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Software concurrent systems such as electronic financial servieegr popular today.
Rigorous testing of such systems is indispensable. Nevertheless, thexgilsion problem,
in which the size of a system grows exponentially with the number of conduroenponents,
is a severe obstacle to the generation of test cases.

In this study, we propose a new relationship assuring the conformitiestofasss for
concurrent systems. We stipulate it in Communicating Sequential Proc&SB%, (vhich is
an excellent tool to study concurrent systems. Specification of camtsystems is expressed
as processes that are composed sequentially and concurrently. dpasalr supports both
abstraction and process composition.

This approach decomposes a given process into sequential compositioomponent
processes. Each component can be anti-extended into abstract fdBmguential and
concurrent combinations of abstract forms can substitute their corrésgp extending
components in a process to form aggregated abstract forms. Sincevére @ocesses,
components and abstract forms are all processes, this approacé applied recursively and
compositionally. We prove that these aggregated abstract processid 8a anti-extensions
of the corresponding processes under a few necessary andesufionditions. Hence, test
cases generated from these processes will be conformance testarabe implementations.

We examine three major testing relations (conformance, extension and redlfictia the
point of view of their ability to support abstraction. Extension and reducierspecial kinds
of conformance, which are partially ordered. However, only extensam & specification can
provide abstract forms that guarantee to be conformed by an implementédtidine o
specification. Extension is further investigated to support the compositappbach. We
identify five weaknesses of extension, which we call problems of pregeslcceeding, prefix,
decomposition and paralleling. Each will result in non-conforming abstractio

To resolve the identified weaknesses of extension in a compositional atrdciios-
oriented approach, we formulate-extension and identify the necessary and sufficient
conditions. We also discuss a restricted sub-class of process spemifisa that these
conditions can easily be satisfied. In the restricted sub-class, sudctsshinations of
processes are deterministic.

Under these conditions, we achieve a few desirable properties. Fitst, pbeceding
and succeeding components of a given sequential composition can kextamiled. The



given composition should extend the sequential composition of its corrésgpanti-extended
processes. Secondly, a given parallel composition whose contwoenponents are
sequential compositions should extend a parallel composition of anti-exteripneceding
components of corresponding sequential compositions, followed byadlgdaromposition of
anti-extensions of corresponding succeeding components. Furtleeren@iven sequential
composition shoula-extend the preceding component of a resultant sequential composition.
We also illustrate the generation of test cases and discuss possible emleats

In conclusion, this study achieves three important aims:

() we identify extension as a superior tool for abstraction over confoomand reduction
from the testing perspective, and identify its weaknesses in compositiopiaach;

(i) we propose an abstraction-oriented and compositional approach ttatesgeneration;
and

(iii) we recommend a restricted sub-class of CSP specification that can utilizeesults
easily.
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Chapter 1

Introduction

1.1 Background

Concurrent applications, such as mobile games, network protocols, detbeointrol software,
multi-threaded programs, operating systems and databases, are es@rtpin modern
systems. Assuring the quality of these applications is indispensable.

Generally speaking, software testing and formal proving are two comptanyeand non-
competing means to assure the quality of any implementation. Formal proving oelies
precise models of the implementation to deduce important properties suctes bagness
and refinement. Nevertheless, the reachability problem and the bowesdedroblem in the
communicating finite state machines model, one of the basic models of concsyséains,
are undecidable [12, 46]. Finkel and Mckenzie even conclude thatio@¢ communicating
processes are “extremely difficult to verify” [46]. If both specificataord implementation fall
into this class of processes, such as the case of the concurrent appticaentioned above,
formal proving of important properties will be very difficult. Consequenslyftware testing
remains one of the most practical means to assure the quality of an implementatisystem
of communicating processes.

1.2 Software Testing

Software testing is a process to assure software quality by discovenmgt@yns caused by
faults [7]. It can be used to show the presence of bugs, but not i@ 8ter absence [41].
In general, we can classify the process into black-box or white-box ¢estille can also
classified it as specification-based or program-based. Black-boxgdstialso known as
functional testing. The goal is to verify whether the implementation behaviatorisistent
with the specification. In this approach, implementation details are ignoredk-Btactesting
techniques such as random testing and partition testing usually makes us@nddtimation on
the input domain. Low cost is a key advantage of this approach. On thetathd, white-box
testing assumes knowledge on implementation details. The program-baseddypqonsiders
different kinds of models applicable to the implementation structure to desigrsugst.
Specification-based white-box testing is also known as grey-box testmghid approach,
both specification and implementation are taken into account.

In general, software testing consists of four steps, namely defining teshijegtives,



test design, test execution and test result verification. The definitionsthgeobjectives
describes specifically the purposes and scope of testing to accompkslde$egn includes the
formulation of testing strategy and the construction of test suites. Test sais&raction is the
procedure to select test cases to satisfy the chosen testing criteriax@egtion concerns the
application of test cases to implementation. It can also be static or dynamic. Statigiges
include static analysis and simulation. Dynamic techniques often refer to thetexeof test
cases by programs. Test case for execution can in general be symbodiocrete. Symbolic
test cases are often used with simulation techniques. Concrete testregdbesatest cases that
can be directly executed by the implementation. Test execution methods che alstomatic,
semi-automatic or manual. Test result verification is a procedure to verifyufteme of a set
of tests. It can be done with or without a testing oracle. A testing oracle ibpttahat
specifies the expected outcome of a set of tests as applied to a programtestd All four
steps can be formal or informal.

In view of the limited budget and time, the intractable amount of legitimate and illegitimate
test cases, as well as the potential absence of a testing oracle, sdéstarg is challenging.

1.3 Difficulties in Testing Concurrent Programs

Concurrent programs incur the difficulties of their sequential counter@es well as new
challenges arising from their internal concurrencies. These progcam$e considered as

a collection of smaller processes running concurrently and communicatingomnéttanother
from time to time. A process, such as the presence of an infinite WHILE-loop-in @ay

be non-terminating. Moreover, if the processes are depicted as asprgeaph, it is well
known to be PSPACE—complgidao conclude whether a node in the graph can be reachable
from the initial state. This problem is known as tieachability problem In addition to these
sequential difficulties, owing to concurrency amongst processesythber of possible global
states increases exponentially with respect to the number of procedseds Known as the
state-explosion problemHence, the size of the flattened structure of the composite process
graph is formidably large, which makes direct structured test case aj@mmeimpractical.
Hierarchical or compositional approaches are often used to tackle ttepr. [68] reports
that the minimal number of transitions in a path to connect two nodes in the flatiesqgucan
grow exponentially with the number of processes in the concurrent sydtemdeterminism
also complicates the testing. A feasible sequence in an experiment doeamantihat it

can be repeated in another experiment. In software testing, it is frequenqtired to make

the complete testing assumption, namely that any feasible output of a nomutéser can

be obtained in a finite number of repeated experiments; or the forcedtexeagsumption,
namely that non-determinism can be resolved deterministically by some meatsasu
controlling the process execution priority at the operating system level 5.

1.4 Our Proposal

We propose a compositional method to facilitate the generation of test casggstems of
communicating processes. We suggest decomposing processes int@atiségomposition
of component processes. Each component can be anti-extendedstrtectforms. Sequential

1in other words, we need to try all possible alternatives.



and concurrent combinations of abstract forms can substitute theirsporrding extending
components in a process to form aggregated abstract forms. Sincevére mbcesses,
components and abstract forms are all processes, this approacé applied recursively and
compositionally. We shall show that these aggregated abstract precehseld be
anti-extensions of the corresponding processes under a few agcard sufficient conditions.
Hence, test cases generated from these processes will be confertest cases for the
implementations.

To our best knowledge, the novelty of our approach includes, bubatrémited to, the
following:

I. It is the first proposal to identify anti-extensions from specificationdest cases for
conformance testing.

[I. It improves on the weaknesses in the conventional notion of extemsiconformance
testing in terms of compositional support.

lll. It integrates the improved notion of extension with the compositional grypn CSP
for sequential and parallel compositions.

Process Process
Process Process Process BondHead || SimpleEjector WaferTable || (BondHead || SimpleEjector )
BondHead SimpleEjector WaferTable

on on align

suck push on

bond off
bond Generate

test case

release down next

off off Y

Figure 1.1: Conventional approach

Figure 1.1 depicts a conventional technique to generate test casesdoiremt systems.
There are three processes, namely BoedHead the SimpleE jectorand theWaferTable
TheBondHeadand theSimpleE jectorcoordinate to hold a die firmly so that tB®ndHead
can make a bonding. The conventional technique would first compogetheedBondHead
and theSimpleE jectotto form an intermediate process depicted as the process in the middle.
Then, this intermediate process will compose with\WeferTableto become the process on
the right. Test cases will be generated according to this composed précesnstance,

(align,on,suck pushbond releasedown of f,next

3



is a test sequence (that is, a path) of this process.

Process Process Process

At for
Bondtead SiploEestor  WalerTable WaferTable || (BondHead || SimpleEjector )

testcase

) |
: " o " I e i Generate
i < i O—p sub
i ]
i ]

e R ;

I . ) |; :
I : - ] : : « push i Compose
ow : [ i
off off off : pond 1] bond I |::> Gesnuebr-a © ?g?grergtgg
i release down : testcase case
: v <4

T it s s
__________ | Il Il Generate
I v v next I—IZO sub-
I

| testcase

Figure 1.2: Our proposal

Figure 1.2 depicts our proposal. Each concurrent component is desechmto sub-tasks.
Corresponding sub-processes from concurrent componentsoargosed in parallel. The
BondHeadand theSimpleE jectorare decomposed into three sub-tasks andflad erTable
is decomposed into two sub-tasks. The first sub-tasks of the these tmgmments are
composed in parallel to form a sub-task of the whole system. Similarly, we tleersecond
and third sub-tasks as shown in the figure. Test cases are geneceteedsich subtask of the
process on the right.

(align,on) from the first sub-task
(suck pushbon releasedown from the second sub-task
(of f,next from the third sub-task

Finally, they are composed together to construct a test case for the systemstance,
(align,on, suck pushbond releasedown of f, next)

is a test case constructed from the compositional method.

The conventional approach always produces an explicit graphdartivle system before
any fragment of a test case is generated. Obviously, when the numbewsnofirrent
components increases, the explicit graph in general will be formidablg.hlige construction
of this explicit graph will therefore be a burden in test case generation.

Our approach attempts to (i) analyse the relationships of processes itelparal
sequential compositions and (ii) decompose processes into sub-Eetefere any parallel
composition takes place. In Figure 1.2, for instance, the prostsferTables divided into
three sub-processes,

. on— SKIP,

Il. suck— bond— release— SKIP, and



. of f — SKIP.

Each of these sub-processes can be used to form a parallel compestticub-processes of
processe8ondHeadand SimpleE jector Intuitively, each sub-process is less complex than
the corresponding enclosing process. For example, the preaeks- bond — release—
SKIP contains 5 nodes and 4 transitions only; whereas pratfegfierTablecontains 6 nodes
and 6 transitions. In this connection, intuitively, each explicit graph fop#rallel composition
of a sub-process cluster contains less nodes and less transitions tefotttbe whole system.
For instance, the explicit graph for the sub-process cluster formedelyyattallel composition
of the first sub-process from each of the three concurrent psesdsa the system (that is,
(on— SKIP) || (on— SKIP) || (align — on — SKIP)) consists of 4 nodes and 4 transitions.
In the conventional approach (Figure 2.4), the explicit graph for theleviystem consists of
13 nodes and 14 transitions. Intuitively, this smaller graph allows testers\araje test case
from each sub-process cluster easier. If our proposal can maintaieltionship amongst
sub-processes so that these fragments of test cases can be purtogédnm test cases for
the whole system, software testers will not need to construct an explighdoa the whole
system to produce test cases.

Moreover, via abstraction, some sub-process clusters may be shoelmatedequivalently,
and hence the generation of test cases from one such unified aratabksister can be applied
to all the more concrete forms of clusters. For instance, testers can deserthg process
(align — on — SKIP) into (align — SKIP);(on — SKIP). The succeeding process in this
sequential composition (that isn — SKIP) shares the same process definition as the first
sub-process for both proces3saferTableand BondHead In this case, the sequence of
operationgon, /) generated from the common abstract form can be used as a tracetdstsed
case for all these the sub-processes.

In summary, we consider it useful to explore the compositional suppdrtenabstraction
support for test case generation in CSP.

1.5 Organization of Thesis
The organization of this thesis is as follows:

Chapter 1 is this chapter for general introduction. It points out that formal prowang
software testing are two major means to assure software quality. It furtbeemts
the general problem in concurrent programs. On one hand, cemtysrograms are
extremely difficult to verify. On the other, testing of these programs needkeitdo
account the problems related to testing sequential programs and newnpsofide
concurrency and non-determinism. We propose our idea for specifidagiged testing
to close this chapter.

Chapter 2 is the review on related work in testing concurrent programs by confarenan
testing approaches. We classify them into four approaches. Eachmohtmetheir merits
and limitations. The functional approach is the most general one. It onlsiders the
initial and final observations. However, as internal structures ofwoent system are
not modelled, it does not effectively address the testing issues relatetétarindule
integration. The parallel composition approach takes process as the teitwdy of
testing is to compose a tester process against an implementation. Testesgsares



often derived from the specification directly and may be infinite. Therelaoeever,
methods to derive a finite tester process. The checking sequencaetpsdased on
automata. The techniques can usually distinguish a program state froms. dtherstate-
explosion problem is not explicitly addressed. The conventional approses testing
criteria to construct test cases. The emphasis is usually to address thexglatton
problem. We close this chapter by covering other techniques.

Chapter 3 describes a formal language called Communicating Sequential Proc€s¥e} (
Our proposal is developed on this platform. We introduce the syntax, theet
divergences semantics, sequential composition and parallel compositizgy farm
building blocks of this thesis.

Chapter 4 introduces the notion of conformance testing. The process equivabases on
this notion is the same as testing equivalence. The latter is well known to bee&ilur
divergences equivalence. The intransitive nature of this conforenaation, however,
diminishes its use in an abstraction way to deal with the state-explosion probidm. S
classes of this notion are identified. One is reduction, which is also the mefirten
CSP. Another is extension. We close this chapter by justifying our propo&hapter
1 about the use of extension hierarchy rather than reduction hierasctye building
blocks to generate test cases.

Chapter 5 further investigates the extension hierarchy from the compositional pbiné¢w.
It presents five kinds of problems. Four of them will result in unreliablagosition or
decomposition, in either a sequential or concurrent way. The remaineng ardesirable
property in decomposition.

Chapter 6 contains the main contribution of this thesis. It proposesextension to preserve
the desirable properties of process decomposition. It formulates thessaggeand
sufficient conditions to maintain the overall extensional property for gsees to be
compositional sequentially and concurrently. As a result, compositionatasst can
be generated at different levels of abstraction in the anti-extensiomndtigra

Chapter 7 discusses potential future work and compares our project with othéedehsrk.

Chapter 8 is the conclusion. It summarizes the contributions of our research.



Chapter 2

Literature Review on Conformance
Testing

In this chapter, we shall review the techniques used to facilitate the gemepattonformance
test cases for concurrent systems. Generally speaking, confoertesting is the assessment
of an implementation to determine if it behaves as expected [64]. In parti¢otaoff-the-
shelf packages or black-box components, it establishes customereswdith the products
and services that they buy [84]. From the point of view of protocof@enance testing, ISO
standards [59] states that a system “exhibits conformance if it complies wittotiformance
requirements of the applicable. standard”. Microsoft, however, states on thMSDN
Network[72] that “the conformance tests for OLE DB are meant to supplement\adem
writer's own testing, not to replace it. They form just a part of the completing suite.”

In short, there is no universal definition of conformance testing. Forcthgty of
presentation, we organize different kinds of conformance testing intdfsic complementing
approaches in our review.

2.1 Functional Approach

The functional approach treats testing as a functional input and outptibre In other words,
they relate preceding and/or succeeding observations about test Theg do not impose any
constraint in achieving them. In general, a preceding observation isecessarily the initial
activity of a program and a succeeding observation is also not neitg#isa last activity of a
program.

Abramsky [1] uses observational equivalence (of processes) astesting
criterion. Intuitively, their method checks whether an implementation is obdd¢ovbehave
compatibly to a specification after the succeeding observation of the tesisavserved.
Their method does not model the preceding observation constraints osticades, however.
On the other hand, Taét al. [22, 23, 24, 25, 61] develop more general relations, called
sequencing constraints, between the preceding and the succeedéngatibes. Three kinds
of constraints are identified, informally known as “always”, “neverd &nossibly”. Intuitively,
the occurrence of the preceding observation (that is, a synchromizatient in their
terminology) “must”, “must not” and “may” immediately cause the occurrencethef
succeeding observation, respectively. Constraints can be genén@atedhe specifications.



Violations of constraints by test cases by the implementation would imply an implementatio
inconsistent to a specification. Intuitively, their method can also be coesidger a kind of
refusal testing [81].

Abstraction is also used in test case constructions. Stepney [97], BamnitBoiten [44]
and Aichernig [4] apply the concept of refinements in model-based lgeguénformally, two
components composed sequentially are readily replaced by their cardésga@abstractions as
the basis to generate test cases, so long as the post-condition of thdiggexemponent with
the pre-condition of the succeeding component can remain valid. In Gtagdike [44], we
illustrate  via a  counter-example that the conformance relation in
parallel composition approach (see Section 2.2) may not in general berged when the
relationship between a test case and the specification is the refinementrdiagioould also
be noted that this approach does not model the internal structure of sonenip whereas
the other three approaches address structural properties. Cendggifithe interest is in the
structural integration testing among components, the applicability of abstraetioniques in
functional approach may be limited.

2.2 Parallel Composition Approach

Another approach is to treat testing as the parallel composition of a tester witdtgeam to
be tested. Informally, a tester is a model of a test suite. There are twolsafabought,
one on equivalence and the other on an implementation relation betweerifacapes and an
implementation.

De Nicola and Hennessy [43] propose the notion of testing equivalendestiaguish
processes by tests. Two processedeséng equivalent they cannot be distinguished by the
class of tests being considered. In their paper, they propose to useatimnal equivalence.
There are a lot of testing equivalence relations proposed. A few examdrace equivalence
[98] and failures equivalence [17] as in CSP, observational elpiga and bisimulation
relation as in CCS and barbed bisimulation |76, 82ftnalculus.

From the point of view of software testing, one process can be corsidsra specification,
and another process can be considered as a program. Obviously ®stiquivalence will
imply that the specification should be as detailed as the implementation. In mostsiarces,
it is very limited. A similar idea is used elsewhere, such as in the testing of ohjecit:ed
programs by Chert al. [28, 29]. Their method generates two normally equivalent (and
hence observationally equivalent) objects, and then applies identiagrsesps to check their
observational equivalence. Since both objects and the equivalemukiny are at the
implementation level, it relaxes the aforementioned limitation. The violation of chsenal
equivalence will mean errors.

Brinksma [13, 15] proposes a well-known implementation relation, denotembby, as
the conformance relation between a specification and an implementation. Hiedésout two
special cases which are preorder relations, namely extension arafioad®Pitt and Freestone
[83] provides a way to generate canonical tester for LOTOS prosesssignificant difference
between a canonical tester and a process constructed from ouaabjsdhat each canonical
tester has to include every possible potential behaviour of the systemeagheur approach
via anti-extension can construct processes that contains behavicitdsted.

The inclusion of behaviour to be tested in the test process is not new. makya[1]



shows that test scenarios can classify behaviour equivalencesesmtiders under different
assumptions. Van Glabbeek [102] provides an extensive survey otofiies Tretmans [99]

enhances the notion of the tester process to consider test cases rathex tbst suite.
Informally, a tester is a process that restricts communication of a programtasted. Since
these two processes (a tester and a program) are intended to be exandtadently, by

such restriction, the composite process will reach a deadlock state if theapraefuses to
proceed with the synchronization offered by the tester, or vice vensather words, there is
non-conforming behaviour of the program to be tested.

If the objective of a test is to check whether the program allows the testeatthra
state marked as successful, then it is commonly calbeg testing[53]. Similarly, if the
objective of a test is to check whether the program allows the tester to aiasthtes marked
as successful, then it is commonly calladst testing53]. As pointed out in [16]must testing
is an alternative way to state the failure model of CSP [56]. May testing anenomly used
in testing of non-interference properties [80] of security protocols #¥]. There are other
conformance relations such as [67]. They consider a different mgton on failures and
divergences of processes. [16] also provides additional rafesdn testing transition systems.

A major problem about this approach is to have to consider a whole process/hole
specification, which is difficult in most situations. Brinkseizal.[14] simplify a specification
by a parallel composition of test process. They call it a loosening of thefggation. Suppose
that a specification has concurrent processes. In order to loosespebiication, individual
components are required to compose with test process componentsreatiguHence, their
simplification requires coordination between test process components.

2.3 Checking Sequence Approach

The third approach is to generate checking test cases from the sp@mifita distinguish
program states, and then to execute test cases by the program. Evfens dasic alternatives,
namely transition tour, distinguishing sequences (DS), W-method and uiriqueoutput
sequence (UIO).

The transition tour method [77] finds test cases to cover all transitionssatdeee. From
the point of view of software testing, it requires one test case to fulfil Hhetate-transition-
coverage criteria. The use of testing criteria will be discussed in the nbawal approach in
the next section.

The other three, on the other hand, consider program states. A progize tested is first
suspended at a location (that is, a particular state of a program). The@&aah|[54, 65]
executes a test case (that is, a sequence) capable of differentiaiygstate of the program.
Conformance is checked by determining whether the series of output fid8isequence is
as expected as its specification. The W-method [36] executes a set ohsest so that the
combined effect of the outputs from all test cases in a test suite can distingy program
state. The UIO approach [92, 20, 85, 107, 40, 3, 94, 93], on the btral, assumes known
program suspension points, and executes a test case (that is, acqubich is capable of
distinguishing this particular program state from all the others.

However, all these methods are applied to a program in which internaloency is
seldom explicitly addressed. Moreover, owing to the state-explosiorigmnoin composing
concurrent components into a composite system or a graph, these methteds attractive in



testing concurrent programs.

2.4 Conventional Approach

The most common paradigm is to generate test cases to fulfil testing critenia gpecification
and to apply them to the program. Tripahty and Sarikaya [100] translatd ®@B@rocess into
a chart which is a kind of extended finite state machine. They then use oatarfteria to
generate test case from these charts. A similar approach is used ir2]63, 6

Hartmann, Imoberdort and Meisinger [52] models individual componenttaatcharts
and stepwise composes them to form a global and flattened statechéstibaily. They then
build a hierarchical graph by mapping the composite statecharts to theupgeied category-
partition scheme. Finally, reachability search is performed to generateuites fulfilling
the desired testing criteria. There are other techniques to produce echieshstructure of
compositional processes such as reduction of individual componeat lzn the contextual
information of other components [34] or based on the preservation of desieble property
[19, 18, 60, 86]. Lucet al. [70] reduces the communicating finite state machine model into a
single machine, and generate test cases from the latter.

On the other hand, besides explicit composition of concurrent compoimtata global
structure, there are other methods that consider local constraints tagetest cases. Lee
et, al. [68] generates test sequences starting from individual componemgsriantally. The
method to construct a test sequence is, first, to construct an indepesubeequence for
each component incrementally. It selects one subsequence and ekignsisbsequence by
a succeeding transition, which is randomly selected amongst transitionsathamioimize
the outstanding states and/or transitions incrementally. The test sequesteicied is then
checked against each component to ensure it is a feasible path.

Li and Wong [69] use a similar construction method as [68]. They use thecall-
branch-coverage testing criteria. However, they require a globadrcldcal statechart as a
part of a specification. Starting from the statechart, their incrementaiskiesris to select
the succeeding transition that maximizes the aggregated number of outstatadésgin each
component dominated by this transition.

Changet al.[27] use usage profiles as the heuristics to assign weights to transitioch@&dge
an extended finite state machine, and then uses all-state-transition-@oegtaga to generate
a set of basic paths. Those basic paths are then composed sequentiallyistihrways to
obtain more complex forms of test cases. Simplification techniques are aldpusdh as
process abstraction by means of contextual information [34], or by editigedub-paths of
lower tiers in the edges of higher tiers in a process hierarchy [66].

2.5 Other Techniques

There are other techniques that can be used to test concurreramdfault-based techniques
inject faults to the program to produce program mutants [42, 109]. Datatdichniques check
data-flow or synchronization anomalies [21, 89, 31, 49, 48, 32]. dlaee a lot of other
detective techniques, such as data-race detection [35, 90, 57] adtbclke detection [37].
Some technique are based on the comparative analyses of the probalbitigésoting failures,
such as partition testing and random testing [33, 79].
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It should be noted that some of the techniques, such as data-flow tesgngpracerned
about the structure of some formal objects. Hence, they share a lotrohon testing idea
with the conformance testing approaches discussed above. Some ofrthateaarelevant to
integration testing [26] of other kinds of software.

2.6 Comparison with Our Work

Unlike the functional approach, our method takes structural details intmuatc We define
o-extension and the notion of converging process to split a task (knovenpascess) into
sub-tasks (known as a sequential composition of processes). Watissgtansion rather than
refinement as the building block of abstraction. Since structural detailsoasgdered, anti-
refinement (that is, anti-reduction) may result in a process containingessary traces that
will hamper the generation of test cases. Example 6.4.8 in Chapter 6 illustristesitht.

Similar to the parallel composition approach, in Chapter 6, we also show thaigtes
equivalence is preserved if two processes are mutually and sequenttaligled. Our relation
is also a preorder relation. Nevertheless, unlike the specification logs@naposal of
Brinksmaet al,, we use anti-extension hierarchy to manipulate specification processt@o as
manage the structural complexity.

Our method can work complementarily with the checking sequence approactha
conventional approach. Itimposes no restriction on the constructiostafdses to distinguish
a program state from others. Moreover, our relation can combine witle #ygsroaches to
produce test cases from anti-extended processes.
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Chapter 3

Communicating Sequential Processes

As we will discuss in Sectian 4.1, the failures-divergences model of Corwatimy Sequential
Processes (CSP) is strongly related to notions of conformance testiiidinBwur proposal

on CSP will let us concentrate on the testing area, rather than deal with ¢lgelarity in

the underlying modgl In this chapter, we will introduce the CSP language accompanied
with process graph illustrations. In particular, we will introduce the pr@cesnposition via
sequential and concurrent means.

