of these three forms of
refinement to simplify the verification process in system design. In particular, we consider two specific
notions: refinement between closed systems, and refinement under context, which is in turn used to define
the relationship of satisfaction of a contract by a component, and refinement between contracts, which we
call dominance. These relationships are introduced using a generic contract framework that uses abstract
composition operators to encompass a variety of different interaction models.

We discuss some rules for compositional reasoning and the constraints they impose on the refinement
relations. In particular, circular reasoning, which allows a component and its environment to be refined
concurrently — each relying on the abstract description of its context — entails an interesting rule for
proving dominance. But it imposes a relatively strong requirement on the refinement relation. We show
how to relax this constraint when checking refinement between contracts. In addition, we impose a much
looser relationship between refinement and refinement under context than usually assumed, which allows
us in some cases to derive more powerful rules for reasoning about contracts.

This work has a practical motivation in the component-framework HRC — standing for heterogeneous
rich components — defined in the SPEEDS IP project and used in the COMBEST project. The model
defines component properties as extended transition systems and provides several composition models,
ranging from low-level semantic composition to composition frameworks underlying the design tools used
by system designers. We focus here on two composition — and corresponding contract — frameworks. We
show that both can be seen as instances of our general contract framework and, based on the relationships
between the underlying refinement relations and the properties they enjoy, we show how to combine partial
tool chains for both frameworks into a complete tool chain for our methodology.

The proofs of all theorems are given in the appendix.

2 Contract-based design

2.1 Design methodology

From a macroscopic point of view, we adopt a top-down design and verification methodology in which
high-level properties are pushed progressively from the level of the system to the level of atomic compo-
nents — which we call implementations. As usual, this is just a convenient representation; in real life, we
always achieve the final picture in several iterations alternatively going up and down the hierarchy.

Our methodology, illustrated in Figure 1, makes use of the notion of contract [2, 12]. More details are
provided in [3]. For a component K, a contract describes 1) the interface of K 2) the interaction between
K and its environment denoted F, and 3) an abstraction of the expected behavior of £ and an abstraction of
the promised behavior of K. The idea is that the system component is refined into a set of subcomponents
assembled using a complex interaction layer. Contracts are associated to each of the subcomponents in
such a way that if we can build implementations satisfying the contracts of the subcomponents, then their
composition satisfies the system contract.

More precisely, we suppose given a global property ¢ which the system K under construction has to
realize together with an environment on which we may have some knowledge, expressed by a property
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Figure 1: Method for proving gl{E, gl;{I1,I5,I3}} < ¢

A. The property ¢ and A are expressed w.r.t. the interface Px of K. We proceed as follows: (1) define
a contract C for Pg which conforms to ¢; (2) define K as a composition of subcomponents K; and a
contract C; for each of them; possibly iterate this step if needed; (3) prove that any set of implementations
I, for K; satisfying the contracts C;, when composed, satisfy the top-level contract C (dominance) — and
thus guarantee ; (4) provide such implementations.

The global property ¢ appears at the top, while the implementations I; are at the bottom. The correct-
ness proof for a particular system is therefore split into 3 phases: conformance (denoted <) of the top-level
contract C to ¢, dominance between the contracts C; and C, and satisfaction (denoted =) of the C; by the
implementation I;. Thus, conformance relates properties of closed systems — as a contract defines a closed
system made of the composition of its assumption and guarantee — while dominance relates contracts and
satisfaction relates components to contracts.

2.2 Contract framework

We develop our methodology on a generic framework that supports hierarchical components and mecha-
nisms to reason about composition. The following notions and properties form the basis of this framework.
Here, we use glue operators [14] to generalize the operation of parallel composition found in most tradi-
tional frameworks.

Definition 2.1 (Component algebra) A component algebra is a structure of the form (K, GL, o, %) where:
e KCis a set of components. Each component K € K has as its interface a set of ports, denoted P.

e GL is a set of glue (composition) operators. A glue is a partial function 2 — K transforming a
set of components into a new component. Each gl € GL is defined on a set of ports Sg from the
original set of components — called its support set — and defines a new interface Py for the new
component — called its exported interface. K = gl({K1,...,K,}) is defined if K1,..., K, € K
have disjoint interfaces, Sq = UZL:I Pk, and the interface of K is Pg, the exported interface of gl.

o =C K x K is an equivalence relation. In general, this equivalence is derived from equality or
equivalence of semantic sets.
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e o is a partial operation on GL to hierarchically compose glues. gl o gl' is defined if Par € Sqi.
Then, its support set is Sq\Pgi U Sy and its interface is Py (cf. Figure 2).
Furthermore, o must be coherent with = in the sense that gl{gl'{K1}, Ko} = (gl o gl'){K1 U K2}
for any sets of components IC; such that all terms are defined.

To simplify the notation, we write gl{ K, ..., K, } instead of gl({K1, ..., K,}). Figure 2 shows how
hierarchical components and connectors are built from atomic ones. Note that exported ports of internal
connectors (which are not connected) are not represented in this figure.

1
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./

ez Sgl’

= Sy
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gl'{K1, K2}

gl{gl,{K17 K2}7 K37 K4}

Figure 2: Hierarchical components and connectors

We use the notion of context to restrict the way a component may be further composed.

Definition 2.2 (Context) A context for an interface P is a pair (E, gl) where E is such that P N Pg = ()
and gl is defined on P U Pg.

We introduce two refinement relations to reason about contracts: conformance, which we informally
introduced when discussing our methodology; and refinement under context, used to define satisfaction and
dominance. Refinement under context is usually considered as a derived relation and chosen as the weakest
relation implying conformance and ensuring compositionality, i.e., preservation by composition. We loosen
the coupling between these two refinements to obtain stronger reasoning schemata for dominance.

Definition 2.3 (Contract framework) A contract framework is a tuple (IC, GL,0,%=,{Cg 4}, <) where:
e (K, GL,0,%) is a component algebra.

e {Cg g} is a refinement under context relation parameterized by a context. Given a context (E, gl)
for an interface P, T, 4 is a preorder over the set of components on P.

e <C I x K is a conformance relation between components with the same interface. It is a preorder
such that for any K1, Ko on the same interface P and for any context (E, gl) for P, K1 Cg, g
Ky = gl{K1, E} < gl{K>, E}.

Example 2.4 Typical notions of conformance < are trace inclusion or its structural counter part, simula-
tion'. For these notions of conformance, refinement under context is usually defined as:

Ky}, Ko 2 gi{K\,E} < gl{K, E}
That is, T~ is defined as the weakest preorder included in < that is compositional.

Definition 2.5 (Contract) A contract C for an interface P consists of:

o acontext £ = (A, gl) for P; Ais called the assumption

e a component G on P called the guarantee

!'Simulation is formally defined in section 3.2.
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We write C = (A, g{, G) rather than C = ((A4, g), G). The interface of the environment is implicitly
defined by g/ while A expresses a constraint on it and GG a constraint on the refinements of /. The “mirror”
contract C~* of C is (G, gl, A), i.e. a contract for the environment.

Definition 2.6 (Satisfaction of contract) A component K satisfies a contract C = (A, gl, G), denoted K =
C ifandonlyif K T4 g G.

In interface theories [4], a single constraint is used to represent both A and G (gl is predefined), because
each transition is controlled either by the component or the environment. However, in frameworks with
rendez-vous interaction, several pairs (A, G) may be derived from an interface, as both component and
environment may prevent a rendez-vous from taking place. Thus, we keep assumptions and guarantees
separate.

