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' ABSTRACT =

-
—

Often, - validstion of i‘iznctiqnal requirements °

has been carried out in an informal and

 unsystematic way. ‘This . thesis,k proppses a
‘systematic- approgch to validation. The method
. .dnvolves constiructing tests tkat are based on
. the important features of Dboth requirements
... and design. - : - t

+ e

This approack 1s based- on the use of a

- combination of logic-based testing techniques . -
. Suck as path sensitization Aand cause-effect
grapnring.  We  -develop. ‘an - ineremental.
- gensitized test case design  methodology to: °
systematically guilde -the sgelsection of non-
redundant = high-yield -~ tést  cases. = We -
', demonstrate the feasibility of our approach

by designing and implementing a prototype

© support  tool implementation, called DINSERT.

DINSERT 1s applied to a standard "benchmark”
problem for testing techniques, the "Text
Reformatter Problem". The results compare

favorably to otker test design approaches. In .
.our experience, DINSERT provides an erfficient
~.and effective environment for requirements-

. . "based testing tool. . -.

This thesis focuses on .the funotional

testing of computer software. However, the

methodology described = here- 18 equally

applicable to <firmware and hardware. Our

approach can be applied to early stages in
the software development process, and AppPe&TS

to have considerable potential for detecting . -

ambiguities,. inconsistencies, and ,omissions.

We believe that our incremental sensitized

toest - design method 18 effective and
efficient, and it will help to produce more

reliable specifications, more erffective

tests, and tRus, more reliable software.

Jp—

..



CCF

cew

LX)

.. v.vs BT

*’CB&B&%BIfeét Grapning-. - .-

© ABBREVIATIONS '

. . ,"_ . . —/’—\“ L
Cause-Bffect Combinational ction

.

Cause-Effect Combinational Network. .

Combinational Funoction -

Combinational thwong;f
Iﬂb;amentﬁl'SEhsitized Test‘Reqﬁirement Design

,m,EQuivﬁléé#;Rbrmal F@;mf" ‘
':(l}'.eauke.'I'.r.ﬁt'v'de.lzts..*.z.-l',1'.'34;171".1!1__'5’:~
- Product prfsum;#ermgzcﬁnonical Fb#m
‘;Sug.or,P:bdnéfQQérmé~banqnicﬁi_F@rm
'fa#f'#ersrmétt;r P;q?lgﬁ“
- \ <

- viii -

T |



A

Acknowiedgenents

Abbreviations

'czzapter I: Imo.oucrrozv AND BACKGROUND .

; . -

Abstract Y SR Tee L i e . .

- An 'Overview of - Sortware Testing
Foundatlons of Software Teeting
... The Testing Process . . . . . « e e
Teethase Design . . . oS
-Box Tools and Techniques .
R Complementary Test Design Strategy .
Theeis Objectives and Approach . .
~Motivation for Path Semsitization
. Summary-of  Main Contributions . .
Outline of the Thesis “ e e e T

2

__-.\_-_.,C‘bgpger f'r':r. ' A BRIBF SURVEY OF SENSITIZATION TESTING

S - . - ..

< ... TECHNIQUES.. . ... . .

) e e R (

' 'Hardware Path Sensltizing Testing Techniques
Loglc Faults: Stuck-at-0 and ‘Stuck-at-1
Derivation of Tests . . . . . . e e e .

Truth Table Method . . . .
Path Sensitizing Applied to a Single Path

ey -

-

Path Sensitizing Applied to Simultaneous Paths.

The D-Algorithm . . . .
The Equivalent Hormal Form ..
Minimization of Test. Sete - e . @
Near-Minimal Teet Sets Using Equivalent Normal
Porm . . L . . ..
Diagnosing Tree . .

Extension to Software Seneitization Baeed Teeting

. T - . - -

Technigues. . . . . . . - S

Cause-Effect Graphing . . . R ,*" .
Specifying the Syetem Under Teet . .
Incorporating Environmental Constrainte
Transforming the Cause-Effect Graph into a Teet

Requirements Decigion Table . . . . .

-
- .
- - —u

- 3ix -

TABLE OF CONTENTS .

Black-Box Techniques and Cauee—Eriect Graphing :

.

P

H_.



Chapter III: INCREMENTAL SENSITIZRD TEST GASK.DESIGNV

MEYHODOLOGY . . . . . . . . .
Combinational Networks .

Cause-Effact COnbinationai ﬁatworks Poundations

An Example CCN . . .

Language Specifications . .
Causec-Effect Combinational Algebra
Canonical Forms of the CCP of a CCN
Introduction . .
Levels of a Single—zrrect Standard CCH
PoS Canonical Form . . ..
An Example of PoS Canonical Porm .
SoP Canonical Form . . .
An Exanmple of SoP Canonical Form .

- - .

Guidelines for COnstructing a CCH from Natural

Algorithmic Construction of Canonical Forms

Construction of PoS Canonical Fornm
An Example . .
Construction of SoP Canonical Form
- A Special Case . . . e e .
An Example . .

-

| p - e
« Algorithmic Generation or Teat Requireme Based on
Sensitization of Canonical Forms M ..

Stuck-at-0 Senpsitization . .
An Example . . . ..
Stuck-at-1 Senaitization
An Exanmple . .

.

—
.

|

Incremental Generation of Test Requirbﬁents by Removal

of Test Redundancy .

Test Requirenment Rednndancy Checkin& and Removal :

An Example . . . .
Sumzary: Incremental Senaitized Teat Design

g

VChqptar IVT‘ A PROTOTYFPE TOQL FOR INCRENENTAL TEST DESIGN .

Design Rationale for DINSERT . .
Design Overviev . .
General Subsysten Organization
Najor Files and Data Structures
CCN Internal Representation
Detalled Design Considerations .
User Interface Design Features .
DINSERT Menu Command Responses . . .
Reporting and Display Features . . .
Logging Peatures . . . .
. Logs Generated by the CCHEDIT nodule
" Logs Generated by the CCPGEN Xodule
Loge Generated by the CCPSERS Module
Systen Interface Design Festures . . .
Assessment_of DINSERT Prototype . .
Asgsessnent from the User's Point or View

. L L T ) .
* [ » ) L »

. ) * [

-

. & ¢« % B . . .

. . ) L]

[ .

. v v . .

. . . P

110

112

. 112

115
118
117

115

123
123
124
126
128
128

. 129
. 129

132
134



Asgessment from the System's Point of View

Quality of Documentation . .

Tool Limitations and Recommendations ror
Enhancemente - s . . .

Chapter V: EVALUATION OF THE NETHODOLOGY .

Application or DIKRSERT to Benchmark Problem
Comparison with CEG Heuristic
General Comparison . . . . . . . . .
CEG OR Consideration . . . ... ez
CEQ AND Consideration . . .
Combining the Consideratione Errore and
Inefficiencies in the CEG Eeuristic
Comparison with CEG on Specific Benchmark .
Comparisor with Equivalent Normal Form .
General Comparison . . .o
Specific Comparison on Benchmark .
General Observations on Black-Box Test Design
Approaches . . .

ny

Chapler VI' SUHEARY AND CONCLUSIONS . . .

Main Contributions of Thesis .

Limitations and Suggestions for rurther Reeearch :

Bibliography

Appendix A: TUTORIAL SESSION: Application of DINSERT to

Text Retorm&tter Problem .

Problem Description . .
STEP ONE: Definition of the CCN . . .
STERP TWO: Using DINSERT to Repreeent the CCN .
- Entering DINSERT . . .
Allocate Storage for the CCN .
- Assign Gate Types . . .
Connect Gates Together .

STEP THREE: Using DINSERT to éenerate Test Requiremente

Stuck-at-0 Sensitization

Stuck-at-O Based Test Requirement Generation .

Stuck-at-1 Sensitization . . .

Stuck-at-1 Based Test Requirement ‘Generation .

STEP FOUR: Exiting DINSERT . . . . ‘
STRP FIVE: Use DINSERT To Document Test Suite (
Construction . . .

Document the CCF's Conetructed by DIHSBRT .o

) LI . .

135
137

138

141"

141

143
. 144
. 145
. 147

148
152
153
153
154

157

160

160
162

166

176

176
179
181
181
182
183
. l84:
. 187
188
188

. 209'

210
. 212



Appendix B: Texts of the DINSERT Msnu Command Responges . . 215

Appendix C: Illustrating Hardware Path Sensitization

————

Testing Techniques . . . . s+ e e . . . . . 218

The D-Algorithm for Deriving Tests . . . . . . . . . . . . 218

Procedure for Deriving Tests . . . .« - . . . 219
Examples Based on the Informal Version or the D—

T T Algorithm ., . . . . . . . . . . .. .. 0 0. .. s R21



-2.

B ONON b

V- I 7 B v B ¥ S v
©o 1 O a »

.10
.11
.12
.13
10

———

' LIST OF FIGURES

Logic-Path Structure of & Small Program.

A Logic Network Describing a Sensitlzed Path and
the Stuck-at-o and Stuck-at-1 Sensitization.

A-Logic Circuit to Illustrate the Truth—Table
Method - e e e . . . e

-+

Slngle Path (one at a time) Sensitization.

Simultaneous Path Sensitization.

A Circult to Illustrate an Informal Version of the

D -Algorithm.

-

Singular‘Cover and Primitive D-cubes for a Two-—

Input NOR Gate. . . . .

Iliustration of the ENF

A Network to be. Tested Transrormed in ENF.

An Equilvalent AND OR Circuit Realizing a Multilevel

Circuit

- - -

An Illustrative Diagnosing Tree.

Raaic Cause-Effect Graph Symbols. N
Myers' CEG Trace Considerations.
Cause-Effect Graph Constraint Symbols.

Combingational Hetwork Realizing Combinational
Function CF: BR --, BB . .

CCF G: p? —-> DB

NAND and NOR Representation WIth NOT—OR and NOT-AND

‘comblnations. . . . . .

| The Standard CCN Realizing CCF G: DB — n2

An Rzrandéd Representation of G - {g;.851

Cause—Brrect Combinational Network Realizing the

.

h .
PoS(g,) and PoS(gp)  Standard CCF's Canonical Forms .

SoP(gy) and SoP(gp) Canonical Forms e
An Bzample Iliustrating the Algorithmic
- xii1 -

.

.

. R3

25
29
30

33

54
38

44
47
50
53
55
57

62

88

71

75
76
82
84



(o))

(S -

aQ > » »

.10

.11

.12

(LS <> B

Construction of the PoS(ey;) Canonical Form

An Bxample Illustrating the 'Algorithmic
Construction- of the SoF(e;) Canonical Form

An Example Illustrating the Stuck-at-0
Senaitization of a Cause product-term .

An Example Illustrating the Stuck-at-1
Sengitization of a Cause sum-term .

An Example Illustrating the Test Requlrement
Redundancy Checking and Removal . . . .

Simplified High-Level Flow-Graph of DINSERT
Subsystem Organizationm. . . . . . . .

DINSERT's File Organization. . .
Logs Generated by the CCNEDIT Module .

A Typical Subroutine "Headings" Documentation.
2 LY

A Sample CCN-for the Illustration and/or

Investigation or‘uyers' Tracing Considerations

A Suggested Archltecture of a Future Prototype
Systenm and its Subsystem Organization .

A FORTRAN-77 Program of Naur's TRP. . . .

A Standard CCN Reallzing CCF G: D8 --> D5 of TRP .
The DINSERT LOEO. . . . "¢ © © v v e.u v o v o .
Bxiting DINSERT Message. . . . . . . . .

Informal Version of D—Algorithm Applied to Single—
Faults . . . e e . e e . .

Informal Version of D—Algorithm Applled ‘to
Multiple-Faults . . . . . e e e e

- xiv - . ’

o1

95
101
106
110

116

118

.. 129

137

151

164
177
180
182
208

223

225



) IR S Y

<1 O

LIST OF TABLES . o .

Illustrating the Truth-Table Method. . . . . . . . ._. 26.
AND and OR derinitions for the D-Algorithm. e e . .. B2
Cause-Effect Combinational Ternary-Valued Logic

Gates. , . . . . e e e . B T - Y 4
Definition of Causes, Intermediate Causes, and S
*  Effects for a subset of the TRP. . . . . < e .. .. 73
Cause-Effect Combinational Algebra Axioms. . 78
DINSERT Input File Description. . . . . . . . . . . .. 119
"CCN Connection Summaries"” of thé CCN Internal - .

Representation. . . . . . . . . . . .. .. .. . . I2
“CCN Gate FanIn/FanOut" of the GCN Internal

Representation. . . . . . . . . . . . . . ... .. 122
Responses "to Menu Commantg,Organized by DINSERT fo

Subsystem.-. . . . . . . . . 4 . . . . . . .. . .125
Stuck-at-0 Compact Test Library Logs for TRP. . . . . . 130
Stuck-at-1 Cohpact Test Library Logs for TRP. . . ... . 131
DINSERT Source Flle Hierarchical Structure. . .'. . . . 132
Test Requlrements for the TRP Based on the CEG

Approach. . . . . .« - . e e e e e e .\152
Test Requirements for the rR? Bas®td on the ENF I
' Approach .. e e e e e e e e e . .77, .- 158
An Illustration 6r a Test. Case Derived by its '

Corresponding Test Requirement . . . .+ +e . . 188
Definition of Causes and Bffects of the TRP .

Organized 1n DINSERT Notatlom. . . . v e e oo . . 179



(;hapter-*If < Y L
INTRODUCTION AND- BACKGROUND

11 An 0verv1ew of Software Testmg .

Software engineering is the deeign and analysis of techniques and

toole for producing software. eyetems which are cost effective and_

reliable. A rundamental requirement in eortware engineering is

the meed to inter \E_and apply sound engineering diecipline and

practice to the design, develqpment;,testing. and maintenance of

software systems [ViRa 84].

-

Program +esting is The symbolic or physical execution or a set

‘of test cases with the intent of exposlng embedded faults in the

——
-

'progban. Testing of software is of primagfhconcern to software
engineers. In fact good software teeting-ie as important and as

intellectually challenging -an activity as software design
[Punn 84]. . - |

111 Foundationsof Software Testing
Software testing i1s &a rapidly maturing area within software
engineering that 418 rTeceiving increased attention both by
computer sclence theoreticians and. prectitioners dts general aim

is to.  assess the que.lity of eoi’twa.re systems under carefully

controlled circumstances.
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Hardware testing has devel@ped as an engineering discipline.

— p—

Many of the techniques in hardware testing are applicable or
relaEgE to software testing. Path senéitization testing -
techniques for hardware ;ﬁspired parts of our approach. These
techniques ‘are surveyed 1in chapter II, “and include the <truth
table method, path sensitization applied to both single paths and
combinations of paths, the D-algorithm, equivalent-normal form,
aﬁd dlagnosing trees. But testing: software requlres additioczal
techniqueg as well.

In June 1972, the University of North Carolina hosted the
first conference devoted to software testing. Since theﬁ there
have been_sgeven Internatigﬁél Sortware'Ehgineer;ng'Conrerencesh,
and a spate of sﬁaller workshops and symposia devoted eiéher
fully or in part to software testing. Yet the hisfory or.testing

goes back to the beginnings of computing. One of Turingrg early

papers stated that "testing 1s the empirical form of software

quality assurance, while proving 1s the theoretical way".

As Turing had indicateq,/thane_aze—zuo-approaches to Boftware
vérirication:- Program proving and program 'testing. Program
proving is more formal and mathemaf;cal while program testing is
mofe practical and. heuristic [Goel 85]. The standard progranm
profiﬁg‘ approach 1s known as.-the induotive assertion method.
This method has been investigated by Floyd, Hbare, Dijkstra, and‘
Tecently by’Reinolds [Reyn 81]. Program proviﬁg is not adequaté
for verifying program correctness. Garhart agd Zelowitsz

[GaYe 78], showed several 'ﬁrograms‘ which were proved to be

——
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correct, but was found that there were still containing faults.

The faults were largely due to the difficulty of defining what

- exactly to prove.

Like program proving, program testing does not provide a

guarantee of pnogram correctness. A given.testing strategy nay be.

_goed for exposing certain kinds or'raultsftn the program, but not
' for all poeeibleAkinde of faults [Myer 79]. An advantage of

testing is that 1t can provide useful information about ‘a
program's actual behavior in its intended computing environment.
In practice neither proving nor testing can guarantee complete

confidence in the correctness of a program. Each have l1ts

.

advantages and limitations and should be viewed as complementary

methods for décreaeing. the likelihood of nrogram failure.
Eowever, software testing is much more widely a.ccepted. as an
intringic part of software engineering : ' -

In 1975, Goodenough and Gerhart [GoGe 75] published a paper
that tried to provide a theoretical foundation for testing. This
paper ©presents a "Ifundamental theorem of testing" which
characterizes a completely effective test selection strategy A
test’ selection strategy is completely effective 1if 1t 1is
guarenteed to discover any error in a program. No such strategy
has been ronnd: however, some strategies have been developed
which are guaranteed to discover ‘particular types of errors
[Eowd 81]. On the other hand it is known that no uniform
mechanical procedure can exigt for finding a complete test set

[Howd 76]. In many cases, however, this. is not a serious

.

practical limitation.
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112 The Testing Process

Sortware.tesping requires'both'é.rigorous plan and the -consistent
application of it to all parte of a software gsystem.. A

systematic method.olog]_{ is essential _11' the testiﬁg is golng to be
botzi thoré{lgh a.nd econonical. | . _

The testing process consists of pre-release testing' .aﬁd.
regresgion testing. The pre-release testing-activity is generally
‘divided into module or unit testing and system testing [Turn-84].

Modulé testing is the verificationl of a single prdgz.'am module in
' an isolated enviromment (1.e., is.ola.ted. from all other modules).

. Module verification may also include mathematical proofs. The

goal 18 to verify correctness of the design and coding with

Tespect to the module. specification. After module testing has

been performed, integration, éa.nity 01-' int.erraca' testing 1is
carried out. The Bystem.:l.s then tested against 1te functional
specifications (function testing), its obJec{::'Lves (systefn
testing), and its requirements (acceptance* testing). Finally,
installatfon testing and performance testing activities are
carried out. _

Briefly, sy;gtem testing consists of validation® of the e_:yst'em
with respect to ite initial objectives. System testing is
prerformed in a real environinént. ¥ith regarda to perrorzizanoe
tosting, many systems have specific performance or efficiency

objectives, stating such properties as response times and

g , | 0
1 Verification is an attempt to find errors by executing a
Program 1ln a test or simulated environment I¥yer 786].

2 validation is an attempt to find errors by executing or
interpreting a program in a given real environment [Myer 76].

-3
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throughput rates under certain wbrquad and confilguration
conditions; Thus, test cases mﬁst be desigﬁed that attempt to
show that the system does not satisry its ﬁ;rformance objectives.
) The purpdsa of the funakion test 1is to find any harmful
discrepancles between the system and its external spec;ziqatioﬁ.
The preregquisite for a successful function test is a precise .and
accurate exfé#nal specification.

Regression testing, oﬁ the other hand. is normaily perrorméd

after making a functional improvement or repair to the system.
Its purpose is to determinie if other asiécts of the system have
regreéséd because of the change. -

Software testing encompasses a range or'activities that are
quite similar to the sequence of software 'devéiﬁpment. These
activities include:

. Establishment of test objectives;
. Test case design;
° Inmplementation of a suite of test cases; .

» Development of a test harmess (i.e., driver, stubs);

. Preparation of the SUT (System Under Test);

‘. Test execution and report genmeration;
‘. Evaluation of ﬁest Tesults; and ..

. qulugtion of quality of test

Of these activities, the test case design is the most crucial.
In this thesis, we focus on test requirement design. We briefly

Teview some background material in the next section.

—_— . * Bl
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113 ’ Test Case Design

The most important step in program testing is the design of
effective test cases. The importance of test case design stems
from thé fact ‘that "complete™” 7or “exhaust;ve“ testing is
1mpfactical. A test of any progranm ﬁust bé necessarlly incomplete
(1.e., non-exhaustive testing cannot guarantee that there are no
errors). Thué, given constraints onfz;ersonnel, time, budget,
computer time, etc., the key issue of €esting becomes: |
ﬁ’.’hat subset of .all possible test cases 1s most 1ikely to
detect serious errors? -
- The study of test case design methodolqg@es supplles us with
partial amswers to this Question'tuyer 79]. Probably the poorest
" method of all is random-input tesfing. This is testing a progran
by selecting at random some subset of all possible in;ut values.
A randomly selected collection of test cases ﬁas a’ low
probability of detecting serious errors.-and is therefore not a
good'approach to test case design [Myer_?6,7é. Mi;} 81]. _ )
Software test design technigques are usually classified as
Black-Box Testing or White-Box Testing techniques. For computer
software, black—boi testing alludes to tests that‘afe constructed .
at the user interface without knowledge of the _internal
structure. That is, test cases are intended to'dem;ﬁstrate that _—
specified software functions are implemented, that 1n§ut:ﬁisw;—__
pfoperly accepted and output is correctly produced, ana-that-the'
integrity of data riles‘is maintained. If a formal specification
of the system's input/output relationshiﬁ is available a thorough
set of black-box tests can be generated systematically [PrUr 84].

et
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1131 White-Box Tools and Techniques :
;ﬂhite—boz testing techniques come from many disciplines: guzuﬂf
theory, programming langusages, and reliability thoory. As an

""-

example, graphs are used to model the control flow and data rlow
in a prograﬁ [Prob 82a]. In control rlow graphs, aros correspond

to branches in the program and nodesrcorrespond to etraight;line

-

segments in a program. Data flow graphs are used to examine the

data flow between various program segments, and to design test\

e
cases to exercise all paths of interest [Howd 76]. A variety of ~

tools exists, mainly in prototype form, to support various white--
box testing techniques. These include: '

——

‘e Symbolic execution/svaluation systems, which interactively

simulate the execution of eource.tezt. These tools provide
.synoptic expresslons of_ what the code under teet will
generate In general ‘these tools can reveal defecte to the

extent that <the specifications can be expressed with
mathematical rigor A[Boye 75, EKing ?6,‘ Clar 76; Bowd 77,
- Chea 79]. |

. Assertion based systems, which procese ancillary information

about ezpected program behavior stated as run—time assertions
about the current’ program state [StFo 75, AnBe 81].

' Bxecuting assertions generally requires'the co-operatlion of
the compiler [VWort 79]. An example is the use of range
specifications_ ror variablesf snpported by some PASCAL
compilers [Ande 79 Muss 80]
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»  Data flow analyzers. wkich perrorm a static analysis of the

Program searching ror the presence of potential errors.
called data flow anomalies [OsFo 76, FoOs 76, Howd 76,
Ta0Os 80, Prob 82a].

. Code coveragde measurement systems, which are generally based

on the percentage of statemeﬁts executed, branches selected,
or paths traversed. The first 1s the weakest measure of test
adequacy. The last is the étrongest. however, 100% path
coverage is practically unattainable [Howa®?5, Mill 77.78.
Prob 82a,82p]. . | | "

- "qugraﬁ' mutation, which 18 a way of measuring the

errectiveness of test- cases for rinding defects. Simplé

alterayiona of the program called mutants are made to
determine if the test cases ‘can evoke different TespOnRses.
Mutatior ~testing requires mechanization of the mutation
process tolgenerate & sufficlently large number of mutants

. ‘that the results are statistically signiricant {Buaa 78,80,
DeMI 78, Howd 82].-

To give an grampxg of one of the above white-box test design
strategies, wq‘conéider,xhe code coverage-directed approach 1in
~more detail. Exercising all possible outcomes of every declsion.
statement at least once is considered a. minimelly thorough
coverage criterion that is possible to attain in practice
Eowever exhaustive white-box testing is impractical. For even
small programs.. the number of potentially executable logical

Paths can be very large [Myer 76,79, Pets 85, Pres 82, Dunn 84].

]



Page 9

) A
$———+t
o ——— e ————— )| I
+——— L
I
+o———o -
_. |
Repeat +=——+
»= 20 | |
- times tm—————— + Femm———— +
‘ pl
[ ] .
———t
] |.._
b, m—————— +
[ I
Fom—— —_——— -
] o L]
-= +——— t———
P | |
~. m— e ==t ==t  fe—m———— +
L] I l I
*m—— +——— I s 2 +———t ==t
] | 1 ||
———t +m— +———t +———t f———t
S | *
.- m——————— + —_
I
foe———
o - i . e e
—————————————————— +
- —— — —
e ————t
| |5
Pigure 1.1: Logic-Path Structure of a Small Program. )

For example, the number of distinct paths in & program with the
‘structure given .n FPigure 1.1, 1is approximately 10Q-trilliom!
This asgumes that all decision predicates are mutually

" independent. o
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In actual programs every: decision 13' not independent from
ezery other decision [Myer 79]. Thue. most potential execution
paths are unfeasible paths, 1mpoeeible to 6execute. Ae a reeult
path coverage is an unrealistic, unattainable coverage criterion
White-box_test design etnategiee will not necessarily detect
‘errors caused by . mieeing logic, nor errors caused by incorrect
predicate calculations. Suppose, for exampie.'in & program, a
coferage test may be erroneous expfeesed as:

IF ( (A-B) « EPSILON )
This statement contains an error, namely (A-B), instead of taking
the absolute value 1i.e., (IALB|). Detection of this error,
however, is dependent upon the test values used for A and B
“during teetiﬁg and would not necessarily be detected. |

White-box testing should not, however, be dismissed as
impractical. 'Both' black;boz _and white—boz“-teeting should be

combined. This rTesults in the following recommended [Myer 79]
teeting strategy:

1. Use certain effective black-box based -test case design
methodologies;

2. ~ Momitor logic coverage achieved; and

3. Add new test ceeee to achleve a desired level of logic

coverage.
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11.3.2 Black-Box Techniques aﬁd Cause-Effect
Graphing .

The other class of strategies is called black-box testing, in

wvhich the tester §1ews the prqgram as a black-box; }.e,. the
tester is unaware of the internal behavior and structure of the
frogram. The tester is only interested in the externally
observable behavior of the program.

Four common black-box test design techniques are E@uivalence
Partitiéning..Bounda:ybvalue Analysis, Cause-EBffect Graphing, and
Error 5uessiné. The interested reader should -refer to [Myer 79]
;pr more .information. The approach we use is inspired by cause-
érreéﬁ“éraphing, briefly described next and illustrated in more
detail in Section 2.2.1. -

One weakness of boundary-value anaiyéis and equivalence
partitioning is thﬁt neither explores cdmbinatians of input
c;:cumstances [Myer 79]. The testing of all coﬁbinations of
input conditions‘is.not a simple test, because the nnmbér of
combinations is usually very large. If you had no systematic way
of selecting a subset of combinations of input conditions, an
aTbitrary subset is usnually selected. This would lead to ‘an

inefficient test or an Ineffective test or both.

Cause-Bffoct Graphing (abbreviated CEG) 1is a technique that

" Elmendors -adopted from hardware testing in 1973 [Elme 73]. Since
then, reseagchera have come‘up with several papers-and'sortware
tools that either describe or rurther'invesfigate tﬁia strategy
‘or do both [Elme 74.75, Myer 76,79, Howd 80, AdGr 83, Wals 83,
Prodb 85]. |
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- CEG 18 a téchni@ue that aids in Bselecting, in a systematic
vay, a high—yibld_seﬁ of test cases. It also has a bénériciallﬁ
slde effect in pointing out incompleteness ana—ﬁmbiguifies in the |
specifications [Myer 78). The cad%e—errecé graph is actually a
‘combinagorial logic network. However, rather than using standard
- electronics notation, a so;:fewhat simpler notation is used. No
knowledge of electronics is necessary other than an understanding
of Boolean logic (i.e., understanding the- logical operators:
IDENTITY, AND, OR, and NOT). | B o

CEG requireslthe representation of causal.relationshipsjin a
system specification as a Boolean 1ogic network. CEG is discussed

in more detail in Section 2.2.1, while the graphical

representation of the logical' operators and the basic cause-

—
—-—

effect graph symbols are shown in Figure 2.11 on page 53. The
outcome of CEG is a set of requirements to be met by test data.
CEG design consists of the following steps:

1. Represent the natural-language specification by a CEG:
2. '~ Derive test requirements;
3. Represent test requirements as a decision table; and

4. - _Solve for test data.

An apparently difficult aspect of the technigue is the conversion
of a set of test requirements into a decision table; however,
this step is algorithmic, and can be automated. A more difficult

aépect 18 the derivation of actual test data from the set of test

fequirements. ¥e expand on this point later in Section S.4.
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1133 Complementary Test Design Strategy

A nu.mber or,authors includ:l.ng Myers advocate a complementa.ry test

design strategy which is’ essentially the following:

1.

If the specification contains combinations of input

- conditions, start with cause-effect graphing.

In any event, use boundary-value analysis [Myer 76,791,
Temember that this is an analysis of input and output
boundaries. The boundary-value analysis yields a set of
supplemental test conditions, but, as nofed in the sectiomn -
on Cause-Effect Graphing, many or all 0f these can be
incorpora.téd into the cause-effect tests.

_Identiry- the valid and invalid eguivalence cla.s;ses for the
input and output, supplement the test cases identified
above if necessary. | | _
Use the errar—guessing technique [Myer '?8,7&3_]. to add
additional test cases.’\ﬁ\_\ . |
Examine the program's logic with regard to ’/t_he set of

test cases. Use elther mutation testing. or some coverage

criterion that has not been met by the test cases.

identifled in the prior four .steps, and if meéting the
criterion is not possible (i.e, certain combinations of

conditions may be impossible to create because of the

nature of the program), then, add sufficient test cases to

"cause the criterion to be satisfied.