3.1 Syntax and Semantics

According to [9], a process algebra is a formal description technigseoially for those
systems with communicating and concurrently executing components. Amoregst the
most-known process algebras are ACP [8], CCS [74], CSP [56,r/{reeir variants. Process
algebras are also closely related to LOTOS [58] arwhlculus [76]. Characteristics of process
algebra are (1) compositional modelling, building larger processes fnoales ones through
a small number of constructs, (2) operational semantics and rich setebfailglaws and (3)
behavioural reasoning via equivalence and preorder.

CSP describes concurrent systems in terms of communications amongstga®c The
basic units in these communication patterns are activities, called events, whisystem can
perform. The set of all possible events for procBgs denoted asi(P) or aP for short. This
set categorizes the static behaviour (i.e. interface) of the processroedc A process will
never participate into a communication with others if the event is not a part dphalaet set.

Example 3.1.1 (Alphabet set example) The alphabet set of the proceSsffeeMachin2
below contains two events, namealgin andcoffee

CoffeeMachin2 = coin — coffee— STOP

aCoffeeMachin2 = {coin, coffeg

IHowever, it should be noted that there are a large variety of studies islatam and unification amongst
different process algebras and Petri Net[11].
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Events can be atomic or compound withlues An atomic event can be considered as a
compound event in which the communication channel is the atomic event itselfuivitalue
component. For instanceginis an atomic event, ancbin.3 is a compound event modelling
the occurrence of message 3 dollars that sends along the clcamé\n event is said to occur
if every process that carries this event as one of its alphabets part&ip#te communication.

The dynamic behaviour of a process is described by CSP expresSioaprocesSTOP
will not perform any event. The proce&KIP does nothing except signalling successful
termination. The proces®UN repeatedly engages in any event in its alphabet set. The process
CHAOQOSdiverges immediately. Informally, it means error states. And in CSP, thegsoeill
become unable to control. It may proceed to any event, and at the same fuse,teeproceed
to any event non-deterministically. All CSP expressions are then cotexfrbased on a small
number of operators and on these primitive processes.

The prefix operator is the most fundamental one which links up an evenpitocass to
form another process. The prefixed procassP (pronounced asa thenP’) will perform
eventa initially, and then will behave like the proceBs

Example 3.1.2 (“Prefix” operator example)  The procesoffeeMachin2 will accept a
coin, then provide a coffee and finally behave like the pro&BSP

CoffeeMachin2 = coin — coffee— STOP

Processes can also be composed sequentially. The preg@dsehaves like the process
initially and, if the proces# terminates successfully, it passes control over to the process
Q. The proces€oin; TeaChoiceCoffeéwill introduce later on page 20) shows an example of
sequential composition.

The proces®1Q (pronounced asP choiceQ’) behaves like either the proceBsor the
procesQ. It offers all possible initial events of both procesgeandQ to be chosen by the
environment. However, whether it then behaving IRer like Q is totally within its own
control, as long as it includes the chosen event as its first event.

Example 3.1.3 (Choice composition examplelror instance, the procesgaChoiceCoffee
offers users to select either a cuptefor a cup ofcoffee If the user selects a cup téa
then the procesgeaChoiceCoffeshould behave like the processegd— ST OB. On the other
hand, if the user selects a cupaiffee then the procesteaChoiceCoffeshould behave like
the processqoffee— STOB.

TeaChoiceCoffee (tea— ST OB (coffee— STOPR

There is another kind of choice in CSP. The prodessQ (pronounced asP internal choice
Q") can behave either like the proceBr the proces®), and the environment has no control
over the selection.

Example 3.1.4 (Internal choice composition example)he procesd/M3, after accepting a
coin, will make a cup ofteaor a cup ofcoffeenon-deterministically. A customer may want
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coffee but the proces¥M3 may decide to serve a cup tda and vice versa. The only way
that a customer gets a right kind of drink is to prepare to receive eitheioKiddnks.

VM3 = coin— ((tea— STOB M (coffee—~ STOR)
]

Example 3.1.5 (Special parallel compositions exampleh special case is that any process
except the proces€EHAOSwill form a deadlock with a deadlock if they have the same
alphabets. The proce€$HAOS usually means program error, will result in a chaotic process.

VM3 | STOP=STOP
VM3 | CHAOS= CHAOS

The proces®\A behaves like the proce&swith all events in the se not observable.

Example 3.1.6 (Concealment exampleYhe procesgreeVMwill make a cup oteaor a cup
of coffeefree of charge.

FreeVM = VM3\coin
= ((tea— STOB 1 (coffee— STOP

The proces® || Q (pronounced asP parallelQ’) is a composite process in which the process
P and the proces® should synchronize whatever activities common to them.

Example 3.1.7 (Parallel composition example)As illustrated in Example 3.1.4, a customer
should prepare either kinds of drink in order to work perfectly with thedirggymachine/M3,
When the proces€ustomerand the proces¥M3 are composed concurrently, the process
Customerwill synchronize the eventoin with the process/M3, after the customeread
instructions And then, the proceségM3 will behave like the procedsreeVMand the process
Customemvill behave like the procesEeaChoiceCoffee

Customer= read instructions— coin— ((tea— ST OB[(coffee—~ STOR)
Customet| VM3 = read instructions— coin — (TeaChoiceCoffeg FreeVM)

The proces®||Q is a composite process in which the procBsnd the proces® do not
interact at all.

Example 3.1.8 (Interleaving example)  For instance, putting the free vending machine
FreeVM aside the vending machinéM3, we shall have two drinks by inserting one coin;
or may even have a drink free of charges.

FreeVM|VM3 = ((tea— STOBRT (coffee— STOR
[|(coin— ((tea— STOPR M (coffee— STOR))
= tea— (coin— ((tea— STOBM(coffee— STOR))M---
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The proces®/tr behaves like the proceBsafter it has performed the sequence of activities as
defined in the tract'.

Example 3.1.9 (“After” operator example) For instance, the proced8dVi3 after the trace
(coin) will behave like the procedareeVM

VM3/(coin) = ((tea— STOPR 1 (coffee— STOR = FreeVM
|

Processes may also be recursively defined by equatiorgX.F(X).

Example 3.1.10 (Recursion example)he process$iello says “hello” repeatedly.

Hello = hello— Hello

A sequence of events that a proc&may perform is called a trace. Putting all feasible
traces of the proced$3in a set will form the trace set of the procdddracegP).

Example 3.1.11 (Trace example)or instance{coin, coffe@ and(coin,tea) are two traces of
the proces¥ M3 above.

traces(VM3) = {(), (coin), (coin, coffeg, (coin,tea) }
|

The divergences of a proceBsdivergenced), is a subset of the trace set of the process and
are those traces whose occurrence the prdéesight behave like the proce&HAOS

Example 3.1.12 (Divergences exampleyhe proces€lock (= click — CHAOS will diverge
after the firstclick occurs.

(click) € divergencegClock)

The failures of a proced®, failureqP), is the set of tuplet(, X) that the procesB can
exhibit. X is a set of events{ aP), called refusal set, that the proc&s4r may initially refuse
to participate in.

Example 3.1.13 (Failures example)After a coinis inserted, the vending machiivé3 may
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unwillingly serve a cup ofea

({),0)

(). {tea)),

({) {coffeq),

(). {coffeetea}),

((coir),0),

((coin), {coffed),

({coiny, {tea}),

({coin), {coffeecoin}),
Failures(VM3) = < ({coin), {tea coin}),

({coin, coffee, {coffeecoin,tea}),

({coin, coffee, {cointea}),

({coin, coffee, {coin, coffed ),

({coin, coffee, {coffeetea}),

({coin, coffee, {coin}),

((coin,coffee, {tea}),

({coin, coffee, {coffeq),

((coir),0),

refusalgVM3/(coin)) = {0, {tea}, {coffed, {coffeecoin}{tea coin}}

However, if the customer prepares to accept either kind of drinks, tleemethding machine
VM3 will meet this customer’s expectation. Consequently, tuple

((read instructionscoin), { coffeetea})

is not a failure of the procedgvi3. B

The failures-divergences semantics of a process is a tHpER) = (aP, failuregP),
divergencef?)). In this semantics model, two processes are equivalent if and only if they
have identical failures and identical divergences. A pro¢esssaid torefinea proces®,
denoted byQ Cretine P Or Q C P whenever unambiguous, if and only if procé&ss less likely
to diverge and less likely to fail. Precisely, procesBesdQ should share the same alphabet
set, and both the failures and the divergences of prd@ese corresponding subsets of those of
procesd$. A process is said to be deterministic if it never refuses to engage in comrtiangca
that it may perform.

There are 7 conditions identified by Hoare [56] for which a failuregijencesKD =
(A,F,D)) define a process uniquely. In other words, in this model, two processesaid to
be (failures-divergences) equivalent if and only if they have the daituees set and the same
divergences set. The set of conditions is as follows:

A process is a tripléA, F,D)
where Ais any set of symbols
F is a relation betweeA* and 2*
D is a subset of*
providing that they satisfy the following conditions:
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. ((),0)eF

Il. (st,X)eF = (s,0)cF

. (SY)eFAXCY = (sX)eF

IV. (sX)eFraeA = (s XU{a})eFV(s(a),0)cF
V. D C domain(F)

VI. seDAte A* = steD

VII. seDAXCA = (s,X)eF

Intuitively, all traces should be prefix-closed, all divergences khoei suffix-closed and be
parts of traces, and all failures should be sub-refusal-set-closdidddscriptions of CSP can
be found in [56, 87]. We also follow two more definitions on trace set to #assubsequent
discussion.

Definition 3.1.1 (Complete traces)[102] A complete trace of a process P is a trace which
will lead P to a deadlock state immediately after the trace. The set of completstfar a
process P is denoted by GP).

Example 3.1.14 (Complete trace example) For instance, the complete trace set for the
vending machine€offeeMaching andCoffeeMachin2 are as follows.

CT (CoffeeMaching) = {(coin, coffee/)}

CT (CoffeeMachin®) = {(coin, coffee }

Obviously, a process may never stop (such as the prdd¢els in Example 3.1.10) or
diverge immediately (such as the proc€ssckin Example 3.1.12 after the firstick). In these
cases, the complete trace sets for those processes would be empty.véfoasosequential
composition (Sectionh 3.3) has special interest in the successful termin&fwoaesses, we
restrict the above definition to formulate the successful complete trace set.

Definition 3.1.2 (Successful complete traceA successful complete trace of a process is a
complete trace of that process with the last event on the trace is the studcegsmination
symbol {/). The set of successful complete traces for a process P is denotétvoPE

Example 3.1.15 (Successful complete trace exampl€pr the proces€offeeMaching, the
setCT (CoffeeMaching) contains one complete trace. Moreover, as the trace is terminated
with the \/ symbol, and so, the set of successful complete traces is the same as diie set
complete traces.

CTV (CoffeeMaching) = {(coin, coffee/)}
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3.2 Graphical lllustration

Sometimes, a process is represented @soaess grapha synchronization treer a state
transition diagram We follow the common conventions used in CSP, CCS and ACP, and
use the definition oprocess grapiin [102].

Definition 3.2.1 (Process Graph)[102] A process graph over an alphabet A is a rooted,
directed graph whose edges have labels from A. Formally, a procegshd? is a triple
(N,R E), where

I. N is a set, of which the elements are called the nodes or states of P,
Il. R e N is a special node: the root or initial state of P and

. E CNxAx Nisasetoftriplegs a,t) where st € N and ac A: the edges or transitions
of P.

A node without an outgoing edge represents termination (or deadloak}- (§,a,t) € E,
one says thag goes from the stateto the staté. A pathtr in a process graph is an alternating
sequence of nodes and edges, starting and ending with a hode, sueadh&dge goes from
the node before it to the node after it. If the last node of a path is a deadtatk or a
termination, then the path is called a complete path. Moreovgf,iff the event label on the
last edge, then the path is called a successful complete path. If only éutmist states of a
process graph are observable, then a fratha trace in CSP sense. We also use the convention
of unnamed edges to stand for internal transitions. Hence, whenevehawean unnamed
edge, the label on this edge should be some internal event so that it esimgiti CSP that the
alphabet set of any process contains no internal event.

It should be noted that we use process graphs as an auxiliary means tiatidusur
examples on CSP processes in this thesis. Formally, we always refer wefiSiRons. Below
are a few illustrations of process graph.

Example 3.2.1 (lllustrations of process graph)Figure| 3.1(a) shows three processes. The
processCoffeeMaching will accept acoin, and make a cup ofoffee and thenterminate
successfullyevent /). The procesoffeeMachin2 behaves quite similar to the process
CoffeeMaching, however, it cannot terminate successfully. The prodssdingMachine
describes a vending machine which will acceptogn and then itmay behave like either a
process which will make a cup béawith cream or a process which will allow users to select
either a jar oftokewith ice or a cup ofcoffeewith cream The process graph for the process
VendingMachinalso illustrates that if a node has more than one outgoing edges labelled with
the same labekpin), the selection will become non-deterministic between these two edges.

CoffeeMachin& = coin — coffee— SKIP
CoffeeMachin2 = coin — coffee— STOP

VendingMachine= (coin — tea— add cream— STOB
M(coin— ((coke— add ice— ST OBJ(coffee— add cream— STOBR))
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Process VendingMachine Process CoffeeMachine1 Process CoffeeMachine2

coin coin
coffee coffee
v

(@)

Process Hello

Ohe"o hello hello

hello hello

|
A\

(b)

wm M2 M

Process Coin Process TeaChoiceCoffee
coin coin .
coin coin
coin tea offee =
tea offee - -
H

tea offee TeaChoiceCoffee

(© (d)

I coin Icoin
coin

tea —_ [tea — Iisa

add cream
Pial- Pia
iadd cream iadd cream

(e) )

In process graph In CSP

Figure 3.1: CSP and graphical convention

Figure 3.1(b) shows recursion. The prockisgio will say hellorepeatedly.

Hello = hello— Hello = hello— pX.(hello— X)
Figurel 3.1(c) shows the graphical illustration of choice and internal eh@ispectively.

The procesd/M is a vending machine which allows users to select eitbaror coffee the
procesd/ M2 forbids user from selection on the contrary.
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VM = coin— ((tea— ST OB (coffee— STOR)

VM2 = coin— ((tea— STOB 1 (coffee—~ STOBR)

Figure 3.1(d) shows the effect of sequential composition of proc&s$eSP. The process
Coin will accept acoin and then it will terminate successfully. However, in the sequential
compositionCoin; TeaChoiceCoffeghe proces€oin, however, will then transfer the control
to the proces3eaChoiceCoffearhich allows users to select amongsa andcoffee Hence,
the process resulted from this sequential composition will be the same a&sgvdd. And in
CSP, it is also same as the process — TeaChoiceCoffee

Coin= coin— SKIP

TeaChoiceCoffee (tea— ST OB(coffee— STOBR

Coin; TeaChoiceCoffee= coin — (tea— STOBU(coffee— STOBR
= coin— TeaChoiceCoffee

Figure 3.1(e) shows the convention that we, sometimes, box up a procesarity using
a solid or dotted surrounding box. Figure [3.1(f) shows that the paralfeposition operator
(I is used in process graph as if it were in CHIP.

More examples can be found in [56, 87] on CSP, in [75] on CCS and ior{@iCP.

3.3 Sequential Composition in CSP

The Semantics of Sequential Composition

The sequential composition (a procésQ) has something interesting. Semantically, it hides
the successful termination symbglin a trace of its preceding process (i.e. the prod®ss
and appends the traces of its succeeding process (i.e. the p@cédfalso treats all traces of
the preceding process as the traces of the composite process. Gatedoe divergences of
the sequential compositio?{Q) should be the divergences of the procBsglus those from
the proces® prefixed with any,/-pruned successful complete trace of the prodes3he
failures of the sequential composition can be worked out in a similar fastiormally, the
trace set, the failures set and the divergences set of the sequent@dsition [56] are defined
as follows:

traces(P;Q) = {s|setracesP) A —(y/)in s}

U{st|s(y/) e tracegP) At € tracesQ)}

divergence$P;Q) = {g/s< tracesP) A —(y/)in s}
U{st|s(y/) € traces(P)
A=(y/)in's
At € divergence§Q)}

failures(P;Q) = {(s,X)|(s,XU{/}) € failures(P)}

U{(st,X) |S(y/) etracesP) A (t,X) € failures(Q)}
U{(s,X) Ca(P;Q)|se divergencesP;Q)}
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tracegInspection | tracesRanking tracegInspectionRanking
() ()
(capture (capture
(captureinspec (captureinspect
) (captureinspec}
align) (captureinspectalign)
align, rank) (captureinspectalign,rank)
(
(
(

align,rank, /) captureinspectalign,rank; /)
align,discard) captureinspectalign, discard)
align,discard /) captureinspectalign,discard /)

{
(
(captureinspect./) 2
(
(

Table 3.1: Trace sets of processespection RankingandInspectionRanking

Process
Process Inspection Process Ranking Inspection ; Ranking

capture align
inspect \nspect rank discard

< 4 4

Figure 3.2: Sequential composition of CSP processes.

Example 3.3.1 (Sequential composition example)
Inspection= capture— ((inspect— STOPB [ (inspect— SKIP))
Ranking= align — ((rank — SKIP)O(discard— SKIP))

InspectionRanking= capture— ((inspect— STOP
O (inspect— align — ((rank — SKIP) [ (discard— SKIP))))

Figure 3.2 depicts the effect of sequential composition. The pronegection capturea
photo of a die, and theimspectghe bonding result. However, it is faulty. It may or may not
terminate successfully. The procégankingwill first align the ranking table so that a die may
drop into a desired collection bin, and then it either actudlscardsa die (perhaps the die
is defeat) or starts the ranking procesmn{). It then terminates successfully. The sequential
composition may mean that it becomes the procksspectionRanking. It captures a photo
of a die, recognizes any defeat, moves to the required collection bin basie inspection
result and then, discards the defeat or ranks the acceptable. Thesitenprocess will
terminate successfully. Table 3.1 shows the trace sets of prodesseection Rankingand
InspectionRankingrespectively. One can easily observe that all traces in the third column
come from a composition of traces from the first and the second colulihns.
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3.3.1 Special Algebraic Laws for Sequential Composition

In CSP, there are a few special laws for sequential composition, nameprdcesses andB,
. STORA=STOR
Il. CHAOSA =CHAOSand
lll. B;A=Bif B never stops.

Intuitively, they mean that sequential composition is ineffective to them.

Choice Composition withSKIP

The successful termination proce3i§IP has special treatment in CSP. In the original CSP due
to Hoare (page 178 of [56]), it states “whenever a process can teemihaan do so without
offering any alternative event to its environment.”. It further restrictspirocesSKIPto never
appear unguarded in an operanc[b@

3.4 Parallel Composition in CSP

The Semantics of Parallel Composition

The semantics of the parallel composition follows a standard treatment. Infgrantaace of a
parallel composition (a kind of processes) is the possible interleavingoefstiat its concurrent
component subjected to the synchronization constraints. In other wbnday proceed with
a component’s action as long as other components allow. Otherwise, it viilldateadlock.
The failures of the parallel composition are just the unions of the refusaisifs components

2 Roscoe [87] imposes additional restrictions on the original failuresrgences model and allow the process
SKIPto be an operand afl. He introduces an algebraic law, referred B~ SKIPresolve”. Given a proces3

POSKIP= (P STOBROSKIP

This law states that the proceBSISKIP will behave like the procesSKIP but can offer the initial choices of the
process? non-deterministically. Essentially, it opts to terminate successful whatiesemvironment (because the
environment is assumed to have no control over the successful sgiomrof a process). It may refuse any other
alphabet initially.

((),a(POSKIP)\{,/}) € failures(PISKIP) (3.1)

However, we do not cover his CSP variant in this research.
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that may form its trace part. Formally [56],

tracegP || Q) = {t|
(t T aP) etracegP)
At ] aQ) € tracegQ)
At € (aPUaQ)*}

failuregP || Q) = {s,(XUY)|se€ (aPUaQ)*
A(s|aP, X) € failuregP)
A(sTaQ,Y) e failures(Q)}
U{s, X|s e divergence || Q)}

divergencef || Q) = {u|3s,t.u interleavess,t)
A((s € divergence@) At € tracegQ))
V(setracegP) At € divergence®Q)))}

whereA* means the transitive closure of sequences over the alphalfet set

3.4.1 Special Algebraic Laws for Parallel Composition

In this thesis, we use the after operator, and hence, we quote the rdigbdhic laws. The
after operator is distributive through parallel composition. Informally, €quence of actions
(i.e. atrace and, say) is feasible for processézandQ which are composed concurrently,
then the behaviour of parallel composition after executing that sequér@tians should be
the same as the proceBsafter executing its relevant part of actions and the proGeafier
executing its relevant part of actions and composed concurrently.

(PlQ)/s=(P/(sTaP)) | (Q/(sTaQ))

3.5 Chapter Summary

We introduce the language of Communicating Sequential Processes {@&RBJ)so describe
sequential composition and parallel composition. There is a special treadigsmtcessful
termination in CSP. However, special treatment of successful termination ismigue to CSP.
For instance, Aceto and Hennessy [2] provide a detailed treatment of tdromnn process
algebra in general. In the following chapters, we will develop our worlCSi.
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Chapter 4

Conformance Testing

4.1 The Notion of Conformance Testing

We are both interested in the area of theory of conformance testing (S&cfiprand the
applicability to the conventional approach (Section 2.4). We will define fiyntlae notion
of conformance testing to be used in this research and evaluate our matit@tiocus on
extension. We adopt the definition of conformance testing problem fromhed [10] and
re-cast it into CSP. Theonformance testing probleoan be stated as follows.

Definition 4.1.1 (Conformance Testing Problem)Let S and P be CSP processes. Suppose
that a specification S of an implementation program P. The question we wask te whether

or not program P is a correct implementation of specification S. The cmafioce testing
approach answers this question by prescribing a way to generate a fsests from
specification S, which is then used to test implementation P.

4.1.1 Conformance, Reduction and Extension

We follow the implementation relation proposed by Brinksma (see Section 2.2)ksra
shows that two processes are said tadsting equivalenif they mutually conform to each
other under their formalism. Intuitivelyesting equivalencmeans that applying any testing to
a pair of processes separately will always observe the same redall apassed).

Unfortunately, conformance relation is known to be intransttive other words, suppose
that we are given three program versions implementing the same functiokédityould like
to know whether they are consistent amongst themselves. So, we tesenthetfirst program
version conforms to the second one, whether the second prograimnvessforms to the third
one and whether the third program version conforms to first one. Haywere cannot conclude
that the first program versionill then conform to the third one. In fact, we need to conduct
three more testing of conformance in another way round. In other warg$iave to test all
possible combinations.

Brinskma identifies two special cases that are preorder relations. Adgrexelation is
attractive; and one of the reasons is that it allows indirect relations totablished amongst
processes that minimize the overhead of repeated validations in diffesamiiations of

Linterested readers please refer to Proposition A.1.3.
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processes. From the software testing point of view, it suggests a wayftrm incremental
testing[99]. The first preorder relation proposedagtensionrelation. Another preorder
relation proposed igzductionrelation.

Reduction is the same as refinement in failures-divergences model o835 oreover,
as pointed out by van Gblabbeek [102], testing equivalence is the sdaitiess-divergences
equivalence in CSP. These strong co-relations between the standaadtgemodel of CSP
and the notions of conformance testing facilitate CSP to be an excellent vehidevelop
further theoretical results on testing. We introduce these three relatitovws &ed then argue
about extension for conventional approach (see Section 2.4).

Process BasicMotor Process ConformedMotor Process ReducedMotor Process ExtendedMotor

rotate aintain rotate aintain rotate aintain rotate
home

confirm confirm .
X confirm
confirm alert

Figure 4.1: Examples of conformance, reduction and extension relations

Definition 4.1.2 (Conformance) [13, 183, 39] Let P and Q be processes. Assume P and Q
have the same alphabet set. cBnformsto Q if and only if P deadlocks less often than Q
whenever placing in an environment whose traces are limited to those @omonioth P and

Q. Formally, P conforms to Q iff

. aQ=aP,
II. for all s € traces(P)N traces(Q), (sX) € failures(P) = (s, X) € failures(Q) and
Ill. divergencegP) Ntraceg Q) C divergence$Q).

Informally, conformance checks whether the failures and divergemiceprocess respect those
of another process.

Example 4.1.1 (Conformance example)

BasicMotor= (maintain— ST OB
O(rotate— ((confirm— STOPR M (alert — STOR))

ConformedMotor= (maintain— home— ST OB(rotate— confirm— STOBR

In Figure/ 4.1, besides a maintenance service, the pra@asisMotormay unwillingly
confirmusers after it has finished its rotation. Rather, it rafgrt them for some reason. The
processConformedMotorenhances the proceBasicMotor It alwaysconfirmsusers after a
rotation and returns to its home position if a maintenance service is requiresen@tthat
it conforms to the procesBasicMotor It improves the failures of the proceBasicMotor
after the rotation by securing an confirmation to users. It also introdusgdraces. It allows
a new actiorhomeafter the maintenance service call. Tdlert action is irrelevant to their
conformity, as the sequenc¢mtate alert) is not a common trace of these two procesiis.
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Definition 4.1.3 (Reduction) [13, 83, 39] Let P and Q be processes. Assume P and Q have
the same alphabet set. The behaviour that P is permitted to exhibit caneaksdibited by Q.
Moreover, P can deadlock only when Q can deadlock. SometimesewW® usti-reduces P”

and “P reduces Q” interchangeably. Formally, P reduces Q iff

I. aP =aQ,
Il. failures(P)C failures(Q) and
[ll. divergencegP) C divergence$§Q).

Reduction (relation) is a special kind of conformance relation by restricihgyaces of a
reducedprocessQ) to be those of its counterpaf),

Example 4.1.2 (Reduction example)

ReducedMotoe (maintain— ST OB(rotate— confirm— STOP

The procesfReducedMotofin Figurel 4.1) is similar to the proce€onformedMotoin
Example 4.1.1. It improves the failures of the procBasicMotorafter rotation. However, it
is limited by the reduction relation, and so it provides no homing action after theenaimce
service callll

Definition 4.1.4 (Extension) [13,/183,39] Let P and Q be processes. Assume P and Q have
the same alphabet set. P extends Q, denoted by£P, if and only if the P can exhibit all
permitted behaviour of Q and if Q can refuse some set of events wihé¢heaa. Sometimes,

we use “Q anti-extends P” and “P extends Q" interchangegolyormally, QLext P, iff

I. traces(Q)C traces(P),
Il. setraces(Q)A (s,X) € failures(P) = (s, X) € failures(Q) and
Ill. divergencegP) NtraceQ) — divergence$Q).