Our notion of contract has a structural part, which makes this definition very general by encompass-
ing any composition framework. A more practical advantage is related to system design: it allows us to
separate the architecture and the properties (requirements) of the system under construction, which evolve
independently during the development process. In particular, in frameworks where interaction is rich, re-
finement can be ensured by relying heavily on the structure of the system and less importantly on the
behavioral properties of the environment.

2.3 Reasoning within a contract framework

Compositional reasoning is usually based on the following rule: if I < S, then I || E < S || E (where ||
denotes generically parallel composition). Thus, from I; < S7 and Iy < S, we get [1 || Io < S1 || So.
The proof is as follows:

1. 1 x5 = 11”]2#5’1”]2
2. I, S = IQ||Sl<SQ||Sl

If we consider refinement under context, and not simply refinement in an open system, reasoning is a bit
more complex because we have to handle closed systems. In particular, the previous rule is not sufficient
anymore. Remember that for a contract framework we require that [ Cp Simply [ || E < S || E. Now,
if I, Cp, Sy and Iy Cp, So, this is not sufficient to derive I || I2 < S || S2. In fact, we only have:

e [ L, ST = L| LS| I
e Ly Sy = L| LS| L

This means that to obtain a rule similar to the usual compositional reasoning, we need the following:

L g, S

p = L | LS5 |8

{1 ¢ = nlnssis

Furthermore, we want to be able to apply incremental design by incorporating parts of the environment
into the system. Hence the more general rule:

5L Epe 12
— L ||LCg S S
{ LCeh I Ep S1ll S

Thus, we require refinement under context to be a relation parameterized by a context such that:

L Ty, (1.,B},9, S1
Al Bl OV e pa e 1S4, S
{ I By (1.5 ,g1, 52 gith, fo} Ce.gly 915, Sof

Note that we never use this rule directly, because we do not want to prove refinement in the actual context,
but in an abstract one that is refined by the concrete context. Thus, we will only need the property defined
below, which we refer to as compositionality.
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Definition 2.7 (Compositionality) A refinement under context {Cg 4} is preserved by composition iff for
any context (E, gl) for an interface P and gly, E1, Es such that E = glp{E1, Es}, the following holds
forany I, S on P:

ICpqgS = gh{l,E} Tk, g, 915, En}

where gl and gly are such that gl o gl = gly 0 gly.

A refinement under context as defined above has this property. This comes directly from the following:

I1C S
glp{FE1,E2},gl — gl {I.E;\ C {S, FE
{ Ey E—gl1{IaE2}¢glz E; I 1{ 7 1} =hta I 1{ ’ 1}

Now, to check refinement in an abstraction of the actual context, we need another property of refine-
ment. Most frameworks offer the following rule:

I Egyq SINLE Sy = I1 T, g St

Here, I> C S5 denotes that I5 refines .S; in any context. This is quite limited because this requires to find a
way of “breaking the symmetry” of the dependency between component and environment. This is why the
following rule, which implies the previous one and is commonly referred to as circular reasoning, is more
interesting. Unfortunately, it is not sound in general.

I Csy 0 S1 AT Cgy g0 S2 = 1 Cpy g0 51

For each particular framework, this property can be proved by an induction based on the semantics of com-
position and refinement. For example, in a contract framework based on I/O automata, circular reasoning
is sound because exactly one component has control over each interaction [13].

However, circular reasoning does not hold for parallel composition with synchronizations (as they exist
in e.g. in Petri Nets or process algebras) or instantaneous mutual dependences between inputs and outputs
(as they exist in synchronous formalisms). Two reasons for the non validity of circular reasoning for C~
are illustrated in Figure 3.

S

Figure 3: K Ej g Gand B Eé g Abut K Z; a G

Suppose that composition is defined as the synchronization between actions with the same name and
interleaving of others. The upper example shows that non-determinism of the abstract environment is a
problem. In the example of the second row, both the assumption A and the guarantee G forbid b to occur.
This allows their respective refinements according to =, F and K, to offer b — since they can rely on G
resp. A to forbid its actual occurrence. But obviously, the composition of the implementations gl{E, K'}
now allows b.

Because circular reasoning is not sound for all refinements under context, it may be useful to use a
more restrictive definition of refinement under context in order to make circular reasoning sound. This is
the reason why refinement under context and conformance are decoupled in our definition of a contract
framework.
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2.4 Dominance

Dominance is the key notion that distinguishes reasoning in a contract framework from theories based
on refinement between components. Intuitively, dominance means for contracts what refinement means
for components. More specifically, proving that a contract C dominates C’ means showing that every
implementation of C, that is, every component satisfying C, is also an implementation of C’.

Definition 2.8 (Binary dominance) Let C and C' be two contracts for the same interface P, with C =
(A, gl,G) and C' = (A, gl',G") (implying that P = Pg). C dominates C’ iff gl = gl (and as a
consequence Py = Pas) and:

forany KonP,K =C = K[EC

Moreover, one may need in some cases a notion of well-formedness of a system. It is generally a
property that cannot be expressed in the considered component framework: deadlock-freedom, termination,
etc. One expects however such a property to be preserved top-down by conformance.

Definition 2.9 (well-formedness) We define a well-formedness constraint as a property preserved by con-
formance, that is if S is well-formed and S’ < S, then S’ is well-formed.

As typically a top-level description is not fine-grained enough to guarantee well-formedness, we are
also interested in preserving well-formedness in a bottom-up fashion — that is from implementation con-
tracts to global contracts. This may then be achieved by strengthening the definition of dominance, for
example by adding the following constraint:

x forany Eon Py, E E (G, gl,A") = E E (G, gl, A)

Contract algebras. Some contract frameworks define an algebra of contracts. Examples are [1] and
the SPEEDS LO framework presented in the next section. Having an algebra of contracts is in principle
attractive. Our dominance problem would then boil down to checking that ;l(Ch ...,Cyp) dominates C for
a given g;l defined on contracts.

We do not propose such an algebra for two reasons. The first one is that this would impose much
stronger constraints on the general notion of contract framework: we would need for each composition
operator gl the existence of an operator gl on contracts such that K1 = Cy A Ks = Co < gl{ K1, K>} E
;l(Cl, (). This is clearly not possible for arbitrary component frameworks. In fact, it is not even possible
to define greatest lower bounds or least upper bounds of contracts for arbitrary settings. Also, there is in
general no largest implementation satisfying a contract. Our aim is to propose a generic notion of contract
framework which imposes minimal constraints on the component framework it is associated with.

The second reason for not proposing an algebra of contracts is that we show in the following that it is
possible to reason efficiently about contracts without ever composing them.

If one cannot compose contracts or wants to avoid it, a dominance check involves in general not just
a pair of contracts. A typical situation would be the one depicted on Figure 1, where a set of contracts
{C;}?_ are attached to disjoint interfaces {P;}? ;. Besides, a composition operator gl; is defined on
P =J;'_, P, and a contract C is given for P’ C P.

We thus provide a broader notion of dominance: a set of contracts {C;};—1., dominates a contract
C w.r.t. a composition operator gl; iff any set of components satisfying the contracts C;, when composed
using ¢/, makes a component satisfying C.

