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Preface

Beyond its significance as an account of four years of research, this thesis symbolizes the end
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would not have been possible without the influence of several people that helped me to travel
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governments, among other difficulties. To them I extend my deepest gratitude.

The technical means that I required to start a PhD where provided by the Department of
Computer Science, at the National University of Río Cuarto. This exeptional department was
made possible by the effort, vision, and passion of Professor Jorge Aguirre. Thanks to him
I had the chance of being the student of excellent professors, including him, that gave me an
equally excellent education: Javier Blanco, Marcelo Arroyo, Nazareno Aguirre, and Gabriel
Baum.

My ticket into this journey was provided by professors Koos Rooda and Jos Baeten, and
Bert van Beek, who believed in me as a suitable PhD candidate at the Technische Universiteit
Eindhoven. Therefore I thank them for this demonstration of trust. Bert was always welcoming
since the application period, and during my PhD studies he maintained his door open to discuss
technical matters. He read carefuly my works, and gave useful feedback. Furthermore, he also
gave me his word of comfort during the hard times of my PhD. Sometimes, when I lost my
way, trough is advice I could get back on track. My first promotor, Professor Rooda, was very
important in the last part of the road, where he helped me with the formalities required for
obtaining the PhD degree, and he provided his expertise and time for polishing the final details
of this thesis. The committee members prof. dr. Jaco van der Pol, prof. dr. ing. Sebastian
Engell, and prof. dr. Wan Fokkink, as well as my second promotor Jos Baeten contributed
with their valuable time, and supplied insightful comments in the draft version of this thesis.

Being in The Netherlands for the first time can be a daunting experience. Luckily, Mieke
Lousberg was around. She was the lighthouse that guided me when I disembarked on the
misty shores of a new stage of my life. From providing me with very detailed and precise
instructions to find my way to University when I had my first interview, to making phone calls
to arrange things for me. More than once she went beyond her duty as a secretary to help me in
different aspects of my life here. Also she contributed to my (still under development) Dutch
skills by taking to me in that language, in a very clear, and patient way. At the same time, she
urged Bert to start speaking Dutch with me. Thanks to her my adaptation to the country was a
lot easier.

At the Systems Engineering group I had the chance of meeting very nice colleagues: Pieter
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also thank Martin Hüfner, who made the experience of collaborating together on a paper quite
enjoyable.

Some colleagues became also friends, with whom I could discuss not only technical matters,
but also enjoy talks about other topics. I was lucky to find in a colleague also a cheerful friend:
Harsh Beohar. I enjoyed working along his side, traveling around, and cooking, specially
Indian cuisine. You can always use a good travel companion like Konstantin Starkov, which
can liven up the road with his sense of humor, and who also is there to provide his help and
advice. Allan van Hulst was another fellow traveler who sadly joined later, and it is a pity
that I could not count with his presence longer. Nevertheless I managed to enjoy multiple
conversations with him.

A travel can be enjoyed in a different way when it is done with somebody else. For this I
want to thank Sonia, who joined me during a big part of this adventure, and was there giving
her love, friendship, and support.
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Summary

A Compositional Interchange Format for Hybrid Systems: Design and
Implementation

The design of large industrial controlled systems is a difficult task, which calls for a model-
based design approach. For this, different formalisms exist. Each of these formalisms ad-
dresses a specific set of problems, and has its own set of features. Moreover, several for-
malisms and tools are used in each stage of the system development.

As a consequence, there is a conspicuous need for integrated tool support for the design of
large complex controlled systems, from the first concept to the implementation, and further
on, over their entire life cycle.

The Compositional Interchange Format (CIF) has been developed during this research to
serve as an interchange format between different formalisms. CIF is an automata-based for-
malism, that allows to model and simulate hybrid systems. The language incorporates process
algebraic operations, and has a formal semantics, based on the Structured Operational Seman-
tics (SOS) framework. The semantics is shown to be compositional and we have proven that
it preserves important algebraic properties, which express our intuition about the behavior of
the language operators.

CIF was extended with hierarchy (HCIF), to support the development of systems through
stepwise refinement. The semantics of HCIF is given by means of SOS rules, and is defined
in a compositional manner, by referring only to the transition system of the substructures,
and not to their syntactic representation. This compositional introduction of hierarchy allows
us to keep the semantics of the HCIF operators almost unchanged with respect to the CIF
original semantics. A case-study on a patient support system is modeled in HCIF to show its
applicability.

Based on the formal description of CIF, we developed a simulator that conforms to the
language semantics. We use the SOS specification of the language to obtain a new set of so-
called symbolic rules. These rules contain the predicates that are required during simulation
to compute time delays, and action updates. In this way, we present a rigorous method, which
given the semantic specification of a complex language, allows us to obtain a simulator for
models written in that language.

We defined a linearization process for CIF terms, to allow the elimination of operators that
are not natively supported in other languages, and to facilitate tool reuse. The linearization
algorithm is obtained through a stepwise refinement of the original CIF SOS rules. As a result,
we show how the semantic specification of the language can guide the implementation of such
a procedure, yielding a simple proof of correctness.
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To enable the verification of timed CIF models, we formalized and proved a semantic-
preserving transformation from CIF to Uppaal.

Finally, the tools we developed were used in a complex case-study: the design of a controller
for a miniature pipeless plant. In this way we show the applicability, as a proof of concept, of
the toolchain developed in the FP7-MULTIFORM project. This toolchain involves controller
synthesis, verification, and hybrid-systems simulation.

In this thesis we show how formal semantics can be used not only for specifying mathemat-
ically a language, but also for developing tools and model transformations for it. However,
working with such a degree of formalization requires the development of tool support for as-
sisting this process. Otherwise the process is not maintainable nor scalable. In hindsight it is
clear now that besides the mathematical correctness, the modeling convenience of a modeling
formalism is crucial for its adoption. However in this thesis the effort was put mostly in the
former aspect.

viii



Contents

1. Introduction 1
1.1. The Compositional Interchange Format . . . . . . . . . . . . . . . . . . . . 1
1.2. Challenges and contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3. CIF as a reality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4. Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2. The Compositional Interchange Format 11
2.1. Syntax of CIF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2. Semantic framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3. Informal semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4. Formal semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5. Validation of the semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.6. Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.7. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3. Hierarchical extension of CIF 49
3.1. Syntax of HCIF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2. Semantic framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3. Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4. Case-study: Patient Support System . . . . . . . . . . . . . . . . . . . . . . 61
3.5. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4. Implementation of the CIF simulator 65
4.1. Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.2. Syntax of the chosen subset . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3. The need for symbolic semantics . . . . . . . . . . . . . . . . . . . . . . . . 67
4.4. Symbolic semantics of CIF . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.5. Implementation of the CIF simulator . . . . . . . . . . . . . . . . . . . . . . 75
4.6. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5. Linearization of CIF 83
5.1. Setting the Scene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2. Linear Transition Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.3. Obtaining a Linear Automaton from a LiTS . . . . . . . . . . . . . . . . . . 96
5.4. Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

ix



Contents

6. Translation from CIF to Uppaal 101
6.1. Uppaal in a nutshell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.2. Uppaal semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.3. Description of the Translated Subset . . . . . . . . . . . . . . . . . . . . . . 105
6.4. Translation Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6.5. About the Correctness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
6.6. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7. Case study: controller design for a pipeless plant 113
7.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
7.2. Case description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.3. Overview of our approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.4. Decomposition of the pipeless plant . . . . . . . . . . . . . . . . . . . . . . 119
7.5. Synthesis of a movement controller . . . . . . . . . . . . . . . . . . . . . . . 121
7.6. Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.7. Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.8. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

8. Concluding remarks 137
8.1. Significance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
8.2. Looking back . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
8.3. Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

A. Proofs of CIF semantics properties 153
A.1. Proofs of the hybrid transition systems properties . . . . . . . . . . . . . . . 153
A.2. Proof of the CIF operators properties . . . . . . . . . . . . . . . . . . . . . 158

B. Symbolic semantics of CIF and proofs 167
B.1. Symbolic rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
B.2. Proofs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

C. Proofs for linearization of CIF models 199
C.1. Soundness and completeness of linear SOS rules . . . . . . . . . . . . . . . 199
C.2. Proof of correctness of the linearization procedure . . . . . . . . . . . . . . . 209

D. Correctness of CIF to Uppaal transformations 215
D.1. SOS rules for top level CIF models . . . . . . . . . . . . . . . . . . . . . . . 215
D.2. Additional notations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
D.3. Additional properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
D.4. Proof of the main theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

x



1. Introduction

The design of large-scale industrial control systems involves heterogeneous components,
which interact to provide the overall system functionality. The intricate interdependences
existing among the different components, and the different expertises required for their de-
velopment make the design of large control systems a complex and challenging task. Control
systems have a great impact in the productivity and performance of industrial systems, hence
the importance of developing high quality controllers, in terms of correctness.

Model-based engineering emerges as an approach that aims at taming the complexity of
systems design, by providing suitable abstractions for the problem domain. These abstractions
allow to specify the system under construction, reason about it, validate, and verify its design.

Given the heterogeneous nature of controller design, there is no single modeling formalism
that can address all the control problems found during the process. Different modeling for-
malisms for the development of control systems exist, each of which addresses a specific set
of problems, and has its own set of features. Moreover, these formalisms and tools are used in
different stages of the control system development.

Different models may exist of the same component, for instance: a simulation model of
the controller and controlled system for performance analysis, a verification model to check
properties of the controller using a model checker, and an implementation model for real-time
control in the actual system. The use of models coded in different languages can lead to
inconsistencies, errors, it is time consuming and expensive.

Then, the need arises to ensure integration and coherence among the different formalisms
that are used through the control systems design, and also during their life-cycle. A way to
provide multi-formalisms support, is by means of automatic, and whenever possible semantic-
preserving, transformations between models.

Several model transformations among formalisms can be developed. However, the number
of required transformations can be reduced by using a unique interchange format.

1.1. The Compositional Interchange Format

The Compositional Interchange Format (CIF), was conceived as a response to a demand for a
common interchange format among different formalisms. CIF is a formalism based on hybrid
automata, which are composed using process algebraic operators. CIF aims to establish inter-
operability among a wide range of formalisms (and tools) by means of model transformations
to and from CIF. In this way, the implementation of many bi-lateral translators between spe-
cific formalisms can be avoided, as shown in Figs. 1.1 and 1.2. This has the added advantage
that developers of the different transformations do not need to know all the other formalisms.

CIF, being an interchange format, has a number of distinctive features [12, 11]:
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1. Introduction

Figure 1.1.: Multiple model transformations without an interchange format.

Figure 1.2.: Multiple model transformations using an interchange format.

• It has a formal and compositional semantics, and thus it allows definition and proofs of
property-preserving model transformations.

• It has concepts based on mathematics, which are independent of implementation aspects
such as numerical equation sorting algorithms.

• It supports arbitrary differential algebraic equations.

• It incorporates concepts from hybrid automata theory and process algebra, such as par-
allel composition, different kinds of urgency and synchronization by means of shared
variables and shared actions.

• It supports modularity, allowing to declare actions and variables local to a module.

• It supports large scale systems modeling by means of parameterized process definition
and instantiation (reuse, hierarchy).

All concepts in CIF have a formal and compositional semantics. As stated in Section 2.4,
a formal semantics has several advantages: it gives a precise meaning to CIF specifications, it
facilitates the precise specification of models, it provides a reference against which implemen-
tations can be judged, and it enables the formal definition and proof of semantics-preserving
model transformations. In addition, theoretical results are only possible if they rely on a formal
semantics.

The semantics of CIF is defined via structured operational semantics (SOS) [81] rules. The
reason for using operational semantics in an automaton-based framework is that model trans-
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1.2. Challenges and contributions

formations to and from CIF are not only executed on “complete” models, but also on compo-
nents of bigger models. Thus, it is crucial that the CIF semantics is compositional, which we
ensure by requiring bisimulation (equivalence) to be a congruence for all the CIF constructs.
This is guaranteed using the process-tyft format of [73].

1.1.1. Related work

Several interchange formats for hybrid systems exists. Among them we find:

• A Hybrid System Interchange Format (HSIF) [69], in the MoBIES project.

• An abstract semantics of an interchange format based on the Metropolis meta
model [80], as a continuation of the COLUMBUS project [23].

• An interchange format for switched linear systems [22] in the form of piecewise affine
system (PWAs), in the HYCON NoE [56] project.

An overview of these formalisms is given in [13]. Next we present a summary of this overview.
In HSIF, a network of hybrid automata is used for model representation. The network

behaves as a parallel composition of its automata, without hierarchy or modules. Variables
can be shared or local, and the communication mechanism is based on broadcasting of boolean
signals, where signals are partitioned in input and output signals. Each signal is required to
be either a global input to the network or to be modified by exactly one automaton. The
semantics is defined only for “acyclic dependency graphs” with respect to the use of signals.
The interchange automaton format defined in this thesis aims to be more general than HSIF,
and does not incorporate tool limitations, such as restrictions on circular dependencies, or
restrictions on shared variables and algebraic loops, in its compositional formal semantics.

The abstract semantics presented in [80], takes implementation considerations into account,
such as equation sorting, iterations that may be required for state-event detection, and iter-
ations for reaching a fixed-point in case of algebraic loops. The semantics of CIF, defined
in Section 2.4, defines mathematically the semantics of hybrid automata, in a compositional
way, independently of tool limitations and implementation aspects, such as equation sorting or
event detection.

In the HYCON NoE [56] an interchange format for switched linear systems was defined
[22]. This interchange format is based on piecewise affine (PWA) systems. Several tools, based
on among others PWA, HYSDEL, MLD (see [49] for an overview relating these languages)
have been connected to this interchange format. CIF is a much more general interchange
format. The relation between PWA systems and (linear) hybrid automata is defined in [28].

1.2. Challenges and contributions

The design and implementation of a large language such as CIF entails a vast number of
challenges. Firstly, we have the formal definition of the language itself. We mentioned that
CIF semantics is based on the SOS framework. This framework alone does not provide a
guideline regarding the proper way of using SOS for giving semantics to a hybrid automata

3



1. Introduction

formalism. The formal specification of CIF needs to be defined in such a way that, whenever
possible, we obtain a definition with economy of concepts, conciseness, orthogonality, and
simplicity. The semantics presented in Chapter 2 is the result of several iterations that tried
to converge towards these goals. The extent to which this has been achieved is ultimately
something that can be assessed on a subjective basis. Nevertheless, we present some objective
assessments: CIF semantics is proven to be compositional, and satisfies algebraic properties
that express our intuitions and requirements about the behavior of the operators.

When modeling complex systems, hierarchy is a conceptual tool that allows to describe a
system in a top down approach, using different levels of abstractions. By using hierarchy it
is possible to decompose the systems specification into manageable sub-parts. It also enables
systems development through stepwise refinement. To make use of the advantages that hier-
archy brings to a modeling language, we have extended CIF with hierarchy, which resulted in
The Hierarchical Compositional Interchange Format (HCIF). When developing such an exten-
sion, we took care of preserving as much of the original CIF semantics as possible, keeping
also compositionality. This was achieved by an introduction of hierarchy that refers only to the
transition system of the substructures, and not to their syntactic representation. As a result, we
kept the semantics of the HCIF operators almost unchanged with respect to their CIF versions.

The SOS inference rules for CIF (and HCIF) are definitions. It is possible to prove certain
properties of interest, and elaborate theories around them. But in the end, we want to write
models of real systems that can be simulated. CIF semantics does not provide an executable
description of the language. Then the question is how to simulate (execute) CIF models, in
such a way that they conform to the specification of the language. In this thesis, we present
a method for obtaining a simulator for CIF, from its semantic specification. For this, we have
investigated how SOS semantics can guide the implementation of a simulator. In the end, we
obtained a new set of so-called symbolic rules from the original CIF SOS rules. Symbolic
rules contain predicates that are required to compute time delays, and action updates. The two
set of rules are related by soundness and completeness results, which add mathematical rigor
to our approach. In this way, the information extracted from the symbolic rules is known to be
correct with regard to the specification, and it is used in the CIF simulator.

Since CIF is an interchange format, sometimes it is necessary to eliminate some operators of
this language prior to the application of model transformations. A way of eliminate operators
of a language in terms its basic constructs is to use process algebraic linearization procedure.
Normally, a linearization procedure devised by “guessing” how syntactic entities can be elimi-
nated according to the language semantics, and a proof is provided afterward. Instead of taking
the traditional approach for getting a linearization procedure, in which the formal semantics
specification of the language is not a central part, we have investigated how to obtain such a
procedure for CIF, in such a way that it is obtained from its semantic specification. This re-
sulted in a linearization procedure for the discrete subset of CIF, which was obtained from the
symbolic semantics of CIF, in a systematic manner. This led to the introduction of a new set
of so-called linear rules, which are also related to the CIF symbolic rules by means of sound-
ness and completeness results. As a consequence we show how the semantic specification of
the language can guide the implementation of such a procedure, yielding a simple proof of
correctness. Once again, structured operational semantics play a pivotal role in the solution of
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1.3. CIF as a reality

our problems. Based in the formal definition, a linearization procedure was implemented for
the complete language.

The next part of this thesis considers a model transformation from CIF to Uppaal. It is in-
teresting, both from a theoretical and a practical perspective, to be able to translate CIF code
to Uppaal, since this makes it possible to model check properties of timed CIF models. This
requires a semantic preserving transformation, which ensures that properties validated in Up-
paal models also hold for their CIF counterparts. In addition, by providing such a translation
we are, at the same time, providing translations for a wider set of languages that can be trans-
formed to CIF. We present a semantic-preserving transformation from a subset of CIF models
to Uppaal. The transformation described in this thesis constitutes the cornerstone of the im-
plemented CIF to Uppaal transformation, which takes as input a broader subset of CIF models
than those allowed by our formal definition. This is because some of the syntactic restrictions
in the input models that can be translated to Uppaal can be overcome by performing CIF to
CIF transformations.

As a final step, and to integrate the developments presented in this work, we wanted to
provide a proof of concept where multiple formalisms come together in a case study. The
case study we have chosen is a miniature pipeless plant, which has been developed within the
MULTIFORM project. This case offers several design challenges, including multiple control
hierarchies. We have used supervisory control synthesis to obtain a part of the control system
of the pipeless plant, and we have used transformations to Uppaal to verify the integration of
different control modules. Finally, CIF was used in the validation step, where a hybrid model
of the pipeless plant was used to simulate the behavior discrete controllers in a hybrid setting.

1.3. CIF as a reality

Figure 1.3 gives a concise overview of past and present work on CIF in several European
and national (Dutch) projects, in particular the HYCON and HYCON2 networks of excellence
[56, 55], the ITEA2 Twins project [57], the national Darwin project [30], and the FP7 C4C and
Multiform projects [21, 75]. The following languages and tools from Figure 1.3 are currently
connected to CIF:

1. Modelica and gPROMS: For IPDAE (Integral and Partial Differential Algebraic Equa-
tions) modeling and simulation, translations between CIF and the advanced modeling
languages Modelica and gPROMS are available [89, 54]. This significantly increases
the applicability of CIF in industrial practice.

2. MUSCOD-II: A connection of continuous CIF models to the dynamic simulation en-
vironment MUSCOD-II has been developed. This allows to interface to optimization-
based synthesis tools [53].

3. Uppaal: A semantic preserving transformation from CIF to Uppaal has been defined
in [77]. The implementation is described in [106]. The CIF-to-Uppaal transformation
has been used, for example, to verify liveness properties of a synthesized supervisory
controller of a patient support system of an MRI scanner as described under item 7.
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Figure 1.3.: Overview of work on CIF.

4. SpaceEx: A transformation between CIF and SpaceEx was developed for model check-
ing of hybrid CIF models [46].

5. Matlab/Simulink: A Matlab toolbox and a Simulink integration component were devel-
oped that allows to simulate CIF models directly from the Matlab command line, and
in principle also from within Simulink models [90]. The latter requires an additional
S-function [99] interface.

6. Sequential Function Charts: A transformation of SFCs to CIF is defined in [88]. Se-
quential Function Charts is one of the languages defined in the IEC 61131-3 standard
[58] for logic controller design.

7. Supervisory control synthesis tools: several transformations have been defined to allow
different supervisory control synthesis tools to share the same CIF input specifications
for plant models and (event-based) control requirements, and to share the same CIF
output for the synthesized supervisory controllers. The generated CIF supervisory con-
trollers can be used, among others, for simulation-based testing and for real-time con-
trol [67, 92, 97]. The CIF-based supervisory controller synthesis tool chain was tested
by means of simulation and real-time control on an actual patient support system of
an MRI scanner [102]. Figure 1.4 shows the automatic toolchain that has been used
for controller synthesis. Supervisory control synthesis guarantees safety and nonblock-
ingness by restricting behavior. By means of subsequent Uppaal verification, liveness
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Figure 1.4.: Supervisory controller synthesis via CIF with verification in Uppaal.

properties can be checked. Note that the supervisory control requirements can also be
defined by means of the visual Hierarchical Cause/Effect Charts editor, as described in
[34].

Connection of the other tools from Figure 1.3 is still work in progress. Some of the con-
nections of CIF to other tools shown in the figure, such as the connection to EtherCAT for
real-time control [33], are still based on the old version of CIF, CIF1 [13]. New developments
are based on CIF2 [7, 4, 96]

The transformation framework used for model transformations to and from CIF is based
on OMG [79] standards: Class diagrams, in the form of Ecore metamodels, are used for the
conceptual definition of CIF; QVTo is used as the model to model transformation language;
and Acceleo is used as the model to text (code) transformation language [50, 91].

The use of a transformation language, such as QVTo, has as advantages that transformations
are specified at the problem domain instead of coded at the implementation level, that imple-
mentation efforts are reduced and transformations are more robust for changes. For defin-
ing chains of transformations, the ToolDef [50] language has been defined. A syntax aware
ToolDef editor has been generated by means of EMFText [91]. The editor provides among
others integrated parsing, static semantic checking, syntax and occurrence highlighting, and
code folding, see the examples in Figures 1.5 and 1.6.

Figure 1.5.: ToolDef tool chaining example.

Beside being used for model transformations, CIF can also be used as a stand-alone mod-
eling and simulation formalism for timed and hybrid systems. An Eclipse-based [38] tool set
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Figure 1.6.: ToolDef tool specification example.

has been developed that provides a user-friendly environment for simulation, analysis, design,
and for the definition of model transformations [95]. The CIF simulator was developed on
the basis of the SOS specification of the language [76]. To support hierarchical model devel-
opment via stepwise refinement, CIF was recently extended with and-or superstates, leading
to hierarchical CIF (HCIF) [15]. Simulation of HCIF models is possible via a HCIF to CIF
transformation, which eliminates the and-or superstates by flattening the model.

Figure 1.7.: CIF textual editor

The reader interested in the use of CIF for modeling and simulation, can use the tools de-
veloped by the Systems Engineering Group, at the Technische Universiteit Eindhoven. These
tools are open source, and available via [96]. CIF models can be expressed using a textual
notation (Figure 1.7), or a graphical notation (Figure 1.8). Simulation runs can be visualized
using a Scalable Vector Graphics visualizer (SVG) [108] as shown in Figure 1.9.
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Figure 1.8.: CIF visual editor

Figure 1.9.: CIF SVG visualizer.

1.4. Outline

Chapter 2 introduces CIF syntax and semantics, both formally and informally. The hierar-
chical extension of CIF is presented in Chapter 3. In Chapter 4 we focus on the problem of
implementing a simulator for CIF, using its semantic specification as a guide. Chapter 5 deals
with the linearization of CIF models, using the symbolic semantics obtained in the previous
chapter as a basis for the linearization procedure. A transformation from CIF to Uppaal is
presented in Chapter 6. To integrate the developments on this thesis, in Chapter 7 we present
a case study where CIF, and transformations between two formalisms are used.
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2. The Compositional Interchange
Format

The goal of this chapter is to present the core concepts of CIF, and their specification by means
of a formal semantics. In doing so, novel operators are introduced, such as synchronization and
control. The semantics is validated by showing that it is compositional, and that it preserves
certain algebraic properties, which express our intuition about the behavior of the language
operators. In addition we show how CIF operators can be combined to implement widely used
constructs present in other timed and hybrid formalisms.

The structure of the chapter is as follows. Section 2.1 presents the CIF syntax, both in-
formally and formally. To be able to explain CIF semantics, and to get a better insight of
the concepts involved, Section 2.2 develops the semantic framework. In Section 2.3 the lan-
guage is explained informally, and the formal semantics is given in Section 2.4. The semantics
is validated in Section 2.5. In Section 2.6, CIF is illustrated by means of several examples.
Concluding remarks are presented in Section 2.7.

2.1. Syntax of CIF

This section presents the syntax of CIF. The basic building blocks of CIF are automata. They
resemble the hybrid automata as presented in [52], which model computational and physi-
cal behavior of a system by mixing automata theory with the theory of differential algebraic
equations.

Informally, a basic CIF automaton is shown in Figure 2.1, which models a conveyor belt
carrying bottles to be filled. Graphically, the name of the automaton (Conveyor ) is speci-
fied in a box, placed above the top-left corner of the rectangle that encloses the drawing of
the automaton. The volume of the bottle (VB) cannot exceed the maximum allowed volume
(Vmax ). The rate at which liquid enters the bottle is represented by variable Q. A clock c is
used to ensure that ∆ time units will elapse between the filling of two bottles, where ∆ is some
positive constant. The automaton consists of two locations, Moving and Filling , which are
depicted as circles. Locations represent the computational states of a system. Every location
contains a predicate called invariant, which must hold as long as the system is in that state;

A preliminary version of this chapter has appeared as: D. A. van Beek, P. Collins, D. E. Nadales Agut, J. E.
Rooda, and R. R. H. Schiffelers. New concepts in the abstract format of the compositional interchange format.
In A. Giua, C. Mahuela, M. Silva, and J. Zaytoon, editors, 3rd IFAC Conference on Analysis and Design of
Hybrid Systems, pages 250-255, Zaragoza, Spain, 2009.

A version of this chapter has appeared as: D.E. Nadales Agut, D. A. van Beek, and J. E. Rooda. Syntax and
Semantics of the Compositional Interchange Format for Hybrid Systems. In Journal of Logic and Algebraic
programming.
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Moving
tcp : c ≤ 2 ∗∆
inv : ċ = 1

Filling
tcp : true
inv : VB ≤ Vmax ∧

V̇B = Q

c = 0

when ∆ ≤ c act open do ({VB}, VB+ = 0)

when true act close do ({c}, c+ = 0)

Conveyor

Figure 2.1.: Model of a conveyor (without operators).

and a time can progress (tcp) predicate, which must hold during time delays. In the example of
Figure 2.1, location Moving has the predicate ċ = 1 as invariant, and the predicate c ≤ 2 ∗∆
as tcp. Location Filling has the invariant VB ≤ Vmax ∧ V̇B = Q, and the tcp predicate true.
Invariants can be used, for instance, to specify differential algebraic equations. In this way,
it is possible to model the physical behavior of a system in a particular computational state.
Intuitively, tcp predicates specify the conditions under which time delays are possible. In this
way, local urgency conditions can be defined using tcp predicates. Unlike invariants, a tcp
predicate does not need to hold after a discrete action is executed and this predicate becomes
active.

Edges represent discrete changes in the computational state of a system. An edge has a
source and a target location, and its execution results in a change of location (unless the edge
is a self loop). The automaton of Figure 2.1 has two edges, which are depicted as arrows (the
arrows point to the target location). Every edge contains a predicate called guard (∆ ≤ c and
true, respectively, in Figure 2.1) that determines under which conditions a transition can be
executed, a predicate called update (V +

B = 0 and c+ = 0, respectively, where x+ denotes
the value of variable x in the next state) that determines how the model variables change after
performing the action, and a set of jumping variables ({VB} and {c}) that specify the variables
that are changed by the action. Edges are labeled by actions (open and close in Figure 2.1)
that may be used to synchronize the behavior of automata in a parallel composition. Finally,
every location has an initialization predicate associated to it, which describes constraints that
the initial values of variables must satisfy if execution is to start in that location. Note that
this predicate can be used to specify the initial locations of an automaton. In Figure 2.1, loca-
tion Moving has c = 0 as its initial condition (depicted as an small incoming arrow without
source location), and location Filling has the predicate false as initial condition (depicted by
the absence of such an incoming arrow), which means that execution cannot begin in that
computational state. Section 2.3.1 explains the semantics of CIF automata in detail.

Following CIF concrete syntax, an arrow from location v to v′ labeled
when g act a do (W, v), represents the edge (v, g, a, (W, r), v′). If the guard declara-
tion is omitted (when g part) then it is assumed to be true. If the action is omitted (act a
part), it is assumed to be the silent action τ . If the update is omitted ( do (W, r)) part, then it
is assumed to be (∅, true).

Additional components of an automaton (not shown in the example presented here) include:
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a set of control variables, a set of synchronizing actions, and a dynamic type mapping. Intu-
itively, control variables are those variables that can only be modified by the automaton that
declares them, and they do not change arbitrarily after performing an action. The set of syn-
chronizing actions is used to specify which actions are to be synchronized when the automaton
is composed in parallel. The concept of dynamic types is used to model constraints in the joint
evolution of a variable and its dotted version. In CIF a dynamic type is a set containing pairs
of functions, whose domain is a closed range of the form [0, t], with t ∈ T (see Definition 4).
Notation T is used to refer to the set of all time points. Examples of dynamic types used in this
work include discrete, continuous, and clock. Informally, if a variable x is of type discrete,
then its value must remain constant in time delays, and ẋ is always zero. On the other hand,
the value of a continuous variable changes as a continuous function of time, and its dotted
version represents its derivative. If a variable c is of type clock, then during time delays its
value evolves (as a function of time) at rate 1. Section 2.3.2 provides more details. The syntax
of these components is given in Definition 5, and their associated concepts are explained in
Section 2.3.

Formally, the locations of CIF automata are taken from the set L. Actions belong to the set
A. We use the symbol τ (τ /∈ A) to refer to the silent action, and we defineAτ , A∪{τ}. We
distinguish the following types of variables: regular variables, denoted by the set V; the dotted
versions of those variables, which belong to the set V̇ , {ẋ | x ∈ V}; and step variables,
which belong to the set {x+ | x ∈ V ∪ V̇}. Variables are constrained by equations and we
implement them as predicates. The values of the variables belong to the set Λ that contains the
sets of booleans B, and reals R, among others. Guards are taken from the set Pg; initialization
predicates, invariants, and tcp predicates are taken from the sets Pt; and update predicates are
taken from the set Pr. Expressions are taken from the set E .

To formally characterize the set of all dynamic types, we need to define some operators on
trajectories [25]. In the context of the current work, a trajectory is a function that maps time
points onto valuations, and a valuation is a function that maps variables onto values. Given a
trajectory ρwith domain [0, t], and a time point s, s ≤ t, the prefix operator returns a trajectory
that equals ρ up to s. Similarly, given a time point s, the postfix operator allows to construct
a valuation that equals ρ in the time interval [s, t]. The formal definition of these operators is
given below, where given a function f , and a set A, f �A is the restriction of f to A.

Definition 1 (Trajectory prefix operator). Given a time point s ∈ T, and a trajectory ρ :
[0, t]→ A, such that s ≤ t, function ρ≤s is defined by means of the following equality:

ρ≤s , ρ �[0,s]

Definition 2 (Trajectory postfix operator). Given a time point s ∈ T, and a trajectory ρ :
[0, t] → A, such that 0 ≤ s ≤ t, function ρ≥s : [0, t − s] → A is defined by means of the
following equality:

ρ≥s(r) , ρ(r + s)

for all r ∈ [0, t− s].

For the trajectory postfix operator note that ρ≥s(0) = ρ(s) and ρ≥s(t− s) = ρ(t).
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Finally, the concatenation operator allows to form a new trajectory by gluing two trajecto-
ries together.

Definition 3 (Concatenation operator). Given two trajectories ρ : [0, t]→ A and ρ′ : [0, t′]→
A, such that ρ(t) = ρ′(0), function ρ ·t ρ′ : [0, t+ t′]→ A is defined as follows:

(ρ ·t ρ′)(s) ,

{
ρ(s) if s ≤ t
ρ′(s− t) if t < s

Using these definition we can now formally define the set of all dynamic types, where we
use A ⇀ B to denote the set of partial functions from A to B, and dom(f) is the domain
of function f . Intuitively, a pair of functions that constitute a dynamic type represents the
behavior over time of a variable and its dotted version.

Definition 4 (Dynamic Types). A set G ⊆ 2(T⇀Λ)×(T⇀Λ) is a dynamic type if it satisfies the
following conditions:

1. for all (f, g) ∈ G such that dom(f) = [0, t], and for all s ≤ t, (f≤s, g≤s) ∈ G.

2. for all (f, g) ∈ G such that dom(f) = [0, t], and for all 0 ≤ s ≤ t, (f≥s, g≥s) ∈ G.

3. for all (f, g) ∈ G and (f ′, g′) ∈ G such that dom(f) = [0, t], dom(g) = [0, s],
f(t) = f ′(0) and g(s) = g′(0), we have (f ·t f ′, g ·s g′) ∈ G.

The set D is the set of all dynamic types.

Such a definition of dynamic types is required to prove the properties of prefix and postfix
closure, and the property of state. Analogous restrictions are required in the setting of hybrid
I/O automata [64].

The exact syntax and semantics of predicates and expressions are left as a parameter of our
theory, as we are not interested in the computational semantics of CIF in this thesis. We do
require however a minimum set of properties that have to be satisfied by the predicates. In the
examples presented here, and in the tool implementations of CIF, Pg, Pt, and Pr are terms
of the language of predicate logic [85], where for Pg and Pt the variables are taken from the
set V ∪ V̇ , and for Pr, the variables are taken from the set V ∪ V̇ ∪ {x+ | x ∈ V ∪ V̇}. The
sets Pg and Pr contain the CIF guards, and reset predicates, respectively. The set Pt contains
the CIF initialization predicates, invariants, and tcp predicates. As for expressions, the set E is
usually instantiated with the set of arithmetic expressions. Given an expression e and a value
v, we assume e = v to be an element of Pi, i ∈ {g, t, r}; and we assume that the predicates
are closed under conjunction. Using these preliminaries, a CIF automaton is defined next.

Definition 5 (Automaton). An automaton is a tuple

(V, init, inv, tcp, E, varC , actS ,dtype)

where:

• V ⊆ L is the set of locations;
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• init, inv, tcp: V → Pt are functions that associate to each location an initialization
predicate, invariant, and tcp predicate, respectively;

• E ⊆ V × Pg ×Aτ × (2V∪V̇ × Pr)× V is the set of edges;

• varC ⊆ V is the set of control variables;

• actS ⊆ A is the set of synchronizing actions; and

• dtype ∈ V ⇀ D is the dynamic type mapping.

SymbolM is used to refer to the set of all CIF automata. Starting from an automaton, more
complex models can be constructed by means of different operators. These include parallel
composition, to model concurrent execution of systems; the synchronization operator, to de-
clare synchronizing actions in a parallel composition; the initialization operator, to specify
the initial conditions of a system; the variable scope operator, to declare identifiers as local;
the urgency operator to declare actions as urgent; the dynamic type operator to associate dy-
namic types to variables; and the control variable operator to declare variables as controlled.
Section 2.2 presents in detail the informal semantics of these operators. We use the term com-
position to refer to a model that contains zero or more of these operators. The set C refers to
the set of all compositions, and is formally defined as follows.

Definition 6 (Compositions). The set of all compositions is defined by the abstract grammar
of Table 2.1. Where α ∈ M, a ∈ A, u ∈ Pt, x ∈ V , e ∈ E ∪ {⊥} (⊥ is used to denote the
undefined value), aτ ∈ Aτ , and G ∈ D.

C ::= α automaton
| C ‖ C parallel composition
| ctrlx(C) control variable operator
| υaτ (C) urgency operator
| Dx:G(C) dynamic type operator
| u� C initialization operator
| γa(C) synchronization operator
| |[V x = e, ẋ = e :: C ]| variable scope operator
| |[A a :: C ]| action scope operator

Table 2.1.: CIF abstract grammar.

Note that, the word ‘composition’ is synonymous to the phrase ‘process term’ used in pro-
cess algebra terminology.

The next sections explain, informally and formally, the semantic of CIF models.

2.2. Semantic framework

In this section, the semantic framework is set up, which allows us to properly explain the
semantics of CIF. First we present the concepts of variable valuations and flow trajectories.
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Next we describe the hybrid transition systems, which are used to model the semantics of CIF
compositions. Finally, a formal definition of this semantic model is given.

2.2.1. Preliminaries

Semantically, the execution of a model causes changes to the values of the variables appearing
in it. Thus, in the semantic framework it is necessary to represent the values of the variables
in a particular instant. For this purpose, we use the concept of valuation, which is standard
in semantics of processes with data. A valuation σ : (V ∪ V̇) → Λ is a function that for each
variable returns its corresponding value. We use notation Σ , (V ∪ V̇)→ Λ to refer to the set
of all valuations.

Even though predicates are abstract entities, we assume that a satisfaction relation σ |= u is
defined, which expresses that predicate u ∈ Pt ∪ Pg ∪ Pr is satisfied (i.e. it evaluates to true)
in valuation σ. For predicate logic, this relation can be defined in a standard way (see [85] for
example). For a valuation σ, we define σ+ , {(v+, c) | (v, c) ∈ σ}.

In CIF, the values of variables change as the result of the execution of discrete actions, or
as the result of time delays. The edges of the automata determine how the values of variables
change after performing an action, and invariants specify how the values of variables evolve
as time passes.

To model the evolution on the values of variables during time delays we use the concept of
variable trajectories. A variable trajectory is a function ρ : T ⇀ Σ that returns the valuations
of the variables at each time point. In other words, ρ(s)(x) is the value of variable x at time
s along trajectory ρ. We assume the domain of variable trajectories to be closed intervals, i.e.
intervals of the form [0, t], where t ∈ T and 0 < t.

In the examples presented here, and in the semantic rules for dynamic types, we refer to the
evolution of a particular variable during time delays. From a variable trajectory ρ it is possible
to reconstruct the evolution of a variable during the time delay that spans the interval dom(ρ).
Given a variable trajectory (also called flow) ρ, the evolution of a variable x during time delay
on the interval dom(ρ) can be seen as a function ρx : dom(ρ) → Λ , such that for each time
point s we have ρx(s) , ρ(s)(x). In this way, ρx(s) represents the value of variable x at time
point s. Having presented the basic concepts of the semantic framework, we explain next the
semantic model for CIF compositions.

2.2.2. Hybrid transition systems

The semantics of CIF compositions is given in terms of SOS rules, which induce hybrid tran-
sition systems (HTS) [26]. The states of the HTS are of the form (p, σ), where p ∈ C is
a composition and σ is a valuation. As we stated earlier, valuations are used to capture the
phenomenon of discrete change in the values of variables caused by the execution of actions
in an automaton. There are three kind of transition in the HTS, namely, action, time, and
environment transitions. We describe them in detail next.

Action transitions are of the form (p, σ)
a,b,X−−−→ (p′, σ′), and they model the execution of

an action a by composition p in an initial valuation σ, which changes composition p into
p′ and results in a new valuation σ′. Label b is a boolean that indicates whether action a
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is synchronizing, and label X is the set of control variables1 of p and p′. The term active
locations is used to refer to the set of locations for which the initialization predicate holds.
After an action is performed a unique active location is picked.

As an example, consider the conveyor belt automaton shown in Figure 2.2, and the initial
valuation {(c,∆ + 1), (VB, 7)} (we use set notation for representing valuations, and only the
relevant variables are shown). It can execute action open since the guard is true. After exe-
cuting the action the active location changes to Filling , which is represented by changing the
init function so that it returns true for location Filling and false for location Moving . The
resulting automaton is shown in Figure 2.3, and a possible new valuation is {(c, 15), (VB, 0)}.
Note that the value of c is changed arbitrarily after performing the transition. This is because
variables in CIF are not controlled by default, which means that their value can change arbi-
trarily when a new value is not specified in the update predicate. If we denote the automaton
of Figure 2.2 as Conveyor [Moving ], and the automaton of Figure 2.3 as Conveyor [Filling ],
this transition can be depicted as

(Conveyor [Moving ],{(c,∆ + 1), (VB, 7)}) open,false,∅−−−−−−−→
(Conveyor [Filling ], {(c, 15), (VB, 0)}).

Note that in the previous transition, the synchronization label is false because actions are
non-synchronizing by default.

Moving
tcp : c ≤ 2 ∗∆
inv : ċ = 1

Filling
tcp : true
inv : VB ≤ Vmax ∧

V̇B = Q

true

when ∆ ≤ c act open do ({VB}, VB+ = 0)

when true act close do ({c}, c+ = 0)

Conveyor [Moving]

Figure 2.2.: Model of a conveyor with initial predicate true.

Time behavior is captured by time transitions. Time transitions are of the form (p, σ)
ρ,A,θ7−→

(p′, σ′), and they model the passage of time in composition p, in an initial valuation σ, which
results in a composition p′ and valuation σ′. Function ρ is the variable trajectory that models
the evolution of variables during the time delay. Function θ : T ⇀ 2A is called guard trajec-
tory [105], and it models the evolution of enabled actions during time delays. For each time
point s ∈ dom(θ), the function application θ(s) yields the set of enabled actions of compo-
sition p at time s. For every time transition ρ, dom(ρ) = [0, t], for some positive time point
t ∈ T, and dom(ρ) = dom(θ). Finally, label A contains the set of synchronizing actions of p
and p′ 2. When time passes a unique location is picked.

1Control variables are explained in Section 2.3.3.
2The set of synchronizing actions is not changed by transitions.
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2. The Compositional Interchange Format

Moving
tcp : c ≤ 2 ∗∆
inv : ċ = 1

Filling
tcp : true
inv : VB ≤ Vmax ∧

V̇B = Q

true

when ∆ ≤ c act open do ({VB}, VB+ = 0)

when true act close do ({c}, c+ = 0)

Conveyor [Filling]

Figure 2.3.: Conveyor in the filling state, after executing open action.

Consider the automaton Conveyor (Figure 2.1), in initial valuation {(c, 0), (VB, 1)}. Sup-
pose the automaton performs a time delay of 2 time units. Figure 2.4a shows a possible evo-
lution of variables c and VB during the time delay, i.e. ρc and ρVB . Figure 2.4b shows the
evolution of the guard trajectories, encoded in function θ. At the beginning there are no ac-
tions enabled, but after ∆ (∆ ≤ 2) time units, the set of enabled actions changes to {open}.

T

Λ

c

VB

∆ 2

∆

(a) Variable trajectory.

T

Λ

∆ 2

{open}

∅

(b) Guard trajectory.

Figure 2.4.: Example of trajectories during a time delay.

After the time delay, the init predicate of the automaton Conveyor is changed from c = 0
to true, which represents the fact that location Moving was picked. It is necessary to replace
this predicate by true, otherwise, after the time delay shown here, the initialization predicate
is false and the automaton has no initial locations. At the end of the delay, the new valuation
becomes {(c, 2), (VB, 1.9)}. The time transition that describes this delay is written as follows:

(Conveyor , {(c, 0), (VB, 1)}) ρ,∅,θ7−→ (Conveyor [Moving ], {(c, 2), (VB, 1.9)}).

To model parallel execution of compositions which share global variables, we need the no-

tion of environment transitions, which are transitions of the form (p, σ)
A
99K (p′, σ′), and they

model the fact that composition p (p′) is consistent (see Definition 7) in valuation σ (σ′). Label
A is the set of synchronizing actions of p and p′. Intuitively, environment transitions express
which state changes by the environment are allowed. Consistency is defined recursively as
follows.

Definition 7 (Consistency). Given a valuation σ, we define consistency as follows:
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2.3. Informal semantics

• An automaton (V, init, inv, tcp, E, varC , actS , dtype) is consistent in σ if there is a
location v ∈ V such that σ |= init(v) and σ |= inv(v).

• Composition p ‖ q is consistent in valuation σ if p and q are consistent in valuation σ.

• Composition |[V x = e0, ẋ = e1 :: p ]| is consistent in valuation σ if there are values v0

and v1, such that (σ |= (ei = vi)) ∨ ei = ⊥, i ∈ {0, 1}, and p is consistent in valuation
{x 7→ v0, ẋ 7→ v1} � σ, where, given two functions f : A ⇀ C and g : A ⇀ C,
function f � g : A ∪B ⇀ C is defined as follows:

f � g(x) =

{
f(x) if x ∈ dom(f)

g(x) if x ∈ dom(g) \ dom(f)

The variable scope operator |[V _, _ :: _ ]| is defined in Section 2.4.8.

• For the remaining operators the definition of consistency is extended pointwise.

We use notation σ |= p to denote that composition p is consistent in valuation σ. Alterna-
tively, we say that σ is consistent with p.

As an example, consider the automaton Conveyor [Filling], depicted in Figure 2.3, and
initial valuation {(VB, 4)} (as in the previous examples we only show in the valuation the
variables relevant for the example). Assume Vmax = 10. Transition

(Conveyor [Filling], {(VB, 4)}) ∅
99K (Conveyor [Filling], {VB, 8})

models the fact that the value of VB can be incremented by 4 units, given the fact that the
invariant is preserved.

Having informally explained the basic ideas behind the HTS induced by the semantic rules,
we give next the formal definition of these transition systems.

Definition 8 (Hybrid Transition System). A hybrid transition system (HTS) is a tuple of the
form (Q,A,−→ , 7−→, 99K) whereQ , C×Σ,−→ ⊆ Q×(Aτ×B×2A)×Q, 7−→⊆ Q×((T⇀
Σ)× 2A × (T⇀ 2A))×Q, and 99K⊆ Q× 2A ×Q.

Even though fully formal, these definitions help to understand better the concepts to come.
In the next sections, the semantics of CIF is explained informally, and in Section 2.4 formal
definitions are provided.

2.3. Informal semantics

In this section we explain CIF by means of a bottle filling line, which is depicted in Figure 2.5.
It consists of a storage tank that is continuously filled with a flowQin , and a conveyor belt that
supplies empty bottles.

We construct the example incrementally. First, the semantics of the conveyor belt model
of Figure 2.1 is informally explained. Next, operators are added to modify its behavior in
a convenient way. When we describe parallel composition, the model of the liquid tank is
presented, which will complete the bottle filling line model.
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2. The Compositional Interchange Format

VT

Q

VB

Qin

Figure 2.5.: Bottle filling line.

2.3.1. Automata

In this section we explain informally the semantics of the automaton introduced in Figure 2.1
by showing a run of the system described by it.

Initially, the execution of the automaton can only begin in the location Moving , in an initial
valuation in which c = 0. Assume ∆ = 1.5. This means that no action is enabled at the
beginning, and only time can pass. Since the system is in location Moving , the value of
variable ċwill evolve according to equation ċ = 1, whereas the remaining variables can assume
arbitrary values (remember that ċ is not defined to be the derivative of c yet).

Figure 2.6 shows one of the possible evolutions of the values of the variables c and ċ as a
function of time (the other variables are not shown to keep the plot readable and the explanation
simple). The time points at which discrete actions take place are marked in the x-axis with
the name of the corresponding action, and a dotted vertical line. Notice that when actions
are performed a variable can have two values: one before, and one after the action. This is
because the values of variables change (jump) on action transitions. The x-axis represents the
time points, and the y-axis the values. The curly braces above the plot show the locations
where the automaton is at a given time.

Figure 2.6 shows that during the time delay the value of ċ remains constant according to the
equation ċ = 1, and the value c can change arbitrarily (in the figure we have chosen a random
function to represent this behavior). After a delay of 0.63 time units the guard ∆ ≤ c becomes
enabled. However, in this particular run, the action is not executed immediately since actions
are non-urgent by default.

At time 2 condition ∆ ≤ c still holds, and action open is executed. This causes a jump in the
values of both c and ċ. Since the update condition does not constrain the new values of these
variables, they can take any values. However, the value of VB (not shown in the figure) cannot
change arbitrarily, since the update predicate enforces that VB = 0 holds after the action.

Once in the location Filling , the system performs another delay. Here the values of c and ċ
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T

Λ

c

ċ

c

ċ

c

ċ

0.63

∆

open close open

Moving Filling Moving

Figure 2.6.: Conveyor run.

change randomly, since they are not constrained by any equation. However, the values of V̇B
and Q must be the same during this delay, since the evolution of these values has to satisfy the
predicate (equation) V̇B = Q.

After a certain time, action close is executed. This causes the value of variable c to change
to 0, as required by the update predicate. Note that the value of ċ has to change to 1 to satisfy
the invariant. The values of the remaining variables can jump arbitrarily.

When location Moving is entered again the variables behave in a similar way as described
before. Notice that we depict the evolution on the value of c during time as a continuous
function, but since its behavior is not constrained, all kinds of trajectories are possible.

2.3.2. Dynamic type operator

In principle, during a time delay, the values of variables can change arbitrarily as long as they
satisfy the invariants and tcp predicates, as we saw previously. This is not always desired.
Consider the conveyor model, which has the variable ċ, which represents the derivative of c.
We do not want the values of c and ċ to evolve independently as time passes. That is, given a
flow ρ, we would like function ρc to be a derivable function of time, and function ρċ to be the
rate of change of the value of ρc. Flows and invariants are not enough for ensuring this.

In hybrid formalisms, the evolution of the values of variables is constrained by declaring
a variable to be of a certain dynamic type [64]. Informally a dynamic type specifies how the
values of variables are allowed to change as time passes. The most common dynamic types that
can be associated to a variable are discrete, continuous, and algebraic. The value of a discrete
variable x remains constant in time delays, and ẋ is the zero function. Given a continuous
differentiable variable x, ρẋ is the derivative of ρx for any variable trajectory ρ. The values of
algebraic variables can change arbitrarily during time delays.

In CIF, a dynamic type is a set of pairs of functions from time points to values. For instance
the discrete dynamic type Gdisc can be defined as follows:

Gdisc ,{(f, g) |〈∃t : 0 < t :dom(f) = [0, t] = dom(g) ∧
〈∀d, d′ : d, d′ ∈ [0, t] : f(d) = f(d′) ∧ g(d) = 0〉〉}

Similarly, the clock dynamic type Gclock is defined in the following way:
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2. The Compositional Interchange Format

Gclock ,{(f, g) |〈∃t : 0 < t :dom(f) = [0, t] = dom(g) ∧
〈∀d : d ∈ [0, t] : f(d) = f(0) + d ∧ g(d) = 1〉〉}

And the continuous dynamic type Gcont can be defined as follows:

Gcont , {(f, g) | f is continuous in [0, t] ∧ g is the derivative of f in [0, t]}

Notice that, unlike other hybrid formalisms [9], the dynamic types of CIF do not constrain
the discrete (jumping) behavior of a variable. Instead, we use the concept of control variables,
as explained in Section 2.3.3.

In the conveyor model example, we want to associate continuous dynamic types to variables
c and VB , since we would like predicates ċ = 1 and V̇B = Q to be interpreted as differential
equations. On the other hand, we would like variable Vmax, which represent the maximum
volume of a bottle, to be a constant. Note that we do not pose any constraint on variable
Q, as we will need this when putting the conveyor model in parallel with a tank model in
Section 2.3.4. According to the syntax of CIF, these dynamic types can be declared as shown
in Equation (2.1)

D{c:Gcont ,VB :Gcont ,Vmax :Gdisc}(Conveyor) (2.1)

where we use notation:
D{x0:G0,...,xn−1:Gn−1}(p)

as a way to abbreviate the nesting of several dynamic type operators

Dx0:G0((. . .Dxn−1:Gn−1(p) . . .)).

Alternatively, these dynamic types can be specified as a part of the automaton. We have
chosen to use operators instead, to explain the concepts in a stepwise manner. The usefulness
of operators will be illustrated in Section 2.6.

For the conveyor example, if we declare the dynamic type of variable c to be continuous
then the evolutions shown in Figure 2.6 are no longer possible, since ċ does not represent the
derivative of c. Figure 2.7 shows a possible evolution of the values of these variables after
introducing the dynamic type.

T

Λ

c

ċ

c

ċ

c

ċ
∆

open close open

Moving Filling Moving

Figure 2.7.: Conveyor run after introducing dynamic types.

22



2.3. Informal semantics

2.3.3. Control variables

In CIF, the values of variables change arbitrarily after an action is executed, unless this is
restricted by the update predicate associated to the action or by the invariants. It is often
desirable that the model variables keep their values after an action is performed, as it is the case
in programming languages, or timed and hybrid formalisms such as Uppaal [61] or Chi [8],
respectively.

By declaring a variable as controlled, whenever an action is performed, the value of that
variable will remain constant, unless it belongs to the set of jumping variables of the action.
Furthermore, control variables can only be changed by the composition that declares them as
controlled. In this way, the concept of control variables corresponds with the same concept in
hybrid I/O automata [39, 64].

