





























































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 8 Experiments with SPEC-VALUE

dial stub has two plug-ins, one of which (INTL) is illustrated in Figure 54(b). The binding of the
INTL plug-in is {(INTL, IN]), (goDial, OUTI), (goReject, OUT2)}.

The other (default) plug-in for the pre-dial stub is an empty path that links /NI to OUTI. The
preconditions attached to these two plug-ins are disjoint. i.e. the user must be subscribed to INTL for
this plug-in to be selectable, and the user must not be subscribed to INTL for the default plug-in to be
selectable. Hence, the two plug-ins can never be active simultaneously. This alternate composition
within the stub results from the nature of the individual features and from how they were integrated
together. In essence, INTL is the only feature that deviates from all the others between the update of
the busy status (busyOrig) and the dial tone (dialTone), and it overrides POTS according to the intent
of INTL.

When an originator user is subscribed to INTL only, the flattening of the root map with the
INTL plug-in in the pre-dial stub and default plug-ins in the other stubs results in the individual UCM
of Figure 53. As for the other features of interest, the post-dial static stub contains only one default
plug-in in which two other stubs are composed in sequence. The process-call stub contains plug-ins
for TCS, INFB, and default behaviour, while the display stub contains a CND plug-in that can over-

ride the default plug-in.

A total of 23 plug-ins are used to describe the 13 features. A second root map was also created
to take care of the disconnection phase in the system. The latter was not explicitly integrated to the
other maps as the disconnection was easier to represent independently. These UCMs were extracted

from the contest description mainly by D. Petriu, a master’s student collaborating to this experiment.

Avoiding Feature Interactions

[ntegrating scenarios together at the level of UCMs promotes high-level reasoning about the overall
system and helps avoid many interactions between features. For instance, many potential interactions

between INTL, INFB (or TCS), and CND are avoided because the features in each possible pairwise
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combination are allowed to proceed independently in the map. They are integrated using a sequence

of three different stubs that encapsulate the features from their environment.

Important design decisions still need to be made at integration and composition time, some-
thing that cannot be easily automated. For example, interactions between features in one stub (e.g.
INFB and TCS in process-call) are still possible, depending on the selection policy used within this
stub. Maps with stubs show how localized the impact of a feature can be. This helps focusing on
issues related to how a plug-in (i.e. dynamic behaviour) is selected in one or more dynamic stubs.
Since only a limited number of smaller UCMs have to be considered in a stub, it becomes easier to
check that they have disjoint and complete preconditions (to avoid non-determinism and unspecified
behaviour), or that priorities need to be established. Hence, the design decisions are simpler. The inte-
gration then becomes a useful step in a design process that includes UCMs. The UCM notation helps
us to reason about architectures and behaviour in order to create systems in which undesirable interac-

tions are avoided early in the development cycle, rather than merely detected at a later stage.

8.3.2 Construction of the LoTos Prototype
The construction guidelines have been used to build appropriate abstract data types, a structure of

components representing the architecture, and internal process behaviour. Although only four features
are fully described and validated (INTL. CND, TCS and INFB), the resulting specification supports
the representation and the manipulation of information for the thirteen features described as UCMs.
Also, the structure of the UCMs (with recursive definitions of stubs and plug-ins) is fully represented
in LOTOS.

The abstract data types are mostly derived from the tabular representation of the feature
parameters found in the contest description. Simple enumerated types describe time, user addresses,
personal identification numbers, announcements, trigger names, response types, and feature names.
More complex ADTs handle a database of subscriber information in the switch, log records for the
billing in the OS, lists of features, feature parameters in the SCP, and a database of status items in the

switch.
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LoTos gates are used to represent individual events shared between the five network compo-
nents (see Figure 53). These components are represented as LOTOS processes and are synchronized on
common gates. Each event in the Chisel diagrams of the contest description (i.e. each responsibility in
the UCMs) is mapped onto a unique gate. Therefore, instead of using gate splitting for representing
the on-hook and off-hook events on the user/switch interface (as in user2swicch!ontook and
user2switch!offHook), we have two individual gates (onHook and of £Hook). Having individual
gates permits more specific compositions between processes and, more importantly, between the

specification and the test processes.

Since this system is designed from the user’s viewpoint, some events are observable while oth-
ers remain hidden within the system. The observable events are the ones on the switch-to-user and
user-to-switch interfaces. whereas the hidden events are those on the switch-to-SCP, SCP-to-switch.
and 10-OS interfaces. Three additional visible events are also created to improve the controllability
and testability of the prototype. Znit allows the initialization of all the databases used by the network
components with users’ values (likely to come from a test case). CreateUser is used to create users
(originators and terminators) and specify their initial state. Finally, Query’s purpose is to allow a test

case to verify the billing log at the end of the test.

The resulting specification is composed of 39 data types (750 lines of LOTOS code) and 13

process definitions (800 lines).

8.3.3 Test Selection and Execution
The test selection strategy used in this experiment differs slightly from that of a plain application of

testing patterns to the set of UCMs. The availability of a semi-formal representation of the require-
ments (in the form of Chisel diagrams) enable the use of a more rigorous technique for the validation
of the functional behaviour of the basic call model (POTS) and of individual features. Testing patterns

were mostly used for validating the expected interactions between pairs of features.
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Test Suite Structure

Often, LOTOS test processes are sequential, monolithic, and deterministic in nature. However, through
process instantiation, LOTOS test processes can be built on top of each other, hence reusing part of
previous test processes in new ones. Shared processes, which represent sub-sequences of test cases
corresponding to common UCM abstract sequences, are used to structure the test suite. These pro-
cesses are called common behaviours and they act in a way similar to test steps in the conformance

testing methodology and framework {193].

Figure 55(b) shows the bottom level of LOTOS test processes, composed solely of common
behaviour processes for POTS. They are reused by the POTS test cases, and also by common behav-
tour processes for individual features. On top of the latter. test processes for individual features, and
also for each pair of features, are constructed. Common behaviour processes are reused by many test

cases. which simplifies the generation of test suites and increases the consistency among test cases.

FIGURE 55. Construction of the F| Test Suite
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Figure 55(c) presents the typical code structure in common behaviour processes. They are
mainly composed of simple expressions that terminate with an exit code (exit(n)). With LOLA, test
cases do not need to be sequential or deterministic, so alternatives and explicit non-determinism are

allowed in common behaviour processes. Note that many alternatives are preceded by the internal
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action i. This non-determinism (motivated by the “canonical™ nature of the testers) ensures, under

LoLA, that all branches in the test case will by selected and covered at testing time.

In Figure 55(a), the typical code structure illustrates that a test case provides the system con-
figuration and verifies the exit codes. More specifically, the system is first initialized (with Inic),
users are created dynamically (with CreateUser), and the test cases themselves are performed by
instantiating common behaviour processes. The exit code is then captured and used to validate the

billing log against its predicted value. This verification step is performed on the Query gate.

During the testing, a deadlock in a test case for POTS or for an individual feature indicates an
error that needs to be fixed. When all these test cases pass successfully, a deadlock in a test case for a

pair of features indicates an unexpected interaction.

Testing POTS and Individual Features

Test cases generated from POTS and individual features check that each feature acts properly when
being the only one active (Strategy 6.B). and that POTS acts properly in the absence of any active fea-
ture (Strategy 6.A). Often, more than one test case is required to cover one requirement. because ini-
tial states and conditions are necessary. POTS has only one precondition: whether or not the
terminator side is busy. Hence. two test processes. one for each initial configuration. are necessary
(200 lines of LOTOS code). They make use of six POTS common behaviour processes. corresponding
to POTS states referred to by the Chisel diagrams of other features. This is one of the reasons why
such common behaviour can be so easily reused. The two POTS test cases cover all the sequences

found in the corresponding Chisel diagram.

Ten test processes are used to validate the features INTL, CND, INFB and TCS (400 lines of
LoTos code). They make use of six additional common behaviour processes. Each test is executed by
providing an initial configuration according to the conditions included in the individual UCMs. For

instance, three configurations are required for INTL: UnrestrictedTime, RestrictedTime A ValidPIN,

278  Specification and Validation of Telecommunications Systems with Use Case Maps and LOTOS



Feature Interactions (FI)

RestrictedTime A InvalidPIN. They cover the three partial UCM routes (abstract sequences) found in

Figure 53. In effect, this corresponds to the application of Strategy 1.B (Alternative — All paths).

Detecting Unexpected Interactions

In theory. if the same type of integration used for merging the individual UCMs is used again during
the generation of the test cases for pairs of features, then there should not be any problem, and per-
haps not a single unexpected interaction. In practice however, integrating the expected behaviour of
two features in a test sequence is much easier than integrating n features in a system (where n > 2).
This is one of the main reasons why tests for pairs of features are necessary. Although they cannot
cover everything there is to check, they represent a pragmatic and efficient way of attacking the prob-

lems of conformance to the requirements and interoperability between features.

A set of 25 test cases (725 lines) was generated by application of Strategy 6.C to the UCM
paths where plug-ins for pairs of features are selected. The meaningful combinations of preconditions
also helped selecting these test cases, which aimed to validate the features according to the intent
expressed by the global UCM. In the first iteration after the successful execution of test cases for
POTS and individual features, all the FI test cases passed successfully, except the test for the pair
INFB-TCS. LOLA returned three traces that led to unexpected deadlocks. One such trace is illustrated
as an MSC in Figure 56: the idle terminator (B) has subscribed to INFB and TCS, and the originator is
not on the screening list. In this scenario, the originator (A) on-hooks first, but it is also billed instead
of the terminator. The error in the billing was detected when the test case queried the log from the OS
and could not synchronize on the expected value. The problem here is that the TCS plug-in was

selected, but not INFB. Hence, the person to be billed was the default one, i.e. the originator.
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FIGURE 56. A Feature Interaction Between TCS and INFB

msc fiiINFB_TCS_caseta

process User Switch process User Qs

Oft-hook (A)
- DiafTone (A)

Ol (A. B)
TCS selecied »

R Start AuciblaRinging (A, B)

Start Ringing (B. A}

Off-hook (B)

. Stop AudibleRnging (A, 8)

Stop An@ng (B, A) -
LogBeqn (A, 8. A, 10)
A and B taliing

QOn-hook (A}

Cwconnect (B, A)
LogEnd (A, B. t1)

-

Qn-nook (B)

.

Errar i tulla

The second interaction trace is similar, but the originator on-hooks first. In the third trace. the
originator is on the terminator’s screening list. The call should be blocked by TCS. but it goes through

because INFB was selected while TCS was not.

The choice between the TCS plug-in and the INFB plug-in in stub process-call. which both
override the default plug-in, was left open (i.e. non-deterministic). When integrating the UCMs, it
was not clear whether other types of constraints were necessary for these two features to work prop-
erly together. Even from a UCM perspective, a mutual exclusion would cause problems, but this is a
detail that was buried down in the selection policy within the stub. This is why a more precise and rig-

orous detection technique appears necessary once the integration is compieted.

A sensible solution to this problem would be to give a sequential priority to TCS over INFB in
the stub, i.e. INFB would be selected only if TCS allows it. This new composition was specified and
the FI test cases adapted according to this new composition. In the end all the test cases (POTS, indi-
vidual features, and pairs of features) passed successfully. No expected interactions seemed to remain

in the global specification.
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8.3.4 Structural Coverage
This specification was instrumented with 55 probes in order to cover of 49 sequences (94 LOTOS

events) and 27 simple BBEs. Structural coverage measures were taken using LOLA’s TestExpand and
OneExpand commands. Both approaches provided the same results, but TestExpand required 165 sec-

onds whereas OneExpand only took 37 seconds.

The testing performed in Section 8.3.3 being quite exhaustive, no probe was expected to be
missed. However, four probes were not covered by the test suite. This partial coverage is caused by
the specification of only four features out of the thirteen described in the UCMs rather than by the
incompleteness of the test suite. The specification includes paths corresponding to stub outgoing seg-
ments (hooks) that are not used by the four selected features. The specification of the remaining fea-
tures and the generation of their validation test cases would undoubtedly lead to a full structural

coverage.

8.3.5 Discussion
This FI experiment leads to the discussion of four new topics: the incremental addition of new fea-

tures. the adequacy of the underlying call structure, some limitations of the UCM notation, and the

benefits of this approach when compared to related techniques for feature interactions.

Incremental Addition of New Features

Adding new features has a direct impact on the global UCM, the specification, and the test suite. In
this experiment, the integration of three new features (the second phase of the FI contest) to the first
ten ones, which were already integrated together, did not have a major impact on the giobal UCM.
The root map did not have to change, but a new stub and a new output path had to be added to a plug-
in. The impact has shown to be proportional to how coupled the features are in a map. The more a
map is modularized (by using stubs), the less it is likely that major modifications will be necessary.
Since the LoTOS specification reflects the global UCM, the impact on the prototype is basically the
same. A few new gates and appropriate data structures, together with new processes for specifying the

new plug-ins, are required.
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The addition of a feature however has a profound impact on the test suite. The number of pairs
among n features is n*(n+1)/2 (if we assume that a feature may interact with itself), and for each pair
the number of test cases grows exponentially with the number of distinct conditions to be covered.
The impact of the integration of a new feature will be higher if new types of conditions (e.g. precondi-
tions attached to start points or OR-forks) have to be accounted for in the input domain. However,
UCM s can help determine some unnecessary combinations of conditions by following the paths and
their associated conditions. For instance, when UnrestrictedTime is true in INTL (Figure 53), whether
the PIN is valid or not has no impact, hence one of these two combinations can be dropped. Neverthe-

less, more scenarios need to be pruned out for combinations of features.

Structure Adequacy

The abstract underlying structure in the UCMs appears to be insufficient for the specification of sev-
eral remaining features. The current behaviour of the switch component (Figure 53) is tightly coupled
to the progression of one unique call session. For call sessions involving more than two parties (e.g.
for the three-way calling and call waiting features), the current call structure needs to be improved.
Call sessions need to be instantiated upon request. and the user status database needs to be decoupled
from the switch process in order to be accessible to these sessions. Such improved structure would be
similar to those used in many LOTOS specifications for telephony systems [129][133]. The UCM
structure. derived from the network architecture given in the requirements, did not specify anything
about the internals of the switch, and it was specified as is in the prototype. However. for the sake of
extensibility of the specification, new components are needed at the specification level, and they prob-
ably need to be mirrored at the UCM level. Such improved structure was not used in this experiment,
but the lesson here is that complex scenarios might lead to the discovery of new components at the
UCM and LoToOs levels.

Limitations of Plug-ins, Bindings, and Compesitions

The following limitations of the UCM notation were observed while integrating the scenarios:
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e Although the stub/plug-in mechanism is useful for abstraction, modularity, and dynamic
behaviour, its use in a global map makes the end-to-end scenarios more difficult to visual-
ize at a first glance. Often. the reader has to mentally flatten the global map to get a better

understanding of these scenarios.

o The binding of a plug-in to a stub is done through an external mechanism (the binding

relation, together with an optional selection policy), which is not visual.

Care has to be taken when using stubs and plug-ins, otherwise their use might defeat one of

the intents of UCMs which is to provide a useful bird’s eye view of the system.

Comparison with Related Techniques

In [132]. Faci presents a FI detection technique also based on the integration of scenarios and the use
of the LOTOS testing theory. This approach makes a distinction between the concepts of composition

and integration. Composition, noted f)l[]If>, expresses the synchronization of features on their com-
mon actions with POTS and their interleaving on their independent actions. Integration, noted f;*f,,

expresses the extension of POTS with n features (two in his examples), such that each feature is able
to execute all of its actions which are allowed in the context of POTS. when the other features are dis-
abled. Features are captured as labeled transition systems instead of as UCMs. [ntegration relates very
well to the UCM integration, whereas the composition simply represents the generalized synchroniza-
tion operator and does not relate to anything specific in SPEC-VALUE. Faci's approach states that an

interaction exists between n features if their integration does not conform to their composition.

Conformance is checked through validation test cases, from the user’s point of view, similarly
to what was done in this FI experiment. Test cases are derived manually (using “knowledge and expe-
rience™) from the composition specification, and then they are applied to the integration specification.
When a deadlock occurs between a test case and the integration specification, an interaction is said to
be detected. This last specification is generated manually at the LTS level, which is far less scalable
and modular than generating specifications from global UCMs. Indeed, all the examples provided in

this thesis contained only two features integrated together, for obvious complexity reasons. UCMs are
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a means to integrate scenarios while avoiding some interactions, and they allow for multiple complex

features to be considered.