In order to hide ports of the lower-level contracts which do not appear at the interface of the top-level
contract, we relax the constraints on the composition operators by only requiring that they agree on their
common ports. For this, we need a notion of projection of a component K onto a subset P’ of its interface,
denoted ITp: (K), which is quite natural and must preserve the following properties.

Definition 2.10 (Projection) IfI1 is a projection, then for any components K; and A on disjoint interfaces
‘P and P 4, and any composition operator gl on P U P 4:
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1. for P' C P and for any gl, gly with Py = P" UPy, Py, = P\P' s.t. gl = gl o gly:
K1 Caq Ko Np(K2) Ea g, G = Hp (K1) Ea g, G
Note that G is defined on P’.
2. for Py C Pa and for any gl, gly on Py =P U P}, Py, = Pa\P s.t. gl = gl o gly:

K Enp, ()0, G = KEagG

Note that G is defined on P.

These properties state that ports of the component (and symmetrically of the environment) which do not
appear in interactions with the environment (resp. the component) may be abstracted away when checking
refinement.

Note that we might use an equivalence relation between composition operators rather than equality.
This would be, e.g., in the context of L1 connectors, an equivalence based on equality of the associated sets
of interactions. More generally, this can be any relation such that gl = gl’ implies that gl{ K1, ... , K, } =
gl'{K1, ..., K,} for any set of components such that compositions are defined.

We now state formally our semantic definition of dominance.

Definition 2.11 (Dominance for a composition) Let C be a contract on P, {C;}, a set of contracts on P;
and gl a composition operator such that Sy, = U?:l Piand P C Pg,. Then {C;}?_, dominates C with
respect to gl; iff for any components {K;}?_,:

Vi, K; = C) = Up(gl{Ki,...,K.}) [EC

A sufficient condition for dominance has been proposed in [12] when circular reasoning is sound. It
relies on the fact that local assumptions are indeed discharged, that is, implied by the environment defined
by the guarantees of the peers and the global assumption A. Yet, it requires that Vi, gl o gl; = g¢l,. The
generalization of this rule to composition operators on different sets of ports is given below.

Theorem 2.12 [f Vi. Agly. . gl o gl; = gl; o glg, and circular reasoning is sound, then to prove that C
dominates {C;}i—1..n w.rt. gl, it is sufficient to prove that:

HP(glI{G17 ceey Gn}) ': ¢
Vi, Ilp, (9lg,{A,G1,...,Gio1,Git1, ..., Gn}) EC

Note that the well-formedness condition (x) discussed previously is obviously preserved by this rule.

In SPEEDS HRC, discussed below, the required decomposability of gl o gl into gl; o gl g, is trivial for
LO but not for L1. Due to lack of space, we do not develop this issue here.

This condition shows that the proof of a dominance relation boils down to a set of satisfaction checks,
one for proving refinement between the guarantees, the second for discharging individual assumptions.

This result is particularly significant because one can check dominance while avoiding composition of
contracts, which is, as stated before, impossible in the general case and leads to state explosion in most
concrete contract frameworks.

2.5 Combining two refinement relations

We consider here using two relations of refinement under context C* and C# instead of a single one.
Mainly, the goal is to reintroduce some asymmetry between the property that must be guaranteed by the
component and the one to be guaranteed by its environment, because full symmetry might be either not
sufficient or unnecessarily strong to ensure circular reasoning.

In particular, we consider the following rule which we call pseudo circular reasoning for C* and C7:

KC% GANECE A = KC%,G (0)
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It guarantees that C“ is preserved in a circular-like fashion if the environment refines A via some relation
CA.

This kind of pseudo circular reasoning can be used in different ways to make dominance checks easier.
We will use both of them in our application to the SPEEDS framework in the next section where we have
two refinements under context, one supporting circular reasoning, and one not.

Relaxing standard non circular reasoning. Suppose that =% does not allow circular reasoning. Sup-
pose that we have a second refinement under context relation C? which is strong enough to guarantee
pseudo circular reasoning.

In this case, we can use (0) as a rule for verifying dominance instead of rule (1) which was proposed
for the case where circular reasoning is not possible.

Rule (0) relaxes rule (1) by requiring assumptions to be refined via C”, which is generally weaker than
refinement in any context. Thus, condition (0) allows us to establish dominance more often than rule (1).
Relaxing circular reasoning. Suppose now that circular reasoning is sound for C“. Suppose again
that we have another, weaker, refinement under context relation =7,
In this case, rule (0) relaxes the rule for circular reasoning

K E%,gl G/\E E%7gl A — K E%’,gl G (2)

We can prove that pseudo circular reasoning allows the following sufficient condition for dominance
when C is stronger than C°.

Theorem 2.13 [fVi. dglg.. gl o gl; = gl; o glg, and pseudo circular reasoning is sound for & and A,
then to prove that C dominates {C;};—1. ., w.rt. gl, it is sufficient to prove:

Hp(glI{Gl,...,Gn}) ):O(C
Vi,HpAi(glEi{A,Gl,...,Gi,l,GHl,.‘.,Gn}) }:ﬁ C:l

Now suppose that C” is not only weaker but also less costly to check than C. Then pseudo-circular
reasoning allows establishing dominance more often, and in addition it increases the scalability of domi-
nance checks.

If there is a well-formedness condition, then pseudo circular reasoning can be adopted only if both
relations C and CP preserve this well-formedness condition.

3 Two contract frameworks

We show now how the general theory introduced in the previous section is applied in practice. In the
SPEEDS project, we have defined a modeling framework HRC — standing for Heterogeneous Rich Com-
ponents — to offer designers an environment for contract-based design. HRC offers the possibility to define
hierarchical components where interactions and data exchange are defined by explicit connectors between
ports which define the component’s interface. Components are associated with behaviors (implementa-
tions) and contracts are represented by a pair of behaviors (that is, properties) expressing an assumption on
the environment and a guarantee, that is a property that the component’s implementation must realize in
any environment obeying the constraint imposed by the assumption.

In HRC, we choose to represent behaviors on an interface (that is represented by a set of ports P) by
labeled transition systems, which are sufficiently enriched to represent hybrid and stochastic behaviors as
well as implementations realizing complex data transformations. To simplify the presentation, we restrict
ourselves here to abstract transition systems without data nor any other extension.

Definition 3.1 (LTS as behaviors) A labeled transition system (LTS) on a set of ports P is defined as a tuple
(Q,q°, P, — ) where Q is a set of states, q° an initial initial state and — C Q x 2F x Q is a transition
relation.

8/20 Verimag Research Report n® TR-2010-12
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For hierarchical model composition, there exist several models defining different levels of abstraction:
they range from low-level semantic composition (called LO) to user level composition which generalizes
the composition primitives existing in commercial design tools. We discuss here two layers: LO which we
already mentioned, and L1 which offers a richer set of composition operators.

In LO, connectors are simple name matchings which connect an output port to one (or more) input
ports, possibly in a hierarchical fashion. The composition semantics is synchronous, that is, a transition
of a composed system involves all components in a globally maximal interaction. L1-connectors are more
complex; they are inspired by BIP connectors [0]. In L1, a connector defines a set of possible interactions
on a set of ports, which may be output, input or event ports. For compatibility reasons, connectors on inputs
and outputs must obey the same constraints as LO connectors, that is, connect exactly one output to a set
of inputs and define exactly one interaction involving all connected ports. The L1 execution model is more
asynchronous as executions of different connectors are interleaved, and maximal progress is only enforced
for individual connectors.

