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Abstract

Testing the behavior of object-oriented systems is an itapoactivity in the software develop-
ment and maintenance process. It validates an expectedibehgainst an observed behavior.
A behavioral test is an assertion over a set of messages guostates that occur during the ex-
ecution of a system. Testing behavior is especially impffiar object-oriented legacy systems
where current behavior is the only thing we can trust becawsgeecification is often missing.

There are two problems with testing behavior of objectitigd systems. First there exists no
common form to express a hypothesis about an expected loetzand to validate it against an
actual program behavior. This has the consequence thatibedidests are carried out manually
by stepping through an execution with a debugger and asgdx@havioral properties by visually
inspecting states, arguments and messages in the contbet @tecution history of the system.
Second it is a priori not clear what kind of behavior shoulddsted and how it is represented
in terms of message passing and state changes. This cauastsnad friction when setting up
tests for behaviors that occur over and over again in diffesgstems.

In this thesis the concept of trace-based object-oriergsting is introduced. It supports the
specification of an expected behavior in the form of a formxgression and an automatic test
of whether an expected behavior occurs in previously remmbrekecution trace. A prototype
tool TESTLOG on the basis of the logic language SOUL is dgyaticthat supports trace-based
object-oriented testing in the form of a logic query overacé. As a validation of the concept
behavioral tests for different types of behaviors thatdiestfly occur in object-oriented systems
are designed and documented in the form of a pattern language

The use of the computational power of a logic language foabienal testing solves the problem
of automatically identifying if an expected behavior occur an execution trace. A set of pre-
defined logic rules serves as a language to compose comgtexibeal tests such that a tester
can take advantage of the intrinsic rule abstraction tgailf SOUL. In order to identify recur-
ring behavioral concepts we classify behavior and try tdrabsgeneral purpose templates for
different types of behavior in order to obtain reusable beiral test artifacts.
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Chapter 1

Introduction

1.1 Motivation

Software systems are human made artifacts that expose eotghavior. In order to validate
whether an actual behavior conforms to an expected behivsnecessary to test a software
system. Behavior in object-oriented systems emerges frgmardic artifacts such as message
sends, object creations and state changes, that occugdamiexecution. There are situations
where a tester wants to make a statement about program belé#feicting numerous message
sends and object-states. This is for example the case wsimgt@ collaboration between mul-
tiple objects and one is interested in the sequence of messaghanged and object states at
intermediate steps of a scenario. In this document progemaor is considered as an ordered
set of execution events and event attributes. A behaviestlis defined as checking for the
occurrence of a subset of events that satisfy a certainqatedi

In contrast to unit testing, where the focus lies on testriggvior through application of a stimu-
lus and asserting a resultant state, testing behaviorghran analysis of multiple message sends
and object states is a different approach for testing behaVhe main reason for introducing a
new concept is that one cannot test every behavior that istefast with a unit testing pattern.
Let’'s consider for example the observer pattern as destinl@BW98]. In order to adequately
test the observer pattern one must take into account thaboohltion between a subject and its
registered observers. When a subject receives a changagees#isresponses with an updated
message to every registered observer that in turn takesproaate action. A test of this col-
laboration requires an analysis of messages exchangeedrebjects that is not feasible with
a unit test. Because it is painful to manually analyse a beh#vat spawns over many steps of
an execution, there is an urgent need to create a languagentiiales a tester to formally codify
a test and automatically evaluate whether it passes or fails

Testing program behavior can be carried out during an exetstich as in [Gué03]. Another
possibility is to record an execution trace and examindétrahe execution has finished as it was
done in [Duc99]. The approach chosen in this work is to firsbré an execution trace and later
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analyse it. This gives the opportunity to iteratively refastatement about program behavior
by trace analysis without reexecuting the program sevared. Because behavioral tests are
performed by analysing an execution trace, the conceptdnted in this document is called
"Trace-Based Object-Oriented Testing".

There are different usage scenarios for testing objeented behavior by analysing a trace. We
can test for example the collaborations among multiplecibjand object states at intermediates
steps of a computation. For example the domain of behavitesign patterns we could make
a precise statement about the object interactions thatr acdhe pattern. This is important,
because behavior of design patterns in its current statesisridhed informal as natural language
text. For execution of single methods pre- and postconditican be asserted. Furthermore
every application exposes domain specific behavior thaithaspresentation in the microworld
of interacting objects an offers an interesting target ésting.

1.2 Overview of Trace-based Object-Oriented Testing

In order to test the behavior of object-oriented systemsreeeotual approach callédrace
Base Object-Oriented Testinglihd a prototype tool with the nanlEESTLOGare developed.
The concept for testing behavior is based recording an éxectrace and reifying messages
and object states in an event model. Then a tester runs adogiy over the execution trace in
order to test a behavioral property. If a test passes orifailsen determined whether a query
over the execution trace finds a solution or not. In figure 5e2s@e a general overview of the
concept. A user stimulates a system to produce a behavien fiéd forms a conjecture about an
expected behavior and expresses it in form of a logic quertesfis performed by evaluating
whether an expected behavior matches an observed behawaied in the trace. In order to
perform a regression test, the system is reexecuted sd firatiuces the same trace again. This
can be achieved by coding test drivers that allow one to tedBaapply the same stimulus.

1.3 Goal

The general goal of this thesis is to find ways to use dynanfanmation for testing object-
oriented systems. The reuse of dynamic information shadiitate testing by shifting away a
tester’s focus from the time consuming construction oftegtcoding to a precise diagnosis and
examination of a system’s behavior. This is especially irtgd in the context of a maintenance
scenario where every change can heavily impact and altestarais behavior.

To reach this goal a language for specifying behaviorastastan expression over an execution
trace was developed. Its usability is demonstrated by gidifferent examples of behavioral
tests. To get a better understanding of object-oriente@\eh different kinds of behaviors
are identified and described in terms of basic executiontsvemhe concept of trace-based
object-oriented testing is validated by creating a pragiettool that implements a language for
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Figure 1.1: Overview of trace-based testing

specifying behavioral tests and supports automatic ek@cat them.

1.4 Contribution

This thesis introduces a new concept for testing that facosebehavioral aspects of an object-
oriented system. Trace-based object-oriented testingtabkshed as a concept for carrying out
behavioral tests by declaratively codifying an expectesblb®or and checking its conformance
against an observed behavior.

In order to support trace-based object-oriented testireyant model to represent dynamic infor-
mation and a language to express behavioral test was deekldpe event model is representing
message sends and objects states. A recorder reifiesemtitiee event model during system ex-
ecution. In order to express behavioral tests, a languagepoof the logic meta language SOUL
is developed. It supports different layers of reasoninguiabehavior from simple event querying
to complex behaviors in application systems. The languag@eén and extensible because it is
based on the rule architecture of SOUL.

On the basis of trace-based object-oriented testing aflatberns for testing different types of
behavior is discovered and described.

1.5 Structure

This document is structured as follows. Chapter 2 gives a&mgdrackground about testing
and object-oriented testing and discusses some problesusiated with testing object-oriented
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programs. In Chapter 3 the concept of trace-based objemtted testing is introduced. In
Chapter 4 trace-based object-oriented testing is appbietiffierent types of behavior. Chapter
5 introduces the prototype tool TESTLOG and some of its gdrmirpose queries. Chapter 6
gives the conclusion.



Chapter 2

Object-Oriented Testing

2.1 What is Software Testing

A good introduction into the concepts of software testing lba found in [Bin99]. This chapter
classifies software testing as a research and an engineisoigline.

When we consider testing as an engineering discipline, wdadking about an activity in the
software engineering process that is concerned with deggest cases based on specifica-
tions of an application and automatically executing tesesaagainst an implementation of the
specified application as visualized in 2.1. A test case tyespecifies the pretest state of an
implementation under test, the input provided for the testthe expected result. The design of
test cases is supported by generic models such as equisakss partitioning of input values,
decision tables, cause effect graphs or state machinesranddures of how to generate test
cases from those models.

After having specified test cases in terms of test design mmaddurther activity is the im-
plementation of a test automation system. The main advastafjhaving automated tests is
reproducibility and preciseness. Reproducibility allcwe to repeat a test case after a change
in the software as a regression test. The preciseness ohatéd test is much higher than that
of manual tests because automated test require a descriptierms of an executable language
such as a testscript in a scripting language.

Test execution then deals with executing a test case for pleimentation under test and obtain-
ing a pass fail status by comparing an expected result agairectual result. Besides evaluating
a pass or fail status another goal while executing test igv¥htiation of coverage. Coverage is
the percentage of elements exercised by a given test su@melats that can be considered for
coverage are statements, branch, methods or states i @gtaitt model.

Besides being an engineering discipline testing is alse@areh discipline. The goal of testing
as a research discipline is to find models for testing andatgsimation. A good introduction on
testing as a research discipline is given in [Har00].
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Figure 2.1: Engineering view on testing

There are many branches of research about testing. An iamgarhe is concerned with deriv-
ing test cases by statically analyzing source code arifagth as in [BM0O]. Although those
approaches provide sophisticated algorithms to genezaténputs so that a certain coverage is
achieved their usage is limited because expected valuestha computed.

Another subdiscipline is concerned with deriving test eds@m formal specifications such as in
[Bar97]. The main drawback of this approach however is thistieg implementation are rarely
based on formal specification so that this approach is selekable. There is a lot of work in
research on object-oriented testing that focuses on atittatip creating test cases for a class by
statically analyzing the structure of a class such as in [KGH].

Other researchers address the problem of selecting regrésst cases after a change has been
made to the software for example in [RHDOO]. The goal of thwkms to reduce the cost of
testing imposed by creating and executing a complete reigretest suite.

2.2 Different Kinds of Tests

The general terntestingdenotes a wide range of activities in the software developpecess
each with different scope and goals. In addition to exeguisystem and validating its response
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there are the following kinds of testing.

Installation Test The goal of an installation test is to validate whether thegonents of a
systems can be deployed on a target platform so that thensysgestill running in the new
environment. It should also be checked whether every coengaran be uninstalled again.

Documentation Test A documentation test deals with checking the completermessctness
and the understandability of every element of the docuntientaDocumentation generally in-
cludes manual and online help.

Performance Test A performance tests measures the response times of a sygmaoally in
the context of a concurrent user simulation. In case of isfaatory response times the challenge
is to identify the components that contribute most to thaylehd optimize them.

Recovery Test A recovery test simulates the failure of the whole or a para afystem with
the goal to recover from the failure in a short time and witHoss of data. Recovery tests are
important for critical systems in the finance business beead a potentially large economical
impact.

Acceptance Test An acceptance test includes the end user in the testing gsodée goal of
an acceptance test is to validate the usability of the soétfiaa the domain of the end user.

2.2.1 Scopes of Tests

The scope of a test is the collection of software componentsetverified. Software testing
is typically categorized by the scope of the implementatiader test. Scope is traditionally
designated as unit, integration or system.

Unit Test The scope of a unit test in object-oriented programmingcipy is a class or a
method. Because classes often have dependencies to @bsexthe smallest individually ex-
ecutable unit is a cluster of interdependent classes. Ateslirequires a tester to set up a set of
instances in a state so that a test message or stimulus psodaéntended response.

