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Abstract teria are important for several reasons. Often, when faced
with testing a program, developers do not know what to test
This research is part of a project to develop practical, or where to start. First, formal criteria help this situation by
effective, formalizable, automatable techniques for integra- providing a basis for specifying test requirements. In turn,
tion testing. Integration testing is an important part of the test requirements guide the testing process by providing a
testing process, but few integration testing techniques haveclear description of what must be tested. This provides a
been systematically studied or defined. This paper discussesiechanism for deciding when to stop testing and a basis
the design and implementation of an analysis tool for mea- for adding repeatability to the testing effort. Second, formal
suring the amount of coverage achieved by a set of test datecriteria offer the tester ways to decide what test inputs to
according to a set of previously defined coupling criteria. use during testing, making it more likely that the tester will
This tool can be used to support integration testing of soft- find faults in the program and providing greater assurance
ware components. The coupling-based testing techniquethat the software is of high quality and reliability.
which has been described elsewhere, is summarized, and This paper uses the general tecamponento refer to
coverage algorithms are discussed. The focus of this papera separately compilable portion of the program. Depend-
is on the instrumentation techniques and an analysis tooling on the language and context, a component may be a
built for Java programs. It was built in Java using the gen- function, procedure, module, package, or class. The tool
eral Java parser JavaCC and the Java Tree Builder (JTB). described in this paper analyzes Java programs, hence the
We are currently using this tool to gather experimental data primary component we are concerned with is the cléss.
on the efficacy and the usefulness of the technique. tegration testingefers to testing interfaces between com-
ponents to assure that they have consistent assumptions and
communicate correctly [3].
The current emphasis on data abstraction and object-
1. Introduction oriented software has led to an increased emphasis on mod-
ularity and reuse. A major result of this change in emphasis

Testi ft . fth " thod is that the complexity in our software, and the associated
esting sottware 15 one ot the€ most commaon Methoas j o jingoq of making mistakes, is moving from the func-

for assuring quality of complex compu.ter software systems. tions and procedures to the classes and the integration con-
To be confident of the results of testing, testers need for- .0 among the classes. This change is even more pro-
mglly defined procedures t.h‘f’lt provide mephanisms for T nounced with component-based software development, in
atlng test data and for' QeC|Q|ng when testing can .STQSI which components are often assumed correct withotess
requwementsare spgcnﬁc thmgs that .mgst be satisfied or to the source, and component integration becomes most of
ICO\f[.ered ?unlng E;St,:ng' festing cr.|ter|on|::, arule ortcolf-t tthe implementation effort. Instead of procedures that have
ection ot rules that Impose requirements on a set ot tes complicated control structures, object-oriented software of-

* This work is supported in part by the U.S. National Science Founda- €N has simple procedures, with the complexity being in
tion under granCCR-9804111. how the procedures and components are connected. Al-




though abstract data types can help achieve a higher quality e External device couplingA callsB and they both ac-
design, their use may affect how software is tested. Thus, it cess the same external medium (for example, a file or
has been our experience and the experience of many of our  sensor).

colleagues in academia anttlustry that testers are finding

that less emphasis is needed on unit testing and more on 2 Coupling-based testing

integration testing. There are few techniques or tools that
are specifically designed to be support integration testing.
Testers are often left with performing integration testing in
ways that are ad-hoc and ineffective, leading to less reliable
software. The USAs Federal Aviation Authority (FAA) has
recognized the increased importance of modularity and inte-
gration testing by imposing requirements on structural cov-
erage analysis of software that “the analysis should confirm

the data coupling and control coupling between the COOIement that contains a definition of a variable that caach

components” [16], pg. 33, Section 6.4.4.2. . . .
Previous papers [9, 10] suggested that integration test-a call-site or a return is calledlast-def When a value is

ing can be conducted by usingstuctural coverage crite- transmitted into or out of a me'thod (through a parametgr, a
: O(eturn value, or a non-local variable reference), the firsttime

