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Abstract

In this deliverable, we document the progress of WP2 during the fourth year of the CONNECT project.
Following the last reviews' recommendations, the work is organized into two main streams. One stream
concerns a quantitative extension of the compositional speci cation theory devised during the previous
two years, while the other integrates the WP2 CoONNECToOr algebra with the speci cation theory so as
to support WP3 CoNNECToOr synthesis. In particular, the assume-guarantee reasoning framework de-
veloped for the compositional speci cation theory ensures that a CoNNECTed system preserves global
safety properties by just checking the local properties of its constituent components. The proposed
guantitative extension of the compositional speci cation theory allows the modeling of the real-time
performance of networked systems, in addition to enabling the synthesis of CONNECTors that are com-
patible with both the functional behavior and timing constraints of their environments. Finally, in order
to integrate the CONNECTOr algebra with the speci cation theory so as to support WP3 synthesis, we
de ned a method for the automated synthesis of modular CoNNECTors. We prove that the behavior of
such a CONNECToOr is equivalent to the behaviour of a monolithic WP3 CoNNEcTor. All of the work is
evaluated through an application to relevant CONNECT scenarios, e.g., the GMES (Global Monitoring
for Environment and Security) scenario.

Keyword List
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and non-functional requirements, mediators, compositional connectors, mediation patterns, interface
automata.
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1 Introduction

The CONNECT project aims to develop a revolutionary approach to the seamless networking of digital sys-
tems by synthesizing, on-the-y, the C oNNECToOrs via which heterogeneous Networked Systems (NSs)
communicate. The role of Work Package 2 (WP2) is to investigate the foundations and veri cation meth-
ods for composable CONNECTOrS, so that support is provided for composition of NSs, whilst enabling
automated learning, reasoning and synthesis.

This document provides an overview of the work undertaken by WP2 in the fourth year of the project.
The work is organized into two streams: (i) a quantitative extension of the compositional speci cation the-
ory de ned during the third year [ 12], with an application to a CONNECT case study, and (ii) the integration
of the connector algebra, de ned during the second year [ 11], with the speci cation theory and its support
for WP3 synthesis. These two work streams were explicitly mentioned in the reviewers' recommenda-
tions from the last review (see Section 1.3), hence we considered them as a priority for this deliverable.
Furthermore, the rst work stream addresses the main topics of D2.4, as planned in the C ONNECT DoW,
i.e., “Investigate a quantitative assume-guarantee framework” and “Develop scalable techniques for timed
systems based on approximation and abstraction”.

In this chapter, we introduce the two mentioned work streams. Section 1.1 recalls the role of WP2
within the CONNECT project by highlighting the WP2 tasks and objectives. Then, in Section 1.2, we
describe how the work undertaken during the fourth year ts the WP2 tasks/objectives. Section 1.3
highlights how this work addresses the last reviewers' recommendations, while Section 1.4 provides an
outline for the remainder of the deliverable.

1.1 The role of work package WP2

We recall that the role of WP2 is to investigate the foundations and veri cation methods for composable
connectors, so that support is provided for composition of NSs, whilst enabling automated learning, rea-
soning and synthesis. The expected outcomes are formalisms, methods and software tools that can be
used for the speci cation, design and development of connectors, allowing for both functional and non-
functional properties to be expressed and veri ed. WP2 thus provides the theoretical underpinning for
the work carried out in the other work packages, in the sense that connectors speci ed in WP2 can be
instantiated in WP3 (synthesis), WP4 (learning) and WP5 (dependability analysis).

The remit of WP2 is to develop compositional speci cation and veri cation techniques to the extent
that they can be successfully applied to the modeling and reasoning of connector behaviours in a compo-
sitional manner. To achieve this goal, WP2 is structured into the four tasks:

e Task 2.1. Capturing functional and non-functional connector behaviours. This task aims to guide
the project by formalizing the notions of connector and component, characterizing the types of inter-
action and identifying a veri cation approach, capable of capturing non-functional properties.

e Task 2.2. Compositional connector operators. The main thrust here is to formulate a compositional
modeling and reasoning framework for components and connectors.

e Task 2.3. Rephrasing interoperability in terms of connector behaviours. The aim is to formulate
techniques for interoperability checking, in the presence of dynamic behaviours and non-functional
properties.

» Task 2.4. Reasoning toolset. The focus here is on a quantitative veri cation framework for connec-
tors and components, capable of handling dynamic scenarios and non-functional properties, which
includes algorithms and prototype implementations.

1.2 WHP2 progress during the fourth year

Work in the fourth year has focused on completing the remaining objectives of Tasks 2.3 and 2.4, in
addition to addressing the recommendations from the third review. Consequently, we have organized this
work into two main streams.
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One stream of work concerns the integration of the de ned Compositional Speci cation Theory [12]
with the devised Assume-Guarantee-based Quantitative Veri cation Framework [12], and an application of
it to a CONNECT case study. As suggested by the reviewers, to address this issue, we have been working
on (i) an assume-guarantee framework for reasoning compositionally about the safety properties satis ed
by speci cations of components; (ii) the formulation of a quantitative extension to the speci cation theory;
and (iii) the identi cation of a suitable C ONNECT scenario to demonstrate the overall applicability of our
veri cation framework to the objectives of C ONNECT. We brie y remark on each strand below:

» The work of (i) has allowed us to develop sound and complete assume-guarantee rules for inferring
the strongest safety properties satis ed by a collection of components (modelling e.g., networked
systems and connectors) under the full collection of composition operators on the speci cation the-
ory. Such compositional techniques are required in order to improve the ef ciency with which the
behaviour of a connector can be veri ed, which is of key importance when connectors are to be
synthesised on the y. Details are provided in Section 2.1.

« From (ii) we have developed a real-time extension of the speci cation theory [ 12] that allows us
to model the real-time performance of networked systems. From this, we have formulated a tech-
nique based on quotient for synthesising connectors that are not only functionally compatible with
their environment, but that are also responsive to the timing demands of the systems to be made
interoperable. Details are provided in Section 2.2.

« Finally, strand (iii) has allowed us to test the suitability of our framework in meeting the objectives of
CONNECT. We have developed an example based on the GMES scenario, for which we synthesise
connectors in order to allow successful communication between a number of networked systems.
This example has been applied to both the non-quantitative assume-guarantee framework for safety
properties, as well as the real-time extension of the speci cation theory.

The second stream of work highlights intra- and inter-WP integration. We have clari ed how the for-
malized Connector Algebra [11] relates to the speci cation theory (intra-WP2 integration), and we have
demonstrated how this relationship correlates with the mediator patterns and the associated CONNECTOr
synthesis approach developed within WP3 [13] (inter-WP2-WP3 integration). In particular, we have con-
nected the speci cation theory with the connector algebra so as to support WP3 synthesis. To this aim,
we have provided a synthesis algorithm that produces a modular CONNECToOr in terms of the primitives of
the algebra and its composition operators. The modular CONNECTOr is equivalent to its monolithic version
as produced by the speci cation theory via quotient. An important aspect of our C ONNECTOr decompo-
sition concerns the ability for it to be re ected in terms of constraints for the mapping-driven synthesis
in WP3. Furthermore, the CONNECTed system, composed by the synthesized modular CONNECTOr plus
the considered NSs, satis es a general goal representing crucial conditions for correct communication
and coordination. These conditions can be considered as the intent of the synthesized CONNECTOTF or,
equivalently, of the CONNECTed system. Details are provided in Section 2.3.

1.3 Review recommendations

The following list recalls the reviewers' recommendations for the work done within WP2 after the third year
of the project. For each recommendation, the reactions of the WP2 participants are reported.

» ... There seem to be some inconsistencies between the synthesis approaches of WP2 and WP3.
Deliverable D3.3 says that the connectors generated there are more speci c and more concise than
those of WP2. This needs to be explained better. Also ontology alignment in WP3 looks different
from the one in WP2. This needs to be clari ed...

We have integrated the speci cation theory with the connector algebra so as to support WP3 syn-
thesis. In particular, we have provided an algorithm for the automated synthesis of modular CoN-
NECTOrs, each of them expressed as the composition of independent mediators. A modular CON-
NECTOr, as synthesized by our method, supports CONNECTOr evolution and performs correct medi-
ation.
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To show correctness, we have formally de ned the semantics of protocols (as well as of mediators
and CoNNECTors) by using a revised version of the usual Interface Automata (IA) theory. Then,
we have proved that a modular CoNNECToOr for two protocols P and R enjoys the same correctness
properties of the monolithic CONNECTOr obtained by expressing the synthesis problem as a quotient
problem between P and R, as speci ed by the WP2 speci cation theory. Concerning the set of

considered mediation patterns and, hence, CONNECTor modularization, our synthesis method relies
on a revised version of the WP2 CoONNECTor algebra. We have revised the original algebra by
adding an iterator operator and by giving its semantics in terms of our revised IA theory.

To show how modular CONNECTOrs support evolution, we have used a case study in the e-
commerce domain to illustrate that relevant changes can be applied on a modular CONNECTOr by
simply acting on its constituent mediators, without entirely re-synthesizing its protocol.

At the last review, this work package presented the draft of a connector algebra and a compositional
approach based on assume-guarantee reasoning for probabilistic liveness and reward properties.
The reviewers recommended at that review that the relationship between the calculus developed in
WP2 and its application and usefulness to the other work packages be clari ed and asked speci -
cally how synthesis is supported by the calculus. Some further comments about the ability to deal
with mismatches were made.

At this review, the work package presented a compositional speci cation theory for connector behav-
ior and composition which is based on some of the earlier ideas and directions but which essentially
replaces the earlier draft connector algebra. Deliverable D2.3 includes a description of a quotient
operator and its application to synthesis. In addition, the theory includes actions and states that have
data parameters. These elements permit the theory to provide an underlying basis for the mediator
synthesis in WP3, the extended LTS in WP3 and the register automata in WP4. The speci cation
theory enables a general description of mismatches as constraints, which address comments on the
limited set of mismatch situations that could be dealt with previously.

At the previous review, WP2 reported considerable progress in the area of Quantitative Composi-
tional Veri cation based on assume-guarantee reasoning, and the reviewers commended this but
commented on the relatively weak proof rules. In this review period, this work stream reported im-
provements and extensions to the learning framework for assume-guarantee reasoning that go some
way towards addressing the reviewers' comments. In addition, work on a new assume-guarantee
framework is reported. The veri cation performance of this new framework is as yet uncompetitive
in relation to previous work. Furthermore, it is unclear where the contract-based veri cation which
has been developed in the second year comes into play in that context.

In summary, work stream (i) has developed a compositional speci cation theory that can underpin
synthesis work in the rest of the project and in doing so has clearly addressed recommendations
made in the last review. Work stream (ii) has addressed the reviewers' comments with respect to
proof rules. However, there is very little evidence that relevance to the rest of the project is being
addressed.

The next phase of WP2 has a goal to integrate work streams (i) and (ii) through a quantitative
extension of the speci cation theory and we would recommend that this be treated as a priority
together with the need to demonstrate application of the Quantitative Compositional Veri cation to a
problem drawn from the CONNECT case studies.

In an effort to bridge workstreams (i) and (ii), we have formulated an assume-guarantee reasoning
framework for safety properties based on the compositional component speci cation theory devel-
oped in D2.3. Component speci cations are expressed as pairs of pre x-closed sets, an assumption
and a guarantee. We de ne the notion of satisfaction between components and AG speci cations,
as well as substitutive re nement that preserves implementation containment. The re nement pre-
order is linear-time, to also align with WP4. We also give compositional rules on AG speci cations
for the operations of parallel composition, conjunction and quotient, and apply the framework to a
case study from the systems domain, where we demonstrate how components can be inferred at
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run-time from their speci cations and substituted without introducing errors. An extension of the AG
framework with liveness properties (via quiescence) is envisaged.

Additionally, we have developed a quantitative, real-time extension of the component speci cation
theory in order to integrate workstreams (i) and (ii) and to align with WP5 (latency). The framework
is capable of reasoning about safety and bounded-liveness properties and admits as a re nement
relation the largest pre-congurence preserving absence of safety and bounded-liveness errors. It
supports the operators of parallel composition, conjunction, disjunction and quotient, which are com-
positional. The framework relies on the notion of time-lock, which corresponds to the stopping of
the global system clock and results in strong algebraic properties. We apply the formalism to a case
study from the systems domain, demonstrating how components can be synthesized from real-time
speci cations as in WP3, including also at runtime.

Continuing the work on a quantitative, real-time extension of the speci cation theory, we have for-
mulated a realizable variant which is restricted to systems that are free of time-lock. The formalism
includes the operators of parallel, conjunction, disjunction and quotient, and enjoys strong algebraic
properties, as well as offering strong potential for implementability.

As the rst step towards obtaining a quantitative, probabilistic and real-time, speci cation theory,

which fully integrates workstreams (i) and (ii), we formulate the notion of re nement for a speci ca-

tion theory based on abstract probabilistic timed automata. These correspond to abstract speci ca-
tions of components that exhibit both probability as well as real-time behaviour. Re nement in this
setting is based on modal may/must speci cations, rather than linear time. We develop the opera-
tors of parallel composition and conjunction and prove their compositionality properties. As future
work, we intend to formulate disjunction and quotient.

1.4 Outline

This deliverable is organized as follows. In Chapter 2, we brie y discuss the work undertaken by WP2 in
the fourth year of the project, and highlight the signi cance of the devised formalisms/theories with respect
to their support for WPs 3-5. The work of Year 4 integrates, extends and nalizes previous WP2 work,
meaning Chapter 2 should be interpreted as a chapter highlighting the contributions of the work package
as a whole. In Chapter 3, we report an overall evaluation of the WP2 results with respect to the objectives
and assessment criteria discussed in Deliverable D6.3 [14], hence re ning the preliminary evaluation
contained in that deliverable. The key conclusions of our work are stated in Chapter 4. Appendix A
contains peer-reviewed papers related to the discussed work, hence providing more details with respect
to the overview given in Chapter 2. Appendix B brie y reports the technical details for computing the
? -backpropagation technigue discussed in Section 2.2.
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2 Year 4 work

In this chapter, we provide a brief overview of the two work streams undertaken by WP2 in the fourth
year of the project. A detailed description of these works can be found in Appendix A, where the re-
lated CONNECT papers are reported. We recall that the discussed work integrates, extends and nalizes
the WP2 work undertaken during the previous years of the project, meaning that this chapter highlights
the contributions of WP2 overall. Outlining this chapter, Section 2.1 begins by introducing an assume-
guarantee framework for reasoning about safety properties satis ed by components modelled using the
speci cation theory, while Section 2.2 de nes a real-time quantitative extension of the speci cation theory.
In Section 2.3, we provide an overall discussion of how we connected the speci cation theory with the
connector algebra so as to support WP3 synthesis, along with an informal description of the underlying
algorithm used for the automated synthesis of modular CONNECTOTrS.

2.1 Safe assume-guarantee reasoning framework for the composi-
tional speci cation theory

In this section, we outline the development of a compositional assume-guarantee (AG) reasoning frame-
work for the preservation of safety properties satis ed by components modelled using the speci cation
theory reported in Years 2 and 3 of the project [9]. We begin by brie y recalling the essential concepts
of the speci cation theory for modelling components, highlight the key features of the assume-guarantee
reasoning framework, and conclude by evaluating our framework against the objectives of CONNECT by
means of a small case-study/example.

In the context of CONNECT, the purpose of developing such an AG reasoning framework is strongly
related to the necessity of ensuring that connected systems satisfy safety properties, e.g., a communica-
tion mismatch will never occur. For complex systems of considerable size, inferring such properties on the
whole state-space is infeasible, due to issues of scalability. Instead, we need a compositional framework
in which properties can be checked on the components of the system, and from which global properties
can be deduced under a collection of sound and complete AG rules.

2.1.1 Primer on the speci cation theory

Recall from D2.3 [12] that a component model encodes the temporal ordering of interactions between the
component and the environment. Interactions in the speci cation theory correspond to synchronisation
of input and output actions, with the understanding that outputs are non-blocking. The input/output (I/O)
type of an action is indicated by the interface of the component. We introduced a trace-based formalism
for components, referred to as declarative speci cations, and an operational representation referred to as
Logic IOLTSs (I/O labelled transition systems). Component models are not required to be input-enabled
(asin the 1/0 automata due to Lynch and Tuttle [26], and Jonsson [23]), making our formalism conceptually
similar to the interface automata of De Alfaro and Henzinger [17, 18], which place assumptions on the
behaviour of the environment.

To support a full speci cation theory, we introduced a re nement preorder corresponding to safe sub-
stitutivity. A declarative speci cation Q is a re nement of declarative speci cation P, written Q V gec P,
iff for any environment E composable with P, if P and E can exist without introducing communication
mismatches (i.e., P and E will never issue an output when the other is unwilling to receive it), then Q and
E must not generate communication mismatches. Naturally, this de nition of re nement is the weakest
preorder preserving substitutivity. A similar notion of re nement can be de ned on Logic IOLTSs (say
P, Q), which we denote by v ,. By giving a semantic preserving mapping JK from Logic IOLTSs to
declarative speci cations respecting P v op Q iff IPK v gec JQK, it is suf cient to consider only declarative
speci cations, which have more elegant algebraic properties. Henceforth, we will talk only of declarative
speci cations, and refer to such models as components.

Let P, Q and R be components. The speci cation theory comes equipped with a range of composi-
tional operators for constructing new components:
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« Parallel composition P jj Q. This operator is used for examining the structural behaviour of P and
Q. Communication mismatches arising between P and Q are explicitly represented in P jj Q.

« Conjunction P ~Q . The conjunctive operation is the meet operator on the re nement preorder,
meaning P*"Q Vv gec P, PM"QV gec Q,and RV gec P and R v gec Q implies R v gec PQ . As aresult,
P"Q is a component that does not introduce communication mismatches in any environment safe for
P or Q. Consequently, conjunction supports independent development by combining requirements.

* Quotient R=P. Given R and a sub-component P, if there exists Q such that P jj Q v gec R, then
P jj (R=P) vgec R and Q v gec R=P. Thus, quotient can be thought of as the adjoint of parallel
composition, and has applications to incremental development in the form of component synthesis.

« Disjunction as the dual of conjunction can also be added in a straightforward manner, as can hiding
of actions, which supports abstraction and hierarchical development. In the case of the latter, the
de nition of the hiding operator depends on the 1/O type of the action to be hidden.

For each of these operations, we prove a range of compositionality results, and highlight their algebraic
properties. Besides the formal de nition of a component, this level of detail is suf cient to understand
the subsequent sections of this report, although a more detailed exposition is contained in [9]. Before
concluding this section, we brie y state the de nition of a component.

De nition 2.1 A component P is a tuple hAL ; AS; Tp; Fpi, where AL, and AS are the inputs and outputs
respectively, which make up the interface of P, and Tp and Fp are sets of traces over (A}, [A 9), referred
to as the observable traces and inconsistent traces respectively, satisfying the following properties:

» Tp is pre x closed
s Tp(A}) Tp i.e., Tp is closed under input extensions
* Fp(Ap) Fp i.e, Fp is closed under all extensions

« Fp  Tp i.e., any inconsistent trace is also a permissible trace.

Tp contains all observable interactions between the environment and P. As inputs are issued by the
environment, P cannot prevent them from being observed, meaning that Tp must be receptive on inputs.
To cater for the unwillingness of P to accept a particular input from the environment, we treat traces with
a non-enabled input as being inconsistent. Once an inconsistency has been encountered, the resultant
behaviour is unspeci ed, so we allow for chaotic observations, which is why Fp is closed under arbitrary
extensions.

2.1.2 Assume-guarantee reasoning framework

Based on the speci cation theory outlined in the previous section, we devised an assume-guarantee (AG)
framework for reasoning about the safety properties satis ed by components. For this framework, we
prove a number of sound and complete AG rules that allow one to infer the strongest safety property
satis ed by the composition of any two components under the operations of the speci cation theory. The
motivation for such a theory is heavily geared towards combatting issues of complexity and state space
explosion during system development and veri cation.

The primitive objects of the framework are AG speci cations (or contracts), which we write as a tuple
hA'; AC:R;Gi, where A' and A°© make up the interface of the speci cation (i.e., speci es the inputs and
outputs that the speci cation deals with), and R and G are pre x closed sets of traces over A' [A ©,
referred to as the assumption and guarantee respectively. A speci cation represents a collection of com-
ponents, precisely those components that satisfy the speci cation, which are said to be implementations.
A component P is an implementation of the speci cation S = hAL;AQ;Rs;Gsi, written P j= S, just if
(leaving interfaces aside) any permissible trace of the component that is contained within the assumption
is also contained within the guarantee, and does not allow the component to become inconsistent (i.e.,
R\ Tp G\ Fp, where Tp corresponds to all of P's traces, while Fp is all of P's inconsistent traces).
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Given the de nition of satisfaction, we say that specication S is a re nement of specication T,
written S v T , just if the implementations of S are a subsetof T'si.e.,, fP : Pj=Sg fP P To
Equipped with re nement, we de ne the compositional operators of the speci cation theory directly on
AG speci cations. Below, we explain the intuition behind these operators.

Parallel composition. The parallel composition of two speci cations is the strongest speci cation sat-
isfying independent implementability. That is to say:

e ForeachP,Q:Pj=SandQj= T impliesP jjQj=S|jjT.
e ForeachP,Q:ifPj=SandQj= T impliesP jjQj= X,thenSjjT v X.

The actual de nition of the operator is included in CJK12, as reported in Appendix A, and is based on
the well-known result due to Abadi and Lamport [1, 2]. At a high-level, the composition will only guarantee
what can be guaranteed by both speci cations, and the guarantee of one speci cation must not violate
the assumption of the other speci cation. Based on these properties, we have the following sound and
complete AG rule (leaving interfaces aside):

PEFS QEFET SjTvU
PjjiQj=U
Although the rule in [1] (which is conceptually similar to ours) is sound, it is not complete. We obtain
both soundness and completeness in our framework by the assumption that the outputs of the speci ca-
tions to be composed are disjoint, as an output should be controlled by at most one component. Adopting

this convention allows us to break circularity in the AG rule, because a guarantee cannot be simultane-
ously violated by two components.

PARALLEL

Conjunction.  As for conjunction on components, we wish conjunction on speci cations to correspond
to the meet operator, but on v . Consequently, the implementation set of S~ T is equal to the intersection
of the implementation sets of S and T. Based on this, we can formulate a sound and complete assume-
guarantee rule for conjunction (disregarding issues with interfaces).

PES QEFT SATvU
PAQj=U

CONJUNCTION

The de nition of conjunction has a straightforward assumption that corresponds to the union of the
assumptions of the speci cations to be composed. The guarantee contains the union of the guaran-
tees, but constrained to just those behaviours that do not violate the assumption/guarantee on the other
speci cation.

Quotient.  To mirror the speci cation theory on components, we also introduce a quotient operator di-
rectly on speci cations for decomposing the parallel composition operator. If there exists T such that
SjjT vU,thenU=Sisdened, Sjj(U=S)vU and T v U=S. From this, we can formulate a sound and
complete AG rule for quotient;

8P P j=SimpliesP jjQj= U
Qj= U=S

QUOTIENT

Although we have not considered it is this report (the technical details being in CJK12, contained in
Appendix A), this rule is only sound and complete when satisfaction of a speci cation by a component
equates interfaces. This is related to the fact that parallel composition is only monotonic under re nement
when certain restrictions are imposed on the interfaces of the components to be composed.

