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Abstract

Increasingly, modern-day software systemsare being built by combining externally-developed software
components with application-speci�c code. For such systems, existing program-analysis-basedsoftware-
engineering techniques may not directly apply, due to lack of information about components. To address
this problem, the useof component metadata hasbeenproposed. Component metadata are metadata and
metamethods provided with components, that retrieve or calculate information about those components.
In particular, two component-metadata-based approaches for regressiontest selection are described: one
using code-based component metadata and the other using speci�cation-based component metadata.
The results of empirical studies that illustrate the potential of these techniques to provide savings in
re-testing e�ort are provided.

Keyw ords: component-based software, component metadata, regressiontesting, regressiontest selection

� Based on \Using component metacontents to support the regression testing of component-based software" by A. Orso, M. J.
Harrold, D. Rosenblum, G. Rothermel, M. L. So�a, and H. Do, which appeared in Pro ceedings of the International Conference
on Software Main tenance, Florence, Italy , November, 2001, pages 716-725 [1]. Copyrigh t 2001 ACM.
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1 In tro duction

Component-based software technologiesare increasingly viewed as essential for managing the growing com-
plexity of software systems[2, 3]. Using component-based technologies,software engineersbuild systemsby
integrating independently developed software components with application-speci�c code.

Component-based engineering provides many advantages [3], but it may also complicate software en-
gineering tasks. For example, the use of components complicates system evolution [4] and threatens the
abilit y to validate software [5, 6]. In part, theseproblems arise becauseapplication developers lack informa-
tion about the components they utilize. Component developers are often reluctant to provide sourcecode
for components due to intellectual property issues. Without sourcecode, many types of information that
could be used to validate and maintain software, such as dependenceinformation, cannot be calculated.
Furthermore, even if source code is available, computing some kinds of information may require complex
analysesor analysistools not available to component users. Finally, sometypesof information that engineers
might wish to use,such as speci�cations, cannot easily be derived from sourcecode alone.

This article investigatesan alternativ e method for supporting software-engineeringtasks on component-
based applications, based on the concept of component metadata. Component metadata can be either
metadata about components, or metamethods, associated with those components, that retrieve or calculate
metadata. In general,metadata consist of various forms of static data, such asdata or control dependencies,
abstract representations of sourcecode, or complexity metrics, and metamethods compute or retrieve such
information, as well as collect dynamic information such as execution traces or assertionsabout security
properties. As such, component metadata can conceivably support a wide range of software-engineering
tools and tasks that depend on such data.

This article exploresthe application of component metadata to one particular testing and maintenance
problem: the problem of regressiontesting an application that usescomponents after thosecomponents have
beenmodi�ed (modi�cations include both code changesand interface changesin components). As software
is maintained, software engineersregressiontest it to validate new features and detect whether corrections
and new features have intro duced new faults into previously tested code. Such regressiontesting plays an
integral role in maintaining the quality of subsequent releasesof software, but it is alsoexpensive, accounting
for a large proportion of the costs of maintenance [7, 8]. For this reason,many researchers have addressed
regressiontesting problemsand proposedvarious techniquesfor improving the cost-e�ectivenessof regression
testing (e.g., [9, 10, 11, 12, 13, 7, 8, 14, 15, 16]). Little of this work, however, has addressedthe growing
needto provide methods for regressiontesting component-based software.

One particular regressiontesting technique, regression test selection [8, 17], involvesselecting tests from
an existing test suite for use in revalidating a modi�ed version of a software system. This technique is the
focus here, as framed by the following research question:

Given an application A that usesa set of externally-developed components C, and has been
tested with a test suite T , and given a new version of this set of components C0, is it possible
to exploit component metadata to select a test suite T 0 � T that can reveal possibleregression
faults in A due to changesin C0 and that doesnot excludetest casesimpacted by such changes?

In practice, the many di�eren t businessand engineering models under which components are devel-
oped, distributed, and employed causecomponent-based systems to be built from components provided
with varying forms of information, ranging from sourcecode to byte code to various forms of speci�cations
retrievable through various means, such as documentation or re
ection (a mechanism that allows for in-
specting a component's structure and interface at run-time). Furthermore, in practice, di�eren t types of
testing techniques have di�eren t, and often complementary, strengths and weaknesses.No single technique
will be most appropriate in all situations. Thus, two di�eren t types of component-metadata-based tech-
niques for performing regressiontest selectionon component-based software are investigated, that di�er in
terms of the typesof information they utilize. The �rst type of technique involvescode-basedregressiontest
selection, basedon statement-level, method-level, and component-level regressiontest selection algorithms

2



[18, 11, 12, 14, 19, 20]. The secondtype of technique involvesspeci�cation-based regressiontest selection,
basedon a statechart diagram representation of components [21, 22, 23].

The next section of this article provides further background information and motivation relevant to the
study of component metadata. Section 3 presents a generalframework for supporting the useof component
metadata. Sections4 and 5 describe speci�c component-metadata-basedregressiontest selectiontechniques,
together with empirical results investigating their application. Finally, Section 6 concludesand discusses
future work.

2 Background and Motiv ation

2.1 Related Work on Comp onent Metadata

The notion of providing information with components is not new. Existing component standards and envi-
ronments, including DCOM [24], Enterprise JavaBeans[25], and .NET Common LanguageRuntime (CLR)
[26] already supply someinformation through data packagedwith components and through re
ection. (Re-

e ction, also called intr ospection, lets usersgather information about a component's structure and interface
at run-time, and use that information to interact with the component [27].) The information supplied so
far, however, is typically restricted to usesin compile-time and run-time type-checking (e.g., the name of
the component's class,the namesof its functions, or the typesof the functions' parameters), or design-time
customization (e.g., the shape or color of a graphical user interface component, or the maximum sizeof the
internal bu�er of a data storagecomponent).

Researchers have proposed extending these usesof metadata and re
ection for certain speci�c tasks
[28, 29, 30, 31, 32]. However, the varieties of information currently consideredaddressonly a limited range
of software-engineeringproblems, such as providing deployment descriptions of components [28], enhancing
self-documentation [32], providing information about a component's testing history [29], and identifying
components' misuses[30]. None of this previous work has focusedon software engineeringproblems cur-
rently addressed,for procedural-languageprograms, by program-analysis-basedtools and techniques,which
typically require information on sourcecode. Moreover, noneof theseexisting approacheshave explored the
possibility of dynamically building metadata at runtime.

2.2 On the Poten tial Uses of Comp onent Metadata

An examination of the usesof metadata to support program-analysis-basedsoftware-engineeringtasks, in-
cluding metadata dynamically constructed at runtime, might provide opportunities for aiding those tasks.
Earlier work by the authors of this article in the area of component metadata [1, 33] has suggestedseveral
speci�c ways in which component metadata could be used. This article focusseson the problem of using
metadata to regressiontest evolving component-basedsystems,and on regressiontest selectionin particular.

A generalquestionrelating to component metadata is whether it is realistic to expect component providers
to provide metadata with their components. Certainly, the provision of extra data and methods with com-
ponents would require additional e�ort on the part of component developers, including potential changes
to development processes.There are reasons,however, for believing that component-metadata-based ap-
proachescould eventually be adopted in practice.

For example, the requirement that particular data and information be provided with software to aid
in its validation is standard practice for high-integrit y aviation system software, and companiessupplying
that software comply with this requirement in order to obtain contracts. Further, if it were demonstrated
empirically that provision of component metadata could signi�can tly enhancethe quality of applications
built from components, component developers might be motivated to provide such metadata as an optional
value-addedfeature for which they could chargea fee,thus enhancingthe value of their components. Finally,
for many types of component metadata, calculation and provision of relevant metadata and metamethods
can be automated, facilitating inclusion of metadata in new components, and easingretro�tting of metadata
into existing components.
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The applications of component-metadata-based engineeringtechniques are not limited only to casesin
which components are provided to an \external" world; they also apply to casesin which components
are sharedwithin an organization. For example,software test engineerscould create test-related component
metadata to facilitate their organizations' testing e�orts, just asthey currently createtest plans, drivers,and
stubs. Eventually , the availabilit y of quality-enhancing mechanisms could changebusinessand engineering
practices, just as, in the past, adoption of new languageparadigms has changeddevelopment practices.

Beforeany of thesepotential bene�ts canberealized,however, it must bedeterminedwhether component-
metadata-basedengineeringprocessescould, if employed, support e�ectiv e engineeringtechniques,and this
is the goal of the research detailed in this article.

2.3 Regression Testing and Regression Test Selection

This section brie
y describesthe regressiontesting and regressiontest selectionactivities that are the focus
in this article; a more substantiv e description is presented in Reference[17].