: . Itis used on an execution path after the method is entered or
on software couplingsCouplingbetween two components exited is called dirst-use Note that there can be more than

measures the dependency relations between the two compo= . . . .
nents by reflecting the interconnections between me’[hods;One last-def angl fwst-usg of a given vanaple and calI-ng.
faults in one unit may affect the coupled unit [6]. Cou- 'Th.e ynderlylng premise of.the cogplmg-based testing
pling provides summary information about the design and crlterla. is that to achieve conﬁdenceT in the interfaces be-
tween integrated program methods, it must be ensured that

the structure of the software. Since faults are found during ™"~ bles defined i I thods b iatel d
integration testing exactly where couplings typically occur, variales detined in caller metnods be appropriat€ly use
in callee methods. Although these coverage criteria could

the coupling-based testing criteria require that various con- . ) ; S
nections between program components be covered duringjertamly be defined so that coupling definitions reatlh
ses instead of judirst uses, we have chosen not to do

testing. s0. The conjecture behind this decision is that if a fault ex-
ists, it will probably be triggered if the data value is used
once and subsequent uses are less likely to be important.
Of course, it would be valuable to empirically validate this

stantine and Yourdon [6] introduced the concept of soft- conjecture, and it is possible that the extra cost that would
ware coupling. Coupling between two methods increasesbe incurred if subsequent uses in the callee must be covered

the interconnections between the two methods and increase¥/0uld be worthwhile. Note that the first-use requirement is
the likelihood that a fault in one unit may affect others. NOt @ dynamic requirement, but static. Thatis, a use that

Also, increased coupling may lower the understandability is a first-use on one execut.io.n path might bsubsequent-
and maintainability of a software system. useon another path. Thus, it is possible for one test case to
Although the previous literature [6, 14, 12] presented up COVEr more than one first-use in the same execution path.
to twelve various types of coupling in an ordered list in The coupillng-based criteria are similar in nature to 'Fhe
terms of severity, our testing criteria are defined to handle Standard unit-level data flow coverage [7]. For brevity, in-
several types uniformly, thus the list is collapsed into four formal versions of these definitions are given here. Assume

general unordered types. These coupling types are definedat there is a call from componea to component,
as [10]: and z is an actual parameter ifi; that maps to a formal

parametety in C-, and the program is tested with a set of
¢ Call coupling componentA calls another component  test caseq’.

B without passing parameters, afvdndB do not share
any common variable references, or common refer- o Call couplingrequires that the set of paths executed by
ences to external media. the test sef” covers all call-sites in the system.

o Parameter couplingA callsB and passes one or more
data items as a parameter.

Coupling-based testing requires that the program execute
from definitions of actual parameters through calls to uses
of the formal parameters. The criteria are based on the no-
tion of a coupling path. Informally, aoupling pathis a
sequence of statements that, when executed, proceed from
a definition of a variable, through a call to a method or a
return from a method, to a use of that variable. A state-

1.1. Coupling

As part of their structured design methodology, Con-

¢ All-coupling-defsequires that for each last-def of each
actual parameter in ', the set of paths executed by

¢ Shared data couplingA callsB and they both refer to the test sef” contains at least one coupling pathatio
the same data object (either globally or non-locally). least onefirst-use ofy in Cs.