However, based on this de nition of quotient, we can rewrite the AG rule for parallel composition to
make use of the decomposition under quotient. This is particularly useful for system development, as
we will often have the speci cation of a global system, rather than speci cations of the systems to be
composed.
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PEFS QFT TvU=S
PiiQj=U

Compared to the rules for parallel composition and conjunction, note that none of the quotient rules
deal with the quotient operator on components. This is not a problem, because when dealing with speci -
cations and implementations, it does not entirely make sense to talk about the quotient of implementations.
Instead, we should take the quotient of the speci cations representing the implementations, and then nd
an implementation satisfying the resulting speci cation, as after all, if we have a component satisfying the
global speci cation, then there is no need to decompose it.

PARALLEL-DECOMPOSE

In CJK12 (reported in Appendix A), we also provide de nitions for constructing the most-general com-
ponent that satis es a speci cation, and document how to create the characteristic speci cation for a
component. These transformations are important for moving between models of the AG framework and
models of the compositional speci cation theory.

2.1.3 Evaluation

We illustrate our AG framework on a simple example concerned with a portion of the GMES (Global
Monitoring for Environment and Security) scenario. For geographical areas prone to re-risk, it is common
to install battery-powered cameras that can transmit an image of the surrounding area to a central control
centre, where an operator can take appropriate action. This allows re crews to head directly to the
affected area, which can greatly reduce the spread of re and its associated destruction.

The system as a whole is composed of a re detector, system controller and the physical camera
itself. Intuitively, the sensor signals when a re is detected, and can be reset once the re has been
acknowledged. The controller, on the other hand, waits for the indication of a re from the sensor, after
which it instructs the camera to capture an image of the environment, and awaits the resultant photo to be
sent. At this stage, the controller will signal to the sensor that the re has been acknowledged, and so the
detector may be reset. The camera itself waits for a capture request, after which it will send the photo.

We iteratively derive a design for the connector (corresponding to the system controller) by succes-
sively applying AG rules and constructions. At this stage, we are crafting a speci cation for the detector
and controller by hand. Later, we will see how the speci cation can be adapted on-the-y in order to
handle detectors that expect to be interacted with in different ways. We start by making use of two speci-
cations for the combined effect of the detector and system controller:

1. Specl If the number of capture requests is equal to or one greater than the number of photos taken,
then the number of re detections must be equal to or one greater than the number of capture
requests sent to the camera.

2. Spec2 If the number of capture requests is equal to or one greater than the number of photos
taken, then a photo must be taken before the detector can be reset, and the detector cannot be
consecutively reset without a photo having been taken in between.

Specl and Spec2 can be represented by the AG speci cations hRgpec; Gspecii @and hRspec; Gspeca re-
spectively, where the assumptions and guarantees are depicted in Figure 2.1. For simplicity, we represent
sets of traces by means of nite automata, and annotate states with an F to indicate that a trace be-
comes inconsistent. The combined effect of Specl and Spec2 is given by the conjunctive speci cation
Specl Spec2= hRspeq Gspecr specd , the guarantee of which is presented in Figure 2.2.

We now demonstrate compositional AG reasoning on our speci cations (references to de nitions,
lemmas and theorems in the following paragraph refer to CIK12, reproduced in Appendix A). By De nition
10 we can nd implementations | (Specl) and | (Spec2) of Specl and Spec2 respectively, which by
Theorem 5 allows us to derive | (Spec) M1 (Specl E Specl* Spec2 According to Lemma 4, this means
that | (Spec) ™1 (Spec Vv imp | (Specl* Specl. Now by Theorem 3, we know Specl* Spec2v Spec] so
from Lemma 2 we obtain | (Spec1* Specl F Specland from Lemma 4 we derive | (Specl* Specl V imp
| (Spec). By similar reasoning it can be shown that | (Spec1* Specl v imp | (Specl, hence by Theorem
2 of [9] we acquire | (SpecI* Spec] Vimp | (Spec) M| (Specl. Mutual re nement of components in
our framework corresponds to equality of models, so | (Spec1* Spec2 = | (Spec) | (Spec2. Such an
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Figure 2.1: Assumption and guarantees for ~ Specl and Spec2
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Figure 2.2: The guarantee for Specl* Spec2

implementation is shown in Figure 2.3. Note how this component is unwilling to capture an image after
encountering two re signals without a photo being taken. This is because R gpec Can issue an error after
such an occurrence, but this is not accepted by Gspecr speco: Moreover, this implementation is able to see
an unbounded number of re indications that it captures an image for, without ever having to reset the
detector.

We now demonstrate how our theory can be used in the context of CONNECT in order to support
on-the- y synthesis of connectors. By using quotient on the connector formulated in the previous part
by means of conjunction, we now allow the environment to change by insisting that the detector must
be reset before it can signal any new res. We do so by making use of a constraint speci cation
Detect = hRpetect; Goetecti that requires re and reset to alternate (shown in Figure 2.4). We wish to
nd an implementation for the system controller, let it be called Controller, such that Controller is an
implementation of Specl® Spec2subject to the constraints imposed by Detect This is equivalent to re-
quiring Controller E ( Specl” Specl2=Detect The specication (Specl® Spec2=Detect is exhibited in
Figure 2.5, and the most general implementation is obtained from Gpecr speca=petect Py appending all
non-enabled inputs as inconsistent traces. In contrast to | (Specl* Spec3, the constraints imposed by
Detect on Spect* Spec2means that any candidate implementation for Controller will ensure that there can
be at most one outstanding re signal that has not been reset.

2.2 Quantitative extension of the compositional speci cation the-
ory and its application

A key requirement of CONNECT is to model the QoS aspects of networked systems, in addition to the
functional behaviour. In this section, we focus on a quantitative extension of the compositional speci -
cation theory, which is capable of modelling the real-time performance of components and connectors.
We de ne a substitutive re nement preorder that takes into account the timing constraints imposed by

networked systems, and the full collection of compositional operators (as mentioned in Section 2.1.1), in
order to see how the timing constraints of the individual components in uence the interactive behaviour
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Figure 2.5: Speci cation for  (Specl* Specl=Detect

of the system as a whole.

2.2.1 Component model

At the heart of our theory are timed I/O automata, an extension of the timed automata of Alur and Dill [3],
in which actions are partitioned into inputs and outputs, and states are annotated with co-invariants in
addition to invariants. While invariants specify the bounds beyond which time may not progress, co-
invariants specify the bounds beyond which the component will time-out and enter an inconsistent state.
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Thus, invariants specify liveness timing guarantees on the outputs in a particular state, while co-invariants
express liveness timing assumptions on the inputs enabled in a state. Similarly, the guard on an input
transition speci es a safety timing assumption, while the guard on an output labelled transition speci es
a safety timing guarantee. Thus, our models allow to capture the AG nature of timed components.
Informally, the parallel composition of two components automatically checks whether the guarantees
provided by one component meet the assumptions required by the other. For instance, the unexpected
arrival of an input at a particular location and time (indicated by a non-enabled transition) leads to a safety
error in the parallel composition. On the other hand, non-arrival of an expected input at a location before
its time-out (speci ed by the co-invariant) leads to a bounded-liveness error in the parallel composition.

Our formalism differs from the framework due to De Alfaro et al. [19], in that we take as our re nement
relation a weakest preorder corresponding to substitutivity, rather than timed alternating simulation. More-
over, by equating safety and bounded liveness errors with the single notion of inconsistency, we are able
to avoid the necessity of utilising two transition systems. Our framework generalises that of [19] by sup-
plying compositional de nitions of conjunction, disjunction and quotient, which are crucial for combining
requirements of networked systems in order to synthesise connectors on-the-y.

The timed 1/O framework due to Larsen et al. [15] also makes use of timed alternating re nement,
which has lower complexity than our relation, but does not admit the weakest pre-congruence for safe
substitutivity. The framework does, however, include de nitions for conjunction and quotient. A shortcom-
ing of the framework is that errors must be speci ed by the user, which means that the compositional
operators and re nement are error-agnostic.

2.2.2 Semantic model

The semantics of our component models are given in terms of timed 1/O transition systems (TIOTSSs),
which provide an explicit representation for the timed transitions of the automaton. A con guration of a
TIOTS is a location and clock-valuation pair, or one of the special chaotic states ? and >. ? is used
to represent inconsistency (i.e., violation of safety and bounded-liveness properties), while > represents
timestop (i.e., a point from which time may not progress).

The TIOTS for a timed component is largely generated in the same way as for timed automata, except
that we must give special consideration to the invariant and co-invariant. Let ! s be the standard tran-
sition system for a timed component (i.e., treating the component as a timed automaton), then the TIOTS
representation !  is the smallest relation such that:

If(;t) 1% s (1%t9 and:

— t%satis es the invariant and co-invariant on 1° then (I;t) 1* (1%1t9)
— tsatis es the invariant, but does not satisfy the co-invariant on 1° then (I;t) ! ?

— t%does not satisfy the invariant on 1 then (I;t) 1%

IF ;1) 1 s (It + d) and:

d

— t + dsatis es the invariant and co-invarianton |, then (I;t) !~ (I;t + d)

— there exists 0 < d such that satis es the invariant, but not the co-invariant on [, then

(i) 1%

If (I;t) 6% s with a an input, then (I;t) 1%

If (I;t) 6% s with an output or delay, then (I;t) ! >

The initial state of the TIOTS is (lg; 0) if both the invariant and co-invariant hold in this con guration,
is > if the invariant does not hold on (lp; 0), and is ? otherwise. Note that every state of the TIOTS has
outgoing transitions for each input, output and delay, and also that the TIOTS is time-additive, meaning
that it satis es the triangle rule on delays.
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Table 2.1: State representations under composition operators

k|> p 2 N> p 2 _|> p 2 %|> p ? a
> | > > > > | > > > > | > p ? > ? ? ? > | ?
q|> pq ? g|> pPd q q|lq pq ? q|> pq ? P | P
? | > ? ? ? > p ? ?20? ? ? ? 0> > ? ? | >

In many practical applications, including in CONNECT, the presence of timestop (>) is an undesirable
feature, as we should never halt the progress of time. Any TIOTS for which there is no strategy of the
component allowing it to avoid > is said to be unrealisable. For such TIOTSs, it is inevitable that > will
be reached for some strategy of the environment, and so time will be forced to stop. We develop two
frameworks for timed systems, one where the stopping of time is permitted, and another where time may
not be stopped. The latter builds on the former by using ? and > back propagation techniques. In the
sequel, we consider the rst framework, until we state otherwise.

2.2.3 Re nement

Substitutive re nement of timed components is characterised by a test that checks for preservation of
? -presence under every environment. Formally, Q is a re nement of P, written Q v P , iff for each
environment R of P1, if ? is reachable in Q jj R, then ? is reachable in P jj R (where jj is de ned in
Section 2.2.4). Itis obvious that such a relation is the weakest preorder corresponding to safe-substitutivity
of components.

In CKW12 (presented in Appendix A), we show that in a game-based interpretation of the speci cation
theory, re nement corresponds to strategy containment. Similarly, in a trace-based representation of
timed components, re nement is characterised by means of trace containment. Both of these frameworks
avoid the need to quantify over all environments. These different representations for timed components
do not directly concern the modelling of networked systems in CONNECT, so we do not describe them in
this summary. Instead, we focus on a simple operational model based on TIOTSs.

2.2.4 Compositional operations

The compositional operators of the speci cation theory (consisting of parallell jj, conjunction ”, disjunction
_ and quotient %) are de ned directly on TIOTSs. Although we have not considered it in CKW12 (see
Appendix A), the operations can be de ned on the automata representation by using symbolic techniques
for timing constraints.

Given appropriate alphabetisations of TIOTSs P and Q (as for the non-quantitative speci cation the-
ory), the composition under 2 fjj ;”;_;%g, written P Q , can be de ned in a straightforward manner, as
prescribed by the following de nition. Note that for the quotient operator, we require that Q is deterministic,
which can be achieved by a modi ed subset construction.

De nition 2.2  For suitable alphabetisations of TIOTSs P and Q, P Q is the TIOTS with set of states
(Sp Sq@) [ Sp [ Sq? initial state sp  s3, and transition relation !, which is the smallest relation
containing! p and! ¢, and satisfying the following rules (whenp q62 f>;?g):

P opp d od dpp’ aZAq d%q® azAp
p d p° o p d%p° q p d%p o

where p g has the interpretation given in Table 2.1, and (Ip;ty)  (lgitg) = ((lp:lg)itp] tg) for location-
valuation pairs. Note that the clocks of P and Q must be disjoint, so t, ] tq corresponds to the union of
valuation functions having disjoint domains.

1An environment for P is any timed component having a complementary alphabet to P .
2|t is assumed that Sp \ Sq = > ;?g,where Sp and Sq also contain the location-valuation pairs for P and Q.

CONNECT 231167 22/94



The de nitions of the compositional operations are simpli ed by our representation of TIOTSs, in that
every con guration-state has successors for each input, output and timed action (perhaps going to > or
?), in addition to the encoded behaviour in Table 2.1.

As is well known in the literature, quotient can be de ned as a derived operator in terms of parallel
composition and mirroring [31, 21, 7], i.e., P%Q = (P jj Q) . The unary mirroring operator - , must rst
determinise its argument, then switch the > and ? states, as reported in Table 2.1. This is equivalent to
interchanging the invariant and co-invariant in the automaton.

In CKW12, we show that the operators of the speci cation theory satisfy the desired properties, in that
AN and _ are respectively the meet and join operations on the re nement preorder, and quotient is the least
re ned component whose parallel composition with Q is a re nement of P.

2.2.5 Realisability

Under substitutive re nement, we have that ? is re ned by any location-valuation con guration, which
is in turn re ned by >. As previously remarked, > signi es the stopping of time, which is undesirable
for CONNECT, as components must work continually in real-time. In this section, we remark on how our
theory can be extended to handle only realisable components that will not encounter >.

For any TIOTS P, we can extract the most general TIOTS that is realisable, denoted PR, by means of
> -backpropagation. This is achieved by repeatedly equating location-valuation con gurations with > on
the determinised TIOTS PP according to the following rules: p = > if

«auto->.p!%  whenais an input

«semi->.p!%  andd® dandp 1 2 p®when a is an output implies p®= >.

Note that >-backpropagation treats as > any state from which the component cannot avoid reaching
> when the environment acts as an adversary. Auto-> states must be marked as >, because of the
possibility that the environment will issue an input leading to >. Semi-> states on the other hand, are
states from which time stop will eventually occur if an output cannot be made by the component to a
non-> state before the time stop occurs.

P is said to be realisable just if PR is not the >-TIOTS, meaning that the component is always able
to avoid reaching >. Re nement of realisable components is de ned as previously, except that only
realisable environments are considered. Parallel composition and disjunction, which maintain realisability,
also remain as before. For conjunction, quotient and mirroring, the original de nitions are also used, but
it is necessary to rst normalise the components to be composed. Normalisation can be thought of as
performing ? -backpropagation, which equates a location-valuation state p with ? just if:

< auto-?.p!? whenais an output

«semi-?.p!% ,andd® dandp 1 2 p®when ais an input implies p°= 2.

This means that a state is equivalent to ?, if the component can issue a sequence of outputs leading
to ?, orif after a delay ? is encountered without the possibility of the environment issuing an input to avoid
reaching this state. For a realisable component P, we denote the normalised version by PN .

Equipped with normalisation, we now de ne conjunction as (PN ~*QN)R, quotient as (PN %QN )R and
mirroring as (PN)’ , providing the resulting component is not the >-TIOTS. Otherwise, the operations are
unde ned. In the following section, we demonstrate how these compositional operators work in practice.

2.2.6 Evaluation

We use the GMES (Global Monitoring for Environment and Security) and Terrorist Alert scenario as the
basis to evaluate and demonstrate the use of timed quotient in the synthesis of connectors with quantita-
tive constraints. In the GMES scenario, one of the most crucial network services is the video streaming
service between video streaming sources and video streaming consumers. The video streaming sources
can be UAV/UGV cameras, xed or controlled (e.g. PTZ) cameras for traf ¢ monitoring or estate/environ-

ment surveillance, or mobile cameras for patrol. The video streaming consumers can be either staff in the
Command and Control Fire Operations Center or re ghters at the re scenes. The video to be streamed
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Figure 2.6: Video streaming services

can be either live or recorded (UAV/UGV or mobile patrol cameras), and encoded in various formats (e.qg.
MPEG/H.264).

Due to the unpredictability and volatility of a re- ghting situation and its organisation (a typical ex-
ample being on-the-scene reinforcement integration from another country), the GMES scenario calls for
dynamic discovery and integration of maximal video resources available, which in turn requires on-the-y
synthesis and deployment of connectors to overcome the large heterogeneity in the dynamic context with
lots of improvisations. One of the key responsibilities for video streaming connectors is the conversion and
adaptation between different video formats and protocols, covering what we call the qualitative aspect. In
the case study below, we demonstrate that our timed speci cation theory can synthesise the quantitative
aspects (of the connectors) as well, i.e. the timing constraints employed in the connectors.

Below we abstract away some irrelevant details of the video streaming connectors and focus on the
timing issues. The video streaming source is modelled as a timed automaton (Video Streaming Source,
Figure 2.6) that, after being requested to stream video, sends out one frame every two time units. The
video streaming consumer is modelled by a timed automaton (Video Streaming Consumer, Figure 2.6)
that rst sends the video streaming request to the source and then waits for a signal to start playing the
video. Once the playback has started, the consumer expects that one frame will arrive every two time
units (using co-invariants).

However, due to changeability in re- ghting environments, the communication media between video
streaming sources and consumers can vary greatly in QoS and reliability parameters. For instance, the
communication media can be Wi, cellular, satellite or wired networks or any hybrid combination of them.
The QoS and reliability parameters of such media can have large variations, which can impact greatly
on the quality and reliability of the streaming service. In order to bridge the variations, and guarantee
the quality of streaming service no matter what communication media is used, the streaming connectors
need to dynamically synthesise their timing constraints/parameters based on the actual QoS parameters
collected from the communication media in use.

In this case study, we use a speci c model with a xed set of parameters for the communication
media. However, both the model and parameters can be dynamically changed since the synthesis of
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timing-constraints can be done on-the- y using arbitrary models and parameter sets.

The communication media is modelled using two timed automata, the combined effect of which we
refer to as Communication Media(Figure 2.6). The factoring of Communication Mediainto two automata
is solely for the purpose of simplifying the presentation. The left automaton models the fact that our
communication media transmits through different phases of reliability in a periodic manner. We x a
period to have four time slots (u+ r = 4) and each time slot to have ten time units (z = 10). For some
time slots, the communication media is in the reliable mode V, while for others it is in the unreliable mode
U. The users need only supply the ratio of reliable vs unreliable (i.e. u=r), which is 1=3 for our case.
Given a speci ¢ slot, its reliability or not (modelled as variable b) is chosen non-deterministically by the
automaton. The right automaton, on the other hand, models the fact that, when a frame has been placed
on the communication media, the outcome will be given at a time-point non-deterministically selected
within one time unit. The outcome can be either frame_loss or frame_recv depending on the mode of the
communication media. The model of the communication media is the product of the two automata.

The overall speci cation of the streaming service is given by Specification (Figure 2.7), which is
also factored into two automata, and captures the facts that: 1) the occurrence of actions needs to be
ordered, e.g. send_frame after req_video and frame_loss / frame_recv after input; and 2) the number of
frames received shall not exceed the number of frames sent. Note that there will need to be two buffers
in the system, one on the source side buf and the other on the consumer side bf.

If the communication media is put in parallel directly with the video streaming source and consumer,
then the system will not work very well as a whole. For instance, if the current frame buffering on the
consumer side is empty and the communication media is in unreliable mode, then there will be no frame
for the next playback. A possible strategy to work around this problem is to let the connector inform the
consumer to start_play only after a proper delay, which is calculated based on the QoS parameters and
current mode of the communication media, so that the consumer side can buffer a number of frames large
enough to tide the consumer over during future unreliability of the communication media. The expected
future behaviour of the communication media is captured in the values like u and r.

In total, our case study consists of six timed automata utilising four clock variables, four integer vari-
ables and one boolean variable. We now give the detailed steps to calculate the quotient:

Specification % (Video Streaming Source k Video Streaming Consumerk Communication Medig.

Our calculation is based on the equation P%Q = (P k Q) , so we rst construct the product
Specification - k (Video Streaming Source k Video Streaming Consumer k Communication Medig
(as depicted in Figure 2.8). To obtain the timed quotient automaton, further mirroring is performed on
the product by rst computing the ? -backpropagation, after which the inputs and outputs, as well as
invariants and co-invariants, must be exchanged. Note that >-backpropagation is not needed here as
the product automaton constructed is automatically realisable. The technical details for computing the
? -backpropagation, along with the actual derivation, are included in Appendix B.
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tau_periodic!: tau_reliable!: tau_unreliable!: tau_slotFin!:

u 0 r>0 u>0 z==10

u,r=1,3 r--;b:=tt u--;b:=ff z:=0

req_video!: send_frame!: input?: frame_recv!: frame_loss!: start_play?: play_frame?:
x:=0 x==2 buf>0 y<=1&b=tt y<=1&b==ff x":=0 X'==2&bf>0

x:=0;buf++ y:=0 bf++,buf-- bf--, x:=0

AUS1XM inv:iz==0 BVS2YM inv:ix<=2&z<=10 BVT2ZM invix<=2&z<=108&y<=1

AVS1XM inv:z<=10 BVS3YN cox'<=2 invix<=2&z<=10 BVT3ZN co:x'<=2 invix<=2&z<=10&y<=1
BUS3YN coIX'<=2 inV:x<=2&z== BUT3ZN cox'<=2 invix<=28z==0&y<=1
BUS2YM inv:ix<=2&z==0 BUT2ZM invix<=2&z==0&y<=1

Global Invariants: 0<=x,x'<=2 0<=z<=10

Figure 2.8: The product automaton with its transitions/invariants/co-invariants speci ed below
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Although the procedure for performing ? -backpropagation has been applied manually in this example,
it should be straightforward to see that it can be automated without much effort. The timing constraints
synthesised are obviously subtle and highly non-trivial, which demonstrates the effectiveness of our quo-
tienting technique for synthesising a connector in the GMES video streaming scenario, and its general
applicability to networked systems with complex timing constraints.

2.3 Connecting the speci cation theory with the C ONNECTOr alge-
bra to support WP3 synthesis

In this section, we give an informal overview of a method for the automated synthesis of modular CON-
NECTors. A detailed description of the method can be found in IT12 as reported in Appendix A. A modular
CONNECToOr is represented as a suitable composition of independent mediators. Each mediator can be
seen as a basic (sub-)CoNNECTOr that realizes a speci ¢ mediation pattern, which corresponds to the
solution of a recurring protocol mismatch. As mentioned in Section 1.3, our method for the automated
synthesis of modular CONNECTOrs has been conceived to address two fundamental questions raised in
the last reviews' recommendations:

Q1 - “how does the CONNECTOr algebra relate to the compositional speci cation theory devised within
WP27?";

Q2 - “how do the above WP2 work streams integrate with WP3 work on automated CONNECTOr syn-
thesis?”.

\ ~ T N
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\\ W\ \
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Noeemen,
AN

N\ (

AN

Figure 2.9: Overview of the intra-WP2 and inter-WP2-WP3 integration

As pictorially sketched in Figure 2.9, our method for the automated synthesis of modular CONNECTOrS
relies on some fundamental pieces of work developed within both WP2 and WP3, and establishes some
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relationships among them (see the thicker dashed arrows within the circle). In particular, each mediator
synthesized as a basic constituent of a modular CONNECTOTr is an instance of a speci ¢ mediation pattern
(e.g., reordering of messages) from the WP3 theory of mediators. To enable automated reasoning on our
CoNNEcCTor decomposition (e.g., to prove that a modular CONNECTOr is equivalent to a WP3 monolithic
CONNECToOr, or is free of mismatches), we have formally de ned the semantics of protocols, as well
as of mediators and CONNECTOrs, by using a revised and restricted version of the WP2 compositional
speci cation theory. It is restricted in the sense that we only consider deterministic protocols. Under this
assumption, the WP2 compositional speci cation theory largely coincides with the Interface Automata
(IA) theory [16]. Further revisions account for the notions of hidden actions and semantically related
actions (yet syntactically different), which are needed for our synthesis algorithm, the details of which are
contained in IT12 (see Appendix A).

