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ABSTRACT

In terms of one common model for software engineering, there zre four main phases in
developing or evolving reliable, large-scale software. These are formal specification, design,
implementation, and testing phases. Furthermore, it is widely recognized (but noc necessarily
widely adopted in practice) that the development of reliable communications software and
systems should proceed from formalized specifications of the system requirements.
However, very few pragmatic guide-lines exist for deriving effective, formal specifications
of reliable software, and subsequently relating the specification method to testing activities.
This area of relationship between completeness and effectiveness of specifications and
testability of the corresponding systems is particularly critical for communications software

which tends to be extremely large, complex, and highly distributed.

Experience has shown for such systems that the earlier relative timing information is made
available in the development process, the earlier potential design errors and omissions can be
identified. Timing aspects are one example of specification information which is important
for correctly designing and adequately testing communications software. In addition, precise,
complete specifications are necessary for antomating the test execution and test result analysis
steps. In turn, this test automation is critical to cost-effective testing of very large, distributed
systems, In this thesis, we make a contribution to improving software testability by
providing a useful model and guide-lines for constructing highly testable specifications of

distributed real time (communications) systems.



In particular, initially, a mnodel, namely global events model, is developed based on relative
clock for interpreting concurrent aspect of a communications system. Then, based on the
global event model, a new formal specification language and method, namely extended trace
assertion language (ETAL), is presented for formally representing both the sequential and
concurrent aspects of the system. A relative clock based specification in ETAL method also
facilitates subsequent testing activity. Subsequently, based on the global events model, 1 new
test result analysis approach including timing information is presented for communication
service and protocol conformance testing. This approach is also ETAL specification-based.
After the descriptions of the contributions mentioned above, the definition of a testability-
directed specification and a study on the relations between the testability-directed specification
and ETAL are then presented. This study can be regarded as one of contributions of this

thesis for the area of software engineering in general.

Finally, the feasibility and usefulness of the relative clock based formal specification method
is demonstrated by its application to OSI transport software (service and protocol). Also, the
effectiveness of the relative clock based approach for test result analysis is illustrated in a set
of realistic conformance testing ¢xamples. We also illustrate in these examples, the
relationship between our formal specification method and our approach for test result
analysis. This relationship is called "testability-directed specification”. Thus, we offer a
means of usefully linking the specification and testing phases, a relationship which is often

overlooked in other software development approaches.
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CHAPTER 1

INTRODUCTION

1.1 Context and Motivation for the Thesis

In terms of one common model for software engineering, there are four main phases in
developing or evolving reliable, large-scale software. These are formal specification, design,
implementation, and testing phases. Furthermore, it is widely recognized (but not necessarily
widely adopted in practice) that the development of reliable communications software and
systems should proceed from formalized specifications of the system requirements.
However, very few pragmatic guide-lines exist for deriving effective, formal specifications
of reliable software, and subsequently relating the specification method to testing activities.
This area of relationship between completeness and effectiveness of specifications and
testability of the corresponding systems is particularly critical for communications software

which tends to be extremely large, complex, and highly distributed.

Experience has shown for such systems that the earlier relative timing information is made
available in the development process, the earlier potential design errors and omissions can be
identified. Timing aspects are one example of specification information which is important
for correctly designing and adequately testing communications software. In addition, precise,
complete specifications are necessary for automating the test execution and test result analysis
steps. In turn, this test automation is critical to cost-effective testing of very large, distributed

systems. In this thesis, we make a contribution to improving software testability by



providing a useful model and guide-lines for constructing highly testable specifications of

real time communications (distributed) systems.

At a high level of abstraction, a communications system can be viewed as & service provider
which offers some specified communications services to a number of service users who
access the system through many geographically distributed service access points. The
communications service specification describes the distributed functions provided by

the communications system to its service users [Sale91] (see Section 2.1.1).

Conformance testing [IS09646, Rayn87] is the assessment process to determine the extent to
which communications software conforms to the requirements stated in international
standards. One of the most important steps in a conformance testing procedure is the analysis
of the test results, also called test result analysis. In this thesis, we also show how
specifications incorporating relative time constraints are useful for guidelining the

conformance testing process, as well as for erhancing the automation of test result analysis.

In recent years, a great deal of research has been done in the area of formal specification
methods and conformance testing methods for communications software [PSTV, FORTE,

PTS]. In the following, a brief overview on these issues is given.

On one hand, a wide range of specification formalisms and methods have been developed.
Each of these specification methods attempts to offer desirable features for formally
describing communications services and protocols, such as expressiveness, modularity and
conciseness. However, none of them consider testability requirements (see Section 5.2). In

addition, concurrent aspects such as collision scenarios are still not well ¢xpressed by those

methods.



Moreover, although many contributions from both academia and industry have been made to
conformance testing, there are not yet any practical solutions to test result analysis including
relative timing (1.e., time-ordering) information for service-directed conformance testing (see
Secron 5.1.2), "n addition, service-directed conformance testing has not yet been
investigated very well so far. However, the commercial communications services such as
telephone services have been increased dramatically in recent years, the studies for service-
directed conformance testing is therefore needed urgently for enhancing the reliability of these

services,

1.2 Main Ideas of the Solutions

In this section, we briefly introduce the main ideas of the solutions to the problems raised in
the last section. Detailed demonstration on the solutions will be provided in the major part of

this thesis.

An interesting comments relating system architecture to timed specifications is due to
Lamport [Lamp78]: "If a system is to meet a s yecification correctly, then that specification (of
the system) must be given in terms of events observable within the system. If the
specification is in terms of physical time, then the system must contain real clocks.".
However, in the same paper, it is pointed out that synchronization problems still exist even if
the system contains real clocks since clocks used in different distributed locations are not
perfectly accurate and do not keep precise physical time, Lamport then introduced a model
bused on logical clocks, rather than real clocks. However, in the paper, Lamport does not (or

did not intend to) further develop a formal specification method based on the logical clock.

In this thesis, we extend Lamport's work on logical clocks. In particular, we use

logical (relative) time as a basis for both specifying and testing



communications (distributed) systems. To avoid possible confusion with Lamport's
formalism, we use the term "relative clock time" instead of "logical clock time". Relative

clock time is defined and described in detail in Chapter 3,

We consider relative time as a virtual time scale to informally show how naturally and
powerfully relative time can be used as a basis for specifying and testing a communication
(distributed) system. We assume that the range of the scale (relative time) consists of a sct of
natural numbers. Therefore each local event can be mapped to one of the relative time values
in the scale. We then can identify and analyze what happens in the system when more than
one event is mapped to the same natural number, what relations exist between events mapped
onto different values and what orders of the events are legal, in terms of the values on the
scale. For example, in Figure 1.1, events a at SAP1 (Service Access Point) and b at SAP2
occur at the same relative time. Such capabilities directly enhance the expressive power of

specifications and the effectiveness of testing methods.

SAP1 SAP2 *SAPla +SAPLc « SAPLY
«SAP2Db * SAP2.0' e SAMC
3 : : -

1 relative time scale

Figure 1.1: events and relative time scale

The trace assertion language (TAL) and method invented by Parnas [BaPa78] and formalized
by McLean [McLe84a] is a useful formal specification language and method [PaWa89]. This
language specifies a software module or a system in terms of the external observable
behaviors of the module or the system. However, we feel that it is not well suited for
specifying communications (distributed) systems. We also notice that there exist potential

match between the trace assertion language (method) and the relative time based specification



method or test result analysis method. In this thesis, we present an extension of TAL, called
ETAL (Extended Trace Assertion Language) to adapt it for specifying and testing distributed
systems in terms of relative time. This specification therefore can be used not only to
represent collision scenarios but also to validate the systern (including time-ordering aspects)
as long as the system (or testing environment) contains a global relative clock. We show that
a relative clock-based-testing environment may be realized more easily than a real clock-based

one; thus, relative clock-based-specifications in ETAL enhance testability.

1.3 Objectives and Overview of Main Contributions

The primary objective of this thesis is to define a expressive model for developing a formal
specification method and a practical test result analysis approach for developing reliable
communications services and protocols. By doing so, we define and discuss what is a
testability-directed specification and recommend a language as a means to write such a

specification.

The main contributions of this thesis are:

(1) A model, namely global events model, is developed based on relative clock for

interpreting concurrent aspect of communications systems,

(2)  Based on the global event model, a new formal specification language and method,
namely extended trace assertion language (ETAL), is presented for formally
specifying both the sequential and concurrent aspects of communications systems. An

ETAL specification of OSI transport service [ISO8072] is also presented.
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Based on the global events model, a new, specification-based test result analysis
approach with time-ordering information is presented for communications service and

protocol conformance testing,

The requirements of testability-directed specification and a discussion on the
relationship between testability-directed specifications and ETAL are presented. This
study can be also regarded as an contribution of this thesis for the area of software

engineering in general.

Note that we will use the standard terminology for open system services and protocols

[Zimm80]. In particular, we use OSI transport software as an example to illustrate these

contributions. Also note that, our focus is on abstract foundations and basic techniques for

specifying and testing communications systems in this thesis.

1.4 Outline of the Thesis

The rest of the thesis is urganized as follows.

In Chapter 2, we provide some background on the main concepts and a survey of
previous related work, which are used for the development of the research conducted

in this thesis.

In Chapter 3, we will show why relative clocks are an adequate basis for global
events (event-tuples) and, more generally, that the global events model based on
relative clocks can adequately represent time-ordering information of sequential and

concurrent features of a communications system.



In Chapter 4, we describe the extension to Parnas’ Trace Assertion Language (ETAL)

and its application to OSI transport service example based on the global event model.
In Chapter 5, based on the global events model, a new approach for test result
analysis (including time-ordering information) for communications service and
protocol conformance testing and is iilustrated with a set of realistic conformance
testing examples using ETAL specifications.

In Chapter 6, we presented some extensions and suggestions for further research.

In Chapter 7, we conclude this thesis.

In Appendix A, some key algorithms are presented. In Appendix B, we give a

specification of the transport service in ETAL to facilitate the discussion in this thesis.



CHAPTER 2

BACKGROUND AND SURVEY ON RELATED WORK

2.1. Background

In this section, we provide only brief overview of the necessary background knowledge. The

interested reader is invited to consult thc references for more detail.

2.1.1, Communications Services and Protocols
The concept and specification of communications services play a key role in developing
reliable computer communications protoco!s [ViLo86, Boch90a]. The relationship between

protocols and services can be described as follows.

A communications protocol consists of a set of rules which govern the orderly exchange of
messages among the system components in order to provide a specified set of services to

service users located at different access points.

Service Users - Ul U2 U
(Layer N+1) L n

Sap2 v SAPn

N Service Provide

o

Figure. 2.1: An Abstract View of Distributed Communications Services




At a high level of abstraction, a communications system can be viewed as a service provider
(a blackbox) which offers some specified communications services to a number of service
users (U1, U2, .., Un) who access the system through many geographically distributed
Service Access Points (SAP1, SAP2, ..., SAPn) (Figure 2.1).

At a lower level of abstraction, the communications system can be seen to consist of a
number of cooperating protocol entities (PEs) which exchange protocol messages that are not
observable to the users at the access points. The PEs exchange these messages over a reliable

communications medium according to a FIFQ discipline (first-in, first-out).

The global communications service specification describes the distributed functions
provided by the communications (distributed) system (Layer N) to its service users (Layer
N+1) (see Figure 2.1) [Sale91]. Local service specification is an abstract specification of the
interface at a given service access point (SAP) of a communications (distributed) system; it
includes the local rules about the temporal order of their execution for that SAP [Boch90a].
The communications protocol specification describes the behavior of the protocol
entities, each servicing a part_icular access point. A protocol entity specification
describes the behaviours of that entity with respect to its upper interface (SAPs) and with

respect to its lower interface with the underlying service provider [Sale91].

The OSI transport service (TS) [ISO8072, Schw87] is the service provided to the Session
layer at the boundary between the Session and Transport Layer of the Reference Model
[Zimm80, ISO7498). There are basically two ways to provide the service by the transport
layer; one is non-connection-oriented, the other is connection-oriented on which we are
focusing in this thesis. The connection-oriented transport service consists of three phases:

connection establish phase, data transfer phase and connection release phase.



In general, the function provided by TS is transparent transfer of data between TS users. It
relieves these TS users from any concern about the detailed way in which supporting
communications media are utilized to achieve this transfer based on the TS protocol entity and
the network service. Thus, the specification of transport service describes the function

provided by transport layer to session layer,

2.1.2. Trace Assertion Language

Trace Assertion Language (TAL) is a technique invented by Parnas and Bartussek [BaPa78]
for formal and abstract specification of software module. Work done in this paper can be
also regarded as a work on the subject of module interface specification. The basic idea of
trace specification language is specifying a module based on a set of assertions on the trace
legality. Here, a trace consists of a sequence of observable events from the module, and the
legality is legal ordering (usually defined in a requirement document or a standard of a

module or a system ) relation of the events in a trace.

McLean [McLe84a} made a substantial contribution to the formalization of the work in
[BaPa78] by establishing a formal basis for traces, including a formal syntax and semantics,
a derivation system, and completeness and soundness results. He also has subsequently

explored both their application and the possibility of tools to assist in their use [McWeLa86].

In [Hoff85], Hoffman demonstrated the use of the trace specification method on substantial
communications applications and provided an explicit statement of the "single element
extension" method of writing the specification. Also, Hoffman and Snodgrass [HoSng8§]

described techniques for constructing formal, executable models from trace specifications,

Relating to the specification method and its applications, some other papers such as

[PaMa90,5cho90] have been published, the interested reader is invited 10 read the reference.

10



In this thesis, we use the updated version of the trace assertion language and method
[PaWa89] as the basis for the extended assertion language described in Chapter 3. A

specification using this method consists of following sections:

+ Syntax section:
The section consists of an input table, an output table, an access-program table, and an

event table,

» Canonical trace section:
The section defines a predicate on traces, "canonical”, with domain that includes the
complete set of syntactically correct traces. The predicate of a set of traces such that (a) no
two traces in the set are equivalent (=), (b) every legal trace is equivalent to exactly one

trace in the set.

» Equivalence section:
The section presents one function for each class of events, such as the invocation of an

access program.,

* Value section:

The section comprises the output variable section and the return value section.

In this method, trace assertions represent legal scenarios by means of canonical traces and
equivalences. We briefly illustrate the format of a trace assertion for a transport service
example, shown in Figure 4.1 and discussed in detail later, Acceptable scripts for transport
connection establishment are represented by the following canonical trace expression, and

equivalence (mapping function):

11



At any SAP, if one canonical trace is:

T = send (TCONreq),

then for the trace in which TCONconf appears immediately afier trace T, then,
the trace assertion is:

“T.receive (TCONCconf)" is said to be acceptable (i.e., lgal ).

Additional discussion of this example is given in Section 4.2 and Appendix B. More detils
on the principles of the trace assertion method and further examples can be found in

[PaWag9].

2.1.3. Temporal Assertions
Temporal Assertions we use are based on event-based [Vogt82] temporal propositional logic.
Temporal propositional logic is derived by adding standard temporal operators {Gotz904. In

our study, we use:

[1: true from now on and always; <> : true now or at some future time.

In ur example shown in Figure 4.1, we could assert that a connection request at SAP1 will
resultin a connection indication appearing at SAP2 sometime in the future, as following :

[1 (SAPI: sends "TCONreq" => <> SAP2: receives "TCONind ").

In Section 6.1, we will show how these temporal operators enhance the appropriateness of

trace assertions,

2,14, Correctness Requirements
Two types of properties must be guarantied in a protocol design to provide a reliable
services. They are: (1) the safety properties of the protocol which ensure that the protocol

never enters an undesirable state, i.e. something bad never happens. These properties include

12



freeness from deadlocks, freeness from livelocks, and completeness (i.e. absence of
unspecified reception errors), and (2) the liveness_properties of the protocol which
ensure that the protocol will eventually enter a desirable state, i.e. something good will
eventually happen, meaning that the protocol performs its intended functions with respect to
the service specification. Both properties can be guarantied by verifying the absence of

syntactic and semantic design errors. A review of these issues can be found in [PrSa%1].

2.1.5. Conformance Testing

Conformance in the context of OSI is concerned only with the conformance of
implementations and real systems to those OSI standards which specify applicable
requirements. Those standards include protocol standacds and transfer syntax standards. In
the context of this thesis, the standards concerned here also include the standardized

definitions of OSI 7-layers services, for example, the transport service definition [ISO8072].

Conformance testing is the assessment process to determine the extent to which an
implementation of a protocol (a service ) standard conforms to the requirements stated in the
standard. For example, in protocol testing , the tester who applies the test is the entity which
decides on the conformance of IUT (Implementation Under Test) to the protocol
specification; if a given behaviour is not in conformance of TUT to the protocol specification,
an error is detected. An international standard methcdology has been developed [Rayn87,
[SO96 1<, and will be standardized in the fall of this vear. In the following, we only review

part of content of this standard, which directly relates to our studies in this thesis.

In this testing methodology, there are five main steps for a test procedure; the first step is the
analysis of the PICS accompanying the IUT ; the second step is test selection; the third step is
the execution of the parameterized executable tests; the fourth step is the analysis of the test

results, also called as test result analysis. A verdict used in the test result analysis is a

13



statement of pass (i.e. pass a test), fail (ie. fail to pass a test) or inconclusive (i.c. no
conclusion on whether pass or fail to pass a test) to be associated with every foreseen

outcome in the abstract test suite specification.

The OSI abstract testing methodology is based upon the OSI reference model. Abstract test
methods are described in terms of what outputs from the IUT are observed and what inputs
to it can be controlled. There are four types of methods: local test method, distributed
method, coordinated method and remote method. The last three methods together are also

called as external test methods.

Figure 2.2 shows the external testing architecture for coordinated test method on which we
will develop our method for test result analysis in Chapter 5. As shown in the architecture,
the test system is divided into so-called Upper Tester (UT) and Lower Tester (L'T") which
access the upper and lower service interfaces of the IUT, respectively. In this test
architecture, some form of coordination between the LT and UT is established through the
exchange of message according to a so-called test management protocol through a (possibly
separate) communications channel between the UT and LT, Test events in this method are
specified in terms of (N-1) - ASPs (Access Service Primitives), (N) - PDUs and test

management (TM) PDUs,

————— Upper Interfuce
TM PDUs uT
-
LT |- = == »
- IUT
{N)-PDUs
(N-1) - ASPs Lower Interfuce

T

Figure 2.2: Coordinated Testing Architecture

14



TTCN (Tree and Tabular Combined Notation) presented in the Part 3 of this standard is an
abstract standard comprised of a tabular notation for test specification notation (see also
[PrMo91]). A test case written in TTCN specifies, as a sequence of atomic test events, the
behaviours of a test system and a protocol entity in sufficient detail to judge the behaviour of

an implementation of the protocol to formulate a verdict of pass or fail.
2.2, Survey of Related Work

2.2.1. Formal Specification Techniques for Real Time Distributed Systems

A formal specification method for specifying communications systems should have
significant expressive power for describing the requirements (or properties) of the systems as
well as the capability of highlighting the externally observable distributed characteristics of
the systems [SpBr87, HoSn88]. In the following, we briefly review the related work on

these topics and explore some unsolved problems.