¢ All-coupling-usesequires that for each last-defoin coverage for call-coupling, all-coupling-defs, all-coupling-
C'1, the set of paths executed by the testiSebntains uses, and all-coupling-paths. The instrumentation tech-
at least one coupling path eachfirst-use ofy in C. niques have been outlined elsewhere [10], this paper pro-
vides more details about the instrumentation and focuses on
o Alllicoupling'-pgthgks more compli'cated.to Qefine. Def-  the implementation.
initions of similar data flow testilng cnterlg [5, 7., 11, The tool relies primarily on theoupling graph C = (M,
15] have imposed related requirements, including re- £ £ A) M is a finite multi-set of nodes that represent soft-
quiring thatall paths be executed. The problem with \yare methodsE is a finite set of directed edges that con-
this is that if there is a loop along a path, the number pect nodes iV and unit nodes to external device nodes.
of paths becomes infinite. The other requirements suf- Eqges between unit nodes indicate coupling relations and
fered from similar problems. are calledcall edges F is a finite multi-set of nodes that
We define asubpath seto be the set of nodes on some represent external files a unit may write to or read from.
Subpath_ There is a many-to-one mappmg betweenWhen a unitU calls unitW, the edge starts from nod¢
subpaths and subpath sets; that is, if there is a loopand ends at nod#/ . If the parameter being represented
within the subpath, the associated subpath set is thels call-by-reference, the edge is bidirectional. Edges from
same no matter how many iterations of the loop are unit nodes to external device nodes indicate the unit writes
taken. Acoupling path sets the set of nodes on a to or reads from an external device. These are calieded
coupling path. device edgesFinally, A is a set of annotations on nodes.
Some of the nodes may reference non-local or global data.
This is indicated at the right-hand side of the node with a
(dX) or (uX) indicating definitions oKX or uses oiX. These
annotated nodes are referred teshared data nodes
Note that if there is a loop involved, all-coupling-paths A coupling graph has a unique root node, which is the
requires two test cases; one for the case when the loopmain program method. The methods called by the root form
body is not executed at all, and another that executesits successors. Parameter coupling relations are represented

All-coupling-pathgequires that for each defiion of
z, the set of paths executed thycontains alcoupling
path setsfrom the definition to all eachable uses.

the loop body some arbitrary number of times. by the sequence of edges of a depth-first search of the cou-
pling graph (excluding the external device nodes). The cou-
2. Measuring Coupling Coverage pling graph is used to measure call-coverage by calculating

the number of the edges or nodes covered in the coupling
graph. If£ is the number of edges in a coupling graph)

is the number of coupling defg;U/ is the number of cou-
ling def-use pairs, and P is the number of coupling paths
ets, then coupling coverage is measured by the following

Structural coverage analysis is used to determine
whether couplings have been covered. The coupling-base
testing criteria provide test requirements. Test cases ca
then be generated specifically to satisfy each test require-f

ormulas:

ment, or they can be generated by some other method and
then analysis techniques can be used to check whether all . E _covered
requirements have been satisfied. This paper focuses on the call-coupling = B
latter approach, determining whether a testing criterion has

. . . C'D_covered
been satisfied by a set of externally provided test cases. One coupling-def = D
difficulty that arises in almost all formal testing criteria is
that of infeasible requirements. In coupling-based testing, coupling-use = CU-covered
some definition-use pairs cannot be coveredduse there is cv
no executable def-clear path from the definition to the use. i ih— C P_covered
This problem has been analyzed [7] and partial solutions coupnngTpari = OP

have been proposed [13] elsewhere. In this work, we ac-
cept that some requirements will be unsatisfiable, so 100%2.1. Using instrumentation to measure coupling
coverage is not completely possible. Identifying infeasible coverage
coupling definition-use pairs is currently left up to the tester.

Given a coupling criterion and a set of test cases, algo- a progranP is modified to produce an instrumented ver-
rithms can be used to measure whether the test set satissionP’ . P’ has all the functionality oP, plus extra state-
fies the criterion’s test requirements. These measurementsnents to keep track of whether specific portions of the soft-
are typically performed usingstrumentationwhich are ware has been executed. For coupling-based testing, these
statements added to the program for analysis purposes. Wextra statements primarily keep track of calls, last defini-
have developed a tool that uses instrumentation to measur¢ions, and first uses. We first describe the instrumentation



for call coupling, which is the simplest of the four criteria, /7

then describe how the instrumentation for the other criteria 1[X=5 /
work by building on call coupling. :/as@ef[X]:g !
Call coupling. Consider the graph shown in Figure 1 2 E | u

Iq=3

(A). AcallsB, C, andD, andB callsE andF. Cre- '

turns a value té\ (hence the bidirectional arrow). Figure 1

(B) shows the same call graph with instrumentation added.

