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Abstract

Real-Time Reactive System Development —
A Formal Approach based on UML and PVS

Darmalingum Muthiayen, Ph.D.
Concordia University, 2000

The notion of real-time reactive behavior encompasses concurrency, communication through sensors and ac-
tuators, and relations between input and output over time. Real-time reactive systems are inherently complex,
and often used in safety-critical contexts. Application domains include control systems for nuclear reactors,
air traffic, railroad crossing, telecommunications, and medical devices. Applying formal methods in the de-
velopment process is seen as a means for dealing with the complexity. and for quality assurance. One of the
goals is to formally verify time-dependent safety properties in the design.

The scope of this thesis encompasses three major components. We develop a visual technique for object-
oriented modeling of real-time reactive systems, based on a minimal set of extensions to UML, along with a
set of well-formedness rules for the real-time models. We then present a formalization of the Real-Time UML
(RTUML) notation, making use of the abstract syntax and well-formedness rules of UML metamodel. and
provide formal denotational and operationai semantics for RTUML. Finally, we introduce a methodology for
mechanized verification of time-dependent properties in the RTUML design of real-time reactive systems,
within the PVS verification environment. The formal semantics of RTUML provides a foundation for the
verification methadology, and for rigorous analysis and validation techniques. The novelty of the develop-
ment methodology for real-time systems lies in the mechanized verification approach superimposed on the

object-oriented modeling technique.
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Chapter 1

Introduction

R eactive systems are characterized by continuous interaction with their
environment through stimulus-response behavior. In the case of real-time
reactive systems, timing consmraints regulate the behavior. Control sys-
tems for nuclear reactors, air traffic and railroad crossing are rypical
examples of safety-critical real-time reactive systems involving concur-
rency and synchronous communication among reactive entities through
sensors and actuators. The notion of reactive behavior encompasses re-
lations benveen input and output over time, complex sequencing of events
and the way the events constrain computations. This thesis describes a
methodology based on a synthesis of object-oriented and real-time tech-
nologies for rigorous development of real-rime reactive systems.



1.1 Real-Time Reactive Systems

The distinguishing characteristic of a reacrive system is its continuous interaction with the environment in
which it resides through stimulus-response behavior. A process reacts to event occurrences corresponding to
stimuli from the environment. The sequence of interactions depends on several factors, the most influential
being the level of coupling between the entities in the environment. In real-rime reactive systems, time con-
straints regulate the stimulus-response behavior. The notion of reacrive behavior encompasses concurrency,
communication through sensors and actuators, and relations between input and output over time. Reai-time
reactive systems often operate in safery-critical contexts, with applications in control systems for nuclear
reactors, air traffic, railroad crossings, telecommunications, and medicine. The safety-critical nature of the
application domain and the intrinsic complexity of such systems call for a formal development environment
supporting validation and verification.

Factors contributing to the complexity of real-time reactive systems include size, criticality, concurrency.
and the time-dependent nature of artifacts they control. Interactions in a reactive system can be complex;
an entity may interact with several other entities to evoke a time-constrained behavior within a subsequent
time interval, if environmental conditions hoid. Such behavior exhibits nondererminism in fime, control, and
interaction. Since a real-time reactive system for safety-critical applications requires off-line validation and
verification. the specification language should be such that the design can be subjected to a formal analysis.

The object-oriented paradigm supports the structuring of specifications into independent and reusable
components. providing a means for tackling complexity. The instantiation mechanism partitions the uni-
verse of objects into classes; inheritance and subtype relations among classes support incremental develop-
ment: and aggregation relations allow building large systems by composing modules. The message pass-
ing paradigm can be exploited for describing interaction among system components. Mechanisms such as
asynchronous communication, remote procedure call, and synchronous rendez-vous fit well in the message
passing paradigm and provide an appropriate basis for dealing with concurrency.

Real-time reactive systems can be viewed as real-time concurrent systems comprising of communicating
processes. For instance, in the railroad crossing problem [HL94], a train informs the controller monitoring
the crossing that it is approaching the gate. Upon receiving the message. the controller instructs the gate
to close within a prescribed time bound. and the gate lowers its arm within a prescribed time window. The
problem incorporates real-time constraints between environmental objects as well as system objects. More
complex timing constraints, such as “during the period that a train is crossing a gate, the controller should
be monitoring the gate, and the gate must remain closed”, involve several objects and cannot be stated only
in terms of constraints on the computations of individual objects. The superposition of real-time constraints
on the message passing mechanism in the object-oriented paradigm is suitable for handling modularity, com-
positionality and concurrency in the development of real-time reactive systems. Since a complete and correct
set of environmental and system requirements is not available a priori, the development process should effec-
tively handle evolving requirements. Object-orientation adequately supports adaptability.

e Polymorphic modules allow component substitution without affecting coupled components.
e Inheritance can factor out common features; hence modifications would often be in one place.

e With encapsulation, changes tend to be somewhat localized.
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1.2 Research Goals

This thesis proposes a methodology based on a synthesis of object-oriented and real-time technologies for
rigorous development of dependable real-time reactive systems. The methodology purports to visual model-
ing in the industrial standard graphical notation UML (Unified Modeling Language) [OMG99], and mecha-
nized verification of time-dependent properties in object-oriented design specifications using the verification
system PVS (Prototype Verification System) [ORS92]. The work integrates UML and PVS by providing de-
notational and operational semantics for the UML-based modeling technique for real-time reactive systems
in the specification language of PVS.

The formalization of UML. is undertaken to fulfill the need for a sound foundation for requirements
modeling and rigorous design analysis in the context of safety-critical systems. The motivation for this work
comes from two fronts:

e the wide acceptance of UML in industry, as a unified notation applicable to the development of objects
in a broad spectrum of domains, and

o the use of PVS for design analysis in industrial scale applications, as reported in NASA guidebooks
[NAS95] [NAS97].
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Our goals are

e to provide a UML-based visual modeling technique for real-time reactive systems. within a formal
framework supporting the automated generation of formal specifications for simulation. reasoning, and
validation purposes,

¢ aformal semantics for the visual modeling technique so as to provide a foundation for rigorous analysis
methods, and

¢ a mechanized verification methodology for proving time-dependent properties in the design specifica-
tions generated from the UML-based models.

Figure 1 illustrates the main stages in the underlying development process. From an abstract object-
oriented model of the system under development, we produce a visual model in RTUML (Real-Time UML),
the proposed UML hybrid for real-time systems. using Rational Rose. A translator extracts formal object-
oriented design specifications from the visual model. These specifications can be typechecked and simulated
within the animation tool of TROMLAB development environment for validation purposes. Subsequently, a



second translator generates an axiomatic description of the system’s behavior in PVS specification language.
These axioms are used for proving time-dependent properties in the design. using PVS theorem prover.
Figure 2 provides a more detailed illustration of these design analysis stages.

1.2.1 Extending UML for Real-Time Systems

The contributions of this research are
e aminimal set of extensions to UML notation to engraft an abstract model for real-time reactive systems.
e a translation mechanism from a UML model of a reactive system onto formal specifications.

Applying UML extension mechanisms. we introduce stereotypes on classes and associations to capture
an abstract object-oriented model for real-time reactive system design. We adapt UML statechart diagram
so that the guard and action concepts reflect the logical assertions and timing constraints associated with
transitions. The resuiting UML hybrid notation, RTUML, incorporates class and statechart diagrams for
object models, and collaboration and sequence diagrams for subsystem models. In this exercise, we have
avoided to introduce new symbols in the notation, making the graphic model concordant with the existing
diagrams. For rigorous analysis of system designs. it is imperative to provide a sound foundation for the
description of the models. We provide well-formedness rules in OCL for the abstract model, based on the
UML metamodel. Since UML abstract syntax and well-formedness rules are defined in OCL. the well-
formedness rules bring forth a formal framework for the specification technique. In defining a translation
mechanism. we map the visual reactive object model onto a textual description of generic reactive classes
and subsystems. using a formal definition of the model as the basis. Deriving formal specifications from the
visual model of a reactive system supports simulation of the design to validate requirements, and extraction

of axioms to conduct formal verification of desired system properties.

1.2.2 Formal Semantics for Real-Time UML

We provide formal semantics for the Real-Time UML notation, and embed the notation in PVS specification
language. The formalization of UML is undertaken to fulfill the need for a sound foundation for requirements
modeling and rigorous design analysis in the context of safety-critical systems. Formalization of the seman-
tics integrates the graphical notation of object modeling techniques with formal methods. One of the goals of
providing formal semantics is to serve as a specification environment for design analysis of objects, classes
and subsystem models. In order that the modeling and analysis can be done in a rigorous manner, the initial
steps involve formalizing the modeling language, providing formal semantics, and instituting mechanisms
for checking completeness and consistency.

Our approach to defining formal semantics for RTUML notation has two aspects, denotational seman-
tics and operational semantics. In the process of defining denotational semantics. we first formalize UML
metamodel, including its abstract syntax and well-formedness rules in PVS specification language, and incor-
porate the set of extensions in terms of additional elements in the sets of model element stereotypes. We then
describe a set of restrictions on the core UML notation, in the form of well-formedness rules for RTUML,
and specify these in OCL on the abstract syntax of the core UML notation. Subsequently, we translate the



RTUML well-formedness rules in the specification language of PVS. This provides a complete formalization
of the syntax of RTUML in PVS.

The next step is to define the semantic domain in terms of concepts from the abstract reactive object
model, such as generic reactive class, configuration, scenario, and reactive system model. The correctness
of a semantic domain concept is defined in terms of a set of axioms for each concept. We perform this
exercise in a set-theoretic approach to the domain of types. These definitions are then formalized in the
specification language of PVS. Having formalized RTUML syntax and the semantic domain, the last step is
to define a mapping from the syntactic constructs to the semantic domain concepts. We ensure completeness
of the semantic definition by providing a mapping for each model element used in the RTUML notation.
We finally formalize the semantic mapping in terms of PVS functions for each model element, and axioms
characterizing the mapping.

Having defined the denotational semantics of RTUML, we provide an operational semantics based on an
axiomatization of the abstract reactive object model. We first specify each axiom in OCL (Object Constraint
Language) [OMG99], to integrate it within the UML framework, and then provide a PVS specification of the
axioms to fit into the overall formal semantics framework. The operational semantics is subsequently used in
providing a foundation for the mechanized verification methodology described below.

1.2.3 Mechanized Verification of Time-Dependent Properties

The methodology derives axioms involving linear inequalities over absolute times for transitions from the
design specifications of a reactive system, and proves that a time-dependent property is a logical consequence
of the axioms. We derive axicms specifying (i) ordering relations on transitions, (ii) timing constraints
on reactions to a transition, (ii) synchronization of message exchanges. and (iv) other axioms specific to
the requirements of the system. A desired property corresponds to an invariance assertion on the design
specifications. We formulate a theorem specifying the assertion as an expression involving linear inequalities
over absolute times for event occurrences. Within the PVS specification and verification environment, we
define a theory including the axioms and theorem. and establish the property by constructing a proof for
the theorem. An automated derivation process yields the first three kinds of axioms; the proof construction
process uses PVS logic and theorem prover.

We outline the logical foundations of the methodology with respect to the behavioral semantics of the
underlying object-oriented formalism. Applying the semantics to the formal model of a reactive system,
we derive a set of axioms involving state predicates and time intervals between state transitions. We use
Shankar’s since operator [Sha93] to specify durations over state predicates. Applying the duality between
event occurrences and state transitions, we establish an equivalence between this set of axioms and the set
of axioms involving absolute times for event occurrences. Similarly, the invariance assertion describing the
desired property can be formalized as an expression involving the since operator and state predicates. The
theorem to be proved corresponds to a similar transformation of this expression into a formula involving

linear inequalities over absolute times for event occurrences.



1.3 Thesis Outline

Chapter 2 describes an overall development methodology for real-time reactive systems. It includes outlines
of an abstract real-time reactive object model, a formalism based on the abstract model, a software devel-
opment environment built upon the formalism, and a process model where the software engineering stages
are supported by the development environment. The chapter also includes sketches of the UML modeling
language and the PVS verification system. Chapter 3 provides a survey of work related to object-oriented
modeling of real-time reactive systems. formal semantics for object modeling techniques, and formal verifi-
cation of real-time systems. Chapter 4 describes RTUML., the UML-based object-oriented specification tech-
nique for real-time reactive systems. It outlines the extensions brought to UML, along with well-formedness
rules for the hybrid notation, for capturing real-time behavior. It includes a case study based on a distributed
navigation controller to illustrate the visual modeling technique and how formal specifications can be derived
from the visual models. Chapter 5 describes denotational semantics for the UML-based modeling technique
for real-time reactive systems, and operational semantics for the abstract reactive object model in the speci-
fication language of PVS. This exercise includes defining the semantic domain for real-time systems, and a
semantic mapping from the model elements in the notation to concepts in the semantic domain. It includes an
OCL specification of the operational semantics for the abstract reactive object model. Chapter 6 introduces a
methodology for mechanized verification of time-dependent properties in the UML-based design of real-time
systems. [t includes a description of how an axiomatic description of a real-time system in PVS specification
language can be derived from formal design specifications of a real-time system. Chapter 7 concludes the
thesis with an outline of the research contributions, and future work.



Chapter 2

Background

T he TROMLAB development environment for real-time reactive systents
integrates formal methods in every stage of the development process. It
supports a process model for iterative development, and provides facili-
ties for modular design of generic reactive classes, modular composirion
of objects to build subsystems, and analysis of system behavior, combin-
ing simulation and verificarion. The Unified Modeling Language is being
widely accepted as an object-oriented design notation for industrial ap-
plications. However, several aspects of the notation need ro be made
precise for it to be accepted as a language supporting rigorous analy-
sis. The Prototype Verificarion System is being used for verification of
complex sofrware systems, especially in the aeronaurics indusrry.



2.1 Introduction

This chapter is organized as follows. Section 2.2 describes a development methodology for real-time reactive
systems, that is centered around the TROMLAB software development environment. The section includes
a description of an abstract real-time reactive object model, and gives an informal description of the TROM
formalism, including its syntax. It briefly describes the computational model on which the simulator is built.
and on which the proposed verification methodology is based. Finally, it outlines the stages in the underlying
process model. Section 2.3 outlines the characteristics of the Unified Modeling Language, and sketches its
metamodel, abstract syntax, and well-formedness rules. Section 2.4 gives a brief introduction to the Prototype

Verification System, its specification language, and its reasoning system.

2.2 Development Methodology

Our goal is to build a software development environment supporting modeling. design, validation. and ver-
ification of real-time reactive systems. The complexity of reactive systems advocates the use of a formal
framework with tool support for the design and experimentation processes. The benefits of this methodology
include the execution of formal specifications prior to implementation, rigorous analysis of design specifi-
cations. and verification of time-dependent properties in the design. When used in industrial contexts, this
approach reduces maintenance and revision costs due to design errors, thereby promoting the dependability
of the system and an overall reduction of development costs in the life-cycle of the system.

A significant aspect of the proposed development methodology for real-time reactive systems is the in-
tegration of formal methods with UML notation. The benefits of formal methods in reactive system devel-
opment are many-fold. The constructs in a formal specification language have well-defined meanings. Any
term other than the ones provided in a formal specification language is required to be defined by the specifier.
Formal specifications can be subjected to formal deductions. Due to these reasons, imprecisions, ambiguities,
and inconsistencies in the requirements can be removed. Within a formal framework, it is possible to conduct
a rigorous analysis of software requirements for detecting safety-related software errors in embedded systems
before their deployment. Formal specifications of component descriptions, interface descriptions, time de-
pendent controls, and protocols for object collaborations break the complexity barrier in system design, and
enable rigorous system reviews through validation, and verification.

The abstract reactive system model [Ach95] has three tiers: (i) mathematical abstractions of data models
used in specifying a reactive object, (ii) reactive objects with time-constrained stimulus-response behavior,
and (iii) object collaborations. The three tiers independently specify abstract data types, generic reactive
classes, and system configurations, respectively. Abstractly, a reactive object is a hierarchical finite state ma-
chine augmented with ports, attributes, logical assertions, and time constraints. Reactive class specifications
include abstract data types specified as LSL (Larch Shared Language) {GH93] traits. Ensuring consistency
and completeness of data type specifications involves constructing proofs using Larch Prover. Hoare-style
specifications for state transitions may involve assertions on operations from the abstract data types. The
specification style supports nondeterminism, allowing refinements and reuse. A subsystem specifies instanti-
ations of generic reactive classes, links to configure interaction channels among the objects, and compositions

of subsystems.



The formalism is sufficiently expressive for modeling reactive systems. The benefits derived from the
object-oriented technique include modulariry and reuse, encapsularion, and hierarchical decomposition us-
ing inheritance. Encapsulation in reactive systems is meaningful in associating attributes, properties, logical
assertions, and timing constraints with specific classes of entities. Large and complex systems can be devel-

oped incrementally by composing. verifying, and integrating subsystems.

2.2.1 Abstract Real-Time Reactive Model

Identifying the requirements of a reactive system involves stating properties that are expected of the system.
Since properties hold over a period of time, it is more appropriate to associate them with time intervals rather
than with time points. For instance, the property “as long as the pressure is high, the safety valve remains
open”. implicitly projects an interval notion of time. A property holding over a time interval can be refined
to a more detailed level that introduces subintervals. However, an occurrence of an event takes an infinitely
small amount of time. In our model, an event f occurring at time ¢ may trigger another event e to occur at
some point during a finite interval [a,b], b > a > 0, relative to time ¢. That is, although actions may take
an interval of time, and properties may hold over an interval of time, process reactions occur at points in a

discrete time domain.

Unit of Modeling

A reactive object can be conceived through a model capturing two distinctive aspects, structure and behav-
ior. We encapsulate the properties of a reactive object in an augmented hierarchical finite state machine. A
reactive object is assumed to have a single thread of control. The communication mechanism is based on syn-
chronous message passing. A message involves an evenr occurrence at a porr of the reactive object. signifying
a transmission: the recipient object receives the message instantaneously. The processes invoived in a commu-
nication are tightly coupled in conformance with the synchrony hypothesis of Berry and Gonthier {BG92a].
A port abstracts an access point for bidirectional communication between reactive objects. The port rype
dictates the set of messages allowed at the port. Instances of a generic reactive class conform to the same
functional and temporal behavior; their structure differ only in the number of ports for each port type.

A reactive object consists of port types, events, states, attributes, LSL traits, an attribute function. tran-
sition specifications, and time constraints. A state can be simple, or complex with substates. The attribute
function defines the association of attributes to states; for a computation associated with a transition entering
a state, only the attributes associated with that state are modifiable. A transition specification describes the
computational step associated with the occurrence of an event. The values of the attributes disambiguate non-
deterministic transitions. A time constraint associates a reaction with a transition: the reaction corresponds
to firing an output or an internal event within a time interval subsequent to the transition. An occurrence of
the transition causes the constrained event to be enabled: the enabled reaction is disabled if the object enters
one of the disabling states associated with the time constraint.

An input event results from an incoming interaction defined by an external stimulus. the current state
of the object, and the port constrained by the porr-condition on the transition. An event occurrence causes
a computation, updating the current state and the artributes specified by the attribute function. The port-
condition constrains the ports at which an interaction can occur based on the values of the attributes. A state
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update may result in the disabling of an outstanding reaction. Based on the status of a global clock, an
outstanding reaction may be fired in the form of a transition. An output event fired as a result of a reaction
corresponds to a response through a port specified by the port-condition of the transition specification.

This abstract model of a reactive object incorporates four kinds of nondeterminism: (i) Control nonde-
terminisn: at any state, there may be a number of valid choices concerning the transition to be fired; (ii)
Interaction nondeterminism: at any time, there may be a number of choices conceming the port at which the
event associated with the transition to be fired can occur, as specified by the port-condition. A reactive object
can implicitly exhibit nondeterminism in selecting the entity in its environment with which to interact; (iii)
Timing nondeterminism: the time constraints associated with an object specify minimum and maximum time
delays between trigger and response, allowing the object to choose the appropriate delay to exhibit: (iv) Com-
putation nondeterminism: the computation associated with each transition, as specified by the postcondition,
can be abstract and include nondeterministic constructs.

The port-condition together with the temporal ordering of events asserted by the state machine provides a
means for specifying patterns of interaction between objects in the system. The model allows the specification
of several typical real-time features such as minimal and maximal delays, exact occurrences, and periodicity
of event occurrences, in combination with temporal relations on stimulus and response. The model also
provides encapsulation of timing constraints by precluding an input event from being a constrained event,
precluding a reactive object from enforcing any timing constraint on the occurrence of input events, since

these are under the control of the environment.

2.2.2 TROM - Timed Reactive Object Model

Informally. an object defined in TROM [Ach95] consists of the following elements:

e A set of events partitioned into three sets: input, output and internal events. The input and output events
represent message passing and are suffixed by the symbols ? and !, respectively.

e A set of states: A state can have substates. An initial state is marked by the symbol *.

o A set of typed anrributes: The attributes can be of one of the following two types: (i) an abstract data

type signifying a dara model; (ii) a port reference type.

e An artribute-function defining the association of attributes to states. For a computation associated with
a transition entering a state, only the attributes associated with the state are modifiable and all other

attributes will be read-only.

o A set of rransition specifications: Each specification describes the computational step associated with
the occurrence of an event. A transition specification has three assertions; a pre- and a post-condition
as in Hoare logic, and a port-condition specifying the port at which the event can occur. The assertions

may involve the attributes, and the keyword pid (port-identifier).

e A set of rime-constraints: Each time constraint specifies the reaction associated with a transition. A
reaction is the firing of an output or an internal event within a defined time period. Associated with a
reaction is a set of disabling states. An enabled reaction is disabled when the object enters any of the

disabling states of the reaction.
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Class < identi fier > [< port types >]
Events:
States:
Attributes:
Traits:
Attribute-Function:
Transition-Specifications:
Time-Constraints:

end

Figure 3: Template for Class Specification.

Subsystem < identifier >
Include:
Instantiate:
Configure:

end

Figure 4: Ternplate for System Configuration Specification.

A formalization of the abstract real-time reactive model is necessary in order to provide a formal seman-
tics to support rigorous design analysis, and reasoning about time-dependent properties such as safety and
liveness. A formal definition of the components of the abstract real-time reactive object model is available
in [Ach95]. The grammar of the specification language is a direct derivative of the formal definition of a
reactive object. While being concise, it supports the description of timing constraints, transition specifica-
tions with logical assertions, abstract data structures, system configurations allowing object collaboration and
synchronization. Figure 3 shows the syntax for formal description of a generic reactive class. The keyword
Class introduces a reactive class with its identifier and its associated port types with parametric cardinality.
The sections labeled with the keywords Events, States, Attributes. Traits, Attribute-Function, Transition-
Specifications, and Time-Constraints capture the structure and behavior of instances of the reactive class.

A system configuration specificarion defines a subsystem by creating instances of generic reactive classes,
and configuring the communication topology among these objects and others from imported subsystems.
Figure 4 shows the syntax for describing a subsystem. The template includes the keyword Subsystem
introducing the identifier for the subsystem, and sections labeled with the keywords Include, Instantiate. and
Configure. The Include clause is for importing other subsystems. The Instantiate clause defines reactive
objects by parametric substitution to cardinality of ports for each port type, and initializing attributes in the
initial state of the object. The Configure clause defines a configuration by linking ports of communicating
objects specified in the Instantiate clause and in subsystems imported through the Include clause.

The composition operator < sets up communication links between compatible ports of interacting ob-
jects. Two ports are compatible if the set of input (output) messages at one port and the set of output (input)
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messages at the other port are equal. The compatibility relationship on ports is symmetric but not transitive.
A link A;.@c; « B;.@p; in the Configure clause connects the port c; of object A; and the port p; of object
Bi.. The configuration mechanism allows one-to-one, one-to-many, and many-to-many relationships between
communicating objects, and effectively determines the set of all message sequences in a collaboration.

TROM Computation

The status of a TROM object captures the state in which the TROM object is at that instant, the value of
the attributes at that instant as reflected in the assignment vector, and the timing behavior of the TROM
object as specified in the reaction vector. The reaction vector associates a set of reaction windows with each
time constraint, where a reaction window represents an outstanding timing requirement to be satisfied by the
output event or the internal event associated with the time constraint. When the reaction vector is null. the
TROM object is in a stable status.

The occurrence of an activity, stipulated by an interaction with the environment or by an internal transi-
tion, leads to a change in the status of the TROM object. The current state of a TROM object, its assignment
vector, and its reaction vector can only be modified by an incoming message. by an outgoing message, or
by an internal signal. The status of a TROM object is thus encapsulated, and cannot be modified in any
other way. A computational step may result in the enabling of a time-constrained reaction. the disabling of
an outstanding reaction, and the firing of an outstanding reaction in the form of a transition. The firing of a
reaction may lead to the generation of an output event at a port specified by the port-condition.