Intuitively, an implementatiorP addsinformation that is consistent to its specificatign
Extension is also a special kind of conformance relation by restricting, @wrdhtrary, the
traces of extended proced$? o include all traces of its counterpa@).

Example 4.1.3 (Extension example)

ExtendedMotor (maintain— home— ST OB
O(rotate— ((confirm— STOBRO(alert — STOR))

Performing everything that the proceSenformedMotolin Example 4.1.1) can perform, the
procesExtendedMotofin Figure 4.1) can alert users if they wish to. Observe that it includes
all sequences of actions of the procBssicMotorand, hence, extends the lattilk.

Definition 4.1.5 (Testing equivalence)13] Let P and Q be processes. Assume P and Q
have the same alphabet set. P is testing equivalent to Q if and onk QP

2Informally, Q is a kind of abstracted form df.
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Proposition 4.1.1 (Testing Equivalence = Mutual Conformance, Radttion or Extension)
[13] Let P and Q be processes. Assume P and Q have the same debeP and Q
are testing equivalent if and only if they mutually

|. conform to,
Il. extend or

1. reduce

each other.

The proof directly follows the definitions of these conformance and thegssoequivalence
in the failures-divergences model. In the failures-divergences miveeprocesses are said to
be equivalence if and only if they have the same alphabet set, the samedaihd the same
divergences.

4.2 Justification of Our Proposal

As discussed in previous sections, one of the most difficult obstaclestingte®ncurrent
system is the state-explosion problem. In particular, the most often usedigeeh are
abstraction and compositional approaches. Suppose that we aretedeiregesting the
conformity of an implementation against a specification. We choose extensi@BRras the
basis for the following reasons.

|. Extension is a kind of conformance relation and is a preorder. A fraresupporting
a multi-level abstraction (i.e. an anti-extension hierarchy) can be builttemsgion from
specification. The transitive property of extension ensures that esttaetion tier will
be extended by the specification. It further means that they should Berocwmd by
an implementation of the specificaﬂfonn other words, conformance test cases can be
generated at different levels of abstraction.

Conformance, in general, is intransi@/bowever. So, this promising approach cannot
be applied to the situation when one builds abstractions from specificatiedl lozs
conformance.

[I. Reduction hierarchy is not as efficient as extension hierarchylugt®n suffers from
at least three problems. First, although in a reduction hierarchy, redustmreserved,
yet it does not guarantee that the anti-reduction from specification witlobéormed
by an implementation of the specificafﬁ:nSecondly, an anti-reduced procedlows
the introduction of extra operation sequences. Those sequences ntaynpéetely
irrelevant to both the specification and the implementation. Test cases gehfzcan
this kind of abstraction will include illegitimate test cases. It also enlarges theo$iz
a test suite unnecessarily. Moreover, the effectiveness of the test may be affected
if test suite minimization techniques [106, 105, 30] are used because soitiradég

SInterested reader may refer to Proposifion A.1.1
4Interested reader may refer to Proposition A.1.3
SInterested reader may refer to Proposition A.1.2
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test case will be removed during test suite minimization. Thirdly, an abstractiongh
reduction should include all traces and all failures of the specificationcifBzion,
in practice, is already very complex. Introducing extra complexity in the adtsbn is
difficult to make the testing task to be more effective.

lll. Specification in CSP offers the potential of test automation. Testingsgyc@seneration
of test cases and executions based on informal specification areigrgféind unreliable.
Formal specification provides an unambiguous source of refereneaévaje test cases.
We will further illustrate in Chapter 5 that undue extension in sequential arallgl
compositions of processes will result in non-conformity which defies thpgse of
abstraction (i.e. anti-extension) as a way to attack state-explosion andsaintieetime
to preserve conformity between an abstraction tier and an implementation.

IV. The model of CSP fits perfectly with the notion of conformance testing. 3 Godel,
we can concentrate on testing. Mutual conformance is the same as testivajeue.
Reduction, one of the two well-known transitive sub-classes of confocmas the same
as refinement. The excellent alignment between the model of CSP and thé ahode
testing is unparallel. CSP has tools (such as ProBE and FDR) to support.

In the next chapter, we will investigate the weaknesses of extensiondstbear objective of
a compositional and abstraction-oriented approach to facilitate test aasmtien. In Chapter
6, we will propose our solutions and other related results.

28



Chapter 5

The Problems of Extension Hierarchy

In the last chapter, we find it justified to use anti-extension hierarchy inaG$ife architectural
framework to generate conformance test cases. It is not used withahleprs, however. In
particular, one of the major problems is still the explosion of states. Anti-ext@psovides a
kind of abstraction. We investigate the compositional way on top of anti-artehgerarchy
in this chapter.

We identify 5 problems associated with extension in sequential and parailositions.
The first two show that extension in general has problems associatechilitte§, even if the
traces are respected by thparadoxicallyextended processes in sequential composition. The
next one shows a counter-intuitive example. There are three preagbsz do not extend one
another. A sequential composition of the first two processes, howeNeiorm an extension
relation to the third. Strictly speaking, it is not a problem of extension; nleeksss, we are
interested in this kind of decomposition. The fourth one illustrates that unelcamposition
or “pruning” of processes do not guarantee extension. Sometimes, itrtraguceextra
traces, on the contrary. The last, but not the least, illustrates a problextesision in parallel
composition. Sequential composition of corresponding components oficent processes
of a system violates the extension property to be respected. The pamtiplosition of
concurrent processes may not extend this kind of composition, whichoigaister-intuitive.

We will discuss them in more detail in this chapter. We will first present exasrguhel
follow with an analysis of problems. They provide insights for us to build oeotétical
results to be presented in the next chapter.

5.1 Problem 1: Preceding

Example 5.1.1 (Preceding process extension problem) Consider the processes in Figure
5.1. ltillustrates that extending the preceding process in a sequentiabsidiop does not
guarantee overall extension. The procedsspection RankingandInspectionRankingare
introduced on page 21. Suppose that we extend prdcgssectionwith some alignment
capability to form a process such as the prodesgpectionAlignment It will make an
alignment for a die after the first inspection, and then re-inspect the di@.adrinally, it
terminates successfully. On the other hand, if the alignment is classifieiteals itawill discard
the die automatically and terminate. It is easy to see that the prbeggsctionAlignment
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Process

Process Inspection Process Process ! $
Inspection_Alignment Inspection ; Ranking Inspection_Alignment  ;
Rankding

capture

inspect {nspect inspect

<

rank discard

Process Ranking discard

align

rank discard rank

Figure 5.1: Problem Preceding. Extending the preceding process ivea gequential
composition does not guarantee extension to that sequential composition.

extends the proces$sspection

InspectionAlignment= capture— ((inspect— SKIP)
O(inspect— align — ((discard— STOB M (inspect— SKIP))))

Suppose that the procesaspectionAlignment is composed sequentially with the
processRankingas shown in the figure. The procesgpsectionAlignmentRankingmay
discard a die after the first alignment non-deterministically. The reasdd bewue to either
the processnspectionAlignmentrequires an additional alignment, or the procBssking
allows users to discard sub-quality dies. On the other hand, the progessctionRanking
will always allow users to discard a die after the first alignment. In this octiore the process
InspectionAlignmentRankingdoes not extend the procelsspectionRanking through the
procesdnspectionAlignmentextends the procedaspection The situation is illustrated in
the figure by thick arrows indicating feasible paths for the tra@ptureinspectalign). It
shows that the procedaspectionAlignmentRankingmay fail the actiondiscard On the
other hand, the processspectionRankingwill not. B

In the last example, it shows that when a preceding process is externigdriy, the
situation may turn out that the intuitively extended sequential composition magicdraces
that are not parts of the intuitively being extended sequential composition.

Problem 1 (Preceding Problem)Let P, Q and R be processes. Suppose that the process R
extends the process P. The extended sequential composition R;Qeralgeioes not extend
the original sequential composition P;Q.
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5.2 Problem 2 : Suceeding

Process Process
Process Inspection2 Process Ranking3 Process Ranking4 Inspection2;Ranking3 Inspection2;Ranking4

-,

N\

inspect inspect

Figure 5.2: Problem Succeeding. Extending the succeeding procesgiverasequential
composition does not guarantee overall extension to that sequential sibiomo

Example 5.2.1 (Succeeding process extension probler@pnsider the processes in
Figure/ 5.2. It illustrates that extending the succeeding process in ant@dw®mposition
does not guarantee overall extension.

Inspectio? = capture— (inspect— SKIP)
O(inspect— align — test—
((inspect— SKIP)O(discard— halt — STOB)

Rankin@ = align — test— ((rank — SKIP) 1 (discard— SKIP))

Rankingt = align — STOP

The procesdnspectior? behaves like the processspectionAlignment (see Example
5.1.1) except that it wilhalt after discarding a die. It is also enhanced to perform an extra
testafter an alignment. Similarly, the proceRanking behaves like the proces&nking
(see Example 3.3.1) except that it introduces an extra test after the aligniftem process
Rankingt, on the other hand, is a faulty ranking process which will terminate, wieene
makes an alignment. Hence, no test or ranking can be performed. ®hlbat\the process
Rankin@ extends the proce&ankingt. The procesRanking@ includes a tracé) and(align).

It improves the failures associated with these traces common to the pRasksgl. For

instance, the procegganking can proceed to perform a testing after the alignment; whereas

the processRanking will reach a deadlock. Nevertheless, the sequential composition

Inspectior?;Rankin@ may fail to proceed definitely to discard a die. On the other hand, the
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procesdnspectior2;Rankingt will always allow users to choose whether to discard a die or
not. B

In the last example, like the Problem Preceding, it shows that when aeglinggorocess is
extended arbitrarily, the situation may turn out that the intuitively extendedeseiaql
composition may contain traces that are not parts of the intuitively being eedesejuential
composition. They are introduced via extending the succeeding proa#ss, than extending
the preceding process. A similar argument as for Problem Proceedipglisch

Problem 2 (Succeeding Problem)Let P,Q and R be processes. Suppose that the process R

extends the process Q. The extended sequential composition P;Reialgeioes not extend
the original sequential composition P;Q.

5.3 Problem 3: Prefix

Process Ejector Process RISE Process Back Process EJ
up up,. 1., down I RISE up up
- ;= =
down reset . - EJ EJ 4 down
Ejector  Ejector . EJ
H
down
Although process Ejector does not extend process  RISE ,

yetit extends process EJ.

Figure 5.3: Problem 3. ProceB4SE acts like a part of proceds jector, however, process
E jectordoes not extends proceB$SE which is counter-intuitive.

Example 5.3.1 (Prefix process problem)Consider the procedsjector which moves up and
down continuously unless it resets to restart. It is easy to observe thagitds the process
EJ which is similar toEjector but without the reset capability. Figure 5.3 shows their process
graphs.

Ejector= moveUp— (moveDown— Ejector) [ (reset— Ejector)
RISE= moveUp— SKUP

EJ = (moveUp— SKIP); (moveDown— EJ)
= RISE (moveDown— EJ)

It is also easy to observe that the procedsigstor and RISE do not extend each other.
For instance, the sequen@moveUp,/) is a trace of the proced®ISE but not a trace of the
procesEjector. On the other hand, the sequerimeveUpmoveDowiis a trace of the process
Ejector, but not a trace of the proceB$SE However, all non-successful complete traces of
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the procesRISEare traces of the proce&§ector. Moreover, suppose that the proc&ISE

is composed with the processioveDown— EJ) in a sequential manner to form the process
EJ. The procesgjectorwill extend to this composed process (iE€J). In a sense, the process
RISEis a “prefix” of the procesgjector, which, in a sense, “extends” the proc&dSEin the
sequential compositiorll

The sequential composition operator hides the intermediate successfutitomevent,/
of the proceeding process. Informally, the kinds of failure exceptiarsgéhelated to successful
complete trace) are resolved by CSP naturally.

Problem 3 (Prefix Problem) Let P and Q be processes. The process P respects the
behaviour of the process Q whenever the process Q may not termircatssfully. The process
P may not extend the process Q.

5.4 Problem 4: Decomposition

In this section, we give a few counter-examples to illustrate that the problieemsamsion with

compositionality. Informally, an anti-extended process means that it h&s feaces and fails
more often. First example demonstrates that although, intuitively, CSPsagrigg syntax and
semantics, yet removal of process branches syntactically may violatsexte@ompositional
properties of processes are not maintained.

Process
Prefix_IR

Process

inspect  discard
<

align halt
=)

rank discard

Figure 5.4: Problem Decomposition (a). A branch-pruned version abeegs does not
guarantee the extension to the original process.
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Example 5.4.1 (Decomposition problem 1)

IR = capture— (inspect— align — ((rank — SKIP)O(discard— SKIP)))
M(inspect— align — (
((inspect— align — ((rank — SKIP)d(discard— SKIP)))
M(discard— halt — STOB)))

Prefix IR = capture— (inspect— align — ((rank — SKIP)O(discard— SKIP)))
M(inspect— align — STOBR

Figure! 5.4 illustrates a problem in decomposition, namely, the failures of anégtu
process may cause failure exception of an original process. Thegsiétis similar to the
procesdnspectior?;Ranking in Problem Succeeding. It has no test action. It fieghtures
photo, and then inspects an image captured. It always makes an alignmenéatter a die
is misaligned or not. After the alignment, it may, sometimes, rank the quality of thedie,
discard the sub-quality one if the users want to. On the other hand, it oragtisnes, choose
to repeat the inspection process, make alignment and so on. Unfortunheelyrogram is
written wrongly with the second inspection action. It may, sometimes, start {imspection
and sometimes, discard a die and then halt. The prd@esSx IR is a pruned version diR,

a software engineer discovers the problem in the second inspectiospamte removes the
second inspection and the subsequent behaviour. In a sensepagafphe proced@re fix IR
is to test the remaining behaviour of the procH’s Counter-intuitively, the proced® may
refuse to perform the ranking process non-deterministically; whereaprttes®re fix IR
will not. If there are errors associated to this failure, the pruned vevsiuid be ineffective to
them. The figure also highlights the locations of failure exceptiibn.

Informally, a branch-pruned version of a process may remove somedhashls from
the original process. So, it may possibly perform better than the orignoaleps. In an
extreme case, a proceQsactually refines the proce®s71Q whereP is a process. Sometimes,
decomposition through branch-pruning may even introduce unexpeatsgbtin a sequential
composition as illustrated in the following example.

Process EJ2 Process EJ3
up up aintain
down | . of v
EJ2:

Figure 5.5: Problem Decomposition (b). Intuitive extension may have prubile sequential
composition.
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Example 5.4.2 (Decomposition problem 2)The proces€J2 (in Figurel 5.5) is a modified
version ofEJ (see Example 5.3.1), an ejector, which allows maintenance to be perfortmed. |
will also moveto a safe place (i.e. its home) after the maintenance service call. After that,
it terminates successfully. Similar to the procsefix IR (see Example 5.4.1), the process
RISE2 in certain sense is a pruned version of the proéa¥swhich allows the program to
move upr to bemaintained Unlike the procesBre fix IR, there is no failure exception, except
that it is counter-intuitive in the sense of Problem Prefix. Despite the ssftdecomplete
traces, the procesRISE2 is intuitively extended by the proceEd2. The processfoveDown
— EJ2) is a part of behaviour of the proceBs2 right after themoveUpoperation in the
processE J2.

EJ2 = (moveUp— SKIP);(moveDown- EJ2)

O(maintain— home— SKIP)

RISE2 = (moveUp— SKIP)O(maintain— SKIP)

EJ3 = RISE2;(moveDown— EJ2)

Naturally, since the procesRISE2 describes thanoveUp operation and is intuitively
extended by procedsJ2, so it “supposedly” combines with the procéssoveDown— EJ2)
to form the procesk J3, a process which is intuitively described as a part of the prdeé2's
behaviour. Accidentally, the sequengeaintain moveDowiis a trace of the proce$sJ3 but
is not a trace of the proce&s)2; and sequencénaintainhome is a trace of the proce$sJ2
but not a trace of the proceEd3. Unlike the counter-intuitive case in Problem Preli¥d,does
not extendE J3. In fact, it is easy to be observed the other way roulihd.

Intuitively, the two examples above demonstrate that there is a problem ifrweti@solve
the failures before sequential decomposition. The next example will deératnthat there is
also a problem even if we resolve the failures before sequential desitiopo The final
example shows that even the composition can be shown to be equivalentriorthalized
version, yet failures of a sub-process may still cause failure exception

Example 5.4.3 (Decomposition problem 3)

Improvedlnspectior2_Rankin@ =
(inspect— align — ((rank— SKIP) 1 (maintain— SKIP)))
M(inspect— align —
((inspect— align — Rankin@)(maintain— align — Ranking)))

Inspectio?;Rankin@ = (inspect— align — Rankin@)
M(inspect— align —
((inspect— align — Rankin@)J(maintain— align — Ranking)))

Inspectior? = (inspect— SKIP)
M(inspect— align — ((rank — SKIP)O(maintain— SKIP)))

Rankin@ = align — ((rank — SKIP)O(maintain— SKIP))
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Process Inspection2
Process Process

Improved_Inspection2_Ranking2 Inspection2;Ranking2 —

align

inspect maintain
decompose
s s

maintain

Process Ranking2

align
rank

rank maintain

v v

Figure 5.6: Problem Decomposition (c). Anti-extension followed by precdezomposition
does not preserve extension in general.

Consider the procedsnpovedInspectio?_Rankin@, which is illustrated in Figure 5.6.
Suppose that we are interested in decomposing this process into two Sg&ogeemnponents,
namely the procedsispectio2 and the procedRankin@. The procesRankin@ may behave
like the processimpovedinspectio2_Rankin@ after some (but not all) successfully
completed trace. One may attempt ftgeneralize the behaviour of the process
Impovedlnspectior2_Rankin@ so that the procedRankin@ becomes a viable candidate in
decomposition. Changing the choice composition to an internal choice compositionot
introduce any trace.

Hence, one possible way of abstraction on the probegmvedinspectio?_Ranking is
to construct the proces$sspectior?;Ranking as shown in the figure. Observe that the process
Impovedlnspectior2_Rankin@ extends the procedsspectio2;Rankin@. This process
Impovedinspectior2_Ranking@ can be considered as the sequential composition of processes
Inspectior? andRankin@. Observe that, as highlighted in the figure, the protespectior?
may proceed to perform a maintenance service definitely, however, theegw
Impovedlnspectio2_Rankin@ may not. m

Example 5.4.4 (Decomposition problem 4 : False Alarm in Refusal Testing  Example
’5.4.3 also shows another problem in decomposition. The prdosgectio?;Ranking is
exactly the sequential composition from the proce$sepectior2 andRankin@. However,
the processnspectior2 will not fail to proceed if the environment offers boifpsectand
maintain whereas the sequential composition will refuse to proceed. Technitiadlyset
{inspectmaintain}; is not a refusal for the proce$sspectior2; whereas it is a refusal for
the processnspectior?;Rankin@ after the same tracgnspectalign). Figure 5.7 illustrates
this point.

in fact, processesnspectior2 and Inspectior2;Rankin@ suffers from a similar problem as illustrated in
Example 5.4.11. The procebss pectior? will not refuse to the second inspection after the first alignment. Haweve
the process$nspectior2;Rankin@ may.
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Process Inspection2
Process

Inspection2;Ranking2

align <
inspect maintain

L4 L4

maintain —_

(g )

Process Ranking2

align

rank maintain

k4 7

Figure 5.7: Problem Decomposition (d). Even two processes are é&ntiva modular view
may not be used alone to derive the refusals.

An implication is that it can raise false alarmif we perform refusal testing based on the
information provided by processnspecto2 on an implementation of the process
Inspectio?;Rankin@. An implementation will fail to proceed with the environmental offer
{inspectmaintain}, which in fact, is not required by the specificatibrs pectior2;Ranking.
So, it is, in general, not reliable to generate test cases from individudule®s and then
composed sequentialli

As illustrated in the last example, the generation of test cases in a compositeynatay
not be reliable even if sequential composition is the same as specificationtzathanSo
obviously, the conformance property will not be reliable if it is obtainedfleocompositional
extension hierarchy either. A common approach is to verify test cas@sagpecification to
ensure that they are also reliable from specification point of view.

Problem 4 (Decomposition Problem) Process decomposition and sequential composition

may not preserve extension. Even overall extension is presengd;ages generated in a
compositional way may still be unreliable.

5.5 Problem 5: Paralleling

Extension also has problems in parallel composition. We illustrate the problem éyample.

Example 5.5.1 (Paralleling Problem) Figure’5.8 shows a configuration of a pick arm
mounted with a movable vision camera. The simple pick arm, the pr&iesglePickArm
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SimplePickArm

X Die

Alignment
Centre

Figure 5.8: A pick arm mounted with a movable vision camera

(Figure 5.9), consists of two sequential activities, namely an inspectioseprad a picking
phase. The inspection phase, the prodespectiord will trigger a photo capturing of the
vision system attached to it and will inspect the image captured. After thedtispethis
phase may be completed. Sometimes, it detects that there is a mal-alignment libeveien
concerned and the centre of alignment. It will try to re-align the die for a murmbtimes. At
each time, if the alignment completes, it will decide to perform one of the twoitaesivEither
it warnsthe users that an alignment is done and re-starts the capturing proogsietaty to
ensure that the die is perfectly located to be picked up by the pick arm, or idisegrd the die
for some reason. The picking phase, the procgsaplePick allows further (fine) alignment
repeatedly. It also allows users to either pick a die up or discard it.

SimplePickArm= Inspectior3; SimplePick

Inspectiod = capture— ((inspect— SKIP)O(inspect— align
— (pX.(align — X)O((discard— SKIP) 1 (warn— Inspectiod)))))

SimplePick= (align — SimplePickO(pick — SKIP)O(discard— SKIP)

Vision= Capturing SimpleAlignment
Capturing= move in— capture— moveout— SKIP

SimpleAlignment align — SKIP
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. " Process SimplePickArm =
Process Inspection3 Process SimplePick Inspection3;SimplePick
o

align, iscard

capture

SimplePick

inspect

discard
wuapa)

Inspection3

discard
Inspection3
align discard

SimplePick

Figure 5.9: ProcesSimplePickArnand its sequential components

The proces¥ision (Figure[ 5.10) is the vision process attached to the pick arm. It also
consists of two sequential phases of activities, namely a photo capturihg ample die
alignment. The photo capturing activity is a proc€sgpturingwhich will move the camera
in, capture the die image and finafltyove the camera ouThe second phase simply waits until
alignment occurs so that it can then continue to perform the next roupldodd capturing.

Process Vision =

Process Capturing Process SimpleAlignment Capturing;SimpleAlignment
move in align move in
capture 4 capture
move out move out
4 align

24

Figure 5.10: Procesgisionand its sequential components

Supposed that two sequential compositio&sr(plePickArmandVision) are intended to
operate concurrently. Each of them is composed of two sequentialgseselntuitively, one
possible scenario of the machine behaviour could be expressed asdliel gamposition of
respective proceeding modules followed by the parallel composition péctige following
modules. In other words, it forms the process composition which behaweshiikprocess
Bundlebelow. Figure 5.11 shows these two parallel compositions.

Bundle= (Capturing|| Inspectior);(SimpleAlignmenf SimplePick
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Intuitively, the processSimplePickArriVision) should extend this parallel composition.
However, as depicted in Figure 5/12, in fact, the prod&son|SimplePickArmmay refuse
to discard a die; whereas the actual parallel compositim plePickArriVision) will never
refuse to.

Process
SimpleAlignment||SimplePick

move in )
align ok iscard

capture .
P discard

Process Capturing|/Inspection3

pick

inspect ove out < 7

move out inspect

Figure 5.11: Parallel composition of processes

P Process
) ) Tocess ) ) Vision//SimplePickArm
Capturing|/Inspection3 ; SimpleAlignment|/SimplePick

move in

capture \
inspect \

move out I
align /
p 4

Figure 5.12: Problem Paralleling. A concurrent system, in general, miiesxtend a system
of paralleling sequential sub-processes of this concurrent systegregaged by sequential
composition.

Consequently, the processsion || SimplePickArndoes not extend the proceBsindle
Intuitively, the problem arises because a trace, suckastureinspectalign), of the process
SimplePickArntan be obtained from the procdss pectio® alone, as well as from a trace,
such agcaptureinspec}, of the processnspectior® appended with a trace, such (@sign),
of processSimplePick Unfortunately, in the compositioBundle owing to the sequential
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composition operator, the proce&apturing|| Inspectiord) should be completed before any
non-empty traces of the proceSimpleAlignmenf SimplePicl are observed. The process
Capturingalways rejects the communication of evaign and so, the alignment feature of
the processnspectiol is disallowed to be observed.

Capturing|| Inspectiol3 = move in— capture—
((move out— SKIP) || (inspect— SKIP)); (SKIPMSTOBR

Concidentally, in the procesSimpleAlignment| SimplePick alignment is possible. It
happens that it allows the selection of choices by the users. In otheswibrel parallel
composition serving as the preceding process in the sequential composttiatiyaremoves
the poorer failures, leaving those traces with better failUlies.

Problem 5 (Paralleling Problem) A concurrent system, in general, does not extend the
sequential composition of processes, which are parallel compositibnsommesponding
components of that system.

5.6 Chapter Summary

We have shown the problems of extension in sequential and parallel citimpoBoth direct
sequential composition (Preceding process extension problem andee8ing process
extension problem) and indirect sequential composition (Process desiimpaxtension
problem) have problems. To respect the notion that testing should be a fakiattas also
desirable to allow finite behaviour about (infinite) process to be deriReefiking problem
extension problem), in particular when the systems composed of concpiroeesses (Parallel
processes extension problem) when state-explosion problem is usualbttéadie in the global
process. In the next chapter, we will formulate our solution towards threddems.
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Chapter 6

A New Relation for Compositional
Test Case Generation

6.1 Introduction

In this chapter, we propose a new extension relation and first summarizelations to these
problems identified in the last chapter in Table 6.1. We generalize the notiotenfséon and
investigate the properties of sequential composition and parallel compodit@Roprocesses.
We discover the necessary and sufficient conditions to ensure aspriaclke decomposable in
serial and maintain overall extension in a compositional manner. We futiberthat this nice
property is also preserved if the preceding process or the succgaaiogss in a sequential
composition is replaced by their respective anti-extended versions. Irtdhigection, we
are able to build abstraction hierarchy in a compositional way that presanteextension.
Test cases can be generated from different levels of abstractiosamngosed together to
form extended test cases for the specification. Hence, they arerafoe test cases of an
implementation of the specification.