CTab[] isaninteger coverage array thatis indexed by call-

sites and initialized to 0. The stateme@Tab[i] ++ "is

added to every call-site. After the program has been exe- [ Neeee

cuted, ifCTab[i] = 0 ,the call-site associated withhas Sethctual ()

not yet been executed. Of cour&Jab[] must be saved to

disk and re-read between executions to allow the coverage Figure 2. All-Coupling-Defs

information to be accumulated acrossltiple test cases. Instrumentation.
All-coupling-defs. All-coupling-defs requires slightly

more complicated instrumentation, and the us€dab|] e

must be expanded. FirgETab[] ischanged to be indexed X

by last definitions instead of call-sites. The definition can

be in the caller before the call, or in the callee before the re-

turn. There must be a definition-clear path from the defini-

tion to the call (or return). A new table is introduced for all-

coupling-defs to keep track of where the most recent defini-

tion of variables was made. At each last digiiom of a vari-

ableX, the statementl‘astDef[X] = location; "is Iy

added, wherd.astDef[]  is a table that has one entry semomatoeny

for each variable that is communicated between procedures,

andlocation is an integer that is unique to that defini-

tion of X. Each element dfastDef[]  must be initialized

to a special value such as zero to indicate Kiatvalue is

undefined or from a definition that i®ot a last-def. This

instrumentation is illustrated in Figure 2, where the actual

parameteiX is passed to a methdland associated withthe  coupling-defs. The complication is th&Tab[] must be

formal parametey. LastDef[] is set at the last defs at indexed by a combination of last-definitions and first-uses.
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/
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| CTab [11, LastDef [ActualOf (y)]] ++

Figure 3. All-Coupling-Uses
Instrumentation.

nodes 2 and 3. Note there is no assignmehgistDef[] In Figure 2, theCTab[] update is the same at both node
at node 1 kcause there is no def-clear path froode 1 to 11 and 12; it does not matter which use is reached by the
the call-site at node 4. definition of the variable. For all-coupling-usémth uses

CTab[] is updated at the first uses, but this update is must be reached, s0Tab[] must be updated with a dif-
complicated by parameter passing. If a metlB(g) is ferent index at each use. This instrumentation is shown in

called from more than one location, the formal parame- Figure 3.

ter of y may be associated with a different actual vari-  All-coupling-subpaths. Finally, the instrumentation for
able in each call location. To handle parameter passing, arall-coupling-subpaths requires the most complexity. It is
actual-formal mapping tablés introduced. TheActual necessary to keep track of all the statements that are exe-

table keeps track of the current mapping of formal to ac- cuted between the last-def and the first-use. This is done by
tual parameters. So at each call-site, the function call using asubpath set data structure. The subpath set is

“SetActual (y, A); " is added for every parameter to initialized to empty at last-defs, and subsequent statements
the called procedure. In addition, it is necessary to keepthat are executed are added to the set (if a statement is ex-
track of return values of functions using the safwual ecuted more than once, the set semantics ensures that it is
table. After the program is executed a number of times, only included once). This is illustrated in Figure 4 with
each entry inCTab[] indicates the number of times the calls tolnitSubPathSet() at nodes 2 and 3, and calls
corresponding last definition in a calle@ached a use ina to AddSubPathSet() atnodes 2, 3, 4, and 10.

callee. When a first-use is reache@Tab[] is updated with

All-coupling-uses.  The instrumentation for all- the variable and the use location, and also the subpath set.
coupling-uses is a straightforward extension to that of all- Figure 4 shows updates ©Tab[] at nodes 11 and 12,



int CTab [] =0;
(one element per

call-site.) CTab [1] ++; CTab [3] ++;

CTab [4] ++;
Le | = |

(B) Instrumented Call Graph.