A computational step [Ach95] of a TROM object is an atomic step which takes the TROM object from
one status to its succeeding status as defined by the transition specifications. Every computational step of
a TROM object is associated with a transition in the TROM object; and every transition is associated with
either an interaction signal. an internal signal. or a silenr signal. A computational step occurs when the
TROM object receives a signal and there exists a transition specification such that the following conditions
are satisfied: the triggering event for the transition is the event causing the signal; the TROM object is in the
source state or a substate of the source state of the transition specification: the port-condition is satisfied if the
signal is an interaction: and the enabling condition is satisfied by the assignment vector. The effects of the
computational step are: the TROM object enters the destination state or the entry state of the destination state
of the transition specification; the assignment vector is modified to satisfy the post-condition: and the reaction
vector is modified to reflect the firing, disabling. and enabling of reactions. The status of a subsystem is the
set of statuses of the TROM objects in the subsystem. The computation of a TROM object is a sequence of
computational steps.

Each computational step is associated with a transition in the state machine of the TROM object. Any
transition leaving the current state of the TROM object can define the computational step, provided the
assignment vector satisfies the enabling condition. Thus. the source state of the transition can be the current
state of the TROM object, or a superstate of the current state. After the transition is taken, the current state
will be the destination state of the transition, or its entry state if it is a complex state. The port at which
an interaction occurs must satisfy the port-condition associated with the transition, thereby constraining the
objects with which the TROM object can interact at that instant.

A computational step causes time-constrained responses to be activated or deactivated. If the constrained
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event of an outstanding reaction is the event associated with the transition, and the time of occurrence of
the event associated with the transition is within the reaction window of the outstanding reaction, then the
reaction is fired. If the destination state of the transition associated with a computational step is a disabling
state for an outstanding reaction, then the reaction is disabled. Whenever a reaction is time-constrained by the
transition associated with the computational step, the reaction is enabled. Several reactions can be either fired,
disabled, or enabled in a computational step. The operational semantics ensures that time cannot advance past
a reaction window without either firing or disabling the associated outstanding reaction. The behavior of a
TROM object is described by the infinite sequences of computational steps it can undergo. The computation
of a TROM object is a sequence of alternating statuses and signals, where the transition between each pair of
successive statuses is described by a computational step. If the sequence of steps is finite, then the terminating

status is a stable status.

2.2.3 TROMLAB Development Environment

TROMLAB [AAM96] is a prototype object-oriented software development environment for real-time reac-
tive systems. The development environment includes a front-end linked to Rational Rose for visual modeling.
a simulator, a validation assistant, a verification assistant. a graphical user interface, and a browser for navigat-
ing through libraries of reusable components. The environment provides a two-pronged strategy to contain
complexity: the object-oriented framework for modeling reactive systems supports iterative system design
and minimizes design complexity; the animator and the verification system provide the tool support neces-
sary for validating design against requirements and verifying time-dependent properties during the evolution
of design. The specification environment of TROMLAB allows users to develop syntactically and seman-
tically correct TROM classes, models describing the behavior of reactive objects. The design environment
supports an incremental development of systems built on TROM objects and other subsystems. The facilities
provided support design debugging, simulating a computational step and analyzing its consequences. and ver-
ifying time-dependent properties of an evolving design. Figure 5 shows the architecture of the development
environment. The TROMLARB environment allows

e various levels of abstraction for the reactive entity. the reactive system, and the data structures;
e design-time debugging and system validation: and
e formal verification to guarantee safety.

An important goal of animating the simulation process is to facilitate design-time debugging, and vali-
dating design against requirements. Simulation allows observing the behavior of a system through a trace
analysis of the simulated scenarios. The configuration of formally specified subsystems are validated, and
timing constraints and properiies are verified during the simulation process. Trace analysis of simulation
scenarios provide invaluable insight into the behavior of the objects in the configuration, the subsystems
incorporated. and the reactive system as a whole.

A simulation model supports the detection of flaws in a system design. Such a model introduces pre-
dicrabiliry for properties that have to be maintained in the future. Sufficient information is required in the
validation assistant to analyze and deduce reasons for a specific behavior. The computational history of event
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traces allows the user to roll the simulation clock backward to detect and fix flaws in the design. The sim-
ulation process is also capable of predicting the behavior in order to analyze the properties that have to be
maintained in the future. Consequences of refinements, changes to event occurrences, and time constraints
can be analyzed before changes to the design are agreed upon. Incorporating a reasoning system in the sim-
ulation environment allows the use of deduction to verify properties of the system under development, based
on the history of computational steps. Both validation and verification facilities are integrated in one toolset,
for analyzing the behavior of the system under development during design evolution. The development en-
vironment supports modular design of reactive classes, modular composition of objects to build subsystems,
and analysis capabilities which combine simulation and verification.

Animation Tool

We have developed a validation tool [Mut96, AMA96a] supporting simulation of reactive models and formal
reasoning. The specification environment includes a grammar supporting the formal description of TROM
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classes and subsystem configurations. The TROM specification of a reactive object is presented as a class
definition. A class definition follows strictly the formal definition of TROM [Ach95]. Type-checking fa-
cilities are provided by a static analyzer incorporating an interpreter. The interpreter performs lexical and
semantic analysis on the class definitions, and on the specification of system configurations. While parsing
the specifications. the interpreter constructs an internal representation of the data. This abstract syntax tree
is subsequently used by the interpreter for semantic analysis, by the verification assistant to generate axioms
for classes and subsystems, and by the simulator to access the static components of a TROM object. The
semantic analysis allows a rigorous static inspection of the data types involved in the TROM classes and
subsystems.

Debugging facilities include freezing the simulation and activating the validation tool. When the simula-
tion is frozen, the user can interact with the process to inject input events, and query the behavior of the system
being simulated. The user can walk through the event trace and examine the history of the simulated scenario,
roll back to an earlier instant in time and restart from that point. Due to environmental changes, requirements
of a real-time reactive system may evolve throughout the life of a system. Registering requirements, relat-
ing requirements to objects that are affected by it, and knowing the relationship among the requirements are

important to the development process.

2.2.4 Process Model

The development methodology fits the process model shown in Figure 6, whose merits include iterative
development, incremental design, and formalism application. The process model was introduced in [Ach95];
it has been adapted to incorporate mechanized verification. The construction of a visual model of a reactive
system abstracts from functional and timing requirements. desired properties, and environmental constraints.
From the visual model, a translation mechanism yields a formal model of the reactive system. The other
stages involve design validation, and formal verification of the design specifications.

The desired progerties of a reactive system are usually not expressible as the behavior of the software
unit alone, instead they are statements about the cooperation between the software unit and the environment.
Hence. to guarantee acceptable behavior of the software unit. a set of environmental behavior on which the
software unit can rely has to be given. Therefore, a formal model of a reactive system is composed of a model
of the software unit and a model of the environment in which it is embedded. Such models are called closed
svstem models, since they are completely self-contained [Lam91]. In contrast, open system models do not
define the behavior of the environment. The first step is to identify and formalize the desired properties of the
physica! environment. the context in which the final system is to operate. A formal environmental model is
constructed by further abstracting these properties. Following this, a formal model of the software unit con-
trolling the reactive system is designed. This stage involves identifying functional and timing requirements
and producing their formal descriptions.

Validation of the design against requirements relies on simularion of system behavior using the formal
model. Simulation uses the formal model to generate observable behaviors that can be directly related to
requirements for analysis. Consequences of refinements, changes to event occurrences, and time constraints
can be analyzed before changes to the design are brought about. Flaws resulting from incorrect function-
alities and inconsistent timing constraints call for a redefinition of the formal model of the reactive unit.
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Figure 6: Process Model for Real-Time System Development.

This iterative process of redesign and simulation proceeds until only acceptable behaviors are apparent in the
formal model. Facilities for simulation. debugging. analysis, and reasoning about real-time reactive systems
specified according to this formalism are available in a development environment {AAM96].

Verification allows ascertaining the satisfaction of certain properties in a design to a high level of confi-
dence. When building a system for use in safety-critical contexts, rigorous analysis of the system becomes
imperative. Verification starts after concluding the validation cycle. From the formal model, we derive ax-
ioms describing the dynamic aspects of the system. The desired properties of a reactive system are usually not
expressible in terms of the behavior of the unit alone; instead, they are statements about interaction between
the unit and its environment. To guarantee an acceptable behavior of the unit, environmental properties on
which the unit can rely have to be provided. The desired properties become theorems to be proved from the
axioms specifying the dynamic model of the system. When a certain property cannot be praved, we rede-
fine system requirements. and redesign the system to obtain a revised formal model. After completing the
verification process, we proceed to develop an implementation of the reactive unit from the formal model.

2.3 UML - Unified Modeling Langu.:ge

Several notations have been proposed for modeling softwarc systems in an object-oriented style, including
OMT, Fusion, and the Use Case approach. Recently, the Object Management Group undertook to unify the
notations with a view to defining an industrial standard. This led to the formulation of UML as a set of
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modeling diagrams. This section outlines the following components of the UML notation: static structure

diagrams, use case diagrams, sequence diagrams, collaboration diagrams. and statechart diagrams.

Static Structure Diagrams

Staric structure diagrams include class diagrams and object diagrams, describing the attributes. and opera-
tions of classes and objects. Parameterized classes (templates) can be described with unbound formal param-
eters to describe a family of classes. The externally visible operations of a class can be specified through
class interfaces. The notatica introduces the classifier concept to group the following model elements: class,
dararvpe. and interface. A class can be specialized into a rype to characterize a changeable role of an object.
or into an implementation class to define the data structure and procedures of an object. The relationship
realizes models the implementation of a type in a programming language by an implementation class.

Static structure diagrams show relationships between classifiers, such as associations and generalizations
(specializations). Types of associations include aggregarion and composition aggregation. Associations can
be binary. ternary. or higher-order. An association can be qualified using qualifiers representing attributes
of the association. Multiplicity for roles within associations can be specified. An instance of an associa-
tion is described as a link. Composite objects can be described, implying a composition aggregation. A
generalization describes a subtyping relationship: inheritance is defined using subtypes and supertypes.

Use Case Diagrams

A use case model describes how external objects use the functionality of a system to perform a specific task.
The elements of a use case model include acrors. use cases, communication associations between use cases
and actors, and generalization relationships among use cases. A use case corresponds to a unit of functionality
provided by a system. An actor represents the role of an external object interacting directly with the system.
within the context of a use case. The communicates relatdonship between an actor and a use case signifies the
participation of the actor in the use case. The exrends relationship between use cases indicates the possible
inclusion of the behavior specified by a use case in an extender use case. The uses relationship between use
cases indicates the inclusion of the behavior specified by a use case in a user use case.

A use case characterizes the set of all messages exchanged between a system and actors, as well as actions
performed by the system, in the context of a task. It is an abstraction of possible scenarios for a function of
the system. A scenario models an ordered sequence of messages among objects collaborating for system
behavior. An instance of a use case describes the specific sequence of messages corresponding to a scenario.
Different scenarios of a given use case correspond to permutations of object interactions [Dou98b].

Sequence Diagrams

A sequence diagram shows a time sequence of messages exchanged between collaborating objects as part of
an interaction. The objects participating in the interaction are shown by their lifeline. Relationships between
the objects, such as associations, are not shown. A sequence diagram can be either generic showing all
the possible sequences of message exchange between the objects, or an instance of interaction showing one
possible sequence of messages. A sequence diagram shows the existence and duration of the object in a role
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within a collaboration. Conditionality is represented by the splitting of an object lifeline into one or more
concurrent lifelines. Although the time axis usually shows the sequence only, it can be used as a metric. An
activarion captures the focus of control, and indicates the performance of an action by an object. It also shows
the time period for performing the action.

A message can correspond to a procedure call, an asynchronous message, the sending of a message from
one object to another without yielding control or the yielding of a thread of control in a concurrent system,
branching with guard conditions, or iteration indicating multiple occurrence of a message. The transition
rinte of a message can be indicated using the sending and receiving times. These times are specified using
identifiers, which can be used in expressing timing constraints. Messages can be atomic or non-atomic.

Collaboration Diagrams

A collaborarion is a static construct representing objects involved in an operation or a use case, and rela-
tionships among the objects, such as associations, that are meaningful to the purpose. The collaboration thus
describes the context in which the behavior occurs for the given operation or use case, that is the context in
which interactions can occur. A collaboration can be generic, such that the participants in the collaboration
can be given as parameters. A parameterized collaboration can capture a design pattern, in which case the
collaboration is not attached to an operation or use case. A collaboration can be refined to obtain another
one with finer granularity. An interaction is obtained by adding a sequence of messages to a collaboration.
Different interactions can be obtained from the same collaboration, by including different sets of messages.
An interaction is a behavioral specification that uses a message sequence to show how the objects in a collab-
oration accomplish a purpose. such as an operation or a use case.

A collaboration diagram represents a collaboration showing the relationships among the object roles.
and an interaction among the objects. The sequence of messages exchanged among the objects and the
concurrent threads are determined by the sequence numbers of the messages. Objects may be designated as
new, destroyed, or transient, to show changes in their life state. The roles in a collaboration correspond to
class references and association references, corresponding to the type of objects that can play the role. Each
role is bound to an actual class supporting the operations required of the role. When the collaboration is
used, each role is bound to an actual object. Multiobjects corresponding to sets of associated objects can be
included in a collaboration. Objects can be active, owning a thread of control, or passive, holding data but
not initiating control. The creation and destruction of objects during an interaction can be marked with the

markers: new and destroyed.

Statechart Diagrams

A statechart diagram is an extended finite state machine showing all possible sequences of states through
which an object or an interaction can go through in response to stimuli that it receives. It captures the
responses and actions of the object or interaction. A state machine is attached to a class or a method. A
stare captures a condition during the life of an object or interaction, during which it is performing an action.
waiting for an event, or satisfying a condition. Such an action is atomic and non-interruptible; however. a
state may correspond to an activity, in which case the state corresponds to a nested state machine. A state
can be decomposed using and and or relationships, into concurrent substates, and mutually exclusive disjoint
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substates respectively. An evenr corresponds to an occurrence that can trigger a state transition. Events may
be of the following types: ChangeEvent, SignalEvent, CallEvent, and TimeEvent. The conditions associated
with a ChangeEvent and a TimeEvent can be specified using the keywords when and afier respectively.

A rransition describes a relationship between two states such that an object in the first state will enter the
second state and perform a certain action if a given condition is satisfied. Events may be parameterized, and
are processed one at a time. When an event triggers more than one transition, the choice of transition may
be nondeterministic. A complex transifion may have multiple source states and target states, representing
synchronization or splitting of control into concurrent threads. Such a transition is enabled only when all the
source states are occupied. All the target states are occupied after the transition fires.

A transition to a complex state signifies a transition to the initial state of the complex state, or to the
initial state of each of its concurrent substates. A message is sent by an action in an object to a target set
of objects. An internal transition is one in which the transition remains within a single state. It corresponds
to the occurrence of an event that does not cause a change of state. A self-transition involves the execution
of the exir and enrry actions on the state, and the initial state to be entered. An internal transition does not

involve the exit and entry actions, and does not cause a state change.

2.3.1 Ciritical Review of UML Notation

For a rigorous analysis of design specifications, it is imperative that relationships between components of
the notation are brought out. These relationships represent constraints on the model. and should be analyzed
to ensure consistency across UML. diagrams capturing different aspects of the design. We analyze UML
notation to gather insight into how inconsistencies can be avoided. We then compare UML notation with the
TROM formalism [Ach95], and analyze the commonalities between the two notations.

Relationships among Components of UML Notation

UML uses an assortment of diagrams to capture different aspects of system design; however, certain model
elements occur in more than one diagram. Such relationships among components of the notation are not
brought out by the semi-formal semantics given in the UML Semantics document [OMG99]. Consequently.
it is hard to establish consistency among the modeled components and to ensure the presence of requirements
(properties) across UML diagrams capturing a system design. Inconsistencies among different components of
a design may remain undetected. To remedy this situation, we identify and formalize the relationships among
the components of the notation. The formal description of these relationships is included in the formalization.

Static structure diagrams capture the static features of objects, including their attributes and operations.
and relationships such as associations and generalizations among classes and objects. The static structure
of an overall system design can be specified in terms of these diagrams. On the other hand, collaboration
diagrams depict collaborations among sets of objects cooperating to perform specific tasks, as well as inter-
actions capturing sequences of messages exchanged between the objects in a collaboration. It can be observed
that collaborations showing associations among objects can be projected from the static structure diagrams
describing the overall system.

Sequence diagrams include time sequences of messages exchanged between objects to capture interac-
tions. Collaboration diagrams include messages exchanged between objects during interactions. Messages in
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collaboration diagrams are tagged with a sequence number, such that the sequence of occurrence of messages
in an interaction can be derived. The sequence of messages derived from a collaboration diagram corresponds
to the sequence of messages contained explicitly in the sequence diagram capturing the same interaction. Ac-
cordingly. the set of objects included in a collaboration diagram matches the set of objects included in the
corresponding sequence diagram.

Statechart diagrams represent sequences of states in which an object or interaction goes through during its
lifetime. Transitions from one state to another result from the occurrence of certain events. When more than
one object is involved in an event occurrence, the event corresponds to a message exchanged between the
objects. Consequently, this event can be mapped onto a message in the corresponding interaction diagrams
(sequence diagram and collaboration diagram). Moreover, timing constraints on the occurrence of events,
and on responses to such events, given in statechart diagrams must match those given in sequence diagrams.

Comparison of UML Notation with TROM Notation

We analyze the static structure of TROM models, as well as its dynamic aspects. to compare the design
notation with corresponding UML constructs. Constructs corresponding to the static features of a TROM
class. namely lists of port types, ports. events, states, attributes, attribute functions, and LSL traits, can
be captured in UML static structure diagrams and statechart diagrams extended with timing constraints on
transitions. A composition aggregation association can be used to describe the incorporation of instances of
an LSL trait in a TROM class.

Transition specifications, defining the dynamic behavior of a TROM object, can be captured in a stat-
echart diagram. The port, enabling, and post conditions of a transition specification can be expressed as
Boolean expressions associated with transitions between states in the statechart diagram. Timing constraints
on reactions to stimuli can be captured in a statechart diagram, where the constraints are specified as Boolean
expressions involving logical clocks. In a sequence diagram. identifiers associated with occurrences of events
can be used in expressing timing constraints.

The configuration of a subsystem with instances of TROM classes can be described in a UML collab-
oration diagram. A subsystem included in another subsystem can be described by a distinct collaboration
diagram; however, an interaction involving objects from different subsystems need to be described by a col-
laboration diagram incorporating the objects participating in the interaction. A collaboration diagram also
captures the configuration of a subsystem in specifying which objects interact with an object. and conse-

quently, which messages are transmitted in the interaction.

2.4 PVS -Prototype Verification System

An automated reasoning system needs to provide both an expressive logic and powerful automation to be
able to support mechanical verification. The specification system should provide a sound logic allowing clear
and abstract specifications. The strategies provided should be sound and readable for difficult theorems. A
verification system can be used to detect flaws in the design at an early stage, thus reducing the costs of
remedying faulty systems.

PVS [ORS92] consists of a specification language based on higher-order logic, and an interactive proof
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checker that uses powerful arithmetic decision procedures. It includes a parser. a pretty-printer, and a type-
checker, allowing the development of specifications in a concise and consistent manner. The logic of PVS
is strongly typed, with a rich type system. The specifications are written as parameterized theories, with
constraints attached to the parameters. The types in a specification also can have constraints attached to
them. The language allows the definition of abstract data types, predicate subtypes, and dependent types.
The proof checker supports the efficient development of proofs. It impiements a set of powerful primitive
inference rules. and a mechanism for composing these rules into proof strategies. This is useful in composing
frequently used patterns of rules into a single step. The PVS system also allows rerunning proofs.

The Choice of PVS - Justification

We need 1o describe the semantics of UML notation in a formal way to allow precise description and analysis
of the behavior of objects and subsystems. PVS specification language suits the requirements of a notation in
which well-formedness rules, invariants, and constraints can be precisely specified. UML semantics described
in PVS specification language serves as both a communication mechanism and a proof mechanism.

There is an increasing demand on the construction of provably correct software systems in strategically
important areas, such as the aerospace industry and NASA projects. The current status of formal meth-
ods integration in industrial-strength software development includes applications in areas such as avionics.
telecommunications and nuclear power plants. PVS is being explored as a tool for specification and veri-
fication for mission-critical software in NASA projects [LA94]. Experience gained from these studies are
reported in two NASA guidebooks [NAS95] [NAS97]. Easterbrook et al. [ELC98] give an extensive expe-
rience report on the use of PVS for design analysis in NASA projects, and how PVS is being groomed for
use in the integration of formal methods in the development process of safety-critical systems.

The higher-order logic of PVS, together with its rich and rigorous type system, brings lot of expressive
power to the specification language. This makes PVS suitable for formally describing semantics of complex
structures, as those used for the abstract syntax and well-formedness rules of UML notation. Moreover, PVS
supports the specification of abstract data types in a concise and efficient way, with the automatic generation
of axioms and functions capturing the intended properties of the data types. Another aspect of PVS is its
powerful reasoning system. [t supports a wide range of decision procedures, provides an extensive set of
proof commands, and supports interactive proof construction. These features make PVS well-suited for
stating time-dependent properties and verifying their presence in design specifications. Shankar [Sha93]
gives a theory of time, and a computational model for specification and verification of real-time systems.

PVS Specification Language

PVS specification language allows abstract data types, programs, specifications, axioms, lemmas and theo-
rems to be described within theories. Theories can be parameterized, and an Imporr clause allows theories
and instances of parameterized theories to be included in other theories. PVS prelude includes a rich set of
theories and abstract data types capturing a wide range of mathematical models. PVS augments classical
higher-order logic with

o a sophisticated type system containing predicate subtypes and dependent types,
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e parameterized theories, and
e a mechanism for defining abstract data types in a concise way.

Standard PVS types include numbers, records, tuples, arrays, functions, sets, sequences, lists, and trees.
This combination of features in the PVS type system is convenient for specification, but makes type-checking
undecidable. The PVS type-checker copes with this undecidability by generating proof obligations for the
PVS theorem prover; most of these proof obligations can be discharged automatically. Moreover, this mech-
anism allows PVS to enforce strong checks on consistency and other properties.

PVS Theorem Prover

Theorem proving in PVS is based on sequenr calculus: a sequent consists of a set of antecedent formulas and
a set of consequent formulas. In proving a theorem, we demonstrate that the conjunction of the anrecedents
implies the disjunction of the consequents. PVS includes an extensive set of proof commands, classified as
primitive rules, defined rules, and strategies. The logic of PVS is described in terms of inference rules; the
primitive rules are derived mainly from these inference rules. The defined rules are obtained by composing
primitive rules into more complex commands. Strategy constructors allow the user to define strategies based
on patterns of inference steps. In addition to the defined rules and strategies provided, user-defined proof
commands can be included in the system.

PVS is a powerful interactive theorem prover/proof checker. Its basic deductive steps are based on atomic

commands for
e induction.

e quantifier reasoning,

simplification using arithmetic and equality decision procedures and type information.

e propositional simplification using binary decision diagrams, and

automatic conditional rewriting.

The proof construction process is managed by prompting the user for a suitable command for a given
subgoal. Execution of a command can generate further subgoals, or complete a subgoal and move the control
over to the next subgoal in a proof. User-defined proof strategies can be used to enhance the automation
in the proof checker. Model-checking capabilities used for automatically verifying temporal properties of
finite-state systems have been integrated into PVS.

Completeness in Datatype Specifications

PVS provides a powerful mechanism for defining abstract data types. A PVS data type is specified by
providing a set of construcrors along with associated accessors and recognizers. A data type declaration
is of the form



adt : DATATYPE

BEGIN
cons;{accyy : Ty, ..., acey,, * Ty, )1 rec,
consz(accy; : Tay. .--, @CCay. © Ta.) I recy
END adt

where the cons; are the constructors, the acc;; are the accessors. the T;; are type expressions, and the
Tec; are recognizers. Each line is referred to as a constructor specification. A specification for the srack

data type is

stack [t: TYPE]: DATATYPE
BEGIN
empty: emptystack?
push(top: t, pop: stack): nonemptystack?
END stack

In this specification. empty and push are constructors. top and pop are accessors, and empty-stack? and
nonemptystack? are recognizers of the parameterized stack type.

When a data type is typechecked, a new theory is created that provides the axioms and induction prin-
ciples needed to ensure that the data type is the initial algebra defined by the constructors. The generated
axioms relate the constructors, accessors and recognizers introduced for the abstract data type. For instance.
exrensionaliry and era axioms are generated to define equality on instances of the abstract data type. Other
axioms are included to define well-foundedness rules, and to support well-founded subterm ordering relations
and strong forms of induction. The functions every and some are generated to establish the truth value of a
predicate in existentially and universally quantified formulas on the data type. Two functions are included to
define a generic map on the abstract data type. These generated axioms and functions must often be man-
ually augmented with additional axioms and function definitions capturing other properties of the data type
to ensure completeness of the data type specification. A data type specification is complete if every intended
property of the data type can be deduced from the axioms.

