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Abstract: Software testing is regarded by practitioners as the central activity used for
ensuring that a system behaves as expected. It consists of the following activities: test
generation, execution, evaluation, coverage analysis and regression testing. Testing is
often a neglected activity that has the potential and the need for benefiting from
automation. In fact, testing solutions currently available automate some testing activities.
However, the majority of the automated solutions are code-based. Code-based testing
uses the implementation to derive test cases. It can be used to test the system. It cannot,
however, be used to test that the system built is what was intended. Testing activities that
compare the system’s implementation to their expected behavior are more informative
because they show the system satisfies its original requirements. This kind of activity is
characteristic of specification-based testing.

In practice, specification-based testing has not yet achieved the level of adoption
achieved by code-based testing. This can be explained in part by the lack of support for
its activities. These activities require support for managing relationships between
specifications and other artifacts. Relationships include mapping from specification to
implementation, and traces from requirements to test results. The mapping supports
generation and/or execution of test scripts, while the traces from requirements to test
results supports requirements coverage analysis.

This survey studies automated specification-based testing from two perspectives. The
first perspective evaluates the level of automation, which is done by evaluating the
support for each testing activity. The second perspective aims at better understanding
what kinds of artifacts and relationships are used by the approaches, and how they
manage these relationships.
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Abstract

Software testing is regarded by practitioners as the central activity used for ensuring that a system
behaves as expected. It consists of the following activities: test generation, execution, evaluation,
coverage analysis and regression testing. Testing is often a neglected activity that has the
potential and the need for benefiting from automation. In fact, testing solutions currently
available automate some testing activities. However, the majority of the automated solutions are
code-based. Code-based testing uses the implementation to derive test cases. It can be used to test
the system. It cannot, however, be used to test that the system built is what was intended. Testing
activities that compare the system’s implementation to their expected behavior are more
informative because they show the system satisfies its original requirements. This kind of activity
is characteristic of specification-based testing.

In practice, specification-based testing has not yet achieved the level of adoption achieved by
code-based testing. This can be explained in part by the lack of support for its activities. These
activities require support for managing relationships between specifications and other artifacts.
Relationships include mapping from specification to implementation, and traces from
requirements to test results. The mapping supports generation and/or execution of test scripts,
while the traces from requirements to test results supports requirements coverage analysis.

This survey studies automated specification-based testing from two perspectives. The first
perspective evaluates the level of automation, which is done by evaluating the support for each
testing activity. The second perspective aims at better understanding what kinds of artifacts and
relationships are used by the approaches, and how they manage these relationships.



1 INTRODUCTION 4

O B 167 0) 4 o T PO PSPPI U USPRPSPPRPIPPO 5
1.2 STRUCTURE OF THE SURVEY ....eittitirtertirientertententestestestestessessessessessessessessessessessessessessessessessessessessessessensens 5
2 AUTOMATED SCENARIO-BASED AND STATE MACHINE-BASED TESTING........cccceeveuenee. 7
2.1 TEST GENERATION ....oiuiiuirtirtistententestestestestestestessestestestestestesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbessessessensens 7
2.2 EXECUTION AND EVALUATION ...c..cotiiiitiitiniiniintestente sttt st sttt sttt sbe b sttt sbe b st st sbesbesbesbesbesbesbesbenbens 8
2.3 COVERAGE ANALYSIS w.tttittrtirtertentesttstestestestestestestestesbestesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbenbens 9
2.4 REGRESSION TESTING......citrttstistestististestestestestesteste st stestesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbenbens 9
3 BACKGROUND DISCUSSION 11
3.1  SCENARIOS AT DIFFERENT LEVELS OF ABSTRACTION .....cc.cetrttrteriirterienienienieniesiesiestessessessessessessessenses 11
3.2 RELATIONSHIP MANAGEMENT AND SPECIFICATION-BASED TESTING.......cccevvtririnenienienienienienieneennes 12
4 EVALUATION FRAMEWORK 14
4.1 TEST GENERATION ....oitirtirtirtirtirtintestentestestestestestestestessessessesbesbestessesbesbesbesbesbesbessesbessessessessessessessensensenee 14
4.2  EXECUTION AND EVALUATION ...cc.oitiiiiitiiiinieniinieste sttt sttt sttt sb bbb s st sbesbe bbb bbb st sbesbesbe e 15
4.3 COVERAGE ANALYSIS ..tttittiterttrtentestestestestestestestestestestesuestestesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbessensessenee 15
4.4 REGRESSION TESTING...c..tstrttrtirtirtistististestestestestestestestesaestesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbessessenee 15
4.5  GENERAL ASPECTS ..ttitiitirtirtestestestestesteste st stestesbeshesbesbesaesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbesbennesbenee 16

5 APPLYING THE EVALUATION FRAMEWORK TO SCENARIO-BASED AND STATE-
BASED APPROACHES 17
5.1  SEQUENCE DIAGRAM TEST CENTER (SEDITEC)......cccccteiiiiieeiieieeieneeie sttt 17
5.1.1 Application of the Evaluation Framework ...............cccoccoiviiiioenieiniieeieeieeeeeeeeeeeee s 19
5.2 SCENTOR ..ottt ettt ettt et s et e st st ene e b et e s e e ee e ese st s seneeseneeseasesesseneeseneesenens 21
5.2.1 Application of the Evaluation Framework ...............ccccoccoieioieinieiniieeieeieeeeeee s 22
5.3 COWTEST PLUS UIT ENVIRONMENT (COW_SUITE).....cccccsitniininirininenentneeeesesesesese e 24
5.3.1 Application of the Evaluation FramewOrk ...............cccooccoeeiiioenieineieeieeieeeeeeee s 26
54 AUTOMATED GENERATION AND EXECUTION OF TEST SUITES FOR DISTRIBUTED COMPONENT-BASED
SOFTWARE (AGEDIS) ..ottt sttt ettt et e st e e st e st essessaesseensesnsesseensesssenseensennns 29
5.4.1 Application of the Evaluation FramewOrk ...............ccccoccovcoiieieineieeieeeeeeeeeee s 30
5.5 SCENARIO-BASED OBJECT-ORIENTED TESTING FRAMEWORK (SOOTF) .....cccoviiiiieiecieieie e 33
5.5.1 Application of the Evaluation Framework ...............ccccoccouieiieoenieiniieeieeeeeeeieeee s 35
5.0 UMLTEST ..eoteetieteettrtiettetestest ettt sttt sttt sttt b s bt bbbt b e bbbt s bt s bt s bt s b s bt e bt sb e s bt eb e s bt st e sbe st e sbesbesbennes 38
5.6.1 Application of the Evaluation Framework ...............ccccoccoviiieenieieeieeieeieeeeee s 40
5.7 ABSTRACT STATE MACHINE LANGUAGE (ASML) TEST TOOL.......ceeteiiiiieiieieeieieeie e 42
5.7.1  Application of the Evaluation FramewWOrk ...............ccccoccoiieoiienieieiieeiseeeeeee s 44
5.8 TESTING OBJECT-ORIENTED SYSTEMS (TOTEM) ....ccuiiiiiiiiieii ettt 46
5.8.1 Application of the Evaluation Framework ...............cccooccoveiiioenieiniieeieeeeeeeeee s 48
5.9 UMLAUT/SIMULATOR ....uetttiitettateetsteteteeetestestetenessenteseseesessenesseneeseneesensesessesesseneesensesessesessenesseneesensns 50
5.9.1 Application of the Evaluation FramewOrk .............c.ccccoccoiviiieoeiieineieeieeieeeeeeeee s 51
5.10 TEST SEQUENCE GENERATOR (TESTOR) ..ccueeiiiiiiee ettt 53
5.10.1 Application of the Evaluation Framework................cc.cccoccoioeiiiiioineiieeeeeeeeeeeeens 54
S.1T  UC-SCSYSTEM...uiiiiiiiiiiriirierientesttste st st sb st sb st sbe bt bbbt sbe s bt s bt s bt s bt s bt s bt s bt sbesbesbesbesbesbe s b e sbesbesbesbesbesbenaes 56
5.11.1 Application of the Evaluation Framework.................c.cccoccvioeiiiiiiiineiieieeeeeeeeeeenn 57
5.12 SUMMARY ..ottt sttt ettt sttt sb e sb e sb e bbbt b e s bt sb e s bt s bt b e e bt s bt s bt s bt s bt e bt s bt e bt e bt ebesb e eb e bbb e b e bbb naes 59
5021 TSt GOUEFALION. ...ttt ettt et e st e st e st e e st e st e s e essesseensaesseessenseansens 59
5.12.2  Test Execution and EVAIUGLION ................c.ccocoeeeeeeeeieieeeieeeeeeie ettt eae s eneeneas 62
5.12.3  Coverage Analysis and RegresSion TESHAG .........c..cccveiieieerieieeeeeeeeeeeeee s 65
6 OTHER RELATED WORK 66
6.1 SCENT-METHOD .....cctrutitiriirtintertentestesttste st st st sbesbesbesbesbesb e bt s bt s b sbesb e s bt sb e sbesbesbesbesbesbe s bt sbesbesbesbesbesbenaes 66
6.2 ENGINEERED USE CASES...c.tiirtiitiitirtintirtenitsteste sttt st st sttt sbe bt sbe bbbt bbb sbesbesbesbesbesbesbesbesbesbesbenaes 66
0.3 TAOS ettt ettt h ARt ea R et R et R e ea et et ent R et et e s et seneeseneeseeens 66



6.4 MODEL-DRIVEN ARCHITECTURE AND TESTING......ccitiiiiiitiieieteieeeteeeeeeeeeeeteeeeesseeeeessesssssesssenseesennns 67

7 CONCLUSIONS AND RESEARCH RECOMMENDATIONS 69
8 GLOSSARY 71
REFERENCES 73
LIST OF FIGURES

FIGURE 1 - AUTOMATED SCENARIO-BASED AND STATE MACHINE-BASED TESTING ......ccoooutiiiieirieieieieeeeneeeeneen 7
FIGURE 2 - TECHNICAL SPECIFICATION-BASED TESTING ACTIVITIES SUPPORTED BY SEDITEC .........ccuee.n..... 19
FIGURE 3 - TECHNICAL SPECIFICATION-BASED TESTING ACTIVITIES SUPPORTED BY SCENTOR..................... 22
FIGURE 4 - TECHNICAL SPECIFICATION-BASED TESTING ACTIVITIES SUPPORTED BY COW_SUITE ............... 26
FIGURE 5 - TECHNICAL SPECIFICATION-BASED TESTING ACTIVITIES SUPPORTED BY AGEDIS.........cccoveen. 30
FIGURE 6 - TECHNICAL SPECIFICATION-BASED TESTING ACTIVITIES SUPPORTED BY SOOTF.........ccovuvevennen. 35

FIGURE 12 - TECHNICAL SPECIFICATION-BASED TESTING ACTIVITIES SUPPORTED BY UC-SCSYSTEM............ 57
LIST OF TABLES

TABLE 1 - EVALUATION FRAMEWORK APPLIED TO SEDITEC .....ccouviiiiiiii ittt 20
TABLE 2 - EVALUATION FRAMEWORK APPLIED TO SCENTOR ......oooiiiiiiiii e 23
TABLE 3 - EVALUATION FRAMEWORK APPLIED TO COW_SUITE. ....cccoociiiiiniinininineneeeeesesese e 28
TABLE 4 - EVALUATION FRAMEWORK APPLIED TO AGEDIS . ... 32
TABLE 5 - EVALUATION FRAMEWORK APPLIED TO SOOTEF . .....ooiiiiiiie e 37
TABLE 6 - EVALUATION FRAMEWORK APPLIED TO UMLTEST. ...uvviiiieie ettt 41
TABLE 7 - EVALUATION FRAMEWORK APPLIED TO ASML.....oiiiiiiiiiiiiiiiee ettt sae e 45
TABLE 8 - EVALUATION FRAMEWORK APPLIED TO TOTEM......coiiiiiiiiiiice e 49
TABLE 9 - EVALUATION FRAMEWORK APPLIED TO UMLAUT/SIMULATOR .....occvvieuiiiiieeeieeieeeeeeeieeeeeesneens 52
TABLE 10 - EVALUATION FRAMEWORK APPLIED TO TESTOR ......oooiiiiiiiee e 55
TABLE 11 - EVALUATION FRAMEWORK APPLIED TO UC-SCSYSTEM ....eoiiiitiiiiiieieeeieeeeeeteee et 58
TABLE 12 — TEST GENERATION. .....uutiiiitiieeiiteieeeteteeeteeeeeiaeeeeesseeesssetessnssessensesssssseessasssssssssssssnsesessnsesessssssessnseees 59
TABLE 13 = TEST GENERATION......uutitiittieiiiteteeeeteeeeeteeeeeeaeeeeseseeesssseeessasseesessessssssesessnsssesssseeessasessssnsesessssesessnseens 60
TABLE 14 — TEST GENERATION .....uuuiiiitiieiiiteieeeiteeeeeteeeeeeteeeeseseeeesessessseseessessessaseeessnsesssssssesssnsesessnssessssseeessnnees 61
TABLE 15 — TEST EXECUTION AND EVALUATION ......uuviiiiiteieeieteieeeteeeeeeteeeeeteeeeeseeesseseeessnseesssnssessensseessnsnesssnneens 62
TABLE 16 - TEST EXECUTION AND EVALUATION ....ccouuiiiiiteieiiiteieeeteieeeeteeeeeteeeeeseeesseseeesssssessssssesssnssesssnsnesssnsees 63
TABLE 17 - TEST EXECUTION AND EVALUATION ................ .64
TABLE 18 - COVERAGE ANALYSIS AND REGRESSION TESTING ....ccuvviiiiiueieeiireeeeireeeereeeeeeneeeseenneesenneeesensneessnneens 65



1 Introduction

Software testing is still regarded by practitioners as the central activity used for ensuring that a
system behaves as expected. It consists of the following activities: test case generation, execution,
result evaluation, coverage analysis, and regression testing [61]. In traditional software
development processes, testing activities are left to the end of the software life cycle, so schedule
slippage, time-to-market pressures, and cost-constraints result in neglected testing. It is clear that
testing has the potential and the need for benefiting from automation. Automation can reduce the
amount of effort spent on technical testing activities. It can also increase the precision of activities
like result evaluation, often performed by humans and thus more error-prone. There are in fact,
solutions currently available in the industry [58] and in the academia [22, 77] that automate some
testing activities and reduce testers efforts. However, the majority of automated solutions are
code-based. Code-based testing uses the implementation to derive test cases. Thus, it can be used
to test the system, but it cannot be used to test the original expectations about the system.

Testing activities that compare the system’s implementation to their expected behavior
are more informative because they show the system satisfies its original requirements. This can
be achieved by deriving test cases from high-level specifications, with specification-based testing.
Non-technical stakeholders are usually largely involved with creating these expectations.
Therefore, testing approaches based on specifications that non-technical stakeholders find easier
to manipulate could be even more informative.

In practice, however, specification-based testing has not yet reached the level of adoption
achieved by code-based testing. This can be explained in part by the lack of support for its
activities, which require management of relationships between specifications and other artifacts.
Examples of such relationships are relationships between the specifications and the
implementation (sometimes called mapping), or between the specifications and the test results
(sometimes called traces). The first supports generation of concrete test scripts or execution of
abstract test scripts, while the second supports coverage analysis based on the specifications.
Relationship management is a topic currently addressed by research on software traceability. It
aims at automation or semi-automation of creation, maintenance and storage of meaningful
relationships across software artifacts [5, 7, 21, 46, 38, 69] as well as on describing and
classifying those relationships [9, 69, 45].

Software traceability tools automate some software development activities by connecting
all inter-relatable software artifacts and supporting relationship management. They exploit the
fact that software artifacts have different forms, objectives and semantics; exist at different levels
of abstractions and are usually closely inter-related through different kinds of relationships [56,
67, 66]. These relationships can be represented by explicit links, references, and similar name,
among other representations [45]. Nevertheless, for those kinds of solutions to be practical, many
challenges investigated by the traceability research need to be addressed first. Some challenges
exist because stakeholders do not usually maintain (and sometimes not even establish) the
relationship representation across the artifacts. As a result, even if the relationships exist, they
might become obsolete [69, 25]. Establishing and maintaining relationships among software
artifacts is important because relationships can be used in a number of different software
engineering activities such as software change impact analysis and software validation,
verification and testing [69]. Current traceability approaches that explore validation and
verification concentrate on solving inconsistencies among requirements artifacts, design artifacts
and code [23, 27, 43, 68]. The use of such approaches to improve automation of specification-
based software testing is yet to be fully explored.