To specify time-ordering information, particularly concurrent features of a communications
(distributed) system, researchers working on specification methodology for the system have
developed up to five timed models [Liu89]. Some corresponding specification languages
(formalisms) were presented based on those models either before or after the presentations of

the models. With respect to iming mechanisms, each presertation of a model, either

i) indicates that the time information expressed in the model is in terms of real dmr. i.e. real

clock based time; or,

i) just assumes that there exist clocks, whatever the type is, so as to provide a basis for

reporting or identifying "time"; or,
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iii) interprets concurrency in terms of ordering information, e.g., the interleaved semantics

model.

These models, however, either ignore Lamport's observation [Lamp78] that the globally
correct (synchronized) (real) clocks are not always available (i & ii), or fail to represent the
concurrency adequately (iii). Therefore, a study on what is the nature of concurrency and

what are the relationships between the reference clock and specification methods is needed.

Since Lamport's paper was published, some work on how to use Lamport's concurrent
concept and logical (relative) clock has been done to solve problems such as distributed
synchronization, fault-tolzrant and stable property detection, etc. [Jeff85, Morg85, ChLag35].
However, those works mainly focus on solving the classical distributed computing problems

without relating clock issues to formal specification languages and methods,

Some authors have mentioned that logical clocks can be used as timers in parallel
programming languages such as Occam [Fidg91]. However, these studies do not (or did not
intend to) directly relate logical clock to formal specification languages and methods for
communications systems, This is perhaps because a partially ordered local event model may
not be easily represented in some specification languages such as TAL (recall Scction 2.1.2).
Moreover, in [Fidg91], spontaneous events [Boch90b, BoDsZh89] are not taken into
account (see more discussion in Section 3.1.1). However, specifications and recognition of

such events are important for developing reliable communications software in practice.

In fact, as a result of Lamport's study, basing specifications on relative clocks is a natural
means of overcoming problems arising from the use of real clocks in specifying the time-

ordering aspects of a communications (distributed) system. However, no studies have been
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published which directly relate relative clocks to the specification method. In the next
chapters, we will present a totally ordered global events - based specification method for
describing concurrent aspects of communications (distributed) systems in terms of relative

time.

2.2.2. Current Approaches on Test Result Analysis for Conformance Testing
Among the activities in the testing process, the selection of test cases (for instance,
[UrYa91]) receives much more attention than the analysis of test results. In fact, both
activities are equally important for conformance testing. In this section, we survey current
approaches for automated test result analysis using trace analysis. In Chapter 5, we will
present a new approach on test result analysis using trace analysis as one of the contributions

of this thesis.

There are basically two tasks to be accomplished in test results analysis using trace analysis:

i} correctly recording traces including time-ordering information, and

ii) analyzing the recorded traces with respect to the corresponding timed reference

specifications to obtain test conclusions.

Focusing on either or both of these tasks, several papers such as [BoDsZh89, BoBe89,
UrPr86, Boch90a) have introduced techniques for automated (untimed) test result analysis.
However, the problem of how to merge local timestamped traces for global test results

analysis is still unsolved.

The translation from local to global time-ordering information is crucial for achieving an

effective global error detection capability. For example, the error detection effectiveness of
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the approach in [BoDsZh89] is limited because of the lack of time-ordering information. In

fact, there are two limitations associated with timestamped trace recording and analysis:

i) totally ordering distributed local events is not easy based on either relative or real clocks,
and

ii) the events used in a local trace are not expressed in event-tuples. Therefore, the
specification cannot be directly used as reference specification to test either relative or real

concurrent aspects of a communications (distributed) system.

In addition, how to derive reference specifications and the trace analysis module
(knowledge), how to automatically reconcile test resulis, particularly the test results of
testing concurrent features of services, against the reference specification by the irace analysis
module are also still vague. Therefore the present approach is not sufficient for complete and
formal specification-based testing and test result analysis, although the total ordering of

(local) events can be accomplished based on real clock.

A number of other papers on the application of relative clocks to paralle! and distributed
program debugging have also appeared. For example, Fidge [Fidg91] claims that all errors in
parallel programs could be debugged by logical clock-based techniques in principle.
However, some problems are still unsolved for testing a communications system in practice.

Examples of important, practical problems are the following:

i) How might we base testing activities on formal specifications in practice? This is

desirable for satisfying more stringent testing criteria [Boch90a].

ii) How can we recognize the occurrences of spontaneous events [Boch90b] during testing?
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iii) How can we enhance the efficiency of testing method?

We will present some solutions based on the GE model to these problems in Chapter 5.

As mentioned in Chapter 1 and Section 2.1, service-directed conformance testing (associated
with service the definition standard) b=comes more and more important in developing reliable
communications systems. Therefore, an effective test result analysis process is needed for
service-directed conformance testing, However, there are not yet practical approaches for the
kind of test result analysis methods found in the literature. In Chapter 5, one of applications

of our new approach to test result analysis is presented as a possible, practical approach.
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CHAPTER 3

A NEW SPECIFICATION TECHNIQUE
BASED ON RELATIVE CLOCK

Specifications of concurrent scenarios, such as collisions are helpful, perhaps even crucial
for developing a reliable and complete understanding and subsequent trustworthy
implementation of communications systems. However, we feel that concurrency is not well
understood (recall Section 2.1.1). Therefore, formal studies leading to methods for
specifying concurrent scenarios, such as collisions, are needed and will help to improve our

understanding of the relationship between specifications and test methods.

In Chapter 1, we have introduced the motivation of the relative clock based specification
technique informally, In this chapter, we first introduce a new concept "relative concurrency”
based on an extension of the logical clock of Lamport. Following an analysis of the nature of
collisions, we present a model called (totally ordered) global events model to interpret and
formally define relative concurrency. Later, in Chapter 5, we illustrate by examples how
(erroncous) spontaneous events can be recognized by the model. To simplify our discussion
of the relative clock-based specification of a communications system, we only discuss the
service specification [Boch90a, Gotz90], namely the OSI transport layer [ISO8072].

However, the results derived here can be easily extended to "end-end models” [Sale91].

For representing the service of a system in a more general, testable manner, the following
definitions and notations are given in terms of the (service) user point of view, i.e. in terms

of "what does the user gets from the service provider”, or more precisely, what messages are
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sent or received by a user, through an associated Service Access Point (SAP) [Gotz90].
Hence, the structure of each primitive should include an explicit or implicit description of the

direction of any message sent or received.

3.1. Relative Concurrency

As compared to previous theories, such as Lamport's concurrency [Lamp78], we claim that
the invariant “absolute concurrency” of distributed events does not exist practically or more
correctly, cannot be cost-effectively, infallibly detected (measured) in existing implementa-
tions of real communications systems, where the concurrency is defined in terms of
physical time, Two implications are: i) events at different locations cannot be said to have
occurred at exactly the same physical time, and ii) we may not be able to tell from external
observation which event happened first. Therefore, to specify and thoroughly test a
communications system, "relative concurrency" rather than real clock-based concurrency is a
more practical modei of both sequential and concurrent features of the system. For this
reason, we do not need to satisfy the strong clock condition [Lamp78] in our model. Also,
for conformance testing, particularly test result analysis, the intended order of test events are
preselected and the test architecture discussed in Chapter 5 allows us to exclude anomalous

behaviors from consideration.

3.1.1. The Concept of Relative Clock

First, we define relative clock, and then define relative concurrency of distributed events.
Definition 3.1: A local event is an interaction (sending or receiving a message) with a

user through a SAP associated with the user, in an instant of physical time. The local event is

observable by the user associated with it.
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Notation 3.1: SAP_ID.m denotes a local event, where i) SAP_ID is the ID of the SAP
where the event occurs (here, it is assumed that each SAP has an unique number as its ID);
ii) “.” denotes the action performed by the users though the SAP. Thus, in the model , "!" is
used instead of "." to mean that a user sends a message; "?7" is used instead of "." to mean
that a user receives a message; and iii) m is the type of message sent or received by the user
through the SAP. The SAP_ID can be also considered as the ID of the user when the user is
accessing the services through the SAP.

Definition 3.2: A conversation is a sequence of events distributed over two or more

SAPs during a given period of time.

Notation 3.2: L;j denotes the set of all local events observed at SAPi which occur in a

given conversation.

In order to be able to recognize relatively concurrent events, we defined below a means of

implementing global relative clocks. Also, this allow us to recognize spontaneocus events.

Definition 3.3: A local relative clock Ci is a function which assigns a natural number

Ci(SAPi.aq) €Ti to any event SAPi.a € Li, where Ti is the set of natural numbers,

Ci(SAPi.a) is said to be the relative time associated with event SAPi.a.

As we mentioned in Chapter 2, the identification of collisions caused by spontaneous events
(transitions) is very important for detecting erroneous spontaneous events [BochY0b,
BoDsZ!:89]. IN Chapter 5, an example is given to show that spontaneous events, if not
detected, could be interpreted incorrectly in traces (test results). Formally, we define a

spontaneous event as follows:
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Definition 3.4: A spontaneous event is an event, say SAPi”M, which occurs but has
not been caused by any external stimulus. Provided that the system has a local relative clock,

M received at SAPi will not be given a timestamp.

Conceptually, there is no overlap between the "relative clock” and "temporal logic" which is
introduced in Section 2.1.3. However, the "temporal” or "temporal interval” information
over which (logic) assertions are made in temporal (interval) logic (specifications) can be

identified based on relative clock (of course can be also based on real clock ideally).

To represent the relatively concurrent relations between any two events, a relation of local
events is defined by satisfying the following relative clock conditions (Lamport's logical
clock conditions). Also, the relation between a spontaneous event and other events should

satisfy these conditions (see also implementation rules below).

Relative clock conditions:

C1: If SAPi.a and SAPi.b are events occurring at SAPi, and SAPi.a comes before
SAPib, then Ci(SAPi.a) < Ci(SAPi.b);

C2; If SAPi.a is the sending of a message at SAPi and SAPj.b is the receipt of that
message at SAPj, then Ci(SAPi.a) < Cj(SAPj.b).

3.1.2, Implementation Rules for the Relative Clock
To implement the (global) relative clock in terms of the relative clock conditions, & set of
Implementation Rules (IRs) (i.e. a distributed algorithm) is needed for synchronizing

the (local) relative clocks.
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In addition to the two IRs given in [Lamp78], we provide three more rules to take into

account our model (see Chapter 5) of communications sofiware. These rules are:

+IR1: Each SAP is assigned a counter as the relative clock of all user-observable events
occurring at that SAP, the counters at all local SAPs of a communications system

are initialized to the natural number "1" once a new conversation starts,

+ IR2: Each user i increments Cj by "1" once a new (local) event occurs at the SAPi .

+IR3: 1i)If event SAPi a is the sending of a message a through SAPI, then the message a

contains a local relative timestamp T(a):= Cj(SAPi.a) (for synchronization), ii)

Upon receiving a message » with T(n) from a remote user, the user associated with

SAPj sets Cj := 1 + Max(C;j, T(n)),

» IR4: For any message s which comes spontaneously from the system under specification
(SUS) will not have a timestamp. When it is observed at SAPi, that SAP will set
Ti(s) to 0.

+ JRS: Immediately after a modification ¥ a relative clock according to one of the above
IRs, the relative time of the event is defined to be the value of the
relative clock located at the SAP where it occurs (see the example in
Section 5.1.3). Aiso, we assume that there is a mechanism (see Appendix A} for

each SAP to record each event observed at the SAP and its relative time.

It should be noticed that the covnters (relative clocks) are either implicit for specification or
explicit for testing (discussed in Chapter 5); that is, the IRs may also be used in order to

specify the system with virtual time. In other words, the clocks are not necessarily a real part
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of the system. Note also that both the relative clock-based partial order of (local) events and

the timestamp for each local event are unique based on the above set of implementation rules.

3.1.3. Relative Concurrency

In terms of the concept of relative clock, we define the relative concurrency as follows:

Definition 3.5: Two local events 1.4, j.b are relatively concurrent if and only if Cj(i.a)
= Cj(j.b ). The cormresponding relation is denoted relative concurrency.
An intuitive interpretation of the relative concurrency of events i.a and j.b can be described as

follows:

i) globally, the events i.a and j.b occur at two communications locations, SAPi and
SAPj, respectively, independently of each other or without having a sender-receiver

relationship, and

ii) locally, the relative time period between the event i.g and the first event at SAPi is equal
to the relative time period between event j.b and the first event at SAPj within a

conversation between the SAPs.

Noted that we slightly constrain Lamport's concept of "concurrency’ in Definition 3.5;
namely, we require that relatively concurrent events have the same relative time. The reasons

are:
i) Lamport's definition probably did not intend to require global concurrency to satisfy local

restrictions. Specifically, consecutive events at a SAP may be regarded without relative

timestamps as "equally-concurrent” from his definition if a remote event is taken as a
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referee. However, this is somewhat counterintuitive since Lamport gives different

timestamps to consecutive events at one SAP;

if) Partially ordered local events based on his definition may not be easily represented in

most specification languages;

iii) Our definition implicitly identifies and reflects changes in "global state" [ChLa85] of the
system even though we do not use the concept “global state" as a basis in this thesis.
Therefore, our definition is adequate to specify and further validate Lamport's concurrent

scenarios systematically as in Sections 3.2, 3.3 and Chapter 5.

iv) Definition 3.5 is based on Lamport's interpretation of the nature of distributed concurrent
po: Ip

events [Lamp78].

We show by a simple example (see Figure 3.1) that Definition 3.5 facilitates specification and
analysis (e.g., test result analysis) of concurrent scenarios such as collision scenarios (also,

see more discussion in Section 3.3) :

B1
Al

B2

Figure 3.1: A Relatively Concurrent Scenario

Based on Lamport's concept of concurrency, Al, Bl can be defined as logically concurrent
and Al and B2 can also be defined as logically concurrent. However, in order to analyze

system behaviours, the “"concurrency” coucept should identify and reflect (global) state
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changes of the system. Relatively concurrent events A1, Bl identify the global state in which
Al and B1 just occurred, independently of each other. Al, B2 could also have identified a
global state of the system, However, for specification of legal scenarios of a system and
further testing the system based on the specification (see Chapter 5), we need only one
instance of a global state; that is, for the scenario in Figure 3.1, either a global state defined
by <Al, Bl> or a global state defined by <Al, B2>, but never by both of them. This is
because it is counterintuitive and not necessary to define the "global state” in which A1, B1
are logically concurrent and at the same time Al, B2 are logically concurrent. This violates
our understanding that the occurrences of B2 brings about a change in global state.
Therefore, only the events with the same relative time value are defined to be relatively
concurrent (Definition 3.5) in order to yield a meaningful and natural definition of global
states as a basis for specification and analysis of the system. The work in the rest of this
Chapter and Chapter 4 will show that specifications based on this concept are sufficient to
specify allowed concurrent scenarios in a language called ETAL, and in Chapter 5, the
specification based on this concept is shown to be directly useful for test result analysis

including time-ordering information.

With respect to OSI framework, we consider an OSI transport service example to illustrate
the concept of "relative concurrency”. Two events A!TCONreq and B!TCONreq are said to
take part in a relatively concurrent scenario if and only if they happen at same relative time.

Such a scenario can be expressed with an event-tuple : <A!TCONreq, BITCONreq>
Note that the events AITCONreq and B!TCONreq do not necessarily happen at exactly the

same physical time (if it can be measured), but they must happen independently of each

other. However, this does not exclude the extreme case of real (physical) concurrency.
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3.2. Global Events Model

3.2.1. The Model

In this section, a model for the interpretation of relatively concurrent scenarios is described.
As discussed in Section 2.2.1, none of existing models are expressive enough to interpret
concurrent feature of a purely distributed system. For example, models based on the
interleaving semantics have been used to interpret concurrent behaviours (e.g., in a LOTOS
expression of [Boch90b]) of a communications (distributed) system. However, these models
fail to completely interpret either of physical time based and relative time based distribuied
concurrency. Also, it may be either too costly to provide or not practical® enough to enforce
a means of imposing a total order on distributed local events based on real clock or relative
clock, respectively. Accordingly, we define a non-interleaving model, calied a global events

model, based on "global relative clock" to interpret the relative concurrency.

Definition 3.6: A global events model is defined as a 4-tuple GE=<L,T,C,G> where

. L =VU{L; li = 1..n}, is the set of all local events occurred in one conversation,
. T =U{Tj li = 1..n}, is the set of natural numbers.
. Global Relative Clock C is a function with domain L and range T such that C assigns

a number, C(l) = Ci(l)e T, to any event / € Li as the global relative time of |
based on C.

. G is the set of all global events in one conversation, where any global event Ee G is
a nonempty subset of L, i.e. L. D E; for any local event ¢, ¢je E, Clep) = C(cj); the

global relative time of E, C(E) = C(e) forany e € E.

* Using "Pi < Pj” as a means to enforce a total order [Lamp78] might not be desirable if a
pure distributed system is concemed.
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The scenario in Figure 1.1 can be represented in our model as GE = <L, T, C, G>, where :

Lgap1= (SAP1la, SAPllc, SAP1T'); Lgap2= {SAP2!b, SAP274', SAP2 c'};

L =[SAPlla, SAP1!c, SAP1?b', SAP21b, SAP27a', SAP27c'};

Tsap1= (1,2, 3}; Tsap2= {1, 2,31 T= (1,2,3);

G = {{SAP1la, SAP2!b), {SAPl!c, SAP2?7a'), (SAF1?V, SAP2%c'}} = (€),E2, E3 i

C(E1) =C(SAP1la) =C(SAP2!b)=1; ... .

Note that the definition of global events is different from the one in [HaWe88}. The purpose
of our definition is that the formal specification language ETAL can be defined based on
relative clock for specifying concurrent features of communications systems. Also, our
definition facilitates specification-based testing activities. More discussion of testability

benefits can be found in Section 5.3.

Lemma 3.1: Alllocal events in a global event are relatively concurrent.

Proaf. ‘The proof is obvious from Definitions 3.4 and 3.5.

Intuitively, there are "relative snapshots" which "record" the global patterns of all local events
which occur at different given global relative time in a given conversation. The "photo” made
by a snapshot at a given relative time is a global event. In this thesis, a global event is

expressed in an "event-tuple".

3.2.2. The Specification Method "Event-Tuple"” based on GE Model
In this section, based on GE model, we develop a specification method "event-tuple” to

represent the concurrent features of communications (distributed) systems. In the next
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Chapter, we will presented a language, namely extended trace assertion language to specily

communications (distributed) system with this method.

Notation 3.3; Let "." denotes concatenation of consecutive event-tuples in a global events

trace.