The rich type system of PVS is supported by the generation of proof obligations, called type constraint
condirions (TCC's), which can be discharged by the proof checker. In proving a theorem, subproofs may
require discharging some of these obligations. This can often be done by invoking the predicates used in sub-
typing. the axioms generated for abstract data type definitions, and user-defined axioms capturing additional
properties of these data types. Whenever a proof cannot be discharged, it is due to the incompieteness of the
specifications. To remedy this situation, we need to include more properties in the data type specifications.
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Chapter 3

Literature Survey

Several norations have been proposed for modeling real-time reactive
systems in an object-oriented style. However, since several of them
are mostly object-based, few actually reap the full benefits of object-
orientation. Since the inception of UML. several researchers have been
working either on its formalization, on providing formal semantics for
the notation, or on both in parallel. In most cases, the work focused on a
subser of the notation, and ignored the other kinds of diagrams. Formal
verification has been proposed for safety and liveness properties in the
conrext of safety-critical systems. The rwo main approaches (o verifica-
rion are model-theoretic where a given temporal formula is applied to the
constructed model, and proof-theoretic reasoning where logical deduc-
tions are applied to demonstrate that a lemma is a logical consequence
of a set of axioms.
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3.1 Introduction

This chapter describes work related to visual modeling of real-time systems, formal semantics for object
modeling techniques, and formal verification of real-time systems. Section 3.2 surveys work related to
object-oriented modeling of real-time reactive systems. We study different modeling techniques, and draw a
comparative analysis with the proposed methodology. Section 3.3 provides an overview of research related
to formalization of UML, defining formal semantics for the notation, and for object modeling techniques.
Section 3.4 surveys work related to methodologies for formal verification of safety and liveness properties in

the design real-time reactive systems.

3.2 Modeling Real-Time Reactive Systems

Douglas [Dou98a, Dou98b] surveys the advantages of applying object-orientation in modeling real-time sys-
tems. These include improved problem domain abstraction, improved scalability, better support for reliability
and safety concemns. and inherent support for concurrency. In bringing out the importance of message proper-
ties in requirements analysis of real-time systems, Douglas describes how arrival patterns and synchronization
patterns can be combined in specifying message passing semantics in UML. Analyzing message properties
is crucial in defining timing requirements of real-time systems in terms of response time, throughput, service
time and latency. Selic, Gullekson and Ward [SGW94] identify the following characteristics of application
domains relevant to real-time systems: timeliness, dynamic internal structure, reactiveness, concurrency, and
distribution. The authors sustain that object-orientation is a suitable abstraction for dealing with the inherent
complexity, by defining an object as a logical machine modeling a component of a system.

Selic and Rumbaugh [SR98] discuss an embedding of ROOM (Real-Time Object-Oriented Modeling)
[SGW94] methodology in UML. ROOM is based on acrors {Agh86], encapsulated concurrent objects com-
municating through point-to-point links between interface objects called ports. A message consists of a signal
name. data. and a priority level. Ports represent protocols defining sets of incoming and outgoing messages.
Bindings establish message channels between actors, constraining communication relationships. A major
drawback of ROOM is its restricted applicability to input-enabled systems [LT87]; however, ROOM supports
certain features of object-orientation. In spite of the apparent closeness of our model to ROOM, there are

significant differences.

e ROOM supports two types of timing constraints: latency, and service times. Both relate to implementa-
tion resources; timing constraints on stimulus-response behavior cannot be specified. In our approach,
any type of timing constraint associated with a state transition can be specified.

e Every transition in a ROOMchart [SGW94] requires an implementation so that the behavior of the
model can be observed: operation descriptions use concrete state variables. This brings forth a bias
towards an implementation in the early design stages, reducing the scope for design validation and
refinement of the model. Our approach emphasizes an abstract specification of transitions, with several

forms of nondeterminism.

e ROOM does not support data abstraction. In our methodology, reactive object models incorporate

abstract data types.
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e ROOM lacks a formal semantics, and consequently, rigorous validation and verification methods are
not available. In our approach. we develop a logical semantics for UML design models as a stepping

stone for conducting formal verification.

Recent works applying the object paradigm for modeling reactive systems include DisCo [JKSSS90].
The significant differences between DisCo and our methodology follow.

e Although the claim is that DisCo specifications are object-oriented, they are only object-based and do
not have the expressivity of UML notation. Our work extends UML notation for modeling reactive

objects. and derives the benefits of object-orientation.

¢ The notion of time is not included in DisCo models. and real-time constraints cannot be specified. We

extend UML notation to capture timing constraints on the behavior of reactive objects.

e In DisCo, time-dependent properties cannot be stated as part of requirements specifications. In our

work, both time-dependent and invariant properties can be specified and verified.

Timed extensions of IO automaton such as Time Constrained Automata [TMMS88] and TRA [Bes91]
provided the basic inspiration for the work on TROM. However, there are some key differences: (1) TROM is
grounded on very specific structural framework built on object-oriented paradigm; (2) TROM is not restricted
to design systems that are only input-enabled; and (3) The notion of hierarchical states, associating attributes
(and their abstract types) to abstract states through attribute function, and inheritance and subtyping are novel
and new in TROM.

Other works related to state-based modeling of reactive systems are Objchart [GM93], and TRIO++
[MSP94]. Objchart do not support specification of real-time constraints. TRIO++ emphasizes expressing the
requirements specification of real-time systems using object-oriented principles. However, the language lacks
important object-oriented concepts such as subtyping relationships between classes, the notion of concurrency
and message passing between objects, and above all lacks the facility to describe system models.

Several tools have been introduced for the development of reactive systems. These include STATEMATE
[HLN™90] and SIP {FS93]. STATEMATE is based on the starechart [Har87] formalism. The formal seman-
tics of statecharts allows execution of a system specified using a statechart. The tool uses graphic displays to
show the transformations of the statechart during simulation; it also incorporates debugging functionalities.
SIP simulates the behavior of reactive systems specified using statecharts; SIP uses the reasoning system
FRAPPE to deduce answers to questions about the behavior of the system during simulation.

The TROMLAB environment differs from the above two tools in several important ways:

o TROMLAB supports an object-oriented approach to reactive system development. None of the above
systems reap the full benefits of the object-oriented and iterative approaches to software development.

o RTUML notation, which is used as a front-end in TROMLAB, has a formal operational semantics,
supporting rigorous analysis techniques.

o The design specification technique in TROMLAB is three-tiered: the first tier specifies data abstractions
in Larch Shared Language [GH93]; the second tier provides the specification of the classes of objects
in the problem domain; and the third tier constitutes System Configuration Specifications, describing

object interactions.
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3.3 Formal Semantics

We survey work related to defining semantics for visual modeling languages, with emphasis on the UML
notation. We first review the semantics document provided with the specification of the language [OMG99],
and include a critique of the use of OCL for its specification. We subsequently review work related to
formalizing UML and providing formal semantics for the notation. We include works involved in providing

formal semantics for visual object models and message sequence charts.

3.3.1 UML Formalization and Formal Semantics

The UML Semantics document {OMG99] describes a metamodel used to specify the abstract syntax and
semantics of UML object modeling concepts. It uses UML class diagrams to describe the abstract syntax,
OCL (Object Constraint Language) [OMG99] tc describe the static semantics in the form of well-formedness
rules on UML model elements, and natural language text and diagrams to describe the dynamic semantics.
It is written in a semi-formal style, using a formal language to complement a natural language and a graphic
notation. The document specifies semantics for both structural and behavioral object models. It gives three
views of the metamodel, in the form of an abstract syntax, well-formedness rules, and informal semantics.

The UML metamodel is organized into logical packages grouping metaclasses. The structure of the orga-
nization is done in such a way that there is strong cohesion within each package, and loose coupling among
metaclasses in different packages. A small subset of the UML notation is used to express the abstract syntax
for the UML semantics. The well-formedness rules are described using OCL. and the semantics capture the
meaning of model elements in natural language text and diagrams. The mapping of the UML graphic nota-
tion to the underlying semantics is described in the UML Notation Guide [OMG99]. The consequence of this
exercise is an ambiguous ccmmunication mechanism in which behavioral analysis is unreliable.

The use of a metamodel to describe itself brings about certain theoretical limitations; however, this is
compensated by more expressiveness and readability. The authors argue that a completely formal specifica-
tion of UML would add significant complexity without clear benefit. They also argue that the state of practice
in formal specifications does not yet address some of the more difficult language issues that UML introduces.
The thesis proposes a modeling technique based on a subset of UML notation augmented with minimal ex-
tensions and well-formedness rules, and provides a formal semantics for the hybrid notation as a foundation

for design analysis and formal verification.

Abstract Syntax

The syntax of a language defines what constructs exist in the language. and how the constructs are built up
in terms of other constructs. The syntax of UML is defined independent of any notation and is therefore
abstract. A subset of the UML notation consisting of a UML class diagram and a supporting natural language
description are used to describe the abstract syntax. By mapping the graphic notation of UML onto the
abstract syntax, we obtain its concrete syntax; this mapping is described in the UML Notation Guide.

A class diagram presents the abstract syntax for each UML logical package. The diagram shows the
metaclasses defining the constructs and their relationships, together with some of the well-formedness rules.
The rules included in the diagram relate mainly to the multiplicity requirements of the relationships, and
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whether or not the instances of a construct must be ordered. A natural language description is included for
each construct; this description presents the construct and defines the metaclass specifying the construct.

enumerating its attributes and associations.

Static Semantics - Well-formedness Rules

The static semantics of a language defines the ways in which an instance of a construct of the language should
be connected to other construct instances to be meaningful. The static semantics is given in the form of rules
for the well-formedness of a description in the language. The well-formedness rules of UML are described
using both a formal language (OCL) and natural language text.

Other than those relating to multiplicity and ordering constraints, well-formedness rules for each construct
are defined as a set of invariants on an instance of the metaclass specifying the construct. These rules pertain
to constraints over attributes and associations defined in the metamodel. An invariant is defined in terms of an
OCL expression; the expression is annotated with an informal description. In some cases, the rules already
defined in superclasses together with the rules included in the class diagrams are sufficient to express the

static semantics of a construct.

Dynamic Semantics

The meaning of a well-formed construct of a language is defined by the dynamic semantics of the language.
The dynamic semantics of UML are described in natural language mainly. Sometimes an additional notation
pertinent to the construct being described is used to complement the English text. The dynamic semantics of
only concrete metaclasses are defined; abstract metaclasses do not have a meaning in the language. Semantics

are defined for constructs grouped into logical chunks.

Specification of UML Using OCL

OCL (Object Constraint Language) is a typed functional language supporting first-order formulas for spec-
ifving relationships and constraints on objects. Warmer et al. [WHCS97] describe their experience with
using OCL to specify CMM (Common Metamodel) and UML submissions to the OMG (Object Manage-
ment Group). We give a brief description of OCL., and a critique of the issues brought up in the use of OCL to
specify UML. OCL is a simple language based on first-order predicate logic, for specifying properties. OCL
has a set of basic types, with a set of basic operations on these types. Constraints are expressed as Boolean
expressions, and apply to a collection of elements. The core language includes the collections Set, Bag, and
Sequence. Expressions can be built on universaily or existentially quantified formulas, using the forall and
exists constructs, and set operations, such as union. A query can be formulated as an expression returning a
collection; this expression can be used in other expressions. Parameterized operations are allowed; these can
be used to express recursive constraints, and in more complex expressions.

OCL is a pure expression language: expressions do not have side effects, and therefore do not change
the state of the system. However, the post-condition of an operation denoting a state change can be specified
using an OCL expression. The evaluation of an OCL expression vields a value. The logic or control flow of a
program cannot be described in OCL, and expressions may not be executable; implementation issues cannot



be expressed. OCL can be used for specifying (i) invariants on types and classes, (ii) pre and post conditions
on operations and methods, (iii) guards, (iv) constraints on operations, and (v) definitions of operations.

Issues in Using OCL to Specify UML - A Critique

Warmer et al. [WHCS97] raise the question of how much to specify in an attempt at giving a precise de-
scription of the model elements of UML. They relate this issue to the difference between a communication
mechanism and a proof mechanism, arguing that whatever is enough to satisfy the reader is sufficient. We
note that a proof mechanism not only demonstrates the satisfaction of properties, but also convincingly com-
municates aspects of the behavior of a system. An implies clause capturing the intended consequences of a
theorem can be used to establish that properties stated in requirements specifications are captured by design
specifications. The proofs of claims in the implies clause strengthen the confidence in the analysis process
and in developing a ccrrect design. We conclude that a proof mechanism is a communication mechanism,
and that communication mechanisms can be at different levels of formality.

Another issue raised is the use of tools to create good designs, arguing that such tools can only identify bad
designs. and cannot lead a user in the construction of a good design. We remark that the identification of bad
designs is essential in the path to the development of a good design. Constructing a correct design involves
ascertaining that properties stated in requirements specifications are present in design specifications. This
often involves an iterative design approach. where the model is repeatedly modified until all the requirements
are incorporated. The design analysis process can be supported by appropriate tools, such as animation tools
for executing design specifications to observe system behavior. and theorem provers for establishing that
specifications meet specific properties. The third issue raised is the dependence of OCL on the system being
modeled. This aspect is unsafe in that it can give rise to paradoxes analogous to the set inclusion paradox.
This dependence of OCL contrasts with the attributes of formal specification languages whose notations do
not have any dependency on the system being modeled. One possible approach is to liberate OCL from this

constraint.

3.3.2 Techniques for Defining Formal Semantics

Rumpe [Rum98] clarifies the concepts of syntax and semantics and their relationships, with emphasis on the
formalization of UML and the semantics of its constructs. In surveying work on UML formalization, the
author points out the implicit assumptions made in different approaches, such as the subset of the notation
formalized. the assumptions on the application domain, the relationship defined between the syntactic con-
structs and the notion of a system, and the formalization technique. The author argues that when used for a
semantics definition, a notation should not be defined using the same notation, but in a notation that has a
semantics.

Context conditions, in the form of well-formedness rules, constrain the syntax for correctness, but do not
provide a meaning to the syntax. Context conditions result in a language to which a scund semantics can be
applied, that is, a meaning can be given to every well-formed construct in the language. A metamodel defines
the abstract syntax of a language; a metamodel is relation-based and does not have a canonical point where

to start the semantic definition.
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A semantic definition consists of a semantic domain and a mapping from the syntax to the semantic
domain. The meaning of each construct of the language is given in terms of concepts in the semantic domain.
The semantic domain reflects the concepts that exist in the universe of discourse, and is usually called the
system model, as it describes the conceived notion of what a system is. The semantic domain is an abstraction
of reality, describing the important aspects of the kind of system being considered. The explicit definition of
the semantic domain allows to understand the application domain. It is important to distinguish semantics,
which implies meaning, from behavior, which is represented in terms of syntactic constructs in a similar way
as structure is described.

A semantic mapping relates the syntactic constructs with the concepts in the semantic domain. The
explicit definition of the mapping allows reasoning about it. A mapping can be defined in an algorithmic
fashion and implemented. This allows the translation of a description in the language into a description in
terms of the semantic domain concepts, and subsequent use of proof and analysis techniques. The author
applies these semantic definition principles to a hierarchical Mealy Automata for illustration.

One of the goals of defining semantics is to produce an improved version of the notation, and to gain
insight into it. For instance, sufficient context conditions constraining the notation may be provided to ensure
consistency of the resulting semantics. A semantic definition is intended for either the notation developer, the
tool vendor, or the user of a language. The notation developer uses the semantic definition to gather insight
into the syntax of the language. The semantic definition provides a user of the language with intuition into
the purpose of the notation. The tool vendor uses the semantic definition to determine how the symbols of
the notation can be modified and how code can be generated.

Bourdeau and Cheng [BC935] provide a formal semantics for object model diagrams in OMT (Object
Modeling Technique) [RBP791]. The result is a method for deriving modular algebraic specifications directly
from object model diagrams. The formalization of the object models provide a basis for deriving system
designs. The authors make use of instance diagrams in defining the semantics of an object model. The state
space of an object model is defined as the set of all instance diagrams of that object model. An object model
diagram corresponds to an algebraic specification, and an instance diagram of the object model corresponds
to an algebra that satisfies the algebraic specification.

Mauw and Reniers [MR94] provide a formal semantics of basic message sequence charts based on pro-
cess algebra. The authors justify this choice with the argument that all features incorporated in the theory
of message sequence charts are related to topics in process algebra, such as the state operator and the global
renaming operator. Message sequence charts provide a graphic notation for describing interaction between
system components, and is applied mainly in telecommunication systems. A message sequence chart ex-
presses an execution trace of the behavior of a system. A collection of message sequence charts provides a
detailed specification of a system.

The Precise UML group includes several researchers who have initiated efforts in view of developing
UML as a formal modeling notation [EBF+98, EFLR98, FEKB98, Lan98]. Other works in formalizing UML
include [BHH*97, CE97, ECM+99]. The motivation comes from the lack of a precise semantics for the mod-
eling language. The interpretation given to the meaning of the diagrams is imprecise and results in confusion.
Design analysis cannot be conducted in a rigorous manner, and the consistency of implementations and mod-
els cannot be established. The group aims at investigating the completeness of the semantics [OMG99] and
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at developing approaches for using UML precisely, including formal development methods, and analysis and
refinement techniques.
Some of the approaches taken within the group include the following.

¢ Formalize UML interaction diagrams using a Real-Time Action Logic, and develop methods for veri-

fication of refined models against abstract models.
¢ Elaborate the notion of refinement and composition for UML diagrams.
e Integrate UML with a mature formal specification notation, such as Z.

e Develop a deductive system for UML which can be used to verify properties.

3.4 Formal Verification

Real-time systems used in safety-critical contexts have to adhere to strict safety and liveness properties. A
safety property represents an assertion that something bad will never happen, while a liveness property rep-
resents an assertion that something good will eventually happen. Such properties can only be established by
a rigorous analysis of the system under development, using sound mathematical proofs. Analysis techniques
for real-time reactive systems are mainly adaptations of techniques originally developed for non-real-time
systems. The major difference is in the emphasis on the time dependency. It is imperative that a property
for a real-time reactive system holds at specified times for all environmental situations. Verification of such
properties demand identifying invariant properties for the system and rigorously proving that they are present
in the design. The two main categories of verification approaches are model checking and proof-theoretic

reasoning.

Model Checking

Model checking is a powerful technique for the automatic verification of discrete finite-state systems, real-
time systems. and hybrid systems. Since its inception by Clarke and Emerson [CES81], model checking has
been successfully applied to verify hardware circuits and communicaticn protocols [L.P85, RSV87, McM93].
More recently, model checking tools have been developed for real-time systems [MSJ96], and hybrid sys-
tems [HH95]. A model checker is an algorithm which determines whether or not a mathematical mode! of a
system satisfies a requirement specified as a temporal logic formula. The mathematical model is a finite state
machine for discrete finite-state systems. and is in general infinite for real-time and hybrid sysi¢ms.
Although model checkers have been applied to verify large systems, for models with more than 10°°
states. their application to real-time systems still rernains largely in the research domain. Recently techniques
have been developed to handle discrete as well as dense time models. Alur and Dill [AD96] have extended
the theory of finite automata to incorporate time and have introduced heuristics to alleviate exponential state
explosion in the search space towards a verification of real-time systems. The automata-theoretic approach
to verification is based on model checking and can handle systems with one train, one gate, and one con-
troller. This complexity is also demonstrated by the Modechart verifier [MSJ96], and the model-checking
tool for hybrid systems implemented in HYTECH [AHH96]. The main drawback in using model checkers for
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‘real-time systems is one of scale; the addition of continuous real-value variables such as time. pressure, and
temperature. produce a computation model that is too large to analyze. The HYTECH prototype works effi-
ciently and has been applied to verify safety properties in several problems, including the railroad controller

involving one train, one gate and one controller.

Proof-Theoretic Reasoning

A model checker automatically generates the results by applying the given temporal formula to the con-
structed model. In contrast, in the proof-theoretic approach interaction is often required to apply logical
deductions. The system design is described as a set of axioms, and the property to be verified in the sys-
tem is stated as a lemma to be proved. The verification procedure constructs a proof, often mechanically
and interactively, for the lemma as a consequence of the axioms. Bover-Moore theorem prover [BM88],
EVES [KPS™93], LP [GH93], HOL [Gor88]. and PVS [ORSVH95] are some of the theorem provers that are
used to mechanically construct proofs, to check hand-written proof steps. or to interactively construct a proof
for an axiomatized system using the proof commands and strategies available in the tool.

The proof proposed by Shankar [Sha92] applies the sequent calculus approach to theorem proving on the
theory of the railroad crossing system expressed in PVS specification language. The methodology includes a
computational model for system behavior and a theory of time; it uses the since operator to describe durations
on state predicates. The methodology was applied to construct a proof, using PVS theorem prover, for the
safety property of the railroad crossing. The proof involves formulating a set of invariance assertions and
proving them in the model of program behavior consisting of transition actions and time constraint axioms.

In Shankar's computational model [Sha93], a stare is a mapping of program variables to values, a rrace
is an infinite sequence of states, and a program variable maps a given state to the value of the variable in that
state. Time is a special program variable whose value is not modified by a program. A behavior is a trace
where the value of Time is non-decreasing and eventually increases above any bound. A roored behavior is a
behavior where the initial value of Time is 0. A program identifies a set of rooted behaviors; a specification
identifies a set of behaviors. A program satisfies a specification if the set of behaviors given by the program
is a subset of the behaviors given by the specification. An aromic acrion is a binary relation between states.
A program is described in terms of an initialization state predicate and a sequence of atomic actions. In a
behavior satisfying a given program, the initial state must satisfy the initialization predicate, and each pair
of adjacent states must satisfy one of the atomic actions of the program. An invariance assertion is a state
predicate which is invariant over a behavior; it holds of each state in the behavior. Itis typical to use induction
over the states of an arbitrary behavior satisfying a program, to show that the program satisfies an invariant.

Heitmeyer and Lynch [HL.96] have applied a proof-theoretic approach to show the correctness of a rail-
road crossing system implementation against its operational specification. The specification method is based
on timed automata, and proofs are constructed manually. The verification method uses reachability analy-
sis and induction on the admissible execution sequences. Archer and Heitmeyer [AH96a] _have developed a
template containing a set of common theories and a common structure in PVS specification language for con-
structing timed automata models and proving properties about them using PVS proof checker. The authors
provide a proof for the safety property of the railroad crossing system based on state invariants. The proof ap-
plies the induction principle on system states to demonstrate that the property is true in all reachable states of
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the model. Archer and Heitmeyer [AH96b] propose a system providing support for producing specifications
and verifying proofs based on the PVS-based methodology.

Kellomaki [Kel97a, Kel97b] describes a mechanical verification support for the DisCo specification lan-
guage [JKSSS90]. The author describes the mapping of the DisCo language onto PVS higher-order logic,
and the use of the theorem prover for verifying two invariant properties of the alternating bit protocol. The
methodology applies to verifying invariants at an abstract level of design specification. In refinement steps.
concrete variables introduced to implement the abstraction lead to proof obligations to demonstrate how the
values of the abstract variables can be computed from the concrete variables. Time-dependent constraints and
properties cannot be stated as part of requirements specifications in the DisCo language.

Lutz and Ampo [LA94] give an extensive experience report on requirements analysis based on a method-
ology incorporating OMT (Object Modeling Technique) and PVS (Prototype Verification System). This
approach does not integrate the graphic notation of OMT with the formal specification language of PVS: it
merely uses these notations as complements to each other. The authors argue that such an approach allows

smooth progression to constructing a correct design. While the OMT model provides a high level struc-
tural view of the requirements, the PVS model gives a more detailed view and supports a detailed behavioral
analysis. However, it is not apparent how correspondence is established between the OMT diagrams and the
formal specifications in PVS for each model element.

In the approach adopted by Lutz and Ampo, the initial step is to model the requirements of a system in
the semi-formal graphic notation of OMT. The purpose of this exercise is to obtain insights into the initial
design. detecting modeling flaws early in the design process. The authors report that the use of intermediate
structured representations in the form of OMT diagrams help defining the boundaries and interfaces of the
system. This is performed at an early stage in the development process, while the requirements are being
compiled and are therefore still in a volatile state. The diagrams help to understand the system, and reduce
the effort needed in building the formal specifications.

Once an initial design is obtained in OMT diagrams, the requirements of the system are specified in the
PVS specification language. This allows a more rigorous analysis of the model since the PVS theorem prover
can be used to establish the inherence of certain properties in the design. The PVS model is derived from
the OMT model: elements of the OMT model are mapped onto elements of the PVS model. For instance,
classes are mapped onto type definitions, and state transitions are mapped onto functions and axioms. The
PVS model! is then used to establish the satisfaction of safety and liveness properties.

