A CroﬂsmonsApprooch

SECOND EDITION

Paul C. Jorgensen
€ CRC PRESS



Contents

PART I A MATHEMATICAL CONTEXT

1

A Perspective on Testing.... Cersesrirsrrase e snseassrnsaen S )
1.1 Basic DEefinitions ..o e 3
L2 T 808 ittt e e e 4
1.3 Insights from a Venn DIagramml. ..ot e, 3
L4 Identifying TeSt CaSES . .ccoioiiieeii oottt ee e 7
141  Functional TEesSHNE oot 7
142 Structural TeSLIE ...ooci oottt 8
1.4.3  The Functional versus Structural Debate ..o 9
1.5 Error and Fault TaxXOnOomues . ..o e
1.6 Levels of Testing
References ...
EXETCISES .ttt e e e rne e
EXAMPIES vovvviiiirersrrninireasessssnsssssssineennnas
21 Generalized PsetldOCOde ..o e s
2.2 The Triangle Problem . ...
221 Problem SttEmMENTS .o oo
222 DISCUSSION 111t iitiis ittt et e
2.23  Traditional Implementation
224  Stuctured Implementation
2.3 The NextDate Function
23.1  Problem Statements
232 Discussion ...........................
233  Implementation
24 The Commission Problem..............
241 Problem Statement ......oooooivovee e een e
242 DHSCUSSION L.ooieee oo
243 Implementation ...,
2.5 The SATM SYSIEIN ..o,
251 Problem STAtEMENT ..ot ee et ee et
252 DHSCUSSION Lottt r et eeaann
2.0 The Currency COMVEITET ..co..cviiriiviiinnsistes e catee et e eeeee e,
2.7 Saturn Windshield Wiper COntroller ..o 30



Xiv

Software Testing: A Craftsman’s Approach, Second Edition

REE T ICES oo et e e et 30
o Lo L = DU UTUURTUU RO RO T O OO PP PP PP UPTOUOTIRUPPTPNt 31

Discrete Math for Testers

B h SEE THEOTY tovtivireri ettt et e e e b
3.1.1  Set Membership
3.1.2  Set Definition ..o
313 The FINPIV ST .ottt :
314 Venn DHAgrams .o 35
305 5el OPEIRLONS ..ot et ettt et e 36
316 Set Relations. o 38
317 8l PATUONS 1vvricii e e s 38
318 Sel TAGILIES 1ooiiiiir e 39
3.2 FUNCLIOTIS Lo i et e e e
3.2.1  Domain and RANZE ..o
3.22 Function Tvpes...........cooccns
3.2.3  Function Composition
33 Relations......ccoiiiii
3.3.1 Relations among Sets .......ccevvieinnn.
3,32  Relations on a Single Set..........ccocvvvnin
3.4 Propositional LOZIC o
34,1 Logical OPErAtOrS ..ot
34,2 Logical EXPressions .. ...
3.4.3  Logical EQUIVAIENCE ..o 7
3.5 Probability TReOnry s 48
B0 Lo =t o e TP OO TSP RSPV P PP PO URRURUPRON 50
J TS eSO S O TSP PRSPPI 50
Graph Theory for Testers ....c.uvmmeervcmecrssnervesnseens . v 53
A1 Graphis. e 33
411 Degree of a Node ..o 54
4.1.2  Incidence Matrices............ 35
413  Adjacency Matrices........... 55
414  Paths ..o, 56
41,5 CONNECIEUNESS 1viirii it et e en 57
416 Condensation GTAPNS. .. ..o e 57
4,17 Cyclomatic NUIMDEL ..o 58
4.2 DIFCtEd GIaphS . oo 39
421 Indegrees and OUtdegrees ..o 60
422 Types of NOES ..o e e e 60
423  Adjacency Matrix of a Directed Graph ..., 61
424  Paths and Semipaths ... 61
425
420 N-CONNECTEANESS. ..ottt e oo 63
4.2.7  Strong Components.
4.3  Graphs for Testing................
431 Program Graphs ...
4.3.2  Finite State Machines
43,3 P NELS. ... eo ittt ettt et e e e 7
4.3.4  FEvent-Driven Petrl Nets ..o 70
4,35 SEAECRATTS oot e 73
REFETEIICE 111 vttt ettt ettt e e 75

e g 1o < TP 75



XV

PART 1l FUNCTIONAL TESTING

5

Boundary Value TeSHNG.....covereevessrcarressrrensssssssessesssnerassna erssnstbsaranan 79
5.1 Boundary Value AnalysiS........ooiioiio e 79
5.1.1  Generalizing Boundary Value Analvsis..........ocooooiooioieeireei s 31
5.1.2  Limitations of Boundary Value Analysis.......ccooovooiiieiieeiee e 82
5.2 Robustness TeSHIE. ..ottt
5.3 Worst-Case Tesling. ..o
54  Special Value Testing
5.5 EXAMPIES ..ot
5.5.1  Test Cases for the Triangle Problem ...