Notation 3.4: An event-tuple denotes a global event. Based on the global events model,

it expresses a global event as follows:

i) a global event consists of relatively concurrent events

< SAPl.a, SAPD, ...., SAPn.m > :

This indicates that the relative time of occurrences of these local events in "< >" is exacly the

same based on global relative clock. In other words, the events are relatively concurrent.

ii) sequential global events w.r.t. sequental local events

casel: < SAPla, SAP2._, ..., SAPn. _>.< SAPla, SAP2. _,...,SAPn. _>
where, "_" means no event observed; it indicates that event SAP1.a happened before
event SAP1.4’, that is, the time of cccurrence of SAPL.a is earlier than the time of occurrence

of SAP1.2', based on global relative clock.

case2: < SAPl.a, SAP2. _, ..., SAPn, _>.< SAPI1._, SAP2b, ..., SAPn. _>
where, "_" means no event observed; it indicates that event SAP1.a happens before
event SAP2.b, that is, the time of occurrence of SAP1.a is earlier than the time of occurrence of

SAP2.b, based on global relative clock.
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Note: case 1 specifies the case of sequential local event occurrences and case 2 specifies

the case of sequential global event occurrences.

Theorem 3.2: The order of the global events in one conversation is total based on GE
model.
Proof: The proof can be obtained by proving the satisfaction of the condition: each global

event must be assigned an unique natural nusiber as its relative time,

It is obvious that each global event must be assigned a natural number (Definition 3.6). To
prove that the number is unique, we assume that there exist two global events which have the
same global relative time in a system of two distributed entities (two SAPs), and we show a
contradiction. There are two cases:

casel: <SAPx._,SAPyb> and <SAPx.a,SAPy._>

case2: <SAPx.a,SAPy. > and <SAPx.a',SAPy. >

Forcase 1:  Based on the above assumption,
C(<SAPx._,SAPy.b>) = C(<SAPx.a,SAPy. >) and using Definition 3.6,
we have
Cy(SAPy.b) =C(<SAPx._,SAPy.b>) = C(<SAPx.a,SAPy._>) = Cx(SAPx.a)
Based on Definition 3.6, SAPx.a and SAPy.b should be in one global

event; That is <SAPx.a,SAPy.b>; this contradicts the Definition 3.6.

Forcase2:  Since SAPx.aand SAPx.a' happen at the same location SAPx,
Cx(SAPx.a) # Cx(SAPx.a") by the implementation rule IR1,
thus from Definition 3.6,
C(<SAPx.a,5APy._>) = Cx(SAPx.a) # Cx(SAPx.a") = C(<SAPx.a',SAPy._>);

this also contradicts the assumption.
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By repeating the above procedure, we can derive a sequence of contradictions of the

assumption that there exist more than two global events which have the same global relutive

time.

Lemma 3.3: Each local event must appear once and only once in the sequence of global
events in one conversation,

Proof: From Definition 3.3, each local event is assigned a natural number based on local
relative clock; From Definition 3.6, the natural number is also its global relative time, so it
must appear once in a global event. If we assume that a local event appears more than once
in the sequence, then all global events which contain the event must have the same globul
relative time (Theorem 3.2). This contradicts the assumption; that is , each local event must

appear only once in the sequence.

Trom the above theorem and lemmas, we can see that the GE model can represent and
interpret both sequential and concurrent features of a communications system adequately.
Also, the relative clock based specification technique is simpler and more applicable than
either physical clock based or interleaved semantics based techniques in capturing the nature
of concurrency. A testability-directed ETAL specification based on relative clock to the OSI

transport service is presented in Section 4.2,

3.3. Formal Definition of Collisions

In this section, we apply the relative clock based specification technigue to one of most

interesting concurrent scenarios - collision - to show its expressive power.

The concept of collisions in communications protocols has been informally, but not formally.

discussed in other work [Boch90b, Gotz90]. In this section, we discuss the nature of
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collisions, then we present a formal definition of collisions based on our global events

model.

3.3.1. The Nature of Collisions

Collisions are those scenarios in which more than one process at different SAPs initiate
actions independently of each other. In these scenarios, one or more of these processes may
not receive the expected responses. Collision scenarios are also called "cross overs" (of
internal interactions) from an internal system structure point of view. Typical collision

scenarios are shown in Figures 3.1(a) and (b).

A B A B
TCONreq
_>-
TDATAreq — ~}— TDATAreq
TDISreq TCONind ><
— — in TDATAind ~— — TDATAind
g TCONresp 1 aTAreq I ¢ TDATARq
. . TDATAind “"—><—> TDATAind
TCON TDISind
P | Y Y
- illegal
(a) {b)

Figure 3.2: Typical Collision Scenarios

3.3.2. Formal Definition of Collisions

There are several reasons why we have to take collisions into account in the specification of a
distributed system: i) each user in a purely distributed system should have absolutely equal
right of access the system. This is desirable from the (system) service point of view; ii)
Because there is no sharing of real clock and memory, and no priority assigned to a single
entity associated with the SAPs in a communications (distributed) system, it is extremely
difficult to design an efficient protocol which can avoid collisions. Therefore we need to

characterize collisions to enable protocols to be designed with the capability to fairly handie

33



collisions; iii) for the sake of the completeness of the testing of the distributed interface, test

cases handling these extreme cases must be easily derivable from the specifications.

As mentioned in [Boch90b], there are two types of collisions: one will cause some problems
while the other will not. We detail this point with a practical assumption that there exists o
definition on the legality of the order of event sequences (traces) of a systems (for instance,
[ISO8072]). We then define the unacceptable collision and acceptable collision based on the
local legality and the global events model, respcctively. Moreover, we further assume that the
order of occurrences of events at any one SAP can be determined based on real (local) clock.

Therefore the order of the events at one SAP can be totally ordered.

Definition 3.7: Legal (order of a trace) at SAPi is defined as {al, a2, ..., ak) 1k 2 2

and the sequence al, a2, ..., ak is allowed at SAPi by the specifications.

Notation 3.5: Order(L,em,en) denotes the order of local events sequence L.em,

L.em+1 , ..., L.en at SAP L where m, n are integer, such that n>m>0.

Definition 3.8: An unacceptable collision scenario consists of a sequence of global
events: <SAPx.a1, SAPy.by> .<SAPx.az, SAPy.by> ... <SAPx.ak, SAPy.bk>, such that the
sequence satisfies the conditions: i) Order(SAPx, 2}, ak-1) and Order(SAPy, by, bi.1) are legal;
ii) either Order(SAPx, ay, ax) or Order(SAPy, by, by) is illegal; and iii) there exists at least one
global event, say < SAPx.am, SAPy.bps, for any m and n from 1 to k, provided that both

SAPx.am and SAPy.by are nonempty.

Definition 3.9: An acceptable collision scenario consists of a sequence of global
events: <SAPx.a], SAPy.b1> .<SAPx.ag, SAPy.b> ... <SAPx.ak, SAPy.bg>, such that the

sequence satisfies the condition: 1) for all pll<p<k, Order(SAPx, a1, ap) and Order(SAPy, by,
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bp) are legal, and ii) there exists at least one global event, say < SAPx.a, SAPy.bys_for any m

and n from 1 to k, provided that both SAPx.ap, and SAPy.by are nonempity.

The collision scenario in Figure 3.2(b) is a simple case of an acceptable collision which does

not affect the service (data transfer) reached by the system.

Theorem 3.4: A collision scenario is a sequence of event-tuples containing at least one
tuple of relatively concurrent events.

Proof: This is obvious from Definitions 3.8, 3.9 and Theorem 3.1.

It is worthwhile to point out that the concept of relative concurrency is sufficient to reflect the
characteristics of collision behaviour precisely from Theorem 3.4. That is, the relative
concurrency rather than the traditional (physical time) concurrency stresses the physical

meaning of collisions.

The collision scenario in Figure 3.2(a) is an unacceptable collision. The representations of

global trace and local traces of this scenario are as follows:

Global (events) Trace:

<A!TCONrcq, B. _ > . <A!TDISreq, B?TCONind> .< A. _, BITCONresp>.<A?TCONconf, BYTDISind>

Local {events) Traces:
at A: AITCONreq . AITDISreq . A?TCONzonf -+ locally illegal Order;
at B: BITCONind, BITCONresp, B?TDISind -~ locally legal Order

A formal specification of this collision scenario based on the trace assertions in ETAL is

presented in Appendix B,
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It would be desirable to consider how to handle unacceptable collisions at the time of
specification. However, this is not easy to propose a general method to handle the collision.

More discussion on this issue can be found in Sections 4.2.2 and Section 6.3.
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CHAPTER 4

EXTENDED TRACE ASSERTION LANGUAGE
AND APPLICATIONS

4.1. The Extended Trace Assertion Language (ETAL)

We have briefly introduced Parnas's trace assertion language (TAL) in Section 2.1.2. One of
the foundations of the language and the method is the ordering relation among (local) events.
This relation is automatically determined if the system to be specified by TAL is non-
distributed. However, to specify a geographically distributed system such as a
communications system, a formal model should first be established to interpret the ordering
relation among distributed eve~ts. Therefore, to describe the global and concurrent aspects
of the services provided by a communications (distributed) system and for subsequent
testing/verification of the system, the trace assertion language is extended in two ways based
on the global events (GE) model {introduced in Section 3.2) . These extensions are first 10

event-tuples, and secondly, to include temporal assertions.

4.1.1. Event-tuple Extension

Although the trace assertion language (TAL) discussed in Section 2.1.2 is capable of
representing scenarios and specifying the legality of a local service scenario, it is not very
suitable for describing the concurrent behaviours such as collisions based on a global view of
the distributed system. This is since TAL specifies the system only in terms of sequentially

observable local events. Therefore, we first extend TAL by employing the global event
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representation introduced in Section 3.2, instead of a local event representation, to capture the

global view of events and to explicitly describe concurrent behaviours.

A global event is represented by an event tuple. An example is <A!TCONreq, BICONreq>,
which describes that two events AITCONreq and B!CONreq are said to take part in o
relatively concurrent scenario if and only if they happen at the same relative time. The
relationships among local events and global events, and the format of event-tuples are
described in detail in Section 3.2. A detailed example is given in Section 4.2 for illustrating

how trace assertions expressed on global events can specify concurrent aspects.

4.1.2. Temporal Assertions Extension

As discussed in Section 2.1.3, event based temporal assertions are capable of easily
representing liveness properties of both global {system) and local (unit) views of services
provided by a co. “unications (distributed) system. However, temporal assertions are not
suitable for representing safety properties. On the other hand, the specification of liveness
properties is very useful for verification purposes (see Section 6.1 for more detail), and the
original trace assertion language is not suitable for describing liveness properties (although it

is powerful enough to describe safety properties). Our approach is to extend TAL by adding

simple temporal operators.

For example, to consider the concurrent data transfer service in the Q31 transport layer. It is
quite difficult use trace assertions to explicitly specify liveness properties such as
A TDTreq in a sender side should be eventually delivered and presented as the
corresponding TDTind in the receiver side in all possible scenarios.
This difficulty is due to that the legality of a trace defined in a trace assertion does not refer to

future but the past.

38



A temporal assertion however easily and explicitly expresses such a future-oriented property:
[1 (SAP1ITCONreq -> <> SAP2?TCONind)

This asserts that a connection request at SAP1 will result in a connection indication appearing

at SAP2 sometime in the future. This is quite a concise specification, which is more useful

than the trace assertion method for verification purposes.

4.1.3 Observations on the Extensions of TAL (ETAL)
Because of the complementariness of temporal logic and trace assertions, the idea of
combining the two languages is quite natural. Both are property-oriented and based on the

same mathematical foundation (first order logic).

The Extended Trace Assertion Language (ETAL), is obtained from TAL by
incorporating both extensions described above, namely event-tuples and temporal assertions,
based on the global events model. Not only can ETAL represent concurrent scenarios but it
also van specify both liveness and safety properties according to a global view of services
provided by a communications (distributed) system. Thus, the extended trace language is a
scenario/property-oriented language based on a set of assertions about external (observable)
behavior of a system. With respect to a “solely abstract” specification capability [BaPa78,
Hoff85, Gotz90], none of the FDTs [FORTE] (perhaps due to the intended purpose of these
FDTs) are well suited, particularly for describing totally abstract scenarios/properties of the
services of a totally distributed system. In the next section, the format of the extended trace

specification is described in detail.

The basic idea behind the extended trace assertion language is "specifications are predicates”,
similar to the idea "programs are predicates" made by Hoare [Hoar85). In Chapter 5 and
Section 6.1, we will discuss a more important applications of the language derived from this

idea, namely to test result analysis and to verification.
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4.2, Applications of ETAL to Transport Example
In this section, we show how to use the extended trace assertion language to specify the
Transport Service (TS) introduced in Section 2.1. A complete ETAL specification of both

local and global transport services is given in Appendix B for reference for the discussion in

this section.

4.2.1. The Format of ETAL in the Application

The format of a specification in ETAL is similar to that in TAL (recall Section 2.1.1). The
only differences are that the syntax of the expression of events is changed by using event-
tuples in specification of global services and that temporal assertions are added into the
semantics part. For sake of simplification, only some of parameters are presented in the
specification since what are stressed in this thesis is on the relative timing (ordering) relations
among the events in traces and those parameters are more interesting when exploring such
ordering relations. Also, to focus on canonical traces and equivalence functions which are
more interesting in illustrating our techniques for specification and testing, the sections
related to the output variables and their values in the specification are omitted. Thus, an

ETAL specification consists of:

SYNTAX:

1> Access Program ,

SEMANTICS:

2> Canonical Traces, {* event-tuple expression ¥/
3> Awxiliary Functions,  [* optional ¥/,

4> Equivalences,

5> Temporal Assertions.  [* our addition*/,

Table 4.1: The Format of ETAL

40



The definition of function of each part in the format above is same as that of each

corresponding part in TAL.

In order to express the canonical unacceptable collision traces (Definition 3.7), the

definitions of canonical traces in TAL are modified as follows:

A" ©T " denotes an unacceptable collision canonical trace. (see also Section 4.2.3)
A "T" denotes a sequential or an acceptable collision canonical trace.

A "%T" denotes an erroneous canonical trace.

An "E" stands for any global event.

An "¢" stands for any local event.

Note that none of "©T"s or "T"'s above could be overlapped wiili any "%T". However, one
of "©T"s may be overlapped with one of "T"s. Also, a collision scenario corresponds (or

part of ) a canonical trace in the specification.

4.2.2. The Specification of OSI Transport Service

The transport service specification specifies OSI transport service (TS) in terms of the
observable behavior, i.e., observable events, of the service provider in terms of its
standardized definition (ISQ8072), Particularly, it includes the specification of acceptable and
unacceptable collision scenarios when the services defined in the standard are provided.
Notice that some of those scenarios such as collision scenarios are not defined in the
standard. In this specification, we also assume that the service is provided based on class 0

transport protocol.

As discussed in previous chapters, specifications play an important role in test result analysis

for conformance testing. Therefore the specification of the services includes two parts for test
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results analysis. In the Part I of Appendix B, the local services of TS are specified in terms of
a set of assertions on the legal and illegal local event traces; in the Part I1 of Appendix B, the
global services defined in the standard are specified in terms of a set of assertions on the
globally legal and sequential global event traces. Moreover, the global collision scenarios are
also specified in terms of our definitions of acceptable and unacceptable collisions (see

Section 3.3).

The specification of global services is represented in terms of two-SAPs (users) of the
transport service. The style of the specification is based on the service users point of view
(recall the discussion in the beginning of Chapter 3). In the temporal assertions part of the
specification, we just employ the basic standard temporal operators described in Section 2.3.
We use binary event-tuples to describe the global view of the two-users services in both trace

and temporal assertions. This can be extended to n-tuples to describe multiple connections.

In the specification, one type of access program corresponds to one type of primitive defined

in the standard. The notations of the access programs are as follows:

TCONreq denotes the primitive "T_CONNECTrequest".
TCONind denotes the primitive "T_CONNECTindication".
TCONTresp denotes the primitive "T_CONNECTresponse”,
TCONCconf denotes the primitive "T_CONNECTconfirm".
TDTreq denotes the primitive "T_DATArequest".

TDTind denotes the primitive "T_DATAindication".

TDISreq denotes the primitive "T_DISCONNECTrequest".
TDISreq denotes the primitive "T_DISCONNECTindication".
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The notations of the parameters of each TS primitive are given in the Table 3 of the standard.

The representation of an event is defined to Section 3.2.

SAPITCISind

SAPITDISreq SAPITDISrcq

SAPTTDISind

SAPITCONreq

SAPTTDISind | SAP?TDISind
SAPITDISreq | SAPITDISreq

SAPITCONconf

SAPTTDTind SAPTTDTind
SAPITDTreq SAPITDTreq

Figure 4.1: FSM Representation of Local TS

SAPITCONresp

Figure 4.1 shows the local transport services in FSM form. For instance, one of locally legal
scenarios corresponding Figure 4.1 is as follows:

SAPITCONreg . SAP?TCONconf K

where subtrace K can be any composition of SAP?TDTind and SAP/TDTreq.
Note: In fact, if parameters of primitives are considered, the number of events in K must be
finite.
In the Part [ of Appendix B, The (legal) canonical trace corresponding to the above legal
scenario (canonical trace #6) is :
T="Tp.Tq
A(Tp = SAPITCONreq.SAP?TCONconf )

A (Tq= SAPITDTind V Tq= SAPITDTreq V Tq= Tq.SAP?TDTind V Tq= Tq.SAPITDTreq)
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where the recursive expressions, Tq= ™..SAP?TDTind and Tq= Tq.SAP!TDTreq, are used to

represent the expression "K" in that scenario.

Moreover, since we can regard the protocol entity as a kind of “service providers” which
provides protoco! through Usap (Upper SAP) and Lsap (Lower SAP), the protocol

specification can also be written in ETAL in much the same manner as we did for services,

4.2.3 Discussion on Specifying Unacceptable Collisions in ETAL

In Part II of the Appendix B, different from Part I, we explicitly specify the collision
scenarios as one of contributions in this thesis. The sequential scenarios and acceptable
collision scenarios are specified in terms of their definitions in the TS standard. However, the
unacceptable collisions are not defined in the standard since they are actually not global
services. One of the reasons why we specify the unacceptable collisions in the specification is
that test results conclusions can be correctly drawn even though unacceptable collisions occur

during testing of a service provider (see also Section 3.3 and Chapter 5).

Both specification and validation of complete unacceptable collision behaviours are meaning-
less since such behaviours are actually not global services. This is probably the reason why
unacceptable collision scenarios are not defined in the standard. Therefore, the specification
of the unacceptable collisions presented in this thesis is based only on our understanding and
definition of unacceptable collisions. As shown in Part IT of Appendix B, we specify an
unacceptable collision scenario in terms of an assertion on the future of the scenario based on
part of the scenario. That is, on one hand, we do not need a specification for the whole
unacceptable collision scenario. In practice, there does not exist a definition of a "whole"
unacceptable collision scenario. On the other hand, we should, in the specification, cxpress

the fact that both the service users and provider did nothing wrong within any unacceptable
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collision scenario, Therefore we specify these scenarios as a different kind of canonical trace

from illegal canonical traces (%T).

In the specification, "©T" is used to express the assertion on a canonical unacceptable
collision scenario. A ©T asserts that some error (i.e. an unacceptable collision) will
eventually occur in the future if last event of this canonical unacceptable collision trace
occurs; it also asserts that the trace before the event must be legal in the past. We claim that
this method is not only meaningful in specification theory but practical in the applications of

the specification (see Section 5.2).

We now take one of canonical unacceptable collision traces, canonical trace#12, from the Part
Il 1o illustrate the specification technique discussed above.