Faci’s approach leads to multiple feature interactions that are somewhat spurious or easily
avoidable. Indeed, any integration operator (*) other than the generalized synchronization (I{]l) is very
likely to cause deadlock situations. The test suite, although it could be generated almost automatically
from the composition, is of low quality as it does not consider the way the features were integrated
together. Many test cases are may tests and would deadlock when composed with the original behav-
iour. The test suites generated from UCMs are much more representative of the intended system
behaviour, they lead to simpler diagnostics (due to their acceptance/rejection nature), and they are

more likely to be reusable down the road towards the implementation.

In [141][142]. Fu er al. applied two different FI detection techniques to the set of features
described in the FI detection contest and prototyped in LOTOS. The first one uses observer processes
that check, at run-time, whether individual feature properties hold in the presence of other features.
The second technique uses the billing information (log) to catch interactions both during and after the
execution of test scenarios. These scenarios are very loose and cover large portions of the state space.
In an integrated approach to the specification and verification of features, both these FI detection

techniques could potentially be used in addition to the UCM-based prototyping and validation.

Turner applied CRESS, reviewed in Section 3.3.4, to the same set of features [354][357]. Using
the CRESS toolset, LOTOS models are constructed automatically from formalized Chisel diagrams cap-
turing the individual features. Several types of interactions (e.g. related to consistency or non-deter-
minism) are detected at integration time using static semantic rules. Additional interactions are
detected using conventional LOTOS techniques, including testing with LOLA. The author claims that
the specifications produced by this toolset are smaller better structured than similar ones written man-
ually in [142]. However, these specifications suffer from a pre-determined composition mechanism

and target mainly the detection of interactions, not necessarily an integration that would solve or
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avoid them as it is the case with UCMs and selection policies. There is no strategy for the selection

and generation of test cases, especially for the ones targeting desirable feature interactions.

Nakamura er al. [268] and Hassine [170] recently proposed filtering approaches that help
extracting interaction-prone scenarios based on the configuration of UCM stubs and plug-ins. These
techniques are based on an assumption used in this experiment, i.e. features that override default plug-
ins in different stubs are not likely to interact whereas features that attempt to override default plug-
ins in the same stubs are likely to interact unless appropriate measures (selection policies) are taken.
Hassine’s approach further validates these scenarios using a LOTOS specification. Gorse uses another
FI filtering technique in combination with UCMs, only this time it is based on a more abstract repre-
sentation of the requirements (preconditions, input events, and resulting events/postconditions only)
[156](157]. For each suspected interaction, scenarios can be generated directly and mapped onto
UCMs or LOTOS test cases. Other filtering techniques (e.g. Keck’s [226]) could also be adapted to the
UCM context. All of these can be combined to SPEC-VALUE to improve the detection of potential

interactions and the selection of suitable validation test cases.

8.4 Agent-Based Simplified Basic Call (SBC)

This experiment is part of a proof-of-concept study for an industrial project. The industrial partner
provided a collection of integrated UCMs representing the high-level design of an agent-based private
branch exchange (PBX). These UCMs include many features structured with stubs and plug-ins in a
way similar to the FI specification of Section 8.3 and to the TTS example. In this experiment, the
basic call model was extracted from these UCMs and then simplified. The initial set of more than 100
UCMs was reduced to a collection of 4 UCMs which no longer contained any stub; the handling of
stubs and plug-ins was postponed to a later phase of this project. These UCMs were used as an exam-

ple to demonstrate the potential of the SPEC-VALUE approach in an industrial context.

This section reports on the prototyping and validation of this agent-based Simplified Basic
Call (SBC) model. The application of SPEC-VALUE to the whole set of UCMs and features (the sec-

ond phase of this industrial project), together with the generation of functional test cases and the
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detection of undesirable interactions, is discussed further in [25]. The results of this second phase are

not included in this thesis because the work was mainly done by other students as part of their own

theses.

8.4.1 System Overview and UCM Descriptions
The system in consideration uses a new agent-based architecture being designed by the industrial

partners {369]. Call processing goes through four types of components:

e Device Entity Blocks (DEBs): Device agents handling the devices, i.e. the physical end-

point of a call (e.g. a telephone, a computer capable of voice over IP, a diary, etc.).

e Communication Entity Blocks (CEBs): Personal agents aware of the restrictions and privi-
leges given to specific users. They aiso know about the preference relationships between a

user and his/her devices. CEBs communicate with DEBs and LEBs.

o Logical Entiry Blocks (LEBs): Agents representing the functional role of the end point of a

call (e.g. president, director, secretary, etc.).

o Call Objects (COs): Dynamically instantiated objects that handle calls by binding LEBs

together in a call session.

Many instances of these components can be active simultaneously for one user. From a sce-
nario perspective, it is also helpful to distinguish between the roles played by DEBs, CEBs, and LEBs
(e.g. originating or terminating). Call objects are similar to the call sessions suggested as a structural

improvement for the FI specification in Section 8.3.5.

SBC is modeled using four UCMs, related through their preconditions and postconditions:

 SimplifiedBasicCall, the main UCM, where the originating party attempts to initiate a call.
This UCM, created with the UCM Navigator [257], is showed in Figure 57.

e Answer: this UCM follows SimplifiedBasicCall when the phone is ringing on the termi-
nating side. If the terminating party answers, then the phone stops ringing, the connection

timer is released, and the connection is established.

286  Specification and Validation of Telecommunications Systems with Use Case Maps and LOTOS



Agent-Based Simplified Basic Call (SBC)

e HangUpOrig: UCM that represents the termination of a call or of an attempt to make a
call by the originating party.
e HangUpTerm: UCM symmetrical to HangUpOrig, but involving the terminating party.

FIGURE 57. SimplifiedBasicCall UCM for SBC
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The three last UCMs, although not shown here, are rather simple. The apparent complexity of
the SimplifiedBasicCall UCM results from the flattening of numerous stubs with default plug-ins in
the initial collection of UCMs. The use of stubs and plug-ins in the latter makes it more structured and

readable.

In Figure 57. originating and terminating roles are used for DEBs, CEBs and LEBs. The start
points leading to the DEBs and the end points coming out of the DEBs represent user interactions. All

the responsibilities are hidden in their respective components.

Specification and Validation of Telecommunications Systems with Use Case Maps and Lotos 287



CHAPTER 8 Experiments with SPEC-VALUE

8.4.2 Construction of the LoTos Prototype
The construction guidelines and the experience gained with the FI experiment helped determining an

appropriate structure for the LOTOS prototype. The integration of the four UCM:s cited in the previous
section is done directly at the LOTOS level, in a way similar to the GCS and PTM-G examples.

The DEBs, CEBs, LEBs and COs are represented as LOTOS processes, as shown in Figure 58.
Multiple instances of these components are used to represent the different users such as A (originating
party) and B (terminating party). These components communicate through unidirectional channels
specified as gates (arrows in Figure 58). Also, individual component instances, uniquely identified,

use gate splitting to communicate.

FIGURE 58. Structure of the LOTOS Specification
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A single Database process is used to simulate all the data repositories assumed to exist in the

components but which are not defined explicitly in the UCMs.

In this structure, DEBs are instantiated statically: for any particular DEB, there exists one and
only one instance. Each DEB process is instantiated with values corresponding to its identifier and the
user with whom it is associated. Other Agents (CEBs, LEBs and Call Objects) are managed in a more
dynamic fashion. CEBs and LEBs can be involved in several communication scenarios simuita-
neously. To permit this, CEB and LEB processes are designed such that there may be many instances

of them at the same time (up to three in this specification). Call Objects (COs) are created dynami-
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cally by LEBs through the CallObjectCreator process. The COs may be used by any number of LEBs,

so this structure enables multi-party calls, something that was possible to do in the FI specification.

Simple abstract data types are defined to describe, compare and manipulate messages and
component identifiers (8 ADTs, 200 lines of LOTOS code). Nine process definitions are used to

describe the components and their associated factories (750 lines of LOTOS code).

One particularity of this prototype is that it includes a timeout mechanism, resulting from the
construction guideline CG-4.a, used to specify the timer found in the SimplifiedBasicCall UCM. The

timeout event is made visible in order to improve the controllability at testing time.

8.4.3 Test Selection and Execution
For the validation, the structure was initialized with two users (A and B), as shown in Figure 58. Sim-

ple testing patterns were used to guide the construction of nine acceptance test cases. However. the
goal was to produce examples of functional scenarios, without much concern for the complete cover-

age of the UCM paths. Two rejection test cases were also added to this collection.

The first four test cases (Al to A4 in Table 25) target the normal and expectable usage of the
system. whereas tests A5 to A9 represent unsuccessful communications or exceptional scenarios
which highlighted several problems with the prototype. In a sense, these last five test cases checked

the robustness of the specification.

Tests R1 and R2 are two rejection test cases whose expected verdict is Reject. They are based

on informal requirements rather than on the UCMs themselves.

Three problems were detected. Test A6 shows that the communication mechanism used inside
CEBs and LEBs cannot always handle simultaneous hang-ups from both parties because of a race
condition. Test A7 indicates that the situation is even worse when B hangs up at the same time as the
timeout occurs in the LEB. Both these unexpected verdicts imply deficiencies in the way the SBC
specification handles these two race conditions. This needs to be fixed at the LOTOS level since UCMs
abstract from such details.
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Test R2 indicates a problem with the disabling of the CalllnProgress signal when a party goes
on hook. Not only this needs to be fixed at the LOTOS level, but such a problem may also require

remodeling or more details at the UCM level.

TABLE 25. SBC Test Suite and Verdicts

Test Description Verdict Problem
Al | A calls B. A hangs up first. MUST
A2 | A calls B. B hangs up first. MUST
A3 | Acalls B. B is busy. MUST
Ad | A calls B. no answer (timeout). MUST
¢ AS | A calls A, gets busyTone. MUST
E A6 ] A lks to B, and they hang up at the MAY CEBs and LEBs were unable to propagate internal
§ same time. messages in both directions at the same time,
] hence resulting in some unexpected deadlocks.
A7 ] A calls B. and B off-hooks at the same  REJECT | Race condition causing unexpected intemal dead-
time as the ringing timeout occurs. locks (LEBs) in all test executions.
A8 | A calls B. B is busy. A hangs up, tries MUST |
again, and gets busyTone. !
A9 | Tests Al and A2 in sequence (2 calls).  MUST |
R1 | Boff-hooks twice before hanging up.  REJECT
= | R2 | CalllnProgress signal should not MUST | Test case that illustrates a problem with the UCMs,
£ occur after onHook/toneOff. which was coded as is in the prototype. Since the
E caillnProgress tone is sent to the originator concur-
] rently with the rest of the call (see Figure 57). it is
possible for this event to be observed even after the
originator has gone on-hook.

These problems were not fixed in this experiment as the goal was to show problematic situa-

tions that validation test cases could uncover.

8.4.4 Structural Coverage
Though the SBC specification is not valid according to Definition 6.2 (val relation), the structural

coverage was measured in order to determine additional potential problems. Using the improved
insertion strategy, 64 probes were inserted in the specification, which represents only 29% of the total
number of LOTOS events (204) and simple BBEs (20).
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Using LoLA’s OneExpand command, the resulting coverage measurements emphasized 17

probes missed by the validation test suite. Two main reasons explain this surprising result:

« Failure conditions are handled by several UCM paths (e.g. [F!], [F2] and [F3] in
Figure 57) and the specification detects and reports them as appropriate. However, these
conditions are not checked by the validation test suite. 12 unvisited probes fall in this cate-
gory. Additional test cases are necessary to cover these UCM paths and hence check the

robustness of the SBC design.

e As explained in Section 8.4.2, several instances (up to 3 in the specification) of CEBs,
LEBs. and COs can be active simultaneously for one user. This type of structure is neces-
sary to support several multi-party features designed on top of this SBC. However, the cur-
rent validation test suite does not make use of all these instances at once. No third instance
is ever created for any component. and hence 5 probes are not covered. This is another
example of a specification structure that is intended to be extended with additional behav-

iour (features in this case).
Again, the validation test suite was not completed in this experiment.

8.4.5 Discussion
The SBC case study illustrated several types of problems that could be detected in an agent-based sys-

tem using SPEC-VALUE. One lesson learned during this experiment is that if test cases focus too
much on the paths related to expected user functionalities, then the robustness of the design might be
forgotten along the way, even if this robustness is explicitly defined at the UCM level. The test plan
should ensure that, through the use of testing patterns, all UCMs paths are covered. If this is not the
case, then it is likely that the functional and structural coverages of the prototype will remain incom-

plete.

In the second phase of this project, SBC was extended to support the original set of UCMs
(including stubs and plug-ins) [25]. The features considered so far are of different types (Outgoing

Call Screening, Call Forward Always, Call Forward on Busy. Call Hold, Recall, Call Pickup and Call
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Transfer), and new ones are to be added (Auto-Recall, Timed Reminder, and Call Waiting). The
approach for FI avoidance and detection used in Section 8.3 is being applied. The main result of this
experiment is to have shown, to the satisfaction of the industrial partner, that a design methodology
for telephony switches based on the combined use of UCMs and LOTOS is feasible and effective in

practice. Part of this methodology is also being integrated to the industrial partner’s design process.

8.5 Self-Coverage of GSM Mobile Application Part (MAP)

SPEC-VALUE's structural coverage technique is applicable to specifications developed in various con-
texts. This experiment involves GSM's Mobile Application Part (MAP) [127], an ETSI standard
which maintains consistency among databases frequently modified by mobile telephone users. MAP
is composed of nine protocols for message exchanges between specific pairs of GSM components.
The MAP specification and the test suite used here were not developed using SPEC-VALUE. This
experiment discusses the use of the structural coverage technique presented in Chapter 7 for establish-

ing the self-coverage of a specification by a test suite automatically generated from this specification.

8.5.1 Construction of the LOT0S Prototype
A student (H. Ben Fredj) derived a MAP specification in LOTOS directly and manually from the stan-

dard [127]. Scenarios and UCMs were not involved in the construction of this specification. The spec-
ifier validated the prototype manually through simulations and step-by-step execution. The resulting
specification contains 14 process definitions (850 lines of LOTOS code) and 22 ADT definitions (375
lines). This specification is written in a fairly static style, i.e. processes are not instantiated dynami-
cally. This style was chosen in order for tools such as CESAR to be able to extract a finite automaton
from the specification [ 135]{146].

8.5.2 Test Generation
The project aimed to generate an abstract conformance test suite automatically from the MAP specifi-

cation in LOTOS and to compare it to a similar test suite generated from a MAP specification written
in SDL. TESTGEN is the tool used to generate both abstract conformance test suites. The resuits of this

comparison are outside the scope of the thesis, and hence are not discussed further.
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As shown in Figure 59, the specification is first translated into an automaton by C£SAR, and
the resulting graph is minimized by ALDEBARAN [135]. TESTGEN then generates a conformance test
suite by doing a tour of the graph and by using Cavalli's Unique Event sequences (89][196], a unique
identification of each state adapted to LOTOS from the concept of Unique Input/Output (UIO)
sequences [360]. This test suite is converted back to LOTOS test processes in order to check whether
or not the structural coverage of the “validated” MAP specification is achieved (hence the name self-

coverage). A 100% coverage is obviously expected.

FIGURE 59. Self-Coverage of the MAP Specification

Conformance
Test Cases

Translation

8.5.3 Structural Coverage
Three major iterations were needed to achieve a satisfactory structural coverage and a validated spec-

ification. In the first one, less than half of the probes were visited by the test suite (417 tests) because
of a problem with the data types and guards which caused about haif of the specification not to be

reachable. This problem was totally missed during the initial validation.
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The second iteration fixed this bug and resulted in an improved and longer test suite (603
tests), whose results are shown in Table 30. Several verdicts were wrong because of remaining non-
determinism in the specification. This also caused problems with the generated test suite, which

couldn’t cover 17 probes in the specification.

A third version (not shown here) fixed this non-determinism problem and led to the generation

of 684 test cases. Full structural coverage of the specification was achieved with this test suite.

Owing to the finite and fairly deterministic nature of the MAP specification, LOLA took
between 10 and 18 seconds to validate the numerous tests associated with the different versions men-
tioned above. However, because of a very high number of test cases, almost 17 minutes (1000 sec-

onds) were required by OneExpand to measure the structural coverage.

8.5.4 Discussion
The use of the structural coverage technique helped preventing the generation of a faulty conformance

test suite from an incorrect specification constructed and validated manually. As shown by this MAP
experiment, tests derived automatically from a LOTOS specification can be checked against this same
specification in order to help detecting unreachable code and non-determinism. Such a self-coverage
approach to conformance testing is an interesting by-product of the technique and provides added
value to specifications and test suites at a very low price. It also shows that the coverage technique has

its place even in the absence of validation test suites.