Based on this revised version of the compositional speci cation theory, we prove that a modular C oN-
NEcTor for two protocols P and R enjoys the same correctness properties of the monolithic CONNECTOr
obtained by expressing the synthesis problem as the quotient problem between P and R [12]. Since, as
described in D2.3 [12], CoNNECTOrs synthesized through quotient generalizes WP3 CONNECTOrS, this
also means that our modular CONNECTOrS are equivalent to WP3 CoNNECToOrs and, hence, our synthesis
algorithm supports WP3 CoNNECTor synthesis. This answers Q2, as phrased above. To answer Q1,
concerning the set of considered mediation patterns, our synthesis method relies on a revised version of
the WP2 CoNNECTor algebra. We recall that it is an algebra for reasoning about protocol mismatches
where basic mismatches can be solved by suitably de ned primitives, while complex mismatches can
be settled by composition operators that build CONNECTOrs out of simpler ones. We revise the original
algebra by adding an iterator operator and by giving its semantics in terms of the restricted and revised
speci cation theory. Thus, the structure of a modular C oONNECTOr is expressed by means of the primitives
of the revised algebra and its composition operators.

Beyond addressing the Q1 and Q2 reviewers' questions and ensuring correctness of the synthesized
CONNECTOTrs, a further contribution of our method is that it promotes CONNECTOr evolution, hence easing
the synthesis and maintenance of the CONNECTOTr's implementation code. Note that the support for CON-
NECTOr evolution is another crucial aspect for the synthesis of CONNECTOrs. In IT12 (see Appendix A),
we use a slightly revised version of a WP3 case study (borrowed from the work described in [13]) to illus-
trate that some changes can be applied on the synthesized modular CONNECTOr by simply acting on its
constituent mediators, without entirely re-synthesizing its protocol.

2.3.1 An informal overview on the automated synthesis of modular C ONNECTOrS

In Figure 2.10, we show the main activities (as rounded-corner rectangles) and input/output artefacts
(as text) respectively performed and manipulated by our method for the automated synthesis of modular
CoNNEcTors. The numbers denote the order in which the activities are carried out.

Figure 2.10: Overview of the automated synthesis of modular C ONNECTOrS

We recall that a modular CONNECToOr is a composition of independent mediators, each of them solving
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a protocol mismatch. A mediator has an input-output behaviour (not necessarily strictly sequential, e.g.,
for allowing reordering of messages), and it is a “reactive” software entity harmonizing the interaction
between heterogeneous NSs by intercepting output messages from one NS and eventually issuing to
another NS the co-related input messages. Message co-relations can be inferred by taking into account
ontological information.

Synthesis of communication mediators

The rst activity of our method, “ Synthesis of Communication Mediators”, takes as input a domain ontology
DO, for protocols P and R, and automatically synthesizes the set W of the so called communication
mediators. Communication mediators are responsible for solving communication mismatches. These
mismatches concern the semantics and granularity of protocol actions. For instance, by considering
the domain of purchase order systems, it could be the case that P provides a single operation, e.g.,
StartOrder , to authenticate and create an empty order, whereas R expects to use two different operations,
e.g., Login and CreateOrder, one for the authentication and one for the creation of the empty order. As
depicted in the gure, to solve these kind of mismatches it is necessary to assume and use ontology
knowledge (DO) in order to align the two protocols to the same concepts and language.

Typically, ontologies account for two fundamental relations between concepts: subsumption and ag-
gregation [4]. A concept a is subsumed by a concept b, in a given ontology O, if in every model of O the

if the latter are part of the former. It is worth mentioning that our use of the ontology concept is speci ¢
to the CONNECT project. Thus, in the following, we will exploit these notions to our purposes. That is,
concepts in DO correspond to NS input/output actions. The two relations between concepts are, then,
used to account for the granularity of the data that de ne the structure of the messages exchanged by
the respective input/output actions. For instance, by continuing the example introduced above, the input
message (for P) associated to the request of StartOrder is an aggregate of the output messages (for
R) associated to the requests of Login and CreateOrder. This means that the message associated to
StartOrder can be built by merging the messages associated to Login and CreateOrder. Thus, a medi-
ator would take Login and CreateOrder as input in any order from R, and send StartOrder as the merge
of Login and CreateOrder to P (plus possible additional data explicitly speci ed in DO for StartOrder ).
As introduced above, a revised version of the CONNECToOr algebra is used to express the corresponding
communication mediator as follows:

W; = JTrans(Login;x 1) Trans(CreateOrder;x,) Prod(x3z) Merge([X1;X2;X3]; StartOrder )K

whose semantics is the interface automaton shown in Figure 2.11. It is obtained by giving semantics
of the algebra primitives and operators through the restricted and revised version of the compositional
speci cation theory, and by performing minimization with respect to hidden actions.

Figure 2.11: Interface automaton of the  W; communication mediator

Subsumption ontological relationships are handled analogously. For instance, let us consider two new
actions, CloseOrder of R and PlaceOrder of P. Furthermore, the message associated to CloseOrder
is subsumed by the message associated to PlaceOrder. This means that the set of data constituting
CloseOrder is a subset of those constituting P laceOrder. Thus, in order to build the message associated

CONNECT 231167 29/94



to CloseOrder, a mediator needs to process the data contained in the message associated to P laceOrder

rst. In other words, the mediator takes PlaceOrder as input from P and sends, as co-related message,
CloseOrder as output to R. Note that, internally, this means consuming the extra data in PlaceOrder
that do not belong to set of data for CloseOrder. The corresponding communication mediator can be
expressed as follows:

W, = JSplit (PlaceOrder; [CloseOrder; x2]) Cons(xz)K

whose semantics is the interface automaton shown in Figure 2.12.

Figure 2.12: Interface automaton of the W, communication mediator

Alphabet alignment

Once the set of communication mediators is automatically synthesized, the second activity of our method,
“Alphabet Alignment”, starts by taking as input the two protocols, P and R, and the synthesized set,
fW; g, of communication mediators. By continuing our running example, for the sake of simplicity®, let us
consider a very simple protocol for P as shown in Figure 2.13.

Figure 2.13: Interface automaton of P

Note that the alphabet of P is represented by the set of actions f StartOrder; P laceOrder g. According
to the discussion above, let us consider as alphabet for R the set fLogin; CreateOrder; CloseOrder g.
The aim of this activity is to exploit, as protocol wrappers, the synthesized communication mediators,
W; and W5, in order to “align” the alphabets of P and R, hence solving all the possible communication
mismatches. Roughly speaking, the goal of this activity is to suitably exploit communication mediators in
order to make two heterogeneous protocols “speak” the same language. In particular, when synthesized
out of subsumption (resp., aggregation), a communication mediator is used as a wrapper for output (resp.,
input) actions of a protocol. Thus, we de ne a derived composition operator called wrapping. By continu-
ing our running example, in the lowermost side of Figure 2.14, we show the interface automaton resulting
from wrapping the interface automaton of P by the one of W;.

Intuitively, as pictorially highlighted in Figure 2.14 by means of dashed arrows, the wrapping “fuses”,
into a single state, those transitions labeled by common actions (see the gray-colored actions in Fig-
ure 2.14) and their respective source and target states. Furthermore, each common action disappears in
the result of the wrapping. In other words, the wrapping allows to achieve the purposes of the alphabet
alignment activity since it allows to translate an action from an alphabet into a certain sequence of actions
from another alphabet.

3By referring to Appendix A, the case study described in the paper IT12 considers a more complex protocol.
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Figure 2.14: Interface automaton of W; (uppermost and left-hand side), P (uppermost and right-
hand side), and “ P wrapped by W;" (lowermost side)

Going back to our example, in Figure 2.15 we show the interface automaton of P wrapped by W; and,
in turn, wrapped by W5.

Figure 2.15: Interface automaton of P wrapped by W; and, in turn, wrapped by W,

Thus, by exploiting the two synthesized communication mediators, W; and W,, as wrappers for P,
we made the alphabets of P and R the same. That is, at this stage, P and R speak the same language
hence solving any communication mismatch. However, communication mediators are not able to solve all
mismatches such as coordination mismatches. These mismatches deal with the control structure of the
(wrapped) protocols. The last activity of our synthesis method is for solving such mismatches.

Synthesis of coordination mediators

Continuing our running example, to better illustrate the third activity of our method, let us consider a slightly
extended version of both the “wrapped” version of P (hereafter, referred to simply as P) and R, whose 1A
are shown in Figure 2.16.

Although the two protocols shown in Figure 2.16 share the same alphabet of actions, their interaction
can still exhibit some mismatches (i.e., coordination mismatches). They are due to (i) messages sent/re-
ceived in a different order (see the sequences made of Confirmltem and CloseOrder); (i) third-party
messages (P ayT hirdP arty ); and (iii) extra/missing sends corresponding to redundant messages (possi-
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Figure 2.16: 1A for P (left-hand side) and R (right-hand side)

bly also coming from looping/cyclic behavior, e.g., Selectitem and SetltemQuantity ). Thus, in general,
the construction of other mediators that can delegate/receive®, consume, produce, and reorder messages
is required. We call these kinds of mediators coordination mediators.

The synthesis of coordination mediators is carried out by reasoning on the two sets of traces of P and
R, denoted as Tr(P) and Tr(R), respectively. Note that P and R are pre x-closed and hence their sets
of traces are nite. Furthermore, possible loops/cycles are considered k times (where k is a parameter of
our synthesis algorithm). This means that our method produces nite sets of nite traces.

For all pairs of traces (tp;tgr) 2 Tr(P) Tr(R), our method tries to synthesize a coordination mediator
that makes the protocols corresponding to tp and tg able to interoperate. If no mediator has been synthe-
sized, then a modular connector for P and R does not exist. Otherwise, a non-empty set of coordination
mediators is produced. Indeed, considering all pairs in Tr(P) Tr(R) is not needed. It is suf cient to
consider only the subset of pairs of semantically related traces. Traces tp and tgr are semantically related
if every action that does not belong to their set of common actions is a third-party action, e.g., the action
PayThirdParty of P.

Figure 2.17: (tp;tr): a pair of semantically related traces for P and R

Figure 2.17 shows a pair of semantically related traces for P and R. Input (resp., output) actions are
denoted by the question (resp., exclamation) mark. For each pair (tp;tr), the method computes the so
called difference pair (t3;t%). Coming back to our example, Figure 2.18 shows the difference pair for the
pair of traces shown in Figure 2.17.

tS (resp., t&) is a sub-trace of tp (resp., tr) representing, in a single sequence, the sequences of
actions in which tp (resp., tr) differs from tg (resp., tp). Due to the alphabet alignment, nding a coordi-
nation mediator for tp and tg means nding a coordination mediator for t3 and t}. As pictorially shown

4Tolfrom a third-party.
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Figure 2.18: Difference pair for (tp;tgr)

in Figure 2.18 by tagging actions with (i), (ii) or (iii ), since tp and tg are semantically related and their
loops/cycles are considered k times, t$ and t% can be different for three reasons only: (i) they have
unshared actions corresponding to input/output third-party actions; (ii ) they exhibit extra/missing sends
corresponding to redundant messages, possibly also coming from looping/cyclic behavior; and (iii ) they
have complementary shared actions that appear in a different order. By means of the coordination medi-
ators to be synthesized, the rst ones should be received by a third-party (resp., an NS) and delegated to
the receiving NS (resp., third-party), the second ones should be produced/consumed, and the third ones
should be reordered. Thus, by denoting with the iterator operator (for details, see IT12 in Appendix A),
the synthesized coordination mediators for our running example, only limited to t2 and t% in Figure 2.18,
are:

M1 = JTrans(PayT hirdParty; PayThirdParty 9 K
M, = JOrder ([Confirmltem; CloseOrder [;(2;1);[Confirmitem & CloseOrder’) K
M3 = J(Prod(Selectlitem)) K
M4 = J(Prod(SetltemQuantity )) K
Ms = J(Cons(Confirmitem )) K

The modular connector for our entire example is given by the follow-
ing composition of coordination mediators: M = Mijj :::jjMg, where Mg =
JOrder ([Selectltem; SetltemQuantity ]; (2; 1); [Selectitem® SetltemQuantity %) K and jj denotes the
IA parallel composition operator (for details, see 1T12 in Appendix A); plus the set W = fW,;g of commu-
nication mediator used for the alphabet alignment. As formally shown in the next section, under alphabet
alignment, M is a correct connector meaning that the CoONNECTed system is free from communication
and coordination mismatches, deadlocks only when each of P, M, and R deadlock, and satis es the
constraints imposed by the given domain ontology.

2.3.2 Evaluation: correctness and C ONNECTOr evolution

In this section, we evaluate our method for the automated synthesis of modular CONNECTOrs with respect
to its support to: (i) WP3 CoNNECTor synthesis; and (i) CONNECTor evolution, which represents a crucial
dimension for a highly dynamic scenario such as CONNECT.

As described in [12], the WP2 compositional speci cation theory can be used to synthesize, via a
quotient operator =, a monolithic connector M such that PjjM jjR re nes® a given goal G, i.e., M =
G=(PjjR). G can be considered as the intent of the CONNECTOr to be synthesized or, equivalently, of the

5Under a suitable notion of re nement whose formal de nition is given in IT12 (see Appendix A).
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CONNECTed system to be. The formal de nition of G is out of the scope of this work. For the purposes of
this section, it is suf cient to say that G is an interface automaton, representing the CoONNECTed system
goal, which explicitly models three crucial conditions for correct communication and coordination: (c1)
PjiMjjR is not permitted to generate any inconsistencies; (c2) PjjM jjR is only permitted to deadlock
when all P, M, and R deadlock; and (c3) PjjM jjR must satisfy the constraints imposed by the given
protocol ontology.

As already mentioned above, CONNECTors synthesized through quotient generalizes WP3 CoON-
NECTOrs. Thus, showing that our synthesis method supports the WP3 CONNECTOr synthesis means
to show that a modular CONNECTOr enjoys the same correctness properties of a monolithic CONNECTOr
obtained via quotient, i.e., the c1, c2, and c3 correctness conditions. This, in turn, means showing that a
modular connector M synthesized for protocols P and R is such that c1, ¢2, and ¢3 hold, under alphabet
alignment. However, note that c2 and c3 trivially hold by construction. In fact, when composing in parallel
protocols, the only possibility to have “sink” states concerns scenarios in which none of the protocols is
willing to perform any action (c2); and communication mediators ensure alphabet alignment (c3). Thus,
in this section, by considering W as the set of synthesized communication mediators, we focus on stating
that the CONNECTed system made of:

* P wrapped by all mediators in W;
* M;and
» R wrapped by all mediators in W;

is free from inconsistencies (c1l). To do this we can exploit our notion of re nement (see IT12 in
Appendix A) to state the following theorem whose formal proof can be found in the related paper reported
in Appendix A.

Theorem 2.3 ( Correctness under alphabet alignment )

Let M be a modular connector synthesized for the aligned protocols “P wrapped by all mediators in W”
and “R wrapped by all mediators in W”, then the following properties hold: (1) the CONNECTed system
made of M and “R wrapped by all mediators in W” re nes any legal environment for “ P wrapped by all
mediators in W”, and (2) the ConNECTed system made of “P wrapped by all mediators in W” and M
re nes any legal environment for “ R wrapped by all mediators in W”.

Concerning the ability, for modular connectors, to evolve in response of possible changes, the most
interesting scenario is related to changes at the level of the domain ontology. In fact, syntactic changes at
the level of the NSs' interface directly correspond to a relabeling of mediator inputs/outputs, and related
concepts in the ontology. We recall that the synthesis of coordination mediators deals with sets of traces.
Thus, changes at the protocol level imply to re-iter the synthesis step on the affected traces only, hence
accordingly changing the corresponding mediators. However, in the worst case, i.e., all the traces of a
protocol share at least one action, the entire synthesis step must be repeated.

As an example of a possible change at the level of the domain ontology, let us go back to our run-
ning example and apply the following modi cation to the domain ontology: remove the ontological con-
straint for which StartOrder is an aggregate of Login and CreateOrder, and add the two constraints for
which StartOrder is subsumed by both Selectitem and SetltemQuantity . Although simple, this change
highlights the effectiveness of our decomposition with respect to supporting CONNECTOr evolution. In
fact, to address the applied change, it is suf cient to reason compositionally at the level of the algebra-
based description of the modular connector M and related set W of communication mediators, instead
of reasoning in terms of its underlying IA-based monolithic representation. In particular, by just look-
ing at the mediators' interface, one can easily recognize that the communication mediator affected by
the proposed change is Wy, while no coordination mediator is affected. Due to the fact that the above
mentioned aggregation constraint has been removed from the domain ontology, W is removed as well.
In place of it, two communication mediators, Wj.; = J(Split(Selectitem; [StartOrder;z]) Cons(z)) K
and Wi., = J(Split(SetltemQuantity; [StartOrder;k]) Cons(k)) K are synthesized due to the ad-
dition in the ontology of the two above considered subsumption constraints. Furthermore, we recall
that the interface automaton of P has been modied in order to align its alphabet to the one of R.
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To re ect the change on the performed alphabet alignment, a trace in Tr(R) that contains Selectltem
and/or SetltemQuantity is modi ed by considering the following substitution: f StartOrder=Selectltem;
StartOrder=SetltemQuantity g. Analogously, a trace in Tr(P) that contains either the sequence
hSelectltem SetltemQuantity i or hSetltemQuantity Selectitem i is modi ed by replacing any of these
sequences with StartOrder . According to the new alphabet alignment, in place of both M3 and M4
the coordination mediator J(P rod(StartOrder )) Kis synthesized. Note that, in the monolithic connector,
Selectltem and SetltemQuantity would always appear one after the other and modifying the connector
according to the applied change would mean to solve again the entire quotient problem.
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3 Evaluation of WP2 results

In this chapter, we report an overall evaluation of the WP2 results with respect to the objectives
and assessment criteria discussed in Deliverable D6.3 [14], hence re ning the preliminary evaluation
contained in that deliverable. We recall that the objective of WP2 is to provide a comprehensive theory
to enable composition and automated synthesis of CONNECTOrs in order to automatically learn and
reason about CONNECTOr behaviours via a quantitative assume-guarantee reasoning paradigm. The
expected outcomes are theories, formalisms, and methods that can be used for the speci cation, design,
development, and automated synthesis of CONNECTOTrs, allowing for both functional and non-functional
properties to be expressed and veri ed. Throughout the duration of the project, we have developed
guantitative assume-guarantee reasoning techniques able to express and manage both functional and
non-functional properties of CONNECTOrs. We have also developed compositional techniques for enabling
automated synthesis of CONNECTors whose modularity supports dynamic evolution. All of the achieved
results have been published in leading international conferences. The success of this work package will
be evaluated on the nal speci cation theory formalism, along with the de ned method for the automated
synthesis of modular CONNECTOrs. There are two criteria for the evaluation.

Objective 1: Innovative formalism

« Assessment criterion: since there are many formalisms in the literature that address system mod-
elling and synthesis, we will assess our formalisms/methods on their signi cance, in the sense of
advancing the state of the art, and the range of functionality of the operators that are supported. This
can be judged by high quality publications, e.g., in leading international conferences and journals.

« Methodology: the evaluation of our formalisms/methods will be based on assessment against other
state of the art formulations, in addition to our related publication acceptance at leading venues.

« Assessment: the main contributions of the project are compositional quantitative assume-guarantee
reasoning and a compositional speci cation theory for components. Our results were published
in internationally leading conferences, and we have a number of journal papers under submission
or in preparation. Among the leading conferences listed in [10] - overall 25 conferences, which
means more than 7 papers published per year - it is worth mentioning FACS2012, TACAS2010,
TACAS2011, FASE2011, ESEC-FSE2009, ICSE2009, FORMATS2009, FORMATS2010, FOR-
MATS2012, QEST2011, and QEST2012.

We proposed the rst compositional assume-guarantee framework for probabilistic systems, both for
safety as well as liveness properties (papers accepted for the leading conferences TACAS2010 and
TACAS2011). We formulated and implemented model checking algorithms based on multi-objective
model checking, demonstrating encouraging performance. We also extended the compositional
framework with automated assumption learning for a subset of rules (reported in QEST2010 and
FASE2011).

Our speci cation theory addresses a number of shortcomings of interface automata and supports a
broader range of operators than previously achieved. In particular, we propose the rst quotient for
non-deterministic interface automata, the rst de nition of conjunction on this model type, and the

weakest preorder preserving substitutivity. Furthermore, the developed real-time extension of the
speci cation theory allows the modelling of the real-time performance of networked systems. From
this, as a further advance on the state of the art, we have formulated a technique based on quotient
for synthesising connectors that are not only functionally compatible with their environment, but that
are also responsive to the timing demands of the systems to be made interoperable. The rst paper
about the speci cation theory was accepted to ESOP2012, a leading symposium on programming,
followed by the timed extension (FORMATS2012) and the assume-guarantee reasoning framework
(FACS2012).

The de ned method for the automated synthesis of modular C ONNECTOrs represents a signi cant
progress with respect to state of the art methods, where the output of the synthesis process results
in a monolithic connector that prevents evolution, and makes synthesis and maintenance of the
connector code a dif cult task. The signi cance of our method has been con rmed by acceptance
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of a related publication at ICSE2013, a leading conference with interest in system modelling and
reasoning.

It is worth mentioning that a focused amount of attention has been given to component-based spec-
i cation theories recently, by numerous authors, justifying that our work has tangible bene ts, both
in terms of its practical applicability, and technical contribution (cf [5, 6]). Other work has focused on
components with different semantics, such as those based on modalities [20, 28].

Objective 2: Introducing the theoretical underpinning for emergent connectors

« Assessment criterion: WP2 intends to provide the theoretical underpinning for the work carried out
in the other work packages, in the sense that connectors speci ed in WP2 can be instantiated
in WP3 (synthesis), WP4 (learning) and WP5 (dependability analysis). Thus a key challenge when
developing the speci cation theory and its related synthesis methods (e.g., quotient-based, for pro-
ducing modular CONNECTOrS) is to ensure that it is fully integrated and usable by WPs 3, 4 and
5.

« Methodology: we will assess the application of the formalisms/methods to the concrete approaches
developed in WPs 3-5.

» Assessment: we have studied CONNECT-relevant examples where they have been available, for
example, mediator synthesis from WP3. In particular, as described in this deliverable, we have
developed an example based on the GMES scenario, for which we synthesise connectors in order
to allow successful communication between a number of networked systems. This example has
been applied to both the non-quantitative assume-guarantee framework for safety properties, as
well as the real-time extension of the speci cation theory. We have also developed an extension of
the speci cation theory in D2.3 [ 12] aimed at the register automata of WP4, but without imposing
restrictions (determinism, canonicity) where this is not necessary. We have applied the quantitative
assume-guarantee veri cation framework to the dependability analysis in WP5 (see D2.2 [ 11] and
D2.3).