©T = <A!ITCONreq, B. _ ».< AITDISreq, BITCONind>.< A, _ ,BITCONresp>

A B
AITCONreq >

—  BITCONind

AlTDISreq > < BITCONresp
ol .

7TDISind

AYTCONconf ~ % : Y BTTDISin

The specification of the scenarios
below this line is not interesting

Figure 4.2: An Unacceptable Collision Scenario and its Specification
Figure 4.2 shows the time-sequence diagram interpretation for this trace based on the global

event model. As shown in Figure 4.2, the trace

<AITCONIrg, B. _ >.< A!TDISreq, BTTCONind>
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will become an unacceptable collision scenario once the last event in the canonical trace,
"< _ BITCONresp>", occurs. ‘This because the AITCONconf will be eventually received by the
user A, which, however, is locally illegal at SAP A. That is, the trace

<AITCONreq, _ >.< AlTDISreq, BITCONind>.< _ ,BITCONresp>
asserts that the error (ie,. the illegal event ATTCONconf) caused by the collision will eventually

OCCur.

Note that we do not need to specify the scenario after event "< A. _ BITCONresp>" in the
canonical trace since the error (i.e. the collision) caused by the event will eventually occur
and that scenario is not part of the service. Also, note that the trace befcre the event “<A. _,
BITCONresp>" should be specified as another legal canonical trace (#11) in the specification.
The legal trace expresses that both the service users and provider work correctly even though
the global scenario is unacceptable. The way for specifying unacceptable collision scenario in
ETAL described above precisely captures the nature of unacceptable collision scenarios. In

Section 5.2, we will show that such specifications are very useful for test result analysis.

It is worthwhile to mention that a specification of a whole unacceptable collision scenario is
meaningful if we propose and specify how to handle the unacceptable collision. In Chapter 6,
some discussions on the issue of handling collision are presented. The rest of this thesis
shows that the specification of unacceptable collision scenarios presented in Appendix B is
precise enough for illustrating our contributions to specification and test result analysis

methods which are the theme of this thesis.
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CHAPTER 5

A NEW APPROACH FOR TEST RESULT ANALYSIS
AND TESTABILITY-DIRECTED SPECIFICATIONS

The testing procedure for conformance testing of communications protocols and services
[UrPr86, Rayn87, BoDsZh89] usually includes two major steps: test generation and test
result analysis (recall Section 2.1.5). In this chapter, we present a relative clock-based
approach for test results analysis including time-ordering information based on global events
model. In this approach, relative clocks are implemented in a testing architecture to test the
conformance of System Under Test (SUT) to its corresponding relative clock-based
specification. Finally, we will give a study on testability-directed specifications and show that

a relative clock based extended trace assertion specification is testability-directed.

5.1. The New Approach for Test Result Analysis

Basically, there are two main tasks to be accomplished in test result analysis using trace
analysis: i) correctly recording traces including time-ordering information, and ii) analyzing
the recorded traces with respect to the corresponding timed reference specifications to obtain
test conclusions, However, there is no practical technique to accomplish the first task, and
how to derive reference specifications for second task has not been well specified in previous
research (recall Section 2.2.2). In this section, we present a new, specification-based test

result analysis approach for accomplishing the above two tasks.
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5.1.1. The Steps and Testing Architecture for the Approach

In our approach, there are three steps involved in the test results analysis:

i) check legality of ordering of all local traces at each SAP against the (local) formal
specification of that SAP. Once all the local traces are shown to conform 1o the

corresponding local specification, the second step is begun,

ii) use the "trace merger" module in the global analyzer merges the locally timestamped

events in local traces at all SAPs to form a global event sequence (list).

iii) use global analyzer to check whether or not the relative ordering relations among those
events in the sequence (list) are legal with respect to the ETAL specification of the global
view of the system. Based on this checking, test verdicts are assigned and test results arc

reported.

The basic idea that test result analysis be divided into the three steps in our approach is not
entirely novel. Nevertheless, the practical difference is that the timesiamp for each local event
is based on relative clocks rather than real clocks in our approach. We now focus on the
description of the latter steps with more detailed discussion on the use of relative clock-based

specifications in testing, particularly in test result analysis.

Implementation iesting activities based on global/local service specifications are denoted
service-directed conformance testing (see also Section 2.2.2). Global / local service
specification are defined to Section 2.1.1. The examples of global/local service specification

can be found in Appendix B.
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Figure 5.1 shows a service-directed external testing architecture based on a
coordinated method [Rayn87, BoDsZh89] (ignore the message shown in the figure for now).
The system (service provider) consisting of protocol entities A and B is the system under test
(SUT). The "Global Tester & Analyzer" sends test events to the SUT and analyzes the
events received from the SUT only through SAPs A and B, remotely. Notice that the test
events based on this testing architecture are specified in terms of TS-PDUs. Since we
explicitly eraploy relative clock for service-directed conformance testing, we also identify the

locations of the relative clocks, Ca and Cb in the testing architecture.

TCONreg(1) System (Service) Under Test

SAPA Global Tester
& Analyzer

Yuser" A "user"B

S

-I'Jna'e'rlylng Services Provider

= e e e eww s e e S mme e e e e me e . mem

Figure 5.1: Service-Directed External Testing Architecture

Although the cost of adding relative clocks into SUT is quite iow, ane may argue that it may
not be practical if the SUT already exists. In this case, we specify virtual relative clocks Ca
and Cb which virtually located at the SAPs A and B in the ETAL specification of the
services. We may think of these clocks as subprocesses of user A (tester) and user B (test
responder). The local points of implementation of the clocks are called timestamp points,
Tstamp_P#a and Tstamp_P#b (see Figure 5.1), respectively. The IRs (‘mplementation

Rules) for implementing Ca and Cp are same as those in Section 3.1.2,

In addition, we need the assumption that each entity in the SUT can correctly deliver a T(m)

(see IR3(i)). That is, the T(m) can always be "attached" to the corresponding PDUs
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(De/Encoding of m) within the layers through which the message m is delivered (from the
sending user to the receiving user). Note that the notation of a message could be changed;
e.g., amessage expressed by notation TCONresp, sent at sender's side, will be expressed

by notation TCONconf at receiver's side of that message.

We assume that the functions of the virtual relative clocks used in the specification are
equivalent to their implementations at Tstamp_P#a and Tstamp_P#b. We also assume that
there is no nondeterministic interference outside the environment consisting of the service

provider and its users.

In a similar way as for the service-directed external testing architecture, we build relative
clocks into the coordinated testing architecture for protocol conformance testing. Figure 5.2

shows the relative clock based coordinated testing architecture {(ignore the messages shown in

the figure for now).
Global TCONreg(1) Usap
Tester & Analyzer
TCONconf(2) " | Protocol
Entity
L tester U teste
T 4 CR(2) * CC(3)
Tstar:p_PHa y
Ca "\_v i Lsap /Tg:mp-p b
{ __ _ Underlying Service Provider _ __ _ _ +

Figure 5.2: Protocol-Directed External Coordinated Testing Architecture
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5.1.2. Key Algorithms
As mentioned in the last section, two modules "trace merger” and "test result analyzer" are
needed in the global analyzer for accomplishing the tasks in the latter two steps of our test

result analysis.

Trace Merger (TM) Module
The function of the trace merger module in the global analyzer is that it takes observed local
events in the received local traces as parameters and outputs a totally ordercd global events

list based on the global events model (i.e., merges local traces to a global trace).

Based on the definitions of relative clock and event-tuple given in Chapter 3, the algorithm is

straightforward. The Trace_Merger Module consists of a set of submodules:

* ne_snapshot modules, where # is the number of SAPs involved in a testing procedure;
each e_snapshot stores all events which were observed at SAPi, but not yet processed

(see process_event module definition) i1 a queue, callr.d e_queuesi,

* one process_event moduic which processes each observed event to form a new or
modify an existing global event, and then modifies the global_event_list. That is, the
Trace_Merger module takes each observ.d event as a parameter value and outputs a
modified global_event_list in ascending order by global relative time. The order of the
global events in the list is total (the proof is similar to the proof of Theorem 3.2, given in
Section 3.2). Algorithms for TM module have been tested and a detailed pseudo code of
the algorithms can be found in Appendix A.
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Test Result Analyzer (TRA) Module

The function of TRA in the global analyzer is that it takes a merged trace (i.e., a
global_event_list) as a parameter and automatically searches the trace in the trace assertion
specification of the SUT to assign verdicts {fail or pass the test } correctly for the test results

associated with the trace. The trace is expressed in a global_event_list which was provided

by TM module.

The procedure for searching a merged trace in given trace assertions is achieved by a set of
mapping procedures, each of which is associated with one global event in the merged trace.
Based on concepts in ETAL, the first global event in any given trace must be a canonical trace
and any subtrace starting from the first global event should be mapped into a canonical trace.
To map the current canonical trace into a new canonical trace in each mapping procedure,
TRA medule has a variable, called "current_canonical_trace" to record the current canonical

trace. Then each mapping procedure proceeds as follows:

TRA module records and then removes the global event, say Ea, in the head of given
global_event_list once a time. It then searches the equivalence function entitled with "T.Ea ="
in the equivalence section of the ETAL specification. Once "T.Ea =" is found, TRA modulc

compares any one of conditions in the equivalence function "T.Ea = " with the trace in

"current_canonical_trace”. There are two cases for the result of a comparison:

i) If a condition and the trace are found matched, then TRA module maps the trace "T.Ea"
into a new canonical trace given in the column "equivalences” at the row of the matched
condition; meanwhile, the value "current_cinonical_trace” is changed to be the new

canonical trace.
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ii) If there is no match between them until all conditions are compared, then the mapping

procedure fails.

During the procedure for searching the merged trace, TRA draws its conclusion in terms of

the results of the above comparisons as follows:

i) If all the canonical traces during the mapping procedures after processing all global events
in the list are canonical acceptable traces, then the conclusion is that the SUT passes the

test.

ii) Ifa "©T" is reported when mapping to a canonical trace, then the conclusion is that the
testing procedure has reached an unacceptable collision scenario, and the test result
analysis procedure halts at this point, We then assume that testers decide the next step at

this moment. In this case, the SUT has no error under this test at the halting point.

iii) If neither "T" nor "©T" could be mapped after processing a global event, then "%T" is
reported. The conclusion in this case is that the SUT fails to pass the test. Note that

there is no inconclusive test result resulting from collisions using our approach.

TRA can be implemented in Prolog, so the analysis procedure can be carried out
automatically, During the mapping procedures in TRA, the function of backtracking is crucial
for guaranteeing that all possible canonical traces for given global event list have been
automatically searched. Therefore, by optimizing the backtracking capability of Prolog, the
efficiency of the procedure of test result analysis would be enhanced. More studies on
relating TRA to Prolog are needed for further research. In this thesis, we only focus on the

basic techniques for realizing TRA for test result analysis.
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5.2. Examples

In this section, we show how the relative clock based test result analysis approach can

achieve a complete error detection power for service and protocol conformance testing by

three examples.

£.2.1. Example I

To show how relative clocks based approach can be used for test result analysis for service-
direct conformance testing (see Section 2.2.2), we present an OSI transport service example
based on the testing architecture made in Figure 5.1. In this example, we want to test the
service of the establishment of a (remote) connection between two users, The global tester,
through two different communications channels, simulates the two users A and B, who want
to establish connection with each other, The SAPs A and B at prot.~ol entities A and B are

associated with the users A and B, respectively.

We suppose that there are two errors in the SUT (i.e., the service provider) when providing

the above service:

i) Protocol entity A fails to generate A_CR (connection request) to the underlying service

provider through SAP A upon receiving TCONreq from its "user” (i.e., user A);

ii) Protocol entity B generates TCONind spontaneously (to user B through SAP B) without
any stimuli from the underlying service provider. The notation for an event-tuple is

defined to Section 3.2.

The global view of the above abnormal scenario is shown in the sequence diagram in Figure

5.3.
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TCONreq  ____ gy} {Spontgneous)
(Disappeared) - TCONind
+/ TCONresp
TCONconf |
Y \ Y

Figure 5.3: The Sequencs Diagram of the Abnormal Scenario of Example I

Recorded observed local traces of this scenario are:
at Tstamp_P#a:  AITCONreq . A?TCONconf ;

at Tstamp P#b:  BITCONind . BITCONresp ;

'The above two local waces are both legal service scenarios from a local view point and
therefore the above errors could not be detected locally without global time-ordering
information. The errors will only be detected by a globa! trace analyzer once the local events
with time-ordering informatiun have been transferred to the analyzer. As discussed in
Sections 1.1 and 2.2, real clock-based time-ordering information may not be globally correct;
we thus, use relative clock as a solution. The testing procedure with global relative time-

ordering information proceeds as follows:

First, Cq and Cp are initialized to be "0". Then, following the IRs (see Section 3.1), the
relative time of all local events and the changes of values of the local relative clocks are as

follows:

Through SAP A:
new message, TCONreq will be sent,

Cg=Cy +1=1 (IR2), Ca(A!TCONreq)=1 (IR5), T(TCONreg)= 1 (IR3);
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Through SAP B:
new message, TCONind is received,
T(TCONind)= 0 (IR4), Cty= 1 + Max {Cp,T(TCONind)} = 1 (IR3),
Cp(B?TCONind)= 1;
Through SAP B:
new message, TCONTresp is sent by "user B",
Cp =Cp+1 =2, Cph(B!TCONresp)=2, T(TCONresp) = 2;
Through SAP A:;
new message, TCONconf is received,

{since TCONconf and TCONresp are same message and T(TCONresp) =2),
T(TCONconf) =2 (IR3),

Cg= 1+ Max{Cy , T(TCONconf) } = 3, Cy(A?TCONconf)= 3 ;

Thus, in terms of Definition 3.5, the global relative time of each event is:

C(AITCONreq) = C(B?TCONind) = 1; C(BITCONresp)=2; C(A?TCONconf)=3.

Figure 5.1 identifies the messages exchanged during testing with their relative time.

Thus, the global event trace by the trace merger algorithm (see Section 5.1.2) in terms of

relative time is as follows:

<AITCONreq, BITCONind> , < A._, BITCONresp> . <A?7TCONconf, B._ >

However, the (legal) canonical trace (#5.A in the Part_II of Appendix B) for establishing

connection should be:

<AITCONreq, B._>. < A._, BITCONind> . < A._, BITCONresp> . <AITCONconf, B, _ >
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That is, no legal canonical trace in the ETAL specification of the SUT (see Part II of
Appendix B) can be matched by the merged trace. Therefore, a "%T" is reported, which

makes a correct conclusion that the SUT fails to pass the test.

We now analyze the results of this example from another angle. Note that the absence of a
timestamp in an observed message implies that the message is produced spontaneously.
Since the event ?TCONind must not be spontaneous in terms of the service definition, one
may pursue an argument that the second error can be detected by only the "local" tester (i.e.,
"user B") with the absence of timestamp in the message, TCONind. In other words, the
analysis with global information is not necessary to detect this error. However, the argument
may not be true since detection power is provided by our global time-ordering approach
implicitly, To understand our test result analysis approach based on relative clock more

precisely, we should explain this fact from the following two aspects:

i) the information of "the absence of a timestamp" itself is not local but global since the
global relative clock was used to provide this information, Therefore we may not say that

the detection of the error (in terms of the absence) is made locally;

ii) more generally, absence of a timestamp within an observed message is not necessarily an
error; for instance, spontaneous event ?TDISind is allowed in the definition of transport
services. Thus, the second phase, ie. an analysis on all related local traces with global

time-ordering information is necessary for detecting (globally incorrect) errors.
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5.2.2. Example II

We now illustrate by an example how our approach can be used to reconcile the "locally
inconclusive" test results resulting from (global) collisions. In the context of this thesis, we
define locally inconclusive test results as globally legal but locally illegal traces with
respect to specifications. The testing architecture used in this example is the same as the one
shown in Figure 5.1. The assumptions on the implementation of relative clocks in this
example are also the same as those in the last example.

We consider an interesting case that the two "users" (i.e., the testers) send the TCONreq to
each other independently of each other when both users are ¢xecuting a test for testing the
service of connection establishment. As shown in Figure 5.4, both testers receive TCONind

from its peer later on.

A B
TCONreq _—...><__-____ TCONreq
TCONind “=~=e—— ';\—-"" TCONind

~

' ' IHlegall Halts at this point

Figure 5.4: The Sequence Diagram of the Abnormal Scenario of Example I

Here we assume that the testing procedure halts in both SAPs A and B since receiving
TCONind is illegal after sending TCQNTreq locally. Then, the local traces in the two SAPs are
same and as follows:

atA: A!TCONreq.A?TCONind; atB: B!TCONreq.B?TCONind;

The conclusion on the test result of this test is either inconclusive or that the SUT fails to pass

the test if the conclusion is made without global time-ordering information since the above
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two traces are locally illegal. This is because the testers cannot judge who is the producer of
the message TCONind. This obviously limits the error detection power of tests. However, if
each local tester c2nds its observed local trace to the global analyzer with time-ordering
information based on relative clock, then we can easily obtain the correct conclusion. The

testing procedure proceeds as follows:

Based on the relative clocks shown in Figure 5.1, the local relative time of each local event

is;  Ca(AITCONreq) = 1; Ca(A?7TCONind) =2; Cb(BITCONreq)=1; Cb(B?TCONind) = 2.

Thus, the global relative time of each event (Definition 3.5)

C(A!TCONTreq) = C(BITCONreq) =1: C(ATTCONind) = C(B?TCONind) = 2.

In terms of the global relative time of each local event. By TM module, the global trace is:

<AITCONreq, BITCONreg> <A?TCONind, B?TCONind >

Then, by TRA module, the observed global trace is found matched to an unacceptable

canonical trace (see Definition 3.7 and canonical trace#31 of the Part_II, Appendix B):

©T = <AITCONreg, BITCONreq>.<<A?TCONind, B7TCONind >
Therefore, by TRA module with the ETAL specifications, a reconciled conclusion is that
there is no error in both the local service users and the service provider. That is, th.c test result

(expressed in a global event trace) are globally valid (legal) and the locally unexpected

(illegal) test results (expressed in the local event traces) were caused by the collision.
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5.2.3. Example III

Finally, we show an OSI transport example [BoDsZh89, ISO8073] for protoco! (entity - the
SUT) conformance testing based on protocol entity model shown in Figure 5.2. We have the
same assumptions on the implementation of relative clocks as those in the previous examples.
We consider the example, given by [BoDsZh89], namely, trace "t3" as well as similar

notation of the error in t3. The errors are as follows:

i) Upon receiving TCONreq from its "user" (ie. U tester) , the SUT sends a CR PDU, but
invokes the TCONconf afier spontaneously. ii) Upon receiving the CC PDU later from its
peer (ie. L tester), the SUT fails to pass on a corresponding the TCONconf to its user. The
second error is not assumed in [BoDsZh89]. However it should be assumed, otherwise the

first error could be detected locally since the tester will receive two TCONconf (s).