Extension problems Our solutions
Problem Preceding Head Anti-Extension Theorem 6.4.2
Problem Succeeding | Tail Anti-Extension Theorem Theorem 6.4.1

Problem Prefix Definition 6.3.1
Problem Decomposition Decomposition of Processes Theorem 6.4.4
Problem Paralleling Decomposition of Concurrent Processes Theorem 6.5.3

Table 6.1: A summary of our solution to extension problems

6.2 Sequential Extension

In this section, weproposea generalized extension, called sequential extension, which tackles
Problem Prefix. We shall restrict it to a new relatiorextension, to be introduced later in this
chapter. In particular, we shall show that

e sequential extension is a generalization of extension (Proposition 6.2.2),
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e test equivalence is preserved if and only if sequential extensionaquoie is preserved
(Proposition 6.2.3), and

e sequential extension is a partial order (Proposition 6.2.1).

Informally, the notion of extension for a proceBsextending a proces® is that the
operation sequences of the proc€sshould be the operation sequences of the proeeswd
that, at any time, the procefsmay come to a deadlock only when the proc@ssan come
to a deadlock. The notion of sequential extension follows this train of thodgie difference
is that it allows the proceS® to terminate successfully “earlier” than that of the prodess
On the other hand, it is not too generous. When the proQesgy terminate successfully,
the proces$ should terminate successfully whenever the proéesannot find a possible
way to perform another action. Moreover, the prodegven forces the proce§gto be able
to terminate successfully whenever the former finds itself may terminate sfidbeand the
process) may proceed with a user action.

Definition 6.2.1 (Sequential extension)Let P and Q be processes. The procegxtendshe
process Q sequentially, denoted by Q. P, iff

. aP=0aQ,
Il. VsetraceqQ).se< tracesP),
. VsS'(y/) € tracegQ), 3s(B) € tracesP),s(y/) € traceP),
IV. VS'(y/) € tracesQ),s(y/) ¢ tracegP),36.5(B) € tracegP),
V. Vs

{

VI. Vs

{

and

) ¢ traces(Q), (sX) € failures(P), sc traces(Q).
Q/s deadlocks immediately s/) € traces(P) A is'(8) € traces(P)
(s,X) € failures(Q) otherwise

CARCAS

) € traces(Q), (sX) € failures(P), sc traces(Q),
(s, X\ {V/}) € failures(Q) ifs(y/) ¢ tracegP) As(B) ¢ tracesQ)

(s,X) € failures(Q) otherwise

~ T~ —~ ~

A

VII. vt € divergencesP),t € tracesQ) .t € divergencesQ).

where s is not a successful complete nor a diverging trace and éviera non+/ symbol in
the alphabet. Everfl is called a user alphabet, and throughout the remaining paragraphs of
this thesis, we shall useconsistently as a user alphabet.

Note To simplify the cross-reference in subsequently proofs in this chapbenever a proof
refers to any numbered item in the definition of sequential extension, it waiither introduced
with the clause “The proof of Condition” before the refereed items, of@sadition” without
quantifier before the refereed items provided that the scope is cleaglyingfto a numbered
item in the definition of sequential extension.

The full mapping is as follow:
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Clauses In Subsequent Proofs Referred Item in Definition 6.2.1

The proof of Condition | Condition |
The proof of Condition I Condition Il
The proof of Condition I Condition_ 111

The proof of Condition IV Condition IV
The proof of Condition V(a) | Condition V(a)
The proof of Condition V(b) | Condition V(b)
The proof of Condition VI(a) | Condition Vi(a)
The proof of Condition VI(b) | Condition VI(b)
The proof of Condition VII Condition VII

Table 6.2: A cross-reference for a referred item of the definition gfieetial extension in
subsequent proofs

Informally, the failures conditions above refer to the general caseifh@bnditions V(b)
and VI(b)), a forced termination case (that is, Condition V(a)) and andi&eé early termination
case (that is, Conditian VI(a)).

Discussions In the definition, the sub-case V(a) states that the process being satiyen
extended (that is, the proce®dn the definition) will reach a deadlock after a trace. In fact, it
is a natural consequence because, first, Condition Il requires thabarsuccessful complete
trace in the proce<d should be a trace in the procézand, secondly, Condition V(a) explicitly
requires that the procegscannot have any non-successful trace extension after thedrace
Moreover, in Condition V, it requires th& cannot reach successful termination. Hence, there
is no choice but to form a deadlock immediately. Informally, it can merge withd@ion
V(b) to simplify the definition because the deadlock condition can naturallybbsred. We
keep it in the definition to clarify the proving steps in the following Lemma, Pritipos and
Theorems ¢

Example 6.2.1 (Sequential extension example)

STOP
SKIPrSTOP= (,/ — STOPMSTOP

SKIP=,/— STOP

SKIF(align — SKIP) = SKIPO(STOR1 (align — SKIP))

1
2
3
4
5) align — rank — SKIP

A,_\/_\/_\/_\
— — — — ~—

Consider the above five simple processes (Figure 6.1). The pr&6de3®does not extend
the proces$SKIP sequentially. This is because Condition IV is violated, which requires the
processSTOPto have at least a non-empty trace. Obviou§y,OPhas no such trace. In
fact, owing to the violation of Condition IV, the process®$ OPand SKIP do not extend
processeSKIPM ST OPand SKIP(align — SKIP) sequentially. Similarly, all the first four
processes (that is, (1) to (4)) cannot extend the proakge — rank — SKIP sequentially.
This is because when Condition Il is fulfilled, the sequetalégn,rank) should be parts of
their traces, which is not the case. In fact, extensions hold amongstdt(ir processes ((1)

to (4)). However, there is no extension relation between the fifth one g gses (2) to (4).
For instance, the sequen¢g) is a trace of any of these processes, but it is not a trace of the
fifth. On the other hand, the five processes are extended sequentatly ) to (5).
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Process STOP Process SKIP[1STOP  Process SKIP Process SKIP[] (align = SKIP ) Process (align=* rank ==SKIP )

[¢]
I( align

rank

< e align
v v

Figure 6.1: Examples of sequential extension. The processes exteptbtiesses on their
respective left hand side sequentially.

)

(i) SKIPISTOPLCsex SKIP
(i) SKIPCsext SKIPO(align — SKIP)
(iv) SKIPO(align — SKIP) Csextalign — rank — SKIP
|
Process Process Process Process
IR Abs_IR Abs_Abs_IR Abs_Abs_Abs IR
capture
inspec i inspec] ! i { inspect
align
rank discard rank discard <
b4 04 < <

rank

Figure 6.2: Sequential extension is a generalized extension relation, apdaerder relation.

Example 6.2.2 (Sequential extension example on transitive propsft The proces&bsIR
captures a photo, inspects an image, makes necessary alignment, and ytdiscaa a die,
perform ranking tasks, or re-inspect the alignment result and matteefualignment. Finally,
it may terminate successfully. However, it may not if it discards a die.

AbsIR = capture— (inspect— align — ((rank — SKIP)O(discard— SKIP)))
M(inspect— align — (
((inspect— align — ((rank — SKIP)O(discard— SKIP)))
M(discard— STOBR)))

The proces$R, (see page 34), on the other hand,

IR = capture— (inspect— align — ((rank — SKIP)O(discard— SKIP)))
M(inspect— align — (
((inspect— align — ((rank — SKIP)O(discard— SKIP)))
M(discard— halt — STOBR)))
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after discarding a die (that is, after the traoaptureinspectalign,discard), will reach a
state which is

either  SKIP

or halt — STOP

non-deterministic. In other words, it will behave like the proc88dPrihalt — STOR In

a similar manner, the procegsIR will behave like SKIPM ST OPafter the same trace.
Since the constraints on checking the special evgns relaxed by the definition, we may
concentrate on the second branch in the internal choice composition®uSlgyST OPwill
refuse any event immediately; wherdaalt — STOPwill refuse all excepthalt. Hence,
the failures for the processbsIR associated with this particular trace are respected by the
procesdR. Similarly, the failures after the second alignment of the proddssIR is also
respected by théR. AbsIR will behave like the procesSKIP after the second alignment
action; wherea$R will behave like the procesgank — SKIP)O(discard — SKIP). The
same situation applies to other sequences of operations and hence #ssfiRaextends the
procesAbsIR sequentiall@.

Consider the procegshs AbsIR. Itis similar to the procesabsIR, but it has no ranking
task and may terminate successfully after the first alignment. Moreover, ittenmmnate
(unsuccessfully) after the second alignment. It can be observed ¢hatdbes#\bs IR extends
the process\bs Abs IR sequentially.

Abs Abs IR = capture— (inspect— align — SKIP)
M(inspect— align — (
((inspect— align — ((rank — SKIP)O(discard— SKIP)))
M(discard— STOR)))

Similarly, it is easy to observe that the procedss AbsAbsIR, which can only capture
a photo, inspect an image and make an alignment, is extended by the pAte&bs IR
sequentially.

Abs Abs Abs IR = capture— inspect— align — SKIP

|

In fact, sequential extension relations are transitively held among thegmes in the above
example. They are guaranteed by the following proposition that showestal extension to
be a preorder (relation).

Proposition 6.2.1 Sequential extension is a partial order relation.
Proof: We need to prove the reflexivity, anti-symmetry and transitivity.

Reflexive Trivial.

1it also shows that sequential extension is not a kind of conformanatiore (Definition 4.1.2). Consider
another example as follows. The proc&s b — ST OPrefines the processB= (a — STOBM (b — STOB.
Refinement in CSP is the same reduction, a kind of conformance relatimce, the proced® conforms toAB.
However, sequential extension does not hold between these two gpeeces
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Anti-symmetric We prove by contradiction. L& andQ be processes. Suppose that the
processe® andQ extend each other sequentially, but they are not failures-divergence
equivalent. We first prove that they should be trace-equivalent. leratiords, they
should have the same trace set. Consider a tsamfethe proces$). There are two
scenarios to be considered, namely, that the tsdsea successful complete trace, and
that it is not. In other wordss ends with or without the alphabet.

I. Supposssis not a complete trace of the proc&dsObviously, by Condition Il of
Q Csext P, sshould be a trace of the procd3s

Il. Now, supposes is a complete trace of the proce®s Let us rewrites ast™(y/).
Obviously, t is not a successful complete trace because the sygibcdn only
appear at the end of a trace (suclsady exhaustions can either be a trace or not
a trace of the procedd We shall prove by contradiction thatshould be a trace
of the proces$. Assume the contrary. By Condition IV @ Ceex: P, there is a
user alphabe which will form a tracet™(0) of the proces®. We observe that this
trace is not a complete successful trace. Hence, by ConditiorAIaf, Q, t™(6)
should be a trace of the proce®s By Condition lll of Q Ceext P, s should be a
trace of the procesB. This contradicts the assumption tisdt not a trace of the
process.

In a similar manner, we can show that all traces of the proPestsould also be traces
of the proces®). The processeB andQ are trace-equivalent. Revisiting the conditions
of sequential extension, the conditions required to the failures are Caomgl{fi) and
(VD). In particular, since the processBsandQ are trace-equivalent, Condition VI(a)
will become irrelevant. Hence, all failures of the proc€sshould be failures of the
procesd and vice versa. The two processes are failures-equivalent. Thakmece on
the two sets of divergences for these two processes follows directiytfre conditions
about divergences in the definition and the trace-equivalent propettyeen these two
processes. Consequently, the procesgesand Q are equivalent in the
failures-divergences model. In other wor8s= Q.

Transitive Let P, Q andR be processes. Suppose that

the proces® extends the proce$3 sequentially and (6.1)
the proces§) extends the procesdsequentially. (6.2)

The following notations are used in the proving steps below:

u=s(y/)and
v=-s(0)

where the symbol8 andsare defined in the definition of sequential extension (Definition
6.2.1). In other words, if the notatioris used, it means that there exists a non-successful
complete trace. A trace of a process is not necessary a trace, also denoted tfy
another process. We use a looser term to simplify the over-introductiopndias to
distinguish various/s in the proof and will state more clearly whenever there is any
ambiguity. Throughout the following proving steps, we assume either ad&sux) or

a failure(s,X\{/}) of the proces® is inferred to be a failure of the proceRs
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Traces We first prove the trace condition (that is, Conditions(ll to 1V).

The proof of Condition Il | Consider a non-successful tramef the proces&. By
Condition Il of Equation[(6.2)s should be a trace of the proce@sSimilarly,
by Condition Il of Equation/ (6.1)s should also be a trace of the proc&ss

The proof of Conditionlll Supposeu is a trace of the proced® andv is not a
trace of the procedd. Suppose that there is no such trace lifer the process
Q. By Condition 11l of Equation[(6.1)u should be a trace of the proce@s
Combined with the given condition d& by Condition IV of Equation/ (6.1),
u should be a trace of the proceBs On the other hand, suppose that there
is a trace likev, denoted by another for the proces®). By Condition Il of
Equation[(6.1)y should be a trace of the proce3s This is a contradiction.
Hence,u should be a trace of the procd3s

The proof of Condition IV | Supposeau is a trace of the proce$® but not a trace
of the proces®. Let us consider two scenarios, namely, whether onnist
also a trace of the proce§ First, supposel is not a trace of the process
Q. By Condition IV of Equation|(6.2)y should be a trace of the proce®s
Consequently, by Condition Il of Equation (6.1), it should be a trace of the
processP. Secondly, suppose thatis a trace of the proces3. It follows

directly from Condition IV of Equation (6.1) that should be a trace of the
proces<.

Failures We are now going to prove the failures conditions (Conditions Wand

The proof of Condition V(a) Supposauis a trace of the proce$sbut not a trace
of the proces®R. We are going to show that any failure with tjésymbol
removed (that is{s,X\{+/})) of the process is a failure of the proceRs
Supposes is a trace of the proced?, and (s, X) is a failure of the process
P. By Condition Il of Equation[(6.2)s should be a trace of the proce@s
By exhaustion, there are two possible scenarios, namely, whether oisiat
trace of the process.

A. We first consider the scenario thats a trace ofQ. By Condition VI(b)
of Equation|(6.1), the failurés, X) should be a failure of the proceBs
Sinceu is not a trace of the proce$ by Condition V(a) of Equation
(6.2), the failurg(s, X\ {+/}) should be a failure of the proceBs

B. Secondly, consider the scenario thas not a trace of). By Condition
V(a) of Equation|(6.1), the failure should be a failure of the proc@ss
Like the previous case, the subgstX\{./}) should be a failure of the
procesR.

The proof of Condition V(b) Supposeuis not a trace of both the proces$eand
P. We also consider whether or nots a trace of the proce$3.

A. First, suppose is not a trace of the proce&s By Condition V(b) of both
relations|(6.1 and 6.2), a failufs, X) of the proces® should be a failure
of the proces&.

B. Secondly, suppose is a trace of the proces3. We need to consider
whether or not the processwill reach a deadlock.

i. Suppose that it reaches a deadlock after the saGdbviously, if this is
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really the case, the proceRwill refuse any event and, hence, a failure
(s,X) of the proces® should be a failure of the proceRs

ii. On the other hand, suppose that the pro¢egsll not reach a deadlock
afters. We have two more scenarios to considaase(i) : Suppose is
a trace of the proced® In this casey should be a trace of the process
Q; otherwise it will violate Condition Il of Equation (6.2 Case(ii) :
Supposev is not a trace of the process Anotherv may or may not
be a trace of the proce€d However, if the latter is not a trace of
the proces®), it will either correspond to the deadlock case above, or
case(i) above (which violates Condition/Il). In other words, the two
scenarios can be considered as one case, which is to consabe a
trace of the procesd. By Conditions VI(b) of Equation (6/1) and V(b)
of Equation|((6.2)(s, X) should be a failure of the proceRs

Thus, the failures conditions of the “transitive property” of the sequiestiznsion
hold.

Divergences The divergences conditions follow directly from the difin

g

Informally, sequential extension differs from extension in the treatmerguctessful
complete traces. It follows from the definition of extension that if we know #tlatraces
of a process being extended are included in an extending processCtmelitions [(11) and
(11 above should be automatically fulfilled. Conditions/IV and VI(a) amelievant because
they will violate the trace inclusion property imposed by the extension relatidhotier
failures conditions are not as strict as that of extension. It requiresréith failures inclusion
as extension or a subset of the latter. The divergences condition is rthee & extension.
Consequently, extension is a special kind of sequential extension.ingpakit from another
perspective, sequential extension is a generalized extension relation.

Proposition 6.2.2 (Extension—> Sequential Extension)  Extension is a special kind of
sequential extension, but not vice versa.

Proof. It directly follows the definitions of extension and sequential extension, the
illustrative examples of sequential extension abave.

Proposition 6.2.3 (Mutual Sequential Extension = Testing Equivalete) LetP and Q be
processes. Suppose that the processes P and Q mutually extendlteerasquentially. The
process P should be testing equivalent to the process Q.

Proof: For the complete proof, please refer to the proof of anti-symmetric property
Proposition 6.2.1. It shows that if they mutually extend themselves, then tlmydshe
equivalent in the failures-divergences model. The situation is exactlyahe $n testing
equivalenceld
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Example 6.2.3 (Extension as a special case of sequential extensidtgfer to the processes

in Example 6.2.1. There is no extension relation between the fifth one anelssexc(2) to (4).

For instance, the sequengg) is a trace of any of these 3 processes, but not a trace of the fifth.
[ |

These examples also illustrate that sequential extension is not a speotalotas
conformance relation (Definition 4.1.2). Obviously, reduction relation isarsytecial case of
sequential case and, hence, conformance relation is not a speeafceguential extension
either.

6.3 o-Extension

Although sequential extension can solve Problem Prefix, it does nat Swvproblems arisen
from extension associated with the sequential operator. We obsertkdmagin reason for the
failures non-compliance in the sequential composition (Problems Precedim a
Succeeding) is the fact that an extending process may introduce umdiesira
non-determinism in sequential composition. Problem Prefix and ProbleronimEssition
further illustrate that we have to “control” the kind of process after thecggses being
extended. Otherwise, it may even introduce extra traces.

These observations are important. This is because extra traces in trectidast(as the
case in anti-reduction) will render test case generation unreliable. slieftther justify this
claim with an example later. In fact, we actually want this special case “cgimn¢g to a
process that fulfills the sequential extension property. Consequemtiptioduce the concept
of o-extensior?

Definition 6.3.1 (0-Extension) A process Ry-extends a process Q, denoted by@P, iff
I. the process P extends the process Q sequentially, and

Il. any pair of successful complete traces of the process Q will caegartitess P to behave
equivalently ¢s'(,/),t"(y/) € CTV(Q). P/s=P/t).

Example 6.3.1 ¢-Extension example 1)(Figure/6.3 shows the processes in this example.)
The Process$nspectionAlignmentRanking discussed in the section for Problem Preceding,
can be anti-extended sequentially to form the protass

IAR = capture— inspect— align
— ((rank — STOPR M (discard— STOR M (inspect— align — SKIP))

It is abstracted from the proces$sspectionAlignmentRankingby replacing the process
discard — SKIP by the processlicard — STOR and removing some branch of inspections
after the first alignment. This process can be further abstracted intodbeg¥AR2.

IAR2 = capture— inspect— align — SKIP

2 We have chosen to annotate our relation with the symiws| Because &vpBoAn” in Greek means
convergence.
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Process Process Process
IAR Inspection_Alignment ;ankding IAR2

capture

inspect inspect Y inspect

align

G-extends dextends

rank discard

inspect |discard

rank

Figure 6.3: Example 1 as-Extension.

We observe that the s€fTV (IAR) contains one trace.
CTVY (IAR) = {(captureinspectalign,inspectalign, /) }

Since it is a singleton, Condition (ll) af-extension should be satisfied automatically. The
situation for the proced#\R2 is similar.ll

Example 6.3.2 ¢-Extension example 2) (Figure 6.4 illustrates another example.) The
processPickArmand their antie-extensions illustrate the situation with multiple successful
complete traces causing the proc®skArmto behave like non-equivalent processes. The
processPickArm “stealing” time, always captures a photo even if the camera is blocked by
some object. If the image is blocked, it requires the pick headdee into unblock the vision
system. Then, the process repeats itself. On the other hand, if the chiptage is not blocked
(or in other words, it successfully steals time!), the inspection job will stamal, sometimes,
require a further die alignment so that the pick head can pick the die up fiomépmetimes
requires the pick head toove in In the latter case, it will decide whether the picking process
can continue. Chances are, either there is a pick head movement endri¢im case it will
alert an operator and start théserServiceprocess), or it decides to skip the processing of
the present die, proceed to thext dieand repeat the picking process. Alternatively, after the
aforementioned die alignment, the pick head wwilbve down It may sometimes encounter
errors, in which case the pick head needmtwve upagain,move into shelter itself, and then
alert an operator to start tHéserServicgprocess. Otherwise, it will start the vacuum pump to
suckup the die. After detecting a firm hold, it withove upand the pick arm will transfer the
die bymoving to the ranking birand therdroppingthe die if the pick arm reaches the required
destination. Finally, the arm wilhove backo its home position, and the cycle repeats itself.
The process) serServicesimply fixes the error (that is, deervicg and therrestarts Finally,
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Process PickArm

capture photo

move in
PickArm

move in make alignment

alert operator next die

UserService  PickArm

move up

move in

© alert operator
'@(\ UserService
§°+ drop die
move back
PickArm
Process Pick
Process ArmError
capture photo
capture photo

move in

v

move in Imake alignment

move in make alignment

next die
alert operator
suck die up
move up
move up
move in
move to bin
alert operator
drop die
s move back
v

Figure 6.4: Example 2 af-Extnesion

it terminates successfully.

UserService= service— restart — SKIP

PickArm= capture photo— (((move in— PickArm)
M(inspect die— (move in— ((alert operator— UserServicg
M(next die— PickArm))
M(make alignment- move down
— ((move up— move in— alert operator— UserServicg
M(suck die up— move up— move to bin
— drop die— move back— PickArm)))))
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The proces®ickis an antig-extension of the procesdickArm It will eventually behave like
the proces®ickArmagain if it composes with the proceBakArmsequentially. Informally, it
syntactically turns the recursion identifiers of the prod@iskArminto the procesSKIP, and

prunes out those actions that may result in the prodessService

Pick = capture photo— (((move in— SKIP)
M(inspect die— (move in— (STOR1 (next die— SKIP)
M(make alignment- move down
— (STOR1(suck die up— move up— move to bin
— drop die— move back— SKIP)))))

Itis easy to observe that the set of successful complete traces faottesgPickis as follows:

CTV (Pick) =
(capture photomove iny/),
(capture photoinspect diemove innext diey/),
(capture photoinspect diemake alignmentmove dowrsuck die up
move upmove to binmove back,/)

Moreover, it is also easy to check that the prodeskArmwill “converge” to processes that
have equivalent behaviours.

PickArmy (capture photomove in = PickArm

PickArny (capture photoinspect diemove innext di¢ = PickArm

PickArmy (capture photoinspect diemake alignmenmove dowrsuck die up
move upmove to bipmove back= PickArm

Similarly, the proces$ickArm c-extends the proces&rmError defined below. When the
procesdickArmfollows any trace, saf(,/), of the successful completed traces of the process
ArmError, the proces®ickArm should always evolve into the proceldserServiceright
before the successful termination symhois reached (that i®RickArnyt™(,/) =UserServicg

ArmError = capture photo— ((STOPR1(inspect die— (move in
— ((alert operator— UserServicgr ST OB
M(make alignment- move down
— ((move up— move in— alert operator— UserServicer1STOB))

Informally, the procesPickArma-extends the processBgck andArmError. B

Since this converging process behaves likeextended process after any successful trace
of a process being-extended and, at the same time, it should behave compatibly with the
o-extended process, it follows that we may define this kind of “convefgingcesses using
the descriptions of the latter two processes.

By exhaustion, a trace, s&, in a trace set of a proceBscan only fall into the following
situations:

I. tr is a divergent trace

IIl. tr is a trace terminated with @ event (that is, a successful complete trace)
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[ll. tris a trace terminated without@ event (that is, a complete but not successful trace)
IV. tris an infinite trace
V. tr is a prefix of some trace in the above cases.

Discussions A complementary view is that not all processes have successful complete
traces. The following are some examples.

I. The proces£ jectoro-extends the proce$s] (on page 32). Since, the procés$never
stops, it has no complete trace.

Il. The proces$STOPstops immediately. By definition, the procdsgectoralsoo-extends
the proces$T OR Nevertheless, the proceS$ OPhas no successful complete trace.

lll. The procesCHAOScan only beg-extended by itséﬁ It has no complete trace.

In CSP, if they (as preceding processes) are composed sequentiallpomt processes (as
succeeding processes), the sequential composition will be the pretheseselves (page 20).
In other words, the sequential composition can be considered as havefteot on them. On
the other hand, suppose that a prodessay terminate successfully. There is a CSP law,

P =P;SKIP

, Which guarantees process equivalerge.
Only case (ll) will constitute to the successful complete trace set. Coasdguve define
the proces®)/ Ap to be the converging process as follows:

Definition 6.3.2 (Representative trace folo-extension) Suppose that a processdPextends
a process Q. A representative trace (fmrextension) of the process Q with respect to the
process P, denoted by} o)., is a successful complete trace of the process Q.

Example 6.3.3 (Representative trace foo-extension example)

(capture photomove iny/) for the proces®ick
(capture photoinspect diemove inalert operator,/) for the proces&\rmError

Let us use the processes in Example 6.3.2 as an illustration. A represemtatie foro-
extension for the process@sick with respect to the procesadickArmis to capture a photo,
move the camera into the right position and then terminate successfully. Simitzljoothe
processArmError with respect to the procesdickArmis to capture a photo, inspect a die,
move the camera into the right position, alert operators and then terminatssiudly. B

Definition 6.3.3 (Converging process)Let P and Q be processes. A converging process of
the process P with respect to the process Q, denoted/by,Pis the-composition for all
processes defined as follows: The process should be one such tipabdtkes P may behave
after some traces. The traces, concatenated yjth should be successful complete traces of

3In CSP, the proces8HAOSIs the bottom process.
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the process Q. If there is no such trace to be defined, this convergieggs will behave like
the process SKIP.