To summarize, one way to address current testing problems is by reducing effort spent on
testing activities, while concentrating on using expectations about the systems to test them, as
opposed to relying only on the code to derive the test cases. Therefore, since specification is a
type of expectation, the use of automated specification-based testing should improve testing.



Unfortunately, these approaches are not fully automated and face challenges related to
management of relationships across artifacts.

This survey studies approaches to automated specification-based testing and suggests
future research directions to increase their automation and their likelihood of being adopted in
practice. It explores these approaches from two perspectives. The first perspective evaluates their
level of automation, which is done by evaluating the level of automation of each testing activity.
The second perspective aims at better understanding what kinds of artifacts and relationships
among them are produced and used by the approaches, and how the approaches manage these
relationships.

1.1 Scope

This survey evaluates a representative subset of currently available automated scenario-based and
state-based testing approaches. This section explains the reasons for including approaches based
on these types of specifications.

Both scenario-based and state-based specification languages have emerged as important
modeling perspectives. In particular with the adoption of UML tools by practitioners. Extending
automated support for testing systems described with scenarios and state-based specifications can
leverage the effort put into creating them. The availability of more automated testing solutions
can stimulate the use of such specifications. Therefore, a reason for evaluating approaches based
on these two types of specifications was to understand how they could be more automated.

Inline with the previous reason, approaches evaluated should automate the larger number
of testing technical activities. A fair amount of academic research explores state-based
specification testing. These approaches automate test case generation and execution with a
different variety of tools. Tools such as AutoFocus accept as input specification described by
proprietary languages. Other tools accept as input publicly available specification languages such
as SDL' or LTS. TestComposer and AutoLink receive specifications in SDL, while Cooper, TGV
and TorX receive specifications in LTS. Thereby, there is already an infrastructure in place that
supports automation of state-based testing approaches (Finite State Machines [FSM] and its
variations). State-based languages have often a high degree of formalism, which reduces their
likelihood of adoption by practitioners. State Machines (one variation of state-based languages)
are part of UML, which is the industry’s de-facto standard modeling language. For this reason,
state-based approaches included (namely AGEDIS, UMLAUT/Simulator, TESTOR) are UML-
based.

As discussed in section 1, testing approaches based on specifications that non-technical
stakeholders find easier to manipulate are more informative. Scenarios are examples of such
specifications. Practitioners had adopted them as a means to express systems requirements and
specifications [73]. For this reason, this survey includes scenario-based approaches.

1.2 Structure of the Survey

This section introduced some existing testing problems and suggested that they might be reduced
with automated testing approaches that are based on specifications that are closer to expectations
about the system-to-be. It also suggested that management of relationships among the artifacts
used and produced by such approaches play an important role in their level of automation and
adoption.

This survey concentrates on evaluating scenario-based and (UML) state machine-based
automated testing approaches. Among other aspects, approaches were evaluated with respect to
the level of automation of testing activities, to the kinds of artifacts used and produced, to the

! See glossary.



relationships required to exist among these artifacts, and to the support provided to manage those
relationships. Section 2 explains the testing activities. To clarify the reason for evaluating
scenario-based approaches, section 3 provides some background explaining the uses of scenarios
at different levels of abstraction. It also explains how relationship management relates to
specification-based testing. Then, Section 4 presents the evaluation framework, section 5 applies
it to selected approaches, and section 6 discusses other relevant approaches not evaluated in
detail. Section 7 concludes and makes research recommendations. In addition, section 8 describes
a glossary of testing terms that might be useful for the reader that is not very familiar with the
software testing vocabulary.



2 Automated Scenario-Based and State Machine-Based
Testing

Specification-based testing [61, 63] is a way to test the software based on its specification. This
means specification-based testing uses specifications to derive test scripts to test the system.
Specifications describe how the software is expected to work. Therefore, the use of specifications
renders the testing process more informative by comparing actual expectations about the system
to the implementation. It indeed shows the system satisfies its original requirements. Automated
specification-based testing is comprised by the following activities: test generation, execution,
evaluation [61], coverage analysis and regression testing. Figure 1 depicts these activities, how
they relate to each other, and some of the artifacts they use. Since these are automated activities,
engines should support them. The following sub-sections explain each activity in more detail.

AND/

2 OR
7 Rrakdbvs g
: = | @"D D
Scenarios State-Based structural other

Specificati
ﬂ | pecifications speclflcatlons specnfﬁahons code relallonshlps

TEST GENERATION

abstract test scripts concreﬂto test scripts Q@ rel azlon: ships
g

a

<§roaucca \<used /inpu

EXECUTION/EVALUATION

I

PASSED
FAILED
FAILED

test results test traces rela

COVERAGE ANALYSIS

-

AND / coverage measurement reports

. OR
e 2) T T <O o

step 3| L @0 \
- I I '
T | State-Based D <:>
Sasaarion | specifications structural other " .
B spacnflcahons specifications  code relationships
ﬂ ' g o
REGRESSION TESTING
: rND 8
0
step 2
sn%* El| I’": (O other
L l State-Based ShStsect "”t scripts concrete test scripts specifications
Scenarios | Specificati (subset) (subset)
(subset) pecifications

(subset)

Figure 1 - Automated scenario-based and state machine-based testing

2.1 Test Generation

Test generation consists of the generator receiving a specification as input and creating fest
scripts. Test scripts (sometimes named test sequences) are a set of steps that should be followed
when testing a program. Test values input and output should also be available with the test



scripts. Depending on the language and the level of abstraction at which they are written, test
scripts can either be executed manually or automatically. Scripts for manual execution usually
describe what steps the tester should follow when using the system, what inputs to provide and
what outputs to expect. The evaluation of the result is also made manually. On the other hand,
scripts for automatic execution consist of calls to system methods with what inputs to provide,
and what outputs to expect. The evaluation is either made manually by the tester, or automatically
by an oracle. Generation of such scripts from specifications requires establishment of
relationships from the specification to the implementation.

Additionally, the test script can be at different levels of abstraction. At the unit level, it
verifies if a unit of code is running as expected, this unit can be a module, a class, a procedure,
and so forth. At the integration level, it tests that the units interact properly. It is thereby assumed
that these individual units were already tested. Test scripts at the integration level not only
compare the specification to the code. They can also exercise the specifications at different levels
of abstraction comparing a lower level to a higher one. Thereby, generation of this type of script
also requires knowledge of the lower level specifications, including implementation. Finally, at
the system level, the test script evaluates the system as a whole against the requirements. This
type of test is also called the Black-box test, since internal knowledge of the system is not
necessary.

Figure 1 above shows that the test generation activity possibly receives as input different
kinds of artifacts: scenarios at different levels of abstraction’, state-based specifications (finite
state machines and its variations), structural description of the system, code (sometimes named
system under test - SUT), other specifications, and relationships among these artifacts. Depending
on the information input, test scripts for manual or automatic execution can be generated. If the
relationships between specification and the implementation are available (relationships in figure
1), test scripts that can be compiled and run can be generated. These are named concrete test
scripts in figure 1. Otherwise, scripts for manual execution can be generated. These are named
abstract test scripts in figure 1. In addition, since this activity creates new artifacts, it should also
create new relationships among existing and new artifacts. This information is represented in
figure 1 by the arrow leaving the test generation activity towards the relationships representation.

Usually, when scenarios are input, they are transformed into test scripts (concrete or
abstract). These test scripts are later (see “execution and evaluation”) used test the system by
exercising the code (SUT). If state-based specifications are input, the tool traverses the
specification, according to some pre-defined criteria. The criteria are used to guide path selection,
as a way to reduce the number of paths generated. These paths are the test scripts generated. As it
was observed with this survey, sometimes both scenarios and state-based specifications scenarios
are provided as input to the test generation activity. In this case, the scenarios would be used to
guide the test path selection. Test values in the generated scripts can either be created by the user
or generated by the tool using existing techniques such as category partition [57].

2.2 Execution and Evaluation

Test execution and result evaluation are the next activities. Test execution runs test scripts.
Result evaluation compares the results obtained against the expected results. Evaluation can be
done manually or automatically. When done manually, it is labor intensive and error-prone.
Thereby, evaluation by automated testing approaches demands automatic evaluation that is done
by oracles.

? See explanation in section 3.1.



Test oracles® consist of oracle procedure and oracle information. The procedure uses the
information to verify that the execution behavior complies with the expected [62]. An oracle can
therefore check that a final result obtained was the expected. It can also compare that the steps
taken to reach that result (or the states through which the system passed to get to that result) are
the same steps described in the specification.

Figure 1 above shows that execution and evaluation activities receive as input concrete or
abstract test scripts, which were generated by the test generation engine. It also receives as input
the code to be tested, among possibly other artifacts. Depending on the artifacts input, execution
and evaluation can take place differently. If concrete test scripts are input, they are executed and
the oracle evaluates the results obtained. The evaluation could compare the results obtained to the
results expected, or the behavior obtained to the behavior expected.

If abstract test scripts are input, they need to be processed before automated execution
can happen. In this case, the steps described in the abstract test scripts are used to guide the
execution. The execution and evaluation activity needs to know how abstract test scripts relate to
the code. This information is represented as relationships in figure 1. As shown in figure 1, the
output of this activity could be test results and/or test traces. Test results are lists of the test scripts
executed and evaluated, together with the results obtained for each of them. It informs if the test
script passed or failed. Test traces are lists of the individual steps executed when the test script
was run. For instance, these steps could be statements executed, or method calls executed. In fact,
test traces inform the actual behavior of the system, which was obtained when the test script was
run. In addition, since this activity creates new artifacts, it should also create new relationships
among existing and new artifacts. This information is represented in figure 1 by the arrow that
leaves the test generation activity towards the relationships representation.

It is important to note that sometimes coverage analysis (explained in the next section) is
performed in parallel with the execution and evaluation. This happens in particular if the
coverage is measured with respect to code (statement, method, branch).

2.3 Coverage Analysis

Tests results should be measured to inform stakeholders (testers, developers, managers) about the
extent to which a set of test scripts covered the artifacts. The coverage can be measured in
relation to the available software artifacts such as code, detailed specifications, or requirements.
This information helps them make informed decisions regarding the testing process. It includes
the number of test cases that passed, the number of test cases that failed, and how much coverage
was achieved.

Figure 1 above shows that the coverage analysis activity receives as input test results or
test traces, and relationships among test artifacts; it outputs a coverage analysis report. The
coverage analysis report informs about coverage obtained with respect to different artifacts, or
with respect to finer entities that compose the artifacts. Indeed, it depends on the granularity of
the test results and test traces available. It also depends on the relationships connecting the test
results to other artifacts based on which the coverage is measured. For instance, if relationships
are available from individual requirements to test scripts and their results, requirements coverage
can be measured.

2.4 Regression Testing

Software changes require further attention so as the quality of the final product will not be
affected. When the software is modified, it needs to be retested to reduce the chances that new

3 .. . .
See definition in section 9.



faults were inserted to the system. At the same time, test scripts that where already run and passed
might not need to be re-run. Selective regression testing [31] deals with this issue by reducing the
amount of test scripts that are run after a change is in place. Changes can happen to different
software artifacts: directly to code, to the architecture, or to the specification, and selective
regression testing can be performed for each kind of change [31, 47]. Ideally, automated
specification-based testing approaches should support specification-based selective regression
testing [78].

Figure 1 above shows that the regression testing activity can receive as input modified
specifications (scenarios, state-based or structural), the relationships between specification, test
scripts and other artifacts. It then outputs the selected test scripts to be re-run. It is important to
note that in addition to selecting existing test scripts, new ones might need to be created. Thus,
this technical activity could also output a subset of the specification (represented as ‘Scenarios
subset’ or ‘State-based specifications subset’) to be used as basis for generating the new test
scripts.
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3 Background Discussion

This section discusses important concepts required for better understanding this survey. First, it
explains the many uses of scenarios by the software engineering field and puts these uses in
context with regards to testing. As detailed bellow, this discussion is important because scenarios
are specifications close to user expectations that when expressed at lower level of abstractions are
used as test scripts. It then discusses how relationship management relates to specification-based
testing.

3.1 Scenarios at Different Levels of Abstraction

In software engineering, scenarios’ are used to express system requirements, components and
objects interactions [72], and test scripts [25, 40]. They play and important role in software
testing because concrete test scripts are code level scenarios annotated with further information to
support comparison between obtained and expected results. Scenarios are used to describe
expectations about the system. When scenarios are described at the right level of abstraction, they
can be used and understood by the majority of stakeholders (users, customers, developers, testers,
etc.). Therefore, testing approaches based on scenarios address the concerns of using of
expectations to test the system.

Requirements engineering is one of the areas that most heavily explores the uses of
scenarios [6, 8, 39, 73]. In this survey, scenarios at requirements level are scenarios used to
describe requirements after a preliminary discovery phase (as distinguished from those used
during the process of discovering the requirements). These scenarios are closer to stakeholders’
understanding than scenarios used in later phases. They describe sequences of events that take
place at the system-wide level of abstraction. These events occur in the real world (only) or are
interactions between a user and the system-to-be. Information about the system’s internal events
is not pertinent to this kind of scenario. An example of this kind of scenario is seen in use cases,
in which the individual traces (if present) are scenarios.

Scenarios at architecture level encompass scenarios that involve even more detail. In a
manner analogous to architecture structure definitions, during this phase of scenario definition,
decisions are made on which concepts will become components of the systems architecture. Thus,
the scenarios are at the architecture level of abstraction, in which events are described as message
exchanges among architectural components, or among components and connectors, depending on
the architectural style chosen. An example of this kind of scenario is a UML sequence diagram,
or a message sequence chart where the agents that exchange messages are architecture-level
components and connectors.

Scenarios at design level are described in more detail than scenarios at architecture level.
The concepts used in this case are object-parts of the architectural components. The design
scenarios are thus scenarios at design abstraction level, much closer to code. While events are
message exchanges among objects. A design scenario is an architecture-scenario that has been
opened and elaborated to show the internals of the components. An example of this kind of
scenario is seen in UML sequence diagrams, which are largely used by testing approaches
denominated as scenario-based.

Scenarios at code level describe the flow of events at a system implementation level.
They are in fact runtime trace information corresponding to statements executed/to be executed or
method invocations, depending on the level of abstraction at which they appear. Thus
requirements, analysis, architecture, or design scenarios, when executed, result in some code
scenario. In this case, events are method invocations that describe object interactions. Scenarios at

4 . ..
See glossary for scenario definition.
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design level can be related to scenarios at code level through the concepts used to describe them.
Events from scenarios at design level are message exchanges among objects, and message
exchanges become, in turn, method calls. Objects from design scenarios also appear as
implementation concepts at the code level, and thus both concepts are related.

The scenarios explained above for each of the software life cycle phases can in fact be used
as test scripts. They appear in each phase of the development life cycle, and are used to test
system implementations or other system artifacts. Scenarios at requirements level are the closest
to the users’ comprehension, and are indeed used as guidance for Black-box testing. Scenarios at
architecture, and design levels have internal information about the system, and thus can be used
to simulate its behavior and guide white-box testing. Scenarios at each level of abstraction can be
used to test the behavior of a lower level scenario conforms to the expected behavior described by
the higher-level one. Since one higher-level scenario can lead to multiple lower level scenarios,
there is a need to test their conformity. For instance, suppose there are two related scenarios, one
at the design level and the other at the code level. A message (and related objects) in the design
level scenario (UML sequence diagram) is related to several method calls (and object
implementation) in the code level scenario. Simulation and correlation of lower level events to
higher-level events check for conformity across those two scenarios. In fact, some automated
approaches evaluated in this survey support this activity by using mapping from one level to the
other to check the conformance.

3.2 Relationship Management and Specification-Based Testing

As discussed in the introduction, relationships among testing artifacts play an important role on
the automation of testing activities. Common relationships required for software testing are
relationships between specification and implementation, and between requirements artifacts and
test scripts or test results. For instance, assume the requirements of system are somehow related
to the test scripts written to test these requirements. Also assume that there are relationships from
the test scripts to the test results obtained from running these test scripts. With this information, a
tester can identify which requirements were already covered by a test run by simply following the
relationships from requirements to test cases, and from test cases to the results. Given the
importance of these relationships to testing activities, support for managing’ their life cycle
within automated testing solutions should exist. It includes creation, persistence, maintenance,
and destruction of these relationships (automatically, semi-automatically or manually®).

The artifacts at the end points of the relationships characterize the relationships. Therefore,
changes to these artifacts might imply the relationship itself does not hold anymore. Thus, to fully
achieve automation of specification-based testing activities, there is a need to automate
management of testing artifacts and the relationships among them. Relationship management is a
theme explored by the research on software traceability.