We have demonstrated integration with WP3 in both D2.3 and this deliverable. In particular, in D2.3,
we have shown how quotient can be used for synthesis by showing that a mediator synthesised by
WP3 is the most general mediator, and that the theory supports checking for freedom of errors. As
a further proof of integration, in this deliverable, we have shown how to integrate the speci cation
theory with the WP2 connector algebra so as to support CONNECTOr synthesis in WP3. In particular,
we have provided a method for the automated synthesis of modular CONNECToOrs that enjoy the
same correctness properties of the monolithic CONNECTor obtained by expressing the synthesis
problem as a quotient problem, as speci ed by the speci cation theory and as it is equivalently

produced by the WP3 synthesis. Moreover, to show how modular CONNECTOrs support evolution,
we applied our method on a WP3 case study in the e-commerce domain borrowed from D3.3 [13].
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4 Conclusion

In this deliverable, we reported the progress of WP2 during the fourth year of the CONNECT project.
The work has been organized into two main streams: (i) a quantitative extension of the compositional
speci cation theory devised during the previous two years; and (i) the integration of the WP2 C oNNECTOr
algebra with the speci cation theory so as to support WP3 C ONNECTOr synthesis. As main outcomes of
WP?2 for the fourth year of the project, these two streams of work have led us to de ne an AG framework
for safety properties, a quantitative speci cation theory , and an automated method for the synthesis of
modular CoNNEcCTors. In the following, for each outcome, we report a brief discussion on groundbreaking
research challenges solved and open.

« AG framework for safety properties. We have presented an algebraically elegant framework for
reasoning compositionally about the safety properties satis ed by speci cations of components.
Our work is more general than existing attempts in the area [24], as we do not insist on equality
of interfaces under satisfaction, do not require components and guarantees to be input-enabled,
provide the rst de nition of conjunction and quotient on contracts for this model type, and present
strong algebraic properties for the operations de ned directly on contracts.

We are currently looking at a liveness extension of the framework, based on quiescence (in order to
stay within the present setup of nite traces). To facilitate this, besides assumptions and guarantees
on contracts, we also include a set of liveness traces on which implementing components may not
become quiescent (i.e., they must be able to extend such a trace by an output, without further
stimulation from the environment). This work has also resulted in a quiescence extension of the
compositional speci cation theory, where re nement guarantees both substitutivity and progress,
the latter being achieved by requiring that a quiescent trace in a re ning component must have been
quiescent in the original. Present work involves submission of these two frameworks.

¢ Quantitative extension of the speci cation theory. This framework supports the modelling of
real-time components with critical timing constraints. As for the non-quantitative speci cation theory,
we de ne the full collection of compositional operators, including quotient for synthesis, and provide
the weakest substitutive re nement preorder maintaining absence of safety and bounded liveness
errors. Our theory is elegant in comparison to existing approaches, based on our equating of safety
and liveness errors through a single inconsistent state ? . This means that we need only use a single
transition system, rather than two (cf [19]).

Subsequent work has led us to look at the realisable sub class of timed components, which are
not permitted to stop the global system clock. This involves rede ning the compositional operators,
in order to avoid encountering a timestop state from which time may not progress. In addition to
this, we also plan to look at developing an AG framework for reasoning compositionally about timed
components. This will strengthen the parallels between our non-quantitative theories and this timed
extension, as well as our eventual goal of formulating a speci cation theory for models exhibiting
both real-time and discrete probabilistic behaviour (work in progress).

The speci cation theory developed as part of WP2 is based on linear-time re nement (to align with
automata learning in WP4) and supports operations such as conjunction for independent devel-
opment and quotient for connector synthesis (to align with WP3). In the last reporting period, we
focused on developing assume-guarantee rules for our speci cation theory as well as a quantitative,
timed extension of the speci cation theory, which aligns with the monitoring framework (WP5). One
additional advantage of the timed extension is that re nement can be de ned in terms of timed trace
containment, a natural extension of the re nement de ned in the non-quantitative case. In contrast,
probabilistic re nement de ned in terms of traces is known not to be compositional, and is usually
based on simulation relations. As a rst step, we have formulated a re nement relation for abstract
probabilistic timed automata based on modal speci cations, together with parallel and conjunction
(work in progress, not reported here). Future work will include formulation of quotient as well as link-
ing the results to the quantitative, probabilistic assume-guarantee framework developed in earlier
deliverables that supports a parallel operator and a number of compositional reasoning rules.
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» Automated synthesis of modular C ONNECTOrs. A modular connector is synthesized as a com-
position of independent mediators, each of them corresponding to the solution of a recurring pro-
tocol mismatch. We have proven that our connector decomposition is correct and, by means of
a WP3 case study, we have shown how it promotes connector evolution. An overall advantage
of our approach with respect to the work in the state of the art (see [32, 29, 25, 22, 30, 27, 8]
just to mention a few) is that our connectors have a modular software architecture organized as
a composition of fundamental mediation primitives. This supports connector evolution and au-
tomated generation of the connector's implementation code. In particular, we have recently re-
leased a rst implementation (http://code.google.com/p/otf-connector/) of both the algebra primi-
tives and the plugging operator. This implementation is based on the use of Enterprise Integra-
tion Patterns (http://www.eaipatterns.com/) and is developed through the Apache Camel framework
(http://camel.apache.org/). Because of the way a modular connector is structured, the automatic
generation of its actual code written in terms of our algebra implementation is viable and can be
achieved with little effort. We have started to show, through its application to the real world case
study presented in IT12 (see Appendix A), that our method supports connector evolution.

As future work, we intend to carry out a rigorous empirical investigation to con rm the results re-
ported in IT12. Another future research direction concerns the ability to infer the needed ontological
information, out of the interface description of the two protocols, rather than assuming it as given.
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Published work

In this appendix, we report some CONNECT papers that have been accepted for publication to leading
international conferences during the fourth year of the project. These papers provide details on the work
undertaken by WP2, whose overview has been given in this deliverable. The reported papers have been
attached in the same order as listed below.

CJK12

CKW12

IT12

C. Chilton, B. Jonsson, and M. Kwiatkowska. Assume-Guarantee Reasoning for Safe Component
Behaviours. In C. Pasareanu and G. Salaun, editors, Proc. 9th International Symposium on Formal
Aspects of Component Software (FACS'12), Lecture Notes in Computer Science, vol. 7684, pp.
92-109. Springer-Verlag, 2012.

The relation of this paper to CONNECT is documented in Section 2.1.
C. Chilton, M. Kwiatkowska, and X. Wang. Reuvisiting Timed Speci cation Theories: A Linear-Time
Perspective. In M. Jurdzinski and D. Nickovic, editors, Proc. 10th International Conference on For-

mal Modelling and Analysis of Timed Systems (FORMATS'12), Lecture Notes in Computer Science,
vol. 7595, pp. 75-90. Springer-Verlag, 2012.

An exposition of this paper is contained in Section 2.2.

Automatic Synthesis of Modular Connectors via Composition of Protocol Mediation Patterns. In
Proc. of the 35th International Conference on Software Engineering (ICSE 2013). To appeatr.

It provides details for the work discussed in Section 2.3.
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A.1 Assume-Guarantee Reasoning for Safe Component Be-
haviours

Assume-Guarantee Reasoning
for Safe Component Behaviours

Chris Chilton!, Bengt Jonssort, and Marta Kwiatkowska*

1 Department of Computer Science, University of Oxford, UK
2 Department of Information Technology, Uppsala University, Sweden

Abstract.  We formulate a sound and complete assume-guarantee frame-
work for reasoning compositionally about safety properties of component
behaviours. The speci cation of a component, which constrains the tem-
poral ordering of input and output interactions with the environment,

is expressed in terms of two pre x-closed sets of traces: an assumption
and guarantee. The framework supports dynamic reasoning about com-
ponents and speci cations, and includes rules for parallel composition,
logical conjunction corresponding to independent development, and quo-
tient for incremental synthesis. Practical applicability of the framework

is demonstrated by considering a simple printing example.

Keywords: assume-guarantee, speci cation theory, components, com-
positionality, parallel, conjunction, quotient.

1 Introduction

Component-based design methodologies enable both design- and run-time as-
sembly of software systems from heterogeneous components, thus facilitating
component reuse, incremental development and independent implementability.
To improve the reliability and predictability of such systems, speci cation the-
ories have been proposed that permit the mixing of speci cations and imple-
mentations, and allow for the construction of new components from existing
ones by means of compositional operators [1,2,3]. A speci cation should make
explicit the assumptionsthat a component can make about the environment,
and the correspondingguaranteesthat it will provide about its own behaviour.
This allows for the use of compositional assume-guarantee (AG) reasoning, in
order to combat issues of complexity and state space explosion during system
development and veri cation.

In earlier work [4], we introduced a component-based speci cation theory, in
which components communicate by synchronisation of I/O actions, with the un-
derstanding that inputs are controlled by the environment, while outputs (which
are non-blocking) are under the control of the component. The component-model
is conceptually similar to the interface automata of de Alfaro and Henzinger [5],
except that our re nement is based on classical sets of traces, as opposed to alter-
nating simulation, and that we allow explicit speci cation of inconsistent traces,
which can model underspeci cation and errors, etc. With both trace-based and
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operational representations for components, a distinguishing feature of our the-
ory is the inclusion of conjunction and quotient operators (which generalise those
of [2,6]) for supporting independent and incremental development, respectively.
Logical disjunction and hiding can also be added. The theory enjoys strong al-
gebraic properties with all the operators being compositional under re nement,
and we prove full abstraction with respect to a simple testing framework.

In [4] and [5], the assumptions and guarantees of components are merged
into one behavioural representation. In many cases, this avoids duplication of
common information, although there are situations in which it is desirable to
manipulate the assumptions and guarantees separately. For instance, we may
want to express a simple guarantee (such as \no failure will occur”) without
having to weave it into a complex assumption. Another advantage of separation
is speci cation reuse, in that the same guarantees (or assumptions) can be used
for several related interfaces, each representing di erent versions of a component.

Contributions. In this paper, we present a complete speci cation theory for
reasoning about AG speci cations of components (as modelled in [4]). Assump-
tions and guarantees are pre x-closed sets of traces, meaning our framework
facilitates reasoning about safety behaviours, and di ers from (arguably) more
complex approaches based on modal speci cations and alternating simulation.
Building upon the theory in [4], we de ne the operators of parallel, conjunc-
tion and quotient directly on AG speci cations (the last being the rst such
de nition), and prove their compositionality. By treating AG speci cations as
rst-class citizens, the theory supports exible development and veri cation of
component-based systems using AG principles. A component can be charac-
terised by its weakest AG speci cation, and, in the opposite direction, we can
infer the least re ned component satisfying a given speci cation. From this, a
notion of re nement corresponding to implementation containment is de ned.
In relating implementations with AG speci cations by means of satisfaction, we
formulate a collection of sound and complete AG reasoning rules for the preser-
vation of safety properties under the operations and re nement preorder of the
speci cation theory. These rules are inspired by the Compositionality Principle
of [7,8] for parallel composition, which we generalise to the operations of con-
junction and quotient. The rules allow us to infer properties of compositions
for both AG speci cations and components, thus enabling designers to deduce
whether it is safe to substitute a component, for example one synthesised at
run-time by means of the quotient operator, with another.

Related Work. Compositional AG reasoning has been extensively studied in
the literature, where traditionally the work was concerned with compositional
reasoning for processes, components and properties expressed in temporal log-
ics [9,10,11]. A variety of rule formats have been proposed, although Maier
demonstrates through a set-theoretic setting in [12] that compositional circular
AG rules for parallel composition (corresponding to intersection) cannot both
be sound and complete. This seems to contradict the work of Namjoshi and Tre-
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er [13], although the discrepancy is attributed to the fact that the sound and
complete circular rule presented in [13] is non-compositional.

Compositional reasoning about AG speci cations in the form of AG pairs,
similar to what we consider in this paper, is discussed in [7] for the generic setting
of state-based processes. The authors formulate a Compositionality Principle for
parallel composition, and observe that this is sound for safety properties. A logi-
cal formulation for speci cations is then discussed in [8], where intuitionistic and
linear logic approaches are put forward. The main di erence with our approach
is that we consider an action-based component model and have a richer set of
composition operators, including conjunction and quotient. We also prove com-
pleteness, by relying on the convention that an output is controlled by at most
one component, which can be used to break circularity.

More recent proposals focus on compositional veri cation for interface theo-
ries [14,15], namely interface and I/O automata, which are closest to our work.
In [14], Emmi et al. extend a learning-based compositional AG method to inter-
face automata. They only consider the much more limited asymmetric rules for
safety properties, which are shown to be both sound and complete. The rules are
supplied for the original subset of operators and relations de ned in [5], namely
compatibility, parallel composition and re nement based on alternating simula-
tion. Thus, no consideration is given to conjunction or quotient. Other notable
work concerning compositional reasoning for interface theories is the AG frame-
work de ned by Larsen et al. in [15] for I/O automata, where assumptions and
guarantees are themselves specied as I/O automata. The authors consider a
parallel composition operator on AG speci cations that is the weakest speci -
cation for composed components respecting independent implementability, for
which they present a sound and complete rule. Our work allows a more gen-
eral component model that does not require input-enabledness, and allows for
speci cations to have non-identical interfaces to their implementations. We go
beyond [15] by de ning conjunction and quotient operations directly on AG
speci cations, thus providing a signi cantly richer basis for AG based reasoning
and development, and we do not require input-enabledness of guarantees.

A compositional speci cation theory based on modal speci cations has been
developed in [3], which includes all the operations we consider in this paper,
but for systems without I/O distinction. Larsen et al. consider a cross between
modal speci cations and interface automata [1], where re nement is given in
terms of alternating simulation/modal re nement (which is stronger than our
trace containment), and no operations for conjunction and quotient are given.
Surveying [16], Baueret al. provide a generic construction for obtaining a con-
tract framework based on AG pairs from a component-based speci cation theory.
The abstract ideas share similarity with our framework, and it is interesting to
note how parallel composition of contracts is de ned in terms of the conjunction
and quotient operators of the speci cation theory. Our work di ers in that we
de ne both of these operators directly on contracts. A de nition of conjunction
on contracts is provided in [17], but this is for a simpli ed contract framework,
as witnessed by the de nition of parallel composition on contracts.
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Outline. In Section 2 we summarise the compositional speci cation theory of [4],
which serves as a basis for our AG reasoning framework. Section 3 introduces
the main de nitions of the AG framework, and presents a number of sound
and complete compositional rules for the operators of the speci cation theory.
An application of our framework is illustrated in Section 4, while Section 5
concludes our work and suggests possible extensions. Proofs of our results are
made available as the technical report [18].

2 Compositional Speci cation Theory

In this section, we briey survey the essential features of our compositional
speci cation theory presented in [4]. In that paper, we present two notations for
modelling components: a trace-based formalism and an operational representa-
tion. Here we focus on the trace-based models, since operational models can be
mapped to semantically equivalent trace-based ones.

A component comes equipped with an interface, together with a set of be-
haviours over the interface. The interface is represented by a set of input actions
and a set of output actions, which are necessarily disjoint, while the behaviour
is characterised by sets of traces.

De nition 1 (Components). A componentP is a tuple hAL ; AS; Tp;Fpi in
which AL, and A9 are disjoint sets referred to as inputs and outputs respectively
(the union of which is denoted byAp), Tp A , is a non-empty set of permis-
sible traces, andFp A  is a set of inconsistent traces. The trace sets must
satisfy the constraints:

1.Fp Tp
2.1ft2Tp andi 2AL, thenti 2 Tp
3. Tp is pre x closed

4. 1ft2Fp andt°2 A, thentt®2 Fp.

The permissible traces contain all possible interaction sequences between the
component and the environment; they are thus receptive to all inputs, as these
are under the control of the environment. If on some interaction sequence an
error arises in the component, or the environment issues a non-enabled input,
the trace is said to be inconsistent. We adopt the convention that any inconsistent
trace is su x closed, meaning that, once the component becomes inconsistent,
it behaves similarly to the processCHAOSIin CSP.

From hereon letP, Q and R be components with signatureshAL ; AS; Tp ; Fpi,
hAG;AS; To: Fqi and hAL ;AR ; Tr;Fri respectively.

Notation. Let A, B and C be sets of actions. For a tracet, write t A for the
projection of t onto A. Now forT A ,write T Bforft B:t2Tg T*B
forft2B :t A2 Tg, T Bfor +(T*B)( +A'), T"B for T(B)(A[B ) ,
T" Bfor T[ (T"B), T for A nT, and pre(T) for the largest pre x-closed set
contained in T.
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Re nement. In the speci cation theory, re nement corresponds to safe-substitutivity.
This means that Q is a re nement of P if Q can be used safely in any environ-
ment that is safe for P. An environment is safe for a component if any interaction
between the two cannot be extended by a sequence of output actions under the
control of the component such that the resulting trace is inconsistent. We will
thus need to consider the safe representation of a component, obtained by prop-
agating inconsistencies backwards over outputs.

De nition 2 (Safe component). Let P be a component. The most general
safe representation forP is a componentE(P) = hAL; AS; Tep); Fep)i, Where
TE(P) = Tp[ FE(P) and FE(P) = fttOZAP :t2 Tp and 9t%02 (Ag) tt 002 Fra.

We can now give the formal de nition of re nement. Intuitively, Q must be
willing to accept any input that P can accept, but it must produce no more
outputs than P, otherwise we could not be certain how the environment would
respond to these additional outputs.

De nition 3 (Re nement). For componentsP and Q, Q is said to be a re-
nement of P, written QV imp P, i:

1. AL A '8
2.A3 A S
3. Te) Terey[ Teey " (AI‘P nAIFI’)
4. Fe@) Fere)[ Tewr) " (Ag nAp).

The setTgp) " (A'Q nAL) represents the extension oP's interface to include
all inputs in A'Q n AL . As these inputs are not ordinarily accepted byP, they
are treated as bad inputs, hence the su x closure with arbitrary behaviour.

Parallel Composition. The parallel composition of two components is obtained as
the cross-product by synchronising on common actions and interleaving on inde-
pendent actions. To support broadcasting, we make the assumption that inputs
and outputs synchronise to produce outputs. Communication mismatches aris-
ing through non-input enabledness automatically appear as inconsistent traces
in the product, on account of our component formulation. As the outputs of
a component are controlled locally, we assume that the output actions of the
components to be composed are disjoint.

De nition 4 (Parallel composition). Let P and Q be components such that

AR\A § = ;. ThenP jj Q is the componenthA,;, ;AR ; Trji ; Frjiq i, Where:

{ A::ij (Ap [A IQ) n(AR [A 8)

{ ABjp = ARI[A G

{ Trjo =[(Te *Apjo )\ (To *Aprjo N[ Frio

{ Frio =[(Tr *Apjo )\ (Fo *Apjo IApjq [
[(Fp *Apjo )\ (To * A pjo NApjo -
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Informally, a trace is permissible in P jj Q if its projection onto Ap is a
trace of P and its projection onto Aq is a trace of Q. A trace is inconsistent if
it has a pre x whose projection onto the alphabet of one of the components is
inconsistent and the projection onto the alphabet of the other component is a
permissible trace of that component.

Conjunction. The conjunction of componentsP and Q is the coarsest component
that will work safely in any environment that P or Q can work safely in. It can be
thought of as nding a common implementation for a number of speci cations.
Thus, conjunction is essentially the meet operator on the re nement preorder.
Consequently, the conjunction of two components is only de ned when the union
of their inputs is disjoint from the union of their outputs.

De nition 5 (Conjunction). Let P and Q be components such thaf\, [A {
and AR [A § are disjoint. Then P~ Q is the componenthAb. ;ASr ; Tenq
Fpro i, where:

( Abg =AbIAL
{ A8y = A\A S

{ Torg =[(To [ To " (AL nAL)\ (To[ To " (Ab NAL)I\A pig
{ Ferg =[(Fp [ To " (AL nAR)\ (Fo [ To " (Ab NALNINA 5 .

Intuitively, after any trace of P ~Q, the conjunction must accept any input
o ered by either P or Q, but can only issue an output if both P and Q are
willing to o er it. Once P becomes inconsistent, or an input is seen that is not
an input of P, the conjunction behaves likeQ (and vice-versa).

Quotient. In [4], we introduced a quotient operator acting on components. Given
a component R, together with a component P implementing part of R, the

quotient R=P yields the coarsest component for the remaining part oR to be
implemented. Thus, the quotient satis es the property: there exists Q such that
PiiQVimp Ri Pjj(R=P)Vinp RandQvnp (R=P). Whether the quotient

exists depends on the extent to whichP is a sub-component ofR.

For the development in this paper, we will not use quotient on components,
and refer to [4]. Instead, we will de ne a quotient operator that acts on AG spec-
i cations. Thus, the quotient of two AG speci cations yields an AG speci cation
characterising a set of component implementations.

3 Assume-Guarantee Framework for Safety Properties

To support reasoning about components, we introduce the concept of an AG
speci cation, which consists of two pre x-closed sets of traces referred to as the
assumptionand guarantee The assumption speci es the environment's allowable

interaction sequences, while the guarantee is a constraint on the component's
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behaviour. As assumptions and guarantees are pre x-closed, our theory ensures
that components preserve (not necessarily regular) safety propertiés

De nition 6 (AG speci cation). An AG speci cation S is a tuple hAS; AQ;

Rs; Gsi, in which A!S and Ag are disjoint sets, referred to as the inputs and
outputs respectively, andRs and Gs are pre x closed subsets of A5 [A Q) ,

referred to as the assumption and guarantee respectively, such tha2 R s and

t°2 (AQ) impliestt°2 R s.

Since outputs are under the control of a component, we insist that assump-
tions are closed under output-extensions. On the other hand, we need not insist
that the guarantee is closed under input-extensions, since the assumption can
select inputs under which the guarantee is given.

Given an AG speci cation S, we want to be able to say whether a component
P satis es S. Informally, P satis es S if for any interaction between P and the
environment characterised by a tracet, if t 2 R, thent 2 Gg and t cannot
become inconsistent inP without further stimulation from the environment.
Components can thus be thought of as implementations of AG speci cations.

Before de ning satisfaction, we need to introduce a notion of compatibility
between AG speci cations and components, meaning that they do not disagree
on what are inputs or outputs.

De nition 7 (Compatibility). Let P be a component, and letS and T be
AG-speci cations. Then P is compatible with S, writen P S ,i AL\A € =
; = AS\A L. Similarly, S is compatible withT, written S T ,i AL\A ?
= AQ\A T
’ S .

We can now give the formal de nition for satisfaction of an AG speci cation
by a component.

De nition 8 (AG satisfaction). A componentP satis es the AG speci cation
S, written P E S, i:

S1.P S

S2. AL AL

s3.A8 A ©

S4.Rs\ Tp G\ Fp.

By output-extension closure of assumptions, condition S4 is equivalent to
checkingRs\ Tp G s\ Fg(p), which involves the most general safe representa-
tion E(P) of P (see De nition 2). The following lemma shows that this de nition
of satisfaction is preserved under the component-based re nement corresponding
to safe-substitutivity, subject to compatibility.

Lemma 1. Let P and Q be components, and letS be an AG speci cation. If
PFS Qvimp PandQ S ,thenQj= S.

3 Model-checking components against AG speci cations would force us to restrict the
properties we can encode and check. In this setting, we would naturally restrict to
the regular safety properties, which can be encoded by nite-state automata.
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3.1 Renement

There is a natural hierarchy on AG speci cations respecting the satisfaction
rule de ned in De nition 8. From this we can de ne a re nement relation on
AG speci cations that corresponds to implementation containment. But rst,
we introduce the shorthand: violationgX) , ft 2 A, :9t°2 (AL) %2

Rx \ @gAX

De nition 9 (AG re nement). Let S and T be AG speci cations. S is said
to be a re nement of T, written Sv T ,i:

R1.S T

R2 '

AL A
R3. Aé A §
R4. violation§T)\A g  violation{S)
R5. Rt \A g R g[ violationgS).

It is our intention that S v T i the implementations of S are contained
within the implementations of T (subject to compatibility). Conditions R1-R3
are the bare minimum to uphold this principle. For condition R4, any component
having a tracet 2 violationT) \ A g cannot be an implementation of T, so it
should not be an implementation of S. For this to be the case, the component
must violate the guarantee onS, i.e., t 2 violation{S). Condition R5 deals with
inconsistent traces. If a component has an inconsistent tracé 2 Rt \A g, then
this cannot be an implementation of T. Consequently, the component must not
be an implementation of S, so eithert must violate the guarantee of S, i.e.,
t 2 violationgS), or t must be in Rg, so that the component cannot satisfyS.