To illustrate the effect of the control variable operator, we show in Equation (2.2) the model
of the conveyor, henceforth denoted as pConveyor

ctrl{Vmax ,VB ,c}(D{c:Gcont ,VB :Gcont ,Vmax :Gdisc}(Conveyor)) (2.2)

where variables Vmax , VB , and c are declared as controlled. As with the dynamic type op-
erator, we abbreviate the nested application of control variable operators using set notation.
The behavior of variables c and ċ in this model is shown in Figure 2.8. After action (open)
is performed, the value of c cannot jump. Note that after performing action close , the value
jumps to 0 because it is explicitly required by the update predicate of the edge that describes
this action.

T

Λ

c

ċ

c

ċ

c

ċ
∆

open close open

Moving Filling Moving

Figure 2.8.: Conveyor run after introducing control variable operator.

2.3.4. Parallel composition

To model the parallel execution of systems, CIF provides the parallel composition operator.
When two compositions p and q are put in parallel, they can execute synchronizing actions
simultaneously and interleave asynchronous actions. They interact by means of shared vari-
ables. The passage of time synchronizes in both automata.

To illustrate parallel composition in CIF, we introduce first the model of a tank (without
declarations), which is shown in Figure 2.9. It has a unique initial location Closed , represent-
ing the state in which the valve of the tank is closed (and therefore the outgoing flow Q equals
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2. The Compositional Interchange Format

0). In the Closed state, the volume of the tank increases at rate Qin , and its volume cannot
exceed VTmax . When the tank is in the Opened state, the outgoing flow is set to Qset , and the
liquid enters the tank at rate Qin −Q. In this state, the volume of the tank (VT ) cannot exceed
the maximum value allowed either. If VT reaches 0, then the Empty state is reached, where
the outgoing flow equals the incoming flow, and the system can linger in that state as long as
the liquid volume is 0.

Closed
tcp : 0 ≤ VT ≤ VTmax

inv : V̇T = Qin∧
Q = 0

Opened
tcp : 0 ≤ VT ≤ VTmax

inv : V̇T = Qin −Q∧
Q = Qset

Empty
tcp : true
inv : Q = Qin∧

VT = 0

act open

act close

act close

Tank

Figure 2.9.: Tank model without declarations.

In the previous model, we declare all variables that are associated to differential equations,
as continuous. These variables are VT and Q. We want Qin and Qset to be constant (both after
time delays, and after executing actions), thus we declare them as discrete and controlled. In
addition, it is not desirable that the volume of the tank changes arbitrarily when we perform
the close action, and we do not want another component to modify the volume of the tank.
Thus, we also declare VT as controlled, and using a similar reasoning Q is made controlled
as well. If we denote the automaton depicted in Figure 2.9 as Tank , then the model of the
tank, henceforth referred to as pTank , with all the corresponding declarations can be written as
shown in Equation (2.3).

ctrl{VTmax ,Qin ,Qset ,VT }(D{VT :Gcont ,Q:Gcont ,Qin :Gdisc ,Qset :Gdisc}(Tank)) (2.3)

Figure 2.10 shows the evolution of the values of variables in a simulation run. Initially Q
can only be 0, whereas VT can assume any value that is between 0 and VTmax . After a certain
time delay, in which Q remains constant and VT evolves according to V̇T = Qin , action open
is executed. Observe that the value of VT is not changed after this action is performed (it is a
control variable), whereas Q has to jump in order to satisfy equation Q = Qset . In the second
time delay, where the system is in the Opened state, the volume of the tank starts decreasing
(we assume Qin < Q) and Q has the same value as Qset during the entire delay. When the
volume of liquid in the tank reaches 0, further delays are not possible, since that would violate
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2.3. Informal semantics

the tcp predicate, thus action τ has to be executed and the Empty state is entered. In this state,
the tank remains empty (VT = 0), and the outgoing flow decreases to the value of Qin (we
assume Qin < Qset ). Finally, action close is executed and the evolution of the variables in the
last time delay shown in Figure 2.10 is as described before.

T

Λ

VT

VT
VT

VT

Q = 0

Q = Qset
Q = Qin

Q = 0
open τ close

Closed Opened Empty Closed

Figure 2.10.: Run of the tank.

Next, we have to build the bottle filling line model. Thereto, we must put the models of
Equations (2.2) and (2.3) (pConveyor and pTank respectively) in parallel. However, this is not
enough since actions are not synchronizing by default. Nevertheless, for illustration purposes,
we show in Figure 2.11 a run of the system when these two models are put in parallel. We
have depicted only variables relevant for our example. The uppermost braces show the states
in which the conveyor model is at a given time, whereas the braces below these show the states
of the tank. Initially the conveyor is moving and the tank is in the closed state. In the first time
delay the values of variables VT and Q evolve as described previously, whereas the values of
variable VB change arbitrarily in the first two time delays, and they are not shown in the plot.
The first action that is executed is the open action in the tank, which does not synchronize
with the action of the same name in the conveyor, which is executed later in time. When the
conveyor performs its first action, variables VT andQ are not affected, and the volume of liquid
in the bottle (VB) starts increasing at rate Q = Qset . When the tank is emptied (VT reaches 0),
the tank performs a τ action, and in Figure 2.11 it is possible to see how this does affect the
behavior of the conveyor model, since now the volume of liquid in the bottle increases but at
a rate equal to Qin . After a new delay, VB = Vmax (remember Vmax represents the maximum
volume of the bottle). As a consequence no further time delays are allowed in the model, since
in a parallel composition, time must be able to pass for all the components. Thus, action close
executes in the conveyor. After a certain delay, the action close of the tank is performed, and
the system starts behaving as described before.

The next section presents a model in which the actions close and open of the conveyor and
the tank synchronize, yielding the desired synchronizing behavior for the bottle filling line
model.
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Q = 0

Q = Qset
Q = Qin

Q = 0

VB
VB

open τ close
open close

Closed Opened Empty Closed

Moving Filling Moving

Vmax

Figure 2.11.: Run of conveyor and tank without explicit synchronization.

2.3.5. Synchronization operator

As we saw in the previous section, in CIF actions do not synchronize by default. This gives
the modeller more flexibility as pointed out in [7], and it allows us to implement different
communication patterns, as illustrated in Section 2.6.1. Given a composition p, and an action
a, if we want a to be executed synchronously when p is composed in parallel, we declare
action a as synchronizing.

A composition γa(p) declares action a to be synchronizing in p. When γa(p) is put in
parallel with a composition q, which also declares a as synchronizing, action a has to be
executed by γa(p) and q at the same time. Executions of a by only one of these components
are not possible. When γa(p) is put in parallel with a composition r, which does not declare a
as synchronizing, only γa(p) can execute a (independently of r).

As an example, consider the model of the conveyor depicted in Equation (2.2), which we
denote as pConveyor ; and consider the model of the tank shown in Equation (2.3), denoted
as pTank . The behavior of composition γclose(γopen(pTank )) ‖ γclose(γopen(pConveyor )) is
illustrated in Figure 2.12. Here it is possible to see that actions open and close must occur at
the same time. Action open cannot be executed earlier than ∆, because of the guard ∆ ≤ c in
the edge of the conveyor. After this time, both models can execute this action synchronously.
When the conveyor enters the state Filling , the volume of the liquid in the bottle starts rising,
until it reaches VTmax , at which point time cannot progress any further, and action close has
to be executed in the tank and in the conveyor at the same time.

Note that composition γclose(γopen(pTank ‖ pConveyor )) does not give the desired behavior.
If the models of tank and conveyor are composed in this way, actions open and close can be
executed asynchronously. Section 2.4 provides the formal details.

2.3.6. Urgency operator

In CIF models, actions are not urgent by default. This means that the execution of an action can
be delayed as long as the equations in the model allow it. To change such behavior, urgency
can be introduced by means of two concepts: time can progress predicates and invariants,
and the urgency operator. As we have seen before, time can pass in an active location as

26



2.3. Informal semantics

T

Λ

VT VT

Q = 0

Q = Qset

Q = 0

VB

open close

Closed Opened Closed

Moving Filling Moving

Vmax

∆

Figure 2.12.: Run of conveyor and tank with explicit synchronization.

long as its invariant and tcp predicates are satisfied. If these cannot be satisfied by any time
delay, only actions can be executed, or the whole system deadlocks. In the conveyor model
of Equation (2.2), when the liquid in the bottle reaches its maximum allowed volume (Vmax ),
time cannot progress, which makes action close urgent.

Informally, an action is urgent if whenever it is enabled, time cannot progress3. For an
automaton, urgency can be expressed by using tcp predicates. However, when parallel compo-
sition is involved, the definition of enabled actions becomes more complex, and urgency can
no longer be defined through tcp predicates in a compositional way (see [7] and the example
of Equation (2.4)). For this purpose, CIF has the urgency operator. Given a composition p and
an action a, composition υa(p) expresses that no time delay is possible if action a is enabled
in p.

As an example, suppose we want to make action open urgent in the conveyor model. This
can be achieved with the aid of the urgency operator as shown in Equation (2.4).

υopen(γclose(γopen(pTank )) ‖ γclose(γopen(pConveyor ))) (2.4)

In this model, if action open is enabled in both components (action open is synchronizing),
then time cannot longer pass and an action has to be executed (although not necessarily open).
In the model under consideration, the execution of action open occurs at time ∆, since it is the
earliest time at which this action is enabled.

Note that if we would have used two urgency operators to enclose each component of the
bottle filling line separately, as shown in Equation (2.5), the model would have deadlocked,
since action open is enabled at time 0 in the tank, and therefore time cannot pass. But this
action is disabled in the conveyor, and since it must be executed synchronously no action can
be executed either.

υopen(γclose(γopen(pTank ))) ‖ υopen(γclose(γopen(pConveyor ))) (2.5)

3Note that an urgent action in CIF does not have priority over other urgent actions.
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2.3.7. Other operators

In this section we explain the informal semantics of the remaining CIF operators. Their se-
mantics was introduced in previous works [8, 85], and therefore they do not require a separate
section for each one of them. Section 2.4 provides the formal semantics of these operators.

The initialization operator allows to define the initial conditions of models in a composi-
tional way. Given a composition p and a predicate u, composition u � p can start executing
in initial valuations that satisfy u. For instance, we could have set the initial volume of the
tank in the following way:

(VT = 10)� (γclose(γopen(pTank )) ‖ γclose(γopen(pConveyor ))).

Actions and variables can be made local by means of the scoping operators. Given a com-
position p and an action a, composition |[A a :: p ]| declares action a as local, which means
that a is not visible outside this composition, and as a consequence it cannot be synchronized
with other actions in a parallel context. Similarly, given a composition p, expressions e0 and
e1, and a variable x, composition |[V x = e0, ẋ = e1 :: p ]| declares variables x and ẋ as
local, which means that the local values of these variables are not visible outside this scope.
Expressions e0 and e1 define the initial values of the local variables. These expressions can be
⊥, which indicates that the variables are uninitialized and therefore they can have any value in
their domain.

2.4. Formal semantics

In this section, we present the structured operational semantics (SOS) of CIF. Formal se-
mantics has several advantages since it gives a precise meaning to CIF models, it provides a
reference against which implementations can be judged, and it enables the formal definition
and proof of semantics-preserving model transformations.

Instead of taking the traditional approach for defining the semantics of hybrid automata
[52], we have chosen the SOS approach since it is better suited for guiding the implementation
process [87], and it allows us to use standard formats for proving congruence [73].

The formal semantics described here associates, by means of inference rules, a hybrid tran-
sition system with every CIF composition. The following sections present the inference rules
for constructing the three kinds of transition relations for a given composition. The SOS rules
are presented in the same order as the operators are introduced in the abstract grammar of
Table 2.1.

2.4.1. Automata

Rule 1 models the state change caused by the execution of an action, which can be trig-
gered in a state with valuation σ, only when there is a location v, and an edge of the form
(v, g, a, (W, r), v′), such that the initialization predicate of v (init(v)), the guard g, and the
invariant of v (inv(v)) are satisfied in σ; and it is possible to find a new valuation σ′ such that
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the variables in the set (X ∪varC)\W do not change in σ′, the update predicate r is satisfied4

in σ′+ ∪ σ, and the invariant of the new location is satisfied in σ′. In Rule 1, idv denotes the
function that returns true only if the location equals v. More specifically, idv ∈ V → B, and
idv(w) , v ≡ w, where ≡ denotes syntactic equivalence.

(v, g, a, (W, r), v′) ∈ E, σ |= init(v), σ |= g, σ |= inv(v), σ′ |= inv(v′),

σ′+ ∪ σ |= r, σ �(X∪varC)\W= σ′ �(X∪varC)\W

((V, init, inv, tcp, E, varC , actS ,dtype), σ)
a,a∈actS ,X−−−−−−−→

((V, idv′ , inv, tcp, E, varC , actS ,dtype), σ′)

1

The previous rule shows how the initial predicate function is used as a program counter,
which keeps track of the actions that are executed. Note that a unique active location is chosen
after performing action a. As we will see later on, the same happens when performing a time
delay, or an environment transition. In an action transition we do not want control variables to
jump arbitrarily. Control variables can be declared in the automaton (varC), or in the control
variable operator, in which case these declared variables will be included in the set X . This is
why we demand condition σ �(X∪varC)\W= σ′ �(X∪varC)\W to hold. Condition σ′+ ∪ σ |= r
is needed (instead of σ′ |= r) because r may refer to the values of the variables before the
action, which are in σ; and also to the new values of the variables, which are in σ′+.

Rule 2 models the passage of time for an automaton. Time can pass for t time units if the
invariant associated with the active locations is satisfied in each point in [0, t], the time can
progress predicate is satisfied in [0, t), and the dynamic type constraints specified by dtype
are satisfied. Note that according to this rule, a time transition can select in which of the
possible initial states the automaton begins its execution. This corresponds to the theory of
hybrid automata (e.g. see [52]).

dom(ρ) = [0, t ], 0 < t , dom(ρ) = dom(θ), ρ(0) |= init(v),
〈∀s : s ∈ dom(θ) : θ(s) = {a|(v, g, a, u, v′) ∈ E ∧ ρ(s) |= g}〉,
〈∀s : s ∈ [0, t] : ρ(s) |= inv(v)〉, 〈∀s : s ∈ [0, t) : ρ(s) |= tcp(v)〉,

〈∀x : x ∈ dom(dtype) : (ρx, ρẋ) ∈ dtype(x)〉

((V, init, inv, tcp, E, varC , actS , dtype), ρ(0))
ρ,actS ,θ7−→

((V, idv, inv, tcp, E, varC , actS , dtype), ρ(t))

2

Finally, Rule 3 states that an automaton can perform an environment transition in an initial
valuation σ, if there is an active location v such that σ is consistent with the invariant of v,
and it can end in any valuation σ′ that satisfies the same invariant, and where the variables
controlled by the automaton remain unchanged.

σ |= init(v), σ |= inv(v), σ′ |= inv(v), σ �varC= σ′ �varC

((V, init, inv, tcp, E, varC , actS ,dtype), σ)
actS
99K

((V, idv, inv, tcp, E, varC , actS ,dtype), σ′)

3

4Remember that σ′+ = {(x+, v) | (x, v) ∈ σ′} as defined in Section 2.2.
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2.4.2. Parallel composition

Rule 4 states that two synchronizing actions with the same label can execute in parallel only if
they share the same initial and final valuation, and if the action is synchronizing in both com-
positions. The set of control variables X , is propagated from the conclusions to the premises
since the control variables in the scope of a parallel composition are shared by both partners.
The resulting action transition is also synchronizing, which allows action a to synchronize
with more than two compositions.

(p, σ)
a,true,X−−−−−→ (p′, σ′), (q, σ)

a,true,X−−−−−→ (q′, σ′)

(p ‖ q, σ)
a,true,X−−−−−→ (p′ ‖ q′, σ′)

4

Rules 5 and 6 model interleaving behavior of two compositions when executed in parallel.
In these rules, an action can be performed in one of the components only if the initial and final
valuations are consistent with the other composition, and if this action is not synchronizing in
the other component, which is expressed by condition a /∈ A. In Rule 5, the environment tran-

sition (q, σ)
A
99K (q′, σ′) is used to obtain the set of synchronizing action labels in composition

q, to ensure that the initial valuation σ is consistent with the active invariants and initialization
conditions of q, to select an initial location (in case there is more than one in q), and to re-
move any initialization operators from q5. Note that q′, and not q, is placed in the final state in
the conclusion; this avoids occurrences of the initialization operator in the resulting term and
stores changes in local variables (if any).

(p, σ)
a,b,X−−−→ (p′, σ′), (q, σ)

A
99K (q′, σ′), a /∈ A

(p ‖ q, σ)
a,b,X−−−→ (p′ ‖ q′, σ′)

5

(q, σ)
a,b,X−−−→ (q′, σ′), (p, σ)

A
99K (p′, σ′), a /∈ A

(p ‖ q, σ)
a,b,X−−−→ (p′ ‖ q′, σ′)

6

Rule 7 models the fact that if two compositions are put in parallel, time can pass only
if allowed by both partners. As can be seen in this rule, the set of enabled actions in the
parallel composition at any point in time during the delay depends both on the set of enabled
actions and the set of synchronizing actions in each component individually. In the expression
(θp ∩ θq)∪ (θp \Aq)∪ (θq \Ap) in the conclusion, the constants Ap and Aq, and the operators
∩ and \ must be lifted accordingly to match the types. We avoid doing so here to keep the
notation simple.

(p, σ)
ρ,Ap,θp7−→ (p′, σ′), (q, σ)

ρ,Aq ,θq7−→ (q′, σ′)

(p ‖ q, σ)
ρ,Ap∪Aq ,(θp∩θq)∪(θp\Aq)∪(θq\Ap)7−→ (p′ ‖ q′, σ′)

7

5Removing initialization operators is important because we want them to influence only the initial behavior of
the system.
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The construction of the guard trajectory in the conclusion deserves some explanation. Ac-
cording to the description of the time transition given in Section 2.2, the guard trajectory in the
conclusion should model the set of enabled actions at a given time in the parallel composition
p ‖ q. Let Ai be the set of synchronizing actions of composition i, i ∈ {p, q}, and θi(s) the
set of enabled actions of i at time s, then an action a is enabled at time s in p ‖ q if at least one
of the following conditions holds:

1. Action a is enabled in both components, which can be expressed as a ∈ θp(s)∩θq(s). A
simple case analysis will convince the reader that when an action is enabled in both com-
ponents, then it is enabled in the parallel composition of these, irrespective of whether
a is synchronizing.

2. Action a is enabled in p, and is not synchronizing in q, which can be expressed as
a ∈ θp(s) \Aq.

3. Symmetrically, a ∈ θq(s) \Ap.

Rule 8 defines the environment transition behavior for parallel composition. The resulting
set of synchronizing actions is the union of the synchronizing actions of p and q, and the end
valuation of all transitions must match.

(p, σ)
Ap
99K (p′, σ′), (q, σ)

Aq
99K (q′, σ′)

(p ‖ q, σ)
Ap∪Aq
99K (p′ ‖ q′, σ′)

8

2.4.3. Control variable operator

In Rule 9, variable x is added to the set of control variables of the transition in the premise.
In this way, x can only be changed by an automaton if this change is explicitly specified (see
Rule 1).

(p, σ)
a,b,X∪{x}−−−−−−→ (p′, σ′)

(ctrlx(p), σ)
a,b,X−−−→ (ctrlx(p′), σ′)

9

The operator has no effect in time transitions, as expressed by Rule 10. Rule 11 allows an
environment transition only if the control variable is not changed in the premise. Thus, when
used in interleaving parallel composition, this will ensure that the value of a control variable
will not be changed by a parallel process outside the scope of the operator.

(p, σ)
ρ,A,θ7−→ (p′, σ′)

(ctrlx(p), σ)
ρ,A,θ7−→ (ctrlx(p′), σ′)

10
(p, σ)

A
99K (p′, σ′), σ(x) = σ′(x)

(ctrlx(p), σ)
A
99K (ctrlx(p), σ′)

11

2.4.4. Urgency operator

Rule 12 specifies that the urgency operator restricts the time behavior of a composition in such
a way that time can pass for as long as no urgent action is enabled.
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2. The Compositional Interchange Format

dom(ρ) = [0, t], (p, σ)
ρ,A,θ7−→ (p′, σ′), 〈∀s : s ∈ [0, t) : a /∈ θ(s)〉

(υa(p), σ)
ρ,A,θ7−→ (υa(p

′), σ′)
12

The urgency operator affects only the time transition rules. Action and environment tran-
sitions remain unchanged as expressed in Rules 13 and 14 (although action behavior can be
influenced by the urgency operator, since it can prevent certain guarded actions from taking
place if urgent actions are enabled).

(p, σ)
a′,b,X−−−−→ (p′, σ′)

(υa(p), σ)
a′,b,X−−−−→ (υa(p

′), σ′)
13

(p, σ)
A
99K (p′, σ′)

(υa(p), σ)
A
99K (υa(p

′), σ′)
14

2.4.5. Dynamic type operator

Rule 15 specifies that, for time transitions, the dynamic type operator ensures that the trajec-
tories for the variable x and the dotted version of the variable ẋ are restricted to the behavior
that is specified by the set of pairs of solution functions G.

(p, σ)
ρ,A,θ7−→ (p′, σ′), (ρx, ρẋ) ∈ G

(Dx:G(p), σ)
ρ,A,θ7−→ (Dx:G(p′), σ′)

15

The dynamic type operator has no effect on action or environment transitions as expressed
by Rules 16 and 17.

(p, σ)
a,b,X−−−→ (p′, σ′)

(Dx:G(p), σ)
a,b,X−−−→ (Dx:G(p′), σ′)

16
(p, σ)

A
99K (p′, σ′)

(Dx:G(p), σ)
A
99K (Dx:G(p′), σ′)

17

2.4.6. Initialization operator

Rules 18, 19, and 20 formalize the fact that the initialization operator allows transitions only
for those initial valuations that satisfy the initialization predicate.

(p, σ)
A
99K (p′, σ′), σ |= u

(u� p, σ)
A
99K (p′, σ′)

18
(p, σ)

a,b,X−−−→ (p′, σ′), σ |= u

(u� p, σ)
a,b,X−−−→ (p′, σ′)

19

(p, σ)
ρ,A,θ7−→ (p′, σ′), σ |= u

(u� p, σ)
ρ,A,θ7−→ (p′, σ′)

20

2.4.7. Synchronization operator

The term γa(p) defines the basic action label a as synchronizing. Synchronization occurs only
in the context of parallel composition, thus the composition γa(p) must be placed in parallel
with another component to observe the effect of the synchronization operator.

The above is formalized in the SOS rules by altering the edges of the transitions, as shown
in Rules 21, 22, and 23. More specifically, for time behavior (Rule 21), the synchronization
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operator only changes the set of synchronizing actions in the labels of time transitions. For
action transitions (Rule 22) the action a is made synchronizing if the action label coincides
with a, and for environment transitions (Rule 23) a is added to the set of synchronizing actions
given by the premise.

(p, σ)
ρ,A,θ7−→ (p′, σ′)

(γa(p), σ)
ρ,A∪{a},θ7−→ (γa(p

′), σ′)
21

(p, σ)
a′,b,X−−−−→ (p′, σ′)

(γa(p), σ)
a′,b∨a′=a,X−−−−−−−−→ (γa(p

′), σ′)
22

(p, σ)
A
99K (p′, σ′)

(γa(p), σ)
A∪{a}
99K (γa(p

′), σ′)

23

2.4.8. Variable scope operator

The variable scope operator (also called variable hiding) introduces a local variable and its
dotted version in a composition. These variables are invisible outside of the scope, and, con-
versely, global variables with the same name cannot be modified inside the scope.

Rule 24 is similar to the variable scope rule presented in [85]. In its premise, the variable
being declared is removed from the set of control variables, because if x ∈ X then x refers
to a global variable. Predicate (σ |= (ei = di)) ∨ ei = ⊥ models the fact that the value
of expression e in the valuation σ is di, unless ei = ⊥, in which case di can be any value.

Condition x ∈ X ⇒ σ(x) = σ′(x) in rule 24 is used since in an action transition (p, σ)
a,b,X−−−→

(p′, σ′), it must be the case that σ �(X\W )= σ′ �(X\W ), where W is the set of all the variables
that are changed by action a; and since all ocurrences of variable x in the set of jumping
variables in the automaton refers to the local variable, the global variable x cannot be a jumping
variable of the action a. Therefore, if it is a control variable then it cannot change its value.

(σ |= (e0 = d0)) ∨ e0 = ⊥, (σ |= (e1 = d1)) ∨ e1 = ⊥,
x ∈ X ⇒ σ(x) = σ′(x)

(p, {x 7→ d0, ẋ 7→ d1} � σ)
a,b,X\{x}−−−−−−→ (p′, {x 7→ d′0, ẋ 7→ d′1} � σ′)

(|[V x = e0, ẋ = e1 :: p ]|, σ)
a,b,X−−−→ (|[V x = d′0, ẋ = d′1 :: p′ ]|, σ′)

24

Rule 25 is similar to the action transition rule for variable scope. For this rule we make
use of the trajectory overwriting operator, which behaves in a similar way as the function
overwriting operator, and is defined below.

Definition 9 (Trajectory overwriting). Given a time point t, trajectory ρ ∈ [0, t] → V → Λ,
a function f ∈ [0, t] → Λ, and a variable x, function ({x 7→ f} � ρ) ∈ [0, t] → V → Λ is
defined as follows:

({x 7→ f} � ρ)(s)(y) =

{
f(s) if x = y

ρ(s)(y) if x 6= y

for all s ∈ [0, t], for all y ∈ V .
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2. The Compositional Interchange Format

Using the trajectory overwriting operator, we can define the time rule for the variable scope
operator.

(σ |= e0 = d0) ∨ e0 = ⊥, (σ |= e1 = d1) ∨ e1 = ⊥,dom(ρ) = [0, t]

(p, {x 7→ d0, ẋ 7→ d1} � σ)
{x 7→f0,ẋ 7→f1}�ρ,A,θ7−→ (p′, {x 7→ d′0, ẋ 7→ d′1} � σ′)

(|[V x = e0, ẋ = e1 :: p ]|, ρ(0))
ρ,A,θ7−→ (|[V x = d′0, ẋ = d′1 :: p′ ]|, ρ(t))

25

In this rule, the initial valuation ρ(0) is used in the conclusion since we must ensure that for

all time transitions (p, σ)
ρ,A,θ7−→ (p′, σ′) it is the case that σ = ρ(0). The same holds for the

final valuation in the conclusion.
Finally Rule 26, which is similar to Rule 24 for action transitions, specifies the environment

behavior for the variable scope operator.

(σ |= e0 = d0) ∨ e0 = ⊥, (σ |= e1 = d1) ∨ e1 = ⊥,
(p, {x 7→ d0, ẋ 7→ d1} � σ)

A
99K (p′, {x 7→ d′0, ẋ 7→ d′1} � σ′)

(|[V x = e0, ẋ = e1 :: p ]|, σ)
A
99K (|[V x = d′0, ẋ = d′1 :: p′ ]|, σ′)

26

2.4.9. Action scope operator

The action scope operator introduces local actions in an automaton. These actions are visible
outside the scope as internal τ actions, and therefore cannot be synchronized with global ac-
tions (note that τ cannot be made synchronizing). Rules 27 and 28 model the action behavior
of this operator, where the name of the local action is replaced (in the arrows of the action
transitions) by τ , and synchronization is prevented.

(p, σ)
a,b,X−−−→ (p′, σ′)

(|[A a :: p ]|, σ)
τ,false,X−−−−−→ (|[A a :: p′ ]|, σ′)

27

(p, σ)
a′,b,X−−−−→ (p′, σ′), a′ 6= a

(|[A a :: p ]|, σ)
a′,b,X−−−−→ (|[A a :: p′ ]|, σ′)

28

For time transitions (Rule 29), the operator affects the set of synchronizing actions as well
as the guard trajectory. Since a is not visible outside its scope, if a is declared as urgent in
an outer scope this should not affect the time behavior of, for instance, υa(|[A a :: p ]|). Thus
we must remove a from the guard trajectory. As in the previous rules, we have overloaded the
symbols {a} and \ used in the guard trajectory in such a way they the match the types.

(p, σ)
ρ,A,θ7−→ (p′, σ′)

(|[A a :: p ]|, σ)
ρ,A\{a},θ\{a}7−→ (|[A a :: p′ ]|, σ′)

29

In Rule 30, for environment transitions, the operator removes the local action from the set
of synchronizing actions, since it cannot synchronize outside its scope.
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(p, σ)
A
99K (p′, σ′)

(|[A a :: p ]|, σ)
A\{a}
99K (|[A a :: p′ ]|, σ′)

30

2.5. Validation of the semantics

The SOS rules presented in this work are basically definitions. As such, it is not possible
to talk about mathematical correctness of the specification. However, there are important
properties that we want to be valid in our semantics. The first of these properties is that
bisimulation is a congruence for the operators. This is important because it enables us to
replace equivalent compositions without changing the meaning of the whole model, making
this property essential for reasoning about models [73]. Secondly, we prove properties on
the transition system induced by the deduction rules given in Section 2.4. These properties
validate our insights about the three kinds of transitions. Lastly, we enunciate a number of
properties that reflect our intuitive understanding of CIF operators, and we check that the SOS
rules guarantee these properties.

2.5.1. Stateless bisimilarity

To compare two compositions, we use the notion of stateless bisimilarity, which is the most
robust equivalence for transitions systems with data [73]. Next, we enunciate the definition of
stateless bisimulation.

Definition 10 (Stateless bisimulation). A symmetric relation R ⊆ C × C is called a stateless
bisimulation relation if and only if for all (p, q) ∈ R the following transfer conditions hold.

• 〈∀σ, a, b,X, p′, σ′ :: (p, σ)
a,b,X−−−→ (p′, σ′) ⇒ 〈∃q′ :: (q, σ)

a,b,X−−−→ (q′, σ′) ∧ (p′, q′) ∈
R〉〉

• 〈∀σ, ρ,A, θ, p′, σ′ :: (p, σ)
ρ,A,θ7−→ (p′, σ′)⇒ 〈∃q′ :: (q, σ)

ρ,A,θ7−→ (q′, σ′) ∧ (p′, q′) ∈ R〉〉

• 〈∀σ,A, p′, σ′ :: (p, σ)
A
99K (p′, σ′)⇒ 〈∃q′ :: (q, σ)

A
99K (q′, σ′) ∧ (p′, q′) ∈ R〉〉

Two CIF compositions p and q are said to be bisimilar, denoted as p↔ q, if and only if there
exists a stateless bisimulation relation R such that (p, q) ∈ R.

An important property of the semantics is that it enables algebraic reasoning by allowing to
replace equivalent (bisimilar) compositions. This is formalized in the following theorem.

Theorem 1 (Bisimulation is a congruence). Bisimulation is a congruence for all CIF opera-
tors.

Proof. The above theorem can be proved by noticing that all CIF SOS rules are in process-tyft
format, which guarantees the congruence for stateless bisimilarity [73].
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2.5.2. Properties of the hybrid transition systems

When designing the SOS rules, one has in mind certain invariants for the different kind of
transitions. These invariants are properties that must always hold for every transition, and
they were informally described in Section 2.2. For instance, for every environment transition

(p, σ)
A
99K (p′, σ′), we want A to be the set of synchronizing actions of compositions p and p′.

Similarly, every state of the transition system induced by the SOS rules should be a consistent
one, according Definition 7 (Consistency). In this section, we give a formal statement of such
properties. In Appendices A.1 and A.2 we prove that the SOS rules, defined in Section 2.4,
induce hybrid transition systems that satisfy these properties.

The first property states that environment transitions correctly capture the notion of con-

sistency. Given an environment transition (p, σ)
A
99K (p′, σ′), we want valuation σ (σ′) to

be consistent with composition p (p′ respectively). Using Definition 7, we can state this as
follows.

Property 1 (Consistency in environment transitions). For all p, p′, σ, σ′, and A we have:

(p, σ)
A
99K (p′, σ′)⇒ σ |= p ∧ σ′ |= p′

For the next property we need to define the set of synchronizing actions of a composition.

Definition 11 (Set of synchronizing actions). The set of synchronizing actions of a composition
is defined recursively as follows.

sync((V, init, inv, tcp, E, varC , actS , dtype)) = actS
sync(p ‖ q) = sync(p) ∪ sync(q)
sync(γa(p)) = {a} ∪ sync(p)
sync(u� p) = sync(p)
sync(|[V x = e, ẋ = e :: p ]|) = sync(p)
sync(|[A a :: p ]|) = sync(p) \ {a}
sync(υaτ (p)) = sync(p)
sync(Dx:G(p)) = sync(p)
sync(ctrlx(p)) = sync(p)

Using the definition above, we can express the property that states that the label of environ-
ment transitions coincides with function sync(p) and sync(p′), which, in turn, implies that the
set of synchronizing actions is not changed by an environment transition.

Property 2 (Synchronizing actions in environment transitions). For all p, p′, σ, σ′, and A we
have:

(p, σ)
A
99K (p′, σ′)⇒ sync(p) = A ∧ sync(p′) = A

The environment transitions initialize the compositions by picking a unique active location
for each automaton contained inside them. A property of environment transitions is that once
this unique initial location is picked, it cannot be changed by another environment transition.
The property is formulated below.
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Property 3 (Closure of initialization). For all p, p′, p′′, σ, σ′, ς , ς ′, A, and B we have:

(p, σ)
A
99K (p′, σ′) ∧ (p′, ς)

B
99K (p′′, ς ′)⇒ p′ ≡ p′′

The next property relates variable and guard trajectories, and valuations. We want the do-
main of the trajectories to be closed intervals, that the valuation in the initial state coincides
with the initial valuation of variables at time 0, as given by the variable trajectory, and sim-
ilarly, that the valuation in the final state is the same as the valuation of variables at the end
time of the delay. This is formalized by the following property.

Property 4 (Trajectories and valuations). For all p, p′, σ, σ′, ρ, A, and θ we have:

(p, σ)
ρ,A,θ7−→ (p′, σ′)⇒ 〈∃t :: dom(ρ) = [0, t] = dom(θ) ∧ ρ(0) = σ ∧ ρ(t) = σ′〉

Using the definitions of trajectory prefix and postfix, we can specify the properties of prefix
closure and postfix closure for time transitions. Prefix closure states that if a time delay is
possible, then it is possible to take a shorter time delay. Postfix closure states that the last part
of a delay is also a valid delay in the system.

The properties of prefix and postfix closure give an intuitive meaning to time delays. A
consequence of these properties is that a time delay can be split in as many parts as desired,
yielding the same behavior as the one obtained if the whole delay was made. These properties
are formalized below.

Property 5 (Prefix closure). For all p, p′, σ, σ′, ρ, A, θ, and for all time points s, t ∈ T, such
that dom(ρ) = [0, t], 0 < s, and s ≤ t, we have that for some σ′′:

(p, σ)
ρ,A,θ7−→ (p′, σ′)⇒ (p, σ)

ρ≤s,A,θ≤s7−→ (p′, σ′′)

Property 6 (Postfix closure). For all p, p′, σ, σ′, ρ, A, θ, and for all time points s, t ∈ T, such
that dom(ρ) = [0, t] and s ≤ t, we have that for some σ′′:

(p, σ)
ρ,A,θ7−→ (p′, σ′)⇒ (p′, σ′′)

ρ≥s,A,θ≥s7−→ (p′, σ′)

Another property we are interested in is the property of state [24]. This property models
the idea that the state of system contains all the relevant information about the past of a sys-
tem, and thus future flows only depend on the current valuation. Using the definition of flow
concatenation, it is possible to express the property of state.

Property 7 (State). For all p, p′, p′′, ρ, ρ′, A, θ, θ′, such that dom(ρ) = [0, t] and dom(ρ′) =
[0, t′] and ρ(t) = ρ′(0) we have that:

(p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t)) ∧ (p′, ρ′(0))

ρ′,A,θ′7−→ (p′′, ρ′(t′))⇒
(p, ρ(0))

(ρ·tρ′),A,θ·tθ′7−→ (p′′, ρ′(t′))

37



2. The Compositional Interchange Format

2.5.3. Properties of the operators

This section presents properties of the CIF operators, which provide additional validation of
the semantics. These properties not only enable algebraic reasoning, but are also important
for rewriting CIF models to normal forms that are more suitable for a specific purpose. For
instance, the commutativity of variable scope (Property 14) allow us to push all the scoping
operators to the outermost level, and this simplifies the linearization of CIF models, or its
symbolic treatment. Note that it is not our intention to provide a complete axiomatization of
all the properties of CIF models.

We want the parallel composition to be commutative, and associative, since these are well
know properties from literature [3], and essential for algebraic reasoning.

Property 8 (Properties of parallel composition). For all p, q, and r the following equivalences
hold:

p ‖ q ↔ q ‖ p
(p ‖ q) ‖ r ↔ p ‖ (q ‖ r)

In general, synchronization, urgency, control variable, and scope operators do not distribute
over parallel composition. For the remaining operators we have the distributivity laws enunci-
ated in the next property.

Property 9 (Distributivity of operators wrt. parallel composition). For all u, x, p, q, and G,
the following equivalences hold:

Dx:G(p) ‖ q ↔ Dx:G(p ‖ q)
(u� p) ‖ q ↔ u� (p ‖ q)

Some CIF operators can be exchanged in a model without altering its behavior. The commu-
tativity properties of the CIF operators are summarized in Table 2.2. A 0 in the position (f, g)
indicates that the two operators are not commutative, whereas a 1 indicates that the operators
are, i.e.:

f(g(p))↔ g(f(p))

for all compositions p. For instance, declaring first a as synchronizing, and then b, in a compo-
sition p, delivers a bisimilar composition to the one where first b is declared as synchronizing,
and then a.

Property 10 (Commutativity among CIF operators). For all a, a′, u, u′, x, and x′, the com-
mutativity laws shown in Table 2.2 hold for any composition p.
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2. The Compositional Interchange Format

All CIF operators but parallel composition and variable scope have the closure property,
which states that applying an operator f twice to a composition p has the same effect as
applying it once.

Property 11 (Closure of CIF operators). For all a, u, x, G, and p the following bisimilarity
holds:

f(f(p))↔ f(p)

where f ∈ {γa(_), u� _, |[A a :: _ ]|,υa(_),Dx:G(_), ctrlx(_)}.

Note that closure of variable scope operator does not hold in general. The validity of the
equivalence

|[V x = e0, ẋ = e1 :: |[V x = e0, ẋ = e1 :: p ]|]| ↔ |[V x = e0, ẋ = e1 :: p ]|

is guaranteed only if x and ẋ do not occur free in expressions e0 and e1.
An important property of the initialization operator is that all the predicates are taken into

account at the same time when initializing a CIF composition. In other words, we want the
initialization operator to restrict only the initial state of a given system. If this is the case, then
all the conjunction of all initialization predicates can be pushed to the outermost level. The
following property, together with Properties 9 and 10 are crucial for achieving this.

Property 12 (Conjunction of initializations). For all u, v, and p the following equivalence
holds:

u� (v � p) ↔ (u ∧ v)� p

The dynamic type operator has some interesting properties. The first one of them states that
the dynamic type constraints in a composition are cumulative. This is, if in a composition
the dynamic behavior of certain variable x is constrained by dynamic types G0 and G1, then
variable x is constrained by the intersection of these two types. This, together with Property 9,
allows us to infer that dynamic type constraints in one component of the parallel composition
also affect the other component behavior. This is formalized below.

Property 13 (Properties of dynamic types). For all x,G0,G1, and p the following equivalence
holds:

Dx:G0(Dx:G1(p)) ↔ Dx:G0∩G1(p)

The properties of the dynamic type operator ensure that, as with the initialization operator,
all dynamic types in a composition are considered simultaneously in a time delay. In other
words, dynamic types can be pushed to the outermost level of a parallel composition using
intersection. Another consequence of the property stated above is that if a variable is declared
both as continuous and discrete in a certain composition, then the most restrictive dynamic
type (discrete) will be taken into account.

The variable scope operator has several distributivity properties with regard to the different
CIF operators. Together, they state that the variable scope operators of a composition can be
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pushed to the outermost level by using renaming, which captures the intuition behind variable
declarations. Given an expression e, and variables xi, yi, 0 ≤ i ≤ N , for some positive
constant N , expression e[y0, . . . , yn−1/x0, . . . xn−1] is the result of replacing all occurrences
of variable xi by yi in expression e.

Property 14 (Commutativity of variable scope). Let y and ẏ be variables that do not appear
in the set of free variables of expressions e0 and e1, compositions p, and q, and predicate u,
such that y 6= z, then the following equivalences hold:

|[V x = e0, ẋ = e1 :: p ]|‖ q↔
|[V (x = e0, ẋ = e1)[y, ẏ/x, ẋ] :: p[y, ẏ/x, ẋ] ‖ q ]|

u� |[V x = e0, ẋ = e1 :: p ]| ↔
|[V (x = e0, ẋ = e1)[y, ẏ/x, ẋ] :: u� p[y, ẏ/x, ẋ] ]|

Dz:G(|[V x = e0, ẋ = e1 :: p ]|)↔
|[V (x = e0, ẋ = e1)[y, ẏ/x, ẋ] :: Dz:G(p[y, ẏ/x, ẋ]) ]|

ctrlz(|[V x = e0, ẋ = e1 :: p ]|)↔
|[V (x = e0, ẋ = e1)[y, ẏ/x, ẋ] :: ctrlz(p[y, ẏ/x, ẋ]) ]|

A similar property holds for action scopes.

Property 15 (Commutativity of action scope). For all compositions p and q, and for all vari-
ables a, b, and c, such that c does not appear in the set of free variables of compositions p and
q, and a 6= c, the following bisimilarities hold:

|[A b :: p ]|‖ q↔ |[A c :: p[c/b] ‖ q ]|
υa(|[A b :: p ]|)↔ |[A c :: υa(p[c/b]) ]|
γa(|[A b :: p ]|)↔ |[A c :: γa(p[c/b]) ]|

2.6. Examples

We illustrate CIF by means of two examples. In Section 2.6.1, we present a model of un-
manned underwater and aerial vehicles [94], to show how different forms of communica-
tion can be achieved in CIF. In Section 2.6.2, the use of urgency is explained using a simple
producer-consumer model.

In the remainder of this section we use the following conventions:

• Graphically, the sets of synchronizing actions, control variables, and dynamic type
mapping of an automaton are declared in a rectangle, above the top-right corner of
the rectangle that encloses the picture of the automaton (see Figure 2.13). The set
of control variables is specified using the control keyword. The set of synchroniz-
ing actions is specified using the sync keyword. The dynamic type of a variable is
specified using three different keywords: disc, clock, and cont. In the examples
that follow, we associate a dynamic type to the model variables only at the top level
composition (for instance Figure 2.17). If there is a dynamic type declaration in the
automaton we assume the variable to be local. For local variables, the dynamic type
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2. The Compositional Interchange Format

and the control variable declarations can be combined. According to the conventions
previously mentioned, for the automaton of Figure 2.13 we have: varC = {x, c, z},
actS = {a, b}, dtype = {(y,Gdisc), (c,Gclock ), (z,Gcont)}. Moreover, we assume au-
tomaton AutName to be enclosed by variable scope operators that declare variables y,
c, and z as local.

• To keep the models concise, we omit the set of jumping variables, and we assume it to
be all the step variables controlled by the automaton that appear in the update predicate.
For instance, assume only variables x and z are controlled in automaton α. Then we
write

when g act a do x+ = y+ + y + z+

instead of
when g act a do ({x, z}, x+ = y+ + y + z+).

• When passing data using synchronizing actions and shared variables, we use channel
notation to distinguish the sender (h ! e) and the receiver (h ? x). Thus we make use of
the following definitions:

act h ! e do r , act h do v+
h = e ∧ r

act h ? x do r , act h do v+
h = x+ ∧ r

where we assume a variable vh is declared for each action h.

AutName

control : x;
disc : y;
clock control : c;
cont control : z;
sync : a, b;

Figure 2.13.: Automaton with declarations.

2.6.1. Unmanned underwater and aerial vehicles

In this example, we want to model the communication between aerial vehicles (AV), under-
water vehicles (UV), and a command center (CC). The command center generates commands
that are to be transmitted to the underwater vehicles by the aerial vehicle. Every underwater
vehicle waits for a command to carry out. Once it receives it, it submerges and executes the
task.

42



2.6. Examples

Each command is addressed to a specific underwater vehicle, which is identified by a unique
id. We assume the aerial vehicle flies along a straight line, looking for the corresponding
underwater vehicle. The command center is located at position 0, and N is the maximum
distance the AV can be away from the control center. Communication between the aerial
vehicle and an underwater vehicle is successful if they are at most R units of distance away
from each other, and the underwater vehicle is on the water surface.

Figure 2.14 shows the model of the command center. Initially it is in the Ready state, and
sends an order to the aerial vehicle, which in turn will pass it to a specific underwater vehicle.
After sending, the command center waits for a reply from the aerial vehicle that conveys
information about the success of the command. In this model, an order is abstracted as the
recipient’s id (0, 1, or 2).

Ready Waiting

act c2a ! x do x+ ∈ {0, 1, 2}

act a2c ? r

CC

disc control : r, x
sync : a2c, c2a

Figure 2.14.: Command center.

The model of the aerial vehicle is depicted in Figure 2.15. The aerial vehicle is initially at
position 0, waiting for an order from the command center. After receiving the order, the vehi-
cle starts searching for an underwater vehicle to pass the order to. Variable xav represents the
vehicle position along the surface of the water. In the Searching position the rate of change
of xav is determined by variable v. Since xav is controlled by the AV , no other process can
change its value. Variable xprev records the last position where the AV tried to establish a
communication. Every ∆ units of distance, a message is broadcast using the action a2v, after
which the AV waits Tw time units for an acknowledge message. If an acknowledge is received
the AV returns to position 0 and notifies the control center of the successful delivery. Other-
wise the AV continues flying ∆ units away from the last point it tried to send the command,
and the procedure is repeated again. In this model, action τ is urgent (see Figure 2.17), there-
fore if no acknowledge is received before Tw time units, the action leading to the Searching
location is taken immediately. If the vehicle has flown beyond the search limits (N ≤ xav),
then it starts flying back to position 0 while still searching for the corresponding UV .

Figure 2.16 models the behavior of the underwater vehicles. Initially, each vehicle is at
some random position on the water surface. It waits for an order of the AV . If the order
is addressed to the recipient of the message, then it sends an acknowledge message, and it
submerges to carry out the task. Otherwise the vehicle does not reply. Each command takes
at least M time units to be executed. After that time has elapsed the vehicle can surface, or
it can continue submerged at most G time units more (then it must surface). These conditions
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atCC
inv : xav = 0

Searching
inv : ẋav = v

Waiting
inv : ẋav = 0

Returning
inv : ẋav = −1

act c2a ? r do v+ = 1 ∧ xprev
+ = 0

when N ≤ xav ∧ 0 ≤ v do v+ = −v

when v ≤ 0 act a2c ! fail

when ∆ ≤ |xav − xprev|
act a2u ! r do c+ = 0

when Tw ≤ c do
xprev

+ = xav

act ack

act a2c ! sucess

AV

disc control : xprev, r, v;
clock control : c;
control : xav;
sync : a2c, c2a, a2u, ack ;

Figure 2.15.: Aerial vehicle.

are enforced by putting a guard on action surface, and a tcp predicate in location Submerged .
Upon completion of a command, the UV emerges at an unspecified position. The guard of the
self-loop at location OnSurface represents the situation in which a message from the AV is not
received, since the distance between sender and receiver is too long. Similarly, the self-loop
at the Submerged location models the fact that the message from the AV is dropped. These
self-loops are necessary to prevent the AV from blocking on a broadcast message using action
a2u .

The models presented above are composed as shown in Figure 2.17. Here two different
forms of communications are used. Actions a2c, c2a , and ack are used to implement point to
point channels. Action a2u , on the other hand, is used to implement broadcast communication
from the aerial vehicle to the underwater vehicles.

2.6.2. Producer-consumer

The illustration presented in this section is intended to show how the urgency operator can
be used to obtain both patient and impatient synchronization [16]. The difference between
these forms of synchronization can be understood only in the context of parallel composition.
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OnSurface
inv : 0 ≤ xuv ≤ N

Checking

Submerged
tcp : c < M +G

when R < |xuv − xav |
act a2u

act a2u

when |xuv − xav | ≤ R
act a2u ? r

when r 6= i when r = i
act ack do c+ = 0

when M ≤ c act surface
do 0 ≤ x+

uv ≤ N

UVi

disc control : r;
clock control : c
cont control : xuv;
sync : a2u;

Figure 2.16.: Underwater vehicle.

CC ‖ AV ‖ γ{ack}(UV0 ‖ UV1 ‖ UV2 )

UAV

cont : xav;
urgent : a2c, c2a, a2u, u2a, ack, τ ;

Figure 2.17.: Top level model: unmanned underwater and aerial vehicles.

Informally, a composition p that wants to synchronize in a patient action a, waits for the other
components to be ready to execute this action, and in this way, p allows time delays. On the
other hand, a component that wants to synchronize on an impatient action a does not wait for
the other partners to be ready, and disables the passage of time. We give an example of this
next.

Consider a producer that sends products to a buffer, and a consumer that retrieves the con-
tents from the buffer. The processes operate at different rates, and situations can arise where
the producer cannot place its product in the buffer because it is full, or the consumer finds the
buffer empty. In this example we analyze the first situation.
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There are cases where a producer not being able to send a product is not critical, for instance
a video streaming protocol in which frames can be dropped. In this case, we may be interested
in the average amount of dropped packages. If we are to model such systems, then patient
synchronization is useful.

In other cases, the scenario where the producer is not able send its product should not occur.
For instance, a delayed signal in a car control system may cause a serious failure in the system.
In this case, it is possible to model this requirement by means of impatient synchronization.

First, we make an high-level model of a simple producer-consumer protocol, where it is
possible for a producer to miss its deadline. Next we turn our attention to the case where such
a failure cannot be tolerated.

Figure 2.18 shows the model of the producer. It requires T time units to have a product
ready. The model of the buffer is shown in Figure 2.19. The buffer has a capacity N . It

c = 0

when T ≤ c act p2b ! product do c+ = 0

P

disc control : c;
sync : p2b

Figure 2.18.: Model of the producer.

can receive a product if it is not at the limit of its storing capacity, and similarly it can send
a product if it is not empty. Received products are stored in the list xs . Given a list xs ,
#(xs) returns the length of xs , head(xs) returns the first element of xs , tail(xs) is the list that
results from removing the first element from xs , and xs ++ ys is the list that is obtained after
appending ys to the end of xs . Note that in the receive action p2b, we append x+ and not x.
This is because we need to append the value that is sent in the synchronous action. Otherwise,
the previous value of x will be stored.

xs = [ ]

when #(xs) < N act p2b ? x do xs+ = xs ++ [x+]

when 0 < #(xs) act b2c ! head(xs) do xs+ = tail(xs)

B

disc control : xs, x;
sync : p2b, b2c

Figure 2.19.: Model of the buffer with capacity N .
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If an undelivered product is not considered a critical failure, then we can compose the mod-
els of the producer, consumer, and buffer as shown in Figure 2.20, where the model of the
consumer is omitted since it is not relevant for our discussion. Here, since action p2b is urgent
in the parallel composition, this means that time can progress up to the point where condi-
tion T ≤ c ∧ #(xs) < N holds. We could have also used the tcp predicate to achieve the
same behavior, however for the urgent action p2b, the use of the operator is more convenient
since otherwise it is necessary to modify the tcp predicates of the producer and consumer, in
a non-compositional way.

υp2b(P ‖ B ‖ C)

PCpatient

Figure 2.20.: Producer-consumer: patient synchronization.

If we consider a model where the producer always has to meet its deadline, then we can use
impatient synchronization. This can be modeled in CIF as shown in Figure 2.21. Here, the
urgency condition becomes T ≤ c, and if synchronizing action p2b cannot take place by the
time it is satisfied, then no further time delays are possible (which could lead to a deadlock if
the buffer is full and the consumer cannot take a product out of the buffer without any time
delays).

υp2b(P ) ‖ B ‖ C

PCimpatient

Figure 2.21.: Producer-consumer: impatient synchronization.

2.7. Concluding remarks

We have presented the formal definition of a compositional interchange format for hybrid sys-
tems. This definition is given in terms of SOS rules, which allow us to prove compositionality
of the operators of the language. The semantics is given in such a way that it is independent
of implementation concepts, and it is validated by proving axiomatic properties.

CIF features operators which define concepts in an orthogonal way. These operators can be
combined to model various aspects of discrete-event, timed and hybrid systems. For instance,
the example of the unmanned vehicles shows how different forms of communication can be
achieved in CIF using a single operator. Similarly, the producer-consumer example shows
how the combination of the urgency operator and the synchronization operator can be used to
implement patient and impatient synchronization.

The use of structured operational semantics in the definition of CIF plays an essential role
in the proofs of compositionality, and at the same time it gives a straightforward semantics
to the language. We have derived a simulator from this SOS specification, which shows the
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usefulness of the framework for practical applications. The details of the implementation of
the CIF simulator are presented in Chapter 4.