In their empirical study about the use of traceability, Balasubramaniam and Matthias [9]
observe that “the semantics or the meaning attributed to linkage is guided by the reasoning that
the user will be performing with the linkage”, so one can define different links’, or different
attributes to the same link to relate artifacts one to the other with a specific use in mind. For
instance, consider UML class and state machine diagrams. A link between a class and a state
machine means that state machine is a model of that class’ particular behavior. This link is useful
for programmers to understand the behavior of the class they should implement. As another

: Relationship management here means creating, persisting, consulting, maintaining and
destroying relationships.

% This classification was in [66].

"Note that a ‘link’ is the representation of a ‘relationship’.
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example, consider links between methods from a class and scenarios at the code level. They can
mean that the scenario will execute or executed that method. This information is important for
performing regression testing. That way, given a change the method, the existence of this link
(with that information) will reduce the effort spent on locating the test scripts that might be
obsolete.

The commonality between specification-based testing and traceability lays on the need to
manage relationships between artifacts. This means traceability infrastructures have the potential
to be used with the specific aim of improving testing. This would leverage automation of some
specification-based testing activities by supporting management of test-related artifacts and their
relationships.
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4 Evaluation Framework

Automation of specification-based testing approaches is one way to reduce effort spent on this
activity. Consequently, it is a way to reduce testing problems. This survey evaluates some of
these approaches with respect to the support provided to required technical activities: test
generation, execution of results, evaluation of results, coverage analysis [61], and regression
testing.

Since support for management of the relationships among the testing artifacts can
contribute for automating specification-based testing activities, the evaluation of those
approaches also aims to understand which artifacts are used by each activity, which relationships
(if any) are established among these artifacts to support a particular technical activity, and how
the approaches support management of these relationships.

Additionally, these approaches were evaluated with respect to other generally important
aspects. These aspects include the level of formality of the specification language used by the
approach (what affects the chances of adoption because of the learning curve), and the support for
performing testing across different levels of abstraction (what adds value to the test because
problems can be identified and solved before implementation phase is reached improving the
software quality).

The evaluation framework is defined in the format of questions, where each question is
related to one required technical activity, or to general aspects. The following four sections (4.1,
4.2, 4.3, 4.4) list and comment the questions. Section 4.5 lists and comments the questions
concerned with the general aspects, and section 5 evaluates the approaches according to these
questions.

4.1 Test Generation

As explained in section 2.1 and shown in figure 1, test generation activity generates test scripts
from some specification input. The following questions were derived based on this activity, and
will be used to evaluate selected approaches.

A. Does the approach generate concrete test scripts? Some approaches generate abstract test
scripts to be manually executed (or to be provided as input to the execution and
evaluation activity). An approach that automates test generation should generate
concrete test scripts (test scripts that can be compiled and executed). This question
highlights the level of automation of the approach with regard to test script generation.

B. When generating the test scripts, what is the coverage criteria used? Approaches are
more effective if the test scripts generated test important aspects of the system. Thus,
some criteria should be followed during generation to avoid trying to cover all aspects
when testing, which is near to impossible. Well-known examples of code-based coverage
criteria are statement coverage, branch coverage, and path coverage. This question
highlights what is the strategy used by the approaches to reduce the test suite.

C. What kinds of relationships are needed across artifacts to support test generation? The
answer to this question should clarify the following.

(1) If the approach considers the relationships across artifacts explicitly or
implicitly* when performing this particular activity.

(2) If relationships are fine-grained or coarse-grained. This is defined by the
artifacts used by each approach and on the endpoints connected by the relationships

(3) If the relationship is across models at the same level of abstraction (horizontal)
or across different levels of abstraction (vertical). Vertical relationship is often called

¥ See Glossary.
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refinement, reification or mapping (when the relationship is from a specification to the
code).

D. Does the approach provide support for management of these relationships? If
relationships are used across artifacts to perform this activity, it is important to know
how they are created and if there is support (manual or automatic) for maintaining them.
Maintenance is important because artifacts can change, and relationships can become
invalid.

4.2 Execution and Evaluation

As explained in section 2.2 and shown in figure 1, execution and evaluation consists of running
the test scripts and ensuring compliance between the obtained and expected results and/or
behavior. The following questions were derived based on this activity, and will be used to
evaluate the selected approaches.

E. Does the approach allow the specification to be used as oracles? The use of specification-
based testing approaches implies creation of specifications. Specifications are expected
behavior of a system and should be used as input to oracles.

F. Is the comparison between obtained behavior and/or result and expected behavior and/or
result automatic? This question highlights the level of automation of the approach with
regard to evaluation of results.

G. What kinds of relationships are needed across artifacts to support execution and
evaluation? See section 4.1, question C.

H. Does the approach provide support for management of these relationships? See section
4.1, question D.

4.3 Coverage Analysis

As explained in section 2.3 and shown in figure 1, coverage analysis consists of generating
coverage measurement report that informs the user about the coverage achieved by the test scripts
run with respect to different artifacts or with respect to finer-grained entities that compose the
artifacts. The following questions were derived based on this activity, and will be used to evaluate
the selected approaches.

I.  Does the approach support coverage analysis? Coverage analysis is important to inform
stakeholders (testers, developers, managers) about the extent to which a set of test scripts
covered the artifacts. It should, therefore, be supported by automated approaches.

J. What kinds of relationships needed across artifacts to support coverage analysis? See
section 4.1, question C.

K. Does the approach provide support for management of these relationships? See section
4.1, question D. It is also important to understand if the approaches even create the
relationships between results obtained and specification originating them with the intent
of measuring coverage.

4.4 Regression Testing

As explained in section 2.4 and shown in figure 1, regression testing consists of trying to reduce
the chances that new faults were inserted when a system is modified. While selective regression
testing consists of doing the same but avoiding re-run all test cases. Thus, automated
specification-based testing approaches should support specification-based selective regression
testing.
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L. Does the approach support selective regression testing? This question was included
because regression testing is an important testing technical activity and ideally should be
supported by automated testing approaches.

Since we are evaluating specification-based testing approaches, we do not expect them to support
other kinds of regression testing than specification-based ones.

4.5 General Aspects

Some aspects about the approaches allow us to learn about its usefulness and the chances of being
adopted.

M. What specification language is used?

N. What is its level of formality? High, Medium, Low. This affects the chances of adoption
because of the learning curve. The answer to this question also explains whether it is
possible to have approaches that automate technical activities while maintain a
low/medium level of formality.

O. Does the approach support performing testing across levels of abstraction? As explained
before in section 2, such support adds value to the testing activity.

P. What is the level of abstraction of the specification input? They can be at Requirements,
architecture, design, or code levels. (See figure 1).

Q. What is the level of automation of the approach? Considering the number of the technical
activities are automated, (1 activity — Low, 2 activities — Medium, 3 activities - High)

16



S Applying the Evaluation Framework to Scenario-Based and
State-Based Approaches

This section evaluates relevant automated approaches to specification-based testing, within the
scope explained in section 1.1.

5.1 Sequence Diagram Test Center (SeDiTeC)

Sequence Diagram Test Center (SeDiTeC) [29, 28] implements one approach that executes UML
sequence diagrams to test java applications. The use of UML sequence diagram is motivated by
the wide adoption of use case driven approaches to software development (e.g. RUP). Sequence
diagrams describe use case realizations, which are described through message exchange among
objects. They characterize a relationship between use case and sequence diagram. Relationships
are not explicitly shown nor used by SeDiTeC’s users. They are, however, used to discover which
objects implement the use cases’ functionalities.

The tool supports the execution of sequence diagrams, so it uses the sequence diagrams to
test the integration among objects. Sequence diagrams are extended with actual parameters of the
methods in the sequence diagrams and with expected results. This approach names the
information that complements the sequence diagram as fest case data set. Test case data set can
optionally contain information about exceptions that can be thrown. The sequence diagrams
complemented with the test case data set is called the fest specification. It is worth noting that the
approach also imposes some requirements for the sequence diagrams to be testable. Whereby the
sequence diagrams should describe sequences of method calls that can be executed in the final
implemented system, so their level of abstraction is low.

Two major features of the tool are: support for combination of sequence diagrams, and
support for stub generation. Stub generation mechanism allows for simulation of the behavior of
classes not yet implemented. The tool generates stubs for those classes, and the behavior of the
stub can be changed dynamically according to the sequence diagram description. These
mechanisms rely on the fact that the objects in the sequence diagrams are instances of distinct
classes from the class diagram. The support for combination of sequence diagrams should be used
to combine diagrams described separately into more complex sequence diagrams with conditional
branches.

In general, the automated approach works as follows. The user creates UML diagrams
using a UML case tool. The user then exports these diagrams as XML format to be imported by
SeDiTeC. On the first step, the user annotates the sequence diagrams with test case data set; this
means the user is creating the test cases to be run. Next, the user indicates how the sequence
diagrams should be combined, so he/she creates combined sequence diagrams. In particular, the
authors classify the sequence diagrams into two types: one that is meant to set up the initial state
of the system and the other actually contains methods to be tested. Thus, these two types of
sequence diagrams should be associated. The association is done when objects with same name
are used in different sequences diagrams. Next, the user will select the test cases describing the
combined test cases (these test cases had been already defined in the first step). For classes not
yet implemented, whose objects are part of the sequence diagrams to be tested, the user should
invoke the stub generator functionality. Of course, it does not make sense to run the test
specifications against the implementation of stub-only classes, but once the classes are
implemented, test will be performed against actual implementation.

To evaluate the results, the source code is instrumented to log information about the
method calls, parameters and results obtained from each method. The result of the execution is an
observed sequence diagram that is compared to the expected sequence diagram to determine if
test passed or failed. It is not always possible to automatically reach an answer of whether the
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observed and expected sequence diagrams match. This happens because the observed sequence
can be a refinement of the expected one. By the authors’ definition, a sequence diagram “A”
refines a sequence diagram “B” if the information contained in “B” is a subset of the information
contained in “A”, meaning that “B” was not detailed enough. In this case, it is up to the tester to
decide if they will pass or fail diagram refinements.
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5.1.1 Application of the Evaluation Framework

Figure 2 below depicts the specification-based testing activities. It shows the activities supported
and the artifacts required by this approach (in black). Because approaches evaluated do not
support all activities and because they use a variety of artifacts, this figure helps on placing the
approach in the context of full automation.

This approach supports test generation, execution and evaluation. The specifications
input for the test generation are scenarios at the design level (UML sequence diagrams). Other
artifacts include use case (represented as ‘other specifications’) and class diagrams (structural
specifications), relationships among those artifacts, and code (SUT). Test generation outputs
concrete test scripts, which are executed and evaluated. It then produces test results. Table 1
answers the questions from the evaluation framework. Questions that are not applicable to this
approach were answered with N/A.
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Figure 2 - Technical specification-based testing activities supported by SeDiTeC
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Test Generation

Generates concrete test scripts?

Yes, they are generated with the annotated sequence diagrams that
the user inputs.

Coverage Criteria?

No, the tester decides which and how many sequence diagrams will be
executed, and inputs the test data.

Kinds of relationships needed to support test
generation?

Implicit, Horizontal, and Fine-grained. They are obtained from
UML model imported by the tool. They exist across UML models at
the same level of abstraction (e.g. objects in the sequence
diagrams are related to the classes they belong to in the class
diagram). They relate every method call in the sequence diagram to a
declared method in the target class in the class diagram.

Implicit, Vertical and Coarse-grained. They relate classes in the
class diagram to their associated source code.

Implicit, Vertical and Fine-grained. They relate method in the target
class in the class diagram to a method in the source code.

Support for management of these relationships?

No.

Test Execution and Evaluation

Specification used as oracle?

Yes, it uses the annotated sequence diagrams to exercise the code, and
the output trace is matched to these annotated sequence diagrams.

Automated evaluation?

Yes, the concrete test scripts are used to exercise the code
(implemented classed and stubs), which was previously instrumented.
This exercise produces observed sequence diagrams (test traces). The
approach matches expected sequence diagrams to observed sequence
diagrams by comparing the following information: order of the
method calls, identity of method calls, identity of objects that initiate
the method calls, parameters and return values, and thrown
exception. Resulting execution of the instrumented code produces an
xml file that includes all information necessary to create a sequence
diagram. This information is enough to compare the obtained
sequences to the expected ones. If ALL aspects are equal, the test
passes otherwise it fails.

Kinds of relationships needed to support execution
and evaluation?

Implicit, Vertical and Fine-grained. They are the comparison
between the obtained and the expected behavior to support
evaluation, which relate methods in the sequence diagrams to
methods in code. Implicit, Horizontal and Fine-grained. They are
used to execute the test scripts. They are relationships from the
concrete test scripts to the code it tests.

Support for management of these relationships?

No.

Support for coverage analysis?

No, the tool generates a report, but does not measure coverage

@ 122} .
20 z achieved.
§ = | Kinds of relationships needed to support coverage N/A. However, it maintains implicit relationships from sequence
S : analysis? diagrams to their respective test specifications.
Support for management of these relationships? N/A, relationships are not explicitly created nor maintained.
o Support for regression testing? No.
S
2=
Q =
=8
&=
&~
Specification Language? UML use case, sequence and class diagrams.
4 Level of formality? Low.
§ Testing across levels of abstraction? Yes, it compares the expected sequence diagram to the observed
< sequence, but does not do it across sequence diagrams at many levels
s of abstraction.
% What is the level of abstraction of the specification | Scenarios at the design level.
&) input?

What is the level of automation of the approach?

High (automates two or more activities)

Table 1 - Evaluation framework applied to SeDiTeC
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5.2 SCENTOR

SCENTOR [76, 75] is an approach that supports generation of scenario-based testing using JUnit’
[30] as basis. Its domain is e-business-specific, and the applications tested should be based on
Enterprise Java Beans (EJB). It uses UML sequence diagrams as inputs, which are scenarios at
the design level of abstraction.

Similarly to SeDiTeC, it assumes that the user creates the sequence diagram with some
case tool. The user exports the diagram to the common XML representation and loads it to
SCENTOR. After the sequence diagrams are loaded into SCENTOR, for each method in the
sequence diagram, the user specifies the methods’ concrete parameter values and expected
results. These are written in Java, which is the language used by the JUnit framework. The
sequence diagram loaded to SCENTOR and annotated with such information is called fest
specification. The approach assumes existence of direct match between the objects and methods
from the sequence diagram and the objects and methods from the implementation. After the test
specification is created, SCENTOR can generate the test scripts by extending JUnit framework
classes. The resulting test scripts are similar to those written manually, which are compiled and
run by SCENTOR (with Java’s compiler and virtual machine.)

Other features of SCENTOR are the generation of global setup test code and global tear
down test code. These can be shared by multiple test cases. The advantage of supporting global
setup and teardown is that they are sometimes time consuming and sharing them can reduce this
effort.

? See glossary.
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5.2.1 Application of the Evaluation Framework

Figure 3 below shows the approach supports test generation, execution and evaluation.
The specifications input for the test generation are scenarios at the design level (UML sequence
diagrams.) The annotations created by the user in Java are represented by ‘other specifications’.
This activity outputs JUnit-based concrete test scripts, which can be compiled, run and evaluated.

Table 2 answers the questions from the evaluation framework. Questions that are not applicable
to this approach were answered with N/A.
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Figure 3 - Technical specification-based testing activities supported by SCENTOR
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Generates concrete test scripts?

Yes, they are generated with the annotated sequence diagrams that

g2 the user inputs.
§ Coverage Criteria? N/A, the tester decides which sequence diagrams will be executed, and
2 also inputs the test data.
8 Kinds of relationships needed to support test Implicit, Vertical and Fine-grained. They are defined by matching
. generation? the names of the methods in the sequence diagrams and the
= names of the methods in the implementation.
Support for management of these relationships? No.
Specification used as oracle? Yes, it uses annotations about the results on the sequence diagrams to
compare them to the obtained results. The behavior, however, is not
- compared step by step.
= Automated evaluation? Yes, only the results are compared. This is a feature from the JUnit
g2 _5 framework that is used as basis for this approach.
% § Kinds of relationships needed to support execution | Implicit, Horizontal and Fine-grained. They are used to execute the
g E and evaluation? test scripts. They are relationships from the concrete test scripts to the
) code it tests.
] The evaluation compares the expected result for each method with the
= obtained result. It is based on the expected results written in Java by
the user and available as part of the executable test script.
Support for management of these relationships? No.
Support for coverage analysis? No, the tool generates test results, but does not measure coverage
) achieved.
g % Kinds of relationships needed to support coverage | N/A.
2 £ | analysis?
o< Support for management of these relationships? N/A.
Support for regression testing? No.
£u
2=
Q =
2&
&~
- Specification Language? UML sequence diagrams.
§ Level of formality? Medium, it annotates the sequence diagrams with programming
& language.
é Testing across levels of abstraction? No.
E What is the level of abstraction of the specification | Scenarios at the design level.
8 input?