5.5.2  Test Cases for the NextDate Function
5.5.3  Test Cases for the Commission Problem

3.6 Random TeSUNG oot oottt
5.7 Guidelines for Boundary Value TeSUNZ.........cc.ooioiviiiiii e,
EXOTCISES et
Equivalence Class TeSting ....ueeeervecreccerensesraressesssssesaessnsens vearreravarsrnnees 97
0.1 Equivalence ClASSES ..ot 97
6.1.1  Weuak Normal Equivalence Class TeSUNG ..oc..oocooovovoveeiecee
6.1.2  Strong Normal Equivalence Class Testing ...............occoccocoovovoeerians,
0.1.3  Weak Robust Equivalence Class TeSUNZ ..o,
0.1.4  Strong Robust Equivalence Class Testng............cocooovoivoieerevncrs
0.2 Equivalence Class Test Cases for the Triangle Problem..............ccccococooovn....
6.3 Equivalence Class Test Cases for the NextDate FUNCHON ...........cocovovvieean.
031  Equivalence Class TeSE CaSES ..o
6.4 Equivalence Class Test Cases for the Commission Problem
641  Outpur Range Equivalence Class Test Cases..........
642  Outpur Range Fquivalence Class Test Cases..........
6.5 Guidelines and ObServations ..o,
REIEIEICES ..o e et
EXOITISES oo e e
Decision Table-Based Testing............
7.1 Decision Tables ... e
712 Technique..........comi..
7.2 Test Cases for the Trangle Problem........
7.3  Test Cases for the NextDate Function .....
T 3T FIFST T oottt et
732 Second Trv..ooiiiii e
733 Third TTY o
7.4 Test Cases for the Commission Problem
7.5  Guidelines and ObSErvations .. ...t 120
REFEIOIICES ..o e st 122
EXEITISES oo et 122
Retrospective on Functional Testing .......cccccuvvccneacs rrassessestiiennreaaees 123
8.1 Testing EFFOrL ..ot o) 123
8.2 Testing EFiCIONcy .o e 126
8.3 Testing EffeCtVeness ..o 127
B4 GUIdElNES . ..o 128

8.5 GASE SIUAY ..o et 129



Xvi

Software Testing: A Craftsman’s Approach, Second Edition

PART Ul STRUCTURAL TESTING

9

10

11

Path TeSHIMZ aeeeueeeeieeneeaerieeiimieeaeinecetrssaaestsssssrssnesssssstntssssssssstsesstssssssenaeens 137
0.1 DD-Pathis . ittt 138
9.2 Test Coverage METICS. ..ot e 142
921 Metric-Based TeSUIMZ ..o e 143
9.2.2  Test Coverage Analyzers.............iiii 145
9.3 Basis Pathl TeSUIEZ ..o et et 145
93.1 McCabe's Basis Path Method........coooiiviiiii e 146
9.3.2  Observations on McCabe’s Basis Path Method............................. 149
933  Essential COMPLEXitY ..o e 150
0.4  Guidelines and ODSEIVALONS ........cc oot 153
REFETEICES 1o e ettt 155
EXETCISES - ettt e ettt ettt et e e et e et e a e e e e e 155
Data Flow Testing Cessesrsssississseraaaaserrasesnannneassrransnsransrransssannrrarsrrsnnn 157
10,1 Define/USE TESLILZ 1oviiiie et et a e 158
1T T EXAMPIE. oottt ettt 159
10.1.2  du-Paths fOr StOCKS ....o..oiveeiiiee e, 163
10.1.3  du-Paths for LOCKS ..o, 164
10.1.4  du-Paths for totalLocks oot 164
10.1.5  du-Paths for Sales.......ooiiiiiiiiii e, 165
10.1.6  du-Paths for COMMISSION. ... e, 165
10.1.7 du-Path Test Coverage MECS oo sie e, 166
10.2 Slice-Based TESHNE «.....ooi oo eiriare ettt e 167
10.2.1  EXAMPLE...coii et 169
10.2.2 Style and TechniGue. .....oiciiiiii e 172
10,3 Guidelines and ODSErvations ... e 173
REFEIEIICES ... et e 174
FEXOTTISES it rirne ettt ottt et e b bt bt e et e eme et eee ettt ettt r et e s bt 174
Retrospective on Structural Testing........u... treesbseraernsaeaens 175
11.1  Gaps and Redundancies. ... 176
11.2  Metrics for Method Evaluation...............cooieiiii e 176
11.3  Case Study Revisited ..o 179
11.3.1 Path-Based TestIg ......coovvvviiirieiii ettt 182
11.3.2 Data Flow TeSHNZ ..ottt 182
11.3.3  SLHCE TEEUIE .ottt i 182
REFEIEIICES ..ottt et s 183
EXEICISES o e et e e 183