In Chapter 3, CIF is extended with hierarchy, which adds more flexibility to the language.
The preservation of the properties presented in this work still needs to be shown for hierarchi-
cal CIF.

Based on the formal specification of the language, several semantic preserving transforma-
tions to and from CIF [77, 75] have already been defined (see Chapter 6). As future work,
we plan to define additional semantic preserving transformations between CIF and other for-
malisms, in particular, between CIF and hybrid automata.
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Hierarchy provides a structured and economical description of complex systems [103], which
is suitable for incremental (bottom-up) construction of correct systems [6]. It also provides a
framework for the development of abstraction and refinement techniques.

In [15], the addition of hierarchy to a subset of CIF is investigated, and as a result it is
shown that the SOS rules of atomic entities can be modified without altering the rules of the
CIF operators. However the question remains whether this approach can be extended when
more complicated concepts such as invariants[52], synchronization, and control variables [39]
are added to the language.

In this chapter we develop and extension of an expressive subset of CIF with hierarchy,
named the Hierarchical Compositional Interchange Format (HCIF), and we model a case study
in HCIF to show how the new concepts can be applied.

The subset of CIF we consider only lacks dynamic type, control variable, and synchroniza-
tion operators, and we deal with automata without local variable declarations. Nevertheless,
all these concepts can be still be expressed in the simplified setting. The reason for omit-
ting the aforementioned constructs is that they add more expressivity to CIF when introducing
hierarchy. This expressivity does not add useful intuitions when it comes to modeling, and
they make the semantics more complex. For instance, if the synchronizing operator is added
to the subset treated in this work, then it is possible for an action to be synchronizing and
non-synchronizing in the same automaton, depending on the location it is in. Since the added
expressivity is pernicious from the semantics point of view, and we want to develop a trans-
formation from hierarchical CIF models to flat CIF models, we have left these elements out.

There exists several hierarchical formalisms and tools for simulation and validation of hy-
brid models, such as Charon [2], Matlab-Simulink [100], Statecharts [48], among others. How-
ever these formalisms either do not have a formal and compositional semantics, or their se-
mantics is not defined in terms of SOS rules, which is a requirement for extending the CIF
semantics.

The remainder of this chapter is organized as follows. In Section 3.1 the syntax of HCIF is
introduced. In Section 2.2 we introduce the semantic framework needed to understand HCIF
semantics, and in Section 3.3 we present the formal specification of the language. A case study

This work was done in collaboration with Harsh Beohar.
A preliminary version of this chapter has appeared as: H. Beohar, D. E. Nadales Agut, D. A. van Beek, and P. J.
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editors, SOS, volume 32 of Electronic Proceedings in Theoretical Computer Science, pages 42-56. 2010.

A version of this chapter has appeared as: D. E. Nadales Agut, D. A. van Beek, H. Beohar, P. J. L. Cuijpers,
and J. Fonteijn. The Hierarchical Compositional Interchange Format. In Bernhard K. Aichernig, Frank S. de
Boer, and Marcello M. Bonsangue, editors, Formal Methods for Components and Objects - 9th International
Symposium, FMCO 2010, Graz, Austria, Revised Papers, volume 6957 of Lecture Notes in Computer Science,
pages 316-335. Springer-Verlag, 2011.
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that shows the applicability of the formalism is presented in Section 3.4. Concluding remarks
are presented in Section 3.5.

3.1. Syntax of HCIF

In this section we describe the mathematical syntax of HCIF, and we illustrate it by modeling
a controller of a simplified Patient Support System of an MRI scanner, which is discussed in
more detail in Section 3.4. Note that in this section we give an incomplete description of the
controller model to illustrate the various concepts involved in the definition of a hierarchical
automaton.

Horizontal
inv : xv = 1

UpOut
inv : xh = −1 ∧

xv = 1

Vertical
inv : xh = −1

when s = 0

when s = +1 when s = 0

when s = −1

Normal

Figure 3.1.: Movement control.

Figure 3.1 gives an informal, graphical representation of a HCIF automaton, which models
a controller of a patient support table. The control operates in one of the following three
modes: Horizontal mode modeling the horizontal movement of the table, UpOut modeling
that the table is fully up and out, and Vertical modeling the vertical movement of the table.
The position of the tumble switch is represented by the discrete variable s which can have the
values +1, 0 and−1. The continuous variables xh and xv represent the horizontal and vertical
position of the table top, respectively.

StoppedIn
inv : ẋh = 0

Middle
inv : ẋh = s

StoppedOut
inv : ẋh = 0

when s = −1

when s = +1when x = +1 ∧ s ≥ 0

when x = −1 ∧ s ≤ 0

Horizontal

Figure 3.2.: Horizontal movement.

In HCIF, locations can contain other automata (or compositions of them, as we show in
Section 3.4). In Figure 3.1 the location Horizontal contains the automaton shown in Fig-
ure 3.2, that defines the horizontal movement of the controller in more detail. Automata that
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are contained inside other locations are referred to as sub-automata or sub-structure, and the
containing automata are referred to as super-automata or super-structure. Graphically, we
denote that a location contains a sub-structure by drawing it as a rectangle, instead of as a
circle.

In a HCIF automaton, there are two types of edges, namely, non-disruptive edges (for
brevity, we refer to a non-disruptive edge as an edge) and disruptive edges. Intuitively, an
edge can be executed from a location if the sub-structure at that location is terminating, while
a disruptive edge can be executed even if the sub-structure at that location is non-terminating.
Graphically, an outgoing arrow without target state denotes a terminating location. Note that
the conditions under which an edge or a disruptive edge can be executed depend on several
factors, which are defined in Section 3.3.

In addition to initialization, invariant and tcp predicates, each location has a termination
predicate which defines if execution can terminate in that location. Termination predicates
are used for specifying when the super-structure can perform a transition. In the automaton
shown in Figure 3.1, the τ transition from the location Horizontal to the location UpOut can
be executed only if the guard s = 0 holds, the automaton (Figure 3.2) inside the location
Horizontal has StoppedOut as its active location, and the termination predicate holds.

To define the set of all HCIF automata we use mutually recursive definitions, namely Defi-
nitions 12 and 13. Formally, a HCIF automaton is defined below.

Definition 12 (Hierarchical automata). A hierarchical automaton α is a tuple
(V, init, inv, tcp, E,D, varC , actS ,dtype, term, h) where:

• V ⊆ L a set of locations;

• initial, invariant, time-can-progress and termination predicates init, inv, tcp,
term: V → Pt;

• a set of edges E ⊆ V × Pg ×A× (2V∪V̇ × Pr)× V ;

• D ⊆ E is the set of disruptive edges of the automaton;

• varC ⊆ V is the set of controlled variables;

• actS ⊆ A is the set of synchronizing actions;

• dtype : V ⇀ D is the dynamic type mapping; and

• h : V ⇀ C is a partial function that associates to some set of locations a sub-structure.
Here, C is the set of all compositions in HCIF (See Definition 13).

We use symbolM to refer to the set of all hierarchical automata.

Using operators, more complex models, also referred to as compositions (according to Def-
inition 13), are possible. The semantics of the operators is presented in Section 3.3.1, with the
exception of the semantics of the action and variable scope operators. The semantics of these
operators is unchanged with respect to the semantics of these operators in CIF, as defined in
Chapter 2.
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Definition 13 (HCIF compositions). The set of compositions C in the HCIF formalism is re-
cursively defined by the grammar below, where x ∈ V , e ∈ E , a ∈ A, aτ ∈ Aτ . Informally,
by a composition we mean either a hierarchical automaton or a syntactical object constructed
from the different hierarchical automata using the operators of HCIF.

C ::= α hierarchical automaton
| C : α automaton postfix operator
| C ‖ C parallel composition operator
| |[V x = e, ẋ = e :: C ]| variable scope operator
| |[A a :: C ]| action scope operator
| υaτ (C) urgency operator

Throughout this chapter, the textual and graphical conventions given in Table 3.1 are fol-
lowed.

Graphical representation Meaning

Location without any sub-structure
Initial location with init predicate true
Final location with termination predicate
true?

Location containing a sub-structure?

when g act a do x := e Edge (g, a, ({x}, x+ = e))
E when g act a do x := e Disruptive edge (g, a, ({x}, x+ = e))?

when g Edge (g, τ, (∅, true))
act a Edge (true, a, (∅, true))
N D

Automaton N with declarations D

α β

N D

α ‖ β

N D

α β

L

AND superstate L containing parallel
composition α ‖ β

Table 3.1.: Textual and graphical conventions in HCIF. The sentences terminated with the
symbol ? indicates the features present only in HCIF.
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3.2. Semantic framework

In this section, the semantic framework is set up to properly explain the semantics of HCIF.
We describe informally the hybrid transitions systems that are used to model the semantics of
HCIF compositions. These transition systems extend those presented in Chapter 2. Later, a
formal definition of this semantic model is given.

3.2.1. Hybrid transition systems

As in the case of CIF, the states of the hybrid transition systems induced by HCIF composi-
tions are of the form (p, σ). Here, p ∈ C and σ ∈ Σ is a valuation. There are three kinds
of transitions in the HTS, namely, action transitions, environment transitions, and time tran-
sitions. These transitions have almost the same labels as regular CIF transitions, which were
described in Section 3.2.1. Below we explain the new components.

Action transitions are of the form (p, σ)
a,b,X−−−→ (p′, σ′). They do not incorporate additional

labels with regard to CIF action transitions.

Time transitions are of the form (p, σ)
ρ,A,θ,ω7−→ (p′, σ′). The new label, function ω, is called

termination trajectory. It models the evolution of termination (see below) during time delays:
for each time point s ∈ dom(ω), composition p′ is terminating at time s if and only if ω(s).
For all time transition dom(ρ) = [0, t], for some time point t ∈ T, and dom(ρ) = dom(θ) =
dom(ω). Termination is formally defined next.

Definition 14. Given a valuation σ, we define termination as follows:

• An automaton (V, init, inv, tcp, E, varC , actS ,dtype, term,h) is terminating in σ if
there is a location v ∈ V such that σ |= init(v), σ |= inv(v), σ |= term(v), and if
v ∈ dom(h) then h(v) is terminating in σ.

• Composition p ‖ q is terminating in valuation σ if p and q are terminating in valuation
σ.

• For the remaining operators, termination is defined pointwise.

Environment transitions are of the form (p, σ)
A,b
99K (p′, σ′). In the context of HCIF se-

mantics, the boolean b indicates whether the initialized substructure can terminate, and thus
give back the control over actions to its environment. Next, consistency is redefined for HCIF
compositions.

Definition 15. Given a valuation σ, we define consistency as follows.

• An automaton (V, init, inv, tcp, E, varC , actS ,dtype, term,h) is consistent in σ if
there is a location ` ∈ V such that σ |= init(`) and σ |= inv(`), and if ` ∈ dom(h) then
h(`) is consistent in σ.

• Composition p ‖ q is consistent in valuation σ if p and q are consistent in valuation σ.

• For the remaining operators, consistency is defined pointwise.
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3. Hierarchical extension of CIF

We use notation σ |= p to denote that composition p is consistent in valuation σ. Alterna-
tively, we say that σ is consistent with p.

Definition 16 formalizes the hybrid transition system induced by the SOS rules presented in
the next sections.

Definition 16. A hybrid transition system (HTS) is a five-tuple of the form (Q,A,−→ , 7−→
, 99K) where Q , C ×Σ, −→ ⊆ Q× (Aτ ×B× 2V)×Q, 7−→⊆ Q× ((T⇀ Σ)× 2A× (T⇀
2A)× (T⇀ B))×Q, 99K Q× (2A × B)×Q.

3.3. Semantics

In this section we explain the semantics of HCIF both informally by means of examples, and
formally by means of SOS rules.

3.3.1. Hierarchical automata

In a hierarchical automaton α, an active location v can execute actions at two different levels
of abstraction: external actions, which are specified as labelled edges from the active location
v to an arbitrary location v′; and internal actions, which are generated by the sub-structure
at the location v, i.e., h(v). Note that there are different conditions under which an external
or internal action can be executed. Furthermore, the rules of CIF can be obtained from the
current rules by substituting h = ∅. Next, we explain and formalize the rules for every HCIF
composition.

Given an initial valuation σ, an external action a can be executed in a location v if there is
an edge (v, g, a, (W, r), v′) in α satisfying the following conditions:

• Location v is active (σ |= init(v)), the invariant at the location v is satisfied (σ |=
inv(v)) and the guard g holds (σ |= g).

• If there is a substructure inside location v (v ∈ dom(h)), then it is terminating in σ or
the edge is disruptive.

• It is possible to find a new valuation σ′ such that:

– The invariant of the new location v′ holds σ |= inv(v′).

– The reset predicate r is satisfied in valuation σ ∪ σ′+ (σ ∪ σ′+ |= r).

– σ′ is consistent with the substructure inside the target location (if any).

– Controlled variables not in W (the set of jumping variables of the action) are not
allowed to change in σ′ (wrt. σ).

This is formalized by Rule 31. Some of the above conditions are summarized in the term

σ, σ′ |=α (v, g, a, (W, r), v′)

that is syntactically equivalent to:

(v, g, a, r, v′) ∈ E ∧ σ |= init(v) ∧ σ |= g ∧ σ |= inv(v) ∧ σ′ |= inv(v′) ∧ σ′+ ∪ σ |= r.
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3.3. Semantics

Henceforth, we use the following notation:

α ≡ (V, init, inv, tcp, E, varC , actS ,dtype, term, h),

α[v] ≡ (V, idv, inv, tcp, E, varC , actS , dtype, term, h),

where dom(idv) = V and idv(w) , v = w. An action specified by an edge
(v, g, a, (W, r), v′) in an automaton α can be triggered only if the controlled variables of the
automaton (varC) and of the environment (X) remain the same in σ, and σ′, except if they be-
long to the set of jumping variables W . Secondly, if the edge is not disruptive, it is necessary
to check that the substructure of the initial location, if any, is terminating. This is expressed

by condition (〈h(v), σ〉
A0,b
99K 〈p, σ〉∨v 6∈ dom(h)), (v, g, a, (W, r), v′) ∈ D∨ b). Finally, after

the action is performed, the substructure in the target location, if present, must be initialized,

i.e, 〈h(v′), σ′〉
A1,b
99K 〈q : α[v′], σ′〉. The choice of selecting active locations of substructure

h(v′) is made upon entering the location v′. Consistency of the substructures is preserved by
the environment transitions.

σ, σ′ |=α (v, g, a, (W, r), v′), σ �(X∪varC)\W= σ′ �(X∪varC)\W ,(
〈h(v), σ〉

A0,b
99K 〈p, σ〉 ∨ v 6∈ dom(h)

)
, (v, g, a, (W, r), v′) ∈ D ∨ b,

v′ ∈ dom(h), 〈h(v′), σ′〉
A1,b′

99K 〈q, σ′〉

(α, σ)
a,a∈actS ,X−−−−−−−→ (q : α[v′], σ′)

31

Consider the controller automaton in Figure 3.1, assuming UpOut is an active location with
a valuation σ. The edge labelled when s = +1 can be executed if there exists a valuation σ′

such that σ satisfies the invariant of the location UpOut (σ(xh) = −1∧σ(xv) = 1), σ′ satisfies
the invariant of the location Horizontal (σ′(xv) = 1) and the valuation σ′ is consistent with
the automaton shown in Figure 3.2. The consistency of the valuation σ′ implies that the active
location of the automaton in Figure 3.2 is Middle such that σ′ |= ẋh = s.

Now consider the active location of the controller to be Horizontal and the active location
of the automaton in Figure 3.2 to be Stopped-in. In this case, the edge labelled when s = 0 in
Figure 3.1 cannot be executed even if the guard s = 0 is true. This is due to the fact that the
composition inside the location Horizontal is non-terminating in location Stopped-in. External
actions, such as the edge labelled when s = 0, can be executed only if either the sub-structure
is terminating or the edge labelled with the external action is specified as disruptive.

Rule 31 requires as a condition that there is an active substructure in the target location
v′ ∈ dom(h). If this is not the case then no active substructure is prefixed to α[v], as expressed
by Rule 32.

σ, σ′ |=α (v, g, a, (W, r), v′), σ �(X∪varC)\W= σ′ �(X∪varC)\W ,(
〈h(v), σ〉

A0,b
99K 〈p, σ〉 ∨ v 6∈ dom(h)

)
, v′ 6∈ dom(h),

(v, g, a, (W, r), v′) ∈ D ∨ b

(α, σ)
a,a∈actS ,X−−−−−−−→ (α[v′], σ′)

32
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3. Hierarchical extension of CIF

Besides external actions, an automaton can also execute internal actions, which are triggered
by their internal structures. Given a valuation σ, an internal action can be executed in an initial
location v if the following conditions hold:

• The invariant associated with location v is satisfied (σ |= inv(v)).

• The action performed by the substructure of v results in a new valuation σ′ that also
satisfies the invariant of v.

Rule 33 formalizes this. In the conclusion, p : α[v] reflects the fact that an initial location
is chosen in a hierarchical structure if the substructure performs an action. In this rule we
ignore the boolean b, that indicates whether the action a is synchronizing, in the premise. As
a result, the superstructure decides on which actions it wants to synchronize. In other words,
the superstructure defines the set of synchronizing actions, independently of the sub-levels.

σ |= init(v), σ |= inv(v), σ′ |= inv(v), v ∈ dom(h),

〈h(v), σ〉 a,b,X∪varC−−−−−−−→ 〈p, σ′〉

〈α, σ〉 a,a∈actS ,X−−−−−−−→ 〈p : α[v], σ′〉
33

Transition (h(v), σ)
a,b,X∪varC−−−−−−−→ (p, σ′) in the premise of the above rule ensures that the

control variables inherited from the environment (X) as well as the control variables of the
automaton (varC) will not jump arbitrarily when the action is carried out by the substructure.

Again consider the model of the controller as given in Figures 3.1 and 3.2. Assume that the
active location is Horizontal and the active location of the sub-structure is Middle. The edge
labelled when x ≥ 1 ∧ s ≥ 0 can be executed from the location Middle only if there exists a
new valuation σ′ such that it satisfies the invariant of the locations Horizontal and StoppedIn.

In hierarchical CIF, a time delay is possible in an active location v if there exists a trajectory
ρ such that the invariant associated with the active locations is satisfied in time point [0, t],
the tcp predicate is satisfied in [0, t) and the dynamic type constraints specified by dtype
are satisfied. Henceforth, we use ρ |= 〈t, v, init, inv, tcp,dtype〉 as an abbreviation of the
predicate

ρ(0) |= init(v) ∧ dom(ρ) = [0, t] ∧ 0 < t ∧ ∀s∈[0,t).ρ(s) |= tcp(v) ∧
∀s∈[0,t].ρ(s) |= inv(v) ∧ ∀x∈dom(dtype).(ρ ↓ x, ρ ↓ ẋ) ∈ dtype(x).

For time delays, the substructure (if present) must perform a time transition with the same
trajectory. In this way, the invariants and tcp-predicates of the active location of the automa-
ton, and, recursively, of the active locations of its active substructures are considered simul-
taneously. In this way time passes in an automaton, and also in all of its contained active
substructures. In other words, an automaton and its active substructure synchronize on time
delays. Rule 34 models this, where dom(ω) = dom(ρ), dom(θ) = dom(ρ), ∀s∈[0,t].ω(s) =
(ω0(s)∧ ρ(s) |= term(v)), and ∀s∈[0,t].θ(s) = θ0(s)∪{a | (v, g, a, (W, r), v′) ∈ E ∧ ρ(s) |=
g ∧ ω0(s)}. The guard trajectory θ as well as the termination trajectory ω are constructed by
using the corresponding trajectories generated by the time transition in the substructure. The
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3.3. Semantics

set of synchronizing actions only takes into account the set actS in the superstructure, since
the set of synchronizing actions in the substructure does not influence the action synchronizing
behavior of its parent. The same approach is taken when computing the set of synchronizing
actions in the environment transition in Rule 36.

ρ |= 〈t, v, init, inv, tcp,dtype〉, v ∈ dom(h), 〈h(v), ρ(0)〉 ρ,A,θ0,ω07−→ 〈p, ρ(t)〉

(α, ρ(0))
ρ,actS ,θ,ω7−→ (p′ : α[v], ρ(t))

34

Rule 35 deals with the case that an initial location v does not contain a substructure,
where dom(ω) = dom(ρ), dom(θ) = dom(ρ) and ∀s∈[0,t].ω(s) = (ρ(s) |= term(v)), and
∀s∈[0,t].θ(s) = {a | (v, g, a, (W, r), v′) ∈ E ∧ ρ(s) |= g}.

ρ |= 〈t, v, init, inv, tcp, dtype〉, v 6∈ dom(h)

(α, ρ(0))
ρ,actS ,θ,ω7−→ (α[v], ρ(t))

35

In hierarchical CIF, if an automaton performs an environment transition, a unique active
location is chosen, and the substructure (if present) is initialized. The environment transition
ensures that the active location contains a consistent hierarchical structure (Definition 15). This
is expressed by Rule 36. The initialized composition p becomes the active substructure of α[v],
and the automaton is terminating if the location and the active substructure are. Rule 37 deals
with the case where there is no substructure.

σ |= init(v), σ |= inv(v), σ′ |= inv(v), σ �varC= σ′ �varC ,

v ∈ dom(h), (h(v), σ)
A,b
99K (p′, σ′)

(α, σ)
actS ,σ|=term(v)∧b

99K (p′ : α[v], σ′)

36

σ |= init(v), σ |= inv(v), σ′ |= inv(v), σ �varC= σ′ �varC , v 6∈ dom(h)

(α, σ)
actS ,σ|=term(v)

99K (α[v], σ′)

37

3.3.2. Automaton postfix operator

The automaton postfix operator is used to define the semantics of hierarchy. It is not an opera-
tor intended for modeling, and therefore we do not illustrate its behavior by means of examples.
We limit ourselves to semantic considerations.

Intuitively, the composition p : α means that composition p is the active substructure of
some initial location v ∈ V in the automaton α. Note, that whenever the composition p : α is
the result of a previous transition in α, this initial location is always uniquely defined.

Rule 38 models the action transition taken by automaton α when the active substructure is
terminating or when the chosen edge is disruptive, and the target location has a substructure.
Rule 39 differs from Rule 38 only in that the target location does not have a substructure.
Rule 40 models the action transition resulting from the execution of the substructure.
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3. Hierarchical extension of CIF

σ, σ′ |=α (v, g, a, (W, r), v′), σ �(X∪varC)\W= σ′ �(X∪varC)\W , 〈p, σ〉
A0,b
99K 〈p′, σ〉,

(v, g, a, (W, r), v′) ∈ D ∨ b, v′ ∈ dom(h), 〈h(v′), σ′〉
A1,b′

99K 〈q, σ′〉

〈p : α, σ〉 a,a∈actS ,X−−−−−−−→ 〈q : α[v′], σ′〉
38

σ, σ′ |=α (v, g, a, (W, r), v′), σ �(X∪varC)\W= σ′ �(X∪varC)\W ,

〈p, σ〉
A,b
99K 〈p′, σ〉, (v, g, a, (W, r), v′) ∈ D ∨ b, v′ 6∈ dom(h)

〈p : α, σ〉 a,a∈actS ,X−−−−−−−→ 〈α[v′], σ′〉
39

σ |= init(v), σ |= inv(v), σ′ |= inv(v), 〈p, σ〉 a,b,X∪varC−−−−−−−→ 〈q, σ′〉

〈p : α, σ〉 a,a∈actS ,X−−−−−−−→ 〈q : α, σ′〉
40

Rule 41 models the passage of time in an automaton postfix such that the timed transi-
tions are (recursively) synchronized in every level of hierarchy of p : α, where dom(ω) =
dom(ρ), dom(θ) = dom(ρ), ∀s∈[0,t].ω(s) = ω0(s) ∧ ρ(s) |= term(v), and ∀s∈[0,t].θ(s) =
θ0(s) ∪ {a | (v, g, a, (W, r), v′) ∈ E ∧ ρ(s) |= g ∧ ω0(s)}.

ρ |= 〈t, v, init, inv, tcp,dtype〉, (p, ρ(0))
ρ,A,θ0,ω07−→ (p′, ρ(t))

(p : α, ρ(0))
ρ,actS ,θ,ω7−→ (p′ : α[v], ρ(t))

41

Finally, Rule 42 models the execution of an environment transition in an automaton postfix.

σ |= init(v), σ |= inv(v), σ′ |= inv(v), σ �varC= σ′ �varC ,

(p, σ)
A,b
99K (p′, σ′)

(p : α, σ)
actS ,σ|=term(v)∧b

99K (p′ : α[v], σ′)

42

3.3.3. Parallel composition

The parallel composition operator allows concurrent execution of HCIF compositions. The
semantics of parallel composition is equal to the CIF semantics, as defined in Section 3.3.3.
Action behavior is not affected by the addition of hierarchy. The rules for time and environ-
ment transitions are updated to reflect the fact that a parallel composition is terminating only
if both components are.

As an illustration, consider the assembly process shown in Figure 3.3a, henceforth referred
to as Assembly , such that its location WaitForAB contains the parallel composition shown
in Figure 3.3b. The assembly process initially is in the WaitForAB location, and, according to
the semantics of atomic automata, it can trigger action assembling only if its sub-structure ter-
minates. Since the sub-structure is a parallel composition of two automata, namely WaitForA
and WaitForB (See Figure 3.3b), the substructure h(WaitForAB) can terminate after actions
a and b have both been executed; i.e., both automata WaitForA and WaitForB can terminate.
This pattern, in which an action is triggered after a series of parallel processes terminate, can
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GenA
tcp : ca < 2C

ca = 0

when ca ≥ C act a do ca := 0

GenB
tcp : cb < 2C

cb = 0

when cb ≥ C act b do cb := 0

WaitForAB
Assembling
tcp : t < ∆

act assembling do t := 0

when t ≥ ∆ act send

Assembly typeD : {ca 7→ clock, cb 7→ clock, t 7→ clock}

GeneratorA
actS : {a}

GeneratorB
actS : {b}

Asembling
actS : {a, b}

(a) Assembly process (Assembly).

WaitForA

Done

WaitForB

Done

act a act b

WaitForAB

WaitForA
actS : {a}

WaitForB
actS : {b}

(b) Receive process (h(WaitForAB)).

Figure 3.3.: Assembly line.

be expressed succinctly using hierarchy. Without support for hierarchy and termination it is
necessary to rewrite the parallel processes into a flat automaton.

The addition of hierarchy facilitates inter-level synchronization. As an example consider
the generator process GeneratorA shown in Figure 3.3a, which enables an action a every
C time units, when ca ≥ C. The action a from the generator synchronizes with action a
specified as synchronizing in the automaton WaitForA, which is part of the substructure of
location WaitForAB. This synchronizing behavior is obtained by inclusion of action a in the
set of synchronizing actions actS of GeneratorA ({a}), and in the set of synchronizing actions
of automaton Assembly ({a, b}). Note that strictly speaking, action a need not be defined as
synchronizing for automaton WaitForA.

Formally, Rule 43 states that two synchronizing actions with the same label can execute in
parallel only if they share the same initial and final valuation, and if the action is synchronizing
in both components. The set of control variables X , is propagated from the conclusions to
the premises since the control variables in the scope of a parallel composition are shared by
both partners. The resulting action transition is also synchronizing which allows action a to
synchronise with more than two compositions.

(p, σ)
a,true,X−−−−−→ (p′, σ′), (q, σ)

a,true,X−−−−−→ (q′, σ′)

(p ‖ q, σ)
a,true,X−−−−−→ (p′ ‖ q′, σ′)

43

Rules 44 model interleaving behavior of two compositions when executed in parallel. In
these rules, an action can be performed in one of the components (p) only if the initial and
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final valuations are consistent with the other composition (q); and if this action is not synchro-
nizing in the other component, which is expressed by the condition a /∈ A. The environment

transition (q, σ)
A,b′

99K (q′, σ′) is used to obtain the set of synchronizing action labels in com-
position q, to ensure that the initial valuation σ is consistent with the active invariants and
initialization conditions of q, to select an initial location (in case there is more than one in q),
and to remove any initialization operators from q.

(p, σ)
a,b,X−−−→ (p′, σ′), (q, σ)

A,b′

99K (q′, σ′), a 6∈ A

(p ‖ q, σ)
a,b,X−−−→ (p′ ‖ q′, σ′)

(q ‖ p, σ)
a,b,X−−−→ (q′ ‖ p′, σ′)

44

Rule 45 models the fact that if two compositions are put in parallel, time can pass t time
units only if allowed by both partners. As can be seen in this rule, the set of enabled actions
in the parallel composition at any point in time during the delay depends both on the set of
enabled actions and the set of synchronizing actions in each component individually. Similarly,
the termination trajectory of the parallel composition depends on the termination trajectories
of its components, where θ01 = (θ0 ∩ θ1) ∪ (θ0 \A1) ∪ (θ1 \A0) and ∀s ∈ [0, t].[ω01(s) =
ω0(s) ∧ ω1(s)].

(p, ρ(0))
ρ,A0,θ0,ω07−→ (p′, ρ(t)), (q, ρ(0))

ρ,A1,θ1,ω17−→ (q′, ρ(t))

(p ‖ q, ρ(0))
ρ,A0∪A1,θ01,ω017−→ (p′ ‖ q′, ρ(t))

45

Rule 46 defines the environment transition behavior for parallel composition. The resulting
set of synchronizing actions is the union of the synchronizing actions of p and q. The conjunc-
tion b0 ∧ b1 models the fact that a parallel composition is terminating if its components are.
Note that the end valuations of all transitions match.

(p, σ)
A0,b0
99K (p′, σ′), (q, σ)

A1,b1
99K (q′, σ′)

(p ‖ q, σ)
A0∪A1,b0∧b1
99K (p′ ‖ q′, σ′)

46

3.3.4. Urgency operator

By means of the urgency operator it is possible to declare actions as urgent. This means that
time cannot pass if an urgent action is enabled. However, urgent actions do not have priority
over regular (non-urgent) actions.

For example, consider the model of the controller of Figure 3.1 with the active location
UpOut. When a user demands the controller to operate in the horizontal mode, it should react
as soon as possible. In other words, the action τ in the labelled edge when s = +1 between
the locations UpOut and Horizontal must be made urgent. This ensures that time does not pass
in the location UpOut from the instant when the guard s = +1 is enabled.

Rule 47 specifies that the urgent action operator allows the passage of time as long as no
urgent action is enabled.
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dom(ρ) = [0, t], (p, σ)
ρ,A,θ,ω7−→ (p′, σ′), 〈∀s : s ∈ [0, t) : a /∈ θ(s)〉

(υa(p), σ)
ρ,A,θ,ω7−→ (υa(p

′), σ′)
47

The urgency operator affects only the time behavior. Action and environment transitions
remain unchanged as expressed by Rules 48 and 49.

(p, σ)
`,b,X−−−→ (p′, σ′)

(υa(p), σ)
`,b,X−−−→ (υa(p

′), σ′)
48

(p, σ)
A,b
99K (p′, σ′)

(υa(p), σ)
A,b
99K (υa(p

′), σ′)
49

3.4. Case-study: Patient Support System

+1 −1

−1

+1

Horizontal axis xh

Vertical axis xvTabletop

Magnet

Bore

Figure 3.4.: Patient Support System.

The patient support system (See Figure 3.4) is used in medical diagnosis to position a patient
in an MRI scanner [102]. The system can be operated in the following modes: vertical mode,
horizontal mode and user interface mode. In the vertical mode, the table top on which a patient
resides can only move vertically between the bounds depicted in Figure 3.4. Similarly, in the
horizontal mode, the table top can be moved in or out of the bore, either manually or by means
of a motor drive. Furthermore, the system is equipped with a table top release switch for
emergency situations. This system is controlled via a user interface that contains a tumble
switch to control the movement (both horizontally and vertically) of the table, and a button to
enable the start of an initialization sequence. Remember that the position of the tumble switch
is represented by variable s which can have the values +1, 0 and −1; and the continuous
variables xh and xv represent the horizontal and vertical position of the table top, respectively.

The objective of this case-study is to design a controller that satisfies the following require-
ments. The table should move up and down, or in and out of the bore, by operating the tumble
switch. The table should not move beyond the boundaries shown in Figure 3.4. The case-
study is specified using a top-down design methodology. In other words, we first model the
overall system at a higher level of abstraction in which we identify that the system consists
of a controller and a user interface. Furthermore, a controller can run in the following three
modes: Init mode in which the controller should place the table in the initial position; Normal
mode in which the controller synchronises with the events of the tumble switch; TTR (Table
Top Release) mode in which an operator is allowed to override the normal execution of the
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−1 ≤ xh ≤ 1
−1 ≤ xv ≤ 1

Init

Normal
inv : xh = −1 ∨

xv = 1

TTR
inv :

−1 ≤ xh ≤ 1
∧ ẋv = 0

UI

Eact ttron

Eact ttroff

Eact ttron

PSS dtype : {xh 7→ cont, xv 7→ cont, s 7→ disc, start 7→ disc}

actS : {ttron, ttroff } varC : {xh, xv} actS : {ttron, ttroff }

Figure 3.5.: Patient Support System.

controller. Figure 3.5 shows the model of the system at this level of abstraction. Throughout
the complete description of this case-study, it is assumed that only the τ action is urgent. All
other actions, which are the actions generated by the user interface, are non-urgent. This is
modeled by υτ (PSS ) where PSS represents the automaton PSS shown in Fig 3.5.

MvUpOrIn
inv : s = +1

Neutral
inv : s = 0

MvDownOrOut
inv : s = −1

act neutral act neg

act neutralact pos

TTRoff TTRon

act ttron

act ttroff

Off On

act starton do start := true

act startoff do start := false

UI

TumbleSwitch

TTRSwitch StartButton
varC : {start}

Figure 3.6.: User interface.

User interface The user interface consists of three input devices: the tumble switch, the
table top release switch and the start button (See Figure 3.6). The tumble switch has three
positions: MvUpOrIn, Neutral and MvDownOrOut. The MvUpOrIn position is used to move
the table either up or into the bore, the MvDownOrOut position is used to move the table
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3.4. Case-study: Patient Support System

down or out of the bore. When the switch is released, it returns to the neutral position, which
enforces actuated (motorized) movement of the table to stop.

The TTR switch can be used to release the table top from the horizontal motor. When the
switch is active, the horizontal movement of the table is uncontrolled by the system, so that
an operator can manually move the table freely in the horizontal direction. Finally, the start
button initializes the system.

WFstart
inv : ẋh = 0 ∧

ẋv = 0

Retract
inv : ẋh = −1 ∧

ẋv = 0

MoveUp
inv : ẋh = 0 ∧

ẋv = 1

WFneutral
inv : ẋh = 0 ∧

ẋv = 0

when s = 0 ∧ start

when xh = −1

when xv = +1s = 0

Init

Figure 3.7.: Initialization.

Initialization In the Init mode, the position of the patient support system is initialized (Fig-
ure 3.7). The position of the tumble switch needs to be neutral before initialization begins, and
the movement is triggered by pressing the start button. The desired final position of the table
is fully retracted and fully up. First, the table is retracted since this is always a safe movement.
Then, when the table is fully retracted, the table is moved up until it reaches the top position.
The initialization is complete when the tumble switch is in the neutral position, to prevent that
the table starts moving immediately after initialization.

Normal mode Initially, the system enters the normal mode with the table fully up and re-
tracted, so in an up and out position (Figure 3.8). In this intersection point between moving
the table horizontally or vertically, holding the tumble switch in the MvUpOrIn position trig-
gers horizontal movement of the table into the bore, whereas holding it in a MvDownOrOut
position triggers vertical, downward movement.

A system requirement is that between switching from horizontal to vertical movement, and
vice versa, the position of the tumble switch must be neutral. This to prevent the table from
continuing movement unexpectedly in a different direction. Figure 3.9 show the horizontal
movement of the system in more detail. The automaton for the vertical movement of the
system is similar to the automaton drawn in Fig 3.9.
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Horizontal
inv : xv = 1

UpOut
inv : xh = −1 ∧

xv = 1

Vertical
inv : xh = −1

when s = 0

when s = +1 when s = 0

when s = −1

Normal

Figure 3.8.: Normal movement control.

StoppedIn
inv : ẋh = 0

Middle
inv : ẋh = s

StoppedOut
inv : ẋh = 0

when s = −1

when s = +1when x = +1 ∧ s ≥ 0

when x = −1 ∧ s ≤ 0

Horizontal

Figure 3.9.: Horizontal movement control.

3.5. Concluding remarks

In this chapter we have presented the syntax and semantics of HCIF, which extends CIF with
hierarchy in a compositional manner, so that only the SOS rules for an automaton and for
the time transitions of parallel composition need to be adapted. As a result, we extended
our previous work [15] to complete the hierarchical extension of CIF, which contains more
involved concepts like invariants, synchronization, local variables and control variables.

We conjecture that we are able to transform a HCIF composition into a bisimilar CIF speci-
fication. A transformation from HCIF to CIF was defined and implemented in [36]. However,
no proof of correctness was given in that work. Future work includes relating formally HCIF
and CIF expressiveness, and define a translation procedure with its proof of correctness. These
transformations are important to reuse existing tools for CIF, including model transformations.

In addition, we observe that a liberal interpretation of a HCIF automaton as an n-ary operator
(where n represents the number of locations in the super-automaton) places our semantic rules
within the congruence format of [73]. This means that the replacement of a sub-automaton by
an equivalent one (modulo stateless bisimulation equivalence) will lead to an equivalent be-
havior of the super-automaton, which is a fundamental property for compositional reasoning.
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It is our interest to implement a simulator that conforms to the SOS specification of the lan-
guage. The problem is that, to the best of our knowledge, there is no known method for
carrying out this task in the context of hybrid languages. In spite of the usefulness of SOS
semantics for specifying behavioral aspects of a formalism at an abstract level, it cannot be
used for direct implementation of a simulator. As shown in Chapter 2, the semantic rules re-
quire the manipulation of infinite sets of objects, and operations on functions over a dense time
interval. For instance, the semantic rule for time delays of a parallel composition specifies that
a time delay is possible, if we can find a variable trajectory (a function from time points to
variable valuations) in the intersection of the (possibly infinite) sets of allowed trajectories of
both components of the parallel composition. As another example, the rule for urgent actions
states that no urgent action can be enabled in a time delay, which requires to determine the
enabled actions in a dense time interval.

For simulation of CIF models, we must know, given a system configuration (state):

• The set of active differential equations, also referred to as flow conditions.

• The active switching conditions.

• The possible discrete events that can be executed, and their associated changes to the
model variables.

All of these elements can be represented by predicates. If we look at the CIF semantics, these
predicates are not explicit, and therefore the SOS rules do not provide a method for determin-
ing them. However, if we could link the CIF semantics to the procedure of extracting predi-
cates, it appears that we would have a way to implement the simulator. The predicates must
be obtained in such a way that they ensure that the original semantic behavior is preserved.

The difficulty of predicate extraction lies in the complexity of CIF. Since CIF is an inter-
change format between several languages, it incorporates a variety of interacting concepts such
as urgency, multi-party synchronization, and control variables, that affect the flow, switch, and
update conditions. This complexity is propagated to the CIF semantics.

To be able to use the SOS specification of CIF for our implementation purposes, we obtain
a new set of rules, called symbolic rules. These rules contain the predicates to represent
differential equations, switching, and update conditions, which are required to compute the
time delays and action updates. The symbolic rules are related to the original rules by means of
soundness and completeness results, which guarantee that the extracted conditions are correct.
Using these conditions, we define a simulation algorithm that uses traditional methods for
equation solving and root finding. Note that we are not concerned with the methods for solving
differential equations or computing switching conditions. For this we rely on existing work on
the matter, see for example [72, 19, 20].
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This chapter presents the method for a subset of CIF. This subset was chosen in such a
way that the relevant aspects for implementing a simulator conforming to the semantics are
exposed. The complete set of rules and the proofs of the theorems can be found in Appendix B.

This chapter is structured as follows. Section 4.1 presents related work. Section 4.2 intro-
duces the syntax of the subset of CIF we have chosen to illustrate our approach. We discuss
the unsuitability of the explicit CIF SOS rules, as presented in Chapter 2, in Section 4.3.
Based on the explicit SOS specification, Section 4.4 presents a symbolic version of the SOS
rules, together with the results that show its conformance to the original version. Section 4.5
sketches the implementation of a simulator based on the symbolic rules. Concluding remarks
are presented in Section 4.6.

4.1. Related work

In previous works on the simulation and analysis of hybrid systems, see for example [52, 1,
40, 60, 32], the predicates representing flow and switching conditions are assumed to be given,
or the structures under consideration make it is easy to extract them, for instance in a network
of automata.

Symbolic computation [52] is a well know technique for representing infinite state systems,
where state spaces and their changes are represented by means of predicates. For languages
based on hybrid bond graphs, a formal structured operational semantics was presented in [27].
On the other hand, existing work on simulation of hybrid systems [60, 32, 72] is concerned
with finding solutions to differential equations to compute time delays, detecting events (dis-
continuities in the system), and computing next states after the execution of discrete actions.

There are many powerful and fully fledged simulation languages, such as Modelica [70],
Simulink / Stateflow [100, 101], and gPROMS [82]. However, for these languages, a formal
execution semantics is unavailable, and there is no evidence that the implementation of their
simulators conforms to any formal specification. For subsets of a number of these languages,
some form of formal semantics is available: For Modelica, several parts of the static semantics,
focusing on non-time dependent issues, such as expression evaluation, have been formalized
[42, 41]. However, there is no such equivalent for the dynamic semantics. For a subset of
Stateflow, an operational semantics has been defined in [47].

Process algebraic linearization [104, 18, 59, 78] is a method for elimination of operators in
terms of basic language constructs, which can help in deriving a simulator based on formal
semantics. It is possible to linearize CIF models in terms of CIF automata [78, 31]. However,
this requires unnecessary computation of state spaces, and it is not structure preserving. Our
approach is better than process algebraic linearization since it does not require computation
of the entire state space, and it is obtained from the SOS specification of the language in a
straightforward manner, whereas linearization requires complicated algorithms and proofs of
correctness.

The problem of implementing a simulator from an SOS specification was considered in [66].
In that work, the authors define functions over process terms, which give the symbolic infor-
mation needed for the computation of the simulation traces. In this chapter, we extend this
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method by specifying the predicate extraction process by means of SOS rules, in a straightfor-
ward manner, and at the same time we provide proofs of correctness of the obtained conditions.

4.2. Syntax of the chosen subset

The CIF compositions we consider in this chapter do not contain local variables. The reason
for this omission is that we have not found a proper way of dealing with the CIF rules for
variable scope in a symbolic manner. The main difficulty lies in the semantic information that
syntactic entities convey in the rules for variable scope. This is: the valuations of local vari-
ables. In the implementation of the CIF simulator, local variables are removed by renaming,
and thus our method can be applied.

Unlike the variable scope operator, the action scope operator can be handled in a symbolic
manner. However its treatment has no theoretical interest, and therefore we have disregarded
it from our work.

The operators we have chosen to illustrate our approach are: parallel composition, urgent
action, and synchronizing action. In the definition belowM is the set of all CIF automata, as
defined in Chapter 2. In this chapter, the set C refers to the subset of CIF compositions defined
as follows:

Definition 17 (Compositions). The set of all compositions is defined by the following abstract
grammar:

C ::= α | C ‖ C | υaτ (C) | γa(C)

where α ∈M, aτ ∈ Aτ , and a ∈ A.

4.3. The need for symbolic semantics

In this section we take a look at some of the CIF explicit rules, which were defined in Sec-
tion 2.4, and we provide a rationale on why they are not suitable for the implementation of a
simulator.

Rule 4 for synchronizing parallel composition, models in a succinct way the fact that p and
q have to agree on updates of shared variables in synchronizing actions. In combination with
the action rule for atomic automata (Rule 1), this means that if a variable is controlled by p, q
cannot assign a new value to that variable (unless p simultaneously assigns the variable to the
same value as q). The variable should be uncontrolled in q, so that q allows all changes to that
variable by p.

Nevertheless, it is clear that this simple specification cannot be interpreted operationally in
the implementation. According to this rule, determining whether a synchronizing action is
possible amounts to finding a valuation σ′ in the intersection of the sets:

{σ′ | 〈p, σ〉 a,b,X−−−→ 〈p′, σ′〉} and {σ′ | 〈q, σ〉 a,b,X−−−→ 〈q′, σ′〉}

which cannot be computed in general (as both sets may be infinite). A similar phenomenon
can be observed in Rule 5, and in the next rule for time.
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4. Implementation of the CIF simulator

The time rule for parallel composition (Rule 7) models the fact that if two compositions are
put in parallel, time can pass t time units only if allowed by both partners. As can be seen in
this rule, the set of enabled actions in the parallel composition at any point in time during the
delay depends both on the set of enabled actions and the set of synchronizing actions in each
component individually.

In Rule 7 we can see that the time can progress condition of a composition is not straight-
forward to calculate since it depends not only on the tcp predicates of the individual automata,
but also on the urgency conditions and enabled action of the model, which are encoded in the
guard trajectory. This trajectory is calculated using the set of enabled actions at a given time
in the parallel composition p ‖ q: let Ai be the set of synchronizing actions of composition i,
i ∈ {p, q}, and θi(s) the set of enabled actions of i at time s, then an action a is enabled at
time s in p ‖ q if at least one of the following conditions holds:

1. Action a is enabled in both components, which can be expressed as a ∈ θp(s)∩θq(s). A
simple case analysis will convince the reader that when an action is enabled in both com-
ponents, then it is enabled in the parallel composition of these, irrespective of whether
a is synchronizing.

2. Action a is enabled in p, and is not synchronizing in q, which can be expressed as
a ∈ θp(s) \Aq.

3. Symmetrically, a ∈ θq(s) \Ap.

From the formal definition of θ in these rules, it should be clear that it cannot be computed in an
explicit way. Therefore, for implementation purposes, we resort to a symbolic representation
of the rule.

Rule 7 also states implicitly that the variable trajectories allowed in the conclusion is the
intersection of the variable trajectories allowed by each component, and therefore it suffers the
same problem as action transitions: to compute a variable trajectory, it is necessary to find a
valuation in the intersection of the sets of trajectories allowed by p and the set of trajectories
allowed by q.

4.4. Symbolic semantics of CIF

Starting from the set of SOS rules given in Section 2.4, it is our goal to obtain a set of SOS
rules where the infinite objects are replaced by predicates. Then, these predicates can be used
for the implementation of a simulator. To show that the symbolic rules correctly capture the
explicit rules we establish correctness and completeness results.

A symbolic transition is a finite representation of a set of explicit transitions. Depending on
the type of transition, different elements are needed for this purpose, such as predicates or sets
of variables.

A symbolic action transition is of the form

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉
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where a is an action label; b is a boolean that determines whether action a is synchronizing;
g (guard), u (initial condition), and n (invariant) are the predicates that have to be satisfied by
the source valuation in the explicit transition system; n′ (invariant) and r (update predicate)
are the predicates that have to be satisfied by the target valuation (r can contain references to
the previous values of variables, which are in the initial valuation); W is the set of variables
that can change in the new valuation; and C is the set of control variables.

For time transitions we adopt a similar approach to obtain a finite representation of the set of
possible variable trajectories: we use invariants and tcp predicates. However this is not enough
since variable trajectories also depend on the dynamic types, which are therefore added to the
labels of the symbolic time transitions. To be able to deal with urgent actions, we obtain a
symbolic representation of the guard trajectory θ, by adding pairs of guards associated to the
actions, and a set of urgent actions to the symbolic time transitions.

The resulting symbolic time transitions are of the form

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

where u is the initialization predicate, n is the invariant that has to be satisfied by the time
delay, w is the tcp predicate, G is a dynamic type mapping, A is the set of synchronizing
actions, P is a set of pairs of guards and actions, and U is a set of urgent guards. Note that
even though some labels can be merged, we avoid doing so to be able to trace where each
component comes from. For instance, separating the tcp predicate and the set of urgent guards
U, allows us to keep the distinction between tcp predicates specified in the models and urgent
guards. We found that this helped us in stating the soundness and completeness theorems, and
simplified their proofs.

Symbolic environment transitions are not considered in this chapter, since they can be han-
dled in a similar manner as we present here, and by omitting them we do not obscure the
presentation of our approach with unnecessary details. The complete set of symbolic rules can
be found in Appendix B.

4.4.1. Soundness and completeness

The fact that every symbolic transition encodes a set of explicit transitions, and every explicit
transition is encoded by a symbolic one, is captured in the next theorems.

Theorem 2 (Soundness of action transitions). For all p, p′, a, b, g, u, n, n′, W , C, r, X , σ,
and σ′ we have that if the following conditions hold:

1. 〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

2. σ |= g, σ |= u, σ |= n, σ′ |= n′, and σ ∪ σ′+ |= r

3. σ �(C∪X)\W= σ′ �(C∪X)\W

then, there is an explicit action transition (p, σ)
a,b,X−−−→ (p′, σ′).
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Theorem 3 (Completeness of action transitions). For all p, p′, a, b, X , σ, and σ′ we have that

if there is an explicit transition (p, σ)
a,b,X−−−→ (p′, σ′) then there exists g, u, n, n′, W , C, and r

such that the following conditions hold:

1. 〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

2. σ |= g, σ |= u, σ |= n, σ′ |= n′, and σ ∪ σ′+ |= r

3. σ �(C∪X)\W= σ′ �(C∪X)\W

Theorem 4 (Soundness of time transitions). For all p, p′, u, n, w, G, A, P , U , ρ, θ, and t we
have that if the following conditions hold:

1. 〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

2. dom(ρ) = dom(θ) = [0, t] ∧ 0 < t, ρ(0) |= u, 〈∀s : s ∈ [0, t] : ρ(s) |= n〉,
〈∀s : s ∈ [0, t) : ρ(s) |= w〉, and 〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉

3. 〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉, and 〈∀s : s ∈ [0, t) : {g | g ∈
U ∧ ρ(s) |= g} = ∅〉

then there is an explicit time transition (p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t)).

Theorem 5 (Completeness of time transitions). For all p, p′, ρ, θ, A, and t we have that if

there is an explicit time transition (p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t)) then there exists u, n, w, G, P , and

U such that the following conditions hold:

1. 〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

2. ρ(0) |= u, 〈∀s : s ∈ [0, t] : ρ(s) |= n〉, 〈∀s : s ∈ [0, t) : ρ(s) |= w〉, 〈∀x : x ∈
dom(G) : (ρx, ρẋ) ∈ G(x)〉, and 〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉

3. 〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉

We present now the symbolic rules for CIF that illustrate better the approach. The full set
of rules can be found in Appendix B.

4.4.2. Automata

Rules 50 and Rule 51 define the sets of symbolic action and time transitions, respectively, for
automata. The labels can be easily derived by considering the soundness theorems. The rule
for action transitions generates a transition for each outgoing edge in the source location (v).
Since there are no urgent actions at the automaton level, the set of urgent actions on the arrow
is defined to be empty.

(v, g, a, (W, r), v′) ∈ E

〈(V, init, inv, tcp, E, varC , actS , dtype)〉 a,a∈actS ,g,init(v),inv(v),inv(v′),W,varC ,r−−−−−−−−−−−−−−−−−−−−−−−−−→
〈(V, idv′ , inv, tcp, E, varC , actS ,dtype)〉

50
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v ∈ V
〈(V, init, inv, tcp, E, varC , actS , dtype)〉

init(v),inv(v),tcp(v),dtype,actS ,{(g,a) | (v,g,a,u,v′)∈E},∅7−→
〈(V, idv, inv, tcp, E, varC , actS ,dtype)〉

51

4.4.3. Parallel composition

The rules for parallel composition, as opposed to the previous symbolic rules, are more com-
plex.

Action behavior

Consider Rule 52, the symbolic counterpart of the rule for synchronizing action behavior. It
states that the set of variables that can be changed by the parallel composition is the intersection
of the variables that can be changed by the two components. This, although it is the desired
behavior, is not obvious from the explicit specification (Rule 4). The same observation can be
made for the set of control variables associated to the action.

〈p〉
a,true,gp,up,np,n′p,Wp,Cp,rp−−−−−−−−−−−−−−−−−→ 〈p′〉, 〈q〉

a,true,gq ,uq ,nq ,n′q ,Wq ,Cq ,rq−−−−−−−−−−−−−−−−−→ 〈q′〉

〈p ‖ q〉
a,true,gp∧gq ,up∧uq ,np∧nq ,n′p∧n′q ,Wp∩Wq ,(Cp\Wp)∪(Cq\Wq),rp∧rq−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈p′ ‖ q′〉

52

Rule 53 presents the symbolic rule for interleaving parallel composition.

