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Abstract 

ObJect-onented languages promote code reuse, through the development of widely 

available class hbranes Code reuse implies that the classes bemg reused need to be 

well tested We present a graph class used to store and traverse directed testgraphs 

as part of the TestGraph Methodology for testmg of C++ classes A testgraph is 

a partial model of the state-transit10n graph of the class bemg tested We focus on 

providmg smtes for the automated testmg of collect10n classes We present a scheme 

to test graph classes, by placmg graphs mcludmg rmg, star, and complete graphs mto 

an obJect of the graph class We first apply this scheme to test the TestGraph class 

We then demonstrate the graph testmg scheme m a real-world settmg by usmg it 

to test a commercially available graph class Substantial testmg for the commercial 

graph class was achieved at comparatively low cost 

Dr G C ShoJa, Departmental Member (Dept of Computer Science) 

an-Benson, External Exammer (AdJunct, Dept 
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Chapter 1 

Introduction 

1.1 The Problem 

The Computer Science commumty, both academic and mdustnal, has been steadily 

adoptmg obJect-onented software development methodologies over the last few years 

obJect-onented languages offer certam advantages over traditional languages, such as 

code reuse, better rehabihty and well-defined class mterfaces, they also offer useful 

features such as encapsulat10n, mhentance, and polymorphism Commercially avail­

able class hbranes supply bmldmg blocks for other apphcat10ns, providmg often-used 

funct10nahty and hence promotmg code reuse 

There is, however, a hidden cost associated with obJect-onented software develop­

ment The code bemg reused needs to be unusually well tested, smce many applica­

tions depend on its correctness The presence of well-defined class mterfaces implies 

that mterfaces must be tested well The unplementer of a class explmtmg mhentance 

needs to be confident that the funct10nality expected from the parent class is actu­

ally provided Several other issues appear durmg testmg of obJect-onented software, 

which make it different from testmg tradit10nal software 
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Unfortunately, msuffic1ent attention has been paid to the problems of testmg 

obJect-onented software Traditional methods of testmg are still bemg applied to 

test obJect-onented software, even though these methods are often unsmtable for this 

purpose Although efforts are now bemg made to address this problem, the testmg of 

reusable, component classes has still not been given sufficient attention There exists 

a strong need for methodologies and tools to test classes m general, and component 

classes m particular These tools need to be automated, so that human mteract1on 

durmg testmg 1s reduced, and the tests are easily repeatable 

With this need m mmd, the research team I am part of has been developmg 

the testgraph methodology This methodology is used to test C++ classes, and 

mcludes a tool to aid m testmg such classes Our methodology focuses on testmg 

collection classes, rather than Graphical User Interface (GUI) classes A collection 

class implements an abstract data type, such as a set, a list, or a graph, on the other 

hand, GUI classes provide graphical facilities for user mteraction, and may even use 

collection classes 

The contributions from my work here have been the development of the TestGraph 

and TestGraphiterator classes, which form the core of the testgraph methodology, 

followed by my evolvmg a strategy to test graph classes The other maJor contri­

butions were demonstratmg this strategy by applymg it to test the TestGraph and 

TestGraphiterator classes, and then modifymg the graph testmg strategy to test a 

well used graph class from the LEDA class library 

1.2 Testing c++ graph classes 

Graph classes are used to store, mampulate and traverse graphs, by users rangmg from 

graph theoreticians developmg graph algorithms, to telecommumcat10ns engmeers 

modellmg telephone networks 
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lends confidence m the testgraph methodology, the TestGraph classes, and the graph 

class test scheme 

1.3 Thesis overview 

Chapter 2 of this thesis reviews work bemg done m the area of obJect-oriented test­

mg m general, and class testmg m particular, and places our work m perspective 

Chapter 3 provides the concepts needed to understand the testgraph methodology, 

and explains the methodology m detail The TestGraph classes, their graph traversal 

algorithm, and other implementation issues are dealt with m Chapter 4, Chapter 5 

presents the graph testmg scheme used to test the TestGraph classes Chapter 6 

explains the LEDA graph class, how the graph testing scheme was modified to test 

this class, and the failures reported from it The thesis research work is summarized, 

and the directions that future work may take are explained m Chapter 7 
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Chapter 2 

Related Work 

Software testing may be spec1ficat10n based or program based [3] In spec1ficat10n 

based testmg, test cases are based on module spec1ficat1ons, and m program based 

testing, they are based on the internal structure of the 1mplementat10n [10] The test 

methodology used by us supports both specification and program based testing 

2.1 Testing object-oriented software 

Although obJect-oriented software development has been adopted by the software 

commumty in a big way, its testing has not received much attention Testing of 

component classes, in particular, seems to have received httle research attention 

Perry and Keiser [20] emphasize that there 1s a pressing need for research on obJect­

oriented testing They opme that features such as encapsulation and inheritance 

compound the testing problem Retesting of inherited functions 1s recommended in 

derived classes, and ax10ms are presented to characterize adequate testing, but no 

examples are provided of their use 

Smith and Robson [22], in their work on the problem of vahdat10n in obJect-
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onented programmmg, raise some of the problems caused by features of obJect­

onented languages, such as C++ [24] Problems caused because a class cannot be 

tested dynamically ( only its mstantiat10n 1s tested), and those caused by use of poly­

morphism and genenc1ty, are raised m [22], but solut10ns are not suggested for most 

problems Arnold and Fuson [1] share observat10ns and lessons learned from obJect­

onented proJects Their expenence has been that techmques that work m small 

isolation do not scale up well They provide tips about testmg m the real world, and 

recommend usmg tools m areas such as memory leak detection They, however, often 

resort to non-automated methods, such as completely manual output testmg 

Turner and Robson [25] present suggestions for the use of classes and mhentance 

from the pomt of view of vahdat10n They present a classificat10n for features of a 

class, and test the simplest features first, usmg them to test other features They do 

not address the issue of test automat10n, and do not provide any examples of testmg 

The need to bmld testab1hty mto obJect-onented systems is stressed by Bmder [4] 

and he says that testab1hty reduces cost as well as mcreases rehabihty A set of 

testability factors are presented, but the issue of actual testmg is not discussed Test 

automat10n 1s addressed m [21], where an example shows how obJect models can be 

re-used for testmg, reducmg the software hfe cycle by usmg automated testmg tools 

The user of this method, however, needs to perform obJect modellmg, and to use the 

ObJect Modellmg Tool (OMT) 

A survey of test methods for obJect-onented software is presented m [18], and 

general approaches are proposed for class and cluster testmg A test framework and 

strategies to test obJect-onented software are presented with a small example m [23] 

This framework is not automated, and test results are manually checked McGregor 

and Karson [15] present an approach for mtegratmg testmg with development m the 

software life cycle Testmg is begun early m the development cycle, and is mterwo­

ven mto the development process Test smte automation and regress10n testmg are 
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suggested, but no concrete methods are provided 

2.1.1 Unit testing 

The IEEE [12] defines umt testmg as 

A process that mcludes the performance of test plannmg, the acqms1t10n 

of a test set, and the measurement of a test umt agamst its reqmrements 

7 

There seems to be no general agreement on the umt for obJect-onented testmg 

In [13], where obJect-onented constructs for mtegrat10n testmg are presented, obJect 

methods are treated as umts, and method testmg 1s referred to as umt testmg The 

authors give a small example of testmg methods as umts usmg stubs, but have not 

used their method to test large software Fiedler [5] describes an approach to umt 

testmg m obJect-onented programs, with test strategies for each stage from test design 

to output venficat10n He treats a class as the umt of testmg Once agam, human 

venficat10n of output results 1s reqmred 

Harrold, et al [14], present a strategy for testmg classes that mhent from other 

classes They provide a strategy where, 1f base classes are tested first, 1t can be 

decided which methods m a derived class need retestmg They do not, however , 

present a test smte Goel and Bashir, [2], test classes accordmg to data, d1v1dmg 

classes mto "slices," each slice havmg one data member and methods actmg on 1t 

Each shce 1s tested separately Once agam, no test smte 1s provided as an example of 

the apphcat10n of this techmque 

Class testmg tools 

ACE, a tool for automated testmg of Eiffel and C++ classes, 1s presented by Murphy 

et al [6], where the testmg earlier mvolved only "cluster" testmg (testmg of several 

related classes together) Improved testmg 1s reported smce 1t was modified to use 
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class testmg and the tool, but the authors foresee problems m testmg m larger frame­

works ACE 1s based on an earlier tool for testmg C modules [7] A smte of tools 

1s presented m [26], where a tool generates a set of test cases upon mput of a test 

script The tester has to learn the formalisms used to write the scripts, which specify 

states, function pre and postcond1t10ns, and mvariants on the class under test, used 

to create test cases o examples of its use are provided, smce only a prototype has 

been developed 

The testgraph tool and methodology have been explamed m [11], and are adapted 

to test a commercial class library m [8] Explo1tmg mheritance m the classes un­

der test by replicatmg the h1erarch1cal structure m the test smte 1s illustrated with 

examples m [9] 
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Chapter 3 

Terms and Concepts 

3.1 Class Interface Specification 

A Class Interface Specification (CIS) descnbes the observable behav10ur of a C++ 

class The CIS reflects the class behaviour as specified by the class designer, and 

which an implementer tnes to provide m the class implementat10n A CIS documents 

the set of assumpt10ns that users of the class can make about it , and which the 

implementers of the class make about its use Users and testers of the class read the 

CIS to determme the expected class behaviour 

The CIS is contamed m a C++ header file A header file is a C++ source file 

with a name endmg m " h" For example, IntSet h 1s the header file for the IntSet 

class, The CIS has two parts the syntax and the semantics 

3.1.1 Interface Syntax 

The interj ace syntax declares the types and constants exported by the class, and the 

names, parameters, and return value types of its member funct10ns and except10n 

handlers 
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The types and constants sections declare exported types and constants The 

exception handlers sect10n specifies the funct10n prototypes for the except10n han­

dlers for the class 

The class declarat10n sect10n declares the class name, pubhc member funct10ns 

m the class, their parameter and return value types, and pubhc mstance variables In 

add1t1on, pnvate members of the class are also declared here These are marked as 

"private mformat10n" smce they need to be specified here followmg the C++ syntax 

for a class declarat10n, but are not available to the class user 

The concrete state mvariant and abstract10n funct10n sect10ns also consti­

tute private mformat1on They are mcluded here smce the concrete state, specified 

by mstance variables, 1s specified here The concrete state mvariant 1s a predicate on 

the concrete state of the class, designed to restrict legal states If the mvariant holds 

when a routme 1s mvoked, 1t should hold when program execut10n returns from the 

routme The abstract10n funct10n gives a mappmg from the legal concrete states of 

the class to its abstract states 

Figure 3 1 shows the mterface syntax for the IntSet class which stores a bounded 

set of mtegers The public member funct10ns add and remove are used to add or 

remove elements from the set, isMember checks for element membership, and size 

provides the set size The concrete state 1s specified by private variables - s an array 

of mtegers to store the set, and curSize an mteger to store the current set size The 

class also has a private member function , f indPos 

3. 1.2 Interface Semantics 

The interface semantics sect10n specifies the abstract state of the class and describes 

the behav10ur of each exported member funct10n of the class m terms of its abstract 

state The abstract state variables sect10n specifies the variables used to represent 
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II *****interface syntax***** 

II ***constants*** 
canst int MAXSIZE = 100, 

II ***class declaration*** 
class IntSet { 
public 

Int Set O, 

II set calls 
void add(mt), 
void remove(int), 

II get calls 
int isMember(int) canst, 
int size() canst, 

II ***private information---begin*** 
private 

}, 

int findPos(int) canst, 
int s[MAXSIZE], 
int curSize, 

II ***concrete state invariant*** 
II 1 There are no duplicates in s[O 
II 2 curSize <= MAXSIZE 
II 

***abstraction function*** 

curSize-1] 

II 
II 
II 

s = {x I (exists i in [O curSize-1])(x == s[i])} 
***private information---end*** 

II ***exception handlers*** 
void duplicateExc(), 
void fullExc(), 
void notFoundExc(), 

Figure 3 1 IntSet Class Interface Spec1ficat10n-mterface syntax 

11 
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the abstract state The abstract state mvariant sect10n specifies a predicate on 

the abstract state space, that restricts the meanmgful states of the class After every 

access routme call, the abstract state should satisfy the abstract state mvariant 

The member function semantics section contams one subsection for each pub­

he member function m the class, specifymg its normal case and except10nal behav10ur, 

and assumpt10ns for the function 

F\mctions calls may be set, get, or set-get Set calls change the mternal state of 

the class, get calls return values based on the mternal state of the class, and set-get 

calls do both 

The normal case behaviour of the function is represented by a transition entry 

for each set call, an output entry for each get call, and a transition-output entry 

for each set-get call The transition entry specifies a state transition new values for 

the state variables expressed m terms of the old values and the function parameters 

The output entry specifies the return value from the function by an assignment to 

the special variable out The transition-output describes both a transition and an 

output, the transition specified as m a set call and the output specified as m a get 

call Normal case behaviour occurs only if no exception is signalled 

The exceptions entry m each subsection specifies the illegal condit10ns which 

should be handled by signallmg an exception Exceptions are specified by assignment 

to the special variable exc, or "none" if no exception is signalled If an exception 

occurs, no change is made to the obJect state 

The assumpt10ns for a function express those illegal conditions which the function 

need not handle A function produces the reqmred behavior if the assumption for 

the function holds at the time of the function mvocation The assumpt10ns entry 

m each subsection specifies the assumptions for the function, or "none" if there are 

no assumpt10ns 

Figure 3 2 shows the mterface semantics for IntSet The abstract state is repre-
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•••abstract state variables*** 
s set of integer 

***abstract state invariant*** 
Isl <= MAXSIZE 

•••member functions••• 

IntSet 

add(x) 

transition s = {} 
exceptions none 
assumptions none 

transition s = s + {x} 
exceptions exc = (x ins=> duplicateExc 

I Isl == MAXSIZE => fullExc) 
assumptions none 

remove(x) 
transition s = s - {x} 
exceptions exc = (x not ins=> notFoundExc) 
assumptions none 

isMember(x) 

size() 

output out = (x ins) 
exceptions none 
assumptions none 

output out = Isl 
exceptions none 
assumptions none 

Figure 3 2 IntSet Class Interface Specificat10n-mterface semantics 

13 
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sented by a set of mtegers, s The abstract state mvanant permits the size of the set 

to be at most MAXSIZE 

The normal case member funct10n semantics are straightforward The constructor 

m1t1ahzes the IntSet mstance to the empty set The funct10n add(x) adds x to the 

set, and remove (x) deletes the element x from the set 1sMember (x) returns true or 

false dependmg on whether x ism the set and size returns the size of the set 

The function add(x) signals the except10n duphcateExc 1f x is a member of 

the set, and fullExc 1f the set 1s full Except10n notFoundExc 1s signalled from 

remove (x) 1f x is not a member of the set 

3.1.3 Exception Signalling 

A CIS specifies when except10ns are raised, but does not state how except10n s1gnallmg 

must be done Our except10n handlers are implemented as funct10n calls with the 

same name as the except10ns Except10ns could have been signalled usmg the C++ 

language constructs throw, catch, and try However, most C++ compilers available 

today do not provide these features, and so we did not use them 

Figure 3 3 shows the C++ 1mplementat10n for IntSet add It 1s m terms of the 

IntSet concrete state and closely resembles the member funct10n semantics of add 

from Figure 3 2 The exception cond1t10ns are checked first, and the concrete state 

trans1t10n 1s made 1f no except10n occurs If hndPos (x) returns a vahd pos1t10n m 

s , then x already exists m the set, and duphcateExc 1s raised Otherwise, 1f the 

set already consists of MAX SIZE number of elements, f ullExc 1s raised If not, the 

trans1t10n 1s made on the concrete state 
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void IntSet add(1nt x) 
{ 

} 

if (findPos(x) >= 0) { 

duplicateExc () , 
return, 

} else if (curSize == MAXSIZE) { 
fullExc(), 
return, 

} 

s[curSize++] = x, 

Figure 3 3 IntSet class-add implementat10n 

3.2 The testgraph methodology 

3.2.1 The Test Programmer's tasks 

15 

The Test programmer uses the Testgraph Editor (TGE), to create a testgraph A 

testgraph is a graph representmg an abstraction of the state-transition graph of the 

Class Under Test ( CUT) 

The Oracle class is developed to funct10n as the test oracle It is used for test 

output checkmg, and also for test mput generation 

The Dr1 ver class is developed as part of the test driver, which is used for loadmg 

and traversmg the testgraph, and for venfymg the CUT behav10ur 

3.2.2 Testgraphs 

Testgraphs are directed graphs havmg umque mteger node labels and mteger arc 

labels Testgraphs have a designated start node 

A test graph is a 3-tuple (N, A, s) where N is a set of mtegers, A is a set of arcs, and 

s is an mteger An arc 1s a tuple of (src, dst , label mteger) such that src, dst E N 



CHAPTER 3 TERMS AND CONCEPTS 16 

{2, 4, , 10} 

EVEN 

ADDALL 
{1, 2, , 10} 

ODD 

{1,3, ,9} 

Figure 3 4 Testgraph for IntSet (test smte parameter = 10) 

A path m a testgraph is a sequence (no, ni , , nr) where for every i E [O , r], 

ni E N and for every J E [1, r], it contams an arc from n1_ 1 to n1 A rooted path 

starts at the start node 

A testgraph is an abstraction a testgraph node corresponds to one or more CUT 

state-transition graph nodes, and a testgraph arc corresponds to one or more CUT 

state-transition graph arcs Testgraph nodes represent states the CUT assumes durmg 

the testmg process Arcs between nodes depict transitions between these CUT states 