. Ph if CTV (Q) is non-empty
t(v)eCTV(Q)

P/Mq=
SKIP otherwise

Discussions The use of the proceKIPin the “otherwise” condition above respects
the notion of process composition in CSP. Suppose that a prQdess no successful complete
trace. By CSP lawsQ should be equivalent tQ;STOR Moreover, a standard CSP law
states thaST OPshould be equivalent t8 TORPSKIP. ConsequentlyQ should behave like
(Q;STOB;SKIP. ¢

Definition6.3.3 can be further simplfied whBro-extend<Q. By Condition Il of Definition
6.3.1, the processe8/t; and P/t; should be equivalent, whenevef(,/) andt;’(\/) are
successful complete traces of the proc@sMoreover, by the CSP lawR = RMR’, the
processP/Mg can be expressed &safter a representative trace forextension. The above
definition for converging processes can be simplified to a simpler one as/$ollaformally,
whatever the internal path chosen to be executed in the pr@eswill always ensure the
same result if it can terminate successfully. This resultant behaviourdflyekae same as the
processP after executing any one of its representative tracewfertension with respect to
the proces®).

Definition 6.3.4 (Converging process foo-extension) Let P and Q be processes. Suppose
P/ Aq is a converging process of the process P with respect to the proceBseonverging
process for ther-extension (T P is a converging process in which all branchesofin the
definition of converging process above) should be equivalent.

P/U if UA<\/> = trep(Q)P and FGD(Q)p S CT\/ (Q)
P/ Ag=
SKIP otherwise

Example 6.3.4 (Converging process foo-extension example)Using the example in Figure
6.4, the converging processes for the prodeskArm with respect to processdick and
ArmError are the processédckArmandU serServicegespectively.

PiCkAI’I’T’;/ Apick = PickArm/trep(pick)PickArm
= PickArmy(capture photomove in
= PickArm

PickArny Aarmeror = PiCkArthrep(Pick)pickArm
= PickArny (capture photoinspect diemove inalert operato)
= UserService

Lemma 6.3.1 Let P and Q be processes. Suppose that the procesextends the process Q.
Then, the converging process for tlisextension cannot behave like the process ST OP.
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Proof: According to Definition 6.3.4, a trace (say of the converging process (that is, the
r-composition) should be one of the following two cases.

First, it is a trace from the proce€KIP. It can happen when there is no successful
complete trace for the procesd It is obvious that processeSKIP and STOPare not
equivalent.

Secondly, it (trace) is the suffix part of certain trace, (sgly of the proces®. Such a trace
t should be subject to a constraint that its corresponding prefix pars(should become a
successful complete trace of the proc®gwroviding that the prefix pagis appended with the
successful termination symbgl. (In other wordss'(,/) € tracegQ) andsu =t).

Hence, according to Conditions [lll and IV of Sequential Exterfsigh Q terminates
successfully after a tracg the proces$/s should either terminate successfully or come to
no immediate deadlock. In either case, the behaviour of the précafier the trace cannot
be equivalent to the proceS§ OR

By combining the two cases, the result follows.

Discussions The successful termination of intermediate modules (that is, processes) in
sequential composition is not observable, and in the extreme case, wtieci@onsider the
following standard CSP laws and definitions:

SKIP,STOP= STOP= STORST OP= STORSKIP
SKIP=,/— STOP

It is easy to observe that the proc&isIP o-extends the proce&T OR but not vice versa. In
the above composition, however, if these two processes are composdteytocesST OP
in a sequential manner as shown, they will behave equivalently as thess®®E€OPR This
is because, unlike other events, the successful termination g¢vefthe preceding process
is hidden by the sequential composition operator (;). Since it is hidden in thesstal
composition, there is no way to tell whether the preceding process actuathn&tes
successfully or not.

I. If we reject theo-extension between the proce3KIPin compositionSKIP,ST OPand
another procesST OR then by the CSP laws above, we should rejectatextension
between the proce&T OPin compositionSKIP,ST OPand the sole proce&T ORP

Il. If we accept theo-relation between the preceding proceS§OP in composition
STORSTOPand another procesSTOR then by CSP laws, we must accept the
extension between the proc&sIPin the compositiolsKI1P,ST OPand the sole process
STOPR

However, we would like to preserve the order between the proc&sH3and ST OPin o-
extension. We observe that the anomaly can be resolved if the succpediegs is restricted
to a behaviour not equivalent to the proc€350R Informally, this is because, in that case, the
event in the succeeding process can be observed and, henceadtiiddao tell whether or not
the proceeding process reaches a successful termBation

In this way, does it mean that we are restricted only to deadlock-freeegges? The
answer is negative. This is because, oncestliegtension is established, we may anti-extend the

4 5-extension is a special kind of Sequential Extension.
5By definition, the sequential composition is a binary operator.
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processSKIP (which is a succeeding process) into the pro&BEOP(by Theorem 6.4.1 to be
introduced later). Hence, the process in question will be transformed mhtadock-secured
process. Applying the definition, the converging proc83P sk p should be defined as
ST OP(as expected!). By eliminating this irregularity, the preceding processigHaKIP or
ST OB will respect the trace constraints of the reference process (tHaKi$) to determine
o-extension. We shall use this observation in Lemma 6.4.2 (Sufficiency Lemmdagémpose
processes from a sequential compositionodaxtension, the proce&T OPdoes nob-extend
the proces$SKIP and soSTOP Askip should not be applied. Alternatively, by insisting on
the existence of the proceBg Aq for theo-extension relation between some prodessdQ,
Lemma 6.3.1 ensures that it will not behave like the pro&E©P In other words, we only
allow (1) a “poorer” process to terminate (successfully) wheneverdtteitprocess terminates
successfully and (2) a “poorer” process to be forced to terminate evieetthe better process
should be terminatedp

6.4 Sequential Constraints

We are now in the position to show the important results. Informaibgxtension Q Cg
P) ensures all non-successful complete traces of the prdges® traces of the process
Moreover, if it is composed sequentially with a process (such as thegaQde followed by
the proces®), all successful complete traces will intuitively “evaporate”. The pss€gwill
transfer control to the process Incidentally, if the procesR is a converging process for the
o-extension, it will guarantee that all jointed traces should be traces ofticegeP. A similar
intuition can be applied to failures and divergences. We introduce thissegeproperty.

Lemma 6.4.1 (Necessity)let P and Q be processes. Suppose that a processRends a
process Q. Then, P extends process QiR.

Proof: Consider a failurés, X) of the proces®.

I. First, suppose thatis also a trace of the proce&s Since the proces® g-extends the
process), by definition, (s, X) should be a failure of the proce&s unless the proce$s
cannot terminate successfully afsawhile the proces® can. However, the exceptional
case means th&t(,/) should be a trace of the procg3sand in sequential composition
with the proces®/ Aq, it implies that the failures associated with trac® Q;P/ Aqg
should include those from the process proé¢e&sgsee the failure definition of sequential
composition on page 20). Hends, X) should be a failure of the proce@P/ Aq.

II. Secondly, suppose that(< s) is a trace of the proce$3. Suppose that sequensés
a trace of the proces3;P/ Aq. We can find a sequeneewhich appends to sequence
t to form sequences. If t'u is a trace of the proces3, then it will fall within the first
case discussed above. Hence, without loss of genenalisya composite trace of the
proces/ Aq, where a part of it is from the proce€sand the subsequent part is from
the proces®/ Aq. By definition,u is a trace of the proce$¥/t; otherwise the process
P cannoto-extend the proced. In other words, it is a failure of the proceBstself.
Thus, (s, X) should be a failure of the proce®sP/ Ag.

As for the traces, supposés not a successful complete trace of the pro€gsBy Condition Il
and the trace definition of sequential composition, it should be a trace ofdheg¥Q;P/ Aq.
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Otherwise, the proces3 will pass control over to the proce€sP/ Aq, which should behave
equivalently as the proceBsafter some representative tracesdeextension. Hence, in either
case s should be a trace of the proce®$/ Aq. The divergences condition follows directly
from the definitions[]

Process PickArm
capture photo

capture photo

move away
move away

PickArm

move away make alignment

make alignment

alert operator

UserService  PickArm

move up

imove to bin

drop die
UserService

[move back

«
PickArm

PickArm

Figure 6.5:0-Extension implies overall extension

Example 6.4.1 ¢-Extension + Converging process—> Extension example)

Figure 6.5 illustrates the effect ofextension and converging process for the Example 6.3.2.
As shown in Example 6.3.4, the converging process for the pré&tiekArmcan be the process
PickArmor the procesk serServiceSuppose that we are interested indhextension between
the procesickArm and the procesPick. As we have illustrated in Example 6.3.4, the
converging procesBickArmy Apic for the proces®ickArmwith respect to the procesdick

is the procesPickArmitself. Consider the sequential composition

PickPickArm

Let us focus on the procesick in the first place. All the traces of the procdigk except
those that terminate with a successful termination evghife traces of the proceBsckArm
Similarly, all the failures associated with the traces of the proPédsArmare failures of the
processPick. Moreover, after any successful complete trace, sudiag), the proces®ick

will then pass control to the proceBsckArmin the sequential composition. Following the
same tracer, the proces®ickArmactually repeats. It is easy to perceive that the process
PickArmextends the procesick; PickArm W

Theorem 6.4.1 (Tail anti-extension)Let P, Q, R and S be processes. Suppose that
l. the process Rr-extends the process Q,

Il. the process P extends the process Q;R,
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ll. the process R anti-extends the procegs/R and
IV. the process S anti-extends the process R.
Then, the process P extends the process Q;S.

Proof: The proces®\ respects the failures of the proc&and, hence, if the proceBsespects
the failures of the procesy; it should also respect those frdn

Moreover, following the same proof as in Lemma 6.4.1, and since extenséserpes
failures, the removal of traces from the proc&s® form an anti-extended proceSwill not
affect the failure preservatioro-extension is not affected by the extension relation between
R andS and hence the result follows. The traces and divergences conditiersinagple and
follow the definitions directly[]

S Q;s
extendsT Textends
Q;R R Q;R
’—0 o—
Q
extends ::> extends
A
Q;PAq PA o Q;PAq
Lo >————

< -extends
P P extends

Figure 6.6: Preservation of overall extension by tail anti-extension.

Figure| 6.6 illustrates the result of the tail anti-extension. Informally, it shihas if a
specification (such as the procdgsmaintains as-extension with its abstraction (such as the
processQ), it will maintain the overall extension to any anti-extended abstraction (aach
procesR) of its tail (that is, the converging proceBg Ag).

Example 6.4.2 (Tail anti-extension example) Further to Example 6.4.1, which shows that
the proces®ickArmshould extend the proceR#ck;PickArm

PickArmextendsPick;PickArm
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we observe that

capture phote— ST OPanti-extendsnspection and
Inspection anti-extendRickArm
where

Inspection = capture photo— (inspect die— ST OPBC(move in— SKIP)

. By the Tail Anti-Extension Theorem, we mawnti-extendhe succeeding process (that is, the
procesgickArn) in the sequential composition above by the procegsture phote— STOP
to form the following sequential composition, which anti-extends the prdeiek#\rm

PickArmextendsPick;capture phote— STOP

Another example is the extension hierarchy as shown in Figure 6.11 fonilg®.4.5.

We can generalize Lemma 6.4.1. Suppose that a prd@éssbettdﬁ than a procesR.
Moreover, suppose we know that the proc€swiill form a sequential composition with a
processS. We may then replac® by its less perfect versioR in the sequential composition
Q;Sto form the procesR;S. Intuitively, if a proces® is even better than the procedsS, it
should be better than the procdg$. In other words, we may replace the proceding process
of a sequential composition by another process.

Theorem 6.4.2 (Head anti-extension)Let P, Q, R and S be processes. Suppose that
l. the process Rr-extends the process Q,
Il. the process S anti-extends the procegs\d and
lll. the process R anti-extends a process Q.
Then, the process &-extends the process R, and extends the process R;S.

Proof: First, we show that the proceBso-extends the procesz By definition, we need to
show that there is a sequential extension relation between the progearsd®, andR will
cause the procegdto behave like some equivalent process, no matter how it may terminate
successfully.

Since sequential extension is a partial order (Proposition 6.2.1), anusextds a special
kind of sequential extension (Proposition 6/2.2), the pro€eshould extend the process
sequentially. Moreover, all the traces of the prode@should be traces of the proce@sand
so the complete trad8TV (R) should be a subset of the complete traceGEY (Q). Given
that the procesP g-extends the proces3, any pair of traces from the successful complete
traceCTV (Q) will cause the procesB to behave equivalently. Hence, the procBsshould
o-extends the proce$d

Now, we are going to show that the procdsgxtends the proceds;S for a processS
anti-extending the proce$¥/ Aq. Given that the procesS anti-extends the proce$y Aq,

8In the sense of failure inclusion.
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by Theorem 6.4.1, the proceBsshould extend the proce§S. By showing that the process
Q;Sextends the proce$§S, we can conclude thd extendsR;S, since the extension relation

is transitive. The trace inclusion is simple. Suppose #Hiata trace of the procesgS. We

have two sub-cases, namely tkdg a trace from the processalone, or a successful complete
trace of the procesR followed by a trace of the proceSs The first sub-case is trivial as this
trace should then be a trace of the prod®sand hence a trace of the proc&3s. For the
second sub-case, since the prod@ssxtends the proces$s any successful complete trace of
the proces® should be a successful complete trace of the pra@estence, it should be atrace

of the proces®);S. Consequently, we can establish the trace condition. By the same token, a
failure associated with the trasdor the proces€;Sshould be a failure of the proceQsalone

or a failure in which the refusals come from the procgsBollowing the same argument as in
Theorem 6.4.1, the proceBsshould be even poorer than the proc€sim the failure sense

and by keeping proces®as the succeeding process to form the target sequential process, the
processP should respect the proceRsS. The divergence condition is trivial. Thus, the result
follows. [J

R R

JAN A
RiPAq RiPBy

Q
G-extends T extends

QPA, A, ::> QPh,
o-extends
o > extends

Figure 6.7: Preservation of overall extension by head anti-extension.

extends

Figure 6.7 shows the theorem diagrammatically. The proc&aedR have been set to be
equivalent to simplify the illustration.

Example 6.4.3 (Head anti-extension example) We have illustrated in Example
5.4.2 that the procesRISE2 is not a proper decomposition from the proc&sR. This is
because it may introduce unexpected traces in the sequential compositianay\enit the
ability of the proces®RISE2 by disallowing it from terminating successfully and immediately
after the maintenance call. The procdSE3 is an example of such restriction. We form
the proces& J5, which is similar to the procedsJ3 in Example 5.4.2. We observe that the
proces<E J2 g-extends the proce&s]J3, and the converging process is the original succeeding

’g-extension is a kind of sequential extension which is transitive, sihbuld respedr.
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procesgmoveDown— EJ2) in Example 5.4.2.

EJ2 = ((moveUp— SKIP);(moveDown- EJ2))
O(maintain— home— SKIP)

RISE3 = (moveU p— SKIP)O(maintain— STOBR

EJS5 = RISE3;(moveDown- EJ2)
It is ease to observe that the proc&sk extends the proce&sls.
EJ2 extend€J5

Now, we are able to abstract the procEsR into two processes in sequential composition.
Obviously, if we would like to focus on testing the sequences of movemerdatqes, we may
temporarily not consider the maintenance service call. In this connectioprabesRISE3
can be further abstracted into the procR$SH.

RISE4 = moveU p— SKIPanti-extendRISE3
By the Head Anti-Extension Theorem,
EJ2 extend€J6 = RISE4; (moveDown— EJ2)

Figure 6.8 shows these processes and their relationdllips.

Process EJ2 Process EJ5
RISE3
move up maintain ;
- [=====¢~~ 1
anti-extends 1
move down home | move down 1
1

EJ2 | EJ2 |
T 1

v
@ﬂ-extends A

Process RISE3

move up aintain

anti-extends

D,

Process EJ6

RISE4
Process RISE4 -
Lo-- 1
move UF/ : move down f I
EJj2 1
| . |

Figure 6.8: An example of head anti-extension preserving overall éstens
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Theorem 6.4.3 (Serial anti-extension)Let P, Q, R, S and T be processes. Suppose that
I. the process P and B-extends the processes Q and S, respectively, and
Il. the processes R and T anti-extends the procesgesgfand R/ As, respectively.
Then, the process P extends the process .

Proof: By Theorem 6.4.1, the proceBsextends the proce&T. Owing to the transitivity of
extension, the procesd/ Aq should then extend the proceSsI. By re-applying Theorem
6.4.1 again, the result followsl]

Example 6.4.4 (Serial anti-extension example).et us refer to the processickArm Pick
and ArmError in Example 6.4.1. It is known that the proceRekArm o-extends both the
processe®ick and ArmError. Moreover, the converging process for the prodegkArm
with respect to the procedick is the proces®ickArmitself, and that with respect to the
processArmError is the proces$)serService Hence, we have the following two extension
relationships:

PickArmextendsPick;PickArmand (6.3)
PickArmextendsArmError;U serService (6.4)

By the Serial Anti-Extension Theorem, it follows that we may serialize the gg®c
PickArm repeatedly by abstracting it as the proc®sk (using Equation| (6.3)), and then
composed with the procegsmError;U serServicdusing Equation (6.4)).

n

PickArmextendsPick; - ;Pick;ArmError;UserService
We observe that the procddserServiceextends the procesT OR so that
ArmError;UserServicextendsArmError;ST OP

By the Tail Anti-Extension Theorem,
n

PickArmextendsPick; - ;Pick;ArmError;ST OP
[ |

Example 6.4.5 (An example combining Head, Tail and Serial Anti-Extensias)

Figure 6.9 shows the situation for the procBsskArm As discussed in Example 6.3.2 (Figure
6.4), there are two processes, nameigk and ArmError, which are botho-extended by the
process PickArm By Lemma [6.4.1, both the processeBickPickArm and
ArmError;UserServiceshould anti-extend the proceB&kArm

(Level 1)
PickArmextendsPick PickArm and (6.5)
PickArmextendsArmError;U serService ’
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Figure 6.9: Compositional Anti-Extension Hierarchy tyExtension

64




Suppose that we anti-extend the proc®sk into a simpler version, giving the process
SimplePick.

SimplePick = capture photo— ((inspect die— STOB M (move in— SKIP))

By the Head Anti-Extension Theorem (Theorem 6.4.2), the prdeigg#\rmshould extend the
sequential composition formed from the procesSiesplePick andPickArm

(Level 2)
PickArmextendsSimplePiclg;PickArm (6.6)

Moreover, the procesBickArmshouldo-extend the procesSimplePick. Knowing that the
procesArmError;UserServicanti-extends the proceBickArm by the Serial Anti-Extension
Theorem, the procesfBickArm should extend the sequential composition formed from the
processeSimplePickandArmError;UserService

(Level 3)
PickArmextendsSimplePicl;ArmError;UserService (6.7)

On the other hand, the proceSsnplePickmay be treated as a standalone process, which
can be decomposed sequentially. For instance, it may be decomposed imtwessp
SimpleCapturewhich captures photos, and a movement proBeseDecision

SimpleCapture= capture photo— SKIP

PickDecision= (move in— SKIP) 1 (inspect die—~ STOB

We observe that the proce&implePick o-extends the procesSimpleCaptureand its
converging process is as follows.

SimplePick/ Asimplecaptures ((inspect die— STOB M (move in— SKIP))

Clearly, the procesBickDecisions the procesSimplePick/ Asimplecapture By Lemma 6.4.1,
the processimplePick should extend the proceSémpleCapturglickDecision

SimplePick extendsSimpleCapturglickDecision

By the Head Anti-Extension Theorem, the prodesk should extend a sequential composition
which  replaces the processSimplePick by the sequential composition
SimpleCapturglickDecision

(Level 4)
Pick extendg SimpleCapturgickDecision; (ArmError;U serServicg (6.8)

In the same fashion, the proceSsnError;UserServicean be anti-extended into the process
ErrorHandler, which removes the unwanted'ake alignmeritevent.

ErrorHandler = capture photo— STOP
M(inspect die— STOR1
move in— alert operator— service— restart — SKIP
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Likewise, the procesRickDecisionmay discard the unwanted inspection to form the process
SimpleMove

PickDecisionextendsSimpleMove

SimpleMove-= ((inspect die—~ STOPBMSTOBR

Applying Tail Anti-Extension to the sequential compositiim pleCapturg’ickDecision we
obtain

SimpleCapturglickDecisionextendsSimpleCapturgsimpleMove

and by applying Head Anti-Extension again, we further obtain the followikigrsion
relationship:

(SimpleCapturglickDecision);(ArmError;UserService
extendsSimpleCapturgsimpleMovég (ArmError;,UserServicg

Finally, by applying Tail Anti-Extension to the above sequential compositiencan produce
yet another version of the procaBickArm

(Level 5)
PickArmextendg SimpleCapturgSimpleMovgE rrorHandler (6.9)

Example 6.4.6 (Test case construction from an abstraction tier)  We demonstrate how
to extract test sequences from an extension hierarchy. Figure ®@&3 she situation that test
sequences can be extracted from the extension hierarchy propdseample 6.4.5. Suppose
that we intend to generate test cases from Abstraction Level 3. Thattisaes are generated
from the sequential composition below.

SimplePick;ArmError;UserService

Since sequential composition is associative (that(i’5Q);R = P;(Q;R)), without loss of
generality, let us rewrite it as

(SimplePiclk;ArmError);UserService

We can compute test cases as follows:

I. Construct sets of traces for the procesSiesplePick, ArmError andU serServicdased
on some testing criteria on the processes. For instance, using the
all-transition-coverage testing criteria, we can produce the following $étaaes:

A set of traces for the proceSsmplePick
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Figure 6.10: Sub-testcase extraction from various levels of abstraction
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Il. Construct the set of traces based on the CSP sequential compogtoatar for the
processSimpIePicI_g;ArmErrorﬁ

()

(capture photd

(capture photomove in
(capture photomove in./)
(capture photoinspect di¢
(capture photoinspect die/)

A set of traces for the procegsmError:

(

(capture photd

(capture photoinspect dig

(capture photoinspect diemove in

(capture photoinspect diemove inalert operatod

(capture photoinspect diemove inalert operator./)

(capture photoinspect diemake alignment

(capture photoinspect diemake alignmentmove dowh

(capture photoinspect diemake alignmenmove dowrmove up

(capture photoinspect diemake alignmentmove dowrmove up
move in

(capture photoinspect diemake alignmentmove dowrmove up
move inalert operatoi

(capture photoinspect diemake alignmentmove down
move upmove inalert operator./)

A set for the procesd serService

)

(
(service
(servicerestart)
(servicerestart, /)

(capture photomove in
capture photoinspect di¢
capture photoinspect diecapture photoinspect diemove inalert operatol
capture photoinspect diecapture photoinspect diemake alignmenmove down

move up
move inalert operator,/)

Construct a set of traces in which every trace is either a trace aata8tep/(l), or
constructed from appending a trace from the set obtained in Step (ll)\teparged
successful complete trace from the set obtained in Step (). Furthergtestiaria or
minimization techniques can be used. For instance, we may eliminate those tracies w
are prefixes of some other traces in the final set of traces.

8Minimization techniques can be applied to minimize the set of composed traces
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(capture photomove in

(capture photoinspect die

(capture photoinspect diecapture photoinspect diemove inalert operatos

(capture photoinspect diecapture photonspect diemake alignmentmove down
move upmove inalert operatorservicerestart, /)

IV. Hence, we construct a set of test cases for the process
SimplePick;ArmError;UserService

By extension relation, they should be a set of test cases (that is, tfacéis®¢ process
PickArm B

Example 6.4.7 (Test cases construction from different levels of atvaction) It is also
feasible to generate test cases from different levels of abstractigisTiecause the transitive
nature of the extension relation allows the traces of a process at ancalbstel to be the
traces at lower levels of abstraction (that is, the extending proce$smsinstance, the figure
(obtained from Example 6.4.5) shows that there are 5 levels of abstractortie process
PickArmdenoting by levels 5, 4, 3, 2 and 1 from top to bottom. Suppose that thegsroce
PickArmis a specification and we are interested in constructing test cases fromotiesges

in shadow.

I. Similarly to the last example, construct the sets of traces from the reqplicegsses
(such as the processes in shadow in the figure) according to some teggng.cFor
instance, the following are the traces of the shadowed processesaatsvabstraction
levels:

SimpleCapturet abstraction level 5:t; = (capture/)
PickDecisionat abstraction level 4:  tp, = (move in\/),to, = (inspect di¢
t3 = (capture photoinspect diecapture photo

PickArmat abstraction level 2: . . .
inspect diemove inalert operatoi

II. Start from the most abstract layer (Abstraction Level 5). Sinceethemo test case
set to compose with the tradg it propagates downward to Abstraction Level 4 and
we locates its corresponding process. For this particular case, it is &sordbess
SimpleCaptureWe also find a shadowed process, the proégsDecision which can
form a sequential composition with the proc&mpleCapturén the given abstraction
level in the hierarchy. Hence, composing these traces, we obtain the ifaldwo

traces:
t1gto, = (capturemove in/)
t1gtr, = (captureinspect dié

These two traces cannot be further sequentially composed at Abstraetieh4, and
hence they will be propagated downward to Abstraction Level 3.

lll. At Abstraction Level 3, the corresponding procesSimplePick. This process should
extend the sequential compositi@impleCapturglickDecision (This extension is
guaranteed in the given hierarchy. Readers may refer to Example 6r4ttefdetails
of the construction.) Hence, the two tra¢gtp, andt;gtz, should be traces of the process
SimplePick. As there is no additional “shadowed” process to compose, the two traces
are propagated downward to Abstraction Level 2.
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IV. At Abstraction Level 2, the corresponding processes are botprimessSim plePick.
Obviously, the traces calculated at Abstraction Level 3 are traces fomptbisess.
However, these two traces encounter the trecéom the procesPickArm The
processeSimplePick and PickArmform a sequential composition at this abstraction
layer. Applying trace composition, we construct trasgsand s, for the sequential
compositionSimplePick;PickArm

sy = (capturemove incapture photoinspect diecapture photo
inspect diemove inalert operatol
s, = (captureinspect dig

V. The two latest constructed traces are propagated downward to dstrbevel 1. The
corresponding process is the sequential compodiiokPickArm This process extends
the sequential compositioBimplePick;PickArm Hence, these two traces should be
traces for the sequential compositiBitk;Pick Arm

VI. Finally, the traces; ands, will be propagated downward to the Specification Level. The
relationship between the sequential compositack;PickArmandPickArmis that the
latter extends the former. Hencg,ands, should be traces of the procdRigkArm

We are going to present the sufficient conditions such that extensiomesaitt in o-
extension and the previous established results can be applied. Inforayaélst, from the
requirements of extension;extension needs two more conditions. The first one requires the
preceding process to allow users to observe the worst cases ofranyoroactivity that may be
performed by the
preceding process alone and jointly by preceding and succeedingspesc The second
condition is to deal with the problem of non-observability of intermediate ssfak
termination.