8.6 Test Suite Validation Using Mutation Analysis

In SPEC-VALUE, test suites generated from UCMs help validating LOTOS prototypes against those
same UCMs and against functional requirements. The structural coverage approach helps ensuring
the completeness of the test suite in terms of the events and basic behaviour expressions found in the
specification. In a sense, this is one way to “validate” the validation test suite. However, the effective-
ness of the test suite at finding faults is yet to be determined. So far, this chapter provided anecdotal

evidence of the usefulness of these test suites through various applications of the methodology. This
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section provides an additional experiment that uses mutation analysis to better measure the effective-

ness of test suites at detecting faults in mutants, which are minor variations of the original specifica-

tions.

Section 8.6.1 introduces the concept of mutation in a validation context. The generation of
LoTtos mutants in SPEC-VALUE is presented in Section 8.6.2, with an application to TTS. Mutation
analysis is performed on TTS and three other specifications in Section 8.6.3, and the main observa-

tions and lessons are discussed in Section 8.6.4.

8.6.1 Mutation Analysis and Validation
Mutation analysis is a fault-based technique inspired by mutation testing, which was developed more

than two decades ago for testing software in general [112]. Mutation testing is traditionally used to
create test cases that are sensitive to smail changes to the (syntactic) structure of a program, e.g. a
modification to an operator, a condition, a variable, or a value. Such a change applied to a valid pro-

gram results in a mutant, and tests are constructed in a way to detect (or kill) invalid mutants.

Mutation testing is based on two major assumptions:

+ Competent programmer hypothesis: Competent programmers tend to write “nearly cor-
rect” programs, i.e. if they are not correct they will differ from the corrected version by a

few relatively simple faults.

» Coupling effect: A test suite sensible enough to uncover all simple faults in a program is
implicitly capable of detecting more complex faults. This assumption is more controver-

sial in nature, but it has been justified on numerous occasions in empirical and experimen-
tal studies [271].

The mutation analysis used in this thesis aims mainly to measure the effectiveness of a test
suite at killing mutant specifications rather than to generate test suites that can kill all mutants. Muta-
tion analysis represents an opportunity to validate the various test suites constructed so far and to dis-

cuss the adequacy of the testing patterns and strategies defined in Chapter 6.
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8.6.2 Mutant Generation and SPec-VALUE
Mutation analysis is applicable to executable specifications just as it is applicable to software pro-

grams. The assumptions are adapted accordingly, i.e. “programmer” and “program” are substituted
with “specifier” and “specification”. Notable examples include Probert and Guo {292] with a muta-
tion testing technique for Estelle, Woodward [378] with a technique for algebraic specifications, and
Amman and Black [11][52] with another technique based on temporal logic (CTL) and model check-

ing. To our knowledge, mutation analysis has never been applied to LOTOS specifications.

There exist various strategies for the generation of mutants from programs and specifications.
The basic strategy is called szrong mutation and consists in generating all mutants for pre-determined
types of operators and faults. Variations of this approach include weak mutation and firm mutation
[231]. Unfortunately. these strategies lead to an explosion in the number of mutants for all but simple
specifications. Since the testing of mutants is a computationally intensive task. minimizing the num-
ber of mutants becomes rapidly a necessity. Selective mutation was presented as a potential solution
to this problem [272], but this technique is still rather synthetic and would produce numerous mutants
for large specifications such as the ones studied in this chapter. Furthermore. many of the mutants
produced with these techniques would be in violation of the strong static semantics of LOTOS and
would be caught at compilation time. For the purpose of the current experiment. which is to observe
the effectiveness of test suites on real-size specifications. and because the applicability of these
mutant generation strategies to LOTOS specifications is beyond the scope of this thesis, a limited col-

lection of mutants will be selected and generated manually.

Mutation Operators

The generation of mutants requires some specific constructs to be changed. Mutation operators are at
the heart of mutation analysis as they identify the syntactic modifications responsible for mutant spec-
ifications. These operators should model plausible errors and faults while satisfying syntax and static

semantics rules checked by compilers.
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In the context of SPEC-VALUE, mutation operators should target the design decisions that
need be taken during the construction of the specification from the UCMs. Several construction
guidelines presented in Section 5.2 require many such decisions and are hence prone to the generation
of erroneous specifications. Mutation operators should also relate to common mistakes in LOTOS
specifications and to other details that are generally overlooked. In this experiment. six categories of

mutation operators are used:

« Structure: Construction Guideline 5 requires decisions as to how the LOTOS processes
capturing the components should be represented and connected. Gates may be incorrectly
hidden or observable, and process synchronization (one fewer/more gate) and composition

( !+ e {1)can be erroneous.

« Segment integration: Construction Guideline 6 suggests that unrelated path segments can
be integrated in many ways. Consequently, the integration can be made more permissive
(from sequential to alternative to concurrent) or restrictive (from concurrent to alternative

to sequential).

« Terminations: Construction Guidelines | and 2 indicate that sequences of events resulting
from linear causal paths can end with the inaction (stop) or with process instantiation
(e.g. for recursion). AND-joins and OR-joins may also lead to the use of exit. Problems

may result from the wrong type of termination (stop < exit « process instantiation).

» Messages: Construction Guideline 7 promotes the use of messages to refine inter-compo-
nent causality. Errors may be introduced easily in these messages, e.g. incorrect or non-

deterministic ordering, source/destination, type, values, etc.

o Plug-in bindings: Plug-ins and stubs are connected through binding relationships, as
mentioned in Construction Guideline 3. These bindings span the process definitions of

stubs and plug-ins, and errors may be introduced in input/output segments and parameters.

« Selection policies: Stub processes specify selection policies (Construction Guideline 3).

These policies may be mutated by changing selected plug-ins or conditions.
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The constructs cited in these categories can be mutated to simulate plausible errors occurring
during the construction of the prototype specification. Note that the definition of ADTSs (covered in
Construction Guideline 8) is not covered here as it is not the focus of UCMs and validation test cases
as used in SPEC-VALUE. Note also that simple construction guidelines (e.g. CG-2.a, CG-2.b, and CG-

4) are not covered because they are seldom the subject of interpretation errors.

TTS Mutants

The mutation operators are applied to the TTS specification and 30 mutants are presented in Table 26.
These 30 mutants were selected manually. Care was taken to prevent the generation of mutants that
are syntactically incorrect or that do not satisfy LOTOS’ static semantics. Such mutants would be

declared incorrect during their compilation by tools such as LOLA.

Additionally, mutants that are equivalent to the original specification are also not selected.
Equivalent specifications (according to testing equivalence in this case) would be undetectable from a
testing perspective and would also be valid according to val. Common instances include equivalent
conditions (e.g. in> 3] is the same as (not (n<3) ) and behaviours (e.g. 2; stop ' || b; stop

isthesame as a; stop . (c!| b; stop).

The limited number of mutants will be useful for our goal of providing general observations,

but more mutants would be required for a full-fledge empirical study.
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TABLE 26. TTS Mutants Generated Using Six Categories of Mutation Operators
Name Line Mutation Comment
mi 418 hide disg gate Hiding of an extra responsibility
m2 508 hide sig gate Hiding of an extra responsibility
g m3 423 add r ing in synchronization set Decreased concurrency
§ m4 440 remove 3isp from synchronization set t Increased concurrency
“ mS 463 (- ‘ Increased concurrency
mé 166 msg2 — msg i Erroneous communication channel
m?7 527 (1= i { More permissive integration
g m8 535 (oo il | More permissive integration
‘é m9 535 Y- exit >> | Less permissive integration
;? mli0 543 (1 = i3 More permissive integration
f’n ml]l 563 R I ' Less permissive integration
# mi2 482 sequence — recursion followed by choice : More permissive integration
ml3 489 recursion followed by choice — sequence | Less permissive integration
mld 5717 recursion — stop | Recursion removed
E’ mis 532 recursion — stop ! Recursion removed
=] mlé 636 exit .i — stop i Exit (and parameters) removed
ml7 756 exit (..., — stop | Exit (and parameters) removed
. mi8 531 'msg — mSg:Announcement . Increased non-determinism
%‘ m19 568 ‘uid — ?Juser:User . Increased non-determinism
m20 540 uid(ul) = userA ! Fixed message parameter
m21 548 in2 = inl | Erroneous input segment (stub)
= m22 595 inl — in2 Erroneous input segment (plug-in)
§ m23 726 inl = in2 Erroneous input segment (plug-in)
E m24 717 user0 — usera Fixed plug-in parameter
in m25 717 usar? — userB Fixed plug-in parameter
> m26 640 outl = outl Erroneous output segment (stub)
m27 642 outd — out2 Erroneous output segment (stub)
- m28 609 OCS — CND Erroneous condition
E.' m29 724 [CND MotIn £l{(ui)] — [=ruel Erroneous condition
@ m30 717 CND — Defaulct Erroneous plug-in selection
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Effectiveness and Mutation Scores

According to Weyuker and Ostrand's definition [370], the effectiveness of a test suite can be measured
by computing mutation scores. Traditionally, a mutation score is defined as:
Miitied
Mgen - meq
where My, is the number of mutants killed by the test suite, M,,, is the total number of mutants

MS =

generated. and M, is the number of equivalent mutants generated. Equivalent mutants cannot be

killed by any test case. If MS<I, then the remaining /ive mutants require the addition or improvement

of test cases in order to get killed.

In this experiment. equivalent mutants are prevented from being generated right from the start.
However, some mutants might still be appropriate, even when not equivalent to the original specifica-
tion. Appropriate mutants in our case represent alternate specifications that could have been generated
from the same set of UCMs and that would be valid according to val. Unlike equivalent mutants,
appropriate mutants could be distinguished by test cases. A common situation is a specification that
allows for more behaviour, which is not forbidden by rejection test cases. A live mutant could be
killed by the addition of a rejection test case, or be declared appropriate. It is up to the requirements

engineers and designers to make such decision.

This more relaxed interpretation of mutation score lead to the following definition:

Definition 8.1:  The mutation score (MS), where M, is the number of appropriate

i M
mutants, is computed as follows: MS = p—2te—
Rgen upp

This definition will be used to measure the effectiveness of test suites and to determine poten-

tial holes in test selection.

300  Specification and Validation of Telecommunications Svstems with Use Case Maps and LOTOS



Test Suite Validarion Using Mutation Analysis

8.6.3 Application to Case Studies
The results of the mutation analysis of the TTS specification and its test suite are presented in

Table 27. The Xs represent mutants that have been killed by individual test cases.

Tests 1 to 9 are those generated through the exclusive use of testing patterns whereas tests 10
to 14 are additional robustness test cases. In the Killed column, (Y) represents a mutant killed by
robustness tests only. Mutants mé is killed only by test 12 because this test targets mainly the messag-
ing system used, which was not specified at the UCM level. Mutants mi4, ml5, and m20 were killed

by tests that involve users A and B in roles other than originator and terminator respectively.

Overall, 23 mutants were killed by the test suite. Out of the 7 surviving ones, 5 are considered
acceptable. Mutants m7. m8. m10 and m12 are specifications that have more permissive integration of
path segments. These mutants support all the functionalities expected from the system, and more. The
additional behaviour could be declared forbidden and rejection test cases could be constructed
accordingly, but this does not seem necessary here. Mutant m21 is also acceptable as the input seg-
ment identifier, even if modified, is not checked later on because there is only one such segment in the
stub. The use of this identifier could be removed altogether. but it is left there to improve traceability
to the UCMs.

Two mutants are still considered unacceptable. The first (m19) sends a message non-determin-
istically and hence would require an appropriate rejection test case to get killed. The second (m24)
has a variable that is incorrectly set to a fixed value. One of the acceptance test case (e.g. test 4) could

use different users for the originating and terminating roles in order to detect this problem.
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TABLE 27.  Mutation Analysis of TTS and its Test Suite

TTS Test Cases A ble
Mt T S T3 T4 [ sT6 7] s |9 ulz] B ia] matant?
ml 1 X X : X Y
2] m2 XXX X X XiX|x/Xx||x|x X XxIX Y |
g] m X Xt |x x X! L X X ; Y |
El m o lx x b X | Y |
21 ms [x X X X X X X X 1 Y |
mé | | X | ) |
m7 ; | ; N Y
s| ms L l | | | N Y
2l m [x x x x x x x|, [ X[[x,x x x| Y |
gl muo ] - | ; N Y
SEmit [x'x xix x x X xX[[x, x x ‘ Y
£] m12 oo ! : N | Y
mi3 X X X | Y |
mild4 \ f | XX X ) |
£] mis o ! S A ; X1
Sl me [x x| | x x x | x| X | Y |
m17 b DX X: X Y |
mi8 P UX l X X| Y |
; m19 o : ! N |
m20 | | t | X X, tY)
m21 R ; | { N Y
sl m22 D X X|{X!X ! X x| v
Sl o8 [ x  x X | ! X ! Y |
e | | v —
] m2s ol 1 X X J X Y |
Ef m26 [ x| x| X X X| X X | Y
m27 | XX X X xi | X X Y
=] m28 g X Xi x| v
E- m29 X X X Y
Z[ m3e X X X Y
TOTAL: 9913 |14 14 10,45 |15]4[10 7 6. 7] 230 2325
Effectiveness | .36 } J6| 12| S6 S6 40| .16| 20| 60][.16 | 40 28 24| 28 M([e.”%)

The effectiveness of the TTS test suite is its mutation score: MS = 23/(30-5) =23/25 =092
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Effectiveness of Testing Patterns

The testing patterns and strategies used in the selection of test cases from UCMs are summarized in
Table 28. This information can be combined to Table 27 in order to provide additional observations in

the context of the mutation analysis of TTS.

TABLE 28. Testing Pattern Strategies Used in TTS Test Cases

TTS Test Cases
Testing Pattem Strategy 1{2(3]/4|s5|6|7[8]9
LA—ALL RESULTS i
1. ALTERNATIVE LB—ALL PATHS X l X X XX X
1.C—ALL PATH COMBINATIONS ! | X XX
1.D—ALL COMBINATIONS OF SUB-CONDITIONS D | | ;
2.A—ONE COMBINATION oo X ' X
2. CONCURRENT 2.B—SOME COMBINATIONS ! ; X! X ;. ‘; i
2.C—ALL COMBINATIONS X | X N
3. Loop None applicable | | |
4. MULTIPLE Nore applicable b Lo
START POINTS Lo L
5.A—STATIC FLATTENING X X{X X|X X/ XXX
5. SINGLE STUB 5.B—DYNAMIC FLATTENING, SOME PLUG-INS P Pl
5.C—~DYNAMIC FLATTENING, ALL PLUG-INS l Lol
6.A—DEFAULT BEHAVIOUR X XX P
6. f&f:;‘ :":tms 6.B—INDIVIDUAL FEATURES | XX XiX!X]|
6.C—FEATURE COMBINATIONS X

In Chapter 6, Strategy 6C was suspected to lead to high-yield test cases. This is supported here
by the number of mutants killed by test 9, which has the highest effectiveness (60%).

Also observe that the tests involving concurrent segments (Testing Pattern 2) have, on average,
a much higher effectiveness (47%) than those without concurrent segments (16%). As for causaily
linked stubs (Testing Pattern 6), tests targeting the default behaviour have an effectiveness (28%)

lower than those targeting individual features (38%) or combinations of features (60%).
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Mutation Analysis of Three Other Specifications

Results of the mutation analysis of the GCS. PTM-G, and FI specifications are reported in Table 29.
The SBC specification was not used because its test suite is too incomplete, and the MAP specifica-
tion and test cases were not generated from UCMs so they cannot be used either. Mutants were gener-
ated manually for each of the mutation operator categories, except for GCS and PTM-G whose UCMs
do not use stubs and plug-ins. Two segment integration mutants remained alive but were declared
appropriate: one for GCS and another one for PTM-G. The effectiveness of each test suite is pre-

sented at the bottom of the table.

TABLE 29. Mutation Analysis of GCS, PTM-G, and FI

Mutation Operator Category GCS PTM-G | FI Total
Structure (3 mutants each) T 3 3 ; 3 9/9
Segment Integration (3 mutants each) 2¢-1) i 2¢-D 2 6/(9-2)
Termination (3 mutants each) 2 i 2 2 6/9
Messages (3 mutants each) 2 ! 3 | 3 8/9
Plug-in Bindings (3 mutants for F1 only) - | - ; l 1/3
Selection Policies (3 mutants for FI only) - i - j 3 3/3

Total 9/(12-1) | 10/(12-1) | 14/18 33/(42-2)

Effectiveness (Definition 8.1) 82% [ 91% ! 8% 83%

8.6.4 Discussion
Mutation analysis enabled us to take a hard look at the test suites generated using SPEC-VALUE.

Overall. the effectiveness of the test selection and generation strategies are rather good given that
mutation coverage was not a priority and that the mutants generated here are of a fair quality and rep-

resentative of plausible problems. Nevertheless, this experiment resulted in interesting lessons:

« Errors in a specification may be undiscovered by a test suite generated from UCMs.