Page 14

12 Thesis Objectives and Approach -

Our primary-objectives in this thesis éohgists of.the rolloﬁing:

1. To formulat? a new, errective.black-box test case’design
approach |

2.  To demonstrate its errectiveness,

5.  To design an effective tool to support this approach; and

4. To demonstrate the quality of.the design of this tool.

This black-box test requirement design approach is applicable to
high-level_testing [PrUr 84]. In this respect, our work agrees
with recent 1nveétiga ions [Fost 80] suggeéting that testiﬁg
activities should be carried out much earlier, in particular, at
the specification [PrUr 82] and design ﬁhases [Prob 82b].

To obtain our new approach we melt effective hardware and
software approaches, ~ namely the E&hivélent Normal TForm
(abbreviated ENF) and Cause-Effect Graphing (abbrewiated CEG)

techniques, respectively. The major:steps in the research plan

‘€ .

were: ’

i. To formalize our approach and apply it to a standard
benchmark for testing techniques, the- well-known Text
Reformatter Problem (abbreviated TRP);_

2. To compare it to two competing approaches (ENF and CEQ);

3. | To deslgn and implement a prototype tool (called DINSERT),
to assist in evaluating the approach; and ‘

4. To use DINSERT on the benchmark problem (and other

problems) to evaluate the completeness and effectiveness of

its design.
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Briefly, our approach to test case design problems involves two

steps; the rirst-ié manual; the second is automated: .-

-

1. Manual step: Gilven a natural-language specification we use

our standard CCN to represent a functional specification as
& B8et of 1logical relationships between ."causes" and
"effects". A standard CCN is & formal language providing a
rigorous way of representing a natural language
specification by ?;_moré formal specification. This is &

- qﬁité difficult step and compriseé the starting poinﬁ in
our appr0ach.

2. Automated step: Given a standard CCN, we proceed with its

transformation into standard CCF,' involving & ternary
logical domain. This is the first automated step in our
approach rolloﬁed by other automated steps:leading to a
design of non-redundant high-yleld test requirements.
We Dbelieve that our methodology can ‘qu;pkly\ be adapted to
" .- software functional testing. It assists théigéggi?lined design of
| specification based black-box ’test casges. It 1s useful,
effective, and has éonsidefable potential to help testérs Bave
time and effort in designing,. coding and testing or proving
inappropriate progréms. In particular, progfam p;oving is
wasteful if thq_ underlying specificationse are invalid,
inconsistent and irappropriate. On the other hand, our prototype
system is, as far aé we know, the'rirst computérized tool of its
kind automating the test case design pProcess 1in =a user—f?iendly

and attractive interactive environﬁént:fﬁhile'this thesals dealé
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with the functional testing of coﬁputer'sortware. the methodoldgy

‘described here is equally applicable to firmware and hardwars.

e

‘13 Motivation for Path Sensitization

our investigation of one class of black-box test _case design \\\
techniques called path sensitization (a technique based on a
powerful mathematical foundstion - combinational 10310). as well _
lagﬁrecent developments-in the following fEﬁE areas of research _“/
'éere the motivation behind the research work of this thesis:

. Blaék—box‘test cage design;

« Functional specification based testing;

. Software engineering tools and tééhniques; and

+

o Reliable design and fault-detection tests (fault detection 5y
path sensitization)
The concepts from combinatiqnal iogic based testing techniques
such as fault detection by path sensitization have inspired our
‘approach to _téét tase design by ‘"exercising" functional
specirications represented in basic canonical forms (Section
3.2). Cur investigation with regard 'tb .hardware §£€h
sensitization testing techniques (Section 3.1) shows that these
techniques are more algoritﬁmic and tpérerore easler to
implement. However, their extension to ;ortware based testing
(Bee Section 2.2), either suffers from being heuristic of not

sultable for computerization (see Sections 5.2 and 5.3).
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14 Summary of Main Contributions

"In tHfs thesis, we propose and evaluate an incremental sensitized
test case design methodology for the design of non-redundant
high-yield -test requirements in a disciplined and .éyafemétic
manner. We also implement an interactive prototype system to
support and illustrate our methodology (DINSERT).

We demonstrate the reasiﬁility of our—approach‘by mgdhs of a
prototype system 1mplement§3ien, called DINSERT. This‘prototype-
provides a user-rriendlyd;nd attractive interactive test désign
environment. The system automatically consﬁructs qanoﬂzéal forms
of cause-effect graphs, generates test requirements based on
sensitization of canonical" forms, and Ilncrementally generates
test requirements. Redundaht test requirements are automatically
removed. Ve show how useful our approach is by applying'the tool —°
to 'TRP.. compafing it with other effective- approadhe and,
sﬁggesting how to use our methodology in a devejﬁzﬁéggf-\\\

; - : 1
environment. . o \\\_//

Applylng such an approach to 'early stages of software
development (inception, systemeGfinition, system-design) has
great potential for detecting ambiguities, inconsistencies, and
even. 6misaions - well Dbefore any target software is produced
[Appl 832~Boeh 83, PrUr 84]. This thesis- provides evidence that
this methodology is an effective and erficient technique for

producing more reliable specifications and thus, more-—reliable

software.

- - . -
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15 Qutline of the Thesis

In ChapEér II, we briefly survey path sensitization techniques,

starting with hardware'testing techniques and concluding with
extensions to software testing fechniqueé. ‘
In Chapter III, we thoroughly -describe our incremental
sensitizéd test case design methodolbgy. ¥e introduce - fundamental
concepts and baslic definitlons. Brief proofs and examples are
ﬁsed to clarify various aspects of 6ur approach. We also present
algorithms for the comstruction of canonical forms, gemeration of

test requirements based on sensitization of canonical forms, and

A

ihcremental generation of test requirements by redundancy
removal. 'All algorithms are :Lll:u.stra.ted using a subset of the
well-known TRP.

In Chapter IV, —we describe in detail our INcremental
SEnsitized gést Requirement Design.- (abbreviated DINSERT)
. prototype systeﬁ. Hére we discuss the various subsystems of

DINSERT as well as the file'environment.‘design issues, user
| interface etc; A complete description of how to use DINSERT
appears in Appendix A. The Chapter .ends with an assessment of the
tool from *the user a.ndrsystem pointse of_ view with discussion
about  its  limitations and recommendations for  future
enhaﬁcements.

In Chapter V, we evaluate our methodology based omn a
comparison with other useful approaches such as Myers' heuristic
"Cause-Effect Graphing"” approachk [Myer 79], and. Walsh's.

"Equivalent Normal Form" [Wals 83]. Again, we compaie'them using
the TRP. '
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Chapter VI contains the summary, conclusions, and suggestlons
\ X

Tor fTuture research. N

el

APV



- Cha.pter II
- A BRIEF SURVEY OF SENSITIZATION
TESTING TECHNIQUES

In this Chabter, we ‘sketch a number of ~hardware testing

techniques baeed‘on eeneitizing the syetem ﬁnder‘test. Our aim

.18 to reveal particular leads of logle faults stuck-at-0 and.
stuck—at—i. ¥ith this background, we describe a software testing

technique developed from some of these techniques, called Cause- .
Effect Graphing (abbreviated CEG)

This chapter B objective is %o present an outline of related
hardware testing techniques used for the diagnosis of
combinational networks. For more details; the intereeted'reader
may consult standard works [Arce 66,72, Roth 66,67, ScDi 68,
Chan 70, KoDe 71, Chap.74, ChCh 74, Bett 77, Muro 79, McCL 86j.

21 Hardware Path Sensitizing Testing Techniques

Hardware tests are intended to verify that a product. has no

faults. There are +two main approaches, probablilistic and

determinigtic. Probabilistic generation of tests involves no a

priori knowledge of the product. The effectiveness foT detecting
faults is measured with a fault-simulator by "injecting" faults
into the product [ChCh 75, Arms 72]. Deterministic__ test

generation selects a special fault, then goenerates the teete that

_—
- —

- 20 -
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+

not subsequently tested for.
'Hoet. test generation algorithms use path sensitization.

Originally, a single 'path was sensitized for the origin of an

assumed fault to the primary output [Arms 66]. But single path

sensitization algorithms are not always successful even when' the

‘fainlt 4is .testable. So Roth proposed the D-algorithm ‘that
sensitizes. single or multiple paths [Roth 67]. This is a

sophisticated version of the path' senslitlzation method. Roth

proved that, unlike the path seneitizetionm method, the D-

algorithm c¢an find a test pattern if ‘one exists considering,

multiple Beneitized paths.-In thils eenee the D- algorithm is the
first test generation method proved to be algorithmic But the D-

algorithm needs longer test time and more memory space than the

"path semsitization method. Together the path sensitization and

. The D-algorithm are often called the D-algorithm [Muro 79];

211 Logic Faults: Stuck-at-0 and Stuck-at-1 -

- Loglic faults eme faults +that pProduce some deviation from +the
expected logical behavior of the circuit. So componment failures

o R ’ ) -
that - affect voltage, current shapes of pulses or delays in the

circuit, but do not alter the logical function, are not logic
faults.

The kind of faults you consider when testing a logic circuit
depends on the kin&‘or clrcuit you are testing However, -moet of

the raults in currently’ used circulfs 1like diode-resietor
circuits (DR), diode-transistor logic circuits (DTL), transistor-

detect that fault. Any other faults detécted by the same test are
N
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resistor . logic circuits (;RL) and transistor-tianaistor logic
_circuits (TTL5 are represented by a gate being stuck-at-0 or .
stuck-at-1. That i1s, an input or output may assume a fixed
value,.independent of tﬁg»input-applied to the circuit.

Tﬁe truth table Qethod provides a %00l for the determination
of a minimal set of fault-detection teség for combinational 1931c
*clrcults. But this method 1s not practical (Section 2.1.2.1);'.80-
here we introduce a different design philosophy, b;sed on the
path gensitization technique. The two sections after that
(2.1.2.2 and 2.1.2.3) have more to‘say on this method. For more
information refer to [Args 66,72, Muro 79]. .

The main idea behind the path sensitization proceduge will be
1llustrated here by deflsing & test for detecting the following
logical faults: suppose that we want to detect whether one of
the 1npu;é of gate 2, X,, 18 permanently fixed to the vaiue ¥
(either 1 6r 0) by a fault in the NAND gate network in Figure 2.1
on page 23. When y 1s fixed to 0, it 18 sald %o be “stuck—at-O'.l
¥hen y is fixed to 1, it is said to be "stuck-at—1-.

Now fixing some of the inputs to a network so that the network
output depends on the signal on & particular lead. is called

"sensitizing the output to a particular lead". Just one

senaitization.pattern is usually satisractofy. It is possible to
'find a sensitization pattern by tracing a seﬁsitized,path through
the mnetwork. All of the automatic test pattern generation
programs are basgd on tracing Bensitized paths through a network

[McCL 86]. The path semsitization method and most other methods
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(deacyihed in the next sections) a:é errpcgiye only when a single
fault that is stuck-at-1 or stuck-at-0 is to be detected

[PrMe 71, Prie 86].
Suppose that all other inputs to the gates through whiéh
sigoal y goes to-be ocne of the nétwork outputs are set to 1. (iAf
 .ve have & networi of NOR gates, they are set to 0) by setting
inputs x;, x4, and‘zg to their prober values, ag shown in Pigure
2.1. We can do that by setting xp -~ O and xg = x4 - 1 (e.g.,

. gates 2, 4, and 6 have inputs of 1).

———
NARD -
Xy ——— ——
1 1 -
+m—— ‘ R Y S——
1 +-———+'x, —-——|NAND| v’
Y +=———+ +——— [ NAND *sessssssscssses 2,
.Xp see RAND| v° seesses ] .
' sssescsse 4 b4 +m———t
Ty —== 2 s -
1 4y ’
S ———t
to-wect; +-——|HAND +——— | NAND
&1 -—=IHARC| = | | —_— 20
------- 5 Xz ————| 7 -
Xy ——- 3 Vet r————t
e ——t -

Figure 2.1: A Logic Network.Describing & Sensitized Path
_ ~ and the Stuck-at=0 and Stuck-at-1
Sensitization. ) ' .

The:getvork cutput z; becomes ¥y’ (in a general network, y or 7').

This path ie called « sensitized patk from input X, of gate 2 to
network output-zx%\ So when the. value of input x, to gate 2 is
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set ‘to a value different from the stuck-at 'val:ie. Y, we can find
out whéther y is stuck-at-1 gr stuck-at-0. In other words, if we
set =, - 1, x; =0 and xg ~"x4 -~ 1, we can find out that y is
stuck-at-0 if z; shows output value 1. This is because z, must be
O for x; = 0 and x5 - Xz =~ x4 - 1 if the network is not faulty.
Similarly, when we set Xy = 0. xy - 0 and Xz - x4 - 1, we can

find out that y is stuck-at-1 if Zy « 0.

212 Derivation' of Tests

In this section, we discuss several methods of deriving tests for’
'a given fault in a combina.tionallh circuit. Ve assume that the
circu.‘!.t is. non—redundant and s0 can have one fault at a time.

First we sha.ll conslder only faults whore any wire 4in the
Llrcuit is stuck-at-0 or stuck-at-1.

2121 Trnth Table Method
The most obvious method of d.eriving tests for a particular fault
18 by comparing the truth 't_;a.bles of the normal and the faulty
circuits. Let thé inputs to a combinational circuit be (x;,x,,
--- »Xp). And let its outputs be (z;,z,. .Zp), where z; =

£4(x9,x5, ... ,xp)y-1 = 1,2,...,n. For any set of faults F, and
111452 1,2 &

any fault "a~ “a"-belongs—-1in-F (i.e., by' "a" we denote any
- . . .
faulty wire or path). Let 248 = 1,8(x;.25, ... *,x;) be the

value of the ith ocutput when the fault is Present. Then an-input

vector xJ = (z_zj, xzj, .xnj) is a test for detecting the
fault “a" if and only if:

£y(xd) x0R £,2(x)) = 1, for some 1: 1 ¢ = 1 < - m
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"Where XOR represents the 'exclusive—dR“ operator The above
equation implies that the fault "a" 1is detected by applying the
input x) and observing ‘the output z;. All the tests which
detected any given fault can be obtained in a exraightrorward
manner by comparing the truth tables of the normal -and raulty

circuits, as shown in an ezample in Pigure 2.2.

"
"a" +———t+ A
x; - - ———=10R
————
. tm——! 2
‘===t D +———t +——=+ B
Xo —~---|AND +~~——| AND
—_——— 2
Xg ————| 1 1- +-——=] 4"
F——t . ==+ d———
+---=|NOR
————
24 - _— - 3
+———t . )
Figure 2.2: A Logic Circuit to Iliustrate the Truth-Table
: Method. Let wire "a" be stuck-at-1. The truth
,tables of the normzl and Iaulty.circuits are
showh in Table 2.1 on page 26.

Table 2.1 on page 26, shows that these three tests detect the
"a" stuck-at-1:

(11.12,23,24) - (0,0,0.0): (030’190-); (0.1.0-0) /
Often 1t is convenient to represent tests by the corresponding
mintermsl. You can write the. set of tests in the example taken

from PFigure 2.2 as X' -Xp'.xz' X, ", X'.xp' . Xg.x, " and

1 A minterm is a product of all the variables of the fvnetion,

wvhere each variable may appear in <the complemented or
uncomplemented form [Eoha 70].

———t— e



X' Xp.Xg' . X,
Xy = O is a test 'independent of the value of xJ.

X - Xz = x4 =0 i8 a test independent 'of the ‘vdlue of 22 The

Page 26

Similarly.

test can be represented by the Boolean expressioh: Xy)'.Xp' 14)

xy'.x3'.x,". Test for detecting other raults in the circuit can

be determined in a eimilar way
" The example shows that the method would b

for circuits of modérate g8ize, because a trutﬁ able.will have to

be comnstructed for every possible  fault.

some methods of deriving tests without construct g these truth

tables

L=

impractical even

B

1l now discuss

Table 2.1:

Xy | xp | xg | x4

0

"THHRHHHPEPHEHOQOOO00000
HHEHRHRPOOOORKHHHOOOO

PRPOOHHROORHOOKrRHOO

HOROHOHOFHOHOHOW

zy | z,®
0 1
o | o
0 1
o |[o
0 1
0 0
o | o
0 |0
1 1
0 0
1 1
0o | o
1 1
0 | o
0 0
0 | o

| 2z, XOR 2,2

o e T S .

0000000000 OrROROH

Illustrating the Truth-Table Method.

2

A\

From the first two teats, we Bee that Xy = Xp =
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2122 Path Sensitizing Applied to a Single Path
The conditions for propagating a change to an outputf’alogg any
path.can be determined from a knowledge orjthe logilc circuit.v
This 1s done by assigning input values to each gate alohg the
chosen path, so that its output depends.on one particular input
onlgj\\Tﬂe conditions required for a change in one of the inputs
to a gate to Causq a chénge in its.putput'depend on the type of
gate' involved. For AND and NAND gates, all Ainputs except' the
”chaﬁging one should be 1. For OR and NOR gates, these inputs.
should be set at 0. - B . T
Returning to logic circult of Figure 2.2 on page 25, x, - 0 in
all the tests. For the output of the OR gate (nﬁmbef‘?ﬁ. to be .
~sensitive__to any change on wire "a", the other input'to this gate
should be O. This means that, with the AND gate (number 1)
X5.Xx - 0. Fdr z; to be semsitive to any cﬁange in "a", the other
1npu; to AND;gate (number‘é), should be 1, and the output of the
NOR gate (number 3) ‘should be 1. This,” in turn, requires that
x4 = 0. The three tests . derived in example 'éatisry thqse

conditions.

Path sonsitizing general procedure: The general procedure for

deriving tests using path sensitizing ie that the faulty wire
is assigned a value opposite to the fault condition. That is,
& value of 1 is assigned to a wire with & stuck-at-0 faunlt
and vice versa for a stuck-at-l1 fault. A path is chosen from
the fault to ome of the output terminals. The inputs to the

gates along this path are assigned values so as to propagate
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any change on the faulty wire along the chosen path to the
output terminal. The path 1s now sald to be “sensitized“
One or more tests for detecting the particular fault are obtalned
by determining network 4inputs that will produce the deslred
values on the path 1nputs along the sénsitized path. To do this
trace back from the gates along the sensitized path towards the
network ;nputs and assign values to as many inputs as you need to.
- get the desired signai values in the ciréuit._ ~—

This procedure may- not yield a udique set of dinputs for
sengiti=ing. a barticular path. An arbitrary choice is made
wherever different possibilities exist. If a contradictio#, is
encountered, the process ié repeated with a dilfferent choice, if
suck a cholce exists. Othéfwise. you may have to - select a
different path for sensitizing. If a conmsistent input combination
ig obtained,-some inputs in 1t may be unspecified. This means
that the test is” independent of those inputs and may be assigned
any values desired %o minimize the test set. The example of the
logic ¢ircuit in Figure 2.3 on page 29, shows how to do this.

In Figure 2.3, let the output of the NOR gate (number 2) be
stuck-at-0. Referring to ' the outputs of gates Dby the
names/nuﬁbers of the gates, we require B = 1 in order to detect
the stuck-at-0 fault. Let us arbitrarily choose to sensitize the
path BDE to the output z;. To sensitize this path we nNeed A - O
and C - 1. But B'- 1 implies x5, = X3 = 0, which also makes A = O.
To make C - 1, we need Xz = X4 = 1 leading to a contradictionfin.

thé assignment of x.. Since no arbltrary cholices were made during
3 o

1
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: et
Figure 2.3: Single Path (one at a time) Senmsitization.

the assigoment of input

to z;, it follows that stuck-at-0 fault at B cannot be detected

values,

-

at the output Zy. However, the rault can be detected at Zo since

Xp =Xz =0 senaitizes the path BF and also makea B =~1.

xl and x, are unspscified for this test.

Inpu%s

2123 Path Sensitizing Applied to Simultaneous Paths

The path sensitizing technique,

&8 we have discussed it so far,

attempts to sensitize only one path in the logic circuit at a

time.

procedure 1g inadequate.

In the logic circult of Figure 2.4 on

The example in Figure 2.4 on page 30,

showe why thise

page 30, let us try to derive a test ror detecting the fault-

"a" stuck-at-0 by sensitizing the path ABJ

|\

and BDE is the only path from B
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Figure 2.4: Simultaneocus Path Sensitization. «\

Fiégi we st x; = 1 and x, = Xz =0 80 as to apply: a 8lgnal
opposite to the faulty value to "a" and Propagate the. effect of
the fault ihrough gate A (number 1). Setting x4 - d carrles it
through gate B (number 2); To propagate 1t thiough gate J/énumber
8), we Tequire C = E = F = G ~ E = O. Settingxs-ze-lbomake
C~E=~0, we find thatvd - H - 1 and we are unable to.propagate
the slgnal through J. S}milarly. we c¢an show that it 1is

-
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impossible ‘to sensitize the single paths ACT or AEJ. But
Iy = Xg ™ xe-l,o sensitizes the three paths slmultaneously and
also makes f--\G - H = 0. -So three inputs to gate J éhangé from
0 to 1 as a result of fault "a" stuck-at-0, while the remaining
hree inputs are fixed at O. The fault will cause thé J's output
to change from 1 to 0O and xl.zz'.zs'.xé'.xs'.xs' is a test for
"a" stuck-at-0. Similafly, if wve set xq = X, = Xz = 0 to detect
"&" stuck-at-1, the output of gate A will éhange from'l to 0 as a
rTesult of thé raulé. Here again, the ‘three paths ABJ, ACJ, and
AEJ  have to bq’ sensitized simultaneously . by setting
X4 = Xg = Xg = 0 to detect the fault.

The above example shows the necessity of sensitizing more than
one pathjtin'deriving tests for certaln ;aults. To sensitize more
fﬁan one path, we need some method of identifyiﬁg gsignals whose
values depend on the fault. This is the main idea behind the D-'
algorithm [Roth 66]. | o |

2124 The D-Algorithm

We . first present an informal version of the D-algorithm, which

may be considered to be path sensitization with the fault-
dependent signals uniquely identified. Let us use the symbol D to
represent & signal that is 1 in the .normal (fault-free) circuit
and O 1n the faulty circuit. . A8 well the symbol D' will be used
to represent the signal that is normally O, but becomes 1 when
the rault is present.

Note that the definition of . D and D' could be interchanged,
but this interchange should ‘be consistent through the circuit.



ey ——

{ - Page 32

Thus, all De in the circuit imply the same value whéther O or 1
and all D's will have the opposite _value. With this meaning

assoclated with D, the logical ‘operations shown in Table 2.2, are
easlly verified.

Table 2.2: AND and OR definitions for the D-Algorithm.
B i e T T + + - —————————————————
+ |0 |1 | b | D - |lo |1 | bt
o e e e e o e e - - e
0 0 1 D | D' Y Mo 0 c 0 0
1 1 1 1 1 ; 1 ¢ 1 D D’
D D 1 D 1 Ve D 0 D D 0
D' D’ 1 1 D' D ¢ D' 0 D'
- ——— -+ e e +
(left) OR . (right) AND

EXAMPLE: The logic circult shown in Pigure 2.4 on page 30 18
repeated in Figure 2.5 on page- 33. To derive a test for "a"
stuck-at-0, we asslgn a D to the line "a" and try to propagate
the D to the output.

Setting x, - 1, applies a 1 to the wire “a”. Thén. Xo = Xz = 0
éguse-the output at gate A (mumber 1) to be D'. ¥We arbitrarily
éﬁoose to sensitize the path ABJ, by setting x4 ~ 0 and also note
that gates C and E botk have a D' on one input. Attempting to
make all inputs to gate J except B to O results in contradiction.
However, 1f we set x5 =~ Xg - 0, we have B - C=E=-D and
F=-G=H=0. Now j = D' and "a" stuck-at-0 is detected. The
signal vaiue in tpe'circuit for this test are shown in Figure 2.5
on page 33. -
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+———+
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Figure 2.5: A Circult to Illustrate an Informal Version of -
the D-Algorithm.

—— -~ /'/

In the formal D-algorithm, a function of n variables r(x;,x5, ...

,X,) 18 represented as a function of (z+1) variables &(x1,x5, ...
+Xp,7)s  Such that g(a;,83, ... .ag.;) =1 if and only if

ans1. " f(al,qg, ‘e ,am). A set of prime-imylicantsz covering

2 a prime impliicant of a function is an implicant such that any

proper subset of its variables does not form an . implicant of
the function. In turn, if a function is expressed in the sum-
of-products form, each product-term in the expression is
called an implicant of the function.

—
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. the function g represents the truth table of the fumotion f in a’

concise way. The set of cubes defined by these prime implicants

is called the singular cover of the function r.

EZHHPLE: As an example, a two input NOR gate and its singular
cover are shown in Figure 2.6, where "=" denotes "don't care"”
values. The singular cover or the NOR gate states that its output

will be 1 1if both inputs are O, and O if one of the inputs is 1.

ab
00 01 11 10 a b| ¢
=t , e +, -
a -—-|NOR _ ojloj1]1]1 0O 0|1
—-_——C c ——t et - 1 0
b -—- 1‘o]o]o|o 1 -0
F=——t += —— '

-

| Figure 2.6: Singular Cover and Primitive D—cubes for a
) Two-Input NOR Gate. .

In deriving tests for combinational circuitsa, rt is userul to
ldentifty two special types-of the 1nputs to a logic block. The
first type are those inputs which cause the output of the block ;
(assuming single-output blocks) to be different from its normal
value, if a given fault is present in the block. Theae inputs are
represented by the primitiva D—oubes of the fault.

The second type of inputs, represented by the propagation D-
cubes of a block, are those. that cause the oufput of the block to
\de end only on one or more of 1ts specified inputs and hence to
D gate a fault at these inputs £to the output [Chan 70].
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For simple biocks. such as a NOR gaﬁe, and e;mpie faults euch‘
&8 an lnput etuck-at-l, both types of D—cuoes can be written down
by inspection. For example, if uhé 1nput_;e5d\3,or the NOR gate
of Pigure 2.6 on page 34 1is stuck—at;l. then a = 0, b = 0 will
.cauee the output ¢ = 0. if the fault is present and ¢ = 1
otherwise. This ie ropresented by the following ;uﬁhutive D-Cube
of the fault: | '

a »|oc .

- . .-

0 o| D B

" where D represents the conditlon under which the correcu output
‘ds 1 and the faulty output. 18 O. Note +that this choice is
arbitrary and the opposite choice could have been made. |
On the other hand, if we are interested in propagating the
effect of a fault (external to the particular gate) through the
NOR gate of Figure 2.6 on page 34. Then the following D- cubes of
the block are of interest, assuming that only oneé input to the

' gate may be faulty:

a b|'e
. - N = -
D 0| D' )
0. D D'

Here, the interpretation of the symbol D is elightly different. D
may be O or_1, but all Ds in a D—cube always have the same value.
-_ D' always .has a value complementary to D. The two propagation D-
cubes of the NOR gate merely state that if one of its inputs is
zero, the output is +the complement of the other 1nput. Ir'
multiple—input changes are to be propagated through the NOR gate,
DDD' 'should be added to the 1list of propagation D-cubes.

S

H
I
[}

\
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"Appendix C explains more about the nglgorithh (the original

contribution of Roth [Roth 67]).

21235 The Equivalent Normal Form

It often oécurs that an assignment of values to %he circuit
inputs sensitizes several paths simul?aneoﬁsly. Moreover, in
general, a path may be sensitized by assigning ﬁalues only to a
subset of the circuit variables. In many cases, this allows you
to assign the remaining variables in such a way that several

Paths will be sensitized simultaneously in one test.

Unrortunatély, there are no efficient direct methods for the

selection of these tests. To use these Properties and to find a

“good" (i.e., nearly minimal) set of tests, you need to first

transform the circuit into its “Equivalent Normal Form" and then -

to derive these tests from the transformed circuit [Eoha 70].

- ATnstrong has proposed a method for deriving a nearly minimal .

get of fault-detection tests, using the Bquivalent Normal Form

(abbreviated ENF), of the circuit [Arms 66]. He has conjectured,
but not proved, that this method will yield tests for detecting
all, single faults in an non~redundant cirouit The ENF of a
circuit represents the dependence of the output on the inputs -
and - the states of Ilnternal wires. However, some 1nrormation
about the type of fault that may be present on each wire is
omitted.

Procsdure: The ENF of & circuit is obtained by expressing the

output of each gate asg a runction oI its inputs and

preserving tqﬁwigentity of each gate by a suitable subacript
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[Arms 66, PrMe 71]. Thus, if the inputs to an AND gate are
labeled a and », and the'output is labeled o, we represent
this by ¢ - (a.D), R

Applying thié procedure to ;11'gates in the circuit, we obtain an

. ozprension (usually in a ractored form) of the output in terms of

the 1nput variables. This ractored expression i1s then expanded

into the snm-or-prodncts fory in the‘usual manner except that a
-pdir of parentheses 1s removed, the subscript associated with it

‘18 concatenated to the subscripts of the variables within the

pair of parentheses. Bach subscripted input wvariable in the ENF
is referrsd to as a literal. If an input variable appears in the

EXNP with different subscripts, they are coﬁaidered to be distinct

. literals. Thus, & literal in the ENF is similar to a literal

proposition in Poage's output proposition and represents & path
from the input to the .output {Poag 63].