Our approach to verification of real-time reactive systems is founded on an object-oriented framework.
and uses the PVS specification and verification system as a back-end. We have developed methods (i) to gen-
eraie object-oriented formal specifications from UML models. (ii) to map the design specifications onto PVS
theories containing axioms capturing the behavior of classes of reactive objects and subsystem configurations.
and (iii) to prove a safety property formulated as a theorem within the theory describing the overall system.
We applied the methodology to mechanically construct a proof for the safety property of the generalized
raiiroad crossing system, with an arbitrary number of trains. gates, and controllers, and with non-overlapping
parallel tracks through a crossing. The proof steps for this version of the railroad crossing system can be
defined as a strategy and applied to mechanically verify other models of the railroad crossing system. In our
methodology. both time-dependent and invariant properties can be specified and verified.
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Chapter 4

RTUML - Real-Time Unified Modeling

Language

Applving UML extension mechanisms, we develop a visual modeling
technique based on the abstracr object model for real-time reactive sys-
tems. While the extensions are minimal, with stereotypes on classes and
associations, the resulting notation is expressive enough to model the
structure and behavior of concurrent communicating objects and real-
time systems. To provide a formal framework for rigorous analysis of
UML design models, we devise a translation mechanism to derive formal
specifications from the UML description of a reactive system, making the
formal notation transparent to the designer. We provide logical seman-
tics for UML reactive system models in the object constraint language
OCL enriched with temporal predicates.

35



4.1 Introduction

This chapter is organized as follows. Section 4.2 outlines the UML extensions introduced to support the mod-
eling technique for real-time reactive systems. Section 4.3 enumerates the extensions to UML notation, and
the restrictions on UML notation in terms of well-formedness rules for RTUML. It includes a specification
of the RTUML well-formedness rules in OCL. Section 4.4 uses a distributed navigation control system for
illustration of the visual modeling technique. Section 4.5 describes the mapping of a RTUMI. reactive system
model onto formal specifications, and illustrates the translation process with the case study. We also sketch

how the formal specifications can be used for validation and verification purposes.

4.2 Extending UML to Support the Real-Time Reactive Model

In developing a visual modeling technique based on the abstract real-time reactive model, we apply the
extension mechanisms of UML to introduce minimal extensions to the notation. We maintain the distinction
between the three layers of the abstract model, namely the data models. the generic reactive object model,
and the subsystem model. The purpose of providing a graphic model of a reactive system is to serve as the
front-end of a design tool. Although rigorous analysis is not attainable at this level. visualizing the entities
and the configuration of a system provides insight into its overall structure and behavior. Translating the
graphic model of a reactive system into formal specifications alleviates the need for a system designer to
learn and use the formal specification language.

Modeling a reactive system within the proposed framework involves describing generic reactive classes,
and relationships among collaborating objects. Entities may require abstract data structures to support their
functional behavior. Types of relationships among objects and classes include associations. aggregations,
composition aggregations, and specializations. UML sratic structure diagrams support the specification of
such entities and relationships. The two types of interaction that are relevant to the design of reactive sys-
tems are sequential composition and concurrency. UML collaborarion diagrams depict collaborations among
objects. showing the context for the purpose of the cooperation. Superimposing interactions on the collabo-

rations capture sequences of messages exchanged among the objects.

4.2.1 Visual Model of Reactive System

Applving UML extension mechanisms, we introduce two new class stereotypes: (i) GRC (Generic Reactive
Class), to capture a generic reactive object model, and (ii) PortType, to define a port type and its associated
events. Composition aggregation relationships associate PortType classes with 2 GRC class. We use the UML
classifier DaraTvpe to describe LSL traits specifying abstract data structures. This classifier is appropriate
for specifying a trait, since in the modeling stage we focus on the operations defined on the data structure.
and disregard the axioms specifying its behavioral properties; these axioms are relevant in the analysis and
verification stages. The artribute comparmment of a GRC class includes the attributes of a reactive object
model, that is, instances of either a PortType class or a DataType. The structure of instances of a GRC class
includes ports as instances of PortType classes, and attributes as instances of PortType or DataType classes. In
a class diagram including more than one GRC class, the stereotype PortLink on binary associations between
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port types defines the validity of communication channels.

To describe the functional and temporal behavior of a generic object model, we associate a UML stare-
chart diagram with each GRC class. The label on a transition in a statechart diagram describes the triggering
event, and logical assertions conditioning the occurrence of the event. The guard of a transition includes
the assertions corresponding to the port condition and the enabling condition, and the expressions involving
logical clocks specifying the time window for the constrained reaction; a negative value for a logical clock
indicates a disabling state for the time constraint. The acrion of a transition includes the assertion corre-
sponding to the postcondition, and the expressions initializing the logical clocks defining time constraints on
a reaction.

We use a UML collaboration diagram to model the configuration of a subsystem by describing links
between specific ports of instances of the generic reactive classes. We introduce a new stereotype PortLink on
binary associations between port objects. to define links between reactive objects. Associations between ports
indicate links for communication, consistent with the synchronized events in the corresponding statechart
diagrams. Messages included in an interaction superimposed on the collaboration correspond to synchronous
transitions in the statechart diagrams. The timing of the event occurrences must be consistent with the time
constraints in the statechart diagrams.

A UML sequence diagram describes an interaction scenario conforming to the configuration captured in
a collaboration diagram. A scenario is either specific with time constants, or general with time variables for
event occurrences. A specific scenario describes a sequence of events occurring at pre-determined times.
A general scenario is a visual illustration of the time constraints imposed on system behavior. In a general
scenario, linear inequalities involving the logical variables describe time constraints. A scenario describes a
sequence of events occurring at pre-determined times in conformance with the port links between reactive
objects for synchronous message passing. Linear inequalities involving logical variables over absolute time
describe time constraints in a sequence diagram. Each time constraint specifies a window during which an
object can react by firing either an internal transition, or an output message. A valid scenario must comply
with the time constraints described in the corresponding statechart diagrams. Since our goal is to develop
a verification methodology to formally verify whether a property holds in all scenarios adhering to the time

constraints. we use a sequence diagram with absolute time variables for event occurrences.

4.3 RTUML Abstract Syntax and Well-formedness Rules

We apply UML. extension mechanisms to introduce (i) stereotypes on classes to model generic reactive classes
and port types, and (ii) stereotypes on associations to model the composition aggregation relationship between
a2 GRC class and its port types, and the relation between port types denoting communication channels. The
following enumeration of new stereotypes corresponds to the extensions in UML Package Foundarion:

e UML Metaclass Class

1. New stereotypes on Class model element
(a) GRC
(b) PortType
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o UML Metaclass Association

I. New stereotypes on Association model element

(a) PortAggregation
(b) PortLink

4.3.1 Restrictions on UML Notation

In this section. we provide an informal listing of the restrictions on UML notation in terms of well-formedness
rules for RTUML. We classify these rules in terms of the corresponding UML model elements.

e Classes in Class Diagrams

- Class

I.

2

3.

Only classes with the stereotypes GRC and PortType are allowed.
Inheritance is not currently supported.

A class can only contain attributes.

- GRC Class

Bowow

® N oo W

10.

11.

. A reactive object maintains its own single thread of control.

A GRC class associates with only PortType classes.

A GRC class associates with at least one PortType class.

Each instance of a GRC class holds its own value of the attributes of the class.

Each instance of a GRC class holds only one value of the attributes of the class.

An attribute of a GRC class is not visible outside the class.

Each instance of a GRC class can modify the value of its attributes.

An attribute of a GRC class is an instance of either a PortType. a DataType. or a binding of
a template DataType.

An attribute of a GRC class can be an instance of a PortType only if the GRC class aggregates
the PortType.

If an attribute of a GRC class is an instance of a binding of a template DataType, then every
actual argument of the binding is either a DataTvpe or a PortType.

If an attribute of a GRC class is an instance of a binding of a template DataType. and an
actual argument of the binding is a PortType, then the GRC class aggregates the PortType.

- PortType Class

|38

HW

wn

. A port object does not maintain a thread of control.

. A PortType is owned by exactly one GRC class.

. A PortType is linked to at least one other PortType.

. A PortType has a single attribute.

. The value of the attribute of a PortType is common to all instances of the PortType.
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6. Only one value of the attribute of a PortType is maintained.
7. The value of the attribute of a PortType is visible from outside the class.

8. The initial value of the attribute of a PortType cannot be modified. The identifier of the
attribute is “events”, and the identifier of the type of the attribute is “Set”.

e Associations in Class Diagrams

— Association

1. Only associations with the stereotypes PortAggregation and PortLink are allowed.

~

. All associations are binary associations.

The ends of an association can be used to access the target reactive or port object.

oW

There is no ordering in the ends of an association.
The ends of an association are connected to instances of classes.
Each end of an association is connected to only one instance of a class.

The ends of an association cannot be modified.

®» N oo W

An end of an association is visible from the opposite end of the association.
~ PortAggregation Association

I. A GRC class is a composite of its PortTypes.
~ PortLink Association

1. PortTypes are connected by associations with no aggregation relationship.
o [nteraction Diagrams — Collaboration Diagrams and Sequence Diagrams

— Collaboration
1. Only instances of GRC classes and PortTypes are allowed in a collaboration.
2. Every instance of a GRC class is connected to at least one instance of one of its PortTypes.

3. Every instance of a GRC class is connected to at least one instance of one of its PortTypes.
where the PortType instance is linked to another PortType instance.

4. Every instance of a PortType is connected to exactly one instance of a GRC class.

5. Every instance of a PortType is connected to at most one instance of a PortType.
— Classifier Role

1. Each object in a collaboration specifies a single instance of a class.

2. Each object in a collaboration specifies an instance of either a GRC ciass or a PortType.
—~ Association Role

1. Each connection in a collaboration specifies a single link.
2. Each connection in a collaboration specifies a link corresponding to either a PortAggregation
Association or a PortLink Association.

3. Each connection in a collaboration conrects exactly two objects.
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4. In a collaboration, a connection that links an instance of a GRC class and an instance of
a PortType, corresponds to a PortAggregation association between the GRC class and the
PortType.

5. Inacollaboration, a connection that links an instance of a PortType and an instance of another
PortType, corresponds to a PortLink association between the two PortTypes.

- Interaction
1. The sender of every message in an Interaction is an instance of a GRC class.
2. The receiver of every message in an Interaction is an instance of a GRC class.

3. The communication connection for every message in an Interaction corresponds to an asso-
ciation between two PortType instances, where the PortType instances are part of the sender

and receiver objects of the message.
e Statechart Diagrams

~ State Machine

1. A statechart represents the behavior of instances of a GRC class.
— Transition

1. The source and target of a transition is a state.

2. A transition has a trigger event.

3. A transition has a guard condition.

4. A transition has an effect action.

5. The trigger event of a transition is a signal event.

6. Parameterized events are not currently supported.

7. The effect action of a transition occurs instantaneously.
— State

1. A state is either simple or complex.

2. A state has no exit action.

3. No activity takes place while being in a state.

4. No event is retained in a state for further consumption.
- Complex State

1. A complex state is not concurrent.

2. Every subvertex of a complex state is a state.

4.3.2 RTUML Well-formedness Rules in OCL

This section gives a specification of the RTUML well-formedness rules in OCL. Each rule has a correspond-

ing informal description in the previous section.



UML Package Foundation
Subpackage Core - Backbone
e Class

1. A Class has either the stereotype < <GRC> > or the stereotype <<PortType>>.

self .stereotype.name = ‘'‘grc’’ or
self . stereotype.name = ‘'‘porttype’’

2. A Class is aroot, is a leaf, and is not abstract.

self.isRoot and self.isLeaf and not self.isAbstract
3. Aclass can only contain Attributes.
self.feature—>foraAll(f | f.oclisKindOf(Attribute))
o GRC (stereotype of Class)

1. A GRC Class is active, that is an object of the Class maintains its own thread of control.

self.isActive

]

. A GRC Class can only have PortAggregation Associations.
self.associations—>forall(a |
a.stereotype.name = ‘'‘portaggregation’’)
3. A GRC Class is linked to at least one PortType Class through a PortAggregation Association.

self .associations.size >= 1

4. The target of an Attribute of a GRC Class is an [nstance.

self.allattributes->forall(af | af.targetScope = #instance)

(9]}

The multiplicity of an Attribute of a GRC Class is 1.

self.allAttributes->forall(af | af.multiplicity.max = 1)

6. The visibility of an Attribute of a GRC Class is private.

self.allAattributes—>forAll(af | af.visibility = #private)

7. The value of an Attribute of a GRC Class can be modified.

self.allAttributes->foraAll(af | af.changeability = #none)

8. The type of an Auribute of a GRC Class is either a PortType Class, a DataType, or a Binding of
a template DataType.
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self.allAttributes—>forall (af |
af.type.oclIsKindof(Class) and
af.type.stereotype.name = ‘‘porttype’’ or
af.type.oclIsKindOf(DataType) Or
af.type.oclIsKindof(Binding))

9. If the type of an Auribute of a GRC Class is a PortType Class, then there is a PortAggregation
Association between the GRC Class and the PortType Class.

self.allAattributes—>fcorall(af |
af.type.oclIsKindof(Class) and
af.type.stereotype.name = ‘‘porttype’’ implies
self . allOppositeassociationEnds—->exists(ae !

ae.type = af.type))

10. If the type of an Attribute of a GRC Class is a Binding of a template DataType, then every
argument of the Binding is either a DataType or a PortType Class.

self.allAttributes—>forAll(af |
af . type.oclIsKindof(Binding) implies
af.type.arguments—>forall (me |
me.oclIsKindOf(Class) and
me.stereotype.name = '‘porttype’’ or

me.oclIsKindOf(DataType)))

11. If the type of an Attribute of a GRC Class is a Binding of a template DataType. and an argument
of the Binding is a PortType Class, then there is a PortAggregation Association between the GRC
Class and the PortType Class.

self.allAttributes—>forall(af |
af.type.oclisKindoOf(Binding) and
af.type.arguments—>forall(me |
me.oclIsKindOf(Class) and
me.sterectype.name = ' ‘porttype’’ implies
self.allOppositeAssociationEnds—>exists(ae |

ae.type = me)))
o PortType (stereotype of Class)
1. A PortType Class is not active.

not self. isaActive

2. A PortType Class is linked to exactly one GRC Class through a PortAggregation Association.

self.associations—->select(a |

a.sterecotype.name = ‘'‘portaggregation’’).size = 1
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3. A PortType Class is linked to at least one other PortType Class through a PortLink Association.
self.associations—>select(a |
a.sterectype.name = '‘portlink’’).size >= 1
4. A PortType Class has one Attribute.

self.allAttributes.size = 1

w

The target of an Attribute of a PortType Class is the Classifier itself.

self.allAttributes—>forall(af | af.targetScope = #classifier)

6. The muldplicity of an Atrribute of a PortType Class is 1.

self.allAttributes—>forzll(af | af.multiplicity.max = 1)

7. The visibility of an Attribute of a PortType Class is public.
self.allAttributes—>forall(af | af.visibility = #public)
8. The initial value of the Aturibute of a PortType Class cannot be modified. The identifier of the
Auttribute is evenrs, and the type of the Attribute is the Classifier Ser.

self.allAattributes—>forall(af |
af.changeability = #%#frozen and

af.name = ‘‘events’’ and af.type.name = ‘'‘Set’’)
Subpackage Core - Relationships

e Association

l. An Association has either the stereotype < <PortAggregation> > or the stereotype < <PortLink>>.

self.stereotype.name = ' ‘portaggregation’’ or
self.stereotype.name = '‘portlink’’

18]

. An Association has exactly two AssociationEnds.

self .connections.size = 2

3. The AssociationEnds of an Association are navigable.

self.connections—>forall(ae | ae.isNavigable)

4. The AssociationEnds of an Association are not ordered,

self.connections—>forAll(ae | ae.ordering = #unordered)

W

. The target of an AssaciationEnd of an Association is an Instance.

self.connections—>forall(ae | ae.targetScope = #instance)
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6. The multiplicity of an AssociationEnd of an Association is 1.

self.connections—>forall(ae | ae.multiplicity.max = 1)

7. The instance of an Association cannot be modified.

self.connections—>forall(ae | ae.changeability = #frozen)

8. The visibility of an Association is public.

self .connections—>forall(ae | ae.visibility = #public)
o PortAggregation (stereotype of Association)

. In a PortAggregation Association, the Classifier of one AssociationEnd is a GRC Class and the
Classifier of the other AssociationEnd is a PortType Class. The GRC Class is a composition
aggregation of the PortType Class.

self.stereotype.name = ‘'‘portaggregation’’ implies
self.connections—>exists(ael, ae2 |
ael <> ae2 and
ael.type.stereotype.name = ‘‘grc’’ and

ael.type.stereotype.name = '‘porttype’’)
e PortLink (stereotype of Association)
. In a PortLink Association, the Classifier of each AssociationEnd is a distinct PortType Class.
There is no aggregation relationship between the two PortType Classes.

self . stereotype.name = ‘'‘portlink’’ implies
self.connections—>exists(ael, ae2 |
ael <> ae2 and
ael.type.stereotype.name = ‘'‘porttype’’ and

ael.type.stereotype.name = ' ‘porttype’’)
UML Package BehavioralElements
Subpackage Collaborations
e Collaboration

I. A Collaboration may only contain ClassifierRoles and AssociationRoles.

self.ownedElements—>forall(r |
r.oclIsKindoOf(ClassifierRole) or
r.oclIsKindOf(AssociationRole))

2. If the Classifier of a ClassifierRole is a GRC Class, then there is at least one AssociationRole
whose Association is a PortAggregation Association, and the type of one of the AssociationEn-
dRoles of the AssociationRole is the ClassifierRole.
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self . ownedElements—>forall(cr |
cr.ncliskKindof(ClassifierRole) and
cr.base.stereotype.name = ‘‘grc’’ implies
self.ownedElements—>exists(ar !
ar.oclIsKindOf (AssociationRole) and
ar.base.stereotype.name = '‘portaggregation’’
and ar.connections—>exists(aer |

aer.type = cr)))

. If the Classifier of a ClassifierRole cr; is a GRC Class, then there is at least one AssociationRole
ar; whose Association is a PortAggregation Association, and whose AssociationEndRoles are
aery and aers, such that (i) the type of aer| is the ClassifierRole cr: (ii) the type of aer; is
another ClassifierRole cr2; and (iii) there exists one AssociationRole ar; whose Association is
a PortLink Association, and the type of one of the AssociationEndRoles of the AssociationRole

ar1 is the ClassifierRole cra.

self.ownedElements—>foraAll(crl |
crl.ocllIskKindOf(ClassifierRole) and
crl.base.stereotype.name = ‘‘grc’’ implies
self.ownedElements—>exists(arl |
arl.oclIsKindOf (AssociationRole) and
arl.base.stereotype.name = ‘'‘portaggregation’’
and arl.connections—>exists(aerl, aer2
aerl.type = crl and
self.ownedElements—>forall(cr2 |
cr2.oclIskindof(ClassifierRole) and
aer2.type = cr2 and
self.ownedElements—>exists(ar2 |
ar2.ocllIskindOf(AssociationRole) and
ar2.base.stereotype.name = ‘'‘portlink’’
and ar2.connections—>exists(aer3 |

aer3.type = cr2))))))

. If the Classifier of a ClassifierRole is a PortType Class, then there is exactly one AssociationRole
whose Association is a PortAggregation Association, and the type of one of the AssociationEn-
dRoles of the AssociationRole is the ClassifierRole.

self.ownedElements—>forall(cr |
cr.oclIskKindOf(ClassifierRole) and
cr.base.stereotype.name = ‘'‘porttype’’ implies
self.ownedElements—>select(ar |
ar.oclIsKindOf(AssociationRole) and
ar.base.stereotype.name = ‘'‘portaggregation’’
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5.

and ar.connections—>exists(aer |

aer.type = cr).size = 1))

If the Classifier of a ClassifierRole is a PortType Class, then there is at most one AssociationRole
whose Association is a PortLink Association, and the type of one of the AssociationEndRoles of
the AssociationRole is the ClassifierRole.

self.ownedElements—>foraAll(cr |
cr.oclIsKindOf(ClassifierRole) and
cr.base.stereotype.name = ‘‘porttype’’ implies
self.ownedElements—>select(ar |
ar.oclIsKindOf(AssociationRole) and
ar.base.stereotype.name = ‘‘portliink’’
and ar.connections—>exists(aer |

aer.type = cr).size <= 1))

e ClassifierRole

L.

2.

The multiplicity of a ClassifierRole is 1.

self multiplicity.max = 1

The Classifier of a ClassifierRole is either a GRC Class or a PortType Class.

self .base.sterecotype.name = ‘'‘grc’’ or

self .base.stereotype.name = ' ‘porttype’’

e AssociationRole

1.

(8%

The multiplicity of an AssociationRole is 1.

self multiplicity.max = 1

. The Association of an AssociationRole is either a PortAggregation Association or a PortLink

Association.
self.base.stereotype.name = '‘portaggregation’’ or
ar.base.stereotype.name = ‘‘portlink’’

. An AssociationRole has exactly two AssociationEndRoles.

self.connections.size = 2

If the Association of an AssociationRole is a PortAggregation Association, then the Classifier of
the type of one AssociationEndRole is 2 GRC Class and the Classifier of the type of the other
AssociationEndRole is a PortType Class. The PortAggregation Association links the GRC Class
and the PortType Class.

self .base.stereotype.name = '‘portaggregation’’ implies

and self.connections—>exists(aerl, aer2 |
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aerl.type.base.stereotype.name = ‘‘grc’’ and
aer?.type.base.stereotype.name = '‘porttype’’ and
self .base.connections—>exists(ael, ae2 |
ael.type = aerl.type.base and
ael.type = aer2.type.base))

5. If the Association of an AssociationRole is a PortLink Association, then the Classifier of the type
of each AssociationEndRole is a distinct PortType Class. The PortLink Association links the two
PortType Classes.

self.base.stereotype.name = ‘‘pertlink’’ implies
and self.connections—>exists(aerl, aer2 |
aerl.type.base.stereotype.name = ‘'‘porttype’’ and
aer?.type.base.stereotype.name = '‘porttype’’ and
self.base.connections—>exists(ael, ael |
ael.type = aerl.type.base and
ael.type = aer2.type.base))

e Interaction

1. The sender of every Message in an Interaction is a ClassifierRole whose Classifier is a GRC Class.
The ClassifierRole is in the context of the [nteraction.

self .messages—>foraAll(m |
m.sender .base.stereotype.name = ‘‘grc’’ and

self.context—>includes(m.sender))

2. The receiver of every Message in an Interaction is a ClassifierRole whose Classifier is a GRC
Class. The ClassifierRole is in the context of the Interaction.

self . messages—>forall(m |
m.receiver.base.stereotype.name = ‘‘grc’’ and

self.context—>includes(m.receiver))

3. The communication connection of every Message in an Interaction is an AssociationRole whose
Association is a PortLink Association. The PortLink Association links two PortType Classes
that are part of two GRC classes. The two GRC Classes correspond to the Classifiers of the
ClassifierRoles representing the sender and receiver of the Message.

self.messages—>forall(m |
m.communicationConnection.base.stereotype.name = ‘‘portlink’’ and
m.communicationConnection.base.connections—>exists( ael, ae2
ael.type.stereotype.name = ‘'‘porttype’’ and
ae2.type.stereotype.name = ‘‘porttype’’ and
self.context.ownedElements—>exists(arl, ar2 |
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arl.connections—>exists(aerl, aer2 |
aerl.type.base = ael.type and
aer2.type.base = m.sender.base and
ar2.connections—>exists(aer3, aerd |
aer3.type.base = ae2.type and

aer4.type.base = m.receiver.base)))))
Subpackage SrareMachines

e StateMachine

I. The context of a StateMachine is a GRC Class.

self.context.oclasType(Class) .sterectype.name = ‘‘grc’’
¢ Transition

1. The source and target of a Transition is a State.

self.source.oclIsKindof(State) and
self.target.oclIsKindof(State)

8]

. A Transition has one trigger Event.

self.trigger.size = 1

3. A Transition has one Guard.

self.qguard.size = 1

4. A Transition has one effect Action.

self.effect.size = 1

(9]}

The trigger Event of a Transition is a SignalEvent.

self.trigger.ocllIskKindOf(SignalEvent)

6. The trigger Event of a Transition has no Parameter.

self.trigger.parameters.isEmpty
7. The effect Action of a Transition is synchronous.
not self.effect.isAsynchronous
e State

1. A State is either a SimpleState or a CompositeState.

self.oclIsKindOf(SimpleState) or
self.oclIsKindOf(CompositeState)
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2. A State has no exit Action.

self . exit.isEmpty

3. A State has no activity Action.

self .doActivity.isEmpty

4. A State has no deferrable Events.

self.deferrableEvents.isEmpty
e CompositeState

1. A CompositeState is not concurrent.

self . oclIsKindOf (CompositeState) implies
not self.oclAsType(CompositeState).isConcurrent
2. A subvertex of a CompositeState is a State.

self.oclIsKindOf (CompositeState) implies
self.oclAsType(CompositeState).subvertices—>forali(sv |
sv.oclIsKindOf (State))

4.4 Case Study - A Distributed Navigation Controller

We illustrate the UML-based modeling technique for real-time reactive systems using a simplified version
of a road traffic control system. The system ensures collision-free coordinated motion of vehicles traveling
through a junction of two perpendicular roads. We focus on the design of controllers that interact with vehicles
through sensors and actuators to determine the proximity of vehicles at the intersection and to channel them
through the crossing. The following features characterize the requirements for the control system.

e At the proximity of the intersection, each road is divided into six lanes; there are three lanes for incom-
ing traffic in each of the northbound, southbound, eastbound, and westbound directions.

o In every direction, vehicles in the right lane turn right, vehicles in the middle lane go straight, and
vehicles in the left lane tum left.

o Vehicles approaching in a lane enter the crossing on a first-in-first-out basis.
o Vehicles cross the intersection in a finite amount of time; no vehicle stops in the intersection.

e Incoming vehicles in the four righs lanes are allowed inside the crossing independent of any other lane;
they are collision-free. However, traffic lights regulate all lanes.