Integration Testing The scope of an integration test is a complete system or stéyayof
software units. The units are interdependent and must catgp meet some requirement.
Integration testing exercises interfaces among unitsimvitiie specified scope to demonstrate
that the units are collectively operable. Integrationitgsbegins early in the programming
of object-oriented software because single class typidas relationships to other classes an
inherits features from superclasses.
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System test A system test targets a whole application or a set of appbicdéihat are connected .
Tests focus on capabilities and characteristics that @sept only with the entire system. System
scope tests may be categorized by the kind of conformangestek to establish. functional
(input/ output), performance (response time and resouitigzation) , stress or load (response
under maximum or overload).

2.3 Problems with Testing Behavior

Testing an object-oriented system means to validate a gyopiats behavior [Bin99]. In order to
understand the difficulties associated with testing bedrawiis first necessary to understand how
to characterize it. Pure object oriented languages expas&ynamic properties or execution
events that are representing behavior a the lowest levetasfudarity. It is message passing
between objects and changes of an object’s state. Messagesssed from a sender to a receiver
with an ordered list of arguments and a method in the clasargiey of the receiver is executed.
State changes can be described as change of the value otamcmsariable. The change of an
object’s state within the context of a single operation desd as pre- and postcondition is the
concept that is generally understood as behavior and &tdet unit testing.

In addition to single operations one can also consider de¢xaxcution events that are repre-
senting higher level behavioral concepts. For example on&ldhink of a collaboration that is
described as a set of messages exchanged among differeatsolehavioral tests should also
take into account this form of behavior. As a behavioralwesunderstand therefore the general
concept of examining properties of a set of execution everttss general definition subsumes
the set of behavioral tests that are carried out as unit éestdarget a single operation and the
tests that take into account a whole scenario consistingaofymmessages and states.

2.3.1 Specifying Behavioral Tests

A general form of a behavioral test can target a scenariostmg of many messages and object
states. An example of a behavioral test that targets a soaaaiven in Chapter 3. The current
practice to test a scenario is to use a debugger and stepgthanu execution of a program.
Although it is possible to test a scenario using a debugggetber with inspectors, it is an
uncomfortable procedure because it requires a tester toot@aprogram by stepping through its
execution and in parallel perform a test of an expected bhehaBesides that it is also difficult
to filter out those messages and states, that are repregenbahavior of interest among the
whole set of messages that are sent during an executionntrasbto unit testing, there exists
no language to declare and codify a scenario based test.nidaas that a tester has to form a
conjecture about an expected behavior in his head and taltdaanually against the behavior he
observes during an execution. This has the consequenaeighdifficult to reproduce scenario
based tests because they are not made explicit by beingmvdtwn in terms of a well defined
language. This fact makes it also hard to share knowledge@mifferent testers because the
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don’t have a common basis to exchange scenario based tests.

2.3.2 Testing Object States

Object-oriented behavior is a symbiosis between messaggngaand state changes. When
testing a scenario where many object states occur, one basetd to make assertions about
states and state changes. Some common tasks that a tedteabesmplish are:

e Accessing an objects state before and after an operation
e Test whether a link between two objects exists, is estaddisin detached

e Access the state of an object in the recursive state of anotject

When carrying out a trace-based test one would also like ve Ha possibility to assert state
as it can be done with assertion in the source code or witht3ekts. Therefore it is essential
to provide a set of abstraction that allow a test developexfoess state based assertions about
object states that occur in a trace.

2.3.3 Templates for Behavioral Tests

When practicing object-oriented testing and programmimg @an observe that there are behav-
iors that occur over and over again in different situatiofst example a type of behavior, that
frequently occurs, is passing an object as an argument atidgad to the state of a receiver.
When testing behavior one is confronted with the questioithvbtrategy is applicable to test
a certain form of behavior. When adding an object in the earstate of an other object a
strategy would be to query an object state an see whetheethlg added object is returned.

If one could achieve sufficient knowledge about what kind effidviors occur, one could create
test templates for them that embody a specific test strateggnalogy to design patterns that
help a designer to solve a specific design problem such a lmehbtesting pattern could be used
to solve a specific testing problem. Good candidates fonbets testing patterns are those that
concern behavior occurring with high frequency such asxangle

e A collaboration between objects
e Establishment and detachment of links between objects
e Querying and returning an object from the recursive stanother object

e Recursion over a composite structure
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The benefit of templates, that support a tester in solvindlsesting problems, is already shown
in [Sil0O0] where a set of templates for unit testing are desti@ted. The identification of be-
havioral patterns and associated strategies for testerg tould be the basis for an assistant that
proposes a developer a strategy how to test a certain fornetedvdor. Such an assistant was
first proposed by [Bro75] and could help to increase softwiarelopment productivity because
a big fraction of time while developing software is spenthitgsting.



Chapter 3

Trace-based Object-Oriented Application
Testing

3.1 The Concept of Trace-based Object-Oriented Testing

Trace-based object-oriented testing is a concept, thaiastgpthe specification and execution
of different kinds of behavioral tests. It is based on quagyan execution trace with a logic
language in order to assert a behavioral property. If a lgg&ry succeeds, then the test passes
otherwise it fails. Trace-based testing supports testshitbehavior of single operations and
also for scenarios consisting of many events. Some key lmlahtests that can be carried out
are

Postconditions of arbitrary operations that occur in thedr

Establishment and detachment of links between objects

Message sequence taking into account causality among gesssa

Any behavioral property that can be expressed in terms ofages and object states and
can be specified as a recursive set over a set of executiotseven

Trace-based tests are performed in two steps. First a userigss a system, so that the behavior
that is the target for testing is produced. In order to exealdystem one could rely on a graphical
user interface or use existing test drivers. While the sysseexecuting, a recorder records every
message send and object state before and after the exeotidomethod. Everything that is
recorded is then stored in a dynamic information model thatess as a target of analysis of a
behavioral property of interest. In a second step, a tespresses a behavioral test by specifying
a query over the recorded execution trace. Such a queryfigsean expected behavior in terms
of message sends and object states. A test succeeds whémewexpected behavior can be
identified in an execution trace.

11
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3.2 Using Dynamic Information

Trace-based object-oriented testing is entirely basedyaardic artifacts such as messages, ob-
jects and their states. In order to test program behaviarayc information is more effective
compared to static analysis because of the following re;ason

e Atrace acts like a program slice with respect to control flewee it limits the scope of our
investigation to the particular scenario executed and sages focus in the investigation.

e It is always precise with respect to the executed scenaniesive know exactly which
method has been invoked on which object.

e Itis easy to obtain compared to static control flow analysigtv proves difficult for large
programs.

e It provides information not obtainable from any static gsa& such as the number of in-
stances and the multiplicity of relationships between ciisje

The main argument against the use of dynamic informatiotsisncomplete coverage of the
code. But this very property is also its advantage. A progtate provides information about
the behavior of the system in a scenario exercising a cefdatctionality, and so helps us to tie
functionality to behavior.

3.3 Language Support for Trace-based Testing

Because of the huge number of message sends and objectthttesn be observed in the
execution of a nontrivial system, manual evaluation of bedral tests is not feasible. A better
choice would be the use of computational power to carry obaberal tests with the goal, to
automate the evaluation of a behavioral test by carryinqa@omputation over an event trace

Besides automatic evaluation we need a language that ogjgpropriate abstractions to spec-
ify behavioral tests. A logic language would be an appraprasis for such a requirement. A
computation over an event trace would then be described egi@aduery and the pass or fail
semantics of a behavioral test established by a successuwefaf the query. Other properties
of a logic language such as pattern matching, unificatioraatbles with terms and the ability
to build abstractions with logic rules are usable in our domadowever there are additional
requirements that are not covered by standard implemengatf logic languages such as ac-
cessing an object-oriented model that is representing ecugon trace or unifying objects with
variables which is an important requirements when reagatout states of objects. A language
that is supporting this requirement is SOUL (Smalltalk Opamfication Language) [Wuy01].
SOUL is a logic language implemented in Smalltalk and suggpamification of logic variables
with objects and allows the user to query object-orientedi@without having to represent
them as logic facts.
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A language that supports trace-based testing must als@duppet of domain specific require-
ments. Trace-based object-oriented testing is mainly emed with identifying events or sets
of events according to events attributes that are repriegeatbehavior. By thinking about what
kind of generic behavioral artifacts occur in object-otezhsystems we can generate require-
ments for basic logic queries that can identify them.

Below is a incomplete list of generic behavioral artifa¢tattfrequently occur in object-oriented
systems.

A message is passed from a sender object to a receiver objaarguments.

An object is returned to the sending context after each naetixecution.

New objects are created

Messages can be nested, so that a call tree is formed

Objects have state that can change

Objects are passed around as arguments

Having identified basic behavioral artifacts we can now gpeequirements for queries that can
identify them.

¢ Identify a message according to its selector, sender oivexcebject and the objects that
are passed as arguments

¢ |dentify the creation of new objects of different classes
e Pattern match a call tree

¢ Identify an object state at a certain point of an execution
¢ Allow the detection of state changes

e Observe the history of an object as it is created, passechdrasi argument or serves as
sender or receiver

Every test query for complex behavior can then be composea & few basic queries.
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3.4 Example

This section introduces an example for trace-based objgetted application testing. It will
show how a scenario based test can be used to make a statdoaethh@wv a certain result is
produced over several steps. The example deals with a seéinar occurs during an import of
Smalltalk classes into the MOOSE reengineering model [TThe MOOSE reengineering
model provides a model for representing source code adifb@at is similar to the UML or
MOF but with the extension that it is also representing metihwocations and attribute accesses
[OMG99]. MOOSE provides importers for various source catgguages such as C++, JAVA
or Smalltalk. The task of an importer is to parse source coditiess and produce a reified
representation of them in the MOOSE model.

A MOOSE importer exposes interesting and complex behakietris produced after calling the
importModel method on the importers facade and containboggbarse tree traversal, Smalltalk
meta model access, object creation and the reification oehedities and the establishment of
links between them. An import of a small model produces niuse ten thousand message sends
that are representing the complete behavior of an importbipa.

The behavioral test we consider in the example concentogi@sslice of the importer behavior
that deals with reifying a class entity, Figure 3.1 visuadithis behavior as a message sequence
chart. The scenario starts with #mportClass: message sent to the importer facade. The
system then produces a whole cascade of message send$odesthiat are interesting for the
test are visualized. The reification of a class subsumes gesage#reifyClass:, #ensure-
ClassEntity: and#addObject:. In method#ensureClassEntity: a new model entity is created
and added to the model wittaddObject:.

A behavioral test for this scenario is important becauserttporter performs the import over
several intermediate steps that need to be correct. Forggane would like to test whether
the messagéreifyClass: really produces a messagaddObject: that adds an object that is
representing the class passed as an argument or that tlot i@hjegned byensureClassEntity

is the same object that is passed as an argumefaddObject:.

Lets think of the following behavioral test for the scenand-igure 3.1.

"The class with nam&TheRoot that is passed as an argument#eifyClass is reified as a
model entity and added to the model according to the scemaFigure 3.1"

The next step in carrying out a behavioral test is to codifiagesnent about behavior in form of
a logic query, so that it can be automatically checked agjaimexecution trace.