BYANPLE: We shall 1lluat£ate,the procedure for deriving the ENF
for the circuit of Figure 2.2 on page 25, which is repeated in
the (top paft) of Figure 2.7 on page,ﬁs; -

An appearance of & liferal in the ENF is usuallf tested for

' stuck-at-1 by assigning the value of O to it, 1's to all other

literals in the term and suitable values to additional variables'
BO aéﬂzb cause all other terms in the EKF to be 0. An appearance:
of a literal is tested for Btuck—at—a by assigning the value of .
to all literals in the term containing it and making all other
terms equal to 0. Alternatively, an appearance of the sanme

literal in the complemented ENF may be tested for stuck-at-1. In
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Figure 2.7: Illustration of the ENP. Top, the logic
2ircuit. Bottom, procedure for deriving the |
™~~~ corresponding RKF. '

the example circuit (top) of Pigure 2.7, the literal w

- -y

”

a-£-n in
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the Ifirst term can be tested for stuck-at-1 by d;.':;.e input
combinations w'.x'.z' and for sStuck-at-0 by w. x"'y' z'.

Armgtrong ha.s shown that any test for a literal appearance in
the ENF also gensitizes the pa.th in the original circuit
represented by the subscripts or the literal. So a test for a
‘literal will test the wires Tepresented by its. subscripts for
stuck~-at-1 or Btubk-aqk—‘q._fgx set of tests for detecting all stuck-
at-1 and stuck-at-0 faults in the circuit can be obtaimed if it
were possible to: ‘

1. Seleé_t & set of literals ;uch that their subscripts cover
all wires in the circuit. -
2.  Derive a set of teats which test at 1ea.s1: one a.ppea.ra.nce of
each such literal in the ENF (or the oomplemented—m
[Arms 66]) for ‘stuck-at-1 and nuck-ﬁ-a.
Alternatively, each literal in both the ENF and its complemented"
form may be tested for stuck-at-1 ‘(or stuck-at-0). The set of
tests so obtained. may contain more than one test for each ra.ulf:.r
because the same wire may be in more than one wpa.th sensitized by
the sets of tests. Also note tha.t‘testing every literal in the
ENF for both stuck-at-1 a.nd. stuck-a8t-0 (if this is poss‘ible) is
sufficient for testing the entire circuit but is not necessary.
This leads us to the following con;]ecture by Armstrong [Arms 66]:
"Tosting every testable literal in the ENF of a oirouit for
both stuck-at-0 and .stuck-at-1 1is sufficienmt for detecting
all stuck-at-0 and stuck-at-1 faults in an non-redundant
cirouit. n

v
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L]

If the above conjecture is true, certain terms in the ENF may be
omitted, since they cannot be used for testing any literal. If an

input variable and its complement appear in the same term of an

ENF, but with different subscripts, that term may be omitted.

Suchutermi in the ENF correspond to two (or more) fanout paths,
where the number of inversions along one path ls even and along
another is odd. Unlqss a fault is-presénf in one of the fanout
branches, this term will always_have the value of O ﬁnd ££ererore .
Qill have no effect on the derivation of tests for literals in

other terms. If térms conﬁainiqg complementary variables are

 discarded, the reduced ENF B0 obtglned may‘not contain literals

corresponding to some connections in the circuit.

It has not been shown that the faults on these cﬁnhections
will be detected by tests derived for other literals in the
reduced ENF, but no counterexample has been found. The ENF for

the circuit of Figure 2.7 on page 38, can be reduced to:

The "reduced ENF~ for the circuit is: i

ENF(R) - Wa_ g n-X'p_e-g-n-%'a-g-n *

Va-f-h-Y'c-e-g-h-Z d-g-h
The “"complemented ENF* for the circuilt is:

ENF(R') = Va_r-h *+
Xp-e-g-h-Tc-e-g-h *
Za-g-h
Though the ENF method is simpler that Poage's method [FrMe 71] of
deriving tests,” the latter has the advantage that tests .can be

derived for multiple faults. Both methods are practical only for
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Telatively small circuits. For larger circuits, the path
sensitizing technique or the b-a.‘:.gorithm or a combination of

these methods, seems to be preréi-able.

213 Minimization of Test Sets o

The meth§ﬁs discussed in the preceding sections are useful for
deri#Iﬁg a set of tests for detecting any fault in an non-
redundant'combinational circult. The set of tests so oﬁtained may
be much larger than necessary for detecting all faults. So a
practical problem of these methods 1s obtaining a minimal or
near-minimal set of fault-detection tests. Another problem or'
interest is thAt or‘locatihg the'rauit in a circuit to a gate.

This is the diagnosis problem.

Tests ﬁayf be appiied to a circuit uslng a. Iixed
(combinatorial) échedqle or'an‘adqp%iv? (sequential) schedule of
testing. In fixed schedules, the o:der in which tests are applied
is irrelevant. Fixed schedules are particularly suited for fault
detection in circuits where all faults are equally likely to_
occur. In adaptive schedules, the next test to be applied is
determiﬂqd by the outcome of earlier: tests. Adaptive schedules
nay require fewer tests than fixed schedules for locating faults.
_ They may also be useful for detbctihg_raults'when the faults are
not equally probable. But here we are only ;mterestéd in the
fixed (combinatorial) schedules.
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'21:31 Near-Minimal Test Sets Using Equivalent
Normal Form

Armstrpng hag proposed a heuristic method of obtaining a "near-
minimal” set of tests without deriving the complete raﬁit table
[Arms 66]. Using the ENF of a circuit and a “scoring function",
tests are derived, one at a time, so that those tests which are
likelf to be necessary in minimal test set are derived.rirst. The
scoring function is devised 80 as to take advantage of the:

following two properties:

1. The term'containing the literal to be tested should contain

the fewest number of variables. X
2. The iiteral to be tested sh&uld be such that its compiement
appears the largest number of times in the remalning terns
of the ENF. |
The first property assures that several variables will remain
- unassigned while testing the chosen variable, thereby increasing
the chances of being able to assign these variables so as to test
other literals simultaneously and hence, 1ncragse the ﬁumber of
faults detected by the teéﬁ.

When the chosen literal is tested for stuck-at-1, the second
froperty causes 1's to be assigned to literals in other terms:
alsc makes i1t more likely to be able to test aimultaneoug}g_aome
other literal in one or more of those terms for stuck-at-I.

Recall that a literal ir the ENF is tested for stuck-at-1 by
additional varlables so as to cause all other terms in the ENF to

be 0. Tests for literals stuck-at-0 are derived by using the
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e

complemented ENF. Instead of testing for stuck-at-1 faults on

literals in both the ENF and 1its comflement. ve may test them for
stuck-a4t-0. Since all *literals in a term will be tested for
stuck-at-0 simultaneously, it is sufficient to specify a sgoring
function for each term in the ENF and compleméntedlEHF.

EXAMPLE: As an example of the derivation of a near-minimal set of

fault-detection tests using Armstrong's method, consider the

circu:l.'t.3 of Figure 2.8 on page 44; 1t involves four-variables 4,

B, €, and D, and one 6utput. T. 'The gates are numbered i though
7, and the internal connections are labeled by the letters L, J,
k, m, u, and v. -

Recall that the ENF of logic circult is obtained by expressing
the circuit output as a Bum—or—produqtsﬁsuch that eéch path has a
corresponding distinct product-term [Gill 76, Koha 70]. Thus, by
tracing all paths rrom:the'circuit output 6} Figure 2.8 .on page
44 to every clrcult input while recording the gates through.which
the paths pass. |

étart;ng with gate (number 7), at (Level-1), the subscript 7
1dentifies the gate through which inputs u and v pass. Thus, we
obtain: -

EH?(TjT- (u+v)7 | %ﬁh Lo ' (Level-1)

. - LY
Proceeding to the second level of gates, (Level-2), we find
\

BNF(T) = ((B.})g+(k.mdg)e | ‘ . (Level-2)

.

& Tbis example is taken from Armstrong [Arms 66].
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Figure 2.8: A Network to be Tested Transformed in ENF.

r

In a similar manner we expand T in termsSof inputs to remaining

gate levels:

ENF(T) = ((B.J)4+((3')5.(B'+D")g)g)y -(Level-3)
ENF(T) = ((B.(A'+1)3)4+(((A'+1)'2)5.(B'+D ' )z)g)w (Level-4)
ENF(T) = ((B.(A'+(C’'.D)q)p)4+

(((A.(C+D')1)3)5- (B'+D ' Ix)g)n (Level-5)

(Bquation 1)

This expresses output T as a function of only the external
inputs. The subscripts assoclated with each pair of parentheses
18 now "distributed” to all the terms within the parentheses, and
as & result the expression for the ENFP(T) is obtained as follows:
 ENP(T) - A'py p By + ' (tern-1)

Bé_f.C‘1_2;4_7.D1_2_4_7 + (Term-2)

Az2-5-6-7-C1-2-5-6-7-B'z-g-7 *+ (Term-3)
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A2-5-g-7-C1-2-5-6-7-D'z-g-7 * (Term-4)
A2-5-g-7-D'1-2-5-g-7-B'5-6-7 *+ (Tern-5)
Ap_5-g-7-D'1-2-5-6-7-D'3-6-7 (Term-6)

(Equation 2)
Each variable of the ENF(T), together with its subscripts,

specifles uniquely a path from.the corresponding clrcuit input to
the output. For exzample, B's_g_» in Term-3 of"Equatiaioz.
specifies the.éath ;rom_input;B'-into gaté-(number 3), through
gaﬁqs (number‘G. and 7) to the output (Figure 2.8 on page 44),
while 1literal A2—5-6—7 identiries the path from input A' into
gate (number 2), through gates (number 2, 6, and 7) to the
output. In generai,'ir the number of inversion elements within a
path (i.e., NOT, NAND, and NOR gates) is odd, the cérresponding
variables—will appesr in thq ENF in a polarity "opposite” to the
one they have in tﬂgvcircuit.

If the number of inversion elements is even, the polarity of

the varlable is "unaltered". Although the circult of Figure 2.8

on page 44 i1s in minimal form, 1ts corresponding ENF contains

. 8everal "loglcally redundant” terms ‘(e.g., Term-5 of ENF(T)

Equation 2). Note also that, for the purpose of fault detection,
the literals D';_p.5.g_p of (Term-5 and Term-6) and D'g_g o oOf
(Term—<¢ and Term-6) are not equivalent, since they identify two

The complement-ENF_of & circuit is obtained byfcohplementlng
the ENF of that circult [Arms 66]. Thus, the complement-ENF(T')

for the.éunning example is found by complementing (Bquation 1),

and expanding it, resulting in:
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ENF(T') = A'z_s_s

7B'gqp + : (Term-1)
A4 7-A'2.5.6-7-C13-4-7 + | \ (Term-2;\r]
Aze4—7-3'2-5-e—7-P'1-2—4—7 + | (Term-3)
B'4-7-C'1-2-5-6-7-P1-2-5-6-7 + (Tern-4)

82-4-7-C1-2.4-7.C'1_2-5-67-D1_p-5-g-7 + (Term-5)
f2-4-7-C'1-2-5-6-7-P'1-2-4-7-D1_2-5.6-7y + (Tern-6)

B'g4—p-Bz_g-7-Da-g_v + " (Tern-7)
A2.4-7-B3 g 7-C1_2-4-7-Dz_g_7 + -~ (Term-8)
A2-4-7-Bz_g7-D'12-4 7-Dzg_y - (Term-9)

(Equation 3)

So a stuck-at-1 test for A'g_5_g-7 1n (Equation 3) is a stuock-
at-0 test for Ay g o o in (Bquation 2). ’ -

- Now bonsider the problem if festing by path sensitization the
two level hf%othetical circuit shown in Figure 2.9 on page 47.
This corresponds to the ENF(T) (Equation 2) of Figure 2.8 on page
44. Since such a circuit consists of 5‘number of AND gates, ail_
in Level-two, Eeeding & single OR gate, at Level-one, in order to
test a particular input for sgtuck-at—-1 fault, it is necessary to
'assign & value 0 to that input and a value 1 to the remaining
gate inputs. In addition, it is necessary to "disable” other AND
gates by ensuring that at least one input of each has the wvalue
0. This procedure guarantees that unless the circuit is faulty,
the output T of the OR gate will be O.

‘ Evidently, it may often bhappen that a single assignment of
values is a test for,two or more gate inpufs. In ract: Armstrong

describes a procedure which results in simultaneous tests for as

: =TT
e

-~

Ve —
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- (Term-1)

tTerm-Z)

Multllevel Circuit.

Level-two

P o — — s — . s

Level-one

Figure 2.9: An Equivalent ' AND-OR Circuit Realizing a
"This AND-OR circuit may
realize the ENF(T) of the multilevel circuit

of Figure 2.8 on page 44.

b 4

many gate inputs as possible, similar to that of Roth's D-

algorithm [Arms 66, Roth 67].

CleaTly, -4f a 1 is assigned to all literals of a particular

gate and at least one'o-is assigned to literals in each remaining

gate, then all literals of that gate are tested for stuck-at-0

faults.

Pault-detection tests for ENF's are eagslly constructed due to

the simplicity and uﬁirormity of their structures. All that -is

needed is to "select” a met of literals whose paths contain every

connection in fhe corresponding hypothetical circuit (equivalent

¥
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AND—OR'circuit), and to find a set.or tests that check at least ’
cne appearance of each or' these. l:l.ter_a.la for stuck-at-0 and |
stuck-at-1 faults. This set of‘tests cleariy detects any stuck--
at-0 or stuck-at-1 faults in the ENF Note that it is sufficlent
to test just a. single appearance of each 1iteral For example ir
B 3-6-7 of Equation 2 has been tested in Term-3, it is not
necessary to test it again in Term-5.

214 Diagnosing Tree

The-alternativeJ;epresentation'pr a set of tests 15 the form of

the diagnosing tree is useful roruqbtaining‘near—minimal sets of

diagnostic t;sts. The diagnosing tree 1s a directed graph whose

nodes are tests and the outgoing branches from a node represent

the different outcomes of the particulaf test. Fdr & single-"
output circult, there will be only two branches stemning r?om

each node, corresponding to the success and failure of the tgsé.

Each branch is labeied with the péhsible sets of single faults

that could be in the ¢circult, as determined by the tests alresdy

LY

| applied.
| If combinational testing 1s to be used, the test to be applied
at any stage of the testing is independent of the results of the
past tests. In this case, the diagnosing tree can be arranged in
levels and all nodes at the same level ;epresent the same test.

The diagnosing tree is continued until there is at most one fault
associated with each branch. The problem of finding a minimal

- set of diagnostic tests becomes that of rinding‘a diagnosing tree

with the fewest number of levels.
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Even though the number of tests required for diagnosis with

combinational testing i1s 1lndependent of the order of tests, the

number of levels in thé'diagnosing tree is dependent:on‘the order

of EPPIication of tests. This is caused by the masking of certain

unnecessary fests by the particular order of testing as shown in

the'following'e#amglez

To

EYANPLE: Let three tests 't;, ty, and 'ty " be used for
distlnguishing bétween .four faults in a circuit. The
diaEnosing trees starting with t, and t, are siown in Figure
2.10 on page S0. The tests t1, t3, and tz dichotomize the
faults as (f3: fpf3f,), (£1f5: £3f4), and (185 Lpf4)
respectively. In this example; the fact +that t; 1s
unnecessary is masked when it ;s appiied-rifst. In Figure
2.10 on page 50, "-0-" feprésenﬁs the "empty set". ‘

obtain a minimal set of dlagnostic -tests, it would be

~_hecessary to construct the diagnosing tree for Béefy possible

ordering of tests. Since this would be ihprgbtical except Tfor

| very small Problems, 'a heuristic-method of ~choosing the orderiné,

leading to a ’good, but not necessarily optimal solution can be
employed [Chan 65]. | | |

At .each step.' the test that will distinguish between the

largest number of faults not already distingﬁisheq is appliled.

This 1is exactly what Aimstrong's scoring function also tries.to -

do - for fault detection only [Arms 668]. But in this function you

construct a test with the desired property at -each step, instead

of choosing this test from a given set.

4
¥
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(left) l 33 l s (right)
C o : \ . : .
Figure 2.10: An Illustrative Diagnosing Tree.

22 Extension to Software Sen51tlzation Based Testmg
- Techniques

A8 we have seen 1n Sectxbn_l 1.3.2, Elmendorf proposed -a
techﬁique for transforming a natural languggé’speb;rication int6
a Cause-Effect Grqphiné\\(abbreviated CEG) [Elme 73]. This
technique comes ﬁainly from »hardware logic testing, and has

‘become a well-known softwaTe test- design methodﬁ

-
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221 Cause-Effect Graphing .
CBG is a black-boi:' d;sign .t'echnique thet aids 1in sélecting, in a
ayatemgtic vay. a h.igh-g:l.eld. set of test :.r.‘equirements. It
explores aonbinations 01' specifications, and ha.s‘ & beneficial
side effect in po:.nt:!.ng out’ 1ncompleteness and anbiguities in the
spocifications [Myer '?9]

Pirst. the- sem&ntic content og- a functional specification is

transl_a.ted Anto a formal language (network Tepresentation).

™

Through thié_ network we'can represent specifications as logical

relationships between iipuits (causes) and outputs (effects). This

network is calied a Cause-Effect Graph. Next, environmental and

synfact.tc conatra..u:"s are incorporated as annotations to this

graph. The "augmented graph is then analyzed. to yleld & set of

tesd requirements. These requirementa can then be organized as a
linited.-entry decision tapTe. Bach column in the table -

*epreaem:s a test requirement and is used:!to gulde the selection
of actual test dats. |
This presentation addi‘eases the_; transrormation. of functional

L

spocificaticns into CEG and the transformation of these graphs

“into a limited-entry decision table. The final step o} selecting

actual test data to Batist_y test requirements is qonsidered to -be
the most difficult step of. this teckmique. However, since our
focus 1:1 this thesis }s' test design, we do not treat this
importgnt issue of test implenanta.tidn. = |
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as a Causo-Effect Graph:
1.
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2211 Specifying the System Under Test

" The following process is used to ref)reaeﬁt the .8ystem under test

‘r.
The specification is divided into "work.a.ble"“ pieéea. Thie
is necessary because CEG becomes unwieldy {when used on°’
large specifications. For instance, when testing a time-
sharing system, &a “workable piece” mighﬁ be the
Bpecirication‘ for an :ﬂndividua.l command. VWhen testing a
cdmpiler. one 'might treat each programming-languag'e

- . -
__sﬁte/ment individually. X .

Mgl . :
The - causes and the effects In the *specification are.
identified: - A

o

. A cause 1s a distiTict input condition or an equivalénce
class of -:anut conditions.

K An e@rffect is an ouiput c;;ond.ttion or a @gystenm
transrormatioé (a lingering effect that an input has on
the state of the program or system) .

'?or-instance, if a t-ransa.ctiop /to a progra;n updates a

master file, the alteration tp the master file is a sysf:em

tra.nérormaf.:l.on. A confirmation message would be an c’Jutput

condition. Each cause and effect 1is assigmed unique

“number.

The seinantio content of the épecitica‘cion is. analyzed and

transformed into a Boolean graph 1l1inking the causes gnd.
effocts. This is the Cause-Bffect Graph:

.

»
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-

4. The graph-.is annotated'wiﬁh coﬁétraiﬁts on qpmbinatidﬁs of -
| causes and/or effects tha; reflect reality becapse of
syntactlc or environmental comstrailnts. A common example is
the case of "exclusive" causes, eo.g., the rifst position
v (1.e., éolumn—l) may contain either a "1" or a "2". These

causes are mutually exclusive.

+==-=+ IDENTITY +-—-+ - +-~=+ - NOT +———t

o e N A
F———t ' At SN +———t ) +m———t
+———t . ) ot
| & |-——+ | & |-—-+
+———t OR +=——st AND

N/ /\

===t dm——mm +———+ R Fo——t
| » | | ¢ | | e |
e +——a + —f———t
+——— ot ' F———
| ¢ |—+ -
et . S +——=+

Figure 2.11: Basic Cause-Bffect Graph Symbols.

B /--._,-'-
Figure 2.11 illustrates .the basic logical constructs fLor the

-

Boolean .graph. Fodes represent causes, effects, or* gates
(AND,OR,NOT). Each node has the value (0 or 1); O represents the
"absent* state and 1 represents the "present" state. The Boolean
connectives are shown in Figure 2.11. .

e The IDENTITY function .
< ;

—

It (a .EQ. 1) then
b=21
elBge
b=20 2
endif



Page 54

e« ' The NOT function

»If (a .EQ. 1) +then
B=20

" alse . : :

b =1 = _ T

endif .

e - The AND funottion

If (a .EQ. 1 .AND. b .EQ. 1) then
- e=1

alse

c =@ &
endirf .

‘. The OR function

If (a .EQ. 1 .OR. b .EQ. 1 .OR. ¢ .EQ. 1) thenm
a4 =1

else
d =0

endif

The last two functions, (AND,OR). can have any number of inputs
(in practice, however, a fanin/fanout 1imit is sst). VNext, in

Figure 2.12 on page 55, we summarize the CEG heuristic

considerations, used by Myers for generating test requirements

[¥yer 79].
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Sample Graph-Subsections States / Situations
) ‘ - (with respect to n-Level)
Level Level a8 b | x |<«4-Situations>
(n+1) (n) et et - ———————
' 0o 0 <l>
e ‘ 01 1 <2>
| | | : 10| 1 <3>
———t———t 8 | 11 1 R - 1
------- | =
e R o Consideration-one: If x
| o is to be 1 (e.g., possible
—_— | dm——tm——— X sltuations: <2»,<3>,c4>)
- [OR [--= do not include <4>.
_—+ F—imtm ‘
| . e« If x i8 to be O, then
+—==+———+ b |- == - enumerate all (n+l) lLevel
——————— | |-+ . situations (e.g., of a
=t ' - and b which thus leads
] | to situation: *«1>) in
-t : the (n) level.
Level Level 8 b ¢ | x |<8-Situations>
(n+1) (n) | mmemmmetmsstessee e ———————
000 0 <1>
001 0 <2>
| | 0100 T3>
—————————— + 8 011 0. <4>
| | -——+ | 100]|0 <5>
——————— +—="4 101 0 <G>
| 110|o0 <7
------- +=—=t b +———4———+ X 111 1 <8»>
| |-=-————|awD|—- -
——————— +m——t e ———t - o If x 18 t0 be 1, then
ot enumerate all situations
| .\ . - . of the (n+l) Level, .
temm—t——=4. @ 7 leading to situation <8»
—————— | © [+ : in the (n) Level.
gt
| - ' . Cbnsideratian—two. From range (<2> to <7»)
- ’ _ of the (n) Level, include one only.
« Consideration-three: If xis to be 0 .
(e.g., situation <1>, in the (n) Level)
include only one situation in the (n+1)
Level, so that <1> is satisfied. .
Figure 2.12: ‘yyers CEG Trace-Considerations..
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2212 Incorporating Environmental Constraints

Environmental and semantic considerations 1imit the Tfeaslible

domain  of inputs. Physically  impossible or logically
contradictory combinations of causes fall into this category.

—
Such restrictions, called environmental constraints, can take any

of the following forms:

. A set of causes may be mutually exclusive, meaning that at
most one of the set can be invoked.
. A set of causes may be K all-inolusive, meaning tﬁ&t

at least one of the set must be invoked. -~ - *

T

“'5 A set of causes may be both mutuai;yaexolusive and all-
inciusive, meaning that one and only one of the set must be

invoked. ) . ) "

) The ététe of one cﬁuse 'may require a ce}tain state- for'
another ,cause in.an input pattern. . ‘

In'additioﬁ,'there is frequently a need for constraintﬁ imposed

among effects. That is, the state of one effect may mask a

certain state ':Qr afother effect in the output patterh.

. Enviroﬁienﬁal qongp;aiﬁts are an important aspect of CEG because
they" définé' _practica1 limits on | satisrying -test,.— case

| requirements. The graphical representations of these constraints

are 'shown in Figure 2.13 on page S7.

)

Ta

"
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Figure 2.13: Cause-Effect Graph Constraint Symbols.
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2213 Transforming the Cause-Effect’ Graph into a
Test Requirements Decision Tdble

‘The next step is the generation of a limited-entry decision table.

- to represent test requirements. This is the most critical step in

this technique. Myers [Myer 79] proposed .a neuTristic “procedure

*fcogprising.the following four steps:

1.

N\

Step-one: Seiect an effect to be 1. This &anotes the

"present"

Step-two:

or "observable-gtate".

Trace back through the graph, finding all high-

Yield combination of causes (coﬁstraints are used later to

find real test data) that will set this effect to 1.  To

- carry out this step, three considerationsg are emnployed:
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a. Consideration-one- W¥hen you trace back through an OR

node whose output should be 1, never set more than
one I1nput to the OR to 1 simultaneously. This is
called path sensitizing. Its objective is to avoid

not detecting certain errors because one cause masks

another.

b. Consideraticn-twb: ¥hen you trace back through an

AND node whose' output should- be O, all combinations
of ihpuﬁs leading to a O outpﬁt must be enumerated.
Howeve:ﬁ';f oné is exploring the situation where one
input is O and onme or more of the others are 1, it is
necessary to enumerate all conditions ﬁnder which the

other input can be 1.

c. Consideration-three: When you trace back through an .

AND node whose output should be O, only one condition
whefe.éll inpﬁts aTe zéro need be enumerated. (It
the AND is in the middle of the graph such that its
inputs come from intermediate nodes, there méy be an
excessive large numﬁér of situations under which all
of its inputs are 0). ; |
Note: Pigure 2.12 on’ page 56 shows how to apply
theae considerations
Step-three: Create & column of the decision table for each
combination of causes. ' - -
Step-rour: For each combinétion, determine the states of

all’ other effects and place these in each column in the

.a~‘

decision table. - -
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Kote that some combinations are ignored hopefully only high-
yield combinations were selected " The final and most difficult

step of thie approach is to convert the columns of the decision

.table into test data. This is accomplished in a trial and error

manner by inspecting the decision table and generating a
test data for -each oolunn. For more informatlon regarding ' the
test requirement decision table and the test case derivatipn, the
interested reader should refer to [Myer 79].

»

2.3 Summérv

The D-algorithm and the variations thereof have three essential
steps: (1) computation of the embryonic test for the logic block

where the fault originates, (2) D-drive which drives forward

through the network by semsitizing all paths from the origin of

the rault to the primary outpute- and (3) coneistency checking.
which drives in reverse through the network to the primary
inputs, theﬂlogic values required to generate the embryonic test
and sensltize all paths. At the completion of the consistence
operation, Vthe stimull +that detect the assumed fauit are

generated. 4 o

fﬁ\\\Conceptually. the"problem of consistency 'operation 1s

analogous ‘to the following problem° given a set of "logic values
at the output of a network, drive them in reverse through the
netgork to rind the appropriate inputs. Of all the steps in the
D-algorithm,  the consistence operation ' 1s  the  most
computationally intensivemhbecause it is a trial-ami-error
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procedure that constantly makes decisions to, resolve the

conflicting assignment of logic values at different gates.
Probabilietic and determihistic test-patterﬁ generaticns were

successfully combined‘ for testing logic Yboards comprising

-sequential networks [Agra 72]. However, it is shown in [ShMC 72] o
that probabilistic test patterns are not alwaye very errective.
'~especially for the class of raults called latent; some latent
faults require many more randomly generated attempts to find a
test than would be required to completely enumerate all inpﬁt
combinations. Probabilistic test-pattern generation is mucn;more

effective on combinational logic than it is on sequential

networks, as shown in paper [WiBi 77), where the sequential logic

is designed. in such a manner as to appear combinational roi'

testing Combinational logic 1is the type of logic in which we are

primarily interested

This chapter haa given ue a basis for our methodology. And we

have -also described, in detall CCN, a sensitization-based

sortware technique.

13



Chapter T
INCREMENTAL SENSITIZED TEST CASE
DESIGN METHODOLOGY

In Chapter II, -we introduced exisgting path seneitization teeting
techniquee including ©Dboth hardware a.nd software testing
tecmiiqjues. In this chapter, we describe our apnroech, an
incremental sensitized. testing methodology for iy-a—:-bema.ticaily
designing. DoT-TeduRdant’ high-yleld test requirements: .

. We begin w:l.th basic der:l.nitions, proore and exa.mplee involving
our i‘orma.lism for representing specirications. This i‘orme.lism is
ca.lled a CCN (Ca.use-EI'rect Combinationa.l Network). Nerb we
present a.lgorithme for the conetruction of ca.nonica.l forms
genera.‘t::!.on‘ of test requirements 'ba.sed on sensitization of.
cenonieel forms, and incremental generation of test requirements
by redun?ié.ncy remove.l. A1l algorithms are ;.;luetrafed using a
subset of the Text Reformatter Problem a well-known testing_

problem. For brevity, this problem is denoted TRP.