What is the level of automation of the approach?

Medium.

Table 2 - Evaluation framework applied to SCENTOR
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5.3 COWtest pluS UIT Environment (COW _SUITE)

COWtest pluS UIT Environment (COW_SUITE) [12, 13, 14, 15] is a tool that provides
systematic and automated support for test planning and test case generation, based on UML
diagrams. It addresses test case prioritization and test case generation problems. It is composed of
two other tools: Cow_test (COst Weighted TEst STrategy) and the UIT (Use Interaction Testing).
The first one provides support for test case prioritization, and the second provides support for test
case generation. This survey concentrates on the UIT tool.

UIT supports test case plan generation directly from UML diagrams (use case, sequence,
and class diagrams), without requiring the user to provide further formalism. In particular, UIT is
based on sequence diagrams that describe use case realizations through message exchange among
objects. For each use case, it generates a use case test suite, which is a set of test cases built for
the same use case. The approach is based on the idea that use cases can be organized
hierarchically. Thus, the use case diagram can lead the test construction because it defines
incremental stages of test integration from the lower level abstraction to the higher ones. This
section explains the artifacts used by this approach and how UIT works to generate their test
artifacts.

The specification used by COW_SUITE is imported from Rational Rose tool. From the
project imported, it constructs a Main graph and a Design graph. The Main graph is a high level
representation of the system. It consists of actors, use cases and sequence diagrams, which are the
nodes of the graph. The relationships among those elements (realizes, extends, uses, traces) are
the edges of the graph. The use cases represent the functionalities and sub-functionalities of the
system, while the sequence diagrams describe how the use cases are realized by the interactions
between objects and actors. From the Main graph, COW_SUITE generates Main trees. A Main
tree is a hierarchical functional decomposition of the system. It is represented by use cases and by
the sequence diagrams that realize them. At each level of the tree, there can be use cases or
sequence diagrams. Use cases in a deeper level represent sub-functionalities of use cases in a
higher level. Each level of the tree describes a different degree of detail of the system’s
functionalities, so it represents a specific level of integration. The Design graph consists of
packages, developed components and dependencies among them.

The Main tree can be seen from two different perspectives: Use Case view and Logical
view. The Use Case view shows the actors, use cases and sequence diagrams. They represent
significant system’s functionality and interactions between the system and the external world.
This view shows how the expected system’s functionalities are realized by the use cases. A path
from a high-level use case to the leaf in this view shows the refinement of the associated
functionality. Therefore, tests derived from sequence diagrams in this view are at a higher level of
abstraction. They are used for testing system integration and sub-system integration. The Logical
view shows the allocation of system's functionalities to the static structure of the system. It also
shows the dynamic collaboration among objects. The Logical view has use case realization
information that traces how the use case evolved into the design model. Sub-flows of use cases
are detailed with sequence diagrams. In addition, the logical view specifies classes participating
in the realization of the use case. It shows a list of packages that implement the use case (this is
an explicit link between use cases and the packages that implement them).

The UIT method is the part of COW_SUITE that supports derivation of test procedures
from UML diagrams. The test artifacts used by UIT are explained bellow.

Test Suite is the set of all Test Procedures. For each use case, UIT generates a corresponding
test suite.

Test Procedure is a sequence of messages and their associated parameters (it can be thought
as being an abstract test script). Test Procedures are automatically generated from the test
specifications.

Test Specifications are created considering all values choices, which are input by the user
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interacting with the tool. For each category associated with the test case, all possible values
are considered.

Test Case consists of the messages in the Messages Sequence, Interaction Categories and
Setting Categories.

Interaction Categories are messages entering an object in the sequence diagram; it can be
identified by observing the messages received by that object in its temporal (vertical) line in
the sequence diagram.

Setting Categories are values or data structures that can influence the execution of the
messages sequence. They are defined by considering the input parameters to messages
involved, by analyzing the class to which the message belong, and by examining the
attributes and data structures that can affect the observed interaction.

Messages Sequences are a set of messages used to realize a single functionality. They consist
of a list of messages composed of: (1) A message or messages entering the main object used
to realize a single functionality (this list is obtained by following the temporal order of that
object in the sequence diagram and by listing the messages), (2) A message or messages
exchanged among other objects with the objective of realizing that same functionality. Thus,
several categories (interaction and/or setting) can correspond to a message sequence, because
messages in a message sequence identify Interaction Categories, while the attributes that
affect these messages identify Setting Categories.

UIT is an incremental test methodology that supports multiple levels of abstractions. The
expressiveness of the test procedures generated depends on the level of detail available with the
sequence diagrams (if more detail is provided with the diagram, a more expressive test procedure
is generated). It assumes a UML project is provided with use case, sequence and class diagrams.
It also assumes the Main Tree is generated.

For each sequence diagram selected as basis for the test case derivation, the following
steps are taken. For each object in the sequence diagram, their Interaction Categories are
identified. Then, the next step is to define the Messages Sequences. For each Message Sequence,
Setting Categories are defined. Each Message Sequence defines a test case, and the messages in
the test case are analyzed to see if there are feasibility conditions and if the sequence needs to be
divided into sub-cases of different choices. Therefore, the partial result is that each sequence
diagram is associated with test cases and their sub-cases. For each test case, its test specification
is defined. In this step, the user interacts with the tool to insert the choices values, and add
constraints for the case of contradictory combinations (this is determined by the category partition
methodology). Finally, the test procedures are automatically generated from the test
specifications. It is worth noting that these test procedures are not yet an executable test script,
and there is still a need for a test driver to execute and log the results, and this tool does not
provide such support. The output of this tool is a text file describing the test suite.
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5.3.1 Application of the Evaluation Framework

Figure 4 below shows the approach supports test generation. The specifications input for the test
generation are scenarios at the design level (UML sequence diagrams); other artifacts include use
case diagrams that are represented as ‘other specifications’, class diagrams (represented as
‘structural specifications’), and relationships among those artifacts. This activity outputs abstract
test scripts, which require further implementation to be run. Table 3 answers the questions from
the evaluation framework. Questions that are not applicable to this approach were answered with
N/A.
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Figure 4 - Technical specification-based testing activities supported by COW_SUITE
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Test Generation

Generates concrete test scripts?

No, it generates abstract test scripts (test sequences).

Coverage Criteria?

Fixed number of test procedures or functionality coverage.

Kinds of relationships needed to support test
generation?

Explicit: relationships are implicit in the UML model imported by the
tool. When the tool generates the hierarchical trees, the relationships
across diagrams become explicit. In the hierarchical trees, nodes are
diagrams and other elements from the model (e.g. packages). The
edges in the trees represent the relationships. Relationships across
trees are also made explicit.

Explicit, Horizontal, and Fine-grained. They are defined across
UML models at the same level of abstraction. They relate objects
in the sequence diagrams to the classes they belong to in the class
diagram. Every method call in the sequence diagram is associated
with a declared method in the target class in the class diagram.
Explicit, Vertical, and Fine-grained. They are defined across
UML models at different levels of abstraction. Additionally, They
are defined between class diagrams and source code. They relate
method in the class diagram is to methods in the code.

Explicit, Vertical, and Coarse-grained. They are defined across
UML models at different levels of abstraction. These are some of
the relationships available form the Main Tree. Each level of the
main tree describes a different degree of detail of the system’s
Sfunctionalities, and thus a vertical refinement relationship. Among
other artifacts, these relationships relate use cases and sequence
diagrams (a sequence diagram realizes a use case), and use cases
and the packages that implement it.

Support for management of these relationships?

No, relationships are made explicit by the tool, not created with it. But
changes made to the UML model (that might also affect the
relationships among models) resulting from the test generation
process, such as changes to parameters or operations, can be saved to
a new UML model and reloaded.

Test Execution
and Evaluation

Specification used as oracle?

N/A.

Automated evaluation?

No.

Kinds of relationships needed to support execution
and evaluation?

N/A.

Support for management of these relationships?

N/A.

Coverage Analysis

Support for coverage analysis?

No, however, some relationships could support manual coverage
analysis.

Kinds of relationships needed to support coverage
analysis?

The tool does not support test execution, so it does not generate test
results. The coverage analysis (if done) is manual. When creating the
test sequences, however, the tool creates relationships that could be
used to partially support this activity. Explicit, Horizontal and
Coarse-grained. They relate a sequence diagram to a set of test cases
and their sub-cases, test specifications to their originating test cases,
test procedures to their originating test specifications, and a test suite
to its set of test procedures.

Support for management of these relationships?

No.

Regression

Testing

Support for regression testing?

No.
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Specification Language? UML use case, sequence and class diagrams.

= e Level of formality? Low.

E g Testing across levels of abstraction? No.

8 2 What is the level of abstraction of the specification | Scenarios at the design level, as supported by the UML tool where the
input? specifications are created.
What is the level of automation of the approach? Low.

Table 3 - Evaluation framework applied to COW_SUITE.
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5.4 Automated Generation and Execution of test suites for DIstributed
component-based Software (AGEDIS)

The Automated Generation and Execution of test suites for Dlstributed component-based
Software (AGEDIS) [37, 36] project provides an integrated environment for modeling, model-
based test generation, execution and other test related activities. The approach requires the user to
provide the behavioral model of the system under test. Differently from the other approaches
evaluated in section 5, AGEDIS does not use scenarios as the main modeling artifact. Instead, it
uses state-based specifications.

AGEDIS accepts as input models described with the AGEDIS Modeling Language
(AML). AML is an extension of UML that uses a subset of the UML diagrams types: class
diagrams, object diagrams, and state diagrams. The purpose of the language is to describe
existing systems and what they are able to do (as opposed to how the system is used). Therefore,
the language does not support UML use case diagrams. AML extends UML by defining some
stereotypes, tagged values, and a target language named Intermediate Format (IF) [20]. The target
language is used to annotate the models with details about operations, actions and data types,
which allows the models to be compiled. The tool compiles and simulates the model, based on
which the generator creates the possible test sequences.

In addition to the AML model, the users create test generation directives. Test generation
directives comprise information about the strategies used to generate the abstract test suite. Test
generation directives are described as a UML state machine annotated with regular expressions,
and they are created using a UML case tool. A compiler interprets the AML model and the
directives. It converts the interpreted information into the intermediate format (IF) [20]. The
result can be used by the model simulator to support model debug, and the by test generator to
create abstract test suites. Abstract test suite is a set of abstract test cases, which is a sequence of
input stimuli and the expected system’s behavior in response to those stimuli (abstract test script).

Abstract test cases cannot be compiled and executed. They are used to guide the
execution of the code. The users create fest execution directives to support test execution. The test
execution directives comprise information about where and how to execute the abstract test suite.
Particularly, it contains relationships from the system’s model to its implementation (data types,
classes, methods, and objects). It also contains information about the environment where the tests
are executed. The execution engine uses this information to execute the abstract test cases.
Execution is done with the following steps: (1) generating the stimuli, (2) observing the response,
(3) comparing the response to the expected response (it plays the role of an oracle), and (4)
logging the execution trace.

AGEDIS also supports coverage analysis, defect analysis and feedback. A functional
coverage tool named FoCuS [2] is integrated to AGEDIS. It allows the user to describe a
functional coverage model in terms of methods and attributes of the system’s implementation. It
reports on combinations of data values not covered, and sequences of methods not invoked.
Integration to AGEDIS is as follows. FoCuS receives as input either the test suites or the test
traces, so the user does not need to create a functional coverage model. As a result, FoCus itself
can generate coverage analysis reports. Through a feedback interface, it creates the test purposes
(test purposes is one part of the test generation directives) that direct the test generator to create
test cases that cover the sequences of methods and data values not yet covered. The defect
analysis and feedback tool clusters test cases according to the identified defect similarities and to
steps in the test case prior to the observation of the defect.

From the description of AGEDIS integrated environment, we can observe that the major
activities described in the evaluation framework are addressed. However, not all activities are
automated. This approach requires extended knowledge by the user about the particularities of the
IF language, which is used to annotate the models and support their execution.
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5.4.1 Application of the Evaluation Framework

Figure 5 below shows the approach supports test generation, execution and evaluation, and
coverage analysis. The specification input for the test generation is state-based specification
(more specifically, an extension of UML, named AML); class diagrams (represented as
‘structural specifications’); other artifacts such as object diagrams that are represented by ‘other
specifications’; and relationships among some of these artifacts. This activity outputs abstract test
scripts, which require relationships from abstract concepts to code concepts to be executed.

An integrated tool supports coverage analysis. Differently from other approaches,
coverage analysis can be performed either in relation to abstract test scripts or in relation to
resulting test traces. However, this information is not depicted in figure 5. Table 4 answers the

questions from the evaluation framework. Questions that are not applicable to this approach were
answered with N/A.
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Figure 5 - Technical specification-based testing activities supported by AGEDIS
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Test Generation

Generates concrete test scripts?

No, it generates abstract sequences from state machines

Coverage Criteria?

Customizable

Kinds of relationships needed to support test
generation?

Implicit, Vertical and Fine-grained. Since the approach
transforms AML specifications into IF, it assumes relationships
between models expressed in these languages'’.

Implicit, Horizontal and Coarse-grained. Test case generation is
based on TGV and GOTCHA [41, 26] test generators. It explores the
state space (with user selected test generation strategies) and outputs
an XML file describing the set of test scripts (test suite). The test
scripts generated are abstract. They are described at the modeling
level. They are derived from AML models that must have relationships
among them. For instance, relationships from state machines that
describe the behavior of objects to a class in a class diagram.

Support for management of these relationships?

No.

Test Execution and Evaluation

Specification used as oracle?

Yes, the abstract test case contains information about the results
expected from applying the stimulus to the implementation.

Automated evaluation?

Yes, an execution engine uses test execution directives to execute the
abstract test cases by generating the stimuli, observing the response
and comparing it with the expected (it plays the role of an oracle),
and logging the execution trace. The user can also use the model
simulator that supports observation and debug of the behavioral
model, which is a kind of manual evaluation.

Kinds of relationships needed to support execution
and evaluation?

Explicit, Vertical, and Fine-grained. To execute and evaluate the test
scripts, the abstract test cases must be related to the code. The
abstract stimuli are mapped to method invocations and abstract
observations are mapped to value checking. This, in addition to other
information guides test execution. Together they are called the test
execution directives. The user creates them.

Support for management of these relationships?

Yes, support is provided for the user to manually create and modify
the test execution directives (the relationships).

Coverage Analysis

Support for coverage analysis?

Yes, with the integrated coverage analyzer tool named tool named
FoCuS [2]. FoCuS supports coverage analysis of methods (code), and
attributes of the objects (this kind of coverage is based on models
provided by the user, which is a specification of objects’ attributes’
values). As adapted for AGEDIS, the coverage analyzer reads either
the test suite (what will be tested) or the test traces, and outputs test
purposes aiming to cover method sequences and values not yet
covered. Additionally, it supports visualization of test traces and the
abstract test suite that generated them, allowing for other manual
coverage analysis.

Kinds of relationships needed to support coverage
analysis?

Explicit, Vertical and Coarse-grained, abstract test suites are
associated with the test traces resulting from their execution.

Implicit, Horizontal, and Fine-grained. They relate test traces to the
code, because each method in the resulting trace was a call to a
method in the code.

Support for management of these relationships?

Yes, partially. The association between the abstract test suites and the
test traces are created and persisted when tests are executed.

Regression

Testing

Support for regression testing?

No.

19 This is further discussed in section 6.4.
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Specification Language? AML - extension of UML (UML class, object, and state machine
diagrams), and their proprietary Intermediary Format (IF) Language.

Level of formality? High, they use IF to describe in detail data types and operations.

Testing across levels of abstraction? Yes, since it uses the abstract test cases to test the systems, the
comparison is between abstract test cases and implementation, but not
across many levels of abstraction.

What is the level of abstraction of the specification | Design level: state-based specifications, class and object diagrams
input?

General Aspects

What is the level of automation of the approach? High.

Table 4 - Evaluation framework applied to AGEDIS.
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5.5 Scenario-based Object-Oriented Testing Framework (SOOTF)

The Scenario-based Object-Oriented Testing Framework (SOOTF) [70, 71] is a framework that
supports for scenario-based test specification creation, test execution, scenario-based regression
testing and results evaluation. It is based on the End-to-End (E2E) integration process proposed
by the department of defense aiming to address the problem of testing large integrated systems.
E2E’s idea was implemented by a tool (the E2E testing tool - by the same authors) and
incorporated to SOOTF’s front-end.

E2E testing tool uses a semi-formal specification of scenarios, named test scenario
specification. Test scenario specifications are scenarios described in natural language annotated
with additional information. They include pre and postconditions, incoming data, expected
output, and message sequences (method calls). It can be considered that this approach uses
scenarios at different levels of abstraction. Once the test scenario specifications are described, the
system supports preparation of test script for execution, execution and evaluation of results.