1 event(?el, selector(?el, [#reifyClass]),

2 contains(<event(?e2, selector(?e2, [#ensureClasgpnti

3 contains(<event(?e3, selector(?e3, [#addObjecty))?>)
4 arguments(?el, [1], ?class),

5 return(?e2, ?reifiedEntity),

6 ressurectReceiverAfterEvent(?e3, ?modelAfterAdd€ihje

7 includes(?modelAfterAddObject, ?reifiedEntity),
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mscMOOSE Import Scenario

:almpFa@ -almp :aModel

importClasses

reifyClass:

A

ensureClagsEntity:

A

addObject:

Figure 3.1: Moose model reification
8 equals([?class name], [?reifiedEntity name])

In lines 1 to 3 the trace is queried for a scenario fragmentstiaats with a message with selector
#reifyClass: and includes further messages with select@ssureClassEntity and#addOb-
ject as shown in Figure 3.1. The variablesl, ?e2 and ?e3 unify with events that are repre-
senting the corresponding messages in the trace. The MaPielbss is unified with the Smalltalk
class object an@reifiedEntity references the reified class entity object of the MOOSE model
and the object that is return by the meththsureClassEntity. In line 6 the state of the model
after the reified entity has been added is reconstructedder do get the state with the original
object as they were during the execution. In line 7 and 8 tvgeri®n are performed. In line
7 it is checked whether the model includes the reified entityia line 8 it is asserted whether
the reified entity is representing the class that was passathament by comparing their name
attributes.

This examples shows a scenario based test implemented gis gulery that takes into account
multiple message sends and states. In addition to validptstondition, this test also targets
the correct message exchange among multiple collabordioi@der to test the postcondition
a reference to an object at an intermediate step of the catipuitis obtained and later used to
perform a check. In order to test whether an object is inaudehe recursive state of another
object, that state is reconstructed from the recorded sadbat the same objects with the same
identities are accessible. This example shows generakptsthat can be observed over and
over again when performing trace-based tests.
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e Specify a test as a logic query

Identify a scenario in a trace

Test the message exchange taking into account causahtygbeimessages

Reconstruct an original state as it was during the last ei@taf the scenario

Make a statement about objects at different position in@etra

Validate a postcondition

3.5 Benefits of Trace Based Testing

Trace-based testing enables a tester to specify a scergaeal best consisting of multiple oper-
ations by writing a logic query that declares an expecte@bweh Scenario based tests can take
into account the causality and sequence of message seneld, sttes at intermediate steps of
a computation and the occurrence of the same object ateafff@ositions in the trace. The use
of a query language frees a tester from the burden of coimgadl program during an execution
and manually inspecting message sends and states, so liaatdral testing can be carried out
more efficiently than with a debugger.

Trace-based testing can be applied to different levelssifattion. At the lowest level of behav-
ioral abstraction is a single execution event. An eventpsagenting a time interval that starts
with sending a message to an object and ends when the cantedlirned to the sending object.
We don’t consider asynchronous messages here. At the hilgbleavioral abstraction level we
can observe behavioral aspects of a whole system.

A logic language is also a convenient platform to create @ balse that provides templates for
different types of behavior, because of its intrinsic aodion and pattern matching facilities.

A set of general purpose rules will help a tester to setupiatidof behavioral tests just by

parametrizing them for a specific situation. Such a rule loaseconsist of rules that are repre-
senting tests for generic behavioral artifacts and sudhategaimplemented for domain specific
behavior.

3.6 Related Work

There is little work on dynamic analysis and program testimg behavior of object-oriented
systems. In a pioneering paper [JE94] the authors arguedktng object-oriented software
should not focus on units but on the message exchange betivenin a scenario, however
they do not provide a computational infrastructure to de.thi

Caffeine [Gué03] is a JAVA based tool that uses the debug ARapture execution events and
uses also a Prolog variant to express and execute queriedyoamic trace. The main difference
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to TESTLOG is that Caffeine has a linear representation @@etso that it is not possible reason
about nested events. Caffeine is also missing state raficad that constraints on state cannot
be expressed. Its main context is not testing but reasoriagtalynamic properties in reverse
engineering.

A second similar tool is OPIUM [Duc99] that allows a user tdidate a prolog trace using a set
of debugging queries. Prolog is used as a base language anetasanguage to reason about
events. The main usage scenario of OPIUM is the implememntati a high level debugger for
Prolog that allows forward navigation to the next event gaisfies a certain condition.

Other work that is based on event models and computationsaovevent trace to test program
behavior can be found in [Aug98][Aug95]. However it is basedprocedural programming
languages and does not take into account the specific behbagpects of object-oriented lan-
guages such object as creation and the state of objecthefudre the author does not reason
about what kind of behaviors can occur in a program and hoedithem.
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Chapter 4

Tests for Different Types of Behavior

4.1 List of Patterns for Behavioral Tests

We present a list of patterns to document different typesbfluioral test, because patterns have
already been useful in [Bin99] for the documentation of @asi models to test object-oriented
software. Each pattern documentation adheres to a tengflagetions as follows:

e Intent: Describes in brief memorizable form what it is albah

e Behavior: Gives an overview what kind of behavior in objedented systems we intend
to test. The main purpose of this section is to reveal the\bets archetype under inves-
tigation.

e Errors: In this section some typical errors that could odactihe behavior under consider-
ation are described.

e Concept: Under this section general purpose conceptsdtingea specific kind of behav-
ior are introduced. If possible rules and queries that candee as templates are created.
The intended usage of concepts is illustrated with examples

4.2 Message Sequences

Intent. Provide a set of generic queries to test message sequenocegiePpattern matching
for message trees.

Behavior. A scenario is a sequence of interactions between multigkctd A scenario starts
with an initial event upon which a cascade of events are medas response of a system. Based
on that initial event, the response produced by the systenbealifferent based on its state and
the actual input.

19
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Scenarios are behavioral archetypes that occur frequiernalyject-oriented systems because the
object-oriented programming paradigm forces the develtpdistribute the implementation of
a service among different classes, each with its own redpidtys This has the consequence that
different objects have to collaborate with each other ireotd provide a service, so that often
a complex cascade of messages is produced upon sending agméss receiver. This is for
example the case for the Facade pattern where a message gentacade interface produces a
message exchange among numerous objects.

Scenarios can be found at different levels of abstractidra law level of abstraction a scenario
describes the interaction between a small number of ohjsath as for example in design pat-
terns, then at higher abstraction levels the scope of a sBoaran be a whole subsystems of an
application that interact with each other.

While in procedural languages testing focuses on execuliifigrent paths in a procedure, in
object-oriented systems the interaction between diftaybjects are more interesting to test than
single methods because most of the methods have a small nafindtatements and not more
than a single path. The usability of scenarios as testalifads is already stated in [Bin99]
p.290, where tests based on message sequence specifieatiqguesformed.

Errors. Testing message sequences is important because numemangscan occur in an in-
teraction between objects.

e Messages are sent that must not be sent
e A message is sent before another message, but must be sewbadis

e A collaboration is not implemented as it was specified

Problems. A trace can consists of several hundred messages, comtainch that are the target
for a test and others that are not relevant. Accessors fongbesare called with a high frequency
but are not relevant for testing a scenario. Therefore itiffecdlt to identify a scenario by
manually stepping through a trace.

Concept. We provide a set of rules that allow a user to write tests ftfedint forms of scenar-
ios. We start with two simple forms of queries and presemnt thgeneral form that can be used
for any form of a scenario. The first form deals with testingettiter a single message send pro-
duces another message send in its context. The second fiyetstéesting a chain of messages
and the third form allows one to express a generic scenasio te

Message Implication. Test whether a message send implies another message se&hdan-i
text
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mscExample Scenario

3
2

[’ (B2 ] |
a.

Figure 4.1: Example Scenario

event (?el, ?queryl, contains(event(?e2, ?query2))

In this query the variable®queryl and?query2 are queries that match event attributes of the
two events to be queried. The query will succeed if theretexso events, so th&queryl
matches the first evertquery2 matches the second event and the first event includes thedseco
event in the event model. If the query succeeds then theblas@e and?el are substituted

with the corresponding event objects from the trace.
In order to test whether the message with selector #a: isyplraessage with selector #d: 4.1 we
write the following query.

event (?el, selector(?el, [#a]),
contai ns(event (?e2, selector(?el, [#d])))

Message Path. Test if a chain of messages exists. We call a chain of messggeations a
message pathA message path can be used for example to test a chain ohsbpities.

nmessagePat h( <?event Li st >)
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The query succeeds if every event query?gventList matches and if for any two events in
?eventList the event that occurs first ffleventList contains the event that follows #eventList.

If the query succeeds every event variakgan the event term is substituted with the event object
that matched. Single message implication could also beéenrés message path of length two.

In order to test whether a message path with the selecto##taand #d: occurs in a scenario of
Figure 4.1 we write the following query:

nmessagePat h( <
event (?el, selector(?el, [#a:]))
event (?e2, selector(?e2, [#b:]))
event (?e3, selector(?e3, [#d:]))

)

The query succeeds because a message path can be found racthand the SOUL query
interpreter produces the following result.

SOUL found

1 solutions in 101 ns for:

i f event(?e) nessagePat h(
<event (?el, selector(?el, |
event (?e2, selector(?e2, [#
event (?e3, selector(?e3, [#

#a.
b: ]
d: ]

))
),
))>

)

[?el-->[#a:]]
[ ?e2-->[#b:]]
[?e3-->[#d:]]

We now show how a message path query can be used to test amempéion of the chain of
responsibility design pattern. In the chain of responjbpattern a request is passed along a
chain of handlers until an object handles it. We would likeheck whether the correct handlers
are invoked on the right objects. Let’s imagine the follogvBtenario where a client of a bank
wants to transfer money to a foreign country. He first send=sjaest to a facade object of the
bank system. The request is delegated to the money tramsacidsystem then to the transaction
system that is responsible for handling foreign currenapgaction and finally the request is
handled by a channel that sends the money to the destinationrg.
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mscMoney transfer scenario

| Client | | Bank | MoneyTX | FCTX | |Channel

transferMoney:
transferMoney:
sendMoney:
performTransfer:

In this query we first get the references to the handler objéat example by accessing instances
in the running system and the write a message path query t& the proper implementation of
the chain of responsibility. In order to test this fragmeith@havior we can write a message path
guery expression as follows:

get Ref er ences( ?bankFacade, ?MoneyTransacti onSystem ?FCSystem
?FCChannel ),
nmessagePat h(
<event (?e, sel ector AndRecei ver ([ #transferMney:], ?bankFacade])),
event (?el, sel ector AndRecei ver ([ #transferMney: ],
?MoneyTransacti onSysteny)),
event (?e2, sel ector AndRecei ver ([ #sendMoney:], ?FCSysteni)),
event (?e3, sel ector AndRecei ver ([ #perfornmiransfer:], ?FCChannel]))>

)

Scenario. The generic form of a scenario consisting of more than onesagesis an ordered
an labelled tree. For each tree node there are a set a setilofitas that can be matched as it
is described in 5. In order to match a scenario in the tracespeeify the structure of a subtree
to be matched and for each tree node a query that matchegritgii@s. A scenario pattern
is a recursive term that specifies a pattern tree to be maitchéat trace. In order to define
the recursive pattern, an query for a pattern event can icoatist of child events. The match
succeeds if there exists an ordered embedding of the sogyadtern in the event tree.

event (?e, ?q,
cont ai ns(<event (?el, ?nodeQuery), ?restOf Events>))),
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For the example in Figure 4.1 the scenario pattern matcleimg tor the whole scenario looks as
follows:

event (?el, selector(?e, [#a:])), contains(<
event (?e2, selector([#b:])),
event (?e3, selector(?e2, [#c:], contains(<
event (?e4, selector(?e4d, [#d:])>))

)>)