» The use of testing patterns and rejection testing strategies is not sufficient to ensure valid-

ity. Robustness test cases have shown their usefulness in detecting additional errors.
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o There may be many appropriate specifications for a given set of UCMs, even if they are

not testing equivalent.

» Mutation analysis of four specifications suggest the use of longer test cases for checking
terminations, of additional rejection test cases for killing unacceptable mutants with
behaviour that should be forbidden (due to concurrency level or non-determinism), and of

variations in the data values used in the test cases.

» It is still premature to suggest general conclusions regarding the selection strategies that
lead to the highest effectiveness. Such conclusions may not even be possible at all. How-
ever. this experiment supports the idea that a test goal that covers more path segments will

generally be more effective, but obviously at a higher cost.

8.7 Chapter Summary

The characteristics of the different UCMs, specifications, test suites, and coverage results discussed in
this chapter are all summarized in Table 30. The TTS case study is also included in this summary.
Several results and lessons related to these four main parts of SPEC-VALUE (Use Case Maps—Chap-

ter 4, LOTOS prototypes—Chapter 5, test suites—Chapter 6. and structural coverage—Chapter 7) are
recalled below.

Note that Table 30 follows the general structure used in this Chapter. Columns represent the
sections (GCS, PTM-G, FI. SBC, and MAP), and groups of rows refer to the sub-sections (UCMs,
LoToOs. tests, and coverage). To give a better idea of the testing complexity involved, rows n and o
indicate the maximum numbers of states and transitions resulting from the composition of a single
test and the specification (taking into account LOLA's graph minimization based on testing equiva-
lence). This measure is more useful than the plain size of a specification’s LTS, which is often infinite
in our approach. Rows u and v, which are not discussed in the previous sections, will be explained

later. The legend for row x respects the interpretation of coverage results discussed in Section 7.4.3:

@ Unreachable code or error in the LOTOS specification.

® Incomplete test suite.
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© Discrepancies between the LOTOS specification and the test suite or the UCMs from which

these tests were derived.

TABLE 30. Summary of Experiments with SPEC-VALUE

System GCS | PTM-G . FI SBC MAP | TIS
« | @) # Root UCMs 2 1 9 2 4 -1
5 b) # Plug-in UCMs o | o 23 0 R L4
= | ¢) # UCM components 2 15 5 7 - T e
d) # Process definitions 9 | 30 13 9 4 Ll
e) # Lines of behaviour 750 1400 800 750 850 | 375
£ | /# Abstract data types 29 53 39 8 | 2 9
S | g) # Lines of ADTs 800 | 1125 750 200 375 1 400
h) # Lines of tests 1600 | 300 1325 300 7725 | 375
i) Total number of lines 3150 3325 2875 1250 8950 ' 1050
J) # Acceptance functional tests 56 35 37 4+ 0 603 | 14
k) # Rejection functional tests st 0 0 T
+ |0 # Other tests (e.g. robustness) 2 0 0 5 i 0 § 5
Z | m) # Unexpected verdicts 0o | o 1 3 L6 0
n) Miax # states by one test 124 2961 850 277 0 20 | 393
0) Max # transitions by one test 142 3248 1019 $278 21 519
p) Time to compile & test (sec.) 5 | 120 11 64 16 5
q) # LOTOS events 57 | 126 94 04 1 156 | 25
r) #LoT0s single BBEs 35 | 86 27 0 ' 6 02
5) # Sequences 40 74 49 60 67 | 18
© | ©) # Probes inserted 54 99 55 64 | 8 | 2
2 | w) Optimizations reduction 8% 8% 28% 0% | 2% | 35%
2 | v) Overall reduction 1% 53% 55% % | 9% | 4%
© | w) # Missed probes 3 1l 3 7 17 | o
x) Reasons for missed probes ) 0.0 © 6.6 . o0 .
y) Time to measure, TestExpand 235 - 165 - - . 140
2) Time to measure, OneExpand 31 81 37 18 1000 | 9
Use Case Maps

The UCM style and content guidelines (Section 4.2.2) were developed at the same time as the GCS,
PTM-G., and FI experiments. They were used on the UCMs for TTS and SBC and they improved the

understandability of the scenarios as well as the traceability between UCMs and other models (e.g.
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LOTOS. execution traces, and message sequence charts). They also proved to be compatible with the

construction guidelines of Section 5.2.

UCMs were useful to evaluate architectural alternatives in numerous occasions, especially in
the GCS and PTM-G experiments.

The scenarios for GCS and PTM-G were not integrated at the UCM level, because the stub/
plug-in concept was not well established at the time these experiments were done. However, as sug-
gested by Section 4.2.3 and as shown by the FI and TTS experiments, integrating UCMs through

stubs and plug-ins offers interesting benefits:

o UCM behaviour patterns can be extracted as plug-ins and made more consistent and reus-
able across different stubs in a design and across designs. End-to-end individual scenarios
proved to be reusable across designs in the GCS and PTM-G experiments, but using stubs

and plug-ins would have improved this reusability even more.

« Integration helps making decisions that can avoid undesirable interactions among different
scenarios and features. Inspection for interactions can be localized to stubs and selection

policies early in the development cycle.

o Stubs and plug-ins help evaluating the impact of the incremental addition of new scenarios

and features to an existing system.

The SBC UCMs from Section 8.4.1 are not integrated, but an improved version of this system
description, where UCMs are integrated and several features are included, also lead to similar conclu-

sions for the use of stubs and plug-ins [25].

LoTos Prototypes

Most of the construction guidelines introduced in Section 5.2 were applied to one or many of these

systems, as shown in Table 31.
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TABLE 31. Construction Guidelines Usage

Construction Guideline GCS PTM-G FI SBC TTS
1. Interaction points and CG-1 X X X X X
responsibilities CG-1a X X X X
CG-2 X X X X X
CG-2a X X X X X
2. Causal paths CG-2b X X X X X
CG-2¢ X X X X
= CG-2d X X X
E CG-3 X X
3. Stubs and plug-ins €G-3a X X
CG-3b X X
CG-3.¢c X X
CG-4.a X
4. Other path elements CG4b
CG-4c
CG-4d X X
CG-5 X X X X X
CG-Sa X X X X
5. Structure CG-5b X X X
CG-5.¢ X X X X X
CG-5d X X X
] CG-6 X X X X X
2 CG-6a X X
§ 6. Unrelated path CGeh " x ” X
@ segments CG-6.c X X X X X
CG-6d X X X X X
CG-7 X X X X X
7. Inter-component causality CG7a X
CG-7b X X X X
- CG-7¢c X X X X X
§ 8. Data cGs X X X X X

Specification of path behaviour in component processes appears simpler when UCMs are
structured with stubs and plug-ins because a large part of the scenario integration is then performed at

the UCM level. A direct mapping from stubs and plug-ins to LOTOS processes modularizes the inte-
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gration of path behaviour. When the burden of the integration is pushed down to the level of LOTOS,
designers not familiar with this language may have a hard time coping with the construction of the
specification. Moreover, other people not involved in the LOTOS part (clients, marketing, manage-
ment, etc.) would not know anything about how the individual UCM s fit together. For these two rea-
sons, although the GCS and GPRS experiments were successful in the sense that moving to LOTOS
directly also resulted in correct specifications and validated test suites, integrating the scenarios at the

UCM level seems a better alternative.

UCMs ease architectural reasoning and the discovery of appropriate structures. However, new
system components may be also discovered at the LOTOS level. For instance, the FI experiment
showed that call session objects are required in the LOTOS prototype and should probably be included

in the UCMs as well. These component corresponds to the Call Objects in the SBC experiment.

Deviations from the original scenarios at LOTOS level may be captured by validation and cov-
erage measurements, but it is better when they are reported directly by specifiers to UCM designers

for an appropriate update of the UCMs.

Test Suites

Validation test suites were helpful in finding ambiguities, errors and undesirable interactions in the
different specifications, UCMs, and informal requirements or standards involved in these experi-

ments. The most important points are:

e Testing patterns help covering UCM paths in a cost-effective way. UCMs already abstract
from many details. so it is important to cover all their paths with the test cases. When strat-
egies other than testing patterns are used (e.g. for SBC and FI), then additional effort is
required to ensure the coverage of UCM paths. Most of the testing patterns have been used
in the case studies (see Table 32). Testing pattern 3 has not been exercised on these case
studies because their UCMs do not contain any loop. This pattern is present in our pattern

language in order to improve the coverage of the UCM notation.
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TABLE 32. Testing Patterns Usage

Testing Pattern

Strategy

GCS

PTM-G

1. ALTERNATIVE

1.A—ALL RESULTS

1.B—ALL PATHS

1.C—ALL PATH COMBINATIONS

1.D-—ALL COMBINATIONS OF SUB-CONDITIONS

2. CONCURRENT

2.A—ONE COMBINATION

<

2.B—SOME COMBINATIONS

b

2.C—ALL COMBINATIONS

3. Loor

3.A—ALL SEGMENTS

3.B—AT MOST K ITERATIONS

3.C—VALID BOUNDARIES

3.D—ALL BOUNDARIES

4. MULTIPLE
START POINTS

4.A—ONE NECESSARY SUBSET, ONE GOAL

4.B—ALL NECESSARY SUBSETS, ONE GOAL

4.C—ALL NECESSARY SUBSETS, ALL GOALS

4.D—ONE REDUNDANT SUBSET, ONE GOAL

4.E—ALL REDUNDANT SUBSETS, ONE GOAL

4.F—ONE INSUFFICIENT SUBSET, ONE GOAL

4.G—ALL INSUFFICIENT SUBSETS, ONE GOAL

4. H—SOME RACING SUBSETS, SOME GOALS

S.SINGLE STUB

S5.A—STATIC FLATTENING

5.B—DYNAMIC FLATTENING, SOME PLUG-INS

5.C—DYNAMIC FLATTENING, ALL PLUG-INS

6. CAUSALLY
LINKED STUBS

6.A—DEFAULT BEHAVIOUR

X

6.B—INDIVIDUAL FEATURES

X

X

6.C—FEATURE COMBINATIONS

X

X

o Test suites based on acceptance and rejection test cases proved to be practical and helpful
in eliminating problems in the prototype (GCS and TTS). Acceptance tests with verifica-

tion steps are also very useful for checking robust specifications (PTM-G) or expected

interactions among features (FI).

o Test suites do not have to be composed of sequential test cases. The FI experiment showed

that they can be structured to promote consistency and reuse of partial sequences (test

steps).
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« For telecommunications systems with multiple features, a test suite should contain test
cases for the basic system without features, for the basic system with features taken indi-
vidually, and for the basic system with multiple features (usually pairs). In the last cate-
gory, the number of possible configurations can grow very quickly, and appropriate
methods need to be used to filter out the configurations that are unlikely to highlight a
problem. The FI experiment used a very simple one, but other approaches are being devel-
oped [268].

o Mutation analysis demonstrated that errors may still remain in validated specifications,
and that various non-equivalent but appropriate specifications may result from the applica-
tion of the construction guidelines. Also, the effectiveness of test cases seems to be linked

to the length of test goals rather than to the use of a particular testing pattern.

Structural Coverage

Ensuring the structural coverage can improve the quality and consistency of both the specification and
the tests, hence resulting in a higher degree of confidence in the system’s description. The experi-
ments presented in this chapter demonstrate that coverage results can help detecting unreachable parts
or errors in specifications (@ — PTM-G and MAP), incomplete test suites (& — SBC). and discrep-
ancies between specifications and their tests (@ — GCS., PTM-G, FI and SBC).

Resuits can also be output quickly and at low cost. When complex specifications are involved.
the structural coverage can be measured compositionally (PTM-G and MAP). Probes can be covered
independently, even one at a time, through multiple executions of the test suite. The LOT2PROBE filter
allows different variations of the probe comment in the specification (e.g. (~_»PROBE_A_-<),
(=_pROBE_5_*), etc.), which represent different groups of probes. Having fewer probes inserted at
once reduces the number of internal actions and helps avoiding the state explosion problem. Another
alternative is to use LOLA's OneExpand command, which provides faster results than TestExpand but

with a potentially incomplete coverage.

Specification and Validation of Telecommunications Systems with Use Case Maps and Lotos 311



CHAPTER 8 Experiments with SPEC-VALUE

The reduction in the number of probes also helps coping with complexity. By looking at the
number of events, simple basic behaviour expressions and sequences, it is possible to evaluate the
reduction achieved by the probe insertion strategy presented in Section 7.4. Row u in Table 30 shows
the reduction achieved by the improved probe insertion strategy over the number of sequences and
single BBEs (u = (r+s-t)/(r+s)) whereas row v shows the overall reduction over the number of events
and single BBEs (v = (q+r-t)/(q+r)). Considering all the experiments (662 events, 236 BBEs, 308
sequences, and 381 probes), the reduction amounts roughly to 30% (sequences and BBEs) and 58%

(events and BBEs).

This technique is valuable for scenario-based approaches such as SPEC-VALUE and also for
checking, through self-coverage, the quality of conformance test suites generated directly from

Lotos specifications (MAP experiment).

Contributions

The following items are original contributions of this chapter:

« [llustration of Contribution 3 (Section 1.4.3) regarding the validation of the SPEC-VALUE
methodology and main constituents (UCM style and content guidelines, prototype con-
struction guidelines, testing patterns, testing theory, and structural coverage) through the
study of two hypothetical communicating systems (GCS and FI), a draft standard (PTM-
G) and an industrial system (SBC).

« Application of SPEC-VALUE to different telecommunications areas such as network serv-

ers, mobile communication, switch-based telephony, and agent-based telephony.

e Additional study of structural coverage technique and tools to the self-coverage of con-

formance test suites generated automatically from LOTOS specifications (MAP).

¢ Development of mutation analysis and definition of mutation operators for LoTOS, and

application to the validation and effectiveness measurement of validation test suites.

» Development of a novel framework for the avoidance and the detection of undesirable fea-

ture interactions.
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Japanese Haiku by Kusatao Nakamura,
Haijin poet.

In this chapter, we first review the main contributions of the thesis and relate them to the research
hypothests, to the expected contributions, and to the Formal Specifications Maturity Model (Section
9.1). In Section 9.2, we briefly compare SPEC-VALUE to related methodologies and we provide
insights on how it can be integrated to design processes with a wider scope. Finally, we discuss sev-

eral research issues in Section 9.3.

9.1 Hypothesis and Contributions

9.1.1 Validation of the Research Hypothesis
This thesis presents SPEC-VALUE, which is a methodology for the specification and early validation of

telecommunications systems. Requirements are captured with Use Case Maps. which visually

describe causal scenarios bound to component structures. The research hypothesis (Section 1.2) is:

In the process of designing complex telecommunications systems, requirements
described using the Use Case Map causal scenario notation can guide the generation
of LoTos specifications useful for validating high-level designs systematically through

numerous techniques, including functional testing based on UCMs.
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Chapter 5 shows that UCMs can guide the construction of high-level designs and prototypes in
the form of formal LOTOS specifications. The availability of a LOTOS specification enables the appli-
cation of numerous validation and verification techniques, many of which were introduced in Section
2.3.7 and in Section 3.4.3. In particular, Chapter 6 describes how functional test cases derived from
UCMs help to gain confidence in the conformance of a LOTOS prototype to the UCMs it was gener-
ated from. UCM scenarios and their corresponding tests are more likely to be faithful and correct rep-
resentations of the requirements than a specification that integrates all the requirements into a more
detailed and complex description based on components. Hence, testing the LOTOS specification
against the UCMs becomes an indirect means of validating the high-level design against the (possibly

informal) requirements.

This research hypothesis was validated through the theoretical framework supporting SPEC-
VALUE and through the successful application of this methodology to the specification and validation
of telecommunications systems of various complexities and nature (Chapter 8). Many probiems,
related to these systems’ functional requirements and to their integration in high-level designs, were
uncovered while creating the specifications and test suites. and when checking the latter against the
former. [n Chapter 6, we also suggested that the UCM-based testing technique be supplemented by
other forms of validation, for instance robustness testing based on requirements expressed in a form
other than UCMs. Being scenarios, UCMs are necessarily incomplete and only provide a partial view
of the overall set of requirements. Nevertheless, UCMs represent a very important piece of this set to

which users and other stakeholders can relate, hence their usefulness for validation.