In the E2E testing tool, scenarios are organized hierarchically into a tree structure
(scenario tree, which is a functional decomposition of the system under test) that classifies them
as atomic scenarios“, sub-scenarios, and complex scenarios. An atomic scenario represents the
basic system’s function. It is a scenario, with its input data and output result, but describing only
one atomic function of the system under test. Complex scenarios are described by composing the
atomic scenarios with some control operators such as sequencing, conditioned, concurrent, and
iterative [70]. Additionally, scenarios can relate to each other with the following relationships:
independent, trigger/triggered-by, mutually exclusive, concurrent dependency, and related. These
relationships guide the way sub-scenarios can be composed into complex scenarios (e.g. a
mutually exclusive relationship between two scenarios means they can not be composed into a
complex one using the concurrent control operator).

The framework should be used as follows. To create a test scenario specification, the
tester first captures the system’s behaviors from end user’s point of view in the form of a
scenario. He or She then transforms the scenarios into test scenario specifications iteratively by
identifying inputs and outputs, pre and post conditions, messaging sequence, and dependencies
among scenarios. This information should be consistent with the design document (UML use
case, class, sequence, state diagrams) and with the implementation. Consistency is achieved by
using matching names (when annotating the test scenario specifications, the users use names that
match the design documents and implementation). Therefore, relationships are established
between high-level test specifications, design documents, and implementation. They are required
for script template generation and for test execution. Other relationships required describe
dependencies between scenarios. The framework predefines some types of dependencies
(functional, input, output, input/output, persistent data, execution, condition, control). Those
dependencies are used for performing regression testing.

The framework is object-oriented, and extends the JUnit framework [30] to implement
scenario-based testing (as oppose to unit testing). It provides test execution classes templates that
support several functions for test scripts generation and execution. It is expected that a one to one
map exists from the scenario tree to the testing execution class hierarchical structure. The root of
the scenario trees is mapped to the root class in the corresponding class hierarchy, and the sub-
groups in the scenario tree are also mapped to the sub-classes in the test execution class
hierarchy. These test execution classes are in charge of loading test case data information from a
database (previously populated by the user when entering scenario information). The execution
classes are also in charge running the test scenarios, and of saving and reporting the results (e.g.

' Atomic scenario is also referred to as thin threads in other papers by same authors, thin thread
is a term defined by the DoD End-to-End Integration Testing project.
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number of test cases that failed in the test scenarios). It is worth noting that the framework
provides the template for the classes and methods, but the tester should actually implement them,
in a similar way to when they use JUnit.

In addition to test scenario specification and management, the framework supports
scenario-based regression testing. It uses the relationships created by the user to support this
activity. SOOTF implements a scenario-slice algorithm. It receives as input the element that
changed in a particular scenario. It searches for other scenarios that might be impacted by that
change because they were related to the changed element. The tool supports the user with
generating new test scripts, and with identifying the affected scenarios. Since the tool supports the
user with manually creating relationships among artifacts (test scenario specifications,
requirement items, class/methods, and input/output), all this information is stored in a database
for later analysis. Thus, whenever a scenario changes, possibly impacted artifacts are identified.
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5.5.1 Application of the Evaluation Framework

Figure 6 below shows the approach supports test generation, execution and evaluation, coverage
analysis, and regression testing. Specifications input for the test generation are scenarios at
requirements and design levels (more specifically, this approach uses a proprietary semi-formal
scenario specification language). This activity (with a fair amount of users’ effort) outputs
executable test scripts. Execution and evaluation are supported and results are saved for later
analysis. Coverage analysis is supported by an integrated tool, which performs the analysis over
the obtained test results and relationships between artifacts, as shown in figure 6. The figure also
depicts the support provided for regression testing, which uses the relationships among artifacts
and the modified specifications (in this case, the modified test scenario specifications). This
approach’s identifies the affected scenarios, which are represented in the figure by ‘Scenarios
(subset)’. Table 4 answers the questions from the evaluation framework. Questions that are not
applicable to this approach were answered with N/A.
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Figure 6 - Technical specification-based testing activities supported by SOOTF
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Test Generation

Generates concrete test scripts?

Yes, it provides test execution classes templates that
support several functions for test scripts generation and
scenario-based testing execution. The user however needs
to implement some parts of the script.

Coverage Criteria?

N/A.

Kinds of relationships needed to support test
generation?

Explicit, Horizontal and Fine-grained. To create a test
scenario, the user inputs detailed information that enables
the interactive transformation of a scenario into a test
scenario. To generate test scripts, a relationship exists
between the individual messages in the messaging sequence
(in the scenario test specification) and the methods from the
generated test script. The relationship is inferred by name
matching. It is however made explicit when test scripts
templates are generated.

Explicit, Horizontal, and Coarse-grained. Also to generate
test scripts, the scenarios are ovganized hierarchically and
the test classes’ (used by the test scripts) generated also
form a hierarchy that corresponds to the scenarios’
hierarchy.

Support for management of these relationships?

Yes, the support is provided for manual management.
The user who is in charge of creating the test scenarios
specifications, is also in charge of managing some of
these relationships, with the exception to the
relationships inferred by name.

Test Execution and Evaluation

Specification used as oracle?

Yes, the test execution classes implemented for each
scenario at the scenario tree, has methods to check
postconditions and expected outputs. The behavior,
however, is not compared step by step.

Automated evaluation?

Yes, it is automatic, but the evaluations are: comparison
between expected results and obtained results, and post
condition check. The actual behavior is not considered.

Kinds of relationships needed to support
execution and evaluation?

Explicit, Horizontal and Coarse-grained relationships.
When creating the test scenario specification, the user
describes post-condition for the whole scenario, which
describes the expected state of the whole system after the
execution of the scenario. The test script uses the
postconditions to evaluate the results of the test run.
Implicit, Horizontal and Fine-grained. They are used to
execute the test scripts. They are relationships from the
concrete test scripts to the code it tests.

Support for management of these relationships?

Yes, manually, by the tool’s user who is in charge of
creating the test scenarios specifications.

Coverage Analysis

Support for coverage analysis?

Yes, in addition to the coverage analysis that outputs
reports regarding the coverage achieved by the tests
execution in relation to the requirements items, to the
scenarios, to the components and so forth, the framework is
also integrated with a statistical model tool that evaluates
test performance (Assurance-Based Testing - ABT) and
provides information on the level of confidence achieved by
the test scripts run.

Kinds of relationships needed to support
coverage analysis?

Explicit, Coarse-grained, Vertical. The information on the
test scenarios is also related to the design document (UML
use case, class, sequence, state diagrams) and to the
implementation using their names.

Support for management of these relationships?

Yes, partially. As explained, the relationships across
artifacts can be manually changed by the users, while the

history results is persisted and available for analysis.
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Support for regression testing? Yes, they support scenario-based regression testing using
_5 o0 scenario-slice algorithm to identify other entities (e.g. other
2 £ scenarios.) that might have been impacted by a change to a
‘;,,é scenario. This information is also obtained from the test
I~ scenario  specification, which describes dependency
relationships between scenarios.
Specification Language? Scenario - they use their proprietary scenario template,
described with a semi-formal specification language.
@ Level of formality? Medium.
g Testing across levels of abstraction? No.
< What is the level of abstraction of the Requirements and design: scenarios at requirements level
= specification input? scenarios that are refined and annotated with design-level
E information, and UML use cases, sequence diagrams,
8 object and class diagrams.
What is the level of automation of the High, although it requires a large amount of input from the
approach? user.

Table S - Evaluation framework applied to SOOTF.

37




5.6 UMLTest

UMLTest is proof-of-concept test data generation tool that is integrated with Rational Rose case
tool. This tools extends another tool named SpecTest [52, 53, 54, 55]. SpecTest provides support
for generating test requirements'* based on appropriate criteria. It also provides support for
generating actual test values, but does not support test scripts generation. Thereby, although it
provides some automation with respect to generation of test specification, its main contribution is
the definition of test criteria at the specification level (criteria to reach specification coverage as
opposed to code coverage). Differently from the other approaches evaluated by this survey that
concentrate mainly on trying to automate test activities (and generate scripts as well as execute
and evaluate the results).

SpecTest accepts as input Software Cost Reduction (SCR) specifications, while
UMLTest accepts UML state diagrams. Both kinds of specifications should be previously created
using specific tools (SCRTool by the Naval Reseach Laboratory and Rational Rose tool by IBM,
respectively). The tools are capable of parsing such specifications and transforming them into a
general specification graph. This graph is used as the basis for generation of the test requirements
and test values. This specification graph is a state-based directed graph where nodes represent
states and edges represent the possible transitions among states. The user is given four options of
coverage criteria he or she wants to use. The tool uses the selected criteria to output test
requirements for testing. Test requirements are truth assignments to the predicates used as guards
to the transitions in the graph.

The criteria supported are the following: transition coverage, full predicate coverage,
transition-pair coverage, complete sequence coverage. Transition coverage states that the test set
must to include tests that cause every transition on the specification graph to the taken. Full
predicate coverage states that the test set must include tests that cause each clause in a predicate
to determine the value of the whole predicate, for each predicate on each transition on the
specification graph. Transition-pair coverage states that the test set must include tests that cause
every pair of adjacent transition to be traversed in sequence (e.g. if in the graph there are
transitions A — B and B — C, there is a test that traverses both transitions in sequence). Complete
sequence coverage states that the test set must include tests that traverse meaningful sequences of
transitions, based on the test engineers’ experience. This last criterion is not automated or
measurable because in most of the cases the number of possible sequences is way too large to be
covered.

The next step on the use of the tool is to actually generate the test specifications for each
unique test requirement. The test specifications generated consist of prefix and test case values,
verification conditions, exit conditions and expected outputs". The following step would be to
construct one test script for each generated specification. This construction is not automated by
this approach, and requires knowledge about the implementation.

Another related work by the same authors is an approach to generate runtime information
from design level UML collaboration diagrams. UML Collaboration diagrams are a variation of
UML sequence diagrams (they can both be named interaction diagrams). They are also used at
different levels of abstraction. If used to realize use cases, they are considered as a variation of

12 Test requirements are things that must be satisfied (or covered), e.g. to satisfy the statement
coverage criteria, the requirement is that the statements should be reached.

13 Definitions: Prefix values are inputs necessary to reach the pre-state and to give the triggering
events variables their before-values; Test case values can be commands, user inputs or software
function and values for its parameters; Verify conditions are inputs that might be necessary to
show the results; Exit conditions are commands that may be needed to terminate execution, and
expected outputs are created from the after-values of the triggering events and any post-
conditions associated with the transition.

38



scenario at the requirements level. If used describe object interactions, they are considered as
variations of scenarios at the design level. In this related work, the authors describe an approach
that supports static checking and dynamic testing. Static checking checks that some pre-identified
constraints are not violated. Dynamic testing means that the tool derives message sequence paths
from the collaboration diagram, based on which it instruments the implementation to support the
user on keeping track of runtime interactions.
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5.6.1 Application of the Evaluation Framework

Figure 7 below shows that this approach partially supports test generation. The specification input
is state-based specification (more specifically, UML state machine diagrams). Table 6 answers
the questions from the evaluation framework. Questions that are not applicable to this approach
were answered with N/A.
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Figure 7 - Technical specification-based testing activities supported by UMLTest.

40



Generates executable test script?

No.

Coverage Criteria?

There are four coverage criteria options based on the specification,
this is the main contribution of the approach and was explained in the

_5 previous section.
E Kinds of relationships needed to support test N/A. The tool generates test values by solving algebraic equations,
1 generation? those test values are part of the test specification output by the tool,
8 but this generation does not require existence of relationships among
% artifacts. Once the test specifications had been generated, each one is
= used to generate one test script; this requires a mapping from the
specification variables to the program variables and had not been
automated by this approach.
Support for management of these relationships? N/A.
= Specification used as oracle? No, because the test specification generated by the approach has
g information about expected output, but the comparison itself is not
g ; automated.
EE
@ E Automated evaluation? No.
f &= | Kinds of relationships needed to support execution | N/A.
é and evaluation?
Support for management of these relationships? N/A.
o . Support for coverage analysis? No.
e
§ E Kinds of relationships needed to support coverage | N/A.
S < |_analysis?
Support for management of these relationships? N/A.
Support for regression testing? No.
£u
2=
Q =
2&
&~
- Specification Language? UML state machine diagrams.
§ Level of formality? High, they use state machines with OCL.
? Testing across levels of abstraction? No.
= What is the level of abstraction of the specification | Design level: state-based specifications.
E input?
8 What is the level of automation of the approach? Low.

Table 6 - Evaluation framework applied to UMLTest.
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5.7 Abstract state machine Language (AsmL) Test Tool

Abstract State Machine Language (AsmL) [1] is an executable specification language with
foundations on the theory of Abstract State Machines'* [35]. It is integrated into the .NET
framework, and also into Microsoft development tools. The test tool realizes a semi-automatic
approach that mainly support test generation, execution and evaluation. The test generation
activity is composed of two main features: parameter generation and sequence selection.
Parameter generation selects the set of input values for the test scripts. Sequence selection selects
the steps of the test script. Test execution and evaluation exercises the code guided by the
generated test scripts and compares the execution of the implementation execution to the
execution of the specification.

AsmL test tool receives as input AsmL models annotated with information for test
generation, which is named model program. An AsmL model program is either an XML and/or
Microsoft Word document. The model program is the basis for test case generation. It is also used
as the oracle.

As part of the test generation feature, AsmL uses the model program to generate finite
state machines (FSM)">. This is done because of the existent support for FSM, which includes a
well-established automata theory, efficient graph algorithms, and test generation tools. AsmL test
tool integrates with these algorithms and tools. FSM are not used directly because they are not
always the most natural modeling method to describe an implementation one needs to test [33].
The following paragraph describes the major features supported by the tool [4] and how they
should be used.

To generate the FSM from the model program [32], the generation algorithm processes it
following some criteria expressed as control items. The control items are created by the user as
part of a configuration of the model program [33]. The main purpose of these control items is to
reduce the number of states included in the generated FSM. Therefore, only states relevant from a
certain testing standpoint (this testing standpoint can be for example a situation the user wants to
test) are included. The control items are the following.

Variables are state variables that constitute the ASM states. The user will not want to include
variables that are not pertinent to the states he wants included in the final FSM (e.g. some
variables are used for logging purposes and should not be included in this selection);

Actions are methods in the model program that appear as state transition in the FSM. Some
actions are events, which in this context means “an action that cannot be invoked by the tool,
only observed”. The user will not want to include actions that are not pertinent to the test
scenarios of interest;

Properties are expressions that aim to define equivalence relation between states of the model
program. A collection of equivalent states is named hyperstates. The generator uses the
properties to limit the number of states included in the FSM (by for example, including only
states the define a new hyperstate)'®.

Filters are Boolean expressions also used to limit the number of states by filtering out
undesired states. It is recommended to include some filter that ensures that state exploration
terminates.

14

See glossary.
15

See glossary.
'°As described in 21 “The ASM may have too many, often infinitely many, states. To this end,
we group ASM states into finitely many hyperstates. This gives rise to a finite directed graph or
finite state machine whose nodes are the generated hyperstates”.
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The sequence selection feature uses the generated FSM to derive the test scripts. The
FSM is viewed as a graph where edges are marked as required or optional, and are also annotated
with the cost of executing the action. The test generation algorithm (that is a combination of
existing graph exploration algorithms) makes sure that every state is reachable by following
required links only. Thus, the objective is to generate test scripts (sequences of actions that start
from the initial state) that provide coverage of the required links with the minimal total cost.
These generated test scripts are represented and persisted as XML. They are comprised of
sequences of actions, their input parameters values and expected outputs (created with the
parameter generator feature'").

The execution and evaluation feature uses a configuration that describes the relationship
between the AsmL model and the implementation. This configuration is named conformance
binding. The tool supports the user to interactively determine associations between items in the
model and items in the implementation. It uses this information to determine which method in the
implementation to execute when an action (method) form the model program is executed (the
model and the implementation are executed in parallel). The tool automates the creation of
associations between methods (in the implementation) and actions (in the model) whose
signatures match. It also automates the creation of associations between global constants whose
names match. This is only possible if the model program’s namespace is different from the
implementation’s namespace. If the model program uses classes, the user needs to associate
classes in the model to classes in the implementation.

The comparison between execution of the implementation and execution of the AsmL
model uses another configuration named conformance relation. It is used to compare the states of
the model to the states of the implementation. Conformance relation is defined as a Boolean
expression that relates their variables. The expression is evaluated after each action execution.
Methods return values are compared for equality, and thus, do not require such configuration.