Lemma 6.4.2 (Sufficiency)Let P and Q be processes. Suppose that the process P and the
process Q have the same alphabets. If

l. the process P extends the proces®Q1g,

(+) the process Q respects the failures of the proceSsgPassociated with those traces in
common between Q and B/MNg,

Vs,t,t'°(y/) e traces(Q) ,u € traces(P/Mg) .
t <sAs=t'u = refusal§P/MNg/u) C refusalgQ/s)

(++) the process P'lg does not behave like the process STOP,
then the process B-extends the process Q.

Proof:

We prove the conditions of sequential extension one by one. Througheyroof, we
assume thats, X) is a failure of the procesB. Like in the proof of the partial order of
sequential extension, we let

u=s(y/) and



where the symbdd means a user alphabet as in the definition of sequential extension.
The proof of Condition[l| Given.
The proof of Condition|ll It is trivial.

The proof of Condition|lll  Supposauis a trace of the proces3 and there is n@ which can
be a trace of the proceBs For this particular case, the procé&3svill transfer control to
the proces®/Mq. However, as there is no trace of the prodedhat is the same as the
sequence, the proces®/Mg should behave like either the proc&BOPor the process
SKIP. Given Condition(xx) above P/Mg cannot behave like the proceS$ OR Hence,
it should behave like the proceSKIP. Thus,u should be a trace of the proced3s

The Proof of Condition[lV_ Supposau is a trace of the proces3 and there is no trace like
for the proces®. The proces®) will transfer control to the converging process. Like
the above case, the converging process cannot behave like theg#dc@P Moreover,
sinceu is not a trace of the proceBsit follows that there exists a trace liken the trace
set of the procesB.

The proof of Condition|V(a) This is trivial. As explained in the sequential extension section,
the proces$) should come to a deadlock after the trace

The proof of Condition[V(b) Supposau is not a trace of the proce§sandsis a trace of the
process). (There are two disjunctive conditions for this sub-case to be fulfillechaha
uis not a trace of the proce$s or v is a trace of the proce$d) Suppose that there is
a tracet which is a proper prefix of the traceand, at the same timé&,(,/) is a trace
of the proces®). Consider the first sub-case thais a trace of the converging process.
Since the proced3 extends the given sequential composition, all refusals of the process
P after the trace should be refusals of the sequential composition of the prd@essl
the converging process. The refusals set of this sequential compcitorihe tracel
should be, by definition of sequential composition, the same as the unionrefftisals
set of the proces® after the traces if every refusal is enlarged with the evegt and
the refusals set of the converging process. By Conditigntie refusals of the process
Q after the trace should include the refusals of the converging process after theurace
Hence, the refusals of the sequential composition after the $rslceuld be the refusals
of the proces® after the same trace enlarged wjth On the other handis supposedly
not a trace of the proce&x In this connection, the enlargement of the refusal set carries
no effect. Consequentlys, X) should be a failure of the proce&s

Alternatively, consider the case the wherdoes not exist in the converging process. In
other words, the trace can only come from the proce§s Given that the proced3
extends the sequential compositigg,X) should be a failure of the proceQs

Now, consider the case that there is no suproper prefix of the tracg) that can be
found in the proces®. In other words, the tracecan only come from the proce&s
Given that the proced8 extends the sequential compositigg,X) should be a failure
of the proces®.

The proof of Condition[VI(a) Supposeu is a trace of the procesd but not a trace of the
proces$. Moreoveryis not a trace of the proce&s For this particular case, the process
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Q also transfers control to the converging process after the srd& Condition ) and
following the same argument as for the proof of Condition V(b) abgsgx) should

be a failure of the proces3 after the trace is enlarged with the successful termination
symbol,/. However, sincel is a trace of the proces3, we can only conclude that the
subsefs, X\ {1/}) is a failure of the proces3.

The proof of Condition VI(b) For this particular case, the procé&3snay transfer control to
the converging process. By Conditign) and following the same argument as above,
(s,X) should be a failure of the procegsafter the trace is enlarged with the successful
termination symbol/. However, eitheu is a trace of the proce$sor v is a trace of the
procesdQ. Consider the former case. Given that the prodesxtends the sequential
composition and Condition«}, the refusals of the proceBsshould be respected by the
process; otherwise Condition) will not be fulfilled. The remaining scenario is that
is not a trace of the proceBsandv should be a trace of the proceg3sSince the process
P extends the sequential composition, sequengtgould be a trace of the proce3sin
other words, the proce$3is able to terminate “earlier” than the procéssrheneverP
cannot terminate immediately after Hence, by Condition«), (s,X) should also be a
failure of the proces®.

The proof of Condition It follows from the definitions.
O

Theorem 6.4.4 (Decomposition of Processeset P and Q be processes. Suppose P and Q
have the same alphabet.

I. The process P extends the procesﬁ’@%ﬁ,

Il. the process Q respects the failures of the procegsid®associated with the traces
common to the latter and the processR)o,

Vs, t,t7(y/) € tracesQ) ,u € traces(P/Mg) .
t <sAs=t'u = refusal§P/Mg /u) C refusalgQ/s)

[1l. and the process Pig does not behave like the process STOP
iff
(*) The process Rr-extends the process Q.

Proof: It follows directly from Lemma 6.4.1, Lemma 6.4.2, Definition 6.3.3 and Lemma 6.3.1.
O

Discussions  Condition (lll) in the above Theorem 6.4.4 is due to the fact that it is
undecidable to conclude whether the preceding process in a sequentiakp terminates
successfully or not. Consider the following two proces3esndQ,.

Qi=a—SKIP and Q,=a—STOP

9n other words, it requires that the converging process cannotvbéika the procesSTOP
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They differ only in the termination. If they form a sequential composition withgheeess
STOR then they will be the same.

Q1;STOP=a— STOP=Q,;STOP

However, if we can also derive anti-extensions based on the specificdtien this
condition may not be a serious problem. This is because, given a spaifipeocess, whether
it uses the procesST OPor the procesSKIPimmediately before the sequential composition
operator can be obtained syntactically. Hence, we can follow a basiceus to anti-extend
the procesST OPhy the procesSKiI I#E, in which case, we shall not encounter the undecidable
problem as illustrated by the processgsandQ,. ¢

Discussions Condition (Il) presents a limitation in our work. It requires us to check all
refusals of the related traces.

I. In our opinion, the situation may not be as limited as it appears to be. Firgt tetke a
reasonable interpretation of the trasgsandu. The proces§ may reach a termination
after the execution of the traceAt the same time, it may perform the sequenaestead
of choosing to terminate. A likely scenario is that the prod@sas part of a specified
system, would like to perform some activity which is not supported by theesaling
process R/Mg); otherwise from the design’s point of view, it should transfer control
over to the procesB/Mq. Let us refer to these activities as a proddss

Q/s= SKIPMNU

Intuitively, the initial events of the succeeding process and that of theepsh) are

possibly different. Hence, the chances of encountering this kind térsyspecification
should not be common. Nevertheless, more empirical studies are requicedfton

this intuition.

II. We recommend to restrict CSP specifications to those in which all sdatess
terminations of processes should be determirfiticThis is reasonable because we
would not want to have programs which cannot secure termination. In thijs w
Condition (1) is degenerated into a trivially fulfilled condition because, by definition,
the proces® will refuse all alphabets except at the point of successful termination.

The only case that cannot be covered by this refusal set is wherenkerging process
P/Mq will refuse all alphabets. In other words, under the restricted clagseaffications

as recommended, the procd381g behaves like the chaotic proceG$1AOS since
Condition (1) requires it to behave not like the proc&EOR The condition will force
the proces®) to behave like the proce€HAOSafter the sequende In this case, the
specification P) should behave like the proceSs AOS otherwise it cannot extend the
sequential composition. Moreover, lbbyextension, a trace that ends with a successful
termination event should be a divergent trace; otherwise it cannotdogended in a
chaotic process. In this situation, Conditidh)(should also be satisfied automatically.

In fact, since the procesSHAOS means totally uncontrollable behaviour, practical
specifications will rarely specify chaotic process behaviour and reqiito be
implemented. It is therefore reasonable to excluding the chaotic case.

10In other wordsSKIPcan be anti-extended I8KIPor STOPandST OPcan only anti-extended BT OP(but
not SKIP).
That is,SKIPrP is not a part of the specification for some process
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Theorem 6.4.5 (Decomposition of Deterministic Processes) Let P and Q be processes
which are deterministic.

(*) The process Rr-extends the process Q
iff
l. the process P extends the process Q18 and
. the process Prg is well defined (that is, it does not behave like the process ST OP).

Proof: This is a special case of Theorem 6.3.4.

From the condition list, the decomposition approach is more encouraging imnileiteic
specifications.

The problem in Reduction Hierarchy How about using reduction rather than extension?
It is known [83] thatreductionand refinementare equivalent. Hence, there is also a good
motivation to use reduction. Informally, if the procdsseduces the proces§y thenQ should
include all the traces and failures Bf Moreover, the proces® may include extra traces or
failures. The first problem, however, is that in concurrent systemmieesses are already
complex. The inclusion of extra complexity will only further complicate the testisg.tahe
second problem is that the extra operation sequences are not a gagtapfecification. The
conformity to these observations is irrelevant to the conformity to the spdiwfica

Example 6.4.8 Consider the following processes. Note that the pro&e$sreduces the
proces€J2 and the procedsJ, also reduces the proceis;.

EJ2 = (moveU p— moveDown— EJ2)J(maintain— home— SKIP)

EJ2, = ((moveU p— SKIP)O(maintain— SKIP))
;((moveDown— EJ2)0(home— SKIP))
= ?moveU p— moveDown— EJ2
Omaintain— home— SKIP
OmoveU p— home— SKIP extra behaviour!
Omaintain— moveDown— EJ2 extra behaviour!

EJ2;; = ((moveU p— SKIP)O(maintain— SKIP))
;((moveDown— EJ2)00(home— SKIP))
= ¥moveU p— ((moveDown- EJ2)(J(newOperation — EJ2))
Omaintain— home— SKIP
OmoveU p— home— SKIP extra behaviour!
Omaintain— moveDown— EJ2 extra behaviour!
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The proces€J2; introduces “extra” traces. Worse still, the proc&sy further introduces
banned actiomewO peratidﬂ

Since reduction is a special kind of conformance, besides the problentransitivity,
conformance also suffers from these problems as in anti-reductiomdtigri

Figure 6.11: Extension and Reduction hierarchies at a glance

Figure 6.11 further gives an impression on the progiskArmif we use anti-reduction
arbitrarily. The abstraction produced will be more complex and may spemifie sinexpected
operation sequences or strange actins.

14A1l processesEJ2, EJ2; andEJ2,, share the same alphabets. The operatiewOperatiorshould not be
available to the procedsJ or EJ. They should always refuse it.

LInterested readers may observe that reduction incurs the problerit shauld “contain” all traces and all
failures of the process being reduced (that is, the proPedsArm). Hence, it may be bulky and may provide
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6.5 Parallel Constraints

In this section, we shall present our results in tackling Problem Parallelmgifiiéd in the last
chapter. We identify additional conditions for parallel composition. Gélyespeaking, it is

due to the interference of other concurrent components, which may toritfinal successful
termination infeasible to occur; whereas the preceding sub-task (that sexdended
component) may allow such termination to occur because it “simply” defersetisidn to

its converging process. We illustrate this point by the follow example.

Process Process

RankingBin1 RankingBin2
Process . .
TransferArm Process pick pick
Pick
ick
P pick
g-extends g-extends
drop < examine v examine
'
drop drop
<
L4 7
Process Process
TransferArm Pick
Il I
RankingBin1 RankingBin2

pick
pick

. v examine
examine

drop
drop

<
<

Figure 6.12: Parallel constraints problem

Example 6.5.1 (Counter-parallel constraints example) Consider four processes
TransferArm PickHead RankingBil andRankingBir2, as illustrated in Figure 6.12. The
processTransferArmwill pick up a die and thedropit again. The procesBickHeadis more
focused — it only performs thpick action. The processé&nkingBirl andRankingBir2 are
identical. They can synchronize tipéck anddrop actions with theTransferArmprocess. In
between these two actionsgixamineshe die. However, they are faulty and coordinatgigk
up the die and then may terminate immediately (and non-deterministically)exXdraination

undesirable result. This figure shows that it may even introduce b&ppedations” such as “rank”. Hence, it may
generate irrelevant test cases if the corresponding test sequencesigsals contains the event “rank”.
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action is a private action of ranking bins.

TransferArm= pick — drop — SKIP
PickHead= pick — SKIP

RankingBii = pick — (SKIPmexamine— drop — SKIP)
RankingBir2 = RankingBir2

We observe that the proceBmansferArmo-extends the proce$dickHead Let us consider the
parallel composition3ransferArm|| RankingBid andPickHead| RankingBir2.

TransferArm|| RankingBifl = pick — (ST OR1examine— drop — SKIP)

PickHead|| RankingBir2 = pick — (SKIPr1examine— drop — SKIP)

It is ease to observe that the proc&sansferArm| RankingBirl does not-extend the process
PickHead|| RankingBi2. This is because bot{pick examing and (pick, /) are traces of
the procesdickHead| RankingBi2. According to the definition of sequential extension
(Definition [6.2.1), it falls into Condition VI(b), which requires the parallel
compositionPickHead|| RankingBir to include all refusals associated with the trapek)

for the proces3ransferArm|| RankingBil. It means that(pick), {\/}) should be a failure of
the proces®ickHead|| RankingBir2, which is obviously not correcll

Discussions  Condition VI(b) of Sequential Extension (Definition 6.2.1) is to force
the process being-extended RickHead in the above example) to respect the successful
termination of theg-extended process (the procsansferArm. Unfortunately, in a parallel
composition environment, the successful termination is forbidden. To eesiter spirit of
sequential extension, the additional condition is to require that the sfgicéssnination
events of constitutive processes can be “floated” up to be observeel jpathllel composition.

¢

Theorem 6.5.1 (Parallelo-Extension) Suppose that
I. aprocess Ry-extends a process R,
Il. aprocess Qo-extends a process T,

l1l. the process RQ /Mgyt is well defined (that is, it does not behave like the process ST OP),
and

IV. the parallel composition af-extending processes should allow successful terminations,
which are feasible for the parallel composition of their corresponding ardixtended
processes, to occur.

VsetracegP || Q) NtracesR || T),u=s[aPv=s[aQ,36 € aPUaQ.
(U(B) e RAU(Y/) ERAU(B) e PAU(y/) e P = S(/) € P||Q)A
(V(8) e TAV(V) e TAV(B) € QAV (V) €Q = S(V) €P|Q)

where s is not a divergent trace afds a user alphabet.
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Then, the process PQ will o-extend the process|RT .

Proof: In the sequential extension definition, there are 3 conditions for track4 eonditions
for failures. Hence, in general, for the parallel compositRf| T, we need to show 9
combinations for traces and 16 combinations for failures. To establishdhesial extension,
in general, we need to consider 27 conditions for traces and 64 conditiciagures. We shall
use arguments to eliminate the infeasible cases. The divergences conditigialis\We first
show the trace conditions for the parallel composif#hQ to o-extend the procedR || T.

Traces The trace condition is in fact fairly simple. Let us consider a satthe proces® || T.
Letu andv denote the projection of the trasen to processeR andT respectively (that
is,u=s|oaPandv=s|aQ).

The proof for Condition Il | Supposes is not a successful complete trace. It means
that bothu andv should not be a successful complete trace because they should
synchronize the symba)/ otherwise (that is, it eliminates four combinations in
which one ofu andv is a successful complete trace and the other one is not). By
Condition Il of RC P, u should be a trace of the proceBs Similarly, v should
be a trace of the proce§s The inverse projectiona should then be a trace of the
proces® || Q.

The proof for Condition Ill  Now, supposes is a complete trace of the proceRd T.
Both u andv should be complete traces of the proces®end T, respectively. In
other words, we need to concentrate on Conditions Illfland IV. Letwstees as
V).

Consider the case for Condition lll as if the targeextension holds. That is,
there is no non-successful termination event such*or the procesP || Q
that will form a tracet™(0) of the proces® || Q. Since events should only be
synchronized or interleaving, this trace situation will mean that bathdv should
not be followed by any non-successful termination event. Given thairtieess
o-extends the proce$s by Condition I1l,u’(,/) should be a trace of the procdas
Similarly, v'(1/) should be a trace of the proceé3sHence, the processsandQ
can synchronize on the successful termination event. Tg) is a trace of the
proces® || Q.

The proof for Condition IV |  Consider the case for Condition IV as if the target
extension holds. That is, the procdagd Q will never terminate successfully and
immediately after the trade Since the proced3|Q / Agyr is well definedP || Q
after the trace should not behave like the proceS$ OPR In other words, it must
be able to proceed (albeit non-deterministically or divergently). Heneetréite
set conditions should be fulfilled.

Failures Now, we would like to prove that the failures conditions for setipiezxtension should
be satisfied. In the subsequent steps in this proof, Conditions V, V(h),|VI, VI(a)
and VI(b) refer to the corresponding numbered item in Definition 6.2.1.

Let (s,XUY) be a failure of the parallel compositidh|| Q. Without loss of generality,
let (u,X) be a failure of the proceddand(v,Y) be a failure of the proces3. u andv
are the corresponding trace projections oh to the procesB andQ, respectively.

16 Interested readers may refer to Definition 6.2.1 for details.
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. It is known that, in CSP, all events should either be synchronized ardatesd.
In particular, the successful termination event should be synchranikshce,
suppose that a trace, sgyof the parallel compositioR || T satisfies Condition V.
It means that its projectiomandv (as above) on the proces$eandT cannot both
satisfy Condition VI with respect to their corresponding anéxtended processes
P andQ. Otherwises(,/) will be a trace of the proces$s|| T, which will contradict
the assumption that it is not.

. On the other hand, if both of them satisfy
Condition[V/(a), it will reduce to the deadlock case. Obviously, the parallel
compositionR|| T will be a deadlock. Condition V(a) for the parallel composition
R|| T should hold.

. Besides, the refusals of any parallel composition (such as the piRd€eE) after
a trace should be the union of the refusals of the parallel componentsqsRis
andT'’s) after the corresponding projections of the tracRevisiting the condition
list of sequential condition, Conditions V(a), V(b) and VI(b) do not impasther
restriction on the refusals and, hence, their parallel composition shotilles
of the processe$ and Q. In other words,(s,X UY) should be a failure of the
parallel compositiofiR || T.

. Similarly, if bothu andv satisfy Condition VI(a), theits, (XUY)\ {1/}) should be
a failure of the parallel compositidR || T.

. The most difficult case is such that one of them satisfies Condition,\H¢)not
both. (In this case, all other combinations are symmetric, and parallel citiopos
will include both of them as its parts.) We observe that in this theorem, the
treatments of the process€sand Q and processeR and T, as well as other
conditions such as the well-definedness of the converging processyrametric.
Without loss of generality, suppose satisfies Condition VI(a) (as in the
condition) but not.

i. Supposev can be followed by the successful termination symbolthat
is, v is in Condition| VI(b)). In this cases(y/) is a trace of the parallel
compositionR || T. Condition| V between compositio3 || Q andR || T
will be irrelevant. On the other hand, suppossatisfies Condition V (that
is, v cannot be followed by a successful termination event in the process
no matter whether it actually satisfies Condition V(a) or V(b)). The parallel
compositionR || T must be able to refuse the successful termination event.
It contradicts Condition VI thas is a feasible complete trace of the parallel
compositionR || T.
Hence, whethev satisfies Conditions V(d), V(b) or VI(b) should be irrelevant
to Condition V between compositiois|| Q andR || T.

ii. In this connection, the remaining case is thatatisfies Condition VI(b) and
satisfies Condition VI(a).

iii. Consider Condition VI(a) for the compositioR || T to be extended by the
compositionP || Q sequentially. In this case(,/) should not be a trace of
the parallel compositioR || Q. Moreover, the parallel compositidd|| T may
only terminate successfully. There are two scenarios to consider. Bhésfir

79



that the parallel compositidn || Q forbids a non-successful termination event,
say®0, after the tracesto be observed. The other one is the contrary.

A. Let us consider the first scenario. Suppose that the parallel catopos
P || Q allows the even® to occur after the trace. The proces$ can
guarantee the failurgu, X \ {1/}) to be a failure of the proce$d Based
on simple mathematical on set manipulation, the failg& \ {\/} UY)
(=(s,(XUY)\{V/})) should be a failure of the parallel compositiarj T.

B. Letus consider the second scenario. Suppose that the parallebsitiom
P || Q does not allow the everitto occur. Follow exactly the same logic
as the first scenario abovés, (XUY) \ {y/}) should also be a failure of
the parallel compositioR || T.

iv. Consider Condition Vl(a) for the compositidR | T to be extended by the
compositionP || Q sequentially. It will be feasible provided that the two sub-
conditions (the negation of the sub-case in Condition VI(a)) can be
disjunctively held.

A. Consider the first term in the disjunctive sub-condition. Thasi§,/)
is a trace of the parallel compositiéh|| Q. It also means that both the
processeP andQ after the traces andyv, respectively, should be feasible
to terminate successfully. However, it contradicts the assumptiom fhat
in Condition VI(a) (for the relationship between procesBesdR) under
which the procesB cannot terminate successfully after the tra¢that is,
violating the first conjunctive sub-condition of Condition VI(a)). Hence,
it is an infeasible case.

B. Now, consider the second term in the disjunctive sub-condition. That is
there is at least an event, saywith which the parallel compositioR || T
may progress after the trase The traces(6) must be a trace of the
processP || Q. Sinceu is assumed to satisfy Condition VI(a), it means
that the procesR cannot progress with eveftafter the tracel. Hence,
if the case is self-consistent, the evénshould come from the process
T after the tracev. Given that the procesd includes all non-successful
complete traces of the proceBsv'(0) should be a trace of the proce3s
We further consider whether or not the first term in the disjunctive sub-
condition can be true.
(Casel) Supposes’(y/) is a trace of the proce$s|| Q. This is not feasible,
because it will contradict the assumption in this case that the prétess
does not contain’(,/) as one of its traces.
(Case2) Supposes'(y/) is not a trace of the proce$s|| Q. It will be
further required to consider whether or the prod@ssay allowv'(,/) as
atrace.
(Case2a) However, by the given Condition IV, it is not feasible for the
procesQ to have a trace’(,/) but finally removed in the composition
Pl Q.
(Case2b) Suppose the proce€3 does not allow'( /) to be one of its
traces. In this case, the procé&dsnust refuse the/ event after the trace
v. Hence, the failure relationskip for this particular trace between the
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processe$ andQ are given by Condition VI(b). Thus, the proc&smust

be able to refuse the evept On the other hand, the procéssasv'(0) as

its trace (becaus€(0) is considered as a trace of the parallel composition
R|| T). It means that the proce3smay choose to terminate successfully
or to progress with some event. Consequently, the procesast be able

to refuse all such eventg and6. Hence, the parallel compositidt|| T
should be able to refuse every alphabet in its alphabet set after the.trace
Naturally, (s,X UY) should be a failure of this composition.

Moreover, since the after operator (that igs) is distributive across the parallel
compositioHﬁ, (P||Q)/sshould be the same &8/ (s | aP)) || (Q/ (s| aQ)). In other words, it
is the same aB/u || Q/v. Hence, the converging process &pextension is defined. The result
follows. O

Theorem 6.5.2 (Parallel anti-extension)Suppose that

I. aprocess Ro-extends a process R,
Il. aprocess Qo-extends a process T,
Ill. processes S and U anti-extend the processes gand Q/ A+, respectively,

IV. the process RQ /Mgyt is well defined (that s, it does not behave like the process ST OP),
and

V. the parallel composition of processes beiogextended should allow successful
terminations, which are feasible for the parallel composition of the cornedjmg anti-
o-extended processes, to occur.

VsetracegP || Q) NtracesR || T),u=s[aPv=s[aQ,36 e aPUaQ.
(U(B) e RAU(Y/) e RAU(B) e PAU(/) e P = S(/) € P||Q)A
(V(B) e TAV(Y) e TAV(B) e QAV (V) € Q = S(V) €P||Q)

where s is not a divergent trace afds a user alphabet.

The process B Q extends the procesR || T); (S| V).

Proof: The proof is similar to that of Theorem 6.5.1. The prodegisQ shouldo-extend the
procesR || T. Hence, the proce$|Q /Mgt will be the proces®||Q / gyt by definition. We

can use the results on extension to show that the parallel compdBjtiog|| Q/ At extends

the proces$ || U. Consequently, by the Tail Anti-Extension Theorem (Thearem 6.4.1), the
result follows. The detailed steps are as follows. By Proposition A.1.5, iheepsP/ Ar
should extend the proceBs Ag|| Q/ At. By Proposition A.1.6, it should extend the parallel
compostionS || Q/ At. Applying the same proposition again, it should also ext8rdJ.
Similarly, the proces®/ At should extend&|| U. By Corollary A.1.1, the compositioR/ AR||

Q/ At should extend || U. The result follows[]

By equating the process€sandP and equating the processRsndT, this theorem can
be seen to be compatible with Lemma 6.4.1.

17See Sectioh 3.4 on CSP.
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Combining with the Sufficiency Lemma (Lemma 6.4.2), we have the following theorems

Theorem 6.5.3 (Decomposition of Concurrent Processes) Let P, Q, R, S, T and U be
processes.

l. A process Ro-extends a process R,
Il. a process Qo-extends a process T,

lll. the parallel composition o6-extending processes should allow successful terminations,
which are feasible for the parallel composition of their corresponding artixtended
processes, to occur

VsetracegP || Q) NtracegR|| T),u=s]aP,v=s[aQ,30 € aPUaQ.
(U(B) e RAU(Y/) e RAU(B) e PAU(Y/) e P = S(y/) €P|Q)A
(V(B) e TAV(Y) e TAV(B) € QAV(Y) €Q = S(V) €PIIQ)

where s is not a divergent trace afds a user alphabet
IV. processes S and U anti-extend the procesgesgand Q/ AT, respectively, and

V. the process JRQ /Mgt is well defined (that is, it does not behave like the process ST OP).

A. the process B Q extends the procesR || T); (S||U),
B. the process JQ /Mgyt is well defined (that is, it does not behave like the process ST OP),

C. the parallel composition R T respects the failures of the proce || Q)/Mgt
associating with those traces in common betwegifRand (R || T); (P||Q) /Mryt

st,t°(y/) etracesR|| T),ue traces((P I Q)/I_IR”T) .
t <sAs=tu = refusals(P||Q/rg7) C refusal{R|T/s)

D. processes S and U anti-extend the procesgewRnd Q/Mr, respectively.

Proof: It follows directly from Lemma 6.4.2 and Theorém 6.5.2.