3.1 LO contract framework

At the semantic level, the LO contract framework of the SPEEDS HRC model is based on a simple trace-
based representation, and uses set operations for the definition of the operators. In other words, LTS
are used at the LO level as recognizers for the trace representation. This is convenient, as the synchronous
composition semantics translates into simple intersection of trace sets. In this context, we are not concerned
with the specific form of a trace (more details can be found elsewhere [2]). Instead, we simply assume that
for any set of ports P there exists a set of corresponding traces G over those ports which we call behaviors
or runs over P. As discussed in Section 2.4, the set of behaviors is equipped with a projection operator
projp, p, (G) which restricts the behaviors to ports in ; C Ps, and a corresponding inverse projection
pro j;llj,z (@) to extend the behaviors to a larger set of ports Ps.

A component K with interface P at level LO is defined as a set of behaviors over Px. The behaviors
correspond to the history of ports that are visited when traversing the transitions of the LTS. Composition,
in the original formulation, is defined as a new LTS obtained by the Cartesian product of the transition sys-
tems, and by retaining only the pairs of transitions whose labels of ports match, given the correspondence
induced by the connectors. If the matching ports of the two components had the same names, composition
at the level of trace sets would boil down to a simple intersection of the sets of behaviors. Because this is
not true in general, and is forbidden by the definitions of our framework (components must have disjoint
sets of ports under composition), we must introduce the connectors as explicit components that establish a
synchronous relation between the histories of connected ports. The collection of these simple connectors
forms the composition operators I' of our framework at the LO level. In addition to that, to make inter-
section work, we must also equalize the ports of all trace sets using inverse projection, to have a coherent
representation of the composite. In particular, if £ = {Kj,...,K,} is a set of components such that
P1,..., P, are pairwise disjoint, then a composition operator I" for K is a component Kt defined on the
ports P = pr U (U7, P;), and

K =T{K,...,K,}
= proj,. p (Kp N proj;ip (Ki)Nn...n proj;ijj (Kn))

Component K is always taken as an identity operator, and is used exclusively to rename ports in the
composition and to construct the new interface pr. In the following, at the semantic level, we implicitly
assume the appropriate connector components are used whenever a composition is required, and instead
use components with equal sets of ports for convenience.

The definition of o is straightforward. Since composition operators are themselves components, their
composition follows the same principle as component composition. Finally, the = relations on / is taken
as equality of sets of traces.

It is easy to define a notion of conformance < for the LO model. This notion is equivalent to the
traditional notion of refinement, and is defined as trace containment. More formally, if K, and K, are
components over the same set of ports P, then K; < K> if and only if K} C K.

Verimag Research Report n® TR-2010-12 9/20



Sophie Quinton, Susanne Graf and Roberto Passerone Contract-Based Reasoning

L0 contracts. Contracts are defined in LO as pairs (A, G) of components over the same set of ports. In
particular, A represents the assumptions of the contract, or, equivalently, the behaviors that are considered
acceptable by the contract. Likewise, GG expresses the guarantees, or those behaviors that are possible under
the contract, provided the assumptions are satisfied. The composition operator I' is implied by port name
matching.

The definition of refinement under context C g r is derived from the definition of composition and
conformance as in Example 2.4. K7 Cpp Ks if and only if I'{K7, E} < I'{K>, E}. The relation so
defined is a preorder, and satisfies by definition the conditions required by our framework.

In the LO model, contract satisfaction is defined as refinement under the context of the assumptions.
Formally, a component K satisfies a contract C = (A, G) if and only if

KNACG.

Observe that the above is equivalent to K N A C G N A. In our framework, this translates into I'{ K, A} <
I'{G, A}, where T is the appropriate composition operator that computes the identity relation. By defini-
tion, this is the same as K T 4 r G. Thus, the definition of satisfaction in HRC is consistent with the more
general definition of satisfaction of our framework.

In the LO model there exists a unique maximal component satisfying a contract C, namely:

Me = G U—A, (1)

where — denotes the operation of complementation on the set of all behaviors over ports P 4. The operation
of computing a canonical form is well defined, since the maximal implementation is unique, and it is
idempotent. It is easy to show that K |= C if and only if K C M. We say that a contract C = (4, G)
is in canonical form when G = M. Every contract has an equivalent contract in canonical form, which
is obtained by replacing G with M¢. In the following, we focus on contracts in canonical form, since
several expressions can be simplified. The limitation is that complementation may not be effective in
certain models (such as timed models). In those cases, the use of canonical forms is precluded, and the
more generic L1 theory is required.

Parallel composition of contracts in L0. Contract composition formalizes how contracts related to dif-
ferent components should be combined to specify a single, compound, component. Let C; = (A, G1) and
Co = (A3, G3) be contracts. First, composing these two contracts amounts to composing their promises.
Regarding assumptions, however, the situation is more subtle. Suppose first that these two contracts pos-
sess disjoint sets of ports and variables. At a first sight, the assumptions of the composite should intuitively
be simply the conjunction of the assumptions of the rich components, since the environment should satisfy
all the assumptions. In general, however, part of the assumptions A; will be already satisfied by composing
C;y with Cy acting as a partial environment for C;. Therefore, G can contribute to relaxing assumption Ay,
and vice-versa. Whence the following definition:

Definition 3.2 (Composition of contracts) The parallel composition C || Cy is defined as the contract C =
(A, G) such that:

A = (A1NA)U~(G1NGy),
G = GinNGs.

Note that the so defined contract is in canonical form.

The following result, which, as discussed is not true in the general case, expresses the strong compositional
properties of the LO contract theory.

Lemma33 IfK =Cand K =C',then KNK' =C||C.

Dominance in L0O. Dominance is defined in LO as a contravariant relation between assumptions and
guarantees. The relation between guarantees is required for general dominance, whereas the second condi-
tion for assumptions is intended for preserving well-formedness.

Definition 3.4 (L0-Dominance) A contract C = (A, G) dominates a contract C' = (A',G’) if and only if
AD A and G C G'.
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Dominance amounts to relaxing assumptions and reinforcing promises. Note that if C dominates C’' and
C’ dominates C, then C = C’. Furthermore, if C dominates C’ then M = C’. This property implies
the following result, which relates the definition of dominance in LO to the more general definition of our
contract framework:

Lemma 3.5 If K |= C and C dominates C', then K = C'.

As a partial order, dominance admits both greatest lower bounds and least upper bounds, which we call
conjunction and disjunction of contracts, respectively. Let C; = (A1, G1) and Co = (As, G2) be contracts.
The greatest lower bound of C; and Co, written C = C; M Ca, is given by C = (A, G) where A = A; U Ay
and G = G7 N G3. Similarly, the least upper bound of C; and Co, written C = C; U Ca, is given by
C' = (A',G") where A = A; N Ay and G = G UG,. Note that the result of these operations are contracts
in canonical form. Minimal and maximal contracts can also be defined, as well as complementation,
making LO contracts a boolean algebra.

Discussion. The LO contract framework has strong compositional properties, which derive from its
simple definition and operators. The theory, however, depends on the effectiveness of certain operators,
complementation in particular, which are necessary for the computation of canonical forms. While the
complete theory can be formulated without the use of canonical forms, complementation remains funda-
mental in the definition of contract composition, which is at the basis of system construction.