Usap Lsap

TCONreq -
(Sponum\us) B CR

---—/

TCONconf

vr(#

(Disappearzd) '

Figure 5.5: The Sequence Diagram of the Abnormal Scenario of Example 11
The global view of this scenario is shown in Figure 5.5. The local traces of the scenario are

At Usap: Usap!TCONTreg . Usap?TCONconf ;

AtLsap: Lsap?CR . Lsap!CC;
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The above two local traces are both legal locally. However, the global observation of the

order of the events occurred at the two SAPs is supposed to be the following:

Tg = Usap!TCONreq . Usap?TCONconf , Lsap?CR . Lsap!CC;

This trace is obviously illegal globally. The reason why the error cannot be detected in
[BoDsZh89] is that there is no way to form Tg if time-ordering (or ordering) information is
not taken into account. However, correctness of time-ordering information cannot be
guaranteed if a real clock is used. Next, we show that the errors can easily be detected by
using the relative clock based approach. The testing procedure with global relative timing

information proceeds as follows:

In terms of the IRs described in Section 3.1, the relative time of each of the above events at

Usap and Lsap based on the relative clock are:

Through Usap:
new message, TCONreq will be sent,
Ca=Cy +1=1 (IR2), C4(Usap!TCONreq)=1 (IRS5), T(TCONreq)= 1 ( IR3(i) ) ;
Through Usap:
new message, TCONCconf isreceived,
T(TCONconf) = 0 (IR4), Caq= 1 + (Ca + T(TCONconf) }= 2 (IR3),
Ca(Usap?TCONcon()=2;
Through Lsap:
new message, CR isreceived by "L tester” (at Lsap),

Since CR and TCONireq are same message and T(TCONreq) = 1, T(CR)=1 (IR3) ;
Ch=1 + [Cp.T(CR)) =2 (IR3), Cp(Lsap?CR)= 2;
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Through Lsap;
new message, CC is sent by "L tester",

Cp =Cp+1 =3, Cp{Lsap!CC)= 3, T(CC) = 3;

The message, TCONconf is not invoked by the SUT although the SUT (protocol entity)

received the CC . That is, U tester would never receive this message.

Hence, the global relative time of each event (Definition 3.5) :

C(Usap! TCONreq)=1, C(Usap?TCONconf)= C(Lsap?CR)= 2, C(Lsap!CC)= 3.

Figure 5.2 shows the messages exchanged during the test procedure with their relative time.

By TM module deccribed in Section 5.1.2, The merged trace expressed in event-tuples is:

Te= < Usap!TCONTreq, Lsap._ > . < Usap?TCONconf, Lsap?CR > . <Usap. _, Lsap!CC > ;

However, the (legal) canonical trace for establishing connection should be:
Tc = < Usap!TCONreq, Lsap, _ > . < Usap._ , Lsap?CR >

<Usap. _, LsaplCC > . < Usap?TCONCconf, Lsap. _ >;

That is, no legal canonical trace in the ETAL specification of the SUT can be matched with
the trace "Te" by TRA module. Therefore the correct conclusion is that the SUT fails to pass

the test.

5.2.4. Error Detection Power and Conclusions
In the previous sections, we have presented the set of realistic examples. With these
examples, we have shown that our test result analysis approach is feasible for the following

applications:
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i) Test result analysis for testing communications services including concurrent aspects.

ii) Reconciliation of lccally inconclusive test results (observed traces) from testing local

services.

iii) Test result analysis for testing communications services and protocols including
spontaneous aspects.

Typically, a complete error detection capability of a tests result analysis procedure would not

need to accomplish more than the above requirements. Therefore, we claim that this relative

clock based test result analysis approach achieves complete error detection capability.

Moreover, since we can regard the protocol entity as a kind of “service provider” (providing
the protocol features through Usap and Lsap), we can state that the relative clock based
approach for test result analysis can be used in any external architecture. That is, the
approach could be "end-to-end-directed” for acceptance testing {Sale91], based on the above

examples.

In Section 6.1, we will give a brief explanation of how the relutive clock approach can be
used for verification purposes. The approach is very similar to the test result analysis

approach above,

5.3. Testability-Directed Specification

As stated in Chapter 1, there exist some relationships between the specification and testing
phases in developing a communications (distributed) system. A study exploring such

relationships may yield some eshancements to the efficiency of each phase. An industrial

63



1 |

study on testability-directed issues at the design phase has been carried out in [UOBNR].
However, little work has been done on testability at the specification phase. In this section,
we focus on the testability-directed specification to explore the relationships between

specification and testing.

5.3.1. Requirements on Testability-Directed Specifications

One of our goals in this thesis is to define a means of specifying a communications
(distributed) system that can facilitate subsequent testing of the implementation of the system.
We say that such specifications are testability-directed specifications. In the context of this

thesis, a testability-directed specification should fulfill the following requirements:

Firstly, the specification should have strong expressive power such as the capability to
specify concurrent behaviours of a communications (distributed) system in a formal and
abstract way (i.e., solely in terms of user-observable behaviours of the system [BaPa78,
Hoff85, Gotz90)]). Then, formal specification bas.d conformance testing can achieve full
error detection capability in terms of observed behaviors of the system. That is, the testing

activity can correctly detect the errors from observable behaviours allowing for concurrency.

Secondly, the timing model of the specification should facilitate the testing activity. The
timing model should be used as guidance for establishing a practical testing environment and
for ease of recognizing and generatirig tests directly and automatically. As a consequence of

this requirement , the model of specification should e same as the timing model for testing.

5.3.2. ETAL Specifications are Testability-Directed
In this section, we claim and show that an extended trace specification is a testability-directed

specification in terms of the above requirements. Some comparisons of ETAL with other
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formal specification languages are also provided with respect to the testability-directed

requirements.

First of all, consider the aspect of expressiveness. The specification in ETAL can specify the
concurrent behaviours of a communications (distributed) system based on the global events
model. Therefore, on onc hand, the tests (for instance, using a criterion of covering all
canonical traces) could be generated from the specification for testing globally concurrent
behaviours. However, more discussion on this issue is beyond the scope of this thesis. On
the other hand, the concurrent information in test results (traces) can be recognized directly
by the global analyzer from the specification. This is because the time-ordering information in
test results is expressed in terms of the same model (i.e. GE model) as that of the
specification. However, none of the FDTs can be used for testing globally concurrent
behaviours since they lack the capability of specifying global concurrency in a testable way

(recall Section 2.2.1),

Secondly, as described in Section 4.1, the specification in ETAL includes trace assertions.
Because trace assertions can be interpreted and executed via Prolog (see discussion in Section
5.1.2), tes's can be generated from and test results can be recognized with the specification
automatically. In addition, as shown in the examples of Section 5.1.3, a reference file
[BoDsZh89] for test result analysis is simply the trace specification itself; i.e., the trace

assertions represent “trace knowledge” directly. This is because

i} the format of a trace used for test result analysis is the same as that of any canonical trace
in trace assertions. However, in FDT-based test result analysis approaches, test results
should be first translated into FDT-recognizable form (for instance, [BoBe89]) before
analysis. It might either introduce new errors since the translation or reduce the efficiency

of test result procedure since the translation step has to be taken.
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ii) both the test results and the specification are expressed in terms of observable

behaviours, and

iii) assertions could be the "knowledge" since they are logic-based. However, none of FDTs
[FORTE] can be used as reference file directly since the specifications in a FDT should
first be transformed into the corresponding reference file (for instance, in [BoDsZh89)).
Also, directly building the "knowledge" from FDT specifications is still only vaguely

described.

Finally, we consider the factor of the establishment of a testing environment such as an
external testing architecture. If time-ordering information expressed in the specification of a
communications system is based on real clocks and we further require test result analysis
based on global time-ordering information, then a synchronization mechanism should be built
in the testing environment to fully synchronize the communications (local) real clocks for
testing globally real-time features of the system. However, experience has shown that such a
mechanism can be too costly or even too complex to be realized {Lamp78, BoDsZh89,
Fidg91]. We can carry out global test results analysis with respect to a relative clock based
specification simply by setting up a set of relative clocks in the testing environment. That is,
we do not need tc build complex synchronization mechanisms such as would be needed for
real clocks; this obviously enhances testability by keeping the cost of implementing clocks

quite low.

In summary the relative clock based specification approach can justifiably be described as

testability-directed.
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CHAPTER 6

EXTENSIONS AND SUGGESTIONS
FOR FURTHER RESEARCH

6.1. Verification-directed Specification and ETAL

In this section, we summarize some preliminary results on the relationships between the
verifiability-directed specification issues and specification in ETAL. After relating ETAL to
testing activities in the previous chapter, relating ETAL to verification is a natural
consideration. The definition of verification may vary in different contexts and applications.
Our definition is as follows:
Implementation verification is to verify whether an implementation meets the
correctness requirements (see Section 2.1.4) as expressed in an extended trace

assertion specification.

We now briefly discuss some previous work on verification-directed specification. For
verification purposes, {Gotz90] discusses how to specify & communications (distrib~- ™
system in a "solely" abstract way by using temporal logic. However, the properties relatea .

global relative concurrent services (e.g. two distributed users send TDTreq to each other,
independently of each other, what good things should be happen in the future) cannot be
verified based on specification since such properties cannot be specified in local event-based
temporal logic. In addition, using past operators in temporal logic reduces the expressiveness
of specifications. This is because expressing all possible legal histories (safety properties) by
just a few past operators is so complicated. Therefore such specifications are hard to be
understood. The method of using traces for describing safety property in [Vogt82] is similar

to ours, but it is neither formal compared to ETAL nor detailed as far as validation
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(verification and testing) of both sequcitial end relatively concurrent related safety properties
is concerned. Although the: verification technique in [CIEmSi86) can be used to verify the
liveness property for our method, the safety properties are not naturally addressed since
neither past operators nor explicit histories are given for representing past {Gotz90]. Their
technique can be modified, albeit somewhat unnaturally, to address safety issues; further

discussion is beyond the scope of this thesis.

As in Section 5.2, we now show that specifications in ETAL appear 10 be verifiability-

directed based on some preliminary studies [YuSaPro11.

A specification is said to be verifiability-directed if the specification can be directly used
as a verification model to automatically verify any implementation. At present, FDs - Formal
Descriptions (specifications written according to FDTs, recall also Section 5.3.2 about FDTs)
cannot be said to be verifiability-directed (perhaps due to the original intended purpose of

FDTs). Examples of problems (refer also the Section 5.3) include:

i) The properties related to global relative concurrent services cannot be verified based on

specification since such properties cannot be specified in FDTs.
ii) Automated verification is hard to be done with FDs since they are not assertion-based.
Some papers discussed a related issue, namely verification of the specification itself, "better
style” of specification is proposed in [Najm87]. Although ETAL supports verification of the

specification [McLe84a, McLe84b], discussion of this issue is beyond the scope of this

thesis.
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To verify global services provided by a communications system, two steps are needed. The
first step is to verify local services provided at iocal access points against local service
specifications; the second step is to verify global service using the verified local services

against the global service specification.

We now show why specifications in ETAL are verifiability-directed. As described in Section
4.1, the service specification in the extended trace language includes two parts: trace
assertions and temporal assertions. As the first step of service-directed verification
(verification of local services) is similar to but much simpler than the second step (verification

of global service), it will not be described here.

‘;:‘i_-;, SPECIFICA'I‘ION lN ETAL
SCENARIO GENERATOR MODULE IR vinlomivionliviiniriviivitd el Snfoinln

Tempoml Asseriions |- I'Tmcc Asseriond

: TRACE
MERGER
Y MODULE
“Safay 1
SERVICE PROVIDER :
{System Under Verification) !‘__:!‘:""“’k“” all
Service Access Point R I T
(SAP) Verification Result

Figure 6.1: Abstract Service-directed Implementation Verification Architecture

Global service verification is illustrated in the Figure 6.1. We assume that the scenario
generator module can generate all possible scenarios (since the set cf legal service behaviours
is finite) and the relative clocks are implemented as in testing. Traces observed at each SAP
are merged in the trace merger module based on the global event model. Then liveness
properties are verified by checking temporal assertions of the global (ETAL) specification of
the service. Finally, safety properties are verified against the trace assertions of the

specification, so, we can verify merged implementation traces automatically against the
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specification itself. Studies on designing “Safety Checker” module and “Liveness Checker”
module (see Figure 6.1) used for verification activities above by relating them to PROLOG
are therefore needed for further research. Compared to an earlier method [CIEmSi86], our
method appears to be more direct and natural. This is because it is not necessary to construct
a "model" since liveness and safety properties can be verified separately with straightforward
algorithms based on temporal assertions and trace assertions, respectively. However, more

investigation of the relationships needs to be done; this is beyond the scope of this thesis.

In addition, the properties related to global relative concurrent services can be verified based
on ETAL specification since such properties can be specified in ETAL. Finally, automated
verification can be done with ETAL specifications themselves by relating ETAL

specifications to PROLOG since both of themn are assertion-based.

Therefore, we can state that specifications in ETAL are verifiability-directed. Combined with

our results from Chapter 5, we claim that ETAL specifications are both testability/

verifiability - directed.

One of our intended goals in this topic for further research is linking testing / verification
activities by considering testing/verification requirements at the specification phase. We
believe that this should give testers support for achieving higher degrees of validation

(verification/testing) criteria. However more study on this issue is needed.

6.2. Relationships between ETAL and TTCN

In this section, we describe some initial studies on the relationship between ETAL and

TTCN. TTCN (Tree and Tabular Combined Notation) is an abstract standard comprised of 4
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tabular notation for test specification notation {PrMo91] (see also Section 2.1.5 on

conformance testing).

Firstly, we observe that there is a strong similarity in format; the service specification in the
extended trace language includes two parts: trace assertions and temporal (event) assertions.
The trace assertion part of ETAL is similar to the dynamic behaviour descriptions (iree) part
of abstract TTCN specifications of tests, The ETAL temporal assertion part corresponds to
the test purposes (tables). Although TTCN is better for representing individual test cases,
ETAL is better for representing canonical forms [PrDe%0] (classes) of tests than TTCN.

Secondly, in the extended trace language, scenarios of services are still described by traces,
not by trees, as in TTCN, which would be a better way to describe scenarios. Work on how
to apply TTCN tree-based concepts to extended trace assertions needs to be done. On the
other hand, a mat'ematical foundation (formal semantics) is needed to make TTCN more
formal. Therefore a study on how to build the formal semantics of the trace assertion
language into TTCN might be useful. Moreover, we note fhat traces describe infinite
scenarios while trees describe finite scenarios. Thus, this approach might be best for relating
specification semantics and test semantics, then providing an important link between formal

specification, verification and testing.

Thirdly, we observe that the mechanism of error token (or class of error token) in the
extended trace language might be useful to specify verdicts in TTCN. Finally, the concept
of event-tuple can support concurrency in TTCN for multi-party testing [ISO5076], e.g., the
messages between the inaster tester and other testers may be described by event-tuples in a

natural way.
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6.3. On the Issue of Handling Collisions

As mentioned in Section 4.1.2, it might be desirable to consider how to handle an
unacceptable collision when we are going to specify it. The current approaches on how to
handle or avoid collisions are summarized in [Boch90b}. For example, in approach 2,
collisions are handled by simply giving priority to incoming (or outgoing) calls over
outcoming {or incoming) calls whatever the types of calls are. However it is not fair encugh
to each user of a system if a purely distributed system is desired (recall the discussion in
Section 2.2.1). In approach 4, collisions are avoided by imposing a specific run-time
environment of interpretation rule and making an assumption. Th--: rules and the
assumption assure that the system contains at most one queued interaction at any given time,
and therefore no collision can occur. However, approach 4 can avoid only local collisions®
that two events are simultaneous locally since it is assumed that there exists at most onc
queued interaction at the initial state of the system; that is, this assumption implies that the
global collisions caused by relatively concurrent events are not of concern and therefore need

not be avoided.

As pointed out in [Boch90b], an approach for handling unacceptable collisions must include
requirements for the implementation of a system. A solution for handing unacceptable
collisions therefore would be useful in the near future and appears to be straightforward
given a few practical assumptions on the implemertation details. For example, in the
following, we show how to handle the collision (canonical trace#31 of Part_II, Appendix B)
resulting from that two distributed users A and B send TCONreq(QoS_A),
TCONreq(QoS_B) to each other, respectively, independently of each other. Here, QoS_A

We assume that a system contains a (global) reiative clock, and that which event
happened first between two events at the same SAP can be nicasurcd bascd on local clock.
Then, local collisions can be handled or transformed to the global casc implicitly.
Therefore it was not considered in our definition of collision (sce Definitions 3.8 and 3.9).
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(quality of service) is a parameter of the primitive TCONreq [IS08072]. We also assume that
QoS is represented as a natural number. ETAL specification of this collision scenario can be
found in Part II of Appendix B. A practical rule to handle this collision based on QoS is as

follows:

When user A receives TCONind(QoS_B) from B after sending TCONreq(QoS_A), it
conipares QoS_A and QoS_B: if QoS_A 2 QoS_B, then user A does not send TCONresp
since the quality which it requested is higher than user B's and the quality of service of two
users should be consensus to the lower one; if QoS_A < QcS_B, then user A sends

TCONTresp to user B,

Meanwhile, follows the same rule as user A does, User B does the same thing as user A
does. This rule assures that there is only one TCONresp will be produced and therefore the

collision is handled.

Furthermore, the specification of a mechanism for hand'ing unacceptable collisions is
desirable for obtaining a complete specification since t) .- tasks for handling such collisions
will become services of the system. It is useful to note that the relative clock based
specification method is expressive enough to represent the mechanisms for handling
collisions, since such mechanisms are just a special kind of relatively concurrent scenarios.
ETAL's ability to specify relatively concurrent scenarios has already been discussed in

previous chapters and is illustrated with an example presented in Appendix B.

Numerous other extensions are possible, but these extensions appear to be most relevant for

achieving a complete testability/verifiability-directed specification methodology.

73



CHAPTER 7

CONCLUDING REMARKS

In this thesis, we have proposed a new interpretation of Lamport's notion of concurrency of
distributed events by introducing the coacept "relative concurrency”. Based on a global
relative clock, one can gain an insight of the nature of distributed scenarios, including
collisions, better from this concept than from either traditional (real clock-based) concurrency
or interleaved concurrency. This concept has been shown to be beneficial for relating
specification and testing activities. Specifically, we have illustrated that specification and
testing techniques based on relative clocks appear to be adequate and useful for developing
reliable communications software in practice. The key is the life-cycle use of testability-

directed, relative clock based reference specifications.

In particular, based on the global event model, we presented a language, namely the extended
trace assertion language (ETAL), to represent concurrent aspects of transport services and

related the language to a new test result analysis approach.

The relative clock based reference specification directly supports the relationship between
specification and testing activities. We have shown specifically that relative clock-based
specifications in ETAL facilitate testing procedures and test result analysis. Therefore relative
clock-based specifications in ETAL are testability-directed, Moreover, when combine
this with observations on verifiability-directed specification presented in Section 6.1, we

claim that "useful specifications are sets of predicates or assertions" {e.g., specifications in
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ETAL). This is the fundamental characterization of testability / verifiability - directed

specifications.

We have applied our specification and test result analysis approaches to the set of realistic
examples. As one of further studies after the above activities, the researches on the
techniques for automatically deriving all possible traces including relative concurrent aspects
are needed. Such techniques are crucial for our specification approach to achieve the
requirements of completeness and to be further scaled up for specifying large
communications services and protocols. Moreover, although our test result anulysis approach
is efficient for conformance testing of time-ordering aspects of large communications
software in practice (Section 6.3}, it may not be useful for time-related performance testing.