Let P be a program, let P 0 be a modi�ed version of P, and let T be a test suite developed for P.
Regressiontesting attempts to validate P 0. To facilitate regressiontesting, test engineerstypically attempt
to re-useT to the extent possible. However, rerunning all the test casesin T can be expensive, and when
only small portions of P have beenmodi�ed, may involve unnecessarywork.

Regression test selection (RTS) techniques attempt to reduce unnecessaryregressiontesting, increasing
the e�ciency of revalidation. RTS techniques (e.g., [9, 10, 11, 34, 12, 35, 14, 36, 16, 20]) use information
about P, P 0, and T to selecta subsetof T with which to test P 0. Most of thesetechniquesare code-based,
using information about code changesto guide the test selectionprocess.A few techniques[10, 16], however,
are speci�cation-based, relying on someform of speci�cations instead of code. (Reference[17] surveys RTS
techniques.) Empirical studies [11, 37, 19, 38] have shown that thesetechniquescan be cost-e�ective.

One important facet of RTS techniques involves safety. Safe RTS techniques (e.g., [11, 12, 14, 36])
guarantee that, given that certain preconditions are met, test casesnot selectedcould not have exposed
faults in P 0 [17]. Informally , thesepreconditions require that: (1) the test casesin T are expectedto produce
the sameoutputs on P 0 asthey did on P; i.e., the speci�cations for thesetest caseshave not changed;and (2)
test casescan be executeddeterministically, holding all factors that might in
uence test behavior constant
with respect to their states when P was tested with T . This notion of safety is de�ned formally, and these
preconditions are expressedmore precisely, in Reference[17].

Two other facets of RTS techniques involve precision and e�ciency . Precision concernsthe extent to
which techniques correctly deducethat speci�c test casesneednot be re-executed. E�ciency concernsthe
cost of collecting the data necessaryto executean RTS technique, and the cost of executing that technique.
RTS techniquesthat operateat di�eren t levelsof granularit y | for example,analyzing codeand test coverage
at the level of functions rather than statements | exploit tradeo�s between precision and e�ciency , and
their relative cost-bene�ts vary with characteristics of programs, modi�cations, and test suites [18].

Finally, note that in regressiontesting, in general, simply reusing existing test casesis not su�cien t;
new test casesmay also be required to test new functionalit y. There are also many other regressiontesting
problemsthat have beenaddressedin the research literature (seeReferences[8, 17]). Many of theseproblems
could also conceivably be addressedthrough the use of component metadata. In this paper, however,
attention is restricted to regressiontest selection.

3 Comp onent Metadata

Component metadata consistsof metadata and metamethods; metadataare information about components
and metamethods are methods, associated with components, that can compute or retrieve metadata.

Component metadata can provide a wide range of static and dynamic information about a component,
such ascoverageinformation, built-in test cases,abstract representations of sourcecode, or assertionsabout
security properties. Thus, di�eren t typesof component metadata and di�eren t protocols for accessingthem
can be envisioned. A distinction is made between a priori and on-demand metadata. In the �rst case,a
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1. Get the list of typesof pro�ling metadata provided by component c:
List lo = c.getMetadata(``analysis/dynam ic/p rofil ing' ')

2. Check whether lo contains the metadata needed(e.g., \analysis/dynamic/pro�ling/metho d");
3. Get information on how to gather pro�ling data:

MetadataUsage ou = c.getMetadataUsage(``analysis/ dynamic/ profi ling /method'' )
4. Based on information in ou, gather the pro�ling data by �rst enabling built-in coveragefacilities:

c.enableMetadata(``analysis/dyn amic/prof ilin g/method' ')
5. The built-in pro�ling facilities provided with c are now enabled, execute the application that usesc.
6. Disable the built-in coverage facilities:

c.disableMetadata(``analysis/dy namic/pro fili ng/method '')
7. Get the pro�ling data:

Metadata md = getMetaData(``analysis/dynamic /prof ilin g/method' ')

Figure 1: Stepsfor gathering method pro�ling metadata.

priori metadata provide information about a component that can be computed beforehand and attached
to the component (e.g., a component's version number). In the secondcase,On-demand metadata provide
information that either (1) can be gathered only by execution or analysis of the component in the context
of the application (e.g., the execution pro�le of the component in the component-user's environment), or (2)
are too expensive to compute exhaustively a priori (e.g., metadata for impact analysis that provide forward
sliceson all program points in a component).

Likemetadata, metamethodsarehighly dependent on the characteristicsof the data involved. Metameth-
ods for a priori metadata are in general simple, returning static metadata. Metamethods for on-demand
metadata, in contrast, usually involve an interaction protocol betweenthe component user (which could be
another component, a tool, or a human being) and the component. Consider, for example, metadata by
which self-checking code obtains a log of assertion violations during an execution. In this case, the user
may have to invoke a metamethod for enabling assertionchecking and logging, a metamethod for disabling
assertionchecking and logging, and a metamethod for retrieving log information.

In the metadata framework that underlies this work [33], each component provides, in addition to speci�c
metamethods, two genericmetamethods that let the user gather information about the metadata available
for the component: getMetadata and getMetadataUsage. Method getMetadata providesa list of metadata
available for the component, and getMetadataUsage provides information on how to gather a given type of
metadata. To illustrate, Figure 1 shows a possibleinteraction with a component to obtain method pro�ling
information.

This example assumesthe existence of some hierarchical scheme for naming and accessingavailable
metamethods, as described in Reference[33]. Obviously, many methods for identifying and retrieving infor-
mation about metadata may be available, and the mechanism shown here is just onepossiblealternativ e. In
the remainder of this article it is assumedthat a mechanism such as this is available, and this mechanism is
usedto describe metadata-basedtechniques.

4 Comp onent-Metadata-Based Regression Test Selection

This section shows how metadata can be used to support regressiontest selection for component-based
software. The section �rst presents an example used to illustrate the approach, and then presents the
approach itself.

4.1 Example

The example represents a case in which application A usesa component C. (The approaches presented
also handle the casein which an application usesmultiple components, but this single-component example
simpli�es the presentation.) The application models a vending machine. A user can insert coins into the
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VendingMachine Dispenser

Figure 2: Component diagram for VendingMachine and Dispenser .

machine, ask the machine to cancel the transaction, which results in the machine returning all the coins
inserted and not consumed,or ask the machine to vend an item. If an item is not available, a user's credit
is insu�cien t, or a selection is invalid, the machine prints an error messageand doesnot dispensethe item,
but instead returns any accumulated coins.

Becausethe techniques presented involve code-basedand speci�cation-based testing techniques, both
an implementation and a possible speci�cation for the example are provided, expressingthe latter using
component diagrams and statechart diagrams in UML (Uni�ed Modeling Language[21]) notation.

Figure 2 showsa component diagram that represents application VendingMachine, component Dispenser ,
and their interactions. Dispenser provides an interface that is usedby VendingMachine. VendingMachine
uses the servicesprovided by Dispenser to manage credits inserted into the vending machine, validate
selections,and check for availabilit y of requesteditems.

Figure 3 shows a statechart speci�cation of VendingMachine. The machine has �v e states (NoCoins,
SingleCoin , MultipleCoins , ReadyToDispense, and Dispensing ), accepts �v e events (insert , cancel ,
vend, nok, and ok), and producesthree actions (setCredit , dispense , and returnCoins ). If the machine
receives an insert event while in state NoCoins, it reaches state SingleCoin , from which an additional
insert event takesit to state MultipleCoins ; if the machine receivesa vend or cancel event while in state
NoCoins, it remains in that state. In states SingleCoin and MultipleCoins , a vend event triggers action
setCredit (with di�eren t parameters in the two cases:1 and 2::max, respectively) and brings the machine
to state ReadyToDispense. (The notation 2::max is used to indicate that the value of the parameter can
vary between 2 and someprede�ned maximum.) In state ReadyToDispense, the machine producesaction
dispense and enters state Dispensing , from which it returns to state NoCoins when it receivesa nok or ok
event; in both cases,any remaining coins are returned through a returnCoins event.

Figure 4 showsa statechart speci�cation of Dispenser . The machine hasthree states(Empty, Insufficient ,
and Enabled), acceptstwo events (setCredit and dispense ), and producestwo actions (nok and ok). In
state Empty, the machine acceptsevent setCredit and stays in state Empty, reachesstate Insufficient , or
reachesstate Enabled basedon the value of the credit, as speci�ed by the guards in the �gure. In all three
states, the machine acceptsevent dispense . Event dispense triggers a nok or ok action depending on the
availabilit y of the requesteditem.