Rooted paths represent a sequence of CUT testgraph states and transit10ns, startmg 

with the state represented by the start node 

A test suite parameter is associated with each test smte Varymg the test smte 

parameter values allows us to change the portion of the CUT state graph to be 

traversed dunng testmg 

Figure 3 4 shows the testgraph for IntSet , with the state represented by each node 

shown beside it The test smte parameter is the maximum size of the set, 10 The 

node which is the destmat10n of an arc with no source node 1s the start node, EMPTY, 
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representmg the empty set The arc ADDALL depicts the trans1t1on from the empty 

set to a full set represented by the node ALL This trans1t10n 1s achieved by addmg 

all mtegers from 1 to 10 to the empty IntSet S1m1larly, the other arcs represent the 

trans1t10ns from the states represented by the1r source nodes to those represented by 

the1r destmat1on nodes A set of rooted paths covermg all arcs m the testgraph m 

Figure 3 4 1s 

(EMPTY,ALL,EVEN,EMPTY) 

(EMPTY,ALL,ODD,EMPTY) 

A testgraph could conceivably have multiple arcs between a pa1r of nodes Each 

arc between two testgraph nodes would correspond to a different way of makmg the 

trans1t1on between the1r correspondmg CUT states Such graphs, called mult1graphs, 

are not supported m our current testgraph scheme 

3.2.3 Oracle 

Our test oracle 1s the Oracle class, which functions as an automated source of au­

thontative answers to quenes regardmg the expected CUT state The Oracle class 

1s like the CUT, but handles only the states and transit10ns m the CUT testgraph 

Oracle member funct10ns provide mformat10n about the expected CUT state at each 

testgraph node The Oracle class 1s also a source of mput values for changmg the 

CUT state 

Figure 3 5 shows the Oracle class declarat10n for IntSet Oracle member func­

tions mtent10nally resemble IntSet functions The Oracle funct10ns add and remove 

are used to modify the Oracle to represent the IntSet at different testgraph nodes 

The function isMember 1s used to test for element membership m the current IntSet 

Instance vanables node and maxS1ze together represent the concrete state of the 
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class Oracle { 
public 

}, 

Oracle(int,int=EMPTY), 

void add(Oracle&), 
void remove( □racle&), 

int isMember(int) const, 
int size() const, 

int node,// current testgraph node identifier 
int maxSize, // current test suite parameter 

Figure 3 5 IntSet Oracle class-interface syntax 

18 

Oracle maxS1ze mamtams the current value of the test smte parameter, and node 

stores the current testgraph node The (node,maxS1ze) pair represents the set com­

posed of mtegers selected from [1 maxS1ze] , accordmg to the IntSet state asso­

ciated with node The mteger node is represented as a two-bit bmary number with 

the left bit standmg for the even elements and the nght bit for the odd ones m the 

IntSet mstance, as follows 

EMPTY 00 ODD 01 EVEN 10 ALL 11 

For example, m Figure 3 4, the pair (ALL, 10) represents {1 ,2, ,10} 

3.2.4 Driver 

The test smte dnver runs the system used for regress10n testmg It collects the actual 

outputs and compares them to the expected outputs As part of the driver, our 

Dr1 ver class produces the transit10ns associated with testgraph arcs, and checks the 
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class Driver public AbstractDriver { 
public 

private 

}, 

Dnver(int), 
void reset O , 
void arc(int), 
void node(), 

IntSet cut, 
Oracle ore, 

void loadCut(IntSet&,Oracle&), 
void deleteCut(IntSet&,Oracle&), 
void checkCut(IntSet&,Dracle&), 

void checkDuplicateExc(IntSet&,Oracle&), 
void checkFullExc(IntSet&,Oracle&), 
void checkNotFoundExc(IntSet&,Oracle&), 

Figure 3 6 Int Set Dr1 ver class- mterface syntax 

CUT state associated with testgraph nodes 
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The Driver contams private mstances of the CUT and Oracle When a test­

graph arc is traversed, the Dr1 ver member function arc is mvoked, which produces 

the transition associated with the arc on both the CUT and the Oracle When a 

testgraph node is visited, the Dr1 ver function node is mvoked, which tests the actual 

CUT state agamst the expected state provided by the Oracle 

The Driver class derives from an abstract base class, AbstractDr1 ver, which 

provides declarations for all those functions which appear m every Dr1 ver class 

Figure 3 6 shows the Dr1 ver class for Int Set The mstance variable cut is the 

mstance of IntSet to be tested, and ore is the mstance of Oracle to test the CUT 

agamst 

When an arc m the testgraph from Figure 3 4 is traversed, arc mvokes Oracle 
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functions to modify ore to reflect the CUT state associated with the destmat10n node 

arc also mvokes the funct10ns loadCut and deleteCut to produce the arc trans1t10n 

on cut 

When traversmg a node, node mvokes checkCut to check the normal case be­

hav10ur and uses private member funct10ns checkDupllcateExc , checkFullExc, and 

checkNotFoundExc to check the except10nal behav10ur of the CUT 

3.2.5 Test Plan 

The Test Plan (TP) 1s mtended for the testers and mamtamers of a class, and serves as 

a spec1ficat10n of the test 1mplementat10n for the CUT It 1s used to plan, document, 

and mamtam the testmg for the CUT Plannmg the testmg mvolves dec1dmg on 

how to test the normal case and exceptional behav10ur, how much code coverage to 

achieve, and selectmg the test cases which would best exercise the CUT 

Once the test smte has been implemented, the strategy used for selectmg and 

executmg the test cases 1s documented m the TP, to facilitate test mamtenance 

TP sections 

The values for the test smte parameter are provided m a TP sect10n entitled Test 

Suite Parameters The Assumptions sect10n states any assumptions made by 

the test programmer, and not contamed m the CIS Test Case Selection Strategy 

outlmes the cntena used for selectmg the test cases The Testgraph sect10n provides 

a tabular representat10n of the testgraph used for testmg the CUT Oracle Strategy 

and Driver Strategy explam the design of the Oracle and Dr1 ver 

For mstance, Figure 3 7 shows part of the test plan for IntSet The test smte 

parameter, maxS1ze , 1s an mteger representmg the maximum number of elements 

to be stored m the IntSet mstance dunng testmg Interestmg values for maxS1ze 
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TEST SUITE PARAMETERS 
maxSize integer 
Selected values {2,5,10,100} 

TEST CASE SELECTION STRATEGY 
Specification-based tests 

Normal case 
Special values for obJect state 

Interval rule on set size 

Exceptions 
Generate each exception at least once 

ORACLE STRATEGY 
Instance variables 

Represent the nodes using a 2-bit string 
EMPTY 00 ODD 01 EVEN 10 ALL 11 

Public member functions 
add use C bit operators 
remove use C bit operators 

DRIVER STRATEGY 
Instance variables 

cut and ore to store current CUT and oracle 

Public member functions 
arc 

Four-way case statement using loadCUT, delCUT 

Private member functions 
loadCUT(IntSet& cut1,0racle& orc1) 

add every element in orc1 to cut1 

Figure 3 7 IntSet class-Test Plan 
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mclude MAXSIZE, to represent the boundary condit10n The sizes of the sets to be 

tested are obtamed by applymg the mterval rule on set size Sets of size 0, MAXSIZE, 

and some values m between are tested 

3.3 Building and traversing testgraphs 

The TGE displays testgraphs m a tabular form, as a square matnx with nodes on 

the mam diagonal and arcs elsewhere The start node always occupies the first entry 

m the first row For an arc, the source node label, the arc label, and the destmat10n 

node label are placed m clockwise order on the graph A variety of menu options are 

provided to modify the testgraph and to store it on disk 

Figure 3 8 shows the TGE with the IntSet testgraph As expected, the node 

occupymg the first entry m the top row is the start node, EMPTY EMPTY is the source 

node for the arc ADDALL and its destmat10n node is ALL The node ALL is the source 

for the arc DELODD, and its destmat10n is the node EVEN, and so on 

The testgraph stored on disk is loaded by the test dnver and is stored m an 

mstance of the TestGraph class The dnver traverses rooted paths m the testgraph, 

generated usmg the TestGraphlterator class Dr1 ver funct10ns arc and node are 

mvoked by the test dnver whenever an arc or node m the testgraph is traversed 

The algorithm used by the TestGraphlterator class provides arc (and node) 

coverage of the testgraph, given that all arcs (and nodes) are reachable from the start 

node 
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Figure 3 8 The TestGraph Editor-user mterface 
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Chapter 4 

The TestGraph Classes 

The tester usmg the testgraph methodology needs to store, modify, and traverse test­

graphs The TestGraph and TestGraphiterator classes provide this funct10nahty, 

the former is used to bmld testgraphs and the latter to traverse paths through them 

4.1 The TestGraph class 

The TestGraph class provides the means to create, store and modify a testgraph 

Member funct10ns of the class mclude set calls used to add or delete arcs and nodes 

m the testgraph, and get calls used to check for arc and node existence 

4.1.1 TestGraph Interface Specification 

Figure 4 1 shows part of the mterface syntax for the TestGraph class, and Figure 4 2 

shows part of the mterface semantics for it The complete CIS is given m Appendix A 

The abstract variables nodeSet and arcSet (Figure 4 2) represent the sets of nodes 

and arcs m the testgraph, and startNode represents the testgraph start node The 

abstract state mvanant excludes multigraphs from valid states The size of nodeSet 
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class TestGraph { 
public 

}, 

friend class TestGraphiterator, 

TestGraph(int start= 0), 

void setStartNode(int), II node calls 
int getStartNode() canst, 
void addNode(int), 
void delNode(int), 
int exNode(int) canst, 
int getNumNode() canst, 

void addArc(int,int,int), II arc calls 
void delArc(int,int), 
int exArc(int,int) canst, 
int getLabel(int,int) canst, 

II ***exception handlers*** 
void TGExArcExc(), 
void TGExNodeExc(), 
void TGFullExc(), 
void TGNotExArcExc(), 
void TGNotExNodeExc(), 

Figure 4 1 TestGraph-mterface syntax 
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is at most MAXNODES, and the source and destmat10n for each arc m arcSet have to 

be nodes from nodeSet 

Set calls 

The call addNode (x) adds a new node, x , to nodeSet, signallmg fullExc if nodeSet 

is full, and TGExNodeExc if x already exists m nodeSet The call delNode (x) deletes 

node x from nodeSet, signalmg exception TGNotExNodeExc if x is not m nodeSet 

All arcs for which x is the source or destmat10n node are also deleted addArc (s, d, l) 
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/*****interface semantics---begin***** 

***abstract state variables*** 
nodeSet set of integer 
arcSet set of tuple of <src,dst,label integer> 
startNode integer 

***abstract state invariant*** 
lnodeSetl <= MAXNODES and 
(forall arc in arcSet) 

(arc src in nodeSet and arc dst in nodeSet) and 
not (exist arc1,arc2 in arcSet) 

Carel src = arc2 src and arcl dst = arc2 dst) 

*****interface semantics---end*****I 

Figure 4 2 TestGraph- mterface semantics 
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adds a new arc with label l to arcSet , signallmg except10n TGNotExNodeExc if the 

source node s or destmation node d are not m nodeSet, and signallmg except10n 

TGExArcExc if there already is an arc from s to d m arc Set delArc(s, d) deletes 

the arc from s to d 

Get calls 

The function getStartNode returns the identity of startNode exNode (i) returns 

true if node i is m the testgraph If there exists an arc from node s to node d m the 

testgraph, exArc (s, d) returns true The funct10n getNumNode returns the number 

of nodes m the testgraph, and getLabel ( s , d) returns the label of the arc from s to 

d m the testgraph 
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Settmg or deletmg the start node 

startNode is specified when the TestGraph obJect is created, by passmg it m as a 

TestGraph constructor parameter, and can be modified later usmg setStartNode 

If not passed m as a constructor parameter, startNode is set to O If the node 

represented by startNode is deleted from nodeSet usmg delNode , startNode itself 

remams unchanged getStartNode contmues to return the identity of the deleted 

node as the start node, until startNode is explicitly modified exNode can be used 

to confirm existence of the node obtamed usmg getStartNode 

4.1.2 The TestGraph implementation 

Stormg the TestGraph 

Figure 4 3 shows the mstance variables from the TestGraph class, used to store the 

testgraph The mteger array node stores up to MAXNODES nodes The number of nodes 

m the testgraph is mamtamed as numNode , and startNode mamtams the mdex of the 

testgraph start node m node The concrete state mvanant m Figure 4 4 establishes 

that node holds a set of numNode (up to MAXNODES) elements Arcs are stored m arc , 

a two dimens10nal array of ArcType The maximum number of arcs the class can 

store is MAXNODES x MAXNODES 

Figure 4 3 also shows the defimtion for ArcType The label field holds an arc 

label, and the exist field is true or false , dependmg on whether or not the ArcType 

entry represents an arc existmg m the testgraph The exist and label flags for 

an arc from a node i stored m the node array at posit10n i', to a node J stored m 

node at posit10n J', are stored m arc at arc [i'J [J'] , as shown m Figure 4 5 If 

arc [i'J [J'J exist is set, then there exists an arc from the node at node [i'J to the 

one at node [J'] , with label arc [i'] [J'J label 
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typedef struct ArcType { 
int label, 
int exist, 

}, 

int node[MAXNODES], // nodes 
ArcType arc[MAXNODES] [MAXNODES], II arcs 
int numNode, // number of nodes 
int startNode, // index of start node 

Figure 4 3 TestGraph-graph storage 

II ***concrete state invariant*** 
II (numNode in [0 MAXNODES]) and 
II there are no duplicates in node[O numNode-1] 

II ***abstraction function*** 
II (lnodeSetl = numNode) and 
II 
II 
II 
II 

nodeSet = {n In in node[O numNode-1]} and 

II 

arcSet = {<src,dst,label> I (exist 1,J in [O numNode-1]) 
(src = node[i] and dst = node[J] 
and label= arc[i][J] label 
and arc [1] [J] exist)} 

Figure 4 4 TestGraph-concrete st at e mvanant and abstraction function 
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Figure 4 5 The testgraph storage arrays 
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A testgraph stored in the TestGraph class may have at most one arc from a specific 

source node to a specific destinat10n node in the testgraph The class can also store 

self loops, which occur when the destination node of an arc is the same as its source 

node The class stores at most one self loop per node in the testgraph 

The abstract10n funct10n (Figure 4 4) shows that the concrete state corresponding 

to nodeSet 1s the node array, with numNode representing the size of the set The 

concrete state corresponding to arcSet is arc , the source and destinat10n of each arc 

in the set is a vahd node element, and each arc is a vahd element in the arc array 

TestGraph member funct10n implementation 

The implementations for TestGraph class member functions follow from the member 

funct10n semantics For example, Figure 4 6 shows the implementat10n of Test­

Graph addNode , which adds a node to the testgraph stored m a TestGraph obJect 

The except10n TGFullExc is signaled if nodeSet is full TGExNodeExc is signaled if the 
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void TestGraph addNode(int addNode) 
{ 

} 

if (numNode == MAXN0DES) { 
TGFullExc O , 
return, 

} 

if (findPos(addNode) 1= numNode) { 
TGExNodeExc () , 
return, 

} 

// add node 
node[numNode++] = addNode, 
// set arcs to non-existent 
for (int 1 = 0, 1 < numNode, 1++) { 

arc[i] [numNode-1] exist= 0, 
arc[numNode-1] [1] exist= 0, 

} 

Figure 4 6 TestGraph- addNode implementat10n 
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node already exists m the testgraph, that is, if the private funct10n f indPos locates 

the node m the node array Otherwise, the node is added to the node array, and it 

is ensured that there are no arcs m arc for which x can be the source or destmation 

node 

4.2 The TestGraphiterator 

The class testmg tool needs to traverse testgraphs, achievmg at least arc coverage 

That is, all arcs and nodes reachable from the start node need to be visited Rooted 

paths through the testgraph are reqmred, one path at a time 

The TestGraphiterator class provides the means to iterate over paths m the 

testgraph stored m a TestGraph obJect 
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typedef List<ArcNode> Path, 

class TestGraphiterator { 
public 

}, 

TestGraphiterator(const TestGraph&), 
-restGraphiterator(), 

void reset() , 
int isEnd(), 
Path next() , 

// •••exception handlers••• 
void TGEndExc(), 
void TGNoStartExc(), 

Figure 4 7 TestGraphiterator-mterface syntax 

4.2.1 TestGraphiterator Interface Specification 
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The TestGraphiterator class has functions to reset the iterator, to check 1f more 

paths are left , and to provide the next path Figure 4 7 shows part of the mterface 

syntax for the TestGraphiterator class A reference to a TestGraph obJect 1s passed 

as a constructor parameter The TestGraphiterator class traverses and stores paths 

from the testgraph m the obJect referred to by this reference The paths are traversed 

usmg the function reset The funct10n next returns the next path m the testgraph 

The class provides isEnd to check 1f all paths m the testgraph have been returned to 

the user 

As shown m Figure 4 8, the abstract state of the TestGraphiterator class consists 

of graph, anSet and pSet graph represents the testgraph, anSet the set of arcs and 

nodes m graph, and pSet the set of paths m graph generated accordmg to the graph 

coverage cntena The current graph coverage cntena reqmres a set of rooted paths, 
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•••abstract state variables••• 
graph testgraph 
anSet set of integer 
pSet set of path 

•••abstract state invariant••• 
(anSet = graph arcSet+graph nodeSet) and 
(forall pin pSet)(a in p => a 1n anSet) 

•••graph coverage criteria*** 
Every arc reachable from the start node is visited at least once 

•••iterator policy••• 
The iterator will generate a set of rooted paths guaranteed to 
satisfy the coverage criteria 