Performance testing may only be based on real clocks rather than relative clocks.

Finally, we believe that testability (and verifiability) directed studies such as this work will
contribute significantly to the effectiveness of the software development process, both by
enhancing the productivity of testers, and by improving the accessibility of reference
specifications by supporting the derivation and validation of relative timed scenarios. It is our
opinion that scenario-directed techniques and toolware will yield the greatest improvements in

software quality and productivity over this decade.
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Appendix A:  Trace_Merger Module (pseudo code)

Data Structures:
Type
number_of_sap, relative_time : unassigned integer;
event_type ={...} /* varies for different applications; for the TS example,

event_type = {{TCONreq, 7TCONind, !TCONTresp,
7TCONconf, !TDTreq, 7TDTind, !TDISreq, 7TDISind} */

ID_of_service_access_point = 1..number_of_sap;
event_tuple = arrary[1..number_of_sap) of event_type;
local_event = record of

ID_sap: ID_of_service_access_point;

type_e: event_type;

timestamp: relative_time;

end;
global_event = record of

e_tuple: event_tuple;

order_no: relative_time;

end;

Bodies of Aleorithms:
e_snapshot#i:

var new_event: local_event
begin
when occurrence of a event SAPi.m is observed
create new record new_event ;
assign a natural number to the field "new_event.timestamp" based on IRs (Section 3.1.2);
new_event.type :=.m;
add new_event at the end of queueti;
end,
end (of e_snapshot#i)
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process_event:
var
end_T_conversation : boolean; /* signal of the end of a

testing conversation (group) */
¢_buffer: local_event;

new_g_event, current_g_event: global_event;
i: integer;

end_T_conversation := false;
i=0;
Repeat
i=1+1;
check queue #i;
if queue#i is not empty
then
begin
e_buffer := head of queue#;
remove the head from the queue;
current_g_event:= head of global_event_list;
while current_g_event # NULL /* search the global_event_list */
begin /* for the same value of timestamp */

if e_buffer.timestamp = current_g_event.order_no
then /* modify the current_g_event */
current_g_event.e_tuple[e_buffer.ID_sap] := ¢_buffer.type_c;
exit;  /* from while */
else
current_g_event := next of current_g_event,
end; /* of while */
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if current_g_event = NULL /* no global event's timestamp is
same as the local event's timestamp,
which is being processed */
then /* So, create a new global event */

begin
create new record new_g_event,
new_g_event.e_tuple[e_buffer.XD_sap):= e_buffer.type_e;
new_g_event.order_no := e_buffer.timestamp;
insert new_g_event into the global_event_list in an

ascending order by its global relative time;
end,;
Qutput (global_event_list);  /* a kind of output, e.g. to be sent to "trace
analyzer module" for analyzing legality of the

trace */
end; /* of the first "if" */
if i = number_of_sap theni:=0; /¥*check each sequence in recycle way)
read_controi(end_T_conversation); /* tester or analyzer control a testing

conversation by keyboard*/
Until end_T_conversation

End { of module)

Note: This module has been tested based on functional criteria against its specification given in

Section 5.1.2, A set of tests has been successfully passed.
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Appendix B:  Specification of OSI Transport Service in ETAL

Part I: ETAL specification of local transport services

SYNTAX:

1> Access-Programs

Program Name Value Arg,
ITOONreq (Called Addr,, Calling Addr., QoS, TS user-data) TPDU
TTCONconf (Called Addr,, Calling Addr., QoS, TS user-data) TPDU
ITCONIind (Called Addr., Calling Addr., QoS, TS user-data) TPDU
ITCONresp (Called Addr,, Calling Addr., Qo8, TS uscr-data) TPDU
{TDTreq (TS user-data) TPDU
TTDTind ( TS uscr-data) TPDU
ITDISreg { TS user-data) TPDU
TDISind { Disc_reason_ts, TS user-data) (from peer) or TPDU
{ Disc_reason_tp,TS user-data) {from s. provider)
Table A.L1
SEMANTICS:
2> Canonical(T) <->

T=_)
V (T = SAPITCONreq)
V (T = SAPITCONreq.SAPITCONconf)
V (T = SAP?TCONind)
V (T = SAP?TCONind. SAPITCONresp)
V(T=Tp.Tq
A (Tp = SAP!TCONreq.SAP?TCONconf V Tp = SAPITCONind.SAPITCONresp)
A(Tq= SAPITDTind V Tq= SAPITDTreq V Tq= Tq.SAP?TDTind V Tq= Tq.SAPITDTreq)
)
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3> Auxiliary Functions

Function Name Value Arg

Tdatatran <boolean> <frace>

Table A.L2

Tdatatran(T) =

Condition

Value

(T=Tp.Tq
A (Tp=SAPITCONreq. SAPTTCONconf)

A(Tq= SAP?TDTind V Tq= SAPITDTreq V Tq= Tq.SAPTDTind V Tq= Tq.SAPITDTreq ) )
V(T=TpTq

A (Tp = SAP?TCONind . SAPITCONresp)

A(Tg= SAPYTDTind V Tq= SAPITDT1eq V Tq= Tq.SAPYTDTind V Tq="Tq.SAPITDTreq ) }

fure

[~ (1#1p 1

A (Tp = SAPITCONrcq. SAPTTCONCconf)

M(Tq=SAPITDTind ¥V Tg= SAPITDTreq V Tq="Tq.SAPYTDTind V Tq= Tq.SAPITDTreq ) )
A(T#Tp.Tq

A (Tp=SAPITCONind . SAPI'TCONresp)

A(Tq=SAPTTDTind V Tq= SAPITDTreq V Tq=Tq.SAP?TDTind V Tq= Tq.SAPITDTreq ) )

false

Table A.L3
4> Eguivalence:
T.SAPITCONreq =
conditions equivalences
T="" SAPITCONreq
T % n_n %T
Table A.l4
T.SAPITCONind =
conditions cquivalences
T="_" SAPITCONind
T"_" %T
Table AL5
T.SAPITCONresp =
conditions cquivalences
T= SAPTTCONind SAPTTCONInd.SAPITCONresp
T » SAPTTCONind %T
Table A.L6
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T.SAPITCONcon{ =

conditions equivalences
T= SAPTTCUNreq SAPITCONreq . SAPITCONconf
T # SAPTTCONreq %T
Table A.L7
T.SAPITDTind =
conditions cquivalences

T = SAPITCONreq.SAPTTCONconf

SAPITCONreq.S APTTCONconf.SAPTTDTind.

T =SAPYTCONind SAPITCONresp

SAPITCONind.SAPITCONresp.SAP?TDTind

‘Tdatatran(T}) T
T # SAPITCONreq.SAP?TCONconf
AT # SAPTTCONind SAPITCONresp T
AT » Tdatatran(T) ?
Table A.L8
T.SAPITDTreq =
conditions equivalences
T'=SAPITCONreqSAPTTCONconf SAPITCONzeq.SAPTTCONconf.SAPITDTreq,
T = SAPITCONind. S APITCONresp SAPITCONiInd. SAPITCONresp.SAPTTDTreq
Tdatatran(T) T
T » SAPITCONreq.SAPTTCONconf
AT # SAPTTCONind SAPITCONresp P
AT = Tdatatran(T) °
Table AL9
T.SAPITDISreq m
conditions equivalences
T= l._.l %T
T¢ "_" n_u
Table AJ.10
H
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T.SAP?TDISind(ts) =

conditions cquivalences
T= I|_|| %T
T: u_u “—"
Table AL11
T.SAPITDISind(tp) =
conditions equivalences
T= u-u %T
T¢ ll_ll ll-ﬂ
Table ALL12

5> Temporal Assertions (Liveness Properties only):
i) [ (SAPITCONreq => <> (SAP?TCONconf V SAP?TDISind(ts) V SAP?TDISind(tp) V SAP!TDISreq))

ii) [} (SAP!TDTreq =><> (SAP?TDTreq V SAPITDTind V SAPITDISreq V SAPITDISind(ts) V SAP?TDISind(ip)))

(end of specification of local view of TS service)
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Part II: Specification of global view of OSI wransport service

SYNTAX:

I> Access-Programs

Program Name Value Arg,
ITCONreq (Called Addr., Calling Addr., QoS, TS uscr-dats) TPDU
TCONconf (Called Addr., Calling Addr., QoS, TS user-daa) TPDU
TTCONind (Called Addr., Calling Addr., QoS, TS user-data) TPDU
ITCONresp (Called Addr., Calling Addr., QoS, TS user-data) TPDU
ITDTreq ( TS user-data) TPDU
TDTind ( TS user-data) TPDU
ITDISreq (TS uscr-data) TPDU
TIDISind ( Disc_reason_ts TS user-data) (from pew) or TPDU

{ Disc_reason_tp TS user-data) (from s. provider)
Table: AIL1
SEMANTICS:

2>Canonical(T) <->

l== T=<_,_>)

/* Idle global canonical trace of TS global service */
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Connection request from A:

= V(T = <AITCONreq, _ >

JA=—= V (T = <AITCONieq, _>.< _ ,B?TCONind>)

4A=—= V (T = <A!TCONreq, _>.< _ ,BITCONind>.< _ ,BITCONresp>)

S5A=—= V (T = <AlTCONreg, _>.< _ ,BITCONind>.< _ ,BITCONresp>.<A?TCONconf, _ >)
6A=— V (T = <AITCONreq, _>.< _ B?TCONind>.< _ ,BITCONresp>.<ATTCONconf, BITDTreq >)
1A== V (T = <A!TCONreq, _>.< _ ,BITCONind>.< _ ,BITCONresp>.<A?TCONconf, _ >
<AlTDTreq, _>)

A== V(T ="Tp.Tq
N Tp= <A!TCONreq, _ >.< _ BITCONind>.< _ ,BITCONresp>.<A?TCONconf, BITDTreq>
A(Tq=<A!TDTreq, _>V Tq=<_ BITDTreq>
V Tq=<A?TDTind, _> V Tq=<ATTDTind .BITDTreq> V Tq = <AlTDTreq ,BITDTreq>
V Tq=Tq.<A!TDTreq, > V Tq=Tq.< _ BITDTind> V Tq = Tq.< _ ,B!TDTreq>
V Tq=Tq.<A?TDTind, _ >V Tq= Tq.<A?TDTind ,B?TDTind>
V Tq = Tq.<A?TDTind ,BITDTreq> V Tq =Tq. <AlTDTreq ,BITDTreg>
V Tq = Tq.<AlTDTreq ,B?TDTind>) )

9.A=— V(T =Tp.Tq
ATp= <A!TCONreq, _ >.< _ ,BITCONind>.< _ JBITCONresp>.<ATTCONconl, _ >
<A!TDTreq, _>

A(Tq = <A!TDTreq, B?TDTind> V Tq = < _ ,BITDTind>
V Tq = Tq.<A!TDTreq, _> V Tq=Tq.< _ ,BITDTind> V Tq =Tq.< _ ,B!TDTreq>
V Tq=Tq,<A?TDTind, _>V Tq= Tq.<A?TDTind ,BITDTind>
V Tq = Tq.<A?TDTind ,BITDTreq> V Tq=Tq. <A!TDTreq ,BITDTreq>
V Tq = Tq.<A!TDTreq ,B?TDTind>) )

10A= V ((T = Tm.<A!TDISreg, _> A
(Tm = Tp.E A Canonical(Tm) = Canonical(Tp) AE = <ATTDTind, _>
V Tm = <A!TCONreg, _ >.< _ ,B?TCONind>< _ ,BITCONresp>.<ATTCONconf, _ >
V Tm= <A!TCONreq, _ >.< _ ,BITCONind>.< _ ,BITCONresp>
<ATTCONconf, B!TDISreq>
V Tm= < _, BITCONreq>.< ATTCONind, BITDISreg> ))
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11LA= V (T = <A!TCONreq, _ >.< A!TDISreg, BYTCONind>)

12A == V (©T = <A!TCONreq, _>.< AlTDISreq, BTTCONind>.< _ ,BITCONresp>)

13.A=— V (@T = <A!TCONreq, _ >.< Al'TDISreq, BYTCONind>.<A!TCONreq, BITCONresp>)

14.A == V (T = <A!TCONreg, _ >.<_ ,BITCONind>.< _ ,BITCONresp>.<A?TCONconf, BiTDISreq>)

15.A == V (@T = <AlTCONreg, _ >.< _. ,BITCONind>.< _ ,BITCONresp>.<A?TCONconf, BITDISreq>
<A!TDTreq, __>)

16.A == V(©T = Tm.<AlTDISreq, _> A

((Tm = Tp.E A Canonical(Tm) = Canonical(Tp) AE = <A?TDTind, BITDTreq>)
V (Tm = <AITCONreq, _ >.< _ ,B?7TCONind>.< _ BITCONresp>
<AITCONconf, BITDTreq>) ) )

17.A == V (@T = Tm.<AlTDISreq, BITDTreg > A
(Tm = Tp.E ACanonical(Tm) = Canonical(Tp) A
(E = <A?TDTind ,B?TDTind> V E = <A?TDTind ,B!TDTreq> ))
V {Tm = <A!TCONreq, _ >.<_ ,BITCONind>.< _ ,BITCONresp>
<ATTCONCconf, BITDTreq>) ) )

18.A == V (@T = Tm.<A!TDISreq, BITDTind > A
(Tm = Tp.E A Canonical(Tm) = Canonical(Tp) A E = <AITDTreq ,B?TDTreg> ))

19.A == V (T = <AITCONfeq, _ >.<A?TDISind(tp), B?TCONind>
0.A== V (T = <A!TCONreq, _ > <A?TDISind(ip), BITTCONind>.< _ BITCONresp>
21A == V (©T = Tm.< A?TDISind(tp), _> A

(Tm = Tp.E A Canonical(Tm) = Canonical(Tp)
N (E = <A?TDTind, BITDTreq> V E = <A!TDTreq, _>)
Y Tm = <AlTCONreq, _ ><_ ,BITCONind>.< _ ,BITCONresp>
<ATTCONconf, BITDTreg> })

A== V (@T = Tm.< A?TDISind(tp), BITDTreq> A
(Tm = Tp.E A Canonical(Tm) = Canonical(Tp)
M (E =<ATDTind ,B!TDTreq> V E = <ATDTind ,B?TDTind>)
V Tm = <AlITCONreg, _>.<_ ,B7TCONind>.< _ ,BITCONresp>
<ATTCONconf, BITCTreg> })
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BA=— V (@T = Tm.< A?TDISind(tp), BITDTind> A
(Tm = Tp.E A Cannnical(Tm) = Canonical(Tp) AE = <A!TDTreq ,B!ITDTreq>) )

UA=— V (T = <AITCONreq, _>.<_ ,B’TCONind>.< _ ,BITCONresp>.<ATTCONconf, BITDISind(tp)>)

25.A=— V (OT = <ATCONreq, _>.<_ ,B?TCONind>.< _ ,BITCONresp>
.<ATTCONCconf, BTTDISind(tp)> <A!TDTreq, _>)

26A=— V (T = Tm.<A?TDISind(tp), B?TDTind> A Tm = Canonical(Tm) A Tm= Tp. E
A(E = <AlTDTreq, _> V E = <A!TDTreq, B?TDTind >))
21A— V (T = Tm.< _, BITDTreq > A Tm = Canonical (Tm) A Tm= Tp. E

AE = <A?TDISind(tp), B?TDTind> )

28A=— V (T = Tm.<A?TDISind(ip), B?TDISind> A Tm = Canonical(Tm) A Tm= Tp. E
ANE = <AlTDISreq, _>)

29.A === ¥ (©T = Tm.< ATTDISind(tp), BITDISreq> A
(Tm = Tp.E A Canonical(Tm) = Canonical(Tp)
A (E =<ATTDTind BITDTreq> V E = <A?TDTind ,B1TDTind>)
V Tm = <AlITCONreq, _ >.< _ B¥TCONind>.< _ ,BITCONresp>
<ATTCONconf, BITDTreq> ))
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Connection request from B:

2B == V (T = <_ BITCONreq>)
3B— V (T = < _ BITCONreq>.<A?TCONiInd, _>)
4B=— V (T = <_ BITCONreq>.<A?TCONind, _ >.< AITCONresp, _ >)
5B=—= V(T = < _ ,BITCONreq>.<A7TCONind, _ >.< AITCONresp, _ >.< _ ,BITCONconf>)
6B == V (T = <_ ,BITCONreq>.<A7TCONind, _ >.< AITCONresp, _ >.<A!'TDTreq, B?TCONconf>)
7B == V (T = < _ ,BITCONreg>.<AITCONind, _ >.< AITCONresp, _>.< _ ,B?TCCONconf>)
< _ ,BITDTreq>)
8B == V(T ="Tp.Tq

ATp= < _ ,BITCONreg>.<A?TCONind, _ >.< AITCONresp, _ >.<A!TDTreq, BYTTCONconf>
A(Tq=<AlTDTreq, _>V Tq=<_ ,BITDTreg>
V Tq=< _ ,B?TDTind> V Tq = <AlTDTreq ,B?TDTind> V Tq = <A!TDTreq ,BITDTreg>
V Tq = Tq.<A!TDTreq, _> V Tq=Tq.<_ BITDTind> V Tq = Tq.< _ ,BITDTreq>
V Tq=Tq.<A?TDTind, _>V Tq= Tq.<A?TDTind ,B?TDTind>
V Tq=Tq.<A?TDTind ,BITDTreq> V Tq =Tq. <A!TDTreq ,B!TDTreq>
V Tq = Tq.<A!TDTreq ,BITDTind>) )

9.B == V(T=Tp.Tq
ATp= < _ ,BITCONreq>.<A?TCONind, _ >.< AITCONresp, _ >.< _ ,BITCONconf>)
< _,BITDTreq>)

A (Tq=<A?TDTind ,BITDTreq> V Tq = <A?TDTind, _>
V Tq = Tq.<A!TDTreq, _> V Tq=Tq.< _ ,B?TDTind> V Tq = Tq.< _ B! TDTreq>
V Tq=Tq.<A?TDTind, _ >V Tq = Tq.<A?TDTind ,BITDTind>
V Tq = Tq.<A?TDTind ,BITDTreq> V Tq =Tq. <A!TDTreq ,B!TDTreg>
V Tq = Tq.<A!TDTreq ,BITDTind>} )

10B == V ((T = Tm.< _ ,B!TDISreq> A
(Tm = Tp.E A Canonical(Tm) = Canonical(Tp) AE = < _ ,B?TDTind>
V Tm = < _ ,BITCONreq>.<ATTCONind, _ >.< AITCONresp, _ ».< _ ,B?TCONconf>
V Tm= < _ ,BITCONreg>.<ATTCONind, _ >.< AITCONresp, _>
<Al!TDISrcq, BITCONconf>)
V Tm=<A!TCONregq, _ > . <A!TDISreq, BYTCONind>
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———i g L R T e

TN T S XY Y TSN

11B ===
12B=—
13B =
14B ==
15B=—

16B —

17B=—=

188 ==

19B=—

20B =—=

21B=—

22B =—=

V (T = < _ BITCONrcq>.<ATTCONind, B!TDiSrcg>)