¢ Incoming vehicles in the middle and left lanes need to wait until they are granted permission to enter

the crossing.
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Figure 7: Architecture for Road Traffic Control System.

e Vehicles in at most two middle or left lanes can be granted access simultaneously, only if the two lanes

are collision-free.

e When an approaching vehicle is detected in a middle or a left lane m!,. the controller for the lane

requests for access rights to the crossing from the arbiter.

— If the intersection is empty, or only right lane vehicles are inside. then vehicles in lane m/;

access immediately.

gain

— If the intersection is already opened to one middle or left lane m/>, then vehicles in lane m/, gain

access only if lanes m/| and m/, are collision-free.

~ If the intersection is aiready opened to two middle or left lanes m/z and ml/sz, then vehicles in

lane m!; need to wait until one of the lanes relinquishes access rights to the crossing. If lane

ml, returns access rights, then lane m/; must be compatible with lane m/5 in order to be granted

access. Otherwise. vehicles in lane m/; must wait for lane ml3 to give up its access rights.

e When a lane requests for access rights, the lane queues up for allocation. Access is granted to lanes in

the order in which they request for permission.

e When a lane obtains access rights, it must surrender these rights within a certain time interval.

The intersection is a shared resource that is allocated to vehicles in such a way that the following proper-

ties are satisfied.

s Liveness: every vehicle at the intersection obtains the resource within a finite amount of time; there is

neither deadlock nor starvation.

e Safery: vehicles do not collide while crossing the intersection.

The control algorithm is applicable to a wide range of situations including the coordination of collision-free

motion of autonomous robots in a factory floor divided into mutually perpendicular workspaces.

50



4.4.1 Modeling

In each of the twelve incoming lanes, a sensor detects vehicles approaching the intersection, a traffic light
regulates the flow of vehicles, and a controller monitors the traffic. An arbiter allocates access rights to
the controllers as needed. The vehicles and the traffic lights are environmental entities; the controllers and
the arbiter are system entities. For each lane, a subsystem models the communication configuration for the
vehicles, the traffic light, and the controller. The overall reactive unit consists of twelve such subsystems, and
one arbiter interacting with the middle and left lane controllers. Figure 7 shows the overall architecture for
the traffic control system. The figure shows the arbiter and subsystems for the three incoming lanes.

All vehicles approach and leave the intersection subject to the same temporal behavior. On approaching.
each vehicle informs the respective controller through the sensor, and either receives an immediate go-ahead
to traverse the crossing or waits for clearance. The waiting time for a vehicle depends on the status of the
lights, the number of vehicles in front of it in the lane, and the number of controllers that are waiting for
resource allocation. Vehicles in the four right lanes cross the intersection simultaneously and independent of
vehicles in other lanes.

When there is no vehicle approaching the intersection along a iane, the traffic light at that lane remains
red. The controller for the lane switches the light from red to green when it holds access rights and there is an
approaching vehicle in the lane. The controller switches the light from green to yellow when the allocation
time for the lane is about to expire, or when all incoming vehicles in the lane have crossed the intersection.
whichever occurs earlier: the light turns red when the time expires. The timing constraints on the behavior of
the traffic lights are the same for the three kinds of lanes.

The role of the controller is to detect approaching vehicles through the sensor, and to manage the status
of the waffic light. The tming constraints for controllers monitoring the flow of traffic approaching the
intersection in the middle and left lanes are different from those for the right lanes. Right lane controllers have
no interaction with the arbiter. Controllers for middle and left lanes request for access rights to the intersection
from the arbiter whenever there is an approaching vehicle in the lane. Upon receiving the resource. the
controller turns the light green. and gives the go-ahead to vehicles in the lane during the allocated time. The
time-dependent interaction between the controllers and the lights is subject to the flow of traffic. For instance,
the controller may switch the light from red to yellow before the end of the time-out period if there is no other
vehicle approaching in the lane.

The arbiter optimizes resource utilization with concurrent allocation, ensures collision-free access, and
prevents starvation. [t processes requests for the resource from controilers for the middle and left lanes. It
allocates the resource to at most two lanes concurrently, and on a first-in-first-out basis. The resource is to be
released by the lane within a certain time interval. The arbiter maintains a queue of identifiers for requests
from the lanes. [t uses a table for determining the compatibility of lanes accessing the resource concurrently.
The table enumerates the twelve scenarios for concurrent collision-free crossing of the intersection by vehi-
cles in two different lanes. The main role of the arbiter is to prevent collision situations in the intersection
and to allocate access rights with fairness and according to certain timing constraints.



4.4.2 Abstract Behavior

The time-dependent behavior of the system conforms to the following rules.
e Traffic lights:

~ A light remains red as long as there is no vehicle approaching or waiting at the crossing.
— The controller switches the light from red to green, and subsequently from green to yellow.

— The light switches to red within a period of 3 to 4 time units after turning yellow.
e Vehicles:

— A vehicle sends a message to the respective controller on approaching the intersection.

~ The controller subsequently sends a go-ahead message to the vehicle when it holds access rights

to the crossing.
- The vehicle enters the crossing within 2 time units of receiving the go-ahead message.

~ The vehicle leaves the crossing within 5 time units of receiving the go-ahead message.
o Right lane controllers:

— A right lane controller remains idle as long as there is no vehicle approaching or waiting at the

crossing.

~ The controller switches the light from red to green within 2 time units of receiving a message

from the first vehicle approaching the intersection.

The controller sends a go-ahead message to the first vehicle at the intersection within 1 to 2 time

units of switching the light to green.

The controller receives messages from other approaching vehicles while the light is green.

The controller records the identifiers of the approaching vehicles in a queue as they are received.

The conrrolier authorizes vehicles to cross the intersection during the allocation period of 10 to
40 time units, and removes the identifiers of the processed vehicles from the queue.

The controller switches the light from green to yellow within 1 time unit of being timed out.

If there is no vehicle in the queue, the controller goes back to idle; otherwise, it reactivates and
switches the light from red to green within 20 to 30 time urits of switching the light to yellow.
This time gap may be used to allow for pedestrian crossing in an extended version of the system.

o Middle and left lane controllers:

- A middle or left lane controller remains idle as long as there is no vehicle approaching or waiting

at the crossing.

— The controller requests for access rights from the arbiter within 2 time units of receiving a mes-

sage from the first vehicle approaching the intersection.
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- Upon receiving permission from the arbiter, the controller switches the light from red to green
within 2 time units.

— The conuroller sends a go-ahead message to the first vehicle at the intersection within 1 to 2 time
units of switching the light to green.

~ The controller receives messages from other approaching vehicles while the light is green.

- The controller records the identifiers of the approaching vehicles in a queue as they are received.

— The controller authorizes vehicles to cross the intersection during the allocation period of 10 to
40 time units, and removes the identifiers of the processed vehicles from the queue.

~ The controller switches the light from green to yellow within 1 time unit of being timed out.

- The controller returns the resource to the arbiter within 6 to 8 time units of turning the light from

green to vellow.

— If there is no vehicle in the queue, the controller goes back to idle; otherwise, it reactivates and
sends a new request for access rights to the arbiter within 20 to 30 time units of returning the

resource. This time gap allows for other lanes to be processed without starvation.
e Arbiter:
~ The arbiter remains idle as long as there is no request for access rights from middle and left lane
controllers.
- When it receives a first request. it allocates the resource immediately.
- If the resource is returned before any other request is received, the arbiter goes back to idle.
— The arbiter records requests for access rights in the queue as they are received.

- If the arbiter receives another request before the first controller returns the resource, the arbiter

either
= allocates the resource concurrently to the second controller if the two are compatible, or

= waits for the first one to return the resource if the two are not compatible.

- If one controller holds the resource. and there are requests in the queue, then when the controller
returns the resource, the arbiter allocates the resource to the first one in the queue, and allocates
the resource to the second one concurrently if the two are compatible. Otherwise, it waits for the

first one to return the resource.

— If two controllers hold the resource concurrently, and there is no request in the queue, then when
one of the controllers returns the resource, the arbiter goes into the state where only one controller

is holding the resource and there is no pending request.

- If two controllers hold the resource concurrently, and there are requests in the queue, then when
one of the controllers returns the resource, the arbiter allocates the resource to the first one in the
queue if it is compatible with the controiler still holding the resource. Otherwise, it waits for this

controller also to return the resource.
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Figure 8: Class Diagram for Road Traffic Control System.
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4.4.3 UML Model

We model the vehicles, traffic lights, controllers and arbiter as generic reactive classes describing the structure
and behavior of the models. Incorporating instances of the reactive classes in subsystems, we configure object
collaborations for each of the twelve lanes, with links between ports of the controiler, light and vehicle objects
for communication. The overall system includes the twelve subsystems and an instance of the class specifying
the arbiter. Port links between the arbiter and the controllers mode! the communication mechanism between
these objects.

The Light and Vehicle generic reactive classes (GRC’s) model the traffic lights and vehicles respectively.
The class Light includes port type C for interaction with the controller. The class Vehicle includes port
type P to communicate with the controller. A vehicle can include several instances of the port type for
communication with the different controllers, depending on its direction. The Vehicle class includes the
attribute acr, a variable of the port type P, to identify the port of communication with the controller. The
GRC Arbiter includes port type N for interaction with controllers. The class includes an instance of the
abstract data type Queue to keep track of requests from the controllers, an instance of the compatibility table
PortIDToNat for determining compatible lanes, and two variables of the port type M as attributes identifying
the controllers that are holding the resource concurrently.
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The GRC ConrrollerR models controllers regulating traffic in right lanes. The class aggregates two port
types PL and QL for controller inwraction with the vehicles and the traffic light respectively. The GRC Cor-
trollerML models controllers regulating traffic in middle and left lanes. The class aggregates three port types.
S. T and M. for communication with the traffic light, vehicle and arbiter objects, respectively. Each controller
has an instance of the abstract data type Queue, to keep track of vehicles approaching and leaving the inter-
section. Subsystems for the right lanes include an instance of GRC ConrrollerR; subsystems for the middle
and left lanes include an instance of GRC ControllerML. The two controller classes are structurally homo-
morphic. but behaviorally different. ConrrollerR and ControllerML objects provide similar functionalities.
but subject to different timing constraints.

A conuoller switches the light from red to green with the message TwnOn, and switches the light from
green to yellow with the message TurnOff. The controller and the light synchronize on the event TurnOn
entering the states busy and green respectively. The event TurnOff causes the light to enter the state green and
the controller to enter the state busy simultaneously. These events occur at a port of type C of the light and at
a port of type QL of a right lane controller or at a port of type S of a middlie or left lane controller.

The event Near occurs at a port of type P of a vehicle, and simultaneously at a port of type PL of a right
controller or at a port of type T of a middle or left controller. These occurrences correspond to messages
that vehicles send to the controller on approaching the intersection; they cause simultaneous transitions in the
statechart diagrams of the vehicle and controller objects. The synchronized message Near causes the vehicle
to go from the state idle to the state request. and the controller to enter the state activare simultaneously. The
controller also accepts the Mear message in the states activate, busy. and monitor. The controller sends the
message GoAhead to the vehicle through the same port link to allow it to enter the intersection.

The middle or left lane controller sends the message Req to the arbiter and waits for its response modeled
by the message Granr. A controller returns the resource to the arbiter with the message Rer. The arbiter sends
the message Granr to the controller to allocate it the resource. The controllers and the arbiter synchronize on
the events Req, Grant, and Ret. The events occur at a port of type M of the controller and a port of type .V of
the arbiter simultaneously.

Figure 8 shows the class diagram for the GRC and PortType classes describing the structure of the sys-
tem. It includes binary associations of the stereotype PortLink between the PortType classes to indicate the
compatible port types. The PortType classes specify the set of events allowed through ports of these types.
The statechart diagrams shown in Figures 9. 10, 11, 12 and 13 model the reactive behavior of the traffic
lights, vehicles, controllers, and arbiter. The class diagram and the statechart diagrams together describe the
reactive models of the environmental and system entities in the traffic controller system.

The collaboration diagram in Figure 14 shows the configuration of the subsystem for the right lane in the
northbound direction. It includes one instance of the ControllerR and the Light classes, and three instances
of the Vehicle classes. The configuration describes the synchronous communication mechanism between the
controller and the light, and between the controller and the vehicles. Figure 15 shows the subsystem for
the left lane in the northbound direction. The configuration includes a port of type M in the controller for
interaction with the arbiter. Figure 16 shows the configuration of a traffic control system with controllers
for the twelve lanes, and one arbiter interacting with controllers for middle and left lanes. There is one port
link between the arbiter and each of the middle and left lane controllers. The behavior of the system can be

56



Near[ NOT in{pid,inGusue) &4 true &4 true
{ } 7 inQueue’ = append(pid.inQueue)

-y
. Near/inQueue'= activate :
a2ppend(pid.empty) ' S————m——r— !

N\, e TCwan=o S TCvard = -1

7 N
"‘—“‘\‘——‘———‘,// /" TurnOn{ true && true && TCvarl <=2
idle i AND TCvar6 >= 20 AND TCvar6 <= 30}/
true 8& TCvar2 = 0 AND TCvar3 = 0

centry: TCvar$§ = -1 ! ,/‘

V

Near{ NOT in(pid,

TurnOfff true 84 \ inQueue) &8 true &&
len(inQueue) >0 8& true |/ inQueue” =
TCvarS <= 1]/ true Yppend(pid.incueue)
8& TCvar6 =0 o
: N Y
TurnOff[ true && / ) :
len(inQueue) = 0 / i busy ‘
8& TCvard <= 1] \_7—_/
GoAhead[ % = head(inQueus)
K s ead| pid = head(inQueue
; __Near{ NOTin(pic., 34 true && TCvar2 >= 1 AND
: inQueue) &4 true &3 . ,
/ : . TCvar2 <= 2 ]/inQueue’ =
p true ]/ inQueue’ = wailing
append(pid./’ / ail(inQueue)
/ inQueue) 4
/ N 774
e e——, =
! deactivate e i monitor t—
! i { : :
" TimedOut{ true 8& ———" * .
true && TCvar3 >« 10 GoAhead( pid= head(inQueue}
AND TCvar3 <=40]/ && true &4& true ]/ inQueue’ =
true &% TCvard =0 tail(inQueue)

AND TCvar5 =0

Figure 11: Statechart Diagram for Right Lane Controller GRC.

inferred by following the messages through the ports of the reactive objects in the collaboration diagram. and
referring to the corresponding statechart diagrams.

The sequence diagram in Figure 17 shows a generic scenario for the subsystem describing objects at the
right lane in the northbound direction. It shows that the controller allows vehicles inside the crossing without
requesting permission from the arbiter. Figure 18 shows a sequence diagram for the northbound left lane
subsystem. It shows that the controller requests for access rights from the arbiter and that vehicle V6 has
to wait until the arbiter allocates the resource. Figure 19 shows a sequence diagram describing a scenario
involving the arbiter and objects from the subsystems for the left lane in the northbound direction and the
middle lane in the southbound direction. As these two lanes are not compatible, the arbiter does not aliocate
the resource to both concurrently. Hence, southbound vehicles in the left lane need to wait before entering the
crossing. A synthesis of the timing constraints given in the statechart diagrams yields the generic scenarios
shown in the sequence diagrams. In these scenarios, the logical variables indicate absolute times for event
occurrences. The linear inequalities in the sequence diagrams provide a graphic representation of the timing

constraints on reactions.

4.4.4 Analyzing the Model

The design of the arbiter ensures safety, liveness, and dynamic resource ailocation. By encapsulating timing
constraints in the controller classes, we have aimed at promoting the arbiter to control nonuniform traffic
flows. In our modeling technique, an instance of a generic reactive class has a single thread of control;
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Figure 12: Statechart Diagram for Left/Middle Lane Controller GRC.

events can not occur concurrently within an object. However, concurrency in communicating reactive objects
can be modeled. In our design, the arbiter allocates the resource to two controllers concurrently if they are
compatible.

There are twelve patterns of traffic flow involving concurrent crossing of the intersection by vehicles in
two middle or left lanes without collision. Table 1 defines the compatible pairs of lanes. Table 2 describes the
identifiers for the controllers of the middle and left lanes, the corresponding port identifier of the arbiter, and
the relative index in the compatibility table. Figure 20 shows the LSL trait Tab/e defining the compatibility of
lanes. The included trait /ntCycle is available in [GH93]. The compatible pairs of lanes as defined in Table 1
can be deduced from the axioms in the trait Table. The predicate validEntry identifies the entries that are
true in the table. Figure 21 shows the LSL trait Port/DToNat that defines the mapping f of port identifiers
of the arbiter to indices of the table, and the predicate isValid that takes two port identifiers of the arbiter for
determining the compatibility of lanes.

The resource allocation scheme prevents collision inside the intersection. When in the idle state. the
arbiter does not grant the resource. When the arbiter is in one of the states oneBusy, moBusy or busyWair,
resources can be released by controllers, but the arbiter does not allocate the resource. The arbiter allocates
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Figure 14: Collaboration Diagram for Northbound Right Lane.

the resource to a controller only when in the state allocare. The three resource allocation scenarios are as

follows.

1. The arbiter allocates the resource and stays in state allocare. From transition specification R¢ of the
reactive class, we infer that only one controller is accessing the resource, and there are pending requests

in the queue.

[89]

The arbiter allocates the resource and goes into state oneBusy. From transition specification R4, we

infer that only one controller is accessing the resource, and there is no pending request.

3. The arbiter allocates the resource and goes into state nvoBusy. From transition specification Rs, we

infer that the two controllers utilizing the resource are compatible.

In each case, collision inside the intersection is precluded. The enabling conditions of transition specifications
Rs. Rs and Rg are mutually exclusive, ensuring deterministic resource allocation.

When the arbiter has allocated the resource to one controller and assessed that the next controller in
the queue is not compatible with the one already holding the resource, it goes into the state busyWair. The
resource is not allocated to the controller at the front of the queue. Thus, when the arbiter is in state busyWaitr,

vehicles in only one middle or left lane are crossing the intersection.

Safety and liveness

The design of the arbiter ensures the satisfaction of safety and liveness properties. Two middle and left lane
controliers hold the resource concurrently only when the two lanes are compatible. This ensures that collision
will never occur in the crossing. Liveness is guaranteed by the time-dependent behavior of controllers. They
return the resource to the arbiter within a finite time period: the arbiter then allocates the resource to the lane

waiting at the front of the queue.
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Figure 15: Collaboration Diagram for Northbound Left Lane.

Northbound middle Southbound middle
Northbound middle Northbound left
Northbound middle Eastbound left
Southbound middle Westbound left
Southbound middle Southbound left
Southbound left Northbound left
Eastbound middle Westbound middle
Eastbound middle Eastbound left
Eastbound middle Southbound left
Westbound middie Northbound left
Westbound middle Westbound left
Westbound left Eastbound left

Table 1: Compatible Traffic Lanes.

Dynamic resource allocation

Resource allocation is driven by the demand for access rights. When there is no traffic in a lane, the resource
is not allocated to the respective controller; the traffic light in that lane remains red. Only lanes with a
flow of traffic receive access rights for the resource. Resource allocation based solely on concurrency so
as to optimize utilization and to minimize overall waiting time for vehicles may lead to starvation. A strict
first-in-first-out allocation scheme rules out starvation and allows concurrency within compatibility rules.
Consequently, the maximum waiting time for a controller request is O(k), where & is the average number of
requests in the queue. Preventing starvation for requests from controllers ensures there is no starvation for
vehicles.

61



|CL1 ; ControlterML| [CL2: Controliertl| {CL3 - ControllerML | lgg 4 ControllerML|
L | ! ! |
: | i
@M1 ; @M! |@M2: @M @M3 ; @M i @M @M |
(@N1: @N. @N2 : @N! @N3 : @N: N4 : @N!
\\\\\\ //
| A:Arditer -
U
r___‘// \\
r——% ———————— P —
N5 : @N; @NE : @N | @NT7 - @N ! N3 : ®N
([ems . @um M6 - @M (eM7-em [@vs:.@m!
AR . i — I

: : i
CM1 : ControllerML  iCM2 : ControllerML! 'CM3 : ControflerML { CM4 - ControilerML |

{ CR1:Controlier - CR2: ControllerR | | CA3 : ControllerR TCRA:ComrollerR l

Figure 16: Collaboration Diagram for Road Traffic System.

Lane Controller ID  Arbiter Port [D  Index
Northbound middle CM1 N5 l
Northbound left CLt NI 2
Westbound middle CM4 N8 3
Westbound left CL4 N4 4
Southbound middle M2 N6 5
Southbound left CL2 N2 6
Eastbound middle CM3 N7 7
Eastbound left CL3 N3 8

Table 2: Indices and Arbiter porr ids for Traffic Lanes.

Controlling Nonuniform Traffic Flows

If the rates of traffic flow in different lanes vary substantially, then the controllers for managing the traffic
lights will have different time constraints, but will maintain the same functionalities. In the object-oriented
paradigm, the preservation of behavior ensures substitutability. However, this does not apply to the realm of
embedded reactive systems. While preserving functional behavior, controllers regulating lanes with different
rates of traffic flow resort to different time constraints. Since objects of one controller class cannot be sub-
stituted for different lanes, we need to specialize class derivations. We have studied three different forms of
inheritance in [AAMO96]. Of these, behavioral inheritance supports changes in timing constraints; that is, the
minimal time delay can be increased or the maximal time delay can be decreased. Applying behavioral inher-
itance for the controller classes. we can specialize different controllers to regulate different patterns of traffic,
while maintaining the same arbiter class. This illustrates an application of the benefits of object-orientation

in our models.
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Figure 17: Sequence Diagram for Northbound Right Lane.
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Figure 18: Sequence Diagram for Northbound Left Lane.
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65



Table(T): trait
includes IntCycle(0 for first, 7 for last, Index for N)
introduces
nic T—=T
-[ - -1: T, Index, Index — Bool
validEntry: Index. Index — Bool
asserts
Table generated by init
Va:Tij: Index
i> IAi< 1= iniva)i, i+7] == true
i > 1Ai<2= initfa)i, i+6] == false
i 2 1 A 1< 3 = inita)fi, i+5] == false
i2 1A1< 4= init(a)[i, i+4] == true
i> 1A1<S5 = init(a)fi. i+3] == false
i> 1 Ai<6=init(a)[i, i+2] == false
12 1Ai< 7= init(a)(i, i+1] == true
i> 1Ai<8 = init(a)(i, i] == false

validEntry(i, j) == init(a)(i. j]

Figure 20: LSL specification for Trait Table.

PortIDToNat(PidToNat): trait
includes Table
introduces
f: Port_Type — Index
isValid: Port_Type. Port_Type — Bool
asserts
Y p1. p2: Port_Type
f(NS) == |
f(Nl)==2
f(NR)==3
f(N4) == 4
f(NG) == S
f(N2)==6
f(N7) == 7
f(N3) ==8
isValid(p), p») == validEntry(f(p1 ). f(p2))

Figure 21: LSL specification for Trait PortIDToNat.
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4.5 Deriving a Formal Specification from a RTUML Model

We develop a mapping from the UML model of a reactive system onto formal specifications. A class diagram
and its associated statechart diagram modeling a reactive entity succinctly map onto the formal description
of a generic reactive class according to the template given in Figure 3. Features described in the class di-
agram, namely the porr types, atributes, and abstract data rypes map onto the parametric port types. and
the sections for Attributes, and Traits, respectively, in the textual description. Features specified in the stat-
echart diagram map onto the sections for States, Events, Attribute-Function, Transition-Specifications,
and Time-Constraints.