•••member functions••• 
TestGraphiterator(tg) 

reset() 

next() 

isEnd() 

transition graph,anSet,pSet = tg,set of arcs and nodes in tg, 
set of paths in tg generated according to coverage 
criteria 

exceptions exc = (not tg startNode in tg anSet => TGNoStartExc) 
assumptions none 

transition pSet = set of paths 1n graph satisfying the 
coverage criteria 

exceptions exc = (not graph startNode in anSet => TGNoStartExc) 
assumptions none 

transition-output pSet,out = pSet-{p},p where pis in pre(pSet) 
exceptions exc = (pSet == {} => TGEndExc) 
assumptions testgraph is not modified since last reset call 

output out= (no unreturned paths in pSet) 
exception exc = none 
assumptions none 

•••local types••• 
path sequence of integer 

Figure 4 8 TestGraphiterator- mterface semantics 
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providmg arc coverage 

Paths m the TestGraph mstance are recalculated each time reset is mvoked If 

the start node m the testgraph obJect is mvahd, exception TGNoStartExc is signaled 

When a new path is reqmred, the user mvokes next, which extracts paths from pSet 

If no more paths remam, next signals TGEndExc 

The next funct10n behav10r is based on the assumpt10n that there have been no 

changes to the testgraph bemg traversed smce the last time paths m it were calculated 

The testgraph may be modified later, but these changes are not reflected m the paths 

returned by next until the next time reset is mvoked The paths returned are the 

ones m the TestGraph obJect at the time of the last constructor or reset mvocat10n 

4.2.2 TestGraphiterator implementation 

Figure 4 9 shows the concrete state for the TestGraphiterator class The test­

graph variable stores a const reference to a TestGraph obJect, and provides traversal 

of paths m that obJect The two dimens10nal array of mtegers, v1s1 ted, is used to 

mark arcs and nodes visited durmg the latest testgraph traversal, as shown by the 

concrete state mvanant The path currently bemg traversed is stored as curPath, 

which is a lmked hst of ArcNodes ArcNode is a local class, used for stormg arcs and 

nodes An mdex, pathlndex, mamtams the posit10n m curPath of the node or arc 

bemg currently visited The set of paths generated from the testgraph is stored m 

pathSet, and the iterator, pathlterator, iterates over it 

The TestGraphiterator constructor mvokes reset to generate paths for the first 

time reset clears curPath and pathSet, and performs a traversal over testgraph 

by mvokmg nextArc nextArc recursively traverses the testgraph and stores the 

paths generated m pathSet The funct10n next uses pathlterator to iterate over 

the paths m pathSet , and returns a path at a time to the user 
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const TestGraph& testgraph, 
Path •curPath, 
int first, 
int v1s1ted[MAXNODES] [MAXNODES], II arcs visited since reset 

int pathindex, II index of the current node 1n curPath 
L1stSet<Path> •pathSet, II set of paths traversed 
L1stSetiter<Path> •pathiterator, 

II local functions 
L1stSet<Arcinfo>& getOutArcs(1nt), 
void nextArc(1nt), 

II •••concrete state invariant*** 
II (forall 1,J 1n [0 testgraph numNode-1])(v1s1ted[1] [J] = 1 => 
II the arc from testgraph node[1] to testgraph node[J] has been 
II traversed since the iterator was last 1n1t1al1zed) 

Figure 4 9 TestGraphiterator-concrete state 

4.2.3 Accessing the TestGraph 
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The TestGraphiterator class uses the friend construct of C++ to access TestGraph 

class mternals In the TestGraph class declarat10n, (Figure 4 1), the TestGraph­

Iterator class is declared as a friend, allowmg it to access the TestGraph pnvate 

members The TestGraph class mstance is accessed usmg the variable testgraph, 

( declared a const reference to TestGraph) Makmg the testgraph reference a 

const ensures that 1t cannot be modified by the TestGraphiterator class The 

testgraph reference 1s mitiahzed m the TestGraphiterator constructor to refer to 

the TestGraph obJect passed m as a parameter 
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4.2.4 Multiple Iterators on one TestGraph 

It may be useful to allow multiple iterators to iterate over paths m one TestGraph 

obJect at the same time This would allow the tester to test multiple vers10ns of 

the CUT with the same testgraph at one time, for example while isolatmg a bug 

mtroduced m a new vers10n of the CUT 

The TestGraphiterator class allows multiple iterators to traverse the same test­

graph at a time because multiple TestGraphiterator mstances can have references 

to the same TestGraph class obJect Smee testgraph is a const reference, changes 

cannot be made to the Test Graph obJect by any of the TestGraphiterator mstances 

Each TestGraphiterator mstance also has its own private version of the v1s1ted 

array, allowmg the iterators to execute mdependently The paths traversed by one 

mstance of TestGraphiterator are unaffected by the paths bemg traversed by other 

mstances of the class 

4.2.5 Testgraph Traversal Algorithm 

The TestGraphiterator class provides testgraph traversal usmg the local funct10n 

nextArc, shown m Figure 4 10 Traversal begms at the start node and provides arc 

coverage The funct10n nextArc is recursive, and is called from reset reset creates 

a new current path (curPath), places the start node at the begmnmg of the path, and 

mvokes nextArc, passmg the start node as parameter The nextArc (n) call traverses 

an as yet unvisited arc from the set of out arcs of n, generated by the getOutArcs (n) 

call The arc bemg traversed, and its destmat10n node d, are concatenated to the 

current path, and nextArc (d) is called recursively 

When the current node has no unv1s1ted out arcs, the end of the current path has 

been reached cur Path 1s added to the set of traversed paths, pathSet, and traversal 

contmues from the prev10us recursive mvocat10n of nextArc Traversal ends when 
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void TestGraphiterator nextArc(int curNode) 
{ 

} 

ListSet<Arcinfo>& outArcSet = getOutArcs(curNode), 
ListSetiter<Arcinfo> iterator(outArcSet), 

while (•iterator isEnd()) { 
Arcinfo arc= iterator next(), 
if ('visited[arc src] [arc dst]) { 

visited[arc src] [arc dst] = 1, 
ArcNode arcNode, 
arcNode flag= ARC, 
arcNode id= arc label,// arc id 
curPath->addAt(arcNode,pathindex++), 
arcNode flag= NODE, 
arcNode id= testgraph node[arc dst], // node id 
curPath->addAt(arcNode,pathindex++), 
nextArc(arc dst), 

} 

} 

if (outArcSet size()== 0) // end of path reached 
pathSet->add(*curPath), 

if ((curNode == testgraph findPos(testgraph startNode)) && 
(curPath->size() == 1)) // if only startnode is in curPath 

curPath->removeAt(--pathindex), // remove one element 
else {//if more than one elements in outArcSet 

curPath->removeAt(--pathindex), // remove last node 
curPath->removeAt(--pathindex), // remove last arc 

} 

delete &outArcSet, 

Figure 4 10 TestGraphiterator- graph traveral function nextArc 
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there are no more unvisited arcs reachable from the start node The complete set 

of paths is generated and stored until either the obJect is deleted, or reset is called 

agam Each time next is called, an as yet unreturned path from the precalculated set 

of paths is returned, if such a path exists Whenever reset is mvoked, the complete 

set of paths is recalculated 

It is possible that there are arcs m the graph that are not reachable from the start 

node In that case, there is no rooted path which can traverse these arcs, and arc 

coverage is not possible with rooted paths Our algorithm still provides arc coverage 

of all those arcs that are reachable from the start node 

The above implementation suffers from some of the problems of recurs10n Pro­

grams usmg the TestGraphiterator to traverse very large graphs may face memory 

problems due to memory mtensive recursion This problem might not occur if recur­

sion were av01ded An early version of the TestGraphiterator class was developed 

usmg a non-recursive form of the above algonthm to traverse the graph The access 

routme next traversed only one path at a time This algorithm was unwieldy and 

complicated 

The recursive algorithm works correctly without problems for testgraphs used 

m the testgraph class test methodology, where very large graphs are not normally 

needed Therefore, it was decided to use the recursive vers10n of the algonthm m the 

final TestGraphiterator class 
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Chapter 5 

Testing The TestGraph Classes 

The TestGraph classes have been tested usmg the testgraph methodology A smgle 

test smte was developed to test the TestGraph and TestGraphiterator classes 

5 .1 The test strategy 

A testgraph was created to test the TestGraph classes, and is referred to as the "dnver 

testgraph" through this chapter Each node from this testgraph represents a testgraph 

with a specific graph "pattern" formed by its nodes and arcs The test smte places 

each of these testgraph patterns mto a TestGraph obJect, one at a time, and checks 

the TestGraph obJect state, the paths generated from it by a TestGraphiterator 

instance, and all except10ns signalled from either class 

5.1.1 Using TestGraph classes to drive TestGraph testing 

In keepmg with the testgraph methodology, this test smte uses obJects of the Test­

Graph classes to dnve the testmg, henceforth called "dnver TestGraph obJects'' 

This test smte is unusual m that the CUT itself is used as part of its test dnver 
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Therefore, the possibility exists that faults m the CUT could be hidden durmg testmg, 

or spurious faults reported, due to the dnver TestGraph objects It may also be that 

arc coverage is not achieved for the dnver testgraph, if the dnver TestGraph objects 

malfunction, resultmg m some port10ns of the test smte not bemg executed at all 

However, m practice, usmg the TestGraph classes to dnve the testmg has not 

turned out to be a hmdrance to proper testmg The functionality provided by the 

dnver TestGraph objects was manually checked Node and arc labels from paths 

traversed through the dnver testgraph, prmted out as the test smte executes, were 

mspected for validity Each path generated by the test dnver was mspected to be a 

vahd path from the dnver testgraph It was ascertamed that each path began at the 

start node, that paths generated were traversable from it, and that arc coverage was 

achieved 

The dnver TestGraph objects are not used for test output checkmg, or for any 

direct testmg of the CUT Instead, they are used only to load and traverse the dnver 

testgraph Smee the role of the dnver TestGraph obJects is limited to stormg a test­

graph and generatmg paths through it, and these paths have been manually checked 

for correctness, it is assumed that the dnver TestGraph objects do not mterfere with 

the testmg of the CUT 

5.1.2 The Test Plan 

Figure 5 1 shows part of the Test Plan for the TestGraph classes The test smte 

parameter, length, is used to calculate the number of nodes m the testgraph stored 

m the CUT Test cases are selected based on the class mterface specifications and the 

class implementations Normal case behav10ur is tested by stormg testgraph patterns 

m a TestGraph object, and applymg the mterval rule on the size of the testgraphs 

The testgraphs stored mclude a testgraph with no nodes and arcs, one havmg a 



CHAPTER 5 TESTING THE TESTGRAPH CLASSES 

TEST SUITE PARAMETERS 
length integer in [O,MAXNODES] 
selected values <0,1,3,10,MAXNODES> 

TEST CASE SELECTION STRATEGY 
Specification-based tests 

Normal case 
Special values for obJect state 

interval rule on the size of testgraphs stored 
Special values for member function parameters 

interval rule on add order for get calls 
Exceptions 

Generate each exception at least once 

Figure 5 1 TestGraph-Test Plan 
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smgle node, some havmg all possible nodes and arcs, and others m between for the 

current test smte parameter TestGraphiterator mstances are created and paths 

are generated, and checked for correctness usmg the test oracle Each except10n is 

generated at least once from each place where it can be generated 

5.1.3 The pattern testgraphs 

Testgraph patterns stored m the CUT should be such that they test the TestGraph 

classes thoroughly The patterns selected represent testgraphs whose nodes and arcs 

can be generated by relatively simple programs These patterns together reqmre non­

trivial TestGraph construct10n and traversal, without too heavy an implementat10n 

cost 

The pattern testgraphs used here are the EMPTY, CHAIN, RING, COMPLETE, and STAR 

testgraphs, shown m Figure 5 2 Arcs for all testgraph patterns are labeled with the 

sum of their source and destmat10n node labels The EMPTY testgraph is the empty 
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Figure 5 2 Testgraph patterns (test smte parameter = 4) 
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graph A CHAIN testgraph havmg n nodes 1s a graph such that for all i E [O, n - 2], 

there exists an arc from node i to node i + 1, and these are the only arcs m the graph 

A RING testgraph of n nodes 1s a CHAIN graph with an arc from node n - l to node 

0, as shown m Figure 5 2 In the COMPLETE testgraph there 1s an arc from each node 

to every other node 

In a STAR graph of order n , the label for each node 1s a permutation of the d1g1ts 

1,2, ,n The start node 1s labeled 12 n Each node 1s connected to n - l other 

nodes For example, 1f the test smte parameter (length) 1s 4, the start node for the 

STAR testgraph 1s 1234, as m Figure 5 2 Other nodes with arcs to and from a node m 

the testgraph are obtamed by mterchangmg the first d1g1t of the label with its other 

d1g1ts In the above example, other nodes with arcs to and from the start node for 

the STAR testgraph are 2134, 3214, and 4231 STAR testgraphs allow us to test the 

TestGraph classes with different node labels than the ascendmg mtegers for other 

test graphs 

The set of nodes m an EMPTY testgraph 1s the empty set, and that for a RING, a 

CHAIN, or a COMPLETE testgraph 1s [O length-1] The number of nodes ma STAR 

testgraph 1s the factorial of length When the factorial of length 1s greater than the 

largest number of nodes that can be stored m a TestGraph obJect (MAXNODES) , the 

STAR testgraph behaves hke an EMPTY testgraph Currently MAXNODES 1s 50, therefore 

STAR testgraphs of length more than 4 cannot be stored, and behave hke EMPTY 

test graphs 

A STAR graph 1s defined for undirected graphs The TestGraph class, however, 

stores only directed graphs Stormg the STAR graphs m the TestGraph class reqmres 

convers10n of undirected STAR graphs mto directed testgraphs A STAR testgraph, as 

implemented m this test smte, has the same nodes as an undirected STAR graph of 

the same arity If nodes a and b m an undirected STAR graph of arity n have an arc 

between them, then the STAR testgraph of arity n has a directed arc from node a to 
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Figure 5 3 TestGraph-testgraph 

node b and another from node b to node a 

5.1.4 The driver testgraph 

The driver testgraph 1s shown m Figure 5 3 The EMPTY testgraph 1s the start node 

The CHAIN and RING nodes test the CUT when a smgle path provides arc coverage of 

the testgraph stored m the CUT, and COMPLETE represents the maximal test case for 

each test smte parameter The trans1t1on ADORING 1s achieved by addmg all possible 

nodes for the current test smte parameter, and arcs by defimt1on of RING graphs, to 

an EMPTY testgraph The CHAIN testgraph 1s generated from a RING by deletmg one 

arc, by the trans1t1on from the RING testgraph to the CHAIN testgraph, called DELONE 

The COMPLETE testgraph 1s generated by addmg arcs so that there 1s an arc from 

every node m the testgraph to every other node m 1t, by the trans1t1on ADDALL A 

STAR testgraph 1s generated from the COMPLETE testgraph by deletmg all nodes and 

arcs, and addmg those for STAR graphs by the trans1t1on MAKESTAR 
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5.2 The test suite 

With the test strategy m place, we proceed to the test smte itself In the testgraph 

methodology, a test smte consists of an oracle and a driver The test oracle for the 

TestGraph test smte is composed of the pattern 1mplementat10n and the Oracle 

class The 1mplementat10n for creatmg the testgraph patterns is a set of standalone 

routmes m the file pattern C The test driver 1s composed of the Dr1 ver class and 

scaffoldmg code, as usual 

5.2.1 Oracle strategy 

Testgraph patterns are created by mvokmg general purpose access routmes, declara­

tions for which are shown m Figure 5 4 If a testgraph pattern, p, 1s to be created 

when the test smte parameter is l , the call nodeSet (p, l) is used by the test oracle 

to create the set of nodes, n, and arcSet (p, l, n) is used by the oracle to obtam the 

set of arcs m the testgraph The call adJ acent (p, l, s, d) returns true if there exists 

an arc from node s to node d m the testgraph with pattern p for test smte parameter 

l Special funct10ns used for creatmg star graphs mclude the funct10n flip, which 

swaps the first digit of a multidigit number with any one of its other digits, m order 

to create node labels for star graphs 

Usmg the pattern routmes, the Oracle class generates the nodes and arcs of the 

testgraph m the CUT, and stores them m its mstance variables The Oracle class 

provides set calls to change the testgraph pattern currently represented by its mstance 

variables, and get calls to allow the Dr1 ver to check the CUT state Oracle member 

functions test 1f a path obtamed usmg a TestGraphiterator obJect 1s a path from 

the test graph currently stored m the CUT, and if arc coverage has been achieved by 

a set of path 
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// ***public pattern functions*** 

ListSet<int>& nodeSet(int,int), 
ListSet<Arcinfo>& arcSet(int,int,ListSet<int>&), 
int 
int 

adJacent(int,int,int,int), 
flip(int,int,int), 

// ***private pattern functions*** 

static void createStar(int,int), 
static int check(int), 
static int starToR1ng(1nt), 
int neighbour(int,int,int), 

Figure 5 4 The pattern routmes 

5.2.2 Oracle implementation 

The pattern routme 1mplementations 

45 

Sets of nodes and arcs for the patterns are calculated accordmg to pattern defimt10ns 