Lemma 2. Re nement respects implementation containment:
SvT ( fP :PESandP Tg fP PETGg

In [15], Larsen et al. give a sound and complete characterisation of their
re nement relation (which corresponds to implementation containment, as for
us) by means of conformance tests. The de nition assumes equality of interfaces,
so does not need to deal with issues of compatibility or the complexities of both
covariant and contravariant inclusion of inputs and outputs respectively (i.e.,
conditions R1-R3). Thus, their de nition largely corresponds to condition R4.
Condition R5 is not necessary in that setting, as implementation models are
required to be input-enabled.

Re nement can be shown to be a preorder, provided that we add the minor
technical condition that compatibility of components is maintained, as the next
lemma shows.

Lemma 3 (Weak transitivity). For AG speci cations S, T andU, if SvT,
TvUandS U, thenSvU.

As an aside, component-based re nementv i, is a preorder because, in
re ning a component P to a component Q, it is possible to transform some
of P's outputs into inputs of Q, as this preserves safe-substitutivity. However,
this transformation of action types does not make sense with AG speci cations,
which talk explicitly about the behaviour of the environment.
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3.2 Inferring Components from AG Speci cations

Given a speci cation for a component, we require a way for developers to con-
struct an actual component that satis es the requirements of the speci cation.
In the following de nition, we show how to infer the least re ned component
that satis es a given speci cation.

De nition 10 (Inferred component). Let S be an AG speci cation. Then the
least re ned implementation of S is the componentl (S) = hAS; AQ; T, s) Firsls
de ned only when 2 T, (s, where:

{ T| (s) = pre(ftZRS\GS 28'[02 (Als) tt02 Ris[ng)[ F| (S)
{ Fies)= ftit°:t2Rs\Gs, i 2AL andti 62Rg[f t2A4: 62Rg.

The following lemma shows that the obtained component model really is
least re ned with respect to the re nement preorder v iy, 0on implementations.

Lemma 4. Let S be an AG speci cation, and let P be a component. Then:

{ 62T, sy implies S is non-implementable;
{ 2T ) implies|(S)F S; and
{ PESi Pvimp I(S).

3.3 Characteristic AG Speci cation of a Component

One may be interested in the most general AG speci cation that satis es a com-
ponent, which we refer to as the characteristic AG speci cation of the component.
This can be found by examining the component's safe traces.

De nition 11 (Characteristic AG speci cation). The characteristic AG
speci cation for the componentP is an AG speci cation AG(P) = hAL;AS;

Rac () Gag(p)i, WhereRag(py = Ap NFgpy and Gag(p) = Tp NFgp).

The largest assumption safe for componen® is the set of all non-inconsistent
traces, while the guarantee is the set of traces d&(P) that are non-inconsistent.
As the following lemma demonstrates, the characteristic AG speci cation satis-
es the desired properties.

Lemma 5. Let P be a component and letS be an AG speci cation. Then:

{ PjE AG(P); and
{ PESi AG(P)vS.

The nal point in the previous lemma shows that satisfaction of a speci -
cation by a component is equivalent to checking whether the characteristic AG
speci cation of the component is a re nement of the speci cation. This means
that implementability of speci cations built up compositionally follows immedi-
ately from compositionality results on AG speci cations, as we will see in the
subsequent sections.

We are now in a position to present sound and complete AG rules for inferring
properties of composite systems from the properties of their sub-components.
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3.4 Parallel Composition

The AG rule for parallel composition is based on the well-established theorem
of Abadi and Lamport [7], which has appeared in several forms [19,20,21]. In-
tuitively, the guarantee of any component must not be allowed to violate the
assumptions of the other components. Such reasoning seems circular, but the
circularity can be broken up in our setting as a safety property cannot be simul-
taneously violated by two or more components. This is due to an output being
under the control of at most one component.

Notation. To assist in our de nition, we introduce the following shorthands:

{ R(Sp:Sq), (Rsp *Asjsg)\ (Rsq *Aspjsy)
{ G(Sp:Sq), (Gsp *Asujiso)\ (Gsq *Aspiisg)
{ G+(SP;SQ), (Gsp ASijSQ)\ (GSQ ASP]JSQ)'

De nition 12.  Let Sp and S be AG speci cations such thatAS, \A g = ;.
If Sp and Sg are both implementable, thenSp jj Sg is an AG speci cation
hAISP iiSq ;AgP iSq’ Rs, iiSq  Gs, iisq! de ned by:
{ Asjso = (A5, [A5)N(AS [A )
{ ASisq = AS, [AS, o
Rsejiso A s, iso IS the largest pre x closed set satisfying
Rsqjisq (AS, js,) VG ' (SpiSe) R (SpiSq)
{ Gspiisq = Rspijisq VG (SpiSq).

If at least one of Sp or Sg is non-implementable, thenSp jj Sq = hA'S
A2 i

piiSq’
piSo Aseiisg
Sr jj Sq yields the strongest speci cation satis able by the parallel com-
position of any two components that satisfy Sp and Sq. The speci cation only
guarantees what can be assured by botsp and Sg, thus it is the strongest com-
position. The assumption is the largest collection of environmental behaviours
that cannot violate either of the guaranteesGs, or Gs,, and moreover does not
permit a component implementing one of the speci cations to violate the other
speci cation's assumption. Ignoring di erences in alphabets, this can loosely be
phrased asRs,js, \Gs, R s, and Rs,js, \Gs, R s, which is akin
to the presentation in [7]. However, as implementations are not required to be
input-enabled, this must be reformulated asR s, js, \G * (Sp;Sq) R (Sp; So).

The setG" (Sp; So) extends G(Sp ; Sg) by a single input on each ofGs, and
Gs, , and also includes . This has the e ect of ensuring that, if t 2 G* (Sp; Sg)\
R(Sp;So) and ta 62 G(Sp;Sp), then whatever the action type of a, wlog
t As, 2Rs, \ Gs, orta As, 2Rs, \ Gs,. Thus, any implementation
of Sp must have suppressed an output at some stage along the trade As, ,
implying the parallel composition of any two implementations of Sp and Sg will
suppress an output alongta. Thus, Rs, s, contains only traces within Gs, js |,
and traces not reachable by any pair of implementations ofSp and Sg .
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Subject to suitable constraints on the alphabets of AG speci cations, it can
be shown that the parallel composition operator on AG speci cations is composi-
tional under the AG re nement relation, as the following theorem demonstrates.

Theorem 1. Let Sp, S3, Sq and S§ be AG speci cations such thatAg, \
A, =, S8 Sy SeiiSe, A'Sg \A gg A VAL, Agg \A 'Sg
AS \A L, andAgo \A Isg \A G ise A s VA, If SEvSp andSE vSq,
then S8 jj Sg v Sk jj Sq.

The condition Ag \A @ = ; ensures that the parallel composition of the AG
speci cations is de ned, while S3 jj S§ S p jj Sq meansSp jj S3 and Sp jj Sq
are comparable under re nement. The remaining three conditions are standard
for compositionality of parallel composition. From this compositionality result,
it is easy to give a sound and complete AG rule.

Theorem 2. Let P and Q be components, and leSp, Sg and S be AG speci-
cations such that P jjQ S , Ap\A § A 5 \AQ ,AR\A , A S \A g,
and Ap\A 5\A g us o A 5 \A g . Then the following AG rule is both sound
and complete:

PESr QFSq SpijiSqVvsS
PiiQj=S

Parallel

3.5 Conjunction

In this section we de ne a conjunctive operator on AG speci cations for combin-
ing independently developed requirements. From this we show that the operator
is both compositional and corresponds to the meet operation on the re nement
relation. This allows us to formulate a sound and complete AG rule.

The conjunction of AG speci cations Sp and Sg is only de ned when A'SP [
AL _ is disjoint from Agp [A OQ , in which case we saydp and Sq are composable.
The composability constraint is necessary, as otherwise it is not possible to nd
an interface that can re ne both Sp and Sg.

De nition 13.  Let Sp and Sg be AG speci cations composable for conjunc-
tion. Then Sp "Sq is an AG speci cation hAg s AS, rs o i Rsps i Gsprs g

de ned by:
{ AISPASQ = AlSp [A lSQ
{ A8 rs, = A \AQ

{ Rspsq =(Rs, [Rs0)\A g5,

{ Gs. s, is the intersection of the following sets:
Rspnso \ (Gs, [Gsy)
pre(Rs, [Gs,) " (As, NAg,)
pre(Rs, [Gs) " (A5, NAL,).
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The assumptionRs, »s, is constrained to be within at least one ofRs, or
Rs, . On the other hand, the guaranteeGs, s, must be within at least one of
Gs, or Gs,, and must ensure that, if the assumption for one of the speci cations
is satis ed, then the corresponding guarantee cannot have been violated.

The next two theorems show that our de nition of conjunction corresponds to
the meet operator on the re nement relation, and is compositional under re ne-
ment. Consequently, the set of implementations forSp ~ Sq is the intersection
of the implementation sets for Sp and Sg.

Theorem 3. Let Sp and Sp be AG speci cations such thatSp and Sg are
composable for conjunction. Then:

{ SPASQVSP
{ SPASQVSQ
{ SR vSp and Sg vS g implies Sg vSp *Sq.

Theorem 4. Let Sp, Sq, S8 and Sgo be AG speci cations such thatSS and
S3 are composable for conjunction,Sp S g and S3 S . If S3 v Sp and
S§ VSq,then P ASJ vSp ~Sg.

From these strong algebraic properties, we can formulate an AG rule for
conjunction that is both sound and complete.

Theorem 5. Let P and Q be components composable for conjunction, and let
Sp and Sg be AG speci cations such thatP S g, Q S p andP”*Q S
Then the following AG rule is both sound and complete:

Pj: Sp QJ:SQ SpASQVS
PAQj=S

Conjunction

3.6 Quotient

The AG rule for parallel composition in Theorem 2 makes use of the composition
Sp jj Sq. To support incremental development, we need a way of decomposing
the composition to nd S given Sp. We can do this using a quotient operator.

De nition 14.  Let Sp and Sy be AG speci cations. Then the quotientSyy =Sp
is an AG speci cation hAg _q ;AQ _g. ;Rs, =s,:Gs, =s, i, de ned only when
A A g, whereAy _o =Ag, nAg , A3 g = A2, nAg and:

{ If Sp is implementable, and 2R, implies 2Rs,, then:
Rsy=ss =[Rs, \ (Gs» As, NAL )] Asy-=se
Gsy=sp = Rsy=s, \ (X Asg, =5, ), WhereX is the largest pre x closed
set satisfyingX (A5, ) \R's, pre(Gs, [ Gs, *A s, )\
pre((RSP *ASW)[ CEP ASW)'
{ If Sp is implementable and 2R, \ Rs,, thenRs, -5, = Ag _g and
Gy =sp = -
{ If Sp is non-implementable, thenRs, -5, = Gs,, =5, = ;-
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Although not immediately obvious, the assumption in the previous de nition
is closed under output-extensions. Before explaining the de nition, we introduce
the following theorem, which shows that the quotient operator on AG speci ca-
tions yields the weakest decomposition of the parallel composition.

Theorem 6. Let Sp and Sy be AG speci cations. Then there exists an AG
speci cation Sg such thatSp jj Sqg vSw i the following properties hold:

{ The quotient Sy =Sp is de ned
{ Spjj(Sw=Sp)VvSw
{ SQ VSW:SP.

To make sense of the de nition for quotient (in the di cult case of Sp being
implementable and 2 Rg, implies 2 Rs,), it is necessary to consider the
nal two results in Theorem 6. For these, we need to show that: (i) Rs,,
Rs.ji(sw=sr): and (i) Rs, \ Gs, violationdSp jj (Sw=Sp)). Clause (i)
amounts to showingRs,, \G * (Sp;Sw=Sp) R (Sp;Sw =Sp), i.e., the condition
for parallel composition. Thus, the assumptionRs,, =s, is the smallest output-
closed set such thatt 2R, andt2Gs, Asg, impliest2Rg,-s, *As, -
The cases ot 62 R, *Ag, Ort62G,-s, As, are handled byGs, -s, .

Considering the guaranteeGs,, -s, , it is obvious that it need only be con-
tained within the assumption R, =5, . Moreover, it is safe to havet 2 Gg,, -s,
As, ift62@  As, Ort2Rs, *a5, As, ; this is equivalent to requiring
t2 pre((Rs, *Asy ) G,  As, ). For requirement (ii), if t2Gs,, =s, *A s, ,
then it must be the case thatt 62 g, impliest 62 G, * A g, . This is equivalent
to requiring t 2 pre(Gs,, [ Gs, *A s, ). Piecing these conditions together yields
a de nition of quotient that is correct by construction.

Theorem 7. Let Sp and Sy, be AG speci cations such thatP ranges over com-
ponents having the same interface aSp, and Q is a component having the same
interface as Sy =Sp . If Sy =Sp is de ned (i.e., AS A & ), then the following
AG rule is sound and complete:

P j= Sp implies P jjQ j= Sw
QFF Sw=Sp
The restriction on P and Sp having the same interface, andQ and Sy =Sp

having the same interface, is necessary, because the parallel operator is only
compositional under certain restrictions on the interfaces (cf Theorem 1).

Quotient

3.7 Decomposing Parallel Composition

The following corollary shows how we can revise the AG rule for parallel compo-
sition so that it makes use of quotient on AG speci cations when we know the
global speci cation S. This is useful for system development, as we will often
have the speci cation of a global system, rather than the speci cations of the
systems to be composed.
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Corollary 1. Let P and Q be components such thaAp \A {, = ;, and let Sp,
Sq and S be AG speci cations. If A \A g =;,PjjQ S ,A,\Ag
A5, \A g, andAR\A 5 A g \A g, then the following rule is both sound
and complete:

PFS QFSg SqvS=S
PjiQj=S

Parallel-Decompose

This rule, based on Theorem 2, diers in having the premiseSg v S =Sp
in place of Sp jj Sg v S. This substitution is permitted by the results of
Theorem 6. The condition A, \ A , = ; is necessary in order to show that
Sp jjSo v Sp jj (S=Sp), given the constraints on parallel compositionality, and
the fact that Ag, and Ag_g  are always disjoint.

4 A Printing Example

We illustrate our assume-guarantee framework on a simple example of component-
based design for a system concerned with printing a document. The system as
a whole is composed of a job scheduler, a printer controller and the physical
printer itself. Intuitively, the scheduler decides when a print job can start, and
expects to be informed when the job haginish ed. The controller, on the other
hand, waits for the start signal from the scheduler, after which it instructs the
printer to print the document, and awaits con rmation from the printer that the
document hasprinted . At this stage, the controller will signal to the scheduler
that the job has finish ed. The printer accepts aprint command, after which it
will start to print the document, and will signify when the document is printed .

We iteratively derive a design by successively applying AG rules and con-
structions. We start by making use of two speci cations for the combined e ect
of the scheduler and printer controller:

1. Specl If the number of jobs sent to print is equal to or one greater than the
number of jobs printed, then the number of job start s must be equal to or
one greater than the number of requests sent tgrint .

2. Spec2 If the number of jobs sent to print is equal to or one greater than the
number of jobsprinted , then a job must be printed before it can befinished ,
and no two jobs can be consecutivelyfinished without a document being
printed in between.

Specland Spec2can be represented by the AG speci cationshRspec; Gspecil
and hRgpec, Gspecd respectively, where the assumptions and guarantees are de-
picted in Figure 1. For simplicity, we represent sets of traces by means of nite
automata, and annotate states with an F to indicate that a trace becomes in-
consistent. The combined e ect of Specland Spec2is given by the conjunctive
speci cation Specl”® Spec2= hRgpec Gspect specd, the guarantee of which is
presented in Figure 2.
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R spec Gspect Gspecz
print ! print ! start ! printed ?
8 printed ? 8 8 8 print ! 8 8 finish ! 8
start ! start ! start ! finish ! finish ! start ! start !
finish ! finish ! finish ! printed ? printed ? print ! print !
print ! printed ?
error ?

Fig. 1. Assumption and guarantees for Specland Spec2

GSpecP Spec2
N
) ) start !
start! o~ print! start ! print !

finish ! finish ! finish ! finish !

finish !

print ! print !

start ! start !

printed ? printed ?

printed ?

printed ?

Fig. 2. The guarantee for Specl* Spec2

printed ?
: print ! —~"start !

finish !

start !
finish !
print !
printed ?

finish ! finish !

start ! print ! start !

printed ?

printed printed ?

printed ?

printed ?

Fig. 3. The most general implementation of Specl® Spec2
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RSched CEched
start ? start ?
finish ? finish ?

Fig. 4. Specication of a scheduling constraint Sched

R (spectr speca=sched

start ! start ! start !
print ! print ! print !
finish ! finish ! finish !

finish ! P | G(Specr\ Spec? =Sched

' print !
error ?

start ! :: = finish !

print !

- error ?
printed ?

start !

start ! start ! start !
print ! print ! print !
finish ! finish ! finish !

Fig.5. Speci cation for ( Spec1* Spec)=Sched

To demonstrate compositional AG reasoning, by De nition 10 we can nd
implementations | (Spec) and | (Spec2 of Specland Spec2respectively, which
by Theorem 5 allows us to derivel (Spec)”| (Specl F Spec? Spec2 Accord-
ing to Lemma 4, this means that| (Spec) "1 (Specl vV imp | (Specl* Specl.
Now by Theorem 3, we knowSpec Spec2v Specl so from Lemma 2 we obtain
| (SpecI* Specl F Specland from Lemma 4 we derivel (Specl® Spec] V imp
| (Spec). By similar reasoning it can be shown that | (Specl* Spec2 V imp
I (Specl, hence by Theorem 2 of [4] we acquiré (Specl® Specl V imp | (Spec)i”
| (Spec3. Mutual re nement of components in our framework corresponds to
equality of models, sol (Specl* Specl = | (Spec) ™I (Specl. Such an imple-
mentation is shown in Figure 3. Note how this component is unwilling to print
after encountering two start requests not separated by a job beingrinted . This
is becauseR spec Can issue arerror after such an occurrence, but this is not ac-
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cepted by Gspecr spec2. Moreover, this implementation is able to start and print
an unbounded number of jobs without ever having tofinish one of them.

We now propose an alternative derivation based on quotient, by making use
of a constraint speci cation Sched= hRscheq; Gsched that requires start and
finish to alternate (shown in Figure 4). We wish to nd an implementation for
the printer controller, let it be called Controller, such that Controlleris an imple-
mentation of Specl® Spec2subject to the constraints imposed by Sched This
is equivalent to requiring Controllerj= ( Specl* Spec3=Sched The speci cation
(Spect* Specl=Schedis exhibited in Figure 5, and the most general implemen-
tation is obtained from Gyspecr speca=sched Dy @appending all non-enabled inputs
as inconsistent traces. In contrast tol (Specl* Spec3, the constraints imposed
by Schedon Specl* Spec2means that any candidate implementation for Con-
troller will ensure that there can be at most one outstanding job that has not
finish ed.

5 Conclusion

We have presented a complete speci cation theory for reasoning about safety
properties of component behaviours with an explicit separation of assumptions
from guarantees. Our theory supports re nement based on traces, which relates
speci cations by implementation containment. We de ne compositional oper-
ations of parallel composition, as well as { for the rst time in this setting

{ conjunction and quotient, directly on AG speci cations. We give sound and
complete AG reasoning rules for the three operators, which preserve safety and
enable the reasoning about, e.g., safe substitutivity of components synthesised
at run-time. The theory can be extended with disjunction and hiding, as well
as liveness through the introduction of quiescence. The AG rules can also be
fully automated, as they are based on simple set-theoretic operations and do not
require the learning of assumptions. The re nement is linear-time, and hence
amenable to automata-theoretic approaches.
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A.2 Revisiting Timed Speci cation Theories: A Linear-Time Per-
spective

Revisiting Timed Speci cation Theories:
A Linear-Time Perspective

Chris Chilton, Marta Kwiatkowska, and Xu Wang

Department of Computer Science, University of Oxford, UK

Abstract.  We consider the setting of component-based design for real-
time systems with critical timing constraints. Based on our earlier work,
we propose a compositional speci cation theory for timed automata with
I/O distinction, which supports substitutive re nement. Our theory pro-
vides the operations of parallel composition for composing components at
run-time, logical conjunction/disjunction for independent development,
and quotient for incremental synthesis. The key novelty of our timed
theory lies in a weakest congruence preserving safety as well as bounded
liveness properties. We show that the congruence can be characterised by
two linear-time semantics, timed-traces and timed-strategies, the latter of
which is derived from a game-based interpretation of timed interaction.

1 Introduction

Component-based design methodologies can be encapsulated in the form of com-
positional speci cation theories, which allow the mixing of speci cations and
implementations, admit substitutive re nement to facilitate reuse, and provide

a rich collection of operators. Several such theories have been introduced in the
literature, but none simultaneously address the following requirements: support
for asynchronous input/output (I/O) communication with non-blocking outputs

and non-input receptiveness; linear-time re nement preorder, so as to interface
with automata and learning techniques; substitutivity of re nement, to allow

for component reuse at runtime without introducing errors; and strong algebraic
and compositionality properties, to enable o ine as well as runtime reasoning.

Previously [1], we developed a linear-time speci cation theory for reason-
ing about untimed components that interact by synchronisation of /O actions.
Models can be speci ed operationally by means of transition systems augmented
by an inconsistency predicate on states, or declaratively using traces. The the-
ory admits non-determinism, a substitutive re nement preorder based on traces,
and the operations of parallel compaosition, conjunction and quotient. The re ne-
ment is strictly weaker than alternating simulation and is actually the weakest
pre-congruence preserving freeness of inconsistent states.

In this paper we target component-based development for real-time systems
with critical timing constraints, such as embedded system components, the mid-
dleware layer and asynchronous hardware. Amongst notable works in the liter-
ature, we surveyed the theory of timed interfaces [2] and the theory of timed
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speci cations [3]. Though both support I/O distinctions, their re nement rela-
tions are not linear time: in [2], re nement (compatibility) is based on timed
games, and in [3] it is a timed version of the alternating simulation originally
de ned for interface automata [4]. Consequently, it is too strong for determin-
ing when a component can be safely substituted for another. As an example,
consider the transition systemsP and Q in Figure 3: these should be equivalent
in the sense of substitutivity under any environment, and are equivalent in our
formulation (De nition 5), but they are not so according to timed alternating
simulation.

Contributions. We formulate an elegant timed, asynchronous speci cation the-
ory based on nite traces which supports substitutive re nement, as a timed
extension of the linear-time speci cation theory of [1]. We allow for both op-
erational descriptions of components, as well as declarative speci cations based
on traces. Our operational models are a variant of timed automata with /O
distinction (although we do not insist on input-enabledness, cf [5]), augmented
by two special states: theinconsistent state ? represents safety and bounded-
liveness errors, while thetimestop state > is a novel addition representing either
unrealisable output (if the component is not willing to produce that output) or
unrealisable time-delay (if the delay would violate the invariant on that state).
Timestop models the ability to stop the clock and has been used before
in embedded system and circuit design [6, 7]. It is notationally convenient, ac-
counting for simpler de nitions and a cleaner formalism. By enhancing the au-
tomata with the notion of co-invariant, we can, for the rst time, distinguish
the roles of input/output guards and invariant/co-invariants as specifying safety
and bounded-liveness timed assumptions/guarantees. We emphasise that this is
achieved with nite traces only; note that in the untimed case it would be nec-
essary to extend to in nite traces to model liveness. In addition to timed-trace
semantics we presenttimed-strategy semantics which coincides with the former
but relates our work closer to the timed-game frameworks used by [3] and [2],
and could in future serve as a guide to implementation of the theory. Finally,
the substitutive re nement of our framework gives rise to the weakest congruence
preserving ? -freeness, which is not the case in the formalism of [3].