Each transition in the statechart diagram maps onto a transition specification in the textual description.
The logical assertions for the port condition and the enabling condition are extracted from the guard of the
transition: the assertion for the postcondition is extracted from the actrion of the transition. In defining the
attribute function, the attributes that are modified in an acrion are considered to be acfive in the destination
state of the transition. We use logical clocks in defining time constraints on reactions to transitions; a reactive
object includes a set of logical clocks. The occurrence of a transition may cause the enabling of reactions in
the form of internal or output events to occur at some point in a future time interval. On the enabling of a
reaction, a corresponding logical clock is initialized to zero in the acrion of the transition causing the reaction.
The lower and upper bounds for the time interval during which the reaction can occur are specified as logical
assertions in the guard of the transition corresponding to the reaction. A negative value for a logical clock in
the acrion of a transition indicates that the destination state is a disabling state for the reaction.

The UML collaboration diagram configuring a subsystem leads to a textual description based on the tem-
plate shown in Figure 4. The reactive objects in the configuration map onto the Instantiate section. and the
cardinality for each port type of the reactive object is derived from the port objects. The binary associations
of the stereotype PortLink between ports of reactive objects lead to the port-links in the Configure section.
A composition of collaboration diagrams defining a complex subsystem corresponds to the subsystems in the
Include section.

This mapping is a one-to-one correspondence between elements of the UML model and those of the
formal notation, and establishes a basis for automating the translation mechanism for extracting textual spec-
ifications from the UML diagrams. The formal notation allows (i) a self-contained specification of each
reactive object model as a high-level class description, and (ii) checking the syntactic and semantic correct-
ness of the specified models with an interpreter. Popistas [Pop99] describes a translator based on the mapping;
the tool was implemented within Rational Rose environment. We use Rose to specify the UML model and
implement the Rose-GRC translator using RoseScript. The script program gives access to classes, properties
and methods. to update models and generate documentation in Rose. The translator operates within the Rose
environment, and uses graphical interface constructs from Rose Extensibility Interface.

4.5.1 Formal Specification of the Road Traffic Control System

The Rose-GRC translator generates specifications consistent with the grammar of the specification language
from well-formed RTUML class diagrams, statechart diagrams, and collaboration diagrams. We illustrate
the translation process with the road traffic control system. Figures 22, 23, 24, 25 and 26 show the formal
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specifications generated by the translator from the RTUML model of the generic reactive entities described
in the class diagram in Figure 8, and the statechart diagrams in Figures 9, 10, 11, 12 and 13, respectively.
The LSL trait describing the data model Queue is available in [GH93]. Figures 27, 28 and 29 show the
specifications for the configurations described in the collaboration diagrams in Figures 14, 15 and 16.

A subsystem configured with three vehicles, one controller and one traffic light has the following ports
and communication links. Each vehicle has one port of type P for link to the controller. The controller has
three ports of type PL for link to the vehicles. A right lane controller has one port of type QL. and a middle or
left lane controller has one port of type S, for link to the traffic light it operates. The traffic light has one port
of type C for link to the controller that operates it. A controller operates only one traffic light; the unique port
of type C of the light links to the unique port of type QL of a right lane controller, or the unique port of type S
of a middle or left lane controller. A middle or left lane controller has a port of type M for link to the arbiter.
In the overall system. the arbiter has eight ports of type AV for link to the middle and left lane controllers.

4.5.2 Validation and Verification

The main goal for rigorous analysis of design specifications is to detect flaws at an early stage in system
development. An operational semantics for the abstract reactive model allows simulating the formal specifi-
cation of a system design for validation against requirements. A logical semantics for the notation supports
formal verification of desired system properties in the design, by demonstrating that the properties are logical
consequences of the axiomatic description of the design.

Simulation of the formal model of a reactive system generates scenarios of the behavior of the system.
Analyzing the data from the history of a simulation run provides valuable insight in the dynamic aspects of the
model. Types of flaws that are detected through this mechanism include incorrect configurations, functional-
ities. and timing constraints. For instance, inconsistent timing constraints can lead to unsafe scenarios. and
erroneous configurations can lead to deadlocks. A safety property can be verified to hold at each computation
step in the simulation process.

While simulation provides confidence in the correctness of a design specification, a formal verification of
certain properties is crucial in safety-critical applications. A verification methodology based on the abstract
model provides a means for verifying safety and liveness properties in the formal specifications of a design. A
ranslation mechanism generates axioms in the specification language of PVS from the formal specifications.
Stating a property as a theorem, a user interacts with PVS theorem prover to determine whether the design
satisfies the property. In particular, this technique is applicable to time-dependent properties whose satisfac-
tion is determined by constraints on reactions to transitions. We have formulated a verification methodology
based on the logical semantics of the abstract model, using PVS theorem prover.
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Class Light [@C]
Events: TumOn?@C. TumOff?@C, Off
States: *red, green, yellow
Artributes:
Traits:
Auribute-Function:
red —> {}; green —> {}: vellow —> {};
Transition—Specifications:
R1l: <red,green>; TumOn(true); rue => true;
R2: <green,yellow>; TumOff(true); true => true;
R3: <yellow.red>; Off(true); true => true;
Time-Constraints:
TCvarl: R2, Off, {3. 4], {};
end

Figure 22: Formal specification for GRC Light.

Class Vehicle [@P]
Events: Near!@P, GoAhead?@P. In. Out
States: *idle. request. toCross. cross
Attributes: act@P
Traits:
Attribute—Function:
idle — {}: request —> {act}:
toCross —> {}; cross —> {};
Transition—Specifications:
RI: <idle request>; Near(true); true => act’ = pid;
R2: <request,toCross>;
GoAhead(pid = act); true => true;
R3: <toCross.cross>; In(true); rue => true;
R4: <cross.idle>; Out(true); true => true;
Time~Constraints:
TCvarl: R2, In, [0, 2]. {};
TCvar2: R2, Out, [0, 5], {};
end

Figure 23: Formal specification for GRC Vehicle.
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Class ControllerR [@PL, @QL)
Events: Near?@PL, TumOn!'@QL.

GoAhead!@PL, TimedOut, TumOff!@QL

States: *idle, activate, busy, monitor, deactivate
Attributes: inQueue: PLQueue

Traits: Queue{@PL, PLQueue]
Attribute-Function:

idle —=> {}: activate —=> {inQueue};
busy —> {inQueue}; monitor —> {inQueue};
deactivate —> {}:

Transition~Specifications:

R1: <idle,activate>; Near(true);
true => inQueue’ = append(pid.empty);

R2: <activate,busy>; TumOn(true); true => true;

R3: <activate,activate>; Near(NOT in(pid.inQueue));
true => inQueue’ = append(pid,inQueue);

R4: <busy.monitor>; GoAhead(pid = head(inQueue)):
true => inQueue’ = tail(inQueue);

RS: <busy.busy>; Near(NOT in(pid.inQueue));
true => inQueue’ = append(pid.inQueue);

R6: <monitor,deactivate>; TimedOut(true); true => true;

R7: <monitor,monitor>; GoAhead(pid = head(inQueue));
true => inQueue’ = ail(inQueue);

R8: <monitor,monitor>: Near(NOT in(pid.inQueue));
true => inQueue’ = append(pid,inQueue);

R9: «<deactivate,idle>; TumOff(true);
len(inQueue) = 0 => true:

R10: <deactivate,activate>; TurnOff(true);
len(inQueue)>0 => true:

Time—Constraints:

end

TCvarl: R1, TumOn, [0, 2], {};
TCvar2: R2, GoAhead, [1. 2], {}:
TCvar3: R2, TimedOut, [10. 40}, {};
TCvar4: R6, TumOff, [0, ], {activate};
TCvar5: R6. TumOff, [0. 1], {idle};
TCvar6: R10, TurnOn, [20. 30}, {}:

Figure 24: Formal specification for GRC ControllerR.
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Class ControllerML [@T, @M. @8]
Events: Near?@T. Req!@M, Grant?@M. TurnOff'@S.
TurmOn!@8S, GoAhead!@T, TimedOut, Ret!@M
States: *idle, activate, request. deactivate, allocate,
busy, monitor, release
Atributes: inQueue:TQueue
Traits: Queue[@T, TQueue])
Auribute—Function:
idle —> {}: activate —> {inQueue};
request —> {inQueue}; deactivate —> {}:
allocate —> {inQueue}; busy —> {inQueue};
monitor —> {inQueue}; release —> {}:
Transition~Specifications:
R1: <«idle.activate>: Near(true);
true => inQueue’ = append(pid,empty);
R2: <activate,request>; Req(true); true => true;
R3: <activate,activate>; Near(NOT in(pid,inQueue));
true => inQueue’ = append(pid.inQueue);
R4: <request,request>; Near(NOT in(pid.inQueue)):
true => inQueue’ = append(pid,inQueue);
R5: <request.allocate>; Grant(true); true => true:
R6: <deactivate,release>; TumOff(true); true => true:
R7: <allocate,allocate>; Near(NOT in(pid.inQueue));
true => inQueue’ = append(pid.inQueue);
R8: <allocate,busy>: TumOn(true); true => true;
R9: <busy,monitor>; GoAhead(pid = head(inQueue)):
true => inQueue’ = tail(inQueue):
R10: <busy,busy>; Near(NOT in(pid,inQueue)):
true => inQueue’ = append(pid.inQueue}:
Ri1l: <monitor.monitor>:; Near(NOT in(pid.inQueue));
true => inQueue’ = append(pid.inQueue);
R12: <monitor,monitor>; GoAhead(pid = head(inQueue)):
true => inQueue’ = tail(inQueue);
R13: <monitor,deactivate>; TimedOut(true); true => true;
Ri4: <release.idle>; TurmnOff(true);
len(inQueue) = 0 => tue;
R15: <release,activate>; TumOff(true);
len(inQueue) > 0 => true;
Time—Constraints:
TCvarl: R1,Req, [0, 2], {};
TCvar2: RS, TumOn, [0, 2], {}:
TCvar3: RS, TimedOut, (10, 40], {};
TCvar4: R8, GoAhead, (1. 2], {};
TCvar5: R13, TumOff, [0. 1], {};
TCvar6: R6, Ret, [6, 8], {activate};
TCvar7: R6, Ret. [6, 8], {idle};
TCvar8: R15, Req, {20, 30], {}:
end

Figure 25: Formal specification for GRC ControllerML.
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Class Arbiter [@N]

Events:

States:

Req?@N, Ret?@N, Grant!@N, ToWait
*idle. oneBusy, allocate, twoBusy, busyWait

Auributes: rQueue:NQueue; hold1:@N; hold2:@N; validity: PToN:
Traits: Queue[@N.NQueue]; PortIDToNat[PToN];
Attribute-Function: idle —> {hold1, hoid2};

oneBusy —> {rQueue, holdl, hold2};

allocate —> {rQueue, hold1, hold2}:

twoBusy —> {rQueue, hold1, hold2};

busyWait —> {rQueue};
Transition—-Specifications:

RIi:
R2:
R3:

R4:

R6:

RS:

R9:

<idle,allocate>; Req(true); true => rQueue’ = append(pid.empty);
<oneBusy,allocate>; Req(true); true => rQueue’ = append(pid.rQueue);
<oneBusy.idle>; Ret(pid = hold! OR pid = hold2):

true => holdl’ = NULLPORT AND hold2’ = NULLPORT,
<allocate,oneBusy>; Grant(pid = head(rQueue)).

holdl = NULLPORT AND hold2 = NULLPORT

AND len(rQueue) = | => rQueue’ = tail(rQueue) AND hold1’ = pid:

5: <allocate,twoBusy>; Grant(pid = head(rQueue));

(hold! = NULLPORT AND hold2 <> NULLPORT

AND isValid(hold2,head(rQueue))) OR

(hold1 <> NULLPORT AND hold2 = NULLPORT

AND isValid(hold1,head(rQueue))) =>

{hold1’ = pid AND hold2’ = hold2) OR (hoid2’ = pid AND hold!’ = holdl);
<allocate,allocate>; Grant(pid = head(rQueue));

(holdl = NULLPORT AND hold2 = NULLPORT)

AND len(rQueue) > | => rQueue’ = tail(rQueue) AND holdl’ = pid:

: <allocate,busyWait>; ToWait(true);

(holdl = NULLPORT AND hold2 <> NULLPORT
AND NOT isValid(hold2,head(rQueue))) OR

(holdl <> NULLPORT AND hold2 = NULLPORT
AND NOT isValid(hold I ,head(rQueue))) => true;
<twoBusy.oneBusy>;

Ret(pid = hold1 OR pid = hold2); len(rQueue) = 0 =>
(hold1’ = NULLPORT AND hold2’ = hold2) OR
(hold2’ = NULLPORT AND hold!’ = hold1);
<twoBusy,allocate>;

Ret(pid = hold! OR pid = hold2); len(rQueue) > 0 =>
(holdl’ = NULLPORT AND hoid2' = hold2) OR
(hold2’ = NULLPORT AND hoid!’ = hold1);

R10: <twoBusy,twoBusy>; Req(NOT in(pid.rQueue)});

true => rQueue’ = append(pid,rQueue);

RIl: <busyWait,allocate>; Ret(pid = holdl OR pid = hold2);

true => holdl’ = NULLPORT AND hold2' = NULLPORT:

R12: <busyWait,busyWait>; Req(NOT in(pid.rQueue));

true => rQueue’ = append(pid.rQueue);

Time—Constraints:

end

Figure 26: Formal specification for GRC Arbiter.
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Subsystem NorthBoundR
Include:
Instantiate:
Vi:Vehicle[@P:1];
V2::Vehicle[@P:1];
V3::Vehicle[@P:1]:
CRI:ControllerR{@PL:3, @QL:1];
LRI:Lighti@C:1];
Configure:
LR1.@Cl1:@C <-> CR1.@QLI:@QL;
CR1.@PL1:@PL <-> VI1.@Pl:@P;
CR!.@PL2:@PL <-> V2.@P2:@P;
CR1.@PL3:@PL <-> V3.@P3:@P:
end

Figure 27: Formal Specification for Subsystem NorthBoundR.

Subsystem NorthBoundL
Include:
Instantiate:
Vd4::Vehicle[@P:1];
V5::Vehicle(@P: 1];
Vé6::Vehicle(@P: 1];
CL!::ControllerML[@T:3, @M:1, @S: 1];
LLI:Light{@C:1];
Configure:
LLi.@Cl:@C <-> CL1.@S1:@S:
CLL.@TI:@T <-> V4.@P4@P;
CLIL.@T2:@T <—> V5.@P5:@P;
CLI.@T3:@T <—> V6.@P6:@P;
end

Figure 28: Formal Specification for Subsystem NorthBoundL.
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Subsystem RoadTraffic
Include:
NorthBoundR, NorthBoundL., NorthBoundM,
SouthBoundR, SouthBoundL., SouthBoundM.
EastBoundR, EastBoundL, EastBoundM.,
WestBoundR, WestBoundL., WestBoundM;
Instantiate:
A::Arbiter[@N:8];
Configure:
CLIL.@M!i:@M <-> A@N1:@N;
CL2.@M2:@M <-> A.@N2:@N;
CL3.@M3:@M <-> A.@N3:@N:;
CL4.@M4:@M <-> A.@N4@N;
CM1.@M5:@M <> A.@N5S:@N;
CM2.@M6:@M <-> A.@N6:@N;
CM3.@M7:@M <> A.@N7:@N:
CM4.@M8:@M <-> A.@N&:@N:
end

Figure 29: Formal Specification for Subsystem RoadTraffic.
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Chapter 5

Formal Semantics of RTUML

I'n defining formal semantics for RTUML modeling rechnique, we pro-
vide both denorational and operational semantics in the specification
language of PVS. The denotational semantics provide a meaning for each
valid syntacric construct in the language. Defining denorational seman-
tics can only be achieved formally only with a complere formalization of
the notation. In the case of RTUML, this involves formalizing the meta-
model, including its abstract syntax and its well-formedness rules. To
provide a meaning to syntactic constructs, we need a domain of well-
defined concepts that exist in the universe of discourse. We provide this
domain in terms of tvpes and concepts relared ro the abstract reactive
object model. Finally, we give the meaning of each construct by defin-
ing a mapping from the syntacric constructs to concepls in the semantic
domain. We provide operational semanrics by formalizing an axiomati-
zation of the abstract reactive object model.
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5.1 Introduction

This chapter is organized as follows. Section 5.2 outlines the steps involved in defining formal denotational
semantics for a specification language, and summarizes our approach in defining semantics for RTUML.
Section 3.3 includes definitions for the semantic domain, namely, the time domain, the domain of types,
and the event and state domains. Section 5.4 includes similar definitions for the generic reactive classes, the
extended statechart, and the GRC type. Section 5.5 defines the concepts of a configuration, a scenario, and a
reactive system model. Section 5.6 describes the semantic mapping provided from RTUML model elements
to semantic domain concepts. Section 5.7 presents an operaticnal semantics in OCL for the abstract reactive
model, and indicates how it is embedded in the proposed semantic domain.

5.2 Denotational Semantics

In this section, we outline the steps in defining semantics for RTUML. We adopt the procedure described by

Rumpe (Rum98], and describe
o the subset of the notation being considered.
e the extensions introduced to this subset of the notation,
¢ the application domain and its characteristics, and

e the relationship between the constructs of the notation and the concepts from the application domain.

Methodology for Defining Formal Semantics

A syntax defines a language £L: while in textual notations the syntax involves a linear sequence of characters,
in graphic notations the syntax involves a set of diagrams. The steps in defining the syntax of a textual

notation are:
o define the alphabet as a set of characters.
o define the lexical syntax by grouping the characters into words using regular expressions.
e define the abstract syntax by grouping the words into sentences using a context free grammar, and
e constrain the sentences using context conditions.

In a graphic notation. lines and characters correspond to the alphabet, boxes and arcs correspond to the
lexical syntax, and different shapes of boxes and arcs correspond to the abstract syntax. The textual attributes
of the boxes and arcs can be defined using a constraint language. A notation N is needed for defining the
language £. This definition hints to an algorithm for parsing the language L.

In UML, the metamodel replaces the context-free syntax; UML class diagrams describe the UML ab-
stract syntax. This recursive definition is not appropriate for defining semantics. OCL (Object Constraint
Language) expressions and natural language statements on the metamodel define the context conditions for
UML. Context conditions specify well-formedness rules that constrain the syntax. Abstract syntax trees and
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metamodels both serve to define the abstract syntax of a language. However, abstract syntax trees are hier-
archical. whereas metamodels are relation-based and do not have a canonical point from where to initiate a
semantic definition.

Defining semantics involves defining a semantic domain § of known concepts. and a mapping 3 from
the syntax to the semantic domain. The semantic domain indicates the concepts of the application domain
including the model of a system. A notation Ajs is needed for defining the semantic domain §. The semantic
mapping M relates syntactic constructs with concepts of the semantic domain.

al: £ = §.

A notation N\, is needed to describe the mapping M. The notation Ay, must include the notations A and
2\ used for describing the syntactic and semantic domains. '

Nee Ns € Nag-

The benefits of a formal definition of the semantic mapping include that the mapping supports reasoning. If a
formal notation is used as the semantic domain § and the mapping M is defined in an algorithmic style, then
documents in the informal language L can be transiated into documents in the formal notation § for rigorous
analysis. For instance, a proof of consistency may be provided to ensure that documents in the language £
are consistent models. In case a proof of consistency cannot be provided for the language L. then context
conditions must be introduced on the syntax of L so that it is constrained in such a way that the proof of

consistency holds for every document in the new version of L.

Defining RTUML Formal Semantics

We provide formal denotational semantics for the RTUML modeling technique in the specification language
of PVS. Our approach to defining RTUML formal semantics involves the following steps.

1. Formalize the language L.

e Formalize UML metamodel, with restriction to the packages Foundarion and Behavioral Ele-
menrs. This involves introducing a type definition for each model element, and predicates and

lemmas for the well-formedness rules.

o Introduce the stereotype extensions in the formal definition of the metamodel. by augmenting the
respective set of stereotypes for the model elements Class and Association.

o Introduce the RTUML well-formedness rules by providing predicates and lemmas defining re-
strictions on the UML model elements. This involves translating the OCL specification of the
rules given in Section 4.3.

2. Formalize the semantic domain 5.

e Define the concepts in the abstract reactive system model, and identify the constraints on these
conceplts.

¢ Introduce a type definition for each concept, and axioms characterizing the concepts.
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Abstract Syntax: UML Class Diagrams Abstract Reactive System Model
Well-formedness Rules in OCL Operational Semantics in OCL
i
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NM : PVS
N, : PVS N,: PVS

Figure 30: Formal Semantics for RTUML.

3. Formalize the semantic mapping A/(.

e Define the relations between the RTUML syntactic constructs (in terms of the model elements)
and the concepts in the semantic domain. This involves matching every RTUML well-formed

construct with a concept in the semantic domain.

¢ For each RTUML well-formed construct, define a function that maps the construct to the semantic

domain concept.

e Introduce axioms to characterize the functions. The semantic mapping corresponds to the union

of the set of functions.

Figure 30 illustrates the process of defining formal semantics for RTUML. Semantic completeness for
RTUML is ensured by providing a function for each well-formed construct in the language. Consequently,
every well-formed RTUML construct has a meaning. For a given well-formed RTUML construct and the cor-
responding semantic domain concept, applying the respective function to a PVS specification of the construct
yields the PVS specification of the concept. Appendix A includes a list of tables describing the formaliza-
tion of UML metamodel, and the RTUML well-formedness rules. The tables establish the correspondence
between the UML packages and the PVS theories. Appendix B contains the specifications relating to the
formalization of UML abstract syntax and well-formedness rules; it includes the RTUML stereotype exten-
sions. Appendix C contains the specifications for the RTUML well-formedness rules. Appendix D contains
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the specifications for the definitions of the concepts in the semantic domain. Appendix E contains the speci-
fications for the functions comprising the semantic mapping, and the axioms characterizing the functions.

Consistency Checking in Design Specifications

Corresponding to each design specification in UML, we can use the formal semantics to formulate a corre-
sponding PVS specification. A relationship R between two UML design components is stated in the form of
a set of theorems in a parameterized theory Tg. The theorems in theory Tz instantiated with two actual design
specifications must be proved in order to establish the consistency between two designs. The following is a
more formal definition of consistency for design specifications.

We define consistency between design specifications as follows: letd and ;2 be two design specifications
in UML: let p; and p; be their corresponding PVS specifications. Corresponding to the relationship R
between the designs d; and d3, there exists a parameterized theory Tg. If a proof can be constructed for every
theorem in the instance Tg(p;, p2) of the theory, then design specifications d; and d; are consistent.

Checking for consistency of design specifications may not be possible without sufficient axioms capturing
properties of data types used in the specifications. Consequently, consistency cannot be assured without

completeness of abstract data types.

5.2.1 Formalizing UML Metamodel

A suitable approach to formalizing UML metamodel is to identify attributes and properties of model elements
relevant to the application domain. and describe their meaning in a mathematical notation. By so doing. we
must ensure the completeness of the semantics; that is. we must describe the meaning of sufficient attributes
and properties of model elements to allow a precise understanding of the structure and behavior of a UML.-
defined object. This may involve the construction of a formal mathematical object constraint language.
Appendix A provides a series of tables describing how each package describing the UML metamodel is
translated into a corresponding PVS theory. Appendix B gives the PVS specification of the UML abstract
syntax and well-formedness rules. Appendix C gives the PVS specification of the RTUML well-formedness

rules.
Mapping UML Notation onto PVS Constructs

We adopt the following steps in formalizing UML abstract syntax.

1. Identify the model elements in each of the selected components of UML notation. UML model el-
ements are described using UML class diagrams with only class name and attributes. However, a
metaclass can inherit other metaclasses, and can also have a composition aggregation relationship with

other classes.

~

Specify PVS type definitions for each UML model element, using tuple, record. and uninterpreted type
definitions. We flatten the hierarchical structure of the abstract syntax to obtain all the attributes of a

mode! element.
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Figure 31: UML Core Package — Backbone [OMG99].

Auribute Type Inherited from class
specification Uninterpreted Operation
isPolymorphic Boolean Operation
concurrency CallConcurrencyKind Operation

isQuery Boolean BehavioralFeature
ownerScope ScopeKind Featre

visibility VisibilityKind Feature

name Name ModelElement

Table 3: Attributes of the Metaclass Operarion.

3. Give a PVS specification for each well-formedness rule for the metaclass describing a model element.
We use predicates and lemmas to formulate invariants and constraints on the model element. These
will need to be proved to check the well-formedness of any diagram given in terms of instances of
the model element. We use the flattened hierarchical structure of the abstract syntax to obtain all the

well-formedness rules corresponding to a model element.