In the nodeSet funct10n , RING, CHAIN, and COMPLETE testgraph pattern nodes are 

easily calculated usmg a loop Node labels for STAR graphs are calculated m nodeSet 

by mvokmg the local function createStar, which mternally uses flip and local 

funct10ns check and neighbour to create the nodes The arcSet routme iterates 

over all the nodes m the node set and uses adJ acent to check if an arc should be 

present between any two If so, the arc label is set to be the sum of the node labels 

and the arc 1s added to the set of arcs to be returned to the user adJ acent uses 

simple arithmetic to calculate if two nodes are adJacent, except m the case of a STAR 

graph, where local funct10ns are used 
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class Oracle { 
public 

private 

}, 

Oracle(int), 
- □racle O, 

void setGraph(int), 
int getNumNode() const, 
int getLabel(int,int) const, // expects node labels 
int getNode(int,int) const, II expects node/arc indices 
int isPath(Path•), 
int allDone() const, 

int node,// node identifier 
int length, // graph parameter 

NodeType arcs[MAXNODES] [MAXNODES], // stores nodes and arcs 

Figure 5 5 Oracle- syntax 

The Oracle class implementation 
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An extract from the Oracle class mterface syntax is shown m Figure 5 5 This class 

uses a two d1mens10nal array, arcs, of a local type, NodeType , which stores a node 

or arc label and a visited flag md1catmg if the node or arc has been visited arc 

stores nodes on the mam diagonal, and arcs elsewhere The Oracle class constructor 

parameter is the test smte parameter, length, used to calculate the nodes and arcs 

m the testgraph m the CUT The constructor sets the current pattern m the Oracle 

obJect to be EMPTY, and resets all entries m arcs The funct10n setGraph is used 

to create a testgraph pattern and store its arcs and nodes m arcs setGraph is 

a generalized routme, usmg pattern functions nodeSet and arcSet to create sets 

of nodes and arcs for the testgraph pattern, and placmg these m arcs , freemg the 

memory for the node and arc sets returned by the pattern funct10ns 
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The function getNumN ode returns the number of nodes expected m the CUT The 

call getExistNode ( i ) returns true if i is expected to be a node m the CUT The call 

get Label ( i, J) returns the label for the arc that is expected to exist from node i to 

node J m the CUT, and getN ode ( i, J) returns the label for the node or arc expected 

to be m the CUT from the node at posit10n i to the one at posit10n J m arcs 

The call isPath(p) checks if the path, p, is a vahd path from the testgraph stored 

m the CUT isPath checks that the first element m the path is the start node, and 

then iterates over all elements m the path, checkmg that each node and arc m the 

path is expected to be m the CUT, and settrng its visited flag m arcs isPath also 

checks that, for each arc m the path, the prev10us node m the path is its source, and 

the next node m the path its destmat10n, as expected 

The funct10n isPath does not check that all arcs and nodes m the TestGraph 

CUT have actually been visited m the paths provided by the iterator This is done 

usmg allDone , which returns true if all arcs and nodes m the testgraph stored m 

the CUT have been visited This funct10n iterates over all valid elements m arcs , 

checkmg that every node and arc m the array has its flag set If any of the nodes or 

arcs are unreachable from the start node, allDone returns false 

5.2.3 Driver strategy 

The Driver class provides funct10ns to be executed whenever a node or arc m the 

dnver testgraph is traversed A Ori ver obJect uses the Oracle to obtam the nodes 

and arcs that should be m the CUT at each dnver testgraph node, and provides 

routmes to change the CUT state accordmgly The Dn ver class stores a TestGraph 

obJect and an Oracle obJect as mstance variables Dn ver member functions use the 

mformat10n provided by the Oracle class to check for node and arc existence m the 

TestGraph obJect, so as to check the CUT state Paths m the testgraph stored m the 
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CUT, traversed usmg TestGraphlterator mstances, are checked to be vahd paths by 

mvokmg Oracle funct10ns Except10ns for the TestGraph and TestGraphlterator 

classes are tested to be correctly raised Most except10n-checkmg code is mvoked 

after the normal case checkmg code 

5.2.4 Driver class implementation 

Figure 5 6 shows an extract from the Dr1 ver class syntax The pubhc funct10ns node , 

arc, and reset , and the pnvate mstance vanables cut and ore perform their usual 

funct10ns The funct10n reset is used whenever a new path m the dnver TestGraph 

is to be traversed Funct10ns arc and node are executed each time an arc or node m 

the dnver Test Graph is traversed The Dr1 ver class takes the test smte parameter 

as a constructor parameter, and passes it to the Oracle constructor 

The arc funct10n is implemented as a sw1 tch statement on the arc bemg traversed 

m the dnver testgraph This function modifies ore, usmg Oracle setGraph, to have 

the pattern given by the destmat10n node of the dnver testgraph arc bemg traversed 

The state of the CUT is tested when node is executed, and any CUT errors that may 

have occured m the arc call show up at that time 

The cut state and TestGraphlterator class behav10ur are checked m checkCut 

This funct10n first tests TestGraph getNumNode agamst the number of nodes m the 

CUT, as reported by ore checkGraph is then used to test other TestGraph get calls 

This funct10n iterates over those nodes and arcs that ore expects to be m cut , and 

checks if they are mdeed present, by mvokmg TestGraph get calls checkCut then 

mvokes checkStartNode which sets and checks the start node for the CUT usmg the 

relevant TestGraph funct10ns 

Before settmg the start node m order to traverse the test graph m the CUT, the 

checkNoStartExc funct10n is mvoked to check that except10n TGNoStartExc is cor-
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class Driver public AbstractDriver { 
public 

private 

Driver(int), 
void reset O , 
void arc(int), 
void node() , 

TestGraph cut, 
Oracle ore, 

II cut modifiers 
void changeCut(const Oracle&,const Oracle&), 
void makeNodes(const Oracle&,const Oracle&,int), 
void makeArcs(const Oracle&,const Oracle&,int), 
void callAddArc(int,int), 
void callDelArc(int,int), 

II cut state checking functions 
void checkCut(TestGraph&,Oracle&), 

void checkGraph(TestGraph&,Oracle&) const, 

}, 

void checkStartNode(TestGraph&,Oracle&), 

II exception checking functions 
void checkExistNodeExc(TestGraph&,Oracle&), 
void checkExistArcExc(TestGraph&,Oracle&), 
void checkFullExc(TestGraph&,Oracle&), 
void checkNotExistNodeExc(TestGraph&,Oracle&), 
void checkNotExistArcExc(TestGraph&,Oracle&) const, 
void checkNoStartExc(TestGraph&,Oracle&), 
void checkEndExc(TestGraph&,TestGraphlterator&,Oracle&) const, 

Figure 5 6 Driver-syntax 

49 
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rectly signaled The except10n is generated by addmg a node to the CUT, makmg 

it the start node, deletmg it, and then mvokmg the TestGraphiterator constructor 

and reset The startNode then is a node which no longer exists m the CUT, and 

the except10n should get signalled from both these functions 

Paths generated by TestGraphiterator next are tested usmg the Oracle class 

routme, 1sPath A new TestGraphiterator obJect is created and the start node is 

set next is repeatedly mvoked on this obJect, m an iterative loop, and each path 

thus generated is checked to be correct Iterat10n termmates once the TestGraph­

Iterator funct10n 1sEnd returns true The Oracle class funct10n allDone is used 

to make sure that some arc or node has not been traversed while 1sEnd returns false, 

and that they have all been visited once 1sEnd returns true At this stage, except10n 

TGEndExc is tested by mvokmg checkEndExc This funct10n mvokes next , and smce 

all paths have already been traversed, the iterator should signal endExc 

Once the normal case behav10ur has been checked, the rest of the exceptions are 

tested checkEx1stNodeExc tests except10n TGEx1stNode by applymg the mterval 

rule m attemptmg to add an existmg node to the CUT For all but STAR graphs, 

attempts are made to add the start node, the final node, and one node m between 

For STAR graphs, attempts are made to add the start node and one other node 

The checkEx1stArcExc funct10n tests except10n TGEx1stArcExc, generated by 

applymg the mterval rule while addmg existmg arcs to the CUT checkFullExc tests 

except10n TGFullExc, which can only be raised when MAXN0DES nodes have already 

been added to the CUT, and another node is attempted to be added 

The exception TGNotEx1stsNodeExc is tested to be signaled usmg checkNot­

Ex1stNodeExc An attempt to delete a non existent node from the CUT, or an 

attempt to add an arc from, or to, a non existent node m the CUT should raise 

the except10n Fmally, the TGNotEx1stArc except10n is tested to be signaled from 

checkNotEx1stArcExc, by mvokmg TestGraph getLabel for mvahd nodes 
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Chapter 6 

Testing The LEDA graph class 

The testgraph methodology has been used to test several classes developed by us In 

order to demonstrate the apphcabihty of this methodology for mdustrial classes, we 

needed to test some commercial classes We have chosen to test a widely used graph 

class from a hbrary of classes called LEDA We first mtroduce LEDA and its graph 

classes, and then explam their testmg 

6.1 LEDA 

LEDA (Library of Efficient Data Types and Algorithms) is a software hbrary con­

sistmg of C++ classes for many different abstract data types, and algorithms for 

them The hbrary provides short, semi-formal specifications for each function These 

specifications are abstract and are written as Enghsh prose Many LEDA data types 

are provided as parameterized classes 

LEDA was developed at the Max Planck Institute for Computer Science, Germany, 

by Naher and Mehlhorn, [17], [16] as part of an ongomg proJect, begun m 1989 The 

hbrary is available at an FTP (File Transfer Protocol) site We have used LEDA 
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vers10n 3 1 2 , and the source code and manual have been obtamed from the FTP 

site 

6.1.1 The graph class 

LEDA provides the graph class, which implements directed and undirected multi­

graphs An mstance of graph contams a hst of nodes and a hst of arcs Each node 

has associated with it, an adJacency hst of the out-arcs from 1t, and an adJacency hst 

of the m-arcs to 1t Each arc 1s m the hst of out-arcs from its source node and m the 

list of m-arcs to its destmation node It is not possible to specify arc or node labels 

The parameterized GRAPH class allows mformation to be associated with nodes and 

arcs, and supports most pubhc funct10ns of the graph class, apart from some more 

Services offered by the graph class 

The graph class provides approximately a hundred routmes, specifications for which 

are m the LEDA manual [19] Apart from set calls to bmld graphs, and get calls to 

retrieve mfo about the graph, algorithms for graph and network traversal are provided, 

and two types of iterators are available 

Set calls create or delete nodes and arcs For example, h1de_edge (e) is used to 

temporarily disconnect an arc from its source and destmation nodes, leavmg the arc 

m the graph, and restore_edge (e) can be used to re-connect it It is possible to 

mterchange source and destmation nodes for arcs, or for every arc m the graph, to 

msert an arc from the destmat10n of the arc to its source Methods are available to 

sort the elements m the node and arc hsts , m place 

The get calls m the graph class provide out and m degrees for a node the number 

of m-arcs or out-arcs for a node There are methods which return the source or 

destmat10n node for an arc, e g, the function opposite provides the other node 
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connected to an edge if one of them is known Member funct10ns of the class also 

provide the number of nodes and arcs, or the hst of all nodes or arcs m the graph 

Other methods provide the hst of out arcs or m arcs to a node m the graph, or traverse 

the adJacency hsts for each node Funct10ns are provided to obtam the first and the 

last node or arc m the hsts m the graph, or to obtam a successor or predecessor of a 

node or arc For example, cycllc_adJ _succ (e) , provides the cychc successor of arc 

e m the adJacency list of the source node of e 

Iterators for adJacency hsts m the graph obJect are called "adJacency iterators", 

and they provide operat10ns to reset the iterator and to obtam the next element 

from it For example, the call next_adJ _edge (e, n), places the next edge from the 

adJacency hst of node n, mto the edge e Iterat10n is also provided as a set of macros 

which iterate over nodes or arcs m a graph Iterat10n macros provide a loop hke the 

C++ for statement, except that the graph cannot be modified mside the loop An 

iterat10n macro extracts elements from the graph one at a time, repetitively executmg 

the statements m the loop For example, f oralL.nodes ( n, g) { s } executes the C++ 

statement s, with each node m graph g assigned once to node n 

The graph class provides funct10ns to read and wnte graphs to streams Funct10ns 

can read or wnte complete graphs as well as smgle nodes or edges For example, the 

call g wr1 te (o) wntes out the nodes and arcs for a graph g to output stream o 

6.1.2 The GRAPH class 

GRAPH is a template based, directed graph class, parametenzed with node and arc 

types For example, GRAPH<n, a> is a GRAPH obJect with nodes of type n and arcs 

of type a Information is associated with nodes and arcs usmg set calls, and is 

retneved usmg get calls For example, if g is a GRAPH obJect , with mteger node 

and arc labels, then g new..node (n) adds a new node with mteger label n to g It 
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1s also possible to sort nodes or edges accordmg to the ordermg defined on theu 

labels, and to read or write node and arc labels m a graph Algorithms provided for 

traversal of graphs m this class are depth-first search and breadth-first search Other 

algorithms are provided for computmg the connected components, etc, apart from 

network algorithms 

6.2 GRAPH class test strategy 

Havmg mtroduced the LEDA graph classes, we now describe the strategy for testmg 

these classes We created a test smte for the GRAPH class, which mherits publicly from 

the graph class, and stores directed graphs The GRAPH test smte also tests member 

funct10ns of the graph class This test smte made extensive use of the TestGraph test 

smte, and was developed with far less effort than might otherwise have been needed 

The test strategy for the GRAPH class 1s sumlar to that used to test the TestGraph 

classes A testgraph (the driver testgraph) was created, with each node m 1t rep­

resentmg a graph pattern m a GRAPH mstance The patterns stored were chosen to 

exercise the GRAPH class thoroughly The test smte places each of these patterns mto a 

GRAPH obJect, checkmg its state and mvokmg CUT functions to check graph traversal 

Most of the GRAPH member functions were tested m this test smte An attempt 

was made to test a representative sample of funct10ns a few from each family of 

access routmes, such as set/get calls, iterators and traversal algorithms Smee the 

GRAPH class stores directed graphs, funct10ns for undirected graphs were not tested 

We decided not to test those funct10ns m the graph class which are overridden by 

GRAPH class funct10ns , smce testmg the latter was sufficient to demonstrate the graph 

class test scheme Most funct10ns m the classes are very s1m1lar, and it would not be 

a maJor problem to test each and every function, with the mfrastructure m place 

Out of eighteen funct10ns defined directly for the GRAPH class, fourteen were tested 
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graph class functions tested mcluded set calls to build and destroy graphs All get 

calls, apart from iterators, were tested Each adJacency iterator routme was tested, 

but some graph iterator macros were not Two algorithms for graph traversal were 

tested In toto, seventy two, out of one hundred, functions were tested 

6.2.1 The graph patterns 

Patterns used m the GRAPH testmg were the same as the ones used for TestGraph 

testmg EMPTY, CHAIN, RING, COMPLETE, and STAR graphs These patterns were gen­

erated usmg the pattern routmes described m Chapter 5 There were changes to the 

way the pattern routmes are used by the test oracle, but none to the pattern routmes 

themselves 

The GRAPH class test smte had to test multigraphs, and so the patterns represent 

directed multigraphs If the pattern routmes specify that a graph pattern has an arc 

from source node s to destmation node d, the correspondmg multigraph was generated 

by the test oracle by addmg multiple arcs from s to d, each havmg a different arc 

label This is done m the test oracle and the pattern routmes were not modified 

6.2.2 The Test Plan 

The Test Plan for the GRAPH class is similar to the TestGraph Test Plan The test 

smte parameter, length, is a measure of the size of the graph The selection of 

special values for GRAPH member function parameters is based on to the specifica­

tions of the functions An mterval rule on add order is apphed for all relevant calls 

Program-based testmg was not done m this case, smce specifications-based testmg 

seems sufficient to demonstrate our test scheme, and program-based testmg would 

mvolve testmg the highly complex implementation of the GRAPH class, with not much 

gam The GRAPH class does not support exceptions, and so no exception testmg was 
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done The driver testgraph used here is the same as that used m the TestGraph 

testmg, but each node of this driver testgraph represents a directed multigraph 

6.2.3 TestGraph testing vs. GRAPH testing 

Testmg the GRAPH class has had its similarities to as well as differences from the 

TestGraph testmg The framework for the two test smtes is very similar, but there 

have been some changes to both the Dn. ver and the Oracle classes GRAPH testmg 

tests multigraphs, and tests a far larger number of CUT member funct10ns The 

traversal algorithms tested here are different from the rooted path traversal provided 

by the TestGraphiterator class There are no except10n tests performed here, and 

we cannot use code coverage as a vahd critenon to measure the testmg, smce testmg 

is only based on the specificat10ns 

6.3 The test implementation 

With the test strategy m place, we now go on to the test smte implementat10n 

The test smte consists of the Oracle and the Dr1 ver class implementations, and the 

pattern routmes The pattern routmes have not changed, and hence are not described 

here 

6.3.1 The Oracle class 

Oracle strategy 

The Oracle class used here has few changes from the TestGraph Oracle other than 

supportmg multigraphs Labels for each arc m the multigraph are not actually stored 

m the Oracle, and most are calculated as needed Whenever a graph pattern has an 

arc l from source node s to destmat10n node d, the multigraph m the Oracle class 
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II •••contants••• 
const int DEPTH= 2, 

II •••types••• 
struct NodeType { 

int value, 
int visited[DEPTH], 

}, 

// •••class declaration••• 
class Oracle { 
public 

}, 

int getNumArc() const, 
int getLabel(int,int,int) const, II expects node labels 
int getNode(int,int,int) const, // expects node/arc indices 
int getPos(int) const, 
int allNodesDone() const, 
int isEdge(int,int,int) const, 
int isNode(int) const, 