”

'3.1 | Combinational NetWorks

.DRF’.HFITION A (,'ombinational Network (abbrevia.ted. CN) is a

reed.back~rree network that :Le constructed by means of logical
gates {AND,. OR, NOT, NAHD. NOR } a.ccepting & ¢oliection of

- 81 -
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"inputs" and genera.tiﬁg a colle'ct:l.on of "outputs" The output
values only depend on, the current values or the inputs and are
completely independent of previous values or the :anuts’ Ea.ch‘
input and output is binary-valued, that is, capable of assuming
only two distinct values denoted by B - {0,1}. ’

Cons:!.d.g:r:’ & combinational ﬁétwork with n bina.zfy inputs denoted

by il,xé, -+« ,Xp, and m b:l.na.ry 6utputs denoted‘by él,zgf

b

-

DEFINITION: A CN, N, is said to realize a funmction F: B® —-» pU
(vhere B = {0,1}), if N accepts = binary inputs, denoted 'by

X;,Xp, ... ,Xp, and yields m binary outputs, demoted by zj,zg,

»Zg, such that F(xl,xz, cee ,Xp) = (21»22- cee L, Zp).
. .
- r
e —— o +
Xy - ——>—="z
Xn ——>—~ ) —_—y——
; 2 SR 2
Xp === | ' =TT 2p
' + = : +

F(xl xz ---..zn.) - (21’22' .. szm)l

Figure 3.1: Combinational Network Rea.lizing Comblnational
' Function CF: B® --» BU

s

-

@ .

This 1is 1llustrated in Flgure 3.1. -A function which can be

_ represented by a CN i1s called a Combinational Funotion

L )
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-

(a‘bbrev:l.a‘bed CF). 1In theory, any CN, N, (a.nd 'hencé. the CF 1t
".real.lizeé)'. can be speciried by means of a truth table. wﬁ:!.ch
lists the output, values of 31'22» ...’ ,2Z, for each of the 2%
poss:l.ble va.lues’ of the :antf;a (x3,.x5, ... ,Xp) of ¥. In practicé. L
. this :i.s not done; due to ‘ﬁ.he slze of the resulting truth table.

)

LEMMA 3.1: Given a CN, N, with = inputs and m outputs, the
combinational runction F: B® ——, ptt .Jrea.ld.zed. by . this CN can be

: expressed by means of m single-valued, combinational‘ functions.

Speeifically, we can write:

. P(x3,xp, ... (X)) = (£3(x5,3p, ... ,xp),
N , o o o rg(xl,xz,' "ee ,xn),

rl;l(xl"_z.?’ cee »Xpl},
1., /,fi-' B® > B is the 1th singlé-valued, combinmational "
runction yielding output zi from :anuts (xl,xz, .- ,i';), such
that zj = £5(x;,%p, ... ,x;) vhere'(d ~ 1,2, ... ,m).
PROOF: Essentia.lly, this is merely a forma.l sta‘bemen’c or ~the
‘ observa.tion that each individual output can be expressed in terms
or the inputs according to the subnetwork of all paths from the
::anuts to that output. Any combina.tiona.l network ca.nl\be logically
decomposed into a set of combinational subnetworks, one - pér
_ outpﬁt' [G:Lll._'?e, Muro 79, Frie 86]. ‘
T ' _ | ' Q.E.D.
- In addition, any CN¥ (and therefore CP) can be faithfully
répresented. as a CN (or CF) with oniy AND,- OR, end NOT gates
({..+.'}. operations, respectively). Such networks are ."stmd
V_éombina.tional networks".

-
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DEFINITION A standard CN is a GN constructed from (EEY AND, OR
a.nd NOT gates. L

LEMMA 3.2: Any CN with » inputs and n outputs can be raithrixiiy o
represented’ as a standard CN with o Inputs a.nd m outputs but
possibly witk a.dditiona.l ga.tee and. links (gate 1nterconnect.1.ons)
 PROOF: Thie is a standard ‘result vhich rollowe from _ the
functional completeness of {AND,NOT} and of {OR NOT} Proor ‘that
elther pair or gates is runctiona.lly complete may be found :I.n

[Diet '?1 Zigs '?2 Gill 76] ana merely involve replacing NAND and
" NOR ga.tes by {AND OR, NOT} gates.

' Q.E;.D;

DEFINITION: A standard CF 18 a C'F constructed only with the

{..+.'} operations.

As a corollary of Lemma 3.2, and because of . the equivalence

between CN's and CF 's."we have the following result on CF'’s.

LEMMA 3.3: Any m-valued CF with 1 arguments can be i'a.d,thrully
represented as a standard CF- (but possibly with - edditional

’terms)'

Hencerorth we confine our attention to o:mlr,r sta.ndard CN's and
standard CF's. | - o .
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3.2 Cause—Effect Combinational Networks Foundations
Ye now introduce a related typo of networ‘k that is used by our

‘ 1'acrenenta.l a.pproach as & vehit:le ro‘r the test requ.trement'-

generaticn method.ology This network can represent a Iunctional

specification as & set of logi'c’éf'}ela.tionshi/%e between “causes"”

and "“effects" (defined below). T ' : -g' . R \
. V | . '

. DRPINTTION: A cause (with ot to a specification) is a

distinct :Lnjmt condition or an RNequivalence clgss™ of° input

conditions. A causre may be tcrna.rj';gqgued (that is, capable, of

assunming one of three distinct va},\{es). which can be either "XNot-~

-

Iavoked®, "Invoked®, or "Uanimportant”:

1. A cause 13 aa.id to be nat-invoked rela.t:!.ve to an’ errect

(ou}ut) if its absence is important to the presence. Ccr
absence of that effect. -

2._ A- canae is” said to bYe invoked relu.ti-.re t a.t}f ‘effect.
(output) if its presence is important to the Presence or

abaonce or that effect.

doternination ot an effect (ontpnt) if "its value has nc’

. impact on. the praaence or absence or th.a.t effect. - 2,,
Note: mg concept is very aim:l.la..r to the .zoncept ‘of &
'd.on t-care” va.lne [xohg\z_,_,nuro ‘79]. | ~ ' .\ -

¥Ye designate the domain of chlega values . vy D - {0,1, U’} _The -

-!’-/-J

values O a.nd 1’ correnpond. e:nctly" to logica.l "PALSE" and “TRUBR"
respd‘d‘tively ‘Tho value U 1s d.ei':.ned in terms o: log‘cal
cperations in Table 3.1 on %30 67 and in tem or algebraic

a:im in Ta.ble 3.3 on page '?8. e N v

i"" i . o ; .
.Q" n—“ o T

- L .
., . ’ - .

by

3. A cause is said to be tmim:ortnt relative '.to the

-
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DEFINITION; .An' efrect (with respect to a epecirica.t:l.on) is a
distinct output comdition or a syéte:_n transformation. An errect
ig also terna.ry?va.iued. and can be either “Not-P'esent"
“Present". or "Unknown" (the d.oma:l.n of values 15 {0,1,0D. The
value .of an errect is determined according to the logical ‘

combina.tj.on oi‘ caugses. as 8specified in the CCN eubnetwork
defining that eﬂ‘eot

1. An effect 1s said to be not-present relative to a set of -
asslgnments to inputs (causes) if the specified logical

combination of causes in .the subnetwork defining that

- er/re/ct Zields & logical value of Q. '

2. Aﬁ\\e’i‘?ect ig sald to be present relatiw}e to a set of

" assignments’ to Zinputs (ce.uses) if the specified logicerl
combination of causes in the -Bupnetwork defining ?hat
effect yields a logical value of 1. ’

3.. . An errem‘:‘ is sa.id. to: ba unknown relative to a set of

" assignments to inputs (causes) if the specified assignment
A of values to- these caﬁs_es in the subnetwork defining that
er'rect i8 not sufficient to detefmine a logical value for
that | effect according to the gate structure of the CGN

subnetwork -

‘I‘ruth -t defining AND, OR, X¥OT, KNAND, and NOR gates over
" terr od inputs and outputs are given in Table 3.1 on page

67 The .use of the value U is mativated by pra.ctica.:. teeting-
coneiderations. vherein only a pa.rt of the speciﬂcat:l.on 13 the
focus of interest for each 1nd.1.vidual test reqn.irement. Refer to

N . s
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{
Table 3.1: Cause-Effect Combinational Ternary-Valued Logic
. Gates. .
Gate phic . Algebraic -, Truth .
name ~ synbol fungtion table . ’
e “% xy | xy |(x.¥9)
x -—-——]AND ot =} S o < 2 o 0
AND ————Z = X.Y 00 o 1
y ———-|IDn 01 0. 1
- 0T o 1
10 0 1
L = 11 1 0-
x ————|NAND : 170 U U
NAND -——z = (z.7)' U0 0 1
Yy --—-|IDn - U1 U .U
+————i UgU U 1)
] e x | x
NOT -t
NOT X ——-- ————2Z = X o 1
IDn 1 0
e U U
H——— ‘ xy | x+y |[(x+y)°
X ———|O0R - e - e e
OR -———— Z = X+¥ 0o 0 1
Yy ———~1IDn . ‘ 01 1 -0
T =t cU ) U -
10| 1 o- -
et - 11 1 o
X -—- ROR 1T . 1 0
XOR . ——= z = (x+y)’ U __%?;; U
Yy -~--|IDn , T 1 0

a .

Bach gate- has one or ﬁwo ternaryhvalued (input) variables

designated by x and ¥y and one terna:yavalued (output)” variable

- -

designated by 5. -Ineide eagh gate there are two labeling fields.
The lowver. labeling rield is ‘marked with a 3-digit: identification

.Jnumber. Its pnrpoae 18 to identiry that gate 1n the given CCH.

The upper labeling field is- marked with the logical type of the
te {Ann OR, -ROT, NARD ‘NOR}. - ‘ i

2
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Now’ we ca.n rorma.lly define a ca.use-errect combinational
network CCN. Let us consider a network with =n tarnary—valued_

causes denoted by cl,cg, +++ ,Cp, and m ternary-valued effects

Ao
denoted by €31,82, -.. ,em.'

-DEFINITION: A Cause-Effect Combinational Network (abbreviated

.CCN) 18 a CN whose effect values depend only oa the current
(.

values of the causes and are completely independent of previous
values of the causes.

. , ' o
DEFINITION: A CCXN, X, 13 said to realize a function a@: p? --> P

(wvhere D = {0,1,U0}), ii‘ H a.ccepts n ternary-valued causes,
-d.enotedby_‘ 0:1'92' ,cn.' and yielde n ternary-valued ef{xaots
denoted by el,ég, em; such that G(cl,cz, -e. s0p) = (87,65, B

,em). - This is :L:L:Lustra.ted in Figure 3.2. A runcuion whi

.can be represented by a CCN 18_ called a Cause-Effsect

COmbi.pa'tiona.i Function (abbreviated CCF). . - {
. " - ‘ .
i ——— +
Cnq. ==3—— . - —=3-— €, “ .
- c .___>__ - - _‘_?__02 ) ' - T. .
L 2 G I .
. Cp ——2—-— —=>=—= ep
Ny e . o + - : +
. _ : 7 ¢
G(C1,02, . ,’cn') - (61,32, .es ,em)
Figure 3.2: Ca.use—Errect Combinational Hetwork Rea.lizing -
the CCF G p? ., DR
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In theory, any CCN, X, (and, hence, any CCF it realizes), can
be specified by means of a’ ternary truth table, which lists the

effect values of e;,65 ... ,0, for each of the 32 possible

L

assignment values to the causes {C;,Cp, ... ,Cp} Of M.

_ T , ' ' - N .
LEMMA \3.4: Given a_ CCN, ¥, with 2 causes and m effects o the

ffect combinational function G: D® -“-» DR realized by this
be expressed by means.of n s;ingle—valuad, cause-effect .
L . - )
combinational functions. Specifically, we can write: . " f

G('él’-c2" - ,Cn) - [gl(cl'c2’ e ’cn); T (\ '
“ . gg(OI. 02l LRCIN S Jon)’l \J”

]

\- . - gm(cl’ 02’ --_- - V-; cn)}p s
Where g Dn ——> D ig. the 1th single-valued, cause-effect

combins.tio al runction ylelding effect e; from ca.uses ( ol,cg,
,0p). Accor gly. for. convenience, we: may vrite G: Do - .Dm as

_ G - (81,82, ,gm} where each 84: DR > D.
! FROOF: This Lemma simply’ -states that any ca.use-ei‘fect

/

-"combinat:l.onal runction can be’ decomposed. :Lnto a set or single-
valued cause-eiffect. combinationa‘.i. runctiqns. one per efrect. The .
Lemma follows by consider ch CCN subnetworlﬁ' 'corre'spond.ing to

‘ohe errect, one ‘at a time

a -

- ' - TN - Q-E.D.

v

In addition, we will now show that any CCN (and therei‘ore any
/
CCF) can be ra.ith‘rully represented as a CC¥ (or CC:P) involving

a-
[t

only AND, OR, and XOT gates (1.e., - {.,+,'} -~perations, B
Tespectively). Such ‘networks are denoted "standard ca_use—_erkrect
. combinational networks". . o e

-
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DBFINITIGN. A standard CON 18 & CCN constfucted only from AND

OR, and NOT gates o

(V4

[ .
LEMMA 3.5: Given a CCW,\

. L . - .
, with at least one NAND, or NOR gate,
there existe an equivaleht CCN, ¥’', with one less NAND .or NOR
gate (but at the additional cygst of a gate).

RROOF-'Wighout'loss generality.cconsider any NAND’gate (a

'simila.r argument holds for NOR gates). Rewrite that NAND (or
NOR) gate in terms of OR (or AND) and NOT . gates as shown  in
Figure 3.3 on page ;:. By the terna:y—valued tables in Figure 3.3
on page 71, we can demonstrate ‘that the NOT-OR (or- NOT—AND)
combinations are runctionally identical to 'NAND (of NOR)
respectively. - . S .

So this construction yields a new equivalent CCN x" with
one fewer NAND (or NOR) gate (but at the expense or additional;
AND OR, or NOT gates) “ T )

-

' Now, using Lemms 3.5, we are able to prove: - -

LEMMA 3.6: Any CCN with n causes and o errects can be. raithrully
represented as a sta.ndard CCN  with a causes and .. errects but.
possibly with additional\gates and links (gate 1nterconnections).

PROOF: The argument involves induction, on the number of NAND
and NOR gates.

BASTS: If the CCN has only 1 NAND and NOR gate, then apply

Lemma 3.5.

-
t
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+=————+ ' +———+
e NAND|(xz.¥)' X ——m—mm— T NOR (x+y)'
Y - - !IDn Yy - IDn
:;;w—f +———t
. =+ ' do——t .
NOT | x’ NoT|x*
X - - x —={- |--+
IDn —— _ IDn| | A=——+
+=——+ +-—|0R |X'+y' 4~ +=———+ ' +-—|AND|x'.y'
+===+ 4——{IDn +==—+ +-—|IDn
|woT|y'| +-——+ NOT|y'| ~+--—-+
.Y - =T+ Y - -+
IDn| © [IDn
+—t L et
(x.9)" |x'+y° xy | = v |x.y|x+y - (x+y) ' [=' .y
L ——— —— e e e e =t 0 -
1 1 00 1 1 o 0 1 1
1- 1 01 1 0 o 1 0 0.
1 1. 0T |1 u|o| T U U
-1 1 100 1|01 0 -0
0 0 11|10 0| ¥|1 , 0 0
L' U 1.0 o U U 1 0 o
1 1 00 "0 1 0 U. U U
U U Ul U o1 T 1-- 0 o
15} .8 7 Juu U vUu|u| ot U U
¥y
Pigure 3.3: NAND and NOR Representation with NOT-OR and
' - NOT-AND combinations.
¢

RN

y

INDUCTION‘EYPOTHBSIS ~Assume CCN’s containing k or rewer NAND

oT NOR gates can be raithrully represented bg standard CCN s.

Given a CCN with k+2 NAND or NOR' gates

reduce the number or such gates by 1.

hrldﬂ

L

-

By induction,  the Tesult

&

3
f
L "

- .. . Q.E.D.
Voo

- appfy Lemma 3.5 qug‘

S
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~

nsrrnrrror:. A standard CCF is a CCF constructed only with

{..‘4, and '} operations

As a corollary of Lemma 3.6, and because of the equivalence

‘between CCN s and CCF's, we have the rollowing result.

_Lﬂﬂﬂa 3.7: Any m valued CCF with n arguments can be represented.

' raithrully as a standard CCF (but possibly with additional

terms).

Henceforth, we confine our attention to only standard CCN s and

standard CCF's. For brevity, we will drop the term standard and

v

call them simply CCN's and CCF's.

I

We have now completed our discussion covering the rundamentals'

of CN' 8, CF’ s,/ CCN' 's, and CCF's as well as their standard

_constructs; In the next two sectlons, we give an illustraticn or

- the use of CCN's, ‘as well- as . guidelines for constrqcting a CCN

- >

z

’

321 AnExampleCCN . RS

: : " \ :
Until now we have limited our discussion to various Definitions

and Lemmas on standard CCN's. Here, we'illustrate the concepts by

an example standard CCN based on Walsn B rormulation of the TRP

-~

[Wals 33] ' -
4 This problem is of particular interest to  Tesearchers in

sortware testing and represents somewhat or a "benchmark" problem

‘for assessing testing 'techniques. Goodenough. and Gerhart have‘

used this problem to 4illustrate their theoretical approach.
towards test data selection-[GcGe 35].‘,Prooert and Ural, as “well.
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iae a number of other reseerchers including ¥alsh, have used thie
'problem as a useful example {PrUr 84]. §;§ever the work by Walsh
‘ie closest  to our approach. Accordingly we adopt his.
formalizgtson of the problem [Wals sq]. i

B For now, we consider only’ a part of TRP wnose‘ causes,

intermediate cause; and effects are outlined in Table 3.2 on page
74. Intermediate causes denote the set of conditions which are

derined by. internal gates in the network. This is illustrated in

: our ezample CCN's shown in Figure 3 4 on page 75. Inrormation on

the interpretation and semantics or causes ; intermediate caueee‘
and effects ‘will ' be provided. 1ater Note that .the graph in
Pigure 3.4 on page ?5 is indemi a: standard CCN realizing the
standard CCF & shown in Figure 3.5 on page 76. 4
| To represent a causer entry point in a standard CCN (4. e.
Figure 3.4 on page 75), ve use a pseudo—gateﬂgfhere this entry
point is etored We call this pseudo~gate a,bufrer (abbreviated
BUF). This BUF gate does not do any logic operation. It always
hde.one input ﬁthe.cauee entry‘peint), and Cen have ope, two, or
more than two outputs"(”dupiicatiensimef its cause entry point).
Therefore, any canee needed 1in the network is drawn from the
output of a BUP gate which carries a duplication of this cause.
‘Some_of the gates in Figure 3. 4 on page ?5 other than NOT's
and  BUF's can eccept more than two causes, or .intermediate
causes. A gate in a etandard CCN can,have multiple inputs if. the
;.ternary operation it represents is cammntative and associative

~

In perticular our ternary-valued AND and OR gates poesess these
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r

Table 3.2: Definition of Causes,. Intermediate Causes, and
‘Effects for a subset of the TRP. =

+

6 Causes: ¢, (k = 1,2,-... ,8) ' *

¢y : Character is NL }

€z : Character is BL - . :
Cz': Word fouhd will fit on current line :
Cq4 : At least one character found and not printe

C5 : A word was-already printed on the current line
¢g : Character is ET™ .

4 Intermediate causes: 1,, (J =.1,2, ... ,4)
i, : Requires one and only one of C1, OT Cp, OT Cg
i, : 'Both conditions defined by i, and c4 ﬁold
iz : Both causes c¢c- and Cg hold
14 : Condition defingd by iz does not hold

\
ey :'- (BL and. work area for storing'a word) are printed
.2 - (NL and work area_for storing a word) are printed

‘2 Effects: ej, (i = 1,2)

£ .

two propertieé (Table 3.3 on. page 78). Therefore, AND and OR
gates can have three or more inputs (eig.. gafe (ii.QR),or Figure
3.4 on page 75). Clearly, the corresponding standard CCF to the
.standard CCN (Figure .3.4 on page 75),. is G:'Dsi*;a bz.: The
- exﬁanded form G-;'{gl,gé} is shown in giguaf 3.5 Bﬁ'page 76: The

rules for deriving .these CCF's are présenﬁed'in a later ‘gection.

-

Thus, the CCN in Fiéﬁre 3.4 0n page 75 is beﬁy viewed as'being‘
logically paTtitioned into three g?gas: oqusas,:'intsxhﬁdiate,
'_c:az‘zs'es‘ and-~efreots.‘ Ea.ch.. st;c;h- area hag - its own gate 'typgg. .
namely {BUF}¥ fANb,OR;HOT}; and {AND}, respectively. Causes are
-denoted‘by-ck (éheré; i_- 1,2.:r...ﬁ); interquiét; causes by ij

(vhere, J = 1,2, ... ,r), and effects by e, (where, 1 = 1,2,

e

m. ' _ - , , -_4?F§"

-
. . v
]
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should be read in
on page 74. :

-

This graph 1s only a fragment of the TRP and
conjunction with Table 3.2

. S Page 75
=t
BOFf = . B
—_—.
cl . f
. ——-.+ -
‘_,//+——-+ ———
. | BUF e ————— OR
———————— —_— .
les e 1, | o et ‘
Y, m——t fmm— t—————— AND - —-—|AND
===t , - .
BUOF : . +- — - 12 | ———t +—r—— 61 s
—— e s
Cg - '
e . 4= —— +
F———t . -
BUF ) i \
———————, - Sttt AND
L4 , . t _NOT .
b . A e | | m—————— ex |-
+——— ‘ ' _ 14 b
BUF it
——
Cz | 4
=t o ——— AND | -—-+
. ot s
Fm——t Cm————— i |==———— +
BUF ] -2 : Fx -
———+ - -
cg |+
===t . |
e . N
6 causes | 4 intermediate causes | é/;;;ects NE
: . cl 'I:O. Ce I il to 14 o .
Figure 3.4: The Standard CCN Realizing CCP G: DS —--» D2.




=cy . ( Ccy + Cp + °6‘) - Cx . Cg

- 04'. 11 - 13' . i "
=c3 . (cg+eg+tcg). (g .. Cg )’

cg - ( 01‘+ Co f cg ) - ( csj'+ cg' i

Figure 3.5: An Expanded Repre tatigg of G~ {g;.851}.

‘ : ¥here G = {g —> is a standara %GF
realized by %he Standard CCN of Figure 3.4 on
page 75. : T

3.2 2 Guldelmes for Constructmg a CCN from Natural
Langua.ge Speclﬁcatlons

Tﬁds. section addresses the - transrormation of runctiosal

: specirications into a standard CCN The transformation of this

standard CCN 1into 1its standard CCF is an automated step in our

approach and is presented in a later section.

_ We adopt & similar approach td~Elmendor£ and Myers [Elme 75
,b{yer 791]. _ ‘I'He procedure ror genera.ting a st;andssrd CCN is é%’
roliows: ot
'Proeedure:.' : -
1. List vertically all "caused on the lert side of a -sheet of
| paper and simllarly, all errpéts'on the rigat side.

§ . ' =
.
. :
. :

-
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2. Link causes to effects with a _structure of logical
relationehipe. ‘,each one representing a ‘conditienelh
statement (IF.. THEN .) found . in or implied by .the |

epecificetion The 1ogicel relationehip between causes and

effecte that repreeente an effect which, in turn, becomes a i}

cause 1is called an intermediate cause. - -

. 3. If there is only one cause on the antecedent side ené one

effect on the ceneequent eide or a relationship. tlhe capse

-ie simply connected to the erfect .

'_ €. Hultiple cauees. "multiple intezmediete causes and multiple

—- effeots in a relationehip are represented by re.nin and

I

fanout on the correepoeding gefe 1nte:connectioee. s
5= Label the gate fanin relationships according to the

'connectivee eppeeriﬁg in the antecedents of phe condipion31'

statements. 'The eligible connectives are {AND OR, NOT}
Reeell that\ CCN' s express only combinetional reletionehips
bétyeenTbeueee'and et;eets. Permutations of causes, time delays
and 'reedbaekn from effect +to ©auses cannot be\\grephed.

+

Fortunately, in functionel specifications, such complicatione ‘are o
the exception rather then the ruleffﬁhen they do occur, they muet .\\\\
either be buried within the derinitione of individual gates or be

implicitly understood. ."' : ’ .
TYpicelly. the CCN'conetructien*proceee‘ie highly subjective
and useg iteration to obtain a complete and’ consistent
repreeentation of the epeciricetion. In the nezt chapter, -we
deecribe a tool developed to support- this initiel standard CCN -

eerivation etep. . ' :
f g o : ' )



. 823 Cause-Effect Combinational A]gebna
The mathematical system of oinery lo

algebra, -or switching algebra [Diet 71, Gill 76].

is used %o describe the operation of complex networks of digital
circults.

transrorm logic networks to algebraic expressions and vice versaf”’

[Huro 79, Goth 82]. e S, .- B

.In our approach, a “causemerrect comblnational algebrd-”

'underlies the analysis and synthesis of standard CCN'8, as well

as the evaluation and conversior "of CCF 8 from one rorm to

\

s@ther . | | _ T

-/

LEE&NITTQN A cause-effect combinational algebra ‘is an elgebra
.denoted by [D; {

'}] (where D.is the terna:y domain {O 1,0},

Page 78.

'glso known as Boolean

This algébra

Designers or digital systems use. Boolean algebra to_

. !
sstisfying the axioms given in Table 3.3. ' . :
-\ ' L D
Table 3.3: Cause-Effect Combinational Algebra Axioms.
Name of Axiom | Over "+" or OR | Over *." or AND
W N S S O e e . - ------n------{---n---------------—
Commutative x+ - g+X % % A
Associative z+¥y+z) - (x+y)+z x.(y- z) - (x. y) 2
Distributive x.(y+z) - x.y + x.2
Identity X+0 =.0+x = x x.l = 1 X -x
Involution > S - X -~
mIdempotent X+ X =X x.x - X
T+ 1 -1 x.0 -.0
De Horgan's (x+y)' =x'.y' (x.y)' «x' + ¥y
U-Complemént T - =T C—
U-Identity U+0 = 0+U - T U.1 = 1.0 ~0 -
U-Idempotent U+U =17 . T.0 =0
TU-Kull - N U+l = 140 = 1. ) T.Q =00 -0
= ~ : . _
\ < —
. - ) 7
. /’;‘ . ¢ -
- g
s - ‘-
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LENNA 3.8: The above cause-effect combinational algebra
[D; {..+ '}] is homomo:phio to the standard switahing (Boolean)
algebra [B; {. ‘}J. . ' Lo .

ggggz: This result follows by noting -that all algebraic laws
over B ~ {0,1} are also satisfied over D ~ {0,1;0}.
' Q.E.D.
Thus, .operations over the ‘ternary alphabet -reiated in a
natural way to normal binary operations. In the next section, we
introduce the canontcal forms of the CCF of a CCN and'illust;ate

their ‘construction through examples.

3.3 Canonical Forms of the CCF of a CCN

One important result we can carry over from switching algebra to

-cause-effect combinational algebr&’is that concerning minterm and
‘maxterm normal forms for CCF's [Gill 76]. We now define two

cdTresponding canonical forms for any CCF.

3.31 ‘Introduction

DEFINITION: A Causeﬁxrrect Literal, is a cause variable {cl.qz,

_--- ,Cpl} or its complement. Note that all variables literals,

etc., are henceforth defined over the termhry'dohéin D= ({0,1,U0}.

DEFINITION: A term s 1is called a k-ary sum-term if .8 18 a
"disjunction” of k distinct literals (i.e., 8 = wy+wp+, Ly

where vy is a literal).

DEFINITION: A term p is called a k-ary product-term if P is a

“conjunction” of k distinct literals (i.e., p = wy.¥p., ... ,.wy

where\wy is a literal).



DEFINITION: The number of litera.l'% in a sum-term & or & product--

term p is called the cardinality of 8 or p and is denoted by |s[
or |p| respectively.
The two canonical forms for any CCF of the m effects .G(cj,cq,

<o s0g) = (o5.02, ... Jep) Teallzed by a. CCN aTe noyf defined.

332 Levels of a Single-Effect Standard CCN .

It is now necessary to define a prope'rty of a single-érfect,

standard CCN stemming from its ga.te structure. We now d.erine ‘c-he

Level of a single-erreot standard CCN to which a specific gate A

{ AND,OR,NOT}' belongs
!

pxrzmnnnmv _@Given a gate A {AND,OR, ,NOT} and an_axzect e (1 e.

single-effect standard CCN), the level of ga.te A with respect tor

effect o i1s denoted by L e(4), and is defined as rollows

« The level of a gate A at effect e 1s set to 0, and is denoted
by L,(A) - O. Note that the gate 4 at level O must always be
the AND gate. Thus, Lefe,m) = 0. This is a requirement of
the single-effect standard CCN. h

. The level of gate A'with respect to effect e is set to 1 and

is denoted. by L,(4) = I, if an output from gate A goes

d:l.rectly to effect e (i.e. . becomes input to gate (e,AND) at

level Ly(e,AND) =~ 0).
~.

o Let {B;,By, ... ,By} be gates By {AND,OR,NOT} with respect to
_errect ¢ connected via an output (i.e., fanout) of gate A4.
Then, 'L,(4) is set to min{L,(B;)}+1, and is denoted by L,(4)
= min{L . (By)}+1, where 1 = 1,2, ... ,k. '

Page '80-

-
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o

" The level of a -ge.te 'A is always defifed with respect to 1its

effect e'and structure of its single—erreat standard CCN.
EXAKPLE For example the level of gate (15,AND) with respect
to errecte 91 and e2 of the two—erreot standard CCN 1n Figure
3.4 on page 75, 18 L, (is,AND) P Ly (13,AND)

Thie is because the level due %o gate (is.AND) with reepect to

efrect ez 18 set to 1, while with respect to effect o, ie set to

2. In turn, thé reaeon ror this is becau ¢ the number or levels

.along the path w:Lth respect to errect 91 of gate (el,AND) 1ea.d.ing

to target ga.te (15,AND) 18 two: L (el,ANlj) = 0 _followed be ‘

L, (13, A8ND) ~ 1.