V (®T = < _ ,BITCONreq>.<A?TCONind, B! TDISreq>.<A! TCONresp, _ >)

V (@T =< _ ,BITCONreq>.<ATTCONind, BITDISreq>.<AI TCONresp, BITCONreq>)

V (T=< _ ,BITCONreg>.<ATTCONind, _ >.<AITCONresp, _ >.<AlTDISreq, B?TCONconl>)

V (©T=<_ ,BITCONreg>.<A? fCONind, _ >.<AITCONresp, _ >.<A!TDISreq,B?TCONcon{>
< _, BITDTreq>)

V{(®T = Tm.< _ ,B!ITDISreq> A
(Tm = Tp.E A Canonical(Tm) = Canonical(Tp) A E = <A!TDTreq, B?TDTind>
V Tm = < _ ,BITCONreq>.<ATTCONind, _ >.<AITCONresp, _ >
<ATTCONconf, BITDTreq> ) )

V (OT = Tm.< A!TDTreq, B!TDISreq> A
{ Tm = Tp.E A Canonical (Tm} = Canonical(Tp)
N (E = <AlTDTreq ,B?TDTind> V E = <A?TDTind ,B?TDTind>)
V Tm = <_ BITCONrea>.<A?TCONind, _ >.<AITCONresp, _ >
<ATTCONconf, B!TDTreq>) )

V (©@T = Tm.< ATTDTind, BITDISreg> A
( Tm = Tp.E A Canonical (Tm) = Canonical(Tp) AE = <A?TDTind ,BITDTreq>))

V (T = < _ ,BITCONreq>.<ATTCONind, B?TDISind(tp)>
V (@T = < _ ,B!TCONreq>.<A?TCONind, B?TDISind(tp)>.<A! TCONTresp, _ >

V (OT = Tm.< _ , B?TDISind(tp)> A
(Tm = Tp.E A Canonical{Tm) = Canonical(Tp) A
(E =<A!TDTreq, BITDTind> VE =<_, B!TDTreg> ))
V Tm =< _ B!ITCONreq>.<A?TCONind, _ >.<A!TCONresp, _ >
<AITDTreq, BTTCONconf>) )

V (©T = Tm.< A!TDTreq, BYDISind(tp)> A
{ Tm = Tp.E A Canonical (Tm) = Canonical(Tp)
A (E =<A!TDTreq ,B?TDTind> V E = <A?TDTind ,B?TDTind>)
V Tm =< _ BITCONreq>.<ATTCONind, _ >.<AITCONresp, _>
<A!TDTreg, BTTCONconf>) )
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23.Bm

2AB ==

21B ==

28B =

29B ==

V (©T = Tm.< A?TDTind, B?TDISind(tp)> A
(Tm = Tp.E A Canonical{Tm) = Canonical(Tp) AE = <AlTDTreq ,B!TDTreq> ))

V (T =<_ ,BITCONreq>.<ATTCONind, _>.<A!TCONresp, _ >.<A?TDISind(tp), BYTCONconf>)

V (T =<_ ,B!TCONreq>.<ATTCONind, _ >.<A!TCONresp, _ >
<ATTDISind(1p), BITCONconf>.<_ ,B!TDTreq>)

V (T = Tm.<A?TDTind, BTDISind(tp)> A Tm = Canonical(Tm) ATm=Tp. E
AE=<_ BITDTreq> V E = <ATTDTind, B!ITDTreq>) )

V (T = Tm. <A'TDTreq , _ > ATm = Canonical(Tm) ATm= Tp. E
AE = <ATTDTind, BYTDISind(tp)>)

V {T = Tm.<A?TDISind, B?TDISind(tp)> A Tm = Canonical(Tm) ATm= Tp. E
AE = < _ BITDISreq>)

V (©T = Tm.< A!TDISreq, B?TDISind(tp)> A
(Tm = Tp.E A Canonical(Tm) = Canonical(Tp)
A (E = <AlTDTreq, BTTDTind> V E = <A?TDTind B?TDTind>)
V Tm = < _ ,BITCONreq>.<A?TCONind, _ >.<A!ITCONresp, _ >
<AlTDTreq, BTTCONconf> ) )

94



Connection requests from both sides:

30—
3=
N—

V (T =< AITCONrcq, BITCONreq> )
V (©T =< AITCONrcq, BITCONreg>.< ATTCONind, BYTCONind> )
V (©T =< A'TCONreq, BITCONreg>.< AITDISreq, BITDISreq> )

Disconnection requests from both sides:

3= V (T = Tm.<A!TDISreq, BITDISreq>
A Tm = Canonical(Tm) ATm = Tp.E A Tp = Canonical(Tp)
A(E = <A!TDTreq, B?TDTind> V E = <A7TDTreq, BITDTind>
VY E = <AlTDTreq, BITCONconf>V E = <ATTCONconf, BITDTreq>
V E=<A!TDTreq B!TDTreg> ) )
Illegal canonical trace:
M= V(%T=TAT2TAT=@T)
3> Auxiliary Functions
Function name Value Arg
Teon_s_tranl <boolean> <trace>
Teon_b_trant <boolean> <trace>
Teon_a_tran2 <boolean> <trace>
Teon_b_tran2 <boolean> <trace>
Lost(; <boolean> <trace>
Table A.IL.2

95




Teon_a_tren1(T) =
Value

Condition
(T=TpTq
ATp= < AITCONreq, _ >< _, BTTCONind>
.<_, BITCONresp>.<A?TCONconf, BITDTreq> \ure

M(Tq = <AITDTteq, _> V Tg=< _ BITDTreq>
¥V Tq=<_ BITDTind> ¥ Tq = <AlTDTreq B?TDTind>
¥ Tq = <AlTDTreq ,BITDTreq> V Tq=Tq.<AITDTreg, . >
V Tq=Tq.<_,B7TDTind> ¥ Tq=Tq.< _ BITDTreq>
V Tq=Tq.<A7TDTind, _ >V Tq = Tq.<A?TDTind B?TDTind>
V Tq = Tq.<A?TDTind BITDTreq> V Tq =Tq. <AITDTreq,BI TDTreq>
¥ Tq =Tq.<AITDTreq ,B?TDTind>) )

T=TpTq
ATp= < AITCONreq, _>.<_, BTTCONind>
< _, BITCONresp>.<ATTCONconf, BITDTreg>

A (Tq = <AlTDTreq, _> V Tq=<_ BITDTreq>
V Tq=< _ BTDTind> V Tq = <AITDTreq B7TDTind> false
V Tq = <AITDTreq BITDTreq> V Tq=Tq.<AlTDTreq, _>
V Tq=Tq.<_ BMDTind> V Tq =Tq.< _ BITDTreq>
V Tq=Tq.<ATTDTind, _ >V Tq = Tq.<ATTDTind ,B7TDTind>
V Tq = Tq.<A?TDTind ,BITDTreq> V Tq =Tq, <AITDTreq,BITDTreq>
V Tq = Tq.<AITDTreq BITDTind>) )

Table AIL3

Teon_a_tran2(T) =
Condition Yalue

T=Tp.Tq
ATp= <AITCONreq, _ >.< _ BYTCONind>.«< _ ,BITCONresp>

<ATTCONconf, _>.<AlTDTreq, _>
A (Tq=<AlTDTreq, BITDTind> V Tq = < _ ,BTTDTind>
V Tq = Tq.<AlTDTreq, _> V Tg = Tq.< _ ,B¥TDTind>

VTq=Tq.«<_ BiTDTreq>
V Tq=Tq.<A?TDTind, _ >V Tq = Tq.<ATTDTind ,B7TDTind>

VY Tq = Tq.<ATTDTind B!TDTreq> V Tq =Tq. <A!TDTreq BITDTreg>
V Tq = Tq.<A!TDTreq BITDTind>) )

ture

T+ Tp.Tq
ATp= <AITCONreq, _ >.< _ ,BITCONind>.< _ ,BITCONresps>

<ATTCONconf, _ >.<AITDTreq, _>
A(Tq = <AITDTreq, BTTDTind> V Tq =< _ BITDTind> fal
V Tq = Tq.<A!TDTreq, _> V Tq = Tq.< _ B7TDTind> se

¥ Tq=Tq.<_ BITDTreq>
V Tq=Tq.<ATTDTind, _>V Tq = Tq.<A?TDTind BITDTind>
V Tq = Tq.<A7TDTind ,BITDTreq> ¥V Tq =Tq. <A!TDTreq BITDTreg>

V Tq = Tq.<A!TDTreq ,B1TDTind>) )

Table AIL4
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Teon_b_tran1(T) =

Condition Value
T=Tp.Tq
ATp=< _ BITCONreq> <ATTCONind, _>.< AITCONresp, _>
«<AITDTreq, BTTCONconf> ture

N(Tq =<AlTDTreq, > ¥V Tq=<_,BITDTreq>
V Tq=<_ ,B1TDTind> V Tq = <AITDTreq B?TDTind>
V Tq= <AlTDTreq BITDTreq> V Tq=Tq.<AITDTreq, _>
VTq=Tq.<_ BITDTind> V Tq=Tq.< _ ,BITDTreq>
V Tq=Tq.<ATTDTind, _ >V Tq = Tq.<A?TDTind ,B7TDTind>
V Tq=Tq.<ATTDTind ,BITDTreg> V Tq =Tq. <AlTDTreq ,BITDTreq>
V Tq = Tq.<A!TDTreq BITDTind>) )

T»Tp.Tq
ATp=<_ BITCONreq>.<A?TCONind, _ >.< AITCONresp, _>
<AITDTreq, BITTCONconf>

A(Tq=<AlITDTreq, _> ¥V Tq=<_ ,BlI'iDTreq>
V Tq=<_ B?TDTind> V Tq = <AITDTreq BITDTind> false
V Tq= <A|TDTreq BITDTreq> V Tq=Tq.<AlTDTreq, _>
V Tq=Tq.<_ BITDTind> VTq=Tq.<_,BITDTreq>
V Tq=Tq.<A?TDTind, _ >V Tq=Tq.<ATTDTind ,BITDTind>
V Tq=Tq.<ATTDTind ,BITDTreq> V Tq =Tq. <A!TDTreq BITDTreq>
V Tq = Tq.<AITDTreq BITDTind>) )

Table AILS
Teon_ b _ran2(T) =
Condition Valuc
T=TpTy
ATp=< _ BITCONreq>.<ATTCONiInd, _ »>.< AITCONresp, _>
< _ BITCONconf>) .<_,BITDTreq>) {ure

N (Tq = <ATTDTind BITDTreq> V Tq = <ATTDTind, _>
V Tq =Tq.<A!ITDTreq, _> V Tq =Tq.< _ BTDTind>
V Tq=Tq.< _ BITDTreq> V Tq=Tq.<A?TDTind, _>
V Tq =Tq.<A?TDTind ,B?TDTind> V Tq = Tq.<A?TDTind ,BITDTreq>
Y Tq=Tq. <A!TDTreq BITDTreq>
¥ Tq = Tq.<A!TDTreq ,B?TDTind>) )

T=Tp.Tq
NTp=<_ BITCONreq>.<ATTCONind, _ >.< AITCONresp, _>
< _ ,BITCONconf>) .<_,BITDTreg>)

A(Tq=<AMTDTind BITDTreq> V Tq = <ATTDTind, _ > false
¥V Tq=Tq.<AlITDTreq, _ > V Tq = Tq.< _ ,BYTDTind>
V Tq=Tq.< _ BITDTreq> ¥ Tq=Tq.<ATTDTind, _>
¥ Tq = Tq.<AITDTind ,B?TDTind> V Tq = Tq.<A?TDTind ,BITDTreq>
¥ Tq =Tq. <AITDTreq ,BITDTreq>
¥ Tq = Tq.<AITDTreq BITDTind>) )

Table AIL6
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Lost(T) =

4>Equivalence

Condition Value
number of AlITDTreq # number of BYTDTind true
V number of BITDTreq # number of ATTDTind
number of AYTDTreq = number of B?7TDTind false
Anumber of BITDTreq =number of A?7TDTind
Table AIL7
T.<AITCONregq, _>=
conditions cquivalences
T=<.> <AITCONreq, >
T#<, > %T
Table A.ILS
T.< _ ,BITCONind>
conditions equivalences

T= <AITCONreg, _>

<AITCONreq, _>.<_, BYTCONind>

T # <AITCONreq, _>

%T

Table AIL9

T.<AlTDISreq ,B7TCONind> =

conditions

equivalences

T=<AITCONreq, _ >

<AITCONreq, _>.<AlTDISreq, B?TCONind>

T »# <AITCONreq, _ >

%T

Table A.IL10 (1L.A)

T.< _ BITCONresp> =

conditions

equivalences

Tz <AITCONreq, _ >.< _, BTTCONind>

<AITCONreq, _ >.<_ ,BITCONind>
< _, BITCONresp>

T= <AITCONreq, _ >.<A!TDISreq, BYTCONind> T
T # <AITCONreq, _ >.< _, BITCONind>
AT# <AITCONreq, _ >.<AITDISreq, BYTCONind> %T
Table AIL11 {12.A)
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T.<A!TCONreg, BITCONmesp> =

condidons equivalences
T= <AITCONry, _ >.<A!TDISreq, BTTCONind> eT
T# <AITCONreq, _ ».<A!TDISteq, BTTCONind> %T
Table AIL12 (13,A}
T.<ATTCONconf, _>
conditions cquivalences

T=<AITCONrcq, _>.<_ ,BITCONind>
< _.BITCONresp>

<AITCONreq, _>».<_ BITCONind>
< _ , BITCONresp».<ATTCONconf, _ >

T #<AITCONreq, _ >.< _ ,BITCONind>

<_, BITCONresp> %T
Table AIL13
T.<ATTCONCconf, BITDISreq> =
conditions cquivalences

T=<AITCONreq, _ >.< _ ,BITCONind>
<_, BITCONresp>

<A, 7CONreq, _>< _ ,BITCONind>
< _ , BITCONresp>.<ATTCONconl, BITDISreq>

T # <A!TCONreq, _ >« _ ,BTTCONind>

<_, BITCONzesp> %T
Table AlL14 (14.A)
T.<ATTCONconf, BITDTreq> =
conditions cquivalences

T=<AITCONreq, _>.< _,BTTCONind>
<_ , BITCONresp>

<AITCONreq, _ ».<_ ,BTTCONind:
< _, BITCONresp>.<ATTCONconf, BITDTreq>

T #<AITCONreq, _ >.<_ ,B7TCONind>

<_, BITCONresp: - %T
Table AIL1S {6.A)
T< - B!TCONI'Gq) o
conditions equivalences
T=<_,_> < _, BITCONreg>
T#< > %T

- -

Table A.lL16




T.<ATTCONind, _>=

conditions equivalcnces
T=<_, BITCONreg> < _, BITCONreq>.<ATTCONind, _ >
T# <_,BITCONreq> %T
Table AIL17
T.<AYTCONind, BITDISreq> = _
conditions equivalences
T=<_, BITCONreq> < _, BITCONreq>.<ATTCONiInd, BITDISreq>
T#<_, BITCONreg> %T
Table AIL18
T.<AITCONresp, _> =
conditions equivalences

T=< _ BITCONreq>.<A?TCONind. _> <_, BlTCONreq>. <ATTCONin d, .

<AITCONresp, _ >

T=<_ , BITCONreq>.<ATTCONind, _BITDISreq> eT

T # <_, BITCONreq>.<ATTCONind, _ >

AT# <_, BITCONreq>.<A?TCONind, _BITDISreq> %T
Table AIL19
T.<AITCONresp, BITCONreg> =
conditions equivalences
T=<_, BITCONreq>.<ATTCONind, _BITDISzeq> ©T
Ta < _, BITCONreq>.<ATTCONind, _BITDISreq> %T
Table A.IL20
T.< _ ,BITCONconf> =
conditions equivalences
T=<_, BITCONreq><ATTCONind, _ > < _, BITCONreq>.<ATTCONind, _>
<A!TCONresp, _> <AITCONresp, __>.<_ ,BTTCONconf>
T# <_, BITCONreq><AITCONind, _ >
~AITCONresp, _ > %T
Table AII.21
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T.<AlTDISreq, B?7TCONconf> a
conditions cquivalences

T=<_, BITCONreq>.<ATTCONind, _> <, BITCONreq>.<ATTCONind, _>
<AITCONresp, _» <AITCONresp, _ ».<AlITDISreq, BYTTCONconf>

T#<_, BITCONreg>.<ATTCONind, _»>

<AITCONzesp, _> %T
Table A.IL22
T.<AlTDTreq, BTTCONconf> =
conditions equivalences
T=<_, BITCONreg>.<A7TTCONind, _> < _, BITCONreg>.<ATTCONind, _ -

<AITCONresp, _ > <AITCONresp, __ >.<AITDTreq, BT1 CONconf>

T#<_,BITCONreq><A7TCONind, _>
<AITCONresp, _ > %T

Table A.IL23
T.<A!TDTreq, _>m=
conditions equivalences

_ <AITCONreq, _>.< _ ,BITTCONind>
T=<AITCONreq, _>.<_,BITCONind> < _, BITCONresp>.<ATTCONconf, _>

<_., BITCONresp>,<ATTCONconf, _> <AITDTreq, _>

T=<AITCONreq, _ >.< _ ,BITCONind>
<_, BITCONresp> <ATTCONconf, BITDISreq> eT

T = Toon_a_tran] (T)

T =Teon_a_tran2 (T)

T
T

T =Teon_b_uanl (T) T
TcTcon_b_lmnIZ [{}] T

T# <AITCONreq, _>.<_ ,BITCONind>
<_, BITCONresp>.<A7TCONconf, _>

AT # <AITCONreq, _»>.<_ ,BITCONind> %T
< _, BITCONresp>.<A7TCONconf, BITDISreq>

A — Teon_e_tranl (T) A— Tcon_a_tran2 (T)

A = Teon_b_wrant (T} A— Tcon_b_tran2 (T)

Table A.I1.24 (15.A)
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T.<_ ,B/TDTreq> =

conditions equivalences
< _, BITCONreq>.<ATTCONind, _>

T=<_ , BITCONrcq».<ATTCONind, _> <AITCONresp, _ >.< _ BITCONconf>
<AITCONresp, _ >.< _ BTTCONconf> <. BITDTreq>
Te< _, BITCONteq> <ATTCONind, _ >
<AITCONresp, _ >.<A!TDISzeq, BTTCONconf> eT
T = Tcon_s_tranl (T) T
T = Tcon_a_tran2 (T) T
T = Teon_b_tranl (T) T
T =Tecon_b_tran2 (T) T

T # < _, BITCONreq>.<A7TCONind, _>
<AITCONresp, _><_ BTTCONconf>
AT # <_, BITCONteg> <ATTCONiInd, _ >
<AITCONresp, _, ».<AlTDISreq, BTTCONconf>
N -2 Tcon_a_tranl (T) A= Teon_a_tran2 (T)
N = Teon_b_tranl (T) A= Teon_b_tran2 (T)

%T

Table AIL25

T.<A?TDTind, _> =
conditions equivalences

T =Teon_a_tranl (T}

T = Tcon_a_tran2 (T)