3. Tool Architecture and Implementation

nitSubPathSet (
AddSubPathSet (2)/

1 The overall architecture for the coupling coverage anal-

ysis tool is shown in Figure 5. There are three ma-
jor components: (1) theCoupling Instrumentor

r (Couplnst) tool, (2) the instrumented version of
the test program, and (3) th€oupling Analysis

! (CoupAnal) report generator tool. The coupling instru-
Seetual (49 mentor uses a parselgvaCC Parser ) and an abstract
syntax tree AST), which is a collection of classes that are
produced by JavaCC. The coupling instrumentor accepts a
test program and generates several components. The first is
the instrumented version of the test program, and the sec-
ond is the coverage tabl€Tab) that keeps track of instru-
mentation. These are sufficient for call coupling, the other
criteria need thé.astDef table, theActual table, and
theSubPath set.

Figure 4. All-Coupling-Subpaths
Instrumentation.

which include calls t@GetSubPathSet() . This method
uses a hash function to find a unique integer that repre-
sents the subpath set. Obviously, the instrumentation for Javace Par;er
all-coupling-subpaths is the most intrusive of the four crite- Uses Use
ria, and also the most complicated. _
Test Reads Coupling
] ] ) (Progran}% Instrumentor
One of the most appealing things about the instrumen- (Couplnst)

tation for coupling coverage analysis is its relative simplic-
ity. The modifications to each method are completely in-

dependent of modifications to other methods. This makes .
the analysis relatively cheap and simple, because only one Reads

Generates

Generates

method has to be analyzed at a time. In fact, the only rep- 232@"5?3
resentation of the program that is needed is an abstract syn- (CoupAnal

tax tree. Moreover, these instrumentations have very minor Generates

impacts on the program’s performance. The most severe Cs;z:)ar?e

impact is that for all-coupling-subpaths, which requires in-

strumentation statements to be added at a number of nodes

in the control flow graph. Moreover, the subpath set data Figure 5. Coupling Coverage Analysis

structure requires more computation than for the other cri-  Tool Architecture.

teria. Nevertheless, the increased computation only has a

constant time impact on the overall running time of the orig-

inal program, and the necessary data structures are common The instrumented test program is then compiled and run
and well understood. with test cases that the user supplies. As the test program



runs, it modifies the coverage table to indicate which cou- tion. The current report generator is currently fairly sim-

pling relationships have been covered. Once the coveragele, it accesses the information and prints a straightforward

table has been createdpupAnal is run to view statistics ~ ASCII report. The reports give the number of couplings

about the coverage. found (call-sites, coupling-defs, coupling-uses, or coupling-
Figure 6 is a UML [4] class diagram that describes the paths), the number covered, and the percent covered. It also

coupling coverage instrumentor. Classes are represented blysts statement numbers for all couplings that have not yet

boxes that have three parts; the class name, data membei¥een covered.

that are declared in the class, and methods of the class.