The former paragraphs explained how AsmL test tool works. This same approach [11,
34] was extended to support scenario-oriented models (as well as use cases') described using
AsmL. In other words, that approach allows the use of the sequence notation of AsmL to
programmatically describe scenarios. It supports the same features described above, which are
test generation (parameter generation and sequence selection), test execution and evaluation.
There are, however, some differences in the configurations the users create. The user needs to
map the (AsmL) use case concept into an ASM, because ASM are the kind of model accepted by
this tool.

7 Note that parameter and sequence generation can happen be executed at the same time as
the FSM generation, but for the sake of clarity they are explained separately.

'8 A use case is a collection of scenarios and the approach supports the codification of a set of
scenarios into a use case, where parameterized scenarios are defined as non-parameterized
scenarios capable of choosing the parameter from a specific domain. Their representation of use
cases does not explicitly attach actors and roles to the events, and is basically a sequence of
interactions: actors and actions performed by these actors with some variables used to bind
parameters to actions.
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5.7.1 Application of the Evaluation Framework

Figure 8 below shows that this approach supports test generation, and execution and evaluation.
The specification input for the test generation is either a state-based specification, or scenarios at
the requirement level (and use cases) annotated with further programmatic information. More
specifically, this approach uses sequence notation of AsmL to programmatically describe
scenarios. Additional information needed for sequence and parameter generation is represented as
‘other specifications’ in figure 8. Test generation activity generates abstract test scripts. They are
input to the evaluation and execution activity, which requires mapping relationships for executing
the test scripts. It also requires other relationships for evaluating the results. Table 7 answers the
questions from the evaluation framework. Questions that are not applicable to this approach were
answered with N/A.
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Figure 8 - Technical specification-based testing activities supported by AsmL
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Test Generation

Generates concrete test scripts?

No, the approach generates test sequences based on the model
program (or on the use case). These can be simulated, but not directly
used to exercise the system.

Coverage Criteria?

The user is supposed to configure the following: a filter to filter-out
undesired states, equivalence of the states (to be grouped into
hyperstates). The user should also configure the domains to avoid
many combinations of parameters.

Kinds of relationships needed to support test
generation?

N/A. The test generation feature traverses the FSM derived from the
AsmL model. It outputs test sequences (sequences of actions, their
input parameters values and expected outputs). Since they are not at
the code level, relationship between model and implementation is not
required for this particular activity.

Support for management of these relationships?

N/A.

Test Execution and Evaluation

Specification used as oracle?

Yes, the model is used as oracle during conformance testing.

Automated evaluation?

Yes, it is automatic, the model and the implementation are executed in
parallel and their states are compared.

Kinds of relationships needed to support execution
and evaluation?

Explicit, Vertical and Fine-grained. They are defined in the
“conformance binding” to support the parallel execution of the model
program and the implementation. They relate methods and actions
whose signatures match. They also relate global constants in the
model and in the implementation.

Additionally, they are defined in the “conformance relationship” to
support comparison of states of the model to the states of the
implementation. These are Boolean expressions that relate variables
in the model and in the implementation.

Support for management of these relationships?

Yes, manually, by the tool’s user who is in charge of creating the
project (with the relationship information). The whole project is
persisted; so are the relationships, but in the event of a change to the
endpoints of a relationship (e.g. change to the name of a class in the
model), the conformance binding should be changed to reflect it (the
user would have to rebind the class in the model to the class in the
implementation).

Support for coverage analysis?

No, although the results of each test sequence run is displayed to the
user, no reference is made on the documentation about persisting

input?

)
o0 .2 them, maintaining them or keeping track of a collection of use cases
= 2 . .
S < and which test sequences runs relates to which test case.
S : Kinds of relationships needed to support coverage | N/A.
analysis?
Support for management of these relationships? N/A
Support for regression testing? No.
£u
2=
Q =
=8
&=
&~
Specification Language? The proprietary language named AsmL (Abstract State Machines
Language) it supports descriptions of programs in many levels of
- abstraction. In this approach it can be used for both annotated
§ requirement-level scenarios and state-based models.
? Level of formality? High (Its a programming language).
= Testing across levels of abstraction? Yes, at least across the model and the implementation, with the
E conformance testing.
8 What is the level of abstraction of the specification | Requirements and design: requirements-level scenarios (or their

definition of use case) are annotated with design-level information;
design-level state-based models are also input.

What is the level of automation of the approach?

Medium.

Table 7 - Evaluation framework applied to AsmL.
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5.8 Testing Object-orienTed systEMs (TOTEM)

Testing Object-orienTed systEMs with the unified Modeling language (TOTEM) [16] is a
methodology and tool that supports system testing based on UML models (Use Case, Sequence,
Activity and Class diagrams). In particular, this approach supports test generation, while an
extension of this work supports regression testing also based on UML diagrams. Similar to other
UML-based testing approaches, the creation of the diagrams is done using a UML case tool. The
diagrams are exported to a common representation and imported by TOTEM.

The approach assumes that each use case is related to one sequence diagram, which
represents the use case realization through object interactions. It also assumes that OCL is used to
describe classes' invariants and methods' preconditions and postconditions. The approach relies of
system test requirements to generate test sequences. These requirements are created based on the
available UML diagram.

The first test requirement describes use cases sequences (order in which use cases should
be tested). UML activity diagrams describe the dependencies between use cases. The diagram is
traversed using a depth-first search, which results in use case sequences (or paths in the activity
diagram). Data dependencies are also considered. They are determined based on symbolic values
from the activity diagram. This approach uses the concept of parameterized use cases. This
concept allows the use case sequences to be instantiated several times with different symbolic
values for the purpose of testing. The amount of instantiation is determined by configurations
such as the number of users expected to the system provided by the tester. The formal parameters
of the corresponding use cases are later analyzed to generate actual values. The sequences
generated are combined (by interleaving) to generate complete sequences to be tested. This step is
needed because use case path derivation from activity diagrams does not account for
synchronization, so two different derived paths can occur concurrently.

The second test requirement identifies use case scenarios. The sequence diagrams are
transformed into regular expressions that use as alphabet the public methods (also called
operations) from the sequence diagrams. This transformation aims at expressing the diagram in a
compact and analyzable way. The regular expressions are expressed as a composition of terms,
where each term represents a single use case scenario or a set of use case scenarios. Since the
regular expression can contain iteration symbols, they are further analyzed to identify test
conditions under which their terms can be executed, and to identify the precise sequence of
operations to be executed for each term.

The test scripts generated also have oracles. They are derived using the postconditions
(described as OCL expressions) of operations. The conjunction of post-conditions is used to
determine the test oracles of the operations sequences. This solution works for simple cases
where the post-conditions clauses do not interfere one in the other. The tool does not address
these more complex cases (it is left for future work). Once this information is available for one
use case, their initial state, the operation sequences, and the oracles are formalized into a decision
table used as the formal set of test requirements. Finally, these decision tables created for each
use case are used in conjunction to derive the sequences of operations that test an entire use case
sequence (as originally derived from the activity diagrams).

The former paragraphs describe how this approach generates test scripts. As part of the
same project, the authors created the Regression Test Selection tool (RTSTool) [19, 17, 18]. This
tool implements an approach for regression testing based on UML diagrams and relationships
among these diagrams. The tool receives as input UML use case, class and sequence diagrams.
These diagrams are also expressed in the common format and imported by RTSTool. This
activity is supported by relationships between flows in a sequence diagram and the test scripts
previously generated. The approach considers that particular changes are possible to class
diagrams, use case diagrams and sequence diagrams. Depending on these changes, the test scripts
traced from these diagrams are grouped into obsolete (cannot be executed on the new version of
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the system), re-testable (is still valid, but need to be re-run) and reusable (still valid and do not
need to be rerun).
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5.8.1 Application of the Evaluation Framework

Figure 9 below shows that this approach supports test generation, and regression testing. The
specifications input for the test generation are scenarios at the design level (sequence diagrams),
class diagrams (represented in the figure by ‘structural representation’), use case diagrams, and
activity diagrams (the last two represented in the figure by ‘other specifications’. Additional
information needed from the user regarding test configuration is also represented in the figure by
‘other specifications’. This activity outputs abstract test scripts. The same artifacts are input to the
regression testing activity. Regression testing also requires relationships from the design models
to the test cases (represented as the arrow in the figure). Table 8 answers the questions from the

evaluation framework. Questions that are not applicable to this approach were answered with
N/A.
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Figure 9 - Technical specification-based testing activities supported by TOTEM
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Generates executable test script?

No, the approach generates test sequences based on the on the use
cases and sequence diagrams.

Coverage Criteria?

Yes, to limit the amount of to instantiated the test sequences, it uses
activity diagrams, sequence diagrams, class diagrams with OCL

,§ expressions, and information provided by the tester regarding
s expected input values.
2 Kinds of relationships needed to support test Implicit, Horizontal and Coarse-grained. They are obtained from
é generation? the imported UML model. They relate diagrams at the same level of
< abstraction (use cases in the use case diagram are related to use
ﬁ cases in the activity diagram).
Implicit, Vertical and Coarse-grained. They relate diagrams at the
different levels of abstraction (each use case is realized by one
sequence diagram).
Support for management of these relationships? No.
Specification used as oracle? Yes, the model is used to derive oracles from post-conditions of
g g operations written with OCL.
ER:
8 % Automated evaluation? No.
ﬁ é Kinds of relationships needed to support execution | N/A.
‘:m) =~ | and evaluation?
= 5 Support for management of these relationships? N/A.
o | Support for coverage analysis? No.
e
§ =| Kinds of relationships needed to support coverage | N/A.
8 i analysis?
Support for management of these relationships? N/A
Support for regression testing? Yes, the approach supports regression testing based on use case,
class, sequence diagrams and relationships among those diagrams
0 (obtained from UML model imported by the tool), and between those
< diagrams and generated test scripts.
ﬁ Relationships are Implicit, Fine-grained and Horizontal (an object in
= a sequence diagram is related to its class in the class diagram, every
-E method call in that object is related to a declared method in its class
§ in the class diagram, a sequence diagram is related to the test scripts
g0 it generated). Relationships are also Implicit, Coarse-grained and
&~ Vertical (each use case in the use case diagram is realized by one
sequence diagram, each use case is also related to the test scripts
it generated.).
Specification Language? UML (sequence diagrams, activity diagrams) and OCL.
=@ Level of formality? Medium.
53 Testing across levels of abstraction? No.
§ & What is the level of abstraction of the specification | Requirements and design: use case diagrams, design-level sequence
o< input? diagrams.
What is the level of automation of the approach? Medium.

Table 8 - Evaluation framework applied to TOTEM
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5.9 UMLAUT/Simulator

UMLAUT [60, 44] is a case tool for manipulation and transformation of UML models. It
was extended with the incorporation of Test Generation with Verification (TGV) tool, which
is a tool for test generation of conformance test suites from specifications of reactive
systems. TGV receives as input the specification of the system under test (SUT) and the test
purposes. It outputs abstract test cases that aim at covering the test purposes. An abstract
test case describes the interactions between the tester and the SUT. These interactions
describe input and output to and from the system, which leads to verdicts about the test (pass,
fail, inconclusive). TGV supports different (Lotos, SDL, UML, IF) specification and test
purpose languages by connecting to their simulation APIs. Particularly for languages with
semantics in terms of LTS or IOLTS, if a compiler produces a simulation API, an interface
between this API and the TGV API can be built easily.

The support for UML is provided by UMLAUT. It is assumed that the specification
of the system includes the class diagrams, state machine diagrams for each class, and also a
description of its initial state in the form of UML object diagram. This model is used by
UMLAUT to derive a Label Transition System (LTS) representing the operational semantics
of the specification of the entire system.

The test purposes are expressed as scenarios, and they are described using the
scenario-based language named O-Tela, which is based on UML sequence diagrams. It makes
use of UML activity and class diagrams. In fact, the initial model of the test purposes can be
created using some UML case tool. It can be saved to the common format (XMI), and then it
can be imported by UMLAUT. The test purposes are also formalized as Label Transition
System (LTS). It is important to note that two kinds of scenarios are provided as part of the
test purposes: accept and reject scenarios. Accept scenarios describe scenarios relevant to the
tester that should be considered for test case generation. While reject scenarios describe
scenarios the tester wants to avoid. Therefore, the test generation process is driven by the
expected scenarios, which are indeed used to reduce the space explored during test generation
by eliminating calls known to be superfluous for the purposes of the test. The system
specification and the test purposes both represented as LTS are then used by TGV to produce
abstract test cases in the form of IOLTS'. These abstract test cases are then transformed
into scenarios, described with another scenario-based language named Tela, which is also
based on UML sequence diagrams. UMLAUT also supports the transformation of abstract
test cases in TeLa to XMI. This allows the scenarios to be visualized with any case tool that
understands XMI.

19 .. . .
See definition in section 9.
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5.9.1 Application of the Evaluation Framework

Figure 10 below shows that this approach supports test generation. The specification input for the
test generation is design-level scenarios (sequence diagrams), and UML class, state machine and
activity diagrams. The design level scenarios are in fact described with this approach’s particular
language called O-Tela, so any additional information needed from the user regarding test
configuration is represented in the figure by ‘other specifications’. The two-way arrow represents
relationships across UML models. This activity outputs abstract test scripts. Table 9 answers the
questions from the evaluation framework. Questions that are not applicable to this approach were
answered with N/A.
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Figure 10 - Technical specification-based testing activities supported by UMLAUT/Simulator
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Generates concrete test scripts?

No, the approach generates test sequences based on the on the
sequence diagrams and UML models.

Coverage Criteria?

Yes, the approach generates test cases based on predefined test
purposes (written with O-Tela, in the form of scenarios) and UML
models. The test purposes can be considered coverage criteria
because they actually reduce the size of test suites to those described

£ as accept/reject scenarios.
s Kinds of relationships needed to support test Implicit, Horizontal, and Coarse-grained. Relationships are
5 generation? obtained from the UML model imported by the tool (each class in a
g class diagram is related to a state machine diagram).
EE Implicit, Horizontal and Fine-grained. Since the approach
é transforms UML specifications into LTS, it assumes
relationships between state machines (from the UML
specification) and LTS. It also transforms test objectives in
(sequence diagrams O-Tela) into LTS, so it also assumes
relationships between sequence diagrams O-Tela) and LTS. The
language allows sequence diagrams to refer to class diagrams
from the UML specification of the system.
Support for management of these relationships? No.
- = Specification used as oracle? N/A.
£s
§ S | Automated evaluation? No.
2
Em 5 Kinds of relationships needed to support execution | N/A.
g E and evaluation?
Support for management of these relationships? N/A.
o . Support for coverage analysis? No.
£
@ E Kinds of relationships needed to support coverage | N/A.
S < |_analysis?
Support for management of these relationships? N/A.
Support for regression testing? No.
£u
2=
=3
&=
&~
- Specification Language? UML, O-Tela, and Tela.
[
%]
& Level of formality? High.
é Testing across levels of abstraction? No.
E Specification Language? UML, O-Tela, and Tela.
L
Q

What is the level of automation of the approach?

Low.

Table 9 - Evaluation framework applied to UMLAUT/Simulator
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5.10 TEst Sequence GeneraTOR (TESTOR)

TEst Sequence GeneraTOR (TESTOR) [59] is a test sequence generator algorithm that extracts
test sequences from both state machines and scenario diagrams. It is different from the other
approaches evaluated that concentrate on either one or the other. This approach focuses on
model-based testing of component-based systems at the integration level. It assumes it receives as
input the structural and behavioral specification of the components. Test sequences extracted
could then be used for execution and evaluation. Therefore, the sequences can be used as oracles.

The algorithm was developed to address industry needs not addressed by other
approaches. The addressed needs are as follows. Approaches should be usable, meaning that no
further formalism other than the available specification is required. They should also be
timeliness, meaning that even incomplete models can be used to outline testing plans.
Additionally, approaches should have tool support. As discussed throughout this paper, tool
support is fundamental to reduce test costs.

Using both sequence and state diagrams, addresses these three needs. The state diagrams
are used to recover missing information from the sequence diagrams that are possibly incomplete.
The main idea is that they use both kinds of specification to output a more informative scenario.
The algorithm receives as input state machines and scenarios, both at the architectural level of
abstraction. The sequence diagrams are used to guide the selection of paths in the state machine
(test purposes, or test generation directives). The state machines are individually simulated so no
composition is required in this algorithm, which avoids state explosion.