Figure 5 shows a Java implementation of VendingMachine. Methods insert and cancel increment and
reset the counter of inserted coins. Method vend calls Dispenser.setCred it and Dispenser.dispens e. If
the value returned by Dispenser.dispe nse is greater than 0 (which meansthat the selection is valid, the
item is available, and the credit is su�cien t), the item is dispensedand the change,if any, is returned to the
user; otherwise, an error messageis displayed and credit is reset to 0.

Figure 6 shows a Java implementation of Dispenser . The code contains an error: after a successfulcall
to Dispense.dispens e (i.e., a call resulting in the dispensingof the requesteditem), the value returned to
the caller is the actual cost of the item (COST), rather than the number of coins consumed(COSTdivided
by COINVALUE). As a result, VendingMachine fails in computing the change to be returned. For exam-
ple, the sequenceof calls: v.insert() ; v.insert() ; v.insert() ; v.vend(4) , where v is an instance of
VendingMachine, causesitem 4 to be dispensed,but the one-coinchangeis not returned to the user.

This exampleis presented solely to illustrate the techniques. Thus, in both the code and the speci�cation,
unnecessarydetails are omitted, and only the parts of the code or speci�cations that are involved in the
interactions betweenthe application and the component are shown. For example, the set of available items
is hard-coded in the Dispenser component and no method is provided for updating it.

To completethe example,Table 1 showsa test suite for VendingMachine, createdto cover usagescenarios
of VendingMachine basedon knowledge of its behavior. Each test casein this test suite is a sequenceof
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Figure 3: Statechart speci�cation of VendingMachine.

Figure 4: Statechart speci�cation of Dispenser .

7



1. public class VendingMachine {
2. private int coins;
3. private Dispenser d;

4. public VendingMachine() {
5. coins = 0;
6. d = new Dispenser();
7. }
8. public void insert() {
9. coins++;

10. System.out.println("Inserted coins = "+coins );
11. }
12. public void cancel() {
13. if( coins > 0 ) {
14. System.out.println("Take your change" );
15. }
16. coins = 0;
17. }
18. public void vend( int item ) {
19. if( coins == 0 ) {
20. System.out.println("Insuffic ient credit");
21. return;
22. }
23. d.setCredit(coins);
24. int result = d.dispense( item );
25. if( result > 0 ) { \\ event OK
26. System.out.println("Take your item" );
27. coins -= result; System.out.println("Take your change");
28. }
29. else switch( result ) { \\ event NOK
30. case -1: System.out.println("Invalid selection "+item);
31. break;
32. case -2: System.out.println("Item "+item+" unavailable");
33. break;
34. case -3: System.out.println("Insuffic ient credit");
35. break;
36. }
37. cancel();
38. }
39. } // class VendingMachine

Figure 5: Application VendingMachine.
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40. class Dispenser {
41. final private int COINVALUE= 25;
42. final private int COST= 50;
43. final private int MAXSEL= 4;
44. private int credit;
45. private int itemsInStock[] = {2, 0, 0, 5, 4};
46. public Dispenser() {
47. credit = 0;
48. }
49. public void setCredit(int nOfCoins) {
50. if( credit != 0 )
51. System.out.println("Credit already set");
52. else
53. credit = nOfCoins * COINVALUE;
54. }
55. public int dispense( int selection ) {
56. int val = 0;
57. if ( selection > MAXSEL)
58. val = -1; // Invalid selection
59. else if ( itemsInStock[selection] < 1 )
60. val = -2; // Selection unavailble
61. else if ( credit < COST)
62. val = -3; // Insufficient credit
63. else {
64. val = COST;
65. itemsInStock[selection]--;
66. }
67. credit = 0;
68. return val;
69. }
70. } // class Dispenser

Figure 6: Component Dispenser .
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Table 1: A Test Suite for VendingMachine.

TC# Test Case Result

Parameter to vend: 3 (valid selection, available item)
1 cancel Passed
2 vend Passed
3 insert, cancel Passed
4 insert, vend Passed
5 insert, insert, vend Passed
6 insert, insert, insert, vend Failed
7 insert, insert, cancel, vend Passed
8 insert, cancel, insert, vend Passed
9 insert, cancel, insert, insert, vend Passed
10 insert, insert, cancel, insert, vend Passed
11 insert, insert, vend, insert, insert, vend Passed
12 insert, insert, insert, insert, vend, vend Failed
13 insert, insert, vend, vend Passed
14 insert, vend, insert, vend Passed
Parameter to vend: 2 (valid selection, unavailable item)
15 insert, vend Passed
16 insert, insert, vend Passed
17 insert, cancel, insert, vend Passed
18 insert, insert, insert, vend Passed
19 insert, cancel, insert, insert, vend Passed
Parameter to vend: 35 (invalid selection)
20 insert, vend Passed
21 insert, insert, vend Passed
22 insert, cancel, insert, vend Passed
23 insert, insert, insert, vend Passed
24 insert, cancel, insert, insert, vend Passed

method calls. For brevity, initial calls to the constructor of class VendingMachine, which is implicitly
invoked when the class is instantiated, are omitted. The test casesare grouped into three sets (1{14, 15{
19, 20{24) based on the value of parameter selection that is passedto method VendingMachine.v end.
The table indicates whether each test casepassesor fails. Test cases6 and 12 fail due to the error in
Dispenser.dispen se.

4.2 Code-Based RTS Using Comp onent-Metadata

The �rst type of approach to be presented involves code-basedRTS techniques. This section begins by
describing traditional code-basedRTS techniques, and then presents corresponding techniques that utilize
metadata.

4.2.1 Co de-based Regression Test Selection

Code-basedRTS techniques select test casesfrom an existing test suite basedon a coveragegoal expressed
in terms of somemeasurablecharacteristic of the code. There are many such characteristics that can be
considered,including statements, branches,paths, methods, and classes.

In particular, for techniques that use branch-coverage information, the program under test is instru-
mented such that, when it executes,it recordswhich branches(i.e., method entries and outcomesof decision
statements) are traversedby each test casein the test suite. Given coverageof branches, coverageof all
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Table 2: Branchesfor VendingMachine and Dispenser .

VendingMac hine Disp enser

Metho d En tries (4,5), (8,9), (12,13), (18,19) (46,47), (49,50), (55,56)
(13,14), (13,16), (19,20), (19,23) (50,51), (50,53), (57,58)

Branc hes (25,26), (25,29), (29,30), (29,32) (57,59), (59,60), (59,61)
(29,34), (29,37) (61,62), (61,64)

other edges(i.e., transitions betweenindividual statements)1 in the program can be inferred. For example,
coverageof edge(26,27) in VendingMachine (Figure 5) is implied by coverageof branch (25,26). For the
exampleapplication and component, the branchesare shown in Table 2.

Supposethe developer of VendingMachine runs the test suite shown in Table 1 on that system,with the
faulty version of Dispenser incorporated. In this case,test cases6 and 12 fail. Suppose the component
user communicates this failure to the component developer, who �xes the fault by changing statement 64 to
\ val = COST/ COINVALUE;", and releasesa new version Dispenser 0 of the component.

When the component user integratesDispenser 0 into VendingMachine, it is important to regressiontest
the resulting application. For e�ciency , the component user could choose to rerun only those test cases
that exercisecode modi�ed in changing Dispenser to Dispenser 0. However, without information about the
modi�cations to Dispenser and how they relate to the test suite, the component user is forced to run all
test casesthat exercisethe component (20 of the 24 test cases{ all except test cases1, 2, 3, and 7).

Code-basedRTS techniques (e.g., [11, 12, 14, 19, 20]) construct a representation, such as a control-
o w
graph, call graph, or class-hierarchy graph, for a program P, and record the coverageachieved by the original
test suite T with respect to entities (i.e., nodes,branches,or edges)in that representation. When a modi�ed
version P 0 of P becomesavailable, these techniques construct the sametype of representation for P 0 that
they constructed for P. The algorithms then compare the representations for P and P 0 to select test cases
from T for usein testing P 0. The selectionis basedon di�erences betweensuch representations with respect
to the entities consideredand on information about which test casescover the modi�ed entities.

Consider the Deja vu approach [14], which utilizes control-
o w graph representations of the original and
modi�ed versions of the program, treating edgesin the graph as entities. To select test cases,Deja vu
performs a synchronous traversal of the control-
o w graph (CFG) for P and the control-
o w graph (CFG0)
for P 0, and identi�es a�e cted edges, that is, edgesthat lead to statements that have been added, deleted,
or modi�ed from CFG to CFG0. Then, the algorithm usesthese a�ected edgesto infer a set of dangerous
branches. Dangerous branches are branches that control the execution of a�ected edges(i.e., branches
that, if executed, may lead to the execution of a�ected edges). For example, if edge (20,21) in Figure 5
were identi�ed as an a�ected edge, edge (19,20) would be the corresponding dangerousbranch. Finally,
the algorithm selectsthe test casesin T that cover dangerousbranches in P as test casesto be rerun on
P0. Following the terminology of Section 2.3, Deja vu is a safe RTS technique. Becausecode-basedRTS
techniquesconsideronly changesin code, if there are no such changes,the technique selectsno test cases.