Figure 6 1 Oracle-syntax 
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has two arcs from s to d, one with label l and the other with label 2 x l The label for 

arc label l is stored, and labels for other arcs are calculated as needed Informat10n 

is stored about whether or not each arc has been visited 

Oracle 1mplementat1on 

Figure 6 1 shows that part of the GRAPH Oracle mterface syntax which is different 

from the TestGraph Oracle mterface syntax If a graph pattern has an arc from 

source node n to destmat10n node d, the constant DEPTH is the number of parallel 

arcs from s to d The NodeType structure now stores the label for a smgle arc, and 

v1s1ted flags for DEPTH number of arcs, mdicatmg whether or not each arc has been 
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visited arcs is an array of NodeType, stonng nodes on the mam diagonal and arcs 

elsewhere 

Most member functions m this class are the same as for the TestGraph Oracle 

The new funct10n getNumArc returns the number of arcs expected m the CUT 

getN ode ( s , d, i) returns the label of the i 'th arc from node s to node d, and the 

call getLabel (s, d, i) returns the label of the i 'th arc from the node stored m arcs 

at posit10n s to the one stored at position d isEdge (s, d, l) returns true if there 

exists an arc l, from node s to node d m the CUT isNode (n) returns true if node 

n exists m the CUT, and allNodesDone returns true if every node m the graph has 

been visited 

6.3.2 The Driver class 

Driver strategy 

The Ori ver class obtams graph patterns from the Oracle class, and uses these to 

load graphs mto a GRAPH mstance Each Dn ver function tests a family of similar 

CUT functions There is no exception-checkmg code, and only legal calls are made on 

the CUT Graph traversal is tested by mvokmg the relevant CUT routmes and then 

usmg the Oracle class to ensure that all nodes and arcs have actually been traversed 

Driver class implementation 

Figure 6 2 shows part of the Driver mterface syntax Pubhc functions node , arc , 

and reset , (not shown) perform the same functions as m the TestGraph Driver 

The variable cut is a GRAPH mstance havmg mteger nodes and arcs, and ore is an 

Oracle mstance The local utility funct10n fmdVertex extracts a specific node from 

a GRAPH mstance, and findEdge extracts a specific arc from it The utility function 

call f1ndVal (i, a, s) returns the position of mteger i m an mteger array a of size s 
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// •••••interface syntax***** 
class Driver public AbstractDriver { 

private 

}, 

GRAPH<int,int> cut, 
Oracle ore, 

// cut modifier functions 
void changeCut(const Oracle&,const Oracle&,GRAPH<int,int>&), 
void makeNodes(const Oracle&,const Oracle&,int,GRAPH<int,int>&), 
vo1d makeArcs(const Oracle&,const Oracle&,int,GRAPH<int,int>&), 
void callAddArc(int,int,int,GRAPH<int,int>&), 
void callDelArc(int,int,int,GRAPH<int,int>&), 

// cut check routines 
void checkDegree(GRAPH<int,int>&,Oracle&), 
void checkiterators(GRAPH<int,int>&,Oracle&), 
void checkAll(GRAPH<int,int>&,Oracle&), 
void checkLists(GRAPH<int,int>&,Oracle&), 
void checkinOut(GRAPH<int,int>&,Oracle&), 
void checkUpdate(GRAPH<int,int>&,Oraclet), 
void checkPaths(GRAPH<int,int>t,Oracle&), 

// local functions 
void checkAdJacent(int •,int •,int,int,node), 
void checkln(int •,int,node), 
int checkTraversal(list<node>&), 

// local variables 
int sumNodes, 
int sumEdges, 

// •••local utility function declarations••• 
static node findVertex(GRAPH<int,1nt>&,int), 
static edge findEdge(GRAPH<int,int>&,int,int,int), 
static int findVal(int,int•,int), 

Figure 6 2 Dn. ver-syntax 
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The CUT modifier routme changeCUT(s ,d) , mvoked -with a source Oracle m­

stance s and a destmat10n Oracle mstance d, modifies the CUT from the state 

represented by s to that represented by d This funct10n uses other funct10ns such as 

makeNodes, which are close to similarly named funct10ns m the TestGraph Driver 

The funct10n checkDegree is used to check the CUT access routmes associated 

with the m-degree and out-degree of nodes, and to collect data used to test other 

funct10ns checkDegree iterates over all nodes m the graph, and mvokes Dr1 ver rou­

tmes checkAdJacent and checkin, for each node checkAdJacent tests the family 

of CUT routmes for arcs and nodes adJacent to a node Arcs are adJacent to their 

source nodes, and nodes are adJacent to the destmat10n nodes of their out-arcs CUT 

routmes which cyclically provide the adJacent successor or predecessor of an arc m 

the adJacency hst of a node, are tested by gomg through the complete adJacency hst 

several times The Driver function checkin tests the family of CUT routmes con­

cerned with m-arcs to a node, such as 1n_edges and first_rn_edge These funct10ns 

are tested the same way as funct10ns for adJacent arcs 

The routme checkiterators imtiahzes the adJacency iterators of the CUT and 

checks the nodes and arcs obtamed from them One macro iterator 1s tested m the 

funct10n checkDegree , the others are tested here by checkmg that the nodes and arcs 

obtamed are m the CUT 

The funct10n checkAll retrieves node and arc hsts from the CUT and checks their 

sizes and elements m the hsts The funct10n checkL1sts obtams each element from 

the node and arc hsts m the CUT, and verifies that each such node and arc is m the 

CUT Elements are obtamed by traversmg the hsts m both forward and reverse order 

and 1t is checked that the same elements are returned both ways checkin□ut reads 

m and writes out graphs, and the output is verified manually 

The checkUpdate funct10n checks the set calls m the CUT All arcs m the CUT are 

deleted and re-mserted, and then hidden and restored A copy of the CUT 1s made, 
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and the CUT function rev is mvoked to reverse all its edges, which is then verified 

CUT routmes to delete all edges and nodes are tested by mvokmg the routmes and 

checkmg that the CUT is empty 

Graph traversal is tested by the Dn.ver funct10n checkPaths , which mvokes the 

CUT funct10n DFS to perform a depth first search, and BFS to perform a breadth 

first search The local funct10n checkTraversal is mvoked, to test the hst of nodes 

obtamed from the traversal Each node is checked to be m the CUT, and the Oracle 

funct10n allNodesDone is used to ensure that each node m the CUT has been v1s1ted 

6.4 Failures in the CUT 

Several failures were detected m the GRAPH class, and reported to the LEDA develop­

ers The LEDA developers have acknowledged these, and expect to provide bug fixes 

m future LEDA releases 

A failure was detected m cycllc_1n_succ (e), which should cyclically return the 

successor of arc e from the hst of m-arcs for e's destmation, n This funct10n , after 

first returnmg all elements m the hst of m arcs of n, starts returnmg edges from the 

hst of out arcs of n This failure was also detected m cychc_1n_pred (e), which 

should return the cyclic predecessor of the e m the hst of m arcs of e's destmat10n 

node, n This function too starts returnmg arcs from the out arcs of n, after first 

returnmg each m arc of n 

Another failure detected was m the funct10n 1n_edges (n) , which should return 

the hst of m-arcs for node n This function generated lmker errors, smce the function 

was not implemented at all 

The funct10n adJ...nodes , expected to return the nodes adJacent to a node, was 

also detected to have a failure If a graph has n (n > 1) arcs from a nodes to another 

node d, adJ _nodes (d) returns n copies of node s, mstead of one 
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Chapter 7 

Conclusion and Future Work 

7.1 Summary and Conclusion 

Much work remams to be done m the area of obJect-onented testmg m general, and 

that of class testmg m particular Tools and techmques are needed to provide a frame­

work for testmg software developed m obJect-onented languages, such as C++ Such 

techmques need to be demonstrated to be feasible , both m a controlled, laboratory 

environment: and ma real-life, mdustnal settmg 

We have developed a graph based tool for the automated testmg of C++ compo­

nent classes by the testgraph methodology Part of this tool has been implemented m 

C++ by the TestGraph and TestGraphiterator classes, which store simple, directed 

testgraphs A traversal mechamsm is provided, which performs rooted traversal and 

provides arc coverage of the testgraph, if at all possible 

The TestGraph classes are used m the testmg of C++ classes, with nodes m the 

testgraph representmg states m the CUT, and arcs representmg transit10ns between 

these states The testgraph methodology provides a complete test method which 

mvolves loadmg and traversmg a testgraph stored m the TestGraph class, modify-
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mg the CUT state when traversmg each testgraph arc, and testmg the state when 

traversmg each testgraph node 

We present an easily reproducible scheme for testmg C++ graph classes, which 

follows the testgraph methodology It stores special graphs mto the graph CUT, and 

checks that they are correctly stored Each graph is traversed, and the traversal 

verified This scheme was implemented to test the TestGraph classes, and certam 

test cntena, such as 100% statement coverage, were achieved 

The graph class testmg scheme was then demonstrated man mdustnal settmg by 

testmg the LEDA GRAPH class, which implements directed multigraphs While this 

class proved to be much larger and more complex than the TestGraph classes, the 

graph testmg scheme was easily adapted to test most methods m it It also provides 

different graph traversal mechanisms, which were tested to work correctly 

The output log-file generated from the TestGraph test smte was approximately 

570Kb m size, and had about 18 5 thousand Imes, while that generated from the 

LEDA test smte was about 43Mb m size, and had over 3 3 million Imes of output 

Roughly speakmg, each lme of output m the log-file corresponds to one mvocat10n of 

a CUT method, and therefore approximately 18 5 thousand TestGraph method mvo­

cat10ns were made, and approximately 3 3 million LEDA GRAPH method mvocat10ns 

were made 

Our graph test scheme reported failures m the LEDA GRAPH class The first vers10n 

of this class was released m 1991, and it has been widely used around the world smce 

then Therefore, the reporting of failures m the class, when tested usmg our graph 

testmg scheme, shows the need for systematic techniques for testmg such component 

classes It also demonstrates that the graph testmg scheme developed by us works 

correctly for medmm-sized classes m an mdustnal settmg 

In summary, the contnbut10ns of my thesis research work have been the develop­

ment of the TestGraph and TestGraphiterator classes to form the basis of the test-
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graph methodology, the development of a graph class testmg scheme usmg the test­

graph methodology, and the demonstrat10n of this scheme to testmg the TestGraph, 

the TestGraphiterator, and LEDA GRAPH classes 

7.2 Future Work 

The TestGraph classes store and traverse testgraphs Smee multigraphs are currently 

not supported, one transit10n from a CUT state, s , to a CUT state, d, cannot be 

distmguished from another transit10n from s to d, as both are represented by the 

same arc For example, m Figure 3 4, which shows the testgraph for the IntSet 

class, the arc ADDALL represents the transition addmg mtegers to the empty set to 

make a full set If the IntSet implementation uses a sorted array to store the set , the 

tester may wish to add the same elements to an IntSet obJect, more than once, m 

different orders, for mstance, once m an ascendmg order and once m a random order 

Therefore, there will be two different transitions from node EMPTY to node ALL, which 

need to be represented by two different arcs The arc ADDALL, from EMPTY to ALL, 

can represent the transit10n when elements are added sequentially to the set The arc 

ADDALLRANDOM, agam from EMPTY to ALL, can represent the transit10n when the same 

elements are added to the set m a random order 

Therefore, the TestGraph classes can be modified to support multigraphs, where 

each arc from one node to another will represent a different way of makmg that 

transition The traversal algorithm must also be modified, m order to provide arc 

coverage for multigraphs The TestGraph test suite will then need to be modified to 

test multigraphs However, the LEDA GRAPH test suite already tests for multigraphs, 

and the testmg scheme used there can be used m the TestGraph test suite The 

graph traversal testmg scheme may also need to be modified to test the new traversal 

algorithm 
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The current traversal algorithm for the TestGraph classes provides arc coverage 

by producmg simple rooted paths through the testgraph This algorithm can be 

replaced by other algorithms, such as the Maximal Simple Rooted Paths (MSRP) 

algorithm, which produces every maximal non-cychc path possible from the start 

node m the testgraph Whereas the current algorithm termmates on achievmg arc 

coverage, MSRP provides all possible simple rooted paths m the testgraph, hence 

producmg many more test cases This algonthm was implemented m a prototype of 

the TestGraphiterator class, but was not adopted m its final version, smce memory 

problems due to recurs10n ( of the sort described m Chapter 5) were faced when a huge 

number of paths were generated by the algonthm The current algonthm produces a 

subset of the paths produced usmg MSRP, and appears to be sufficient for now, smce 

it achieves arc coverage 
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Appendix A 

The TestGraph classes 

A.1 TestGraph Class Interface Specifications 

II *********•TestGraph interface specification********** 

II •••custom abbreviations*** 
II del for delete 
II ex for exists 

II *****interface syntax***** 

II •••constants*** 
const MAXNODES = 50, 

II ***private information---begin*** 
typedef struct ArcType { 

int label, 
int exist, 

}, 

II ***private information---End*** 

II ***Class declarations*** 
class TestGraph { 
public 

friend class TestGraphiterator , 
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TestGraph(1nt start= 0), 

void setStartNode(1nt), II node calls 
int getStartNode() canst, 
void addNode(1nt), 
void delNode(1nt), 
int exNode(1nt) canst, 
int getNumNode() canst, 

void addArc(1nt,1nt,1nt), II arc calls 
void delArc(1nt,1nt), 
int exArc(1nt,1nt) canst, 
int getLabel(1nt,int) canst, 

II ***private information---begin*** 
private 

}, 

int node[MAXNODES], II nodes 
ArcType arc[MAXNODES] [MAXNODES], II arcs 
int numNode, II number of nodes and arcs 
int startNode, II index of start node 

int f1ndPos(1nt) canst, II local function 

II ***concrete state invariant*** 
II (numNode in [O MAXNODES]) and 
II there are no duplicates in node[O numNode-1] 

II ***abstraction function*** 
II (lnodeSetl = numNode) and 

nodeSet = {n In in node[O numNode-1]} and 
arcSet = {<src,dst,label> I (exists i,J in [0 numNode-1]) 
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II 
II 
II 
II 
II 

(src = node[1] and dst = node[J] 
and label= arc[i] [J] label and 
arc [1] [J J exist)} 

II ***private information---End*** 

II ***exception handlers*** 
void TGExArcExc(), 
void TGExNodeExc(), 
void TGFullExc(), 
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void TGNotExArcExc(), 
void TGNotExNodeExc(), 

/•••••interface semantics---begin***** 

•••abstract state variables*** 
nodeSet set of integer 
arcSet set of tuple of <src int,dst int,label int> 
startNode integer 

•••abstract state invariant••• 
lnodeSetl <= MAXNODES and 
(forall arc in arcSet) 

(arc src in nodeSet and arc dst in nodeSet) and 
not (exist arc1,arc2 in arcSet) 

(arc1 src = arc2 src and arc1 dst = arc2 dst) 

***member functions••• 

TestGraph(node) 
transition nodeSet,arcSet,startNode = {},{},node 
exceptions none 
assumptions none 

setStartNode(node) 
transition startNode = node 
exceptions none 
assumptions none 

getStartNode () 
output out = startNode 
exceptions exc = none 
assumptions none 

addNode(node) 
transition nodeSet = nodeSet+{node} 
exceptions exc = (lnodeSetl = MAXNODES => TGFullExc 

I node in nodeSet => TGExNodeExc) 
assumptions none 

delNode(node) 
transition nodeSet,arcSet = nodeSet-{node}, 
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arcSet-{<src,dst,label> 1n arcSet I src = node 
or dst = node} 

exceptions exc = (not node 1n nodeSet => TGNotExNodeExc) 
assumptions none 

exNode(node) 
output out = (node 1n nodeSet) 
exceptions none 
assumptions none 

getNumNode() 
output out = lnodeSetl 
exceptions none 
assumptions none 

addArc(src,dst,label) 
transition arcSet 
exceptions exc = 

= arcSet+{<src,dst,label>} 
(exists label1)(<src,dst,label1> 
TGExArcExc I 

1n arcSet => 

not {src,dst} 1n nodeSet => TGNotExNodeExc) 
assumptions none 

delArc(src,dst) 
transition arcSet = arcSet -

{arc 1n arcSet I arc src = src and arc dst = dst} 
exceptions exc = ((not exists label)(<src,dst,label> 1n arcSet) 

=> TGNotExArcExc) 
assumptions none 

exArc(src,dst) 
output out = (exists label)(<src,dst,label> 1n arcSet) 
exceptions none 
assumptions none 

getLabel(src,dst) 
output out = label such that <src,dst,label> 1n arcSet 
exceptions exc = ((not exists label)(<src,dst,label> 1n arcSet) 

=> TGNotExArcExc) 
assumptions none 

*****interface semant1cs---end*****I 
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A.2 TestGraphlterator Class Interface Specifica­
tions 

#include "ListSetiter h" 
#include "TestGraph h" 

II **********TestGraphiterator interface specification********** 

II ***custom abbreviations*** 
II del for delete 
II ex for exists 

II *****interface syntax***** 

II •••constants*** 

II ***types••• 
typedef enum {ARC,NODE} ArcNodeFlag, 

II ***class declarations*** 
class Arcinfo { 
public 

}, 

int src, 
int dst, 
int label, 

operator==(Arcinfo arcinfo) { 

} 

return ((arcinfo src == src) && (arclnfo dst -- dst) 
&& (arcinfo label== label)), 

operator 1=(Arclnfo arclnfo) { 

} 

return ((arclnfo src 1= src) I I (arcinfo dst '= dst) 
I I (arcinfo label 1= label)), 

class ArcNode { 
public 

ArcNodeFlag flag, 
int id, 

operator==(ArcNode arcNode) { 
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}, 

return ((arcNode flag== flag) && (arcNode id== id)), 
} 

operator'=(ArcNode arcNode) { 
return ((arcNode flag 1= flag) I I (arcNode id 1= id)), 