9.1.2 Contributions of the Thesis
Three major contributions were announced in Section 1.4. This section details how this thesis fulfills

these expected contributions.

Contribution 1: SPEC-VALUE Methodology

SPEC-VALUE has several benefits, difficult to find all at once in other design and standardization
methodologies (Chapter 4):
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Separation of functionalities from the underlying structure: this is a characteristic of
UCMs that can be reflected in the prototype specification as well since it is possible, in
LoTos. to specify behaviour with or without components. This separation of concerns
enables designers and requirements engineers first to focus on the desired functionalities,
and then to map them to a suitable underlying structure. Architectural reasoning at a high
level of abstraction hence becomes possible. This separation also improves the reusability
of scenarios across architectures and across different versions of an evolving architecture

as scenarios and components are modified or added incrementaily.

Fast prototyping: formal prototypes can be generated in LOTOS from UCMs (with or
without components). LOTOS already supports most UCM constructs, and the construction
guidelines provided in this thesis bring experience and guidance in the actualization of the
UCM-to-LOTOS mapping at a system level. Formal prototyping adds rigor and executabil-

ity to scenario-based design with UCMs, the latter being semiformal and non-executable.

Test case generation: UCM scenario paths are used to guide, through the application of
testing patterns and complementary strategies, the selection of test goals used for the gen-
eration of abstract functional test cases. This enables the verification of the prototype
against the UCMs and its validation against the informal functional requirements. The test
suite can itself be validated using structural coverage criteria on the model, or using muta-
tion analysis. It can be reused as a basis for functional or regression test suite in the subse-

quent steps of the development process.

Design documentation: the documentation of requirements and designs is done as we go
along the development cycle. UCMs focus on system-level functionalities and can be used
as a common language between various stakeholders, from marketing people to system
architects, designers, and testers. The LOTOS specification and the abstract test cases also
provide useful and traceable views of the system design and should be part of its docu-

mentation.
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Contribution 2: Theories and Techniques Supporting SPEC-VALUE

In order to support the SPEC-VALUE methodology and complement existing theories and tools for the
testing of LOTOS specifications (step ® in Figure 2) and for the visual editing of UCMs (steps &, @,
and @ in Figure 2), several theories and techniques were developed in this thesis. They were all illus-

trated with an ongoing example, the Tiny Telephone System (TTS).

» Guidelines for the construction of LOTOS specifications from UCMs: Chapter 5 pro-
vides a total of 8 general construction guidelines and 22 small-grained guidelines, which

relate to step @ in Figure 2.

o UCM-LoOTOs testing framework: Chapter 6 defines a testing framework based on UCMs
and LOTOS in order to support step ® in Figure 2. The validation relation val is defined
and compared to the conventional conformance relation conf. The framework contains
UCM-oriented testing pattern language that explains how 25 coverage-driven strategies
regrouped under six testing patterns can collaborate to select test goals from systems spec-
ified with UCMs. The framework also includes motivations and strategies for generating

rejection test cases in LOTOS.

+ Structural coverage for LOTOS: In relation with step @ in Figure 2, Chapter 7 presents a
new technique for automatically measuring the structural coverage of LOTOS specifica-
tions by a test suite. This technique includes a theory for the insertion of probes in LOTOS

specifications and for coverage measurement together with partial tool support.

Contribution 3: Dlustrative Experiments Validating SPEC-VALUE

Chapter 8 validates the SPEC-VALUE methodology and its supporting techniques against five tele-
communications systems of various complexity. These experiments include hypothetical communi-
cating systems (GCS and FI), a draft standard (PTM-G) and an industrial system (SBC). They cover a
wide range of areas including network servers, mobile communication, group communication,
switch-based telephony, and agent-based telephony. The structural coverage technique and tools are

also applied to a context different from validation, i.e. to the self-coverage of conformance test suites
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generated automatically from LOTOS specifications (MAP example). Most of these experiments were
done in collaboration with industrial partners, professors, and other students. The specification of
these systems with UCMs and LoTOs improved the understanding of these systems, while their vali-
dation improved their quality and the overall confidence in their description. The effectiveness of test

cases is further studied through mutation analysis, adapted to LOTOS for the purpose of this experi-

ment.

Additional Contributions

The development of SPEC-VALUE required the study of many different domains, which resuited in

additional contributions of this thesis:

e Quick tutorial on the Use Case Maps notation (Section 2.2).
» Quick tutorial on the formal description technique LOTOS (Section 2.3).

« Evaluation of six specification techniques against thirteen comparison criteria (Section
3.2).

 Evaluation of thirteen scenario notations against eight comparison criteria (Section 3.3).

e Survey and brief comparison of twenty analytic and synthetic construction approaches
{Section 3.3.4).

» Argument supporting that UCMs and LOTOS are compatible and complementary notations

(Chapters 3 and 4, summarized in Section 4.1 and in Table 1).
¢ Style, content. and integration guidelines for Use Case Maps (Section 4.2).

o Development of a framework for the avoidance and the detection of undesirable feature

interactions. (Section 8.3).

» Definition of mutation operators for LOTOS specifications constructed with SPEC-VALUE
(Section 8.6.2).
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9.1.3 Spec-VALUE and the Formal Specifications Maturity Model
In addition to the research hypothesis, Section 1.2 suggests that SPEC-VALUE could improve the

maturity of design processes based on formal specifications. To support this claim, our methodology
can be measured against the Formal Specifications Maturity model (or FSM model), based on the
CMM and defined by Fraser and Vaishnavi [138]. This FSM model, summarized in Table 33, is com-
posed of five levels of maturity, the first one being the lowest level. Each level possesses generic strat-
egies describing typical operations performed to develop formal specifications [137]. According to
this model, the sole use of formal specification languages does not guarantee maturity levels beyond

the first one (initial).

The need for semiformal specifications and notations, which is at the basis of levels 2 and 3 in
the FSM model. is motivated among other things by the following two points. First, formal methods
have an implicit assumption: they are useful for detecting detailed problems when the model is close
to being complete and correct. Hence. this requires spadework at another level, closer to the human
way of thinking. Second. as suggested in the recommendations made by Craigen er al. [104], there is
a clear need for improved integration of formal methods techniques with other software engineering
practices, and emphasis should be put on developing notations more suitable for use by individuals
not expert in formal methods or mathematical logic. Semiformal notations like UCMs can be quite
useful in this context. and they could potentially broaden the accessibility to formal methods and lead

to their wider acceptance by the software community [105][277].

SPEC-VALUE proposes the introduction of a semiformal description (UCM) between informal
requirements and design-oriented formal specifications (LOTOS). The methodology aiso supports
stepwise refinement and incremental construction of specifications. However, this construction is still
manual; it is supported by guidelines rather than by synthesis tools. These characteristics fit the
“Transitional-Unassisted” generic strategy described in Table 33. Therefore, SPEC-VALUE can
improve design processes based on formal specifications by moving them from an initial level of
maturity (level 1) to a repeatable level of maturity (level 2) on the FSM scale. This represents another

contribution of the methodology.
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TABLE 33. Summary of the Formal Specifications Maturity (FSM) Model (Extracted from [138])
Level Generic Strategies in FSM
1- Initial Direct-Unassisted:
anulyst dependent  Direct formalization process relying on problem elicitation. structuring, and require-

ments specification skills of the requirements engineer.
» Requirements engineer has thorough knowledge of the application domain.

¢ Requirements engineer can grasp and formalize the whole problem in its entirety.

2- Repeatable

Transitional-Unassisted:

incorporate measure
into process by

process e One or more semiformal specifications provide mediating increments or formality
management between informal natural language specifications (i.e. informal requirements) and formal
specifications.
¢ Translation from semiformal to formal specifications performed by the requirements
engineer without computer assistance.
¢ Can guide stepwise refinement of formal specifications.
3- Defined Transitional-Assisted:
process defined with | » Use of semiformal specifications to mediate between informal natural language specifi-
computerized rules cations and formal specifications.
¢ Computer assistance is available to move between semiformal and formal specifications
to replace human labor and to reduce errors in writing formal specifications.
4- Managed Direct-Assisted:

¢ Relies on computer-based support to develop formal specifications directly from infor-
mal natural language specifications or requirements.

computerization » Computer assistance via knowledge-based support for eliciting. discovering, and creat-
ing formal specifications.

5- Optimizing Advanced-Direct-Assisted:

continuous e Advanced version of direct-assisted strategy that uses domain-dependent analogies.

:)':Z Z;:ZZ’: and * A learning system with capability to maintain and increase a rich repository of analogies

and to provide commonly occurring operations for which schemas are available at high
syntactic levels.

¢ Capable of use on increasingly complex systems.

9.2 SpPec-VALUE and Related Methodologies

This section briefly compares SPEC-VALUE to related methodologies. It also provides additional

insights on how SPEC-VALUE can be integrated to more general methodologies with a wider scope.
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9.2.1 Comparing Spec-VALUE to Related Methodologies
The following methodologies, many of which are introduced in Chapter 3, are compared to SPEC-

VALUE because they support the design of telecommunications or reactive systems with scenarios
and/or formal methods.

Timethreads-LOTOS

SPEC-VALUE builds on previous work on the formalization of Timethreads (an earlier version of
UCMs) in LoTos. The Timethreads-LOTOS technique addresses the specification of UCM paths only
(12]{13]{t4], and the system end-to-end functionalities are not allocated to component structures,
hence resulting specifications are simpler and less complete. Issues related to the implementation of
causal relationships across components are not addressed. SPEC-VALUE addresses these issues, and it
also provides a comprehensive testing framework for validation. Additional UCM constructs, such as

stubs and plug-ins, are also supported by SPEC-VALUE.

LoTosphere

The LoTtosphere project [57][302] was an international effort to formulate an integrated methodology
for the development of communications software. LOTOSphere based itself on LOTOS and correctness-
preserving aigebraic transformations. Requirements were to be written in LOTOS constraint-oriented
style. which subsequently would be transformed into state-oriented and resource-oriented styles for
implementation [364]. Other transformations of the specifications would provide test cases. The obvi-
ous advantage of this approach is that one could hope that these transformations would be imple-
mented in tools, thus guaranteeing conformance throughout the whole process. Unfortunately, it
turned out that constraint-oriented specifications are difficult to write, especially because most
designers seem to be more used to think in terms of scenarios than in terms of constraints. The alge-
braic transformation approach could not be practically applied to realistic specifications, and alge-
braic transformation tools were not made available. We believe that SPEC-VALUE, even if limited to

the first stages of development cycles, has a better chance to be applied in an industrial environment.
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SDL and MSCs

This is one of the most popular approaches, for which industrial support exists and powerful tools are
available [20]. MSCs represent scenarios visually in terms of sequences of messages exchanged
between system components. They guide the generation of component behaviour, which can be for-
mally specified and validated with SDL, and they can also be used to test SDL models. Multiple
methodologies based on the combined use of SDL and MSCs (or similar types of scenarios) exist, and
many were described in Chapter 3 (e.g. Eberlein’s RATS service development methodology [120],
Regnell’s Usage Oriented Requirements Engineering [304], Mansurov and Zhukov's [255]. Khendek
and Vincent’s [228], Probert et al.’s [297]{298], and Dulz’s [118]). Emerging tools for the synthesis of
SDL models from MSCs have started to appear and they promote this approach to the third maturity
level on the FSM scale. However. components and messages need to be identified early in the design
process for both MSCs and SDL. SDL also requires the definition of states for the components. Pre-
mature decisions often need to be taken on the sole basis of informal requirements. Moreover. the sys-
tem view of functionalities and causal relationships between activities tends to be hidden behind
clouds of details, especially as the scale of the system increases. Sales er al. have started working on

the transformation of UCMs to SDL in order to address several of these issues [262][318][317].

Unified Modeling Language

UML includes sophisticated diagram notations [274], among which we find use case diagrams (212],
which show relationships among prose descriptions of behaviour. These diagrams present the interac-
tions between actors and the system in a black-box fashion, and they do not help much in visualizing
system behaviour or causality relationships. Sequence diagrams (similar to MSCs) and statechart dia-
grams do focus on behaviour, but at a detailed design level that include objects. states, and messages.
Unfortunately. these component-based diagrams suffer from problems similar to those of SDL and
MSCs. Activity diagrams can illustrate causality between events, but they are usually unrelated to
components (swimlanes provide functional grouping only), and their sub-diagrams are less flexible
and less powerful than UCM stubs [27]. UML, as used in the Rational Unified Process (RUP) [303],

is a modelling notation and is not intrinsically concerned with formal validation of prototypes and

Specification and Validation of Telecommunications Systems with Use Case Maps and Lotos 321



CHAPTER 9 Conclusions and Future Work

generation of test suites, whereas SPEC-VALUE focuses on these two aspects. UML-RT, a variant of
UML adapted to real-time systems, enables validation through limited testing. Requirements MSCs
are then compared to MSCs generated from a statechart model describing component behaviour. Tele-
logic Taw/UML improves validation for UML designs via a conversion to SDL. Unfortunately, these
two tool-supported methodologies do not really enforce or even suggest the use of activity diagrams

to capture requirements scenarios.

RT-TROOP

The Real-Time TRaceable Object-Oriented Process (RT-TROOP), defined by Bordeleau [61][(62],
uses scenario textual descriptions (use cases), UCMs, (H)MSCs, and ROOM (UML-RT). In this
approach, UCM scenarios (extracted from use cases) are first transformed into HMSCs, refined by
MSCs. and then transformed into hierarchical CFSMs. Patterns, which are fewer in number but which
are more elaborated than SPEC-VALUE's construction guidelines, provide partial guidance for these
transformations. Traceability relationships are also defined in this process. RT-TROOP focuses more
on design than on requirements validation because verification of the ROOM/UML-RT model is lim-

ited. Unlike SPEC-VALUE, RT-TROOP does not really develop any validation or testing strategies.

Rigorous Object-Oriented Analysis

In their Rigorous Object-Oriented Analvsis (ROOA) method [263], Moreira and Clark integrate for-
mal techniques with object-oriented analysis methods (i.e. OMT [314]) in order to generate execut-
able prototypes (in LOTOS) and validate them against the requirements. ROOA considers the system
as a set of concurrent objects. modeled by LOTOS processes. The method starts by identifying the
object model, and then scenarios are created to model the system dynamics. Scenarios are, again.
sequences of interactions between the objects, just like the SDL/MSC approach. Validation is done
through simulation, testing, and symbolic execution. However. regrouping OMT classes into system
components for the specification (i.e. going from a static model to a more dynamic and functional
one) remains difficuit. Unlike SPEC-VALUE, ROOA does not really develop any strategy for the vali-

dation or the derivation of test cases.
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OMT and LoTos

Wang and Cheng [365]{366](367] propose an approach where requirements are transformed into a
Lortos formal specification through the semiformal graphical modelling notation OMT [314]. OMT
offers three types of models, which are integrated during the formalization. Class diagrams (static
object model) are mapped to abstract data types. Statechart diagrams (dynamic model) have their
states transformed into processes and their transitions into process instantiations. Dataflow diagrams
(functional model), which share some characteristics with UCMs but with a heavy focus on data, have
their data objects mapped to sorts and operations. while their services are translated to gates with
experiments. Similar to SPEC-VALUE. formalization guidelines are provided to support these trans-
formations. However, SPEC-VALUE produces LOTOS specifications earlier in the development cycle
than this OMT-LOTOS approach. Abstract causal scenarios and (optionally) component structures are
all that is required. whereas OMT uses class diagrams and definitions of object behaviour based on
state machines. which are at a lower and more detailed level of abstraction and demand much com-
mitment. Also. the OMT-LOTOS approach does not use scenarios. As for validation, this approach
uses static checking of ADTs provided by LOTOS and its tools (like SPEC-VALUE), together with
additional checking of algebraic assertions on these ADTs via Larch tools [163]. It is suggested that
the dynamic behaviour be validated with LOTOS testing and tools such as LOLA. However, this valida-
tion framework provides no guidance on what should be tested to get a high confidence in the con-
formance of the LOTOS model to the OMT model. in the correctness of these two models, and in their

validity with respect to the requirements. The UCM-LOTOS testing framework in SPEC-VALUE

addresses such issues.