-On.the other hand, the number of levels along the path -with

.Tespect to effect e, from gate (05,AND) 1e‘a.d_ing to the same

target gate (15,AND) is three: Lo, (02,AND) = O followed by

1.32(14,NQT) -1 and finally by I, (i5,AND) - 2.

333 PoS Canomcal Form

DEFINITTION: The Product or Sum-terms Canonical Form (abbreviated '

PoS), :LB & "minimal" representa.tion of a single—valued‘sta.ndard‘

CCF (1.e., & = g(cj.cp ... »CpJ)) as a product of sum-terhs P
the i‘orm @ = B1.85., ... ,A.lsk ‘where each sum-term 8; contains
only distinct literals. B ’ |

| Note that. "minimal® implies that a cause and its complement

will not both be present in the same sum-term.

\
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. ' 3331 An Example of PoS Canonical Form -

» L?t:'ﬁs 1llustrate ‘the PoS canonical form of a single-effsot
sfandard'CCN Consider -effect e; of the two-effect standard CCN
.of Figure 5. 4 on page 75. Ve now 1llustrate how to. obtain its’ PoS
oanonical rbrm (abbreviated PoSCgl)) The geméral mechanism for

_
doing so: is desgceribed in Algo:ithm 3.1.

Briefly, PoS(g;) is obtaimed by tracing all. levels (Section
A3.3.2) of gates starting rrbm effect e; (Figure 3.4 on page'75).

until only JIiterals appear in +the resulting single—valﬁgd

standard CCF.

-_Cq . ( ¢y + c2‘+‘bé )L Cg R Cg’
Similarly,

PoS(gp) = ¢4 . C °1 + Cq + Cg ) . ( °3 ;'655 )]

. Pigure 3.6: . PoS(g, ) and PoS(g,) Standard CCF's Canonical
Porms The ahbove canonical forms are realized

" by the standard CCN of Pigure 3.4 on page 75.
. e e

Starting from effect e; (i.e., gate (e;,AND), Figure 3.4 on page
75), the effect e¢; holds true if both (due to the AND operation
Table 3.1 on page 67) conditions ip and ig (intermediste causes,
- Table §;2 on page 74) hold true as well. This is represented by
the first line of PoS(g;) in Figure 3.6, which ac'cué.lly marks the
end of the first level of PoS(gy). Continuiné with Figure 3.4 on

——
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page 75, ve consider 1, and .13 separa.tely First, :Ln gate
(ig.AND) the intermed.:l.a.te cause - 15" holds true if both cause O4
. and intermedia.te cause 11 hold true. On the other hand, in gate
(ia,AND) :Lntermedia.te cause 13 holds ii‘ both causes 03 and oz
.hold. true (see Table 3.2 on page 74). The above is represented by
the second line PoS(gl) in Pigure 3.6 on page ‘82, which -also
marks the. encl or the second lovel or the PoS(g;). o
At a last step,” in gate (1;,0R), the :Lntermedia.te cause 1
holds true,- 1f and only if at least one of its three causes Cy»
Co, or °6 (Table 3.2 on page 74), hold.s true.
After - this last substitution- that is, 'e:pressing the
intermediate cause 1, in terms of its causes {01,02,06} the
\ PoS(gl) ig finally obtalned; It is represented in the third line
of PoS(g;) in Figure 3.6 on page 82. ‘This also marks the end ‘of
the third (last) level of PoS(g;). Similarly, we can derive the
PoS of &2, shown also 'in Figure 3.8 on page 82. o
Note that the canonical ' form PoS(g;) is the product (AND) of

four sum-terms, which we denote by‘(81,82,83,84) of cardinality

s =1, |8s = 3, |8 - 1, and (= = 1 each.
1 21 3 4

3_.3.4 SoP dﬁﬁonical Form

DEFINITION: The Sum -o}' Product-terms Canonical Form (abbreviated

"SoP), is a "minimal" representation of a single-valued standard
CCF (i.e., e = g(cz,05, ... ,0p)) a8 a sum of product-terms in

the form & = PitPo+, ... ,+pp where each product-term Dy contains
. only distinct literals.
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-

Xote that "minimal" 1mpiies“that égcause and its complement

— —————

will not both be present in the same produot-term.

3341 An Example of SoP Csnonical Form
To 111ustrate'th¢;SbP:oanonlcalf;bzm of a éingle—érreot standard
CCN, comsider effect e; of th§ CCN in E&éﬁre 3.4 on page 75. Tts
SoP canonical’ form (abbreviated SOPCgl)); is derived from PoS(g;)
in Figure 3.6 on-pége 82. Thg general mechanism for doing so is

described in Algorithm 3.2. SoP(gy) is given in Figure 3.7.

- SoP(gy) =cg4 . ez . cg . ¢ +°
. C4.03.05.C2 + .

C&.Cs.Cs-Ce
4 Similarly,

SoP(gg) ~c4 . ¢; . cgx +

Cq - C1 cg' +

Cq - Co cx' +

Cq - Co cg' + )
. Cqg - Cg - Cz' + -7

—04‘06.05

Figure 3.7: SoP(g;) and SoP(g,) Canonical Forms. Derived
from 508(31) and 5%S(g2) in Figure 3.6 on page
82.

e

CleaTly, from SoP(g;) in Pigure 3.7, for effect e to hold, it is
sufficient that one of its product-terms be true. Note that,

SoP(g;) is the sum (OR) of three product-terms (p;.P2.P3) of
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cardinality |p;| - 4, |pgl -4, and |[pg| - 4.  Similariy,
SbPng). derived .from PoS(g5), 18 shown in Figure 3.7 on page 84.

34 Algorithmic Construction of Canonical Forms

THEOREM 3.1: Any well-formed formula invdlving {..+,"}

operations, [ol,qz, “a ,cn}.variaﬁles and parentheses can be
| représented_in SoP or Poé canonical form.

PROOF: The demonstration of this fact over the domain
iga- {0,1} can be found in mést standard Teferences for.
-ﬁropositidnal logic [Klee €67]. By induction on the size of the

formula, we cén show this theorem also holds over the ternary

domain D = {0,1,U} based .on the cause-erfect combinational

. ——

algebra axioms (stated in Table 3.3 on page 78).

< o Q.E.D.

COROLLARY 3.1: Every single-valued CCF can be represented in PoS

~ or SoP canonicel form. ' _
PROOF: The proof follows from Theorem 3.1 and Lemma 3.?S
Therefore, the CCF of any CCN can be represented as a family of

SoP or PoS caronical forms: -

Q.E.D.

[l

Some types of redundancy arises in ‘the construction of the
canonical form. To elimirate obvious redundancy, we make the

following assumption:

Fundamental assumption: For the logical integrity of

speclfications no two distinct effects from an m-valued CCF
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% - . . L

1A,

., (L.e., o4 and 64) may have an identical canonical “formi

PoS(g4) ~ PoS(gJ), and ScP(gi) - SoP(gJ) This usnally

indicates a design or specirication error wnich“can be~maeked-n

by the complexity of the CCN.

.t

Logical redundanoy The construction of SoP‘ and PoS ca.nonical

e

Tforms (discussed mnext), deal with a type of © inrormation

redundancy, called logical redundancy. Logical. redundancies

-

s

'~

, 5 -
involve superfluous relationghips between literals in sum~terms

<
p——— ..

and,p:oduct-terms These redundancies are detected and removed as

soon as they are derived by applying the “involution“ and

"idempotent" axlioms in Table 3.3 on page 78. Thus, the resulting

logical redundancies.
Given a- standard CCN (e.g., PFigure 3.2 on page 68), the
representation problem is to obtain ite CCF’'s (1.e., G = {g;. 82,
,€p}: D —> D®). This task is carried out in our approach by
considering one single-effect CCF (i.e., £4) at a time.
Thus, without loss of generality in this section, we confine

our‘attention to single—effect CCN's.

3441 Construction of PoS Canonical Form

. Armstrong, ‘has proposed a method for deriving a nearly minimal

. PoS and SoP canonical forms for a single-valued CCF contain noﬂ

set of fault-detection tests, making use of “the Equivalent Normal .

Form (see Sections 2.1.2.5 and 2.1.3.1) of the circuit [Armg 66]..

Similarly, in our approach to obtain the PoS canonical form of a
single-offeot CCN we need a formula which help us to represent
the output of each gate as a runction of its inputs.
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‘ ' Applying this ge.te repre/salfzta.td.on to all ga.tee {AND OR; NOT} :l.n

the single-—er.t‘ect CCN we obta.in a.n. ezpreeeion (usua.l!l.y :Ln a.

- ra.ctored rorm - __pS ca.nonica.l rorm) or_.t.h,e errect e in terms of

- . - - ‘-

11:3 cauees { C;,0C5, e sOR K '.T.‘he general meeha.niem ‘for doling ®o ‘
1-%2 n

- -

is described. in Algorithm 3. 1 However th"e ga.te\ {A‘ND.OR.'NOT}

representa.tion is derined as I‘ollowe Tt T . o

DEFINITIQN-' The Gate Traversal Form (a.bbrevia.ted. GTF) . or 'e.

- sta.ndard CCN e:r.‘i‘ect gate\_g.e a rormula obtained by recured.vely

expressing the ouz‘:puf: oi‘ sgach gate in ‘the subnetwork defined by

that effeqgt as a runction of :Lts gnputsf Ir —th'e :anuts 1:0 a. "gate '

" are denoted by {x, y} and the outpu't ’by {*z} then o T
. . -_‘ - . '
1.  GTFpgyp(z) = GIF(x) . GTF(y) )
2.  GIFgp (z) - (GIF(x) + GTF(y)) :
3. GIFyop(z) - (GTP(x))’ T _‘ -

We now gﬁre an lterative a.lgorithm to construct the PoS form or a
C’CN based on this' definition and on a level by-level

construction Leovels were dei‘ined in Section :3 3.2. . ‘

ALGORITEM 3.1: Construction of PoS Canonical Form

1
f

Purpose:

© oy [

To derive the FroS canonical form of the corresponding single-

valued standard CCF, e - g(cj,ca, ... ,Cy) given a single-effect
CCN, M, with 2 levels of gates Ly<Lp< ... <Iy.

——

Procedure:

-~
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1. At leval 1 (denoted by Ll) get the Pbs intermediate
‘ 1
o repreeentation to the GTP(a) Call thia P081
N ,; Note. LI always contains one gate In our erperience

——

. with realistic CCN'S. we’ have round that thie gate ie

) intermediate representation PoSt 1 BT 'yield - the

X current Ebe.- e T ;; ST

s

-é:', Uee “De Morgan s“'axicms (Table 3 3 on: page 78)  in

v -

PR

PoSy- to remove parentheees Where applicable -_

~—, a. Finally. at .Lt,' apply logical reduhdancy' Temoval

(Section 3 4) to*literals and sum-terms

- 3. Apply etep (2. ) repeatedly to the remaining (h-t) levels,

- until Ly is reached The reeulting Pbsh is expressed only

_——

in terms or-literals.. Thus, the procedure is terminated.

-The correctness of this algorithm rollows from the fact that its

Procedure always: terminates and the ‘corresponding Pbsh is

?ezpressed only .in terms of Products-of-sums of -literals.  Thus,

' [Koha 70, Muro 79, Mano 84].

' PoS_ forn is the ~ CCN equivalent of conjunctive-normal-form .

1

alwaye an AND Thererore. we make xhis aesumption in this -

3 and all Bubsequent algorithms. - )f'“f% T
gl; Proceed to .the next-level denoted by L2 Thia level may
: . contain any number of {AND OR, NOT} gates. ': o~
- 'r’a.;' Translate every gate at level Ly . into its gre. - . |
-b. ‘ Substitute .all GTF s or step (2 a.) into tnel
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3. 4 1.1 An Example

We now illustrate Algbrithm 3.1 ("Cbnetruotion ol PoS Canonioalu

Farm“) by applying it to a single~errect subnatwork of the CCN of
Figure 3.4 on page 75. Specirically. we conslder effect ag, and
will .derive its PoS canonical form PoS(gé)” Following the eteps

of Algorithm 3. 1 applied to 02 we have = , .
‘Ia. tep 1 At L. we have ‘the single-errect 6 which ie an AND
‘gate  (o,,AND). GrgAHD(eg) - 1,1,  thus, - our PoS

intermediate rorm ror level 1 is.

- »

POSI(’G‘?) - 12._-[_4'.: T

2. Step 2: At ILp, we have two gates (i,,AND) and (44, NOT):
Substituting these GIF's in PoS;(ep) the' PoS
L intermediate form at L, is:
Posg(eg) - 04.11.13' o L R
c.’ "De Horgan 8" axioms (Table 3.3 on page 78) do not
A
- apply ~ As well no logical redundancies are detected
(ve bave -three - distinct sum-terms, each of

cardipality 1). Thus, our current PoS intermediate

-

L
.form remains the same:

POSZ(Qz) - 04.11..13’ . - L2

'3.. Step 3: The "termimation condition" of the algorithm does

"not hold, =since the current EbSé(gz) stiIl containe the
intermediate terms: {1;,15'}.



! Page 90
4.: Step 2: We continue with the next level. Lz contains two
_ : = s p—
gates (1;,0R) ‘and (1g5,AND): ’ '
-a. G&'FOR(il) - (014‘024'062 and GITA.ND(J.S)"‘ 03. 05.
b. © Substituting the GTF's in  PoSp(ep). the ~ PoS
intermediate form at Lz is: (
PoSg(eg) =~ o4.(cj+cgtog).(0g.05)" ~ Lz
€. VWe now apply "De Morgan's" axiom. Therefore: °
—POSS(Gg) - 04. (01+02+06)_. (03'4'05 ':): : _ v e = Ls
d. .Né iagical'redundancies are detected.' Therefore, our
" " PoS intermediate form remains as above. _ -
© 5.7 .. Step 3: The "termimation condition” of the algorithm holds. '

. PoSg(ep), is expresseﬁffonly in' terms~of Iiterals ~and

theréfore we terminate the process.

6.  Step 4: The resulting PoSz(ep) 18 the product of three sum—

terms. - _‘ . - -

-

This sequence of steps is giveﬁ in more compact form in Figure
3.8 on page S1. - ' B B

rs
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N
) POS(ez) - 12 1.4 - Ll
- UL i _ ~ Lg
=cg . (ecg + °2'+ cg ) . ( ez . cg )’ - Lg

**MSG** De Yorgan's Axiom on: ( cz . cg ) .
(x.y) ->»x' + ¥ '

I

.Cé . ( Cl +_-02 + 06 ) . ( 03' +- Cs' ) "'LS )
| N

8, B - | B3 Adun-terns)
- o0 A S
Figure 3.8: An Example Illuatrating ‘the Algorithmic
. Construction of the PoS(e,) Canonical Form.
This form is based on the é&w
page 5.

T3

- v
- 8. 4 2 Constructlon of SoP- Canomcal Form

Fy

The SbP form can be obtained directly by multipliying ogt the PDS

- form according to the "distribution” axiom oT "." over "+~ shbwn .

. in Table 3.3 on page 78. The steps of thia multliplication~s are
gathered into an algorithm below. : _,//

ALGORITHM 3.2: Cbnstryctiaﬁ of SoP (Canonical Form from __PoS

-y -

Canonical Fornm ) -
Purpose: - . ' ' e .

Glven a PoS canonical form of an effect e in a CCN, namely PoS(e)

- 8;.85., ...',.su,'const:uct its coripspondiﬁg SoP canonical :

|
form.

Procedure: T

or Figure 3.4 on ~

PN
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1. Scan through (left-to-right) all u sum-terms of the PoS(e)

canonical form:

a.  Gather éogether all sum-terms of cardinality équa.l
to 1 in a comdined product. Call this Posml(e).
-N_cii:_e: This product may contain po terms. In-this
case, ve set Posmz(e) to "TRUB".

b. ' The rematning copplex  sum-terns (those  with.

cardinality higher than 1) are concatenat ed 1into
PoSparea(er. |
c. Concatenate the above P‘?Spart 1(e) ana 2(e)

into & PoSpey{e). Note that PoSp,.(e) is logice
- equivalent to PoS(e) because of the "commutativity”
and “associativity® of "." (Table 3.3 on page 78).

2. Xultiply left-to-right all complex sum-terms by considering
tvo sun-terme at & time as the following algorithm
/ indicates, until all complex sum-terms have been
t‘\ considered: '
Let: | K _ \\
80Py epp(8) = PoSpars;(e) . -
For all cozplex sun-terms 84 do: .

SOthP(O) - SoPtcmp(e) - 81

Hote that the resulting SoPygpn(e) is the sum of v product-

teras vhere v - [s;| x [8p] x, -.. ,x |8,|. Thus, we have

SoPtenp.(e) = P1*Pz*, --. .*+Py >
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3. Apply logical redundancy removal to SoPyenp(e) (Section
3.4). ‘ z
- 4, The resulting SoPtemp(e) redundancy-free expression is the

unique SoP candnical form.
3421 A Special Case
A special case occurs when every sum-term 84 in PoS(e) = 81.85.,
-++ ,.8y, has cardinality |si] -1 (1.3..-each sum-term involves

|
a single 1iteral).
In this case, v - |&§;] x 2 T s X |8yl = 1. Therefore,
we have one product-term and the SoP canonical - form will be

SoP(e) = P;. where p; = 5;.85., ... - Therefore, both

canonical forms are identicel, i.e., PoS(e) ~ SoP(e).

Sitgations like 'this arise when the .corresponding single-

‘effect CCN is a purely “conjunctive” network (i.e., uses AND

gates only).

3422 An Example

¥e now illustrate Algorithm 3.2 ("Construction of SoP Canonical

Form from PoS Canonical Form") by applying it to a PoS canonical
form of the CCN in Pigure 3.4 on page 75. Spgcii‘ically. ve-
consider effect e; in the PoS canonical form and will obtain its

SoP canonical form, SoP(e;). Following the steps of Algorithm 3.2

applied to PoS(e;) =~ c4.(cytcpteg).cg.c5 of four sum-terms {og4,
-(ol+c2+cs). ¢z, C5}. Ve nave:

1. Step 1: We identify four distinct sum-terms; Three of them
{4, 03,‘ ¢s} are of cardinality 1, and one sum-ternm
{(cj+cz+0g)} of cardinality 3. Therefore:



a.. Posp&rtl(el) - 04.03.03:
b. POSp&rtg(Gl) - (01+O'3+06): and,
- - c. PoSpey(83) = ¢4.03.05.(01+05+cg)

Note: PoS(e;) 18 equivalent to PoSpg,(e;).
2.  Step 2:  Multiply ~(left-to-right) PoSpargi(e;)  with
SoPpartz(‘el) to yield.:

SOPtemp(el) - 04 .. 03 . CS . 01 +
-04_-03.05.C2 +

C4.C3.05.06

- This -resulting SoP(e;) is the sum of three distinct
product-terms. Note that We have three proguct-termé also
because |s;| x |85 x |85 x |84 =21 x1x1x3 =~ 3.

— [T ——— ——

3. Step 3: No logical redundancies are detected. Therefore,

our SoP canonical form remains:

SOPtenp(€1) = 04 - €3 - 5 - ¢ '+

— . Cqg - C3.0C5. Cp +
. - 64 . C3 .05 . Cg
4, ‘The resulting S"Ptemp(el) loglcal redundancy free
ezpressioh. expresses o; - gl(yl,wz. ,ws) by three
rroduct-terms. Denote this as SoP(g;) = p;-Pp-Pg and
— terminate the process. Here p; = C4-C3.C5.€3, Pp =
'

04-03. Os. 02,“ and ps - 04.03- 05- 06.
The steps of our example are shown in Figure 3.9 on page 95.
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.

Given: (by Algorithm 3.1)

POS(GI)’- 04 . ( Cl + 02.+ Ce )

—_— —

. CS . 05

Obtain: (using Algorithm 3.2)

PoSpew(e1) = ¢q : ¢z . eg . (op *+ cp + cg )

Soﬂel) -c4 - 0\3 Cg - +

€1 - P
C# . CS . Cs .'Ca + ) - p2
g.CQ . Cs . Cs -lCS N = ps .

(pr odﬁct -terms)

Figure 3.9: An Example TIllustrating the Algorithmic

Construction of the SoP(e,) Canonical Form.
This form is baeed. on the c%w of Flgure 3.4 on
page 75. B

=

>

35 Algorithmic Generation of Test Requirements‘
Based on Sensitization of Canomca.l Forms

In Section &.3,—wo HEVS mseen tha.t a single-valued 'CCF (i.e.

: DR ——» D), yielding errect- e; from causes {cl,cg, _'°n}-
can be expressed in terms of two canonical forms: PoS(ey) and
its "derivative form" SoP(e;). These forms provide us with- a
special kind of- "grouping"” of eaﬁses‘ for @4 which we have calle-d
sum-terms and product-terms. In this. BEct:LoE. we d.evelop. a

method for generating test requirements from these forms based on

sensltization techniques from hardware testing technology
[Eoha 70, PrMe 71].
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- The “basic idea behind sensitization of PoS(ey) and SoP(e4) is
to - -"exercise" their'_ sum—-terms and product-terms .one-by-one. That —
18, to observe. the .cont,r:l.bnt:!.on of literals {w;,Wp, ... ,wq.} of
~causes {01,02—,__.._: . q}‘w:!.th the Jth sum-terms (i.e., 8y =
ViVt ... ,+¥g), Of PoS(es) - 8;.83., ... ,.8y, with all causes
{01 »C2, ... ,opk i‘or" effect oy4. Sty |

In an analogous argument, it is possible to observe the
contribution of another set of I1iterals {w3, %o, ... ,wn} of
.causes [01-::;, ,ar} via the' kth product-terms (i.e., ch -
VitWot, ... ,+¥.), of SoP(e,) ~- P3-P2.s ... ,.Pyp, &gain, with all

causes {ol,cz, ... ,ep} for errect 91

-

It follows from the above that, for an effect ey - g’i(cl,cz-,ﬂ
... .0p), there is a total nqmber of (u + v) possible ways to
"exerbise" causes {¢;,C5, ... »Cp } viable through the u sum-terms °
a.nd v product-terms available from the correspond:l.ng canonica.l
forms. The = following Sections, 5.5.1 ‘and  3.5.2 discuss

sensitization of canonical forms in detail.

351 Stuck-at-O Sensitization
The main idea behind product-term sensitization applied to a
single-valusd CCF, e; = £1(¢1.0z, ... ,0p), is to -detect any
stuck-at-0 faults with respect to ei‘rect @y. The means to do
this is to sensit-ize-the SoP ca.non:l.ca.l form in such a way that.
one prodnot—tarm_’ at .a time is tested .for its contribution to
paking the effect present.

For example, suppose Pl = 0Cg4-.Cz3.0g5.0; (is the product-tern

from SoP(e,;) =~ p1+p2+_p3', Pigure 3.9 on page 95). Moreover, °

~
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suppose p; 18 the product-term from {ci.o0, ... +Cp}. to the

ei‘i‘ect ey.

To detect a stuck-at-0 fa.ult based on p; (involving causes
{c1,03.04,05)), it is _necessary to assign a 1 to- p; (by
appropriately assigning 0's and/or 1's to {cy,03,04,05) and 0's
to all remaining "p;'s (namely. Pz and pz) in the SoP(e4).

This ensures that all the gates {(1;,201), (1,,202), (1z,203),
(¢;,301)} will allow the propagation of p; = {01’03' 04,05} to the
offect o, a.nd. that only Dy will propaga.te to the effect 7.

Such an a.ssignment of,vglues {pl,pg,p:;} causes this SoP to be

semsitized with respect to p;. - Note: The whole SoP 1is
sensitized; not just P3- '

ALGORITHEM 3.'3: Stuck-at-0 sengitization of cause produ'ct—terms

Purpose:

Let G DR, 1)m be a m-valued CCF, where G - (£1.82, --. ,&g}

and ea.ch gi "DA™~_> D. The set of causes are {cl,cg, .. ,op} and
the set of eﬁ‘ecté are {63,685, ... ,ep} where o; = g1(cz.0g, ...
»Cpl: Assume, ‘each g; 18 in the SoP canonical form

(Algorithm 3.2, Section 3.4.2). That is, SoP(e,) - P1+Pot.
»+Py where Py is the jl:_l:l; p'i‘b'duct-term (pj - W1.-Vo., ... ,.Wp,
Section 3.3.1). Carry out stuck-at-0-sensitization for a PoS(e4)

wilth respect to a pjl'

Procedure:
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Cage I: If v -~ 1, we have a single product-ternm {p;}
("special case", Section 3.4.2.1), where SoP(e;) =~ Dy -

W1-Wa-, ... ,.¥p beca.use'liter.al_.s {“’1-"2— » ees »-Wp} (of
causes {¢5.Cz., ... ,.0.]) 1s idemtical to causes {eg-ca.,

.-« ,.0p}. In this case, steps (2.) to (3.) are executed

ap——

once.

-—

Cage II: If v » 1, we ha.v\{v prodpct-—ferni [pl,pg_, <+« Dy}
(Sec_;b:l.on 3.4.3), then SaP(-e}vJ' - .p3*Pg*, ... ,+P, where Py
is the jg;‘pror;uct-term (py = w3.%p., ... ,.w,, Section
3.3.1). Literals ,{“’1"’2" e . ;}_of ca.usgs‘{cl.oz.,
,-Cp} is a subget of causes {cj.Cp., ... ,.cp}. In this
" case, steps (2.) to (3.) are ex;acuééa. v times.
With respéct to the current Py ._proquct—term, asgsign all
causes (with values from D ~ {0,1,U}, Section 3.2.3), in
target effect e {¢3.¢5., ... ,.cp} 8o that:
a. Assign the 'l.iterals of py (pJ - W3.Wo., ... ,.Wp), 80
that py - 1. This assignment in turn, is sufficient
(due to "null axiom" over "+" Table 3.3 on page '?85,
to set the entire SoP(e;) =~ I. _ |
b. For every k # J, assign these literals of py prodﬁct"-'
term (i.e., pp =~ Wz.Wo., ... ,.w.) still left not-
asslgned with respect to step (2.a.), so that D = 0.
‘¢, For e;;:r:y x¥s i1 (4 =~ 1,2, ... .,m), evaluate :Lt's’-
effect oy using the PoS(g.) canonical form (i.e., the
.t_'i_h single-valued CCF, gy: D® --> D of G: DR ——> DE). :

Rffect 6y hay combine none, some, or a&ll literals
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{wl,wz, --- ,Wwp} appearing in the target effect 6y,
whoee. values have been already determined by step
(2.a) ana etei: (2.1) above. However, it is possible
for PoS(gy) to also combine literal(s) wl', wvhere y » k
(k = 1,2, ... ,n), vhich i1s assigned by Wy = U. This
step is e_;:_ec;rt:ed : (m-1) times and the result of each

-PoS(gy)' evaluation receives a value form domain

{0,1,0}%.
d. Record the above assigoments (i.e., { 0,1}, under
) causes {cj,0p, ... On} along with the value or the

resulting target efrect 6y =~ 1, a8 well as (m-1)
:r:ema.ining values due 1:0 step (2.c.) from {0, 1 U} for
a later reference in the process.
3. Repeat -step (2.), until all Py product-terms (i.e., J =
. 1,2, ... ,v) of the SoP(ey) = P3tPg*, ... ,+p, have been
" considered. Clearly, form this step (3.) we would go to
'step 2.) (v-1) times. |
4. Observe that a total number of v sets of assignments have
been recorded and the procedure is terminated.l.

Algorithm 3.3, was carried out for stuck-8t-0 sensitization for

the ith single-valued CCF (i.e., g4:. D? —-> D), cauee product-

terme. However, if we had d.ealt with m valued CCF's (i.e.

G: D% —> D®) then from step (3.) we would go to Btep (1.) (m-1).