〈p〉
a,b,gp,up,np,n′p,Wp,Cp,r−−−−−−−−−−−−−−−→ 〈p′〉, 〈q〉

uq ,nq ,Cq ,A
99K 〈q′〉, a /∈ A

〈p ‖ q〉
a,b,gp,up∧uq ,np∧nq ,n′p∧nq ,Wp\Cq ,Cp∪Cq ,r−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈p′ ‖ q′〉

53

The rules for parallel composition expose how the jumping and controlled variables influ-
ence each other. This is by no means obvious in the explicit version of the SOS. If we consider

a symbolic time transition 〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉, the variables that remain unchanged are
the controlled variables that have not explicitly been allowed to jump, this is, C \W . All other
variables can change, that means V \ (C \W ). If we look at the rule for synchronizing parallel
actions, then the variables that remain unchanged are:

((Cp \Wp) ∪ (Cq \Wq)) \ (Wp ∩Wq)

For interleaving actions (Rule 53), the variables that are not modified are:

(Cp ∪ Cq) \ (Cp \Wp)

This is not easy to see just by looking at the explicit rules.
We illustrate what we stated before using the example of the unmanned aerial and under-

water vehicles presented in Section 2.6.1. Consider the synchronizing action c2a , which is
executed synchronously between the command center (Figure 2.14) and the aerial vehicle
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(Figure 2.15). According to the symbolic rule for synchronizing parallel composition and the
soundness theorem, the only variables that must remain unchanged are those in the set:

(({r, vc2a , x} \ {vc2a , x}) ∪ ({xprev , r′, v, c, xav} \ {v, xprev})) \
({vc2a , x} ∩ {v, xprev})

(4.1)

In (4.1), variable vc2a is the variable used to transmit data via action c2a , according to the
notation defined in Section 2.6. This variable is declared, implicitly, as controlled in the sender.
Also, local variable r in the aerial vehicle has been renamed to r′. The set in (4.1), equals the
set:

{r, r′, x, xav}

Thus, variables vc2a , x, v, and xprev can be updated, as intended. The above example shows
that controlled variables can be changed in a synchronizing action, even though the partic-
ipating processes do not know the controlled variables of the other processes. This is very
important for obtaining modular specifications. On the other hand, if, for instance, the com-
mand center tries to change the value of the aerial vehicle position, xav , to some other value
v, using some action specified by an edge:

(`, true, a, ({xav}, x+
av = v), `′)

the symbolic rules yield that variable xav cannot be changed by action a, when composed in
parallel in the vehicle, which is exactly what we want when declaring controlled variables.

The preceding illustration shows that by obtaining the symbolic semantics for CIF we have
a way of providing additional validation to our semantics. Furthermore, we can see that ex-
tracting the exact update conditions is not trivial in the case of CIF, even if the semantics is
formally defined as in Section 2.4.

Time passing

For defining the rule for time transitions, we make use of the operators C, ∩2, and \2, which
are defined next.

Definition 18. Given two partial functions, representing dynamic type mappings, f : V ⇀ 2D

and g : V ⇀ 2D, f C g is the function such that dom(f C g) = dom(f) ∪ dom(g) and for all
x ∈ dom(f C g):

(f C g)(x) =


f(x) ∩ g(x) if x ∈ dom(f) ∩ dom(g)

f(x) if x ∈ dom(f) \ dom(g)

g(x) if x ∈ dom(g) \ dom(f)

Given two sets of pairs of booleans and actions Y,Z ⊆ B×A:

Y ∩2 Z , {(gy ∧ gz, a) | (gy, a) ∈ Y ∧ (gz, a) ∈ Z}

Given a set Y ⊆ B×A and a set A ⊆ A:

Y \2 A , {(g, a) | (g, a) ∈ Y ∧ a /∈ A}
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Using the operators previously defined we can state the symbolic rule for time transitions in
parallel compositions.

〈p〉 up,np,wp,Gp,Ap,P,Up7−→ 〈p′〉, 〈q〉 uq ,nq ,wq ,Gq ,Aq ,Q,Uq7−→ 〈q′〉

〈p ‖ q〉 up∧uq ,np∧nq ,wp∧wq ,GpCGq ,Ap∪Aq ,(P∩2Q)∪(P\2Aq)∪(Q\2Ap),Up∪Uq7−→ 〈p′ ‖ q′〉
54

The previous rule expresses that the dynamic typing constraints of the two components are
intersected, as can be also inferred from the original semantics, but it is nevertheless implicit
in the trajectories. Once the appropriate operators are defined, the symbolic guard trajectory is
calculated in a similar way as its explicit version. The urgency conditions of both components
are combined in the conclusion, which also corresponds with the intuition, but it is not evident
from the explicit SOS rules.

4.4.4. Synchronization operator

The symbolic rules for the synchronizing action operator are similar to their explicit counter-
parts, and thus the predicates on the labels are not changed. Only the synchronization label
and the set of synchronizing actions are changed in the action and time transition respectively.

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

〈γa′(p)〉
a,b∨a=a′,g,u,n,n′,W,C,r−−−−−−−−−−−−−−−→ 〈γa′(p′)〉

55

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

〈γa(p)〉
u,n,w,G,A∪{a},P,U7−→ 〈γa(p′)〉

56

4.4.5. Urgency operator

The rule for urgency shows how the symbolic guard trajectory P is used to obtain the urgency
conditions associated to a given composition. The symbolic guard trajectory in turn depends
on the parallel composition operator, and on the sets of synchronizing actions as defined by
the synchronization operator, see Rules 54 and 56, respectively.

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

〈υa(p)〉
u,n,w,G,A,P,U∪{g|(g,a)∈P}7−→ 〈υa(p′)〉

57

According to the symbolic SOS rules presented in this section, the urgent guards of the CIF
composition of Figure 2.17, defined in Section 2.6.1, at configuration

(Waiting ,Searching ,OnSurface,OnSurface,OnSurface) (4.2)
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are
{ x ∈ {0, 1, 2}, (N ≤ xav ∧ 0 ≤ v), v ≤ 0
, (∆ ≤ |xav − xprev | ∧ |xuv0 − xav | ≤ R
, (∆ ≤ |xav − xprev | ∧ |xuv1 − xav | ≤ R)
, (∆ ≤ |xav − xprev | ∧ |xuv2 − xav | ≤ R)
}

(4.3)

where the local variables xuv from UV0 , UV1 ,and UV2 are referred to as xuv0 , xuv1 , and
xuv2 , respectively. This combined with the soundness and completeness theorems for time
transitions, give us that time can pass in configuration (4.2) only if condition

¬(x ∈ {0, 1, 2}),¬(N ≤ xav ∧ 0 ≤ v),¬(0 ≤ v)
¬(∆ ≤ |xav − xprev | ∧ |xuv0 − xav | ≤ R
¬(∆ ≤ |xav − xprev | ∧ |xuv1 − xav | ≤ R)
¬(∆ ≤ |xav − xprev | ∧ |xuv2 − xav | ≤ R)

does not hold during the time delay.
From the preceding example we can draw some observations:

1. Switching conditions are not trivial to determine for CIF since these depend on the
interplay between parallel composition, synchronization, and urgency. Looking at the
guards of each automaton does not suffice.

2. The explicit rules do not give us means for devising a procedure for extracting such
predicates.

3. The symbolic rules give us a procedure for extracting urgency conditions in a straight-
forward and mathematically correct manner.

4.4.6. Computing the symbolic successor transitions

In CIF two successor functions are needed for the simulator: an action successor function
Sa, which, given a composition p, returns the set of all symbolic outgoing action transitions
from p; and a time successor function St, which, given a composition p, returns the set of all
symbolic outgoing time transitions from p. In the implementation of the simulator there are
labels, such as b andX in the action transitions, as well as P andA in time transitions, that are
not used, since its sole role is to serve as auxiliary data structures for the computation of the
transitions. We have included them here for the sake of completeness. Environment transitions
are of interest only to compute the action successor function Sa, see Rule 53. Environment
transitions are not visible at the simulator level.

The successor functions can be computed. This is a consequence of the following theorem,
and the fact that the transition system induced by the symbolic rules is finitely branching.

Theorem 6 (Well-definedness of Sa and St). For each CIF composition p ∈ C it is possible
to define computable functions Sa and St such that:

Sa(p) = {(a, b, g, u, n, n′,W,C, r, p′) | 〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉}

St(p) = {(u, n,w,G,A, P, U, p′) | 〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉}
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The definition of such functions is straightforward, and can be obtained from the symbolic
SOS rules. Note that the symbolic transitions contain redundant information, such as invari-
ants; and given a CIF composition, some labels are constant, such as the dynamic types. By
eliminating the constant and redundant components from symbolic transitions, and incorpo-
rating new transitions that extract these components, it is possible to compute the transitions
in an efficient manner. In Chapter 5 we show how this procedure can be formalized.

If we would consider a hybrid language with recursion and parallel composition, then the
transition system would no longer always be finitely branching [3]. However for guarded
recursion we are guaranteed to obtain finitely branching processes.

Using these results, the problem of computing a successor state of a composition p in an
initial valuation σ can be solved with the help of the functions Sa and St. This is described in
the next section.

4.5. Implementation of the CIF simulator

This section explains how the symbolic rules are used in the implementation of the simula-
tor [96]. The purpose of this section is to link the previous sections to the implementation. We
present only the relevant details.

4.5.1. Main simulation loop

Algorithm 1 shows how to compute an arbitrary path in the hybrid transition system induced
by the initial state (p, σ). For brevity, we exclude initialization of the system in the initial state,
and we assume that an initialized initial state is given.

The algorithm is an infinite loop, the main ingredient of which is a call to the calculate-
Transitions function, which returns all transitions that are possible from the current state. This
function is described in more detail in Section 4.5.2. If no transitions are possible, the cur-
rent state is a deadlock state, and simulation ends. Otherwise, the simulator picks a transition.
The current implementation of the simulator has several ways to choose a transition. In auto-
matic mode, the simulator can choose the first, the last, or a random transition. In interactive
mode, the simulator asks the user to make the choice. This approach allows us to pick any
arbitrary trace of the system, and not just a single one. Note that most simulators of simu-
lation languages, such as Modelica [70], Simulink [100] and Stateflow [101], enforce model
execution to be deterministic. Model execution of verification languages, such as Uppaal [61]
for timed automata, and SpaceEx [40] for hybrid automata, on the other hand, is inherently
non-deterministic.

The final step of the loop is to update the current state to match the result of taking the chosen
transition. If the transition is an action transition, the CIF composition p and the valuation σ
are extracted. For time transitions, the composition p and the maximum delaym are extracted,
and an actual delay in the interval (0 .. m]1 is chosen. Then the trajectory for that time point
is evaluated to obtain the new valuation σ.

1The interval becomes (0 ..∞) if m =∞, meaning there is no restriction on the maximum delay time.
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Algorithm 1 simulate(p, σ)

while true do
transitions := calculateTransitions(p, σ)
if transitions = ∅ then

return deadlock
end if
transition := pick(transitions)
if isActionTransition(transition) then

(p, σ, a) := transition
else

(p, ρ,m) := transition
m′ := pick(0,m)
σ := ρ(m′)

end if
end while

4.5.2. Calculation of possible transitions

Algorithm 2 shows how concrete transitions are calculated using the symbolic information ob-
tained from a given state (p, σ). The first step of this procedure is to calculate symbolic action

Algorithm 2 calculateTransitions(p, σ)
result := ∅
for all (a, b, g, u, n, n′,W,C, r, p′) ∈ Sa(p) do

if eval(g, σ) then
vals := calculateUpdates(r ∧ n′+ ∧

∧
x∈C\W

x = x+, σ)

result := result ∪ {(p′, σ′, a)|σ′ ∈ vals}
end if

end for
(u, n,w,G,A, P, U, p′) := St(p)
s := w ∧

∧
g∈U
¬g

if eval(s, σ) then
result := result ∪ {(p′, ρ,m)|(ρ,m) ∈solveTrajectory(σ, n, s,G)}

end if
return result

transitions. Since we omit initialization from the discussion, the initialization predicate u is ig-
nored in Algorithm 2. For each symbolic action transition, the guard g is evaluated. If it holds,
the valuations vals that result from the update are calculated. The calculateUpdates(pred, σ)
function returns those valuations that satisfy the predicate pred, which includes the update
predicate, target invariants, and control variable constraints. Before returning those valuations,
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the calculateUpdates function removes the old values of the variables (x) and replaces them
by the new values (x+). The exact details of calculating the valuations that satisfy predicate
pred, are beyond the scope of this thesis.

The calculateUpdates function returns a set of valuations. This set may be empty, for in-
stance when an invariant of an automaton cannot be satisfied. In theory, the set could also be
infinite, for instance when the combined system of equations is underspecified: i.e. consisting
of less equations than unknowns. The current implementation can only deal with systems that
result in at most one valuation. Note that valuations have a representation for variables that can
have any value in their domain. In case of underspecified systems, an ‘unsupported’ message
is generated. Also note that even though the resulting set contains at most one valuation, the
sets of valuations that are allowed for individual components of the system, as defined by the
SOS semantics, can still be infinite, as long as the intersection of the sets contains at most one
valuation.

The valuations that are returned by the calculateUpdates function are used to construct ac-
tion transitions, which are tuples of the form (p′, σ′, a), where p′ is the resulting CIF compo-
sition, which contains the updated active locations with respect to p, σ′ is the final valuation
after taking the transition, and a is the action label.

Subsequently, the symbolic time transition is calculated. Since we omit initialization from
the discussion, the initialization predicate u is ignored. From the symbolic time transition,
the time can progress condition s is extracted. This predicate is based on the negation of
the urgency conditions (usually called switching conditions or state events when using ODE
solvers). Time can progress only when no state events become enabled. When the time can
progress condition holds, the variable trajectories and maximum allowed delay are solved by
means of the solveTrajectory function. This results in new time transitions, which are tuples
of the form (p′, ρ,m), where p′ is the resulting CIF composition, which contains the active
locations, ρ contains the variable trajectories for each of the variables, and m is the maximum
allowed delay (the domain of ρ).

The final result of the function is the set of transitions that are possible in the current state
(p, σ), which is a set of action and time transitions.

4.5.3. Trajectory solvers

Figure 4.1 shows an overview of the implementation of the trajectory solver: the solveTrajec-
tory function from Section 4.5.2. The trajectory solver gets as input the start valuation σ, the
invariants n, the urgency conditions or switching conditions s, and the dynamic type mapping
G. It relays that information to either a symbolic trajectory solver, or a numeric trajectory
solver. The choice is based on user configurable settings.

The symbolic trajectory solver computes symbolic trajectories ρ. Currently, it only supports
constant derivatives, which essentially makes this a trivial operation. The switching conditions
are then used to compute the maximum delay m. The forms of switching conditions that are
currently allowed are: (1) time independent conditions; (2) time dependent conditions of the
form v ◦ N or N ◦ v, where ◦ ∈ {<,≤,≥, >}, N is a time constant expression, and v is a
continuous variable (not a derivative); (3) arbitrary combinations of (2) with boolean operators
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(∧,∨,⇒,¬). This allows us to efficiently support a large subset of timed systems in a symbolic
manner.

The numeric trajectory solver uses ODE solvers with root finding from the Apache Com-
mons Math library [37]. This library supports several ODE solver algorithms. The switching
conditions are used to detect roots (also referred to as state events). The library supports several
bracketed root finding algorithms. The simulation options, among others, allow specification
of the ODE integrator, root finding algorithm, and tolerances.

The resulting trajectories ρ can be calculated using symbolic or numeric representations.
A symbolic trajectory maps each variable to an expression that represents the value of the
variable in terms of time. A numeric trajectory maps each variable to time points, where each
time point is a tuple of the time value and the value of the variable at that time point.

Figure 4.1.: Schematic overview of trajectory solvers implementation.

4.5.4. Example

The CIF model of the unmanned and underwater vehicles was simulated using the imple-
mentation described in this chapter. A CIF textual model, with two underwater vehicles, was
developed. The model of the command center was extended to allow the user to select the ve-
hicle to send the command to, when the simulator is operated in interactive mode. Figure 4.2
shows the part of the Eclipse-based simulator interface that allows the user to choose among
the possible time and action transitions. Notice that it is possible to delay, because the actions
that denote the user’s choice are specified as non-urgent. The maximum time delay in this case
is 5 time units, which is the result of the time can progress predicate that is chosen for this
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model.

Figure 4.2.: Interactive simulation allows to choose among the possible time and action tran-
sitions.

Figure 4.3 presents a plot, produced using Gnuplot [44], with the results of the automatic
simulation output. We have simulated a model with two underwater vehicles. At the beginning
the AV looks for the first underwater vehicle (UV1), which is at position 4.5. At time 4 the AV
is able to establish communication. As a result UV1 submerges (its position is set to −1), and
the AV returns to the command center for a new order to transmit. The process is repeated, but
this time underwater vehicle 2 (UV2) is the receiver of the order. At approximately time 12,
the AV gives the third order to UV1, which is then submerged, and remains in this state until
approximately time 15.5. In this example, the communication rangeR is set to 0.5. Therefore,
for the fourth order, the AV is not able to establish contact with the first submarine on its
outward flight. This causes the AV to fly to the furthest point away from the command center
(5 in this case). It communicates with UV1 at approximately time point 22, when it returns.

4.6. Concluding remarks

We have presented a method for implementing a simulator from the SOS rules of a hybrid
language. The main problem in this task is the extraction of conditions from syntactic elements
of the language. Once flows, switching, and discrete-update conditions have been extracted,
it is possible to implement a simulator using standard methods for computing time delays and
discrete updates. The symbolic semantics approach has been proven to yield a procedure for
extracting these conditions in a mathematically correct manner with respect to the original
specification.

The symbolic semantics for CIF was obtained from the original SOS specification in a
relatively easy manner, once the soundness and completeness theorems that relates the two
sets of rules were stated. The challenge in the construction of the symbolic semantics is in
the latter task. The time rules for parallel composition were an exception to this. It was not
straightforward for us to determine the exact operations that needed to be carried out to extract
the right conditions.

The symbolic semantics appears to have two additional virtues: it provided additional val-
idation to our language specification, and gave us more insight in it. Notwithstanding the
usefulness of symbolic semantics for implementation purposes, the explicit semantics is better
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Figure 4.3.: Output of the UAV model simulation

suited for specification. The latter is more abstract, and therefore provides a succinct way to
specify behavior. Thus, both levels of specification, explicit and symbolic, are needed.

Our method is not dependent on a particular language, and therefore we have strong rea-
sons to believe that it can also be applied to the development of interpreters for other hybrid
formalisms.

If we consider the problem of model checking CIF models, a possibility is to use verification
algorithms for hybrid systems, such as the one used for SpaceEx [40]. One of the major
obstacles that prevent us from reusing these algorithms, is that it assumes that the input model
is an atomic automaton. By using symbolic semantics, we can obtain a finite representation of
CIF compositions, that resemble atomic automata. Investigating the possibility of using this
structure as input to model checking algorithms is an interesting line of future work.

80



5. Linearization of CIF

Linearization is the procedure of rewriting a process term into a linear form, which consist
only of basic operators of a process language [59, 18, 104]. Linearization is also referred to
as elimination in ACP style process algebras [3].

From a theoretical perspective, linearization of process terms is an interesting result. It
allows to get a better understanding about the expressiveness of the language constructs, since
it shows that all its terms are reducible to some normal form (which contains only a limited set
of operators of the language). Also, linearization is useful in proving properties about closed
terms, since the number of cases that needs to be dealt with in a proof by structural induction
becomes smaller.

Besides its theoretical importance, linearization of CIF models eliminates operators, such
as urgency, that cannot be handled in other languages. Since CIF is meant to be used as an
interchange format, the elimination of the operators broadens the set of models that can be
translated to other languages. For the hierarchical extension of CIF [15], HCIF, linearization
makes the elimination of hierarchy possible, and thus, all the tools available for CIF become
available for use with HCIF models as well.

It is our goal to build a linearization algorithm for CIF, which results in an efficient repre-
sentation of the original model, and such that all the operators of the language, such as parallel
composition or synchronization are eliminated. The problem of efficient linearization has been
already studied in literature [104, 18, 59] for process-algebraic languages for describing and
analyzing discrete-event systems and hybrid systems. However, in the previous cases, the lin-
earization algorithm is the result of an inventive process, and the proof of correctness comes
as an afterthought. The semantic specification of the language does not play an important role
on the design of the algorithm.

In Chapter 4, we studied the problem of implementing a simulator from the SOS specifi-
cation of CIF. The semantics of CIF is defined in terms of SOS rules, which induce a hybrid
transition system, where each state contains a CIF term followed by a valuation (assignment of
values to variables). This kind of semantics, even though useful for specification purposes, was
not suitable for the implementation of a simulator (interpreter) for the language. This prob-
lem was solved by giving a set of SOS rules, called symbolic rules, which induced transition
systems that do not contain the valuation part. It was also noted that the symbolic transition
system induced by these rules is finite, and it resembles a (CIF) automaton. Thus, the symbolic
SOS rules for CIF offer a straightforward algorithm for linearizing CIF models. However, the
resulting automaton has a size that may be exponential in the size of the input model.

A version of this chapter has appeared as: D. E. Nadales Agut and M. A. Reniers. Linearization of CIF through
SOS. In Bas Luttik and Frank Valencia, editors, EXPRESS, volume 64 of Electronic Proceedings in Theoretical
Computer Science, pages 74-88, 2011.
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In this work we study the possibility of reusing the existing results on efficient linearization
algorithms for obtaining a linear form of CIF from SOS rules. The idea is to give a more
concrete version of the symbolic SOS rules of CIF (which is in turn a concrete version of
the SOS rules with data), such that the transition system they induce can be translated to
an automaton whose size does not grow exponentially as the result of interleaving actions
(for synchronizing action the growth is still exponential, but in practice this is not a serious
limitation since synchronization takes place only among a limited number of components).

As a result, we show a linearization procedure, which is obtained from the SOS specifica-
tion of the language. In this way, the design of the algorithm requires less invention steps,
reducing the opportunities to introduce mistakes, and at the same time it yields a simple proof
of correctness.

In Section 5.1 we present the discrete subset of CIF we consider for our approach. Sec-
tion 5.1.1 discusses the explicit and symbolic semantics of this subset. In Section 5.2 we
introduce the idea of linear transitions systems, and present the linear SOS rules for the dis-
crete subset of CIF. Section 5.2.1 relate the symbolic and linear rules of this language, by
means of soundness and completeness results. Once the linear transition system for a CIF
composition is generated using the linear rules, in Section 5.3 we show how a CIF automaton
can be obtained from this structure. Concluding remarks are presented in Section 5.4.

5.1. Setting the Scene

For the discussion presented here, we consider a simplified version of CIF, which is untimed
and contains only automata, a parallel composition operator, and a synchronizing action oper-
ator. This helps to keep the focus on the ideas, without distracting the reader with the complex-
ity of CIF1. The techniques and results presented here can be easily extended to the setting of
timed and hybrid systems, since we handle concepts such as invariants and time-can-progress
conditions in a symbolic manner.

We begin by defining automata and the terms of our language. Throughout this work, nota-
tion P is used to refer to a set of predicates.

Definition 19 (Automaton). An automaton is a tuple (V, init, inv, E, actS), where V ⊆ L is a
set of locations, init ∈ V → P is the initial predicate function, inv ∈ V → P is the invariant
function, E ⊆ V × Aτ × P × V is the set of edges, and actS ⊆ A is a set of synchronizing
actions.

Figure 5.1 presents a model of a railroad gate. It has two modes of operation (locations),
closed and opened, denoted C and O respectively. Its initial predicate function associates the
condition wq = [ ] to location C, and the predicate false to location O. Here wq is the waiting
queue that contains the id’s of the trains waiting to pass through the gate, [ ] is the empty list,
and we denote lists by writing their elements between brackets, and separated by commas.
Location C has n = 0 as invariant, where n is the numbers of trains crossing the gate, and
locationO has invariant n ≤ 1. The automaton synchronizes with other components in actions
rq , go, and out .

1Which contains over 30 deduction rules
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The automaton has four edges. Two edges (C, rq ,wq+ = wq ++ [id+], C), and
(O, rq ,wq+ = wq ++ [id+], O), which are used to enqueue requests from the trains that
want to pass the gate. Given two sequences xs and ys , xs ++ ys denotes their concatenation.
The predicate wq+ = wq ++ [id+] expresses that the new value of the waiting queue after
performing action rq will be the old waiting queue (wq) extended with the id of the train that
request access (this id is contained in variable id+). Graphically these edges are represented
by two self loops in locations C and O, labeled rq ,wq+ = wq ++ [id+]. The gate can make a
transition from the closed state to the opened state, by issuing a go action, which sends the id
at the front of the waiting queue using variable p.

C
inv : n = 0

wq = [ ]
O

inv : n ≤ 1

go, [p+] ++ wq+ = wq

out

rq ,wq+ = wq ++ [id+]rq ,wq+ = wq ++ [id+]

Gate actS = {rq , go, out}

Figure 5.1.: CIF model of a gate.

In Figure 5.2 we present the model of a train, which will be run in parallel with the gate
model. It has a parameter i, which represents the train’s id. It has four locations: far (F ), near
(N ), stopped (S), and passing (P ). Location F is the only initial location. When the train
approaches the gate it issues a request to pass the gate by sending its id through variable id.
Once in the near location, it can only go to the passing state if variable p is updated to its id
(this update is carried out by the gate, as we have seen above). Otherwise it makes a transition
to the stopped state. When the train enters the gate it increments variable n, and it decrements
it upon departure.

These models can be composed in parallel using the parallel composition operator. Remem-
ber that actions in CIF are not synchronizing by default. Thus in the parallel composition

Train(0 ) ‖ Train(1 )

the actions of the two trains will be interleaved.
We want to put the parallel composition of the two trains in parallel with the gate automaton,

in such a way that the trains synchronize with the actions rq , go, and out of the gate. This can
be achieved using the synchronizing action operator, in this chapter denoted as γA. Informally,
composition γA(p) behaves as composition p, except that all the actions of the set A are made
synchronizing in p. Below we explain this. Using these operators, we can express train gate
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F

N

S

P

rq, id+ = i stop

go,
p+ = i ∧
n+ = n+ 1

go,
p+ = i ∧
n+ = n+ 1

out , n+ = n− 1

Train(i)

Figure 5.2.: CIF model of a train.

model in CIF as follows:

γ{rq,go,out}(Train(0 ) ‖ Train(1 )) ‖ Gate (5.1)

As a consequence of the use of the synchronizing action operator in (5.1), action i ∈
{rq , go, out} in Train(j ), j ∈ {0, 1}, will synchronize with action i in the gate. Actions
in the set {rq , go, out} are interleaved in the parallel compositions of the trains (they do not
synchronize) since the scope operator only make actions synchronizing in the outer scope. For
more details see the rules of and their explanation Table 5.1.

Formally, the set of all CIF compositions is defined as follows:

Definition 20 (Compositions). The set C of all compositions is defined through the following
abstract grammar: C ::= α | C ‖ C | γA(C), where α is an automaton and A ⊆ A.

In the next section we present the formal semantics of CIF compositions, both its explicit
version and its symbolic counterpart.

5.1.1. Explicit and Symbolic Semantics of CIF

In the context of the present chapter, we restrict our attention to ordinary transition systems
(thus omitting time transitions), extended with environment transitions.

The labeled transition systems we are considering have states of the form (p, σ), where as
in Chapter 2, p ∈ C, and σ ∈ Σ. There are two types of transitions in these labeled transition
systems. Action transitions, of the form

(p, σ)
a,b−−→ (p′, σ′)
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model the execution of an action a by composition p in an initial valuation σ, which changes
composition p into p′ and results in a new valuation σ′. Label b is a boolean that indicates
whether action a is synchronizing. Environment transitions, of the form

(p, σ)
A
99K (p′, σ′)

model the fact that the initial conditions and invariants of p (p′ respectively) are satisfied in σ
(σ′), and A is the set of synchronizing actions of p and p′. As in the case of the complete CIF,
environment transitions are used to obtain the state changes allowed by a model in a parallel
composition context.

The transition system associated to a composition can be obtained by means of SOS
rules. The explicit rules are presented in Table 5.1, where we have omitted the symmet-
ric version of the parallel composition rule. We use notation α to refer to the automaton
(V, init, inv, E, actS), and α[x] to refer to (V, idx, inv, E, actS). Throughout this chapter,
FV(p) is the set of free variables of p.

(v, a, r, v′) ∈ E, σ |= init(v) ∧ inv(v),
σ′ |= inv(v′), σ′+ ∪ σ |= r,

〈∀x :: x+ /∈ FV(r)⇒ σ(x) = σ′(x)〉

(α, σ)
a,a∈actS−−−−−→ (α[v′], σ′)

58

v ∈ V, σ |= init(v) ∧ inv(v),
σ′ |= inv(v)

(α, σ)
actS
99K (α[v], σ′)

59

(p, σ)
a,true−−−→ (p′, σ′), (q, σ)

a,true−−−→ (q′, σ′)

(p ‖ q, σ)
a,true−−−→ (p′ ‖ q′, σ′)

60

(p, σ)
a,b−−→ (p′, σ′), (q, σ)

A
99K (q′, σ′), a /∈ A

(p ‖ q, σ)
a,b−−→ (p′ ‖ q′, σ′)

61

(p, σ)
Ap
99K (p′, σ′), (q, σ)

Aq
99K (q′, σ′)

(p ‖ q, σ)
Ap∪Aq
99K (p′ ‖ q′, σ′)

62
(p, σ)

a,b,X−−−→ (p′, σ′)

(γA(p), σ)
a,b∨a∈A,X−−−−−−−→ (γA(p′), σ′)

63

(p, σ)
A′
99K (p′, σ′)

(γA(p), σ)
A∪A′
99K (γA(p′), σ′)

64

Table 5.1.: Explicit rules for CIF

Rule 58 states that an action can be triggered by an automaton, if there is an edge (v, a, r, v′)
such that the initial predicate and the invariant are satisfied in the initial valuation σ, and it is
possible to find a new valuation σ′ in which the invariant and the reset predicate are satisfied.
The only variables that change in σ′ w.r.t. σ are those free variables of r that are of the form
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x+. Rule 59 states that an automaton is consistent in initial valuation σ if the initial predicate
and invariant are satisfied in σ, and the valuation can be changed to σ′ only if the invariant is
preserved. Rule 60 expresses that an action a can be executed synchronously if it is marked as
synchronizing in both components. The interleaving behavior is modeled in Rule 61, where an
action a can be executed in p if it is not synchronizing in q. In Rule 63 an action a is marked as
synchronizing if a ∈ A, or a is synchronizing in p. The environment rule for the synchronizing
action operator (Rule 64) adds A to the set of synchronizing actions of p.

As noted in Chapter 4, the explicit rules are not suitable for implementation purposes. These
rules often induce infinitely branching transition systems, and as a consequence it is not pos-
sible to obtain the set of possible successor states. In particular, the labels of the hybrid tran-
sition systems contain trajectories, of a dense domain, which are defined in the rules through
computations over these dense sets. Another problem is that the valuations specify implicit
constraints, such as “variables owned by a certain automaton cannot be changed in a parallel
composition”, which require to compute operations on infinite sets of valuations to get the set
of possible successor states.

The solution to the problem explained above was to obtain a set of symbolic rules [51] from
the explicit SOS specification. These symbolic rules represent the possible state changes by
means of predicates, and thus, the state change caused by an action is visible on the arrows of
the transitions. The symbolic rules for the language considered in this chapter are shown in
Table 5.2.

(v, a, r, v′) ∈ E

〈α〉 a,a∈actS ,init(v),inv(v),inv(v′),r−−−−−−−−−−−−−−−−−−−→ 〈α[v′]〉
65

v ∈ V

〈α〉
init(v),inv(v),actS

99K 〈α[v]〉
66

〈p〉
a,true,up,np,n′p,rp−−−−−−−−−−−→ 〈p′〉, 〈q〉

a,true,uq ,nq ,n′q ,rq−−−−−−−−−−−→ 〈q′〉

〈p ‖ q〉
a,true,up∧uq ,np∧nq ,n′p∧n′q ,rp∧r′p−−−−−−−−−−−−−−−−−−−−−→ 〈p′ ‖ q′〉

67

〈p〉
a,b,up,np,n′p,r−−−−−−−−→ 〈p′〉, 〈q〉

uq ,nq ,A
99K 〈q′〉, a /∈ A

〈p ‖ q〉
a,b,up∧uq ,np∧nq ,n′p∧nq ,r−−−−−−−−−−−−−−−−→ 〈p′ ‖ q′〉

68

〈p〉
up,np,Ap
99K 〈p′〉, 〈q〉

uq ,nq ,Aq
99K 〈q′〉

〈p ‖ q〉
up∧uq ,np∧nq ,Ap∪Aq

99K 〈p′ ‖ q′〉
69

〈p〉 a,b,u,n,n′,r−−−−−−−→ 〈p′〉

〈γA(p)〉 a,b∨a∈A,u,n,n′,r−−−−−−−−−−→ 〈γA(p′)〉
70

〈p〉
u,n,A′

99K 〈p′〉

〈γA(p)〉
u,n,A∪A′
99K 〈γA(p′)〉

71

Table 5.2.: Symbolic rules for CIF
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5.1. Setting the Scene

The explicit and symbolic rules are related by the following soundness and completeness
theorems. These theorems state how an explicit transition system can be reconstructed from
its symbolic version, and vice-versa.

Theorem 7 (Soundness of action transitions). For all p, p′, a, b, u, n, n′, r, σ, and σ′ we have
that if the following conditions hold:

1. 〈p〉 a,b,u,n,n′,r−−−−−−−→ 〈p′〉

2. σ |= u, σ |= n, σ′ |= n′, and σ′+ ∪ σ |= r

3. 〈∀x :: x+ /∈ FV(r)⇒ σ(x) = σ′(x)〉

then, there is a explicit action transition (p, σ)
a,b−−→ (p′, σ′).

Theorem 8 (Completeness of action transitions). For all p, p′, a, b, σ, and σ′ we have that if

there is a explicit transition (p, σ)
a,b−−→ (p′, σ′) then there exists u, n, n′, and r such that the

following conditions hold:

1. 〈p〉 a,b,u,n,n′,r−−−−−−−→ 〈p′〉

2. σ |= u, σ |= n, σ′ |= n′, and σ′+ ∪ σ |= r

3. 〈∀x :: x+ /∈ FV(r)⇒ σ(x) = σ′(x)〉

Theorem 9 (Soundness of environment transitions). For all p, p′, u, A, σ, and σ′ we have that
if the following conditions hold:

1. 〈p〉
u,n,A
99K 〈p′〉

2. σ |= u, σ |= n, σ′ |= n

then, there is a explicit environment transition (p, σ)
A
99K (p′, σ′).

Theorem 10 (Completeness of environment transitions). For all p, p′, A, σ, and σ′ we have

that if there is an explicit transition (p, σ)
A
99K (p′, σ′) then there exists u, and n such that the

following conditions hold:

1. 〈p〉
u,n,A
99K 〈p′〉

2. σ |= u, σ |= n, σ′ |= n

Since the discrete subset of CIF considered in this work is a subset of CIF, the proofs of
these theorems can be obtained from the proofs presented in Appendix B.

It is not hard to see that given a CIF composition, the symbolic rules induce a finite transi-
tion system. For the model of the train gate presented in Section 5.1, a part of its associated
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5. Linearization of CIF

symbolic transition system is shown in Figure 5.3 (the whole transition system contains 16
states), where we use the convention that for all x, y, z:

〈x, y, z〉 ≡ γ{rq,go,out}(Train(0 )[x] ‖ Train(1 )[y]) ‖ Gate[z]

In this transition system, two problems can be noted. The size of the symbolic transition
system grows exponentially as more trains are added. This is the result of the interleaving
actions that are executed between these models. Secondly, there is a great deal of redundant
information. The invariants of the source and the target states are present not only in the
labels of action transitions, but also in the environment transition of these states. Similarly,
the initialization conditions are meaningful only for the initial environment transition. For the
remaining environment transitions in the systems, the initialization predicate is always true. In
the next section we show how to overcome these problems using a new kind of symbolic rules.
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5. Linearization of CIF

5.2. Linear Transition Systems

In this section we define a structure called linear transition system (LiTS), which contains all
the information necessary to represent any arbitrary CIF composition, and that can be trans-
lated to an equivalent automaton.

Consider the symbolic transition system of the train gate model. In Figure 5.3, we show a
transition of the form:

〈N,F,C〉 go,p+=0∧n+=n+1∧wq+++ [p+]=wq,n=0,n≤1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈P, F,O〉

The complete symbolic transition system also contains these transitions:

〈N,N,C〉 go,p+=0∧n+=n+1∧wq+++ [p+]=wq,n=0,n≤1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈P,N,O〉

〈N,S,C〉 go,p+=0∧n+=n+1∧wq+++ [p+]=wq,n=0,n≤1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈P, S,O〉

These three transitions only differ in the second component of the symbolic state, that is, the
location in which the second train is. However, this information is not relevant for computing
the state change. If we replace the above transitions by a unique transition of the form:

〈N, _, C〉 go,p+=0∧n+=n+1∧wq+++ [p+]=wq,n=0,n≤1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈P, _, O〉

then we can avoid the state explosion caused by the interleaving actions. Here the wild-card
symbol _ can be read as “for any location”.

Furthermore, in Figure 5.3 we see that there is no need to replicate the entire structure in a
given transition, since it suffices to keep track of the locations that change.

From the observation above, we want a linear transition system where the states are se-
quences of locations, containing also wild-cards. These wild-cards are used to denote the fact
that the location of a certain automaton does not change in the transition. Formally the states
of the LiTS belong to the set

(L × {_})∗ (5.2)

where _ is the wild-card symbol, and A∗ is the set of all sequences whose elements are taken
from the set A. An example of such state is the list [F, _, C].

The next thing to define is the transitions of the LiTS’s, in such a way that the redundancy
introduced by the STS’s is eliminated. To accomplish this, we split action and environment
transitions into several transitions, which are described next.

Action Transitions They are of the form p |= 〈vs〉 a,r−−→ 〈vs ′〉, where p ∈ C is a compo-
sition, a ∈ Aτ is an action label, and r ∈ P is the update predicate associated to the
action.

Synchronizing Actions They are of the form p
sync
; A, where p ∈ C is a composition, and

A ⊆ A is the set of synchronizing actions of p.

Initialization Transitions They are of the form p
ipred
; fs , where p ∈ C and fs ∈ (L⇀ P)∗

is a list containing the initialization predicate function of each automaton in p.
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5.2. Linear Transition Systems

Invariant Transitions They are of the form p
inv
; fs , where p ∈ C is a composition, and

fs ∈ (L → P)∗ is a list containing the invariant function associated to each automaton
in p.

The reader may have expected initialization or invariant transitions of the form:

vs
inv
; p

where vs is a list of locations, and p is a predicate. However this approach requires
enumerating the state space explicitly to construct the inv

; relation. By using lists of
functions we avoid this explicit construction.

Wild-card Transitions They are of the form p
#
; xs , where p ∈ C is a composition, and

xs ∈ (_)∗ is a sequence of wild-cards whose size coincides with the number of automata
that are composed in parallel in p. These transitions are not needed for reconstructing
the environment transitions, they are used in the linear SOS rules to model the fact that
nothing changes in a component of a parallel composition, when the other component
performs an action.

In Table 5.3 we show the linear SOS rules for CIF compositions, where we have omitted the
symmetric rule for parallel composition.

The linear rules can be easily obtained from the symbolic ones. For action rules, invariants
and initialization predicates, and the synchronizing action label are simply omitted (since they
can be obtained from other transitions). The linear rule for interleaving parallel composition is
almost identical to the symbolic rule. The only differences are that the setA is obtained from a
sync
; transition, and we use the wild-card transition to represent the fact that the locations of the
other automaton are not relevant (at the symbolic level at least). A similar observation can be
made for the rule for parallel composition. In this case since we do not have the synchronizing
label, we reconstruct it from the

sync
; transition. This label is equivalent to a ∈ A, thus a label

true in both components is equivalent to a ∈ Ap ∧ a ∈ Aq, which is in turn equivalent to
a ∈ Ap ∩Aq.

If a composition p contains no synchronizing actions, then the size of its induced transition
system is linear w.r.t. the size of p. However, the size of the LiTS also depends on the number
of synchronizing actions. The following property gives the formal details.

Property 16 (Size of the linear transition system). Let p be a CIF composition, such that it
contains n automata αi ≡ (Vi, initi, invi, E, actSi), 0 ≤ i < n. Let a be the only synchro-
nizing action in these automata. Then the number of transitions in the LiTS associated to p is
given by:∑

0≤i<n
#{x | (v, g, x, u, v′) ∈ Ei∧x 6= a}+

∏
0≤i<n

#{x | (v, g, x, u, v′) ∈ Ei∧x = a} (5.3)

where #A is the number of elements in set A.

In spite of the fact that the number in (5.3) can be significantly large, in practice, communi-
cation among components is usually restricted to a few automata, and the number of edges of
an automaton that contain a given synchronizing action a is small.
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5. Linearization of CIF

(V, init, inv, tcp, E, actS)
inv
; [inv]

72 p
inv
; fsp, q

inv
; fsq

p ‖ q inv
; fsp ++ fsq

73

(V, init, inv, tcp, E, actS)
ipred
; [init]

74 p
ipred
; fsp, q

ipred
; fsq

p ‖ q ipred
; fsp ++ fsq

75

(V, init, inv, tcp, E, actS)
sync
; [actS ]

76 p
sync
; Ap, q

sync
; Aq

p ‖ q sync
; Ap ∪Aq

77

(V, init, inv, tcp, E, actS)
#
; [init]

78 p
#
; fsp, q

#
; fsq

p ‖ q #
; fsp ++ fsq

79

p
inv
; fs

γA(p)
inv
; fs

80
p

ipred
; fs

γA(p)
ipred
; fs

81

p
#
; fs

γA(p)
#
; fs

82
p

sync
; A′

γA(p)
sync
; A ∪A′

83

(v, a, r, v′) ∈ E
(V, init, inv, tcp, E, actS) |= 〈[v]〉 a,r−−→ 〈[v′]〉

84

p |= 〈vs〉 a,r−−→ 〈vs ′〉, q sync
; A, q

#
; _, a /∈ A,

p ‖ q |= 〈vs ++ _〉 a,r−−→ 〈vs ′ ++ _〉
85

p |= 〈vsp〉
a,rp−−→ 〈vs ′p〉, q |= 〈vsq〉

a,rq−−→ 〈vs ′q〉,
p

sync
; Ap, q

sync
; Aq, a ∈ Ap ∩Aq

p ‖ q |= 〈vsp ++ vsq〉
a,rp∧rq−−−−−→ 〈vs ′p ++ vs ′q〉

86

p |= 〈vs〉 a,r−−→ 〈vs ′〉
γA(p) |= 〈vs〉 a,r−−→ 〈vs ′〉

87

Table 5.3.: Linear SOS rules for CIF compositions
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5.2. Linear Transition Systems

5.2.1. Relating LiTS and STS

In the same way symbolic transitions are related to explicit ones via soundness and complete-
ness results, linear transitions have the same property w.r.t. symbolic transitions.

The first two results state that a LiTS contains all the necessary information to reconstruct
the environment transitions in the symbolic transition system and vice-versa. Here “leads to
transitions” refers to the initialization, invariant, and synchronizing actions transitions in the
LiTS. Given a composition p, which contains n atomic automata, and a sequence ls of n
locations, p[ls] is the composition obtained by replacing the initial predicate function of the
ith automaton by idls.i, for 0 ≤ i < n, where ls.i is the element of sequence ls at position i
(sequences are numbered starting from 0). locsof(p) refers to the set of sequences ls , where
#ls = n and ls.i is a location of the ith automaton of composition p (0 ≤ i < n).

Theorem 11 (Soundness of leads to transitions). For all p, is , fs , gs , A, u, and n we have that
if the following conditions hold:

1. is ∈ locsof(p)

2. p
ipred
; fs , p inv

; gs , p
sync
; A

3. u =
∧

0≤i<#fs

fs.i(is.i), and n =
∧

0≤i<#gs

gs.i(is.i)

then there is a symbolic transition 〈p〉
u,n,A
99K 〈p[is]〉.

Theorem 12 (Completeness of leads to transitions). For all p, u, n, A, and p′ we have that if

there is an environment transition 〈p〉
u,n,A
99K 〈p′〉 then there are is , fs , gs , u, and n such that

the following conditions hold:

1. is ∈ locsof(p)

2. p
ipred
; fs , p inv

; gs , p
sync
; A

3. u =
∧

0≤i<#fs

fs.i(is.i), and n =
∧

0≤i<#gs

gs.i(is.i), p′ ≡ p[is]

The soundness theorem for linear action transitions shows how a symbolic action transition
can be obtained, using the leads to transitions as well. Functions v and � are defined below,
where x : xs is the list that results after appending the element x to the front of xs .

Definition 21 (Sub-sequence and sequence overwriting). Function v∈ A∗ ⇀ A∗ ⇀ B is
defined as follows:

[ ] v xs , true

(x : xs) v (y : ys) , ((x ≡ _) ∨ (x ≡ y)) ∧ xs v ys
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5. Linearization of CIF

Function �∈ A∗ ⇀ A∗ ⇀ A∗ is defined as follows:

[ ] � xs , xs

(x : xs) � (y : ys) ,

{
x : (xs � ys) if x 6= _
y : (xs � ys) if x = _

Theorem 13 (Soundness of linear action transitions). For all p, vs , a, r, vs ′, is , fs , gs , u, n,
n′, and A we have that if the following conditions hold:

1. is ∈ locsof(p)

2. p |= 〈vs〉 a,r−−→ 〈vs ′〉, p ipred
; fs , p inv

; gs , p
sync
; A

3. u =
∧

0≤i<#fs

fs.i(is.i), and n =
∧

0≤i<#gs

gs.i(is.i), n′ =
∧

0≤i<#gs

gs.i((vs ′ � is).i),

vs v is , b ≡ a ∈ A

then there is a symbolic transition: 〈p〉 a,b,u,n,n′,r−−−−−−−→ 〈p[vs ′ � is]〉.

Theorem 14 (Completeness of linear action transitions). For all p, p′, a, b, u, n, n′, and r we
have that if there is a symbolic transition:

〈p〉 a,b,u,n,n′,r−−−−−−−→ 〈p′〉

then there are vs , vs ′, is , fs , gs , and A such that the following conditions hold:

1. is ∈ locsof(p)

2. p |= 〈vs〉 a,r−−→ 〈vs ′〉, p ipred
; fs , p inv

; gs , p
sync
; A

3. u =
∧

0≤i<#fs

fs.i(is.i), and n =
∧

0≤i<#gs

gs.i(is.i), n′ =
∧

0≤i<#gs

gs.i((vs ′ � is).i),

vs v is , b ≡ a ∈ A, p′ ≡ p[vs ′ � is]

These theorems can be easily proved using structural induction.

5.3. Obtaining a Linear Automaton from a LiTS

Once a linear transition system is induced by the SOS rules, we need a way to obtain a linear
automaton from it. In this section we describe the procedure, and we show that the generated
automaton is stateless bisimilar [73] to the composition that induced the transition system.
Both from a theoretical and a practical point of view this is an interesting result, which tells
us that every composition can be reduced to an automaton (this is intuitively obvious for the
language we present here, but it is not for CIF and its hierarchical extension).

Formally, given an composition p and its associated LiTSM , we want to build an automaton
αp such that p has the same behavior as αp. The idea is to simulate the execution of M , using
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5.3. Obtaining a Linear Automaton from a LiTS

αp. To this end, we need to introduce a sequence of variables ls , which are used to represent the
active state in M in a given execution. We call these variables location pointers [59]. Below,
we give the definition2 of the linearization function, which returns the automaton associated to
a given composition and the location pointers used in it. The second component returned by
the function is used later to formulate the correctness result.

Definition 22 (Linearization Function). Let p be a CIF composition. Function L ∈ C →
(C × V∗) is defined as the least function that satisfies:

L(p) = (({x}, init, inv, E, actS), ls)

where

• p #
; xs , #xs = n, p

ipred
; fs , p inv

; gs , p
sync
; A

• 〈∀i :: 0 ≤ i < n⇒ ls.i /∈ FV(p)〉, x ∈ L

• init(x) = (
∧

0≤i<n

∧
v∈dom(fs.i)

(ls.i = v ⇒ fs.i(v))) ∧ (
∧

0≤i<n
ls.i ∈ dom(fs.i))

• inv(x) =
∧

0≤i<n

∧
v∈dom(gs.i)

(ls.i = v ⇒ gs.i(v))

• E = {(x, a, r ∧
∧

0 ≤ i < n
vs.i 6= _

ls.i = vs.i ∧ ls.i+ = vs′.i, x) | p |= 〈vs〉 a,r−−→ 〈vs ′〉}

In the above definition we introduce n free variables, which are used as location pointers,
and we use a location x (which can be defined as the least location in L) as the unique location
of the automaton. The initial predicate and invariant functions are conditional expressions,
which ensure that the right predicate is chosen according to the values of the location pointers.
In the definition of the init function, the second part of the conjunction forces the choice
of an initial location (otherwise this predicate can be trivially satisfied). The set of edges is
constructed from the action transition of the linear transition system. The reset mapping in the
action transitions is extended with updates to the location pointers to keep track of the state in
the linear transition system.

The well-definedness of function L is a consequence of the finiteness of LiTSs. Given a
composition p, such that L(p) = (αp, ls), we say that αp is the linear automaton associated to
it.

For the train gate model, the linear automaton associated to it is shown in Figure 5.4, where
the initial predicate and invariant functions are (once they are simplified):

init(x) = (l0 = F ∧ l1 = F ∧ l2 = C ∧ wq = [ ])

inv(x) = (l2 = C ⇒ n = 0) ∧ (l2 = O ⇒ n ≤ 1)

2Strictly speaking, function L is not uniquely determined, since it is possible to pick different location pointers.
This can be avoided by defining a function that returns the least n fresh variables in a given composition
(assuming variables are totally ordered). A similar observation can be done about location x.
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5.3. Obtaining a Linear Automaton from a LiTS

The next step is to prove that the linear version of a composition is indeed equivalent to it.
If we consider the transition systems they induce, we find that these differ significantly among
each other: they have different labels, invariants, etc. Thus if we want to prove equivalence at
the LiTS level, we need a non-trivial definition of equivalence.

A better strategy is to prove equivalence at the labeled transition level (using the explicit se-
mantics). Therefore, we prove that p and its associated linear automaton are stateless bisimilar,
after abstracting away the values of the program counters (or location pointers). The standard
notion of strong bisimilarity [73] is defined below.

Definition 23 (Strong Bisimilarity for SOS). A symmetric relation R is a strong bisimulation
relation if for all (p, q) ∈ R, and for all σ, `, p′, σ′ the following transfer conditions hold:

1. (p, σ)
`−→ (p′, σ′)⇒ 〈∃q′ :: (q, σ)

`−→ (q′, σ′) ∧ (p′, q′) ∈ R〉

2. (p, σ)
`
99K (p′, σ′)⇒ 〈∃q′ :: (q, σ)

`
99K (q′, σ′) ∧ (p′, q′) ∈ R〉

Two closed terms p and q are strongly bisimilar, denoted SOS |= p↔ q, if (p, q) ∈ R for
some strong bisimulation relation R.

Next, we present the SOS rules for the variable scope operator in Table 5.4. In these rules
we make use of the following notations:

• Given two sequences xs and ys , such that #xs = #ys , {xs 7→ ys} ∈ ran(xs) →
ran(ys) is a function defined as follows:

{xs 7→ ys} = {(xs.i, ys.i) | 0 ≤ i < #xs}

• The notation above is overloaded to denote a similar function. We believe this keeps the
notation concise and it does not bring confusion. Given a sequence xs and an element
y, {xs 7→ y} ∈ ran(xs)→ {y} is a function defined as follows:

{xs 7→ y} = {(xs.i, y) | 0 ≤ i < #xs}

• Symbol ⊥ denotes the undefined value.

Using the previously defined operator and the notion of stateless bisimilarity, we can enun-
ciate the theorem which states that the linearization procedure is correct.