Circular reasoning is sound for a contract framework based on canonical forms. This is because any
behavior that is not allowed to the environment, is instead allowed by the guarantees. This is no longer the
case for contracts which are not in canonical form. This is a limitation of the LO framework, since working
with canonical forms could prove computationally hard.

In the following section we analyze a higher level model, where we dispense with the composition
operator for contracts. We will show that the high level framework, called L1, can be used consistently
with LO by proving that properties in L1 are preserved in LO by soundness results.

3.2 L1 contract framework

The HRC L1 framework (1) allows to define more complex composition operators and (2) decouples the
notions of conformance and refinement in a context in order to enable circular reasoning even for contracts
that are not in normal form, and thus avoid the limitations of the LO contract framework.

For defining the L1 contract framework, we follow the general theory exhibited in section 2. It is
therefore enough to provide the L1 composition model defined by a set of connectors, the semantics of
composition, and the two refinement relations and show that they satisfy the requirements of section 2.

L1 composition is based on interactions, which involve non-empty sets of ports. An interaction is
defined by the components that synchronize when it takes place, and the ports through which these com-
ponents synchronize. In the following, interactions are usually denoted a.

Definition 3.6 (L1 connectors) A connector vy is defined by a support set S, an exported port p., and a set
1, of interactions in S..

The intuition behind support set and exported port is illustrated in Figure 2, where connectors relate a
set of inner ports and an outer port of a component. One should keep in mind that a connector, and thus an
exported port, represents a set of interactions rather than a single interaction.

Now, suppose given a set of interfaces P; for components K; and denote P = | J; P;. If p, C S/, then
« and «’ form together a hierarchical connector whose interaction set is like Z.,, where each interaction o
in which p,, occurs is replaced by a set of interactions identical to o except that the occurrence of p,, is
replaced by an interaction of I,.

Two connectors 7, and e are disjoint if p, # py,, P, ¢ S, and p,, ¢ S,,. Note that S,, and S,
may have ports in common, as a port may be connected to several connectors.

Definition 3.7 (L1 composition operators) A composition operator I" on a support set St is a set of disjoint
connectors with support sets included in Sr.
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Composition operators can be composed using two operations: union and hierarchical composition of
connectors. This defines an operator o with the properties required by Definition 2.1.

Definition 3.8 (L1 composition semantics) Given a set of LTS {K;}"_ | with K; = (Qi,q?, Pi, —), and
' a composition operator with support set Sr = |J.—, P;, we define the composition T{K1, ..., K, } as
(Q,q°, Pr,—), where Q = [[\, Qi, ¢° = (¢), ..., ¢%) and — is defined by:

VyeT\Va € Z,,Vg' = (¢f,....qL),¢* = (¢},...,¢%) € Q, ¢* 22, ¢ iff the following conditions hold:
1 PiNa

o Vi, ql == q2, with the convention thatVq, q LR q, that is, components not involved in the interac-

tion don’t move.
o o is maximal w.r.t. I, that is, there is no o e 1, such that o C o’ and the previous condition holds
ford/.

Thus,the semantics of composition is obtained as usual as the composition of transition systems where
each global transition corresponds to a maximal enabled interaction of exactly one connector, and the label
of a transition is the exported port of the corresponding connector’. In order to define a synchronous
composition, I" must consist of a set of conflicting connectors which are never enabled jointly.

L1 contracts. Let P be an interface and I" a composition operator with P in its support set, which
implicitly defines an interface Pg of the environment. An L1-contract for P is then of the form (A,T, G)
where A is an LTS on Pg and G an LTS on P.

It now remains to define the two refinement relations, conformance and refinement under context. As
in L1, we take into account the representation of behaviors as LTS and choose L1-conformance to be
simulation, that is, the structural counter part of LO-conformance (trace inclusion).

Definition 3.9 (L1-conformance: simulation) Let K| and Ky be two LTS. A relation R C Q1 X Q2 is a
simulation from K to Ko iff ¢ R q3 and for any pair (q1,q2) € Q1 X Qa:

QREAqG —>1q) = Fghst.qe ——2¢3 Nt R

K1 <P Ky iff there exists such a relation.

Thus, L1-conformance is identical LO-conformance for behaviors without non-observable non-determinism,

and otherwise it is stronger. Note that in verification tools, in order to check trace inclusion efficiently, one
will generally check simulation anyway.

For refinement under context, which defines contract satisfaction, we choose a stronger relation than
for L0, in order to be able to use circular reasoning for dominance checks.

Definition 3.10 (L1 satisfaction) Given a component K and a contract (A, gl, G) for Pk, we define satis-
faction as: K Efl,lgl G=

{ gl{K7Adet} 4L1 gl{GaAdet} (4)
(a,q4) R (g6, @4) NG — Kk = qc —c (5)

where Age; is the determinization of A and R the relation on states proving that gl{K, Age;} <!
9H{G, et}

That is, CX1 strengthens the “standard” notion of refinement under context as introduced in Exam-
ple 2.4 and used in the LO framework by the condition (5) stating that every transition of a refining state
must correspond to a transition in each corresponding abstract state — but the target states must be related
as well only if the environment allows this transition. As a consequence, ! allows circular reasoning.
Note that in frameworks with data, one usually requires preservation of certain predicates from the concrete
to the abstract transition system; here we require preservation of transition enabledness, independently of
data.

20One can easily define two semantics of different granularity: we have chosen the one referring to exported ports, but alternatively
we could distinguish all the different interactions for each connector.
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L1-satisfaction is not the loosest relation ensuring sound circular reasoning. Condition (5) can be
relaxed by not requiring that g —— ¢ if the environment controls o and A forbids in ¢4 any interaction
a4 that can be combined with & — meaning that: for any a4 such that o U a4 is an interaction of the
closed system gl{ K, A}, then cv4 is also an interaction of the closed system. Thus, the symmetry is broken
between environment and component, because all refinements of A must forbid such a4 in g4 (there is no
¢y st qa =24 ¢'y). For the sake of simplicity, we do not use this property here.

Generally, having a structural part in contracts allows the refinement relation to rely on the way a
component is connected to its environment, and not only on an abstraction of its behavior, to forbid (or
allow) an interaction in the composition.

Well-formedness. A natural notion of well-formedness for L.1 would be deadlock freedom, a property
that is not preserved by composition. In [12], we define a framework based on modal transition systems, in
which deadlock freedom is indeed a well-formedness condition, that is, preserved by conformance. Here,
we use only L1 refinement under context to improve LO reasoning. In particular, we are only interested in
LO-conformance and well-formedness.

3.3 Consistency between L0 and L1

In the previous sections, we have introduced two different notions of refinement under context: C and
C L1 where the second is strictly stronger than the first one. As already stated, circular reasoning is sound
for CL1 but not for 0,

Now, based on the results of section 2.5, we provide a way of relaxing the dominance checking for
L1 and symmetrically we propose a verification condition for LO-satisfaction that does not require that the
actual environment refines the abstraction of the environment in any context. These two improvements are
as explained in section 2.5 based respectively on the following two theorems.

Theorem 3.11 K gf‘}gl GAE gé?gl A implies K E}%gl a.