T =Tcon_b_tranl (T)

T = Teon_b_tran2 (1)

ﬁ-ll-—lr-—l—l

— Teon_a_tran1 (T) A— Tcon_a_ran2 (T)
A= TeoxL_l'!:t:ranl (T) A= Teon_b_tran2 (T)

Table AIL26

T.<_ B!TDTind> =
conditions equivalences

T = Tcon_a_tranl (T)

T =Tecon_a_tran2 ('T')

T = Teon_b_treni (T)

sl

T =Tcon_b_tran2 (T)

= Teon_a_tranl (T) A— Tcon_a_tran2 (T}
A= Teon_b_tranl (T) A Toun=lg__tran2 4]

£

Table AIL27
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T.<ATDTind, B?TDTind> =

conditions equivalences
T = Teon_a_tranl (’ﬁ T
- T= Teon_a_tran2 (T) T
[~ T=Tcon_b_tanl (T) T
T = Tcon_b_tran2 (T) T
—'Teon_g_tran] (T) A— Tcon_a_tran2 (T) %T
A = Teon_b_rranl (T) A— Teon_b_tran2 (T)
Table AIL28
T.<AlTDTreq, BITDTind> =
conditions cquivalences
T =Tecon_a_tranl (T) T
T;'-['con_n_u'arﬂ ('T') T
T =Teon_b_tranl (T) T
T =Teon_b_tran2 ('-I-') T
= Teon_a_tranl {T) A— Tcon_g_tran2 (T) %T
A = Teon_b_tran] (T) A= Tcon_b_tran2 (T)
Table AI1.29
T.<AlTDTreq, BITDTreq> =
conditions cquivalences
T =Tcon_a_tranl (T) T
T =Teon_a_tran2 (T) T
T=Tcon_b_tranl (T) T
T ="Tcon_b_tran2 (T) T
— Teon_a_tranl (T) A— Teon_a_tran2 (T) %T
A = Teon_b_tran! (T) A— Tcon_b_tran2 (T
Table A.IL30
T.<A?TDTind, B?TDTind> =
conditions c_qiivalmces
T ="Tcon_a_tranl (T) T
T = Tcon_a_tran2 (T) T
T =Teon_b_tranl (T) T
T =Tcon_b_tran2 (T) T
= Teon_a_tranl (T) A— Teon_a_tran2 (T) %T

A — Teon_b_tranl (T A= Teon_b_tran2 (T)

Table A.IL.31
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T.<ATTDTind, BITDTreg> =
conditions equivalences

T =Tcon_a_trenl (T)

T =Tcon_a_tran2 (T)

T = Tcon_b_tranl (1)

| | ! |

T = Tcon_b_tran2 (T)

— Teon_a_tranl (T) A— Teon_a_tran2 (T) %T
A ~Teon_b_tranl (T) A= Tcon=b__tmn2 M

Table AIL32
T<AlTDISrcq, _>m=
conditions cquivalences

(T=Tp.E A Canonical {T) = Canonical (Tp)
AB=<ATTDTind, _>)
V (T= <AITCONrcq, _>.<_ , BITCONind>
< _ , BITCONresp>.<ATTCONconf, _>) T.<AITDISreq, _>
Y (T= <AITCONreq, _>.<_ , BITTCONind>
& _ , BITCONrespe-.<ATTCONconf, BITDISreq>)
V (T=<_, BITCON1eq>.<ATTCONind, BITDISreq>)

(T= Tp.E A Canonical (T) = Canonical (Tp)
AE =<ATTDTind, BITDTreq>) oT

V (T= <AITCONreq, _ >.<_ , BTTCONind>
< . , BITCONresp> <ATTCONconf,BITDTreq>)

(T="Tp.E A Canonical (T) = Canonical (Tp}
AE # <ATTDTind, _>
AE # <ATTDTind, BITDTreq> AE #<ATTDTreq, BITDTreq> )
A (T# <AITCONreq, _>.<_ , BITCONind>
< _ , BITCONresp>.<ATTCONconf, _> ) %T
A(T# <AITCONreq, _>.<_ , BITCONind>
< _ , BITCONtesp>.<ATTCONconf.BITDISreg>)
(T <AITCONreq, _».<_ , BTTCONind>
< _ , BITCONresp>.<ATTCONconf. BITDTreq>)
A(T# < _, BITCONreq>.<ATTCONind, BITDISind>)

Table AJL33 (10.A, 16.A)

T.<A?TDISind(ts), _> =
conditions equivalences
= Lost (TYA(T =Tp.EAE =< _ , BITDISreq>) S_,.>
= Lost (T) AT = <AITCONreq, _ >.< . ,B?TCONind>
< _ BITCONresp>.<ATTCONconf, BITDISreq> <_,_>
= Lost (D AT = < _ ,BITCONreq><ATTCONind, BITDISreq> <_,_>

Lost (T) V(T =Tp.E AE= < _ , BITDISreq>)
A (T » <AITCONIeq, ._>.<_ BITCONind>

« _ BITCONresp>.<ATTCONcanf, BITDISreq> %T
A(Tw» <_ BITCONreq>.<ATTCONind, BITDISreq> )
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T.<A?TDISind(tp), BTTCONind> =

Table A.I1.34

conditions equivalences
(T =<ATTCORzeg, 5 <AITCONTeq, _ >.<ATTDISind(tp), BYTCONind>
(T #<AITCONreq, _>) %T
Table A.IL35 (19.A)
T.<ATTCONconf, BYTDISind(tp)> =
conditions equivalences

& _, BITCONresp>

T = <AITCONreq, _>.< _, BTTCONind>

<AITCONTreq, _>.<_, B TCONind>
% _ , BITCONresp> .<ATTCONconf, B7TTDISind(tp)>

T # <AITCONreq, _>.<_, BYTCONind> or
< _, BITCONresp>
Table A.IL36 (24.A)
T.<ATTDISind(tp), BYTDTreq> = '
conditions cquivalences

T=<AITCONreq, _ >.<_ ,B?TCONind> oT

<_ , BITCONresp>.<ATTCONconf, BITDTreq>

T =Tp.E Canonical (I'm) = Canonical (Tp) /A

( E = <A7TDTind, BITDTreq> V E = <ATTDTind, B7TTDTind>) oT

T # <AITCONreq, _>.<_ ,BITCONind>
< _, BITCONresp>.<ATTCONconf, BITDTreq > %T

AT = Tp.E Canonical (Ttm) = Canonical {Tp} A
E # <A?TDTind, BITDTreq> A E # <A7TDTind, BYTDTind>)

T.<ATDISind(tp), BITDTind> =
conditions

Table A.IL37 (22.A)

equivalences

T=Tp.E A (E=<AlTDTreg, _>

T.<ATTDISind{tp), BYTDTind>

V E=<A!TDTreq, BYTDTind>}

T=Tp.E A E=<A!TDTreq, BITDTreg>)

oT
T=Tp.E AE#<AITDTeq, _>
AE#<AITDTreq, BYTDTind>
NE=<AITDTreq, BITDTreq> %T

Table A.IL38
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T.<A?TDISind(ip), BITDISreq> &
conditions equivalences

(T= Tp.E ACanonical(T) = Canonical (Tp)
ANE=<_ BITDTind>)
V (T= < _ ,BITCONreq>.<ATTCONind, _ >
<AITCONresp, _ >.< AlITDISreq, BTTCONconf>)
V (T =<AITCONreq, _ >.< A!TDISreq, BTTCONind>)

(T=Tp.E ACanonical(T) = Canonical (Tp)
A(E = <AITDTreq B7TDTind> V E = <AITDTreq BITDTreq>)

V (T= < _ BITCONreq>.<A?TCONind, _ > eT
<AITCONresp, _ >.< AITDTreq, BTTCONconf>)

(T="Tp.E A Canonical(T) = Canonical (Tp)
N Est<_ BITDTind>
AE # <AITDTreq ,B?TDTind> AE # <A!TDTreq ,BITDTreg> )
A(T# < _ BITCONreqg>.<ATTCONind, _>
<AITCONresp, _ >.< AITDISrcq, BYTCONconf>) %T
A (T < _ BITCONreq>.<ATTCONind, _ >
<AITCONTresp, _ ».< AlTDTreq, BTTCONconf>)
A(T# <AITCONreq, _ >.< AITDISteq, BTTCONind>)

Table AI1.39

T.<AITDISind(tp), BITDISind> =
conditions equivalences

—{T= Tp.E RE=<AITDISteq, _ > ) /v Losi(T) <

(T=Tp.E A E#<AITDISreq, _>)\ Losi(T) %T

Table AI140

T.<ATTDISind({tp), _>m
conditions cquivalences

A (E=<AITCONreq, _ > V E = <ATTCONconf, _ >
VE=<AITCONind, _ > VE=<AITCONind, B?TDISind{tp)> <
V E = <ATTCONCconf, BTTDISind(tp)> V E=<AITDTind, BYTDISind{tp)>
¥V E=<Al'TDISind, BITDISind(tp)> )

A Lost T

{T="Tp.E
N (E#<AITCONreq, > ¥V Ex <ATTCONconf, _> %T
VE=<AITCONind, _ > VE2<AITCONind, B7TD!Sind(tp)>
V E w<ATTCONconf, B?TDISind(tp)> V E#<A!TDTind, BTTDISind(tp)>
V Ex<A!TDISind, B?TDISind(tp)>)

Table A1L41
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T.< _ ,B!TDISreq> =

conditions

cquivalences

(T=Tp.E A Canonical(T) = Canonical (Tp)
N E=<_ BITDTind>)
V (T= < _ ,BITCONreq>.<ATTCONind, _>
<AITCONresp, _ > .<_, BITCONconf> )
V (T=<_ ,BITCONreq>.<A7TCONind, _ >
<AITCONresp, _ >.< AlTDISreq, BTTCONconf>)
V (T =<AITCONreq, _ ».< AITDISreq, BYTCONind>)

T.<_.BITDISreq>

(T="Tp.E A Canonical(T) = Canonical (Tp)
AE = <AITDTreq BTDTind> )
V (T= < _ BITCONreq> <ATTCONind, _ >
<AITCONresp, _ ».< AlTDTreq, BYTCONcan{>)

T

(T="Tp.E A Canonical(T) = Canonicei (Tp)
A Ex<_ BITDTind>
AE % <AlTDTreq BITDTind> AE # <AlITDTreq ,BITDTreq> )
M (T < _ BITCONreg>.<A7TCONind, _>
<AITCONresp, _> < _, BTTCONconf>)
A(T# <_ BITCONreq>.<ATTCONind, _>
<AITCONresp, _ >.< AlTDISreq, BITTCONconf>)
A(T# < _ BITCONreq>.<ATTCONiInd, _ >
<AITCONresp, _ >.< AITDTreq, BTTCONcon{>)
A (T# <AITCONreq, _>.< AlTDISreq, BTTCONind>)

%T

Table A.IL42

T.<_ ,BTDISind(ts)> =

conditions

equivalences

—Lost (T) A(T = Tp.EAE = <AITDISreq, _>)

= Lost (IDAT =< _, BITCONreg>.<ATTCONind, _>
<AITCONresp, _ >.<AlITDISreq, BTTCONcont>

— Lost (T) AT = <AITCONreq, _ >.<AITDISreq, B7TCONind>

Lost (T} V ( T =Tp.E AE # <AlTDISreq, _>)

AT # <_ , BITCONreq>.<A?TCONind, _ >
<AITCONTresp, _ >.<AlTDIS1eq, BTTCONconf>

A(T # <AITCONrcqg, _ >.<AITDISreq, BYTTCONind> )

%T

Table A.IL43

T.<ATTCONind, BYTDISind(tp)> =

conditions

equivalences

T'=<_ BITCONreq> <_ ,BITCONreq> .<A?TCONind, B7TDISind(1p)>

I'e<_ BITCONreg>

%T

Table A.I144
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T.<ATTDISind(ip), BTTCONconf> =
conditions equivalences

< _ ,BITCONreg>.<ATTCONind, _ >

T=<_ JBITCONreq><ATTCONInd. > | 2\ TCONresp, _ >.<ATTDISind(tp), BYTCONconf>

<AITCONresp, _ >

T # <_ ,BITCONreq>.<ATTCONind, _> %T
. <AITCONresp, _>

Table A.IL45

T.<AITDTreq, BTTDISind(tp)> =
conditions equivalences

T=<_, BITCONreq>.<A7TCONind, _>
<AITCONfresp, _ >.< AITDTreq BYTCONcont> eT

T=Tp.E A Cancnical {Tm) = Canonical (Tp) A ©T
(E=<A!TDTreq, BTTDTind> Y E = <ATTDTind, B7TDTind>)

T # < _, BITCONreq> <ATTCONind, _>
<AITCONTresp, _ >.< AITDTreq ,BITCONconE> %T
AT =Tp.E ACenonical (Tm) = Canonical (Tp) A
(E #»<AlTDTreq, BTTDTind> AE # <ATTDTind, B?TDTind>)

Table AIL46
T.<ATTDTind, B?TDISind{tp)> =
condilions equivalences
T=Tp.E NE=<_ BIIDlreg> T<A7TDTind, BITDISind(tp)>
T=Tp.E A Ex<_ BITDTreg> %T
Table A.II.{W
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T.<A?TDISreq, BITDISind{tp)> =
conditions

(T=Tp.E A Canonical (T) = Canonical (Tp)
AE=<AMTDTind, _>)
V (T= <AlTCONreg, _>.< _ , BTTCONind>
< _ , BITCONresp>.<ATTCONconf, BITDISreq>)
V (T= <_ , BITCONreq>.<A?TCONind, BITDISind>)

(T="Tp.E A\ Canonical (T) = Canonical (Tp)
AE = <AlTDTreq, BTTDTind> VE = <ATTDTind, BTTDTind>)
V (T= <A!'1TCONreq, _>.<_ , BTTCONind>
< _ , BITCONresp>.<ATTCONcon{ ,BITDTreq>)

oT

(T=Tp.E A Canonical (T) = Canonical (Tp)
AE 2 <ATTDTind, _>
AE # <ATDTind, BITDTreq> AE #<ATTDTreq, BITDTreq> )
A (T# <ATTCONreq, _>.<_ , B7TTCONind>
< _ , BITCONresp>.<ATTCONconf BITDISreq>)
MN(T# <AITCONreq, _>.<_ , BTTCONind>
< _  BITCONresp>.<ATTCONcon{ B!TDTreq>)
A(T# < _, BITCONreq>.<AITCONind, BITDISind>)

%T

Table A.IL48
T.<A?TDISind(ts), BTTDISind(1p)> =

conditions cquivalences

=1p. =<, req> - ] <_,_ >

(T=Tp.E A E»<_ BITDISreq>) ¥V Los(T)

%T

Table A.IL.49
T.<_ , BYTDISind(ip)> =

cquivalences

conditions
(I=Tp.E
N(E=<_ BITCONreq> V E = <_ ,BITCONconf>
VE=< _ BITCONind V E=<ATTDISind(tp), BITCONind>

V E=<ATTDISind(tp), BITDISind> )
A= Lost (T)

V E = <ATTDISind(tp), B?TCONconf> V E=<ATTDISind(tp), BITDTind>

(T=Tp.E
A(B#<_ BITCONreg> V E #< _ ,BITCONconf>
VE#<_ BITCONind V E+<ATTDISind(tp), BITCONint>

V Ex<A?TDISind(tp), BITDISind> )

V Ew<A7TDISind(tp), BTTCONconf> V Ex<ATTDISind(p), BITDTind>

%T

Table A.IL50
T.<AITCONreq, BITCONreg> =

conditions equivalences

T=<_, > <AITCONreq, BITCONreg>

T#<, > %T
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Table AIL51
T.<AITCONind, B!TCONind> =

conditions equivalences
Tx= <AITCONreq, BITCONreg> T
T # <AITCONreg, BITCONreg> %T
Table AIL52
T.<A!TDISreq, BITDISreq> =
conditions equivalences
T=Tp.E A Canonical{T) = Canonical {Tp) T.<AITDISreq, BITDISreq>

A (B =<ATTDTind ,B?TDTind> )

{T=Tp.E ACanonical(T) = Canonical (Tp)
M (E = <AlTDTreq BITDTind> V E = <AITDTreq BITDTreg>)
V (T= = <A7TCONreq, BTTCONroq> ) oT
V (=< _ BITCONreq>.<ATTCONind, _>
<AITCONresp, _ >.< AITDTreq, BITTCONconf>)
V (T= <AITCONreq, _>.< _ , BTTCONind>
<_ , BITCONresp>.<ATTCONconfBITDTreq>)

(T= Tp.E ACznonical(T) = Canonical (Tp)
A E# <ATTDTind, B7TDTind> AE # <AlTDTreq ,B!TDTreg>) %T
A(T » <ATTCONreq, BYTCONreg> )
M (T# <_ BITCONreq>.<A7TCONind, _>
~<AITCONresp, _>.< AITDISreq, BTTCONcorS>)
A(T# < _ BITCONteq>.<A?TCONind, _»
.<AITCONresp, _ >.< AITDTreq, BYTCONconf>)
A(Te <A!ITCONreg, _ >.< AITDISreq, B7TCONind>)
A (T# <AITCONreq, _>< _ , BTTCONInd>
< _ , BITCONresp>.<ATTCONconf BITDISreq>)
A (T# <AITCOMreq, . >.<_ , BTTCONind>
< _ , BITCONresp>.<ATTCONcorf . BITDTreq>)
A (T2 < _, BITCONreg>.<ATTCONind, BITDISind>)

Table AILS3
T.<Al'TDISind(ts), BITDISind(ts)> =
conditions equivalepces
(T'= Tp.E AE= <A!TDISreq, BITDiSreq>) <_,_>
| A~ LosyT)
(T = Tp.E A Ex <AITDISreq, BITDISreq) %T

Table AIL54
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T.<AlTDISind(1p), BITDISind(tp)> =

conditions equivalences
T=Tp.E ACanonical(T) = Cancnical (Tp) L
A (E = <ATTDTind .B7TDTind> ) A= Lost(T)
T=Tp.E A Canonical(T) = Canonical (Tp) %T
A (E = <ATTDTind BYTDTind> ) A Losy(T)
T=Tp.E ACanonical(T) = Canonical {Tp) ©T
A (E# <ATTDTind ,BYTDTind> )

Table AIL55

5> Temporal Assertions (Liveness Properties only):

Note: ¢ stands for any event which we do not care in specification

i) [ (AITCONreg, _ > => <> (< _,BITCONind> V <A?TDISind(tp), _>))
ii) {1 (< _ ,BITCONresp> => <> (<ATTCONconf, _ > V <ATDIS(tp), B.0>))
fii)  [](<AITDTreg, _>=> ¢ (<_.BITDTind> V <A., BITDISreq(tp)>))

iv) 0 (< _ ,BITDTreq > => <> (<ATTDTind, _ > V <ATTDIS(tp), B.¢>))

v)  [(<A!TDISreq, _>=> <> <_ BITDTind(ts)> V <A., BITDISreq(tp)>))

vi)  [(<_ BITDISreq> => <> <A?TDISind(ts), _ > V <A?TDIS(ip), B.9>))

(end of specification of global view of TS service)
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