1

\3veny time the next xth single—va.lued CCF, oy = gx(0;,0,,

LI '

} Cp, Where x ¥ 1 (1 ~ 1,2, ... ,m), is considered.
i

N -
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3511 An Example
We 1llustrate Algorithm 3.3 ("Stuck-at-0 Sensitization o.f' Cause

Produat-rerms" Section 3.5.1), ©being a.pplied to a single
product-term of a SoP(g‘_.,_) canonical rorm (a.dditiona.l product—
‘terms are treated simila.rly) Specii‘ically. we consider the

SoPGgl) = Pi+Pp+Pz Of “section 3.4.2.2, shown in Figure 3.9 on

" page és\ Applying Algorithm 3.3 to ope such product-term, p; ~
C4.03.05.C3, we have: |
1. Step 1l: We have C‘as“e IT. ‘Therefore, exercise p; =
c4.05.05.07. This 1is accomplished 5y.executing [Steps 2. to
3.] once. Note that the participating - literals
{wy,wg,we,wg} of causes {01,03;'94, cst is- a subset of
{wy.vo, ... »Wgl
- 2. Step 2: Focusing - on p; ~ (that in’corporaées only
{w3,Wwg, wg,Wg}), we assign all literals in the target effect.
{w3,¥o, ... ,wg}, with values from {0,—1-;1_7'}. 80 that:
a. .It is required that p; ~ 1, whick is achieved. by
setting wy; =~ 1, wg = 1, wy ~ 1, and "5-".' 1 (i.e., pg
- ©4.03.C5.07). Therefore, SoP(g4) = 1, since
SoP(g;) = 1+py+ps and 80 e; =~ 1.
b. . It is required that Pz = 0, and pz = 0. From Figure
- S.Q”En-page 95, we note that p, ~ C4-Cz.C5-Cp, aDd Pg
= 04.03.05-Cg. To satisfy this requirement, we only
have to set o, = 0, and Cg = 0. ©Note that, for the
remalning-literals of p, and Ps (1.e./{wg, wy,wgh,
thelr values have e.lrea.dy been determined 'by“g;:ep
(2.a.).
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G- - We Dhave to evaluate the _PoS(g,) based on the
assigoments of its literals (Af any). However,
PoS(g5) = 04'(°1+°2+°6)'(°3'+°5')' ag shown 1n Figure
3.8 onilpage 91. Note that i1ts wvalues .iave been
already determined by steps (2.a.) and (2.b.) above.
Thus, PoS(gp) ~ 1.(1+0+0).(1'+1') and we can easily
verify that e, ~ O.

d. We now record all the values found above for a later

reference.

Step 3: Not applicable, since we sensitized . only one

product-term, {p,;}. o _ -

Step 4: We observe that omne set of %alues haé been

Tecorded, shown in Figure 3.10 and terminate the process.

1

Figure 3.10: An Example Illustrating +the Stuck-at-0

Cﬁuﬁes Bffects
¢y | eg | ez | cqg | 5 | cq o1 | eg
e e o -

1| ofl 1] 1| 1| o 1| o
x t x E ] x

Sensitization of a Cause product-term. For
this illustration we have used the product-
term p; of SoP(g;) shown in Figure 3.9 on
page 95. An asterfsk ("*) 1is uged to "flag"

the forcing-conditiong .(causes) and the
target effect. . :
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v . - S

e 352 - Stuck—at—l Sensitization :

Similarly, as in Section 3.5.1, the main idea behind sum-term
sensltization, applied to a single-valued CCF, 1i.e., 8y =
810,02, ... ,op), i8 to detect any stuck-at—1 faults with
respect to effect e;. We do this by sénsitizing the PoS cénonical
form in such a way that one sum-term at a time is tested for its
contribution to‘méking the effect not-present.

Forlezample. sﬁpbose 8z = (wztwg) (is the sum—term-fos(qg) -
8z. 32.33, Pigure 3.8 on page 91) of the standard CCN of Figure
3.4 on page 75), and is the only .one sum-term rrom {eg.en ...
,cp} to the effect s, T
- - To detect a stuck-at—l fault based on 8x (involving literals
{wg, w5}, it is necessary to aesign a 0 to sz (by appropriately
assigning 0's arnd/or 1's to {w3,w5}). Anq_l's to all reraining
84's (namely s&; and 85) in the PoS(ey). N

This ensures that all .the gates involved {(1;,201), (12.%02),
(13.203), (1,4,204), (6;,301)}, will allow the propagation of
{ws,ws} to the effect 6z and that only (wg,wsl} will reach the
effect 6,. The assignment or'values {0,1} toﬂ}wg,wsj of sg,

makes this sum-term to be sensitized.

ALGORITHN 3.4: Stuck-at-l1 sensitization of cause sun-terms

Purpose:

Similar to Algorithm 3.3, let G: D® ——> D% be a m-valued CCF,

vhere @ ~ {g3,8p. ... .8y} and each gy: DB ——> D. The set of

causes are {al,cé, .-. ,0p} and the met of effects areA{el,ee,



-

2. Repeat step (1.), until all s, sum~terms (7 - 1,2,
J _
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co- ,0p} where o1 = §1(ez.03, ... ,op). Assume that each'gi is
in the Pos canonical form (Algorithm 3.1, Section 3.4.1). That—IG
PoSfei) - 83.83., ... ,.8, where g4 1s the Jth sum-term (84 =
WitWot, .o ,+wq3. Section 3.3.1. Carry out stuck-at-1

sensitization for a SoP(e4) with respect to a 4.

Procedure: ‘ o ¢
1. With respect to the current 54 sum-term assign all causes

(with values from D = {0,1,0}, Section 3.2.3), in térgqt

effect 84, {cl,qz, - ,cn}; 80 that: h

a. Asaign the literals of 84 (3J = WitWot, ... ,+W,), 80
that 8y = 0. This assignment, in turn, is suf;icient
(due to "null axiom” over "." Table 3.3 on page 78),
to set the entire PoS(ei) = 0. ‘

b ?of every k # J, assign these literals of 8 sum-term
(1.e., S = WptWor, ... ,+wq), still leftﬂ pot—
assigned with respect to step (1.a.), so that 8 = 1.

c. This  step. 4s identical . to  [Step-2-c-] of

. Algorithm 3.3 in Sectidﬁ 3.5.1.

d. Record the above. assignments (i.e., {0,1}), under
causes {él,cz, .+. ,cp} along with the value of the

- r-esﬁlting target effect e; ~ 0, as well as (m-1)
Temalning values due to step (1.c.) from {0,1,0}, for

a later reference.

ce. LU
of PoS(ei) = 87.85., ... ,;8 - ‘have been considered.

. Clearly, from this step (2.) we would go f"_step (1. )
(u-1) times.
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3. Observe tha.t.a total number of u sets of assignments have

"been recorded and then the process is terminated.

Aga.in - Algorithm 3.4, Kwaa carried out for stuck-at-1
sensitization of the 1tk single-valued CCF (‘:l(.'.e. ., 84: DB —-> D),
cause sum-terms. However, if we had dealt with m-valued CCF’ s
(1.6., G: DR ——> D™) then from step (2.) we would go to step (1. )
(m~1). Every time the next xth single-valued CCF, ey -~ gz(cl',cz,\‘

~

+-- »Op, Where x » £ (1 = 1,2, ... ,m), is considered.

8521 An Example

Ve -no{{r illustrate - Algorithm 3.4 ("Stuck-at-1 Sensitization of

- Cause Sum-terms') applied to a single sum-term of a PoS(g;)

canonical form (remaining sum-terms a.re treated similarly) For ‘
this :Lllustra.tion wve consid.er the Pos(gg) = 87.89. 33 of Section.

5.4.1.1, sh.own.in Figure 3.8 on page 91. Applying Algorithm 3.4

to one such sum-tern, .;33 = (eg'+eg’), we have:.
1. Step 1: “"We exercise sz = (ez'+eg’). Note that the
participating 1literals va, W5} of causes: {ez,eg5} is a
subset of {wy,wy, LWg}. Thus, rocus'_ing‘ on 8z (that
incorporates only {wg, v5}), assign all 1literals in the
,.t;arget ' effect e,, {wl,wz, Vgt witl;. values from
{0,1,0}, so that: i "
a. It is required that sg - 0, which 18 achieved by
. setting wg = 1, and wg - 1, since sz =~ (c3'+05;).
Therefore, PoS(gp) - O, éi;tce PoST(g2) . = sl.éé{b and

80 65 =~ 0. - T -
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-

b. Both'sl ~ 1, and 85 = 1 must each be set to 1. From
Pigure 3.8 on page 91, we confirm that §; - o4, and
8, -".(°1+52+°6)' To satisfy this requirement, we
need to set c4 - 1, for 8;. As far as the 32'(aince
"we treat the OR gate as being an "Exclusive-OR",’ see
Section 6.2) 1t req&irea that at most one of (o, Ca,
cgt be set to 1. Thus, we choose to set the first:
Cy -1 and the remalning: Cop - O,‘cé ~ 0.
c. We have to evaluate the PoS(g;) based on the
- assignments of its literals (i;maﬁy) of steps (l.a.)
and (1.b.). However, PoS(g1) = o4 (cj+oz+cg).oz.04,
shown in Figure 3.5 on page 76. Thus, PoSng)‘ -
1.(1+0+0).1.1, therefore, we can easily verify that
0, = 1. | - :
d. We now record all the values found above for aulater
reference. |

Step 2: Not applicable, since we have sensitized only one

éhm—term..{ss}. ) -

Step 3: We observe that one set of values bhas been

Tecorded, shown in Figure 3.1l on page 106 and the process

terminated.
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. Causes » | EBffacts

¢y [ ex | eg|eg|es|eqg e; | ez
S e ey 00 D 50w o . L L e T )
1 o 1| 1 1 o 1 0
L ] | ] ) =

Figure 3.11: Arn Example Illustrating the Stuck-at-1
Sensitization of a Cause sum-term. Por this
illustration we have used the sum-term 85 Of
PoS(gp,) sbown in Pigure 3.8 on page ~Sl..
Again, an asterisk ("*") is used to ."flag"
the forcing-conditions (causes) and the
target effect. ' ! ‘

38 Incremental Generation of Test Requirements by
- Removal of Test Redundancy

Section 3.3 and Section 3.4 were carried out with respect to a

single-valued CCP. For each effect o such that | Pos(e)| = u and
]So?(o)]l, - v, there are u+ v tests obtalned by sensitizing
causes. KNote that uz and v represent the number of ‘m-t;erms and
the number of product-terzs of a single—va.‘lued CCF. Note that

Pos(e) - 8;.85., ... ,.8, of u sum-terms and SoP(e) - Di+Pot, --..

. +*Py 0 v product-terms.. . : ‘ e

’

Algorithm 3.1 and Aldorithm 3.5 both deal with & type of
. - ~ :
information redundancy called logical redundancy (see Section

3.4). However, the u + v test requirements generated by

Algorithms 3.8 and 3.4 may contein instances of identical (thus,

Tedundant) cause/effect assignments. We call tbis <type of
> : ) ) .
redundancy test roquirement redundancy.
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3.61 Test Requu-ement Redundancy Checking and
Removal

o

We now present a Btra.tegy for detecting and avoiding redundant
test requirements. Our algorithm (described next), is general
'enough to detect redundant test requirements manually (one

particular single-valued CCF 1s chosen to be sensitized more than-

once)” as well as to support situations where the fundamental
assumption of CCN integrity 1is violated (see Section 3.4).
Here,rﬁtest requirements are generated one 'per sensitization of
each single-valued CCF. However, before a test requirement is '
added to the suite of test requirements the teet requirement is
compared to all previously generated test requirements If the
newest test requirement is identical to an already existing one

it is ignored, otherwise it i1s added to the test suite.

ALGORITHM 3.5: Redundancy checking and removal

Purpose:

Given G: D® --» D® the set of m-valued CCF's where G - (8:.82.
... ,8p} and each &1: DR ——> D. The set of causes are {o;.02,
... ,Cp} and the set of effects are {e;.60, ... »6p} where ey =
g1(c3.co, e »CpJ). Obtain a test suite R of distinct test

requirements from sensitizing the canonical forms of G.

Procedure:
1. - Appl'y stuck-at-0 sensitization to generate u test
Tequirements {1'1'1'2- .-- _,Ty} from the SoP(g4) ueihg

Algorithm 3.3.
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Open wdat suite R and insert all u test requirements.

77 ™SHote: No test requirement redundancy can be generated by" |

step (1.) because logiaa.l redundancy ramoval bhas been

applied. earlier (Algorithm 3 3 - with respect to a single-

valued CCF, g4: D® ——> D).

Por each g4, (J -1,2, ... .m; for j » 1) do: _

a. ‘ Apply stuck-at-0 sensitization to generate u teét
requirements (r;,r,, Ty} fTom the SoP(g,) using
Algorithm 3.3.

b. For each new test requirement Ty, ¢Check whether Ty
appears in R already. If not, R «~ R U er }

Fotr ea.chgi, (J - 21,2, ... ,m) do: _

a. Apply stuck-at-1 sensitization.to generate v test
requireme.nta‘ {r7,r3, ... ,r,} from the PoS(g4) using
Algorithm 3.4.

b. Por each new -te_st requirement .rk. ‘check whether Ty

appears in R already. If not, R «- R U (T}
4

3611 An Example

We now illustrate the above Algorithm 3.5 applied to “two sSingle-

valued CCF's, (G: DP —» D®) realizable by the standard CCN shown

in Figure 3.4 on page 75.

For our eza.mple. we "consider the test requirements derived

from SoP(gl) - 1+p2+_p3 shown in Pigure 3.9 on page 95, and those

derived from PosS(g,) ~ 8;.85.83 shown in Pigure 3.8 on page 91.
~—APpPlying Algdoritkm 5.5 to SoP(g;) and PoS(g,) ylelds:
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Step 1: Generate stuck-at-0 test requirements to an SoP
canonical form. Here, SoP(g3).
Step 2: Open the test suite R (R ¢~ null); and insert all.

three test requirements: R «- R U fPJ'PE-PB}' These are:

{
Test Suite R: .

Causes Effects Sensitized
Product-terms
1| ea|eg|ey| s | ocg e | e
---+----+----+m--u+----+——- - - e .
1] of 2] 1 1| o 1| o - Py
- L x = = '
6| 1| 1} 2] 1] o 1| o - P»
' % = L x *
o of 1| 1| 1| 1 1] o - px
x x E ] L] T i

Step 3: Here, 1 =~ 1.

Step 4: Apply Algorithm 3.4 to PoS(gp). The three new

generated test requirements are kept in a bduffer as

g:llows:
: flfoer:

Causes . = — Effects - .  Sensitized
- - Sun-terms
€y | e | ez ey | ¢5 | cq e; | &3
1| o] of o] 1} o o] o : - &
. z
ol o of 1| 1} o o| o - 8,
x x x |
1| ol 2| 1| 1} o 1| o - 85
x ] 3 1

Rédundancy éhecking: The first two tesf_requirements on the-
buxrb;‘(e.g., {87,82}) aré nev and are added to the test
suite: R «- R U {81,32}. ‘The third test requirement on
buffér (e.g., 8z) 1is identical to the ' test _requirement
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4

already in the test suite (see p; in Step 2). Therefore 8z
is 1gnored‘and is not added in the test suite R. —
The piocédure terminates, resulting in the final test suite shown
in ?igure 3.12.

Test Sulte R:
Causes - Effects Sensitized
) Product/Sum
. _ Terms
¢y | c3 [ ez | eq | c5 | cg ey | ez
e e e e e e - - - -—— S u——.-i----
1 0 1 1 1 0 1 0 - Py
x = x ] x
0 1 1 1 1.0 1| o - Do
x = x ] = )
0 0 1 l l 1 1 0 - P3
] x x R x
——— o ——— —t————t——— ——om
- ' —
1 0 o 0 1 0 0 o - 8
 J x
o| of o 1 1| o o | o - 8g
x x ) = %
Figure 3.12: An Exanple Illustrating the Test Requirement
‘ Redundancy Checking and Removal. This
example uses {SoP(g;),PoS(§;)}  canonical
-——forms from the CCN ﬁown 1n Figure 3.4 on
page 75.

3.7 Summary: Incremental Sensitized Test Design
In this Chapter, we have introduced standard CCN”s and standard

N CCF 8 1involving a termary logical domain D = {0, 1 U} for

' repreaenting a functional sepecification as a -set of logical

Telatlonghips between "causes" and "effects”. A CCN 1s the
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starting point for our incremental methodology for generating

test requirements. ] B
Concepta from hardware testing such as fault deteétion by péth

sensitization have inspired our approach to test design. In i%,

we sensitlze functional specifications repreéented in canonical

forms of CCF's.

We also presented algorithms for the construction of canonical
forms, generation of test requirements based on sensitizatlon of
canonical forms, and incremental generation of test requirements
by redundancy removal. As an illustrafion, these algorithms were
applied to a subset - of Naur's TRP. More details and an
application of fhe method to the' complete problem appear in
Appendix A. ' |

In the next Chapter, we_ describe a prototype system which
impleﬁents our approach. This tool is described from the system's

and user's pointé of view.

L



Chapter IV | -
A PROTOTYPE TOOL FOR INCREMENTAL
TEST DESIGN |

In this Chapter, wo deocribe in detail our ;Ecremeﬁtal SEngltized
Test Requirement Design (abbreviated DINSERT) prototype system.
DINSERT 48 a user-friendly menu-driven interactive prototype
syatem that implements our incremental sensitized. test deeign
methodology ‘described in Chapter III.

Here we discuss the design rationale for DINSERT, give a.
degign "overview followed by dotailed design considerations and
assessment of +the DINSERT prototype. In Appendix A, we
© 1llustrate the reatures of this prototype by applying DIKSERT to

Text Reformatter Problem (abbreviated TRP).

41 Design Rationale for DINSERT

As black-box methodologies have galned a strong appreciation

during the last decade, the need for black-box automated tools
has become greater and greater. Such an ideal tool shou%g’be able
to uniquely represent spociticationsirand be attractive and easy
to use. It should have systematic and clear steps.

DINSERT is-a user-friendly menu-driven interactive prototype
systeﬁ. It is a direct implementaticn of our incremental

senslitized test design methodology, described in Chapter III. The

\ - 112 - '
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algorithms are implemented in DINSERT exactly as described in
Chapter III. But™in DINSERT, we use a more suitable notation for
the computer implementation both to Tepresent the CCN and +to

process the CCF canonical forms (see Appendix A, Sectione A.2 and
A.4),

- . ' . — -
The target user of our +tool is +the software engineer

(developer and/or tester). The developer would use our tool in’
early stages of software development to defect )ambiguities,
inconsistencies and omissions in t;e specificatione - well beroré '
any target software is. produced. 1In this case our tool would
gerve as an advisor. But the tool's Primary user was meant to bg
the software tester - provided with useful guidance to the
sYstematic test requirement generation.

In practice, when a large scale project (e.g., testing couple
of hundreds of effects capable of geheratingﬂthousands of test
requirements) is conducted, one may argue how practical
(efficient) the interactive eﬁvironment of DINSERT is. In our
approach, practicality is not measured by the- number of test
requirements being generated. For example, 100 fést requlrements
could be the overall contribution ‘of .8everal effects or the
contribution of & gingle effect only. Therérore, depends on the
slze and the complexity of the CCN and how is treated. '

In general, hoéever, the above argument is true. But in our

incremental approach we believe that the most effective

environment to test requirement generation, for our experimental

'prototype tool, would be the interactive environmpnt”iggtead of



Page 114

using batch. The CCF canonical forms (Appendix A,*Eectione A.4.1
and A.4.3), menu command responses (see Appendix B) and various
other explanations during the\inéeraction ("test-suite-window",
see Sections A.4.1.1 and A.4.2.1) communicate meaningful
information to the tester. As a result the tester may assess well
in advance (or a8 soon as become -evident) any anomalies in the
Tun. Accordingly, he may conéinue.the Tun. Otherwisse, he may
immediaﬁeiy termlinate the run fo avolid unnecessary expense. So
gains in efficiency. |

In principle, a large problem can alweye be divided into
smaller problems ("divide-and-conquer"). But in DINSERT this

works only when you deal with problems with obvious partitions in

" their cen.” That 1e to say the CCN igz divided into independent

subnetworke (e.g., TRP, see Figure A.2 on page 180). Then, each
such subnetwork may be treated independently (i.e., by a separate
DINSERT run) and the combined teet requirements may equal to
those obtained by the CCN (i.e., treated as a whole). Otherwise,
the test requirement redundanqy removal (see Section 3.6) is mnot
guaranteed because no records of -the test requirements or the
other subnetworks exist = 8lnce each subnetwork is associated
with its own test sulte.

. Currently, DINSERT is running in CMS ‘on the University's
Tesearch mainframe. Its portability, however, to another computer

system is discussed in Section 4.3.3,
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4.3 Design Overview

In this section, we briefly describe how the DINSERT

subsystens
are linked to each other and how the bProcesslng results are

recorded. Figure 4.1 on Page 116, clearly demonstrates that the
proceseing of each subsystem depends on ‘the data made available
to 1t by its predecessor. Thus, an 41interface (subsystem-

handshake) 1s establisghed among the five subsystems of DINSERT.

4.21 General Subsystem Organization

DINSERT has five subsysteﬁs: (1) the CCN editor; (2) the CCF
generator; (3) the CCF sensitizer; (4) the test requirement
generator; and (5) the test suite incrementor. The overall

subsystem organlzation 1z shown in Figure 4.1 on page 116. Brief

functional descriptions follow:.

1. CCN_editor: Allows the user to edit the CCN (e.g., Figure
| A.2 on page 180). Basically, CCN editor carries out
three tasks: (1) it allocates storage rbr the CCN; (2) it
.assigns gate types {AND,OR,NOT}: and (3) it connécts gates
together. The output from +this subsystem is the GTF
iepreseﬁtation of the CCN (e.g., Figure 4.3 on page 129).

This subsystem is implemented by the CCNEDIT module.

2. CCF generator: Génerates the canonical forms of all the
single-valued CCF's of a CCN (e.g., the PoS and SoP
canonical forms - see Section A.6.1). This subsystem 1is

implemented by the CCPGEN module.

3. CCF sensitizer: Geherates the stumck-at—-0 and stuck-at—l

compact test Ilibraries. These are compact (matrix)
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CCN EBditor
Constructsa: .
e GTF Representations
(CCNEDIT)
- - - ——+

I . e

v

o ——

CCF Generator L
Derives canonical forms:
e Product-of-Sums
e Sum-of-products.-
(CCFG@EN)
+ - - —-—+

—— —

+—— - - >

v
d——————— ———————

Selects sensitization:
e« Stuck-at-0

¢ Stuck-at-1
(CCFSENS)

+_.._,_ —

< —_ —_—

v
+——— - - — -
‘Test Requirement Generator

Sengitizes:

‘s Product-terms

s Sum-terms
(TRGEX)

. Frmm———— - - -+

v

4

+

o
Toest Suite Incrementor

. Applies test requirement,
redundancy checking and.
+—— adds to test suite if ————
not redundant

- (TSINCRR)
» +- - - $

-

Figure 4.1: Simplified High—Levei Flow-Graph of DINSERT
Subsystem Organization.
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representations of CCF's in terms of ternary'values {0,1,0}
(e.g.. see Section 4.3.2.3, Table 4.5 on page 130 and Table

4.6 on page 131). This subsystem isg implemented by the
CCFSENS modulse. | D

4. Test requirement generator: Is the subsystem that genératas

test requirements Based on .the type or sensitization -

_(Ll.e., stitck-at-0 or stuck—at 1) specified by the user, the

Proper product-termn(s) or sun~termn(s) are selected. Then,

using the proper compact test libra:y; the corresponding

 fest requinémehts are constructed. And théy are kept in a

' bufrer-fzje., a'teqpora:y'tesﬁ suite): Thls subsystem is
impleméented by the TRGEN module. | |

5. Test Suite Ihcrementor ' Upd.a.‘bes~ the test requirement
data base. Redundancy checking is applied to the outputs of
the test requirement ganerator. Step (4. ) Non—redundant
test requirements are transferred into the test sulte;

otherwise, they are ignored. This subsystem is 1mplemented
by TSINCRE module. -

4.22 Major Files and Data Structures
The file organization of DINSERT is shown in Pigure 4.2 on page

118. It has (1) direct access input files: called FILEACCHGDEF

and FILE WORKPAD (defined in Table 4.1 on page :119); and

(2) sequential access output riles:  called LOGS LISTING and
TSUITE LISTING (discussed in Section 4.3.2).
The Bubsystem interface data are kept 1n the memory (i.e.,

- using ome, two, or three dimensional axrays).”Every subsysten
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B I AT

+ +
+ TSUITE listing +<———+
+ +
R T O

"Figure 4.2:

+ - -
file CCNGDEF :
+———--—--T——~-—~=+ + - +
v - +—->| fi1le WORKPAD
sesssescccce bbb R R EEERE AR AR | ) .
. ® * %< ——+ oy
e UBer I/F e<=ms=)>% DINSERT module #% :
. . * -t #e——t Y +
*seccesssens FHEAEEER RS 4EEE _ e
+-—> |CLRSCN txtlib
- e —————— e +

+-——>+ LOGS 1listing +-

DINSERT's File Organization. _ -

R L S S S SNRE AT
C o+ +

+ +
R g o o o SRR RY RS

accepts data from the previous subsystem and generates data that

in turn become the input datg of the next subsystem.

these data into two categories:

1. First,.data “that have to

&8 mentlioned above, are

provide a kind of log and

Ve classify

do with the subsystem interface,
meaningful to us because they
trace capability of the data flow

per. subsystem. We store that. information in a file called

LOGS LISTING.

'y
-,

2. The second category has the actuél ocutput data organized

into a test suite. We store the test Bulte 1n a file called

TSUITE LISTING.

&
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“

‘ Data.kept in LOGS LISTING and iﬁ‘TSUITE-E;ﬁTING are illustrated
in- Section 4.3.2 and in Appendix A (Sections A.6.1 and A.6).

Again, these illustrations are based on the TRP.

Table 4.1: DINSERT Input File Description.
Ligtings | Descriptions
---------------+---------------------------------“-----'.
FILE CCNGDEF : Is & direct access read-only tile that

contains the gate definitions used in
1 . AND CCN's. Has 4 records of logical record-
2 +- OR .| length 10.
3 ' NOT : _ .
4 « BUF I )
FILE WORKPAD :. |- A direct access read/write file of 1
record with logical record length 10
XXXXXTXXXX used as work-area by DINSERT.
___________ o e e e et e ek e e e e e e
CLRSCN ASSEMBLE : Iz a s8ystem dependent
‘user-defined MACRQO. When
PRINT NOGEN this macro 4is executed
DEBUT CLRSCN clears the screeh.-For
LA R1,CMD - our AMDAEL 470Q/V8, we
SVC 202 wrote +this macro in IBM
DC - AL4(*+4) 360/370 ASSEMBLY. Then
SR R15,R15 : convert it into a system
SCHLUSS TZTLIB (CLRSCK) enabling
CMD DS oD interface - to 370/0S. It
- Dc CL8'EXECSERV' is called via DINSERT by:
DC CL8' CLEARSCN' '
DC 8X'FF’ SUBROUTINE CLEAR
END CLRSCN - CALL CLRSCN' -
RETURN
END
L
™ -
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4221 CCN Internal Representation
The user specified data of the CCN Bditor (CCREDIT module) aTe
stored in memory using arrays. These arrays are organized to make

8 "hase" for the CCN. data. These data. are divided (distributed)

Ll

Table 4.2: “CCN Connection Summaries” of the CCN Internal
) Representation. 24

The data in this table are based on the TRP whose CCH. is

show: in Figure A.2 on page 180. .GateTypes (1,2,3,4) are

defined in FILE CCNGDEF shown in Table 4.1 on page 119.

m———— - - T — +
| GateID | GateType | FanIn | PanOut | Status |
o ————— pm————— +—— —t——————— -——

101: 4 o 2 o

102: 4 0 2 0

103: 4 ¢ 1 0o

104: 4 - 0 1 0

105: 4 0 '1 0

106: 4 0 2 0

107: 4 0 1 o

108: 4 0 1 1Y)

(91) CAUSE Reco..)s SUPPRESSED . . .
: B :

. 201: ¢t 2 3 2 0
202: 1 2 2 )
203: 1 2 2 0
204: 3 1 1 0
20S: 3 N 1 1 .0 5
208: 3 R 1 0-
.. . (93) INTERM Records SUPPRESSED . .
» . * -\'
301: 1 2 o 0
302: 1 2 0 0
303: 1 2 0. 0
' 304: ol 2 0 o’
305: R 2 0 0

-

. . —£984) EFFECT Records SUPPRESSED . L -
+—m - l \&\ g +

D R
Y.

Le
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“ .
{nto two parts: "part one” and "part two" (sinflar to data base

"relations"). "Part one" Trelates data about thé "CCK-connection.
summaries” (Table 4.2 on page 120). "Part-two” relates data about
the "CCN gate FanIN/FanOut® lists (Table 4.3 onm page 122).

Communication 'between these two "parts” - and/or any cross
rererencelf is carried out using a "common-key" the "GateID". -So
to obtain the GTF representation of a CCN (see Section 3.4.1) is
a simple task. It deals with references between these two
"parts”, while interpretation of the various data entries is
based on data stored in a' file called FILE CCNGDEF (Table 4.1 on

page 119). The following example illustrates these points:

’ c—

’

BXAMPLE: Suppose we want to obtain the GTF of gate 201 of the CCN

of Figure A.2 on page 180. We proceed as follows:

1. Go to entry 201 ("GateID" = 201, see Table 4.2 on page 120)

and get the (GéteType, FanIn, Status). Check the status: If

status = 0, then this gate is connected properly in the

,CCH. 1f status » 0 (e.g., 1 or 2), then warning messageé

No.31 or Xo.32 are issued Iolloye& by the prompt No.l (see

Appendix B). Then prompt to speciry‘a connection (e.g.., see

Appendix A, Section A.3.4). )

2. -Go to Table 4.3 on page 122, and read the "FanIn-List"
lcorresponding to "GateID" = 201, which is the string:
103104108. . } |

3. Use the "GateType", which is 2, and the direct access the

| file PILE CCNGDEF, shown in Table 4.1 on page 119), to find

ocut that - gate 201 13 an OR gate. It is represented by the

("+* ) operator.
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4. Use this operator. Distributed over the 103104108 delimited
by parentheses to produce the GTF of gate 201. It finally
becomes: 201 - { 103 + 104 + 108 ).