Discussions

I. One can observe that, in the last theorem, Conditions (IV) and (D) iavéas and
Conditions (V) and (B) are similar.

Conditions (IV) and (D) are included in the theorem to make it general. Weusayhe
processe®/ Ar andP/Mr instead of the proces3 and use the proce§y At instead

of the proces€)/rr. Although anti-extensions of these processes are already proved in
Theorem 6.5.2, we would like to show them in explicit terms.

Conditions (V) and (B) are very similar. They appear in the “if” and “onfyphrts,
respectively. This is because the remaining conditions in the “if” part amtahly if”
part, respectively, are not sufficient to show the result.
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Il. Similarly to the discussion for increasing the applicability of Theorem 6.pa®)€ 72),
one possible way to increase the applicability of this theorem is to restrict afetbeof
specifications. Using the exact proposal for Thedrem 6.5.3, we may limisthef this
technique for those specifications in which successful terminations srerdeistic. In
this case, Conditions (l1l) and (C) in the theorem can be reduced tol rases.

Consider Condition (Ill) above. Since successful termination is deterministidll

not be possible for the procesdesQ, RandT to have a trace which can immediately
be followed by the successful termination eventand a user alphabet, s@y at the
same timé8. Hence, the pre-requisite of the condition will never appear in this kind of
specification. The arguments for Condition (C) follows the same logic as thpage

72.

¢
In practice, there are a lot of deterministic specifications. The conditionbeaimplified.

Theorem 6.5.4 (Decomposition of Concurrent Deterministic Process) Let P, Q, R, S, T
and U be deterministic processes.

I. The process B-extends the process R,
Il. the process (@-extends the process T,
lll. processes S and U anti-extend the processesagand Q/ Ar, respectively, and

IV. the process RQ /Mgyt is well defined (that s, it does not behave like the process ST OP)

A. the process B Q extends the procesR || T); (S| V),

B. the process JRQ /Mgt is well defined (that is, it does not behave like the process ST OP)
and

C. processes S and U anti-extend the procesgerRnd Q/I"r, respectively.

Proof: Consider Condition (6.5.3) of the “if” part of Theorem 6.5.3. Supposeatharocesses
are deterministic. Les, t andu be traces. Supposgt andt™(,/) are traces of the process
R| T, and supposa s a trace of the proces® || Q)/ Agy7. Since all these processes should
be deterministic, the tradeshould be a proper prefix of the trasé&hat is,s=t"(,/)). In other
words, the traceis (/). Obviously, after a successful termination, the proée$3 /s should
refuse everything and behaves like the proc®E©OP Similarly, the procesgP || Q)/ AryT
/{1/) should also behave like the proc&SEOR The refusal condition is trivially fulfilled.

Similarly, consider Condition (Ill) of the “only if” part of Theorem 6.5.3.in8e all the
processes are deterministic, it is not possible to have a trace, ségp process, sal, which
can be followed by both/ and an event other than the successful termination event. Hence,
this condition is also trivially fulfilled [

Obviously, by setting

18For the CSP restriction on the use 8KIP, please refer to the sequential composition section of the CSP
chapter in this thesis.

83



l. the processeB andQ to be equivalent,
Il. the processeRandT to be equivalent, and
lll. the processeS§, U, P/Mg andQ/My to be equivalent,

the parallel composition will be degenerated into the case of a single prdeessiposition.
Hence, we have Theorem 6.4.5 on page 74.

PickArm

WaferTable
,,,,,,

.
0
o [ ] JI0

T~

Figure 6.13: A bonding machine

Example 6.5.2 (Extract from Example 6.5.3)Consider the deterministic processes in
Example 6.5.8, which is the full version of the present example. It desctit®eoperations
of a bonding machine. In brief, the pick arm is responsible for picking ng teansferring

a die. The wafer table is responsible feeding a die to be picked up by theapitk The
vision system is responsible for letting the wafer table know whether or eo¢ tils a die in
the picking position. Like other previous examples, we may “serialize” theseepses and

produce anti-extensions.

I. The procesd hePickArmmay produce the anti-extensi®\npiock T hePickArm

Il. the proces§ heWaferTablenay produce the anti-extension
W TisionW Tunblock TheWaferTabland

1. the processTheVisionZnay produce the anti-extensiv2caprure TheVision2

Moreover, it is ease to observe that the proce$deRick ArmTheWaferTablandVision2

o-extend the processeBAunpiock W NisiomW Tunblock @nd VZ2capture  respectively.  The
corresponding converging processes can be shown to be the samee aspetified
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processes. In this case, the condition for the theorem will be fulfilled amimﬂy@. Hence,
by this theorem, we can decompose the parallel composition

T hePickArm| TheWaferTablg TheVision2

into the process

(PAunblock || W Tision; W Tunblock || Vzcapture);
(T hePickArm| TheWaferTabld TheVision2

It can be further serialized into the process

(W Tision || V2capture);
(PAunblock || W Tunblock);
(T hePickArm| TheWaferTabld TheVision2

Thus, we can generate test cases from this process (such as usiechtiigues described in
Example 6.4.6)8

Example 6.5.3 (Concurrent process decomposition example) This is the full version
of Example 6.5.2. Consider a bonding machine as shown in Rigure 6.13. Neaaot is as
follows. Initially, the Ejector should push a die on the Wafer Table up a little bithAtsame
time, the Pick Arm should try to pick the die from the top. If it can be done, thevilldbe
firmly held. Hence, the Bond Head attached to the Pick Arm will move the borptiitg and
start bonding.

The Bond Head will first turn on its bonding engine, feed wire and therasele little
bit if any additional bonding for the same wire is required. If there is natexhdl bonding
requirement, it will tear up the wire. Of course, to allow additional bonding,Ritk Arm
should coordinately move to the required wiring position. Similarly, it also regufre Ejector
to release a little; otherwise the die or the wafer table will easily be broken.

After the bonding is complete, the Bond Head will turn off its engine and the Riok
will inform the Ejector to release the holding. Then, the Bond Head will sek baunblock
the vision system attached to the Pick Arm (Vision 1) to capture the bondiot.rése Pick
Arm will inform the Ranking Bin to inspect this result. The latter will analyze thegmand
rank the quality of the die accordingly. It will also move the bin for the appade ranking
quality to prepare it for receiving the die.

Meanwhile, the Pick Arm should accomplish two things. First, it will move next & th
Ranking Bin and, if the Ranking Bin is ready, it will drop the die. Secondhyjlitinform the
Ejector to push down a little to release the Wafer Table so that the latter camcadeethe next
slot. The cycle repeats itself.

In fact, the Wafer Table is also accomplished with another vision system (M23ifixed at
a higher place. In order to align the die to be ready for being held by théoEjied the Pick
Arm, it first requests Vision 2 to capture an image of a target die and then iinspect the
result. There are a few scenarios. First, it will read the photo, and nmedessary alignment
so that the die can be picked easily. Secondly, the Pick Arm may block the iohdlge die.
In this case, it will request the Pick Arm to unblock Vision 2. Thirdly, if the gliet is empty

19Hence, we can compose and decompose these processes withaedte refer to the internal structures of
these processes. In other words, we can work at the process level.
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or the die is out of reach, it will try to skip that slot. Finally, if there is any uhfoate error, it
will alert the operator and request for service.

The processes for these entities are as follows. Figure 6.14 showsrttiedponachine in
the processes. All these processes are assumed to be composedecdiydogether.

Process
TheVision2

0
capture2 capture2

Process ThePickArm

turn on
move to

next wire point

turn off

unblock camerat

capturet
inspect1 move to bin
push down | | drop die
advance slot <
<
. Process
Process TheVision1 Process heBondHead TheRankingBin
turn on
capturel inspect1
0 inspect1
o press
drop die rank die
feed wire turn off
bond next
scroll bin
Process
TheWaferTable

advance slot release

unblock
camera2

pick Process TheEjector

push up

push down
free

Figure 6.14: The bonding machine in CSP processes

I. Description of processes:

TheBondHeadThe bond head entity is modelled as the prodelssBondHeadlt will
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trun onthe engine, touch the die amutesson the die gently so as teed wire

to seal a wiring point. It may thereleasethe pressure and requesttiond next
contact Since the engine is still working, what it needs to do is to press on the
die at the required contact location again and so on. Finally, after a lasdden
processed, the procesfieBondHeadvill tear up the wirerelease itself and turn

off the engine. It will wait until another bonding is required.

TheBondHead-= turn on— pX.(press— feed wire— (
(release— bond next— X)
O (tear up wire— release— turn of f — TheBondHeap))

ThePickArmThe pick arm is modelled as the procdsasePickArm It tries to pick up
the die, and thefastenit with the help from the ejector. It will start the bonding
process by requesting to turn on the engine of the bond head. It thenumélts
the bonding process is finished and informs the ejectdrae®the die from the
bottom. If an additional bonding is required, it wilove to the next wire poitnd
require another fastening of the die and so on. On the other hand, ifditioad!
bonding is required, it will move off the bond head a littleublockthe camera
attached to Vision System Number One and request a photo of the die to he take
As described above, it will try to accomplish two things simultaneously. First, it
will signal other entities. The ranking bin is requestedh&pectthe photo captured
by Vision System Number One. The ejector is requestguish dowrto return to
its ready position. The wafer table is requesteddwance slat Secondly, it will
move tothe ranking bin as quickly as it can, addop the dieif the ranking bin
is ready to receive it. After these two activities, it will return to its ready pasitio
and prepare to perform another cycle. Sometimes, because it moveglsly,qu
may block Vision System Number Two right over the wafer table and prahent
camera from capturing the image of the die required by the latter. In thisitase,
will move out a little tounblockthe camera and then return to its ready position.

ThePickArm= pick — pX.(fasten— turn on— turn of f — free— (
(move to next wire point> X)
O(unblock camerha — capturel —
((inspect— push down— advance slot- SKIP)
| (move to bin— drop die— SKIP)));T hePickArm))
Ounblock camera — T hePickArm

TheVisionl and TheVision2 The vision systems are modelled as simple capturing
activities. After the capturing, it will place the image openly to a memory location
to be used by any entity. However, it will not keep track of whether the image
is used adequately. If there is another capturing, the new image will osetrid
old image. In other words, the old image is lost. The vision systems are passive
entities — they will not capture images intelligently. Hence, other entities should
coordinate properly to avoid unnecessary re-capturing.

TheVisionl= capturel — TheVisionl

TheVision2= capture — TheVision2
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TheRankingBinThe ranking bin is modelled by the proceEseRankingBin Upon
receiving the request from the pick arm, it witispectthe image from Vision
System Number One. Then, it wilink the die according to the image catured.
There are a number of bins attached. Each bin represents a place ddaia c
guality of die. It will scroll to the required bin and signal the pick arm that it is
ready todrop the die into the desirable bin. After that, it is ready to serve another
request.

T heRankingBir= inspectl. — rank die— scroll bin
— drop die— TheRankingBin

TheEjector The ejector is modelled by the procédseEjector Its functionality is self-
explanatory. It pushes up the die a little so that the pick arm can pick it more
easily. Then, it will fasten and free the position repeatedly. If a bondioggss is
finished, it will push down so that the wafer table can advance to a suésedie
to be bonded.

TheEjector= push up— pX.(fasten— free—
(XOpush down— TheEjectoy

TheWaferTable The functionaltiy of the proces¥heWaferTable which models the
wafer table, has already been explained above.

TheWaferTable- capture® — inspec — (
(lalign die— pick — advance slot— TheWaferTable
Oskip slot— TheWaferTable
Calert operator— service— TheWaferTable
Ounblock camera — TheWaferTablg

(*) We observe that all the processes are deterministic. According tohberém of
Decomposition of Concurrent Deterministic Processes (Theorem/ 6.5e4aw split
these processes into sequential compos@)mﬂoreover, by applying this theorem, the
original processes wil-extend the preceding components of the decomposition.

First, we rewrite these processes to replace the recursion constructsgsuX.(a — X))
by some successfully terminated process followed by the process idefstifedr agiX.(a —

20if their decomposed processes are also deterministic and the cordispaonverging processes are not
deadlock processes.
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SKIP,X)). For instance, the proce¥teWaferTablean be rewritten as follows:

TheWaferTable- capture® — inspecR — (
align die— pick — advance slot— TheWaferTable
Oskip slot— TheWaferTable
Oalert operator— service— TheWaferTable
Ounblock camera — TheWaferTable

TheWaferTable- capture® — inspec — SKIP;(
align die— pick — advance slot- SKIP, TheWaferTable
Oskip slot— SKIP, TheWaferTable
Calert operator— service— SKIP, TheWaferTable
Ounblock camera — SKIP, TheWaferTable

We can then partition each process according to some criteria such agl dlamtr In the
rest of the example, we use control paths as the partitioning criteria. @onalwafer table
proces@ We can identify four sub-processes syntactically within the outermoskdtsic

TheWaferTable-
W Tision; (W TadvEIW Tskip W Terror W Tunblock); TheWaferTable

W Tision = capture — inspec — SKIP

W T,gv = align die— pick — advance slot— SKIP
W Tskip = skip slot— SKIP

W Terror = alert operator— service— SKIP

W Tunblock= unblock camera — SKIP

We observe that the converging proc@seWaferTablé AwT,,, IS
(W Tagv W TskipIW Terror W Tunbiock); TheWaferTable

Similarly, the converging processes for other sub-processes (taTigy, W Tsip, W Terror and
W Tunblock ) are the processheWaferTableHence, we can decompose these sub-processes in
exactly the same way. Figure 6.15 shows their decompositions.

We observe that none of the converging processes for dliltePAs,V 1,V 2 andE Js behaves
like the procesST OR We note also that the condition for the Decomposition Theorem (both
for a single process and for concurrent processes) are fulfillematically. In addition to
these, take th&/ Tsas an example. All th&/ Ts have different initial events. Hence, one
cananti-extendthe (J-composition by its constitutive processes separatelyW.elenote the
CJ-composition.

W= (WdeDWTskipDWTerrorDWTunblock)

2l\We may either unwind the recursion a number of times according to scen@aameters. For simplicity, we
do not unwind the procesgheWaferTablén the example.
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TheBondHead= BHstart; WX. ((BHnexs X)) (BHgone T heBondHeay)

BHstart = turn on— SKIP
BHnext = press— feed wire— release— bond next— SKIP
BHyone= press— feed wire— tear up wire— release— turn of f — SKIP

T hePickArm= PApici; UX. (PAbond;

((PAnextbondX ) (PArans fer, T hePickArm)
OPAunbiock T hePickArm

PApick = pick — SKIP

PAyong= fasten— turn on— turn of f — free— SKIP
PAnextbond= Move to next wire point> SKIP
PAtransfer: PAcapture'(PAsignal ” PAbin)

PAcapture= unblock camera — capturel — SKIP
PAsignal = inspect— push down- advance slot- SKIP
PAyin = move to bin— drop die— SKIP
PAunblock= unblock camera — SKIP

TheVisionl=V 1¢caprure TheVisionl
Vlcapture: CathI’él. — SKIP

TheVision2=V 24 prure TheVision2
VZCapture: Capturé — SKIP

T heRankingBir= RByin; TheRankingBin

RByin = inspectl — rank die— scroll bin— drop die— SKIP

TheEjector= E Jpush UX. (E Jhold;
(XO(E Jeleass TheEjectoy))

E Jpush= push up— SKIP
EJog = fasten— free— SKIP
E\l‘e|ease: push dOWH—> SKIP

Figure 6.15: Components of other processes of the bond machine

In other words, we have
W Toqv anti-extendav,

W Tskip anti-extend$V,
W Terror anti-extend®v. and
W Tinblock @nti-extend V.
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By the Head Anti-Extension Theorem (Theorem 6.4.2),

W Tagv; TheWaferTablanti-extend®V; TheWaferTableand
W Tunblock TheWaferTablanti-extend®V; TheWaferTable

and so on. Similarly, we should have

PAunbiock T hePickArmanti-extendsS hePickArm

V 2capture TheVisionZanti-extends heVision2 (6.10)
By Serial Anti-Extension oV Ts, we can conclude that
W TisionW Tunoiock TheWaferTablanti-extendS heWaferTable (6.11)

The whole concurrent system (the proce8gd should be represented by the parallel
composition of those specification processes.

Sys= TheBondHead T hePickArm| TheVisionl| TheVision2

|| TheRankingBinl TheEjector| TheWaferTable (6.12)

Since parallel composition in CSP is associative, the system (6.12) cawh#e® as
follows:

Sys= (T hePickArm| TheWaferTablg TheVision2

(TheVision1| TheBondHead T heRankingBitl TheEjectoy (6.13)

Consider the concurrent componéniePickArm|| TheWaferTabl¢ TheVision2 Using the
above anti-extended components (that is, processes in (6/10), (6w&))apply the
Decomposition of Concurrent Deterministic Theorem (Theorem 6.5.4) amclude that

(Vzcapture | W Nision);
((PAunbiock || W Tunblock);
(T hePickArm| TheVision2| TheWaferTablg

(6.14)
anti-extends
ThePickArm| TheWaferTablé TheVision2
Discussions In formal terms, we apply a standard result of extension
(P|| TAPextendQ = P || T extendsP || Q) so that the composition
T hePickArm| TheWaferTablg TheVision2 (6.15)

is anti-extended into the composition

PAunoiock T hePickArm
| (V 2capture TheVision2
Il W Nision; (W Tunblock TheWafer Tablg

, and then apply the theorem discussed to the right operand of the fiaiepaomposition

(V 2capturs The Vision2
| W Tuisions (W Tunblock TheWafer Tablg
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which results in the parallel composition as
(V 2capture || W Nision); (TheVision2| W Tunblock TheWaferTable

By standard extension rule, the sub-component being discussed (thatpsocess in Equation
(6.15)) should extend

PAunoiock T hePickArm
| (V2capture|| W Nision); (6.16)
(TheVision2| W Tunblock TheWaferTable

We observe that the (observable) alphabets in both the prodéasgs e andW Tision are
irrelevant to the processhePickArmand every initial event of the proceBAnpiockisS an initial
event of the proceseheWaferTableHence, a further anti-extension to process composition in
Equation((6.16) is to “move” the proce¥®capture || W Nision (according to standard CSP law
for parallel operator) to become the extending process in Equation 6.17.

(Vzcapture | W Tision);
(PAunblock T hePickArmi| TheVision2| W Tynpiock TheWaferTable

extends (6.17)
(Vzcapture || W-K/ision);
((PAuanockH W-Hmblock);
(T hePickArm| TheVision2| TheWaferTablg

¢
Applying the anti-extension relation (6.14) to the whole system (6.12), diwhiag the
same arguments as in the discussion above, the system will extend the foltmmipgsition:

(Vzcapture H W Tision);
((PAunbiock || W Tunblock);
(T hePickArm| TheVision2| T hePickArm
|| TheVisionl|| TheBondHead T heRankingBin| TheEjectoy)

(6.18)

We repeat the abstraction and can conclude that the original sy&tecan be anti-extended
into
(Vzcapture || W Nision);
(Vzcapture | W Tision);
(W Taav H (
(PApick || EJpush);
(PAbond H Edold
|| BHstart; BHnext; BHdone);
(Ppcapture H Vlcapture);
(PAsignal || PApin
| RBoin || EJeleasd);SY9

((PAunblock || W Tunblock);
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Since the procesSysextends the proce&T OR

(V2captureH W Tision); || ((PAunblock || W Tunblock);
(Vzcapture | W Tision);
(W Tadv || (
(PApick || EJpush);

(PAbond ” Edold
|| BHstart; BHnext; BHdone);

(PAcapture I Vlcapture);

(PAsignaI H I:)'A‘bin
|| RBoin || EJeleasd );ST OB

anti-extends

Sys

Test cases can be constructed from this process (such as using al reitiler to that in
Example 6.4.6)R

6.6 Chapter Summary

To resolve identified weaknesses of extension in a compositional and@hmiroriented
approach, we have formulated-extension and identified the necessary and sufficient
conditions. We have also discussed a restricted sub-class of prpee#fication so that these
conditions can easily be satisfied. The restricted sub-class is that thessfudderminations

of processes should be deterministic.

Under these conditions, we achieve a few desirable properties. FithtiH®preceding
and succeeding components of a given sequential composition can lext@mtiled. The given
composition should extend the sequential composition of their correspoadiirgxtended
processes. Secondly, for any given parallel composition whoseuo@mt components are
sequential compositions, it should extend a parallel composition of antistaten of
preceding components of corresponding sequential compositions, édlldy a parallel
composition of anti-extensions of corresponding succeeding componanisddition, any
given sequential composition shoulg-extend the preceding component of a resultant
sequential composition. We shall further discuss future researchiidire@ the next chapter.
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Chapter 7

Discussions

In Chapter 6, we have discussed the details related to our technical imatks chapter, we
discuss the possible future directions and compare our results agéabst neork.

7.1 The Chosen Semantic Model

We use the failures-divergences model of CSP proposed by Ho@fén[shis thesis. Over
years, there are other variants of CSP published. The most closelydrefsgéas [87]. Roscoe
[87] imposes additional restrictions on the original failures-divergemeedel and allows the
processSKIPto be an operand @fl. He introduces an algebraic law to deal with the successful
termination event. This new law is referred to &s - SKIP resolve”. Informally, the law
allows a process to opt to terminate while it can refuse any other events.

POSKIP= (PN STORUOSKIP

To accomplish this change, he also enforces the failures-divergerum with two new
conditions. One is to ensure that any successful termination event camcloeed in
divergences of a process only if a prefix of the trace in question isthlr@aivergence trace.
Another one is to explicitly state that the successful termination event sheutddociated
with the whole alphabet set. Both of them are reasonable assumptions.

However, as discussed in Chapter 6, the conditions of the two major desiiopo
theorems are in general not very easy to verify. One reason is thguites the checking of
all refusals of related traces that defies the purpose of using softegiireg techniques instead
of proving techniques to assure the software quality. Consequently,opesge in Chapter 6 a
restricted class of CSP specifications so that difficult conditions cantbenatically fulfilled.
The restricted class is to limit successful terminations to be deterministic on thedytioat
software engineers would like systems to terminate successfully and deté¢icailyisn most
circumstances. This proposal helps to degenerate some of the conditiorigvilal cases.
Nevertheless, if we take Roscoe’s proposal into account, a deterministicessful
termination may entail a non-deterministic progress of other events. On the hahd,
excluding this rule will defy the purpose of Roscoe’s enhancement & TBe potential of
applying our results to Roscoe’s work is open.
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7.2 Applicability to Other Process Algebra

Both sequential compositionP{Q in CSP sense) and the representation of successful
termination EKIPin CSP sense) are not supported in the original CC&-calculus. There
are, however, projects that study termination in similar languages such. a8dth LOTOS
and ACP, for instance, allow sequential composition and termination ane loencesults can
be translated into these two calculi. The unification of different branchpsooess algebras
and Petri Net are examined by [11]. The identification of applicable tagses of our work
using other process algebras should warrant more research.

In Chapter 5, we have identified five weaknesses of extension in terms aifility for
parallel and sequential compositions. In Chapter 6, we have refucbiskension by
formulating o-extension. We prove and demonstrate that one can construct an tmsiexr
hierarchy by the combination of applications of the Head, Tail and Decatigroof
(Concurrent) Processes Theorems. Since it breaches variougigesirand theorems, it
corresponds to a weakness in extension. Investigations on the weakrefsextension with
respect to other CSP operators or operators in other calculi are epegrch.

7.3 Anti-Extension and Testing Criteria

We have developed an architecture that allows anti-extension to simplify tovegses. A
simplified process can be used to generate test cases based on somerigstimgWe impose
no constraint on the kinds of testing criterion or anti-extension to be ustdsthe faults can
be more easily revealed. More theoretical and empirical studies are voortucting.

One of the ideas is to share the same test suites amongst the same prongEmdefsed
in the specification. For instance, the prockBdtiplePick below is an infinite state proc@ss
which requires any number of picks be followed by the same numbpostf And during a
transferring process, it may perform smay check.

MultiplePick= (clear queue— SKIP)

O(pick — (MultiplePickIX Ray);Post
XRay=transfer— ((pack— SKIP)O(x-ray — check— pack— SKIP)
Post= post— (MultiplePickJXRay)

Since it is an infinite state process, covering all-state-transition is not a vesieg criterion.
We observe, however, that the same process definikii plePickand X Rayare used. We
may apply testing criteria applicable to these processes such as trace pagifithat is,

partition testing) to slice out a finite process which covers the test suites ethtaBuppose
we use a partitioning and select 4 test cases whose trace lengths arg 4t (igosring the

termination event). We can obtain the following test suites:

clear queue/),
pick, clear queugtransferx-ray),
pick trans fer pack post,

(
TestSuitePartitioningVultiplePick) = 2
(pick trans ferx-ray, check

10ne can observe that after eagttk, it may choose to behave likdultiplePick again. However, there is
always aPostprocess stacked up by the sequential composition.
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TestSuitePartitioningK Ray) = { (transferpack /), }

(transferx-ray, check pack /)

Since there are two locations in the above specification that uses each pfotesses
MultplePick and XRay we divide the two test suites into two parts separately. Based on
the partitioned test suites, we can then construct the following test pescess

MultiplePick = (clear queue— SKIP)
O(pick — clear queue— transfer— x-ray)

MultiplePick, = (pick — transfer—
(pack— post— ST OBO(x-ray — check— STOB

XRay = transfer— pack— SKIP

XRay = transfer— x-ray — check— pack— SKIP

By the Decomposition of Processes Theorem, we can substitute the msidesplePick
and XRayby the test processes accordingly, since the test processes areothesponding
anti-extensions. The aggregated anti-extension will become the piSgstEsras follows:

System= MultiplePicK

MultiplePicK = (clear queue— SKIP)
O(pick — (MultiplePicky[DX Ray);Post

Post = post— (MultiplePiclklIXRay )

Hence, we generate test cases using all-state-transition-coveragia ¢datproduce the
following test suite:

(

clear queuey/),

pick, clear queugtransferx-ray),

pick, pick clear queuetransferx-ray),

pick trans ferx-ray, check pack post pick,transfer pack post,
pick trans f erx-ray, check pack post pick trans ferx-ray, check,
pick trans ferx-ray, check pack posttransfer pack /)

o~~~ o~~~

7.4 Our Framework and Test Case Generation Approaches

Our work consists of a compositional and abstract-oriented approaehcedon one hand,
we benefit from using the compositional approach [108, 34] to addhesstate explosion
problem. On the other, abstraction via anti-extension allows differenepsodefinitions in
a specification to be “unified” into the same process definition. In this coiomewia our
framework, test case generation from this common abstract processecapplied to all
corresponding process definitions in the specification. In other wibteyvides opportunities
to share testing resources (such as test cases) at an abstractionHa/atvantage exists even
for systems where state explosion is not a problem.
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7.5 Modules with Manageable Number of States

There are non-trivial software components and programs whose sixplof states is
manageably small. Let us discuss the following three scenarios.