CRESS and ANISE

Both CRESS (Chisel Representation Employing Structured Specifications) [354] and ANISE (Architec-
tural Notions In Service Engineering) {355], developed by Turner, use LOTOS as the underlying lan-
guage for the formal description and validation of telecommunication features [356](357]. Whereas
CRESS uses a formalized version of the Chisel scenario notation to describe features [4], ANISE con-

sists in an architectural language that includes collaboration patterns and feature combination opera-
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tors tailored for telecommunications systems. Both languages support the static detection of feature
interactions and can be translated automatically to LoTOS for dynamic detection and validation.
ANISE also hides LOTOS to a large extent as test cases are described with a companion language
(ANTEST) using the vocabulary found in the feature description language. Errors are also reported in
ANTEST terms, which improves overall understandability. Both approaches however suffer from a
lack of strategy for the derivation of validation test cases and from several limitations in how features
can be composed. For instance, ANISE descriptions can only be used to modify a base system. not
another feature. Given this limitation, a feature like Call Display Blocking cannot be described in
terms of modifications to a Call Display feature. SPEC-VALUE is not as automated as these techniques
and does not support static verification mechanisms yet, but it enables features to be composed in
more ways, and it includes validation test selection strategies (testing patterns) together with coverage
metrics at the LOTOS level. ANISE is also a textual language and is less appealing than a visual sce-

nario notation like UCMs.

9.2.2 Integrating Spec-VALUE to Related Methodologies
SPEC-VALUE is meant to be integrated to other methodologies rather than replacing them. Many

existing and forthcoming methodologies have a scope much wider than what is addressed by SPEC-
VALUE. However, when the capture, specification, and validation of requirements and high-level
designs becomes a concern. these other methodologies could potentially benefit from integrating
Spec-VALUE. For instance, such integration can be envisaged for the UML-based methodologies, for

standardization methodologies, and for test-oriented methodologies such as SPEC-TO-TEST.

UML-Based Methodologies

UML activity diagrams are conceptually very similar to UCM paths [27]. However, UCMs also cap-
ture dynamic run-time behaviour (with dynamic stubs) and allocation of responsibilities (activities) to
components. SPEC-VALUE could be used to derive formal specifications from enhanced UML activ-
ity diagrams and to provide a suitable validation framework. Another possibility would be to use

SPEC-VALUE (with UCMs and LOTOS) between informal requirements (or use cases) and detailed-
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design notations such as sequence diagrams, coilaboration diagrams, and statechart diagrams. This is

in a way similar to the process suggested by Bordeleau [62], but with an early emphasis on validation.

As an example. Gomaa’s COMET (Concurrent Object Modelling and Architectural Design
Method) [155] could benefit from the inclusion of UCMs and early validation. COMET is an iterative,
use-case driven methodology that uses UML stereotypes extensively to provide a real-time flavour to
various UML diagram elements and concepts. COMET's process starts with rather informal use case
diagrams (requirements model) and then jumps to collaboration diagrams for the analysis model. Col-
laborations involve components and sequences of messages, just like MSCs. There is a big gap to fili
here. and many design decisions need to be taken along the way. COMET provides limited means of
ensuring consistency between the two models. UCMs could lead to a smoother transition between
COMET's requirements and analysis models by helping to identify and structure components and
objects. to discover appropriate messages and negotiation mechanisms, and to avoid complex and
costly iterations in the evaluation of alternative architectures where components and messages are
required to be identified. To some extent, UCMs could even replace use case diagrams in this context.
Furthermore, the UCM-LOTOS testing framework provides a means to validate this intermediate

model and to produce test cases applicable to the analysis model.

Standardization Methodologies

Telecommunication standards (from ANSI, ETSI, TIA, ISO, etc.) are often developed following a
three-stage methodology first developed by ITU-T to describe services and protocols for ISDN
[134][200][204]. Services are first described from the user's point of view in prose form and with
tables (stage 1), then with sequences of messages between the different functional entities involved

(stage 2), and finally with specifications of protocols and procedures (stage 3).

[t is being recognized that formal description techniques and tools could help to cope with the
increasing complexity of the services being standardized, to shorten the standards development cycle,
to introduce formal test methodologies. and to assist in rapid validation and verification, harmoniza-

tion, and evolution of standards. MSCs are now often used at stage 2 whereas SDL has started to
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replace the traditional and informal pseudo-code used at stage 3. Recently, Monkewich proposed a

quality assurance methodology (to be supported by ITU-T) that emphasizes the use of FDTs and the

generation of tests [261].

SPEC-VALUE fits nicely in the first stage of this generic standardization methodology. as well
as in the transition between stages | and 2. It uses notations adapted to the description of complex ser-
vices in the early stages, while providing support for formalization, rapid prototyping, validation, and
test case generation (in line with [261]). For wireless mobile telephony standards. Hodges and Visser
already suggested UCMs for stage | descriptions and MSCs for stage 2 descriptions [178]. Amyot et
al. also agree on UCMs for stage |, but they propose the use of LOTOS to support the generation of

consistent sets of MSCs from UCMs in stage 2 [20].

SPEC-VALUE has already been used in part by Yi [381], who constructed and validated a
Lotos prototype based on UCM descriptions of a Wireless Intelligent Network (WIN) feature. WIN
is a standard being developed by the Telecommunication Industry Association (TIA) [38] to drive
Intelligent Network (IN) capability into wireless networks based on the North-American standard
ANSI-41 [37]. With the help of validation test cases, Yi also generated MSC scenarios similar to
those found in the draft standard [344]. UCMs are now being used to capture stage | descriptions of
numerous WIN features as well as new IMT-2000 features in the 3GPP2 (3rd Generation Partmership
Program) standardization effort. Andrade also used SPEC-VALUE to describe and validate require-

ments and analysis patterns for mobile wireless systems and standards (33][35].

ITU-T Study Group 17 has also initiated work towards the standardization of a User Require-
ments Notation [82][203], which targets the representation of requirements for future telecommunica-
tion systems and services. At this early stage of its development, URN contains one candidate
notation for the representation of non-functional requirements (GRL — Goal-oriented Requirements
Language [83]|[247]) and a complementary scenario notation for functional requirements: the Use

Case Map notation (Z.152) [84]. Relations between URN and other formal languages (including
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transformations) will be defined in the Z.153 companion standard. A mapping from UCMs to LOTOS

is likely to be considered for standardization, and SPEC-VALUE may represent the starting point.

SPEC-TO-TEST

This methodology, which is developed at the University of Ottawa, aims to develop functional test
cases in TTCN from telecommunications systems informal requirements captured as Use Case Maps.
Many paths are being investigated. The first path uses LOTOS for prototyping and validating the
UCMs quickly, together with feature interaction detection. This specification uses functional test
cases to generate MSCs. An SDL specification is then constructed from these MSCs and from the
original UCMs. Industrial-strength SDL tools can finally generate TTCN test cases automatically.
The second path investigates the direct generation of TTCN test cases from LOTOS specifications,
whereas the third path bypasses the LOTOS step and targets the generation of SDL specifications
directly from UCMs. In this process, SPEC-VALUE can be used in its entirety in the two first paths,
and the third path can still benefit from the generation of test goals from UCMs in order to validate

the SDL specification and to generate TTCN test cases from it.

9.3 Research Issues

Many items left for future work are distributed among the previous chapters. The following list recalls
the most important ones, which target the automation and generalization of this work. and categorize

them into medium-term and long-term research issues.

9.3.1 Medium-Term Research Issues
The following issues relate to how to improve computer-based support of SPEC-VALUE in order to

reach the defined level of maturity (level 3) in the FSM model (Table 33):

« Definition of a data dictionary for early consistency and completeness verification of
UCM scenarios, with tool support. This tool, which could be part of the existing UCM
Navigator tool, would also check compliance to the style and content guidelines presented

in Section 4.2.
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Automated generation of LOTOS skeleton specifications that would cover the most autom-
atable construction rules as discussed in Section 5.2.5. These skeleton specifications

would still require to be completed by specifiers for the most complex construction rules.

Automated selection of test goals from UCMs according to preset strategies as defined in

the testing patterns of Section 6.3.

Automated insertion of probes (without the (*_Srobe_*) comments) in LOTOS specifi-
cations according to the optimized strategy presented in Section 7.4.2. This would lead to

fully automated structural coverage measurements and fewer errors in instrumentation.

9.3.2 Long-Term Research issues
These issues are concerned with how to widen the scope of SPEC-VALUE and how to automate this

methodology in order to reach the managed and optimizing levels of maturity (levels 4 and 5) in the

FSM model (Table 33). Solving these issues would pave the way to rapid and automated prototyping

and validation of high-level designs of telecommunications systems.

The first set of issues is concerned mainly with the semantics of the UCM notation:

Definition of a data model for UCMs in order to define precisely data types, identifiers,
operations, conditions, databases, etc. Whether a limited data model or a full-fledge (and
standard) language such as ASN.1 or ADTs is necessary remains an important research
question.

Definition of a flexible component model with concepts such as actors. ports/interfaces,
channels, etc. Having such a model would enable one to use UCM paths on top of compo-
nent notations other than Buhr’s, including ROOMcharts, UML collaborations and pack-
ages, SDL blocks and processes, and Architecture Description Languages such as ACME
[147][148]. A flexible component model would enable better description and analysis of
software architectures and improve the adaptability of the notation to the culture, needs

and knowledge of specific design teams.

More precise definition of the dynamic semantics of UCMs.
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Distinction between normal and exceptional scenarios at the UCM level. The concept of

scenario definition can be used in this context [258].

All these semantic precisions, which could be standardized for instance in [84], would
enable better and more automatable integrations of UCMs to other languages and nota-
tions, including UML, MSCs, and SDL.

The second set of issues relates to the application of SPEC-VALUE:

Definition of libraries of reusable and instantiable UCM behaviour patterns of feature def-

initions and other generic scenarios, with tool support.

Definition of libraries of message exchange patterns for inter-component causality rela-
tionships. with tool support.

Automated svnthesis of LOTOS specifications from these improved UCMs. This would
require additional details (design decisions) to be provided at the UCM level.

Algorithms for the generation of rejection test goals from UCMs, with tool support.
Automated generation of specification test cases (in LOTOS) from UCM-based test goals.

Automated generation of implementation test cases (e.g. in TTCN) from UCM-based test

goals.
Automated generation of LOTOS mutants for test suite evaluation.

Optimization of test suites and test case management through metrics based on structural

coverage, as suggested in Section 7.6.3.

Use of underlying semantic models that capture causality better that LOTOS’s LTSs, for
instance causal trees [108], dynamic causal trees [319], or bundle event structures [239]
(discussed in Section 3.1). Tool-supported causal testing based on such models couid
potentially lead to a reduced number of testing patterns and test goals, and to better diag-

nostics.
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Appendlx A: UCM Quick Reference Guide

Strn

Point End

Point

Components

Responsibilities

Imagine tracing a path through a system of objects to explain a causal
sequence, feaving behind a visual signature. Use Case Maps capture
such sequences. They are composed of:

* start peints (filled circles representing preconditions and/
or triggering causes)
causal chains of respeasibilities (crosses. representing
actions, tasks, or functions to be performed)
and end points (bars representing postconditions and/or
resulting effects).
The responsibilities can be bound to components. which are the
entities or objects composing the system.

Al. Basic notation and interpretation

>—> —< Indicate routes thae share

1 OR-ymn (b1 OR-fork common cuusal segments. I'N N N'M
e S
[ves] by labels or by conditions
T~ ([guands [} 12} AND-fork (b) AND-join (¢) Genenc version

1<) Perrissible routes
assumed dentified

A2. Shared routes and OR-forks/joins.

Ad. Concurrent routes with AND-forks/joins.

=, Interacting paths. IN N1 N1 ©N NN
N g )
M Effect 1s of ane longer path
with the consatuent segments Fork-jmn Rendezvous Synchromze
jouned end to end.
a) Synchronous nteraction Nt LN N1

[nteracting paths.

R Rz g
w Effect s stmlas o one path
segments.
(b) Asynchronous interaction

AJ3. Path interactions.

y

ta) Stanc stubs have only ane plug-n (sub-UCM)

—

A

by Dynamc stubs muy have multiple plug-ins

A6. Stubs and plug-ins.

spliting 1nto two concurrent

—l-v—l-b—l—l-’

Fork along a Fork-jotn tlong a
wngle path wingle path

Joun slong
single path

AS. Variations on AND-forks/joins.

Rt
conanuanon

wainng path

umeout path

cleanng path R

(@) Timers may be set. reset. and tmed-out by Top path aborts bottom path after R1

R R
— T —y 01—
(¢1 Ground symbols indicate possible path falure points 1d) R is a shared responsibility

A7. Timers, aborts. failures, and shared responsibilities.
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(a) Stack: multiple instances

(2) Team: generic container u

{b) Object: passive component

(b) Protected: for mutual exclusion

(d) ISR: Interrupt Service Request
. + () Slet: pluaceholder for dynamic components
) . as operational units

(e) Agent: for agent systems

E (c) Process: active component

(d) Anchored: in a plug-in, refers to a compo-

() Pool: container for dynamic components g
’ po nent defined in another map

as data 7777777
A8. Component types. AY. Component attributes.
—p move
—p move-sty
GT
. /?\/ create DC wn path
e ~ —a—
- /7\/ detete DC out of path
—> destroy - 1) Goal tags are strt and end pownts
. for goals 108 agent sysiems
—» copy
(1) Movement of DCs as data b) Directly into or out of paths
- TS
I Al create DC i pool
/—t;/ create DC i slot /—}/ ; P ¥ —
! =
= b Timestamps are start and end points
-
. - /}/ for resp ame req
I
/:—tl/ delete DC from slot E delete DC from pool
= Stub
! ! /}/ get DC from pool
| ! . move DC aut of slat E
o - 4
~— "
! b (c) Direction arrows can be used when
/_t‘:/ move DC into slot /g/ put DC in pool path direction 1s amiguous
1
L
(c) [nto or out of slots (d) Into or out of pools
poo
A10. Movement notation for dynamic components (DCs). All. Notation extensions
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Appendix B: LoTos Specification of TTS

Here is the fully commented LOTOS specification derived from the Use Case Maps for the Tiny Tele-

phone System (TTS) given in Figure 20. It contains the following elements:

de b 8

1 an

» Identification and modification history: lines 1 to 11.
« Definition of observable gates and events: lines 12 to 18.

« Basic data structures and operations (simplified version of the International Standard
ADTs): lines 19 to 169.

 Data structures and operations specific to TTS: lines 170 to 408.

« Component structure, with process definitions for components and stubs: lines 409 to 647
« Process definitions for the plug-ins: lines 648 to 777.

 Validation test processes for the basic call: lines 778 to 834.

 Validation test processes for individual features: lines 835 to 926.

o Validation test processes for pairs of features: lines 927 to 947.

« Robustness test cases: lines 948 to 1044.

e 26 probe comments (*_PROBE_*}.

P P P P P P P I PP T P P P P T P P P P R I P P P P P PP C T T T P T TP T PP C T PP PP PO PP T COIPOITPOOIPOPOICOIORPOROPOIPOTR|

* Tiny Telephone System (TTS) .
*  Joal : Cngo:ing =xample for Fh.D. thesis proposal .

- Vers:on: 1.0 v
* DJate ¢ February 15, Jooe .
*  Authers: laniel Amyot cJdamyocdsice.uottawa. i .!

.. versity ofF Cttawa, Canada bl
* Hiszory: February 13, 2990 : added 26 probe ocmmencs. .
.

lecember 10, 1333 : First vers:ion (~.Zh work) & I4 =est cases. *i

AR R R A T e e R R ]

specification T7TS 1 * Request star:s poinz, Irom User o Agenz el
/* Ring end point, from Agent to User e
v Signal end poiat, from Agenr £o User ")
r® Display end poinc, from Agenrc zo lser ei
(* =Zx=

Xtr3 gate for inizializing cenfiguracions. *!
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T TI PU PYR I B IS S YY)

)
[
ve

ke
"
'
"y,
ve
1
[¥9
0y
"
]
()
<
I
23
Yy

unnecessary 3rithmecic

Tt be 0 B b2 B b3 )t e

Lok e s
[CTRE S BT RRVP R N

Ve hes

'

ul

(W)

0
N

[11]

[9]

O

)

Vet wer wee
i

Xor

PR

3 eqns
a0l forall x, :
ofsort =010

PR S
[PYEN IPR

ER)
(=
B

VRS

X ne ¥y = X X3r Y o;
endtype * Zcolean

teecrerereverrrrrrrrrrerrrTTITTITIOIYIORIYIOICIOICRTRS S]]

is Soolean

cype Nazuoral
sorts

Naz

opns

eg

— —_ . Naz, MNaz -» Zgol

eqns
forall =, =: Na:z
2 ofsort la:

3 -
- PR
- I SR
- =1
=2 endtype - * NaturilNunber *!