This allows us to relax our sufficient condition for dominance in L1. This is particularly interesting be-
cause checking LO-satisfaction is obviously easier than checking L1-satisfaction. Thus, checking that a set
of contracts {C;}?_; L1-dominates a contract C requires one L1-satisfaction check and n LO-satisfaction
checks. Moreover, this relaxed rule allows establishing dominance more often.

Note that the well-formedness condition for L1 is not preserved using this rule. This is however no
problem because only the well-formedness condition of LO has to be preserved in the global methodology,
which is indeed the case.

Theorem 3.12 K gﬁ?gl GANE gé}gl A implies K E}LS(,)gl el

This second theorem allows in the SPEEDS project building a complete tool chain based on a set of tools
checking either LO-satisfaction or L1-dominance (implemented by a set of L1-satisfaction checks). We can
check a complete contract hierarchy requiring dominance check using the existing L1 dominance checker,
and at the very end check satisfaction with the more scalable L0 satisfaction checker.

4 Related work

The LO theory of contracts is similar to other notions of components with assumptions that are found in
the literature. For process spaces [9, 10], a process (or component, or interface) has two sets: X is the
set of possible behaviors, and Y is the set of acceptable behaviors. A process has the requirement that
X UY =R, the set of all behaviors. A process is the same as a contract C that has:

G=X, A=Y.

So, processes correspond to contracts in canonical form. The notion of refinement and contract composition
is the same as the one described here.
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A similar approach is obtained using trace structures with failure behaviors [5, [ 1]. A trace structure
(or component, or interface) has also two sets: S is the set of successful traces, and F' is the set of failure
traces. One obtains a contract in canonical form C by setting

G=SUF, A=-F.

Again, the notion of refinement and composition are the same as for contracts.

The trace structures developed by Dill [5], and subsequently by Wolf [15], are particularly interesting
because they address the problem of receptiveness by proving closure properties and by giving decision
procedures. These models were taken as inspiration to derive our initial notions, and fall in our general
methodology as additional instances.

Interface theories are based on a fixed rather than a generic model of composition — usually syn-
chronous Input/Output (I/O) composition. Besides, not all interface theories separate the assumption and
the guarantee. This work encompasses all these formalisms. Let us underline here that keeping A and G
separateimproves reusability [7]. Indeed, checking refinement under a new context can be achieved much
more easily, for example if the new environment refines the old one in any context. Besides, an interface is
necessarily a composition, thus keeping assumption and guarantee separate avoid storing their product.

In [13], we have shown the usefulness of the preliminary version of our general contract framework
(presented in [12]) for establishing results for two different interface theories: one for classical I/O au-
tomata [7] and another for Modal I/O automata [8]. In both frameworks circular reasoning is sound —
intuitively, because at any step the ports controlled by the component and those controlled by the environ-
ment are strictly separate. Nevertheless, [7, 8] present formal proofs which are quite long and technical.
We have shown in [13] that those that can be encoded into our general framework become much simpler
and clear.

5 Conclusion and future work

We have presented a contract framework based on a generic component algebra. We employ a methodology
that uses three notions of refinement: conformance, dominance and satisfaction. We have shown how to
derive these notions from refinement of open systems and refinement under context. We have then analyzed
the compositional properties of these relationships, and discussed the issue of circular reasoning when using
refinement under context. We have shown that by imposing a looser connection between refinement and
refinement under context we are able to derive powerful rules for reasoning about contracts.

These theoretical results are implemented in the context of the HRC model developed in the SPEEDS
project. We have used two interaction paradigms from HRC to show concrete examples of these relations,
and how to combine the respective tool chains. With respect to the existing implementations, there is a lot
of room for their improvement.

In [3], we provide a more detailed description of the design and verification methodology. In particular,
we provide for every design step, a set of checks to be carried out. However, we have to work on strategies
to be deployed when some check fails, which should depend on the failed check and on whether a top-
down or bottom-up approach is followed, and which should be able to exploit more detailed diagnostic
information when it exists.

References

[1] A. Benveniste, B. Caillaud, A. Ferrari, L. Mangeruca, R. Passerone, and C. Sofronis. Multiple view-
point contract-based specification and design. In Proc. of FMCO’07, volume 5382 of LNCS, pages
200-225, 2008. 2.4

[2] L. Benvenuti, A. Ferrari, L. Mangeruca, E. Mazzi, R. Passerone, and C. Sofronis. A contract-based
formalism for the specification of heterogeneous systems. In Proc. of FDL’08, Stuttgart, Germany,
September 23-25, 2008. 2.1, 3.1

14/20 Verimag Research Report n® TR-2010-12



Contract-Based Reasoning Sophie Quinton, Susanne Graf and Roberto Passerone

[3] S. Consortium. Speeds methodology for speculative and exploratory design in systems engineering.
under submission for publication as a series of articles, 2010. 1, 2.1, 5

[4] L. de Alfaro and T. A. Henzinger. Interface automata. In Proc. of ESEC/SIGSOFT FSE’01, pages
109-120. ACM Press, 2001. 2.2

[5] D.L.Dill. Trace Theory for Automatic Hierarchical Verification of Speed-Independent Circuits. ACM
Distinguished Dissertations. MIT Press, 1989. 4

[6] G. GoBler and J. Sifakis. Composition for component-based modeling. Sci. Comput. Program., 55(1-
3):161-183, 2005. 3

[7] K. G. Larsen, U. Nyman, and A. Wasowski. Interface input/output automata. In Proc. of FM’06,
volume 4085 of LNCS, pages 82-97, 2006. 4

[8] K. G. Larsen, U. Nyman, and A. Wasowski. Modal i/o automata for interface and product line
theories. In Proc. of ESOP’07, volume 4421 of LNCS, pages 64-79, 2007. 4

[9] R. Negulescu. Process Spaces and the Formal Verification of Asynchronous Circuits. PhD thesis,
University of Waterloo, Canada, 1998. 4

[10] R. Negulescu. Process spaces. In Proc. of CONCUR’77, volume 1877 of LNCS, 2000. 4

[11] R.Passerone. Semantic Foundations for Heterogeneous Systems. PhD thesis, Department of Electrical
Engineering and Computer Sciences, University of California, Berkeley, Berkeley, CA 94720, May
2004. 4

[12] S. Quinton and S. Graf. Contract-based verification of hierarchical systems of components. In Proc.
of SEFM’08, pages 377-381. IEEE Computer Society, 2008. 2.1,2.4,3.2,4

[13] S. Quinton and S. Graf. A framework for contract-based reasoning: Motivation and application. In
proc. of FLACOS’08. Technical Report 377, University of Oslo, 2008. 2.3, 4

[14] J. Sifakis. A framework for component-based construction. In Proc. of SEFM’05, pages 293-300.
IEEE Computer Society, 2005. 2.2

[15] E. S. Wolf. Hierarchical Models of Synchronous Circuits for Formal Verification and Substitution.
PhD thesis, Department of Computer Science, Stanford University, October 1995. 4

Verimag Research Report n® TR-2010-12 15/20



Sophie Quinton, Susanne Graf and Roberto Passerone Contract-Based Reasoning

A Condition for dominance

NB: For the proof with only one refinement under context ensuring soundness of refinement under context,
one simply has to replace =* and C” with C.

Remember that the following theorem is given for C® stronger than C°.