The algorithm works as follows. For each message in a sequence diagram, the algorithm
searches the state machines to find the paths starting from the current state that include this
message. Once the paths for that message are found, the algorithm performs the same search for
the next not 'visited' message. Note that in the beginning the current state of the state machines is
the initial state. This procedure is done recursively until all the messages in a sequence diagram
have been visited. The result is a set of message traces. The algorithm then merges these
sequences checking if the components can synchronize. Test sequences in the form of scenarios
at the architecture level are outputted.

TESTOR was implemented as a plug-in to a tool named CHARMY. It supports creation
of software architecture structure and behavior with state machines. Additionally, it supports the
creation of sequence diagrams as components interactions.
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5.10.1 Application of the Evaluation Framework

Figure 10 below shows that this approach supports test generation. The specification input for the
test generation are scenarios at the architecture level, and state diagrams also at the architecture
level. This activity outputs non-executable test scripts at the level of architecture. Table 9 answers

the questions from the evaluation framework. Questions that are not applicable to this approach
were answered with N/A.
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Figure 11 - Technical specification-based testing activities supported by TESTOR
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Generates concrete test scripts?

No, the approach generates abstract test sequences that describe
component interactions.

Coverage Criteria?

input?

= Yes, the approach uses sequence diagrams to guide the selection of
£ paths in the state machine diagrams
=
b Kinds of relationships needed to support test Implicit, Horizontal, and Coarse-grained. They are obtained
5 generation? from the models created with CHARMY tool. They relate
< components participating at a sequence diagram and the same
5 component’s state machine
Implicit, Horizontal and Fine-grained. They relate messages in the
sequence diagrams to events in the state machines.

Support for management of these relationships? No.

Specification used as oracle? Yes, the test sequences generated have the expected response to the
- stimuli in the sequences.
= Automated evaluation? No.
_5 _5 Kinds of relationships needed to support execution | N/A.
§ § and evaluation?
= E Support for management of these relationships? N/A.
el
k)
=
° Support for coverage analysis? No.
§ = | Kinds of relationships needed to support coverage | N/A.
S : analysis?

Support for management of these relationships? N/A
= Support for regression testing? No.
S o
=g
o =
=7

Specification Language? UML (at the level of architecture).
=@ Level of formality? High.
;.3 9| Testing across levels of abstraction? No.
é ? What is the level of abstraction of the specification | Architecture-level sequence and state machine diagrams.

What is the level of automation of the approach?

Low.

Table 10 - Evaluation framework applied to TESTOR

55




5.11 UC-SCSystem

The UC-SCSystem [49] is a prototype tool that supports test case generation from use cases.
It was developed as part of the Triskell project, which is research team composed of
researchers from some universities in France (CNRS, Université Rennes 1, INRIA INSA). It is
based on the idea of using UML use cases enhanced with contracts (pre and post conditions).
It relies on other tools to automate the approach. In this survey, however, we are considering
the combination of tools that describe this approach. It works in two main steps, one
generates test objectives from use cases enhanced with contracts, and the other generates the
test scenarios from the test objectives and the use case scenarios.

The first main step receives as input use cases enhanced with executable contracts
(pre and post conditions), which are written using a contract language that is proposed as part
of the approach. The language is based on Boolean logic, so the use case contracts are first-
order logical expression defined with respect to predicates. The predicates, in turn, describe
facts in the system. These facts are described with respect to the use cases' parameters, which
can be either actors or main concepts of the use case. These (contractualized) use cases are
created with the support of an editor that manages the predicates and guides the design of
contracts.

The contracts in the use cases are used to define a dependency order among use cases,
which is an idea analogous to the graphical notations such as UML activity diagrams or
dependency charts. To obtain this order, the use cases are instantiated with actual parameters,
and then they are exhaustively simulated. The simulation generates a use case transition
system (UCTS), which is a graph of nodes that describe the states of the system (a state is a
set of predicates), and edges (transitions) between these states. The edges are labeled with
actions that describe instantiated use cases. Therefore, a path in this graph is a valid sequence
of instantiated use cases. In fact, the use case transition system (UCTS) is a representation of
all possible ordering of the instantiated use cases. It is used to generate the test objectives
(sequence of instantiated use cases), according to some selection criteria.

The second main step generates the test scenarios from the test objective and use
case scenarios. Test scenarios are the sequential composition of use case scenarios (sequence
diagrams). To transform the test objectives into a valid sequence of calls and expected
outputs, each instantiated use case of the test objective is replaced by one use case scenario.
When a scenario replaces an instantiated use case, the formal parameters of this scenario are
also replaced by the actual parameters of the instantiated use cases. The last step in this
process is the creation of java code from the test scenarios. This is done using an extension
of the JUnit framework. The OCL contracts available with the sequence diagrams are
transformed into JUnit assertions, while messages are transformed into method calls. One test
method in the JUnit test class is considered a test case. Thus, in one test case from the JUnit
framework is a sequence of calls to methods that correspond to an implementation of the
sequence diagram. The approach relies on the JUnit infrastructure to run the test cases and
evaluate the results.
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5.11.1 Application of the Evaluation Framework

Figure 12 below shows that this approach supports test generation. The specifications input for
the test generation are scenarios at the requirements level (use cases), and scenarios at the design
level (sequence diagrams). The use cases are enhanced with contracts (pre and post conditions),
represented by ‘other specifications’ in the figure. This activity outputs concrete test scripts,
which are then executed. The results are evaluated, producing test results (as shown in figure 12).
Table 11 answers the questions from the evaluation framework. Questions that are not applicable
to this approach were answered with N/A.
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Figure 12 - Technical specification-based testing activities supported by UC-SCSystem.
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Generates concrete test scripts?

Yes, the approach generates concrete test scripts using an extension
to the JUnit framework.

Coverage Criteria?

Customizable to some extent, the coverage criteria available are
defined with regards to the Use Case System Transition (UCTS): All
Edges, All Vertices, All Instantiated Use Cases, All Vertices and All

What is the level of automation of the approach?

_5 Instantiated Use Cases, All Precondition Terms, Robustness.
E Kinds of relationships needed to support test Implicit, Horizontal, and Coarse-grained. They are obtained from
1 generation? UML model imported by the tool. They relate UML models at the
8 same level of abstraction (use cases that depend on each other),
2 Implicit, Vertical, and Coarse-grained. They relate each use case to
= the sequence diagram that realizes it.
Implicit, Vertical and Fine-grained. They relate every method call in
the sequence diagram to a method in the code. Also, OCL contracts
in the sequence diagrams are related —mapped — to JUnit
assertions.
Support for management of these relationships? No.
Specification used as oracle? N/A. Yes, the model is used to derive oracles from post-conditions of
operations written with OCL
=
g Automated evaluation? Yes, it is automatic, but the evaluations only check the contracts
,5 _5 originally defined in the sequence diagram (expressed as JUnit
= ‘5 assertions), the behavior is not considered.
g E Kinds of relationships needed to support execution | Implicit, Horizontal and Fine-grained. They are used to execute the
E = | and evaluation? test scripts. They are relationships from the concrete test scripts to the
k) code it tests.
=
Support for management of these relationships? No.
Support for coverage analysis? N
o . o.
g 2| Kinds of relationships needed to support coverage N/A
2 E analysis? )
© Support for management of these relationships?
N/A
Support for regression testing? No.
@
S
E
)
&~
Specification Language? Use Cases with a particular use case contract language, and UML
)
§ sequence diagrams annotated with OCL contracts.
= Level of formality? Medium.
f Testing across levels of abstraction? No.
= . - — - - - -
5 What is the level of abstraction of the specification | Requirements-level scenarios (use cases) and Design-level scenarios
5 input? (sequence diagrams).

Medium (one automated activity)

Table 11 - Evaluation framework applied to UC-SCSystem
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5.12 Summary

This section summarizes the main observations of this survey. Section 5.12.1 discusses
observations with respect to test generation, section 5.12.2 discusses observations with respect to
test execution and evaluation, and section 5.12.3 discusses observations with respect to coverage
analysis and regression testing.

5121 Test Generation

The following tables summarize important points regarding the test generation activity. The first
and second rows describe the input and output required/produced. The third row describes the
kinds of relationships used to support test generation, and the fourth row describes if the approach
supports management such relationships.

Level of abstraction of the scenarios
It was expected that scenario-based testing approaches would address the need for using
specifications that non-technical stakeholders find easier to manipulate. In particular, this need
would be addressed by accepting scenarios at the requirements level. Only few approaches accept
such scenarios (they are highlighted in gray in table 12).
The highlighted approaches, however, do not address this need:
A. UCSC-System accepts use cases annotated with a formal language for describing pre and
pos conditions contracts for the use cases.
B. SOOTF accepts scenarios at the requirements level, and supports the user with a tool to
transform this scenario into semi-formal test scenario specifications.
C. AsmL accepts their definition of use cases, which requires the user to learn their language
to describe the scenarios programmatically.

* Manually £
** Outputs tc'est requirements 2 " g .
X Not Applicable V>)» Q 8 > N s 9 7 E)g %
@) = Z = = o 5 8 < a _
& s |ladl a2 | 3|58l 5|48 ¢
= n R @] R = < =] =] = <
INPUT SCENARIOS | Requirements | ¢ v v
Design v v v |/ v v el 4 v
STATE MACHINES v v v
STRUCTURAL DESC. v v v v v
OTHER SPECIFICATIONS v v S |/ v v v v v v
CODE v v v v
OUTPUT CONCRETE TEST SCRIPTS | v v v v
ABSTRACT TEST SCRIPTS v v xx | v v
Kinds of IMPLICIT v v
relationships | EXPLICIT v
needed to [ COARSE-GRAINED v/ v/
support test - ["pINE-GRAINED v/
generation? VERTICAL 7 7 7
HORIZONTAL
Support for management of these v X X
relationships?

Table 12 — Test generation.
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Kinds of relationships required by approaches that generate concrete test scripts

As highlighted in table 13, with exception of SOOTF, approaches that output concrete test scripts
need fine-grained vertical relationships among the artifacts used to generate the test scripts. As
already discussed, this kind of relationship is used to map concepts from high-level specifications
to low-level ones (code). Since with SOOTF the user is charge of creating the test scenario
specification, fine-grained vertical relationships are not used to support test generation.

* Manually £
** Outputs tc'est requirements 2 o g g
X Not Applicable V>)» Q 8 > N s 9 7 E)g %
@) = | z = &= o 2 51 5 e
S |1g138] 8|38/ 6|c|E|l5]84]|:¢
= n R @] 1%} = < =} =} = <
INPUT SCENARIOS | Requirements | v v v
Design v v v |/ v v el 4 v
STATE MACHINES v v v
STRUCTURAL DESC. v v v v v
OTHER SPECIFICATIONS v v v |/ v v v v v v
CODE v v v v
OUTPUT CONCRETE TEST SCRIPTS 4 v v v
ABSTRACT TEST SCRIPTS v v x| f v v
Kinds of IMPLICIT v
relationships | EXPLICIT 4
needed to | COARSE-GRAINED v/
support test I g NE_GRAINED v/
generation? VERTICAL 7
HORIZONTAL
Support for management of these relationships? v * X X

Table 13 - Test generation
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Support for relationship management

As it could be expected, approaches that use implicit relationships do not support
management of such relationships (highlighted in gray in table 14). Inline with this
observation, SOOTF uses explicit relationships and provides manual support for relationship

management.
* Manually £
** Outputs test requirements 2 o E .
X Not Applicable V>)» Q 8 > N s x E’ E): %
O = Z ; = o a N A = —~
2148 218|858 |515]|%|¢:
= @ | @ O @ | & | < |32 5] | <
INPUT SCENARIOS | Requirements | v v v
Design v v v |/ v v el 4 v
STATE MACHINES v v v
STRUCTURAL DESC. v v v v v
OTHER SPECIFICATIONS v v v |/ v v v v v v
CODE v v v v
OUTPUT CONCRETE TEST SCRIPTS v v v v
ABSTRACT TEST SCRIPTS v v xx | v
Kinds of IMPLICIT v
relationships | EXPLICIT v
neededto | COARSE-GRAINED v/
supporttest " NE_GRAINED v/
generation? VERTICAL 7 7
HORIZONTAL
Support for management of these relationships? v * X

Table 14 — Test Generation
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512.2 Test Execution and Evaluation

The following tables summarize important points regarding the test execution and evaluation. The
First and second rows summarize input and output required/produced. The third row informs if
the approach uses the specifications as oracles. The fourth row summarizes the support provided
for automated test evaluation. The fifth row describes the kinds of relationships used to support
test execution and evaluation, and the sixth row describes if the approach supports management
of such relationships.

Support for automated evaluation and use of specifications as oracles

As highlighted in table 15, it can be observed that approaches whose test generation engine
outputs concrete scripts (shown as input in this table) use specifications as oracles and support
automated evaluation. It is worth noting, however, that from the highlighted approaches, only
SeDiTeC actually compares the expected behavior to the obtained. The others compare only the
results.

* Manually £
X Not Applicable 2 o E
& O S| 3 %) 7 S [
f D = %) o > = o o)
9 = zZ | = N 4182185 S e =
S| 213138l 8|5]cl=5|5]|28)| &
=} | 2|0 2|2 =558 <
INPUT CODE v v v v v v
CONCRETE TEST SCRIPTS v v v v
ABSTRACT TEST SCRIPTS v v
OUTPUT TEST RESULTS v v v v v v
TEST TRACES v v
Oracles are specifications? v v v v v |/ v |/
Automated evaluation? v v v v v v
Kinds of IMPLICIT
relationships | EXPLICIT
neededto  ["COARSE-GRAINED
Z‘;Elé’sgon FINE-GRAINED
and VERTICAL
evaluation? HORIZONTAL
Support for management of these relationships? X v X v X X X v

Table 15 — Test execution and evaluation
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Other two approaches compare the expected behavior to the obtained behavior (AGEDIS and
AsmlL). This is highlighted in table 16. Note that these approaches receive as input abstract
instead of concrete test scripts, and thus require fine-grained and vertical relationships to execute
and evaluate such test scripts.

* Manually £
X Not Applicable 2 o E
> = - =
R 3 8 a 3 s 2] 8 =} %
9 = Z | = N 412185 S e =
S| 213138l 8|5]cl=5|5]|28)| &
=} |2 0| 2|2 =558 <
INPUT CODE v v v v v v
CONCRETE TEST SCRIPTS v v v v
ABSTRACT TEST SCRIPTS v v
OUTPUT TEST RESULTS v v v v v v
TEST TRACES v v
Oracles are specifications? v v v v v |/ v |/
Automated evaluation? v v v v v v/
Kinds of IMPLICIT
relationships | EXPLICIT
neededto  ["COARSE-GRAINED
Z‘;Elé’sgon FINE-GRAINED
and VERTICAL
evaluation? HORIZONTAL
Support for management of these relationships? X v X v X X X

Table 16 - Test execution and evaluation
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Support for relationship management

As expected, approaches that use explicit relationships provide support for management of
such relationships. However, the support available with these approaches require user to
create and manage the relationships. Thus, they are considered as manual support.

* Manually £ -
X Not Applicable 2 o =
& v | S| 2 w |l 3| 5] ~
f D = %) o > = o o)
9 = Z | = N 412185 S| e =
& s 13131 3|6lc|z15|2] &
=] n RN @] RN = < =] =] = <
INPUT CODE v v v v v v
CONCRETE TEST SCRIPTS v v v v
ABSTRACT TEST SCRIPTS v v
OUTPUT TEST RESULTS v v v v v v
TEST TRACES v v
Oracles are specifications? v v v v v |/ v |/
Automated evaluation? v v v v v v
Kinds of IMPLICIT
relationships | EXPLICIT
needed to COARSE-GRAINED
Z‘;Elé’sgon FINE-GRAINED
and VERTICAL
evaluation? HORIZONTAL
Support for management of these relationships? X v X v | X X X

Table 17 - Test execution and evaluation
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5.12.3 Coverage Analysis and Regression Testing

The following tables summarize important points regarding coverage analysis and selective
regression testing activities. The First and second rows summarize input and output
required/produced. The third row informs if the approach supports coverage analysis. The fourth
and fifth rows describe the kinds of relationships required to support such activity and if the
approach supports management of such relationships. The sixth row informs if the approach
supports regression testing.

It can be observed in table 18 that the majority of the approaches do not support such
coverage analysis or regression testing. In fact, coverage analysis supported by the AGEDIS tool
is based on code coverage (at the method level).

Support for relationship management

Table 18 highlights that both approaches that support coverage analysis, support automatic
creation and persistence of the relationships required for such activity. This can be explained by
the nature of the artifacts that stand at the end points of the relationships used to support coverage
analysis. These artifacts are test results and test traces. The relationships are created when the
artifacts are created by the previous activities (test execution and evaluation). If such relationships
were modified, it would result on the modification of the artifacts used as basis for the coverage
analysis. As a consequence, the coverage analysis would not consider data that resulted from
actual execution of test scripts.