When applied to systemsbuilt from components for which code is not available, Deja vu makes con-
servative approximations. For example, to perform RTS on VendingMachine when Dispenser is changed
to Dispenser 0, Deja vu constructs control-
o w graphs CFG0 for methods in VendingMachine0. However,
becausethe code for Dispenser is unavailable to the developer of VendingMachine, Deja vu cannot con-
struct control-
o w graphs for the methods in Dispenser . Therefore, Deja vu can select test casesbased
on the analysisof CFG and CFG0 for VendingMachine only by conservatively consideringeach branch that
leadsto a call to component Dispenser as dangerous.In this case,when Deja vu performs its synchronous
traversalof CFG and CFG0, it identi�es branch (19,23) asdangerousbecauseit leadsto a call to component

1Technically , edge coverage measures coverage of edgesin a program's control-
o w graph, hence the use of the term \edge."
To simplify the discussion, edgesare referred to as if they were in the program, implicitly assuming the mapping of edgesfrom
the 
o w graph to the code.
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Dispenser , and selectsall test casesthat exercisethis branch { test cases4{6 and 8{24. (This result is
identical to the result, discussedabove, in which the component user selectsall test casesthat exercisethe
component. In this context, in fact, Deja vu is an automated approach to identifying that set of test cases.)

4.2.2 A Comp onent-Metadata-Based Approac h

To achieve more precise regressiontest selection results in situations such as the foregoing, component
metadata can be used. To do this, three typesof information are required for each component:

1. coverageof the component achieved by the test suite for the application, when the component is tested
within the application;

2. the component version;

3. information on the dangerousbranches in the component, given the previous and the current version
of the component.

The component developer can provide the last two forms of information with the component, retrievable
through metamethods. In particular, they can compute the set of dangerousbranches using the Deja vu
approach discussedabove and provide this set as a priori metadata in Dispenser 0. Coverageinformation,
however, can be provided only as on-demand metadata; it must be collected by the application developer
while testing the application. Therefore, the component developer must provide built-in instrumentation
facilities with the component, as metamethods packagedwith the component. For example, the component
canbe equippedwith an instrumented and an uninstrumented versionof each method; a test at the beginning
of each method would decidewhich version to execute(similar to the approach presented in Reference[39]).

Given the foregoing metadata and metamethods, when the component user acquires and wishes to re-
gressiontest Dispenser 0, they begin by constructing a coveragetable for Dispenser , as follows:

1. verify that coveragemetadata are available for Dispenser

2. enablethe built-in instrumentation facilities in Dispenser

3. for each test caset in T

(a) run t and gather coverageinformation

(b) usecoverageinformation for t to incrementally populate the coveragetable

4. disable the built-in coveragefacilities in Dispenser

(In casesin which more than one component is involved, the sameprocesswould be applied simultaneously
for all components of concern.) Table 3 shows the coverageinformation that would be computed by this
approach for component Dispenser and the test suite in Table 1.

Given this coverage information, the component user invokes a metadata-aware version of Deja vu ,
Deja vu M B , on their application. Deja vu M B proceedsas follows:

1. on methods contained in the user'sapplication, for which sourcecode is available, Deja vu M B performs
its usual actions, previously described

2. on methods contained in Dispenser 0 Deja vu M B performs the following actions:

(a) retrieve Dispenser 0's version number

(b) usethis information to query Dispenser 0about the dangerousbrancheswith respect to Dispenser

(c) select the test casesassociated with dangerousbranches,referencingthe coveragetable.

In the example,di�erences betweenDispenser and Dispenser 0causebranch (61,64) to bethe only dangerous
branch reported. This branch is exercisedby test cases5, 6, 9, 11, 12, 13, and 14, so theseseven test cases
are selectedfor re-execution { many fewer test casesthan would be required without component metadata.
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Table 3: Edge Coveragefor ComponentDispenser .

TC# Branches Covered

1 none
2 none
3 none
4 (49,50) (50,53) (55,56) (57,59) (59,61) (61,62)
5 (49,50) (50,53) (55,56) (57,59) (59,61) (61,64)
6 (49,50) (50,53) (55,56) (57,59) (59,61) (61,64)
7 none
8 (49,50) (50,53) (55,56) (57,59) (59,61) (61,62)
9 (49,50) (50,53) (55,56) (57,59) (59,61) (61,64)

10 (49,50) (50,53) (55,56) (57,59) (59,61) (61,62)
11 (49,50) (50,53) (55,56) (57,59) (59,61) (61,62) (61,64)
12 (49,50) (50,53) (55,56) (57,59) (59,61) (61,62) (61,64)
13 (49,50) (50,53) (55,56) (57,59) (59,61) (61,62) (61,64)
14 (49,50) (50,53) (55,56) (57,59) (59,61) (61,62) (61,64)
15 (49,50) (50,53) (55,56) (57,59) (59,60)
16 (49,50) (50,53) (55,56) (57,59) (59,60)
17 (49,50) (50,53) (55,56) (57,59) (59,60)
18 (49,50) (50,53) (55,56) (57,59) (59,60)
19 (49,50) (50,53) (55,56) (57,59) (59,60)
20 (49,50) (50,53) (55,56) (57,58)
21 (49,50) (50,53) (55,56) (57,58)
22 (49,50) (50,53) (55,56) (57,58)
23 (49,50) (50,53) (55,56) (57,58)
24 (49,50) (50,53) (55,56) (57,58)
25 (49,50) (50,53) (55,56) (57,58)

4.3 Empirical Study of Code-Based Regression Test Selection

For component-metadata-based approaches to regressiontest selection to be useful, they must be able to
reduce testing costs. RTS algorithms have shown potential for reducing testing costs in prior empirical
studies [11, 37, 35, 19, 38]; however, thesestudies have not involved component-basedsoftware systems,and
it is not appropriate to conclude that their results will generalizeto such systems. Moreover, the tradeo�s
that exist among di�eren t types of metadata should be investigated for such systems. Thus, an empirical
study was performed examining the results of applying several di�eren t code-basedRTS techniques to a
non-trivial component-based system. The remainder of this section describesthe study designand results.

4.3.1 Indep enden t Variable

The independent variable in this study is the particular code-basedRTS technique utilized. In the following,
let A be an application that usesa set of externally-developed components C, and that hasbeentested with
a test suite T . Let C0 be a new version of set of components C. Basedon the discussionin Section 4.2, four
safeRTS techniquesare considered:

� No comp onent metadata. The developer of A knows only that oneor more of the components in C
have beenmodi�ed, but not which ones. Therefore, to selectively retest A safely, the developer must
rerun any test casein T that exercisescode in one or more of the components in C. This is referred
to as the NO-MET A technique.

� Comp onent-lev el RTS. The developer of A possessescomponent metadata provided by the developer
of C, supporting selectionof test casesthat exercisecomponentschangedin producing C0 from C. This
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is referred to as the META-C technique.

� Metho d-lev el RTS. The developer of A possessescomponent metadata provided by the developer of
C, supporting selection of test casesthat exercisemethods changed in producing C0 from C. This is
referred to as the META-M technique.

� Statemen t-lev el RTS. The developer of A possessescomponent metadata provided by the developer
of C, supporting selectionof test casesthat exercisestatementschangedin producing C0 from C. This
is referred to as the META-S technique.

The NO-MET A technique doesnot usecomponent metadata and servesas a control technique. The other
three techniquesdo usemetadata, and rely on di�eren t levelsof information about changesbetweenversions
of components: component-level, method-level, or statement-level. These three techniques are referred to
collectively as META techniques. By observing the application of these techniques it is possibleto investi-
gate the e�ectiv enessof component-metadata-basedtechniquesgenerally, along with the further question of
whether the level of information about changesbetweenversionsof components can a�ect the performance
of such techniques.

4.3.2 Dep enden t Variable and Measures

The dependent variable involvestechnique e�ectiv enessin terms of savings in testing e�ort. Two measures
are utilized for this variable: reduction in test suite sizeand reduction in test-execution time.

RTS techniques provide savings by reducing the e�ort required to regressiontest a modi�ed program.
Thus, onemethod usedto comparesuch techniques[18] considersthe degreeto which the techniquesreduce
test-suite size for given modi�ed versions of a program. Using this method, for each RTS technique R
considered,and for each (version, subsequent-version) pair (Pi ,Pi +1 ) of program P, where Pi is tested by
test suite T , the percentage of T selectedby R to test Pi +1 is measured.