Theorem 15 (Correctness of the Linearization). Let p be a composition, and L(p) = (αp, ls).
Then we have:

SOS |= p↔ |[V {ls 7→ ⊥} :: αp ]|

Proof. It is possible to prove that the following relation:

R ,{(p, |[V {ls 7→ ⊥} :: αp ]|) | (αp, ls) = L(p)} ∪
{(p[is], |[V {ls 7→ is} :: αp ]|) | (αp, ls) = L(p), is ∈ locsof(p)} (5.4)

is a witness of the bisimulation. The proof uses the soundness and completeness results pre-
sented in Sections 5.1.1 and 5.2.1, and it does not require the use of structural induction.
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5. Linearization of CIF

(p, {xs 7→ vs} � σ)
a,b−−→ (p′, {xs 7→ vs ′} � σ′), 〈∀x :: x ∈ xs ⇒ σ(x) = σ′(x)〉

(|[V {xs 7→ vs} :: p ]|, σ)
a,b−−→ (|[V {xs 7→ vs ′} :: p′ ]|, σ′)

88

(|[V {xs 7→ vs} :: p ]|, σ)
a,b−−→ (|[V {xs 7→ vs ′} :: p′ ]|, σ′)

(|[V {xs 7→ ⊥} :: p ]|, σ)
a,b−−→ (|[V {xs 7→ vs ′} :: p′ ]|, σ′)

89

(p, {xs 7→ vs} � σ)
A
99K (p′, {xs 7→ vs ′} � σ′)

(|[V {xs 7→ vs} :: p ]|, σ)
A
99K (|[V {xs 7→ vs ′} :: p′ ]|, σ′)

90

(|[V {xs 7→ vs} :: p ]|, σ)
A
99K (|[V {xs 7→ vs ′} :: p′ ]|, σ′)

(|[V {xs 7→ ⊥} :: p ]|, σ)
A
99K (|[V {xs 7→ vs ′} :: p′ ]|, σ′)
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Table 5.4.: SOS rules for the variable scope operator

5.4. Concluding Remarks

We have presented linearization algorithm for the discrete subset of CIF, which shows that
every CIF composition can be reduced to an automaton. The linearization procedure was
obtained in a stepwise manner from the SOS specification of this language. In this way, SOS
rules are used not only to specify the behavior of CIF, but also as a specification formalism for
performing semantic preserving manipulations on the syntactic elements of the language.

The soundness and completeness results between the different transition systems give us
a simple proof of correctness on the linearization procedure. The different levels in which a
language is described (explicit, symbolic, and linear semantics) provide a convenient way to
tackle specific problems. The explicit semantics is useful for achieving an abstract and suc-
cinct specification of the language. The symbolic semantics give us the means for specifying
symbolic computations. Finally, the linear semantics yields an efficient representation of the
state space associated to a given composition.

We conjecture the method presented here can be applied to any automaton based language.
For process algebraic specification language it may not be suitable due to the presence of
recursion.

As future work, we plan to extend the linearization algorithm to the full CIF, and therefore,
to a hybrid setting. Time-can-progress predicates and dynamic types can be extracted in the
same way invariants were extracted in this work, and therefore we expect no problems in this
regard.
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6. Translation from CIF to Uppaal

Uppaal [61] is a very successful tool for the specification and analysis of timed systems. It
is therefore very interesting, both from a theoretical and a practical perspective to be able to
translate CIF models to networks of Uppaal automata, since this makes it possible to perform
model checking of timed CIF models. In addition, by enabling CIF to Uppaal transformations
we are also enabling transformations from a wider set of languages such as those used for
supervisory control synthesis [109, 65].

Obtaining a mathematically correct transformation is crucial. If no proof of correctness
is provided, the whole transformation becomes pointless, since we have no guarantee that
the property established in the Uppaal model holds in the original CIF model. Uppaal has a
clear and unambiguous formal semantics in which a timed transition system is associated to a
network of Uppaal automata [71]. Consequently, we can prove that the transformation from
CIF to Uppaal is semantic-preserving.

We are able to translate a subset of CIF to Uppaal. This should not come as a surprise,
given that CIF features a rich set of concepts for modeling hybrid systems, whereas Uppaal
is based on timed automata, and it provides no corresponding counterparts for some of the
concepts supported in CIF, such as action synchronization, time can progress predicates or
urgency. The translated subset includes parallel composition, unidirectional communication
via channels, shared variables, clocks, and restricted forms of urgency.

The main contribution of this chapter is a model transformation of an expressive subset of
the CIF formalism to Uppaal. We show that this model transformation preserves the semantics
of the translated CIF models (after some abstraction). Admittedly, once the translatable subset
of CIF is identified, the translation is rather simple, which has the nice side effect of being
structure preserving. However the difficulties lie in identifying this subset, and providing the
proof of correctness. On the other hand, this chapter constitutes the cornerstone for transfor-
mations of a broader subset of CIF, that can be obtained via process algebraic linearization
[104] to a translatable form.

The class of CIF models that can be translated to Uppaal, can be extended considerably in
two ways: (1) many CIF models that do not fit syntactically in the class of translatable CIF
models can be transformed in a semantic-preserving way to a CIF model that is translatable,
and (2) using the template and instantiation features of Uppaal, CIF models with hierarchy
and process instantiation may also be translated. A problem with the later extension is that
there seems to be no formal semantics for these Uppaal features which makes it infeasible to
formally prove the correctness of such a translation. In this way, even though we make some

A version of this chapter has appeared as: D. E. Nadales Agut, M. A. Reniers, R. R. H. Schiffelers, Kenneth
Jørgensen, and D. A. van Beek. A semantic-preserving transformation from the Compositional Interchange
Format to UPPAAL. In 18th Triennial World Congress of the International Federation of Automatic Control,
Milano, 2011. CD-ROM.
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restrictions on the target CIF models, it is still possible to deal with a large class of real world
models.

The remainder of this chapter is structured as follows. Section 6.1 introduces Uppaal. Sec-
tion 6.2 presents the semantics of Uppaal, which is required to discuss the proof of correctness
sketched in Section 6.5. Section 6.3 characterizes the subset of CIF that can be translated to
Uppaal, and the transformation function is defined in Section 6.4. Concluding remarks are
presented in Section 6.6.

6.1. Uppaal in a nutshell

We have chosen the formal description of Uppaal syntax presented in [17], with some minor
modifications for the current work. Next, Uppaal timed automata and networks of automata
are defined.

Definition 24 (Timed automaton). A Uppaal timed automaton is a tuple 〈L, l0, E, inv, TL〉
where:

1. L ⊆ L is a set of locations, and l0 is the initial location.

2. E ⊆ L × Pu × Au × Σl × L is the set of edges of the automaton. The set Pu, con-
tains the allowed predicates in guards [17]. The actions of the automaton are taken
from the set Au. Actions can be simple actions a (a ∈ A), the silent action τ , send
actions h!, or receive actions h?, where h is a channel (the set of channels is given in
Definition 25). We use notation Σl to refer to the set of lists of assignments of the form
[x0 = e0, . . . , xn−1 = en−1], where xi ∈ V , and ei are integer expressions.

3. inv ∈ L→ Pt is a function that assigns an invariant predicate with each location. For
a description of the allowed invariants see [17].

4. TL ∈ L → {o, u, c} is the function that assigns to each location the type ordinary (o),
urgent (u), or committed (c).

In Uppaal assignments are executed sequentially, from left to right. For instance, given
an initial valuation σ = {(x, 0), (y, 1)}, assignment [y = 2, x = y + 1] changes σ into
{(x, 3), (y, 2)}. Given an assignment as , and a valuation σ, as(σ) represents the valuation
that is obtained after updating the values of the variables according to as . For our previous
example, [y = 2, x = y + 1]({(x, 0), (y, 1)}) = {(x, 3), (y, 2)}.

We allow simple actions in Uppaal automata, which originate from CIF models, to be able
to relate these actions to the original CIF models. This simplifies the development of our
theoretical work.

Note that the above definition lacks local variables, whereas the Uppaal tool-set provides
support for this. However we could not find a corresponding formalization in literature, which
forces us to avoid the treatment of this feature.

Definition 25 (Network of timed automata). A network of automata is a tuple

〈A, l, V, C,H, TH , init〉
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6.2. Uppaal semantics

where A = [A0, . . . , An−1] is a sequence of timed automata; each Ai is of the form
〈Li, l0i , Ei, invi, TLi〉, and for each assignment [x0 = e0, . . . , xn−1 = en−1], if xi ∈ C
then ei = 0; l = [l00 , . . . , l0n−1 ] is the initial location sequence; V ⊆ V and C ⊆ V are
disjoints sets of global variables and clocks, respectively, and H is a set of channels. Function
TH ∈ H → {o, u} determines whether a given channel is urgent (u) or not. Assignment
init ∈ Σl determines the initial values of all variables in V , and for all c ∈ C, init(c) = 0.

6.2. Uppaal semantics

Before talking about the correctness of the translation schema, which is introduced in Sec-
tion 6.4, it is necessary to present the semantics of Uppaal.

The semantics of a Uppaal network of automata N is defined through a timed transition
system [14]. The states of the timed transition system are of the form (l, σ), where l is a
sequence of locations taken from the sequence of automata in N , and σ ∈ Σ is a valuation,
as defined in Chapter 2. There are two kinds of transitions (or relations) in the induced timed
transition system1: actions and time transitions. We explain them next.

An action transition is of the form (l, σ)
a−→ (l′, σ′), where label a is either an action label

or a channel. Time transitions are of the form (l, σ)
t7−→ (l′, σ′), where t ∈ T denotes the

duration of the delay. Next we define Uppaal semantics, using structured operational semantic
rules.

In the remainder of this section, we consider a Uppaal network of automata N , defined as:

N , 〈A, l0, V, C,H, TH , init〉

where A is a sequence of n automata [A0, . . . , An−1]; each Ai is of the form
〈Li, l0i , Ei, invi, TLi〉; and l0 is a sequence of n locations [l00 , . . . , l0n−1 ].

The timed transition system associated with the Uppaal network of automata N , has as
initial state the tuple (l0, init), and the induced transition system is constructed according to the
SOS rules presented next. In this section we assume l is a sequence of the form [l0, . . . , ln−1].

The rule for non-synchronizing action transitions, Rule 92, states that a network of automata
can perform a non-synchronizing action, if and only if there is an edge in one of the automata
such that:

• the guard is satisfied in the initial valuation σ,

• the new valuation satisfies the invariants of the new active locations, and

• either the source location of the edge is a committed location, or all active locations are
not committed.

0 ≤ i < n, (li, g, a, as, l′i) ∈ Ei, σ |= g, σ′ = as(σ), l′ = l[l′i/li],

〈∀lj : lj ∈ l′ : σ′ |= invj(lj)〉,
TLi(li) = c ∨ 〈∀lj : lj ∈ l : TLj (lj) 6= c〉

(l, σ)
a−→ (l′, σ′)

92

1This is the least timed transition system that satisfies the operational semantics rules.
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For communication transitions, Rule 93 states that a communication action via channel h is
possible, if and only if there are a send edge and a receive edge in two automata such that:

• the guards of these edges are satisfied in the initial valuation σ,

• the new valuation satisfies the invariants of the new active locations, and

• either at least one of the communicating automata is in a committed location, or all
active locations are not committed.

Note that the new valuation is calculated by applying first the assignment in the sender, and
then the assignment in the receiver. This provides Uppaal with a way of exchanging data in
communication actions.

0 ≤ i, j < n, i 6= j, (li, gi, h!, as i, l
′
i) ∈ Ei, (lj , gj , h?, asj , l

′
j) ∈ Ej , σ |= gi ∧ gj ,

σ′ = asj(as i(σ)), l′ = l[l′i, l
′
j/li, lj ],

〈∀lj : ll ∈ l′ : σ′ |= invj(lj)〉,
TLi(li) = c ∨ TLj (lj) = c ∨ 〈∀lk : lk ∈ l : TLk(lk) 6= c〉

(l, σ)
h−→ (l′, σ′)

93

For presenting the rule for time we define the following operator.

Definition 26 (Valuation sum). Given a valuation σ ∈ Σ, a set of variables C ∈ V , and a time
point t ∈ R, valuation σ +C t is a function such that dom(σ +C t) = dom(σ) and:

(σ +C t)(x) =

{
σ(x) + t if x ∈ C
σ(x) otherwise

The rule for time, Rule 94, states that a time transition is possible in N , if and only if there
is a non-zero time interval such that:

• there are no urgent or committed active locations,

• communication over urgent channels is not possible, and

• the invariants of the active locations are satisfied throughout the whole delay interval.

0 < t, 〈∀i : 0 ≤ i < n : TLi(li) 6= c〉, 〈∀i : 0 ≤ i < n : TLi(li) 6= u〉,
〈∀h : h ∈ H ∧ TH(h) = u : ¬〈∃l′′, σ′′ :: (l, σ)

h−→ (l′′, σ′′)〉〉,
〈∀i : 0 ≤ i < n : ∀t′ : 0 ≤ t′ ≤ 0 : σ +C t

′ |= invi(li)〉

(l, σ)
h−→ (l′, σ +C t)

94
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6.3. Description of the Translated Subset

This section describes the subset of CIF that we can currently translate to Uppaal. We do so
by specifying syntactic constraints on CIF compositions.

Not every CIF automaton can be translated to Uppaal because there are constructs, such as
urgency or synchronization, that cannot be expressed, in their full generality, in the latter. The
subset of CIF automata, which we are able to translate, can be informally described as follows.

Initial locations Only automata having a unique initial location are translated.

Local urgency Uppaal provides a limited mechanism for expressing urgency in the models:
either time can progress in a location, or no time can pass. Thus, the tcp conditions in
CIF automata are restricted to true or false.

Controlled variables The only controlled variables that can be declared in an automaton
are those used to receive values via channels.

Synchronizing actions Synchronizing actions are used to implement binary channels. The
set of synchronizing actions that can be declared in the automaton must coincide with
the set of send and receive actions used in an automaton.

Dynamic types We consider CIF automata that contain an empty set of dynamic type map-
ping. Dynamic types can be declared at the top level, using the CIF operators provided
for that purpose.

Actions Action labels can be used for only one of the following purposes: as a non-
synchronizing action, send action, or receive action. This is because we implement
CIF synchronization using Uppaal channels, and the latter is limited to channel syn-
chronization.

Predicates The predicates that can be used in the guards and invariants are restricted to those
supported by Uppaal.

Edges The edges of the translatable CIF automata can perform regular actions (of the form a,
with a ∈ Aτ ), send actions (a!), or receive actions (a?). CIF allows a richer set of update
predicates than Uppaal, which solely supports sequential assignments to variables and
clock resets. Thus, we can translate CIF updates only if they produce a state change
equivalent to some sequential assignment. Definition 27 characterizes such assignments.

In order to formalize the restrictions above, we need some definitions.

Definition 27 (Translatable updates). An update predicate is translatable if it is written as a
conjunction of equalities

x+
0 = e0 ∧ . . . ∧ x+

n−1 = en−1

such that the following conditions hold.

1. 〈∀i, j : 0 ≤ i ≤ j < n : xj
+ /∈ FV (ei)〉
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2. 〈∀i, j : 0 ≤ i < j < n : xi /∈ FV (ej)〉

3. 〈∀i, j : 0 ≤ i < j < n : xi 6= xj〉

where FV (e) is the set of all free variables occurring in expression e.
An update is translatable if it is of the form

({x0, . . . , xn−1}, x+
0 = e0 ∧ . . . ∧ x+

n−1 = en−1)

and the update predicate is translatable.

Note that a given update predicate may not be translatable, but it can be rewritten into an
equivalent form such that it is translatable.

Definition 28 (Ordinary, send, and receive actions). Given an automaton α with a set of edges
E we define:

ord(α) , {a | a ∈ A ∧ (l, g, a, u, l′) ∈ E}
snd(α) , {a | a ∈ A ∧ (l, g, a!, u, l′) ∈ E}
rcv(α) , {a | a ∈ A ∧ (l, g, a?, u, l′) ∈ E}

Using the definitions above, the set of CIF automata that can be translated can be formally
defined as follows.

Definition 29 (Translatable automaton). A CIF automaton

(L, init, inv, tcp, E, varC , actS)

is said to be translatable if the following conditions are met.

1. init is of the form 7→ l0 , {(l, l = l0) | l ∈ L} for some l0 ∈ L.

2. ran(tcp) = {true, false}, where ran(f) denotes the range of function f .

3. Each edge inE is of the form (l, g, x, u, l′), where x is of the form τ , a, a!, or a?; a ∈ A,
and u is a translatable update.

4. ord(α), snd(α), and rcv(α) are pairwise disjoint.

5. snd(α) ∪ rcv(α) = actS

The next step is to characterize the set of CIF compositions that can be translated to Uppaal.
Informally, the translatable compositions are parallel compositions of n automata. Global
variables can be declared at the top level, along with an initialization predicate that assigns
initial values to the variables, and urgency declarations that expresses which actions are urgent
in the model. All variables in the used composition must be declared, and controlled (either
at the top level or controlled by a single automaton). The initialization predicate must assign
unique initial values to model variables. Synchronization between the automata is restricted to
point to point synchronization (i.e., synchronization where exactly two parties are involved).
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Edges can be annotated with send and receive actions, which have the form a! and a?, with
a ∈ A. These actions do not affect CIF semantics, and they are interpreted as regular actions
(that is, the semantics ignores these annotations). They provide a convenient way to identify,
in the formal definition of the translation, when a given action is intended to be used as a send
or as a receive action.

In what follows, we use the term CIF model, to refer to a CIF composition that satisfies
all of the syntactic constraints mentioned above. Later on, we formally define the notion of
translatable model.

Definition 30 (CIF model). A CIF model is a composition of the form

ctrl{x0,...,xm−1,c0,...,ct−1}( D{x0,...,xm−1,y0,...,yk−1:Gdisc}( D{c0,...,ct−1:Gclock}(

u� ( υ{a0,...,av−1}( p)))))

where x0, . . . , xm−1 and y0, . . . , yk−1 are sequences of controlled and uncontrolled discrete
variable declarations, respectively; c0, . . . , ct−1 is a list of controlled clock declarations, u ∈
Pt is a predicate, a0, . . . , av−1 is a list of urgent action declarations; and p ∈ C is a CIF
composition where all free variables (i.e., variables that are not bound to an operator) and
clocks are declared in the model.

The above CIF model can be written in a more convenient notation using the following
representation:

|[ disc control x0, . . . , xm−1

; disc y0, . . . , yk−1

; clock c0, . . . , ct−1

; init u
; urgent a0, . . . , av−1

:: p ]|

The restrictions presented below, allow us to get CIF compositions that can be translated
to Uppaal. All variables are required to be controlled because if a variable is allowed to
jump arbitrarily, then there is an infinite set of possible values that it can receive, and this
cannot be modeled in the target language. Synchronization can take place only between two
automata. Moreover, if two automata synchronize via some shared action a, then one of them
can send data using a, and the other can only receive data when it synchronizes in a. If we
do not have this restriction, then, given the way channels are implemented, a send action can
be synchronized with a send action in the CIF model. Finally, an automaton cannot modify
variables that are declared as controlled in the other automata. This is required because the
concept of controlled variables is not supported in Uppaal.

Formally, the class of CIF models that can be translated to Uppaal is defined as follows.

Definition 31 (Translatable model). A CIF model is said to be translatable if it is of the form

|[ disc control x0, . . . , xm−1

; disc y0, . . . , yk−1

; clock c0, . . . , ct−1
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; init
∧

0≤i<m
xi = ei ∧

∧
0≤i<k

yi = di ∧
∧

0≤i<t
ci = 0

; urgent a0, . . . , av−1

:: α0 ‖ . . . ‖ αn−1 ]|

where

1. Automaton αi = (Li, initi, invi, tcpi, Ei, varCi, actSi) is translatable, for all i such
that 0 ≤ i < n.

2. varC0 ∪ . . . ∪ varCn−1 = {y0, . . . , yk−1}.

3. Guards of urgent actions cannot contain clock variables.

4. ei, dj ∈ Z, for all i, j such that 0 ≤ i < m and 0 ≤ j < k.

5. 〈∀i, j : 0 ≤ i < j < n : snd(αi) ∩ snd(αj) = ∅〉.

6. 〈∀i, j : 0 ≤ i < j < n : rcv(αi) ∩ rcv(αj) = ∅〉.

7. 〈∀i, j : 0 ≤ i, j < n ∧ i 6= j : (rcv(αi) ∪ snd(αi)) ∩ ord(αj) = ∅〉.

8. For each send action a! in αi with update (Ws, us), and for each receive a? action in
αj , with update (Wr, ur), us∧ur must be a translatable update predicate (note that the
order of the conjunction is important).

9. 〈∀i, j : 0 ≤ i, j < n ∧ i 6= j : varCi ∩ jmp(αj) = ∅〉, where jmp(α) returns the set of
all variables that are assigned in the edges of α.

10. The values of clocks can only be changed to 0.

6.4. Translation Scheme

In this section we describe how transformation of CIF models to Uppaal networks of automata
can be performed.

Given a translatable update u, T=(u) is the translation of the update to a Uppaal assignment.
The translation is formalized as follows.

Definition 32 (Translation of updates). For any translatable update, we define:

T=(({x0, . . . , xn−1}, x+
0 = e0 ∧ . . . ∧ x+

n−1 = en−1)) ,
[x0 = e−0 , . . . , xn−1 = e−n−1]

where given an expression e, notation e− is used to refer to the expression obtained after
replacing all occurrences of free variables of e having the form x+, by x.

The following lemma is useful in proving the correctness of Theorem 16. It states that
a translatable CIF update and its corresponding translation result in the same change in the
valuation.
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Lemma 1 (Translatable updates and assignments). For any translatable update of the form
(W,u), for any valuations σ, σ′, such that dom(σ) = dom(σ′) and 〈∀x : x ∈ dom(σ) :
σ(x) = σ′(x)〉, we have that

σ′+ ∪ σ |= u⇔ (T=(u))(σ) = σ′

where σ′+ = {(x+, v) | (x, v) ∈ σ′}, and relation σ |= u expresses that predicate u ∈ Pt∪Pr
is satisfied (i.e., it is true) in valuation σ.

In a similar way, we can define the translation of initialization predicates.

Definition 33 (Translation of initializations). Given variables x0, . . . , xn−1, and integer val-
ues v0, . . . , vn−1 we define:

Ti(x0 =v0 ∧ . . . ∧ xn−1 =vn−1) = [x0 =v0, . . . , xn−1 =vn−1]

The translation of tcp predicates to a function that assigns to each location the urgent or
ordinary attribute is defined as follows.

Definition 34 (Translation of tcp predicates). To,u(tcp) , {(l, o) | l ∈ dom(tcp) ∧ tcp(l)} ∪
{(l, u) | l ∈ dom(tcp) ∧ ¬tcp(l)}

The transformation from CIF automata to Uppaal automata is given next.

Definition 35 (Translation of CIF automata). For any translatable automaton, function Ta is
defined by means of the following equation.

Ta((L, 7→ l0, inv, tcp, E, varC , actS)) =
〈L, l0, E′, inv, To,u(tcp)〉

where E′ = {(l, g, x, T=(u), l′) | (l, g, x, (W,u), l′) ∈ E}.

As we saw in Section 6.3, a limited form of non-synchronizing urgent actions is supported
in the translatable CIF models. To implement these, we need to use channels in Uppaal. The
idea is to transform every non-synchronizing action, that is declared as urgent, into a send
action over an urgent channel (in Uppaal). In this way, by introducing an extra automaton
that is always ready to perform receive actions over these channels, we can implement urgent
actions. For achieving this, we need the following definition.

Definition 36 (Receptive Uppaal automaton). Given a set of actionsA, we define the receptive
automaton P (A) as the Uppaal automaton

〈{lu}, lu, EA, {(lu, true)}, {(lu, o)}〉

where EA = { (lu, true, a?, [ ], lu)| a ∈ A}.

Next we provide a formalization of the transformation function, which translates CIF mod-
els to Uppaal networks of automata. Once the constraints on translatable models are identified,
the transformation is relatively straightforward. Note that the receptive automaton needs to be
constructed with the urgent actions that are not used as channels. Otherwise we would get a
different behavior in the Uppaal model.
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Definition 37 (Translation of CIF models). Function T is defined by means of the following
equation.

T (|[ disc control x0, . . . , xm−1

; disc y0, . . . , yk−1

; clock c0, . . . , ct−1

; init u
; urgent a0, . . . , av−1

:: α0 ‖ . . . ‖ αn−1 ]|) =
〈A, [l0, . . . , ln−1], V, C,H, TH , Ti(u)〉

where

• A = [A0, . . . , An−1, P ({a0, . . . , av−1} \ ch)]

• ch =
⋃

0≤i<n
actSi

• Ta(αi) = 〈Li, li, E′i, invi, To,u(tcpi)〉

• Ai is equal to Ta(αi) except that every urgent action a is replaced by a!.

• V = {xi | 0 ≤ i < m} ∪ {yi | 0 ≤ i < k}

• C = {ci | 0 ≤ i < t}

• H = ch ∪ {a0, . . . , av−1}

• TH = {(a, u) | a ∈ {a0, . . . , av−1}} ∪ {(a, o) | a ∈ H \ {a0, . . . , av−1}}

6.5. About the Correctness

The ultimate goal of the transformation described in the previous section is to enable the ver-
ification of temporal properties of CIF models using Uppaal model checking capabilities. For
this, we prove that the hybrid transition system induced by a CIF model and its corresponding
translation are bisimilar (modulo certain abstraction), which means that for each CIF compo-
sition p, there is a transition in the hybrid transition system induced by p if and only if there
is a corresponding transition in the timed transition system of T (p). Well know notions of
bisimilarity respect most logics for expressing behavioral properties. This guarantees that if
a property is asserted as valid in a given model T (p) by the Uppaal model checker, then p
satisfies the same property. The definition of bisimilarity given here differs slightly from stan-
dard notions [74], since we are comparing objects from different domains. Therefore, without
further study, we can only conjecture that behavioral properties are preserved by our adjusted
definition.

To be able to formalize the notion of equivalence between CIF and Uppaal models, we
need to define some notations beforehand, and to tweak the notion of stateless bisimulation to
compare two formalisms having different semantics.
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We use notation Jp0K ` (p, σ) −→ (p′, σ′) to express the fact that the a transition in the right
hand side of the ` symbol belongs to the transition system induced by the composition p0,
where −→ can be an action or a time transition (environment transitions are not considered to
obtain the induced transition system), and the domain of the valuations in the transition system
coincides with the variables and clocks used in the model. Making some abuse of notation,
the term JNK ` (l, σ) −→ (l

′
, σ′) denotes that the transition on right hand side of the symbol

` is in the transition system induced by the Uppaal network of automata N . Given a Uppaal
network of automata N of the form 〈A, l, V, C,H, TH , init〉, we use notation actv(N) to refer
to the vector on initial locations of N , that is l.

Next, we define the notion of bisimulation [68] between CIF and Uppaal models.

Definition 38 (Bisimilarity). A relation R ⊆ C × [L] is a bisimulaton relation with regards to
CIF composition p0 and Uppaal network of automata N if and only if for all p, l, and σ such
that (p, l) ∈ R the following holds:

1. 〈∀a, b,X, p′, σ′ : Jp0K ` (p, σ)
a,b,X−−−→ (p′, σ′) : 〈∃l′ :: JNK ` (l, σ)

a−→ (l′, σ′) ∧
(p′, l′) ∈ R〉〉

2. 〈∀a, l′, σ′ : JNK ` (l, σ)
a−→ (l′, σ′) : 〈∃b,X, p′ :: Jp0K ` (p, σ)

a,b,X−−−→ (p′, σ′) ∧
(p′, l′) ∈ R〉〉

3. 〈∀ρ, t, A, θ, p′, σ′ : Jp0K ` (p, σ)
ρ,A,θ7−→ (p′, σ′) ∧ dom(ρ) = [0, t] : 〈∃l′ :: JNK `

(l, σ)
t7−→ (l′, σ′) ∧ (p′, l′) ∈ R〉〉

4. 〈∀t, l′, σ′ : JNK ` (l, σ)
t7−→ (l′, σ′) : 〈∃ρ,A, θ, p′ :: Jp0K ` (p, σ)

ρ,A,θ−−−→ (p′, σ′) ∧
dom(ρ) = [0, t] ∧ (p′, l′) ∈ R〉〉

Given a CIF composition p and a Uppaal network of automata N , we say that they are
bisimilar, denoted by p↔ N , if and only if there exists a bisimulation relation R, w.r.t. p and
N , such that (p, actv(N)) ∈ R.

Having defined bisimulation, we can state our main theorem as follows.

Theorem 16. For any translatable CIF composition p0 it holds that p0↔ T (p0).

Proof. We define relation R as follows.

R ,{(p0, actv(p0))} ∪
{(p, actv(p)) | Jp0K ` (p1, σ)

ρ,A,θ7−→ (p, σ′)} ∪
{(p, actv(p)) | Jp0K ` (p1, σ)

a,b,∅−−−→ (p, σ′)}

where given a composition p, function application actv(p) returns a sequence

xs ++ [lu]

where xs is the sequence of all the active locations of the automata contained in p, and lu is
the unique location of the receptive automaton.

It can be shown that R is a bisimulation relation.
The full details of the proof are described in Appendix D.
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6.6. Concluding remarks

We have identified a subset of CIF that can be translated to Uppaal, providing a proof of
correctness that guarantees that all properties validated in Uppaal for a translated model are
valid in the original CIF model as well.

There are many conditions that a CIF model has to fulfill to be regarded as translatable to a
Uppaal model. However we believe that the set of translatable CIF models can be broadened
significantly by performing partial elimination of CIF operators such as urgency and synchro-
nization. In this way, the modeler will not have to be aware of such constraints. Providing an
algorithm for this is an interesting subject for further research.

The Uppaal tool-set provides several other constructs, such as local variable declarations,
and channel broadcast. However the semantics of these concepts is not formally defined. In
[45], a semantics for broadcast in Uppaal is given, but only in a limited form. Thus, we would
like to investigate whether we can extend this semantics to fully formalize broadcast, and then
we could study how the addition of broadcast in the target language can broaden the set of
translatable CIF models. As soon as a formalization of these concepts is available we would
like to extend the translation presented here.
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7. Case study: controller design for a
pipeless plant

7.1. Introduction

The design of control software for complex systems usually involve the use of different meth-
ods, techniques, and tools. The control layer of a system is often divided into several control
subsystems that interact with each other. To support the design cycle of this kind of systems,
the MULTIFORM [75] consortium has been working on the integration of multiple formalism,
by means of the design of model transformations among them [77, 106, 46, 54].

A prominent technique for the development of discrete-event controllers is supervisory con-
trol synthesis [83]. This technique allows to synthesize discrete event supervisors directly
from control requirements. The requirements specify safety properties, and the synthesized
supervisor is guaranteed to be deadlock and live-lock free. In recent work, a supervisory
control synthesis technique has been developed, which makes it possible to specify liveness
requirements [29].

For certain problems arising in the control design domain, such as optimal scheduling, there
are other techniques that are better suited. In addition, if the size of the models are too big to be
handled by this technique it may be necessary to resort to other methods for the development
of supervisors.

As a consequence it is common to complement the use of supervisory control synthesis,
with other techniques to develop controllers. Then, to increase the reliability of the control
hierarchy of a system, it becomes necessary to verify that the composition of the different
controllers do not violate important safety and liveness properties.

In addition, discrete-event controllers can be used to control hybrid components. Therefore,
the controllers must be simulated in combination with the hybrid model of the plant they are
supposed to control. This may lead not only to the detection of errors in the original specifica-
tion, but it can also help in debugging non-functional requirements, such as user interaction.

This constitutes an interesting part of a multi-formalism toolchain that involves: controller
synthesis, verification of controller composition, and simulation. It is our goal to investigate
the applicability and usefulness of this part of the multi-formalism approach in a complex
case study. For this, we need to test the toolchain in a relatively large case study, that offers
heterogeneous control design challenges.

The case study we have chosen is the design of controllers for coordinating the production
of a pipeless plant. Unlike traditional production plants, which use interconnected pipes for the
transportation of materials, pipeless plants use vessels and automated guided vehicles for this
purpose. Within the European project MULTIFORM, researchers are working in the design
and implementation of a miniature pipeless plant [84].
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7. Case study: controller design for a pipeless plant

The design of control software for pipeless plants is a challenging task. Pipeless plants
involve several independent components, that must be coordinated to carry out the plant pro-
duction in a safe manner, while maintaining certain performance requirements.

In particular, two control problems in pipeless plants involve scheduling, and vehicle move-
ment control. In the first problem, the challenge is to determine the sequences of steps that
must be carried out to minimize the production time. The second problem requires to move
the vehicles in such a way that no collisions will occur.

A way to deal with these control problems in a manageable manner, is to consider them
separately. On the one hand, the scheduling problem is solved assuming that the vehicles
move without collisions. On the other hand, the movement coordination problem is solved
independently of any schedules.

Recently, the problem of scheduling the production of a miniature pipeless plant has been
addressed [93]. As a result, it is possible to calculate the optimal schedule for a given plant
setup. To execute this schedule, we need a controller that moves the vehicles safely, while
ensuring that their destinations are reached.

Therefore the first problem is to construct a movement controller for a given plant layout.
The second challenge is to verify the proper operation of this controller when it is interfaced
with a scheduler. Finally we want to validate, by means of hybrid simulation, the controllers
by interfacing them with the hybrid model of the plant.

In this chapter, we investigate the possibility of using supervisory control theory for syn-
thesizing a movement controller for the pipeless plant. The input language for modeling the
control problem is SCIM: an automata based graphical language. We use SCIDE [98] as the
editor of SCIM models, which uses the STSLib library for state based supervisory control
synthesis [65]. The obtained supervisor is translated to the Compositional Interchange Format
(CIF) [5].

The resulting controller can be interfaced with different schedulers. To verify that the com-
position of the movement controller with a scheduler does not violate crucial liveness proper-
ties, we use automatic translations from CIF to Uppaal as formalized in [77].

Once the layers of control are verified, we use CIF to perform the simulation of the pipe-
less plant operation, which allow us to measure the performance, and detect errors in non-
functional requirements.

Several studies consider the problem of collision avoidance in automated plants using super-
visory control, see for instance [35, 62]. We do not develop novel ideas in this regard. Instead,
our contributions come from integrating supervisory control synthesis with verification and
simulation, by means of automatic and semantic-preserving model transformations.

For the synthesis of controllers for large systems, the technique of decentralized supervisory
control is well known [83]. For the case study we deal with here, supervisory control cannot
solve all the control problems: on the one hand, it cannot deal properly with performance
issues or optimization tasks, and on the other hand, it is not possible to specify more general
liveness properties than those defined by reachability of marking states.

In this chapter, we show the applicability, as a proof of concept, of the toolchain developed
in the MULTIFORM [75] project, for the synthesis, simulation, and verification of controllers.
In carrying out this task, we make use of the connections existing between CIF and other tools,
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which were developed in our previous works. In this sense, our results are of a methodological
flavor. As a byproduct, we obtained a movement controller for the miniature pipeless plant,
verified via model checking, and tested through simulation; together with timed and hybrid
models of the miniature pipeless plant. In addition, by taking the pipeless plant as case study,
we also show the applicability of CIF in modeling complex systems.

We begin this chapter by giving a description of the case study. In Section 7.3 we give an
overview of our approach, showing the toolchain we use. For allowing a proper separation of
concerns, the pipeless plant is divided into several components, as explained in Section 7.4.
Section 7.5 presents the way we use supervisory control to synthesize a movement controller
for the pipeless plant. The integration and verification of this supervisor with a scheduler is
discussed in Section 7.6. Finally, Section 7.7 presents hybrid models of the components of the
pipeless plant, which were used to validate the discrete event models and requirements.

7.2. Case description

The objective of the pipeless plant is to produce “plaster art”, which are layers of colored
chalk. Each layer of the product is made by pouring colored water into a vessel, then adding
plaster, and mixing it. Before a new layer can be put on top of an existing layer, the previous
one must harden.

To automate this process, the pipeless plant considered in this chapter consists of the fol-
lowing components:

• Storage station, which can hold a fixed number of vessels. Initially, this station contains
the empty vessels. After a layer of colored chalk is put into a vessel, it is taken to this
station for hardening.

• Filling stations, which pour colored water into the vessel.

• Mixing stations, which put plaster into the vessel, and mix it with the colored water.

• AGVs, which are used to move the vessels among stations.

A pictorial representation of the pipeless plant is shown in Figure 7.1. The area of the
pipeless plant is represented by a brown rectangle where all the components are placed. The
storage station is depicted on the right side of the this area, two filling stations are shown on
the top part, the mixing station is drawn on the left side, and there is one AGV at the center.
Additional components of the pipeless plant include two charging stations, which are drawn
in the bottom part of the rectangle, where the AGVs can go and charge their batteries. In
this chapter we consider a plant setup with one storage station, one filling station, one mixing
station, and two AGVs. The charging stations are not considered.

The storage station has the ability of taking and putting vessels from or onto the AGVs. The
filling stations can pour colored water into the vessel. This requires that an AGV with a vessel
on top of it is docked at the station. Mixing stations can take a vessel, add plaster, and mix it;
or they can put a mixed vessel onto the AGV.
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7. Case study: controller design for a pipeless plant

Figure 7.1.: Pictorial representation of the pipeless plant (PLP).

Stations do not have sensors for detecting the presence of vehicles. They only receive orders
to take a vessel, put it, pour liquid, or mix the plaster. It is the responsibility of the controller
to send these commands, and ensure that an AGV is at the proper position.

The vehicles contain sensors that are used for docking at a station. However these sen-
sors cannot be used to prevent collisions with other AGVs. The controller must plan their
movement to preclude such situations.

From the above, it can be inferred that the controller centralizes the communication among
the different components of the plant. The controller sends a command to a component, and
it can receive a notification of successful completion of the command. Components do not
communicate among each other.

One of the major challenges in the construction of the pipeless plant is the development of
the controllers that ensure proper operation of the plant. The concept of “proper operation” is
defined through a series of different requirements. For instance a basic requirement is that new
products are eventually output by the plant. But in addition, there are a plethora of other re-
quirements that may be desirable, such as “there should not be any liquid spillages” or “AGVs
must not collide”. Furthermore, there are performance constraints that complicate the problem
even further.

These requirements are prohibitively difficult to handle in a single model, at the same time.
Different requirements call for different techniques, and complete models of the plant can
make the application of such a techniques infeasible (for instance supervisory control cannot
be applied to hybrid systems).

Therefore a more viable approach is to try to address a particular requirement at the appro-
priate control level. For instance, we could separate the problem of moving the AGVs in such
a way that liquid is not spilled, from the problem of avoiding collisions between AGVs.

Researchers at the Technische Universität Dortmund (TUDO) have modeled the docking
procedure, and the movement of the liquid within the vessel as it travels on the AGV. An
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analysis of these models made it possible to estimate the velocity at which the AGVs can
accelerate or decelerate, as well as the time it takes for an AGV to dock. These results were
used to estimate the traveling time of the AGVs to different destinations. The times were input
to a timed automata model, which was used to obtain the fastest production schedule for six
vessels.

7.3. Overview of our approach

We want to produce a verified controller for the pipeless plant. Figure 7.2 shows an overview
of the approach we have taken for achieving this. In this picture, a rectangle with rounded
corners represents a model (executable or otherwise), and an ellipse represents a process (for
instance synthesis or model transformation).

AGV
movement

SCS
Movement

Requirements

Movement
Controller

Scheduler
Uncontrolled

PLP

Merge (‖) Merge (‖)

Controlled
PLP

Controller

cif2uppaal

Simulation

Controller
(Uppaal)

Model
Checking

Figure 7.2.: Overview of the toolchain

The controller for the pipeless plant consists of two main components: a scheduler and a
movement controller. In Section 7.2 we have assumed that an optimal scheduler is already
available. To obtain the movement controller we use supervisory control synthesis (SCS in
Figure 7.2).
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Supervisory control synthesis is a technique by which a discrete event controller can be
generated from requirements [83]. The requirements are specified using two main artifacts:
a model of the uncontrolled plant, and a model of the control requirements. These models
describe discrete-event systems. Traditionally, the kind of discrete-event systems that can be
described in supervisory control theory are restricted to regular languages [63].

In our case, the model of the uncontrolled plant is named AGV movement in Figure 7.2,
and it consists of the parallel composition of a model of the AGVs positions within the plant,
described in Section 7.5.1, and a model of the sequence of steps that must be carried out to
move an AGV to a given destination, described in Section 7.5.2.

In supervisory control theory, the model of the uncontrolled plant is usually specified using
automata. In the plant there are two kinds of events: controlled events, and uncontrolled events.
The controller can influence the behavior of the plant by enabling or disabling controllable
events, but it cannot disable uncontrollable events.

For specifying the control requirements, we use state based requirements [65]. These re-
quirements can be first order logic predicates, where the atomic propositions are states; or they
can be implications of the form:

{e0, . . . , en−1} ⇒ S

where ei (for 0 ≤ i < n) are events, and S is a logic proposition of the same kind as described
before.

The first type of requirements is used to specify properties such as “the system must be in
stateX or in state Y ” or “the system cannot be in statesX and Y simultaneously”. The second
type of requirements is used to specify properties such as “an event e is enabled only when the
system is in state X”.

The requirements for the pipeless plant, named Movement Requirements in Figure 7.2, spec-
ify that two vehicles must not occupy the same area at the same time.

Once the uncontrolled plant and the requirements are specified, it is possible to run a synthe-
sis algorithm, which tries to synthesize a controller that satisfies the control constraints. The
algorithm yields a supervisor that fulfills the control requirement, by enabling or disabling
only controllable events. The resulting supervisor is said to be controllable. Furthermore, the
resulting supervisor is also maximally permissive, in the sense that it does not disable control-
lable events, unless it is strictly necessary. There are several scenarios where only an empty
supervisor may be found. For instance, when it is possible for the plant to violate the control
requirements by executing a combination of controllable and uncontrollable events that cannot
be prevented for the controller. Other cases which can result in an empty supervisor include
conflicting requirements, and failure to eliminate deadlock. For formal details we refer the
reader to [83].

The automata used in specifying the uncontrolled plant have two special kinds of states:
initial, which species the state in which the plant begins its execution; and marked, which
specify an acceptable state in which the plant can finish its execution1. The control algorithm
will try to find a non-blocking supervisor. A supervisor is non-blocking only if from any state
in the controlled behavior, it is possible to reach a marked state [83].

1This does not necessarily implies that the uncontrolled plant must terminate.
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For the pipeless plant case, once the model of the AGVs movement and the movement re-
quirement are specified, we obtain a controller for the movement of the vehicles by means of
supervisory control synthesis. This movement controller, which is translated to CIF, is inter-
faced with a CIF model of the scheduler. These two models are put in parallel (see Figure 7.2,
Merge (‖) process), and the resulting parallel composition is translated to Uppaal for the veri-
fication of liveness properties.

Uppaal [61] is a tool for model-checking timed automata models. It allows to verify tem-
poral predicates that are a subset of the TCTL logic. With these predicates it is possible to
express:

Reachability properties to verify if there is a path in the system execution, such that a
given state is reached2.

Safety properties to verify that a forbidden state is never reached.

Liveness properties to verify that the systems progresses towards a desirable state.

Once the controller is verified, we interface it, by means of parallel composition, with a
hybrid model of the uncontrolled pipeless plant. This model is coded in CIF, which is a hybrid-
automaton-based formalism. Using the CIF tooling [96], we simulate the hybrid version of the
pipeless plant to validate the requirements.

7.4. Decomposition of the pipeless plant

In this chapter we consider a simple setup of the pipeless plant, consisting of one filling sta-
tion, one mixing station, and two AGVs. In this section we show how the plant is divided into
several components, and how these components interact. Figure 7.3 presents an overview of
the components and their connection by means of actions. We use solid arrows for control-
lable actions, and dashed arrows for uncontrollable actions. This distinction is explained in
Section 7.5. We explain the figure next.

The model of the uncontrolled PLP mentioned in Figure 7.2 consists of four components
interacting parallel: a storage station, a filling station, and two AGVs (named AGVs in this
figure). As in Chapter 3, we denote that components belong to a model by enclosing them by
a rectangle, and adding the model name as a label in the top left corner. The model named
AGVs is formed by the parallel composition of two AGV models, named AGV0 and AGV1,
as shown in Figure 7.4.

The scheduler uses the movement controller for sending AGVs to the different workstations.
The scheduler takes care of producing a piece of plaster art according to a given recipe. Action
mi,j means “move AGV i to station j”, and dmi,j means “I am done moving AGV i to station
j”. This action is used by the movement controller to notify that the AGV i has arrived to
station j. The scheduler also communicates with the three kinds of workstations. Action
putk instructs the storage station to put the vessel allocated in slot k onto an AGV. Action
getk causes the storage station to take the vessel from an AGV and put it back in slot k.

2A state can include both locations of automata, and predicates over variables
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Figure 7.3.: Connection of all the components by means of actions in the Controlled PLP
model.

AGV0 AGV1

AGVs

Figure 7.4.: Model of the AGVs

The filling station synchronizes on action fill , which indicates that the filling process must
start. Similarly, the mixing station starts mixing upon synchronizing on action mix . As in the
movement command case, actions of the form “dx” are used by the workstations to notify the
scheduler that the commands have been completed.

The movement controller takes care of moving AGVs between the different workstations.
This controller receives actions of the form mi,j , and notifies the completion of the command
using action dmi.j . To move the AGVs, the movement controller uses two kinds of actions.
Actions of type goi,j are used to make AGV i move to station j. When the AGV receives this
action, it leaves its current position, and starts moving towards the given destination. The ve-
hicle moves to the waiting area of its destination, and once there, it stops and synchronizes on
action wait i,j , which means “AGV i is waiting for docking at station j”. When the movement
controller deems it safe for a vehicle to dock at its destination station, it synchronizes on the
dodock i,j action. AGV i notifies to the controller that it has docked at station j using action
dock i,j .
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7.5. Synthesis of a movement controller

7.5. Synthesis of a movement controller

In this section, we explain how the problem of obtaining a controller for concurrent AGV
movement can be solved in the framework of supervisory control theory [83, 65]. This re-
quires the elaboration of automata models of the uncontrolled plant, and specifying the control
requirements.

The model of the uncontrolled plant, referred to as “AGV movement” in Figure 7.2, consists
of two automata for specifying the position of the AGVs within the plant, and two automata for
specifying the protocol that the movement controller has follow to carry out a movement com-
mand. The decomposition of the component AGV movement into these components is shown
in Figure 7.5. The automata AGVPOS0 and AGVPOS1 are described in Section 7.5.1. In
that section, we make automata model the AGVs positions in the pipeless plant. This enables
us to refer in the requirements to the physical space a vehicle is occupying. The automata
EXEC0 and EXEC1 are described in Section 7.5.2. In that section, we make a model of
the steps that are required to move an AGV from one station to another. This dictates how
the commands received by the movement controller must be handled. However, this model
does not take into consideration the collision avoidance aspects. For this, we use the synthesis
algorithm.

AGVPOS0 EXEC0 AGVPOS1 EXEC1

AGV
movement

Figure 7.5.: Plant model of the AGV movement.

The control requirements, referred to as “Movement Requirements” in Figure 7.2, con-
sists of two kinds of requirements, which are specified in Section 7.5.3. As shown in Fig-
ure 7.6, these requirements are composed of Equations (7.1) and (7.2), which are defined in
Section 7.5.3.

Equation
(7.1)

Equation
(7.2)

Movement
Requirements

Figure 7.6.: Movement requirements.
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7.5.1. Plant model of the AGV position

To synthesize a movement controller that carries out the aforementioned functionality, we
need to encode the problem into the supervisory control framework. As a first step, the idea
is to divide the pipeless plant surface in regions. Each region encodes either the area of a
workstation, or an intermediate region which is located in a path between two workstations.
Figure 7.7 shows the division in regions of the plant setup considered in this chapter. Letters
S, F , M denote the area of the storage, filling, and mixing station, respectively. Regions are
denoted asRx. C0 and C1 denote the center positions at which AGV 0 and AGV 1 are initially
located, respectively.

S

F

R2

R3

M

R4

R1R0

C0 C1

Figure 7.7.: Division of the pipeless plant into movement regions.

For the setup considered here, we use only one region between workstations. This is suffi-
cient since we have two AGVs. If more vehicles are added, then it is possible to augment the
concurrency in the plant by introducing more regions. Also, if more workstations are added,
the directed graph (e.g. Figure 7.11) that describes the vehicle movement 3 may not be planar4,
as it is in our case. Then more regions must be added where paths cross. These new regions
symbolize crossing points.

An AGV can move from one workstation to another following a predefined path. In its path
the AGV visits certain intermediate regions. For instance, in Figure 7.7 an AGV goes from the
storage station to the filling station visiting region R2.

When more filling stations are added, it may be the case that AGVs need to swap filling

3See for example Figure 7.11 in Section 7.7.
4Intuitively, a graph is planar if it can be drawn in a two dimensional plane in such a way that its edges intersect

only at the endpoints.
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stations. A way to avoid deadlocks when this situation arises is to add alternative routes
between two workstations.

Using the division of the plant into regions, it is possible to make a discrete event model of an
AGV position within the plant. In this model, the position of an AGV is updated according to
the events that signal the arrival of an AGV to a certain region (see for instance Figure 7.8). As
depicted in Figure 7.3, the controller communicates with the AGV by means of four actions:
goi,j , wait i,j , dodock i,j , and dock i,j . The actions of the form wait i,j indicate that the AGV
is in an intermediate region waiting to dock, whereas actions of the form dock i,j indicate that
the AGV has entered a given station. We give a concrete example of this next.

Once the plant is divided in regions, and the actions that signal the movement of the AGVs
across regions have been identified, it is possible to construct an automaton model of the AGV
position. Figure 7.8 illustrates this with the plant setup considered in this chapter, for AGV 0.
The model AGVPOS1 can be obtained from the aforementioned figure, by replacing 0 by 1.
Dashed edges indicate uncontrollable events, and solid edges are used to denote controllable
events. The AGVs are initially located at the center of the plant. Therefore location C is
indicated as initial. Graphically, we use a short incoming arrow, with no source location to
represent an initial state. Also, we want to be able to move the AGV back to the center once
the production process is finished. Hence, we also indicate location C as final. Graphically,
we use a short outgoing arrow, with no target location to represent a marking state. In addition,
we assume that the AGVs can move between the center and the storage station using their own
non-overlapping regions (Ri for i ∈ {0, 1}, for AGV i).

S

C

R0

R2

F R3

M

R4

wait0,Sdock0,C

dock0,S
wai

t 0,
C

wait0,F

dock0,F

wait0,M

dock0,M

wait0,S

dock0,S

Figure 7.8.: Plant model of the AGV position (AGVPOS0 ).
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In Figure 7.8, all the events are uncontrollable since the moment an AGV enters a given area
cannot be controlled by the supervisor. However, we specify in the next section that vehicles
only move if instructed by the movement controller. If, for instance, the vehicle moves from
the storage station to the filling station, then an action wait0,F will be issued by the AGV,
which means that it has reached the waiting area in region R2, and therefore it is no longer
occupying the storage station area. The event dock0,F signals that the AGV has docked in the
filling station, thus it is in the F state, and region R2 is freed.

7.5.2. Plant model of a command execution

As stated in Section 7.4, the controller we want to obtain receives commands of the form mi,j ,
meaning “move AGV i to workstation j”. Upon receiving this command, the controller must
move the AGV to the given destination, avoiding collisions with other vehicles. Once the AGV
has arrived at its destination, the controller acknowledges this using action dmi,j .

The next model concerns the way a movement command of the form mi,j must be handled.
A controller can reply with a dmi,j action only if the AGV is in station j. Therefore, we need
to specify the sequence of actions that must be executed to take an AGV to a given station.
For our setup, Figure 7.9 shows the model of the way the four movement commands must be
handled for AGV 0. The model for EXEC1 can be obtained by replacing 0 by 1 in EXEC0 .
We explain model EXEC0 next.

Consider the task of moving AGV 0 from the storage station to the filling station, which is
requested using action m0,F . This action is uncontrollable, since a movement command can
be issued at any time by the scheduler. Once the command m0,F is received, state h0,F is
entered, which means “handling command to move AGV 0 to Filling station”. To carry out
this command, the AGV has to instruct the AGV to start moving to the filling station using
action go0,F . This action and dodock0,F are controlled since the supervisor is able to instruct
the AGV when to move. In Figure 7.9, state ww0,F denotes “waiting for action wait0,F ”.
When this action is received it means that AGV 0 is stopped at region R2, waiting to dock at
the filling station. State d0,F means “docking vehicle 0 in Filling station”. To carry out this
task, the next step for the controller is to issue action dodock0,F to make the AGV dock at
the filling station. After that the controller waits for the AGV to dock at the filling station,
represented by the dock0,F action. State wd0,F means “waiting for action dock0,F ”. Finally,
the controller reports the successful completion of the command using action dm0,F , where
state r0,F represents “reporting the completion of movement command m0,F ”.

It is possible that a movement command requests to move an AGV to a station where it is
already docked. In the model of Figure 7.9 we take this into account. In this case, a movement
command can be succeeded by a dm command, without moving the AGV.

Note that in the model of Figure 7.9, it is expressed that movement commands for a given
vehicle are handled one at a time.

7.5.3. Model of the movement requirements

After modeling the automata for the AGVs position, and the automata for the command han-
dling, the next step is to state the requirements for the controller synthesis. There are two
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Figure 7.9.: Plant model of the movement command handling (EXEC0 ).

kinds of requirements. The first kind of requirements states that there cannot be more than
one AGV in the same region, at the same time (unless these regions are the ones at the center,
which are non-overlapping). For the setup of the pipeless plant we consider in this chapter,
these requirements are of the form:

¬(AGVPOS0 .X ∧AGVPOS1 .X) (7.1)

for X ∈ {R2 ,R3 ,R4 ,S ,F ,M }. In the formula above, a state in an automaton is referenced
by writing the name of the automaton, followed by a period, followed by the name of the
state within that automaton. For instance AGVPOS0 .atS refers to the state named S of the
automaton depicted in Figure 7.8.