} 

typedef List<ArcNode> Path, 

class TestGraphiterator { 
public 

TestGraphiterator(const TestGraph&), 
-restGraphiterator(), 

void reset() , 
int isEnd(), 
Path next() , 

II ***private information---begin*** 
private 

const TestGraph& testgraph, 
Path •curPath, 
int first, 
int visited[MAXNODES] [MAXNODES], II arcs visited since reset 

int pathindex, II index of the current node in curPath 
ListSet<Path> •pathSet, II set of paths returned by next() 
ListSetiter<Path> •pathiterator, 

II local functions 
ListSet<Arcinfo>& getOutArcs(int ) , 
void nextArc(int), 

II ***private information---End*** 
} , 

II •••concrete state invariant*** 
II (forall i,J in [O testgraph numNode-1])(visited[i][J] = 1 
II => the arc from testgraph node[i] to testgraph node[J] has 
II been traversed since the iterator was last initialized) 
II 

II •••abstraction function**** 
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// ***exception handlers*** 
void TGEndExc(), 
void TGNoStartExc(), 

/•••••interface semantics---begin***** 

***abstract state variables*** 
graph testgraph 
anSet set of integer 
pSet set of path 

•••abstract state invariant*** 
(anSet = graph arcSet+graph nodeSet) and 
(forall pin pSet)(a in p => a in anSet) 

***graph coverage criteria*** 
Every arc reachable from the start node is visited at least once 

***iterator policy*** 
The iterator will generate a set of rooted paths guaranteed to 
satisfy the coverage criteria 

***member functions*** 

TestGraphiterator(tg) 

reset() 

next() 

transition graph,anSet,pSet = tg,set of arcs and nodes in tg, 
set of paths in tg generated according to coverage 
criteria 

exceptions exc = (not tg startNode in tg anSet => TGNoStartExc) 
assumptions none 

transition pSet = set of paths in graph satisfying the 
coverage criteria 

exceptions exc = (not graph startNode 1n anSet => TGNoStartExc) 
assumptions none 

transition-output pSet,out = pSet-{p},p where pis in pre(pSet) 
exceptions exc = (pSet == {} => TGEndExc) 
assumptions testgraph is not modified since last reset call 
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isEnd() 
output out= (no unreturned paths in pSet) 
exception exc = none 
assumptions none 

***local types*** 
path sequence of integer 

*****interface semantics---End*****I 

A.3 TestGraph class implementation 

#include <iostream h> 
#include "TestGraph h" 

II ***custom abbreviations*** 
II del for delete 
II ex for exists 

II ***public member functions*** 

TestGraph TestGraph(int start) 
{ 

} 

numNode = 0, 
startNode = start, 

void TestGraph setStartNode(int node) 
{ 

startNode = node, 
} 

int TestGraph getStartNode() const 
{ 

return(startNode), 
} 

void TestGraph addNode(int addNode) 
{ 

if (numNode == MAXNODES) { 
TGFullExc O , 
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} 

return, 
} 

if (find.Pos(addNode) '= numNode) { 
TGExNodeExc O , 
return, 

} 

// add node 
node[numNode++] = addNode, 
// set arcs to non-existent 
for (inti= 0, i < numNode, 1++) { 

arc[i] [numNode-1] exist= 0, 
arc[numNode-1] [i] exist= 0, 

} 

void TestGraph delNode(int deleted) 
{ 

} 

int index, 

if ((index= find.Pos(deleted)) == numNode) { 
TGNotExNodeExc(), 
return, 

} 

// delete node 
node[index] = node[numNode-1], 
// delete arcs 
for (int J = 0, J < numNode, J++) { 

if (index 1= J) { 

} 

} 

arc[index] [J] exist= arc[numNode-1] [J] exist, 
arc[index] [J] label= arc[numNode-1] [J] label, 
arc [J] [index] exist = arc [J] [numNode-1] exist, 
arc[J] [index] label= arc[J] [numNode-1] label, 

arc[index] [index] exist= arc[numNode-1][numNode-1] exist, 
arc[index] [index] label= arc[numNode-1][numNode-1] label, 
// check start node 
numNode--, 

int TestGraph exNode(int node) const 
{ 
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return(findPos(node) 1= numNode), 
} 

int TestGraph getNumNode() const 
{ 

return(numNode), 
} 

void TestGraph addArc(int src,int dst,int label) 
{ 

} 

int srcindex = O,dstindex = 0, 

II check both nodes exist 
if ((srcindex = findPos(src)) == numNode) { 

TGNotExNodeExc(), 
return, 

} 

if ((dstindex = findPos(dst)) == numNode) { 
TGNotExNodeExc(), 
return, 

} 

// check if arc already exists 
if (arc[srcindex] [dstindex] exist) { 

TGExArcExc(), 
return, 

} 

// add arc 
arc[srcindex][dstindex] exist= 1, 
arc[srcindex] [dstindex] label= label, 

void TestGraph delArc(int src,int dst) 
{ 

int srcindex,dstindex, 

// check arc existance 
src!ndex = findPos(src), 
dst!ndex = findPos(dst), 
if ((srcindex == numNode) I I (dstindex == numNode) I I 
( 1arc[srcindex] [dstindex] exist)) { 

TGNotExArcExc(), 
return, 
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} 

// delete arc 
arc[srcindex] [dstindex] exist= 0, 

} 

int TestGraph exArc(int src,1nt dst) const 
{ 

} 

int srcindex,dstindex, 

srcindex = findPos(src), 
dstindex = findPos(dst), 
return((srcindex '= numNode) && (dstindex 1= numNode) && 
arc[srcindex] [dstindex] exist), 

int TestGraph getLabel(int src,1nt dst) canst 
{ 

} 

int srcindex,dstindex, 

srcindex = findPos(src), 
dstindex = findPos(dst), 
if ((srcindex == numNode) I I (dstindex -- numNode) I I 
( 1arc[srcindex] [dstindex] exist)) { 

} 

TGNotExArcExc(), 
return(0), 

return(arc[srcindex] [dstindex] label), 

// ***private member functions*** 

int TestGraph f1ndPos(1nt node1) canst 
{ 

} 

int 1, 

for (1 = 0, 1 < numNode, 1++) 
if (node[1] == node1) 

return(1), 
return(numNode), 
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A.4 TestGraphlterator class implementation 

#include <iostream h> 
#include 11 TestGraphiterator h 11 

II ***custom abbreviations*** 
II del for delete 
II ex for exists 

II ***public member functions*** 

TestGraphiterator TestGraphiterator(const TestGraph& ti) testgraph(t1) 
{ 

} 

first = 1, 
reset O, 

TestGraphiterator -TestGraphiterator() 
{ 

if ( 1first) { II space has been allocated if first is false 
delete curPath, 

} 

} 

delete pathSet, 
delete pathiterator, 

void TestGraphiterator reset() 
{ 

int position, 
if ((position= testgraph findPos(testgraph startNode)) 

>= testgraph numNode) { 
TGNoStartExc () , 
return, 

} 

pathlndex = 0, 

if ('first) { II reset was not called from constructor 
delete curPath, 
delete pathSet, 
delete pathlterator , 

} 
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} 

first= 0, 
for (inti= 0, i < testgraph numNode, i++) 

for (int J = 0, J < testgraph numNode, J++) 
visited[i] [J] = 0, 

ArcNode arcNode, 
arcNode flag= NODE, 
arcNode id= testgraph getStartNode(), 
curPath = new Path, 
curPath->addAt(arcNode,pathlndex++), 
pathSet = new ListSet<Path>, 
nextArc(position), 
pathiterator = new ListSetlter<Path>(•pathSet), 

ListSet<Arcinfo>& TestGraphlterator getOutArcs(int node) 
{ 

} 

ListSet<Arclnfo> •outArcs = new ListSet<Arclnfo>, 

for (inti= 0, i < testgraph numNode, 1++) {//for all nodes 
// if out-arc exists and has not yet been visited 
if ('visited[node] [i] && testgraph arc[node] [i] exist) { 

Arclnfo arc, 

} 

} 

return •outArcs, 

arc src = node, 
arc dst = i, 
arc label= testgraph arc[node] [i] label, 
outArcs->add(arc), 

void TestGraphlterator nextArc(int curNode) 
{ 

ListSet<Arclnfo>& outArcSet = getOutArcs(curNode), 
ListSetlter<Arclnfo> iterator(outArcSet), 

while ( 1iterator isEnd()) { 
Arclnfo arc= iterator next(), 
if ( 1visited[arc src] [arc dst]) { 

visited[arc src] [arc dst] = 1, 
ArcNode arcNode , 
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} 

} 

} 

arcNode flag= ARC, 
arcNode id= arc label , 
curPath->addAt(arcNode,pathindex++), 
arcNode flag= NODE, 
arcNode id= testgraph node[arc dst], // node id 
curPath->addAt(arcNode,pathindex++), 
nextArc(arc dst), // recursive call for dst node 

if (outArcSet size()== 0) 
pathSet->add(•curPath), 

if ((curNode == testgraph findPos(testgraph startNode)) && 
(curPath->size() == 1)) // if startnode only element in path 

curPath->removeAt(--pathindex), // remove one element 
else {//if (outArcSet size()> 1) 

curPath->removeAt(--pathindex), // remove last node 
curPath->removeAt(--pathindex), // remove last arc 

} 

delete &outArcSet, 

Path TestGraphiterator next() 
{ 

} 

if (pathiterator->isEnd()) { 
TGEndExc O , 
return (•curPath), 

} 

return pathiterator->next(), 

int TestGraphiterator isEnd() 
{ 

return (pathiterator->isEnd() ) , 
} 
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The TestGraph test suite 

B.1 TestGraph test plan 

CUSTOM ABBREVIATIONS 
del delete 

TEST SUITE PARAMETERS 
length integer in [O,MAXNODES] 
selected values <0,1,3,10,MAXNODES> 

ASSUMPTIONS 
MAXNODES >= 1 

TEST CASE SELECTION STRATEGY 

Specification-based tests 
Normal case 

Special values for obJect state 
interval rule on the size of testgraphs stored 

Special values for member function parameters 
interval rule on add order for get calls 

Exceptions 
Generate each exception at least once 

Program-based tests 
Achieve 100¼ statement coverage 

TESTGRAPH 
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I EMPTY I ADDCHAIN I ADORING I 

CHAIN 

DELONE RING I ADDCOMPLETEI 

I DELALLI 

I DELSTARI 

Numbering scheme 
For non STAR graphs 

COMPLETE I MAKESTARI 

STAR 

Nodes are labelled from Oto length-1, start node is 0 
For a STAR graph, 

node labels are permutations of all digits from 1 to length, 
start node is 12 length, 
For all i 1n [2,length], each nodes has an arc to and from 
the length-1 other nodes labelled by the numbers obtained by 
interchanging the first and i'th digits of s 

The arc from nodes to node d has the label s+d 

ABSTRACTION FUNCTION 
A(node,length) = 

(node= EMPTY=> empty TestGraph 
I node= RING => ring of 'length' nodes, start node is 0 
I node= CHAIN=> chain of 'length' nodes, start node is 0 
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I node= COMPLETE=> complete graph of 'length' nodes, start node 0 
I node= STAR=> star graph of arity 'length', start node is 1) 

ORACLE STRATEGY 

Instance variables 
length graph parameter (arity for star, number of nodes for others) 
arcs MAXNODES x MAXNODES adJacency matrix, nodes lie on main 

diagonal, arcs elsewhere, each matrix entry has 
a field for node/arc numbers 
a field showing if the node/arc has been visited 

node current driver testgraph node 
numArcs number of arcs in the CUT 
numNodes number of nodes in the CUT 
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Public member functions 
constructor(int size) 

length,node,numNodes,numArcs = size,EMPTY,0,0 
destructor 
setGraph(int nodeidentity) 

node= nodeidentity 
obtain set of nodes, s, using nodeSet 
for each 1 ins, insert i at arcs[J][J] such that Jin [O,lsl-1] 
obtain set of arcs, a, using outArcs 
for each 1 in a, store 1 label at arcs[i src] [1 dst] 

getNumNode() 
return numNodes 

1sPath(L1st<ArcNode>& path) 
checks that path is a valid path in the CUT 
and the ArcNodes refer to valid arcs and nodes in the CUT 
(path is traversed by following the arcs and nodes in order) 

allDone() 
Verifies that each matrix entry having a valid node or arc 
has been covered 

Private member functions 
getEx1stNode(1nt nodeName) 

if nodeName is a valid node in arcs[], return 1 else return 0 
getLabel(int src,int dst) 

returns label of arc from src to dst On error return -1 
getNode(int src,int dst) 

returns label of arc from arcs[src][src] to arcs[dst][dst] 
getPos(1nt nodeid) 

returns position of nodeid in arcs[][] 

Pattern functions 
adJacent(int src,int dst,int& label) 

if an arc exists between src and dst by the numbering scheme 
return 1 

nodeSet(int pattern,int size) 
calculate set of nodes by numbering scheme for pattern= STAR, 
using createStar() 
return {0,1 ,size-1} for others 

outArcs(int pattern,int s1ze,L1stSet<1nt>& nodes) 
for all a,b in [0,lnodesl-1], 

if arc from nodes[a] to nodes[b] exists 
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use adJacent() to obtain arc label, 
return set of <nodes[a],nodes[b] ,label> 

neighbour(int size,int src,int dst) 
use the definition of star graphs to check if src and dst 
are neighbours in a star graph of size arity 

DRIVER STRATEGY 

Instance variables 
cut and ore to store current CUT and oracle 

Public member functions 
constructor(int size,int level) 

for value of length and msgLevel 
arc(int a) 

ore setGraph used to load the ore 
changeCUT used to duplicate ore in cut 

node() 
Normal case 

checkCut() 
use CHECKVAL on getNumNode() for ore and cut 
calculate start node for STAR and others 
use cut setStartNode() with start node 
use CHECKVAL on cut getStartNode() and start node 
use next() on cut to get path and isPath() to verify 

Exceptions 
setAddNode(int n) 

Generate exceptions for interval rule on value of n 
using CheckExistNod(), for overflow using CheckFull() 

setStartNode(int n) 
Generate exception for n = length (nonexistant node) 

using CheckNotExistNod(), 
setAddArc(int s,int d,int 1) 

Generate exceptions for an illegal src (s=length+1), 
for an illegal dst (d = length+!) and interval rule 
on existing arcs using CheckNotExistNode() and 
CheckExistArc() 

getLabel(int s,int d) 
Generate exception for a nonexistant arc 
(length,length+1) using CheckNotExistArc() 

isEnd() 
Generate exception with no start node specified 
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using CheckNoStart() 
next() 

Generate exception with no start node specified 
using CheckNoStart() and with no more paths using 
CheckEnd() 

Private member functions 
changeCUT(srcOrc,dst□rc) 

make calls on cut to change from src□rc into dstOrc cut 
should resemble dstOrc after this function call 

CheckExistNod.Exc(TestGraph& c,Oracle& o) 
check exception exNod occurs for c setAddNode(n) vith 
n = 0, o length-1, and an intermediate value 

CheckExistArcExc(TestGraph& c,Oracle& o) 
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check exception exArc occurs for c setAddArc(s,d,a) with s,d,a 
= 0,1,1, and o length-1,0,o length-1, and an intermediate value 

CheckFullExc(TestGraph& c,Oracle& o) 
if o length= MAXNODES check exception full inc setAddNode 

CheckNotExistNod.Exc(TestGraph& c,Oracle& o) 
check exception notExistNod inc setStartNode(n) for n = length 
c setAddArc(O,o length,?), and c setAddArc(o length,O,?) 