PART IV INTEGRATION AND SYSTEM TESTING

12

Levels of TesStng ...iiiniiiiinraccencccemrnsne cerersessassssannnaas 187
12.1 Traditional View of Testing Levels ... 187
12.2  Alternative Life Cycle Models ... 189
12.2.1  Waterfall Spin-Offs........oo 189
12.2.2  Specification-Based Life Cycle Models ..., 190
123 The SATM SYSEITI ..eoitiiiiiieie et et rtae s e er et b e ra s sa e bs st 192
124  Separating Integration and System TESHNZ.....ooiivrriveiii i 201
12.4.1  Structural InSIgRUs .. e 202
12.4.2  Behavioral Insights ... 203

RO OTIICES oot e et et 204



Contents xvii

13

14

15

Integration Testing .......... tresservraeninaesranaans 205
13.1 A Closer Look at the SATM SYSIEIM oo 205
13.2  Decomposition-Based INTegration. ... 207
13.2.1 Top-down INTEGration ... e 209
13.2.2 Botiom-up IMEZration ... ..ot e 211
12.2.3  Sandwich INeEration ... 212
132.2.4 Pros and Cons................... e 212
13.3 Call Graph-Based Integration...........
13.3.1 Pair-Wise Integration............
13.3.2  Neighborhood Integration ...
13.3.3  Pros and COIMS ..ot 215
13.4  Path-Based INEralion. ... 216
13.4.1 New and Extended CONCEPLS...ociioiiiiiiieiie e, 216
13.4.2 MM-Paths in the SATM SYSEM oo, 219
13.4.4 MM-Path Complexity .....ocooioiiiieiieie e 222
13,43 Pros and COMS ..o e e 223
135 CaS€ STUAY oo e 224
1351 Decomposition Based INtegration ..., 228
1352 Call Graph Based Integration ..o 228
1353 MM-Path Based Integration ..., 228
REFEIEIICE ... et 229
EXOTCISES . oet ettt e ettt ettt R et ettt s 229
SYStEMML TESTIMG. ccrrrreeeenneiirriarrrrnnnnnessss it sssssssssssassisssssssssssesnsnmannnnnnnn wee 231
141 TRICAS ..ot 231
14.1.1 Thread Possibilities. ..o 232
14.1.2 Thread Definilions. ... ..o 233
14.2  Basis Concepts for Requirements Specification................................ 235
1421 DALA oo e 233
1422 ACHIOIIS oot ittt ettt 236
1423 DIEVICES 1o rrivs ettt ettt et et et n 236
1424 EVENES 1oitrrivii it e et nes et e
1425 Threads.....i e,
1426 Relationships among Basis Concepis ......ooovvvveeirineennnn,
14.2.7 Modeling with the Basis Concepts ..o
143 Finding Threads e
14.4  Structural Strategies for Thread Testing ...
14.4.1 Bottom-up Threads ..o 244
14.4.2 Node and Edge Coverage Metrics ...ooooovvieiieeieieiieeie e 245
14,5 Functional Strategies for Thread Testing .......c.ococoveeviieiiieoie e 246
14.5.1 Event-Based Thread TeSUNEZ ....o.ocoviivioiiiiiiier st 246
14.5.2 Port-Based Thread TesUNG.......ooroiiioriinioriieeis i 248
14.5.3 Data-Based Thread TestNg. ..o 248
14.6 SATM Test Threads ............occcovrnnnn, 250
14.7  System Testing GUIdelines ..o 255
14.7.1 Pseudostructural System Testing ... 255
14.7.2  Operational Profiles........ccviiiii e, 236
14.7.3 Progression vs, Regression Testing 258
REFEIEICOS ...t 258
B OICISES i e 258
Interaction Testing.........cccceueee. reererrsrnersssssssssseanenesssesssssentnestasssssnasssnnee 201