By parametrizing a pattern matching expression we can t#steht variants of a scenario by
taking advantage of the intrinsic iteration over a list imlesation of a logic query. Imagine for

example that in instead of selectd: the selectorgg: and#h: occur in different variants of the

scenario above. Variants of a scenario are typically preduie context of conditional branches
in method or in the context of polymorphic behavior. The eglngiven is a very simple form

of a parametrization of a scenario pattern, more complexgoare thinkable, i.e. one could
parametrize event attribute queries or event whole subtrbthe pattern tree.

menber (?s, <[#d:], [#g:], [#h:]>),
event (?el, selector(?e, [#a:])), contains(<
event (?e2, selector([#b:])),
event (?e3, selector(?e2, [#c:], contains(<
event (?e4d, selector(?e4, [?s])>))

)>)

Now we shift to a more complex example that deals with testinghole scenario. Often a de-
veloper is confronted with the situation where a the messagaence in a scenario is specified
in a graphical form and he wants to make sure whether thisfgion is consistent with an
implementation. The implementation of this scenario tgfljccontains additional message that
makes it hard to validate the design scenario. By using thenmamatching facility we can
test the correct implementation of a design scenario momgawable by writing an appropri-
ate pattern matching query. The example deals with eskadjsa session with a hypothetical
automatic teller machine (ATM).
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mscATM Scenario

| Cust | |[CardSlop |Sessiorj |Display| |Keypad| | Bank |
insertCard

beginSession
displayEnterRIN
getlEntry
checkCard
getFeeAmoynt
splayAcceptfFee
getlEntry

d

In order to test the implementation of this scenario we asstirat the developer of the imple-
mentation chooses the same method names as they were githennmessage sequence chart.
The expression to test this scenario the looks as followsomesimmediately sees there is an
isomorphic mapping from the message sequence chart to @gnmssing an event pattern tree.
This query succeeds whenever there is an embedding of tharszc@xpression into the event
hierarchy tree.

event (?e, selector(?e, [#insertCard:]),
cont ai ns(<
event (?el, selector(?el, [#beginSession:],
cont ai ns(<
event (?e2, selector(?e2, [#displayEnterPin:]))
event (?e3, selector(?e3, [#getEntry:]))
event (?e4, selector(?e4, [#checkCard:]))
event (?e5, sel ector(?e5, [#getFeeAnount:]))
event (?e6, selector(?e6, [#displayAcceptFee:]))
event (?e7, selector(?e7, [#getEntry:]))
>
)
)

4.3 State-Based Testing

Intent. Describe behavior in terms of state changes. Provide quérerecursive state in-
spection and state changes. Show how to test the statesezt®bjy using expression over an
execution trace.
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Behavior. There are many forms of behavior that can be tested by insgeitte state of one

or more objects. One is the change of an object’s state &esxecution of an operation. State
changes manifest themselves in establishment and detatbhieks between objects instances
or the change of primitive type values. In contrast to focassingle operation the change of
state of a single object through its lifetime can also bestéby asserting a sequence of states.

Errors. A couple of errors that can be detected through testing atate

¢ Violation of a postcondition.
e Incorrect initialization of objects after creation.

e Return of a wrong object from a method

Problems. When testing state a tester is confronted with a set of tasiatie time consuming
to carry out without a convenient infrastructure, but angpsrted by trace based testing.

e Access simultaneously the state of an object before andaiteperation in order to test
a change in state.

e Make an assertion over the recursive state of an object.
e Test whether a link between two instances exists.

e Access to a nested object in a recursive state

Concept. In this paragraph several general purpose concepts arenpeelsthat support the
creation of state based tests.

Pre- and Postconditions. Postconditions are a statement about a state of an objexelsid
after an operation and are therefore an adequate meansdabéelsehavior in terms of state
changes. Using postconditions for testing is already aabeotcin [MPO0O]. Trace-based testing
is also an efficient means to validate a conjecture about@@udition when examining legacy
code, because with a single logic query it can be shown thatstcpndition holds for every
method execution that satisfies a precondition.

To validate postconditions by specifying an expressiorr aveexecution trace we need to ac-
complish the following steps.

¢ Identify the execution of an operation that is a target fatpondition validation
e Ensure the precondition

¢ Validate the postcondition



27 4.3. STATE-BASED TESTING

The general form of a logic rule for postcondition validatiooks as follows:

val i dat ePost condi ti on(
event (?e, ?event Query),
precondition(?e, ?preState, ?preconditionQuery),
post condition(?e, ?preState, ?postState, ?postconditionQuery))

Three queries are passed as arguments. The first queryfigtetite event for which pre- and
postconditions should be ensured. The second argumerg éicondition and the third argu-
ment is the postcondition.

Lets imagine a simple example of incrementing a boundedteouhhe precondition asserts that
the counter has not yet reached its upper bound. The posticomaisserts that the counter value
has been incremented by one. A query to validate this poditon looks as follows.

val i dat ePost condi ti on(
event (?e, selector(?e, [#increment:]),
precondi tion(?e,
?preSt at e,
not (great her Than([ ?preState val ue], ?upper Bound)
))
post condi ti on( ?e,
?preState,
?post St at e,
equal s([ ?preState value + 1], [7?postState val ue])

Another example deals with a hypothetical bank applicati@t provides a service for trans-
ferring money that exposes the following behavior. A debtaunt is debited if the balance is
greater than the amount to be transferred.

val i dat ePost condi ti on(
event (?e, selector(?e, [#transferamount:to:]),
precondition(?e,
?preSt at e,
and(argunent (?e, [1], ?anmpunt), greatherThan([?preState bal ance],
?amount))),
post condi ti on(?e,
?preSt at e,
?post State, and(argunent(?e, [1], ?anount),
equal s([ ?post St at e bal ance],
[ ?preSt at e bal ance - ?anount])))
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Encapsulated States. When testing states there are various situations where aektoebreak
up encapsulation.

e An internal state is not accessible through a componeregate

¢ If we want to know how to navigate to an internal state stgrfirom a root object

Let's imagine that an object is encapsulated but neverdbelee want to validate its state. For
this purpose we specify an expression that is similar to ah @&vigation expression in order
to navigate to a certain object in the recursive state of agbjct. The navigation expression
consists of a sequence of instance variable names thatdtaistepwise access objects trough a
reflective method that takes the name of an instance vardsbdegument and returns the object
at the specified slot value. In the Smalltalk VisualWorksteysit is called instVarAt: which
takes an index that corresponds to the position of the instaariable as it is defined by the
objects class. With another method instVarindexFor: thiees the name of an instance variable
we query the index of the instance variable. We call the secpief instance variables used to
access a nested stateantesspatifrom a root object to a nested object.

nest edoj ect At (<>, ?s, 7?s).
nest edbj ect At (<?firstlnstVar | ?restlnstVar>, ?object,
?nest edObj ect) if
obj ect At (?obj ect, ?firstlnstVar, ?includedbject),
nest edSt at eAt ( ?rest | nst Var, ?i ncl udedObj ect, ?nest edObj ect)

For example in order to access an nested path through arsguatsta, #b, #c we would write
the following query

event (?e, selector(?e, [#xyz])),
ressur ect Recei ver Bef or eEvent ( ?e, ?receiver),
nest edhj ect At (<[#a], [#b], [#c]> ?rootbject, ?nestedbject)

If we know an access path we can query an object at the spepidgton, but sometime we
would like to know whether an object is included in the recigstate and retrieve its access-
path. For example if we call a method of a component that addsbgect somewhere in the
components internal state we want to know where the objescbbkan added we can use this.
The corresponding query would look as follows.
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event (?e, selector(?e, [#addObject])),

argunent (?e, [1], ?addedvject),
ressurect Recei ver Aft er Event ( ?e, ?root Obj ect),

i ncl udesOj ect (?r oot Obj ect, ?addedOhj ect, ?accessPath)

If we know how to access an object through an access path, nveesawhether it is the same
object as another object. For example we could test whetleearliject passed as an argument is
the same object located at certain access path.

event (?e, selector(?e, [#addObject])),

argunent (?e, [1], ?addedvject),
ressurect Recei ver Aft er Event ( ?e, ?root Obj ect),

nest edChj ect At (<[ #a], [#b], [#c]>, ?root hject, ?nestedbject),
equal s(?addednj ect, ?nestedCbj ect)

Links between Instances. An object has a link to another object whenever it is posdible
access an object through navigation along a path of insteartables. Links between objects
occur because objects are representing a single aspectoofi@mand a whole model consists
of many objects that are linked together. Some frequenthyg tissts are whether a link between
to objects exist or in an operation a link between objectstat#ished or detached.

In order to test the existence of a link or a linkpath betwe&rsaand a second object accessible
from a model root when can test whether a first object is ireduich the recursive state of the
model root and the first object includes the second objed¢s irecursive state.

exi stsLi nk(?fromObj ect, ?toChject, ?rootChject) if
i ncl udesnj ect (?r oot Obj ect, ?frombbject),
i ncl udesObj ect (?fromCbj ect, ?toChject)

This rule gives us the basis to create two new rules that aadarstesting whether a link is
established or detached by a single operation. The sersasitauld be understandable when
analysing the logic code.
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est abl i shesLi nk(?event, ?fronObject, ?toChject) if
ressurect Recei ver Bef or eEvent (?event, ?r1l),
ressurect Recei ver Aft er Event (?event, ?r2),
not (exi stsLi nk(?fronCbj ect, ?toCbject, ?rl)),
exi stsLi nk(?fromObj ect, ?toCbject, ?r2)

det achesLi nk(?event, ?frontbject, ?toCbject) if
ressurect Recei ver Bef or eEvent (?event, ?r1l),
ressurect Recei ver Aft er Event (?event, ?r2),
exi stsLi nk(?fromObj ect, ?toChject, ?rl),
not (exi stsLi nk(?fronCbj ect, ?toCbject, ?r2))

4.4 Recursion

Intent. Express queries to test the traversal of a composite olifectsre with a visitor. lden-
tify and test single or composite events that occur duricgngon.

Behavior. In contrast to procedural languages, recursion in objaented systems is con-
cerned with traversing hierarchical object structureshSsiructures typically occur in the pres-
ence of a composite pattern and a visitor that visits evegyneht. In context of the visitor
design pattern the visitor performs node type specific dpgrathat are either independent of
other nodes or depend on the result produced while visitiilg aodes in the composite tree. A
typical example for the second case is when an interpretduates an expression and the result
from evaluating subexpression is used to compute the exipresresult.

Although different visitors and composite structures proeldifferent behaviors we can abstract
from them and write generic queries which tests whether tituetsire is properly traversed or
not or for identifying event patterns during recursion tiia representing a certain behavior.

Errors. Several errors can occur when recursing a composite steuctu

e Recursive structure is not properly traversed
¢ \Wrong operation executed on the visitor

e Wrong results produced during recursion on composite &ireci.e. in the context of
interpreting an expression.

A recursive structure is not properly traversed when noddakte composite structure are not
visited or the sequence of nodes visited does not conformsfeeaified traversal scheme. For
a visitor the wrong operation in the visitor could be exedube the double dispatch with the
object could fail if the visitor does not send the messag& bathe object. Furthermore results
produced in intermediate steps of the recursion could begvamd lead to an abnormal behavior.
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Problems. When testing recursive behavior one is confronted first wighproblem of setting
up a composite structure, so that the recursion can be pegthbrThis already requires program-
ming effort. Then testing whether every node is traversekiem# necessary to enumerate every
object in the recursive state of the composite root and chwkher it is traversed.