CheckNotExistArcExc(TestGraph& c,Oracle& o) 
check exception notEx1stArc inc getLabel(o length,o length+1) 
and on c delArc(o length,o length+1) 

CheckNoStartExc(TestGraph& c,TGiterator& i,Oracle& o) 
add a node by c setAddNode(o length), 
set the start node by c setStarNode(o length), 
delete the node with c setDelNode(o length), 
check that exception noStart occurs in i next() 

CheckEndExc(TestGraph& c,TGiterator& i,Oracle& o) 
check exception end occurs by calling i next() when 
o node is in state RING, and i isEnd() returns non-zero 

B.2 Oracle Class Interface Specifications 

#include "TestGraphiterator h" 

II **********Oracle Interface Specification********** 

II *****interface syntax***** 
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II ***constants*** 

struct NodeType { 
int value, 
int visited, 

}, 

// •••class declaration*** 
class Oracle { 
public 

Oracle(mt), 
-□racle (), 

void setGraph(int), 
int getNumNode() const, 
int getLabel(int,int) const, // expects node labels 
int getNode(int,int) const, // expects node/arc indices 
int isPath(Path•), 
int allDone() const, 

// node identifier 
int node, 

// graph parameter 
int length, 

// ***private information---begin*** 
private 

}, 

// other instance variables 
NodeType arcs[MAXNODES] [MAXNODES], // stores nodes and arcs 

int getExistNode(int) const, 
int getPos(int) const, 
int numArc, 
int numNode, 

II ***concrete state invariant*** 
// node in {EMPTY,RING,CHAIN,COMPLETE,STAR} and 
// length in [0,MAXNODES] 
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// •••abstraction function*** 
II See TestPlan 

// ***private information---end••• 

// ***public pattern functions••• 
ListSet<int>& nodeSet(int,int), // caller frees up the memory 
ListSet<Arcinfo>& arcSet(int,int,ListSet<int>&), // caller frees memory 
int adJacent(int,int,int,int), 
int flip(int,int, int), 

// •••exception handlers••• 

/•••••interface semantics---begin***** 

•••abstract state variables••• 
nodeSet set of integers 
arcSet set of integers 

***member functions••• 
Oracle(n) 

transition length,node,arcSet,nodeSet = n,EMPTY,{},{} 
exceptions none 
assumptions none 

-oracle() 
transition none 
exceptions none 
assumptions none 

setGraph(n) 
transition arcs = (n =EMPTY=> arcSet = {} 

I n = RING or n = CHAIN or n =COMPLETE=> 
(forall i in [O,length-1])(nodeSet += 1), 

arcSet = set of arcs for pattern n 
set of arcs for pattern n in arcs 

In= STAR=> (n < 1 or n > 5 =>arcs={} 
I set of star nodes in nodeSet 

set of star arcs in arcSet)) 
exceptions none 
assumptions none 
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getNumNode() 
output out = (node -- EMPTY=> 0 I true=> length) 
exceptions none 
assumptions none 

getLabel(i,J) 
output out = (1 1= J => (exists an arc from 1 to Jin arcSet 

=> label of arc from 1 to J in arcSet 
I true=> -1) 

exceptions none 
assumptions none 

getNode(i,J) 

(node 1 exists in nodeSet => 1 I true=> -1)) 
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output out = (1 1= J => (exists an arc from positions 1 to J in 
arcSet => label of that arc I true=> -1) 

(exists node at 1 in nodeSet => 1 I true=> -1)) 
exceptions none 
assumptions none 

isPath(p) 
output out =(pis a valid path from arcs in arcSet) 
exceptions none 
assumptions none 

allDoneO 
output out = (all nodes and arcs in nodeSet and arcSet visited) 
exceptions none 
assumptions none 

*****interface semantics---end*****I 

B.3 Oracle class implementation 

#include <iostream h> 
#include "label h 11 

#include "Oracle h 11 

Oracle Oracle(int size) 
{ 

length= size, 
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} 

node= EMPTY, 
numNode = numArc = 0, 
// set all arcs and nodes to unvisited 
for (inti= 0, 1 < MAXNODES, 1++) { 

} 

for (int J = 0, J < MAXNODES, J++) { 
arcs[i] [J] value= -1, 
arcs[1] [J] visited= -1, 

} 

Oracle - □racle() 

{ 

// intentionally empty 
} 

void Oracle setGraph(1nt newNode) 
{ 

} 

for (int 1 = 0,J, 1 < MAXNODES, 1++) {//mark arcs unvisited 
for (J = 0, J < MAXNODES, J++) { 

arcs [1] [J] value = -1, 
arcs[1] [J] visited= -1, 

} 

} 

node= newNode, 
L1stSet<1nt>& setOfNodes = nodeSet(node,length), 
L1stSetiter<1nt> nodeiter(setOfNodes), 
for (numNode = 0, 1 = O, 1 < setOfNodes size(), 1++) { 

} 

arcs[1] [1] value= nodeiter next(), // nodes on diagonal 
numNode++, 

L1stSet<Arcinfo>& setOfArcs = arcSet(node,length,setOfNodes), 
L1stSetiter<Arcinfo> arciter(setOfArcs), 
for (numArc = 0,1 = 0, 1 < setOfArcs size(), 1++) { 

Arcinfo a= arciter next(), 

} 

arcs[getPos(a src)][getPos(a dst)] value= a label, 
numArc++, 

delete &setOfNodes, 
delete &setOfArcs, 
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int Oracle getPos(1nt nodeid) canst 
{ 

for (int 1 = 0, 1 < MAXNODES, 1++) { 
if (arcs [i] [1] value == nodeid) 

return 1, 
} 

return -1, 
} 

int Oracle getNumNode() const 
{ 

return numNode, 
} 

int Oracle isPath(Path •path) 
{ 

int prev1ous,arc,pathLength = path->size(), 

if (pathLength == 0) // empty path always in testgraph 
return 1, 

if ((length== 0) && (pathLength == 0)) 

return 1, 
ArcNode arcNode = (•path)[O], 
previous= arcNode 1d, 
if (node 1= STAR) { 

if (previous 1= 0) 

return 0, // incorrect start node 
} 

if ( 1getEx1stNode(prev1ous)) // test for STAR's start node 
return 0, 

arcs[getPos(previous)][getPos(previous)] v1s1ted = 1, 
// test the remaining path 
for (int 1 = 1, 1 < pathLength, 1++){ 

arcNode = (•path)[1], 
1f (arcNode flag== ARC) 

arc= arcNode id , 
else { 

if ( 1getEx1stNode(arcNode 1d)) 
return 0, 

if (previous 1= arcNode 1d) {//no self loops 
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} 

} 

} 

return 1, 

} 

if (arc '= getLabel(previous,arcNode id)) 
return 0, 

arcs[getPos(previous)][getPos(arcNode 
id)] visited= 1, // arc visited 
arcs[getPos(arcNode id)] [getPos(arcNode 
id)] visited= 1, // node visited 

previous= arcNode id, 

int Oracle getExistNode(int node!d) const 
{ 

} 

int lower, upper,index, 

upper= numNode, 
lower= 0, 
index= getPos(node!d), 
if (index< lower I I index>= upper) 

return 0, 
return 1, // if index is within limits, the node exists 

// this function expects node/arc indices as parameters 
// and returns the label at that position in arcs[][] 
int Oracle getNode(int src,int dst) const 
{ 

if (src < 0 I I src > numNode) 
return -1, 

if (dst < 0 I I dst > numNode) 
return -1, 

return (arcs[src][dst] value), 
} 

// this function expects node labels as parameters 
// and returns the arc label between them in arcs[][] 
int Oracle getLabel(int src,int dst) const 
{ 

src = getPos(src), // obtain node index from label 
dst = getPos(dst), 
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return getNode(src,dst), 
} 

int Oracle allDone() canst 
{ 

if (length== 0) 
return 1, 

for (int 1 = 0, 1 < numNode, 1++) II for all entries 
for (int J = 0, J < numNode, J++) 

if (arcs[i] [J] value 1= -1) II if exists 

return 1, 
} 

if (arcs[i] [J] visited 1= 1) // unvisited 
return 0, 

B.4 Driver Class Interface Specifications 

#include "TestGraphiterator h" 
#include "AbstractDriver h" 
#include "Oracle h" 

II **********Class Interface Specification********** 

II *****interface syntax***** 

II ***Constants*** 
canst int FIVE= 5, II used for star 

II ***class declaration*** 
class Driver public AbstractDriver { 
public 

Driver(int), 
void reset() , 
void arc(int), 
void node(), 

II ***private information---begin*** 
private 
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}, 

TestGraph cut, 
Oracle ore, 

II cut modifiers 
void changeCut(const Oracle&,const Oracle&), 
void makeNodes(const Oracle&,const Oracle&,int), 
void makeArcs(const Oracle&,const Oracle&,int), 
void callAddArc(int,int), 
void callDelArc(int,int), 

II cut state checking functions 
void checkCut(TestGraph&,Oracle&), 
void checkGraph(TestGraph&,Oracle&) const, 
void checkStartNode(TestGraph&,Oracle&), 

II exception checking 
void checkExistNodeExc(TestGraph&,Oracle&), 
void checkExistArcExc(TestGraph&,Oracle&), 
void checkFullExc(TestGraph&,Oracle&), 
void checkNotExistNodeExc(TestGraph&,Oracle&), 
void checkNotExistArcExc(TestGraph&,Oracle&) const, 
void checkNoStartExc(TestGraph&,Oracle&), 
void checkEndExc(TestGraph&,TestGraphiterator&,Oracle&) const, 

II ***concrete state invariant*** 
II cut and ore are in same abstract state 
II 
II ***abstraction function*** 
II none 

II ***private information---end*** 

II ***exception handlers*** 

void exArcExc(), 
void exNodeExc(), 
void fullExc () , 
void noStartExc(), 
void notExArcExc(), 
void notExNodeExc(), 
void endExc () , 
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/*****interface semantics---begin***** 

Omitted same as for AbstractDriver 

*****interface semantics---end*****I 

B.5 Driver class implementation 

#include <iostream h> 
#include <string h> 
#include "utility h" 
#include "label h" 
#include "Driver h" 

// ***custom abbreviations*** 
// del for delete 
// ex for exists 

// ***exception code*** 
enum {NOEXC = -1,EXISTARCEXC,EXISTNODEEXC,FULLEXC,NOSTARTEXC, 
NOTEXISTARCEXC,NOTEXISTNODEEXC,ENDEXC,NUMEXC}, 

ExcTable excTable(NUMEXC), 

// ***public member functions*** 

Driver Driver(int size) orc(size) 
{ 

// intentionally empty 
} 

void Driver reset() 
{ 

Oracle •orc1 = new Oracle(orc length), 
changeCut(orc,•orc1), 
delete orc1, 
ore setGraph(EMPTY), 

} 

void Driver arc(int arc) 
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{ 

Oracle •orc1, 

switch (arc) { 
case ADORING 

orc1 = new Oracle(orc length), 
ore setGraph(RING), 
changeCut(•orc1,orc), 
break , 

case ADDCHAIN 
orc1 = new Oracle(orc length), 
ore setGraph(CHAIN), 
changeCut(•orc1,orc), 
break, 

case DELONE 
ore1 = new Oracle(orc length), 
ore1->setGraph(RING), 
ore setGraph(CHAIN) , 
changeCut(•orc1,orc), 
break, 

case ADDCOMPLETE 
ore1 = new Oracle(orc length), 
ore1->setGraph(RING), 
ore setGraph(COMPLETE), 
changeCut(•orc1,orc), 
break, 

case DELALL 
ore1 = new Oracle(orc length), 
ore1->setGraph(COMPLETE), 
ore setGraph(EMPTY), 
changeCut(•orc1,orc), 
break, 

case MAKESTAR 
orc1 = new Oracle(orc length), 
orc1->setGraph(COMPLETE) , 
ore setGraph(STAR), 
changeCut(•orc1,orc), 
break, 

case DELSTAR 
orc1 = new Oracle(orc length), 
orc1->setGraph(STAR) , 
ore setGraph(EMPTY) , 
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} 

} 

changeCut(*orc1,orc), 
break, 

delete orc1, 

void Driver node() 
{ 

} 

// normal case 
checkCut(cut,orc), 

// exceptions 
excTable checkExc(), 
checkExistNodeExc(cut,orc), 
checkExistArcExc(cut,orc), 
checkFullExc(cut,orc), 
checkNotEx1stNodeExc(cut,orc), 
checkNotEx1stArcExc(cut,orc), 

// ***private member functions*** 

void Driver changeCut(const Oracle& src,const Oracle& dst) 
{ 

} 

PRINTLOGMSG1(1, 11 changeCut called"), 

int srcLength = src getNumNode(),dstLength = dst getNumNode(), 
int tLength = ((srcLength < dstLength)? dstLength srcLength), 

makeNodes(src,dst,tLength), 
makeArcs(src,dst,tLength), 

// make sure the same nodes are present in CUT and ore 
void Driver makeNodes(const Oracle& src,const Oracle& dst,int length) 
{ 

for (int s = 0, s < length, s++) { 
if (src getNode(s,s) 1= dst getNode(s,s)) { 

if ((src getNode (s , s) == -1) && (dst getNode(s,s) 
1= -1)) {//node in dst, but not in src 
cut addNode (dst getNode(s,s)), 
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} 

} 

} 

PRINTLOGMSG2(2,"\tAdd node ",dst getNode(s,s)), 
} else if ((dst getNode(s,s) == -1) && 

(src getNode(s,s) 1= -1)) { 

// node in src, but not in dst 
cut delNode(src getNode(s,s)), // removes arcs 
PRINTLOGMSG2(2, 11 \tDel node 11 ,src getNode(s,s)), 

} else { 

} 

// different nodes in src and dst 
cut delNode(src getNode(s,s)), 
PRINTLOGMSG2(2, 11 \tDel node 11 ,src getNode(s,s)), 
cut addNode(dst getNode(s,s)), 
PRINTLOGMSG2(2,"\tAdd node 11 ,dst getNode(s,s)), 

// produces the same arcs in CUT as in ore, arc deletion needs to occur 
// only if the node ids are same for src and dst, but vith different 
// arc labels, or arcs are removed, but not their nodes 
void Driver makeArcs(const Oracle& src,const Oracle& dst,int length) 
{ 

for (int s = 0, s < length, s++) { 
for (int d = 0, d < length, d++) { 

if (s 1= d) { 
if ((src getNode(s,d) 1= -1) && (dst 
getNode(s,d) '= -1)) {//different arcs 

1f ((src getNode(s,s) == 
dst getNode(s,s)) && (src getNode 
(d,d) == dst getNode(d,d))) 
// arcs with the same s,d nodes 

callDelArc(src getNode 
(s,s),src getNode(d,d)), 

callAddArc(dst getNode(s,s), 
dst getNode(d,d)), 

} else if ((src getNode(s,d) '= -1) && 
(dst getNode(s,d) -- -1) && 
(src getNode(s,s) == dst getNode(s,s)) && 
(src getNode(d,d) == dst getNode(d,d))) { 

// src,dst have same node 
callDelArc(src getNode(s,s), 
src getNode(d,d)), // remove arc 
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} 

} 

} 

} 

} else if ((src getNode(s,d) == -1) && 
(dst getNode(s,d) '= -1)) {//arc in dst 

callAddArc(dst getNode(s,s), 
dst getNode(d,d)), 

} 

void Driver callAddArc(int src,int dst) 
{ 

} 

PRINTLOGMSG2(3, 11 \tAdd Arc from 
PRINTLOGMSG2(3,"\tAdd Arc to 
PRINTLOGMSG2(3, 11 \tAdd Arc label 
cut addArc(src,dst,src+dst), 

11 , src), 
11 ,dst), 
11 ,src+dst) , 

void Driver callDelArc(int src,int dst) 
{ 

} 

PRINTLOGMSG2(3, 11 \tDel Arc from 11 ,src), 
PRINTLOGMSG2(3, 11 \tDel Arc To 11 ,dst), 
PRINTLOGMSG2(3, 11 \tDel Arc label 11 ,src+dst), 
cut delArc(src,dst), 

void Driver checkCut(TestGraph& cut1, Oracle& orc1) 
{ 

if (orc1 length 1= 1) 
CHECKVAL(orc1 getNumNode(),cut1 getNumNode()), 

// check the nodes and arcs in the cut 
checkGraph(cut1,orc1), 

// traverse graph and check path with isPath and allDone 
if (orc1 node 1= EMPTY) { 

excTable checkExc(), 
checkNoStartExc(cut1,orc1), // before start node is set 
checkStartNode(cut1 ,orc1), // set start node & exception 
if ((orc1 length> 0) && ((orc1 node •= STAR) I I 
((orc1 node== STAR) && (orc1 length< FIVE)))) { 

TestGraphiterator iterator(cut1),it2(cut1), 
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} 

} 

} 

excTable checkExc(), 
while ( 11terator isEnd()) { 

} 

PRINTL0GMSG1(1, "Checking path"), 
CHECKVALB00LEAN(O,orc1 allDone()), 
Path& p=iterator next(),&p2=it2 next(), 
CHECKVALB00LEAN(1,orc1 1sPath(&p)), 
CHECKVALB00LEAN(1,orc1 1sPath(&p2)), 

CHECKVALB00LEAN(1,orc1 allDone()), 
excTable checkExc(), 
checkEndExc(cut1,iterator,orc1), 
checkEndExc(cut1,it2,orc1), 

void Driver checkGraph(TestGraph& cut1,0racle& orc1) const 
{ 

} 

int label,num = orc1 getNumNode(), 

excTable checkExc(), 
for (inti= 0, 1 < num, 1++) { 

} 

if ((label= orc1 getNode(i,1)) •= -1) 
CHECKVAL(1,cut1 exNode(label)), 

for (int J = 0, J < num, J++) { 
if ((1 1= J) && ((label= orc1 getNode(1,J)) 
•= -1)) { 

} 

} 

int s = orc1 getNode(1,i), 
int d = orc1 getNode(J,J), 
CHECKVAL(1,cut1 exArc(s,d)), 
CHECKVAL(label,cut1 getLabel(s,d)), 

void Driver checkStartNode(TestGraph& cut1,0racle& orc1) 
{ 

TestGraph cut2, 
int 1,J,number = 0, 

CHECKVAL(0,cut2 getStartNode()), 
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} 

if ((orc1 node== STAR) && (orc1 length> 0)) { 
for (1 = orc1 length,J = 1, 1 >= 1, 1--,J •= 10) 

number+= i*J, 
} 

cut1 setStartNode(number), 
CHECKVAL(number,cut1 getStartNode()), 

// exception testing 

void Driver checkExistNodeExc(TestGraph& cut1,0racle& orc1) 
{ 

int nodes= orc1 getNumNode(), 
if (nodes 1= MAXNODES && nodes 1= 0) {//avoid fullExc 

PRINTLDGMSG1(1, "Checking exception ExistNode"), 
if (orc1 node 1= STAR) 

for (int 1 = 0, 1 < 3, 1++){ 
excTable clearExc(), 
excTable setExpFlag(EXISTNODEEXC,1), 
switch (1) { 

case 0 cut1 addNode (0), 
break, 

case 1 cut1 addNode(orc1 
break, 

case 2 cut1 addNode(orc1 
break, 

} 

excTable checkExc(), 
} 

length-1), 

length/2), 

else if ((orc1 length> 0) && (orc1 length< FIVE)) { 
for (int 1 = orc1 length,]= 1,number = 0, 
1 >= 1, 1--,J •= 10) 

number+= i*J, 
excTable clearExc(), 
excTable setExpFlag(EXISTNODEEXC,1), 
cut1 addNode(number), 
excTable checkExc(), 
if (orc1 length> 1) {//flip 1st and last 
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} 