We illustrate this exercise of mapping UML notation onto PVS constructs with an example. The ab-
stract syntax for UML logical package core is given in five class diagrams, one for each subpackage. Fig-
ure 31 [OMG99] shows the class diagram for the subpackage Backbone. The names of abstract metaclasses
are shown in italics in the metamodel; the names of metaclasses describing model elements are shown in
normal font. The model elements in Backbone are Interface, Class, DataType, Attribute, Operation, Method,
Paramerer, Consrraint, and ElementOwnership. The model elements in Relarionships are Dependency, Gen-

eralization, AssociationEnd, Associarion, and AssociarionClass.
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operation: TYPE = [# specification:Uninterpreted,
isPolymorphic:Boolean,
concurrency: CallConcurrencyKind,
isQuery:Boolean,
ownerScope : ScopeKind,
visibility: VisibilityKind,
name : Name,
parameters: ParameterlList,
specificationOf: MethodList,
constraints: ConstraintList #]

Figure 32: PVS Record Type Definition for the Metaclass Operation.

We choose the metaclass Operarion to show how to obtain the attributes of a model element. The class
Operation inherits the classes BehavioralFeature, Feature, ModelElement, and Element. The attributes of
the class Operation are given in Table 3. In addition, the class BehavioralFearture is an aggregation of zero
or more Parameter objects. There is a one-ro-many association between the class Operarnion and the class
Method, and a many-ro-many association between the class ModelElement, inherited by the class Operation,
and the class Constraint. These features can be captured by the following PVS record type definition.

We define static semantics for the model element Operarion by translating the well-formedness rules for
the class Operarion, and those for the classes inherited by the class Operation, into PVS axioms, functions,

lemmas and theorems. For instance, one of the rules for the class Operation is:

All Parameters should have a unique name.
In OCL. this constraint is specified as follows.

self .parameter-> forAll(pi.p2| pl.name = p2.name implies p1 = p2)
We translate this rule into the following PVS predicate.

operationPredicate((op: Operation)):bool =
FORALL (p1,p2:Parameter):
member(pl,parameters(op)) AND member(p2, parameters(op)) AND
name(pl) = name(p2) IMPLIES pl = p2

We then include the following lemma to capture this rule; the lemma needs to be proved to ascertain that an

operation is consistently defined in a UML diagram.

operationRule: LEMMA
FORALL (op: Operation): operationPredicate(op)

5.3 Semantic Domain

We define domain in terms of concepts from the abstract reactive object model described in Chapter 2. The
main components include generic reactive classes, configurations, and scenarios. We use a domain of types
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to capture generic reactive classes, port types and data types. Appendix D provides the PVS specification of

the semantic domain.

5.3.1 Time Domain

e Time is defined as the set of natural numbers.
Time = {r|r € Nar} U { = }.

5.3.2 Domain of Types
e GRCTypes
— GR.C is the universal set of GRCTypes.
e DataTypes
— D is the universal set of DataTypes.
e PortTypes

~ P is the universal set of PortTypes.
-~ Py is the null PortType.
P includes the null PortType Py.

*

Py € P.

*

Pq i1s a singleron set, containing the null port pg.

Po = {po}-

~ Notation

For every type T, there exists a maximal set S, such that every element of Sis of type T. We use T to
denote both the type T and the maximal set associated with the type T. Consequently, a : T denoting a
is an instance of T, holds iff a is a member of the maximal set associated with the type T.

a: T e aeT.

5.3.3 Event Domain
e E is the universal set of events.
o Eiernar 1S the universal set of internal events.

o E.uernat 15 the universal set of exrernal events.
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o Finpu is the universal set of input events. An inpur event corresponds to an external event suffixed with
the symbol *?”. We use “e?" to denote the inpur event obtained by suffixing the exrernal event “e”.

‘E"P“‘ = {e? l € € 'Eznernal}-

¢ Foupu is the universal set of ourpur events. An outpur event corresponds to an external event suffixed
with the symbol **!”". We use “e!” to denote the ouspurevent obtained by suffixing the external event “e”.

‘Eouzpul = {e! i e € 'Eexzernal}'

The following properties apply to the universal sets of events.

1. The universal sets of infernal and external events are disjoint.

Einlernal N Eevernat = 0.

2. The universal sets of inrernal and input events are disjoint.
Finternat N rEx’npuz = 0.

. The universal sets of inrernal and outpur events are disjoint.

(93]

Binternat N Toulpul = Q.

4. The universal sets of exrernal and input events are disjoint.

Eeqernat N ’Einput = 0.

w

. The universal sets of external and outpur events are disjoint.

Eexernat O %m,m = 0.

6. The universal sets of input and output events are disjoint.
'Einpw n fmuput = 0.

7. The universal set of events E corresponds to the union of the universal sets of inrernal, input and outpur
events.

E = Einernat Y ‘Einpul U {Elulpul-

The following functions are defined on the Evenr domain.
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= The bijective function o;, converts a set of inpur events into a set of external events, by removing the
suffix “?” from each inpur event.

Cin ¢ 0 Binpur) — §(Eexternat)-
* The function o;, is defined as follows.
VE, € So(finpul) o oirx(Ein) = {el e? EEin}-

+ The bijective function o, converts a set of ouspur events into a set of exrernal events, by removing the
suffix “!” from each ourpur event.

Cour * p(‘EJWPHI) — O Eexternal)-
* The function o, is defined as follows.

VEu € So(fowpul) o Gou(Eow) = {GIE! eEoul}-

5.3.4 State Domain
e S is the universal set of states.
® Ssumpte is the universal set of simple states.

® Scomplex IS the universal set of complex states.

The following properties apply to the universal sets of srares.

L. The universal sets of simple and complex states are disjoint.
Ssimplz n Scampla = 0.

2. The universal set of states .§ corresponds to the union of the universal sets of simple and complex states.
S = -Ssimple U Scampla-

The following functions are defined on the Srare domain.

* A complex state contains a set of substates that are either simple or complex. The function substares
returns the set of substates of a state.

substates: S — ((5).

I. The function subsrates returns an empty set when applied to a simple state.

YV's € Sumpte ® substates(s) = 0.

84



2. The set of substates of a complex state is nonempty.

Vs € Scomptex ® Substates(s) # 0.

= A complex state has a unique ensry state, which is a simple state. The total function enrry identifies the
entry state of a complex state.

entry: Scampla - Ssimple-
1. The entry state of a complex state is a member of the substates of the complex state.
Vs € Scomplex ® €ntry(s) € substates(s).
2. The set of substares of a complex state contains at least 2 elements.
Vs € Scomplex ® substares(s) \ { entry(s) } # O.

* The hierarchy function # returns the set of all states in the hierarchy of a state.

H: S5 - 0(5).
1. The hierarchy function # is recursively defined as follows.

H(s) = {s} U U H(v).

v € substates(s)

5.4 Reactive Object Model - GRCType

The reactive object model consists of a generic reactive class with an associated statechart extended to capture
timing constraints on transitions. This definition captures our notion of what a reactive object is.

5.4.1 Definition for GRCClass
A GRCClass is a 3-tuple < P.A. Q2 >, with the following definition.

e Pis aset of PortTypes.
P: o(P).

e A is a set of arrributes, where each attribute is either an instance of a PortType from the set P, or an
instance of a DataType from the universal set D.

A= {ala: Plu {ala: D}.

¢ Q is a mapping from the set of PortTypes P to the power set of the universal set of events ‘E, defining
the set of allowed input and output events at instances of the PortType.

Q:P - p(E).
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The following properties apply to a GRC class < P,A,Q >.

1. The sets of inpur and outpur events associated with a PortType, other than the null PortTipe Py, corre-

=

spond to disjoint sets of exrernal events.
VP € PeP # Py —
Q(P;) = Ein; U Eou; N Ein, C Finpur N Eour, © Fourpur N
Oin(Ein,) N Oou(Eous;) = 0.
The sets of events associated with two PortTypes of a GRC class are disjoint.

v P;, P]- € Pe P 7"5 Pj — Q(P,) FTQ(P,) = 0.

. The events associated with the null PortType Py are internal events.

VP, e PeoeP = Py = QUP) C Bnrernat-

The set of internal events E;y.rny of 2 GRC class corresponds to the set of events associated with the

null PortType Py.
Po € P = Eigternat = SQPo) A Po € P = Einernat = 0.

The events associated with a PortType P; of a GRC class, excluding the null PortType Py, are inpur and

ouftpur events.
VP € PeP # Py — QP) C (“Einpul U ‘E(mlpul)'

The set of inpur and outpur events E;, of a GRCClass corresponds to the distributed union of the sets
of events associated with the PortTypes of the GRCClass, excluding the null PortType P;.

Ep = U Q(P).
PEPAP %P

Compatibility of PortTypes

Given two GRCClasses G, and Gy, such that

Gy = <Py, Ag, Q4 >, and

Gy = < Py, Ap, S2p >,

PortType P, from the set P, and PortType Py , from the set P; are compatible iff the set of inpur events

associated with PortType P, is equal to the set of ourpur events associated with PortType Py , and the set of

outpur events associated with PortType P, is equal to the set of inpur events associated with PortType P, i

The comparison for equality of events is applied to the external events corresponding to the respective inpus

and ourpur events.
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¢ The predicate compatible defines the compatibility of two PortTypes.

compatible: P x P — Bool.

I. The predicate comparible has the following definition.
V Py, € Pz, Py, € P, ® compatible(Py;, P5,)

Qa(Pa,) = Einc U Eau:a A Ein,; Q E‘npw A an¢ - fowpul A

Qb(Pb,-) = Ein,, U Eaulb A Ein[, c 'Einpul A Eaul,—,

a

‘E)ulput A
oin(Eind) = OCow (Eoulb) A GCip (Einb) = Opw(Eou,)-
2. Two PortTypes of the same GRCClass are not compatrible.

V Ps, Pa; € Pa ® =~ compatible(Py,;, Py;).

5.4.2 Definition for Extended Statechart
An ExtendedStatecharris a 8-tuple < S, C, R, T, ®, ¥, I, £ >, with the following definition.

e Sis aset of srares.

S: 0(S).

1. The set S consists of simple and complex states. The set S; denotes the subset of all simple states
from the set S, and the set S. denotes the subset of all complex states from the set S.

S=5USAS C Ssimpte N Sc € -Scomple_r-
2. The distinguished simple state so from the set S is the inirial state of the statechart.

so € §;.

W

. The entry state of a complex state from the set S, is a simple state from the set S;.
V. € S. o entry(s;) €85;.
4. The set of substares of a complex state from the set S, is a subset of the set S.
Y sc € S. e subsrates(s.) C S.
5. The sets of substates of two complex states from the set S, are disjoint.
Vsi,5; € Sc @5 # 5; — substares(s;) N substares(s;) = O.
e Cis aset of logical clocks for defining time constraints on reactions to transitions.

® R is a set of transitions, where each transition is a 5-tuple < s.d, e, g,a >, such that
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— s is the source state; s is 2 member of the set S.

s €8S

d is the desrination state; d is a member of the set S.

d € S.

e is the rrigger event; e is a member of the universal set of events E.

e € E.

g is a predicate representing the guard condition for the transition.

a is a predicate representing the acrion resulting from the transition.
1. A valid transition satisfies one of the following four conditions.

+ The destination state d is a state which is not a substate of another state.
d € S\ U substares(s.).

s € 5S¢

* The destination state d is the entry state of a complex state which is not a substate of another
state.

=d. € 5S¢\ U substates(s;) o d = entry(d.).
5c € Sc

= There exists a complex state s. such that the source state s is in the hierarchy of the state s,
and the destination state d is a substate of the state s..

Ss. € S o5 € H(se) Ad € substates(s:).
» There exists a complex state s, such that the source state s is in the hierarchy of the state s,
and the destination state 4 is the entry state of a complex substate of the state s..

3s.,d. € S 05 € H(s.) Ad. € substates(sc) A d = entrv(d.).

2. If the source state s is a complex state, then the transition corresponds to a set of transitions R;
such that the source state sy, of each transition in the set R;, is in the hierarchy of the state s.

s €S =+ {<snd.ega>|s, € H(s)} CR.

3. If the destination state 4 is a complex state, then the transition corresponds to a transition whose
destination state d, is the entry state of the state 4.

d € Sc =+ {<s.d..e.g.a> |d, = entrv(d)} C R.

e T is atotal function that maps a clock from the set C to a transition from the set R, such that the clock
is initialized to O when the transition occurs.

T: C = R.

e O is a function that maps a transition from the set R to a set of clocks from the set C, such that the
timing constraint on the transition is specified in terms of the values of these clocks.

®: R — p(C).
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1. If the trigger event e of the transition r = < s5.d,e,g.a > is an inpur event. then the transition r

is not time-constrained.

Vre Rer = <sd,ega> Ae € Enppu — O(r) = 0.

2. If the transition r = < s,d.e.g,a > is time-constrained, then the trigger event e is either an
internal or an outpur event.
Vr e R e r = <S,d,e,g,a> A ‘D(r) # 0 - € e (‘Eimernal U 'Emlpul)-
3. If the transition r = < s,d.e,g.a > is time-constrained, then the trigger event e corresponds

to a reaction to transitions other than r from the set R, such that the corresponding clocks are

initialized to O when those transitions occur.
VrERo®(r) #0 > VceED(r)eZn e ReY(cj=nAn#r

e W is a partial function that gives the value of a clock from the set C when a transition from the set R

occurs.

¥:C x R — Time.

= The function ¥ is defined on the clock ¢ and the transition r iff

= the clock c is initialized to O when the transition r occurs, or

= the transition r corresponds to a time-constrained reaction, such that the timing constraint is
defined in terms of the clock ¢, or

= the destination state of the transition r is a disabling stare for a time-constrained reaction.

such that the timing constraint is defined in terms of the clock c.

0. if T(c) = r,
Y, r) = x. where 0 < x < =, if ¢ € ®(r),
2, if r = <s.dega> ANd e Z(c).

1. If transition r corresponds to a time-constrained reaction to some other transition r» from the set
R, and the timing constraint on the reaction is defined in terms of a clock from the set C, then the

value of the clock is initialized to O when transition r» occurs.
Ve €Q(r) e T{c) =r2 = Wi rp) =0

e [ is a partial function that gives the lower and upper bounds for the value of a clock from the set
C. relative to the activation time of the time-constrained reaction, within which the corresponding

transition from the set R can occur.

[:C xR — Time x Time.

* The function ¥ is defined on the clock c and the transition r iff the transition r corresponds to a
time-constrained reaction, such that the timing constraint is defined in terms of the clock c.

Te,r) = <lu> iff ce ®(r) Al < u
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e = is a function that maps a clock c¢ from the set C to the set of disabling states for the time-constrained
reaction defined in terms of the clock c.

=Z: C = p(S).

5.4.3 Definition for GRCType
A GRCType is a 2-tuple < G, B >, with the following definition.

e Gisa GRCClass.
G=<PAQ>.

e B is an ExtendedStarechart.
B=<SCR T DWW TILZ>.

e A transition r from the set R, such thatr = < s,d.e.g.a >.satisfies the following properties.

1. The trigger event e is associated with a PortType from the set of PortTypes P.
3P, € Pec e QP).
* The guard condition g is a conjunction of three predicates gporr_cond> enabling cond ANd grime_constraint -

8 = Bport_cond N\ 8enabling_cond /\ 8time_constraint -

= The port condition gpor_cong is a logical assertion on the values of artributes from the set
A and an instance p; of a PortType P; from the set P. The PortType P; corresponds to the
PortType with which event ¢ is associated: the null PortType Pp for internal events. The
instance p ; of PortType P; corresponds to the port through which the message is channeled;
the null port pg for internal events.
8portcond - §A) X P; — Bool.
where
P, e PAec QP).
2. If the trigger event e is an inrernal event, the porr condition is true.
if € € Eimerna; then
& port_cond é rrue.
= The enabling condition g.napiing_cona is a logical assertion on the values of arzributes from
the set A.
8enabling cond * §2(A) — Bool.
* The time constraint condition gy ime_constraine 15 @ logical assertion on the values of clocks from

the set C, that are used in specifying the timing constraint on transition r.

8time_consiraint - §9(C) ~ Bool.
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«» The fime constraint condition g,ime_consirains 1S a distributed disjunction specifying the lower
and upper bounds [ and u. on the value of each clock ¢ that is used in specifying the timing
constraint on transition r.

[N , ~7
8time_constraim = V W(c. r) > (T{c. )L A ¥(e. r) < (T(e. r))'2.

c e o)
3. If there is no timing constraint on transition r, the rime constraint condition is true.

if ®(r) = 0 then
8time_constrait = Irue.
4. If the trigger event e is an inpur event, the fime constrainr condition is rrue.
if ¢ € Eppue then
&
8time _constraint = Irue.

= The acrion a 1s a conjuncrion of two predicates apos _cond ANd detock _inic -

a = Qpost.cond N Aclock_init-
= The post condition apog _-0nq is a logical assertion on the values of arrribures from the set A
after transition r is taken.
Apostcond - @(A) = Bool.
= The clock initialization expression a.joci_nic 15 @ logical assertion on the values of clocks from
the set C, to initialize the value of a clock to O for each rime-constrained reaction associated
with transition r.
Aclock_init © 9(C) — Bool.
= The clock initialization expression a.ger_ini; initializes the value of a clock to O for each

time-constrained reaction associated with transition r.
Jay
Aclock_init = /\ W(c.r) = 0.

cECAT(c)=r
o For each state s from the set S, the disabling state expression € isapting stare defines the time-constrained
reactions that are disabled when a transition leading to the state s occurs. The disabling stare expression
€disabling stare 1S defined as a predicate on clocks from the set C that are used for specifying the timing

constraints on the reactions.

€disabling_state * $(C) — Bool.

= The disabling state expression eyisapling_aare Sets the values of the clocks defining timing con-

straints on reactions that are disabled in state s to infinity (o).

Jay
€disabling state = /\ W(c, r) = o=.
c€ECAdEcZ(c)AreRAr=<sdega>

5.5 Reactive System Model

The reactive system model consists of generic reactive classes each with an associated extended statechart,
configurations of instances of reactive object models and scenarios of interaction among the reactive objects.

This definition captures our notion of what a reactive system is.
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5.5.1 Definition for Configuration

A configurarion is a 4-tuple < V.I W.L >, with the following definition.
e V is aset of reactive objects.
1. A reactive object from the set V is an instance of a GRCType.
VveV e2G e GRCev: G
e [ is a set of port objects.
1. A port object from the set/ is an instance of a PortType.
VpEleSP € Pep: P.

e W is a function that defines a set of porr ownership associations, identifying port objects from the set /

that are owned by a reactive object from the set V.

W:V = o).

1. A port object from the set / is owned by a unique reactive object from the set V. The sets of port
objects associated with two reactive objects are disjoint.

Vr,rieVer#r, =5 Wir)nw(r; =0

e L is a partial injective function that defines a set of communication channels between port objects from
the set /.

L:I —= [

1. A port object from the set [ is linked to at most one port object from the set /. The port objects
associated with two port objects p; and p; are distinct port objects.

Vpi,p; €1epi# p; = Lipi) # L(p;)-
2. A communication channe! between two port objects is bidirectional.
Vpi,pj €1eL(p) =p;j e Lip;) = pi

3. A communication channel associates two port objects only if they are instances of compatible

PortTypes.

Ype€lep€ P ALp) € Pj > compatible(P;,F;).
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5.5.2 Definition for Scenario
A scenario is a 2-tuple < V,M >, with the following definition.
e V is a set of reactive objects.
I. A reactive object from the set V is an instance of a GRCType.
VveVe3lGe GRCev: G.
e M is a sequence of messages. A message is a 4-tuple < v, v,,e,r >, such that
1. the sender object v, is a member of the set V.
vy, € V.
2. the receiver cbject v, is a member of the set V.
v, € V.
3. the event e is a member of the universal set of events ‘E.
e € L.
= the rime r corresponds to the time at which the event occurs.

t € Time.

5.53.3 Definition for Reactive System Model

A ReactiveSystemModel is a 3-tuple < Y,F,N >, with the following definition.
e Y is a set of GRCTypes.
e F is a set of configurarions.
e N is a set of scenarios.

The following properties apply to a ReacriveSystemModel.

1. Inaconfiguration f = < V.I.W,L > from the set F, a reactive object v from the set V is an instance
of a GRCType G from the set Y.

V<VIWL> ¢ FeVveVe3GeY ov:G.

2. In aconfiguration f = <V,I,W,L > from the set F, a port object p from the set / is an instance of a
PortType P such that PortType P is owned by a GRCType G from the set Y.

VVIWL> e FeVpele3I <PAQ> €Y ep: P
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3. Inascenarion = < V,M > from the set NV, a reactive object v from the set V is an instance of a
GRCType G from the set Y.

VIV M> e NeVveVeZGeYov:G

4. Inascenarion = < V,M > from the set N, for every message m = < vs,v,, et > from the set M,
there exists a configuration f from the set F, such that port objects p; and p; are in the configuration.
and there exists GRCTypes G; and G; from the set ¥, such that PortType P; is owned by GRCType G;,
PortType P; is owned by GRCType G;, port object p; is an instance of PortType P;, port object p;
is an instance of PortType P,, event e is allowed at PortTypes P; and P;, and PortTypes P; and P; are

compatible.

VKVM> eNeoeV Cv,v,e0> € Me

[XF)

<VIW.L> € F,pi.p; €1s

<P, Ay Qu>, <Py, Ap. Q> €Y. P € Pu,Pj € P,e

te

Jep € Qa(Pi)e Cour € Qb(Pj) b

pi: PiANpj: PiNec€ Cin({€in}) A € € Cou({€ou}) A comparible(Pi, Pj).

5.6 Semantic Mapping

The purpose of defining a semantic mapping is to relate the syntactic concepts with the concepts in the
semantic domain. Having defined the RTUML abstract syntax and well-formedness rules. and the semantic
domain. we proceed with the definition of the semantic mapping. We first list the RTUML syntactic constructs
and the concepts in the semantic domain, and then define the mapping by providing a semantic demain
construct for each syntactic construct.

5.6.1 RTUML Syntactic Constructs

We list the syntactic constructs corresponding to each model element in the abstract syntax of RTUML.
e Class Diagram

~ Classifier Constructs

*

GRC Class (stereotype of Class) — aggregation of PortType classes and DataTypes

-

PortType Class (stereotype of Class) ~ associated set of input/output events

*

DataType — trait for abstract data type specification

#*

Binding - instance of DataType parameterized with PortType classes/DataTypes

*

Attribute - instance of PortType class/DataType/DataType binding
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— Association Constructs

* PortAggregation Association (stereotype of Assaciation) — binary relation between a GRC
class and a PortType class

« PortLink Association (stereotype of Association) — binary relation between two PortType

classes
e Interaction Diagrams

— Collaboration Diagram
= Collaboration — instances of GRC/PortType classes and binary links between the instances
* Classifier Role — instance of a GRC/PortType class
* Association Role — instance of a PortAggregation/PortLink association
-~ Sequence Diagram
* Interaction — set of messages between instances of GRC classes

+* Message — from sender to receiver instances of GRC classes
e Statechart Diagram

State Machine - set of transitions between states

Transition - from source state to target state

State — simple or composite

Simple State

Composite State — submachine

Event - signal event triggering a transition
— Guard - condition for a transition

Action - effect of a transition

5.6.2 Semantic Domain Concepts

We list the concepts of the semantic domain, that provide a definition for our notion of reactive object and

systemn models.
e Time
o Types

- GRCType - structure and behavior of a class of reactive objects
— PorntType — abstraction for events allowed ar an instance of the port type

~ DataType — abstract data structure

e Event
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Internal event — assumed to occur at the null port

External event — corresponding input and output events occurring at a port

|

[nput event — stimulus from another reactive object

Output event — message sent to another reactive object (often as a reaction to a stimulus)
e State

~ Simple state

Complex state —~ with substates and transitions

Substates — mapping from a complex state to a set of states

Entry state — mapping from a complex state to a simple state
e Transition

~ Source state — prior to transition
- Destination state ~ following transition

- Trigger event — causing transition

Guard - enabling condition, port condition and timing constraint

Action — post condition and clock initialization for time-constrained reaction
¢ GRCType

~ GRC Class
= Set of PortTypes — owned by the GRC class
= Set of Attributes — part of the GRC class
= Mapping from a PortType to a set of event names
~ ExtendedStatechart
= Set of States
= Set of Clocks — used in specifying time-constrained reactions
= Set of Transitions
* Mapping from a Clock to a Transition where the clock is initalized
* Mapping from a Transition to a set of Clocks specifying the timing constraint
* Mapping from a Clock to a set of States — disabling states for the timing constraint

* Mapping from a Clock and a Transition to the Time at which the transition occurs
¢ Subsystem

- Structure

«= Configuration

- Set of reactive objects - instances of GRCTypes
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- Set of port objects — instances of PortTypes
- Mapping from a reactive object to a set of port objects — port ownership
- Mapping from a port object to another port object — communication channel
-~ Communication
* Scenario
- Set of reactive objects — instances of GRCTypes
- Sequence of messages — between instances of GRCTypes
* Message
- Sender object — instance of GRCType
- Receiver object — instance of GRCType
- Event labeling message

- Qccurrence time

5.6.3 Mapping Model Elements to Semantic Domain Concepts

In order to provide a complete mapping of RTUML syntactic constructs to concepts in the semantic domain,
we associate each syntactic construct with a semantic domain concept, and provide informal characterizations
of the associations. Figure 33 illustrates the mapping from RTUML syntax to concepts in the semantic
domain: Table 4 shows how each diagrammatic component of RTUML is mapped onto a concept in the
semantic domain; and Table 5 gives the mapping from each model element to a semantic domain concept.