The fact that an RTS technique reducesthe number of test casesthat must be run doesnot guarantee
that the technique will be cost-e�ective. That is, even if the number of test casesthat need to be rerun
is reduced, if this does not produce savings in testing time, the reduction in number of test caseswill not
produce savings. Moreover, savings in testing time might not be proportional to savings in number of test
cases| for example,consider the casein which the test casesexcludedare all inexpensive, while those not
excluded are expensive. (See[40] for an applicable cost model.) Thus, to further evaluate savings, for each
RTS technique, the time required to executethe selectedsubsetof T on Pi +1 was measured.

4.3.3 Study Sub ject

As a subject for the study, several versionsof the Java implementation of the Siena server [41] wereutilized.
Siena (ScalableInternet Event Noti�cation Architecture) is an Internet-scaleevent noti�cation middleware
for distributed event-based applications deployed over wide-area networks, responsible for accepting noti�-
cations from publishers and for selectingnoti�cations that are of interest to subscribers and delivering those
noti�cations to the clients via accesspoints.

To investigatethe e�ects of usingcomponent metadata, it wasnecessaryto obtain an application program
constructed using external components. Siena is logically divided into a set of six components (consisting
of nine classesof about 1.5KLOC), which constitute a set of external components C, and a set of 17 other
classesof about 2KLOC, which constitute an application that could be constructed using C.

The source code for eight di�eren t sequentially releasedversions of Siena (versions 1.8 through 1.15)
was obtained. Each version provides enhancedfunctionalit y or corrections with respect to the preceding
version. The net e�ect of this processwasthe provision of eight successive versionsof Siena , A1; A2; : : : ; A8,
constructed using C1; C2; : : : ; C8, respectively. These versions of Siena represent a sequenceof versions,
each of which the developer of A would want to retest. The pairs of versions(A k ; Ak+1 ), 1 � k � 7, formed
the (version, modi�ed-v ersion) pairs for the study.
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To investigate the impact of component metadata on regressiontest selection it was also necessaryto
obtain a comprehensivetest suite for the baseversionA1 of Siena that could bereusedin retesting subsequent
versions. Such a test suite did not already exist for the Siena releaseconsidered,so one was created. To
do this in an unbiased manner, the �fth author, who had been involved in requirements de�nition and
design of Siena , independently created a black-box test speci�cation using the category-partition method
and TSL test speci�cation language[42]. Individual test caseswere created for these testing requirements.
The resulting suite contains 567 test casesand served as the subject regressiontest suite for the study.

4.3.4 Pro cedure

Becausethe implementation of component metadata and support tools for directly applying the techniques
would be expensive, a way was neededto study the useof metadata, initially , without creating such infras-
tructure. This approach makessensefrom the standpoint of research methodologiesbecause,if there is no
evidencethat component metadata can be useful for regressiontest selection, there may be no reason to
create infrastructure to support direct experimentation with the useof component metadata. Furthermore,
if a study conducted without formal infrastructure suggeststhat component metadata are useful, its results
can help direct the subsequent implementation e�ort.

A procedure was thus designedby which it could be determined precisely, for a given test suite and
(program, modi�ed-v ersion) pair, which test caseswould be selectedby the four target techniques. For each
(program, modi�ed-v ersion) pair (Pi ; Pi +1 ), the Unix diff utilit y and inspection of the code were used to
locate di�erences betweenPi and Pi +1 , including modi�ed, new, and deleted code. In caseswhere variable
or type declarationsdi�ered, the components, methods, or statements in which thosevariablesor typeswere
used were determined, and those components were treated as if they had been modi�ed. This information
wasusedto determine (for the META-C, META-M, and META-S techniques,respectively) the components,
methods, or statements in Pi that would be reported changedfor that technique.

For each of the META techniques,the changedcode(component, method, or statement) wasinstrumented
for each version of the subject program so that, when reached, the instrumentation code outputs the text
\selected," and then executablesof the application were constructed from this instrumented code (one for
each META technique). Given this procedure, to determine which test casesin T would be selectedby the
META techniquesfor (Pi ; Pi +1 ) it wassu�cien t to executeall test casesin T on the instrumented versionof
Pi , and record which test casescausedPi to output (one or more times) the text \selected." By construction,
theseare exactly the test casesthat would be selectedby an implementation of that META technique.

Determining the test casesthat would be selectedby the NO-MET A technique required a similar, but
simpler approach. The application developer's portion of the code for P was instrumented, inserting code
that outputs \selected" prior to any invocation of any method in C, and then the test casesin T were
executedon that instrumented version.

The foregoingprocessrequires that all test casesin T be executedto determine which would be selected
by an actual RTS tool, and thus is useful only for experimentation. However, the approach supports the
determination of exactly the test casesthat would be selectedby the techniques, without providing full
implementations.

This approach was applied to each of the seven (program, modi�ed-v ersion) pairs of the Siena system
with the given test suite, and usedto record, for each of the four RTS techniques, the percentage of the test
suite selectedby that technique for that (program, modi�ed-v ersion) pair, and the time required to run the
selectedtest cases.Thesepercentagesand times served as the data sets for the analysis.

4.3.5 Threats to Validit y

Like any empirical study, this study has limitations that must be consideredwhen interpreting its results.
The application of four component-metadata-basedRTS techniques to a single program and test suite and
seven subsequent modi�ed versionsof the components that make up that program have beenconsidered,but
it cannot be claimed that these results generalizeto other programs and versions. On the other hand, the
program and versionsused are part of an actual implementation of a non-trivial software system, and the
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Figure 7: Test selectionresults for the NO-MET A (black), META-C (dark grey), META-M (light grey), and
META-S (white) techniques.

test suite represents a test suite that could realistically be usedin practice. Nevertheless,additional studies
with other subjects are neededto addresssuch questionsof external validit y.

Other limitations involve internal and construct validit y. The tests used for Siena were created by one
of the authors; however, this activit y was performed prior to any exposureof that author to the particular
algorithms, and the authors' familiarit y with the system was necessaryfor external validit y. Only two
measuresof regressiontest selection e�ectiv enesshave been considered: percentage reduction in test suite
sizeand percentage reduction in test-execution time. Other costs, such as the cost of providing component
metadata and performing test selection, may be important in practice. Also, the execution times reported
do not factor in the cost of the analysis required to perform test selection, which would add costs to test
selection;however, in other studiesof test selection,thosecostshavebeenshown to be quite low [38]. Finally,
the execution times include only the times required to execute,and not to validate, the test cases.Measuring
validation costswould further increasetest execution time, and increasesavings associated with reductions
in test-suite size.

4.3.6 Results and Analysis

Figure 7 depicts the test selectionresults measured. In the graph, each modi�ed version of Siena 's compo-
nents occupiesa position along the horizontal axis, and the test selectiondata for that versionare represented
by a vertical bar, black for the NO-MET A technique, dark grey for the META-C technique, light grey for
the META-M technique, and white for the META-S technique. The height of the bar depicts the percentage
of test casesselectedby the technique on that version.

As the �gure shows, the NO-MET A technique always selected99.2% of the test cases. Only 0.8% of
the test casesfor Siena do not exercisecomponents in C (the set of external components), and thus all
others must be re-executed. Also, becausethe NO-MET A technique selectsall test casesthat executeany
components in C, and the test casesin the test suite that encounter C did not vary acrossversions, the
NO-MET A technique selectedthe sametest casesfor each version.

As the �gure also shows, the three META techniques always selecteda smaller subset of the test suite
than the NO-MET A technique. For the META-C technique, the selectedsubsetdid not di�er greatly from
the subsetselectedby the NO-MET A technique. The META-C technique always selected98.9%of the test
cases,a di�erence of only 0.3% in comparisonwith the NO-MET A technique.

The META-M and META-S techniquesprovided greatersavings. In the caseof versionC7, the di�erences
wereextreme: the META-M technique selectedonly 1.4%of the test casesin the test suite and the META-S
technique selectednone of the test cases,whereasthe NO-MET A technique selected99.2%of the test cases.
(The fact that META-S selectedno test caseson version C7 is not a drawback of that technique: it simply
shows that existing test caseswere inadequatefor testing the code that was modi�ed. Running existing test
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Table 4: Execution Times (Hours:Minutes:Seconds)for Test CasesSelectedby Techniques.