Theorem 2.12 IfVi. Agl .. glo gl; = gl; o glp, and pseudo circular reasoning is sound, then to prove
that C dominates {C;};—1.., w.rt. gl, it is sufficient to prove that:

HP(glI{Gla 7Gn}) ':a C
Vi, lp, (glg{A, G, ...Gio1,Git1,...,Gn}) E° et

For all 1 = 1..n, let K; be a component on P;. Suppose the following:
1. Vi. dglg,. glogly = gl; o glp,

2. Up(gl;{G1,...,Gn}) C ChaG

3. Vi,Ip, (glg {A,G1,...,Gi-1,Gis1, ... ,Gn}) ;gm A;

4. Vi, K; B, g, Gi

We aim at proving I1p(gl;{K1, ..., K, }) F C, thatis, that: IIp(gl;{K1,...,Kn}) CF ,; G. For this,
we show by induction that for all [ in [0, n], for all partition {J, K’} of [1, n] such that |J =1

{ Hp(gl {K;UGk}) E gl G

Vi € K7 HPAi (glEL{A 5 K}) Gi,gl;

with ; = {Kj}j€J7 Ok = {Gk}keK and with E’:i],K =K;U (QK\{GI})
e [ = 0. By (2) and (3) the property holds.

e 0 <[ < n. We suppose that our property holds for I. Let {J', K’} be a partition of [1,n] such that
|J’] =1+ 1. Let ¢ be an element of J'. We fix J = J'\{q} and K = K' U {¢}.

Step 1 We first prove that IIp(gl,{K;» UGk }) % , G

K, Q%q,glq G, from (5)
HPAq (glEq{A75§,K}) qu,glq Aq

The second property is our recurrence hypothesis, as ¢ € K. Thus, by circular reasoning:

EOC
Kq —HPA (glEq {A,S}K}%glq

By (1) and property 2. of Definition 2.10, this implies that:
Kq B4, (a2 yglogt, Ga
As refinement under context is compositional, we obtain:
glz{Kq,giK} E(ji,gl glI{Gq>53,K}
This is equivalent to gl {K ;s UGk} T, 9l {K; UGk}

Finally, by using property 1. of Definition 2.10 and the recurrence hypothesis: IIp(gl;{K; UGk }) T gl
G.
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Step 2 We now have to prove that:
VZ € K,. HPAL (glE1 {A, g!i]/’K/}) Egugli AZ
We fix i € K’. We have proved in step 1 that
Kq ;(;lEq {A,S‘?,K},glogll Gq
As C“ is stronger than A, we also have:

K,C"?
1 =gl {AE7 k}iglogl Gy

K = K'U{q} soi € K. Thus, by compositionality of refinement under context, we have:
glEi {Kq’ A’ gg,K\{z}} Egi,gli glEi {G‘P A’ ng\{z}}

This boils down to gl {A, EY e/} Egi’gli 9le {A,E5 k).
Hence, using property 1. of projection and the recurrence hypothesis: IIp, (9lpAA, 53/7 x'}) Egi Jl, A;.

Conclusion By applying our property to [ = n, we get:
HP(glI{Klv e Kn}) Eféy},gl G

B Consistency between L0 and L1

We prove here the following theorems:
1. L1-satisfaction implies LO-satisfaction
2. Soundness of circular circular reasoning for T
3. Soundness of pseudo circular reasoning for C! and C£0
4. Soundness of pseudo circular reasoning for C*° and CF!

We also provide characterizations of CL1 and C°LO which are used in the proofs.

Transitions are labeled by interactions rather than by the exported port of the corresponding connector.

Lemma B.1 T{ K, E} simulates T{ K>, E} if and only if there exists a relation R C (Q1 X Qg) X Q2 such
that:

o (¢,4%) Rq3
e If(q1,98) R g2 and (q1,qr) —— (), d%) for a € Ir such that « = ap U ap, then 3y s.t. g 2P,
a5 and (q1, q) R 5.
B.1 Characterization of L1-satisfaction
Lemma B.2 K, EJLE}F Ko if and only if there exists a relation R C (Q1 x 297) x Qy such that:

o (¢f, {d%})RdS

e If(q1,9r) R q2 and 1 2P q}, there exists gl such that:
1. ¢ ﬂ>2 q,2

2. if there exists ag, qg € Qp and ¢z € Qg such that qg 2B g ¢ and ap U ag € Ir, then
(41, Q) Ry where Q is {¢ly | 34 € Qp s.t. 45 =5 ¢}

We use the convention that Vq R g, so the above condition includes cases where only K or only £ move
on.
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B.2 Characterization of L0-satisfaction

Lemma B.3 K; Eé?z Ko if and only if there exists a relation R C (29 x Q) x 292 such that:
o ({a?} qp) R{a3}

o If (Q1,q8) R Qz and (q1,qr) — (¢}, q%) for i € Q1 with « = ap Uag € Ir, then there
exists qz € Qo and ¢y, € Qq such that o =55 ¢l and (QY, ¢y) R Qb for Q) defined as {q} | 3¢ €
Q1 s5.t. q1 <51 ¢} and Q) defined as {qh | 3go € Qo 5.t. g2 ~F>9 ¢b}.

We use the convention that Vg 2, g, so the above condition includes cases where only K or only E
moves on.

B.3 L1-satisfaction implies L0-satisfaction

We suppose that K EEF K, and then we prove that K gé?r Ko.

As K4 E%F Ko, there exists arelation R C (Q; x 297) x Q as in Lemma B.2.

We define R’ C (291 x Q) x 292 as follows: we define ({q1}, qr) R’ {q2} iff there exists O C Qg
such that gz € Qp and (ql, QE) R qs.

Obviously ({¢7}, a3) R' {a2}

Now suppose ({¢1},qr) R’ {¢2} and (q1,qr) — (¢}, q}) With @ = ap U ap € Zr. We must show
that there exists g5 € Q5 such that go % ¢ and ({¢}},¢%) R’ {4}

Let Op C Qg be such that g € Qg and (¢1, Qr) R g2. We have ¢; il q;- Thus, there exists ¢}
such that g5 555 ¢b.

Besides, as ¢z~ g ¢/, we have (¢}, Q%) R ¢, where Q' is {¢; | 3qr € Qr s.t. qg ~2 5 ¢}
Hence, by definition of R': ({¢}},d%) R’ {5}

B.4 Soundness of circular reasoning for C*!

Let K be a component on P, (E,I") a context for P and C = (A,I',G) a contract for P. Suppose that
K E4'y G AE E§'L A We have to prove that K 5! G.

As K Eﬁ}r Gand E Eé}r A, there exist two relations R; and R on respectively (Qx x 294) x Qg
and (Qp x 29¢) x Q4 as in Lemma B.2. We define R C (Qf x 292) x Q¢ as follows: for all gx € Qf,
Qr C Qg and g¢ € Qg (9x, Qr) R qq iff there exists Q4 € Qa, Qc € Q. qr € Qe and ga € Qg

such that g € Qg, (qx, Qa) R1qc and (¢, Qc) R2qa.
We have to prove that R ensures the conditions of Lemma B.2. Obviously, (¢%, {¢%}) R ¢2.

Let gk € Qk,Qr C Qp and g € Q¢ be such that (¢, Qr) Rqa. Let Q4 € Qa, Q¢ C Qa,
qr € Qp and g4 € Q4 be such that g¢ € Qg, (g, 4) R1 g and (¢r, Qi) R2 qa. Now suppose
qx — K . We have to prove that there exists g, such that:

. g¢ B¢ qs
2. if there exists ag, gg € Qp and ¢ € Qg such that ¢p 28, ¢ and ap U ap € Zr, then
(¢h, Q%) R gl where Q' is {¢%, | 3qp € Qr s.t. qp ~Zp ¢y }.