1
)

(ePeoTerreesrrrsrr TP TOEYITIIITCIISIITIRCROIPORICEIRPE R |
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Coova

cype )
L formalsorts
formalopns =-rue

=2 no% H
b formaleqns

b forall

b ofsort

27 naT (ot i

endtype

veesservrrrevrerrerrsererrrrrerETTOIPIEYCOIIRIOILIETY |

i
Vo

type
formalsorts
formalopas
formaleqna
o forall
¢ ofsort

W ode v U oe

Y
~

X ne 'y oz onitix ey oyl H
e endtype ¢ Zlement v

Pevreererrecerrrrcererervrs v eer s eePPTIOTY

2i2lean, NaT.ralliumoer

.
KD de ted Do
0t

174
ot

[§

14

v

b

v .
LVVI (P TP

3]
G
()
'

i

(9}
[}
N

.
: Zet, Jex ->

s
U, W

w L
o)
o]
v

1%
12
o
U,
1A
(a}

f
v

o

AR TURNT

4
I
(2]
+
K]
=
(1]
L]

N de ket Bh e

1o

i

memovelx,
=>

= Insertiy, Femove(x,s3)!;

X ne ¥

Zemove!x,

Fore v oo

v
i
4
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il re. ) Union s = 5 ;
M nsercix,s) Jnion ¢ = nsercix,s Union =} ;

X Isln = =»

: Insertix,s) Ints = = Insertix,s Ints =i :

z x Norln = o=»>

N Inserzix,s Ints = =5 ncs < ;
M 5 Minus o ] ;
el 5 Minus Inserzix, =) = Remowve:x, s Minus = s
L

ofsort 3Zo0.

e e ot be e
IS OIS PR CTY> TS TORFT TN TR L
1 0 Vo de L Py

e e .

'
PR

i
PRSPV I S S IR 1

)

Ve e e
i ] 3 1

+

LT3 -» 3001
32

L33 Cusy eg tusy = crue;

34 tusy ez dle = Zalse;

L83 t3le eg zuszy = false;

-1 idle eg lile = Truie;
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{* The Announcement oy v
+ T From JCMs: CCS plu .

type Announcement is MNat.ra
8Orts Announcement
opns

announcemens specifiled i

LZement: -» Aannouncement

eqns
forall
ofsort

P

fu
o T

e ma
. .
-+

endtype : ° Announ .

:'.. [ AR E R E R A R EE RS A R RS R RS R R R RS RS RN RN N E R XN X RN N B
22l .
ogn ..
R .
224

- i3

H mag ¢ Jser -» lat

] =3 _, . ne _ o Jzer, Tser ->

N eqgns

. forall : Iser

z ofsort Na:t

: Tdg(L.3era) = I:

< T3actudess) =

z Tagluser = 3 = Syvs

< v * Add users here as necessary *

ofsort 3a0l
iserl eg

iZer. ne

endtype * Tser

F* e avo:d zhe probiem with I3LA's renaming In

type serl.:s:l is Ze:
actualizedby " ser using
sortnames
“ser for
300. for ¢
endtype  * Userliszd ¢!

(¢ lisz of users, :mplemented as a sec iuserul for the CC
3

P A LB Be L T at s s b

[ SR SRR S I T I T 2T VUNY IU TN SVURN SN IR NN SETNE OV TN VIR BTN OVUNY SRR SV SVIR RPN VRN AV SERN )
e e die de de de do de de ket Ha) L) ko A Lo Lo L L e B3 ED DR

N ode
YO

Specification and Validation of Telecommunications Svstems with Use Case Maps and Lotos 363



Appendix B: LoTos Specification of TTS

2z of users *!
z R R R R R R R R R R R R R R R R R AR R R 2
z .
2 .
LB
Z eqns
2 forall . : l:ze:,
2 sl Uzerlilst
] ofsort =320
z 3llowed L2, Ll) o= oL PO
Z len.el g, = L L8Iin oLl
-~ endtype - °* "C3oh i
cereorrersesrrerereroterserreroorrorerrrerree e
* Z3l. Name Dellvery 4
¢ Jriginating Jall Screening . s - Fwanuire
: Featire - N3t
_ o8 -, _ ne _ : Feature, Feature -» 3000
eqns
forall <., =l : Faztire
ofsort a:t
=3aci 33} =
o= S R Yol | = ot
L
= fLome o= moTiIiloeg Il
2%7  endtype . * Feature °!
33 . a7 feacures, implemented is a se:. .
ER ' We avold the problem wich ISLA'S renaming in oactuallization T
Izl type L z
iZZ actualizedby Feacire using
I3 sortnames
I Fezzure for Zlement

230, for F3ool
endtype * _ogsty *!
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. i
rmas: o F b
type "In:o is zerlils-, FLUI3T

sorts In:
opns

niae . €i
13 Ll
ila A1
: * Ex
: v Ex
H * Zxzrace 3T

hodto bat
ofsort ser

ALZULnIDal, Toa, deat) ozoLly
ofsort

Sliindaeal, LU llyy o= ILL:
ofsort

22304 UL, il o= Llly

endtype ' * [nfo v

L eeeerorrrrrreTrTCITIITIETICIRCTIPIIPCIPITIPIYOIRPLTCEL Y

recrion s 2lzher fromMedium or toMedium. !
* This type s lsomorphic o Userstace, so the .
ce larczer oan be reused by renaming. e

type -i-ecziin is szersStiate renamedby

sortnames -:rect.on for TUserslate

oponames

D IS TES TR ST VIR SERRURL TN SPRRLF RN ¥}

e

(v Znzry and exiz poiats of each stub in zhe maps c)
1* Also used o Jdescribe szarc end points In pilug-ins. '

[ T P 1Y B T PO B PO B PO R DY T R P A P I

[h TR TS TR PO
NI IOV IR SOV I 3 B SR Y ¢ 1)
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.
*
.
R
.
-
.
-

do do He do do do de de do de de do de de de b 4o

e de b

s

o

.
4

da teb BY ow e o ad b

boan o

YRt

I PR TR 2 PO BT S

1

SN (N e Leh B e G2 sl

Appendix B: LOTOS Specification of TTS

stub :nn Root map L]
szub in Roor map e}

Stub in Termindrting plug-in *i o -» FTinEath
zn, ZtulFith - 3290

forall =c.., =3¢l @ 3Tizfatn

ofsort la-

d 15 a1 se:. -

55
N 5 renamning o ictualizacion v
T is
actualizedby =-.zFiz» using
gortnames

renamedby

g Sehaviour Description vl
- SsTructure, fomponents, and stubs) .
® e et e rSfTo S S EEmEEEE— TS —— TSt —-——S=——o-—o—o=—== -]

(v Gates not visible e the users are sec -o ke iaternal. !
hide
gentlagent ' lnrter-agent commun:ication channel v
in
{
* ¥e crearce as many
CserAgentFaziory .req,
genzlagent.
+® Agencs ceormmunicate through some medium. *

Medlumagentliagens
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R TORNI
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v
LR

de de de

PR
de de
v ode

-

e

da

do do de de de de 4o
1 1
P L P AL 1]

1 a.

PR Y

e

o
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P P PP R P T R P PP P P P P PP PP I PP T PP PP PPV T IV PP TIPS IVTICCIYICTICOTIEIYIICS)

1 * Process UserigentFiacrory: To csreare and inict:iillze users and agents.
-

| TeWPCTCICOITIIIIITRETIETITYTOIOITOIVPIPIRRPROECRPOIRIOIROICTS

TeerCrrsrrrTITITSIYTTYOTOYIRCIOIRCYERT S|

Tser [reg, 313, t.serld)
re3, .03, 3.3, 3i3c
Agent _req, Ting, iz, iisg, igentlagent
{infsiegerlli, .serFfeatures, IC3Zll3t:, state)

C® Frepdre? To IC0Cept new Sredrtlon reguests v
‘zerAgenzfazTory  Tey, ring, 3.4, i.sc, lnit, agentlagent

N P PN r P P P I P P PP P P P P P P P P P P PP P P PP P P P P P I P I P PP C RO P O P TP PP PRIV EPTOIYSTITIIOFrFOTOIVYEOE

rolnter-igens sommunilanion. .

P E P I I I eI PP IIIPIIIITIIIIPCEOITOIOPOTICETTIVTIVPIOIIVIITSIVYSEVFTITYTIOEYTE|

3zentliagent !fromMedlilnm lizom T2 Imsass
. e_PECBE_*i Medliyum agenztlagent)

izentlagent !ToMediim Fdromlcser Tual:User ImsgliAnnouniement;

zgentlagent !froamMediim !Zoom T2 !msg:

gentlazent lIramMed.ium !froml o ftol lms3d:
. *_FRCEBE_*' Mediuim 3agenzlagent.

Jther media rould pe cons:idered through the use of .
* process parames2r -buller lengthy, full synchronization e

0 =2nsure mucual exciusion), internal icscions (unreliible v

channels', <o, .

endproc - * Medium *!

P P P IR P P P P P P P P P PP P P I P P P P P P T L PP P PP C P I T PP T PP PP ETEPPTO ORGP OPOICOIPRTROEPROPRISIORD]

1 * Frocess User: Simplistic user, who Jdoes not do or know much. .. v

R R TR R R R R R R R R R R R e A A X S A R R e
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332 process ser _reg, ring, sig, 3isg’ {(userId: Tser): noexit :=

330 1* Iniz:ate a call regquest and ger an announcement signal v

432 4 o3

et

RER]

tas

e B ]

L=g=g

422

B ¢ Feceéive 2 ring i

2 tiserli;

132 _ERCBE_ v ray, ring, serliy

e

433

20 * lbserve 3 Jdisplayed phone number

R vizerld Tzaller

+:2 *_FRCBE_* lser 313, 2.3¢. igerliy

P endproc * lUser *

4

(nz

433

_;;,_. sreTeTITSIECTITESTFIISTEIOTOTS TTevreTETErTTETFTTFOEIETRREOECET R |
33 che .nrelligent iand xnowliedge res:des.
_;‘,.E [ 22X A RN NE N NEREEN SN NN
40 ilsc, igenzligent.

B zersState!: noexit ;-

Il sonraining userld, userFearturas, CC3lisz
: ..

M .

I3 :8 zusy v

e’ L

= .,

Jinazing role, Agens:l, Jall regquess o

< Juest;
3 agentlagent . 1ui, 3tate!

ST I IR I R L R L LR L LR TS T S TR TRV TSRV TR I}

L]
i
sig 'uidan) lmsgs
(*_PRC3E_*) Agent req, ring, 313, 2isc, agentlagent | (ul,state)
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TRy Y TR Y I R LA L YL

Vode L D) e 4 b

wnlement, ljerlilzer,

in

~ = Qe A rar - - - 21 - - e - ot - lokatl IR a- -
»> *_FRCEE_*) Agent regj, ing, S13, 31.8g, 3geéntcligent) 21, 3Tited
where
Prvrerererrrrerrterer PPt P ITETPICIPIPCERIPICEYTIRYIITI IO
©* Studb Frocess SC: From Root Map .
L CeerrrrererrTrTTIIrIITCIrIITITICICYSIIYIIITITEIOIRSCIIEIITPOTICITIEVIICIITIIETE
process :C . :nx, ctds
er)
: exit (UInfa, Tserstaze, Annsuncement, Tser, IFLisT) =

L]
s
LI Y
A
2]
i
e
O
1
(4]
Q
+
1]
q
g
[
Q
<
m
"
"
be
[o%
1
A
g
[
»

R

' * First inl parameter s the piug-in starc poinc *!

154
zhx, gds!(inl, 21, state, .se
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ER >»
237 (* Connecs the resulcing end poincs zo the stub exiz pachs *
= - . <
e
~l= *_FRCBE_*) exit ¢ 2t l,EmpTySELIsT )
) 133 Nonin Pan -
M Cefz.lt gis.iunl, Li, 3%3te, lser7T
o B
B i
-
endproc v SC °F
torrveerrerrrrrrrrrererr s r et s rrerrersrrerrerteTeP OOty
hd b Frasess 3T: Froem Foon Map .
~Za R AR R A A R R A A R
process =T vriy, Tts, proza, wpd, 3l
(*_SRCBE_*i emit :., s3zate, msg, oserT, Inserzidut4, EmprySELiscd

%)

~) 0
B
2
9
g

L]
a2
0
1]
s
rn
Ll
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REAR A Z A2 A A R R A A e R R R R N R T R R X

e 1) 4l

(v Frocess Jerfaulz: does nothing bur sheck the scart point. @)
e

[ PreTTCTTCITITTTYIOVYISTOCTCIPTCICIOIPIOIET S trrrrTrrrrrsrvrerreerreerrr e s IR TEYYIIOIRTY]|

(N de ter 1

3
IR TR L TR Y TR LY TR TR O]

process "efil %

(* Plug-in s2ars poinc v

NS

- T3ite, zer, ZEL.3T! =
==l L3¢ e3 1l -»>
== *_PRCEE_+i exit ..,

8
R

[P I
]
-]
Q
L]
§
.
[}
LON]
Ty
fu
I
'
tr
.

T

L a3 A AR R R R R R R R R R R R R AR R T
=n ¢ Process lerminating: checks whether the rillee s '
- CvrrrerrerrrrrerrrrrTrrTer e TP T rOeT I PTrITPICPEITTEIITTRCETTOI IR PR TEVTI T EEY

~nd process Te:rn g wrly, tiés, pros, sgd, il3g’ o ipisg

= T.3g 2y .nll -

T

=72 voivs v Verilies the busy status °

- 2 2.8 b

IR TS v fregares he r
N *_SECBE_+ exit (.., tn3yBack, users,
inserti2utli, Inserci(zut4, ZmpoyStList)
3T3Te =23 Tusy. -»
£23; * Frepares the busy signai v
*_SRCBE_* exiti.:i,szize,fusySiz, izer, Inserzidueny,EmpoysSiiisty)

TI3 where
T4
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endproc - *
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(T T R P I S P PP I T P P I T P I TN P I PP P P PP PP I PP IS E T TR TP OITPTRTISOIOETIIIOIOTRITY

L]
t,

zub Frocess 30:

*j

process 3T 3

endproc ¢ 2

P Frer TP PP reerPr PP P PrTPIPTPIPIPCRIOIRTPIITYIIOITPIOIPIPIPPISPROTOPOIOERTETEROCTEOIEIROERTY]

Frocess 2CS: checks whesher the ~allee (5 on the JC5 [:st v

R R R R R RN R R R R R Y R N TR R R Y X

process (3

‘T

Slug-:in stars poinc )

Announcement,

th
1
"
L
")
P
]
[
o
n

'
th
T
v
£

«* Checks the OCS list, :mplemenzed as 1 Field nm zi. *i

allowed (LiserT, dIsliziitl -»>

. *.PRCBE_*' exiti6i,s7ize,noAn

,InSerstioucl,ImptysSEL

ITZL(LLN L ->
cds; (* Frepares the Den:ed announcement */
¢ _SFRCEE_*' exiti{:i,state,zalllenlied,uger7, Inserc(oucl, ZmpTySELisT))

endproec :* CCF ¢
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AR R R I Ry R R R R R T

(v Frocess CND: checks whether the callee :s on the CCS st e

A A XS A A A A R A R R A R R R |

process  .C 3i:z

‘y

au 3
“ *_FRCEE_*i exit (u.l, szaze, userl, Inzerzi(d

P I

or

a

3

o et ver
VI

)
ot
s

Y i)

Ve s ok
VI de v B e

1]

z 312 luserA !ringEacxk: sulZess; stop

3 .

3 sig dummyl: JdummylAnnouncement

H Jidummyl ne userd) or (dummyyl ne ringBacel ) reject: stop

a.

R R R NN NI T B B S IR PP PO S PO S
) 1 .