Appendix E provides the PVS specification of the semantic mapping.

RTUML Diagram Semantic Domain
Class diagram Types

Statechart diagram Extended statechart
Collaboration diagram Configuration
Sequence diagram Scenario

Table 4: Semantic Domains for RTUML Diagrams.

¢ GRC Class model element to GRC Class semantic domain concept

1. The number of Attributes of a GRC Class model element is equal to the sum of the number of
port attribures and the number of dara artributes of the corresponding GRC Class in the semantic

domain.

28]

. The number of Attributes whose types are PortTypes in a GRC Class model element is equal
- to the number of porr atntributes of the corresponding GRC Class in the semantic domain.

3. The number of Attributes whose types are DataTypes or Bindings in a GRC Class model
element is equal to the number of data attributes of the corresponding GRC Class in the semantic

domain.
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Figure 33: Semantic Mapping for RTUML.
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| | RTUML Model Element

| Semantic Domain Concept

1 | GRC Class GRC Class
2 | PortType Class PortType
3 | DataType DataType
4 | Binding DataType
5 | Attribute PortTypeAttribute of a GRC Class
6 | Attribute DataTypeAttribute of a GRC Class
7, Attribute Events allowed for a PortType
8 | PortAggregation Association PortType Ownership
9 | PortlLink Association Communication Channel (comparible PortTypes)
10 | Collaboration Configuration
1T | Classifier Role Reactive Object
' 12 | Classifier Role Port Object
i 13 | Association Role Port Ownership
[ 14 | Association Role Communication Channel (between 2 Port Objects)
15 | Interaction Scenario
16 | Message Message
17 | State Machine Extended Statechart
18 | Transition Transition
19 | State State
20 ; Simple State Simple State
21 | Composite State Complex State
22 1 Event Event
23 | Guard Guard
[ 24 | Action Action
{ 25 | GRC Class + State Machine GRCType

Table 5: Semantic Mapping from Model Elements to Semantic Domain Concepts.

4. Every Attribute whose type is a PortType in a GRC Class model element maps to a porr at-
tribure of the corresponding GRC Class in the semantic domain, and every Attribute whose type
is either a DataType or a Binding in a GRC Class model element maps to a data artribute of

the corresponding GRC Class in the semantic domain.

5. The number of AssociationEnds of a GRC Class model element is equal to the number of

PortTypes of the corresponding GRC Class in the semantic domain.

6. Forevery oppaosite AssociationEnd of a GRC Class model element. there is a PortType Class
model element that maps to a PortType that is owned by the corresponding GRC Class in the

semantic domain.

¢ PortType Class model element to PortType semantic domain concept

1. For every opposite AssociationEnd of a PortType Class model element, if the type of the As-
sociationEnd is a GRC Class model element, then, in the semantic domain, the corresponding

PortType is owned by the corresponding GRC Class.

2. For every opposite AssociationEnd of a PortType Class model element, if the type of the
AssociationEnd is another PortType Class model element, then the PortType Classes map to
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3.

two compatible PortTypes in the semantic domain.

The Attribute of a PortType Class model element maps to the set of events allowed at the
corresponding PortType in the semantic domain.

e PortAggregation Association model element to PortType Ownership semantic domain concept

1.

A PortAggregation Association model element maps to a tuple consisting of a GRC Class and
a PortType in the semantic domain, such that the GRC Class owns the PortType.

e PortLink Association model element to Communication Channel semantic domain concept

l.

A PortLink Association model element maps to a ple consisting of two PorrTypes in the se-

mantic domain, such that the two PortTypes are compatible.

o Collaboration model element to Configuration semantic domain concept

I.

[£8]

A Collaboration model element maps to a configuration in the semantic domain, such that the
number of ClassifierRoles in the Collaboration is equal to the sum of the number of reactive
objects and the number of porr objects in the corresponding configuration.

If a Collaboration model element maps to a configurarion in the semantic domain, then every
ClassifierRole in the Collaboration maps to either a reacrive object or a port object in the
corresponding configuration.

If a Collaboration model element maps to a configurarion in the semantic domain, then every
AssociationRole in the Coilaboration maps to either a porr ownership relation between a re-
active object and a port object. or a communication channel between two port objects in the

corresponding configuration.

o Interaction model element to Scenario semantic domain concept

L.

18]

An Interaction model element maps to a scenario in the semantic domain, such that the number
of Messages in the Interaction is equal to the number of messages in the scenario.

If an Interaction model element maps to a scenario in the semantic domain, then every Message
in the Interaction maps to a message in the scenario.

If an Interaction model element maps to a scenario in the semantic domain, and a Message
my in the Interaction maps to a message m in the scenario, then the sender of Message m,
maps to the sender of message mz, and the receiver of Message m; maps to the receiver of

message mz3.

o State Machine modei element to Exrended Statecharr semantic domain concept

l.

2.

The top State of a State Machine model element maps to the iniria! state of the corresponding

extended statechart in the semantic domain.

The number of Transitions in a State Machine model element is equal to the number of rransi-
fions in the corresponding extended statechart in the semantic domain.
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3. Every Transition in a State Machine model element maps to a fransition in the corresponding
extended statechart in the semantic domain.

4. If Transition ¢; in a State Machine model element maps to transition t; in the corresponding
extended statechart in the semantic domain, then the source State of Transition f; maps to the
source state of transition 2, and the rarger State of Transition #; maps to the destinarion state of

transition t3.

5. If Transition r; in a State Machine model element maps to transition r; in the corresponding ex-
tended statechart in the semantic domain, and the source State of Transition #; is a SimpleState.
then the corresponding source state of transition £2 is a simple state. If the targer State of Tran-
sition 1, is a SimpleState, then the corresponding destination state of transition 1> is a simple
state.

6. If Transition ¢, in a State Machine model element maps to transition t; in the corresponding
extended statechart in the semantic domain, and the source State of Transition f; is a Compos-
iteState, then the corresponding source state of transition r; is a complex state. If the targer State
of Transition #; is a CompositeState, then the corresponding destination state of transition r; is
a complex state.

7. If Transition 7; in a State Machine model element maps to transition r; in the corresponding
extended statechart in the semantic domain, then the trigger Event of Transition /| maps to the
trigger event of rransition t3.

8. If Transition ¢; in a State Machine model element maps to rransition r2 in the corresponding

extended statechar: in the semantic domain, then the guard of Transition ¢; maps to the guard of

transition ta.

9. If Transition r; in a State Machine model element maps to rransition tz in the corresponding
extended statechart in the semantic domain, then the effect Action of Transition r; maps to the

action of transition 1.
e Composite State model element to complex State semantic domain concept

1. The number of subvertices in a Composite State mode! element is equal to the number of
subsrares in the corresponding complex state in the semantic domain.

2. Every subvertex in a Composite State mode! element maps to a substate in the corresponding
complex state in the semantic domain.

o GRC Class + State Machine model elements to GRCType semantic domain concept

1. If a wple consisting of a GRC Class and a StateMachine model elements map to a GRCType in
the semantic domain concept, then the GRC Class model element maps to the GRC Class that
is part of the GRCType, and the StateMachine model element maps to the extended statechart
that is part of the GRCType.
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5.7 Operational Semantics

A logical semantics for the abstract reactive model serves two purposes: (i) as a set of rules for checking
the well-formedness of UML models of real-time reactive systems, and (ii) as a foundation for a formal
verification methodology. A logical semantics suitable for analysis and reasoning corresponds to an axiom-
atization [Ach93] of the structural and behavioral characteristics of the abstract reactive model. To obtain
the axiomatic description of a reactive object, we substitute the formal arguments of predicates in the axioms
from the logical semantics with data from the status of the object. The resulting set of axioms for the cbjects,
together with synchronization axioms describing communication protocols within a subsystem configuration,
supports a rigorous analysis of the design. Appendix F gives the PVS specification of the RTUML operational
semantics.

Our goal is to provide a semantic framework as a basis for the specification and analysis techniques.
Since UML metamodel and well-formedness rules are defined in OCL, we endeavor to define formal se-
mantics for the abstract model in OCL. Although OCL is convenient for describing modeling elements of
object-oriented notations, it is not tailored for real-time specifications. To support a semantic definition of
the structure and behavior of real-time reactive objects and subsystems specified according to the proposed
modeling technique. we need a notation that allows the definition of logical assertions, constraints, and prop-
erties involving time. Incorporating temporal predicates within the first-order logical framework of OCL. we
provide a semantic basis for UML design specifications based on the abstract real-time reactive model.

We introduce a reactive object domain in OCL to give semantic definitions that apply to instances of the
generic reactive classes. We define an abstract base class GRC as a generalization of the generic classes GRC;.
The class GRC encapsulates the following data: porr rypes. states, events, antributes. transition specifications,
and rme constraints. A class GRC; defines a set of ports for each of its porr rypes, and an artribute function
giving the active attributes in each state of instances of the reactive class. This definition allows access to data
relevant to instances of the reactive classes.

To provide semantics for subsystem configurations, we introduce a reactive subsystem domain in OCL.
We view a collaboration diagram as a configuration of instances of generic reactive classes. We define an
abstract base class Subsystem as a generalization of the subsystem configuration specifications. This class
represents a composition of instzances and portlinks; the attribute instances defines a set of objects of the
generic reactive classes, and the attribute porrlinks defines a set of binary associations between ports of the
reactive objects. A tuple of the form

<< instanceg, port, >, <instancep, port; >>

defines a port-link for a communication channel between port port, of object instance; and port port, of
object instancep. In this model, the only form of communication between reactive objects is through syn-
chronous message passing.

We introduce a domain for time intervals in OCL, and define the temporal predicates shown in Figure 34
to express relations on time intervals. The equality predicate Equal is symmetric; the predicates Before,
Meer, Overlaps, During, Starts, and Finishes are asymmetric. Thus, for a pair of time intervals, there are
thirteen relations expressible by these predicates and their inverses. More complex temporal relations on time
intervals can be expressed in terms of these predicates. Table 6 gives the definitions of the temporal predicates
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Figure 34: Temporal Predicates.

Before(Ty,T5}
Meet(Tl . Tg)

Overlaps(T{,Th)
Equal(T;,T2)
During(T|, T7)
Starts(Ty. o)

U < <vyp<va
Uy =uraAvyp =v2
w <uUpAvp <va

Uy = Avp < va

e ne e ue e e e

Finishes(T|,T5) uy <z Avyp =12

Table 6: Definitions of the Temporal Predicates.

on time intervals. The variables T} and 7> range over the domain of time intervals; Ty = [u;,vi],v; > uy, and
T> = [u3,va].va > ua. For every attribuie x of an object, we define a function x whose domain is the set of
time intervals, such that for every member of the set, the object remains in the same state during the interval.
The function returns the value of the attribute in the given interval.

We define predicates on time intervals to assert time-dependent properties on elements from the domain
of reactive objects. To assert that a property holds for an object at time ¢, or during time interval T, we define
the predicates HoldAr and HoldDuring to apply to reactive objects. The arguments of predicate HoldAt are
a state s and a time point ¢; HoldAt(s,t) asserts that the object is in state s at time r. Similarly, predicate
HoldDuring(s,T) asserts that the object is in state s during the time interval T. If time interval T = [u.v], v >
u. then

A.HoldDuring(s,T) implies

103



Vi:u<t and t <v implies A.HoldAt(s,1),

denoting that if an object A is in state 5 during interval T, then object A is in state s at every time point ¢
within the lower and upper bouuds « and v of the interval. We define predicate Occur to assert the occurrence
of an event at a port, at a specified time in a reactive object. The arguments of Occur are an event ¢, a port
p. and the time ¢ at which the event occurs. The abstract base class GRC encapsulates the predicates HoldAr,
HoldDuring and Occur.

5.7.1 Axiom System in OCL

There are eleven axioms of temporal constraints associated with an instance of a generic reactive class. The
Syvnchrony axiom describes the semantics for synchronous message passing. An OCL expression of the form

self.events—>forall(e | P(e))

applied to a reactive object, denotes “for all events e of the GRC instance, predicate P is true”. The variable
t; denotes the absolute time for an event occurrence: the variable s; denotes a state in the automaton; variables
e. f. and ¢; denote events labeling transitions in the automaton; the variable p; denotes a port of the reactive
object. The predicate HoldAt(s,t) asserts that the object is in state s at time r; the predicate Occur(e, p.t)
asserts that event e occurs at time ¢ through port p in the reactive object.

1. Atomic-evenraxiom: e (AE)

At time r, there can be at most one event occurring in a reactive object: at time ¢, an event can occur at

only one port.

(a) self.evenrs—>forall(e;. ez | ; # €2
and self.porrs—>exists(p; | self.Occur(e;. pi,t))
implies self. ports—>forall(p; |
not self.Occur(ea, p;,r)))

(b) self.evenrs—>forall(e | self. porrs—>forall(p:. p; |
self.Occur(e, p;,t) and self.Occur(e,p;.1)
implies p; = p;))

2. Silent-eventaxiom: e (SE)

The occurrence of the silent event rick at time ¢ precludes the occurrence of any other event in the
reactive object at time r.

self.Occur(tick,nullporr.t) implies
self.evenrs—>forall(e | self. porrs—>forall(p; |
not self.Occur(e, pi,r)))
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3. Srate-hierarchy axioms: ~ eeeeeseeeees (SH)

These axioms assert the relationship between a state and its substates. When an object is in a substate
of a state 9, it is also in the state 8. Similarly, when a reactive object is in a non-atomic state 6, it is in
at least one of the substates of 6.

(a) self.srares—>forall(s; | sj.complex = true
and s;.subsrates—>exists(s; | self.HoldDuring(s;,T))
implies self. HoldDuring(s;.T))

(b) self. HoldDuring(s;, T) and sj.complex = true
implies s;j.substates—>exists(s; | self.HoldDuring(s;,T})

t

4. State-uniqueness axiom:  meesceecenes (su)

A reactive object cannot be in more than one state at any instant. unless the states are related by the
state hierarchy function ®;. That is, a reactive object can be in two states only if one state is a substate
of the other. Formally,

self.HoldAr(sy,t) and 51 # 52
and not sa.substates—>exists(s3 | 53 = s1)
and not s|.substares—>exists(sz | s3 = 52)
implies not self.HoldAr(sa.t)

5. [nitial-state axiom: e (Is)

A reactive object has a unique initial state which is atomic. A reactive object is in its initial state 8 at
the initial instant £;,;.

self.HoldAt(s.tiy;) 1mplies
s.nitial = true and s.complex = false

6. [nitial-artribute axiom: e (Ia)

A formula @;,; is asserted at the initial time f;,;, such that @;,; is the maximal property satisfied by the
attributes at £;,;;. The assertion @;n;; is the maximal property in the sense that, for any other assertion @
satisfied by the attributes at time #;,;, the following holds:

Qinit (finie) implies @ (Zinir)
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7. Dormant-attribute axiom: ~ eeeeeeseeees (p2)

The attribute function partitions the attribute set into modifiable and non-modifiable sets, at each state.
If an attribute is dormant in a certain state then its value cannot be changed as long as the machine is

in that state.

self.srares—>forall(s |
self. HoldDuring(s,Ti) and Meet(T>.T})
implies self.arrributes—>forall(a |
self.ateribute func(s)—>forall(x; |
x; # a implies x(T2) = x(T1))))

8. Occurrence axiom: e (0C)

For the occurrence of signal Occur(e, p;,t) it is necessary that the reactive object be in the source-state
of some transition A, labeled by e, such that the port-condition @por Of A is satisfied by p;. This is
formalized by the occurrence axiom asserted for each event e in the reactive object. For an event e, let
Ji.--..An be the transition specifications labeled by e, and let 8; be the source-state of A, 0l be the

enabling-condition of A ; and o{,o,, be the port-condition of 4 ;. The occurrence axiom for e follows.

self.Occur(e, pi.t)
implies self.srares—>exists(s | self . HoldAt(s.t)
and self.rransitions—>exists(r | r.source = s
and r.enablingcondition(t) = true
and r.portcondition(t, p;) = true))

9. Transition axiom: e (TR)

The transition axiom is defined for each transition specification of a reactive object. The occurrence of
an event results in a state transition to the target state and the satisfaction of the post-condition in the
target state. The transition axiom applies for each transition specification & : (8,8');€(Qporr): @en =
O posi- If the target state 6’ is not an atomic state, then the atomic state which is the starting descendant

state of 8’ replaces 6'.

self. HoldAr(s,t)) and self.Occur(e.p,n)
and f; < r; implies
self.rransitions—>exists(r | r.source = s,
and r.destination = s, and self.HoldAr(s2,12)
and r.postcondition(t).r2, p) = true)
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10. Persistence axiom: e (PS)

A persistent axiom is defined for each state. It asserts that when no event causing a transition to leave
that state occurs, there is neither a change in that state nor a change in the values of the attributes active
in that state. For a state 0, lete; ..., e, denote the events associated with the transitions leaving 6. The

persistent axiom for 8 is as follows.

self. HoldDuring(s.Ti) and Meer(T\,T?)
and self.transitions—>forall(r | r.source = s
implies not self.Occur{r.triggerevent, py,r1))
implies self.HoldDuring(s,T>)
and self.arrribure function(s)—>forall(x |
x(T) = x(Tz))

. Time-constraint axioms: e (TC)

A set of time constraint axioms defines the behavior of a reactive object. The axioms apply for each

time-constraint
(M. e. [I,u],@,') =y €T,

where A : (8.0"); f(@port); @en — ©por. We introduce the predicates Enable, Disable. and Trigger.
to describe the status of a reaction after it has been enabled. and the predicate Within to assert the

containment of a time point within a bounded time interval.

e Trigger(e.t,): A reaction is activated when a transition triggering the reaction occurs. For a time-
constraint v;, the occurrence of a trigger transition A is marked by a change of state from 8 to 6’
and the occurrence of the labeling event f. Trigger(e.t;) is true when a reaction associated with
the constrained event e is activated at time r,. [f e is not a constrained event then V¢, —Trigger(e.t)
is true.

Trigger(e,t,) &f self.transitions—>exists(r |
r.rriggerevent = f and self.Occur(f,p:.tz)
and self.HoldAt(r.source,t;)
and self.HoldAt(r.destination,r)
and 1 <1, and r, < 6>
and self.timeconstraints—>exists(rc |
tc.assoctransition =r

and rc.constrainedevent = e))
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o Disable(e,r): Any activated reaction involving the constrained event ¢ is disabled at time ¢ due to
the reactive object entering one of the disabling states of ¢. If ¢ is not a constrained event then Vr,

-Disable(e,r) is true.

Disable(e,r) W self.rimeconstraints—>exists{rc |
tc.constrainedevent = e and
t < rc.upperbound
and tc.disablingstares—>exists(s | self.HoldAt(s.1}))

e Enable(e.t,,1): The reaction involving the constrained event e due to the occurrence of a trigger
event at the activation instance . is enabled at time r. An event e is enabled at time ¢ if it was
triggered at time 7,, 7, < ¢, and it was not disabled or fired at any time ¢/, 1, < ' < r. A formal
definition of the predicate follows from the axioms stated below. If e is not a constrained event
then Vi,, 1, —~Enable(e.1,.1) is true.

e We define the predicate Within(t,.[.u,t) in terms of the basic temporal predicates.

Wirhin(tz, 1, u.t) def L+l <r<r+u

The following axioms use the predicates Trigger(e.t,), Disable(e.t), and Enable(e.ts.r), and the tem-

poral predicates to describe the behavior of objects of the generic reactive classes.

(@) Acrivationaxiom: e (ac)

A reaction is activated when a transition triggering the reaction occurs.

self.rimeconstraints—>forall{rc | rc.constrainedevent = e
and Trigger(e.r;) and not Disable(e.r)
and ¢; <t implies Enable(e,1,,t))

(b) Constrained-event axiom: — eeeeeeeeenns (ce)

A trigger event is necessary for the occurrence of a constrained event.

self.timeconstraints—>forall(zc | rc.constrainedevent = e;
and self.Occur(e;, p;,t) implies
self.rransitions—>exists(r | r.eriggerevent = e;
and self.Occur(ez,pj,ta)
and 1,+1<1r and ¢t <1, +u))
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(c)

@

(&)

0

Enabling axiom: ~  eeeeeeecenns (en)
The necessary conditions for a reaction already enabled at time 7 to remain enabled in the suc-
ceeding time ¢’ are: (1) the constrained event e should not occur at r, and (2) the reaction is not
disabled at time ¢'.

self.timeconstraints—>forall(rc | rc.constrainedevent = e
and Enable(e.t;.t) and not self.Occur(e, p;.r)
and r < and not Disable(e.ts)
implies Enable(e,tz,12))

Disabling axiom: e (ds)
An enabled reaction will no longer be enabled if the constrained event of the reaction is disabled

due to the object entering into a disabling state.

self.timeconstraints—>forall(zc | rc.constrainedevenr = e
and Enable(e,1,.7) and 1 <12
and Disable(e.r2) implies not Enable(e,14,12))

Firing axiom: e (fr)
An enabled reaction is fired by the occurrence of the constrained event. Since the firing of the

reaction satisfies an enabled reaction. the reaction will no longer be enabled.

self.rimeconstraints—>forall(tc | tc.constrainedevenr = e
and Enable(e,t,.t) and self.Occur(e,p;.t)
and Wirhin(t;,0.1.t) and ¢ <12
implies not Enable(e.14.12))

Prohibition axiom: ~  eeeeeeeeaeen (ph)
If a reaction is enabled then the constrained event should not occur during the minimum delay
period from the time of activation. However, if the minimum delay is less than the atomic interval.

then there does not exist any minimum delay interval.

self.timeconstraints—>forall(rc | tc.constrainedevent = e
and Enable(e.tz,t) and Within(z,,0.1.1)
implies not self.Occur(e, p;.t))

Obligation axiom: ~  eeeeeeeeeeen (ob)
If an enabled reaction is not disabled within the maximum time bound after the activation, then
the constrained event should be fired at some time within the maximum time bound.
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self.rimeconstraints~>forall(rc | tc.constrainedevent = e
and Enable(e,t;,t) and
(Within(t,,0,u,rz) implies not Disable(e,r2})
implies self.Occur(e,p;.t2) and Within(tg,l.u.12))

(h) Validity axiom: ~ eeseeeeeee (va)
A reaction involving a constrained event e can be enabled at time ¢ only if the triggering event f
has occurred at time f, such that ¢ is within the maximum bound « from the instant ¢;. In other
words, for a constrained event activated at a given time 7, for all time instants ¢/, such that. /' <1,
or ¢’ > 1, + u, the constrained event e cannot be enabled. By including this axiom, we can assert
whether or not the predicate Enable(e..,t) is true for all constrained events e and time instants

rp and .

self.rimeconstraints—>forall(tc | tc.constrainedevent = e
and Enable(e,1,,1)
implies Trigger(e,t;) and Wirhin(tz,0,u.t))

12. Svnchrony axiom: e (sY)
The synchrony axiom applies for each port-link 0;.@q ; «+ 0;.@gq; in a Subsystem Configurarion Spec-
ification.

self.portlinks—>forall( pl | self.instances—>exists(01 .02 |
pl.instance; = oy and pl.instances = 03
and (o0.Occur(e,pl.porr;,t)
implies 02.Occur(e. pl.porta.t))
and (03.Occur(e.pl.porrs,t)
implies o1.Occur(e, pl.porty,t)))

110



Chapter 6

Mechanized Verification Methodology

Proving safety, liveness, and bounded-time properties is crucial in the
development of dependable safery-critical systems. Artaining this goal ar
an early design stage is essential in reducing the duration and cost of the
development life cycle. We present a methodology for mechanized veri-
ficarion of rime-dependent properties of real-time reactive systems. The
verification technique is based on an object-oriented formal specification
method. The methodology applies to properties that can be specified in
terms of relarions on absolute times for event occurrences. This tech-
nique is pertinent to object-oriented formalisms based on state machines
augmented with timing constraints and synchronous communication.
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