Similarly, the remaining GTT representations are shown in Pigure

4.3 on page 129. Note that, FILE CCNGDEF is an independent input

file used by various DINSERT subsystens.
- ~

-

Table 4.3: "CCN Gate FanIn/FahOut" of the CCN Internal
) Representation.

The data in this table are basad on the TPR whose CCN is
shown in Figure A.2 on page 180.

FanIn-Lisgt ‘ FanOut-List
e et - '

101: 301302

102: , o " - 204302

103: | ¥ork-area to store 201

104: | cause constraints. _ 201

105: | For now, this area 203

106: 15 empty (Blanked). _ 202205

107: _ 203

108: 201

. . . (91) CAUSE Records SUPPRESSED .

201: 103104108 305202
202: 106201 303304 .
203: 105107 303206
204: 102 301
205: 1086 ) 305
206: 203 304 .
- . . (93) INTERM Records SUPPRESSED .
+- —_— - e e
“301: 101204 . —
302: 101102 York-area to store
303: 202203 a effect constraints.
304: 2P2208 : Por now, this aresa
305: 201205 18 empty (Blanked).

. . . (94) BPFFECT Records SUPPRESSED . . .
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While GTF's provide the data interface between CCNEDIT an
CCFGEN, a copy ofi all three data structﬁres ("part one"
"part two", and GTF rqpreéentations) is regiétered in the 1logs
(LOGS LISTING). Table 4.2 on page 120 and Table 4.3 on page 12

illustrate the two-rqlatiohs of the CCN data. Again, these data

are based on the TRP. ' -

43 Detailed Design Considerations
In this section, we discuss some. of the DINSERT design
considerations. Ve focus on the design features of the user

. interface, logging and the sfstem interface.

431 User Interface Design Features
DINSERT offers a user-friendly menu-driven interface that help.
the. user to develop test reguirements in an interactive

environment. This design has two parts. The top.- part and the

bottom part: ) '
1. Top part: A screen-panel starting at the top of the screen

that contains two kinds of information:

a. . Static: Global information about DINSERT; minimum and
.ﬁa;lmum Tange values, global summary statistics, etc.
Alsoc -‘idéﬁtirication ~of the currént subeStem

executlon.

b. Dynamie: Displays the valid ranges of data, local

suﬁmary statistics and, in gemeral, any field in the
banel containing data.
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4

2. Bottom part: A menu immediately following the top part 'is -

displayed in a horizontal line. The user selects ome of the
pre-defined entriqé. Menu brompts are related to data
entry, explanations, help, scréen management, subsystem

control flow, etec.

An example of +thig type of Screen-panel/menu user interface

design is shown in Appendix A (e.g., browse through Sections A.3,
A.4, etc.). Again, the data shown in these sections correspond to

TRP.

4.3.11 DINSERT Menu Command Responses

A lisb of DINSERT menu command responses are shown in Table 4.4 . |
.on page 125. The same Table also enumerates the ' Tesponses
(referenced by a numbef rroﬁ No.1l +to 'No.64) that could be
génerated when a command is executed through the environment of
the corresponding subsystem. )
Furthgrmore. this Table lists the menu command responses for
each DINSERT subsystem‘(?iguie 4.1 on page 116). The texts to
menu command responses are given in Appendix B. VWe divide th'
responses intolgzg categories: (1) Prompts to the user from the
DINSERT subsystems to enter data; and (2) those sent from DINSERT
t; the user that are’ éla.é.sified as warning, axiom explanation
message, error énd gate'oonnection stﬁtementp. The DINSERT menu

command responses follow a simple syntax. This syntax 1s composedb
of two parts: the response kead immediately followed by “the

roesponse text. A legend for the various response heads appears at

the bottom of Table 4.4 on page 124.
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Table 4.4: Responses to Menu Commands Organized by DINSERT
* Subsystem. :

Theré are Irive kinds of responses: Prompts, warnings,
messages, gate connectors, and Errors. Note: this table
should be read in conjunction with Appendix B.

Subsystem: Responses with respect to the subsystem:

CCNEDIT -- 1, 2, 3, 4, 5, 6, 7, 8, 9,10,11,12,13,
16,17,18,19,20,26,27,28.29,30,31 .32, 33
34,35,36,37,38,39,40,41,42, 43,44 . 45 .46

47,48,49,51
'CCFGEN  -- i,16,17,18,52,53,54,55,56,57,58,
CCFSENS -- i?1,14,16.17,18,19,20.21.26,27.28.29.30,
: ‘ . 59,60,61,62,63,64
TCGEN -— 1,15,16.17L18.22,23,24,25

TSINCRE -- 1,16,17,18

L

Legend to response heads:

e — e T — e — T — +
| Prompt | Warning | Axiom MS@ | Error [Gate Connl|

TxE,

- )

33HSG¥ x

—_—)

————————————————————————————————— +- ———

. . - &
In Appendix B, a generalized list of the DINSERT "responses 1is

‘given. There (nnn) stands for the three digit gate identification
number and (AAA) for the gate type {AND,OR,NOT} (defined in Table
3.1 on page 67). Also (ﬁn) stands for a two-digit number used as
a counfqi _etc. In some responses, ﬁowever. actual data were

entered on purpose to emphasiie the semantics- as well as to help

to explain the origin of the response (e.g., XNo.34, §o.34, No.35
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etc ) On the other hand, constant values denote the current
capab:l.lity or the prototype (e.g.. FanIn a.nd. Pa.nOut are pre-set
" t0 a bound of 10 to {AND, OR} gates maximum size of the CCN areas

are get’ to 99, etc.) o

43, 1.2 Reportmg and Display Features

The user interface i1s further enhanced with a user. der.tned macro.

_The execution of this macro causes the screen of your terminal to
'be cleared between interactions. We made this macro to be a
TXTLIB D&CTo. It :!.s cé.lled. CLRSCN TXITLIB. called. CLRSCN TXTLIBc
The Bource (IBM 360/ 370 ASSEMBLY 1a.ngua.ge) that <this CLRSCN
TXTI.IB has been created from is ghown in Table 4.1 on page. 119
.In this way DINSERT can interrace \Wwlth the 360/370 0perating
Systen. Both input and output files are defined in the OPEN
gubroutine of . “the . GCNEDIT module (e.g."
‘Subroutine OPEN: CCNEDIT / B$UTIL / OPEN, Table 4.7 on page 132).

Document the Test Suite:

"All tést requirements are placed in a test suite in the .ord.er
genérated. The order 1s not essential and is user épgcified. The
test suite resembles a high level organization to a.lldw the user
at a glance to locate a test requirement with detailed

information of its origin. The major features of our test suite

LS

- are:

1. Test guite header: (1) Contains a 25 character field for
the test suite identirication; (2) three fields to

summarize the number of cac=es, Iintermediste-causes and



Page 127

erfects involved in  the CcCN;” -and  (3) oauses/effects
headings to aid cross rererences between test requirements

values (e.g., {0,1,U0D assigned to corresponding oauses and

-

erffects.

Test suite body: Is the area where the test requirements

\‘\

are incrementally stored. To improve in leglbility, ¢

test requiremente of deferent erfects are separated by a’
"doubled" 1line (e.g., "==m===="). In turn, +the test
requiremsents due ro the same effect are separated by =a.

“Bingle" line (e -g ., m e ——— " ) .
' 7

Every' test requirements occupies two lines of the testr.
suite =space. Each of +these 1lines states different
information of the test requirement being reported:

a.  The first line is divided into four areas: (1) the
global test requirements counter; (2) the local test

' requirement counter, followed by the constant number/
of test reguirements of this effect; (3) cause tost
requirements string; and (4) effect test - requirement
string. The last tso are using values form {0,1,07)}.

b. The second. line i also divided into four areas:
(1) identification of the CCF senaitization applied.
Stuck-at-0 and stuck-at-1 are abbre}i&ted by sa0 and
sal, respectively; (2) tne‘ running affact;
(3) ;brcing-conditiens (causes); “and (3) -the target-
effect. The last two are flagged with an asterisk
(nxn).
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3. Tost suite leogend: Is a quick reminder of what the wvarious

values of éthe test requirements mean. . The left part .~

explaing the values assigned to aauses; The right part
explhins the values assigned to the effects, This legend it
follows the test suite body.

For an i1llustration, see the test suite 1in Appendix A (Section

A.8), where the test sulte of the TRP is presented; Note that

this 18 a direct copy of the TSUITE LISTING (generated by the

TSIRCRE subsystem of DINSERT).

432 Loggmg Features
Ag the name 1mplies. the Logs system 1s a system within DINSERT
that runs "parallel" +to the major subsystem activities and

records their activities. The memory lcocations containing DINSERT

data are then stored into a logs file (called LOGS LISTING) This

is useful because logs provide quick anda easy references to the
subsystem interface data—exchange during the test requirement
generation. Since logs are occasionally seen by the user, their
pfoper representation and rormatting is worthwhlile. In the next
sections, we present the logs of individual DINSERT modules
(CCNEDIT, CCFGEN and CCSENS: see Figure 4.1 on page 116) dumped
in LOGS LISTING.

4321 Logs Generated by the CCNEDIT module
The CCNEDIT module (Figure 4.1 on page 116 and/or in Table 4.7 on
rage 132) gives rise to data about the GIF representation of the

-



Page 120

201 C 103 + 104 + 108 )"

202 = 108 . 201

203 = 105 . 107

204 -~ 102'

205 = 106°

206 = 203" |

301 - 101 . 204 ;

302 = 101 . 102
303 = 202 . 203 ]

304 = 202 . 206 . .
305 = 201 . 205

Figure 4.3: Logs Generated by the CCNEDIT Module. These
logs represent the GIF’'s of the CCN shown in
Figure A.2 on page 180.

gates Iin CCN. These logs. aTe useful becausq they provide a
compact representation (gate types and their ranin/fanout’
relationsghlps) of the CCN. And this allows ﬁs to check if the CCN
have been edited correctly (see Section A.3). On the other hand,
this kind of logs 'contains all the information we. need to
construct ("graph") a CCN (e.g., Pigure A.2 on page 180) Fiéure
4.3, illustrates this kind of logs, based on the TRP. |

4.3.2.2 Logs Generated by the CCFGEN Module

The subsystem.CCFGEN (Figure 4.1 on page 118 and/or in Table 4.7
on page 132) takes as input the GTF's of the CCN under
investigation and Produces as output the CCF canonical Ibzms
(PoS's and SoP's). An illustration of this kind of log appears in
Appendlx A (Section A.6.1).
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4323 Logs Generated by the CCFSENS Module

TheLCC?SENS subsysten (Figure(@fl on page 116 and/or in Table 4.7
on page 132) takes the Po.s\; canonical forms and ' génera.tes as
output the stuck-at-0 oaqpaot.;;;;\zzpra:y log and the stuck-at-o_
compact test l1ibrary log. These logs record their.gorresponding‘
compact test libraries. And they contﬁin ternary values {O,I,U}
that merve aé "bases" for cross-rererques of %he causes belng
~combined in the PoS canoﬁical form for this e:réct. These logs

are ag follows:

Stuck-at-0 compact test library log: This log is presented in a

matrix form. It prdvides a cross reference between the associated

Table 4.5: Stuck-at-0 Compact TeségLibrafy Logs for TRP.

L. 5ot 302 303 304 305 ) P
| =t
- 101 1 1 U U v 101
' 102 0o 1 U © g 102
103 | v v 1 1 1 103
104 T 9" 1 1 1 | 104
105 U U 1 o0 U 105
w6 U- T 1 1 o 106
107 “—U T 1 o .U 107
108 T U0 1 11 108

+- - +
301 302. :503_7 304 305

Rww
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causes (values: {O 1 U}) with respect to the PoS canonical fDIMS(\

80 that the corresponding effect becomes "present”.

For example if a cause appears in the complemented form, the
value {0} is assigned If 1t is. in the uncomplemented form then
(1} is assigned And if neither of ‘the above (i.e.
not participate in thig PoS) then {U} is assigned. Hote that the
stuck-at-0 compact te libraqy, is referenced only while At
applies to stuck-at-0 sensitization (i.e., with respect to cause
product-terms, Section 3.4.2). Table 4.5 on  page 130,

1llustrates the stuck-at-0 compact test library log for the TRP.

Stuck-a8t-1 compact test 1ibrary 1og: This is an inverted verslon

Table 4.6: Stuck-at-1 Compact Test Library Logs for TRP.
301 302 303 304 305 |
e e e e e e +
101" 0 0 U T U 101"
102" |- 1 ) U U U 102"
103" U..U_ 0 0 o0 103"
/ 104’ U U 0 0 0 104'.
105’ U U 0 1 U- 105"
106’ U U 0 0 1 108"
107" U U 0 1 U 107"
108" U U 0 ) 0 - 108°
e T
301 302 303 304 305

cause does

™~
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(e.g.. 0 <~ ;’éﬁd 1 ¢<— 0) of the stuck-at-O compact test l1ibrary
log (Tablgzg.s orn page 130) with respect to (0,1} values. U's
remain the same. Note that the stuck-at-1 compact test library is
referenced only when it applies to stuck—atfl sensitization
(e.g., sensitization with respect to cause sum-terms, Section
3.4.1). The followilng Tablé 4.é on_page 1311 illustrates the

stuak—a%-l aompaqt test 1ibrary log for the TRP.
o . o |

433 System Interface Design Features

W¥e now listvthe CMS-files for each subsystem (Figuré 4.1 on page
116) as well as the subprograms (all are subroutines) that beldng
in each such CMS-file. These are shown in Table 4.7.

DINSERT has been developed in the University's research AMDAHL
470/V8 . mainframe, under CMS éVM/SP Release 4), ' using the
VS/FORTRAN compiler (Level 1.4.1 - May 1985) on the VM/370

environment.‘This_mainrrame'orrers a very attractive software

development environmeﬁt mainly due to its resource avallabllity,
speed and software development ‘fools such as the VS/FbRTRAN_
Interactive Debugger (Release 2.0). This debugger provides both
statlc analysis and -dynamic tracing capabilities. Note that
VS/FORTRAN is the IBXM version of ANSI FORTRAN-77. '
FORTRAN-77 is a 'm.gh—.levei structured programming language. It
is widely usq@ and supported by almost any computer including
nini and micro systems. Portability issues for our éYstem have
forced ﬁs Ed use only standard FORTRAN-77 programming features.
Therero;e.‘portiﬁg the softwa:é to another system would involve

‘the following activities: (1) the transfer of source~-files to
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: ~
Table 4.7: DINSERT\S\gurce File Hierarchical Structure.

Subéystem:' CMS-files: Subroutine names:

CCNEDIT / ASMAIN / CK, THESIS (main program)
= [
BSUTIL / OPEN, CLOSE, CLEAR, MSGQ, T
. . ERROR, SCREEN, CHRINT, I3TA3,
A3TI3, ' LOGIN, LOGOUT /.
~
- C$INIT / SETINS, GETCIE, STACIE, CNDUMP |
' D$ALLOC / LGATRS, LOGIE

ESCONN / CONNEC, CHKFDB, CHXKFAN, TRANCI,
GETREC, DECOMP '

' CCFGEN / F$POS / POSEXP, INVOLU, MORGAN, IDEMPO,
PRTEIT

Gssor / SOPEXP, RSPASS, ITECLR, LSTIRS

CCFSENS /- H$SENS / ©PTESEN, RUNCEG, SENPNL, SENTST,
) SENEFF, TSDRIV, SOPPNL, SOPDES,

- POSSRT, POSLNG, SOPLNG, TSDMTX,
GETTSD

TSINCRE / 1ISTS / GETSID, TSHELP, TSIPNL, TSDEMO,
PILTER, DRIVER, TSSAVE, TSDES,
PRTTS . : )

TCGEN - /  J$TC / TSCAU, TSEFF, SUBVAL

-

another system (rilé—mqs aTe listed din Table 4.7); and
(2) recompilation in +the new environment (including sysfem
libraries etc.). In our University 8 environment, KERMITI may be
used for the transfer of riles between various ma.chinea Via
network (NETNORTH) files can also ‘be transferred to - another
computer system. . . D

1 RERMIT 18 a file transfer protocol now availadle -in wvarious

machines includ.:l.ng Apple, IBM-PC, Dy/4, v, VAX, and the
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Basically, each subsystenm 18_‘brokén',do;n to ‘a numberxldf"
subtasks implemented by a subroutine. The pubsysteh interface and
subroutine param@ter“ passing is done by the labelled GOMMON.
COMMOX blocks have permitted data sharing among t;e program units
selectively. And parameters permitted communication of dirferent-
data objlects to program units on differen 1nvocation of these
units. Scoping Tules (e.g.. global scope) of the COMMON«block and
1n1t1alization 0of wvariables in the block—data are desirable
reatures that add to mafntenability and modularity.

The flexibility 1n-?ORTRAH to develop modules and subsystenms,
to compile and load them in libraries, and tO'havé thglloader
automatiéally-retrieve 1library units and liﬁk them into object-

code of a system, 1s a powerful abstraction mechanism ussed

eftensively in the development of DINSERT. But the 1ndqpendent 
ooépilation of PORTRAX has tgo major weakness: (1) 4% r&ils-to
check alignment of wvariables in COKHOH.blocgg; and (2) it”fails
to check agreoment between the number apd types of ﬁarghéters in

subroutine calls.

4.4 Assessment of DINSERT Profotvpe

DIHSBRT is &a user- rriendly menu—driven interactive prototype

systen 1mplementing our Iincremental = sensitized test design
methodology described in Chapter III.

In Sectiong 4.4.1 and 4.4.2. we asgess DINSERT from the user's
and sfﬁten'a points of view. Then we ~discuss some of 'its.

limitations and give recommendations for. future enhancements.
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441 Assessment from the User's Point of View

Much 'has been written about the CEG approach [Elme 93,74,75,

Myer 79], viewed as a formal 1aﬁguage into which a natural
language specification is translated. Eovever; the Qpalysis of
this graph, yielding a. hiararchy of limited entry *"Decision
Tables" [Myer 79] or the "Test Library Design" [Elme 73], is a
manual process. It is dirricult and complicated to manage and
construct. Both approaches, CEG and ENF (evaluated in Chapter V),
are largely heuristic and not sultable ror computerization. On
the other hand no automated tools based on elther approach, as
far as we know, have been reported in the literature.

In addition to itslunique Tepresentation of specifications in

canonical forms and the construction of a high-level test suilte,

 DINSERT haékmany attractive featurea. As far as we know our

prototyﬁg system is the first computerized tool of its kind
automating the test regquirement genmeration in a userfrriendly'and
attractivé. iferative environment. To get an appreciation of
DINSERT and its usefulness one should try it or go through the

typical sessior provided in Appendix A (see Sections A.3, A.4 and

_A.5).

442 Assessment from the System's Point of View

To{ Tun DINSERT, only elementary CMS knowledge 1is rgquired.
Specifically, to be familiiF with the Iogoz and logoff procedure
and the use of the "print; and "1istfile" commands (to obtain a

”

hard-copy and to query CMS-files).

A
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To run DINSERT: logon to CﬁS. type DINSERT then preaé RETURN.
However, before  running  DINSERT (execution of  the
fnmsznﬂ:?a_x{ie). the user should make sure that the DINSERT file
environment is set properly (e.g., DINSERT module @nd other
support-files reside on tﬂi:e CHS A-disk). "I'h:l.é -environment 1is
'Shown in Figure 4.2 on page 118.  Note that the address—space .ot
the DINSERT module includes: (1) DINSERT object-code; (2) the
necessary (CNS libraries (VINEMLIB and VFORTLIB) and VS/FORTRAN
. 1/0 utilities; and (3) a user-defined macro CLRSCN TXTLIB

(defined in Table 4.1 on page 119).
With regard to modularity, DINSERT is a FORTRAN-77 application.
} program with several program units: (1) main-program; (2; 58
| :sﬁbroutines (enumerated in Table 4.7 on pagei 133); and
(3) block-data of 37 labelled COMMON blocks. The above program
resemples about 86 Xbytes; ranging rrcﬁn 0.2 kbytes to maximum

S Ehytes per progranm unit.

The implqmegtation of DINSERT requires extensive use of
oper;tions _on character strings. These operatioﬁé are mostly
character comparison, extraction and concatenation. The basic
unita of suchk string manipulation are CHARACTER*1. and
CEARACTER'S Since DINSERT is meant to be an interactive systen,
we have sacrificed static storage allocation (FORTRAN) to gain in
speed. This ‘means that the string ‘manipulation and data

'proceasihg have been carried out "in-core” (alternatively, "in-

digk® would be much slower due to disk I/O's and -other-

2 The collection of programs and data that are accessed in a
process forms an address space (i.e, standard operating system
components, user-specific tasks, etc.).
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overheads).

o w—

Furthermore, some program behavior considerations such as
structured programing, modularity and careful organization of
subroutines in "logical" subsystems (Table 4.7 on page 133) have
improved the locality of memory references. So by keeping the
"memory-page-swapping” to a minimum, we have improved DINSERT

performance (data/string manipulation andﬂuser-interdction).

443 Quality of Documentation

For the subroutine organization, structufg?DProgramming Btjle.
documentation. etc., 1t is best to'browse through the DINSERT
liséings. With regard to documentationﬁor a subroutine, we found
that, 10 to 15 1lines of comments explaining +the subroutine

.38

interface (forming the "subroutine headings"), would greatly help
one to undefstand the subroutife. ' '

This concept of décumentation is 111ust§ated in Pigure 4.4-

showing the “headings”wog an grbitiary subroutine of our system
(e.g., Subroutine DRIVER: TSINCRE / I$TS / DRIVBR). Similarly,
all the subroutines are equipped with this type of documentation.
In addition, inrormative.comments are scattered throughoutjthe
-body of a subroutine to explain the -logic, subroutipe—call

conventions, formatting, etc. .
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llbllllltltllllltt’t_t_tll-tltt
. .
* « DPurpose: Monitors the test requirement generation
* and puts them in Buffer. Displays (TSDES)
* Buffer, three tests per screen. Vallidates
* user's response as to add (TSSAVE) tests
* in test suite, etc.
x ' K
* o Peatures: Involves user-interaction and Disk 1/0's.
' .
* o Ligt of Subprogram I/F:
*
*  CALLed by 1ist:  home: CALLing 1ist:
x .
* TSDEMO - —> DRIVER -»> TSIPNL, TSDES, TSSAVE,
* " TSHELP
* -
* o List of parameter passing: (i: input; o: output)
L .
. i i . i i - i
* {TSLOW, TSHIGE, SENSE, IDEV, SPALTE, CAU(100,20),
* i i i i
* * EFP(100,10), SAO1, CAUDUE(100,20), EPFDUE(100,10)}
b .
tttlltttilltttttlt!tttlttlttt -
SUBROUTINE DRIVER -
<interface; declafations; body; formats»
RETURN
END
Figure 4.4: A Typical Subroutine JHeadings" Documentation.

44.4 Tool Limitations and Recommendations for

.~ Enhancements
DINSERT is a direct implementation of ou¥ methodology. Whille the
evaluation of the methodology is discussed in Chapter V, in this
section we will discuss some of the implementation issues and

memory management considerations.

<o
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In >_our prototype, the CCN size has been bre-set to allow
-specification of 99 causes, 99 lntermediate causes and 99 effscts
(illustréted in Appendix A, Section A.3.2). The fanin and fanout
of {AND,OR} ggtes‘ia set to 10. The array size for the PoS
canonical form has 72 locations to allow a maximum of ¢ Iines of
18 CHARACfER*S units each, on every PoS reporting-instance® of
the PoS canonical form. Similarly, the array holding an SoP
canonical form has 500 locations of CHARACTER*3 each (note that
this array "explodes" much faster due to sum-term
multiplications). For example, in the TRP (Section'A.6.1) due to
effect 304, the 508(3049 becomes 23% full (e.g., occupying 17 out
of 72 locations allocated); while the SoP(304) becomes only 8%
o1l (efg.. occupying 41 out of the 500 loocations allocated).
However, i1f any of the above array sizes are exceeded, nessage
No.59 or No.62 (Appéndix B) is displayed and execution continues
with the next effect (e.g., effect 305).

The "test-suite-window" is tailored to it in one screen,
allowing a maximum display ("window") of 3 test requirements per
screen. It is equipped with "vertical screen mapagement" .(e.g.,
f=fwd) to scroll vertically in order to display the next 3
test requirements, if any. When the last test requirement has
been viewed (through the current "window") the next ‘"window"
displays test requirements starting from the top of the ~their

1listing. ' However; only the first 20 causes (e.g., 101 to 120)

S Is a "Pos intermediste form". For example, in Flgure 3.8 on
page 91 (Section 3.4.1.1) we have four FoS reporting-instances:

one per Level until the last level is reaching (e.g., Lz). Note

that in this example, the sizes of the PoS reporting-instances
are 1 line long each. : )
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-

and the first 10 effects (p.g., 301 to 310) are displayed: a
display ratio ;f é to 1. To be able to view beyond that, we need
to enhance the test suite menu (see Appendix B, No.15) with two
more entries: i.e., Sc=Scroll-causes to monitor the display of
the next 20 causes (e.g., 121 to 140); while another entry i.e.,
Se~Soroll-effects would enable us to monitor the display of the
next 10 effecta (e.g., 311 to 320). For more display flexibility,
So and Se should work ind;;endently ]

Link{ng “DINSERT to a graphics system .would aesthgtically
enhance the user-interface, making the system more appealing and
attractive. At the same timen it would provide a useful "record
keeping" by generating a hard-copy of the target CCN based on
data already available from the CCNEDIT module (e.g., GITF
Tepresentations, Filgure 4.3 oh page 129). |

In generﬁl,.any enhancement of the methodology (Chapter III)
could easily be implemented in DINSERT because of its modularity,
structure, quality of documentation and because of our design

approach. , ' E



- Chapter V
EVALUATION OF THE METHODOLOGY

It is difficult to develop a metric to evaluate our appioach, iIn
Tthis chapter we will give an evaluation based on comparlsons with
other useful black-box testing approaches.

We will uée the Text Reformatter Problem (abbreviated TRP)
taken from Goodenough and Gerhart's bPaper as a benchmaik for
purposes orlcomparison [GoGe 75]. This i1s é common practice in
the testing literature [Howd 80, AdGr 83, ﬁ§13j83. PrUf 84,
.frob 851]. | We design tests for thils problenm by using three
different black-box testing techniques: (1) runningr our test
design tool, DINSERT, with detailed results appearing in the
tutorial sesslon presented in Appendix A; (2) applying Myers'
Cause-Effect Graphing heuristicé (abbreviated CEQ), presented in
Section 5.2; and (3) applying Walsh's Equivalent Normal Form
(abbreviated ENF), presented in Section 5.3.

—

51 Application of DINSERT to Benchmark Problem

our benchmark problém is desciibed 1n.Séctions A.1 and A.2. The
original problem, however,‘ has been modified slightlyv (e.g.,
MAXPOS is fixed, rather than input) 80 that ,shorf test
requirements can be developed and, thus, be more appropriate for

comparison with the other approaches (CEG and ENF). Part of the

- 141 -
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problem. wag also discussed eerlier in Section 3.2.1, to
111ustrate the varlous aspects of our methodology, vhile we have
devoted Section 4.4 to the aeeeaement of the tool.

The discussion here 13 besed on Appendix A." The good features
of our methodology and therefore its implementing prototype
become - qulckly evident of a walkthrough in . Appendix A. Ite
clarity and attraotivenees t0 use are summarized by the following
points: R
. The user interface is syntax-directed, guides construction;

. The user interface is graphical; ‘

. Local tiewe of subnets are presented immediately;

. User input.automatically validated immediately;

e EKeystrokes are minimized;: -

. Canonical forms ere generated automatically;

. The user can double-check the CUN rroﬁ canonlcal forms;

e Test requi;emente generated autohatically:

. Both presence and absence of effects are tested for;

. Redundaqt test requirements automatically removed;

= -Explanation facility to reassure user:

. All commands menu-driven, require simple Tesponse only;

. Target errect Presence testing is single-efrect—at—a-time;

e Target effect absence testing is single-effect-at—a-time:

. The test sulte organization is uniqﬁe. local and global test
requirements counters, rorcing-cOndition‘ (oauses). target-

efrect} comments;
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. Exiting DINSERT provides the user with automatic save/print
of the test requirements. " e « .

The test suite (presented in - Section (A.e)' shows 14 test

requirements for the ﬁresence of a single effect followed by 8

non-redundant test regquirements for the’ absence of a single

effect. Thus, the total of 22 test rééﬁirements'compose & nore

comprehensive set of tests for benchmark than in the literature

(Section 5.2.2, Table 5.1 on page 152; and Section 5.3.2, Table
5.2 on page 156).
The obvious partition of the 5 eYfects into two independent
canonical forms (e.g., {GE'Qb})' namely, 68(101,102) - (301, 302)
.,and Gb(103,104,105,106,107.108) - 7(303,304,305) are realized,
respectively, by the two CCN independent subnetworks shown in
Figure A.2'on pdge 180.