The other kind of requirements states that a dm notification can be issued only when the
AGV is in the required destination. The satisfaction of these requirements imply that a move-
ment command can be followed immediately by a dm command only if the AGV is already at
the requested destination. For the particular setup we use here, these requirements are of the
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7. Case study: controller design for a pipeless plant

form:
{dmi,j} ⇒ AGVPOSi .j (7.2)

for i ∈ {0, 1}, j ∈ {S, F,M,C}.
Using the models of plant and requirement shown above, we synthesized a supervisor using

the STSLib library for state-based supervisory control synthesis [65]. The result is a binary
decision diagram, which is translated to CIF, to get a supervisor in this language.

In the next section we show how the composition of the movement controller and the sched-
uler is verified using the Uppaal model checker.

7.6. Verification

In this section we show how the composition of the synthesized movement controller and a
scheduler can be verified using Uppaal. For this, we use an automatic semantic-preserving
transformation from CIF to Uppaal, as formally defined in [77].

The division of the plant-production coordination into scheduling and movement control is
necessary. On the one hand, there are methods better suited than supervisory control to deal
with time or optimality constraints [93]. On the other hand, the division of the problem into
these two sub-problems allow us to get more manageable models, which can be scaled up to
more components.

The drawback of the division is that the composition of the scheduler and movement con-
troller may violate important liveness properties. Using the Uppaal model checker, we detected
a deadlock when the scheduler and the movement controller were composed in parallel. When
all the vessels except one were produced, the scheduler left an AGV idle at the storage station,
and thus the second AGV waiting at the mixing station was not able to finish its production.
Using the information provided by the Uppaal model checker, we corrected this error in the
scheduler.

The synthesized controller, together with the models of the recipe manager and the layer
scheduler were composed in parallel in a single CIF model. The CIF to Uppaal transformation
defined in [77] can be applied to this model, since it meets the constrains for translatable
models. For instance, all the actions are shared by exactly two components.

The property we want to verify, is that if the system terminates (deadlocks), then all the
layers in the vessels are produced. The number of layers in vessel i is kept in variable vi, and
we consider a plant with six vessels. The number of layers we aim at producing is three. Then,
the property can be expressed in the Uppaal query language as follows:

A�(deadlock ⇒ v0 = 3 ∧ v1 = 3 ∧ v2 = 3 ∧ v3 = 3 ∧ v4 = 3 ∧ v5 = 3) (7.3)

Using the Uppaal model checker, we verified this property.
In one of our early models we used the same region to move the two AGVs from the center

to the storage station, and back. By using Uppaal we were able to uncover that property (7.3)
was violated. This occurred when a vehicle remained midway between the center and the
storage station, whereas the other vehicle completed the production of the remaining vessels.
In this case the AGV at the storage station could not move to the center, and the AGV that
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was waiting to enter the storage could not move either. Therefore we introduced a model of
the pipeless plant where the AGVs move from the storage station to their initial position using
non-overlapping regions, which physically is a reasonable requirement.

It is important to underline the usefulness of model checking for uncovering the error de-
scribed above. Since the occurrence of this case in a random simulation is very improbable, it
was not uncovered by the simulation runs.

7.7. Validation

To validate the controller of the pipeless plant, we simulate its behavior in a hybrid setting.
Thereto, we must compose the controller with a hybrid model of the pipeless plant. In this
chapter, we illustrate the hybrid model of the plant by describing two of its hybrid automata:
the AGVs and the filling station.

7.7.1. Hybrid model of the AGVs

As shown in Figure 7.10, the model of AGV0 is realized by the parallel composition of three
automata: AGV hpos0, AGV comm0, and AGV mov0. The model for AGV1 can be obtained by
replacing 0 by 1 in AGV0. Note that when using the CIF tooling, these automata are defined
once and instantiated one time per AGV.

AGV hpos0 AGV comm0 AGV mov0

AGV0

Figure 7.10.: Model of AGV0

Hybrid model of the AGV position

We model the position of the AGV in a two dimensional plane. The workstations are located at
specific coordinates, and the vehicles move from one station to the next following a predefined
route. In this chapter, we model a route as a sequence of coordinates.

Figure 7.11 shows the predefined routes for moving between the different workstations and
waiting areas for the plant setup considered here. The routes are defined as a refinement
of the regions of the pipeless plant, shown in Figure 7.7. More details are introduced in
Figure 7.11 for detecting collisions during the simulation, which may have been neglected in
the supervisory control synthesis phase, due to the level of abstraction presented in Figure 7.7.
Therefore, we specify exactly the points that have to be visited to travel from one station to the
other.
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7. Case study: controller design for a pipeless plant

In Figure 7.11, the center positions of the AGVs are denoted by C0 and C1. A node of the
form Wi denotes a waiting area, where the AGV waits for docking. A node of the form Ik
denotes an intermediate region. The vehicles do not stop at intermediate regions. For instance,
for going from the storage station to the waiting area of the filling station the AGV has to
follow the route [I1, I0, I3,W2].

S I1

I0I3

W2

F I4

W3

MI5

I6W4

W1

I2W0

C0 C1

Figure 7.11.: Routes within the pipeless plant.

The position of the AGV is determined by two variables xp and yp, representing the vehicle
x and y coordinates respectively. Then, the continuous model of the AGV position can be
realized using an automaton with a single location, which we named AGVhpos , and having as
invariant:

ẋp = xv

ẏp = yv (7.4)

where xv is the velocity of the displacement along the x axis, and xy the velocity of the
displacement along the y axis.

The discrete part of the AGV model deals with two aspects:

1. communicating with the environment, and

2. determining the displacement velocities according to the vehicle destination.

In line with this, we further divide the discrete model of AGV0 into two automata: AGVcomm0
and AGVmov0. The first automaton receives commands to move the AGV to a given desti-
nation, and then communicates with the second automaton (via shared actions), which takes
care of moving the AGV along a route (sequence of coordinates). The movement of an AGV
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is modeled by changing the displacement velocities to reach a specific coordinate. We explain
these models in detail next.

Model of the AGV communication

Automaton AGVcomm0 synchronizes with external automata on four kinds of actions: go0 ,X ,
wat0 ,X , dodock0 ,X , dock0 ,X , where X ∈ {S, F,M,C}. The semantics of these actions are
described in Section 7.4. The actions without subscripts move and dmove represent local
actions that are synchronized between AGV comm0 and AGV mov0.

Figure 7.12 presents a simplified version of this automaton, which moves the AGV from the
storage to the filling station. The movement proceeds in two stages: first the AGV is taken to
the waiting area of the filling station, where it waits for a docking order from the controller.
After that, it performs the docking procedure.

stopped smove moving

stoppedw

wfcommandsmovedmovingd

docked

act go0 ,F

act move![(2, 0), (2, 2), (0, 2), (0, 18)]

act dmove

act wat0 ,F

act dodock0 ,Fact move![(0, 20)]

act dmove

act dock0 ,F

AGV mov0

sync : go0 ,F ,move, dmove,
wat0 ,F , dodock0 ,F , dock0 ,F ;

Figure 7.12.: Model of AGV 0 communication automaton (simplified): AGV comm0.

Whenever the communication automaton receives a movement command (go0 ,F in Fig-
ure 7.12), it synchronizes with automaton AGVmov0 on action move , and sends a list of coor-
dinates. For denoting lists we use square brackets, and we separate their elements by commas.
These coordinates determine the route the AGV must follow. In the setup we are considering
here, the AGV cannot go from the storage station to the filling station through a straight line.
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7. Case study: controller design for a pipeless plant

Instead, it has to exit the storage station moving along the x axis, and then make a turn. This is
why the route for going from the storage station to the waiting area of the filling station consist
of four points.

In the moving location, the communication automaton waits for the AGV to arrive at
the waiting area (last point in the coordinates list). This event is signaled from automaton
AGVmov0 using the synchronizing action dmove . Then, this automaton informs that the AGV
is in the filling station waiting area using action wat0 ,F .

On the wfcommand location (waiting for command) automaton AGVcom0 waits to syn-
chronize on action dodock0 ,F . After this, a new list of coordinates is sent using action move ,
which contain the trajectory that must be followed to dock. When the movement automa-
ton has moved the AGV along the specified points, the communication automaton notifies to
movement controller that the AGV is at its destination using action dock0 ,F .

Model of the AGV movement

In the movement automaton, shown in Figure 7.13,AGVmov0 moves the AGV through a given
sequence of coordinates, which is passed in action move . In this model, [ ] denotes the empty
list; hd(xs) returns the first element of xs; and tl(xs) returns a list equal to xs , except that the
first element is removed. For each coordinate in the list, this automaton first determines the x
velocity, using function gx, and then function gy is used to obtain the y velocity as a function
of the x velocity. Note that variables xv and yv are controlled, which represents the fact that
only this module can control the vehicle’s velocity. We define predicate SC below.

The AGV must stop when its x position equals the x destination, and the y position equals
the y destination. This stopping condition can be expressed in terms of the model variables as
follows:

xp = xd

yp = xd (7.5)

However, due to round-off errors in the computation of time delays, predicate (7.5) may never
become true. Thus, in the stopping condition we must replace the equalities with inequali-
ties, which requires to take into consideration the direction of the vehicle displacement. In
Figure 7.13, we define the stopping condition of the AGV as follows:

SC ,
(xv < 0 ∧ xp ≤ xd ∨ 0 < xv ∧ xd ≤ xp ∨ xv = 0) ∧
(yv < 0 ∧ yp ≤ yd ∨ 0 < yv ∧ yd ≤ yp ∨ yv = 0)

Function gx takes three parameters: the current AGV position along the x axis, xp, the end
position in the x axis, xd, and the AGV movement velocity V . If xp < xd the AGV has to
move from left to right, therefore the velocity is V . On the other hand, if xd < xp the AGV
has to move from right to left, and the velocity is −V . Otherwise, if xp = xd, there is no need
for displacement along the x axis and the velocity is set to 0. Formally, function gx is defined
as follows:

gx(xp, xd, V ) =


V if xp < xd

−V if xd < xp

0 if xp = xd
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idle gcoords smoving

moving

act move?mcoords
do (xd, yd),mcoords :=
hd(mcoords), tl(mcoords)

act start
do xv, yv :=
gx(xp, xd, V ),
gy(xp, xd, yp, yd, V )

when SC
act stop
do xv, yv := 0, 0

when mcoords = [ ]
act dmove

AGV mov0

disc control : mcoords, xd, yd;
control : xv , yv
sync : move, dmove;

Figure 7.13.: Model of AGV 0 movement automaton: AGVmov0.

Function gy takes five parameters: the current positions along the x and y axis, the end
position in the x and y axis, and the AGV movement velocity. If no x displacement is required
to arrive to (xd, yd), that is: xp = xd, then the velocity of the y displacement is calculated in a
similar fashion as with the x displacement. Otherwise, the velocity of the y axis displacement
is calculated in proportion to the x velocity. Formally, function gy can be defined as follows:

gy(xp, yp, xd, yd, V ) =



V if xp = xd ∧ yp < yd

−V if xp = xd ∧ yd < yp

0 if xp = xd ∧ yp = yd
yp − yd
xp − xd

∗ gx(xp, xd, V ) otherwise

Once the x and y displacement velocities are set in non-synchronizing action start , the
position of the AGV evolves continuously according to the Equation (7.4), which is defined in
the invariant of automaton AGVhpos0. When the destination coordinate is reached, the x and
y displacement velocities are set to 0.

The process described above is repeated for each coordinate of the list, and after the AGV
reaches the last destination in the route, the automaton AGV mov notifies this via the synchro-
nizing action dmove .

Figure 7.14 shows the positions that an AGV (in this case AGV 0) visited during the simu-
lation. It can be seen that this coincides with the routes specified in Figure 7.11.
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Figure 7.14.: Positions of the AGV during the simulation.

7.7.2. Hybrid model of the filling station

As shown in Figure 7.15, the model of the filling station consists of the parallel composition
of two automata: FSphy , and FS comm . These automata are explained next.

FSphy FS comm

Filling Station

Figure 7.15.: Model of the Filling Station

As with the AGV, we divide the behavior of the filling station into two automata: FSphy

and FS com . The first automaton models the physics of the liquid volume in the tank, and the
second automaton describes the communication of the filling station with the outside world.

The physics of the tank is modeled using automaton FSphy . This automaton controls a
variable volume , which is initially set to the amount of colored liquid in the tank when the
production starts. The value of the volume, and the output flow of the tank (the rate at which
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liquid exits the tank) changes continuously according to the following equation:

˙volume = −outflow

outflow =
√

volume ∗ n (7.6)

where n is a discrete variable that represents the status of the valve (0 if it is closed, 1 if it is
open). Automaton FSphy contains a unique location, with Equation (7.6) as its invariant.

The automaton of Figure 7.16 represents the model of the communication automaton of the
filling station. It is initially in the idle state, where it synchronizes on action fill . When the
command to start filling is received, the filling station opens the valve of the tank (modeled by
setting variable n to 1), and it closes it when the volume of liquid that is being poured exceeds
a certain threshold (Layer_vol in this case). After the valve is closed, and the filling process
is completed, the filling station communicates this via action dfill . Variable v is used to keep
track of the amount of liquid that is poured in the vessel. In this automaton we define the
continuous evolution of variable v in location filling , by means of the invariant v̇ = outflow .
In all the remaining locations we do not need to specify the continuous evolution for v since
its value is not relevant for the model (and therefore it can take any arbitrary value). Variable
n is controlled to model the fact that only this module can open or close the valve.

idlen = 0 sfilling

filling
inv : v̇ = outflow

dfilling

act fill

act open_valve
do n, v := 1, 0

when LV ≤ v act
close_valve do n := 0

act dfill

FS comm

control : n;
cont control : v;
sync : fill , dfill ;

Figure 7.16.: Model of the filling station controller: FS comm .

131



7. Case study: controller design for a pipeless plant

7.7.3. Simulation results

When simulating the hybrid model of controlled pipeless plant, we connect the output flow
of the FS tank, to the input flow of the vessel that is located at the filling station (if any).
Figure 7.17 shows the volume of the six vessels as time elapses. We require 10 units of liquid
per layer in a vessel, and it can be seen that around time 1000 the six vessels have the expected
volume.
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Figure 7.17.: Volume of the vessels.

7.8. Concluding remarks

In this chapter we tackled the problem of controller design, by means of model-based de-
sign, using multiple formalisms. We provided a proof of concept of a toolchain that involves
supervisory control synthesis, verification, and simulation.

Supervisory control theory allowed us to obtain a safe movement controller for the plant
with very little effort. The automatic synthesis in the toolchain adds support for evolvability of
systems. The drawback of this approach is that if the plant setup is altered, then new models
must be made, and a new controller must be synthesized. The addition of new components
change the plant and requirements models in non-trivial ways. For instance, the addition of
more workstations make more routes appear. This in turn, introduces more regions, where
collisions can occur. Then, the models of the AGVs position must be updated according to
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the plant topology, and the control requirements must state that the new regions can contain at
most one AGV at a time. A way of overcoming this problem could be the automatic synthesis
of requirements from a given plant layout, and number of AGVs.

The verification of the composition of the scheduler and movement controller led to un-
covering errors, unlikely to be detected by simulation only. On the other hand, simulation
allowed us to measure the system performance in an hybrid setting, which is a more faithful
representation of the actual system than its timed counterpart.

We have restricted our attention to showing the application of tool transformation. Our
method was sufficient for obtaining a controller for the miniature pipeless plant to be imple-
mented.

Recently, the problem of synthesizing supervisors using both safety and liveness require-
ments was tackled in [29]. However this approach could not be readily used for the synthesis
of our controller, since we lacked tool integration with CIF, which is our interchange format.
In future work we plant to investigate the possibility of integrating this approach in the MUL-
TIFORM toolchain.
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8.1. Significance

In this thesis we focused on the mathematical design and implementation of CIF. This was a
large undertaking that required the completion of several activities:

• formal specification of the language semantics, using the theory of Structured Opera-
tional Semantics;

• extension of the language with hierarchy;

• implementation of a simulator, using the formal semantics as a reference;

• definition of a linearization procedure, to eliminate certain operators of the language;

• definition of a transformation to Uppaal, for the verification of timed systems; and

• testing of the developed tool-chain that involved supervisory control synthesis, model-
checking, and simulation.

Except in the testing part, SOS semantics played a pivotal role in the developments of these
activities. We find SOS to be well suited for specifying the semantics of a hybrid language.
Even though CIF semantics may be daunting for readers unfamiliar with it, once the key
elements of the semantic framework are understood, the rules express in an simple and precise
way the behavior of the CIF operators.

This mathematical precision is crucial when developing novel operators such as the action
synchronization operator, the urgency operator, or the control variable operator. Unlike other
concepts such as invariants, channels, or variable assignments, the intuitions behind the for-
mer operators are not well understood at the beginning. Therefore, the chance of introducing
mistakes in their implementation is bigger. Formal semantics helped in reasoning about the
exact meaning of these new operators.

In addition, SOS semantics allowed us to use congruence formats, useful for proving com-
positionality, thus greatly reducing the efforts required for formal proofs.

The developed formal semantics is of essential importance for proving that transformations
are semantic-preserving, as we showed in our transformation from CIF to Uppaal.

Moreover, in Chapters 4 and 5 we showed how SOS semantics can provide a rigorous
method for obtaining an interpreter, and a linearization procedure for CIF, respectively. This
shows that operational semantics can be used not only to specify a language, but also for
guiding the implementation of tools for it.

135



8. Concluding remarks

With the development of CIF we have introduced the synchronizing action operator, and
the control variable operator, together with a parallel composition operator that restricts the
behavior of the parallel components.

The synchronization operator developed for CIF allows to represent different patterns of
communication: point-to-point communication, or multiparty communication. For point to
point communication it is possible to have a sender communicating with a specific receiver
among a group of possible recipients.

We have defined parallel composition to be a restriction on the behavior of the components.
This means that a new parallel component cannot add new behavior to the whole system, thus
preserving safety properties. This is an interesting idea, already present in the theory of I/O
automata, that can be also adopted for concurrent programing languages.

Control variables provide a mechanism for specifying which variables are controlled by a
given component. This forces the modeler to think about the responsibilities of each mod-
ule, and helps to prevent modeling errors resulting from components interfering with shared
variables.

Working in the challenge of using formal semantics for obtaining a interpreter, we iden-
tified that one of the obstacles in the implementation of simulators and model-checkers for
new languages lies in the extraction of the conditions, which are necessary to apply the exist-
ing algorithms in these fields. In Chapter 4 we have presented an approach, called symbolic
semantics, for extracting these conditions from the SOS specification in a mathematically cor-
rect manner. Even though these conditions can be calculated through linearization, the main
advantage of symbolic semantics over the former approach is that it does not require the com-
putation of a linear form. The conditions can be extracted on the fly, using the current system
state and following the symbolic rules.

We have identified two levels of operational semantics specification: explicit and symbolic.
The explicit level allows to specify in a succinct and abstract way the behavior of the language
constructs, whereas the symbolic level provides a way to extract the syntactic elements that
are necessary for the simulation algorithms. Moreover, symbolic semantics gives more insight
in the semantics, providing a complementary point of view.

Even though symbolic semantics does not require the computation of a linear form, it still
possible to compute the symbolic transition system associated to a CIF composition. This
gives a linear form. However, this linear form tends to grow exponentially as the number of
states in the parallel components increases.

The search for a more space-efficient linear form while using SOS rules led to the develop-
ment of the ideas of Chapter 5, where symbolic rules where refined into linear rules, which
produced linear transition systems of smaller sizes than their symbolic counterparts.

Linearization is a useful technique for reusing tools, reducing the implementation efforts,
since language constructs can be rewriten in terms of other implemented concepts. A clear
example of this is the benefits resulting from the elimination of hierarchy in terms of CIF
automata, which allow us to use the CIF simulation tools for HCIF models.

We consider efficiency of the linearization procedure to be more important than the sim-
plicity of the proof of correctness. In our linearization procedure, obtaining an efficient rep-
resentation was one of the goals. The linearization algorithm is linear in the size of the the
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linear transition system. This structure can be efficiently obtained, using the SOS rules as
reference. When blow ups in the size of the linear transition system occurs, the linearization
algorithm will require more computation time, but this is also an issue with other linearization
algorithms.

For verifying timed CIF models we developed a semantic-preserving transformation from
CIF to Uppaal, which was described in Chapter 6. This transformation aims at being structure-
preserving. The most important reason for this is that in this way, the results of the Uppaal
model checker can be easily traced to the original model.

The fact that only subsets of CIF are translated to other formalisms (as in the case of Uppaal)
is a consequence of having concepts in CIF that are not supported in the target language (for
instance differential equations in timed-automata based formalism). Choosing subsets of CIF
for the transformations is not a consequence of the complexity on this language.

In Chapter 7, we showed how different techniques and tools can be interfaced using the
tool-chain developed during the MULTIFORM project. Model transformations provide a con-
venient way of overcoming practical limitations of different formalisms, by complementing
them with one another. In particular, the combination of supervisory control, model-checking,
and simulation allowed us to design, validate, and verify a controller for the pipeless plant.
Something that could not have been achieved by the use of a single tool.

8.1.1. Industrial relevance

The toolset developed from the formal specification of CIF was used in several industrial cases.
A number of them are discussed below.

Philips Healthcare CIF was used to design different subsystems of a Magnetic Reso-
nance Imaging (MRI) scanner: the gradient amplifier [43], and the patient support sys-
tem [102]. These components were developed using a tool-chain similar to the one
described in Chapter 7, which included supervisory control synthesis, validation, and
verification.

The gradient amplifier is used for generating a magnetic field that allows the scan to be
generated. Supervisory control theory was used to synthesize a control system for the
gradient amplifier. A hybrid model of the uncontrolled gradient amplifier was made in
CIF. This model helped to understand the uncontrolled behavior and validate it. Based
on the hybrid CIF model, a untimed automata model was obtained (plant model), to
synthesize a supervisor. To validate the supervisor, the untimed controlled system was
merged with the hybrid CIF model by composing the two models in parallel. Valida-
tion of the hybrid CIF model and the merged controlled system was carried out by a
simulation based visualization.

The patient support system is used to position a patient in the MRI scanner. The un-
controlled systems and the control requirements were modeled using automata, and a
controller was obtained by means of supervisory control synthesis. An implementation
of the synthesized supervisor was obtained through a transformation to a CIF automa-
ton. The supervisor was validated by means of hardware-in-the-loop simulation, using
the real patient support table.
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Future work include the use of the CIF and supervisory control tool-chain for the devel-
opment of control software for other MRI subsystems.

Van der Lande Industries CIF is used to model a baggage handling system, and validate
the behavior of the controlled system by means of interactive simulation-based visual-
ization. A PLC controller will be generated by means of a CIF to IEC 61131-3 Struc-
tured Text transformation.

DAF Trucks CIF has been applied in supervisory control of an adaptive cruise control system
for trucks [107]. This resulted in an additional CIF to Simulink Stateflow transforma-
tion.

Océ Technologies This case study involved the development of a supervisory coordinator
for maintenance procedures for a high-tech Océ printer. The supervisor was obtained by
means of supervisory control synthesis [67, 86], and it was translated to CIF for discrete
event and hybrid simulation, as well as for real-time control.

In addition there is an ongoing project for the design of a control system for electronic micro-
scopes. For the design of these controllers, the tool-chain that involves CIF and supervisory
control is used.

8.2. Looking back

When we started the development of CIF, we bore in mind that we wanted to obtain a simple
semantics, while supporting the most important modeling concepts present in the formalisms
to which CIF was going to be connected, such as synchronization, control variables, differen-
tial equations, among others. Also, to facilitate compositional reasoning, we aimed at devising
a parallel composition operator that restricted the behavior of the parallel components. How-
ever, there was an important aspect that was neglected during the development stage, whose
importance we realize now: modeling convenience.

Even though we consider mathematical correctness of a language specification to be
paramount, its suitability as a modeling tool determines its adoption. For CIF, case studies
were carried out after an implementation of the simulator was available. At this stage we de-
tected deficiencies in the usability of the language as a modeling formalism that could not be
corrected in time.

We found that the biggest problem in the use of formal semantics lies in the time it takes to
get the right semantics. Defining what we deemed the right concepts in CIF required several
iterations. During the most part of these iterations we did not have an interpreter, and decisions
had to be made on the basis of pencil and paper examples. The suitability of some languages
elements cannot be judged until models of real-world systems are made (because the goal of
CIF is to model such systems). Even more problematic is the fact that the implications in the
meaning of some concepts cannot be seen until a model can be simulated.

During the development of the formal semantics of CIF, we used a text processor as the sole
tool for writing SOS rules, which hindered the implementation of the modifications to CIF
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semantics, since changes in the definition on labels or states have to be propagated manually,
and consistency checking must be performed also by hand after changes are introduced.

There are different kinds of artifacts that were produced during the development of CIF:

• explicit SOS rules for CIF;

• explicit SOS rules for HCIF;

• algebraic properties of CIF, and their proofs;

• symbolic rules for CIF, and proofs of soundness and completeness;

• implementation of the CIF simulator;

• and linear rules for CIF, and proofs of soundness and completeness.

Given the size, and complexity of these artifacts, the adaptation of CIF semantics is a process
that is time consuming, and error prone. This makes the process of developing by hand a
language from its formal specification neither practical, nor scalable, or adaptable. Therefore
tool support to assist this process is needed.

CIF semantics is difficult to grasp, as it involves many concepts such as urgency, control
variables, synchronization, dynamic types, among others. Furthermore, it requires different
notions to model the different aspects of the language such as urgency, control, and dynamic
types, among others. Nevertheless, CIF contains less concepts than most popular simulation
and programming languages. Formalizing such languages would probably also yield a very
complex semantics (consider for instance the multiple formalizations of Java semantics that
are available).

Then the question is how to manage such the complexity that arises when using SOS rules
for specifying formally a language semantics. The challenge is to find the methods and the
tools to ease the development of the semantics, as well as its understanding.

The time spent in the mathematical development of CIF, left us with little time for analyzing
the language from a practical point of view. Questions such as scalability, re-usability, and
modeling convenience have to be addressed in more detail.

8.3. Future work

To mitigate the problem of manual SOS development, an interesting idea is to develop tools
that assist the process of writing SOS rules specifications, proving properties of the semantics,
and obtaining interpreters automatically from it. The extent to which this process can be
automated remains to be investigated. Our work in Chapters 4 and 5 opens a possibility for
the development of tool support for SOS-based language specifications, where interpreters
can be synthesized from sets of SOS rules. These tools could also check for conformance to
congruence formats that guarantee certain algebraic properties. Even though some tool exists
for this purpose, the choices are limited in the context of hybrid systems.

Tool support for synthesizing/prototyping an interpreter from semantic specification is cru-
cial for a successful adoption of operational semantics in the development of languages, given
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the complexity that is necessary to manage. In addition, interfaces with theorem provers are of
great importance to reduce the amount of time spent in the formal verification of the language
properties. For helping the readability and understandability of CIF semantics the ideas of
modular SOS, introduced by Peter Moses, seem promising.

The elimination of hierarchy, introduced in Chapter 3, allows reuse of the toolset developed
for CIF. An algorithm for this was implemented, however, we still need to provide a formal
proof of the correctness of the elimination procedure.

Taking the ideas introduced in Chapters 4 and 5 about symbolic semantics, we started inves-
tigating the possibility of using SOS from model transformations. In this case, the interchange
format is not a modeling language, such as CIF, but a symbolic semantic domain (for instance,
a transition system). Then, if the operational semantics of a language is known, model transfor-
mations require a symbolic semantics for the language, and the definition of a transformation
from the semantic domain to a syntactic term in the language.

Even though improvements have been made in the modeling part of CIF in relation to its
previous version1, as defined in [10], we realize that some extra work has to be done in this area
to make it a more attractive modeling formalism in practice. Although CIF supports process
definition and instantiation, when working in the pipeless plant case study we realized that
CIF lacks other important modeling features that promote the reusability and maintainability
of models, which are commonly found in popular programming languages.

For instance, CIF would benefit from the ability of defining libraries of modeling compo-
nents, which can later be reused in different models.

The possibility of declaring arrays of actions, as in Uppaal, would have boosted the extend-
ability of the models that we wrote in CIF, since this facilitates the addition of extra compo-
nents without needing to change the remaining models. In addition, the possibility of adding
other forms of more convenient inter-process communication should be studied.

Another feature we believe CIF needs is support for input actions. An input action can syn-
chronize with other components, but if the component that declares the synchronizing action
is not ready to receive, then it cannot prevent the synchronizing action from taking place. For
models that are mere observers, the use of this kind of actions ensures that they will not inter-
fere with the system they are observing. Also, input actions in combination with the synchro-
nization operator of CIF make possible to define broadcast communication in a straightforward
manner.

CIF started as an interchange format, and later it developed into a modeling and simula-
tion language. As such, it was used for educational purposes, and in a number of industrial
case studies. By means of connections to different supervisory control tools, it is possible to
use CIF to validate synthesized controllers. Given the importance that the use of CIF as a
simulation language has, in the future we foresee the possibility of using the concepts of CIF
for an improved version of a simulation language, which may include support for supervisory
control specifications. The lesson learned from the development of CIF should help to make a
significant improvement in its following version.

1For instance, elimination of connect sets in favor of automata instantiation.
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A. Proofs of CIF semantics properties

A.1. Proofs of the hybrid transition systems properties

Proof of Property 1.
The property that for all p, p′, σ, σ′, and A we have:

(p, σ)
A
99K (p′, σ′)⇒ σ |= p ∧ σ′ |= p′

can be easily proved by structural induction on the CIF compositions, using the definition of
consistency (Definition 7), and the rules for environment transition.

Proof of Property 2. The proof of this property is straightforward, since the definition of the
set of synchronizing actions of a composition (Definition 11) is analogous to the construction
of the set of synchronizing actions in the labels of the environment transitions.

Proof of Property 3. The proof goes via structural induction on the CIF compositions.

Basis The composition at the target state of an environment transition for an automaton has
the form:

p′ ≡ (V, idv, inv, tcp, E, varC , actS ,dtype)

since idv evaluates to true only for location v, by looking at the rule for environment
transitions of automata (Rule 3), the only possible outgoing transitions from state

(p′, σ)

has p′ as the only possible composition at the destination state, which concludes the
proof for this case.

Induction step For the parallel composition case, assume p ≡ q ‖ r, and that there are two
environment transitions:

(q ‖ r, σ)
A
99K (q′ ‖ r′, σ′) and (q′ ‖ r′, ς) B

99K (q′′ ‖ r′′, ς ′)

By using the rule for environment transitions of parallel composition (Rule 8), and in-
duction hypothesis we get:

p′ ≡ p′′ and q′ ≡ q′′

and the result follows from the definition of syntactic equivalence.
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A. Proofs of CIF semantics properties

For the variable scope case we note that if e0 and e1 are values, then e0 and e1 evaluate
to itself, and we have:

(|[V x = e0, ẋ = e1 :: p ]|, σ)
A
99K (|[V x = e0, ẋ = e1 :: p′ ]|, σ′)

for all σ, σ′. Then we can apply the same strategy we used for the parallel composition
case.

The cases for the remaining operators are easy to prove in a similar way.

Proof of Property 4. The property can be easily proved by structural induction, and it follows
from the time rule for automata.

Proof of Prop 5. The proof goes via structural induction.

Base Case Assume:

((V, init, inv, tcp, E, varC , actS ,dtype), ρ(0))
ρ,actS ,θ7−→

((V, idv, inv, tcp, E, varC , actS , dtype), ρ(t))

By inspecting the time rule for automata we know that:

dom(ρ) = [0, t ], 0 < t , dom(ρ) = dom(θ), ρ(0) |= init(v),

〈∀s : s ∈ dom(θ) : θ(s) = {a|(v, g, a, u, v′) ∈ E ∧ ρ(s) |= g}〉,
〈∀s : s ∈ [0, t] : ρ(s) |= inv(v)〉, 〈∀s : s ∈ [0, t) : ρ(s) |= tcp(v)〉,
〈∀x : x ∈ dom(dtype) : (ρx, ρẋ) ∈ dtype(x)〉

Using predicate calculus, the definition of the trajectory prefix operator, and the fact that

(ρx, ρẋ) ∈ G⇒ (ρ≤sx , ρ≤sẋ ) ∈ G

for all dynamic types G and for all s such that 0 < s, we arrive to the desired result.

Induction step

Variable Scope Assume:

(|[V x = e0, ẋ = e1 :: p ]|, ρ(0))
ρ,A,θ7−→ (|[V x = d′0, ẋ = d′1 :: p′ ]|, ρ(t))

Then, inspecting the rule for variable scope we know that:

(σ |= e0 = d0) ∨ e0 = ⊥, (σ |= e1 = d1) ∨ e1 = ⊥,

(p, {x 7→ d0, ẋ 7→ d1} � σ)
{x 7→f0,ẋ 7→f1}�ρ,A,θ7−→

(p′, {x 7→ d′0, ẋ 7→ d′1} � σ′)
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A.1. Proofs of the hybrid transition systems properties

By induction hypothesis we get:

(p, {x 7→ d0, ẋ 7→ d1} � σ)
({x 7→f0,ẋ 7→f1}�ρ)≤s,A,θ≤s7−→

(p′, {x 7→ d′′0, ẋ 7→ d′′1} � σ′′)

Using the definition of trajectory prefix, the fact that

({x 7→ f0, ẋ 7→ f1} � ρ)≤s = ({x 7→ f0, ẋ 7→ f1})≤s � ρ≤s

and the rule for variable scope we obtain:

(|[V x = e0, ẋ = e1 :: p ]|, ρ(0))
ρ≤s,A,θ≤s7−→

(|[V x = d′′0, ẋ = d′′1 :: p′ ]|, ρ≤s(s))

Other Cases The proof for the remaining operators is straightforward using the SOS
rules for time. Only for the dynamic type operator we need the property that:

(ρx, ρẋ) ∈ G⇒ (ρ≤sx , ρ≤sẋ ) ∈ G

for all dynamic types G and for all s such that 0 < s.

Proof of Property 6. The proof is analogous to the proof of Property 5. In this case we need
to use the fact that:

(ρx, ρẋ) ∈ G⇒ (ρ≥sx , ρ≥sẋ ) ∈ G

for all dynamic types G and for all s such that s < t.

Proof of Property 7. The proof goes via structural induction on the CIF compositions.

Basis Assume p ≡ (V, init, inv, tcp, E, varC , actS ,dtype), and assume:

(p, σ)
ρ,A,θ7−→ (p′, σ′) and (p′, σ′)

ρ′,A,θ′7−→ (p′′, σ′′)

Then, inspecting the time rule for automata we know that there must be some v ∈ V ,
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such that the following conditions hold:

dom(ρ) = [0, t ] = dom(θ), 0 < t

ρ(0) |= init(v)

〈∀s : s ∈ dom(θ) : θ(s) = {a|(v, g, a, u, v′) ∈ E ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t] : ρ(s) |= inv(v)〉, 〈∀s : s ∈ [0, t) : ρ(s) |= tcp(v)〉
〈∀x : x ∈ dom(dtype) : (ρx, ρẋ) ∈ dtype(x)〉
dom(ρ′) = [0, t ′] = dom(θ′), 0 < t ′

ρ′(0) |= idv(v)

〈∀s : s ∈ dom(θ′) : θ′(s) = {a|(v, g, a, u, v′) ∈ E ∧ ρ′(s) |= g}〉
〈∀s : s ∈ [0, t′] : ρ′(s) |= inv(v)〉, 〈∀s : s ∈ [0, t′) : ρ′(s) |= tcp(v)〉
〈∀x : x ∈ dom(dtype) : (ρ′x, ρ

′
ẋ) ∈ dtype(x)〉

σ′ = ρ(t) = ρ′(0)

ρ′(t) = σ′′

Using the previous facts, the fact that ρ(t) = ρ′(0), the definition of the concatenation
operator for flows, predicate calculus, and algebra, we get that the following conditions
hold.

dom(ρ ·t ρ′) = [0, t+ t′] = dom(θ ·t θ′), 0 < t + t ′

(ρ ·t ρ′)(0) |= init(v)

〈∀s : s ∈ dom(θ ·t θ′) : (θ ·t θ′)(s) = {a | (v, g, a, u, v′) ∈ E ∧ (ρ ·t ρ′)(s) |= g}〉
〈∀s : s ∈ [0, t] : (ρ ·t ρ′)(s) |= inv(v)〉, 〈∀s : s ∈ [0, t) : (ρ ·t ρ′)(s) |= tcp(v)〉

Using the property of dynamic types and the concatenation operator we also obtain

〈∀x : x ∈ dom(dtype) : ((ρ ·t ρ′)x, (ρ ·t ρ′)ẋ) ∈ dtype(x)〉

Then, using the time rule for automata we conclude that there is a time transition:

(p, σ)
ρ·tρ′,A,θ·tθ′7−→ (p′′, σ′′)

which concludes the proof for this case.

Induction step For the parallel composition case assume there are two time transitions

(p ‖ q, σ)
ρ,Ap∪Aq ,(θp∩θq)∪(θp\Aq)∪(θq\Ap)7−→ (p′ ‖ q′, σ′)

(p′ ‖ q′, σ′)
ρ′,Ap∪Aq ,(θ′p∩θ′q)∪(θ′p\Aq)∪(θ′q\Ap)

7−→ (p′′ ‖ q′′, σ′′)

By inspecting the rules for parallel composition, and using induction hypothesis we get
that there are two time transitions:

(p, σ)
ρ·tρ′,A,θp·tθ′p7−→ (p′′, σ′′)

(q, σ)
ρ·tρ′,A,θq ·tθ′q7−→ (q′′, σ′′)
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Using the time rule for parallel composition we get that there is a transition:

(p ‖ q, σ)
ρ·tρ′,A,((θp·tθ′p)∩(θq ·tθ′q))∪((θp·tθ′p)\Aq)∪((θq ·tθ′q)\Ap)

7−→ (p′′ ‖ q′′, σ′′)

Using the definition of the flow concatenation operator it is easy to show that:

((θp ·t θ′p) ∩ (θq ·t θ′q)) ∪ ((θp ·t θ′p) \Aq) ∪ ((θq ·t θ′q) \Ap) =

((θp ∩ θq) ∪ (θp \Aq) ∪ (θq \Ap)) ·t ((θ′p ∩ θ′q) ∪ (θ′p \Aq) ∪ (θ′q \Ap))

which concludes the proof for the parallel composition case.

The urgency operator case can be proved using the fact that:

〈∀s : s ∈ [0, t) : a /∈ θ(s)〉 ∧ 〈∀s : s ∈ [0, t′) : a /∈ θ′(s)〉 ⇒
〈∀s : s ∈ [0, t+ t′) : a /∈ (θ ·t θ′)(s)〉

For all θ, θ′, such that dom(θ) = [0, t], dom(θ′) = [0, t′], and θ(t) = θ′(0).

The dynamic type case can be proved using the property of dynamic types and the
concatenation operator.

For the variable scope case, assume there are two time transitions:

(|[V x = d0, ẋ = d1 :: p ]|, ρ(0))
ρ,A,θ7−→ (|[V x = d′0, ẋ = d′1 :: p′ ]|, ρ(t)) and

(|[V x = d′0, ẋ = d′1 :: p′ ]|, ρ′(0))
ρ′,A,θ′7−→ (|[V x = d′′0, ẋ = d′′1 :: p′′ ]|, ρ′(t′))

where to simplify the details of the proof we assume d0, d1 are values (the proof can be
easily extended to the case when local variables are initialized using expressions).

Using the rule for variable scope, we know that there are two time transitions:

(p, {x 7→ d0, ẋ 7→ d1} � σ)
{x 7→f0,ẋ 7→f1}�ρ,A,θ7−→

(p′, {x 7→ d′0, ẋ 7→ d′1} � σ′) and

(p′, {x 7→ d′0, ẋ 7→ d′1} � σ′)
{x 7→g0,ẋ 7→g1}�ρ′,A,θ′7−→

(p′′, {x 7→ d′′0, ẋ 7→ d′′1} � σ′′)

Using Property 4 we know that

({x 7→ f0, ẋ 7→ f1} � ρ)(t) = {x 7→ d0, ẋ 7→ d1} � σ =

({x 7→ g0, ẋ 7→ g1} � ρ′)(0)

then we can apply induction hypothesis to obtain a transition:

(p, {x 7→ d0, ẋ 7→ d1} � σ)
({x 7→f0,ẋ 7→f1}�ρ)·t({x 7→g0,ẋ 7→g1}�ρ′),A,θ·tθ′7−→

(p′′, {x 7→ d′′0, ẋ 7→ d′′1} � σ′′)
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Using the definition of the flow concatenation operator it is possible to prove that:

({x 7→ f0, ẋ 7→ f1} � ρ) ·t ({x 7→ g0, ẋ 7→ g1} � ρ′) =

{x 7→ f0 ·t g0, ẋ 7→ f1 ·t g1} � ρ ·t ρ′

Then using the time rule for variable scope we arrive to the desired result, which con-
cludes the proof for this case.

For the remaining operators the proof is straightforward.

A.2. Proof of the CIF operators properties

Proof of Property 8. First we show that parallel composition is commutative. To this end, we
show that the relation

R , {(p ‖ q, q ‖ p) | p ∈ C, q ∈ C}

is a witness of the bisimulation.
Given a transition of the form:

(p ‖ q, σ)
a,b,X−−−→ (p′ ‖ q′, σ′) (A.1)

the fact that there is a corresponding transition

(q ‖ p, σ)
a,b,X−−−→ (q′ ‖ p′, σ′)

can be inferred by swapping the premises and using the rule for synchronizing parallel com-
position, or using the symmetric rule of the interleaving rule that originated transition (A.1).

For time and environment transitions, the symmetric version of these transitions can be
obtained by inverting the order of the premises that originated them, and using the fact that the
operators ∩ and ∪ are commutative.

To show that parallel composition is associative, we prove that the relation

R , {((p ‖ q) ‖ r, p ‖ (q ‖ r)) | p ∈ C, q ∈ C, r ∈ C}

is a witness of the bisimulation.
Given an action transition of the form:

((p ‖ q) ‖ r, σ)
a,b,X−−−→ ((p′ ‖ q′) ‖ r′, σ′)

the existence of a transition

(p ‖ (q ‖ r), σ′) a,b,X−−−→ (p′ ‖ (q′ ‖ r′), σ′)

can be inferred by inspecting the rules for parallel composition, and grouping the premises in
a different order.
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Given a time transition of the form:

((p ‖ q) ‖ r, σ)
ρ,A,θ7−→ ((p′ ‖ q′) ‖ r′, σ′)

the existence of a transition

(p ‖ (q ‖ r), σ′) ρ,A,θ7−→ (p′ ‖ (q′ ‖ r′), σ′)

follows from the associativity of ∪, and the fact that for all guard trajectories θi and sets of
actions Ai, i ∈ {p, q, r}, the following equality holds:

(θp ∩ ((θq ∩ θr) ∪ (θq \Ar) ∪ (θr \Aq))) ∪
(θp \ (Aq ∪Ar)) ∪
(((θq ∩ θr) ∪ (θq \Ar) ∪ (θr \Aq)) \Ap)

=

(((θp ∩ θq) ∪ (θp \Aq) ∪ (θq \Ap)) ∩ θr) ∪
(((θp ∩ θq) ∪ (θp \Aq) ∪ (θq \Ap)) \Ar) ∪
(θr \ (Ap ∪Aq))

Finally the transfer condition for environment transitions holds due to the associativity prop-
erty of ∪.

Proof of Property 9. To prove that

Dx:G(p) ‖ q↔ Dx:G(p ‖ q)

we show that R ∪R−1 is a witness of the bisimulation, where:

R , {(Dx:G(p) ‖ q,Dx:G(p ‖ q)) | x ∈ V, G ∈ D, p ∈ C, q ∈ C}.

The validity of the transfer conditions for action, time, and environment transitions follow
from the fact that the dynamic type operator does not restrict the set of allowed action, time,
or environment transitions for a given composition. In particular, for the proof of the transfer
conditions for time transitions the predicate (ρx, ρẋ) ∈ G, obtained by inspecting the time rule
for dynamic type, can be used to introduce the dynamic type operator where required.

To prove that
(u� p) ‖ q↔ u� (p ‖ q)

we show that R ∪R−1 is a witness of the bisimulation, where:

R , {((u� p) ‖ q, u� (p ‖ q)) | u ∈ Pt, p ∈ C, q ∈ C}

The proof of validity of the transfer conditions for the three kinds of transitions follows from
similar arguments as those given in the previous proof.
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Proof of Prop 10. There are 22 bisimulation relations to be proved. Most of these proofs can
be obtained in a similar way. We present here the most relevant cases.

To prove that
γa′(γa(p))↔ γa(γa′(p))

we use as a witness relation

R , {(γa′(γa(p)), γa(γa′(p))) | a′ ∈ A, a ∈ A, p ∈ C}

The validity of the three transfer conditions is a consequence of the commutativity of ∨ and
∪.

To prove that
|[A a′ :: |[A a :: p ]|]| ↔ |[A a :: |[A a′ :: p ]|]|

we use as a witness relation

R , {(|[A a′ :: |[A a :: p ]|]|, |[A a :: |[A a′ :: p ]|]|) | a′ ∈ A, a ∈ A, p ∈ C}

The validity of transfer conditions for time and environment transitions follows from the
commutativity of ∩. The transfer condition for actions requires a case analysis. To prove:

(|[A a′ :: |[A a :: p ]|]|, σ)
a′′′,b,X−−−−→ (|[A a′ :: |[A a :: p′ ]|]|, σ′)

⇒

(|[A a :: |[A a′ :: p ]|]|, σ)
a′′′,b,X−−−−→ (|[A a :: |[A a′ :: p′ ]|]|, σ′)

we note first that, according to the rules for action scope operator, there must be an action
transition:

(p, σ)
a′′,b′,X−−−−→ (p′, σ′)

for some a′′ ∈ Aτ , b′ ∈ B.
Then, we need to consider 4 cases:

Case a = a′ = a′′ Then, according to Rule 27, a′′′ ≡ τ , and b ≡ false. If we invert the order
of application of the scope operators, then the action rule for variable scope ensures that
then same labels will result in the conclusion.

Case a = a′′ and a′ 6= a′′ Then, as in the previous case, by Rule 27, a′′′ ≡ τ , and b ≡ false.

Now consider

(p, σ)
a′′,b′,X−−−−→ (p′, σ′)

⇔ { Rule 28, a′ 6= a′′ }

(|[A a′ :: p ]|, σ)
a′′,b′,X−−−−→ (|[A a′ :: p′ ]|, σ′)

⇔ { Rule 27, a = a′′ }
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(|[A a :: |[A a′ :: p ]|]|, σ)
τ,false,X−−−−−→ (|[A a :: |[A a′ :: p′ ]|]|, σ′)

Case a′ = a′′ and a 6= a′′ Similar to the previous case.

Case a 6= a′′ and a′ 6= a′′ Then, a′′ = a′′′, and according to the action rule for variable
scope, the label is not affected, and therefore the order of application of the operator can
be inverted without altering the resulting label.

The fact that

(|[A a′ :: |[A a :: p ]|]|, σ)
a′′,b,X−−−−→ (|[A a′ :: |[A a :: p′ ]|]|, σ′)

⇐

(|[A a :: |[A a′ :: p ]|]|, σ)
a′′,b,X−−−−→ (|[A a :: |[A a′ :: p′ ]|]|, σ′)

can be proven in a symmetric way.
The validity of the remaining properties is a consequence of the non-interference between

the side conditions of the operators and the change they cause on the labels. Next, we give an
example of this by proving

γa(u� p)↔ u� (γa(p))

The above equivalence can be proven using as a witness R ∪R−1 ∪ IC , where

R , {(γa(u� p), u� (γa(p))) | a ∈ A, u ∈ Pt, p ∈ C}

and IC is the identity function on compositions.
Next we prove the validity of the transfer condition for action transitions. To this end we

make the following derivation:

(γa(u� p), σ)
a′,b∨a=a′,X−−−−−−−−→ (γa(p

′), σ′)

⇔ { Rule for synchronization }

(u� p, σ)
a′,b,X−−−−→ (p′, σ′)

⇔ { Rule for initialization }

(p, σ)
a′,b,X−−−−→ (p′, σ′), σ |= u

⇔ { Rule for synchronization }

(γa(p), σ)
a′,b∨a=a′,X−−−−−−−−→ (γa(p

′), σ′), σ |= u

⇔ { Rule for initialization }

(u� γa(p), σ)
a′,b∨a=a′,X−−−−−−−−→ (γa(p

′), σ′)
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The validity of the remaining transfer conditions is a consequence of the fact that rules for
initialization operator and synchronizing actions do not interfere in the changes they cause to
the labels, or in the side conditions they require.

Proof of Prop 11. To prove
γa(γa(p))↔ γa(p)

we use as a witness relation R ∪R−1, where

R , {(γa(γa(p)), γa(p)) | a ∈ A, p ∈ C}.

Then the validity of the transfer conditions follows from the idempotency of ∨ and ∪.
The validity of

u� (u� p)

follows from Property 12 and idempotency of ∧.
To prove the validity of

|[V a :: |[V a :: p ]|]| ↔ |[V a :: p ]|

we use as a witness relation R ∪R−1, where

R , {(|[V a :: |[V a :: p ]|]|, |[V a :: p ]|) | a ∈ A, p ∈ C}

The validity of the transfer conditions for time and environment transitions follows from the
idempotency of ∩. For action transitions, a proof can be obtained by performing a simple case
analysis.

To prove the validity of
υa(υa(p))↔ υa(p)

we use as a witness relation R ∪R−1, where

R , {(υa(υa(p)),υa(p)) | a ∈ A, p ∈ C}

The validity of the transfer conditions for action and environment transitions follows from the
fact that the urgency operator does not affect these kind of transitions. For time transitions,
the validity of the transfer conditions follows from the idempotency of entailment (condition
〈∀s : s ∈ [0, t) : a /∈ θ(s)〉).

The validity of
Dx:G(Dx:G(p))↔ Dx:G(p)

follows from Prop 13 and idempotency of ∩.
To prove the validity of

ctrlx(ctrlx(p))↔ ctrlx(p)

we use as a witness relation R ∪R−1, where

R , {(ctrlx(ctrlx(p)), ctrlx(p)) | x ∈ V, p ∈ C}

The validity of the transfer conditions follows from the fact that the control variable opera-
tor does not affect time and environment transitions, idempotency of ∪, and idempotency of
entailment.

160



A.2. Proof of the CIF operators properties

Proof of Prop 12. To prove

u� (v � p)↔ (u ∧ v)� p

we use as a witness relation R ∪R−1 ∪ IC , where

R , {(u� (v � p), (u ∧ v)� p) | u ∈ Pt, v ∈ Pt, p ∈ C}

The validity of the transfer conditions is a consequence of the validity of

(σ |= u, σ |= v)⇔ (σ |= u ∧ v)

for the satisfaction relation.

Proof of Property 13. To prove

Dx:G0(Dx:G1(p))↔ Dx:G0∩G1(p)

we use as witness relation R ∪R−1, where

R , {(Dx:G0(Dx:G1(p)),Dx:G0∩G1(p)) | x ∈ V, G0 ∈ D, G1 ∈ D, p ∈ C}

Next, we prove the validity of the transfer condition for time. To this, we make the following
derivation:

(Dx:G0(Dx:G1(p)), σ)
ρ,A,θ7−→ (Dx:G0(Dx:G1(p′)), σ′)

⇔ { Rule for dynamic type operator, twice}

(p, σ)
ρ,A,θ7−→ (p′, σ′), (ρx, ρẋ) ∈ G0, (ρx, ρẋ) ∈ G1

⇔ { Set algebra }

(p, σ)
ρ,A,θ7−→ (p′, σ′), (ρx, ρẋ) ∈ G0 ∩G1

⇔ { Rule for dynamic type operator }

(Dx:G0∩C0(p), σ)
ρ,A,θ7−→ (Dx:G0∩G1(p′), σ′)

The transfer conditions for action and environment transitions follow from the fact that the
dynamic type operator does not restrict these transitions.

Proof of Prop 14. We sketch the proof of commutativity of variable scope with regard to par-
allel composition. The remaining commutativity laws can be proven in a similar way.

To prove

|[V x = e0, ẋ = e1 :: p ]|‖ q↔ |[V (x = e0, ẋ = e1)[y, ẏ/x, ẋ] :: p[y, ẏ/x, ẋ] ‖ q ]|
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we use as witness relation R ∪R−1, where

R ,{(|[V x = e0, ẋ = e1 :: p ]|‖ q,
|[V (x = e0, ẋ = e1)[y, ẏ/x, ẋ] :: p[y, ẏ/x, ẋ] ‖ q ]|) |
x ∈ V, y ∈ V, y /∈ vars(p), ẏ /∈ vars(p), e0 ∈ E , e1 ∈ E , p ∈ C, q ∈ C}

and vars(p) refers to the set of variables appearing in composition p.
The fact thatR∪R−1 is indeed a witness relation is a consequence of the following lemmas.