The main entry pointQouplinst ) has three objects, a {<Control>> <<nteracess

parser , a CouplingTool (which implements the in-

Test Program CoupAnal

tables: Global tables: Global
strumentor), and #&ree (which contains the AST parse maing maing
tree).
Uses
Global
Spacing CTAB: Table "
<<Control>> INDENT_AMT: Integer ses
Couplnst spc: String y y
indentLevel: Integer .. <<Entity>> <<Entity>>
parser: JavaP: Initializes | RowVector | [_Column Element |
JavaPars: tool: CouplingTool Jostring0 rSize: Integer cName: Strin
i UpdateSpc() : Integ 3 g
tree: Node <<Entity>> rVector: Vector clen: Integer
<<Entity>> Table | AddRow() GetElementName(
Uses Parameters tName: String GetFirstRow() SetElementName()|
" - rSize: Integer RowALt() GetElementLength
Initializes ParaT e S?rt‘r"]"g cSize: Integer HasMoreElements() SetElementLength(|
Syntaxtres g’\etho){jp étr\ng 9 colVector: ColumnVecto| Size()
. rowVector: RowVector —
Uses <<Control>> ReadTable()
CouplingTool i
- <<Entiy>> SaveTable( v
curClass: String CFGStruc UpdateTable()
curMethod: String GetTableField() cVector: Vector
<<Entity>> lineCount: int statelndex: int N
Table statelndex: int line: int Incrementf eld( ;
tName: String curResultType: String| className: Strin i::g:;/r:g'll?;z)\e() AddColumn()
. CFGTree: Vector unitName: String L | IsEmpty()
rSize: Integer N Uses e SetToZero() n
cSize: Integer CTAB: Vector def: String Contains()
colVector: ColumnVectol ParaTable: Vector uses: Vector ColumnAt()
rowVector: RowVector spc: Spacing fa|Li|1951\y9‘;10f SetColumnAt()
irstUse: Vector S\Ze()
ReadTable() Generates | Visitor() lastDef: Vector ToString()
SaveTable() AddLastDefInstrm() arguments: Vecto HasMoreElements()
UpdateTable() AddFirstUselnstrm() (e hhthn——
GetTableField() SetAliasInstrm()
IncrementField() CreatelnsTable()
PrintTable() FindUses() ;E\“B'g»
AnalysisTable() FindArguments() ruc .
SetTozerol) FindDefs() location: int Figure 7. Instrumented Program UML
FindCallSite() numOfCovered: int| D
FindLastDef() variable: String | ram.
FindFirstUse() method: String ag a
line: int
class: String
Figure 6. Coupling Coverage

Instrumentor UML Diagram. 3.1. Tool implementation

The coupling tool coverage analyzer analyzes Java pro-

JavaParser andSyntaxTree are created by sepa- grams, and is built using Java. The tool uses the Java Tree
rate tools.SyntaxTree is package of classes based on a Byilder (JTB) by Tao and Palsberg at Purdue Univetsity
visitor-based architecture that allows access tmatles in JTB is a syntax tree builder that works in conjunction with
the tree. The central clas€ouplingTool , visits every  syn’s Java Compiler Compiler (JavaCC) parser generator.
node in the Syntax tree. It identifies all Ca”'Sites, COUpling It takes a p|ain JavaCC grammar file as input and automat-
parameters, and coupling paths, then adds the appropriatgally generates three things. One, it creates a set of syntax
instrumentation for each of the four criteria defined in Sec- tree classes that are based on the productions in the gram-
tion1.2. TheTable classis used toimplementfolifabs  mar that use the visitor design pattern [8]. Two, it creates a
(one for each criterion), and related tables for last defini- yisjtor superclass whose default methods visit the children

tions, first uses, etc. of the current node. Finally, a JavaCC grammar with the

Figure 7 is a UML class diagram that describes proper annotations to build the syntax tree during parsing
the CoupAnal tool. ~ The Instrumented Test is created. The visitor class allows new subclasses to in-
Program writes the coverage information to ti&rabl] herit, and override the default methods, performing various
table, and theCoupAnal program accesses ti&Tabs.  gperations on and manipulating the syntax tree.

The Table is a simple table that stores the information
about method calls, parameters, and non-local references. 1318 can be downloaded from the web at URL
It uses the Javd/ector class to organize the informa- http://iwww.cs.purdue.edu/homes/taokr/jtb/




4. Status and Future Work [11]

This paper presents extensive details on the coupling
coverage analysis tool. Our goal is to present enough de 12
tail so that other researchers could build similar tools. We
expect to use this tool as a basis for a number of future re-;
search projects, and also plan to make the tool available to
other researchers in the near future. The analyzer has been
used with the Mistix program [2, 10], a moderate size pro- [14]
gram that is based on the Unix file system. We were able to
use previously generated test cases and verify full coveragédis]
with those test cases [10]. We have extensive plans for this
tool, including using the coupling coverage analyzer to per-
form an extensive empirical investigation of the coupling
coverage criteria.

We are also currently working on a project to extend the
coupling coverage criteria to object-oriented software [1].
This requires extensions to handle inheritance and polymor-
phism, two language features that greatly complicates the
coupling relationships among methods.
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