Version NO-MET A MET A-C MET A-M MET A-S
C2 2:20:23 2:20:05 2:04:44 2:04:01
C3 2:20:37 2:19:49 2:01:19 0:20:43
C4 2:20:19 2:19:50 1:34:49 0:20:30
C5 2:20:37 2:19:58 2:02:13 2:02:02
C6 2:20:30 2:19:51 2:02:13 2:02:03
C7 2:20:16 2:20:06 0:03:15 0:00:00
C8 2:20:19 2:19:47 2:19:33 1:57:26

average 2:20:26 2:19:55 1:43:59 1:15:15
cumulativ e 16:23:01 16:19:26 12:08:06 8:46:45

casescannot help in testing this code, and re-using such test casesin this caseis wasted e�ort. This case
does suggest,however, that the META-S technique can help testers identify areasof the modi�ed system
requiring additional testing.) This large di�erence arose becausethe changeswithin C7 involved only a
few methods and statements, where these methods were encountered by only a few test cases,and these
statements were encountered by none of the test cases. On other versions, for the META-M technique,
di�erences in selectionwere more modest, ranging from 0.7% to 32.6%of the test suite. The overall savings
in the META-S technique, however, were greater, ranging from 11.8%to 84.6%.

Note that on versionsC3, C5, and C6, inspection of the data shows that the META-M technique selected
identical test cases,even though the code changesin those versionsdi�ered. This occurred becausethe code
changesinvolved the samesetsof methods. Similarly, inspection shows that the META-S technique selected
identical test caseson versionsC5 and C6. This occurred becausethe code changesinvolved the samesets
of statements.

Next, test-execution times are considered.Table 4 shows, for each versionof Siena 's components consid-
ered, the hours, minutes and secondsrequired to test that version. The columns show the version number,
and the time required to run the test casesselectedby the NO-MET A, META-C, META-M, and META-S
techniques, respectively. The last two rows of the table show averageand cumulativ e times.

On averageover the seven modi�ed versions,the META-C technique produced little reduction in testing
time: from 2 hours, 20 minutes and 26 secondsto 2 hours, 19 minutes and 55 seconds. The META-M
technique did better, reducing averageregressiontesting time to 1 hour, 43 minutes and 59 seconds,and
META-S reducedaveragetesting time to 1 hour, 15 minutes and 15 seconds.

Becauseregressiontesting is repeated, as a software system evolves,over sequencesof releases,savings
over such sequencesare also important, so theseare alsoconsidered.For the META-C technique, cumulativ e
time savings were only 3 minutes and 35 seconds(0.37% of total time.) For the META-M and META-S
techniques, however, cumulativ e savings were larger: 4 hours, 14 minutes and 55 seconds(25.9% of total
time) in the former case,and 7 hours, 36 minutes and 16 seconds(46.4% of total time) in the latter case.
Sincethe runtime for each test casewasroughly the sameacrosstest cases,the percentageof cumulativ e time
savings wereabout the sameas the percentage of cumulativ e numbers of test casessaved, for all techniques;
0.4% savings of test casesfor META-C, 25.9%for META-M, and 46.4%for META-S.

Consideringresults for META-M and META-S on individual versions,in their worst cases,the META-M
technique saved only 46 seconds(0.55%) of testing time (on version C8), and the META-S technique saved
16 minutes and 22 seconds(11.7%) of testing time (on version C2). In their best cases,both on version C7,
the META-M technique saved 2 hours, 17 minutes and 1 second(97.7%) of testing time and the META-S
technique saved 2 hours, 20 minutes and 16 seconds(100%) of testing time. Here too, similar to the case
with the cumulativ e results, savings in time are similar to savings in numbers of tests executed.

Of course,savings of a few hours or a few minutes and seconds,such as thoseexhibited in the di�erences
in testing time seenin this study, may be unimportant. In practice, however, regressiontesting can require
days, or even weeksof e�ort, and much of this e�ort may be human-intensive. For the META-C technique, a
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Table 5: ANOVA for Test Time

Source Sum of squares d.f Mean square p-value
Technique 74803768 3 24934589 0.0035
Version 50215323 6 8369220 0.0924
Residuals 68811162 18 3822842

Table 6: ComparisonsBetweenNO-MET A and each META.

multiple comparison with a control by Dunnett's method
Comparison Estimate Std. Error Lower Bound Upper Bound
MET A-C : NO-MET A -30.7 1050 -2710 2650
MET A-M : NO-MET A -2180.0 1050 -4860 494
MET A-S : NO-MET A -3910.0 1050 -6590 -1230 ****

savings of 0.37%of the overall testing e�ort for a sequenceof sevenreleaseswould most likely beunimportant.
For the META-M and META-S techniques,however, results suggestthe possibility of achieving meaningful
savings. If results such asthosedemonstratedby this study scaleup, a savings of 25.9%of the overall testing
e�ort for a sequenceof seven releasesusing the META-M technique may be worthwhile, and a savings of
97.7%of the testing e�ort for a version may be substantial.

To determine whether the impact of RTS technique on test-execution time in the study was statistically
signi�can t, an ANOVA test [43] wasperformedon the test-execution time data in Table 4. Table 5 shows the
results of this analysis. The results indicate that there is strong evidencethat at least oneof the techniques'
test-execution times di�er from one of the other techniques' test-execution times (p-value = 0.0035), for a
signi�cance level of 0.05.

Next, a multiple comparison with a control technique (the NO-MET A technique) was performed, to
investigate whether there is a di�erence betweeneach META technique and the NO-MET A technique using
Dunnett's method [44]. Table 6 presents the results of these comparisons. In the table, casesthat were
statistically signi�can t are marked with \****" (which indicates con�dence intervals that do not include
zero), with a 95% con�dence interval. The results indicate that the di�erences betweenthe NO-MET A and
META-C techniques,and betweenthe NO-MET A and META-M techniques,are not statistically signi�can t.
However, the results show that there is a statistically signi�can t di�erence between the META-S and the
NO-MET A techniques. (The averagetest-execution time for the META-S technique is 3910.0secondsless
than the averagetest-execution time for the NO-MET A technique)

An all-pair comparison for all the META techniques was also performed, to investigate whether there
wasa di�erence betweenMETA techniques,using Tukey's method [44]. Table 7 presents the results of these
comparisons. Also in this case,statistically signi�can t cases,with a 95% con�dence interval, are marked
with \****". The results show that there is a statistically signi�can t di�erence between the META-S and
META-C techniques.

Therefore, these results provide evidencethat testing with component metadata could provide savings
in testing costs, and that component metadata could be useful for regressiontest selection in component-
basedsoftware. Furthermore, the di�erences among the META techniques in savings in test-execution time
indicate that the level of information about changescan a�ect the degreesof savings in test-execution time,
and suggestthat a proper focus of implementation e�orts would be development of the META-S technique.
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Table 7: ComparisonsBetweenPairs of META Techniques.

all pair comparison by Tukey's method
Comparison Estimate Std. Error Lower Bound Upper Bound
MET A-M : MET A-S 1730.0 1110 -1250 4700
MET A-M : MET A-C -2150.0 1110 -5130 819
MET A-S : MET A-C -3880.0 1110 -6850 -907 ****

5 Speci�cation-Based RTS Using Comp onent Metadata

This section describes and investigatesan approach to using metadata to support regressiontest selection
for component-based software, in the casein which speci�cation-based testing is involved.

5.1 Speci�cation-based Regression Test Selection

Speci�cation-based RTS techniques [10, 16] select test casesbased on some form of functional speci�ca-
tion of a system, such as natural languagespeci�cations, FSM diagrams, or UML diagrams [21], and are
complementary to code-basedtechniques.

An approach to regressiontest selectionbasedon UML statecharts is considered.The technique appliesto
software that integratesan application A with a set of software components C by (1) combining speci�cations
in the form of statecharts for A and C to build a global behavioral model, (2) identifying di�erences in the
global behavioral model when a new version of C is integrated, and (3) selectingthe test casesthat exercise
changed sections of the model. Note, however, that a naive algorithm for step 1 could result in a global
statechart of size exponential in the numbers of states and transitions in the individual statecharts, so a
heuristic for cost-e�ectively combining statecharts is needed. (One could also directly comparestatecharts
for an original and new version of a component. However, the focus here is on the interactions between
applications and components, and the combined behavioral model facilitates addressingthis issue.)

To illustrate, consider again the casein which a component user is integrating a set of components C
with their application A. In step 1 of the approach, the user constructs a global behavioral model GB for
their application (including components) by composing the statecharts for components incrementally , using
an heuristic reduction algorithm and composition rules that reduce the size of a composed statechart by
eliminating someunreachable states.