Finally it is quite difficult to check intermediate result the recursion because this requires
a tester to step through the execution identify the eventach she wants to test a certain
property, write the result down then probably check anodvent and so on. Applying a unit

test pattern can test the final result of the computation buimintermediate steps, so that it
may occur that the result computed is accidentally cortadtthe wrong computation has been
performed.

Concept. We provide several query templates that serve for testiagebursive behavior in
the context of a composite structure recursion. The tasksiirg this type of behavior can be
decomposed in subtasks as follows

e Ensure complete tree traversal
e Ensure correct operation on nodes

e Specify behavioral assertions for operations that areopeed on the composite structure

First we must make sure that every node that must be travessadsisitor, is really traversed.
Then we require that the correct node type dependent opesadre performed by a visitor. Fi-
nally, in order to test the behavior that emerges from reegra composite structure we identify
a set of events and express a predicate over that event set.

Testing the traversal of composite structures is expreased query with two parts: First we
define a query that tests whether every object of a compon&sd o the recursive state of a
root object is traversed in the recursion. We do this by id@ng an event for the start of the
recursion and then query every object in the recursive sfdtee receiver that belongs to a class
in a composite hierarchy, i.e. in the ProgramNode hierafchgbstract syntax trees.

In a second part of the query we test whether every node esaikecursive selector. A recursive
selector is a selector that is recursively called for evéaeat in the composite structure typical
example are eval: or acceptVisitor:. For every event witle@ursive selector we require that
it contains the recursive events to the components of theverc If this was not the case the
recursion would not be isomorphic to the composite stractar that recursive events could be
missing or occur in the wrong order.

Check if the tree traversal is properly performed. The rldgectsinRecursiveState binds the
variable?objects to every object found in the recursive state of another dljetonging to a
given set of classes.
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recur sesConposi teStruct ure(
?r oot ,
?recursi veSel ect or
?conposi teC asses) if
obj ect sl nRecur si veSt at e( ?o0bj ect,
menber ([ ?obj ect cl ass], ?conposited asses),
?r oot

) ’
event (?e, sel ector AndRecei ver (?e, ?recursiveSel ector, ?object)),
ressur ect Recei ver Bef or eEvent ( ?e, ?receiver),
foral | (obj ectslnState(?conponent,
menber ([ ?obj ect cl ass], ?conposited asses),
?receiver)

event ( ?e,
cont ai ns(event ( ?ei
sel ect or AndRecei ver (?ei, ?recursiveSel ector, ?comnmponent)

)
)
)

Now that we have enough confidence that the object strucsupeoiperly traversed we focus
on testing operations that are performed during the tralieMd/e classify operations that are
performed during traversal in such that are performed onglesnode and others depend on the
previous traversal of sub nodes such as it occurs when aipiater traverses a parse tree or a
bottom up pattern matching on a structure is performed.

A frequently used pattern to perform operations on objeet @mposite structure is the visitor
pattern. As a visitor traverses objects a type dependenttipe is called on the visitor by
performing a double dispatch between the node and the widitoconcrete implementations
of the visitor pattern, the operation that is associateti witype can be identified by analysing
method names that encode the type name.

By encoding the naming convention developers use as a ru@weredict which operation in
the visitor should be executing for each type. A commonhdusaming convention for methods,
i.e. is#forNameOfTypeX: anObjectOfTypeX. Together with a query that checks if a double
dispatch between an object and a visitor is done, we can ahieether ever object in a composite
structure performs a double dispatch with a visitor.

Evaluate if the event is a double dispatch between a visitdithe argument passed to its accept
method.

vi si t or Doubl eDi spat chEvent (?e, ?selector) if
nonvar ( ?e),
recei ver(?e, ?r),
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argument (?e, [1], ?arg),
event ( ?e,
i mpli es(event (?ei,
sel ect or Recei ver Argunent s(?ei, ?selector, ?arg, <?r>))

)
)

The event?e is representing the execution of thaccept: method of an object that is visited.
The first argument to the accept is the visitor. The visitdhen the receiver of the next message
that performs an operation dependent of the type of theedoibject. This message is denoted
by ?ei. The first argument to this message is the object that wasalig visited. The variable
?selector holds the selector name for carrying out the type dependsaration.

When recursing object structures we many times observendepeies between operations on
a specific node and its sub nodes. For example when an interpsanterpreting a message
expression in Smalltalk all argument expressions are atedifirst and the results of the evalua-
tion are passed as arguments to the message expressicatievalAnother example is a bottom
up tree pattern matching process, so that a pattern noddyisnatched if all of the child nodes
have been matched before.

To identify a set of events on a composite substructure wevcdda pattern matching expression
that matches events with receiver objects of the recurglexors. A test is then expressed as
predicate over the matched events.

For better understandability of this concept we show an gtawf an interpreter that evaluates
a simple arithmetic expressions consisting of the prodndtsaim operators and constants. The
interpreter is implemented as a visitor that traverses thlenaetic expression and evaluates it.
Below we show the code for the visitor.

Eval Vi si t or >>f or Const: aConst
NaConst val ue

Eval Vi si t or >>f or Product: aProduct
A((aProduct left accept: self) *
(aProduct right accept: self))

Eval Vi sitor>>for Sum aSum
AN((aSum |l eft accept: self) +
(aSumright accept: self))

Lets imagine that we have the following arithmetic expresshat is evaluated.
(3+4)*5*6

Within the expression evaluation the teBnt 4 is evaluated. Instead of debugging the visitor
traversal we would like to write an expression on the tra@ thecks whether the result of
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evaluating3 + 4 is correct. To do that we write a pattern matching expresgianhmatches the
evaluation of a Sum term, query the returned values fronuatialg the constant expressions and
then check whether the result returned from evaluation thra 8quals the sum of the constant
expressions.

event (?e, and(sel ector Andd ass(?e, [#accept:], [Sunm),
ressurect Recei ver Bef or eEvent (?e, ?r))),
event (?e, sel ector AndRecei ver(?e, [#accept:], 7?r),

cont ai ns(<event ( ?el,

sel ect or AndRecei ver (?el, [#accept:], [?r left])),

event (?e2, sel ector AndRecei ver (?e2, [#accept:], [?r right]))>)),
add([?el return], [?e2 return], ?sunj,
equal s(?sum [?e return])

For this simple example, we can also test whether the vigtmrses the composite structure of
the arithmetic expression.

arithmeti cRecursesConposite if
get Expressi on(?r),
al | Subcl assesLi st ([Arithmeti cExpression], ?subclassList),
recursesConpositeStructure(?r, [#accept:], ?subclassList)

The rulegetExpression returns the root objec?r of the composite structure. The variable
?subclassList is unified with the classeSum, Prod and Const. The last line of the rule the
performs the check whether every object of the compositettre starting fron?r is visited.

Here is the example whether for every node of the arithmapeassion aloubleDispatch with
the visitor is performed.

arithmeticVisitorDoubl eDi spatch if
get Expressi on(?r),
al | Subcl assesLi st ([Arithmeti cExpression], ?subCl asses),
obj ect sl nRecur si veSt at e( 7?0, nmenber ([ ?0 cl ass], ?subd asses), ?r),
get VisitorSel ector([?0 class nane], ?vSel ector),
event (?e, and(sel ect or AndRecei ver (?e, [#accept:], ?0),
vi si t or Doubl eDi spat chEvent (?e, ?vSel ector)))

First every object of the composite structure is queriedl@mehd to the variabl@o. Then for
every evenPe that is representing an acceptance of a visitor it is cheekeether?e initiates
a double dispatch event with the visitor. The qugegVisitorSelector returns the selector of a
visitor that performs a type dependent operation.
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Testing a Smalltalk Meta Interpreter. We take the meta interpreter for Smalltalk [TilOO] as
more complex example to test recursive behavior. The méapreter for Smalltalk is an in-
terpreter written in Smalltalk that interprets Smalltatide. It is mainly used as coverage tool
and fine grained dynamic analysis. The goal is to test whetliexgment of Smalltalk code is
correctly interpreted. Given is the following method in Sitadk

f oo
z: = x doSonet hing: self vy.

When the meta interpreter is correctly implemented we exiet the result of evaluating the
expression self y is passed as argument to the selector dadBioigy, the instance variable x is
the receiver of the selector doSomething and after evaluatholds the returned value from the
method call.

The meta interpreter first parses the source code and caatdsstract syntax tree. Each node
then recursively receives the messaygal: with the context for evaluation as argument. In order
to test the expression evaluation the meta interpretesisimented and the trace is generated by
sending an object the message foo, so that the expressivaligted with the meta interpreter.
Now we can write some tests for correct expression evaloatio

Get references to the node objects in the parse tree

get Par seTr eeNodes( ?assi gnnent, ?nessageExpressi on, ?argunent) if
event ( ?net hodEval , sel ect or ( ?net hodEval , [#val ueWthReceiver:])),
ressurect Recei ver Bef or eEvent ( ?rret hodEval , ?met hodExpr essi on),
equal s(?assi gnnent, [?met hodExpressi on statements at: 1]),
equal s(?nmessageExpr essi on, [?assignhnent val ue]),
equal s(?argunent, [?nmessageExpression argunents at: 1])

Test if the result of the evaluation of the argument expoesself y is passed as argument to the
evaluation of the expressiondoSomething:

t est Argurrent Eval uation i f
get Par seTr eeNodes( ?assi gnnent, ?nessageExpressi on, ?argument),
event (?eval Sel fy, sel ector AndRecei ver(?eval Selfy, [#eval:], ?argunent),
event (?perform
sel ect or AndRecei ver (?perform [#performreceiver:argunents:class)),
argunent (?perform [3], ?nmessageArgunents),
i ncl udes(?nessageArgunents, [?eval Selfy return])
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Test if after method execution the instance varid®dehas the result returned from evaluating
the expressior doSomething.

t est Assi gnenent i f
get Par seTr eeNodes( ?assi gnnent, ?nessageExpressi on, ?argunent),
event ( ?eval MessageExpr essi on,
sel ect or AndRecei ver ( ?eval MessageExpr essi on, [#eval :],
?messageExpressi on)),
event (?f oo, selector(?foo, [#fo00])),
ressurect Recei ver Aft er Event ( ?f oo, ?receiver),
i nst Var Val ue(?receiver, ['2'], ?z2),
equal s(?z, [7?eval MessageExpression return])

Test if the receiver ok doSomething is the value of the instance variable x.

t est Recei ver Eval uation if
get Par seTr eeNodes( ?assi gnnent, ?nessageExpressi on, ?argunent),
event (?f oo, selector(?foo, [#fo0])),
ressur ect Recei ver Bef or eEvent ( ?f oo, ?receiver),
event (?perform sel ectorAndReceiver(?perform
[ #performrecei ver: argunents: cl ass)),
argument (?perform [2], 7?perfornmnReceiver),
i nst Var Val ue(?receiver, ['X'], ?X),
equal s(?x, ?perforntnRecei ver)

4.5 Case Study: Importing MOOSE Models

We take the import of source code models into the FAMIX modeba example for testing
a model import with trace-based testing. FAMIX is an objedented model for representing
source code entities and is part of the reengineering emviemt MOOSE. MOOSE provides an
import facility that reads source code entities such asel®snethods and invocations from a file
in CDIF format or from a Smalltalk image. We will concentratethe import of models from the
Smalltalk image that is implemented using the introspeatagpabilities of Smalltalk and a parse
tree visitor to import the fine grained structure of methagshsas accesses and invocations.