¥ TR TRRNS TRV YRR ORNYRRRVYRRNY PRRNY JNNY TURPY VRN PR RN TR B

iy
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t* Infor A calls 5 tusy. Relect on sig. .
v Flug-ins: 3Q0=Defaulz, ST=Terminaring, 3D=- L3
bsc nce L3

s .S .

endproc T T T

¢ JALL NAME DE

ii3g Sdummylilzer JdummyliAnnounizement
dummyl ne lserAl oyr Liummyl one Jr rerezn: stop

endproc - * !

v Indo .
. .:;.'_g .
3 * ADST .
B ¢ Zeonsc .
=l process
<2 it tidley
b T3y
M

[ TRC TR VRNY VRRRY VIRRY VAR PURYY INNY VIRRY VIRNY TR VRRN VEERY PRNNY VIRV PR 11

z= 3ilzesz; stop

Z 3isp Fidummyyl:User Idummyl:Announcement

Tl (dummyl ne userA) or idummyl ne ©: retecT: stop
: endproc (* =5 *:

-

1
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272 e CRIGINATING CALL SCREENING (OCS): 3 TESTS =)
Ch lowed. RelJecrz on sig. .}
2 Terminating, SD=zJefaul:s v)

chk*, vriye®, prbse<, upde,

vre
Jallowed 81, [idlerB)! *)

N R

tzalllenied; success; stop

th
[
e

Jdummylitiser fdummyl:Announlement

Ctdummyl ne sserA) ar (dummyl ne 3lllenied); relect; stop

i

endproc * -3 !
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v 3CS and &ND: I TEST *)

3 v Info: A calls 3, allowed, displays. Reject on sig. *j
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z dletds; d
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: reg  luZerd llzerd;
: 3 ars ! lzerd;
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2al 313 Ciummyl:ilizer [ilmmylrAnnuncement
e c3ummy L one s3erd) or cdummyl ne ringSal«!ll; rertect; stop
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373 sySig: suczess; stop

373

bED JdummylrAnnouncement

B iserl) ar (3dummyl ne zTusySiz) ; retecz; stop

233

344
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;]

U]
il
Feki]
0

o

: 3 calls A busy. Rerecz on sig. *)
: { SD=- L8]
> reqg, vriye, vriy<, chs*, pbs*, s5ig, sig>*i
3 . .

teIT; 8top

retez; stop

stop

endproc  *

endspec . * TS ¢
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Appendix C: Comparing Val And Conf

This appendix develops and illustrates the comparison between our validity relation (val) and the
Loros conformance relation (conf) discussed in Section 6.2.4 and summarized by Figure 39 on

page 183.

In a “perfect world”™, requirements are already formalized (by Req) and a test suite with the
same discriminatory power as the canonical tester of the requirements can be generated (repre-
sented by 7S = CT(Req)). In the “real world™ however, requirements are usually informal and such
canonical tester cannot be defined. This represents the first comparison criteria. The second one is

concerned with the presence or absence of a non-empty set of rejection test cases (REJECT(TS)).

Figure 60 classifies test suites according to these two criteria. As a result, there are four

possible combinations of criteria, which lead to various propositions to be explained:

FIGURE 60. val vs. conf: Classification of Criteria and Associated Propositions
Validation Test Suite TS

Real world: Perfect world:
—( ACCEPT(TS) = CT(Req) ) ACCEPT(TS) = CT(Req)
REIECT(TS) =D Proposition 5. Proposition 6 Proposition 8
REJECT(TS) 2D Proposition 7 Proposition 9, Proposition 10

In order to illustrate the different comparisons, the requirements, canonical tester, SUTs and
validation test suites shown in Figure 61 will be used. MvReq represents the requirements of a sim-
ple telephone connection in the form of an LTS, and CT(MvyReq) is the corresponding canonical

tester. In this figure, the test type (Accepr or Reject. see Table 15) of each test case is specified.
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FIGURE 61. Example Requirements, Canonical Tester, SUTs, and Test Suites

Dial )
Dial i : Dial Dial Dial
Ring Busy Ring DialTone
Ring Busy Ring Busy Bus

(a) MyReq (b) CT(MyReq) (c) SUTI (d) SUT2 (e) SUT3

(£) TSI = {(Accepr) <Dial, Ring>}
(g) TS2 = {(Accepr) <Dial, Ring>, (Reject) <Dial, DialTone> }
th) TS3 = {(Accept) <Dial, Ring>, (Accept) <Dial, Busy>}

(i) TS4 = {(Accept) <Dial, Ring>, (Accept) <Dial, Busy>, (Reject) <Dial, DialTone> }

This simple connection example contains three possible SUTs as well as four test suites, one

for each of the four categories presented in Figure 60. Five facts need to be noted at this point:

» All the acceptance test cases are reductions of CT(MvReq).

o The acceptance test cases in 7S3 and 754 have the same discriminatory power as the
canonical tester (i.e. TS3 = CT(MvReq) and TS4 = CT(MvyReq)).

o —(SUTI conf MvReq) because SUT] fails the test <Dial, Busy>.
o  —(SUT2 conf MyReq) because SUT2 fails the test <Dial, Ring>.

» SUT3 conf MvReq, although SUT3 supports the trace <Dial, DialTone>. In fact, this SUT is

an extension of the requirements (SUT3 ext MyReq).

Real World, No Rejection Test Cases

In the real world, the set of acceptance test cases is likely to have a lower discriminatory power than
CT(Req) because the latter (just like Req) is usually too complex or even infinite. When no rejection

test cases are used, conf and val are related according to Proposition 5:

If ~(ACCEPT(TS) = CT(Req)) A REJECT(TS) = O, then SUT conf Req = SUT val TS (PRoP. 5)
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In this case, if the conformance of SUT to Req is established, then SUT is also valid with
respect to TS. Unfortunately, establishing the conformance first is not particularly useful to the testing

framework of SPEC-VALUE. Manipulating the implication leads to a more useful form:

If «(ACCEPT(TS) = CT(Req)) A REJEC(TS) = @, then ~(SUT yal TS) = —~(SUT conf Req)(PROP. 6)

Proposition 6 states that if validity cannot be established. then neither can conformance. This
can also be linked to Proposition 2, which describes how testing can invalidate a specification under
test. By transitivity, a well-know conclusion of the conformance theory is found again: if a SUT fails

to pass a sound test suite derived from a model, then the SUT does not conform to that model.

As an example, TS/ (Figure 61(f)) satisfies the precondition of Proposition 6:

o —(SUT2 val TS!]). and indeed —~(SUT2 conf MyReq).

o SUTI yal TSI, yet ~(SUT! conf MyReq). This shows that, when non-exhaustive, a sound

test suite cannot be used to guarantee conformance.

Real World, With Rejection Test Cases

This is the most realistic situation where rejection test cases are added to a sound but non-exhaustive
collection of acceptance test cases. A rejection test such as <Dial, DialTone> can be used to ensure that
a requirement that cannot be captured by the LTS (e.g. a dial should not result in a dial tone) is still

taken into consideration during the validation. In this situation, Proposition 7 holds:

If —(ACCEPT(TS) = CT(Req)) A REJECT(TS) # O, then conf and val are incomparable (PROP. 7)
For example, using 7S2 from Figure 61, counter-examples can be forged for all possible
hypotheses (Req is itself used as a possible SUT):
» Does val = conf ? No because: SUTI val TS2, yet ~«(SUT I conf MvyReq)
o Does val = —conf ? No because: =~ MyReq val TS2, yet MyReq conf MyReq
e Does —val = conf ? No because:  —(SUT2 val TS2), yet «(SUT2 conf MyReq)
e Does —val = —conf ? No because: —(SUT3 val 752), yet SUT3 conf MvReq

Specificarion and Validation of Telecommunications Systems with Use Case Maps and Loros 381



Appendix C: Comparing Val And Conf

It is the last case that is of interest to SPEC-VALUE: even with an incomplete test suite, rejec-
tion test cases can show that a conforming SUT (e.g. SUT3) can still be invalid. This particularity is

seldom used in LOTOS-based testing [196].

Perfect World, No Rejection Test Cases

In a perfect world where CT(Req) (or an equivalent test suite) can be computed from requirements
and in the absence of rejection test cases. the val and conf relations become indistinguishable, as sug-

gested by Proposition 8:

If ACCEPT(TS) = CT(Req) A REJIECT(TS) = &, then SUT yal TS &> SUT conf Req (PRoP. 8)

This proposition is trivial to prove: when REJECT(TS) = @, Definition 6.2 reduces to the
expression SUT val TS < SUT passes ACCEPT(TS). When ACCEPT(TS) = CT(Req). this expression

becomes equivalent to Proposition 3.

Using TS3 from Figure 61, where 753 = CT(MyReq). several examples can be illustrated:

e —(SUTI val TS3). and indeed —~(SUT! conf MvReq).
o —(SUT2 yal TS3). and indeed ~(SUT2 conf MyReq).
o SUT3 val TS3, and indeed SUT3 conf MvyReq.

o MyReq yal TS3, and indeed MyReq conf MyReq.

Perfect World, With Rejection Test Cases
In this situation, val offers several benefits as it can detect all invalid SUTs that conf can, and it can

also detect conforming but invalid SUTs (Proposition 9):

If ACCEPT(TS) = CT(Req) A REJECT(TS) # O, then SUT val TS = SUT conf Req (ProP. 9)
For example, this time using T54:
e —(SUTI conf MvReq), and indeed —(SUT1 yal TS4).
o —(SUT2 conf MyReq), and indeed —~(SUT2 val TS4).
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« SUT3 conf MyReq, yet ~(SUT3 val TS4).

e MyReq val TS4, and indeed MyReq conf MyReq.

Using the LOTOS conformance testing theory only, SUT3 would never have been found to be
invalid according to the requirements, even with a complete test suite with the same discriminatory

power as the canonical tester.

What is missing from the current LOTOS conformance testing theory is the use of rejection test
cases. When they are added, then the new relation becomes equivalent to validity, as shown in Propo-

sition 10.

If ACCEPT(TS) = CT(Req) A REJECT(TS) # D.
then SUT val TS < ( SUT conf Req A SUT failsall REJECT(TS) ) (ProP. 10)

The classification of Figure 60, together with Propositions 5 to 9, leads to the summary illus-

trated using relation sets in Figure 39.
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A

A posteriori 101. 238

A priori 101, 102, 238

Abstract Data Type (ADT) 31, 154
Abstract sequence 171, 176, 231
Accept 177, 180

Anchored component 122
Appropriate mutant 300
Architecture 20

B

Basic Behaviour Expression (BBE) 242
Behaviour expression 30, 242
Behaviour tree 35

Black box testing 175

C

Call Number Display (CND) 117
Canonical tester 38, 97, 182, 379
Capability Maturity Model (CMM) 5
Causal relationship 3

Causality 45, 50

Chisel 70, 84, 271, 284, 323

COMET 325
Common behaviour 277
Communication Entity Block (CEB) 286
Compositional coverage 253
Conformance testing 93, 173
Conformance Testing Methodology and Framework
(CTMF) 94, 173, 218
Construction approach 74, 259, 264, 275, 288, 307
Analytic 75
Partial automation 155
SPeC-VALUE 125
Synthetic 75
Construction guidelines 129, 308, 316
Coupling effect 295
Coverage 101, 187
Structural, see Structural coverage

D

Design 19
Design errors
Semantic 88
Syntactical 88
Design pattern 104, 106, 188
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Detectability 92

Device Entity Block (DEB) 286
Discriminatory power 182
Dynamic Causal Tree (DCT) 50

E

Etfectiveness 300, 303
Equivalence checking 41
Equivalent mutants 298
Event coverage 243

F
FDT 5
Feawre 2, 19, 271
[nteraction problem (FT) 2
Feature interaction 213, 269, 274, 279
Force (patern) 104, 186
Formal Description Technique, see FDT
Formal methods 19, 51

Formal Specifications Maturity model (FSM) 3. 6,
111, 155, 318, 327

Functional coverage 238

G

General Packet Radio Service (GPRS) 262
Global UCM 273

Grey box testing 175

Group Communication Server (GCS) 257

I

Implementation test suite 179
Incremental feature addition 281
Inspection 173

Interleaving 47

Interoperability 94

L

Labelled Transition Systems. see LTS

Language of Temporal Ordering Specification, see
Loros

Logical Entity Block (LEB) 286
Lota 43, 248, 252, 260, 268
LoT2PrOBE 249, 250, 311
Lotos 127
Abstract Data Type 31
Action 30
Behaviour expression (BE) 30
Environment 30
Gate 30, 132
Gate splitting 144
Operators 30
Process 30
Testing 95
Tools 42
LOTOSphere 320
LTS 9. 33. 100, 219

Behaviour tree 35

M

May pass verdict 98

May test 99

Message Sequence Chart, see MISC
Mobile Application Part (MAP) 292
Model 20

Model checking 41

MSC 2, 56. 68, 150. 321

Must pass verdict 98

Must test 99

Mutant 102, 295

Mutation analysis 295, 302, 304, 311
Mutation operator 296

Mutation score (MS) 300

Mutation testing 102, 295

o
Object Constraint Language (OCL) 58, 82
Originating Call Screening (OCS) 117
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P Relation 95

Pattern 103 Bisimulation 36, 48
Design. see Design pattern Conformance (conf) 38, 41, 89, 182, 379
Testing, see Testing partern Congr.uence 36
Pattern catalog 105 Equality 36
Equivalence 35, 48, 87

Pattern language 105, 189

Pattern template 104, 187 Extension (ex) 38

[/O conformance (ioco) 100

Pel'n net 57 o Reduction (red) 38, 89
Point-To-Multipoint-Group Call (PTM-G) 262 Testing equivalence (te) 36
Pomset 49 Trace equivalence (tr) 36
Preamble 94 Validity (val) 180, 182, 379
Probe 103, 239 Requirement 16, 93, 226, 379
Probe insertion 239, 241, 245 Capture with UCMs 114, 258, 262, 271. 286
Process 18 Functional 16

Maturity 18 Non-functional 16

Models 112 Requirements engineering 1, 16
Property 87 Research hypothesis 6, 313

Liveness 88 Ripple set 216, 219

Responsiveness 88 Robustness 204, 231

Safety 88 ROOM 78. 82
Protocol 17
Protocol engineering 17, 75
Prototype 20, 112, 259, 264, 275, 288, 292. 307 Scenario 63
Public Land Mobile Network (PLMN) 262 Scenario integration 120, 273
R SDL 55, 83. 84, 321

Selective mutation 296

REJECT 177. 180. 379 Self-coverage 292
Reject test 99

Sequence 242, 312

Sequence coverage 245

Service 2, 18, 19

Simplified Basic Call (SBC) 285

Single BBE 242, 246, 312

Software engineering 18

Specification 19, 93

Specification and Description Language, see SDL
Specification Under Test 176

Reject verdict 98
Rejection test 89, 224, 260
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Seec-VALUE 7, 111, 125, 314, 318, 324
Construction guidelines 129
Contributions 10, 313
Experiments 257, 306, 316
Mutant generation 296
Structural coverage 238
Testing approach 170

Stakeholder 3. 16

Standard 19. 325

Statement probe 240

Step-by-step execution 41

Strategy
Alternative 191
Causally linked stubs 210
Concurrent Paths 194
Loop 197
Multiple start points 200
Single stub 207

Strong mutation 296

Structural coverage 237, 260, 266, 281, 290, 293,
311, 316

Structure adequacy 282

Style and content guidelines 115

Systems engineering 17

Systems Engineering Capability Model (SECM) 17

T

Test 21

Test body 176

Test case 94, 96

Test case generation 221
Test case management 254
Test goal 91, 176, 184, 218
Test preamble 176

Test purpose 94, 176, 218
Test selection 90, 265, 276, 289, 309
Test suite 90, 94

Test suite validation 294
Test type 176, 188

Test verification 176

Testability 92
Limit 92, 182
Testing 42, 90
Testing equivalence (te) 36
Testing framework 169, 316
Testing pattern 103, 105, 184, 217, 303, 310
Tests group 177
Timethread Map Description Language (TMDL) 128
Timethreads 320
Traceability 21
TTCN 55, 70, 95. 174, 177. 179, 219, 327, 329
TTS
Basic Call UCM 118
CNDUCM 119
Construction guidelines application 157
Integrated view 120
Mutants 298
Mutation analysis 301
OCSUCM 119
Structural coverage 249
Test goal 226
Testing 226
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UCM 22, 72, 357
Abort 27, 140
Anchored component 122
AND-fork 25, 134, 194
AND-join 25, 194
Binding 26
Bound 24
Cardinalities 25
Causal relationship 22
Component 22, 143, 146
Component notation 235
Dynamic component 26
Dynamic responsibility 26, 141
End point 24
Failure point 27, 140
Interaction 27, 135
Interaction point 132
Navigator (UCMNAav) 28
OR-fork 24, 134, 192
OR-join 24, 134,192
Path 22, 146
Plug-in 26, 136. 207
Pool 26
Responsibility 5. 22, 132
Role 143
Route 24
Scenario definition 28, 220, 329
Selection policy 26, 120, 137
Shared responsibility 27, 151
Start point 24
Stub 26, 136, 207, 210
Style and content guidelines 115
Timer 27, 136
Unbound 23
Unconstrained style 122
UCMNAav 273
UML 58, 321, 324
Activity diagram 58, 72
Unified Modeling Language. see UML
Use case 63, 69, 217
Use Case Maps, see UCM

| 4

V&V, see Validation and Verification

Validation 20, 87, 172

Validation and verification 41, 53, 60, 87, 101, 170
Validation test suite 176, 309, 379

Validation testing 172, 173

Validity relation (val), See Relation Validiry 180
Value selection 222

Verdict 98

Verification 20, 87

w
White box testing 175
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