To perform this step, a version of the technique for composing general communicating �nite state ma-
chines presented by Sabnani, Lapone, and Uyar [23] and specialized for integration testing by Hartmann,
Imoberdorf, and Meisinger [22] was utilized. These approaches, which are targeted primarily at commu-
nicating sequential processes,are generalizedhere to extend the applicabilit y of the technique to a wider
set of systems. To this end, \simple" parameterized events and actions, and the use of a constrained form
of guards, are allowed for. Further, scalar parameters and guards containing conditions either related to
a parameter and composedof a single clause,or unrelated to parameters, are allowed for. Note that this
is just one possible technique for composing speci�cations at the component level to derive speci�cation
for the overall system. There exist other, related techniques that usedi�eren t notations with similar goals
(e.g., [45, 46]).

Given a global behavioral model GB , the component user can generatea set of testing requirementsfor
the application using any testing technique basedon state-machine coverage,such asBinder's adaptation [47]
of Chow's method [48]. These testing requirements, which are typically paths through the state-machine,
are then usedby the tester to generatetest cases,resulting in test suite T .

When the statechart speci�cations for oneor more components in C are changed,and new versionsC0 of
thesecomponents incorporating thesechangesare released,the component usermust retest their application
with thesechangedcomponents. To perform this task using the model composition approach, the component
user doesthe following:
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1. generatea new global behavioral model GB 0 by composing statecharts for A with components in C0;

2. compareGB and GB 0 by performing a pairwise walk of the two models,marking dangerous transitions,
that is, edgesthat have beenadded, deleted, or modi�ed in the new model, or edgesleading to states
that di�er;

3. selectall test casesin T that traverseat least one dangeroustransition.

The algorithm for performing the pairwise walk in step 2 of this processis similar to that used by
Deja vu on control-
o w graphs for code-basedselection,and follows a similar motivation { the notion that
test casesthat reach changesshould be selected,becausethese changesindicate places in which program
behavior might changeand erroneousbehavior might be revealedby tests. (In this case,however, the graphs
model required behavior, and the changesinvolve changesin requirements.) The algorithm beginsat initial
states, comparing states reached along identically-lab eled outgoing edges,until di�erences are found. Then
the dangeroustransitions that are de�ned in step 2 are identi�ed; detailed descriptions of the processof
identi�ying dangerous transitions can be found in [14]. When new edgesout of a node are found, two
approaches are possible: they can be ignored for purposesof test selection (under the assumptions that
previous testing requirements cannot include them, and that new test caseswill be created to exercise
them), or all transitions into their sourcenode can be identi�ed as dangerous.

Becausetesting requirements are generated based on the statechart speci�cation of the system, and
de�ned as sequencesof states and transitions, oncethe dangeroustransitions have beenidenti�ed, selecting
the test casesassociated with dangerous transitions requires a simple set union over entries in the test
coveragetable.

The presentation of an example of this technique is deferred to the next section, where the technique is
illustrated using a metadata-basedadaptation of the approach.

5.2 A Comp onent-Metadata-Based Approac h

The technique just described requires UML statecharts for components, and is applicable only in casesin
which the component developer can provide them (e.g., when sharing components in-house). The component
developer can provide these statecharts as component metadata, by encoding them in appropriate data
structures accessedthrough metamethods. One simple approach utilizes statecharts output by Rational
Rose[49]; thesecan be parsedby a statechart composition tool, and the results renderedin the sameformat,
for use in generating testing requirements and test casesand selectingtest cases.

Analogous to the code-basedapproach, if a new version of C, C0, is released,and no information about
the changesbetweenC and C0 is available, the component user may needto executeall of the test casesfor
A that exercisecomponents in C. If the speci�cation for the components in C0 is available, however, the
component user can exploit it to perform regressiontest selection, as is now illustrated using the vending
machine example. (Note that the processcan also be applied when components in A are modi�ed, but here
the focus is on the casein which C alone is changedfor simplicit y.)

Consider the application VendingMachine and its statechart (Figure 3). When the component user
�rst acquires Dispenser , they retrieve its statechart using a metamethod. Next, they use an implemen-
tation of the composition algorithm discussedabove to compose that statechart with the statechart for
VendingMachine, obtaining the global statechart VendingMachine-Dis penser shown in Figure 8.2

As described above, using the global statechart, the component user can create a set of test casesby
applying various state-machine-basedtesting approaches(e.g., [50, 48, 22]). Table 8 shows one possibleset
of testing requirements for VendingMachine, designedto cover each path p = (s0; s1; : : : ; sn ) in the global
statechart such that (1) n = 0 and s0 = sn = NoCoins Empty, (2) n 6= 0 and si 6= NoCoins Empty for

2Because a global statechart is constructed after normalizing the individual statecharts to contain only one event or ac-
tion on each transition, some of the states in the global statechart are composed of states that are not present in the orig-
inal statecharts. For example, the two composing states of state Dispensing InsufficientDispensing are Dispensing and
InsufficientDispensing ; the latter is a state of the normalized statechart for Dispenser . The normalized statecharts for
VendingMachine and Dispenser are provided in the App endix.
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Figure 8: Global statechart for VendingMachine and Dispenser .

Table 8: Testing Requirements for VendingMachineDispenser .

TR# Testing Requirement

1 vend(i)
2 returnCoins
3 insert, returnCoins
4 insert, insert, returnCoins
5 insert, insert, insert, returnCoins
6 insert, vend(i), setCredit(1), dispense,nok
7 insert, insert, vend(i), setCredit(2..max), dispense[unavail], nok
8 insert, insert, vend(i), setCredit(2..max), dispense[avail], ok
9 insert, insert, insert, vend(i), setCredit(2..max), dispense[unavail], nok
10 insert, insert, insert, vend(i), setCredit(2..max), dispense[avail], ok
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i = 1; : : : ; n � 1, and (3) p doesnot traversethe sameedgetwice. (The user would create test casesfor each
of theserequirements, using appropriate combinations of test drivers and inputs.)

Supposethe component developer releasesa new version of Dispenser , Dispenser 0, in which the spec-
i�cation is changed by inserting a new intermediate state, Preparing , between states Enabled and Empty
(seeFigure 9). When Dispenser 0 is acquired, the user usesa metamethod to retrieve its new speci�cation,
and build a new global behavioral model (Figure 10).

Finally, the userappliesthe statechart-basedversionof Deja vu . When this algorithm processesthe mod-
elsin Figures9 and 10, it identi�es the transition from ReadyToDispenseEnabl edto DispensingEnabled Avai l
as \dangerous", becauseit leadsto states that di�er in the two models. This transition is exercisedby test
cases8 and 10, so thesetwo testing requirements (or ultimately , their associated test cases)are selected.

5.3 Empirical Study of Speci�cation-Based Regression Test Selection

To investigatewhether the useof component metadata canbene�t speci�cation-based regressiontest selection
for applications built with external components, an empirical study similar to the �rst study wasperformed,
but focusing on the statechart-based technique.

5.3.1 Techniques

The independent variable is again RTS technique; two speci�c techniquesare considered:

� UML-state-diagram-based comp onent metadata. Components in C are provided with UML
statecharts, in the form of metadata, su�cien t for the developer of A to (1) build a global behavioral
model of their application, (2) identify dangeroustransitions, and (3) select test casesthrough dan-
geroustransitions, following the proceduredescribed in Sections5.1 and 5.2. This is referred to as the
META-U technique.

� No comp onent metadata. The developer of A knows only that the statecharts for one or more of
the components in C have beenmodi�ed, but not which. Therefore, to selectively retest A safely, the
developer must rerun any test casein T that exercisescode in one or more of the components in C.
This technique is the samecontrol technique used in the �rst study, and is referred to (as previously)
as the NO-MET A technique.

5.3.2 Measures

The dependent variable is a singlemeasureof e�ciency . Analogousto the measuresusedto investigatecode-
basedtechniques,RTS techniques' abilities to reduceretesting e�ort by reducing the number of requirements
needingretesting are considered.Speci�cally , for each (version, subsequent-version) pair (GSD i ,GSD i +1 ) of
global statechart diagrams for program P, where a set of testing requirements TR i can be generatedfrom
GSD i , the percentage of requirements in TR i selectedby the technique as necessaryto test Pi +1 , given its
statechart diagram GSD i +1 , is measured.

5.3.3 Study Sub ject

As mentioned in Section1, di�eren t techniquesare expectedto be of di�eren t appropriatenessfor application
to di�eren t programs. The statechart-based technique presented here is not appropriate for Siena | Siena
involves only a single connection between application and component, which is not adequate to illustrate
generalsoftware behavior where more than one interface betweenapplication and components exist. Thus,
as a subject for this study, six sequentially releasedversionsof the Java implementation of an XML parser,
NanoXML [51], a component library consisting of 17 classesand 226methods, wereselected.An application
program, JXML2SQL, was also obtained, which usesthis library to read XML documents and respond to
user queriesabout those documents, generating either an HTML �le (showing its contents in tabular form)
or an SQL �le.
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Figure 9: Statechart speci�cation of Dispenser 0.