Lemma 2 (Variable exchange in action transitions). For all y, p, x, X , u, u′, v, v′, w, w′, σ,
σ′, a, and b, such that y /∈ vars(p), we have:

(x ∈ X ⇒ u = u′)∧

(p, {x 7→ v} � {x 7→ u} � {y 7→ w} � σ)
a,b,X\{x}−−−−−−→

(p′, {x 7→ v′} � {x 7→ u′} � {y 7→ w′} � σ′)

if and only if:

(y ∈ X ⇒ w = w′)∧

(p[y/x], {y 7→ v} � {x 7→ u} � {y 7→ w} � σ)
a,b,X\{y}−−−−−−→

(p′[y/x], {y 7→ v′} � {x 7→ u′} � {y 7→ w′} � σ′)

Lemma 3 (Variable overwriting in action transitions). For all p, p′, y, σ, σ′, a, b, X , v, and v′

such that y /∈ vars(p), we have:

(p, σ)
a,b,X−−−→ (p′, σ′)

if and only if

(p, {y 7→ v} � σ)
a,b,X\{y}−−−−−−→ (p′, {y 7→ v′} � σ′)

Lemma 4 (Variable exchange in environment transitions). For all y, p, x, v, v′, σ, σ′, and A,
such that y /∈ vars(p), we have:

(p, {x 7→ v} � σ)
A
99K (p′, {x 7→ v′} � σ′)

if and only if:

(p[y/x], {y 7→ v} � σ)
A
99K (p′[y/x], {y 7→ v′} � σ′)

Lemma 5 (Variable overwriting in environment transitions). For all p, p′, y, σ, σ′, A, v, and
v′ such that y /∈ vars(p), we have:

(p, σ)
A
99K (p′, σ′)

if and only if

(p, {y 7→ v} � σ)
A
99K (p′, {y 7→ v′} � σ′)
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Lemma 6 (Variable exchange in time transitions). For all y, p, x, v, v′, f σ, σ′, ρ, θ, and A,
such that y /∈ vars(p), we have:

(p, {x 7→ v} � σ)
{x 7→f}�ρ,A7−→ (p′, {x 7→ v′} � σ′)

if and only if:

(p[y/x], {y 7→ v} � σ)
{y 7→f}�ρ,A7−→ (p′[y/x], {y 7→ v′} � σ′)

Lemma 7 (Variable overwriting in environment transitions). For all p, p′, y, σ, σ′, ρ, θ, A, v,
and v′ such that y /∈ vars(p), we have:

(p, σ)
ρ,A,θ7−→ (p′, σ′)

if and only if

(p, {y 7→ v} � σ)
{y 7→f}�ρ,A7−→ (p′, {y 7→ v′} � σ′)

These lemmas can be proved by structural induction, the fact that if y /∈ vars(e), then

(σ |= u)⇔ ({y 7→ v} � σ) |= u

and the fact that if y /∈ vars(e), then

({x 7→ v} � σ |= u)⇔ ({y 7→ v} � σ) |= u[y/x]

Proof of Property 15. The proof of the equivalences can be obtained using the obvious bisim-
ulation relations, and the validity of the transfer conditions is an immediate consequence of
the fact that variable c does not appear in composition q, and variable b does not appear in
composition p[c/b] (by definition of the substitution operator).
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In this section we present the complete set of symbolic rules for CIF, together with proofs of
the soundness and completeness theorems that relate the concrete and symbolic rules.

We begin by giving a description of the environment transitions, which we omitted in Chap-
ter 4.

A symbolic environment transition has the form

〈p〉
u,n,C,A
99K 〈p′〉

where:

• u (initialization expression) and n (invariant) are the predicates that must be satisfied by
the initial valuation, u, n ∈ P

• C is the set of controlled variables of composition p (and p′), C ⊆ V

• A is the set of synchronizing actions of composition p (and p′), A ⊆ A

Concrete and symbolic environment transitions are related by means of the following sound-
ness and completeness theorems.

Theorem 17 (Soundness of environment transitions). For all p, p′, u, n, C, A σ, and σ′ we
have that if the following conditions hold:

1. 〈p〉
u,n,C,A
99K 〈p′〉

2. σ |= u

3. σ |= n

4. σ′ |= n

5. σ �C= σ′ �C

then, there is a concrete environment transition:

(p, σ)
A
99K (p′, σ′)

Theorem 18 (Completeness of environment transitions). For all p, p′, A, σ, and σ′ we have
that if there is a concrete environment transition:

(p, σ)
A
99K (p′, σ)

then there exists u, n, and C such that the following holds:
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• 〈p〉
u,n,C,A
99K 〈p′〉

• σ |= u

• σ |= n

• σ′ |= n

• σ �C= σ′ �C

In the next section we present the set of symbolic rules for the subset of CIF that contains
all the operators but scopes.

B.1. Symbolic rules

B.1.1. Automata

Symbolic rules for automata.
Action transitions.

(v, g, a, (W, r), v′) ∈ E

〈(V, init, inv, tcp, E, varC , actS , dtype)〉 a,a∈actS ,g,init(v),inv(v),inv(v′),W,varC ,r−−−−−−−−−−−−−−−−−−−−−−−−−→
〈(V, idv′ , inv, tcp, E, varC , actS ,dtype)〉

95

Environment transitions.

v ∈ V

〈(V, init, inv, tcp, E, varC , actS , dtype)〉
init(v),inv(v),varC ,actS

99K
〈(V, idv, inv, tcp, E, varC , actS ,dtype)〉

96

Time transitions.

v ∈ V
〈(V, init, inv, tcp, E, varC , actS , dtype)〉

init(v),inv(v),tcp(v),dtype,actS ,{(g,a) | (v,g,a,u,v′)∈E},∅7−→
〈(V, idv, inv, tcp, E, varC , actS ,dtype)〉

97

B.1.2. Parallel composition

Symbolic rule for synchronizing actions.

〈p〉
a,true,gp,up,np,n′p,Wp,Cp,rp−−−−−−−−−−−−−−−−−→ 〈p′〉, 〈q〉

a,true,gq ,uq ,nq ,n′q ,Wq ,Cq ,rq−−−−−−−−−−−−−−−−−→ 〈q′〉

〈p ‖ q〉
a,true,gp∧gq ,up∧uq ,np∧nq ,n′p∧n′q ,Wp∩Wq ,(Cp\Wp)∪(Cq\Wq),rp∧rq−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈p′ ‖ q′〉

98

Symbolic rules for interleaving actions.
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〈p〉
a,b,gp,up,np,n′p,Wp,Cp,r−−−−−−−−−−−−−−−→ 〈p′〉, 〈q〉

uq ,nq ,Cq ,A
99K 〈q′〉, a /∈ A

〈p ‖ q〉
a,b,gp,up∧uq ,np∧nq ,n′p∧nq ,Wp\Cq ,Cp∪Cq ,r−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈p′ ‖ q′〉

99

〈q〉
a,b,gq ,uq ,nq ,n′q ,Wq ,Cq ,r−−−−−−−−−−−−−−→ 〈q′〉, 〈p〉

up,np,Cp,A
99K 〈p′〉, a /∈ A

〈p ‖ q〉
a,b,gq ,uq∧up,nq∧np,n′q∧np,Wq\Cp,Cq∪Cp,r−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈p′ ‖ q′〉

100

Rule for environment transitions.

〈p〉
up,np,Cp,Ap
99K 〈p′〉, 〈q〉

uq ,nq ,Cq ,Aq
99K 〈q′〉

〈p ‖ q〉
up∧uq ,np∧nq ,Cp∪Cq ,Ap∪Aq

99K 〈p′ ‖ q′〉
101

For defining the rule for time transitions, we make use of the operators C, ∩2, and \2, which
are defined next.

Definition 39 (Join). Given two partial functions f : A ⇀ 2B and g : A ⇀ 2B , f C g is the
function such that dom(f C g) = dom(f) ∪ dom(g) and for all x ∈ dom(f C g):

(f C g)(x) =


f(x) ∩ g(x) if x ∈ dom(f) ∩ dom(g)

f(x) if x ∈ dom(f) \ dom(g)

g(x) if x ∈ dom(g) \ dom(f)

Definition 40 (Second component intersection). Given two sets A,B ⊆ C ×D:

A ∩2 B , {(ca ∧ cb, d) | (ca, d) ∈ A ∧ (cb, d) ∈ B}

Definition 41 (Second component difference). Given a set A ⊆ B × C and a set D ⊆ C:

A \2 D , {(a, b) | (a, b) ∈ A ∧ b /∈ D}

Rule for time transitions.

〈p〉 up,np,wp,Gp,Ap,P,Up7−→ 〈p′〉, 〈q〉 uq ,nq ,wq ,Gq ,Aq ,Q,Uq7−→ 〈q′〉

〈p ‖ q〉 up∧uq ,np∧nq ,wp∧wq ,GpCGq ,Ap∪Aq ,(P∩2Q)∪(P\2Aq)∪(Q\2Ap),Up∪Uq7−→ 〈p′ ‖ q′〉
102

B.1.3. Control variable

Symbolic rule for actions.

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

〈ctrlx(p)〉 a,b,g,u,n,n′,W,C∪{x},r−−−−−−−−−−−−−−→ 〈ctrlx(p′)〉
103
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Symbolic rule for environment transitions1:

〈p〉
u,n,C,A
99K 〈p′〉

〈ctrlx(p)〉
u,n,C∪{x},A
99K 〈ctrlx(p′)〉

104

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

〈ctrlx(p)〉 u,n,w,G,A,P,U7−→ 〈ctrlx(p′)〉
105

B.1.4. Urgency

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

〈υa′(p)〉
a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈υa′(p′)〉

106

〈p〉
u,n,C,A
99K 〈p′〉

〈υa(p)〉
u,n,C,A
99K 〈υa(p′)〉

107

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

〈υa(p)〉
u,n,w,G,A,P,U∪{g|(g,a)∈P}7−→ 〈υa(p′)〉

108

B.1.5. Dynamic type

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

〈Dx:G(p)〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈Dx:G(p′)〉
109

〈p〉
u,n,C,A
99K 〈p′〉

〈Dx:G(p)〉
u,n,C,A
99K 〈Dx:G(p′)〉

110

〈p〉 u,n,w,D,A,P,U7−→ 〈p′〉

〈Dx:G(p)〉 u,n,w,DC{(x,G)},A,P,U7−→ 〈Dx:G(p′)〉
111

B.1.6. Initialization

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

〈u′ � p〉 a,b,g,u∧u′,n,n′,W,C,r−−−−−−−−−−−−−→ 〈p′〉
112

1The rule for environment transition should also work if we add condition x = x+ in the reset predicate, instead
of adding x to the set of control variables in the conclusion.

168



B.2. Proofs

〈p〉
u,n,C,A
99K 〈p′〉

〈u′ � p〉
u∧u′,n,C,A
99K 〈p′〉

113

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

〈u′ � p〉 u∧u
′,n,w,G,A,P,U7−→ 〈p′〉

114

B.1.7. Synchronization

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉

〈γa′(p)〉
a,b∨a=a′,g,u,n,n′,W,C,r−−−−−−−−−−−−−−−→ 〈γa′(p′)〉

115

〈p〉
u,n,C,A
99K 〈p′〉

〈γa(p)〉
u,n,C,A∪{a}
99K 〈γa(p′)〉

116

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉

〈γa(p)〉
u,n,w,G,A∪{a},P,U7−→ 〈γa(p′)〉

117

B.2. Proofs

B.2.1. Soundness of Symbolic Action Rules

For proving Theorem 2 we need the following lemmas.

Lemma 8. For all sets C0, X , W0, C1, W1 the following equality holds:

((C0 ∪X) \W0) ∪ ((C1 ∪X) \W1) = ((C0 \W0) ∪ (C1 \W1) ∪X) \ (W0 ∩W1)

Proof. We make the following derivation:

((C0 ∪X) \W0) ∪ ((C1 ∪X) \W1)

= {Set algebra}

((C0 ∪X) ∩W0) ∪ ((C1 ∪X) ∩W1)

= {Set algebra}

(C0 ∩W0) ∪ (X ∩W0) ∪ (C1 ∩W1) ∪ (X ∩W1)

= {Set algebra}

(X ∩ (W0 ∪W1)) ∪ (C0 ∩W0) ∪ (C1 ∩W1)
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= {Set algebra}

((X ∪ (C0 ∩W0) ∪ (C1 ∩W1)) ∩ ((W0 ∪W1) ∪ (C0 ∩W0) ∪ (C1 ∩W1))

= {Set algebra (associativity of ∪, absorption)}

((X ∪ (C0 ∩W0) ∪ (C1 ∩W1)) ∩ (W0 ∪W1)

= {Set algebra}

((C0 \W0) ∪ (C1 \W1) ∪X) \ (W0 ∩W1)

Lemma 9. For all σ, σ′, C0, X , W0, C1, W1 the following equivalence holds:

σ �((C0\W0)∪(C1\W1)∪X)\(W0∩W1)= σ′ �((C0\W0)∪(C1\W1)∪X)\(W0∩W1)⇔
σ �((C0∪X)\W0)= σ′ �((C0∪X)\W0) ∧
σ �((C1∪X)\W1)= σ′ �((C1∪X)\W1)

Proof. In the proof of the theorem we make use of the following equivalence:

σ �A= σ′ �A⇔ 〈∀x :: x ∈ A⇒ σ(x) = σ′(x)〉 (B.1)

for all σ, σ′, A.
Then we make the following derivation:

σ �((C0\W0)∪(C1\W1)∪X)\(W0∩W1)= σ′ �((C0\W0)∪(C1\W1)∪X)\(W0∩W1)

⇔ {(B.1)}

〈∀x :: x ∈ ((C0 \W0) ∪ (C1 \W1) ∪X) \ (W0 ∩W1)⇒ σ(x) = σ′(x)〉

⇔ {Lemma 8}

〈∀x :: x ∈ ((C0 ∪X) \W0) ∪ ((C1 ∪X) \W1)⇒ σ(x) = σ′(x)〉

⇔ {Set algebra and predicate calculus}

〈∀x :: x ∈ ((C0 ∪X) \W0)⇒ σ(x) = σ′(x)〉 ∧

〈∀x :: x ∈ ((C1 ∪X) \W1)⇒ σ(x) = σ′(x)〉

⇔ {(B.1)}

σ �((C0∪X)\W0)= σ′ �((C0∪X)\W0) ∧σ �((C1∪X)\W1)= σ′ �((C1∪X)\W1)

Proof of Theorem 2.
We prove Theorem 2 via structural induction on CIF compositions.
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Base Case Assume there is an automaton:

p , (V, init, inv, tcp, E, varC , actS ,dtype)

and p′, p′, a, b, g, u, n, n′, W , C, r, X , σ, and σ′ such that the following holds:

〈p〉 a,b,g,u,n,n′,W,C,r−−−−−−−−−−−→ 〈p′〉
σ |= g

σ |= u

σ |= n

σ′ |= n′

σ �(C∪X)\W= σ′ �(C∪X)\W

σ′+ ∪ σ |= r (B.2)

By inspecting the symbolic rule 95, we know that there must be an edge
(v, g, a, (W, r), v′) such that:

b ≡ a ∈ actS

u ≡ init(v)

n ≡ inv(v)

n′ ≡ inv(v′)

C ≡ varC

p′ ≡ (V, idv′ , inv, tcp, E, varC , actS , dtype) (B.3)

Replacing the previous equivalences in (B.2), and simplifying the conjunctions yields:

σ |= init(v)

σ |= inv(v)

σ′ |= inv(v′)

σ �(varC∪X)\W= σ′ �(varC∪X)\W (B.4)

Using (B.2), (B.4), and the concrete rule for atomic automata, we get that there is a
concrete transition:

(p, σ)
a,b,X−−−→ (p′, σ′)

which concludes the proof for the base case.

Induction Step

Parallel composition
Assume there are compositions q, r such that:

p , q ‖ r
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and p′, a, b, g, u, n, n′, W , C, s, X σ, and σ′ such that the following holds:

〈p〉 a,b,g,u,n,n′,W,C,s−−−−−−−−−−−→ 〈p′〉
σ |= g

σ |= u

σ |= n

σ′ |= n′

σ �(C∪X)\W= σ′ �(C∪X)\W

σ′+ ∪ σ |= s (B.5)

By inspecting the symbolic rules, we know that the previous symbolic transition
was originated by the application of Rule 98, Rule 99, or Rule 100. Then we make
a case analysis depending on the last rule that was applied.

Rule 98 was applied last In this case there must be gi, ui, ni, n′i, Wi, Ci, ri,
with i ∈ {q, r}, such that:

〈q〉
a,true,gq ,uq ,nq ,n′q ,Wq ,Cq ,rq−−−−−−−−−−−−−−−−−→ 〈q′〉

〈r〉 a,true,gr,ur,nr,n′r,Wr,Cr,rr−−−−−−−−−−−−−−−−−→ 〈r′〉
b ≡ true

g ≡ gq ∧ gr
u ≡ uq ∧ ur
n ≡ nq ∧ nr
n′ ≡ n′q ∧ n′r
W ≡Wq ∩Wr

C ≡ (Cq \Wq) ∪ (Cr \Wr)

s ≡ rq ∧ rr
p′ ≡ q′ ‖ r′ (B.6)

Replacing the equivalent terms in (B.5), and using the fact that for all predi-
cates e, e′ (σ |= e ∧ e′)⇔ (σ |= e) ∧ (σ |= e′) we get:

σ |= gi

σ |= ui

σ |= ni

σ′ |= n′i

σ ∪ σ′+ |= ri (B.7)

for i ∈ {q, r}.
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From (B.5) and (B.6) we know that:

σ �(((Cq\Wq)∪(Cr\Wr))∪X)\(Wq∩Wr)=

σ′ �(((Cq\Wq)∪(Cr\Wr))∪X)\(Wq∩Wr) (B.8)

Using Lemma 9, we get:

σ �(Ci∪X)\Wi
= σ′ �(Ci∪X)\Wi

(B.9)

for i ∈ {q, r}.
Using (B.6), (B.7), and (B.9) we can apply the induction hypothesis, to infer
that there are concrete transitions:

(q, σ)
a,true,X−−−−−→ (q′, σ′) and (r, σ)

a,true,X−−−−−→ (r′, σ′) (B.10)

Using the previous equation, and the concrete rule for parallel composition,
synchronizing actions case, we get that there is a transition:

(q ‖ r, σ)
a,true,X−−−−−→ (q′ ‖ r′, σ′)

And this concludes the proof for this case.

Rule 99 was applied last In this case there must be ui, ni, n′q, Wq, and Ci,
with i ∈ {q, r}, such that:

〈q〉
a,b,g,uq ,nq ,n′q ,Wq ,Cq ,s−−−−−−−−−−−−−−→ 〈q′〉

〈r〉
ur,nr,Cr,A
99K 〈r′〉

u ≡ uq ∧ ur
n ≡ nq ∧ nr
n′ ≡ n′q ∧ nr
W ≡Wq \ Cr
C ≡ Cq ∪ Cr
a /∈ A
p′ ≡ q′ ‖ r′ (B.11)

Replacing the equivalent terms in (B.11), and applying predicate calculus we
infer:

σ |= uq

σ |= nq

σ′ |= n′q

σ �(Cq∪Cr∪X)\(Wq\Cr)= σ′ �(Cq∪Cr∪X)\(Wq\Cr) (B.12)
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Using the last equation, set algebra, and predicate calculus we obtain:

σ �(Cq∪X)\Wq
= σ′ �(Cq∪X)\Wq

∧
σ �Cr= σ′ �Cr (B.13)

Using (B.5), (B.12), and (B.13), we can apply induction hypothesis and infer
that there is a concrete action transition:

(q, σ)
a,b,X−−−→ (q′, σ′) (B.14)

From (B.5) and the equivalences of (B.11) we get:

σ |= ur

σ |= nr

σ′ |= nr (B.15)

Then, using (B.13), the environment transition of (B.11), and the soundness
of environment transitions (Lemma 17) we infer that there is an environment
transition:

(r, σ)
A
99K (r′, σ′) (B.16)

Using these two transitions, and the fact that a /∈ A we can apply the concrete
rule for parallel composition to obtain a concrete transition:

(q ‖ r, σ)
a,b,X−−−→ (q′ ‖ r′, σ′)

And this concludes the proof for this case.

Rule 100 was applied last This case is symmetrical to the previous one.

Urgency Case Straightforward using the symbolic rule for urgency, induction hy-
pothesis, and the concrete rule for urgency.

Dynamic type Straightforward using the symbolic rule for dynamic type, induction
hypothesis, and the concrete rule for dynamic type.

Synchronization Case Straightforward using the symbolic rule for synchronization,
induction hypothesis, and the concrete rule for synchronization.

Control variable Assume there is a composition q and a variable x such that:

p ≡ ctrlx(q) (B.17)
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and p′, a, b, g, u, n, n′, W , C, s, X σ, and σ′ such that the following holds:

〈p〉 a,b,g,u,n,n′,W,C,s−−−−−−−−−−−→ 〈p′〉
σ |= g

σ |= u

σ |= n

σ′ |= n′

σ �(C∪X)\W= σ′ �(C∪X)\W

σ ∪ σ′+ |= s (B.18)

By inspecting at the symbolic rule for control (Rule 103), we know that there must
exist q′, and C ′ such that:

p′ ≡ ctrlx(q′)

〈q〉 a,b,g,u,n,n′,W,C′,s−−−−−−−−−−−→ 〈q′〉
C ≡ C ′ ∪ {x} (B.19)

Replacing C by its equivalent term in (B.18) we obtain:

σ �(C′∪{x}∪X)\W= σ′ �(C′∪{x}∪X)\W (B.20)

Using (B.18), (B.20), and the symbolic transition of (B.19) we can apply induction
hypothesis and obtain that there is a concrete action transition:

(q, σ)
a,b,X∪{x}−−−−−−→ (q′, σ′) (B.21)

And using the previous transition, and applying the concrete rule for control vari-
able we can conclude that there is a concrete transition:

(ctrlx(q), σ)
a,b,X−−−→ (ctrlx(q′), σ′)

Initialization Straightforward using the symbolic rule for initialization, the fact that
(σ |= e∧ e′)⇔ (σ |= e)∧ (σ |= e′), for all σ, e, and e′, induction hypothesis, and
the concrete rule for initialization.

B.2.2. Soundness of Symbolic Environment Rules

Proof of Theorem 17. The proof of Theorem 17 goes via structural induction on CIF compo-
sitions.
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Base Case Assume there is an automaton:

p , (V, init, inv, tcp, E, varC , actS ,dtype)

and p′, u, n, C, A, σ, and σ′ such that the following holds:

〈p〉
u,n,C,A
99K 〈p′〉

σ |= u

σ |= n

σ′ |= n

σ �C= σ′ �C (B.22)

By inspecting the symbolic rule for atomic automata (Rule 96), we know that there must
be a location v ∈ V such that:

p′ ≡ (V, idv, inv, tcp, E, varC , actS ,dtype)

u ≡ init(v)

n ≡ inv(v)

C ≡ varC

A ≡ actS (B.23)

Using the equivalences above in (B.22) we obtain:

σ |= init(v)

σ |= inv(v)

σ′ |= inv(v)

σ �varC= σ′ �varC (B.24)

Then applying the concrete rule for atomic automata, we can infer that there is a concrete
environment transition:

(p, σ)
A
99K (p′, σ′)

which concludes the proof for this case.

Induction Step Parallel Composition Case Assume there are compositions q, r such
that:

p , q ‖ r
and p′, u, n, C, A, σ, and σ′ such that the following holds:

〈p〉
u,n,C,A
99K 〈p′〉

σ |= u

σ |= n

σ′ |= n

σ �C= σ′ �C (B.25)
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Inspecting the symbolic rule for parallel composition, we know that there must be
ui, ni, Ci, Ai, q′, and r′, for i ∈ {q, r} such that:

p′ ≡ q′ ‖ r′

〈q〉
uq ,nq ,Cq ,Aq
99K 〈q′〉

〈r〉
ur,nr,Cr,Ar
99K 〈r′〉

u ≡ uq ∧ ur
n ≡ nq ∧ nr
C ≡ Cq ∪ Cr
A ≡ Aq ∪Ar (B.26)

Using the equivalences above in (B.25), predicate calculus, and set algebra, allows
us to infer:

σ |= ui

σ |= ni

σ′ |= ni

σ �Ci= σ′ �Ci (B.27)

for i ∈ {q, r}.
Then we can apply induction hypothesis to obtain two environment transitions:

(q, σ)
Aq
99K (q′, σ′) and (r, σ)

Ar
99K (r′, σ′) (B.28)

Using the concrete rule for parallel composition we know that there is a transition:

(q ‖ r, σ)
Aq∪Ar
99K (q′ ‖ r′, σ)

which concludes the proof for this case.

Urgency Case Straightforward using the symbolic rule for urgency, induction hy-
pothesis, and the concrete rule for urgency.

Dynamic Type Case Straightforward using the symbolic rule for dynamic type, in-
duction hypothesis, and the concrete rule for dynamic type.

Synchronization Case Straightforward using the symbolic rule for synchronization,
induction hypothesis, and the concrete rule for synchronization.

Control Variable Case Straightforward using the symbolic rule for control variable,
the fact that:

σ �C∪{x}= σ′ �C∪{x}⇔ σ �C= σ′ �C ∧σ(x) = σ′(x)

induction hypothesis, and the concrete rule for control variable.
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Initialization Case Straightforward using the symbolic rule for initialization, induc-
tion hypothesis, the fact that:

(σ |= u ∧ u′)⇔ (σ |= u) ∧ (σ |= u′)

and the concrete rule for initialization.

B.2.3. Soundness of Symbolic Time Rules

In the proofs we need the following lemmas.

Lemma 10 (First Term Rule for Join). For all F ∈ A ⇀ 2B and G ∈ A ⇀ 2B , and for all
P ∈ (A× 2B) ⇀ B we have that:

〈∀x :: x ∈ dom(F CG)⇒ P (x, (F CG)(x))〉

if and only if all of the following predicates hold:

1. 〈∀x :: x ∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x, F (x) ∩G(x))〉

2. 〈∀x :: x ∈ dom(F ) ∧ x /∈ dom(G)⇒ P (x, F (x))〉

3. 〈∀x :: x /∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x,G(x))〉

Proof. Straightforward using Definition 39 and Leibniz rule for predicates2.

Lemma 11 (Second Term Rule for Join). For all F ∈ A ⇀ 2B and G ∈ A ⇀ 2B , and for all
P ∈ (A× 2B) ⇀ B, such that:

〈∀x,X, y, Y :: P (x,X ∩ Y )⇔ P (x,X) ∧ P (x, Y )〉

we have that:
〈∀x :: x ∈ dom(F CG)⇒ P (x, (F CG)(x))〉

if and only if

〈∀ :: x ∈ dom(F )⇒ P (x, F (x))〉 ∧ 〈∀ :: x ∈ dom(G)⇒ P (x,G(x))〉

Proof. Assume P (x,X ∩ Y )⇔ P (x,X) ∧ P (x, Y ), then we make the following derivation:

〈∀x :: x ∈ dom(F CG)⇒ P (x, (F CG)(x))〉

⇔ {Lemma 10}

〈∀x :: x ∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x, F (x) ∩G(x))〉 ∧

〈∀x :: x ∈ dom(F ) ∧ x /∈ dom(G)⇒ P (x, F (x))〉 ∧
2Leibniz rule states that A = B ⇒ (P (A)⇔ P (B)).
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〈∀x :: x /∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x,G(x))〉

⇔ {Hypothesis}

〈∀x :: x ∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x, F (x)) ∧ P (x,G(x))〉 ∧

〈∀x :: x ∈ dom(F ) ∧ x /∈ dom(G)⇒ P (x, F (x))〉 ∧

〈∀x :: x /∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x,G(x))〉

⇔ {Predicate calculus}

〈∀x :: x ∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x, F (x))〉 ∧

〈∀x :: x ∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x,G(x))〉 ∧

〈∀x :: x ∈ dom(F ) ∧ x /∈ dom(G)⇒ P (x, F (x))〉 ∧

〈∀x :: x /∈ dom(F ) ∧ x ∈ dom(G)⇒ P (x,G(x))〉

⇔ {Predicate calculus}

〈∀x :: (x ∈ dom(F )∧x ∈ dom(G))∨(x ∈ dom(F )∧x /∈ dom(G))⇒ P (x, F (x))〉∧

〈∀x :: (x ∈ dom(F )∧ x ∈ dom(G))∨ (x /∈ dom(F )∧ x ∈ dom(G))⇒ P (x,G(x))〉

⇔ {Predicate calculus}

〈∀x :: x ∈ dom(F )⇒ P (x, F (x))〉 ∧ 〈∀x :: x ∈ dom(G)⇒ P (x,G(x))〉

Proof of Theorem 4.
We prove Theorem 4 via structural induction on CIF compositions.

Base Case Assume there is an automaton:

p , (V, init, inv, tcp, E, varC , actS ,dtype)

and p′, u, n, w, G, A, P , U , ρ, θ, and t, such that the following holds:

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉
dom(ρ) = dom(θ) = [0, t] ∧ 0 < t

ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 (B.29)
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By inspecting the symbolic Rule 97, we have that there must be a v ∈ V such that:

u ≡ init(v)

n ≡ inv(v)

w ≡ tcp(v)

G ≡ dtype

A ≡ actS

P ≡ {(g, a) | (v, g, a, u, v′) ∈ E}
U ≡ ∅
p′ ≡ (V, idv, inv, tcp, E, varC , actS ,dtype) (B.30)

Replacing the equivalences of Equation (B.30) in Equation (B.29) yields:

dom(ρ) = dom(θ) = [0, t] ∧ 0 < t

ρ(0) |= init(v)

〈∀s : s ∈ [0, t] : ρ(s) |= inv(v)〉
〈∀s : s ∈ [0, t) : ρ(s) |= tcp(v)〉
〈∀x : x ∈ dom(dtype) : (ρx, ρẋ) ∈ dtype(x)〉
〈∀s : s ∈ [0, t] : θ(s) =

{a | (g, a) ∈ {(g′, a′) | (v, g′, a′, u, v′) ∈ E} ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ ∅ ∧ ρ(s) |= g} = ∅〉 (B.31)

Using basic properties of set comprehensions we have that:

{a | (g, a) ∈ {(g′, a′) | (v, g′, a′, u, v′) ∈ E} ∧ ρ(s) |= g} =

{a | (v, g, a, u, v′) ∈ E ∧ ρ(s) |= g} (B.32)

Thus, using (B.31) and (B.32), and concrete rule for time, we can infer that there is a
transition:

(p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t))

which concludes the proof for the base case.

Induction Step

Parallel Composition Case Assume there are compositions q, r such that:

p , q ‖ r

and p′, u, n, w, G, A, P , U , ρ, and θ, such that the following holds:
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〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉
dom(ρ) = dom(θ) = [0, t] ∧ 0 < t

ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 (B.33)

By inspecting the symbolic Rule 102 for parallel composition, we know that there
must be ui, ni, wi, Gi, Ai, Pi, Ui, i ∈ {q, r} such that:

〈q〉 uq ,nq ,wq ,Gq ,Aq ,Pq ,Uq7−→ 〈q′〉

〈r〉 ur,nr,wr,Gr,Ar,Pr,Ur7−→ 〈r′〉
p′ ≡ q′ ‖ r′

u ≡ uq ∧ ur
n ≡ nq ∧ nr
w ≡ wq ∧ wr
G = Gq CGr
A = Aq ∪Ar
P ≡ (Pq ∩2 Pr) ∪ (Pq \2 Ar) ∪ (Pr \2 Aq)
U = Uq ∪ Ur (B.34)

Replacing in B.33 using the equivalences of B.34 we get:

dom(ρ) = dom(θ) = [0, t] ∧ 0 < t

ρ(0) |= uq ∧ ur
〈∀s : s ∈ [0, t] : ρ(s) |= nq ∧ nr〉
〈∀s : s ∈ [0, t) : ρ(s) |= wq ∧ nr〉
〈∀x : x ∈ dom(Gq CGr) : (ρx, ρẋ) ∈ (Gq CGr)(x)〉
〈∀s : s ∈ [0, t] : θ(s) =

{a | (g, a) ∈ (Pq ∩2 Pr) ∪ (Pq \2 Ar) ∪ (Pr \2 Aq) ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ Uq ∪ Ur ∧ ρ(s) |= g} = ∅〉 (B.35)

Since:

(ρx, ρẋ) ∈ Gq(x) ∩Gr(x)⇔ (ρx, ρẋ) ∈ Gq(x) ∧ (ρx, ρẋ) ∈ Gr(x)
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we can use Lemma 11, and (B.35) we get:

〈∀x : x ∈ dom(Gq) : (ρx, ρẋ) ∈ Gq(x)〉∧
〈∀x : x ∈ dom(Gr) : (ρx, ρẋ) ∈ Gr(x)〉 (B.36)

Using (B.35), predicate calculus, and set algebra (A ∪B = ∅ iff A = ∅ ∧B = ∅)
we get:

〈∀s : s ∈ [0, t) : {g | g ∈ Uq ∧ ρ(s) |= g} = ∅〉 ∧
〈∀s : s ∈ [0, t) : {g | g ∈ Ur ∧ ρ(s) |= g} = ∅〉 (B.37)

Next, we define guard trajectories θq, and θr such that dom(θi) = [0, t], and:

〈∀s : s ∈ [0, t] : θi(s) = {a | (g, a) ∈ Pi ∧ ρ(s) |= g}〉 (B.38)

where i ∈ {q, r}.
Then, using the symbolic transitions of (B.34), Equations (B.35), (B.36), (B.37),
(B.38), and predicate calculus, we can apply induction hypothesis to infer that
there are concrete time transitions:

(q, ρ(0))
ρ,Aq ,θq7−→ (q′, ρ(t)) ∧ (r, ρ(0))

ρ,Ar,θr7−→ (r′, ρ(t)) (B.39)

Using the concrete rule for time, and the previous transitions, we can infer that
there is a concrete transition:

(q ‖ r, ρ(0))
ρ,Aq∪Ar,(θq∩θr)∪(θq\Ar)∪(θr\Aq)7−→ (q′ ‖ r′, ρ(t)) (B.40)

Now, in order to conclude the proof for the parallel composition case, we need to
show that for all s ∈ [0, t]:

θ(s) = (θp(s) ∩ θq(s)) ∪ (θp(s) \Aq) ∪ (θq(s) \Aq) (B.41)

For proving the precedent equation we derive the following identities. On the one
hand we have:

θ(s)

= {Equation (B.35)}

{a | (g, a) ∈ (Pq ∩2 Pr) ∪ (Pq \2 Ar) ∪ (Pr \2 Aq) ∧ ρ(s) |= g}
= {Set algebra (Properties of set builder operators) }

{a | (g, a) ∈ (Pq ∩2 Pr) ∧ ρ(s) |= g} ∪
{a | (g, a) ∈ (Pq \2 Ar) ∧ ρ(s) |= g} ∪
{a | (g, a) ∈ (Pr \2 Aq) ∧ ρ(s) |= g}
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On the other hand we have:

θq(s) ∩ θr(s)
= {Equation (B.38) (Definition of θq and θr)}

{a | (g, a) ∈ Pq ∧ ρ(s) |= g} ∩ {a | (g, a) ∈ Pr ∧ ρ(s) |= g}
= {Set algebra (Properties of set builder operators) }

{a | (gq, a) ∈ Pq ∧ ρ(s) |= gq ∧ (gr, a) ∈ Pr ∧ ρ(s) |= gr}
= {Predicate calculus}

{a | (gq, a) ∈ Pq ∧ (gr, a) ∈ Pr ∧ ρ(s) |= (gq ∧ gr)}
= {Definition of second component intersection (Definition 40)}

{a | (gq ∧ gr, a) ∈ (Pq ∩2 Pr) ∧ ρ(s) |= (gq ∧ gr)}
Finally we have that:

θq(s) \Ar
= {Equation (B.38) (Definition of θq and θr)}

{a | (g, a) ∈ Pq ∧ ρ(s) |= g} \Ar
= {Set algebra (Properties of set builder operators), and definition of second
component difference (Definition 41)}

{a | (g, a) ∈ (Pq \2 Ar) ∧ ρ(s) |= g}
Similarly it is possible to prove that:

θr(s) \Aq = {a | (g, a) ∈ (Pr \2 Aq) ∧ ρ(s) |= g}

Putting the last three equalities together we get as a result that Equation (B.41)
holds, and this concludes the proof of soundness for the parallel composition case.

Urgency Case Assume there is a composition q, and an action a such that:

p , υa(q)

and p′, u, n, w, G, A, P , U , ρ, and θ, such that the following holds:

〈υa(q)〉
u,n,w,G,A,P,U7−→ 〈p′〉

dom(ρ) = dom(θ) = [0, t] ∧ 0 < t

ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 (B.42)
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By inspecting the symbolic Rule 108 for urgency, the know that there must be a
set U ′ such that:

U ≡ U ′ ∪ {g | (g, a) ∈ P} (B.43)

And similarly, for some composition q′, we have:

p′ = υa(q
′)

Replacing U by its equivalent term in Equation (B.42), and simplifying (the con-
junctions) we obtain:

〈∀s : s ∈ [0, t) : {g | g ∈ U ′ ∪ {g′ | (g′, a) ∈ P} ∧ ρ(s) |= g} = ∅〉 (B.44)

Using set algebra and predicate calculus we obtain an expression equivalent to the
previous equation:

〈∀s : s ∈ [0, t) : {g | g ∈ U ′ ∧ ρ(s) |= g} = ∅〉 ∧
〈∀s : s ∈ [0, t) : {g | g ∈ {g′ | (g′, a) ∈ P} ∧ ρ(s) |= g} = ∅〉 (B.45)

Simplifying further the nested set builder operator yields:

〈∀s : s ∈ [0, t) : {g | g ∈ U ′ ∧ ρ(s) |= g} = ∅〉 ∧
〈∀s : s ∈ [0, t) : {g | (g, a) ∈ P ∧ ρ(s) |= g} = ∅〉 (B.46)

Examining the symbolic rule for urgency we have that there must be a transition:

〈q〉 u,n,w,G,A,P,U
′

7−→ 〈q′〉 (B.47)

Using Equation (B.42), and (B.46), and induction hypothesis we get that there is a
concrete time transition:

(q, ρ(0))
ρ,A,θ7−→ (q′, ρ(t)) (B.48)

Next we show that:

〈∀s : s ∈ [0, t) : {g | (g, a) ∈ P ∧ ρ(s) |= g} = ∅〉 ⇔
〈∀s : s ∈ [0, t) : a /∈ θ(s)〉 (B.49)

To prove the equivalence above we make the following derivation. Let s ∈ [0, t),
then:

a /∈ θ(s)
⇔ { Equation (B.42) (Definition of θ(s))}

a /∈ {x | (g, x) ∈ P ∧ ρ(s) |= g}
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⇔ { Set algebra}

{a} ∩ {x | (g, x) ∈ P ∧ ρ(s) |= g} = ∅
⇔ {Set algebra}

{x | x = a} ∩ {x | (g, x) ∈ P ∧ ρ(s) |= g} = ∅
⇔ {Set algebra}

{x | (g, a) ∈ P ∧ ρ(s) |= g} = ∅
⇔ {Set algebra}

{g | (g, a) ∈ P ∧ ρ(s) |= g} = ∅
Using the transition of (B.48), Equation (B.46), and the concrete rule for urgency,
we conclude that there is a time transition:

(υa(q), ρ(0))
ρ,A,θ7−→ (υa(q

′), ρ(t))

Or equivalently:

(υa(q), ρ(0))
ρ,A,θ7−→ (p′, ρ(t))

Which concludes the proof for this case.

Dynamic type Assume there is a composition q, a variable x, and a dynamic type G
such that:

p , Dx:G(q)

and p′, u, n, w, G, A, P , U , ρ, and θ, such that the following holds:

〈Dx:G(q)〉 u,n,w,G
′,A,P,U7−→ 〈p′〉

dom(ρ) = dom(θ) = [0, t] ∧ 0 < t

ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G′) : (ρx, ρẋ) ∈ G′(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 (B.50)

By inspecting the symbolic rule for the dynamic type operator (111), we know that
there must be a composition q′, and a dynamic type D such that:

p′ ≡ Dx:G(q′)

G′ = D C {(x,G)}

〈q〉 u,n,w,D,A,P,U7−→ 〈q′〉 (B.51)
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Using the above equivalences and (B.50), we get:

〈∀y : y ∈ dom(D C {(x,G)}) : (ρy, ρẏ) ∈ (D C {(x,G)})(y)〉 (B.52)

Applying Lemma 11, the equation above is equivalent to:

〈∀y : y ∈ dom(D) : (ρy, ρẏ) ∈ D(y)〉
〈∀y : y ∈ dom(D C {(x,G)}) : (ρy, ρẏ) ∈ (D C {(x,G)})(y)〉 (B.53)

Using predicate calculus, the expression above can be simplified to:

(ρx, ρẋ) ∈ G (B.54)

Using (B.50), (B.51), (B.53), and applying induction hypothesis we obtain that
there is a concrete transition:

(q, ρ(0))
ρ,A,θ7−→ (q′, ρ(t)) (B.55)

and then using (B.54), and the concrete rule for the dynamic type operator we
obtain a concrete transition:

(Dx:G(q), ρ(0))
ρ,A,θ7−→ (Dx:G(q′), ρ(t)) (B.56)

and this concludes the proof for this case.

Synchronization Case Assume there is a composition q, and an action a such that:

p , γa(q)

and p′, u, n, w, G, A, P , U , ρ, and θ, such that the following holds:

〈γa(q)〉
u,n,w,G,A,P,U7−→ 〈p′〉

dom(ρ) = dom(θ) = [0, t] ∧ 0 < t

ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 (B.57)

By inspecting the symbolic Rule 117 for the synchronization operator, the know
that there must be a set A′ such that:

A ≡ A′ ∪ {a} (B.58)
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And similarly, for some composition q′, we have:

p′ = γa(q
′)

Using the above equivalence, the symbolic transition of (B.42), and inspecting
at the symbolic Rule 117 for the synchronization operator, we get that there is a
symbolic transition:

〈q〉 u,n,w,G,A
′,P,U7−→ 〈q′〉 (B.59)

Using the above transition, the predicates of Equation (B.42), and induction hy-
pothesis we infer that there is a concrete time transition:

(q, ρ(0))
ρ,A′,θ7−→ (q′, ρ(t)) (B.60)

Applying the concrete rule for synchronization operator we obtain the following
time transition:

(γa(q), ρ(0))
ρ,A′∪{a},θ7−→ (γa(q

′)′, ρ(t))

Or, equivalently:

(γa(q), ρ(0))
ρ,A′,θ7−→ (p′, ρ(t))

Which concludes the proof for this case.

Control variable Straightforward using the symbolic rule for control variable, induc-
tion hypothesis, and the concrete rule for control variable.

Initialization Straightforward using the symbolic rule for initialization, induction hy-
pothesis, the fact that:

(ρ(0) |= u ∧ u′)⇔ (ρ(0) |= u) ∧ (ρ(0) |= u′) (B.61)

and the concrete rule for initialization.

B.2.4. Completeness of Symbolic Action Rules

Proof of Theorem 3. The proof of Theorem 3 goes via structural induction on CIF composi-
tions.

Base Case Assume there is an automaton:

p , (V, init, inv, tcp, E, varC , actS ,dtype)

and a, b, X p′, σ, and σ′, such that there is a transition:

(p, σ)
a,b,X−−−→ (p′, σ′) (B.62)
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Using the previous fact, and inspecting the concrete rules for atomic automata, we know
that there exists an edge (v, g, a, (W, r), v′) such that:

p′ ≡ (V, idv′ , inv, tcp, E, varC , actS ,dtype)

b ≡ a ∈ actS

σ |= init(v)

σ |= g

σ |= inv(v)

σ′ |= inv(v′)

σ �(varC∪X)\W= σ′ �(varC∪X)\W

σ′+ ∪ σ |= r (B.63)

Using the symbolic rule for atomic automata (Rule 95), we get that there is a symbolic
transition:

〈p〉 a,a∈actS ,g,init(v),inv(v),inv(v′),W,varC ,r−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈p′〉

which concludes the proof for the base case.

Induction Step Parallel Composition Case Assume there are compositions q, r such
that:

p , q ‖ r

and a, b, X p′, σ, and σ′ such that there is a concrete transition:

(p, σ)
a,b,X−−−→ (p′, σ′) (B.64)

We make a case analysis depending on the rule that was applied last.

Concrete rule 4 was applied last Then we know that:

p′ ≡ q′ ‖ r′

b ≡ true

(q, σ)
a,true,X−−−−−→ (q′, σ′)

(r, σ)
a,true,X−−−−−→ (r′, σ′) (B.65)

Applying induction hypothesis, we know that there are gi, ui, ni, n′i, Wi, Ci,
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ri, with i ∈ {q, r}, such that:

〈q〉
a,true,gq ,uq ,nq ,n′q ,Wq ,Cq ,rq−−−−−−−−−−−−−−−−−→ 〈q′〉

〈r〉 a,true,gr,ur,nr,n′r,Wr,Cr,rr−−−−−−−−−−−−−−−−−→ 〈r′〉
σ |= gi

σ |= ui

σ |= ni

σ′ |= n′i

σ �(Ci∪X)\Wi
= σ′ �(Ci∪X)\Wi

σ ∪ σ′+ |= ri (B.66)

Using Lemma 9, predicate calculus, and the symbolic rule for synchronizing
parallel composition we get:

〈q ‖ r〉
a,true,gq∧gr,uq∧ur,nq∧nr,n′q∧n′r,Wq∩Wr,(Cq\Wq)∪(Cr\Wr),rq∧rr−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

〈q′ ‖ r′〉
σ |= gq ∧ gr
σ |= uq ∧ ur
σ |= nq ∧ nr
σ′ |= n′q ∧ n′r
σ �((Cq\Wq)∪(Cr\Wr)∪X)\(Wq∩Wr)=

σ′ �((Cq\Wq)∪(Cr\Wr)∪X)\(Wq∩Wr)

σ′+ ∪ σ |= rq ∧ rr (B.67)

which concludes the proof for this case.

Concrete rule 5 was applied last Then we know that for some A:

p′ ≡ q′ ‖ r′

(q, σ)
a,true,X−−−−−→ (q′, σ′)

(r, σ)
A
99K (r′, σ′)

a /∈ A (B.68)

Applying induction hypothesis we know that there are g, uq, nq, n′q, W , Cq,
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and s such that:

〈q〉
a,b,g,uq ,nq ,n′q ,W,Cq ,s−−−−−−−−−−−−−→ 〈q′〉

σ |= g

σ |= uq

σ |= nq

σ′ |= n′q

σ �(Cq∪X)\W= σ′ �(Cq∪X)\W

σ′+ ∪ σ |= s (B.69)

Using the completeness of environment transitions (Theorem 18), we know
that there exists ur, nr, and Cr such that:

〈r〉
ur,nr,Cr,A
99K 〈r′〉

σ |= ur

σ |= nr

σ′ |= nr

σ �Cr= σ′ �Cr (B.70)

Using predicate calculus, set algebra, and the symbolic rule for interleaving
parallel composition (Rule 99) we get:

〈q ‖ r〉
a,b,g,uq∧ur,nq∧nr,n′q∧nr,W\Cr,Cq∪Cr,s−−−−−−−−−−−−−−−−−−−−−−−−−−→ 〈q′ ‖ r′〉

σ |= uq ∧ ur
σ |= nq ∧ nr
σ′ |= n′q ∧ nr
σ �(Cq∪Cr∪X)\(W\Cr)= σ′ �(Cq∪Cr∪X)\(W\Cr) (B.71)

which concludes the proof for this case.

Concrete rule 6 was applied last The proof for this case is symmetrical to
the previous one.

Urgency Case Straightforward using the concrete rule for urgency, induction hypoth-
esis, and the symbolic rule for urgency.

Dynamic Type Case Straightforward using the concrete rule for dynamic type, in-
duction hypothesis, and the symbolic rule for dynamic type.

Synchronization Case Straightforward using the concrete rule for synchronization,
induction hypothesis, and the symbolic rule for synchronization.

Control Variable Case Straightforward using the concrete rule for control variable,
induction hypothesis, and the symbolic rule for control variable.
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Initialization Case Straightforward using the concrete rule for initialization, induc-
tion hypothesis, the fact that:

(ρ(0) |= u ∧ u′)⇔ (ρ(0) |= u) ∧ (ρ(0) |= u′) (B.72)

and the symbolic rule for initialization.

B.2.5. Completeness of Symbolic Environment Rules

Proof of Theorem 18. The proof of Theorem 18 is symmetrical to the proof of soundness given
in Section B.2.2.

B.2.6. Completeness of Symbolic Time Rules

Proof of Theorem 5. The proof of Theorem 5 goes via structural induction on CIF composi-
tions.

Base Case Assume there is an automaton:

p , (V, init, inv, tcp, E, varC , actS ,dtype)

and p′, ρ, and θ, such that there is a transition:

(p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t)) (B.73)

Using the previous fact, and inspecting the concrete rules for atomic automata, we know
that there exists v ∈ V such that:

ρ(0) |= init(v)

〈∀s : s ∈ [0, t] : ρ(s) |= inv(v)〉
〈∀s : s ∈ [0, t) : ρ(s) |= tcp(v)〉
〈∀x : x ∈ dom(dtype) : (ρx, ρẋ) ∈ dtype(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a|(v, g, a, (W, r), v′) ∈ E ∧ ρ(s) |= g}〉 (B.74)

We define:
P ≡ {(g, a) | 〈∃u, v′ :: (v, g, a, u, v′) ∈ E〉} (B.75)

Then we have that:

{a | (v, g, a, (W, r), v′) ∈ E ∧ ρ(s) |= g} = {a | (g, a) ∈ P ∧ ρ(s) |= g} (B.76)

And using predicate calculus, we know that:

〈∀s : s ∈ [0, t) : {g | g ∈ ∅ ∧ ρ(s) |= g} = ∅〉 (B.77)
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Thus, using the following equivalences:

u ≡ init

n ≡ inv(v)

w ≡ tcp(v)

G ≡ dtype

U ≡ ∅

And using (B.74), (B.76), (B.77), and the symbolic rule 97, we get:

〈p〉 u,n,w,G,A,P,U7−→ 〈p′〉
ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉

Induction Step Parallel Composition Case Assume there are compositions q, r such
that:

p , q ‖ r

and p′, A, ρ, and θ, such that there is a concrete transition:

(p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t)) (B.78)

Inspecting the concrete rule for parallel composition we know that there must be
Aq, Ar, θq, θr, q′, r′ such that the following holds:

(q, ρ(0))
ρ,Aq ,θq7−→ (q′, ρ(t))

(r, ρ(0))
ρ,Ar,θr7−→ (r′, ρ(t))

A ≡ Aq ∪Ar
θ = (θq ∩ θr) ∪ (θq \Ar) ∪ (θr \Aq)
p′ = q′ ‖ r′ (B.79)

Using induction hypothesis we know that there exists ui, ni, wi, Gi, Pi, and Ui,
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where i ∈ {q, r} such that the following conditions hold:

〈q〉 uq ,nq ,wq ,Gq ,Aq ,Pq ,Uq7−→ 〈q′〉

〈r〉 ur,nr,wr,Gr,Ar,Pr,Ur7−→ 〈r′〉
ρ(0) |= ui

〈∀s : s ∈ [0, t] : ρ(s) |= ni〉
〈∀s : s ∈ [0, t) : ρ(s) |= wi〉
〈∀x : x ∈ dom(Gi) : (ρx, ρẋ) ∈ Gi(x)〉
〈∀s : s ∈ [0, t] : θi(s) = {a | (g, a) ∈ Pi ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ Ui ∧ ρ(s) |= g} = ∅〉 (B.80)

Applying the symbolic rule for time (Rule 102) we know that there is a symbolic
transition:

〈p ‖ q〉 up∧uq ,np∧nq ,wp∧wq ,GpCGq ,Ap∪Aq ,(P∩2Q)∪(P\2Aq)∪(Q\2Ap),Up∪Uq7−→
〈p′ ‖ q′〉 (B.81)

So we have to prove conditions 2-7 of the completeness theorem.