15,1 Comtext OF TN@TACTION. .. ..o oo e e 261



xviil

Software Testing: A Craftsman’s Approach, Second Edition

15.2 A Taxonomy Of INEETACHONS ..ottt ar et 263
15.2.1 Static Interactions in a Single Processor. ... 264
15.2.2  Static Interactions in Multiple Processors...........ccvnin 266
15.2.3 Dynamic Interactions in a Single Processor ... 266
13.2.4 Dynamic Interactions in Mulliple Processors......oon. 272

15.3 Interaction, Composition, and DeterminiSm ... iie e 278

134 Client=Server TeSUNE .o 2381

References

S (=1 S U OO PR RUUPTPRRN 283

PART V OBJECT-ORIENTED TESTING

16

17

18

19

Issues in Object-Oriented Testing ..irrremrsssrreorsssmessissscnssssensnasses 287
161 Units for Object-Oriented Testng ..o 288
16.2 Implications of Composition and Encapsulation...........c..oin e 288
16.3  Implications of INheritante .
164 Implications of Polymorphism............
16.5 Levels of Object-Oriented Testing
16,6 GUT TEELIIG -1 iviove ettt ettt r ettt e :
16,7 Data Flow Testing for Object-Oriented boftware ............................... PP 292
16.8  Examples fOr Parl Voo . 292
16,8.1 The Obhject-Oriented Calendar e, 293
16.8.2 The Currency Conversion Applicaion ... 294
REFEIEIITES 1.t ot et b 298
T S S . ottt e 298
Class Testing eresressenerraserrasasassa e ssabarrnsans SR crrseenesssinnrassssssens 299
17.1 Methods a8 TN i 299
17.1.1 Pseudocode for o-oCalendar........cooiiiiie e
17.1.1.1  Class: CalendarUnil ...
17.1.1.2  Class: testlto.ovvnneee e
17.1.13 0 Classi Date v,
17114 Class: Day oo
17.1.15  Class: Month
17,1160 CLASS: YEAT «oooiviiee et st e e e '
17.1.2  Unit Testing for Date.increment
17.2 Classes 48 UIES . oo oo
17.2.1 Pseudocode for the windshieldWiper Class
17.2.2  Unit Testing for the windshieldWiper Class ... 307
Object-Oriented Integration TeStOE .....cceeriirrnveenans reessrsnacrerseinisanssanne 311
181 UML Support for Integration Testing ..., e :
18.2 MM-Paths for Object-Oriented SOftware ... e
18.2.1 Pseudocode for o-oCalendar........... s
183 A Framework for Object-Oriented Data Flow Integlanon Tesling...............
18.3.1 Event- and Message-Driven Petri Nets ..., .
18.3.2 Inheritance-Induced Data FIOW. .
18.3.3 Message-induced Dara FIOW ..o
18,34 SHTES? .o e s 323
BEREECISEE .t tetvitsee e omee sttt e ettt e s etk et e e ettt e R £ nn et e st 324
REMEIETICE .o ittt TSP RSOSSN 320
GUI Testing ........... Cereesssrarnnsesssspennanas cavenenae vesesanes . 327

19.1 The Currency Conversion Program ..., USRS 327



Contents xix

19.2  Unit Testing for the Currency Conversion Program ... 331

19.3 Integration Testing for the Currency Conversion Program ... 332

19.4  System Testing for the Currency Conversion Program................ooeean. 334

B BICISES et e e 338

20 Object-Oriented System TeSHNG ......ccovrnirrrenririnnisinessienissessmeemrn. 339

20.1 Currency Converter UML Descripton ... 339
2011 Problem SEAEImMEnt ..o 339
20.1.2  System FUNCHOMS ..ot 340
20.1.3  Presentation LaVer ... e 340
20.1.4 High-Level Use Cases...ooiviiiiiiiii e, 341
20.1.5  Essential T8e CaB€5 ..ot 341
20.1.6  Derailed GUI DefNItOMN. ..o e ;
20.1.7 Expanded Essential Use CaS€S ...,
20.1.8  Real Use CaSE5 .iiviviiiiiiiirn i e sne e

20.2 UML-Based System TESUNZ .o.voviioeeee e

20,3  StateChart-Based System TesUNE ..o

REFEIEICES ...t et

Index.......... arrratessescsseecesserastereeresetttenstreanraatht e ena e naanaartrnasan cesnrserssrsansee 333