Related work. Our work can be seen as an alternative to the timed theories of [2,
3]. Being linear-time in spirit, it is also a generalisation of [8], an untimed theory
inspired by asynchronous circuits, and Dill's trace theory [9]. The speci cation
theory in [3] also introduces parallel, conjunction and quotient, but uses timed
alternating simulation as re nement, which does not admit the weakest pre-
congruence. An advantage of [3] is the algorithmic e ciency of branching-time
simulation checking as well as the implementation reported in [10]. We brie y
mention other related works, which include timed modal transition systems [11,
12], the timed I/O model [5, 13] and asynchronous circuits and embedded sys-
tems [14, 15]. A more detailed comparison based on the technical details of our
work is included in Section 5. A full version of this paper including an even
greater comparison with related work, in addition to proofs, is available as [16].
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2 Formal Framework

In this section we introduce timed I/O automata, timed 1/O transition systems
and a semantic mapping from the former to the latter. Timed 1/O automata are
compact representations of timed I/O transition systems. We also present an
operational speci cation theory based on timed I/O transition systems, which
are endowed with a richer repertoire of semantic machinery than the automata.

2.1 Timed I/O Automata

Clock constraints. Given a setX of real-valued clock variables, aclock constraint
over X, cc: CC(X), is a boolean combination of atomic constraints of the form
x/ dandx y/ dwherex;y2 X,/ 2f ;<;=;> g,andd2N.

A clock valuation over X is a mapt that assigns to each clock variablex in
X areal value fromR °. We sayt satis es cc, written t 2 cc, if cc evaluates to
true under valuation t. t + d denotes the valuation derived fromt by increasing
the assigned value on each clock variable byl 2 R © time units. t[rs 7! 0]
denotes the valuation obtained fromt by resetting the clock variables inrs to
0. Sometimes we use 0 for the clock valuation that maps all clock variables to 0.

De nition 1. A timed I/O automaton (TIOA) is a tuple (C;I;O;L;I%AT;
Inv; colnv), where:

{ C X is a nite set of clock variables

{ A(=1] 0O)is a nite alphabet, consisting of inputs | and outputs O

{ Lis a nite set of locations and 1° 2 L is the initial location

{ AT L CC(C) A 2¢ Lisasetof action transitions

{Inv :L! CC(C)andcolnv:L ! CC(C) assign invariants and co-
invariants to states, each of which is a downward-closed clock constraint.

We usel; 1% ; to range overL and usel! 927 1035 a shorthand for (;0;a;rs;
19 2 AT . g : CC(C) is the enabling guard of the transition, a 2 A the action,
and rs the subset of clock variables to be reset.

Our TIOAs are timed automata that distinguish input from output and in-
variant from co-invariant. They are similar to existing variants of timed automata
with input/output distinction, except for the introduction of co-invariants and
non-insistence on input-enabledness. While invariants specify the bounds be-
yond which time may not progress, co-invariants specify the bounds beyond
which the system will time-out and enter error states. It is designed for the as-
sume/guarantee speci cation of timed components, in order to specify both the
assumptions made by the component on the inputs and the guarantees provided
by the component on the outputs, with respect to timing constraints.

Guards on output transitions expresssafety timing guarantees while guards
on input transitions express safety timing assumptions On the other hand, in-
variants (urgency) expressliveness timing guaranteeson the outputs at the
locations they decorate, while co-invariants (time-out) expressliveness timing
assumptionson the inputs at those locations.
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Scheduler Printer_controller
finish? 5<=x<=8 start? y:=0 Inv: y<=1
Co: true
Inv: x <= 100 N y==1
Co: true finish! print!
y<:5 y::o
start™ x:=0 printed? y:=0

Inv: y<=5
Co: true

Inv: true
Co: y<=10

A

Fig. 1. Job scheduler and printer controller.

When two components are composed, the parallel composition automatically
checks whether the guarantees provided by one component meet the assumptions
required by the other. For instance, the unexpected arrival of an input at a
particular location and time (indicated by a non-enabled transition) leads to a
safety error in the parallel composition. The non-arrival of an expected input at
a location before its time-out (speci ed by the co-invariant) leads to a bounded-
liveness error in the parallel composition.

Example. Figure 1 depicts TIOAs representing a job scheduler together with a
printer controller. The invariant at location A of the scheduler forces a bounded-
liveness guarantee on outputs in that location. As time must be allowed to
progress beyond = 100, the start action must be red within the range 0t
100. After start has been red, the clockx is reset to 0 and the scheduler waits
(possibly inde nitely) for the job to nish . If the job does nish, the scheduler is
only willing for this to take place between 5 t 8 after the job started (safety
assumption), otherwise an unexpected input error will be thrown.

The controller waits for the job to start, after which it will wait exactly 1
time unit before issuing print (forced by the invariant y 1 on state 2 and
the guard y = 1). The controller now requires the printer to indicate the job is
printed within 10 time units of being sent to the printer, otherwise a time-out
error on inputs will occur (co-invariant y 10 in state 3 as liveness assumption).
After the job has nished printing, the controller must indicate to the scheduler
that the job has nish ed within 5 time units.

Notation. For a set of input actions | and a set of output actions O, de ne

tA=1] O] R>? to be the set oftimed actions, t = 1 ] R*° to be the set of
timed inputs, andtO = O] R>° to be the set oftimed outputs. We use symbols
like , , etc.to range overtA.

A timed word (ranged over by w; w®%w: etc.) is a nite mixed sequence of
positive real numbers |R>°) and visible actions such that no two numbers are
adjacent to one another For instance, 0:33; a; 1:41; b; c; 3:1415 is a timed word
denoting the observation that action a occurs at Q33 time units, then another
1:41 time units lapse before the simultaneous occurrence df and c, which is
followed by 3:1415 time units of no event occurrence. denotes the empty word.

Concatenation of timed wordsw and wP is obtained by appendingw?® onto
the end of w and coalescing adjacent reals (summing them). Pre x/extension
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are de ned as usual by concatenation. We writew tAq for the projection of w
onto timed alphabet tA, which is de ned by removing from w all actions not
inside tAo and coalescing adjacent reals.

2.2 Semantics as Timed I/0O Transition Systems

The semantics of TIOAs are given as timed I/O transition systems, which are a
special class of in nite labelled transition systems.

De nition 2. A timed /O transition system (TIOTS) isatuple P = h;0;S;
s%1i , where | and O are the input and output actions respectively, S (L
RC)1f? ;>g is a set of states, § 2 S is the designated initial state, and
! S (1] 0] R*?% S is the action and time-labelled transition relation.

The states of the TIOTS for a TIOA capture the con guration of the automa-
ton, i.e. its location and clock valuation. Therefore, each state of the TIOTS is a
pair drawn from L R®, which we refer to as the set oplain states In addition,
we introduce two special states? and >, which are required for the semantic
mapping of disabled inputs/outputs, invariants and co-invariants. In the rest of
the paper, we usep; p%p; to range overP = L R® while s;s%s range overS.

? is the so-calledinconsistent state arising through assumption/guarantee
mismatches, i.e. safety and bounded-liveness errors. is the so-calledtimestop
state, representing the magic moment from which time stops elapsing and no
error can occur. We assume that> re nes plain states, which in turn re ne
? . For technical convenience (e.g. ease of de ning time additivity and trace
semantics), we require that> and ? are a chaotic states i.e. states having
self-loops for each 2 tA.

On TIOTSs, a disabled input in a state p is equated to an input transition
from p to ?, while a disabled output/delay in p is equated to an output/delay
from p to >. The intuition here comes from the I/O game perspective. The
component controls output and delay, while the environment controls input. ?
is the losing state for the environment, so an input transition from p to ? is
a transition that the environment tries to avoid at all cost (unless there is no
choice). > is the losing state for the component, so an output/delay transition
from p to > is a transition that the component tries to avoid at any cost. Thus
we can have two semantic-preserving transformations on TIOTSs.

The ? -completion of a TIOTS P, denotedP?, adds ana-labelled transition
frompto? foreveryp2 P (=L R€)anda2]l s.t. ais not enabled atp.t
The >-completion, denoted P~ , adds an -labelled transition from p to > for
everyp2 P and 21tO s.t. s notenabled atp.

Now, the transition relation ! of the TIOTS is derived from the execution
semantics of the TIOA.

De nition 3. Let P be a TIOA. The execution semantics ofP is a TIOTS
H:;0:S:s% 1 |, where:

1 2 -completion will make a TIOTS input-receptive, i.e. input-enabled in all states.
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{ S=(L R%)If? ;>g
{ s = > providing 0 2 Inv(1°), s° = 2 providing 0 2 Inv(I°) ~: colnv(I°)
and s° = (1°;0) providing 02 Inv (1%) ~ colnv(19),
{ ! is the smallest relation satisfying:
1.1 119%™ 10 10= t[rs 71 0], t 2 Inv (1)~ colnv(l) ~ g, then:
(a) plain action: (I;t) * (1%t9 providing t°2 Inv (19~ colnv (19
(b) error action: (I;t)?  providing t°2 Inv (19 ~: colnv(l9
(c) magic action: (I;t) %  providing t°2: Inv(I9 and a2 I.
2. plain delay: (I;t)! d (hit+d)ift;t+d2Inv(l)” colnv(l)
3. time-out delay: (I;t)!‘.3 ift 2 Inv(l)” colnv(l), t + d Zcolnv(l) and
90< d:t+ 2Inv(l)~: colnv(l).

Note that our semantics tries to minimise the use of transitions leading to
>=? states. Thus there are no delay or output transitions leading to>. However,
there areimplicit timestops, which we capture using the concept osemi-timestop
(i.e. semi=>). We say a plain state p is a semi=> i 1) all output transitions
enabled in p and all of its time-passing successors lead to the state, and 2)

there existsd 2 R*? s.t. p! ¢ ord is not enabled in p. Thus a semi> is a
state in which it is impossible for the component to avoid the timestop without
suitable inputs from the environment.

The introduction of timestop ( >), which can model the operation of stopping
the system clock, is an unconventional aspect of our semantics. Certain real-world
systems have an inherent ability to stop the clock, e.qg. [6, 7], which are related
to embedded systems and circuit design. When the suspension of clocks is not
meaningful, it is necessary to remove timestop in order to leave the so-called
realisable behaviour. Timestop is useful even for timestop free systems, as it can
signi cantly simplify operations, such as quotient and conjunction.

TIOTS terminology. We say a TIOTS is deterministic i s! s~ sl s%
implies s° = s and is time additive providing p!®™*%® s%i p!*™ sand
s1% $%for somes. In the sequel, we only consider time-additive TIOTSs.

Given a TIOTS P, a timed word can be derived from a nite execution of
P by extracting the labels in each transition and coalescing adjacent reals. The
timed words derived from such executions are callettaces of P. We usett ; tt & tt;
to range over traces and writes® ¥ s to denote a nite execution producing tt
and leading to s.

2.3 Operational Speci cation Theory

In this section we develop a compositional speci cation theory for TIOTSs based
on the operations of parallel compositionk, conjunction ~, disjunction _ and
quotient %. The operators are de ned via transition rules that are a variant on
synchronised product.

Parallel composition yields a TIOTS that represents the combined e ect
of its operands interacting with one another. The remaining operations must
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Table 1. State representations under composition operators.

k ‘> Po ? n ‘> Po ? _‘> Po ? %‘> po ?
> > > > > 1> > > >(> po ? >|? ? 2
P1|> Po p1? P1|> Po P1 P2 P1|P1 Po P1 ? P> Po Pp1?
20> 2 2 20> po ? 202 2 2 20> > 2

be explained with respect to a re nement relation, which corresponds to safe-
substitutivity in our theory. A TIOTS is a re nement of another if it will work
in any environment that the original worked in without introducing safety or
bounded-liveness errors. Conjunction yields the coarsest TIOTS that is a re ne-
ment of its operands, while disjunction yields the nest TIOTS that is re ned
by both of its operands. The operators are thus equivalent to the join and meet
operations on TIOTSS?. Quotient is the adjoint of parallel composition, meaning
that Po%P; is the coarsest TIOTS such that (Po%P1)kP; is a re nement of Py.
Let P; = Hi;Oi;Sq;gO;! il fori 2 fO0;1g be two TIOTSs that are both ?
and >-completed, satisfying (wlog) So\ S; = f? ;>g. The composition of Pg
and P; under the operation 2 fk ;”;_;%g, written Pq P 1, is only de ned
when certain composability restrictions are imposed on the alphabets of the
TIOTSs. Pg k Py is only de ned when the output sets of Pg and P, are disjoint,
because an output should be controlled by at most one component. Conjunction
and disjunction are only de ned when the TIOTSs have identical alphabets(i.e.
Op = O; and Iy = I;). This restriction can be relaxed at the expense of more
cumbersome notation, which is why we focus on the simpler case in this paper.
For the quotient, we require that the alphabet of P, dominates that of P (i.e.
A1 Ap and Oy Qyp), in addition to P; being a deterministic TIOTS. As
quotient is a synthesis operator, it is dicult to give a de nition using just
state-local transition rules, since quotient needs global information about the
transition systems. This is why we insist onP; being deterministic®.

De nition 4.  Let Py and P; be TIOTSs composable under 2 fk ;”;_;%Qg.
Then Py P ;= H:;0:S;s% i is the TIOTS where:

{ If =k thenl =(lg[ I1)nO and O= Og[ Oy
{1f 2 ; g,thenl =lg=1l,and O= Op = Oy
{If =9%,thenl =1g] Oy and O= Ogn0O;
{ S=(Po P1)] Po] P1]f> ;79

{ =

{ ! s the smallest relation containing! o [! 1, and satisfying the rules:

o 0So i 1S to : oSy azA; b : oSy azAo
a a
Po th S Po Pr S P po B Po s

2 As we write A v B to mean A is re ned by B, our operators ~ and _ are reversed
in comparison to the standard symbols for meet and join.

% Technically speaking, the problem is a consequence of state quotient being right-
distributive but not left-distributive over state disjunction (cf Table 1).
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We adopt the notation of § s; for states, where the associated interpretation
is supplied in Table 1. Furthermore, given two plain states p= (lj;tj) fori 2
f0;19, we dene pp  p1=((lo;l1);to] t1).

Table 1 tells us how states should be combined under the composition oper-
ators. For parallel, a state is magic if one component state is magic, and a state
is error if one component is error while the other is not magic. For conjunction,
encountering error in one component implies the component can be discarded
and the rest of the composition behaves like the other component. The conjunc-
tion table follows the intuition of the join operation on the re nement preorder.
Similarly for disjunction. Quotient is the adjoint of parallel composition. If the
second component state does not re ne the rst, the quotient will try to rescue
the re nement by producing > (so that its composition with the second will
re ne the rst). If the second component state does re ne the rst, the quotient
will produce the least re ned value so that its composition with the second will
not break the re nement.

An environment for a TIOTS P is any TIOTS Q such that the alphabet of Q
is complementary to that of P, meaninglp = Og and Op = Io. Re nement in
our framework corresponds to contextual substitutability, in which the context
is an arbitrary environment.

De nition 5. Let Piyp and Pgpec be TIOTSs with identical alphabets. Pimp
re nes Pspec, denoted Pspec V P imp , i for all environments Q, Pspec k Q is
? -free implies Pimp k Q is ? -free. We say Pimp and Pspec are substitutively
equivalent, i.e. Pspec 'P imp, i Pimp VP spec @and Pspec VP imp .

It is obvious that ' induces the weakest equivalence on TIOTSs that pre-
serves? -freeness. In the sequel, we give two concrete characterisations 'ofand
show it to be a congruence w.r.t. the operators of the speci cation theory.

The operational de nition of quotient requires P; to be deterministic. For any
TIOTS P, a semantically-equivalent deterministic component can be obtained,
denoted PP, by means of a modi ed subset construction acting on P?)> . For
any subsetS; of states reachable by a given trace, we only keep those which are
minimal w.r.t. the state re nement relation. So if the current state subset S
contains ?, the procedure reducess, to ?; if ? 2 S 6 f>g, it reduces & by
removing any potential > in Sp.*

Proposition 1.  For any TIOTS P, it holds that P 'P P.

Equipped with determinisation, quotient is a fully de ned operator on any
pair of TIOTSs. Furthermore, we can give an alternative (although substitutively
equivalent) formulation of quotient as the derived operator (P; k P1)' , where:
is a mirroring operation that rst determinises its argument, then interchanges
the input and output sets, as well as the> and ? states.

4 A detailed de nition of transforming untimed non-deterministic systems into
substitutively-equivalent deterministic ones is contained in De nition 4.2 of [8].
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Scheduler || Printer_controller

Inv: x <= 100 start! x,y:=0 Inv: y<=1
Co: true Al Co: true

finish! y==1

5<=x<=8 print!

and y<=5 y:=0

finish! printed? y:=0
> 2 B4 )« Inv: true
1< not (5 <=x<=8) ~ Co: y<=10
and y<=5 Inv: y<=5

Co: true
Fig. 2. Parallel composition of the job scheduler and printer controller.

Example. Figure 2 shows the parallel composition of the job scheduler with the
printer controller. In the transition from B4 to A1, the guard combines the e ects
of the constraints on the clocksx andy. As nish is an output of the controller,
it can be red at a time when the scheduler is not expecting it, meaning that a
safety error will occur. This is indicated by the transition to ? when the guard
constraint 5 x 8 is not satis ed.

3 Timed I/O Game

Our speci cation theory can be seen as an I/O game between aomponent and
an environment that uses acoin to break ties. The speci cation of a component
(in the form of a TIOA or TIOTS) is built to encode the set of strategies possible
for the component in the game (just like an NFA encodes a set of words).

{ Given two TIOTSs P and Q with identical alphabets, we sayP is a partial
unfolding [17] of Q if there exists a function f from Sp to Sq s.t. 1) f maps
> to >, ? to ?, and plain states to plain states, 2)f(sS) = 58, and 3)
plops) f(p)X qf(s)

{ We say an acyclic TIOTS is atree if 1) there does not exist a pair of tran-
sitions in the form of p' ® p®and p@ ¢ p% 2) pi ? p% pd ° p%Pimplies
p=planda=band3)p ¢ p° p?? pPimpliesp = p°

{ We say an acyclic TIOTS is asimple pathif 1) p! ® s°4 p!  s®implies
= s®anda= and2)p ¢ A pi ¢ s®implies 0= s

{ We say a simple pathL is arun of P if L is a partial unfolding of P.

Strategies. A strategy Gis a deterministic tree TIOTS s.t. each plain state in Gis
ready to accept all possible inputs by the environment, but allows a single move
(delay or output) by the component, i.e. els(p) = | ] mvs(p) s.t. mvg(p) = fag
for somea 2 O ormvg(p) R>°, whereels(p) denotes the set of enabled timed
actions in state p of LTS G, and mvg(p) denotes the unique component move
allowed by G at p.

A TIOTS P contains a strategy G if G is a partial unfolding of (P?)>. The
set of strategies contained inP is denotedstg(P). Since it makes little sense to
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Fig. 3. Strategy example.

distinguish strategies that are isomorphic, we will freely use strategies to refer
to their isomorphism classes and writeG = G°to mean G and G are isomorphic.
Figure 3 illustrates the idea of strategies. For simplicity, we use two un-
timed transition systems P and Q with identical alphabets | = fe;fg and
O = fa;b; cg. The transition systems use solid lines, while strategies use dotted
lines. Plain states are unmarked, while the> and ? states are labelled as such
A subset of the strategies forP and Q are shown on the right hand side of the
respective components. Note that strategies 3 and 4 arise through -completion.

Comparing strategies. When the game is played, the component tries to avoid
reaching>, while the environment tries to avoid reaching? . Strategies instg(P)
vary in their e ectiveness to achieve this objective, which induces a hierarchy
on strategies that closely resemble one another. We sa@ and G° are ane if

2§ pands ¥ p®implies mvg(p) = mveo(pY. Intuitively, it means G and

G’ propose the same move at the “same' states. For instance, the strategies 1, 3

and A in Figure 3 are pairwise a ne and so are the strategies 2, 4 andB.
Given two ane strategies G and G°, we say G is more aggressivethan G°,

denotedG GO if 1) s $? implies there is a pre x tto of tt s.t. s 82 and

2) 2 ¥> implies there is a pre x tto of tt s.t. s% 9> . Intuitively, it means G
can reach? faster but > slower than G>  forms a partial order over stg(P), or
more generally, over any set of strategies with identical alphabets. For instance,
strategy A is more aggressive than 1 and 3, while strateg is more aggressive
than 2 and 4.

When the game is played, the componentP prefers to use the maximally
aggressive strategies irstg(P)®. Thus two components that di er only in non-
maximally aggressive strategies should be equated. We de ne thetrategy se-
mantics of componentP to be [P]s = fG°j 9G 2 stg(P) : G G, i.e. the
upward-closure ofstg(P) w.r.t.

5 For simplicity, we allow multiple copies of > and ?, which are assumed to be chaotic.
% This is because our semantics is designed to preservé® rather than >.
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Game rules. When a component strategy G is played against an environment
strategy G°, at each game state (i.e. a product statepz  pee) G and G° each
propose a move (i.e.mvg(ps) and mveo(pgo)). If one of them is a delay and
the other is an action, the action will prevail. If both propose delay moves (i.e.
mvs(pe); Mveo(pee) R P), the smaller one (w.r.t. set containment) will pre-
vail.”

Since a delay move proposed at a strategy state is the maximal set of possible
delays enabled at that state, the next move proposed at the new state after ring
the set must be an action move (due to time additivity). Thus a play cannot
have two consecutive delay moves.

If, however, both propose action moves, there will be a tie, which will be
resolved by tossing the coin. For uniformity's sake, the coin can be treated as a
special component. A strategy of the coin is a functionh from tA to f0;1g. We
denote the set of all possible coin strategies adl .

A play of the game can be formalised as a composition of three strategies,
one each from the component, environment and coin, denote@® k, Go. At a
current game statepp  pg, if the prevailing action is  and we havepp! S8
and pg! sg then the next game state issp k So. The play will stop when it
reaches either> or ?. The composition will produce a simple pathL that is a
run of P k Q. SinceP k Q gives rise to aclosed system(i.e. the input alphabet
is empty), a run of P k Q is a strategy of P k Q.

Thus, strategy composition of P and Q is closely related to their parallel
composition: stg(P k Q) = fGp k, Gg j G 2 stg(P); G 2 stg(Q) and h 2 Hg.

Parallel composition. Strategy composition, like component parallel composi-
tion, can be generalised to any pair of component$® and Q with composable
alphabets Thatis, Op\ Og = fg. For suchP and Q, & k;, Gy gives rise to a tree
rather than a simple path TIOTS. That is, at each game statepp  pg, besides
ring the prevailing 2 tOp [ tOq, we need also to re 1) all the synchronised in-
puts,i.e.e 2 Ip \ Ig, and reach the new game statess k so (assumingpe! ° s
and pg! € So) and 2) all the independent inputs, i.e.e 2 (Ip [ Ig) n(Ap \ Ag),
and reach the new game statess pg or pp  Sg. It is easy to verify that
G k, & is a strategy of P k Q.

Conjunction/disjunction. Strategy conjunction (&) and strategy disjunction (+)
are binary operators de ned only on pairs of a ne strategies, by G& ®= G G°
and G+ = G_C. If Gand Gare not ane, GG and G_ & may not produce
a strategy. From Figure 3, the disjunction of strategies 1 and 2 will produce a
transition system that stops to output after the a transition.