Using Lemma 11, and (B.80) we get that:

〈∀x : x ∈ dom(Gq CGr) : (ρx, ρẋ) ∈ Gq(x) CGr〉 (B.82)

In Section B.2.3 we have seen that:

(θq ∩ θr) ∪ (θq \Ar) ∪ (θr \Aq)(s) =

{a | (g, a) ∈ ((Pq ∩2 Pr) ∪ (Pq \2 Ar) ∪ (Pr \2 Aq)) ∧ ρ(s) |= g}〉 (B.83)

when:

〈∀s : s ∈ [0, t] : θi(s) = {a | (g, a) ∈ Pi ∧ ρ(s) |= g}〉 (B.84)

for i ∈ {p, r}. Since this is the case, Equation (B.83) holds in this case, and
therefore we can infer that:

〈∀s : s ∈ [0, t] : θ(s) =

{a | (g, a) ∈ (Pq ∩2 Pr) ∪ (Pq \2 Ar) ∪ (Pr \2 Aq) ∧ ρ(s) |= g}〉 (B.85)

Using (B.80), predicate calculus, and set algebra we have that:

〈∀s : s ∈ [0, t) : {g | g ∈ Uq ∪ Ur ∧ ρ(s) |= g} = ∅〉 (B.86)

The remaining conditions are straightforward to verify, and this concludes the
proof of completeness for the parallel composition case.
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Urgency Case Assume there is a composition q, and an action a such that:

p , υa(q)

and p′, ρ, A, θ such that there is a concrete transition:

(p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t)) (B.87)

Inspecting the concrete rule for urgency, we know that there must be another tran-
sition:

(q, ρ(0))
ρ,A,θ7−→ (q′, ρ(t)) (B.88)

such that:

p′ = υa(q
′)

〈∀s : s ∈ [0, t) : a /∈ θ(s)〉 (B.89)

Applying inductive hypothesis, we know that there exists u, n, w, G, P , U , and t
such that the following conditions hold:

〈q〉 u,n,w,G,A,P,U7−→ 〈q′〉
ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 (B.90)

Using the symbolic rule for urgency 108, we obtain the following transition:

〈υa(q)〉
u,n,w,G,A,P,U∪{g|(g,a)∈P}7−→ 〈υa(q′)〉 (B.91)

Thus we have all the conditions needed, except for:

〈∀s : s ∈ [0, t) : {g | g ∈ U ∪ {g|(g, a) ∈ P} ∧ ρ(s) |= g} = ∅〉 (B.92)

As we prove in Section B.2.3, the previous expression is equivalent to:

〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 ∧
〈∀s : s ∈ [0, t) : {g | (g, a) ∈ P ∧ ρ(s) |= g} = ∅〉 (B.93)

The first part of the previous conjunction can be inferred from (B.90), and then we
only need to prove the last part of the conjunction to complete the proof for this
case.
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In Section B.2.3 we proved that:

〈∀s : s ∈ [0, t) : {g | (g, a) ∈ P ∧ ρ(s) |= g} = ∅〉 ⇔
〈∀s : s ∈ [0, t) : a /∈ θ(s)〉 (B.94)

provided that:

〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉 (B.95)

Since this is ensured by (B.90), and since we assumed (B.89) we conclude that the
second part of the conjunction in (B.93) is valid, and this completes the case for
the urgent operator case.

Dynamic Type Case The proof for this case is symmetrical to the one given for the
dynamic type case of the proof of soundness.

Synchronization Case Assume there is a composition q, and an action a such that:

p , γa(q)

and p′, ρ, A, θ such that there is a concrete transition:

(p, ρ(0))
ρ,A,θ7−→ (p′, ρ(t)) (B.96)

Inspecting the concrete rule for synchronization, we know that there must be a
concrete transition:

(q, ρ(0))
ρ,A′,θ7−→ (q′, ρ(t)) (B.97)

such that:

p′ = γa(q
′)

A = A′ ∪ {a} (B.98)

By induction hypothesis we know that there exists u, n, w, G, P , U , and t such
that the following conditions hold:

〈q〉 u,n,w,G,A
′,P,U7−→ 〈q′〉

ρ(0) |= u

〈∀s : s ∈ [0, t] : ρ(s) |= n〉
〈∀s : s ∈ [0, t) : ρ(s) |= w〉
〈∀x : x ∈ dom(G) : (ρx, ρẋ) ∈ G(x)〉
〈∀s : s ∈ [0, t] : θ(s) = {a | (g, a) ∈ P ∧ ρ(s) |= g}〉
〈∀s : s ∈ [0, t) : {g | g ∈ U ∧ ρ(s) |= g} = ∅〉 (B.99)

And using the symbolic rule for synchronization (Rule 117), we know that there is
a symbolic transition:

〈γa(q)〉
u,n,w,G,A′∪{a},P,U7−→ 〈γa(q′)〉 (B.100)

Which concludes the proof for this case.
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Control Variable Case Straightforward using the concrete rule for control variable,
induction hypothesis, and the symbolic rule for control variable.

Initialization Case Straightforward using the concrete rule for initialization, induc-
tion hypothesis, Equation B.72, and the symbolic rule for initialization.
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C.1. Soundness and completeness of linear SOS rules

C.1.1. Soundness of leads to transitions

Proof of Theorem 11. The proof goes by structural induction on CIF compositions.

Base case Assume p is of the form (V, init, inv, E, actS).
Assume there are is , fs , gs , A, u, and n such that:

1. is ∈ locsof(p)

2. p
ipred
; fs , p inv

; gs , p
sync
; A

3. u =
∧

0≤i<#fs

fs.i(is.i), and n =
∧

0≤i<#gs

gs.i(is.i)

Since p is an automaton, we have that necessarily is = [v] for some v ∈ V , fs = [init],
gs = [inv], and A = actS .

Knowing the shape of is , fs , and gs we get:

u = init(v)

n = inv(v)

Then the fact that there exists a symbolic environment transition of the form:

〈p〉
u,n,A
99K 〈p[is]〉

follows from the symbolic environment rule for automata.

Induction step

Parallel composition case Assume p is of the form q ‖ r.
Assume there are is , fs , gs , A, u, and n such that:

is ∈ locsof(p)

p
ipred
; fs, p

inv
; gs, p

sync
; A

u =
∧

0≤i<#fs

fs.i(is.i), and n =
∧

0≤i<#gs

gs.i(is.i) (C.1)
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Since is ∈ locsof(q ‖ r), it must be the case that is ≡ isq ++ isr, for some isq ∈ locsof(q),
isr ∈ locsof(r).

Then, Equation C.1 can be rewritten as:

q ‖ r ipred
; fsq ++ fsr, q ‖ r

inv
; gsq ++ gr, q ‖ r

sync
; Aq ∪Ar

u =
∧

0≤i<#fsq

fsq.i(isq.i) ∧
∧

0≤i<#fsr

fsr.i(isr.i),

n =
∧

0≤i<#gsq

gsq.i(isq.i) ∧
∧

0≤i<#gsr

gsr.i(isr.i) (C.2)

where we define

uq ,
∧

0≤i<#fsq

fsq.i(isq.i)

ur ,
∧

0≤i<#fsr

fsr.i(isr.i)

nq ,
∧

0≤i<#gsq

gsq.i(isq.i)

nr ,
∧

0≤i<#gsr

gsr.i(isr.i)

By inspecting the rules for parallel composition of the leads to transitions, we get that there
are transitions:

q
ipred
; fsq, q

inv
; gsq, q

sync
; Aq

r
ipred
; fsr, r

inv
; gsr, r

sync
; Ar

Then applying induction hypothesis we get that there are two environment transitions

〈q〉
uq ,nq ,Aq
99K 〈q′〉

〈q〉
uq ,nq ,Aq
99K 〈q′〉

And applying the symbolic environment rule for parallel composition we arrive at the de-
sired result.

Synchronizing action operator case Assume p is of the form γA(q).
Assume there are is , fs , gs , A, u, and n such that:

is ∈ locsof(p)

p
ipred
; fs, p

inv
; gs, p

sync
; Ap

u =
∧

0≤i<#fs

fs.i(is.i), andn =
∧

0≤i<#gs

gs.i(is.i) (C.3)

(C.4)
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Then we know there is a transition

q
sync
; Aq (C.5)

such that
Ap ≡ Aq ∪A

By using (C.3) and (C.5), and applying induction hypothesis, we know that there is an
environment transition

〈q〉
u,n,Aq
99K 〈q′〉

Then the result follows by applying the symbolic environment rule for synchronizing action
operator.

C.1.2. Completeness of leads to transitions

Proof of Theorem 12. The proof goes by structural induction on CIF compositions.

Base case Assume p is of the form (V, init, inv, E, actS).
Applying the symbolic environment rule for automata, we know there is an environment

transition of the form:

〈p〉
init(v),inv(v),actS

99K 〈p′〉
for some v ∈ V .

Then by defining

fs = [init]

gs = [inv]

A = actS

we can use a similar reasoning as in the previous base case to arrive to the desired result.

Induction step

Parallel composition case Assume p is of the form q ‖ r.
Assume there is an environment transition of the form:

〈q ‖ r〉
uq∧ur,nq∧nr,Aq∪Ar

99K 〈q′ ‖ r′〉

Then, inspecting the symbolic environment rule for parallel composition we have that there
are two environment transitions of the form:

〈q〉
uq ,nq ,Aq
99K 〈q′〉

〈r〉
ur,nr,Ar
99K 〈r′〉

Then, by applying induction hypothesis, and defining the predicates u and n, and the set A as
in Section C.1.1 we arrive to the desired result.
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Synchronizing action operator case The proof can be obtained using the same strategy
as in Section C.1.1, using the arguments in the reverse order.

C.1.3. Soundness of linear action transitions

Proof of Theorem 13. The proof goes via structural induction on CIF compositions.

Base case Assume p is of the form (V, init, inv, E, actS).
Assume there are vs , a, r, vs ′, is , fs , gs , u, n, n′, and A such that

is ∈ locsof(p)

p |= 〈vs〉 a,r−−→ 〈vs ′〉, p ipred
; fs, p

inv
; gs, p

sync
; A

u =
∧

0≤i<#fs

fs.i(is.i),

n =
∧

0≤i<#gs

gs.i(is.i), n′ =
∧

0≤i<#gs

gs.i((vs ′ � is).i),

vs v is, b ≡ a ∈ A (C.6)

Since p is an automaton, we have that necessarily is = [v] for some v ∈ V , fs = [init],
gs = [inv], and A = actS . Furthermore, vs = [v], and vs = [v′] for some v′ ∈ V . Then,
by substituting fs , gs , and A in (C.6) we have that we need to find an action transition of the
form:

〈p〉 a,a∈actS ,init(v),inv(v),inv(v′),r−−−−−−−−−−−−−−−−−−−→ 〈p[v′]〉 (C.7)

By using (C.6) we get that there is an edge in p of the form: (v, a, r, v′). Then (C.7) follows
by applying the symbolic action rule for automata.

Induction step Assume p is of the form q ‖ r.
We do a case analysis on the kind of action that is executed by p.

Interleaving case Assume there are vs , a, r, vs ′, isq, isr, fsq, fsr, gsq, gsr, u, n, n′, Aq,
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and Ar such that

isq ++ isr ∈ locsof(q ‖ r)

q ‖ r |= 〈vs ++ _〉 a,r−−→ 〈vs ′ ++ _〉,

q ‖ r ipred
; fsq ++ fsr, q ‖ r

inv
; gsq ++ gr, q ‖ r

sync
; Aq ∪Ar

u =
∧

0≤i<#fsq

fsq.i(isq.i) ∧
∧

0≤i<#fsr

fsr.i(isr.i),

n =
∧

0≤i<#gsq

gsq.i(isq.i) ∧
∧

0≤i<#gsr

gsr.i(isr.i),

n′ =
∧

0≤i<#gsq

gsq.i((vs ′ � isq).i) ∧
∧

0≤i<#gsr

gsr.i((_ � isr).i),

vs ++ _ v isq ++ isr, b ≡ a ∈ Aq ∪Ar (C.8)

Then we can use (C.8), and the linear rules to obtain that:

isq ∈ locsof(q)

q
ipred
; fsq

q
inv
; gsq

q
sync
; Aq

vs v isq (C.9)

The fact that vs v isq follows from the fact that: #_ = #isr and vs ++ _ v isq ++ isr.

Then, since we are assuming transition:

q ‖ r |= 〈vs ++ _〉 a,r−−→ 〈vs ′ ++ _〉

is product of an interleaving action, we have that:

q |= 〈vs〉 a,r−−→ 〈vs ′〉 (C.10)

By defining:

uq ,
∧

0≤i<#fsq

fsq.i(isq.i)

nq ,
∧

0≤i<#gsq

gsq.i(isq.i)

n′q ,
∧

0≤i<#gsq

gsq.i((vs ′ � isq).i)
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using (C.10), (C.9), and induction hypothesis, we get that there is a symbolic action
transition:

〈q〉
a,a∈A,uq ,nq ,n′q ,r−−−−−−−−−−→ 〈q[vs ′ � isq]〉 (C.11)

In a similar way, by using (C.8), and defining the appropriate predicates ur, nr, n′r, and
set A, and using the soundness of linear environment transitions, we obtain that there is
an environment transition:

〈r〉 a
99K 〈r[isr]〉 (C.12)

Since we are assuming action a was generated by q in an interleaving action, by looking
at the linear action rule for interleaving parallel composition, we have that:

a /∈ Ar (C.13)

where r
sync
; Ar. Then, we use transitions (C.11) and (C.12), the predicate of (C.13),

and the symbolic action rule for interleaving parallel composition, to conclude that there
is symbolic action of the form1:

〈q ‖ r〉
a,b,uq∧ur,nq∧nr,n′q∧n′r,r−−−−−−−−−−−−−−−−→ 〈q ‖ r[vs ++ _ � isq ++ isr]〉

which concludes the proof for this case.

Synchronizing case Assume there are are vsq, vsr, a, rq, rr, vs ′q, vs ′r, is , fs , gs , u, n, n′,
and A such that

isq ++ isr ∈ locsof(q ‖ r)

q ‖ r |= 〈vsq ++ vsr〉
a,rq∧rr−−−−→ 〈vs ′q ++ vs ′r〉,

q ‖ r ipred
; fsq ++ fsr, q ‖ r

inv
; gsq ++ gr, q ‖ r

sync
; Aq ∪Ar

u =
∧

0≤i<#fsq

fsq.i(isq.i) ∧
∧

0≤i<#fsr

fsr.i(isr.i),

n =
∧

0≤i<#gsq

gsq.i(isq.i) ∧
∧

0≤i<#gsr

gsr.i(isr.i),

n′ =
∧

0≤i<#gsq

gsq.i((vs ′q � isq).i) ∧
∧

0≤i<#gsr

gsr.i((vs ′r � isr).i),

vsq ++ vsr v isq ++ isr, b ≡ a ∈ Aq ∪Ar (C.14)

1Note that if b ≡ a ∈ Aq and a /∈ Ar , then b ≡ a ∈ Aq ≡ a ∈ Aq ∪Ar
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Then by defining

uq ,
∧

0≤i<#fsq

fsq.i(isq.i)

nq ,
∧

0≤i<#gsq

gsq.i(isq.i)

n′q ,
∧

0≤i<#gsq

gsq.i((vs ′q � isq).i)

ur ,
∧

0≤i<#fsr

fsr.i(isr.i)

nr ,
∧

0≤i<#gsr

gsr.i(isr.i)

n′r ,
∧

0≤i<#gsr

gsr.i((vs ′r � isr).i) (C.15)

and by separating the components in (C.15) in a similar fashion as the previous case, we
can apply induction hypothesis, to get that there are two symbolic action transitions of
the form:

〈q〉
a,true,uq ,nq ,n′q ,rq−−−−−−−−−−−→ 〈q[vs ′q � isq]〉

〈r〉 a,true,ur,nr,n′r,rr−−−−−−−−−−−→ 〈r[vs ′r � isr]〉

In this way, the result follows by applying the symbolic action rule for synchronizing
parallel composition.

Synchronizing action operator case The proof for this case is follows imme-
diately by using the linear action rule for synchronizing action operator, and applying
induction hypothesis, and the symbolic rule for synchronizing action operator.

C.1.4. Completeness of linear action transitions

Proof of Theorem 14. The proof goes via structural induction on CIF compositions.

Base case Assume p is of the form (V, init, inv, E, actS).
Assume there is a transition:

〈p〉 a,a∈actS ,init(v),inv(v),inv(v′),r−−−−−−−−−−−−−−−−−−−→ 〈q[v′]〉

for some v ∈ V , v ∈ V .
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Then, in a similar way as in Section C.1.3, by defining

vs = is = [v]

vs ′ = [v′]

fs = [init]

gs = [inv]

we arrive at the desired result.

Induction step

Parallel composition case Assume p is of the form q ‖ r.
We do a case analysis on the kind of action that is executed by p.

Interleaving case Assume there is an action transition of the form:

〈q ‖ r〉
a,b,uq∧ur,nq∧nr,n′q∧nr,s−−−−−−−−−−−−−−−−→ 〈q′ ‖ r′〉

By inspecting the symbolic action rule for interleaving parallel composition, we get that
there are two transitions of the form:

〈q〉
a,b,uq ,nq ,n′q ,s−−−−−−−−→ 〈q′〉

〈r〉
ur,nr,Ar
99K 〈r′〉

Using induction hypothesis, and completeness of leads-to transitions, we get that there
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are vsq, vs ′q, isq, fsq, gsq, Aq and isr, fsr, gsr, ur, and nr such that:

isq ∈ locsof(q)

q |= 〈vsq〉
a,s−−→ 〈vs ′q〉, q

ipred
; fsq, q

inv
; gsq, q

sync
; Aq

uq =
∧

0≤i<#fsq

fsq.i(isq.i),

nq =
∧

0≤i<#gsq

gsq.i(isq.i),

n′q =
∧

0≤i<#gsq

gsq.i((vs ′q � isq).i),

vsq v isq, b ≡ a ∈ Aq, q′ ≡ q[vs ′q � isq]

isr ∈ locsof(r)

r
ipred
; fsr, r

inv
; gsr, r

sync
; Ar

ur =
∧

0≤i<#fsr

fsr.i(isr.i),

nr =
∧

0≤i<#gsr

gsr.i(isr.i), r
′ ≡ r[isr] (C.16)

Since a /∈ Ar, we can use (C.16), and apply the linear action rule for interleaving parallel
composition to get:

q ‖ r |= 〈vsq ++ _〉 a,s−−→ 〈vs ′q ++ _〉

And using (C.16) and the linear rules, we obtain:

isq ++ isr ∈ locsof(q ‖ r)

q ‖ r ipred
; fsq ++ fr, q ‖ r

inv
; gsq ++ gr, q ‖ r

sync
; Aq ∪Ar

u =
∧

0≤i<#fsq++ fsr

(fsq ++ fsr).i((isq ++ isr).i),

n =
∧

0≤i<#gsq++ gsr

(gsq ++ gsr).i((isq ++ isr).i),

n′ =
∧

0≤i<#gsq++ gsr

(gsq ++ gsr).i((vsq ++ _ � isq ++ isr).i),

vsq ++ _ v isq ++ isr,

b ≡ a ∈ Aq ∪Ar,
q′ ‖ r′ ≡ q ‖ r′[vs ′q ++ _ � isq ++ ir]

Which concludes the proof for this case.

Synchronizing case
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Synchronizing action operator case Assume there is an action transition of the form:

〈q ‖ r〉
a,b,uq∧ur,nq∧nr,n′q∧n′r,sq∧sr−−−−−−−−−−−−−−−−−−−→ 〈q′ ‖ r′〉

By inspecting the symbolic action rule for interleaving parallel composition, we get that
there are two transitions of the form:

〈q〉
a,b,uq ,nq ,n′q ,sq−−−−−−−−−→ 〈q′〉

〈r〉 a,b,ur,nr,n′r,sr−−−−−−−−−→ 〈r′〉

Using induction hypothesis we get that there are vsq, vs ′q, isq, fsq, gsq, Aq, vsr, vs ′r, isr,
fsr, gsr, and Ar such that:

isq ∈ locsof(q)

q |= 〈vsq〉
a,s−−→ 〈vs ′q〉, q

ipred
; fsq, q

inv
; gsq, q

sync
; Aq

uq =
∧

0≤i<#fsq

fsq.i(isq.i),

nq =
∧

0≤i<#gsq

gsq.i(isq.i),

n′q =
∧

0≤i<#gsq

gsq.i((vs ′q � isq).i),

vsq v isq, b ≡ a ∈ Aq, q′ ≡ q[vs ′q � isq]

isr ∈ locsof(r)

r |= 〈vsr〉
a,s−−→ 〈vs ′r〉, r

ipred
; fsr, r

inv
; gsr, r

sync
; Ar

ur =
∧

0≤i<#fsr

fsr.i(isr.i),

nr =
∧

0≤i<#gsr

gsr.i(isr.i),

n′r =
∧

0≤i<#gsr

gsr.i((vs ′r � isr).i),

vsr v isr, b ≡ a ∈ Ar, r′ ≡ r[vs ′r � isr]

(C.17)

Then, using the linear action rules for synchronizing parallel composition, and defining u,
n, n′, and A in the same way as in the previous case, we arrive at the desired result.

Synchronizing action operator case The proof for this case is follows immediately
by using the symbolic action rule for synchronizing action operator, and applying induction
hypothesis, and the linear rule for synchronizing action operator.
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C.2. Proof of correctness of the linearization procedure

For the proof of Theorem 15 we need the following lemmas.

Lemma 12. For any p ∈ C, fs ∈ (L⇀ P)∗, ls ∈ V∗, and is ∈ L∗, such that

• #fs = #ls = #xs , where p
#
; xs ,

• is ∈ locsof(p),

• ls.i /∈ FV(fs.i(v)) for all i such that 0 ≤ i < #xs , for all v ∈ dom(fs.i),

we have that
σ |=

∧
0≤i<#fs

fs.i(is.i)

if and only if

{ls 7→ is} � σ |= (
∧

0≤i<#fs

∧
v∈dom(fs.i)

(ls.i = v ⇒ fs.i(v))) ∧ (
∧

0≤i<#fs

ls.i ∈ dom(fs.i))

Lemma 13. For any r ∈ P , ls ∈ V∗, is, vs, vs ′ ∈ L∗, such that

• ls.i /∈ FV(r) for all i, 0 ≤ i < #ls ,

• vs v is ,

• #vs = #vs ′, and vs.i 6= _⇒ vs ′.i 6= _, for all i, 0 ≤ i < #vs

we have that
σ′+ ∪ σ |= r

if and only if

({ls 7→ vs ′ � is} � σ′)+ ∪ {ls 7→ is} � σ |= r ∧
∧

0 ≤ i < #is
vs.i 6= _

ls.i = vs.i ∧ ls.i+ = vs′.i

Proof of Lemma 12. We make the following derivation

σ |=
∧

0≤i<#fs

fs.i(is.i)

⇔ { For all i, 0 ≤ i#fs , for all v ∈ dom(fs.i), ls.i /∈ FV(fs.i(v))}

{ls 7→ is} � σ |=
∧

0≤i<#fs

fs.i(is.i)

⇔ { For all i, 0 ≤ i#fs , is.i ∈ dom(fs.i) since is ∈ locsof(p)}
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{ls 7→ is} � σ |=
∧

0≤i<#fs

fs.i(is.i) ∧
∧

0≤i<#fs

ls.i ∈ dom(fs.i)

⇔ {⇒: Predicate calculus; ⇐: since
∧

0≤i<#fs

ls.i ∈ dom(fs.i) there must be exactly

one v such that ls.i = v ∧ fs.i(v) }

{ls 7→ is} � σ |= (
∧

0≤i<#fs

∧
v∈dom(fs.i)

(ls.i = v ⇒ fs.i(v))) ∧ (
∧

0≤i<n
ls.i ∈

dom(fs.i))

Proof of Lemma 13. We make the following derivation.

σ′+ ∪ σ |= r

⇔ { ls.i /∈ FV(r), for all i, 0 ≤ i < #ls}

({ls 7→ vs ′ � is} � σ′)+ ∪ {ls 7→ is} � σ |= r

⇔ {⇒: vs v is , #vs = #vs ′, vs.i 6= _⇒ vs ′.i 6= _;⇐: predicate calculus}

({ls 7→ vs ′ � is} � σ′)+ ∪ {ls 7→ is} � σ |= r ∧
∧

0 ≤ i < #is
vs.i 6= _

ls.i = vs.i∧ ls.i+ =

vs′.i

Proof of Theorem 15. We will prove that the following relation:

R ,{(p, |[V {ls 7→ ⊥} :: αp ]|) | (αp, ls) = L(p)} ∪
{(p[is], |[V {ls 7→ is} :: αp ]|) | (αp, ls) = L(p), is ∈ locsof(p)} (C.18)

is a witness of the bisimulation. We make a case distinction according to the proof obligations.
We provide a proof for uninitialized automata. The case for initialized automata is proven in
the same way, except that Rule 88 is not applied (it is not needed).

Transfer condition 1 Assume there is a transition:

(p, σ)
a,b−−→ (p′, σ′) (C.19)

Using the completeness of the symbolic rules we get that there are u, n, n′, r such that the
following conditions hold:

〈p〉 a,b,u,n,n′,r−−−−−−−→ 〈p′〉
σ |= u, σ |= n, σ |= n′, σ′+ ∪ σ |= r

〈∀x :: x+ /∈ FV(r)⇒ σ(x) = σ′(x)〉 (C.20)
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Using the completeness of the linear rules we get that there are vs , vs ′, ss fs , gs , andA such
that the following conditions hold:

p |= 〈vs〉 a,r−−→ 〈vs ′〉

is ∈ locsof(p), vs v is, p
ipred
; fs, p

inv
; gs, p

sync
; A

u =
∧

0≤i<#fs

fs.i(is.i), ,

n =
∧

0≤i<#gs

gs.i(is.i),

n′ =
∧

0≤i<#gs

gs.i((vs ′ � is).i),

p′ ≡ p[vs ′ � is] (C.21)

The linear rules ensure that in the action transition of (C.21) it is the case that: #vs = #vs ′,
and vs.i 6= _⇒ vs ′.i 6= _, for all i, 0 ≤ i < #vs . Thus we can use Lemmas 12 and 13 to get:

{ls 7→ is} � σ |=(
∧

0≤i<#fs

∧
v∈dom(fs.i)

(li = v ⇒ fs.i(v))) ∧

(
∧

0≤i<fs

li ∈ dom(fs.i))

{ls 7→ is} � σ |=
∧

0≤i<gs

∧
v∈dom(gs.i)

(li = v ⇒ gs.i(v))

({ls 7→ (vs ′ � is)} � σ′)+ ∪ ({ls 7→ is} � σ) |=

r ∧
∧

0 ≤ i < ls
vs.i 6= ∗

ls.i = vs.i ∧ ls.i+ = vs′.i (C.22)

Also, since a location pointer is not mentioned in r since ls.i /∈ FV(r), for all i such that
0 ≤ i < #ls , we get that:

〈∀x :: x /∈ FV(r′)⇒ ({ls 7→ is} � σ)(x) = ({ls 7→ vs ′ � is} � σ′)(x)〉

where
r′ , r ∧

∧
0 ≤ i < ls
vs.i 6= ∗

ls.i = vs.i ∧ ls.i+ = vs′.i

Using the definition of the linearization function, and the explicit rule for atomic automata
we get:

(αp, {ls 7→ is} � σ)
a,b−−→ (αp[x], {ls 7→ (vs ′ � is)} � σ′) (C.23)
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Using the rules for variable abstraction we get:

(|[V {ls 7→ is} :: αp ]|, σ)
a,b−−→ (|[V {ls 7→ (vs ′ � is)} :: αp[x] ]|, σ′) (C.24)

Applying the rules for undefined values we obtain:

(|[V {ls 7→ ⊥} :: αp ]|, σ)
a,b−−→ (|[V {ls 7→ (vs ′ � is)} :: αp[x] ]|, σ′)

And (p′, |[V {ls 7→ (vs ′ � is)} :: αp[x] ]|) ∈ R since p′ ≡ p[vs ′ � is], which concludes the
proof for this case.

Transfer condition 2 For the other direction, assume there is a transition:

(|[V {ls 7→ ⊥} :: αp ]|, σ)
a,b−−→ (|[V {ls 7→ is ′} :: αp[x] ]|, σ′)

Using the rule for undefined values we get that there must be a transition:

(|[V {ls 7→ is} :: αp ]|, σ)
a,b−−→ (|[V {ls 7→ is ′} :: αp[x] ]|, σ′) (C.25)

Inspecting at the rule for variable scope, we get that there is a transition:

(αp, {ls 7→ is} � σ)
a,b−−→ (αp[x], {ls 7→ is ′} � σ′)

and
〈∀x :: x ∈ ls ⇒ σ(x) = σ′(x)〉 (C.26)

Inspecting a the explicit rule for automata, and by definition of the linearization function,
we know that:

(x, a, r, x) ∈ E
{ls 7→ is} � σ |= init(x), {ls 7→ is} � σ |= inv(x),

{ls 7→ is ′} � σ′ |= inv(x), ({ls 7→ is ′} � σ′)+ ∪ ({ls 7→ is} � σ) |= r

〈∀x :: x+ /∈ FV(r)⇒ ({ls 7→ is} � σ)(x) = ({ls 7→ is ′} � σ′)(x)〉 (C.27)

By definition of linear automata, we get the following equivalences:

r ≡ r′ ∧
∧

0 ≤ i < #ls
vs.i 6= ∗

ls.i = vs.i ∧ ls.i+ = vs′.i

init(x) ≡ (
∧

0≤i<#fs

∧
v∈dom(fs.i)

(ls.i = v ⇒ fs.i(v))) ∧ (
∧

0≤i<#fs

ls.i ∈ dom(fs.i))

inv(x) ≡
∧

0≤i<#gs

∧
v∈dom(gs.i)

(ls.i = v ⇒ gs.i(v))

b ≡ a ∈ A
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where:

〈vs〉 a,r′−−→ 〈vs ′〉

p
ipred
; fs

p
inv
; gs

p
sync
; A

From the above we can infer:

{ls 7→ is} |=
∧

0≤i<#fs

ls.i ∈ dom(fs.i)

And thus, since the domain of the initial predicate contain exactly the locations of the automa-
ton, we get:

is ∈ locsof(p)

In a similar way, since

{ls 7→ is} |=
∧

0 ≤ i < n
vs.i 6= ∗

ls.i = vs.i ∧ ls.i+ = vs′.i

we get:
vs v is, is ′ = vs � is

Next we define:

u =
∧

0≤i<#fs

fs.i(is.i), n =
∧

0≤i<#gs

gs.i(is.i), n′ =
∧

0≤i<#gs

gs.i((vs ′ � is).i)

Then using soundness of the linear transition rules we get that there is a symbolic transition:

〈p〉 a,b,u,n,n′,r−−−−−−−→ 〈p[vs ′ � is]〉

Using Lemma 12, Lemma 13, (C.27) and (C.26) we get:

({ls 7→ is} � σ |= init(x))⇒ (σ |= u)

({ls 7→ is} � σ |= inv(x))⇒ (σ |= n)

({ls 7→ is ′} � σ |= inv(x))⇒ (σ |= n′)

({(ls 7→ is ′} � σ′)+ ∪ ({ls 7→ is} � σ) |= r)⇒ (σ′+ ∪ σ |= r′)

〈∀x :: x+ /∈ FV(r)⇒ σ(x) = σ′(x)〉

Then using the soundness of symbolic transitions, we get that there must be a concrete transi-
tion:

(p, σ)
a,b−−→ (p[vs ′ � is], σ′)

which concludes the proof for this case.
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C. Proofs for linearization of CIF models

Transfer condition 3 Assume there is a transition:

(p, σ)
A
99K (p′, σ′)

By completeness of the symbolic rules, we know:

〈p〉
u,n,a
99K 〈p′〉

σ |= u, σ |= n, σ′ |= n (C.28)

Using (C.28) and completeness of the linear rules we get:

is ∈ locsof(p)

p
ipred
; fs, p

inv
; gs, p

sync
; A

u =
∧

0≤i<#fs

fs.i(is.i)

n =
∧

0≤i<#gs

gs.i(is.i)

p′ ≡ p[is] (C.29)

Using Lemma 12, (C.28), and (C.29) we obtain:

{ls 7→ is} � σ |= (
∧

0≤i<#fs

∧
v∈dom(fs.i)

(ls.i = v ⇒ fs.i(v))) ∧ (
∧

0≤i<#fs

ls.i ∈ dom(fs.i))

{ls 7→ is} � σ |= (
∧

0≤i<#gs

∧
v∈dom(gs.i)

(ls.i = v ⇒ gs.i(v)))

{ls 7→ is} � σ′ |= (
∧

0≤i<#gs

∧
v∈dom(gs.i)

(ls.i = v ⇒ gs.i(v))) (C.30)

Using (C.30), the definition of the linearization function, and the environment rule for au-
tomata, we get that there is an environment transition of the form:

(αp, {ls 7→ is} � σ)
A
99K (αp[x], {ls 7→ is} � σ′)

Using the explicit rule for variable scope we get:

(|[V {ls 7→ is} :: αp ]|, σ)
A
99K (|[V {ls 7→ is} :: αp[x] ]|, σ′)

And then, using the rule for variable scope and undefined values we have:

(|[V {ls 7→ ⊥} :: αp ]|, σ)
A
99K (|[V {ls 7→ ⊥} :: αp[x] ]|, σ′)

Which concludes the proof for this case.

Transfer condition 4 The proof for this case is symmetric to the proof for transfer condi-
tion 3.
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D. Correctness of CIF to Uppaal
transformations

D.1. SOS rules for top level CIF models

To prove the main theorem we need to define the semantics of translatable CIF compositions.
In CIF [5] top level declarations of models are not part of the core language (whose semantics
is defined by means of SOS rules). These declarations are considered to be modeling exten-
sions, and their semantics is given in terms of a syntactic transformation to the core language.
However, for carrying our the proofs, it is more convenient to give SOS rules directly for
the modeling extensions. Later on we give a lemma that shows that the rules presented here
generates isomorphic transition relations.

We use notation Mp,u to refer to the CIF composition:

|[ disc control xs
; disc ys
; clock cs
; init u
; urgent as
:: p ]|

For action transitions we define the following rule.

(p, σ)
a,b,(xs ∪cs)−−−−−−−→ (p′, σ′), σ |= u

(Mp,u, σ)
a,b,∅−−−→ (Mp′,true, σ

′)
118

For time transitions we define the following rule.

(p, σ)
ρ,A,θ7−→ (p′, σ′),

〈∀s : s ∈ dom(θ) : as ∩ θ(s) = ∅〉,
〈∀x : x ∈ xs ∪ ys : (ρx, ρẋ) ∈ Gdisc〉,
〈∀c : c ∈ cs : (ρc, ρċ) ∈ Gclock 〉,

σ |= u

(Mp,u, σ)
ρ,A,θ7−→ (Mp′,true, σ

′)
119

The rule for environment transitions is not relevant in the context of Chapter 6, but it is
needed to prove Lemma 15. Thus we present it next.
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D. Correctness of CIF to Uppaal transformations

(p, σ)
A
99K (p′, σ′),

〈∀x : x ∈ cs ∪ xs : σ(x) = σ′(x)〉,
σ |= u

(Mp,u, σ)
A
99K (Mp′,true, σ

′)
120

D.2. Additional notations

Given a composition p, function application actv(p) returns a sequence xs ++ [lu], where xs
is the sequence of all the active locations of the automata contained in p, and lu is the unique
location of the receptive automaton.

In what follows, given a list xs we use also notation xs as a shorthand for ran(xs) when no
confusion arises.

Given a list of variables xs = [x0, . . . , xn−1] and a list of expressions es = [e0, . . . , en−1],
we use notation xs = es to refer to the predicate

〈∀i : 0 ≤ i < n : xi = ei〉

Similarly, xs+ = es denotes the predicate

〈∀i : 0 ≤ i < n : x+
i = ei〉

Making some abuse of notation, we use expression xs = es to refer to the sequence of assign-
ments

[x0 = e0, . . . , xn−1 = en−1]

and expression xs = es− to refer to the sequence of assignments

[x0 = e−0 , . . . , xn−1 = e−n−1]

In the present chapter it is clear when one or the other is intended.
Given a valuation σ, valuation σ+ is defined as the set {(x+, v) | (x, v) ∈ σ}.

D.3. Additional properties

In this section we present additional properties needed for proving the main theorem.

Lemma 14 (Translatable updates and assignments). For any translatable update of the form
(zs, zs+ = es), for any valuations σ, σ′, such that dom(σ) = dom(σ′) and 〈∀x : x ∈
dom(σ) \ zs : σ(x) = σ′(x)〉, we have that

σ′+ ∪ σ |= zs+ = es ⇔ (zs = es−)(σ) = σ′

Proof. The proof goes via induction on the length of the assignments list, n.
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Base case Assume n = 0. Then we have zs = [ ] and by hypothesis:

〈∀x : x ∈ dom(σ) : σ(x) = σ′(x)〉

Thus the double implication holds trivially.

Induction step Assume zs is a sequence of the form:

[z0, . . . , zn−1, zn]

And assume:
〈∀x : x ∈ dom(σ) \ zs : σ(x) = σ′(x)〉 (D.1)

We have to prove:

σ′+ ∪ σ |= 〈∀i : 0 ≤ i < n+ 1 : zi = ei〉 ⇔ zs(σ) = σ′ (D.2)

For the⇒ direction assume:

σ′+ ∪ σ |= 〈∀i : 0 ≤ i < n+ 1 : zi = ei〉 (D.3)

Using predicate calculus, we get:

σ′+ ∪ σ |= 〈∀i : 0 ≤ i < n+ 1 : zi = ei〉 (D.4)

σ′+ ∪ σ |= z+
n = en (D.5)

We define zs ′ , [z0, . . . , zn−1]. Then using (D.1), and predicate calculus we get:

〈∀x : x ∈ dom(σ) \ zs ′ : σ(x) = ({zn → σ(zn)} � σ′)(x)〉 (D.6)

Thus we can use (D.3) and (D.1) to apply induction hypothesis, and get:

zs ′(σ) = {zn → σ(zn)} � σ′ (D.7)

Since σ′+ ∪ σ |= z+
n = en we get that

σ′(zn) = (σ′+ ∪ σ)(en) (D.8)

But since by definition of translatable update (Definition 27) en can only contain vari-
ables of the from x+, with x 6= zn, all the variables in en are in σ′+, and therefore (D.8)
can be rewritten as:

σ′(zn) = σ′(e−n ) (D.9)

This means that assigning e−n to zn in valuation {zn → σ(zn)} � σ′ yields σ′ (remem-
ber that zn does not appear free in e−n ). This is:

[zn = e−n ]({zn → σ(zn)} � σ′) = σ′ (D.10)

Then, we get:
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D. Correctness of CIF to Uppaal transformations

zs(σ)

= {Def. zs ′, sequential assignment}

[zn = e−n ](zs ′(σ))

= { Equation (D.7)}

[zn = e−n ]({zn → σ(zn)} � σ′)
= { Equation (D.10)}

σ′

And this concludes the proof for this case.

The proof of the⇐ direction is similar to the previous case, and is therefore omitted.

This concludes the proof for Lemma 14.

The following lemma states that the SOS rules for the modeling extensions are consistent
with the syntactic transformation function Ts for modeling extensions.

Lemma 15. Let Ts be the function that translate modeling extensions to core CIF composi-
tions, then for every modeling extension p, there is a transition

(p, σ)� (p′, σ′)

if and only if there is a transition

(Ts(p), σ)� (Ts(p′), σ′)

where� is either an action, time, or environment transition.

Proof. The side conditions for model rules ensure that it is possible to apply the CIF SOS rules
once the modeling extensions are eliminated.

Let Mp,u be a composition as described in Section D.1. Then, the elimination of the mod-
eling extensions, as defined in Section 6.3, gives the following CIF composition:

ctrlxs ++ cs(Dxs ++ ys:Gdisc
(Dcs:Gclock

(u� υas(p))))

Then we can make the following derivations.

(Mp,u, σ)
a,b,∅−−−→ (Mp,true, σ

′)

⇔ { Rule 118}

(p, σ)
a,b,xs∪cs−−−−−→ (p′, σ′), σ |= u

⇔ { Rule 13}

(υas(p), σ)
a,b,xs∪cs−−−−−→ (υas(p

′), σ′), σ |= u
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⇔ { Rule 19 }

(u� υas(p), σ)
a,b,xs∪cs−−−−−→ (υas(p

′), σ′)

⇔ { Rule 16 twice}

(Dxs ++ ys:Gdisc
(Dcs:Gclock

(u� υas(p))), σ)
a,b,xs∪cs−−−−−→

(Dxs ++ ys:Gdisc
(Dcs:Gclock

(υas(p
′))), σ′)

⇔ { Rule 9}

(ctrlxs ++ cs(Dxs ++ ys:Gdisc
(Dcs:Gclock

(u� υas(p)))), σ)
a,b,∅−−−→

(ctrlxs ++ cs(Dxs ++ ys:Gdisc
(Dcs:Gclock

(υas(p
′)))), σ′)

For time transitions we apply several rules at once, since we believe the details can be easily
reproduced.

(Mp,u, σ)
ρ,A,θ,7−→ (Mp′,true, σ)

⇔ { Rule 119 }

(p, σ)
ρ,A,θ7−→ (p′, σ′), 〈∀s : s ∈ dom(θ) : as ∩ θ(s) = ∅〉,

〈∀x : x ∈ xs ∪ ys : (ρx, ρẋ) ∈ Gdisc〉,
〈∀c : c ∈ cs : (ρc, ρċ) ∈ Gclock 〉, σ |= u

⇔ { Rule 12; Rule 20; Rule 15 twice; Rule 10}

(ctrlxs ++ cs(Dxs ++ ys:Gdisc
(Dcs:Gclock

(u� υas(p)))), σ)
ρ,A,θ7−→

(ctrlxs ++ cs(Dxs ++ ys:Gdisc
(Dcs:Gclock

(υas(p
′)))), σ′)

For environment transitions a proof can be achieved in a similar way as described for the
other transitions.

In Chapter 6 we use two functions, both named actv(), to extract the sequence of active
locations of an CIF model, and from a Uppaal network of automata. It is not hard to see that
when the actv() function is applied to a translated model p0, the result is the same as applying
the function directly to p0. This is expressed in the following lemma.

Lemma 16. For any translatable model p0, the following holds:

actv(T (p0)) = actv(p0).

Proof. The lemma follows directly from the definition of the translation function (Defini-
tion 37).
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D. Correctness of CIF to Uppaal transformations

D.4. Proof of the main theorem

Let p0 be a translatable composition. Then p0 is of the form

|[ disc control xs
; disc ys
; clock cs
; init u
; urgent as
:: α00 ‖ . . . ‖ α0n−1 ]|

We have to show p0↔ T (p0). For this we need to find a bisimulation relation R such that:

(p0, actv(T (p0)))

Or equivalently, by definition of function actv() for CIF compositions, and by definition of T :

(p0, actv(p0))

We define relation R as follows.

R ,{(p0, actv(p0))}∪
{(p, actv(p)) | 〈∃σ, σ′, p0, ρ, A, θ :: Jp0K ` (p0, σ)

ρ,A,θ7−→ (p, σ′)〉}∪
{(p, actv(p)) | 〈∃σ, σ′, p0, a, b :: Jp0K ` (p0, σ)

a,b,∅−−−→ (p, σ′)〉}

Next we prove that R is indeed a bisimulation relation (as defined in Chapter 6). We do so
by checking that the for transfer conditions are satisfied.

Condition 1 Assume (p, actv(p)) ∈ R, and

Jp0K ` (p, σ)
a,b,∅−−−→ (p′, σ′) (D.11)

Note that since p is in the transition system induced by p0, p is of the form:

|[ disc control xs
; disc ys
; clock ys
; init u′

; urgent as
:: α0 ‖ . . . ‖ αn−1 ]|

where αi and αi0 may differ only in their initial locations, and u ∈ {u, true}.
Assume T (p0) = 〈A, [l00 , . . . , l0n−1 ], V, C,H, TH , Ti(u)〉, where all the components are as

in the definition of T .
We have to do a case analysis depending on whether a is declared as urgent in p0, and

depending on the value of b.
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D.4. Proof of the main theorem

Case a is urgent and ¬b Under this assumption, given that the model consists of a parallel
composition of n automata (the model is translatable), we know that only one of these
could have performed the action. Thus we get the following facts.

There is an index i, such that 0 ≤ i < n, αi is of the shape

(Li, 7→ li, invi, tcpi, Ei, varCi, actSi, ∅)

and the following holds.

p′ = p[α′i/αi]

α′i = αi[7→ l′i/ 7→ li]

(li, g, a, (zs, zs+ = es), l′i) ∈ Ei
σ |= g

σ |= invi(l
′
i)

σ′+ ∪ σ |= zs+ = es

〈∀x : x ∈ (cs ∪ xs ∪ varCi) \ zs : σ(x) = σ′(x)〉 (D.12)

All the remaining automata performed an environment transition. This is, for all j,
0 ≤ j < n such that j 6= i, assuming αj is of the shape

(Lj , 7→ lj , invj , tcpj , Ej , varCj , actSj ,dtypej)

we have that

σ′ |= invi(lj)

〈∀x : x ∈ varCj : σ(x) = σ′(x)〉 (D.13)

Using the above facts, we have that actv(p′) = actv(p)[l′i/li].

According to the definition of the transformation function, we have an edge
(li, g, a!, zs = es−, l′i) ∈ E′i, where the Uppaal automaton Ai is of the shape
(Li, li0 , E

′
i, invi, TLi).

Since a is an urgent action, we know that there is an edge (lu, true, a?, [], lu) in the
receptive automaton.

Since in a translatable models all variables must be controlled, from (D.12) and (D.13)
we know that1:

〈∀x : x ∈ dom(σ) \ zs : σ(x) = σ′(x)〉 (D.14)

Thus using Lemma 14 we get that:

(zs = es−)(σ) = σ′ (D.15)
1Remember that dom(σ) contains exactly all variables declared in the model
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D. Correctness of CIF to Uppaal transformations

Since guard g is satisfied in σ, all the invariants of locations actv(()p0) are satisfied in σ′,
there are no committed locations, and the assignment in the edge (li, g, a!, zs = es−, l′i)
transform σ into σ′, we have communication with the receptive automaton can take
place, and thus we get:

JT (p0)K ` (actv(p), σ)
a−→ (actv(p′), σ′)

Case a is urgent and b In this case we have that the synchronizing action a was executed
synchronously by exactly two partners, by definition of translatable model. Moreover,
the syntactuc constraints guarantee that these two synchronizing actions correspond with
send and receive actions in the Uppaal model. The proof that there is a transition

JT (p0)K ` (actv(p), σ)
a−→ (actv(p′), σ′)

goes very much along the lines of the previous case. Note that in this case, the require-
ment that the conjunction of the update predicates of the send and receive action is a
translatable assignment plays an essential role.

Case a is not urgent The proof for this case is similar to the previous ones. For non-
synchronizing actions we use Uppaal rules for internal transitions instead of rules for
channels.

Condition 2 Assume there is a transition

JT (p0)K ` (actv(p), σ)
a−→ (l′, σ′)

We have to do a case analysis depending on whether a is an (internal) action or a channel.

Internal action Then we have that there is an atomic Uppaal automaton Ai, Ai =
(Li, li0 , E

′
i, inv′i, TLi), such that

(li, g, a, zs = es, l′i) ∈ Ei
σ |= g

(zs = es)(σ) = σ′ |= invi(l
′
i)

〈∀j : 0 ≤ j < n ∧ j 6= i : σ′ |= invj(lj)〉
l′ = actv(()p)[l′i/li] (D.16)

Where we assume lj to be the active location of automaton Aj , for all j, such that
0 ≤ j < n.

According to (D.16), we know that there must be an edge (li, g, a, zs+ = es ′, l′i) in αi,
where es ′− = es .

By definition of Uppaal assignment, we know that only the clocks and variables being
assigned change, thus we can use Lemma 14 to infer:

σ′+ ∪ σ |= zs+ = es ′ (D.17)
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Thus, automaton αi can perform an action transition

(αi, σ)
a,false,xs∪cs−−−−−−−−→ (α′i, σ

′)

where α′i is the same automaton as αi, except that the initial location is changed to l′i.

Since, by definition of translatable model, all assigned variables in automaton αi are not
controlled in the other automata, and since, by (D.16), the invariants of all the active
locations in p are satisfied, we have that all the other automata αj , j 6= i can perform
environment transitions

(αj , σ)
actSj
99K (αj , σ

′)

As a consequence, p can perform an action transition

(p, σ)
a,false,∅−−−−−→ (p′, σ′)

where p′ = p[α′i/αi], and thus actv(p′) = l′, thus (p′, l′) ∈ R, which concludes the
proof for this case.

Communication If the receptive automaton is involved in a communication action, then
one of the Ai’s performed a send action. The conditions for this send action are similar
to those of (D.16), and thus, using a similar reasoning as in the precious case we can
conclude that there is a corresponding action transition in p.

If the receptive automaton is not involved, then we have a communication action be-
tween two Uppaal automata Ai and Aj , and the proof is similar to the case of synchro-
nizing actions for the CIF automata.

Condition 3 Assume there is a transition

Jp0K ` (p, σ)
ρ,A,θ7−→ (p′, σ′)

where dom(ρ) = [0, t] for some t ∈ T.
As stated before, note that since p is in the transition system induced by p0, it is of the form

|[ disc control xs
; disc ys
; clock ys
; init u
; urgent as
:: α0 ‖ . . . ‖ αn−1 ]|

where αi and α0i may differ only in their initial locations.
According to the SOS rules defined in Section D.1, we have that

(α0 ‖ . . . ‖ αn−1, σ)
ρ,A,θ7−→ (α0 ‖ . . . ‖ αn−1, σ

′)

〈∀s : s ∈ [0, t] : as ∩ θ(s) = ∅〉
〈∀x : x ∈ xs ∪ ys : (ρx, ρẋ) ∈ Gdisc〉
〈∀c : c ∈ cs : (ρc, ρċ) ∈ Gclock 〉 (D.18)
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Note that the time transition does not change the active locations of the automata involved in
the parallel composition.

Consider state (actv(p), σ). From the definition of function T , we know that there are no
automata in an committed location. Similarly, from (D.18), given the fact that a time transition
is possible in the parallel composition of automata, we know that there cannot be any Uppaal
automaton in an urgent location, since that would imply that there is a corresponding CIF
location in which the tcp predicate is false.

Next, we show that synchronization over urgent channels is not possible. If we assume in
the Uppaal automaton there are 2 edges (li, gi, a!, rs, l

′
i) ∈ E′i and (lj , gj , a!, rs, l

′
j) ∈ E′j such

that σ |= gi ∧ gj . But this implies that a ∈ θ(0)2, which contradicts the fact that a p did a time
transition. Thus, synchronization between urgent channels cannot take place.

Furthermore, from (D.18) and the facts that the invariants are preserved by the transforma-
tion function, it is easy to see that the invariants of the active locations in actv(p) are satisfied
during the time delay.

Finally, we have to see that in the new valuation the clocks are incremented by t time units,
and that the values of variables remain constant during the delay. This follows easily from
Rule 119, and the definition of the dynamic types Gdisc and Gclock . This is, for every clock c
we have σ′(c) = σ(c) + t, and for every variable x we have σ(x) = σ′(x).

Putting these facts together, we have that in the transition system induced by T (p0) a time
transition of t time units is possible, since all the requirements are satisfied. This is, we have a
transition

JT (p0)K ` (actv(p), σ)
t7−→ (actv(p), σ′)

which concludes the proof of transfer condition 3.

Condition 4 Assume there is a transition

JT (p0)K ` (actv(p), σ)
t−→ (actv(p′), σ′)

Considering the definition of function T , this means that in the network of automata T (p0)
we have that:

1. No process is in a committed location.

2. No process is in an urgent location.

3. No synchronization is possible over an urgent channel.

4. All invariants are satisfied during the time delay.

5. The new valuation advances the clocks t time units, and the values of variables are not
changed.

2Note that we are also taking into account the receptive automaton case.
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From the above we get that, since no process is in a urgent location, the tcp predicate is true
for all the corresponding locations in p. Similarly, we have that all the invariants are satisfied
in the active locations of p during the delay.

Thus, since we assumed that the dynamic type mappings of the translatable automata are
empty, every αi ∈ p can do a time delay

(αi, σ)
ρ,actSi,θ7−→ (αi, σ

′)

where

dom(ρ) = [0, t]

〈∀s, s′, x : s, s′ ∈ [0, t] ∧ x ∈ V : ρ(s)(x) = ρ(s′)(x)〉
〈∀s, c : s ∈ [0, t] ∧ c ∈ C : ρ(s)(c) = ρ(0)(c) + s〉 (D.19)

and θ is constructed from ρ, using the SOS rules for atomic automata.
Since no urgent channel is enabled in valuation σ = ρ(0), we have that

as ∩ (θ(0)) = ∅ (D.20)

Given the fact that the guard for urgent trajectories does not change over time (since it is not
allowed to contain clocks), from (D.20) we conclude that

〈∀s : s ∈ [0, t] : as ∩ (θ(s)) = ∅〉

It is also clear from (D.19) that ρ satisfies the dynamic type constraints. Thus, from the
above facts we can conclude that there is a time transition

JT (p0)K ` (p, σ)
ρ,A,θ7−→ (p, σ′)

where A = actS0 ∪ . . . ∪ actSn−1. And this concludes the proof.
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