} 

} 

} 

cut1 addNode(number2), 
excTable checkExc(), 

excTable clearExc(), 

void Driver checkExistArcExc(TestGraph& cut1,0racle& orc1) 
{ 

} 

PRINTLOGMSG1(1,"Checking exception ExistArc"), 
excTable clearExc(), 
for(int 1 = O,s,d, 1 < orc1 getNumNode(), 1++) { 

s = orc1 getNode(i,i), 

} 

for(int J = 0, J < orc1 getNumNode(), J++) { 
d = orc1 getNode(J,J), 
II for all neighbours, add the arc, test exc 
if (adJacent(orc1 node,orc1 length,s,d)) { 

} 

} 

excTable setExpFlag(EXISTARCEXC,1), 
cut addArc(s,d,s+d), 
excTable checkExc(), 
excTable clearExc(), 

void Driver checkFullExc(TestGraph& cut1,0racle& orc1) 
{ 

PRINTLOGMSG1(1,"Checking exception Full"), 
if ((orc1 length== MAXNODES) && (orc1 node 1= EMPTY)) 

if ((orc1 node== STAR) && II STAR=> length< 5 or> 0 
((orc1 length>= FIVE) I I (orc1 length< 1))) 

else { 
return, 

excTable clearExc(), 
excTable setExpFlag(FULLEXC,1), 
cut1 addNode(MAXNODES), II adding 1 signals full 
excTable checkExc(), 
excTable clearExc(), 

} 

} 
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void Driver checkNotExistNodeExc(TestGraph& cut1,0racle& orc1) 
{ 

PRINTLOGMSG1(1, 11 Checking exception NotExistNode 11
), 

excTable clearExc(), 
excTable setExpFlag(NOTEXISTNODEEXC,1), 
cut1 de1Node(cut1 getNumNode()+1), 
excTable checkExc(), 
excTable clearExc(), 
if ((orc1 node== STAR) && (orc1 length== 0)) 

return,// arc<0,0,0> allowed 
else { 

excTable setExpFlag(NOTEXISTNODEEXC,1), 
cut1 addArc(orc1 length,0,0), // node 'length' not added 
excTable checkExc(), 
excTable clearExc(), 
excTable setExpFlag(NOTEXISTNODEEXC,1), 
cut1 addArc(O,orc1 length,0), 
excTable checkExc(), 
excTable clearExc(), 

} 

} 

void Driver checkNotExistArcExc(TestGraph& cut1,0racle& orc1) const 
{ 

} 

PRINTLOGMSG1(1, 11 Checking exception NotEnstArc"), 
excTable clearExc(), 
excTable setExpFlag(NOTEXISTARCEXC,1), 
cut1 getLabel(orc1 length,orc1 length+!), 
excTable checkExc(), 
excTable clearExc(), 
excTable setExpFlag(NOTEXISTARCEXC,1), 
cut1 de1Arc(orc1 length,orc1 length+!), 
excTable checkExc(), 
excTable clearExc(), 

void Driver checkNoStartExc(TestGraph& cut1,0racle& orc1) 
{ 

PRINTLOGMSG1(1, 11 Checking exception N0Start 11
), 

if (orc1 length< MAXNODES) { 
cut! addNode(-1), // this node never 1n any graph 
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} 

} 

int startNode = cut1 getStartNode(), 
cut1 setStartNode(-1), 
TestGraphiterator test1(cut1), 
cut1 delNode(-1), II leaves start node invalid 
excTable checkExc(), 
excTable setExpFlag(NOSTARTEXC,1), 
TestGraphiterator test2(cut1), II raises noStartExc 
excTable checkExc(), 
excTable clearExc(), 
excTable setExpFlag(NOSTARTEXC,1), 
test! reset(), II raises noStartExc 
excTable checkExc(), 
excTable clearExc(), 
cut1 setStartNode(startNode), 

void Driver checkEndExc(TestGraph& cut1,TestGraphiterator& 1, 
Oracle& orc1) const 
{ 

PRINTLOGMSG1(1, 11 Check1ng exception EndExc"), 
if (1 isEnd()) { 

} 

} 

excTable clearExc() , 
excTable setExpFlag(ENDEXC,1), 
1 next(), 
excTable checkExc(), 
excTable clearExc(), 

II exception handlers 

void TGExArcExc() 
{ 

excTable setActFlag(EXISTARCEXC,1), 
} 

void TGExNodeExc() 
{ 

excTable setActFlag(EXISTNODEEXC ,1), 
} 
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void TGFullExc() 
{ 

excTable setActFlag(FULLEXC,1), 
} 

void TGNoStartExc() 
{ 

excTable setActFlag(NOSTARTEXC,1), 
} 

void TGNotExArcExc() 
{ 

excTable setActFlag(NOTEXISTARCEXC,1), 
} 

void TGNotExNodeExc() 
{ 

excTable setActFlag(NOTEXISTNODEEXC,1), 
} 

void TGEndExc() 
{ 

excTable setActFlag(ENDEXC,1), 
} 

// exception handlers for utility code 
void duplicateExc() 
{ 

cout << "Exception duplicateExc called"<< endl, 
} 

void newFailExc() 
{ 

cout << "Exception newFailExc called"<< endl, 
} 

void notFoundExc() 
{ 

cout << "Exception notFoundExc called"<< endl, 
} 

void iterEndExc() 
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{ 

} 
cout << "Exception 1terEndExc called 11 << endl, 

void rangeExc() 
{ 

cout << "Exception rangeExc called 11 << endl, 
} 

B.6 The pattern routine implementations 

#include "pattern h" 

L1stSet<1nt>& nodeSet(1nt pattern,1nt size) 
{ 

L1stSet<1nt> •set= new L1stSet<1nt>, 
sw1tch(pattern) { 

case EMPTY 
return •set, 

case RING 
case CHAIN 
case COMPLETE 

for (int 1 = O,J = 0, 1 < size, 1++) 
set->add(1), 

return •set, 
case STAR 

starCount = 0, 
numStarNodes = 1, 
for (1 = 0, (1 < size) , 1++) { 

// calculate factorial 
numStarNodes = numStarNodes * (1+1) , 
if (numStarNodes >= INT_MAX) { 

} 
} 

numStarNodes = 0, 
return •set, 

if ((numStarNodes > MAXNODES) I I (numStarNodes == 0)) { 
// cannot compare long numStarNodes with< 0 
return •set, 

} 

for (1 = 0, 1 < MAXNODES, 1++) 
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} 
} 

map[i] = -1, 
for (map[0] = 0,power0fTen = 1,1 = size,J = 1, 

l >= 1, 1--, J *= 10) { 
map[0] += i*J, 
power0fTen *= 10, 

} 

createStar(size,map[0]), 
if (size== 0) 

numStarNodes = 0, // so that none are added 
for (1 = 0, 1 < numStarNodes, 1++) 

set->add(map[i]), 
return •set, 

ListSet<Arcinfo>& arcSet(int pattern,int s1ze,L1stSet<1nt>& nodes) 
{ 

} 

int array[MAXNODES+1], 
L1stSetiter<1nt> nodeiterator(nodes), 
ListSet<Arcinfo> *arcSet1 = new ListSet<Arcinfo>, 

for (int 1 = 0, 1 < nodes size(), 1++) 
array[i] = nodeiterator next(), 

for (1 = 0 , 1 < nodes size(), 1++) 
for (int J = 0, label, J < nodes size(), J++) 

if (array[i] 1= array[J]) 

return •arcSet1, 

if (adJacent(pattern,s1ze,array[1], 
array [J])) { 

} 

Arcinfo a, 
a src = array[i], 
a dst = array[J], 
a label= a src+a dst, 
arcSet1->add(a), 

int adJacent(int pattern,int s1ze,1nt src,int dst) 
{ 

switch(pattern) { 
case RING 
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} 

} 

if (dst == (src+1)) 
return 1, 

else if ((src == (size-1)) && (dst -- 0) && 
(dst 1= src)) 

return 1, 
break, 

case CHAIN 
if (dst == (src+1)) 

return 1, 
break, 

case COMPLETE 
if (dst '= src) 

return 1, 
break, 

case STAR 
if (ne1ghbour(s1ze,src,dst)) 

return 1, 

return 0, 

void createStar(int s1ze,1nt num) 
{ 

} 

int result, 

for (int 1 = size-1, 1 >= 1, 1--) { 

} 

if (starCount == numStarNodes) 
return, 

result= fl1p(s1ze,1,num), 
if (check(result)) 

continue, 
else 

map[++starCount] = result, 
createStar(size,map[starCount]), 

int fl1p(1nt s1ze,1nt by, int num) 
{ 

int d1g1t[10],temp1 = num, power= powerOfTen/10, number, J, 

for (int 1 = size, 1 >= 1, 1--, power/= 10){ 
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} 

} 

d1g1t[1] = tempi I power, 
tempi= tempi¼ power, 

int temp2 = d1g1t[s1ze], 
d1g1t[s1ze] = d1g1t[by], 
d1g1t[by] = temp2, 
for (1 = 1, J = 1, number= 0, 1 <= size, 1++, J •= 10) { 

number+= d1g1t[i] * J, 
} 

return number, 

int check(int result) 
{ 

} 

for (int 1 = 0, 1 < starCount, 1++) 
if (map[1] == result) 

return 1, 
return 0, 

int ne1ghbour(1nt s1ze,1nt src,int dst) 
{ 

int d1g1t1[10] ,d1g1t2[10],power = powerOfTenl10, 
int f1rst1,first2,second1,second2,numD1fferent, common, 

II store each digit for src in d1g1t1, for dst in d1g1t2 
II highest power of 10 at position size-1, lowest at 0 
for (int 1 = size-1, 1 >= 0, 1--, power/=10) { 

} 

d1g1t1[1] = srclpower, 
src = src¼power, 
d1g1t2[1] = dstlpower , 
dst = dst¼power, 

if (d1g1t1[size-1] == d1g1t2[size-1]) II highest power is same 
return 0, // can't be neighbours 

for (1 = 0, numDifferent = 0, common= 0, 1 < size, 1++) { 
if (d1g1t1[1] == d1g1t2[1]) II count common digits 

common++, 
else if (numD1fferent < 1) { II store 1st different num 

first!= d1g1t1[i], 
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} 

} 

first2 = d1g1t2[1], 
numDifferent++, 

} else { II stores the next different numbers 
second!= d1g1ti[1], 
second2 = d1g1t2[1], 
numDifferent++, 

} 

II src and dst are neighbours only if 
II at least size-2 digits are common 
II only two digits are different 
II 1st different digit of src = 2nd different digit of dst 
II 2nd different digit of src = 1st different digit of dst 
if ((common 1= (size-2)) I I (numDifferent 1= 2) I I 
(first! 1= second2) I I (second! 1= first2)) 

return 0, 
return 1, 

int starToR1ng(1nt starNum) 
{ 

} 

for (int 1 = 0, 1 < numStarNodes, 1++) 
if (map[i] == starNum) 

return 1 1 

return 0, 
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The LEDA GRAPH test suite 

C.1 Oracle Class Interface Specifications 

#include "TestGraphiterator h" 

II **********Oracle Interface Specification********** 

II *****interface syntax***** 

II •••constants••• 
const int DEPTH= 2, II level of multigraphs 

struct NodeType { 
int value, 
int visited[DEPTH], 

}, 

II •••class declaration*** 
class Oracle { 
public 

friend class Driver, 
Oracle (int), 
-oracle(), 

void setGraph(int), 
int getNumNode() const, 
int getNumArc() const, 
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int getEx1stNode(int) const, 
int getLabel(int,int,int) const, 
int getNode(int,int,int) const, 
int allNodesDone() const, 
int getPos(int) const, 
int isEdge(int,int,int) const, 
int isNode(int) const, 

// node identifier 
int nodeName, 

// graph parameter 
int length, 

// ***private information---begin*** 
private 

}, 

// other instance variables 
NodeType arcs[MAXNODES] [MAXNODES], 

int numArc, 
int numNode, 

// ***concrete state invariant••• 
// node in {EMPTY,RING,CHAIN} and length 1n [0,MAXNODES] 
II 
II 

•••abstraction function••• 
See TP 

// •••private information---end••• 

// •••public pattern functions••• 
ListSet<int>& nodeSet(int,int), // caller frees the memory 
ListSet<Arcinfo>& arcSet(int,int,ListSet<int>&), // caller frees memory 
int adJacent(int,int,int,int), 
int flip(int,int, int), 

// •••exception handlers••• 

/•••••interface semantics---begin••••• 

•••abstract state variables••• 
nodeSet set of integers 
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arcSet set of integers 

•••member functions••• 
Oracle(n) 

transition length,node,arcSet,nodeSet = n,EMPTY,{},{} 
exceptions none 
assumptions none 

-□racle 0 
transition none 
exceptions none 
assumptions none 

setGraph(n) 
transition arcs = (n =EMPTY=> arcSet = {} 

I n = RING or n = CHAIN or n =COMPLETE=> 
(forall 1 in [0,length-1])(nodeSet += 1), 
arcSet = set of arcs for pattern n 

In= STAR=> (n < 1 or n > 5 =>arcs={} 
I set of star nodes in nodeSet 

set of star arcs in arcSet)) 
exceptions none 
assumptions none 

getNumNode 0 
output out = lnodeSetl 
exceptions none 
assumptions none 

getNumArc() 
output out = larcSetl 
exceptions none 
assumptions none 

getEx1stNode(n) 
output out = (exists n in nodeSet) 
exceptions none 
assumptions none 

getLabel(1,J,k) 
output out = (1 '= J => (exists an arc from 1 to J in arcSet 

=> label of k'th arc from 1 to Jin arcSet 
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exceptions none 
assumptions none 

getNode(i,J,k) 

I true=> -1) 
(node i exists in nodeSet => i I true=> -1)) 

output out = (i 1= J => (exists an arc from node at positions 
i to J in arcSet => label of k'th such 
arc I true=> -1) 

I (exists node at i in nodeSet => i I true=> -1)) 
exceptions none 
assumptions none 

allNodesDone(i) 
output out = (all nodes in nodeSet visited) 
exceptions none 
assumptions none 

getPos(i) 
output out = (exists node i in nodeSet => position of i in 

nodeSet I true=> -1) 
exceptions none 
assumptions none 

isPath(p) 
output out =(pis a valid path from arcs in arcSet) 
exceptions none 
assumptions none 

isEdge(s,d,l) 
output out = (exists an arc 1 in arcSet from nodes in 

nodeSet to node din nodeSet) 
exceptions none 
assumptions none 

isNode(n) 
output out = (exists a node n in nodeSet) 
exceptions none 
assumptions none 

*****interface semantics---end*****I 
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C.2 Driver Class Interface Specifications 

#include "TestGraphiterator h" 
#include "AbstractDriver h" 
#include "Oracle h" 
#include <LEDA/graph h> 
#include <LEDA/graph_alg h> 

// **********Class Interface Specification********** 

// *****interface syntax***** 

II ***constants*** 
const int FIVE= 5, // used for star graph limits 

// ***class declaration*** 
class Driver public AbstractDriver { 
public 

Driver(int), 
void reset O , 
void arc (int), 
void node() , 

// ***private information---begin*** 
private 

GRAPH<int,1nt> cut, 
Oracle ore, 

// Cut modifier functions 
void changeCut(const Oracle&,const Oracle&,GRAPH<int,int>&), 
void makeNodes(const Oracle&,const Oracle&,int,GRAPH<int,int>&), 
void makeArcs(const Oracle&,const Oracle&,int,GRAPH<int,int>&), 
void callAddArc(int,int,int,GRAPH<int,int>&), 
void callDelArc(int,int,int,GRAPH<int,int>&), 

// cut check routines 
void checkDegree(GRAPH<int,int>&,Oracle&), 
void checkiterators(GRAPH<int,int>&,Oracle&), 
void checkAll(GRAPH<int,int>&,Oracle&), 
void checkLists(GRAPH<int,int>&,Oracle&), 
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}, 

void checkinOut(GRAPH<int,int>&,Oracle&), 
void checkUpdate(GRAPH<1nt,1nt>&,Oracle&), 
void checkDirected(GRAPH<int,int>&,Oracle&), 
void checkPaths(GRAPH<1nt,1nt>&,Oraclet), 

// local functions 
void checkAdJacent(int •,int •,int,int,node), 
void checkin(int •,int,node), 
int checkTraversal(list<node>&,Oracle&), 

// local variables 
int sumNodes, 
int sumEdges, 

// •••concrete state invariant••• 
II cut and ore are in same abstract state 
II 
// •••abstraction function••• 
// none 

// ***private information---end••• 

// •••exception handlers••• 

/•••••interface semantics---begin***** 

Omitted same as for AbstractDriver 

*****interface semantics---end•••••/ 

117 



VITA 

Surname Kumar 

Place of Birth DehraDun, India 

Educational Institut10ns Attended 

Umvers1ty of V1ctona 
Maulana Azad College of Technology, Bhopal, India 

Degrees A warded 

Given Names KshitiJ 

1993 to 1995 
1986 to 1991 

B Tech Maulana Azad College of Technology, Bhopal, India 1991 

Honours and A wards 

Umversity Gold Medal , Maulana Azad College of Technology 1991 



PARTIAL COPYRIGHT LICENSE 

I hereby grant the nght to lend my thesis to users of the Umvers1ty ofV1ctona Library, 
and to make smgle copies only for such users or m response to a request from the 
Library of any other umvers1ty, or similar mstitut10n, on its behalf or for one of its 
users I further agree that perm1ss10n for extensive copymg of this thesis for scholarl) 
purposes may be granted by me or a member of the Umvers1ty designated by me It 
1s understood that copymg or pubhcat10n of this thesis for financial gam shall not be 
allowed without my written perm1ss1on 

Title of Thesis 

Testing Graph Classes 

Author 

Date 