Re nement. Equality of strategies induces an equivalence on TIOTSsP and
Q are strategy equivalenti [ P]s = [ Q]s. However, strategy equivalence is too
ne for the purpose of substitutive re nement (cf De nition 5). For instance,

" Note that all invariants and co-invariants are downward-closed. Thus a delay move
can be respresented as a time interval from 0 to somed 2 R °.
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transition systems P and Q in Figure 3 are substitutively equivalent, but are
not strategy equivalent, because 1, 2, 3 and 4 are strategies f (due to upward-
closure w.r.t. ), while A and B are not strategies ofP.

However, we demonstrate thatsubstitutive equivalence is reducible to strategy
equivalenceproviding we perform disjunction closure on strategies.

Lemma 1. Given a pair of a ne component strategies & and G, & k;, G and
G k, G are ?-free for a pair of environment and coin strategiesG and h i
&G+ G k, Gis ?-free.

We say * is adisjunction closure of set of strategies i it is the least
superset of s.t. G+ G°2 * for all pairs of a ne strategies G;G°2 *.lItis
easy to see disjunction closure preserves upward-closedness of strategy sets.

Proposition 2.  Disjunction closure is determinisation: [PP]s = [PP]¢ =[P]{.

Lemma 2. For any TIOTS P, [P']§ = fGp: j8Gs 2 [Pls;h2H : G: k,
G is ? -freeg.

Theorem 1. Given TIOTSs P andQ, PvQ i [Qlf [PIl.

Looking at Figure 3, the disjunction of strategies 1 and 3 produce®, while
the disjunction of strategies 2 and 4 produces3. Thus [P]} =[Q]l:.

Relating operational composition to strategies.The operations of parallel compo-
sition, conjunction, disjunction and quotient de ned on the operational models
of TIOTSs (Section 2.3) can be characterised by simple operations on strategies
in the game-based setting.

Lemma 3. For k-composable TIOTSsP and Q, [P k Qi = fGpkg j 9Gp 2

Lemma 4. For _-composable TIOTSsP and Q, [P _ QI =([Pl]: [ [QLZ)*.
Lemma 5. For ~-composable TIOTSsP and Q, [P* Qi =[Pl \ [Ql:.

Lemma 6. For %-composable TIOTSsP and Q, [P%Q] = fGpyg j 8Gq 2
[QE;h2H :Gug ky G 2 [Pl g

Thus, conjunction and disjunction are the join and meet operations, and
guotient produces the coarsest TIOTS s.t. Po%P1)kP is a re nement of Pg.

Theorem 2. is a congruence w.r.t.k, _, ™ and % subject to composability.

Summary. Strategy semantics has given us a weaket -preserving congruence
(i.e. [P]s) for timed speci cation theories based on operators for (parallel) com-
position, conjunction, disjunction and quotient. Strategy semantics captures
nicely the game-theoretical nature as well as the operational intuition of the
speci cation theory. In the next section, we give a more declarative characteri-
sation of the equivalence by means of timed traces.
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4 Declarative Speci cation Theory

In this section, we develop a compositional speci cation theory based on timed
traces. We introduce the concept of a timed-trace structure, which is an abstract
representation for a timed component. The timed-trace structure contains essen-
tial information about the component, for checking whether it can be substituted
with another in a safety and liveness preserving manner.

Given any TIOTS P = h;0;S;s%!i , we can extract three sets of traces
from (P?)>: TP a set of timed traces leading to plain statesTE a set of timed
traces leading to the error state? ; and TM a set of timed traces leading to the
magic state>. TE and TM are extension-closed as and ? are chaotic, while
TP is pre x-closed. Due to > =? -completion, it is easy to verify TE [ TP [ TM
gives rise to the full set of timed tracestA ; thus TP and TE are su cient.

However, TP and TE contain more information than necessary for our substi-
tutive re nement, which is designed to preserve? -freeness. For instance, adding
any trace tt 2 TE to TP should not change the semantics of the component.
Based on a slight abstraction of the two sets, we can thus de ne &race structure
T T(P) as the semantics ofP.

De nition 6 (Trace structure). TT(P) :=(1;0;TR;TE), where TR :
TE [ TP the set of realisable traces. Obviously, TR is pre x-closed.

From hereon let Po and P; be two TIOTSs with trace structures T T(P;) :
(Ii;0i;TR;; TEj) for i 2f0;1g. Dene i =1 .

The substitutive re nement relation v in Section 2.3 can equally be charac-
terised by means of trace containment. ConsequentlyT T (Pg) can be regarded
as providing an alternative encoding of the set Po]: of strategies.

Theorem 3. PogvP ;i TR ; TRgand TE; TEy.

We are now ready to de ne the timed-trace semantics for the operators of
our speci cation theory. Intuitively, the timed-trace semantics mimic the syn-
chronised product of the operational de nitions in Section 2.3.

Parallel composition. The idea behind parallel composition is that the projection
of any trace in the composition onto the alphabet of one of the components
should be a trace of that component.

Proposition 3. If Py and P; are k-composable, therdl T(Pgo k P1)=(1;0;TR;
TE) where I =(lg[ 11)nO, O = Opg[ O3 and the trace sets are given by:

{ TE =fttjtt tA;2TE;~tt tA; 2 TR,g tA
{ TR=TE]fttjtt tA; 2 (TRinTE;))"tt tA; 2 (TR, nTE;)g

The above saydtt is an error trace if the projection of tt on one component is
an error trace, while the projection of tt on the other component is a realisable
trace. tt is a realisable trace iftt is either an error trace or a (strictly) plain
trace. tt is a (strictly) plain trace if the projections of tt on to Po and P, are
(strictly) plain traces.
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Disjunction. From any composite state in the disjunction of two components,
the composition should only be willing to accept inputs that are accepted by
both components, but should accept the union of outputs. After witnessing an
output enabled by only one of the components, the disjunction should behave like
that component. Because of the way that? and > work in Table 1, this loosely
corresponds to taking the union of the traces from the respective components.

Proposition 4. If Py and P, are _-composable, thenT T(Po _P31) = (1;0;
TRo[ TRl,TEo[ TE]_), where | = |0 = |1 and O = Oo = Ol.

Conjunction. Similarly to disjunction, from any composite state in the con-
junction of two components, the composition should only be willing to accept
outputs that are accepted by both components, and should accept the union of
inputs, until a stage when one of the component's input assumptions has been
violated, after which it should behave like the other component. Because of the
way that both ? and > work in Table 1, this essentially corresponds to taking
the intersection of the traces from the respective components.

Proposition 5. If Py and P; are ~-composable, thenT T(Po*P3) = (I;0;
TRo\ TRl;TEo\ TE]_), where | = lo =11 and O = Op = 0O4.

Quotient. Quotient ensures its composition with the second component is a
re nement of the rst. Given the synchronised running of Py and Py, if Py is in
a more re ned state than Py, the quotient will try to rescue the re nement by
taking > as its state (so that its composition with P;'s state will re ne Pg's). If
Py is in a less or equally re ned state thanP;, the quotient will take the worst
possible state without breaking the re nement.

Proposition 6. If Po dominatesPy, thenT T(Po%P1) =(1;0;TR;TE), where
I = lg[ Oz, O = OgnO4, and the trace sets satisfy:

{ TE = TEo[f ttjtt tA; 62TR.g tA
{ TR=TE]fttjtt 2(TRoNTEQ) A tt tA; 2 (TR1nTEL)g.

The above saystt is an error trace if either tt is an error trace in Py or the
projection of tt on P, is not a realisable trace. A strictly plain trace must have
strictly plain projections onto Py and P;.

Mirroring of trace structures is equally straightforward: T T(Po)" = ( Og; lo;
tA nTEo;tA nTRy). Consequently, quotient can also be de ned as the derived
operator (T T(Po) k TT(Py)) .

5 Comparison with Related Works

Our framework can be seen as a linear-time alternative to the timed speci cation
theories of [2] and [3], albeit with signi cant di erences. The speci cation theory
in [3] also introduces parallel, conjunction and quotient, but uses timed alternat-
ing simulation as re nement, which does not admit the weakest precongruence.
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An advantage of [3] is the algorithmic e ciency of branching-time simulation
checking and the implementation reported in [10].

The work of [2] on timed games also bears conceptual similarities, although
they do not de ne conjunction and quotient. We adopt most of the game rules
in [2], except that, due to our requirement that proposed delay moves are
maximal delays allowed by a strategy, a play cannot have consecutive delay
moves. This enables us to avoid the complexity of time-blocking strategies and
blame assignment, but does not ensure non-ZenonéssSecondly, we do not
use timestop/semi-timestop to model time errors (i.e. bounded-liveness errors).
Rather, we introduce the explicit inconsistent state ? to model both time and
immediate (i.e. safety) errors. This enables us to avoid the complexity of having
two transition relations and well-formedness of timed interfaces.

Based on linear time, our timed theory owes much to the pioneering work of
trace theories in asynchronous circuit veri cation, such as Dill's trace theory [9].
Our mirror operator is essentially a timed extension of the mirror operator from
asynchronous circuit veri cation [15]. The de nition of quotient based on mir-
roring (for the untimed case) was rst presented by Verhoe as his Factorisation
Theorem [14].

In comparison with our untimed theory [1], our timed extension requires new
techniques (e.g. those related to timestop) to handle delay transitions since time
can be modelled neither as input nor as output. In the timed theory, the set of
realisable traces TR) is not required to be input-enabled, which is necessary
for the set of untimed traces in [1]. Thus, the domain of trace structures is
signi cantly enlarged. Furthermore, the timed theory supports the modelling of
liveness assumptions/guarantees, with the checking of such violations reducing
to ? -reachability. Therefore, nite traces su ce to model and verify liveness
properties, whereas in contrast, the untimed theory must employ in nite traces
to treat liveness in a proper way.

We brie y mention other related works, which include timed modal transition
systems [11, 12], the timed I/O model [5, 13] and embedded systems [18, 19].

6 Conclusions

We have formulated a rich compositional speci cation theory for components
with real-time constraints, based on a linear-time notion of substitutive re ne-
ment. The operators of hiding and renaming can also be de ned, based on our
previous work [8]. We believe that our theory can be reformulated as a timed
extension of Dill's trace theory [9]. Future work will include an investigation of
realisability and assume-guarantee reasoning.

Acknowledgments. The authors are supported by EU FP7 project CONNECT,
ERC Advanced Grant VERIWARE and EPSRC project EP/F001096.

8 Zeno behaviours (in nite action moves within nite time) in a play are not regarded
as abnormal behaviours in our semantics.
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Abstract—Ubiquitous and pervasive computing promotes the proportional to the level of interoperability of the systems'
creation of an environment where Networked Systems (NSs) eter- respective underlying technologies. For this reason, in the
nally provide connectivity and services without requiring explicit literature, starting from the pioneering work in [4], many

awareness of the underlying communications and computing h h t i thesis of ;
technologies. In this context, achieving interoperability among approaches propose the automatc synthesis of connectors,

heterogeneous NSs represents an important issue. In order to me-S€€ [5]-[8] just to cite a few.

diate the NSs interaction protocol and solve possible mismatches, As a matter of fact, in general, the connector synthesis
connectors are often built. However, connector development is a problem is hard in the sense that not all possible protocol
never-ending and error-prone task and prevents the etemality ismarches are solvable. For instance, building a connector
of NSs. For this reason, in the literature, many approaches . . g . .
propose the automatic synthesis of connectors. However, solvingthat reconciles the component interaction by reordering certain
the connector synthesis problem in general is hard and, when sequences of exchanged messages can lead to unbounded
possible, it results in a monolithic connector hence preventing its executions. As shown in [9], a suitable termination crite-
evolution. In this paper, we de ne a method for the automatic rion can be de ned with the aim of under-approximating
synthesis of modular connectors, each of them expressed as the,nnhounded interactions by means of bounded ones whenever a

composition of independent mediators. A modular connector, as . L .
synthesized by our method, supports connector evolution and pattern of behaviour indicating potential in nity occurs. Thus,

performs correct mediation. practical solutions can only deal with a combination of speci c
mediation patterns that correspond to tractable protocol mis-
I. INTRODUCTION matches [10]-[13]. However, these solutions eventually result

- - .in. @ monolithic connector hence preventing evolution, and
The near future envisions an ubiquitous and pervasM?e P 9

computing environment that enables heterogeneous Networl%%kmg synthesis and maintenance of the connector code a

Systems (NSs) to provide and access software services with ﬁutlr:_task. , de ne a method for th tomatic svnthesi
requiring an explicit awareness of the underlying communica: IS paper, we de ne a method for the automatic synthesis

. . . . modular connectors. A modular connector is represented
tions and computing technologies [1]. In such an envwonmeﬁ)tf P

a problem that arises when integrating and composing diﬁer&“ﬁ a suitable composition of .|ndependafned|ators Each_
NSs is related to the problem of achieving interoperabili ediator can be seen as a basic (sub-)connector that realizes a

among heterogeneous NSs by solving possible protocol mi )eCi C medllatlon pattern, vyhlch corresponds to the solution
a recurring protocol mismatch. The advantage of our

matches. They can occur while the NSs interact with ea S N >
connector decomposition is twofold: (i) it isorrect i.e., as

other to accomplish some common task. . o . - :
) . . . -for its monolithic version, the mediation logic performed by a
A widely used technique to cope with this problem I?nodular connector is free from possible mismatches; and (ii) it
to build connectors [2], [3] that bridge the communication P '

among heterogenous protocols and coordinate their interactiBﬁ?mmeS connectavolution hence also easing the synthesis

. T . and maintenance of its implementation code. To show (i),
However, due to the potentially in nite number of different .
we formally de ne the semantics of protocols (as well as

available protocols, connector development is a never_endinpmediators and connectors) by using a revised version of

and error-prone task anql prevepts the eternalllty of N ﬁ'e Interface AutomatglA) theory described in [14]. Then,
Nowadays, the ef cacy of integrating and composing NSs Is
we prove that a modular connector for two protocBlsand

This work has been partially supported by the FET projeoNGECT No R enjoys the S.ame correctnes_s properties Of_the monolithic
231167. connector obtained by expressing the synthesis problem as a
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quotientproblem betweer? andR [15]. Concerning the set and vice versa. Whea is a hidden actiora is hidden as well

of considered mediation patterns and, hence, connector madd its label is the one @ followed by °;'. Abusing notation,

ularization, our synthesis method relies on a revised versiome extend the complement also to IPSs. That isPldie an

of the connector algebra described in [16]. It is an algebra ft?S, thenP denotes its complement and it B where all

reasoning about protocol mismatches where basic mismatchgsit, output, and hidden actions have been complemented.

can be solved by suitably de ned primitives, while compleX¥urthermore, we consider a special kind of IPS denoted by

mismatches can be settled by composition operators that buill calleddentity. It is de ned as the IPS; ;; ;; ; fsPg; sP; ;).

connectors out of simpler ones. We revise the original algebFa give the possibility to express IPSs that take a message as

by adding an iterator operator and by giving its semantigsput and forward the same message as output, given an action

in terms of our revised IA theory. For (ii), we make use, we consider also the acticaf as semantically equivalent

of a case study in the e-commerce domain to illustrate thata (yet syntactically different). We writs ! * p s°to denote

relevant changes can be applied on a modular connectorthgit »(s;a) = s° (or, equivalently, tha(s;a;s%) 2 ). An

simply acting on its constituent mediators, without entirelgctiona is enabledin s, if p(s;a) is de ned. Ap (S) denotes

re-synthesizing its protocol. the set of actions inP that are enabled irs. We denote
The paper is organized as follows. Sectloputs the bases with s=J » s° a sequence of internal actions starting from

for the de nition of our synthesis method by discussing ous, terminating tos®, and with an observable acti@nin some

revised version of both the IA theory in [14] and the connectqoint in the middle of the sequence. We writé p to denote

algebra in [16]. Sectiorll introduces thepurchase order that, froms, P can perform a sequence of hidden actions

mediation scenarighat we use as case study in the sequel términating with the observable actian Abusing notation,

the paper. In Sectioliv, we formalize our synthesis method  (s;a) denotes the set of states, fh, that are reachable

and illustrate it at work on the case study. In Sectddn from s by performing a sequence of hidden actions terminating

we state correctness of our method and, by means of thih the observable actioa.

case study, we show how it supports connector evolution.

SectionVI discusses related work, and Sectidh provides De nition 2 ( Traces of an IP$

nal remarks and future research directions. LetP = (Al ;AS;AE ;sp;sg; p) be an IPS, araceof P

Il. PREAMBLE ON THE SYNTHESIS METHOD iS atP 2 (Ap [ AR) [f g) dened in such a way that
_9n > Oso;::"sp 2 Sp i tp = aqaz:iiap N

At connector synthesis stage, we assume that a NS comss
st , where denotes the so calleeimpty trace
together with a 1A-based speci cation of its interaction pro a)l af Pty
tocol. The interaction protocol of a NS expresses the order inwe denote withA,, the set of actionsn tp, and withjtp |
which input and output actions are performed while the NSthe |ength oftp . Furthermore, we denote witls (a) the rst

interacts with environment. In our setting, actions are used §@sition of the actiora in tp . Finally, we denote with r(P)
abstract messages that can be sent (outputs) or received fia-set of tracesf P.

puts) by a NS. Inputs are received from and controlled by theFrom hereon letP = (A! JAS; AR Sp;s2; p) and
environment, whereas outputs are controlled and emitted h)‘_—(A' AQ;AH Sk s%; r) be two IPSs.P and R may
the NS. A NS can perform alduiddenactions corresponding only be composed if their action sets are compat|ble with
to internal computation. each other. IPS® andR are composabléf A \ Ar =,

In this section, we instantiate some de nitions from the,, \ AR =, AL\ AL =;,andAS\ AR = ;. We denote
IA theory in [14] to our context and, when needed for theith common(P R) the setAp \ Ar of common actions.
purposes of automated connector synthesis, we also add n@ye that ifP andR are composable thetcommon(P; R) =
ones. (AL \ AQ)[ (AS\ AL). To de ne the parallel composition

of composable IPSs, we usgeductoperation that accounts

De nition 1 (lInteraction Protocol Speci catior) for possible semantically equivalent actions.

An Interaction Protocol SpecicationIPS) P is a tuple
(AL;AQ;AH:Sp;s3; p), whereAL, A9, AH are disjoint
sets referred to asnput, output and hidden actions (the
union of which we denote bp), Sp is a nite set of
stateswith s3 2 Sp being the designatethitial state and
p:Sp Ap ! Sp is the partialtransition function

De nition 3 ( Product of two IPS3
The product of P and R is an IPS P R =
(Ab =AY AH L:Sp Sri(s2;S2); p R), Where:
AL g =(Ab [ Ak) ncommon(P;R);
AS L =(A9] AO) ncommon(P; R);
Intuitively, from a state, the NS may either emit any output AH A\ AR\ common(P; R);
that is enabled according to its IPS or perform internal com-  (p:r) |a p r(P%TY,
putation. If the environment supplies an input that is enabled, a (resp: a 9)
the reaction of the NS is according to its IPS. If the input is - p!
not enabled, this causes arconsistency
Let a be an action, we denote with its complementlf a
is an input action them is the corresponding output action,

p PPN Rr(r;a% (resp., r(r;a)) is not
dened” r = r%" a(resp.,a% 2 common(P;R);
- p=p°» p(p a0 (resp., p(p;a)) is not de ned”

r a (resp:; a 9 r0/\ a(resp aC) 2comm0n(P,R),
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a (resp; a9 a (resp; a9
! p P2~ r! R1OA

a (resp.,a% 2 common(P; R);

a (resp:; a9 0 al (resp:; a) 0
! pp "l RI"

Unfortunately, the product can introduce a number of
inconsistencies when one of the two protocols is willing

(i.1) fxjs “*p~x2Abg sem fYjr

Y rMy 2 ALg;

(i.2) fyjr Y rAy2 A9Q sem fXjs “p ~x 2 A9g;
(i.3) 8z 2 fxjs “p~x 2 Abg [fyjr 'r~y 2 AQg,

ro2
0

r(rz):98°2 p(s;2):s° r@

0
S8 Sp-

to offer an output action in the common alphabet, but the Re nement between IPSs is @reorder (i.e., re exive and
second is not able to offer, possibly after a sequence t#nsitive). Note thaP and P are always composable and,
hidden actions, the corresponding input action (accountitgder re nementPjjP andl are equivalent, i.eRjjP | and

also for possible semantically equivalent actions). We dendte PjjP. The same holds foPjjI andP, i.e., P

with Inconsistencies (P;R) the set of states in the productPjjl

P R from which inconsistencies can arise. The kernel ¢ compositionaimeaning thafjjP°
R, with P and R composable, andP® RO
is the set of stategp;r) for which: either (i) there is some

the inconsistencies ifP

or hidden actions.

De nition 4 ( Composition of two IPSp

The compositionof two composable IPSB and R, written
as PjjR, is de ned to beP
Inconsistencies (P; R), providing the initial state(sf ; sf)

is contained within the remaining automaton. Otherwise, the

composition is unde ned.

As formally proven in [14],jj is a compositionaloperator
meaning that, given three composable IPSLQ, andR, then

(PjjQJIiR = Pji(QjjR).

As it will be clear in SectiorV, to state correctness of our
synthesis method, we use a notionrefnementbased on a
version ofalternating simulation[17] that accounts for both
hidden actions and semantically equivalent ones. Informally,

re nes P if all input steps ofP can be simulated bR, and all

the output steps dR can be simulated bf?, considering that
internal steps oP andR are independent and an observable

R after pruning all states in

Pjjl and
P. Furthermore, leP%andR?be two IPSs, re nement
RjjRY if bothP R

As already mentioned in Sectidnin order to reason about

a 2 common(P;R) (resp.,a’ 2 common(P;R)) such that protocol mismatches, we consider a revised version of the
one of p andr can make ara-labelled (resp.a’labelled) connector algebra described in [16]. In the following, we
output transition, but the other cannot match it with theeport only the portion of the algebra that is relevant for the
corresponding input transition; or (i) one @ andr can purposes of this work.

make ara-labelled (resp.a®labelled) output transition, butthe From hereon letA be the universal set of actions. The
other cannot match it with the semantically equivalent inp@rimitives of the connector algebrP (A), corresponding to
transition. Inconsistencies (P; R) is then the set of those speci ¢ protocol mismatches, are described below.

states in the kernel, plus those that can reach a state in th&) Extra send: it concerns the possibility for a NS to
kernel by a sequence of transitions labelled by either output

2)

3)

4)

step can be simulated by a semantically equivalent one. We _ o _
5) Merge message mismatch:it is symmetric to the

make use of a “semantic” inclusion operator, denoted by, ,
between sets of actions. Its meaning is the same abut

it accounts also for semantically equivalent actions. That is,

given two sets of actionS andS® if S S°thenS  ¢em S°
and, given an actiom, either(fag[ S) sem (fa%g[ S9Y or

(fa%[ S) sem (fag[ S9.

De nition 5 ( Re nement between IPSs
R re nes P, denoted by R if the following conditions
hold:
Alp sem Alq N AS sem /-\8;
there exists amlternating simulatioras a binary relation
Sp  Sg such that for all states 2 Sp andr 2 Sg,
with s r, the following conditions hold:

6)

generate either a redundant or an additional mesaage
Such a mismatch can be solved by means of a mediator
that consumea. It is modeled by the primitiv€ ons(a)
that takesa as input.

Missing send: it occurs when a NS expects either a
redundant message or a messaggat is not sent by
another NS. It can be solved by introducing a mediator
that generatea. It is modeled by the primitivé® rod(a)
that produces as output.

Signature mismatch: two messages® and b of two
different NSs can be functionally compatible yet syntac-
tically inconsistent. A mediator that performs the needed
translation can solve this mismatch, i.&rans(a;b)
that takesa as input and producdsas output.