Because (¢x, Q4) R1 g and qx 2P ¢’ we know that there exists g, such that:
ap 12
® Jc —G 4¢

o if there exists a4, ga € Q4 and ¢/; € Q4 such that g4 244 ¢y and ap U ay € Ip, then
(¢, Q4) R g with @, defined as {¢/y | 3ga € Qa s.t. qa S 4 dy )
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We show that this g, satisfies the two conditions required above from R. Condition 1. is exactly the same
as for R;.
Let us show that the second condition holds. Suppose that there exists ag, g € Qp and ¢ € Qg such
that g — 5 ¢ and apUag € Ip. Let Q' be defined as above by Q% = {¢} | 3gr € Qg s.t. q& 25 g
¢ }- We have to show that (¢}, Q%) R ¢

As (¢, Qc) Raoqa and g ~Ep ¢z, we know that there exists ¢/, such that:

ap 12
® g4 —Aqy

e if there exists ag, g € Q¢ and ¢ € Q¢ such that g¢ 2% gz and ag U ag € Ir, then
(¢, Q1) R ¢y with QF, defined as {¢}; | Jgc € Qqc s.t. q¢ ~S¢ ¢4}

Thus, applying the second property offered by R4 to this oy and ¢/y, we obtain that (¢, Q') R1 q¢; where
', is defined as {¢/y | 3ga € Qa s.t. g4 ~Z4 ¢4 }.
Besides, as there exist indeed ¢ € Q¢ and ¢;; € Q¢ such that g¢ 3@ gz, then applying the second
property offered by Ro, we obtain (¢}, Q) Ra ¢’y for Qf, defined as {q/; | 3gc € Q¢ s:t. 46 ~>G G}
Finally, according to the definition of R, we can conclude that (¢, Q%) R g
O

B.5 Pseudo circular reasoning for CX!' and "0

Let K be a component on an interface P, (E,T") a context for P and C = (A, T, G) a contract for P. We
suppose that K Eﬁ}r Gand B Eé(,)r A, and then we prove that K E?E}F G.

As K Eﬁ}r G, there exists a relation R on (Qx x 294) x Q¢ as in Lemma B.2.

As E T A, there exists a relation Ry on (297 x Qg) x 294 as in Lemma B.3.

We define R C (Qk x 2QE) X Qg as follows: for all g € Qk, O C Qp and g¢ € Q¢, we define

(gx, Qr) R qc iff there exists Q4 C Q4 such that (¢, Q4) R1 q¢ and (Qp, qg) R2 Qa.
We have to prove that R ensures the conditions of Lemma B.2. Obviously, (¢%, {¢%}) R ¢2.

Letgx € Qk,Qr C QF,qc € Qg besuchthat (qi, Q) R qc. Let Q4 be such that (gx, Q4) R1 g
and (Qg, qc) R2 Q. Now suppose qx 2P ¢ - We have to prove that there exists pg, such that:

L. g¢ 56 s
2. if there exists ap, gz € Qg and ¢ € Qg such that ¢p 25 g ¢ and ap U ag € I, then
(¢k> Q&) Rag; where Qlp is {qf | Iqp € Qr st. g ~> 5 g}

Because (¢x, Qa) R1 g¢ and g 2k ¢ we know that there exists g¢; such that:
ap /
® Jo —G 4g

e if there exists a4, g4 € Q4 and q;‘ € Q4 such that g4 ﬂm qf4 and ap U oy € Zr, then
(¢h> Q1) R gL, with @', defined as {¢/; | 3ga € Qa s.t. g4 24 ¢4}
We show that this g, satisfies the two conditions required above from R. Condition 1. is exactly the same
as for R.
Let us show that the second condition holds. Suppose there exist ag, g € Qp and ¢ € Qg such that
qr 5 g ¢ and apUag € Tr. Let Q) be defined as above by Q7 = {¢% | Iqr € Qr s.t. qp ~2 5 ¢5}.
We have to show that (¢}, Q%) R q¢;-

As qp “5E ¢ and g~ g, we know that (¢, gc) — (qjg, 4¢;)- Thus, from (Qp, qc) R2 Qa
and because g € O, we can conclude that there exist ¢4 € Q4 and qf4 € @ 4 such that g4 28, qfq and
(Qly, 4) Ra Q4 for Q) defined as above and Q' defined as {¢’y | 3g4 € Qa s5.t. g4 ~24 ¢4 }.

Now, applying the second property offered by R to this a, g4 and ¢’y, we obtain that (¢, Q'4) R1 g¢
with Q 4 as defined above.

Finally, according to the definition of R, we can conclude that (¢}, Q%) R g5
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B.6 Pseudo circular reasoning for C° and "

Let K be a component on an interface P, (E,T") a context for P and C = (A, T, G) a contract for P. We
suppose that K Eg?r Gand B Eé}r A, and then we prove that K Eé?r G.

As K Eﬁ?r G, there exists a relation R on (295 x Q1) x 29¢ as in Lemma B.3.

As E Eé}r A, there exists a relation Ry on (Qp x 29¢) x @ 4 as in Lemma B.2.

We define R C (295 x Qp) x 29¢ as follows: for all Qx C Qx, qg € Qp and Q¢ C Qg, we

define (Qx,qr) R Qg iff there exists g4 € Q4 such that (Qx,qa) R1 Q¢ and (¢g, Q) R2 qa.
We have to prove that R ensures the conditions of Lemma B.3. Obviously, ({¢%}, ¢%) R {¢}.

Let Qx C Qk, g € Qg and Qg C Q¢ be such that (Qk,qr) R Qc. Let ga be such that
(Qx,q4) R1 Q¢ and (qg, Qc) R2 ga. Now suppose (qx,q5) — (¢k,q}) for qx € Qi with a =
apUag € Ir. Let Q% be defined as {¢% | Igx € Ok s.t. qx 2Pk ¢y} and Qf as {qr | Jg¢ €
Q¢ s.t. g “Log gi - We have to prove that there exists ¢¢ € Qg and g, € Q¢ such that gg 2P, e
and that (Q', ¢f) R Q.

As (qx,q8) — (i, %), we know that ¢ 25 e ¢’z Then, because (¢g, Q) R2 ¢4 and gg 2B
¢ there exists ¢/, such that:

ap 12
® g4 —Aqy

e if there exists ag, g € Q¢ and g € Q¢ such that ¢¢ 2% g and g U ap € Ip, then
(¢, Q) R ¢, with Q, defined as above.

This implies in particular that (¢, qa) — (¢%,q4)- Thus, from (g, Q4) R1 qc and because g4 €
Q 4, we can conclude that there exists go € Q¢ and ¢; € Q¢ such that ¢¢ 2, gg and (Q%, ¢4 ) R1 Qg
for Q) and Qy, defined as above.
This gives us the ¢ and g, we were looking for. There only remains to prove that (Q', ¢%) R Q.
Now, applying the second property offered by R to this ap, g and g¢;, we obtain that (¢, Q) Ra ¢y.
Hence, according to the definition of R, the conclusion that (g%, Q%) R q¢-
O
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