The concept we use for testing whether entities are impartedmodel is first to identify a
location in the trace where FAMIX model entities of a certyipe are created in order to get a
reference to an object representing this newly createtlyehtter we test whether this FAMIX
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model entity really exists in the model. For example we camiifly where in the import process
a new model entity for a class is created and then test whetisezntity exists in the model.

The most important entity in the FAMIX meta model is the cl&ass. It is representing a
class with a name in a programming language. In Smalltalkali&/orks classes are organized
in packages and bundles. Packages and bundles are conttpmsStore repository and allow
a developer to hierarchically organize classes and comapgkcations from packages. The
MOOSE importer for Smalltalk can import a FAMIX model frometiset of classes that are
located in a bundle. We would like to test whether a MOOSE irtgggroperly imports a FAMIX
model from a Smalltalk Store bundle. In order to do this, wet fijuery the classes located in
a bundle with a logic query, then query the trace generatethglthe import to observe the
creation of a new entities and finally check if the set of aass properly imported. In further
test we can then check if other entities that are dependemasdes are properly imported.

Below are two queries that test whether every class in a kuadinported in a MOOSE model.
The first one performs a check for a single class. The secariorpes the test for every classes
in a set using #orall query.

cl assEntityReifiedAndl nvobdel (?c¢)if
nonvar ( ?c),
event (?e, and(sel ector(?e, [#ensured assEntityFor:]),
argunent (?e, [1], ?c))),
i ncl udesl nRecursi veSt at e([ MSEModel current Model], [?e return])

The variable?c is bound to a class that resides in the Smalltalk image. ©reat FAMIX model
entities is performed by the methaég@nsureClassEntityFor. This method takes a Smalltalk
class as an argument and returns a reified FAMIX entity. Watéothe execution of the method
#ensureClassEntityFor in the trace so that the argument matches the value of theble#i?c.
After that we test whether the imported MOOSE model contdiesnewly created entity in its
recursive state. The expressi@MSEModel currentModel] refers to the last model that has
been imported.

i mporterReifiesEveryd assl nBundl e( ?bundl eNane) i f
foral |l (cl assl nBundl e( ?bundl eNane, ?c),
cl assEntityRei fi edAndl nModel (?c))

We now check whether the quetiassEntityReifiedAndInModel(?) succeeds for every class
in a bundle. The querglassinBundle(?c) unifies ?c with every class that can be found in a
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Smalltalk Store bundle with value @bundleName. The queryforall checks whether a predi-
cate passed as a second argument is true for every soluseaghy the first query. We can also
note that this test is independent of which classes are ibuhdle so that any bundle can serve
as a source for testdata.

A rule that should be implemented by the MOOSE importer iat ifra class is imported its meta
class is imported too. We can express a test for this behadding a new rule.

cl assAndMet aCl assRei fi edAndl nModel (?c) if
cl assEntityRei fi edAndl nModel (?c),
cl assEntityRei fi edAndl nModel ([ ?c cl ass])

We simply compose this new rule by calling the quénjassEntityReifiedAndinModel(?x)
twice, once for the class and a second time for its meta-classrder to test whether this rule

is true for every class, we can again write a rule with a fostkement. We abstract the rule
#importerReifiesEveryClassinBundle a bit, so that it can be used for arbitrary tests on a set of
classes.

t est Ever yd assl nBundl e( ?bundl eName, ?test(?c)) if
foral |l (cl assl nBundl e( ?bundl eNane, ?c),
?test(7?c))

The term?test(?c) is a higher order query that is passed as an argument to thalyal’e and can
express any predicate dependent on the set of classes. Noarnweerform the test for whether
every class and its meta class are imported in the model Isinuathe queryclassAndMeta-
ClassReifiedAndInModel(?c) as argument.

t est Ever yd assl nBundl e( [ Ref er enceMbdel ],
cl assAndMet ad assRei fi edAndl nMbdel (?c))

As a last example we show how we can test whether a link bettveimported entities exist,
i.e. the link between a reified class and its reified instac@bles. First we query every reified
instance variable entity and class entity and then checkhehéhere exists a link between them.
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cl assAndl nst ancevVarEntity(?c, ?ceEntity, ?ivEntity) if
event (?e, and(sel ector(?e, [#ensureC assEntityFor:]),
argunent (?e, [1], ?c))),
event (?el, and(sel ector(?el, [#ensurelnstVarFor:]),
argument (?el, [1], ?c¢))),
equal s(?cEntity, [?e return]),
equal s(?i vEntity, [?el return])

In MOOSE instance variables are reified call[#gnsurelnstVarFor:] where the first argument
is the class and the returned object is the reified instancable. We bind the reified class
entity to the variablé&cEntity and the reified instance variable to the variaPikEntity for all
execution of#ensurelnstVarFor:].

exi st sLi nkBet weenC assAndl nst anceVari abl es(?c) if
nonvar ( ?c),
cl assAndl nst anceVarEntity(?c, ?cEntity, ?ivEntity),
exi stsLink(?cEntity, ?ivEntity, [MSEModel currentModel])

We now check whether for every p&cEntity and ?ivEntity a link exists between those two
objects within the MOOSE model. This must be true accordinthe FAMIX model. Finally
we perform the test again for every class.

t est Ever yCl assl nBundl e([ Ref er enceModel ],
exi st sLi nkBet weenC assAndl nst anceVari abl es(?c))

4.6 Conclusion

Object-oriented behavior has two dimensions. One dimerwdfibehavior is the change of object
states, the other one is the sequence and containment cdgesgsassed. Because testing is the
act of making a precise statement about behavior, both diloes need to be taken into account.
Trace-based testing allows one to test any form of behayiquierying the execution trace with a
logic query. Because it is based on Prolog, every recurgivefevents can be computed, so that
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every form of program behavior that is expressible in thenemeodel can be tested. However
the huge number of messages that can be found in the tracesmadexessary to rely on tree
matching algorithms that have a time complexity that is nBtddmplete.

Trace-based testing is suitable for the engineer to ex@gsgcise statement about program
behavior in a declarative and compact form of a logic quetyis Dffers a big advantage over
manually controlling and tracing an execution. Behavideslts that are often needed can be
represented as logic rules and be reused for a particulabygsassing parameters. This was
shown for the visitor pattern or for testing pre- and postiton. In this context, it is a big
advantage that SOUL supports passing higher order queriparameters as one can do it with
higher order function in functional languages.

Objects have state, are senders and receivers, are passed as arguments and returned to
the sending context after the execution of a method. Thises#tkoften necessary to make a
statement about the equality of two objects, i.e. when orgsma express that an object passed
as argument is bound to an instance variable of anothertolgsrause SOUL allows one to
unify variables with objects and objects can be resurrefcted the trace it is possible to express
arbitrary equality between object, also in the case whentevae temporally distant.

Because trace-based testing is carried out as postmordesranalysis the whole evolution of
a certain program state can be observed without having tm r@mprogram several times. In
order to develop a test for a certain behavior a tester cargfiexy the trace in order to acquire
knowledge about the actual program behavior. This can docparallel to an analysis of the
source code during in context of a reverse engineeringigctiv

Trace-based testing is suitable to create ad-hoc testshaivize. Because it is not necessary
to decompose a software in to units an code unit tests ancédoing expected values from
analysing the source code, creation of behavioral testisonless and therefore faster. This has
the benefit that during a maintenance cycle ad hoc tests camitten that focus on a specific
aspect of system behavior.

The main drawback of trace-based testing is the fact that iteicessary to execute the soft-
ware. Because software that is built from scratch has a langtergo until it is integrated and
executable, the focus for trace-based testing are systeamate at least minimally operable.
Because recording a trace delivers just a slice of the plesgibgram behavior, it is best used
together with a coverage analyzer to iteratively refine cage to an adequate level.



Chapter 5

Implementation

5.1 TESTLOG: A Prototype Tool

TESTLOG is a prototype tool that serves as a testbed to studliteratively develop the concept
of trace-based object-oriented testing. Its computatiorwalel is that of a logic query. A logic
guery is composed of logic terms and unifies logic variabléh events from the trace. The
pass or fail semantics of a test can therefore easily exguieasgerms of the semantics of a logic
query: If a logic query fails then a test fails and if a logicegy produces a least one result then
the test succeeds.

The underlying medium to express terms and logic rules is IS{8dhalltalk Open Unification
Language]. SOUL is a full prolog written in Smalltalk with @&xtension mechanism that al-
lows a programmer to integrate Smalltalk expressions mgaclrules and use logic variables in
Smalltalk expressions. TESTLOG is implemented on top of §@ba layered architecture.

Domain Specific Queries

Behavioral Archetypes

SOUL | Tree Pattern Matching

Basic Event Queries

Event Reification

SM Reified Events and States

Figure 5.1: Architecture of TESTLOG

The bottom layer comprises an object-oriented model thakesents the event trace. The trace

41
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is stored in the Smalltalk image and accessible via a sioglpattern. At the next abstraction
level TESTLOG provides queries to access single events bjettostates. This layer serves
two purposes: First it serves as an reification layer of aeakgpriented model into to the logic
environment of SOUL by binding objects from the model to togariables, second it provides
basic queries on the event trace for querying events acuptditheir attributes. Also part of this
layer are queries that deal with accessing properties t&f stech as whether an object is included
in the recursive state of the events receiver object.

The pattern matching layer supports the execution of anpatt@tching query on the event tree.
As tree pattern matching we understand the process of aigetiie@ occurrence of a substructure,
the pattern tree, in a larger structure, the target tree.pfingary usage of tree pattern matching
is to test for collaborations.

5.1.1 SOUL Syntax and Symbiosis with Smalltalk

We give a short introduction into SOUL because it is necgdsaunderstand its concepts for the
following sections where different types of queries areddticed. SOUL is a full prolog with
several syntactical and semantical enhancements thatsa#ldight integration with an object-
oriented language.

As in prolog, code is written as rules and computations aréopa by writing queries. An
extension over standard prolog is that logic variables eanrfified with Smalltalk objects. This
means that there exists a binding of a logic variable to a Balabbject as it is represented
in the virtual machine. The following example of a query k@ride root of the Smalltalk class
hierarchy to the variabl@c. The term in angle brackets is evaluated in Smalltalk andehalt
is passed as argument to the query.

cl assWt hName(?c, ['Object’])

By looking at the implementation of the rule classWithName ean see the syntax of rules
where the head of the rule is separated from the body with WidrdOn the third line of the
body we again see a term in square brackets. It contains tafkalbde that is evaluated by the
Smalltalk VM. In the Smalltalk code the logic varial?€lass is used. This mechanism allows
a programmer to pass variables from a logic environmenttimtdSmalltalk environment. The
concept that Smalltalk and SOUL can work together is caligdbiosis

cl assWt hNanme( ?C ass, ?Cl assNane) if
not (and(var (?C ass), string(?C assNane))),
cl ass(?C ass),
equal s(?C assNane, [ Soul . M.l current classNameOf: ?Cl ass ])
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5.2 Representation of the Event Trace

Before we can express a precise statement about behaviousigfind a form for representing
the recorded trace. The key concept we use for represengimgnuc information is the event.
An event is a time interval starting with execution of a metlamd ending with passing control
back to the calling method. On the basis of a recorded exa@cuidce we reify an event model
that allows us to express ordering and containment relabetween events. With each event the
following attributes are provided

The sender object of a message

The receiver object of a message

e The received selector

A list of arguments that are passed

A snapshot of the complete recursive state of the receivierdand after a method exe-
cution so that we are capable of reasoning about state change

On the set of events two basic relations are establishedjwhay hold between two arbitrary
events. An event may precede another event and an event maglbded in another event.
Event precedence is established by a temporal orderingeot end event containment is defined
by the nesting of message sends.