* Automatically creates and persists relationships. ~
Q|8 28 B =
ol S22 E 8|55 3]2]-
S EAECEIER A A
INPUT TEST RESULTS v v
TEST TRACES v
OUTPUT COVERAGE REPORT v v
Support for coverage analysis? v v
Kinds of relationships IMPLICIT
needed to support EXPLICIT
coverage analysis? COARSE-GRAINED
FINE-GRAINED
VERTICAL
HORIZONTAL
Support for management of these relationships? v* v
Support for regression testing v v

Table 18 - Coverage analysis and regression testing
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6 Other Related Work

6.1 SCENT-Method

SCENT-Method [64, 65] is a method for SCENario-Based Validation and Test of Software. It
describes a systematic way to generate test sequences for system testing from scenarios at the
requirement level. The method aims at using the scenarios not only for requirements elicitation,
but also for validating the system. For that reason, scenarios are used throughout the process of
software development. With this method, scenarios are developed and later formalized into state
charts. The state charts are annotated with additional information relevant for test generation.
This Information consists of preconditions, data input, data output, data ranges, and nonfunctional
requirements. Then, state charts are traversed to generate test sequences. They are traversed using
some existing algorithm for traversing finite state machines.

The method suggests that invalid sequences of event should be included when generating
the test sequences. This is because path traversal will only describe valid sequences. The method
also proposes the use of a diagram called dependency charts to enhance the test suite derived
traversing the state charts. Dependency charts describe the dependencies among the scenarios.
They are used to determine the sequences in which the scenarios should be executed. An
algorithm that traverses the dependency chart should also be used to derive test cases. This time
however, the traversal is specifying the order in which the scenarios should be executed. This
activity is more complex due to the kinds of dependencies that might be described in the graph. If
the chart describes a certain order of execution for the scenarios, the test sequences should also
include sequences that do not respect that order.

6.2 Engineered Use Cases

As discussed in section 3.1, a use case is composed of a set of individual traces. Each trace is a
scenario. Use cases have also been used to systematically create test scripts. However, approaches
that automate this creation/generation are scarce. The reasons for the difficulty of automation can
be attributed to the level of abstraction at which they are usually described, to their textual
representations and to the variations of their semantics.

The need for providing a precise foundation for use case development was recognized
and discussed in [74], where authors identify potential solutions that support an engineering
approach to solve common problems for the full exploration of use cases as basis for test
generation. This work precisely define use cases as a means to describe what the system does and
not how. Engineered use cases can be defined based on a domain model, predefined basic actions
and flow control actions (the semantics of these actions are also defined). The domain model is
created using UML class diagrams. These elements, in addition to primitive types, are used to
detail the use cases. The Engineered use case also has pre and post conditions described with
respect to the domain model. As argued by the authors, Engineered use cases have the potential to
be used for prototyping, estimation, refinement to design and test case generation. In fact, they
have been used for test case generation with automatic tool support. This approach generates a
test suite that optimizes coverage of the use case input parameters and reduces the size of the test
suite. This tool was developed at IBM Research and is under evaluation.

6.3 TAOS

Testing with Analysis and Oracle Support (TAOS) provides support for the testing process. The
level of testing supported is Unit testing. TAOS is integrated with two tools that allow it to
support management of testing artifacts and testing activities. The first tool is Program
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Dependence Analysis Graph (ProDAG) toolset. This integration allows TAOS to use program
dependence analysis for testing, debugging, and maintenance. The second tool, PLEIADES, is a
tool that supports flexible object management capabilities. This integration allows TAOS to
support management of testing artifacts and persist them to a repository built atop PLEIADES.
TAOS supports the following testing activities: test management, program dependence analysis,
test development, test execution and test measurement.

Support for test management means support for creation, manipulation and access to test
artifacts and relationships among these artifacts. The integration with the program analysis tool
also allows TAOS to support relationships between test artifacts and analysis artifacts. Other
relationships include relationships between test artifacts and the artifacts from which they were
generated, or which they are to test. Program dependence analysis is a very significant activity
for testing. It supports identification of semantic relationships between components. Therefore, it
supports identification of components whose behavior was affected by a semantic change to
another component. TAOS supports these kinds of analysis due to its integration to ProDAG.
TAOS provides the user with a GUI that is capable of depicting control flow graphs and
dependence graphs. That allows the user to browse the programs' dependencies. Thus, it improves
users' understanding about the program. This also allows the users to find anomalies not easy to
identify without such a graph (e.g., undefined use, unused definitions). Additionally, it supports
filtering. Filtering allows the user to perform forward and backward slicing. Test development
means support for creating test cases, test suites and test oracles. Test cases can be created
manually. It can also be created using a random generator. TAOS also supports the creation and
maintenance of test oracles using a particular formal specification language Graphical Interval
Logic (GIL). It allows the user to specify some properties that are automatically checked after
tests’ execution. TAOS also supports fest execution by following the preferences configured by
the user (the tester). It retrieves the necessary information from a test artifact repository. It also
verifies the execution by using the relationships between the artifact executed and the oracle
associated with it. Additionally, TAOS supports test measurement, which is done by using the
test criterion input by testers. Test criterion is considered the test requirement. Thus, TAOS uses
the criterion to measure how much of the criterion was satisfied by the tests executed. The
criterion should have been created beforehand and associated with the test suites.

This tool is relevant to the survey because it applies concepts of traceability to testing
activities. These concepts are identified through the use of the aforementioned relationships. It is
also identified by the use of a repository infrastructure to store and manage test artifacts and
relationships. However, since it is not focused on specification-based testing, it does not use the
relationships to generate tests from the specification, nor to perform other activities described in
this survey. The relationships are used to manage the artifacts. The idea of using relationships
among testing artifacts to support testing activities that inspired this survey is analogous to the
idea of this tool. Nevertheless, compared to TAOS, the survey suggests that we should use tests
artifacts at a higher level of abstraction. It also suggests that we should use the specifications to
generate the tests, to measure coverage obtained and to perform regression testing.

6.4 Model-Driven Architecture and Testing

Model-Driven Architecture (MDA) is a standard defined by the Object Management Group
(OMG). It describes approaches to software development that focuses on creating and
transforming UML models. These models are transformed throughout different levels of
abstraction until an implementation is produced. Tools that implement this concept (e.g open
source tools like Eclipse EMF, StarUML) mostly concentrate on generating code from UML
models. Approaches to MDA transformations can be considered to implement mapping
relationships, which are expressed as transformation rules. These relationships are implicit
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(represented as transformation rules), fine-grained and vertical. Therefore, MDA approaches
usually do not support management of this kind of relationships among the manipulated models.

Some of the approaches studied in this survey implement the idea of MDA’s
transformations. For instance, AGEDIS provides a compiler for the AML model and the test
generation directives. It converts the interpreted information into the intermediate format (IF)
[20]. This is a transformation from model to model. In MDA terms, it is a Platform Independent
Model to Platform Independent Model (PIM to PIM). Another transformation implemented by
AGEDIS is from abstract to executable test cases, this is a transformation from model to code. In
MDA terms, it is a Platform Independent Model to Platform Specific Model (PIM to PSM). This
transformation relies on additional information (test execution directives), which are explicit,
fine-grained and vertical relationships.

As part of the MDA standard, OMG also defined a UML Testing profile (UML2TP),
which is a metamodel that describes the information required by black-box testing approaches to
evaluate the correctness of a system’s implementation. Therefore, test cases can be considered as
another kind of model. Given the existence of such model for describing test artifacts, the tools
that comply with the MDA standards would support transformations to that model. This profile is
relatively new, so currently available MDA compliant tools that adopt it (e.g. Hyades Eclipse
project, and Telelogic TAU G 2) are scarce.
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7 Conclusions and Research Recommendations

Although software testing is still regarded by practitioners as the central activity used for
ensuring that a system behaves as expected, traditional software development processes leave
their activities to the end of the software life cycle, so schedule slippage, time-to-market
pressures, and cost-constraints result in neglected testing. Automated testing approaches can
ameliorate this problem because automation reduces the effort spent on testing activities.
Current code-based testing automated approaches generate, run and analyze statement and/or
method coverage of test scripts. Therefore, they reduce test and development efforts.
However, code-based testing alone is not enough to ensure that expectations about the
system are fulfilled by its implementation, which can be achieved with automated
specification-based testing.

This survey studies scenario-based and state-based automated testing approaches. It
shows that such approaches still demands improvements on support for some testing activities.
The following points are research recommendations that could contribute to these improvements.

Increase the level of abstraction of specifications used as basis for deriving testing
As observed, the majority of scenario-based approaches accept scenarios at the design or
lower level. This means there is still a gap between such scenarios and those that non-
technical stakeholders’ would find easier to manipulate. Therefore, it is important to
investigate the feasibility of using scenarios at the requirements level as input to specification-
based testing approaches for the following reasons: (1) they are actually closer the to non-
technical stakeholders’ comprehension, (2) this would leverage the effort put into creating this
kinds of specifications, (3) the semantic gap between requirements in this format and scenarios at
other levels of abstraction is smaller than the gap between requirements expressed in prose and
scenarios at other levels of abstraction. This could attenuate the effort spent on establishing the
relationships between them, which are required for testing activities. The interesting challenge is
the tradeoff between the informality of scenarios at the requirement level and the need of
formality in scenarios used as input for current testing approaches.

Improve support for (scenario-based/state-based) selective regression testing

Software is usually subject to constant changes, as are its specifications. When changes happen,
selective regression testing plays an important role at reducing the chances that new faults were
inserted to the system. Selective regression testing has been implemented in relation to code,
specification and architecture. Usually, the main activity is the comparison of different versions
of the code, specification or architecture to identify entities that changed. The next activity is
identification of possibly impacted test scripts. This identification is done with the relationships
between the artifact used to generate the test scripts and the test scripts themselves. As observed,
the majority of studied approaches do not support selective regression testing. Given the
importance of such activity, automated testing approaches should improve their support for
selective regression testing.

A factor that influences the precision of selective regression testing is the level of
granularity of the end points of the relationships used to support identification of impacted
test cases (or impacted specifications). The more fine-grained these endpoints are, the more
precise the selection could be (e.g. code-based regression testing). Therefore, one challenge
related to (scenario-based/state-based) selective regression testing is identifying the ideal level of
granularity of the artifacts related that would achieve gains with selective regression testing.
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Improve support for (scenario-based/state-based) coverage analysis

Inline with previous recommendation, it was also observed that only two approaches, AGEDIS
and SOOTF, support the user with further information about effectiveness of the tests run beyond
displaying results (test pass or fail). The majority of the approaches are still lacking the support
for coverage analysis based on high-level artifacts (or based on entities that compose these
artifacts). Users should receive information such as percentage of the requirements, or of
scenarios covered by the tests run. This kind of information could be inferred from relationships
between the specification used to generate the tests scripts, the test scripts and their results. Given
the importance of such activity, automated testing approaches should improve their support
for coverage analysis based on other (higher level) artifacts than code-level.

Improve for relationship management in automated testing approaches
As expected, studied approaches rely on some mechanism to establish relationships between
entities that compose the software artifacts. Relationships can connect entities across
models, or entities in models and entities in the implementation. They are used to support
test scripts generation, or to automate the test execution and evaluation.

The support provided for establishing and creating these relationships varies with the
approaches. Some approaches have manual support for managing those relationships and
require the users to explicitly establish them. When possible, other approaches infer
relationships considering name matching and the semantics of the models. For instance,
AsmL uses the information input by the user about the namespace to match classes and
methods at design and implementation levels. Additionally, approaches that use UML models
rely on implicit relationships available from the models. Unfortunately, even if established,
these relationships are not maintained.

Some traceability tools recover relationships between artifacts with different
techniques such as dynamic and static reverse engineering [24, 7, 67] Therefore, these recovered
relationships could be used to support testing. The precision of such tools, however, remains a
research subject in the traceability community. Additionally, it is important to note that there is a
restriction to the level of abstraction of the artifacts that these tools support. Approaches that
automate the relationship recovery are usually able to recover relationships between artifacts at
the code level and artifacts at the design level [25]. Manual intervention is used to close the gap
between artifacts at the design level and artifacts at the requirements level. Other tools assume
existence (or manual creation) of such relationships and concentrate on managing changes to
fine-grained artifacts and to the relationships among them [51, 50].

This survey showed specification-based testing approaches are currently lacking in
support for automated management of the artifacts used and produced, and the relationships
among them. Therefore, in spite the possible reduced precision and the need for manual
intervention, integration of traceability tools with specification-based testing approaches
should improve the level of automation of these approaches. This integration has the potential
of leveraging relationship-related testing activities (e.g. regression testing, and coverage analysis).
It also has the potential of reducing the burden of relationship maintenance for the users of
specification-based testing approaches. Last but not least, it leverages the effort spent on
establishing relationships, and thus could encourage the use of traceability tools.
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8 Glossary

Abstract State Machines (ASM) [3] idea was originally developed by Yuri Gurevich, are a
formal method for specifying and verifying systems, based on abstract state machine (most
often used as synonym for finite state machine). The theory states that the behavior of an
algorithm can be step-for-step simulated (at its own natural abstraction level) by an
appropriate ASM. Thus, ASM support specification of algorithms in many levels of
abstraction, and they come in three flavors: sequential, parallel and distributed.

Code-Base Testing is a way to test the software based on its code, knowledge of the source
code is required. The test cases are generated with the objective of exercising parts of the
code such as statements, methods, branches, paths, etc.

Conformance testing is similar to runtime verification, which is comparing the
implementation to its specification dynamically (runs the implementation and compares it to
the specification).

Executable test script consists of calls to system methods with what inputs to provide, and
what outputs to expect, the evaluation is either made manually by the tester, or automatically
by an oracle.

Explicit relationship is a relationship between two different artifacts (regardless their level of
granularity), which the user of the tool is aware of. The relationship can either be made
explicit automatically by the tool, or the tool might require the user to explicitly create it.

Finite State Machine (FSM) [3] is a model behavior that consists of states, transitions and
actions. States indicate the state of the system, the transitions indicate a change of state and
the actions are activities to be performed in a certain moment (e.g. when entering of exiting a
state). The connection of Abstract State Machines (ASM) to Finite State Machines (FSM) is
as follows. As described in 21, the ASM is the abstraction of an an algorithm, and may have
infinitely many states that can be grouped into finitely many hyperstates, giving rise to a
finite state machine (what is done by the AsmL test tool approach with their FSM generation
feature).

Implicit relationship is a relationship between two different artifacts (regardless their level of
granularity), which the user of the tool is not aware of the existence. The user is aware of the
existence of the related artifacts.

Integration level test script is supposed to test that the units implemented and tested
individually work together as expected, in this case, testing can take place not only to
compare the specification to the code, but also to exercise the specifications in different levels
of abstraction comparing a lower level to a higher one.

JUnit is a framework that supports development of java unit testing. The framework defines

how the test cases should be structured. It provides tools for running the unit tests and for
evaluating the results obtained, which is done through assertions.
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Manual test script describes what steps the tester should follow when using the system, what
inputs to provide and what outputs to expect, the evaluation of the result is also made
manually.

Oracle is “some method for checking whether the system under test behaved correctly on a
particular execution” [10].

Precondition is a condition that needs to be met by the input value.
Postcondition is a condition that needs to be met by the output value.

Scenario “A scenario is a sequence of events. What constitutes an event is variously
described in the literature: something that happens, an action, an interaction, a step, or in
some usages only an instantaneous change from one state to another” [48].

Specification-Based Testing is a way to test the software based on its specification. The
specification describes how the software is expected to behave and is used as a reference
against which the implementation should be compared. The test scripts used to test the
software are derived based on the specification.

Specification and Description Language (SDL) is a formal specification language defined
by the ITU-T (Z.100). It aims at specifying and describing unambiguously the behavior of
reactive and distributed system.

System level test script evaluates the system as a whole against the requirements; it can also
be called the Black-box test, since internal knowledge of the system is not necessary for that
kind of test.

Test Case “has an identity and is associated with a program behavior, It also has a set of
inputs and a list of expected outputs” [42]. Different users and approaches use different
format of test cases, some of them have other information about it such as its status, its actual
results, an unique identifier and so forth, but in its core, all of them have input and expected
outputs. When used in the context of this survey, a test case is an abstract test script.
Therefore, it consists of test values input and output, and a step of steps for manual execution.

Test Input is the same as test values, or values provided as input so as the test can executed.
Test Scripts are a set of steps that should be followed for testing a program.

Test Purpose is the information about the specification in which the test generation should be
focused.

Unit level test script verifies if a unit of code is running as expected, this unit can be a
module, a class, a procedure, and so forth.
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