Figure 10: Global statechart for VendingMachine and Dispenser 0.
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Table 9: The Number of Statesand Transitions for Individual and Global Statechart Diagrams Per Version.
Each Entry Takesthe Form: Number of states (Number of transitions).

V1 V2 V3 V4 V5 V6

App 8(13) 8(13) 8(13) 8(13) 8(13) 8(13)
Comp1 14(22) 16(26) 16(26) 16(25) 16(25) 16(25)
Comp2 5(12) 5(14) 5(14) 5(14) 5(14) 5(14)
Comp3 11(18) 11(19) 11(19) 11(19) 11(19) 11(19)
Comp4 3(10) 3(10) 3(10) 3(10) 3(11) 3(11)
Global 87(262) 89(285) 89(285) 84(277) 84(277) 84(277)

Becauseneither a textual speci�cation nor a statechart diagram for NanoXML or JXML2SQL wasavail-
able, UML statechart diagrams for these systemswere constructed by reverseengineeringfrom their code;
this step wasperformed by several graduate students experiencedin UML, but unacquainted with the plans
for this study or the technique being investigated. The classesin the NanoXML library were grouped into
four logical groups: Parser, Validator, Builder, and XMLElement handler. One statechart diagram was ob-
tained for the application, and four statechart diagrams (one per logical group) for each of the six di�eren t
sequentially releasedversionsof the NanoXML library . The Rational RoseCasetool, which complies with
UML notation, was usedto build thesestatechart diagrams.

5.3.4 Pro cedure

For each version of statechart diagramsSD i 1; SD i 2; : : : ; SD i 5, 1 � i � 6, a global statechart diagram GSD i

wasconstructed by composing the statechart diagrams incrementally using a composition tool implementing
the technique described in Section 5.1. Table 9 shows the number of states and edgesin each version of
the individual component statechart diagrams and global statechart diagrams for the subject program.3

Note that by inspection, it was determined that versions3 and 6 contained no functional (statechart-level)
changeswith respect to preceding versions, whereasother versions did contain changes(this includes V5

which, though possessingthe sametotal number of states and transitions in the global statechart as V4, did
contain di�eren t transitions, due to di�erences in the statecharts for component 4).

To generatetesting requirements from the global statechart diagrams,a tool to generatelinearly indepen-
dent test paths was constructed. A linearly independent path is a path that includes at least one edgethat
has not beentraversedpreviously (in a given set of paths under construction) [52], and such setsof linearly
independent paths are used by testers as requirements for test cases[50]. Applying this tool to the state-
charts produced 54 testing requirements for the global statechart for version 1, and 66 testing requirements
for each of the global statecharts for versions2 through 5.

Giventhe global statechart diagramsand testing requirements for each version,for each pair (GSD i ; GSD i +1 )
of sequential global statechart diagrams, an implementation of the DejaVu algorithm for statecharts to lo-
cate di�erences betweenGSD i and GSD i +1 was used. This implementation outputs dangerous transitions
{ all testing requirements containing thesetransitions are selected.

Theseprocedureswereapplied to each of the �v e (GSD i ; GSD i +1 ) pairs of NanoXML and its application,
and recorded the percentage of testing requirements selectedby the spec-basedRTS technique for that
(GSD i ; GSD i +1 ) pair. Thesepercentagesserved as the data sets for the subsequent analysis.

3By applying the heuristics described in Section 5.1, the number of states in global statechart diagrams can be reduced well
beyond the number that might be present given a naive approach. For instance, for V1 , the total number of states in the global
statechart diagram is 87 instead of 18480, which is the number that would have been obtained simply by naively composing all
the statecharts.
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Table 10: Testing Requirement SelectionRates

Version NO-MET A MET A-U
C2 100.0% 83.33%
C3 0.0% 0%
C4 100.0% 86.36%
C5 100.0% 39.39%
C6 0.0% 0%

5.3.5 Results

Table 10 shows the testing requirement selectionrates observed in this study. On versions3 and 6, no testing
requirements were selectedby either technique becausethere were no changesmade to the statecharts for
theseversions: the code changesfor theseversionsdid not involve functional changes.Becausethe main goal
of statechart-basedregressiontest selectionis to identify test casesaddressingchangedsystemrequirements,
theseresults are appropriate.

On versions2, 4, and 5, selectionwas able to reducethe number of requirements needingretesting, with
respect to those identi�ed by the NO-MET A technique. Selectionrates for versions2 and 4 were83.33%and
86.36%,respectively, and the selectionrate for version4 was39.39%. On versions2 and 4, in fact, only a few
(in each case,4) dangerousedgeswere identi�ed, but theseedgeswerepresent in most testing requirements.
On version 5, 12 dangerousedgeswere identi�ed, but thesewere present in fewer requirements.

Like the study of code-basedregression,this study has limitations. Only a single program has been
considered,and statechart diagrams have been constructed through reverseengineering,and it cannot be
claimed that these results will generalize to other systems and diagrams. Additional studies with other
subjects that can provide statechart diagrams as component metadata are neededto addresssuch questions
of external validit y. These results do provide, however, an initial look at the feasibility of statechart-based
regressiontest selectionusing metadata, and suggestthe potential utilit y of further work.

6 Conclusion and Future Work

In this paper, the results of an investigation of whether component metadata can be leveragedto support
and improve the cost-e�ectivenessof software-engineeringtasks for component-based applications has been
presented. In particular, the paper has focused on regressiontesting. Two new techniques for perform-
ing regressiontest selection based on component metadata have been intro duced. Being code-basedand
speci�cation-based, the two techniques are potentially complementary on systems to which both can be
applied.

The application of these techniques has been illustrated on examples, and initial empirical results of
applying them to two real Java systemshavebeenprovided. Theseresultsshow that component metadata can
feasibly be usedto produce savings in retesting cost through regressiontest selection;such a demonstration
is a prerequisite for arguing for the utilit y of further research on component metadata.

Having ful�lled this prerequisite, however, there are many open questions that must be addressedand
that suggesta number of directions for future research.

A �rst set of questionscontinuesthis paper's focus on regressiontesting. Here, the problem of re-testing
applications as the components they useevolve has beenconsidered. The re-testing of applications as they
useentirely new variants of particular components is another problem worth addressing. Discussionis also
limited to selection of existing test cases,but identi�cation of situations where new test casesare needed
is also important. Finally, one mechanism for combining one particular form of speci�cation has been
considered,but many alternativ escould also be investigated.

A secondset of questionsinvolveswhether other usesof component metadata may provide cost-e�ective
solutions to software-engineeringproblemsinvolving components. Can component metadata aid maintainers
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in judging the impact of changesin components on their applications? Can component metadata help engi-
neersverify security properties for their applications that usecomponents? If so, can component metadata
be guaranteed to re
ect actual properties of the component in a manner similar to that achieved by proof-
carrying code? Also, can component metadata be retro�tted with new information after the component has
beendeployed?

A third set of questionsinvolve the mechanicsof component metadata. What is the overheadin terms of
component sizeand component execution time of incorporating metadata and metamethods into a compo-
nent? How doesthis overheadvary as the amount and variety of metadata and metamethods are increased?
How can component-metadata-based techniques function in the presenceof deep nestings of components?
For example,supposeapplication A dependson component C1, and component C1 dependson component
C2, but C1 and C2 are developed by di�eren t (or even multiple) vendors,and it is the developer of A who
decideswhich 
a vor of C1 and C2 to integrate. In this case,what mechanisms are neededto allow C1
to detect and extract metadata from C2 as part of its metadata generation for A? What happens if the
developer of A decidesto switch vendorsfrom one version of a component to the next?

A fourth set of questions involve trust and privacy. What kind of software-engineeringtasks can be
addressedusing component metadata without revealing too much information about the component? For
the tasks for which component metadata must contain sensitive information (e.g., a dependencegraph), can
the information be encoded so that the component usercannot understand it, but the technique can still use
it? In general, is there someway of mathematically showing that adding a certain kind of metadata does
not reveal too much about a component?

The results of the research presented in this paper provide evidencethat component metadata can have
value, and thus, that these sets of questionsare worth addressing. Through such consideration, it may be
possibleto �nd new ways to addresssomeof the critical software-engineeringproblemsraisedby component-
basedsoftware systems.
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A Normalized Statec harts for VendingMachine and Dispenser

Figure 11: Normalized statechart for VendingMachine.

Figure 12: Normalized statechart for Dispenser .
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