If an evente precedes another everit we writee < el and if an eventl is included within
another event it is expressed asl in e.

A list of general axioms is satisfied by any evemts, ¢ in the set of events.

Mutual exclusion of relations:
a <b— not(ainb)

Non commutativity:
a<b—not(b<a)
ainb — not(bin a)

Transitivity:
(a<b)and (b <c)— (a<c)
Distributivity:

(ainb) and (b < c¢) — (a < c)
(a <b)and (cinb) — (a < c)
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5.2.1 Reification of the Event Model

The event model is created from a previously recorded exettriace. For each recorded mes-
sage in the execution trace an event object in the event medetated. Not only messages
to ordinary objects but also messages to classes are coeid® that an instance creation is
recorded. Because of the call semantics of method exectiteret of events is ordered. An
event includes other events whenever a message send id nette another message send, so
that the event tree is isomorphic to the call tree. Eventgepeesented as an object-oriented
model as follows.

0 includes

Event
1 0.* 1 0. recei ver Qbj ect included
- 1 sel ector 0.1

ar gunent Obj ect s
ret ur nedCbj ect

1 1
post| 1 prej1
Snhapshot
: 2 % 1 | receiver
ObjectState return
ar gunent s

Figure 5.2: Object-oriented event model

The class Trace is the root of the model and serves as singgsspoint for reification in the
logic layer. The trace can contain many event trees, beddestace may not be recorded
within a single calling context but within different onescbuthere can be many call trees. As
experienced by trying out the recorder in realistic instemation scenario the number of event
trees is one order of magnitude smaller than the set of messagorded.

Each event has several attributes. The attribueesiverObject and argumentObjects are
representing references to the corresponding objects Wigemessage that is represented by a
certain event has been executed. Every event referencesahts it includes at the next level of
the call tree. In order to make a statement about objectsstiast occurred during an execution
a snapshot of the receivers recursive state before andtlaft@vent is taken. A snapshot of an
object that is representing a reified object state of an blgeepresented as an object of the
class ObjectState. Object states and object identity argladely separated in the model. An
object identity will remain the same during the whole life& of an object, however an object
state may change.

In the following we describe more formally the propertiesegént trees in order to show how
the event inclusion relationship is created.
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We first define some sets

e Let £ be the set of events
e The setsender(F) is the set of all senders

e The setreceiver(E) the set of all receivers

Let 7" be an arbitrary event tree andot(7) its root. The following properties then hold on the
event tree.

e ¢ = root(T) if sender(e) notinreceiver(E). This states that the root may not be included
by another event. The termander(e) denotes the sender object of e. This means the first
message send that is recorded is the one from sender(e) to e.

e Tisatree withl' = (V, F,root(T)) whereV C E androot(T) € E. F is binary relation
(u,v) sothat:(u,v) € Fif sender(u) = receiver(v)

e (root(Ti),v) € F* whereE™ is transitive closure of'. This means that all nodes fare
reachable via the root af.

For establishing an ordering of the trees we define now atféres< 71, ...,7,, > as an ordered
sequence of trees with nodes frdiinso that two tree rootsoot(T;) < root(T;) fori < j.

5.2.2 Reification of Object States

For each event we reify the complete recursive state of tbeiver before and after a method
execution as a new meta object. In this reified state we predke structure of the recursive

state and the identity of the object that are included inhisTs necessary in case we would like
to make a statement about the recursive state of an objdatebds to take into account object
identities. If we want to test whether an object is includethie recursive state of another object
at a certain event in the trace, we need to compare to objentiiets. However the recursive

state of an object can change during an execution, therefereeed to preserve it.

One strategy to preserve an objects state would be to credgepmcopy of an object with the
same structure but newly create objects in it. However Witk $trategy we lose the ability to
make a statement about objects for different events anelsstebr example we could no longer
express that the same object that is passed as an argumelteid to the recursive state of
another object by comparing the two object references. €fbier another strategy is chosen: A
graph that is isomorphic to the recursive state of the reces/created and at each node of this
graph a reference to the original object is maintained.

A formal definition for the state reification strategy is giveere. First we define the state and
the recursive state of an object. The state of an object oes @f ®bject defined as follows
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state(o) = (UinstVar(o,1)) U (UvariableV alue(o, 1))

In the above formula the termsstV ar(o,7) denotes the value of the ith instance variable of
objecto andwvariableV alue(o, i) denotes the ith slot value in caséds a variable object. We
need to consider variable sized objects because that'sie@ralltalk systems provides named
slots and indexed slots in the case of variable subclasses.

And therecursive statés recursively defined as
recstate(o) = (Urecstate(o;)) U o Yo; € state(o)

Then we define as the reified recursive state a Géagh(V, E) that is isomorphic to the recur-
sive state, so that each node v in G references the corresigooioiect in the original recursive
state, denoted by object(v). For evety tufilep)oandp € recstate(o) exist(v1, v2)inE so that
object(vl) = o andobject(v2) = p.

We define now two operations that deal with recursive statee first operation we described
above we calteification of a recursive state. The inversion of reification restohesrecursive
state of the receiver exactly as it was a certain point of #ee@tion, so that a message can be
sent to it. We call this operatiaesurrectionof an object state from its reified state, because we
bring back to life the original object. Figure 5.3 shows thess model for reified object states.

_ values
ObjectState

obj ect
val ues
1

1
VariableObjectState

Figure 5.3: Reified State Model

5.3 Queries over the Event Trace

In this section we will introduce different types of logicenes. They serve as components
for constructing complex rules and queries about behavibere are three classes of queries.
Some deal with identifying sets of event, others are abatgpamatching the trace and still an-
other group is concerned with expressing properties altatg. ~urthermore queries of different
classes can be combined to form complex expressions. Wea)qulaln their semantics in the
context of a simple bank example.
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5.3.1 Bank Example

The sole purpose of this example application is to have aslfasexpressing example queries
in order to illustrate their usage and their semantics. Tdnklexample simulates a simple bank
business where customers can open accounts and transfey.n@glow is a class model an a
short specification about its behavior is given.

MBank 1L
1 BemkI

0..* 0.*
Customer Account

cust omer Nane account Nr

cust omer Nunber bal ance

=Y
[

Figure 5.4: Bank Model

A hypothetical application that implements the bank bussngupports two operations one for
adding a customer and another for transferring money. Bal@ithe implementations and the
message sequences for these two operations.

newCust oner Wt hName: aString
| cust oner account |

custoner := Custoner w thNane: aString
sel f addCustoner: custoner.
account := Account new.

sel f addAccount: account.

cust onmer addAccount: account.
1

transfer Anount: amount from debitAccount to: creditAccount
(debi t Account getBal ance > ampount) ifTrue: [

debi t Account set Bal ance: debit Account getBal ance - anount.
credi t Account setBal ance: creditAccount getBal ance + anpunt

]

Imagine now a scenario where first two new customers arestt@aid money is transferred from
one account to another. This scenario would produce thewoll trace. It will serve us as a

basis for our queries. Every line of the trace descriptigmesents an event. The first term in a
line is an object then follows the selector and the argumbjetabs.

1 aBank newCustoner Wt hName: 'Bill
2 Custonmer withNanme: '"Bill’.
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3 Custonmer new.

4 aCustl nane: 'Bill’.

5 aBank addCustoner: aCust1.

6 Account new.

7 aBank addAccount: account 1.

8 aCust1l addAccount: account 1.

9 aBank newCust omer Wt hName: ' Geor ge’
10 Custoner withName: ' George’.

11 Custoner new.

12 aCust2 nane: ' George’.

13 aBank addCustoner: aCust 2.

14 Account new.

15 aBank addAccount: account 2.

16 aCust 2 addAccount: account 2.

17 aBank transfer Anpunt: 100 from accountl to: account?2
18 account 1l get Bal ance

19 account 1l get Bal ance

20 account1l setBal ance

21 account 2 get Bal ance

22 account 2 set Bal ance

The first two fragments of the trace show how new customeris maime Bill and George are
added to the bank. The third fragment then shows the tractupeal by executing the method

#transferAmount:from:to with the two newly created acdsun

5.4 Basic Logic Queries over the Event Trace

In this section we give an overview of the basic rules, how e applied in the context of the
bank example and how they can be composed in order to expregdex queries. The basic

rules are classified as follows:

e Event querying deals with accessing single events anddkieibutes

e Event pattern matching shows how to pattern match the everarbhy

e State related queries show how to access properties ofadtate arbitrary point of the

execution

e Combination of queries describes which of the queries caobwined or passed as higher

order queries to form complex expression

The documentation of a query starts with an informal desonpof its purpose. Then the imple-
mentation of the corresponding rule is given, followed byirdormal description of its seman-

tics. Finally a simple example in the context of the bank epi@shows the usage.
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5.4.1 Event Querying

This section introduces queries for querying single eventguerying sets of events by pattern
matching their attributes.

All Events

Intent
Query every event in the trace.

Implementation

event (?ev) if
nmenber (?ev, [DYNTestLog current trace nmessages]).

Semantics

Unifies a variable with every event in the trace. The mostntgeyenerated trace is access
through the singletoBDYNTestLog. The embedded Smalltalk expression returns an ordered col-
lection of event objects. The query member unifies a variaiileevery object in the collection.

Examples
To query every event in the trace we would write the follomingery. It unifies the variablee
with every event object from the trace.

event ( ?e)

Events that satisfy a predicate

Intent
Query the trace for events that satisfy a predicate. Pasptédicate a higher order query

Implementation
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event (?ev, ?q) if
event (?ev),
?Q.

Semantics

For every event the higher order predic&gpthat is passed as argument is evaluated. Every
event object that satisfies this predicated is then a soltwicthe query.

Examples

event (?e, selector(?e, [ #getBal ance]))

Query every event with the selectiégetBalance.

event (?e, [?e class == Account])

Query every event which is representing a message to the Alesount. In contrast to the
first example the query that is passed as argument is repeelsas a Smalltalk term and not
as a SOUL query. Applied to the example the variabéewould unify with the two events

representing new messages to class Account.

Event attribute matching

Intent
For each attribute provide a rule to compare an events atigrivith an expected value.

Implementation
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sel ector(?e, ?s)

receiver(?e, ?r)

sender (?e, ?s)

argunent s(?e, ?expect edAr gunent sLi st)

Semantics

Every rule takes an event as argument. This argument mayenat\ariable term, because
otherwise no Smalltalk message must be sent to it. The @tonvar(?e) tests therefore
whether the term ?e is not a variable. The comparison betav@emnrent and an expected event
attribute is performed by writing a Smalltalk expressioattgueries an attribute, and using it
together with an expected value as argument to the predecptals. Rules for event attribute
matching are typically used for querying events that matcértain predicate.

Examples

event (?e, receiver(?e, [Account]))

Every event with the class Account as receiver.

event (?e, and(selector(?e, [ #w thNanme:]), argunents(?e, < Ceorge’' >)))

The event with selectgtwithName: and argument§George’

Event containment

Intent
Test whether one event contains some other event in the #eent

Implementation
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event (?e, contains(event(?ec, ?q))) if
nonvar ( ?e),
nmenber (?ec, [?e all Recursivel yCont ai nedEvents]),

?Q.