Split message mismatcha NS may expect to receive a
message as a sequence of fragmentseofif message

as input and produces an ordered sequexnge::; an

as output.

previous one. The mismatch can be solved by the prim-
Reordering mismatch: a NS expects to receive mes-

sages in an order different from the order used by
the sending NS. It can be solved by a reordering

and produces the ordered sequea&a) i :;ao(
output for another NS.

The syntax of a ternt in AP (A) is given by:
ti=1t

tjit jMjp
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should be reordered. 2:
3
De nition 12 ( Coordination Mismatches Resolutign 4:

Let W be the set of synthesized communication mediators fat
protocolsP and R, and valid protocol ontologyD. Letk be &:

pTuple:=()
for eacha 2 A‘g do
if a is an output actiorthen
add a as last element odiList
addt},, () as last element ofT uple

the bound considered for the length of possible loops/cycles  end if
in Pw and Rpy . The algorithm for thecoordination 8: end for
mismatches resolutiostep (i.e., the automatic synthesis of9: Mediator := Order (aList; pTuple;aList 9, where
coordination mediators) is as follows: aList°=[aY;:::;al] andaList =[a1;:::;an]
10: Mediator := JMediator K

procedure CoordinationMismatchesResolution 11: return Mediator
input: Pw , Rw , kK
output: CoordM ediators procedure Discard
1: CoordMediators = ; input: tp,, ,try ,» Pw , Rw
2: for each(tp,, ;try )2 ( Pw ;Rw ;k) do output: Mediators
3:  computes the difference pitp,, ;tR,, ) Of (try, itRw ) 1: for eacha2 Ay, [ Ae. ~a2 A9 [ AR, do
4 foreacha2 (Ayg ~nAwg ) (Ag —NnAg ) do 2. Mediators := Mediators [f JCons(a) Kj
5: CoordMediators = CoordMediators [ 3: end for

fThirdParty (a)g 4: return Mediators
6: removea from eithert?, ~ or tg,,
7: end for Coming back to our case study, the synthesized coordination
8 if jtp,, | & jtz,, ] then mediators are:
9: for eacha 2 A [ AtoRNv that appears more than once Me=JTrans (P ayT hirdParty; PayT hirdParty % K

in eithert? ~ ort  do M7= JOrder ([Confirmitem; CloseOrder [;
10: CoordMediators = CoordMediators [ (2;1);

f ExtraOrMissing (a)g [Confirmitem % CloseOrder?) K

11: removea from eithertg,W or t%,w M= JOrder ([Selectltem; SetitemQuantity J;
12: end for (2;1);
13:  end if [Selectitem % SetltemQuantity %) K
14:  iftp, 6 tg, then Mo=J(Prod(Selectitem)) K
15: CoordMediatgrs . CoordMediators [ M 10= J(P rod(SetltemQuantity )) K

fReorder(a;tp,, ;tr,, )O - i
16: CoordMediato?g .= CoordMediators [ Mu J(_Cons(Conflrm.If[em ) K

fReorder(a:t% 1S )g By referring to pe nmon 4, the modu!ar connectgr for
17:  end if e our case study is given by the following composition of
18: end for coordination mediatorsM = Mgjj :::jjM11; plus the set
19: for each(te,, itry ) 2 ( Pw ;Rw ;k) do W = fMy;:::;Msg of communication mediator used for the
20 CoordMediators = CoordMediators [ alphabet alignment. As formally shown in the next section,

Discard (tpy, ;trp ;Pw ;Rw ) : : ;

21 end for under alphabet alignmerlt) is a correct connector meaning

22: return CoordM ediators
where theThirdParty , ExtraOrMissing , Reorder, and
Discard (sub-)procedures are de ned as follows:

procedure ThirdParty

input: a

output: Mediator

1: Mediator := JTrans(a;a% K
2: return Mediator

M

that bothPy

Mjj(Rw ) andRy  (Pw )jiM hold.

V. CORRECTNESS ANDCONNECTOREVOLUTION

By taking into account hidden actions and denying broad-
cast communication (as done in [14]), the IA theory described
in [15] can be used to synthesize, viagaotient operator
=, a monolithic connectoM such thatG

PjiMjiR, i.e.,
G=(PjjR). The formal de nition of G is out of the

scope of this work. For the purposes of this section, it is

suf cient to say thatG is an IPS, representing ttennected

procedure ExtraOrMissing
input: a

output: Mediator

1: if ais an input actionthen

2.  Mediator := JProd(a) K
3: else

4:  Mediator := JCons(a) K
5. end if

6: return Mediator

procedureOReordOer
input: a, tp,, , tr,,
output: Mediator
1. aList :=1]

system goal, which explicitly models three crucial conditions
for correct communication and coordinatiosl) PjjM jjR is
not permitted to generate any inconsistencieg} PjjM jjR is
only permitted to deadlock when &, M, andR deadlock;
and €3) PjjM jjR must satisfy the constraints imposed by the
given protocol ontology.

Stating correctness of our synthesis method means showing
that a modular connectoM synthesized for protocol$
and R is such thatcl, c2, and c3 hold, under alphabet
alignment. However, note that2 and c3 trivially hold by
construction. In fact, when composing in parallel protocols,
the only possibility to have “sink” states concerns scenarios
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in which none of the protocols is willing to perform any actiorevolution. In fact, to address the applied change, it is suf cient
(c2); and communication mediators ensure alphabet alignmeéatreason compositionally at the level of the algebra-based
(c3). Thus, in this section, by consideriny as the set of description of the modular connectt and related set
synthesized communication mediators, we focus on provilg of communication mediators, instead of reasoning in
that Pw jjMjjRyw is free from inconsistencies, i.e., it isterms of its underlying IA-based monolithic representation.
de ned (c1). To do this, we can exploit De nitiorb, hence In particular, by just looking at the mediators' interface,

checking bothPy  MjjRyw andRw  PjjMw . one can easily recognize that the communication mediator
_ affected by the proposed changeMs;, while Mg, Mg, and
Theorem 1 (Correctness under alphabet alignment Mo are the affected coordination mediators. Due to the fact

LetM be a modular connector synthesized for aligned prahat the aggregation tuplgddditemT oOrder; Selectitem;
tocolsPw andRw , then the following properties hold1l) SetitemQuantity ) has been removed byo, M3 is removed
Pw MjRw ,and? Rw PjiMw . as well. In place of it two communication mediatodz.; =
Proof: To prove (1), we must prove thaf) Aj— sem  J(Split(Selectitem; [AdditemT 0Order;z])  Cons(z)) K

A}MR/W " AEA”R/W sem AL, and (i) there is an andMa., = J(Split (SetltemQuantity; [AddItemT oOrder;

alternating simulation fromvl ”R/W to Pw , with si K]) Cons(k)) K are synthesized due to the addition

S?A ~. . By constructionAl, = AS [ AQ andAO to So of the above considered subsumption tuples.
iRw Rw

Furthermore, we recall that the IPS dS has been
union set Of/'\g,w and a subset OA'RNV " Thus, by de ni- modi ed in order to align its alphabet to the one of

tion of complement operator for IPSs, it follows that bot}MC' To reect the changekon the performed  alphabet
A|7 sem Al and A sem Ai hold. alignment, a trace infr(MC) that containsSelectitem
iiRmw M jjRw . . . .
To prove (ii), we have to show that i1, "2 "and ii.3 ofand/or SetitemQuantity is modied by considering the
De nition 5 hold, whereP and R have been replaced with following substitution: fAddltemT oOrder=Selectltem;
Pw andMjjRw , respectively. Let us assume that ii.1 doe@ddItemToOrder= SetltemQuanuty g- Analogously,
not hold. This means tha® /W would perform an output a trace in Tr(BS) that contains either the sequence
action x that is not consumed byl . This is a contradiction hSelectitem SetltemQuantity i or hSetltemQuantity
since by constructioM always consumes output actions fronelectitemi is modi ed by replacing any of these sequences
bothP /W andR /W . Analogously, if ii.2 would not hold, with AddIitemT oOrder. According to the new alphabet
thenM jjRyw would produce an output action that does noalignment,Mg is removed and in place of botfig andM 19
match any input action d® /W . Again, this is a contradiction the coordination mediatorJ(P rod(AdditemT oOrder)) K
becauseM jjRyy produces output actions only when there is$s synthesized. Note that, in the monolithic connector,
the need to match an input froRyy with an input fromPy, . Selectitem and SetltemQuantity would always appear
ii.3 directly follows from the previous considerations hencene after the other and modifying the connector according
recursively propagating the alternating simulation relatiorio the applied change would mean to solve again the entire
from MjjRw to Py . The proof of(2) is analogous and quotient problem.
hence, for space reasons, we omit it.

AL [ Ak. Furthermore,common(M; Ry ) is given by the

. . . VI. RELATED WORK
Concerning the ability, for modular connectors, to evolve in

response of possible changes, the most interesting scenario i§teroperability and mediation have been investigated in
related to changes at the level of the protocol ontology. In faggveral contexts, among which integration of heterogeneous
syntactic changes at the level of the NSs' interface directfiata sources [13], architectural patterns [22], patterns of con-
correspond to a relabeling of mediator inputs/outputs, af@ctors [12], Web services [10], [11], and algebra to solve
related concepts in the ontology. We recall that the synthe§dsmatches [23]. For space reasons, we discuss only the
of coordination mediators deals with sets of traces. Thugorks, from the different contexts, closest to our method.
changes at the protocol level imply to re-iter the synthesis The interoperability/mediation of protocols have received at-
step on the affected traces only, hence accordingly changtegtion since the early days of networking. Indeed many efforts
the corresponding mediators. However, in the worst case, ileave been done in several directions including for example
all the traces of a protocol share at least one action, the enfisgmal approaches to protocol conversion, like in [24], [25].
synthesis step must be repeated. The seminal work in [4] is strictly related to the notions of
As an example of a possible change at the level of tieediator presented in this paper. Compared to our connector
protocol ontology, let us go back to our case study arsynthesis, this work does not allow to deal with ordering mis-
apply the following modi cation to the ontolog® shown in matches and different granularity of the languages (solvable
Figure 3: So = So [ f (AddlitemT oOrder; Selectltem); by the split and merge primitives).
(AdditemT oOrder; SetltemQuantity )g and Ao = Ao Recently, with the emergence of web services and advocated
n f(AddltemT oOrder; Selectltem; SetltemQuantity )g. universal interoperability, the research community has been
Although simple, this change highlights the effectivenesdudying solutions to the automatic mediation of business
of our decomposition with respect to supporting connectprocesses [26], [27]. However, most solutions are discussed
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informally, making it dif cult to assess their respective advanway a modular connector is structured, the automatic genera-
tages and drawbacks. tion of its actual code written in terms of our algebra imple-

In [12] the authors present an approach for formally specifyaentation is viable and can be achieved with little effort. We
ing connector wrappers as protocol transformations, moduléave started to show, through its application to the real world
izing them, and reasoning about their properties, with the aitase study presented in this paper, that our method supports
to resolve component mismatches. In [28] the authors preseahnector evolution. As future work, we intend to carry out a
an algebra for ve basic stateless connectors that are symmigorous empirical investigation to con rm the results reported
try, synchronization, mutual exclusion, hiding and inactiornin this paper. Another future research direction concerns the
They also give the operational, observational and denotatiomaility to infer the needed ontological information, out of the
semantics and a complete normal-form axiomatization. Th#erface description of the two protocols, rather than assuming
presented connectors can be composed in series and in paratlels given.
Although these formalizations supports connector modulariza-
tion, automated synthesis is not treated at all hence keeping
the focus only on connector design and speci cation. [1] M. Weiser, “The computer for the twenty-rst centuryScientic

In [.8]’ the aUth.OrS use .a game theore_tlc approach f 5] émglcsgrr])-/gzid A. L. Wolf, “Foundations for the study of software
checking whether incompatible component interfaces can b€ architecture,"'SIGSOFT Softw. Eng. Notegol. 17, no. 4, 1992.
made compatible by inserting a converter between them whidBl R. Allen and D. Garlan, “A formal basis for architectural connection,”
satis es speci ed requirements. This approach is able to autg; ACM Trans. Softw. Eng. Methodool. 6, no. 3, 1997.

. . ] D. M. Yellin and R. E. Strom, “Protocol speci cations and component

matically synthesize the converter. In contrast to our method,” adaptors”ACM Trans. Program. Lang. Systol. 19, no. 2, 1997.
their method needs as input a deadlock-free speci cation df] P. Inverardi, R. Spalazzese, and M. Tivoli, “Application-layer connector

i ; synthesis,” inSFM, 2011.
the requirements that should be satis ed by the adaptor, b[}g] V. Issarny, A. Bennaceur, and Y.-D. Bromberg, “Middleware-layer con-

delegating to the user the non-trivial task of specifying that." ™ nector synthesis: Beyond state of the art in middleware interoperability,”
In other work in the area of component adaptation [7], it in SFM 2011.

; : C. Canal, P. Poizat, and G. Satg “Model-based adaptation of behav-
is shown how to automatically generate a concrete adaptéfl & © e GO oL T Softnare EneP00E.

from: (i) a speci cation of component interfaces, (i) a partial(g] r. passerone, L. de Alfaro, T. A. Henzinger, and A. L. Sangiovanni-
speci cation of the components interaction behavior, (iii) a  Vincentelli, “Convertibility veri cation and converter synthesis: two

; ; ; ; _faces of the same coin,” IlCCAD, 2002.
speci cation of the adaptatlon in terms of a set of CorreSpon[9] J. Cortadella, A. Kondratyev, L. Lavagno, C. Passerone, and Y. Watan-

dences between actions of different components and (iv) ‘@ ape, “Quasi-static scheduling of independent tasksfor reactive systems,”
partial speci cation of the adaptor. The key result is the setting in ICATPN 2002.

of a formal foundation for the adaptation of heterogeneolfd] F- Jiang, Y. Fan, and X. Zhang, “Rule-based automatic generation of
mediator patterns for service composition mismatchesGRC, 2008.

components that may present mismatching interaction beh@My x. i, v. Fan, J. Wang, L. Wang, and F. Jiang, “A pattern-based approach
ior. Assuming a speci cation of the adaptation in terms of a set to development of service mediators for protocol mediationYMICSA

of correspondences between methods (and their parame(t)ﬁrﬁ)zoos'
n

. . . B. Spitznagel and D. Garlan, “A compositional formalization of connec-
of two components requires to know many implementati tor wrappers,” inlCSE 2003.

details (about the adaptation) that we do not want to consid&3] G. Wiederhold and M. Genesereth, “The conceptual basis for mediation

in order to synthesize a connector services,” I[EEE Expert: Intelligent Systems and Their Applications
’ vol. 12, no. 5, 1997.

[14] L. de Alfaro and T. A. Henzinger, “Interface automata,”BSEC/FSE
VII. CONCLUSIONS ANDFUTURE WORK 2001.

In this paper, we formalized a method for the automaté#p! T Chen, C. Chilton, B. Jonsson, and M. Kwiatkowska, “A compositional
’ speci cation theory for component behaviours,” BSOR 2012.

synthesis of modular connectors. A modular connector (i) w. Autii, C. Chilton, P. Inverardi, M. Kwiatkowska, and M. Tivol,
structured as a composition of independent mediators, each “Towards a connector algebra,” iSoLA 2010.

of them corresponding to the solution of a recurring protocf7] R- Alur, T. A. Henzinger, O. Kupferman, and M. . Vardi, “Altemating
. h h h d L. re nement relations,” INCONCUR'98 1998.
mismatch. We have proven that our connector ecomposmﬁg] J. E. Hopcroft and J. D. Ulimanintroduction to Automata Theory,

is correct and, by means of a case study, we have shown Languages, and ComputationAddison-Wesley, 1979.

how it promotes connector evolution. An overall advantagé® "'CONNECT consortium. CONNECT Deliverable D3.3: Dynamic con-

. . nector synthesis: revised prototype implementation. FET IP CONNECT
of our approach with respect to the work in the state of the F( project, FP7 GA n.231167, http://connect-forever.eu/.”

art (SectionVl) is that our connectors have a modular soff20] U. ARmann, S. Zschaler, and G. Wagr@ntologies, Meta-Models, and
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automated generation of the connector's implementation code. tion, and applications Cambridge University Press, 2003.
In particular, we have recently released a rst implementatidi?l F- Buschmann, R. Meunier, H. Rohnert, P. Sommerlad, and M. Stal,
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B Quantitative extension: computation of con-
straints

In this appendix, we brie y give the derivation of the constraints imposed on guards, invariants and
co-invariants by means of the ? -backpropagation technique. This procedure is applied to the product
automaton shown in Figure 2.8.

The ? -backpropagation procedure in our theory is implemented symbolically using assertional rea-
soning technigues (e.g. weakest pre-condition calculation). The idea is that we rst identify the set of
initial auto-? and semi-? states in the automaton, which are given by constraints, say . Then we back-
propagate through output transitions and delay transitions in order to calculate new auto-? and semi-?
states.

e For action transitions (say a!), which are used to nd new auto- ? states, weakest pre-condition
calculation suf ces; it returns a constraint  9s.t. any state satisfying °can take the a! transition and
go to another state satisfying

e For delay transitions, which are used to nd new semi- ? states, in addition to the weakest pre-
condition requirement, the calculation of ©also needs to guarantee that no input is enabled in any
state of ° Thus, a state s satisfying © can delay-transit into another state s° satisfying , and
all delay successors of s before reaching s® must have all inputs disabled. The disabled inputs
are calculated using an implicit ? -removal sub-procedure (implemented as weakest precondition
calculation on input transitions) interwoven into the ? -backpropagation.

In our case study, initially we only have semi-? states. For instance, location BV T3ZN (i.e. the
product state in which the component automata are in locations B, V, T, 3, Z, N resp.) is waiting for the
input play_frame which must arrive before x° reaching 2 (speci ed by its co-invariant). For BV T3ZN , the
set of semi-? states is characterised as the constraint x>y +1& x°> x &x°>z 8&bf == 0& b== ff ,
which say that clock x° can reach 2 faster than any of x, y and z reaching 2, 1 and 10 resp. Thus, the
co-invariant of BV T3ZN will be violated before the violation of its invariant, which leads to ?. Similarly
we have x°> x &x°>z  8&buf;bf ==0 as for BV S3Y N.

Based on x>y +1&x°>x &x°>z 8&bf == 0& b== ff as , we can do ? -elimination on input?
by calculating the weakest pre-condition, which is x°> 1&x°> x &x°>z 8&bf == 0& b== ff &buf > 0
as O Obviously all states satisfying © can delay-transit into the violation of the BV S3Y N co-invariant
(i.e. before the invariant violation) and no play_frame? is enabled along the way. Thus °captures a set
of new semi-? states. We can combine °and for BV S3Y N and get the new constraints x°> 1&x°>
x&x°%>z 8&bf == 0& b== ff .

In this way, we propagate the constraints through the graph of the product automaton, nding new auto-
? Isemi-? states and weakening the constraints at locations accordingly until the xed-point is reached.
The detailed step-by-step illustration of the constraint-based ? -backpropagation for our case study is
given in Figures B.2, B.3 and B.4.

The four key locations we are interested in are BV S3Y N, BVT3ZN, BUS3Y N and BUT3ZN . Our
strategy rst iterates over BV S3Y N and BV T3ZN to reach the local xed-point, i.e. constraints (0)&(6)
and (d)&(g). Then, locations BUS3Y N and BUT 3ZN are added and the iteration (over all four states)
continues until the global xed-points are reached, i.e. constraints FP1, FP2, FP3, FP4 in Figure B.1.
The xed-point constraint backpropagation in Figures B.2, B.3 and B.4 is done manually for illustrative
purposes, but it is easy to see that the procedure can be automated in a relatively straightforward manner.

Once the xed-points have been reached, we can:

1. strengthen the co-invariants for locations BV S3Y N, BV T3ZN, BUS3Y N and BUT3ZN in Fig-
ure 2.8 by removing those states characterised by the corresponding xed-points FP1, FP2, FP3
and FP4in Figure B.1; and

2. perform ? -elimination, and modify the guard on the start_play? transitions to be G1, G2, G3 and G4
in Figure B.1 (so that proper delay can be observed before the playback is started).

After this, the inputs and outputs, along with invariants and co-invariants should be exchanged on the
resulting automaton, in order to obtain the timed quotient.
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Fixpoints:

Guards on the incoming “start_play?' transitions:

Figure B.1: The xed-points and guards
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BVT3ZN

bp:semi_bot

be:input?+bp:semi-bot

+@)

bp:frame_loss!

bp:semi-bot

be:input?+bp:semi-bot

+()

bp:frame_loss!

bp:send_frame!

bp:semi-bot

be:input?

X'>08&x">z-8&bf==0&b==ff&x>=x',1&buf>0 (c)

bp:send_frame!

bp:semi-bot+ (c)

bp:frame_loss!

bp:semi-bot

be:input?

bp:semi-bot+ (e)

+(b)

bp:frame_loss!

bp:semi-bot

Figure B.2: Local xed-point calculation

BVS3YN

bp:semi_bot

bp:semi-bot + (2)

bp:send_frame!
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bp:frame_loss!

be:play_frame?+bp:semi-bot

bp:semi-bot

bp:send_frame!

bp:semi-bot
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be:input?
X'>z-6&bf==1&b==ff&x">1&buf>0 (j)

be:play_frame?+bp:semi-bot + (j)

bp:send_frame!

bp:semi-bot + (j)

+(K)

bp:frame_loss!

bp:semi-bot

bp:send_frame!

bp:semi-bot

+(5)

be:input?
X'>z-6&bf==1&b==ff&x'>0&buf>0  (m)

BVT3ZN

bp:semi_bot

bp:send_frame!

bp:semi-bot

+(6)

be:input?

+@)

bp:send_frame!

bp:semi-bot

+()

bp:semi-bot + (m)

bp:send_frame!

bp:semi-bot + (m)

+(0)

bp:frame_loss!

bp:semi-bot

bp:semi-bot + (8)

bp:send_frame!

+a)

bp:frame_loss!
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bp:tau_unreliable! bp:tau_periodic! bp:tau_slotFin! + strengthening

I N C I bpisemibot
bpta st —— e
orOLuTIE=lw= @) b=l @) beipusbsemi-oot + ()

bp:frame_loss!
bp:tau_unreliable! bp:tau_periodic!

bp:semi-bot

bp:tau_slotFin! + strengthening

bp:tau_slotFin!

be:input?+bp:semi-bot + (K)

I bp:semi-bot TR0
bp:semi-bot Xz (pRO)Ru=r==08z>=y 1080
be:input?+bp:semi-bot + (B) X>z+2(pFO)u==r==08z>=08b==t )
_ bp:frame_recv! _
. N bpau_unrelae!
bp:frame_recv!

bp:semi-bot

ppsemi ot T P T S
T S beipuesbpseTbOL+©)
beiinput?+bp:semi-bot + (C) o2 ORBRU==r==0gz>=Bgb==  KCEZ O EsIEER0sbs (0
...... (-9 RTPGHEESEODE (V) onZOUasOm= )

bp:tau_reliable!

ROttt ) bpau_retavlel S

bp:tau_reliable!

XozBiR(==1au=0)gz==0 supsumedy @)
_ bp:frame_loss! bp:tau_unreliable!
subsumed by (&) XS0DI=-08(=-18u=0)Rz=-08b==1 (X) S IR, e S
bp:tau_reliable! bp:tau_reliable! -
T e LT L B bpcta. roaie

subsumed by (1) subsumed by (1)

+
x

bp:tau_slotFin! + strengthening | o i Dl s D]

bp:semi-bot ...
bp:tau_reliable!

be:play_frame?+bp:semi-bot ...

...... subsumed by (A)

bp:tau_unreliable! bp:tau_unreliable! -

bp:tau_reliable!

subsumed by (I)

Figure B.3: Global xed-point calculation |
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Figure B.4: Global xed-point calculation I
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