I. A simple Java-based applet communicating with a web server and displagimuer
advertisements repeatedly. It may consist of a few abstract statessscochreection and
disconnection, advertisement fetched from the web server andhigfgasser-interfaces
in a web-based application, although each of these states may be fufthed iiato a
number of implementation-oriented sub-states.

II. A simple and short method of classes in an object-oriented system. Sowthed
(whose purpose may be to provide a wrapping interface to add an objactelement
of a container object) is usually trivial in terms of flow control and manipulatifoobject
states.

lll. A small, closed, simple and embedded micro-program inside a small devibese
programs are usually fully optimized via hardware-software co-desigope with the
limited resources available.

Superficially, the analysis of compositional support and the constructiantbextension
do not seem to be absolutely necessary for these three scenariogvefipthe Java-based
applet example and the simple method in object-oriented system example aeetivesp
components of their enclosing systems. In the former case, the enclostegnsig the web
application, and in the latter case, it is the object-oriented system. In typigitaons, the
number of classes and number of components are non-trivially largeesoe the problem of
state explosion is serious. In such circumstances, our techniques wiltsbis advantages in
tackling state explosion and abstraction support.

On the other hand, there are situations, such as the embedded programpleexabove,
where the whole application is still manageably small. Our technique can beeegss a pure
abstraction-oriented technique based on anti-extension. As discusSedtians 7.3 and 7.4,
our technique provides an opportunity for sharing test resourcesshdring of test resources
is feasible provided that processes in the specification can be abstiatctéle same anti-
extension. This benefit may not easily be obtained from the process cemigan the system
directly.

7.6 Method Integration

There are a number of concurrent models in the literature and in practiesehotions may be
formal (such a®©Z — CSP[96]) or informal (such as UML [88] and Java [73]). The integration
of methods is one of the active research areas these days. In this seetieelect three of the
CSP-related approaches for discussion.

For Java, CSP has been proposed to be a concurrency model. In7804he CSP
class library for Java, known as JCSP, provides an OCCAM3-like corimatimmy process
model for Java. Applications programs can make use of this library to impleneseissary
communications so as to manage thread execution and synchronizatiom, Fterecprogram
defining its communication behaviour using this kind of library, the finite state hfode
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concurrency can be extracted from the Java program [38]. One pyay aur proposal on
the extracted CSP model and generate test cases for this extracted namdtegelferated test
case will be used to construct a corresponding Java class. Singeewemunication alphalfet
is extracted from the original Java program, testers can then initialize act dlogjen the class
for a test case and include the initialized object to participate into the communicatmmel
(that is, the alphabet). There is other research work in this direction [55]

Besides programming languages, CSP has been used as building blockiteciural
modelling approaches [5]. [71] agrees that the UML state machine mddlé&15is a powerful
approach to define interactions in their own right. Within their modelling framiewibiey
propose a subset of UML model to which CSP can be applied. Under thieged subset of
UML model, one can apply the techniques presented in our thesis.

In [96], the integration of CSP and Object-Z [95] has been studiedoivslthat the notions
of refinement in these two formal methods will agree with each other wherp@#esses are
associated with a restricted sub-class of the failures-divergenced.nibtlier this restricted
sub-class of semantic model, incremental development via refinement paovied. Our work
is based on the failures-divergences semantics, which is more gersrahthmodel required
in [96]. This fact is encouraging. Object-Z is strong in modelling data. Sofwesters can
use the CSP portion to generate abstract test cases and then use thi&ZQbjeema to find
out the data partition where these test cases are indeed feasible.

7.7 Comparisons to Selected Work

To our best knowledge, our work is innovative in at least two aspedtsy @re (i) the use of
the (anti-)extension hierarchy as the mean of abstraction to generatagestfor concurrent
processes and (ii) the use of an enhanced form of extension (hangtiension) to support
process composition in sequential and concurrent ways. Moreowse o aspects are
integrated together. For instance, withouéxtension, as illustrated in Problems Preceding and
Succeeding, the anti-extension hierarchy cannot be built unless vaysligke the whole
process into account. On the other hand, without anti-extensi@xtension will serve no
purpose unless the only interest is in the anréxtension hierarchy. In fact, it is not difficult to
observe that, when a test caseiextended by a specification, this test case may not conform
to an implementation of the specification. We are both sorry and pleased tbttexddhere is

no closely comparable work in the literature.

7.7.1 Abstraction as Extension and Refinement

Stepney [97] observes that test cases should satisfy the pre-coadifimperation schema
in Object-Z [45] and meets the post-conditions of the schema. She proansetuition-
based approach. She partitions the pre-conditions of an operation ict@bgehema and
strengthens the corresponding post-conditions in such a way thatqraditions do not violate
the original post-conditions in the specification for all input points in the paméticnput state.
The steps can be recursively applied. The resultant schema is claimedri@bstract test case
schema for an operation schema to an implementation. She does not, hawestigate
two important notions. First, she does not examine and formalize the testinignetap

2|n JCSP, each alphabet is an instance of the communication chansel clas
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amongst test case schemas, specification schemas and their corregpoptémentations for
the software under test. Secondly, the way to link up different test chsersa from different
operations are not addressed. Despite all these weaknesses, éheatitns of testing as an
abstraction is invaluable.

Derrick and Boiten [44] consider the data refinement relation in modeldbasguage
between a specification and its refinement. They show two results. Firstréfithan upward
simulation from a concrete operation schema to an abstraction operationaselne all test
case schemas are disjoint, then the disjunctive normal form of all testschsenas for the
concrete operation will be upwardly refined by the concrete operationila8y, if there is
a downward simulation from an abstract operation schema to a concreggiopeschema,
then the disjunctive normal form of all test case schemas for the cormpetation will be
downwardly refined by the concrete operation. They also admit that, iergerhe refined
tests are not disjointed unless the data refinement relation is functionale Heeir calculation
approach cannot generally be applied recursively to different lefalsfined specifications.
They do not establish a formal relation (refinement or others) betweppdifisation and a
test case derived from the specification. In contrast, they show thromgnter-examples that
a state-partitioned test case schema derived from a specification is aotiaafinemerkt of
the specification. Aichernig [4], on the other hand, shows that a fesiaferms of test case
contract can be anti-refinements of its specification in refinement calculus.

Our work identifies that an anti-extension (Definition 4.1.4) from a spetificahould be
a conformance test case to any implementation of the specification. More@veave shown
in Chapter 6 that our proposal is compositional and can be applied regyrsin addition
to these, when an anti-extension from the specification includes evegy dfate original
specification, the anti-extension will satisfy the anti-refinement relation. It is
because, in this case, the trace difference disappears and heneéiriyod, they unify to
the same definition. This result is a direct consequence of Definitions 1d.4.4.3. In other
words, the test cases via anti-extensions are also anti-refinementshisdestricted situation.
In Chapter 5, like [44], we have illustrated via a counter-example that thi@roance relation
in the parallel composition approach (Section| 2.2) will not be retained inrgemien the
relationship between a test case and the specification is the refinementrelatio

7.7.2 Parallel Composition

Bijl, Rensink and Tretmans [101] investigate the conformance problenafailpl composition
of input-output labelled transition systems. They would like to find out the itiond to
eliminate all integration testing of concurrent components provided that ak tt@mponents
can be tested to be conformant to the specification in isolation. Gener&irgpeidis based
on the assumption that an implementation of any concurrent component widlfiest an
implementation of another concurrent component, except using the statgdaimgh output
synchronizations. They also make a conclusive comment that omitting anéwent in an
implementation is not compatible with parallel composition. There is no furthertige¢isn
to resolve this undesirable obstacle.

For the purpose of comparison in this thesis, an input-output labelled transitgiem
can be considered as a CSP process without sequential composition nod¢kegpdefinition.

3The refinement relationship considered in that counter-example is avefnat simulation, which is the
common notion of refinement in model-based languages.

99



Events for input and output are synchronization alphabets. A proggasonformant to a
specification provided that, for every sequence of events common to gaapmoand its
specification, any feasible and immediate outputs from the program shoalu d@etput from
its

specification. In other words, their work is based on a trace @crdelher than in a more
general failures-divergences model.

They show that an implementation of a parallel composition of concurrent @oembs
will conform to its specification provided that any pair of concurrentcpeses has to have
distinct inputs and distinct outputs. In other words, (i) an environmentalt impoutput has to
synchronize with at most one process; (ii) an output event for a psaz@not be synchronized
with more than one process in the system; and (iii) an input event for agg@anot be
synchronized with more than one process in the system.

For a fair comparison, we compare our special case for concurrenegses, namely
Theorem for Decomposition of Concurrent Deterministic Processemsagiaeir work.

I. First, our formalism does not restrict the relationship of input and owypents amongst
the concurrent processes in a system. We show that concurremspesccan make
arbitrary synchronizations among themselves providing that the coméisgp
converging process for-extension will not deadlock immediately. In practice, it is
not difficult to check whether a process will deadlock immediately.

Il. Secondly, we find out the conditions on the anti-extension of coratiprocesses so that
whenever these concurrent processes form a parallel compositien,pdrallel
composition of their corresponding anti-extensions should anti-extend rigaad
parallel composition.

lll. Finally, a more distinct feature of our approach compared with theirthad their
approach does not take into account the sequential composition ofspescend
considers each concurrent component as an input-output transistemsyOur approach
makes use of the compositional property of process algebra and all@traction to
replace each component process in a sequential composition. In thiswapproach
can keep the abstracted form of specification close to the original compas$gioncture
as far as the desired behaviours are concerned. Hence, ouaabganore intuitive.

7.8 Our Inspiration, Real-Life Examples and Testbed

Our inspiration, real-life examples and testbed of the theoretical resutisrgesl in this thesis
are in the bonding machine domain when we are working for a Universitysiny
Collaboration Project. Our theoretical results, on the other hand, aezajen

We suggest to conduct further industrial applications and experimenthén domains.
In this way, the results presented in this thesis can be reused and thd afigbistes for the
chosen domains may be uncovered and integrated to the results. It shablket improve
the notion of generating test cases via a compositional and abstractiotedrimechanism.
Conformity between specification and implementation is just one of many degragerties

4A trace model is sufficient for deterministic specification.
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that a software system exhibits. The ways to extend the relationship folositiop abstraction
to cover other desirable properties should be worth studying.
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Chapter 8

Conclusions

Software concurrent systems such as electronic financial servicdslengames, network
protocols, embedded control software and databases are very ptulag. Rigorous testing
of these systems is indispensable. Nevertheless, the state-explositampriobwhich the size
of a system grows exponentially with the number of concurrent compangotse of the most
severe obstacles in the generation of test cases.

In this research, we propose a new relation to assure the conformitytofasss for
concurrent systems. We stipulate it in Communicating Sequential Proc€Se$, (vhich is
an excellent tool to study concurrent systems. Specification of cartisystems is expressed
as processes that are composed sequentially and concurrently. dpasalr supports both
abstraction and process composition.

We review the related testing techniques in Chapter 2, and point out theinegses in
addressing this problem. Some techniques generate test cases froml &uéobrchical and/or
compositional) structure of concurrent systems. These global straatfithe whole system
are often too large to be used effectively. Some techniques use testingaa@ijiplicable to
individual concurrent components and heuristically compose localu#ssdogether to form
global test suites. The global test suites have to be further checkausagh concurrent
components to determine whether they may represent feasible synchimngsguences.

A formal framework is developed in Chapters 3, 4, 5 and 6. Chapter 3Jluntes the CSP
language. Chapter 4 defines formally the notion of conformance testing§Bra@d justifies the
use of an anti-extension hierarchy as the abstraction means overroanfoe and reduction.
Chapter 5 investigates the weaknesses of anti-extension in a composippraheh. Chapter
6 presents our solutions to address these weaknesses and our recatimneon the type of
specification to use the results.

Our approach decomposes given processes into sequential compositioomponent
processes. Each component can be combinations of abstract formsubisitute their
corresponding extending components in a process to form aggredsdch forms. Since
the given processes, components and abstract forms are all mectis approach can be
applied recursively and compositionally. We prove that these aggreghstthct processes
should be anti-extensions of the corresponding original processks arfew sufficient and
necessary conditions. Hence, test cases generated from thesssa®will be conformance
test cases for the implementations.

In Chapter 3, we have introduced the CSP language. CSP is excellent igllimgpd
concurrency and composition. Besides, it shares the same underlyatigéthtibansition system
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model with other process algebras and Petri Net. Hence, our resuieaaadily translated to
other formalisms.

In Chapter 4, we have examined the notion of conformance proposedriksBia [15, 13]
to formally define conformance (Definition 4.1.2), reduction (Definition 4.&r8) extension
(Definition/4.1.4). The latter two are special kinds of conformance, whielpartially ordered.
Mutual conformance is shown to be testing equivalent and, in CSP, tletharsame as
process equivalence under the failures-divergences model (3, Moreover, refinement
is equivalent to reduction in CSP [102]. The perfect alignment betweih &d the notion
of conformance let us focus on testing rather than on handling irregutaitidie underlying
model.

We also justify extension amongst these three as the building blocks ofaraevrork.
Conformance is intransitive and hence conformance property caarsetdured in a hierarchy.
We use Example 6.4.8 to illustrate that anti-reduction hierarchy is inapprapiiasaiffers
from the problems that it must include all failures and traces of the origimagss and, at
the same time, it may introduce irrelevant operation sequences. All thebeiraens from
the testing point of view. Anti-extension, on the other hand, does not allevinthoduction
of operation sequences or actions, which is the basis for the generétieliable test cases
from anti-extended processes in our formalism. In short, only extensiom & specification
can provide abstract forms that are guaranteed to be conformed by Emiemgation of the
specification.

Having selected extension, we further investigate it from the perspedtaveompositional
approach in Chapter 5. We identify five weaknesses of extension in #as &xtension has
problems in both direct sequential composition (Problem Preceding abteRr&ucceeding)
and indirect sequential composition (Problem Decomposition). It also alépkging of
tasks (Problem Prefix). Parallel composition in general does notrpeesgtension (Problem
Paralleling).

In Chapter 6, we have presented our solutions to resolve the identifiekhesses of
extension in a compositional and abstraction-oriented approach. We yddetisufficient and
necessary conditions for a restricted sub-class of process spimificto be compositionally
for testing purposes. We also show that the condition for decompositionecaimplified for
deterministic specifications.

We first generalize extension into sequential extension (Definition|6.2Hi¢hvis shown
to be partially ordered (Lemma 6.2.1), as a solution to Problem Prefix. We ladso that
extension is a special kind of sequential extension (Proposition 6.2.2pstitlg equivalence
is preserved (Proposition 6.2.3).

Furthermore, we restrict sequential extension in order to solve Probteoeding and
Problem Succeeding. We formulate the notions aséxtension (Definiton 6.3l1) and
converging process foo-extension (Definition 6.3.4). Head Anti-Extension Theorem
(Theorem 6.4.2) and Tail Anti-Extension Theorem (Theorem 6.4.1) sthaw extension
properties are preserved and hence they solve Problem Precedi®yabiem Succeeding,
respectively. It is also possible to serialize processes by means of plieasipn of Serial
Anti-Extension Theorem (Theorem 6.4.3). Besides, we identify the grffiand necessary
conditions to assure the composition property to tackle Problem DecompositicPrablem
Paralleling (Theorem 6.4.4 and Theorem 6.5.3, respectively). Basddeoronditions, we
propose a restricted sub-class of process specification so that thedidans can easily be
satisfied. The restricted sub-class is that the successful terminatiomsoafspes should be
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deterministic. We also show the theorems (Theorem 6.4.5 and Theorem 6rsid)drministic
specification.
Our contributions are three-fold.

e First, we identify extension as a superior tool for abstraction over corEnce and
reduction from the testing perspective. We also identify its weaknesses in a
compositional approach.

e Secondly, we propose an abstraction-oriented compositional appto@gnerate test
cases.

¢ Finally, we recommend restricting CSP-based specifications to a sub-olabstfer
guality control.

It is a promising approach. We suggest conducting more empirical studtesndustrial
applications to further confirm and to take advantages of the usefulness.
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Appendix A

A.1 A Few Results on Conformance, Extension and Reduction

In this section, we prove some standard results to be in this research @ydatmance,
reduction and extension. We first summarize them in Table A.1.

P conforms toQ A Q extendsR = P conforms toR

P conforms toQ A Q reduceR # P conforms toR

P extendsT; A Q extendsT, = P QextendsTy || T2

P extendsT A Q extendsT = P QextendsT

P extendsT; A P extendsT; = PextendsT; || T»
PextendsP || T

P || T AP extendQ = P TextendQ| T

Pextendsly A Pconformstol, A Qextendsl, A —.  POQ extendsTO0T,

Q conforms toly

Table A.1: A summary of a few useful results in conformance, extensidmeuction

First, we shall show the (in)transitivity amongst conformance, reductishextension.
In particular, we will show the following. Extension followed by conformarmreserves the
conformance. However, neither reduction nor conformance followetbbformance will in
general preserve the indirect conformance.

Proposition A.1.1 Let P, Q and R be processes sharing the same alphabet sets. Sthptose
P conforms to Q and Q extends R. P will conform to R.

Proof: Consider a failurés, X) of P. Suppose thatis a trace oR. SinceQ extendsR, sshould
be a trace of. Moreover, a$ conforms toQ, by definition of conformancés, X) should be
a failure ofQ. In a similar manner, by definition of extensidis, X) should be a failure oR.
The divergences condition follows directly from the definitions.

Proposition A.1.2 Let P, Q and R be processes sharing the same alphabet sets. Stiptose
P conforms to Q and Q reduces R. P, in general, will not conform to R.
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Proof: We prove this using a counter-example. Consider three procesQ=ndR as follows:

P= (a—> b%STOF)D(b—>C—>STOFj
Q=(a—b—STOR
R=(a—b—STORM(b—a— STOR

We observe thaP conforms toQ andQ reducesR. However,P refuses to proceed to evest
after the traceb); whereagb, a) is a trace oR. Hence,((b), {a}) is a failure ofP, but it is not
a failure ofR. OJ

Proposition A.1.3 Let P, Q and R be processes sharing the same alphabet sets. Stipgtose
P conforms to Q and Q conforms to R. P, in general, will not conform to R.

Proof: It follows directly from Definition 4.1.2, Definition 4.1.3 and Proposition A|1.2.

We further show some properties of extension in parallel composition. & ghat
extension can be retained in parallel composition.

Proposition A.1.4 Suppose a process &tendsa process T and a process &Extendsa
process 1. Then the process JPQ extendghe process || T»

P extends TA Q extends JAaP =0Q — P || Q extends T|| T»

if P and Q carry identical alphabet sets.

Proof. For extension to hold? and Ty, as well asQ andT,, should carry identical alphabet
sets, respectively. Given that the alphabet seBaridQ are identical, all these four processes
will carry identical alphabet sets. By the definition of parallel operata, alphabet set of
P || Q should be the same as the alphabet sét df .. Moreover, because of the equivalence
of alphabet sets, any trace of || T, should be a trace o, and that ofT, at the same time,
which, in turn, should be a trace Bfand that ofQ, respectively. By definition, it should be a
trace ofP || Q. For the failure relationship betwe®1| Q andT; || T, there are three sub-cases.
Suppose thats, X) is a failure ofP || Q. (1) Suppose that is neither a trace of; nor that

of T, it will be irrelevant to the extension relation betweRn Q andT; || T2. (2) Suppose
thatsis both a trace of; and that ofT,. By the definition of parallel operator, the refusal set
X of P || Q should not exceed the pairwise union of corresponding refusalreets and Q
associated with the trace Given thatP andQ extendT; andT, respectively. By the definition
of extension (Def. 4.1.4), all failures associated with the tsaftem each of them should be
included inTy || T2 if it is a trace of Ty || T.. And so, any pairwise union of corresponding
refusal sets fron® andQ for traces should be a refusal set ®f || T, for traces. Consequently,
(s,X) is a failure of Ty || T2. (3) The last sub-case is thats either a trace of; or a trace of
To, but not both. Hences will not be a trace off; || T2 (which is irrelevant to extension). The
proof for divergence condition is triviall

By setting bothl; andT, asT, we have the following corollary.
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Corollary A.1.1 If processes P and @xtendsa process T , then the procesq|®) extends
the process T. Mathematically,

P extends T\ Q extends T—> P || Q extends T

Proof: It is obvious thataT, aP and aQ are the same; otherwise the two given extension
relations will not hold. And the result follow8.

Another setting is to put botP andQ as the same process. In this case, the alphabet
equality constraint will be satisfied, and by property tRdt P = P, we have the following
corollary.

Corollary A.1.2 If a process Pextendsprocesses jTand b, then the process Bxtendsthe
process T|| To.
P extends TA P extends I — P extends || T

Proposition A.1.5 If the alphabet sets of processes P and Q are equal, then P extdh@s P

Proof: It is obvious. For procesB || Q, every event should be symphonized; or else it would
not be observable. Hence, every tracd>df Q should be a trace d®. From the definition of
failures for||-operator, all failures o should be failures oP || Q, and divergences alike. And
the result follows [

SettingP asP; || Q1, andQ asP;, || Q2 in proposition A.1.5, we have the following corollary.

Corollary A.1.3 If the alphabet sets of processes|PQ; and B || Q2 are equal, then P||
Q1 extends P|| Py || Qu || Q.

Proposition A.1.6 If a process Pextendsa process Q, then the process|R extendsthe
process Q| R for some process R providing that P and Q shares the same alphahet se

Proof: Trivial. O

Corollary A.1.4 If aprocess Rextendprocessesfand B, and a process @xtendgprocesses
Q1 and Q, then both P and @xtendthe process (P|| P, || Q1 || Q2) providing that P and Q
share the same alphabet sets.

1 A standalone proof. Itis obvious thal, aP andaQ are the same; otherwise the two given extension relations
will not hold. Moreover, any trace d? || Q should be either a trace & or a trace ofQ which, by the definition
of extension (Def] 4.1]4), should be a traceTof Furthermore, supposed thatX) is a failure ofP || Q. Since
both P andQ carry the same alphabet sets, trachould be both a trace & and a trace of). By definition of
the parallel operator, the refusal $ebf P || Q should not exceed the pairwise union of corresponding refusal sets
from P andQ associated with the trace Given that bottP andQ extendT. By the definition of extension (Def.
[4.1.4), all failures associated with the traftom each of them should be includedTnif it is a trace of T. And
so, the pairwise union of corresponding refusal sets froamdQ for traces should be a refusal set @f for trace
s. Consequently, eithes(X) is a failure of T or tracesis irrelevant toT, and the result follows.
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Proof: Process || Q, by Proposition A.1.6extends P|| Q which by the same proposition,
extends P|| Q1. Similarly, P || Q alsoextends P|| Q2. SinceP || Q=(P | Q) | (P | Q), by
Proposition A.1.4 and A.1.6, the result follows.

An interpretation of this corollary is that it is an incremental way of test @m®ce
construction for a set of processes running in parallel. That is, if westoact a sefU of
test processdds, - - ,U, for process? and a selV of test processed, - - - , Vi, for procesQ
such that thé® extends allJ; andQ extends alVj, then we can select one or more processes
from U and one or more processes frmand put all these selected processes in parallel to
form a test process for proceBg| Q. Suppose thalV is the set of all possible test processes
for processP || Q constructed fronlU andV. Composing any number of processes frovn
in parallel will form a process which should be in §&ttoo. Hence, it should extend process

Pl Q.

Proposition A.1.7 If a process Rextendsa process Tand a process @xtendghe process
then the processBQ extendgrocess T1T,, providing that Q conforms to;land P conforms

to To.
P extends TA P conforms to A Q extends FA Q conformsto T

— POQ extends 11T,

Proof: It is obvious that the alphabet set®f| Q is the same as that @i || T.. Moreover, by

the definition of the choice operator, any tracdpf] T, should be either a trace ®f or that of

T, and hence, either a trace®br a trace of) respectively. Hence, such traces should also be
traces o || Q. For a trace oP || Q which is unique to eithel or Q, the related failures should

be come from eitheP or Q, but not both. Since the extension holds, those failures should be
failures of Ty or T, if the trace is also a trace df or T, respectively. In case that a trace of

P || Qis common to bott andQ. The corresponding failures féY|| Q would be the pairwise
union of the failures oP andQ for that trace. It would also be failures ®f || T» if it is also

a common trace of; andT, owing to given extension relations. On the other hand, supposed
that only one, sayf1, of T; andT, contains such a trace. Sin@econforms toTy, the failures

of Q for that trace should be a part of failuresTaffor that trace. By the same token, it is also
the case if the trace only appearsiinrather than inl;. Consequently, the failures related to
that trace foiP || Q should also be failures Gf || T.. The case, that the trace is neither a trace
of T1 nor a trace ofly, is irrelevant. And the result follows$]

Since extension is a special case of conformance, by rewiitiagdT, asT, we have the
following corollary.

Corollary A.1.5 If a process Rextendsa process T and a process Q aksxtendghe process
T, then the process[FQ extendshe process T.

P extends T\ Q extends T— PLQ extends T

Proposition A.1.8 Let P, Q and T be processes. If the process P extends the procdsnQ,
the process B T extends the process|(Qr .

Proof: Consider a failurgs,X UY) of the proces® | T. Letu=s[aP andv=s|aT.
Without the loss of the generality, assuiueX) be a failure of the proce3and(v,Y) be a
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failure of the proces$. Suppose thatis a trace of the proce€3|| T. Given that the proce$3
extends the proces3. (u,X) should be a failure of the proce® According to the definition
of the parallel operatot]{, (s, XcupY) should be a failure of the proce®g| T. The traces and
divergences inclusion followed directly from the definitian.
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