Semantics
The evenf?e includes another evefec that satisfies a predica®g

Examples

event (?e, selector(?e, [#newCustomerWthNane:]),
event (?e, contains(?el, selector(?el, [#addAccount])))

For every event with selecto#newCustomerWithName find events with the selecto#ad-
dAccount in the example trace.

Event Tree Pattern Matching

Pattern matching queries deal with pattern matching ewrisake into account event inclusion.
By pattern matching we understand the process of locatingstsicture, the pattern, in a larger
structure, the target. Because the hierarchy of eventpresented as a tree, a form of tree
pattern matching is used to locate event patterns.

The requirement for having a tree pattern matcher emergestte fact that in object-oriented

systems the message structure is deeply nested becauseméraollaborations between ob-

jects. However, in order to test if an expected collaborapattern occurs, there is a need for
having a formalism that allows a specification of an expeptdtern and an algorithm to perform

a tree pattern matching.

Because the general tree pattern matching problem witahlas is NP-complete and would no
be usable for pattern matching an execution trace congisfiseveral thousand messages the
left order embedding algorithmescribed in [Kil92] is used. The leftorder embedding aiktpon
has a time complexity oD (mn) wherem is the number of pattern nodes amds the number of
tree nodes. Informally the leftorder embedding algoritrmdgithe first instance of the pattern if
the tree is traversed in postorder.

Intent
Specify a formalism to express a tree pattern on the ever# atnd match the event trace using
the leftorder tree pattern matching algorithm.

Implementation
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event (?ev, ?q, contains(?evlist)) if
creat ePNodeTr ee(event (?ev, ?q, contains(?evlist)), ?pNode),
patternMat chTr ee( ?pNode) .

The variable?ev is representing the root of the pattern tree and is unified antevent object if a
match occurs. The terfg is a higher order query that is called to match event atteutinally
the variableé?evlist denotes the list of child pattern nodes. The pd¢gternMatchTree(?pNode)
then executes the pattern matching algorithm.

Semantics

The termevent(?ev, ?q, contains(?evlist)) declares a pattern tree. The pattern tree is matched
with the event tree using the leftorder embedding algorithfna match occurs the variables in
the pattern term that are representing events are unifigdevént objects from the trace. The
comparison of nodes is performed by calling a query thatesigipd for each pattern node.

Examples
Test whether a customer with the name 'Bill’ is created tigtothe bank interface.

event (?e, sel ector(?e, #newCustomrmerWthNane),
cont ai ns(<event (?el, selector(?el, #w thNanme:),
cont ai ns(<?e2, sel ector AndArgument s(?e2, #name, <['Bill’']>)>

)>))

State Related Queries

Beside message passing, state changes in the states dé@rgother behavioral artifacts that
are important in testing. Some examples of state changéiseaestablishments and detachments
of links between object instances, the addition of an objjeat is passed as argument in the
recursive state of the receiver, incrementally buildingoanposite structure by creating new
objects and adding them in a structure. Furthermore stategds are the behavioral artifacts
that are most frequently targeted by unit testers, so tleetls enough justification to provide
some queries about state.

Intent
Recreate the original recursive state of the receiver tbjegn arbitrary point in the trace.

Implementation
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ressurect Recei ver Bef or eEvent (?e, ?receiver) if
st at eBef or eEvent (?e, ?s),
derei fyState(?s, ?receiver)
ressurect Recei ver Aft er Event (?e, ?receiver) if
st at eBef or eEvent (?e, ?s),
derei fyState(?s, ?receiver)

Semantics

The term ?e is an event object from the trace. For this eveneiteiver object with its recursive
state is reconstructed with the same objects as it was dtimgxecution and bound to the
variable ?receiver. There are two rules, one reconstrbetseceiver as it was before the event,
the second one as it was after the event. This rule can beaisedulate a unit test by identifying
an event that is representing a stimulus to a unit, recoctstiguithe state of the receiver before
and after the event and specifying a predicate that testectange.

Examples

Test whether a customer with a certain name is added to a bank.

event (?e, sel ector(?e, #newCustonerWthNane:)),

argunent (?e, [1], ?custoner Nane),

ressur ect Recei ver Bef or eEvent ( ?e, ?recei verBefore)
ressurect Recei ver Aft er Event (?e, ?receiverAfter)

equal s([fal se], [?receiverBefore hasCustonmer Wt hName: ?custonerNane)])
equal s([true], [?receiverBefore hasCustoner Wt hNanme: ?custoner Nane) ]

Object Inclusion

Intent
Test if an object is included in the recursive state of a r@gect.
Implementation

i ncl udesbj ect (?root Cbj ect, ?includedObject) if
[ DYNDeepCopy new exi sts: ?includedObj ect inRecursiveStateO: ?rootbject]
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Semantics
The query succeeds whenever the object bound to the vafladadieidedObject is found in the

recursive state of the object bound to the varidt@tObject.

Examples
Test if a customer create with a certain name is includedarbnk object afterwards.

eveat €@epr AndAr gunent s(?e, [#newCustoner WthName], <['Bill’']>),
cont ai ns(<event (?el, sel ector AndC ass(?el, [#new], [Custoner])>))
return(?el, ?newCustoner),
ressurect Recei ver Bef or eEvent (?e, ?bank),
i ncl udesj ect ( ?bank, ?newCust oner)

Links between Objects

Intent
Test if links between objects in the recursive state of a alpéct exist, are established or de-

tached by a single operation.

Implementation

exi st sLi nk( ?fronthj ect, ?toChject, ?rootChject) if
i ncl udesoj ect ( ?r oot Obj ect, ?fronDbject),
i ncl udesoj ect (?fronmbj ect, ?tohject)

det achesLi nk(?event, ?frontbject, ?toCbject) if
ressur ect Recei ver Bef or eEvent ( ?event, ?rl),
ressur ect Recei ver Aft er Event (?event, ?r2),
exi st sLi nk(?frombj ect, ?toCbject, ?rl),
not (exi st sLi nk( ?frontbj ect, ?toOhject, ?r2))

est abl i shesLi nk(?event, ?fromObject, ?toCbject) if
ressur ect Recei ver Bef or eEvent ( ?event, ?rl),
ressur ect Recei ver Aft er Event (?event, ?r2),
not (exi st sLi nk( ?frontbj ect, ?toQbject, ?rl)),
exi st sLi nk(?fronbj ect, ?toCbject, ?r2)

Semantics
The ruleexistsLink(?fromObject, ?toObject, ?rootObject) checks whether there is a reference
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path from the object bound ®fromObject to the object bound tB8toObject somewhere in the
recursive state of the object bound#motObject.

The querydetachesLink(?event, ?fromObject, ?toObject) finds a solution whenever there
exists a link betweefifromObject and ?toObject in the receiver before the event and this link
is no longer existent after the event.

The queryestablishesLink(?event, ?fromObject, ?toObject) finds a solution whenever there
is no link betweer?fromObject and ?toObject in the recursive state of the receiver before the
and there exists a link after the event.

Examples
Test if a link between a new customer and a new account islsttad.

event ( ?cr eat eCust omer, sel ect or AndAr gunent s( [ #newCust orrer Wt hNane: |,
<['Bill"]>),
cont ai ns(<event ( ?cust New, sel ect or AndC ass(?cust New, [#new]),
event (?accNew, sel ector Andd ass(?accNew, [#new], [Account])>)),
recei ver (?createCustomer, ?bank),
return(?cust New, ?newCustorner),
return(?accNew, ?newAccount),
est abl i shesLi nk( ?cr eat eCust oner, ?newCustoner, ?newAccount)



Chapter 6

Conclusion

6.1 Summary

In this thesis a new concept callgdce-based object-oriented testimgs developed. It is based
on creation of a trace by executing a program and test a bafaaproperty by specifying an ex-
pression over the trace. Trace-based object-orientaddesipports test for any kind of program
behavior that can be found in object-oriented programs. Betevior of single operations can
be tested by identifying them in a trace and validating pmstidions. More complex behavior
can be tested by specifying a predicate over a set of events.

Trace-based object-oriented testing was applied to difietypes of behaviors that frequently
occur in object-oriented systems such as scenarios andsdibar pattern. A small case study of
the MOOSE importer component showed the usability for a derngxample.

A prototype tool TESTLOG has been developed to serve as amsinficture to support trace-
based testing. It is based on the logic meta language SOUlegtends the prolog language
with facilities to unify logic variables with objects and bed Smalltalk expressions in the logic
code. The general purpose rules can be classified in suchrinhatsed for event querying, and
such that deal with accessing object states and such thasart® specify a pattern matching
expression over an event tree.

6.2 Further Work

6.2.1 Test Libraries

The current implementation supports a base infrastruébuteace-based object-oriented testing.
However testing is often concerned with complex domain isipdmehavior or similar behavior
that frequently can be found in different programs, suchedmbior of design patterns. A tester
could therefore profit from a repository with a set of rulestttean be parametrized and composed
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according to his needs.



Appendix A

Logic Code For Tree Pattern Matcher

This appendix shows the logic code of the left embeddingdagern matching algorithm [Kil92]
implemented in SOUL.

A.1 Event Tree Pattern Matcher

event (?ev, ?q, contai ns(?evlist)) if
creat ePNodeTr ee(event ( ?ev, ?q, contai ns(?evlist)), ?pNode),
patterniat chTr ee( ?pNode)

patternMatchTree(?root) if
get Pat t er nMat cher ( ?pat t er nMat cher),
enunPNodes( ?r oot , [ 0] , ?nunPNodes) ,
[ ?patt er nMat cher setup: ?nunPNodes. true],
mat chTr ee( ?root),
hasResul t,
eval Resul t For PTr ee( ?r oot)

mat chTr ee( ?pNode) if
chi | dren( ?pNode, ?chi | dren),
mat chChi | dNodes( ?chi | dren),
col | ect Post Order Nunber Li st (?chi | dr en, ?nunber Li st),
do( mat chTr eeNodesFor PNode( ?pNode, ?nunber Li st)),
get Pat t er nMat cher ( ?pat t er nMat cher),
get Post Or der Nunmber ( ?pNode, ?V),
[ ?pat t er nMat cher hasMat chFor Node: ?V]

mat chTr eeNodesFor PNode( pNode( quer y( ?current Node, ?nmat chPr edi cat e) ,
pNum( ?V, ?x),
chil dren(?children)),
?cPost order Nunbers) if
get Pat t er nMat cher ( ?pat t er nMat cher),
equal s(?N, [ ?patt er nvat cher nunber Of Nodes] ),
menber ( ?t r eeNode, [ ?pat t er nMat cher forest NodeList]),

59
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equal s(?current Node, [ ?t reeNode nessage]),
equal s(?W [ ?t reeNode post Order Nunber]),
?mat chPredi cat e,
[1i pkal _
p: = (?patternMatcher m nDesc: ?treeNode N. ?N).
i:=0.
k: = (?cPost order Nunbers si ze).
i <k) and: [p < ?W] whileTrue:]|
p: = ?patternhMatcher result row (?cPostorderNunbers at: (i+1)) col:p.
(?patterniMatcher is: p descendentOf: ?treeNode) ifTrue: [i:=i+1].

1.
(i= k) ifTrue:]|
g: = ?patternMatcher result matchVal ueAt: ?V.
[?patternMatcher is: q leftRelativeOr: ?treeNode] whileTrue:[
?patternMatcher result row ?V col:q val ue: ?W
g:= q+1.].
?patternhat cher result matchVal ueAt: ?V put: q.
]. true

[faise]
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