52 Comparison with CEG Heuristic

CEQ was described in Sections 1.1.3. 2 and 2.2.1. Elmendorf

originally Proposed it 1n 1973 [Elme ?3]1. Since then, - both
[Elme 74,75] and [Myer 76,79, Pres 82, AdGr 83, Wals 83, Prob 85]
have furher investigatgd the approach. CEG is a useful technique
for gulding the systematic selection of a high-yield set of test
cases. ) -

| In addition, 4insight 1s gained by converting thé systen
specification into the boolean 'graph. In the process
incomp}eteness, ' ambiguities, and inconsigtencies .1n the

Bpecification may be discovered. Examples of errors of
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incompleteness are: (1) a cause or combination of causes with no
éorreaponding errect; or (2) encountering an ‘effect with no
corresponding cause [Myer 76]. "Also, it 1is likely in any graph
Jcertain combinations of causes and effects are 1mpo§sible becﬁuse
of syntactical or environmental constraints. éuch_ éonstraints
should be added to the graph to eliminaté‘the impossiblé'test
cases dlscussed in Section 2.2.1.2. Thus, Myers' CEG technique is
a useful testing techrique. |

521 General Comparison
Compared to our approach, CEG (based on Myera' heuristics)
contains some shortcomings. For example, Myers‘ heuristic is
directed towardas only those tests which cause an effect to be
present. In our approach both the "presence” and/or "absence" of
an effect aie each investigated separately with ~the stuck-at-0
and stuck-at-1 semsitization procedure iespectively Another
shortcoming of the CEG is that the graph construction is time
consuming activity and cannot be entirely automated.

The greatest difficulty, however.i in applying the CEG
heuristic is the coéplex way in which it is described. .Myers'
CEG test design was discussed in-Section 2.2.1 [Myer 79]. This

pProcedure 1s based on three recursive principles (Myers"'

conslderations) illustrated in Pigure 2.12 on page 55. Myers'
specification of the procedure for genefating test requiréments
is ambiguous [ager 83]. Also, as the problem specification
becomes more complex, the size of the graph increases and ability

to -work with it decreases quickly. In this case, when a large
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number of potential test Tequlrements are generated, - Myers

suggests wusing ranking for each test requirement: based on

estimates of its detection vield [Myer ¥8]. Ed&ever“, no

suggestion 18 given as to how to carry out such a ranking scheme.
In the following sections’, we give a specific comparieson to
our approach (e.g., rTunning DINSERT) based on simple CEG

subgraphsl namely an f{OR}» gate, and {AND} gate, and the more

complex series orgﬁafes in Pilgure 5.1 on page 15i taken from -

Hyers"example [Myer 79, pp.68].
‘ L .
9211 CEG OR-Consideration
Conslder a 3 input {OR} gate of a CEG sub-section e.g.,

X = (a+b+c). Running DINSERT we obtain:

PoS ( 301 ) =~ 204

( 201 + 202 + 203 )

( 101 + 102 + 103 )

SoP ( 301 ) 101 +

102 +

103
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The generéted tesy_;gguirements"in the following test suite are:

B - —_——
| TestSuiteID: <MYERS' 3-INPUT {0R}—GATE.> of ( 3:Cau, 4:ICau, 1:Eff)]
———t — ————— e +
TR+ curTR| - + 'C A T S.E §. . | - - BFFECTS |
- / e S B et e B Bt e e e e S N MU S SO S S IO Y £
CCP|totTR(1(1]2||afafa|2|2]a|2|a|2|a|2]2]2ir][1]|1]3]|3]|3(3]|3]|3[3 3|3|3
sen| - |0O|ojofojo|ofojo|of2|lfriz|1{2]|1|2}1|2|2]0]|0|l0|0l0O]|OlOlOlO]1
TYPIEILID|1]|2|3}4|5|6|7|8|9|0|1]|2|3|«|5|6l7|8|9|ol1]|2|3|al5|6|7islglo
e e e, i B e e e e L e LSt SISV M- - S S S
1] 1/ 3|1 00 11
s8aQ| 301 |* N *
+———t + - —— — - - —_— + e —————— +
2| 2/ 3|1010 1
sa0| 301 * 2 ‘ ) * :
R e} - /” - ————————eee et —— +
3| 8/ 3|00 1_..- 1
sa0|- 301 * : I
+---+---‘--+--------------------------------H------+-------—------------‘-
4l 1771000 - : o
sal| 301 |* = = . e

+---+------I---—--—--------—-------------—----————---’------——--—----ut--—-}-

Note that three stuck-at-0 test requirements and one stuck-3t-1
test requirement are generated. Our approach generates the same
test requiremenéé“as' Walsh's interpretation of CEG (baséd on
Myers' consideration-one, égp _Figure '2.12 on page 55).. Both
exclude the test requirement whére all 3 inputs are 1, while both.

agree to include the situation where all 3 1nputs are 0 (e g

test requirement: No. 4) Eowever Myers' representation of the

4.

heu:;stié is not compatible (this is discussed in

Section 5.2.1.3).

Therefore, out of 2° possible cqmbinétions (based on a 3 input -

{OR} gate) our approach selects only 4 as high-yield test
Trequirements, namely {(1,0,0), (0,1,0), (0,0,1)," (0.0,0)}.‘ as
shown in the test suite above. ‘ 3 . |
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» 5212 CEG AND Consideration

o

Let us now continue with an {AND}

gate subgraph. Consider a
3.1npuﬁ {AND} gate of a CEG sub-section €.8., x = a.b.o0.
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Running
DINSERT we now obtaln:
PoS ( 301.) - 204 -
=201 . 202 . 203
- 101 . 102 . 103
~SoP ( 301 ) =.101 . 102 -."103 .
+ - - P T —.___._.___._._....____....____.':z'-_"m- _____ ) —_————
| TestSuitelD: (MYERS® 3-INPUT {AND}—GATE> of ( 3:Cau, 4:ICau, 1:Eff)|
+ + + —— e + e +
TR# | curTR| q:~A U S.E S EFFECTS |
- s et e SRR T T e s e st Dt ot T S S A S S I SN DO W
CCFitotTRIL{1|2]1[2|2|2|2]z]2l2|2lal1]1]2 1(111(1|3|3|3[3[3!l3|3]|313!|3
gen < |C|O0|ojo|O|o|ofofo|1|1|1|1|2|2l2]1|2]l1]|2]0 o|o|Oo|0of0]OjO(0O]|1
typ|BLfLfID|1|2(3|4(|5(|6l7(8|9|ol1l2]|3]|4 5(6|7|8|9]|0|1]|2(|3]|4 S|e|7|8[9]|0
Fmm—fm———— B Rt —+—+—+-+—+—+—+-+—+—+—+—+—+-+—-+-+—+‘—+—+~+-+—-|—-r-=°+-=+-+—+-_+
1] 17 1]1 1 1 ' : 1 , -
ga0| 301 oo ) <7 *
+---+-----.+-----------ﬂﬂ--------------l-------_-ﬁ--+-------------------+
2 17 310 1 1 <+ 0
sal| 301 Y -
Fommdm———— —_ - - o e +
31 2/ 3|1 0 1 - 0
sal| 301 * *
Fm——n Fm—————— - —_ "\\++ —————————————————— +
4 3/ 3|1 1' 0 : . 0
sal| 301 * * - z

- e o

And so- this generates one stuck-at-0 test ﬂequiremenp and three

stuck~at-1 test requirements

Again

both our apﬁroach and¥

Walsh 8 interpretation of CEG (based on ¥yers' heurisfics) agree

to exclude the situation where all 3 inputs are 0O, while totk-

agree to include the situation where all 3 inputs are 1 (e.g.,

test - requirement:

¥o.1l).

Again,

Myers' presentation clearly
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2. ‘ Consider the CEG generated test requ.irements (shown at the
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disagrees (this is discussed An Section 5.2.1.3). Therefore, out

} 3 ) ) .
of 2 _poss:!.ble combinations {®ased on a Qinput {OR} gate) our e

approach selects only 4 as high—yield test requirements namely

“((1,1,1)7 (0.1.1), (1.0,1), (1.1,0)} as shown in the test suite

’
above. .

* —_

5213 Combining the Considerations: Errors and
Inefficiencies in the CEG Heunstle

In th.il aection wve try to clarify the proper interpretation of

Myers'® teat design conaideratiq.na ,by considering the example

shown in Pigure 5.1 on page 151° taken from Myers' exa.-ﬁple

[¥yer 79, pp.681. - As shown in the figure, five  test

requirements are genera.ted ‘with  CEG ‘Hyer.‘g' heuristics

f
considerations Our detailed ﬁna.lysis shows:

-

1. The de finition of the CEG heuristic is ambiguous. In
J L : : . ' .
‘Particular, he presents two conflicting versions of the

S

heuristic for tracing back through an {AND} gate whose
oﬁtpu‘.: should bhe 0. ‘ . *

botto: of Pigure 5.1 on pa.ge 151):

a. Pirst, test requirement No.l would alsoc be Produced
‘: . by orror geassing; , ' ”
b. Secondly, test requirement XNo.2 1is _Bubsu:'ned by test

requirements ‘Ho.3 and FKo.4, because sétting both
causes 103 and, 104 to O can nmask out which ozme is.
&ct‘na.lly behaving &a if it was stuck_-at—l Therero:ce.
out or these f:!.ve CBGC test requirenents ¥6.1 a.n&
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' %
No 2 ogn easlly be removed from 'this set, eince they
4 » \ .
* " are inappropriate and low-yleld.
2 .
c. All these test requirements relate only to input

conditions (causes) that cause the output state

(efrect) to be 0. »
- o

Our approach generates & more targeted s8et of effectlve test

requirements than Myers'. The test euite (running DINSER%) shown
next

displays a t0231 or rive ngh—yield test requirements.*

Three or these (e.g.. test requirement: No.l, No.2, and No.3) are
based on’stuck-at-1 sansitiéation and cor#espond to No.5, XNo.3,”
and No.4 Sf Myers' CEG test requiremeﬁ?g (Bhewn at ehe bottom of

L o
-Flgure 5.1 on page 151), Tespectively. The canonical forme
running DIRSERT are:

PoS ( 301 ) = 207

- 205 . 206 | . //

(201 +202) .203 . 204 - .

-

( 107 + 102 ) . 103 . 104

}

103 . 104 . 101 + . i

e .
SoP (-.301 )

103 . 104,. 102

"
1
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The generated test requirements in the rollowing test suite are:

-_ —
]TeatSuiteID <nrnns TRACING CONSIDERAT> of ( 4:Cau, 7:ICsu, 1: BLr) |
== +—— —-—— +— - -t
TR# | curTR | C AT S E 8 | BFFECTS |
- / +—+—+—+-—+—+—+--'+-+—+—+—+—+—+-+-+—+—+—+—+—+—+-+—+—+—+—+—+—+—+—+
CCF|totTR(1|1|2r1|2faf1|af2|aja|2[a|2]|a|2]2|1|2|2]|3]|3|3|a]3|3]|3]|3]3|3
gsen; - |010|0(0jojOo(0lOfofL|2|2{2|2]2|1]|21]{1|[1|2]/0|0|0|O|O|0|0]O]|O]1
LYP|EIfID|1|2|3|4|5(6|7|8|9|0||2|3|4|5|6|7|8|9|0|1|2|3|2|5|6|7|8|2|0
P g — s S S R S S S —+-+—+—+--+--+-+-+-+—+—+—+-—+—+—+—+-—:—+—4~
1] 17 3|00 11 o -
sal| 301 |* = .
Fm——t———— F———— - - - ——— e P ——— +
2| 27 3[1 001 0 .
sal| 301 * .
==t + —_————————————— —————— e ———— e ——— e +
3[ 3/ 3{1 010 0
sal| 301 *
+---+-----+----------------------------------------i--------------------+
4/ 1/ 21011 1
sa0| 301 * . .
= + - - ————————————— e +
.5l 2720111 1
sa0| 301 2 5 s *

Note that the first three test requirements Telate only to 1nput

conditions (causes)

that cause the output state (effect) to be

0. The remaining iwo test requirements are based on sStuck-at-0

sensgitization a.ndi

this example.

at-1 and stuck-at-0 sensitization,

requirements.

"complete”

Our five test requirements,

our set of test requirements for
"covering hoth stuck-

contalr more high-yield test

1
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d——— ——— ) "
BOF| ———— e~ AND | —=~—+
101|-—~  ---|201|--- AR I
+———+ +———t +—===[0OR |=——===+ ‘\Si
+—— =t +———=|205 |-
BUF | ———————— AND| ~2uest et
102|-—-  ~--|202|-- ——— b et
+o—— ==t === |AND| === —m e AND
SR st +-—=|207| == -Z_|302
BUF|———————— AND | ==—=x te—— +———t
108|-=-  -—-|203|-- P -
+o—— == +==—= | AND| ————+
+m——t +———t +-—-=—1206 -
BOF| === AND | =———+ +———
104|--- -I_|202{-—-
+———t ==
cauge ~>|c—————o Intermediate causes ----————- »[<- effect
Effect Causes Test Case
301 101 102 103 104 No.
0] o 0 0] 0 1
o 1 0] 0 o 2
o 1 0 0 1 ]
o] 1 0 1 0 4
9] 0 o] 1 1 5
Figure 5.1: A Sample CCN for the Illustration and/or
. Investigation of Myers' Tracing
Considerations. This graph (that 18 +the
intermediate area) 18 taken from Myers |
[Myer 79, pp.687-€8].
-~
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522 Comparison with CEG on Specific Benchmark

In this section, we compare the CEG approach (Section 2.2.1) ﬁiti;
our ‘approa.ch (Cha.pfer_ IITI) with respect to their effectiveness
for test rquiremenf goneration when a.pplied t0 the specific
béﬁchﬁark problem (TRP).

Table 5.1: Test Requirements for the TRP Based on the CEG

Approach.
Test C_'a.se Nunmber
1 2 3 4 5 6 7 8 910 11 12 13 14

-------+--------------------—------------ ----- L 3 1 |
- 101 1 1 - - - = = = - - - - - < -
c 102 0 1 - - - - - - - - - - - -
a 103 - -1 0 01 0 0 1 0 0 1 0 O
u 104 - - 01 0 02 0 01 0 0 1 O
8 105 - -"111 - - - 1.11 00 0
e 106 - -1 1 1-0 0 0 1 1 1 1 1 1
s lov - - 111 - - - 0 0 0 1 1 1

108 - 00 1 0 01 0 0 1 0 0 1
E . iy
f 301 1 0000 QOO O O0O0O0OUO O
f 302 0 10 0 0O 0O00OO 00 0 0 0 O
e 303 c 0:1 1 1 0 0 0 0 0 0 0 0 O
c 304 0O 00 0000 0 1 1 1 1°1 1
t 305 0 00 0 01 1 1 0 0 ,o 0O 0 0
8

-~

Applying the CEG a.ppréach" we obtain the teét requirements shown-
in Table 5.1. The rows represent the condition of each cause or,
effect, while the columns represent a particular test requirement
to be implemented. Zero ("0") represents the "absent" state a.nd.
one ("1") the "present" state, while a dash ("-")- indicates &

. "don't care” condition (1.e.. their states values are

-—
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~irrdlevant).'This decision table contains 14 test roquiraments.
all of which are covered by those generated by our approach based
'on stuck-at-0 sensitizaéion applied alone.

Our DINSERT test requirements are shown in a test suite
(Section A.8). Howevef. note that our test sulte is augmented
with an_additional set of 8 test éequiremdnts_baaed on stuck-at-1
sensitization (Sectlion 5.4.2). The total of 22 ‘DINSERT tost
requirements provides a "more dsmplete" set of test requirements.
This is because tests are designed to test. both "presencé” and
"absence" of errfects, and so én_‘additional insight into the

dependency of effects on causes is provided. .

5.3_ Comparison with quivalent Nornral Form

The other method we will compare to generate a Bset of test

requlrements is based on the Equivalent Normal Form (abbreviated
ENF) requirements [Arms 66, Koha 70, FrHe 71]. In section 2.1.2. .5
and 2.1. 3 1l we described -and illustrated the ENF approach The

approach we compare here_specirically rollows Walsh [¥als 83].

9.3.1 General Compa.rison

Recall that ENF is developed by.éxpressing the output of. each
gate as a function of inputs and at the sdme time preserving the
identity of each gate. In other words, the ENF or 8 logic
circuit is obtained by exercising (tracing) all paths from the‘
circuit output to every circult input while, recording the gates |

th;ough.whichﬂthe path passes. |

- ) -
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The major advantage  of ENF compared to the CEG approach is
. ] - '

that it is more algorithmic and so is simpler to implement. For

instance, given the graph geénerated with CEGQ, it is

.straightrorward to wrlte a program to implement the ENF algorithm

. and compute the tablee used to generate the teet requiremente

The ENF—tablee are similar to CEG decision tables. One is used to
record ENFP-related requiremente and & second one to record the
complement-ENF [Arms 66].

One dieadvantage of ENP oonpared to our approach is that_our'
algorinhm for" the test requirements is much faster than the
algorithm for brute-force path sensitization of ENF. In addition,
ENF ;er—;{arged vith an additional overhead of keeping track of
the Bet of pathe as \well as the +trial and error “scoring
procedure” [Arms 66j. Moreover, 1n order to obtain a minimal eet
of paths, it is generally’ necessary to check all paths. This has
beenu_shownl to be’ impractioal for even medium-size graphs
[FrMe 71, Even 79, Will '85]. '

Walen showed feasibility of using ENF for software testing

[Wals 83]. However, the method for generating teet requirements

.18 not well explained

-~

2. 3.2 Speoiflc Comparison on Benchmark
We now compare the ENF's erreotiveneea for test requirement
generation versus DINSERT's on the benchmark problem (TRP)

For ENF, we use the cause-effect graph shown in Figure A.é on

page 180. Example-EHF's following VWalsh's notatiom are:

'ENF(302) = (101 AND 102)303
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ENF(305) = (NOT.106 AND 201)g4s
= (NOT 106 AND (103 OR 104 OR 108)501)3gs T
= (NOT 106355 AND 103391_zps) OR

- - (NOT 106505 AND 104501_305) OR =
' (NOT 106305 AND 108207 _505) - |

Recall that each eharaéter (e.g., NOT 205z454) 18 called a ggég;

“and that terms connected by AND'&‘are}called'litorals. The next

step 1s to test each literal in each ENF for sgtuck-at-0. This is,

done by assigning 1's to all literals in the term containing it
and making all other terms of the gurrent equi&alent'nofmal'rorm'
equal to O. It is only-necessary to‘test ane iiteral ﬁer“term

(festing ¥re will result in-dupliéate tests). Applying these

procedures the following results are obtained:

For ENF(302) Literal-1

For ENF(305)

Literal-1 ' |
NOT 106305 = 1, 106355 = O
.19%201-305 = 1. 10%201-305 = 0. 108201305 = O
. ~ Literal-2
10695 = O
| 103201305 - O 104201-305 = 1, 103201-§057‘ 0
. | <
‘ - Literal-3
108545 = O

13P201-305 * O- 104201305 = O, 108201305 = 1
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Tk

Similar expressions can be developed for the remaining ENF's:

ENP(301), ENP(303), and ENF(304). These expressions contain

' aBsignments to causes that cause a sensitized path from cause to

efrfect, just as in our approach.

L

e
K2

S

~a

Iable 5.2: Test Requirements for the TRP Based on the ENF
' Approach.

Effects Causes - Test
‘ . . case
101 102 103 104 105 108 107 108" ‘number
T S W M S g = G S - W S D S S B - S S
301 | 1+ 0o - - - - - - | .1
________ -+ ——— — e e e e e s e e e
302 | 2 2 - - - - - _ | 2
—_—— -+ — -— — e ___+ ———————
303 - - 1 0 1 1 1 0 3
! - - 0 1 1 1 1 0 . 4
- - 0 0 1 17 1 1 5
________ e —— - - — —— e o —
304 .= - 1 0 0O 1 1 0 6
- - 1 0 1 1 c o0 7
- - 0 1 0 1 1 -0 8
- - o 2 1 1 0 0 9
- - o 0 .0 1 1 1 10
- - 0 o 1 1 0 1 11
- — —_ —— —_ -_ + —_—
305 | - - 1 - - 0. - - 12
- - - 1 - 0 - - 13
- - - = - 0 - 1 14

/p““-\

The test requirements developed bf using this method are shown in

Table 5.2. These are exactly the same test requirementslkeneratqg

using the CEG approach (shown in Table 5.1 on page 152, Section

5.2.2), as well as these by our DINSERT approach except, for some

notation differences (Appendix A, Sectlons A.6). Table 5.2 shows

‘& disadvantage of ENF reports, because only the target effect
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value is 1nd1cated Both CEG and our approach provide 1nrormation—
about the other effects per test requirement being generated. _
Again, note that 4in the above 14' test requirements, all are .
covered by those generated by our approach baeed on stuck-at—o
sensitization applied alone -

The - ENF algorithm, however, also reqegree that test
requirements be generated for stuck-at-1 fault (a false output is
expected) for all output conditions. However, this was not
requirsd this case, since Walsh tactfully chose outputs that
are mptually exclusive. Agaie, in DINSERT, we choose to gonerate
these itlonal tegt requiremente'since they provide insight
into the dependency‘or errects'oﬁ_causes (B'test-requirements,

viewed in our test suite in Section A.6).

54 General Observatlons on Black—Box Test Deslgg
Approaches

The final but most dirricult step in the testing Process is to
convert the test Tequirements into actual teet cases.. Thig task,
still. manual, is .carried out in a trial-and-error manner and
demands the tester's experience and ingenuity. |

"Deriving test requirements is not the moet Important part of‘
test design, but 18 very important for guiding the testing
process". This <final etep ‘or tost implementation. is very
challenging, but aided signiricantly by test requirements (now
generated automatically by DINSERT).
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-

Table 5.3: An Illustration of a Test Case Derived by its
Corresponding Test Requirement

Thie test case can be used to exercise our samplerTRP showgﬂ
in Figure A.1 on page 7.

Test Case | Given . ' | Expected .
- number INPUT conmtiitions | OUTPUT conditions
No.3 A\B#s A\B
<etec...>»

-

Where: \ «- BL (Blank character)
o <«— ET (End-of-Text indicator)
#+ <- NL (New-Line indicator)

b

~

H

Toe illustrate the complexity remaining in the testing process we

will now show how to implement a test case satisfying one_choice

‘of the requirements for test case No.3 and'the expected OUTPUT

both showing in Table 5.3. The remaining test cases can be

-implemented in a similar fashion. Note <that test.requirement

No.3 can be viewed either in Table 5.1 on Dage 152 of CEG, or in
laole 5.2 on page 156 of ENF or in the test suite provided by our
approach shown in Section A.B. S ‘ '

To summarize, our approach benefits from the CEG approach
which offers a rigorous way in transforming a natural language
specification into a more rormal specification but with regard

to test requirement generation it is closer to the ENF approach.

However, both approaches (CEG and EHF)_produce a test case design

that 18 more economical than brute force or an ad hoc method. And-

it has the additional benefit of being able to locate ambiguities
in the specification. .
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' People that have used the CEG approach however, often reel"
that it is too dirficult end time consuming due to manual
analysis and conetruction activities major advantegef,; our_
approach is the support ‘of a well—deéigned prototype tooi‘
(DINSERT) generating a more complete set of high—yield test
requirements Also, the construction of our standard CGN (Section
3.1.2)° 18 somehow simpler compared to the CEG one, because it
uses only three. gates; namely. {AND,OR,NOT} (see Section 3.1.4).

Tﬁererore. overall, ~ this 'methodology is competitive and

helpful, producing more reliable epecificatione and, thus, more
reliable sortware -
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Chapter VI
SUMMARY AND CON CLUSIONS

6.1 Main Contril:‘)utions' of Thesis

In this thesis. we have presented a new test case design approach

based on path eensitization A brief summary of the main
contributions it also appears in Section 1.4; This" approach
conelsts mainly of two steps. The rirst is the construction of a
standard. CCN (cause-errect) representation of the systen under
test . This step requires both considerable teeting experience and

ingenuity as well as a thorough study of the specifications. The

second step is‘to use path sensitization techniques .to generate a

set of high—yield test requirements

- To support this.approachrﬁwe have designed and developed a

-

’prototype‘ system"implementing our methodology. This ,system

provides a user—rriendly interactive environment including a

-—._,_

' helprul editor ror constructing the: cause—errect networf“and an

‘explenation racility — - _ , -
. Next, we provideda’;;;;;;I;:;“s{;i;cremental sensitized test

case design methodology with the other two competing black-box
testing approaches (ERP Aand CEG). We noted the following
advantages. of DINSERT: DIHSERE‘ uses CCN formalism-precise
(introduced in Chapter III), but 1s accessible to all sortﬁare\
engineers. It explores combinationslof cauees.-which become'a

- 160 -
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unique  capability to- ' "cross-exercise” theV. functional
specirications or the target' pProblem (°°otion 3.5). -It gives
additional. representation of ~the runctional specitications
through the. PoS and SoP’ canonical forms - systematically
'exploring combinations of specifications (Section 3.4). It does
consistency checking |Dbecause of 1its redundancy checking
capability (Section 3.6). It is an operational support tool, and
" can incorporate test implementation constraints (e g.. currently,
“Exclusive-OR") It isy based. on a strong mathematical ' foundation
(combinational logic) using only three types of gates
{AND,OR’NOT}. Tt is very algorithmic. It produces a set of non-
redundant high—yield. -test requirements (see Sections 5.2.1.3,
5. 2.2 and 5.3. 2) + People would prsrer t0, use: DINSERT because is
clear, systematic, and offers an attractive user-rriendly ‘menu-
gdriven interactive environment. These ensure that our approach
is superior to other black-box testing techniquesr
I-’:Lnal:l.y, the results were given of tests of our prototype
‘system on the well—known benchmark problem for testing techniques_
.the ‘Text Reformatter Problem (abbreviated TRP), presented in
‘detail in Appendix A. This permits speciric compariso;s of
DINSERT with -other test design tools (discussed in Sections 5.2
and 5. 3) .In addition, although not reported here ve have tested
DINSERT on 8 - number of other problems such as Publio Utility
B11ling Systen" [Prés 82], “CMS Change Suboqmmand" [uyer 7], '
. & variety of multilevel realization logic circuits (e.g., ."Puil-

Adder",” [Kocha 70]). All tests:were passed. Its performance has
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‘a}80 Dbeen tested’ under different VM/370 system loads. ranging
f£om S0 to 250 users at a time in the system, with ziofimpact' or

very little impact on the tool's perrorma.nce Space rsquirements -

ror DIxSHR'r are e reaaona.ble. namely. about 86 Ebytes (for

deta.ils rei‘er to Section 4.4. 2) o

- -

.6.2 Limitations &nd‘Sﬁggestions for further arch

In practice certain comdinations of calses are impossible because

of semantic or environmental considerations. To a?count for

the;e. ve need to. enhance our approa.ch to allow specification of

conat:ainta amongd oauses as well ag effects. Using Myers'

notdéion [Myer 79, pp.59]. such c,onatra.inﬁ_s would include:

1. :rhe E-oonstraint ("excluefve-OR*) EB(a,b): it réquires that
at most one of causes a, a.nd'.b can be 1.

2. | The I-constraint " :anlus:l.ve ) I(a,b o) requires that at:

| least ons 3f causes a, b, and o zust a.lwa.ys be 2 (8, b, and -

o ca.nnot be O simulta.neously)

3. < The O—oonstraint " one-and.—only—one ) 0O(a,b): Tequires

| that one a.nd. only one, of causes s ard b must be 1.

4. . -J.'he R-constraint ( requirea ) R(a, 2;) requires‘ that

whenever causo a }.s 1 cause b must be 1.

5.  The x—qonstraint (*mask") X(a,b): requ:!.re'- that, whenever -
. N . 4 't -
effect a is 1, effect b must bes O. - ' -1'% Y

The X-comstraint is Dbecause ‘there 18 often a zeed. for a’
c nst:aint anong arreota,_The N-constraint makes 'I:he independent
_observat:l.on or the pras'enca or errects possible. 1El:xe graph:l.cal

‘A"
L4

Y
Lo
]

.
v . ' . N
- . . -
o . . et
- - - Tt .
- B o~ T + - - ‘.
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represehtation of the above coﬁetralnts‘is preseﬁted 1ﬁ Section
2.2.1.2 (Figure 2.13 on page 57). . | .

In our prototype system, we 'have"only implemented fhe B-
_constéaint_ by buil&ing ”ezq}ueive—on“ charecierietics into
sensitization of an {OR} gate. However.i;he modulaf design of
' DINSERT -allows. the straightforvard Aimplementation of . these
%onétrainte. Logically, cogetrainﬁs‘could'be stored (arter_beiné
specified interactively) as part of the fanin-I11gt (for the
-conetrainte on causes) and as part of the Ianout—list (for the
constraints .on effect s) shown currently "emnty" in Table 4.3 on
page 122. “However. a discussion regarding current DINSERT

limitations and recommendations for’ enhancements appears in

Section 4.4. 4.

-

The. second limitatien is in the area of test 1mplementation

‘It is generelly~agreed that deriving test Teguirements 18 not the
mest dirricq;t part of test design and development. However, it
is ‘fery 1mpq£?hpt for. guiding the teeting process. The most
difficult part -02 test development is the task of 1mplementing

: the teet reqpiremente by choosing appropriate (actual) test data.

These test data, in turn would be used to exercise the’ system

.gunder test.. This menual tae arried out by trial-and-error
and it is an error—prone a ey demanding considerable ‘testing
experience and ingenuity.. . : ‘

L R - —

L N . 4 []
Progress ‘in auvtomating the actual test-case gereratlion task

would greatly advance _the testing .process. Thererore. our

’ . . hY A
suggestion for further research includes the investigation of

.
L - A -
c . R -
L . . - .
-
< : . :
-
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. 14
AL LI LIRS
* \ +
LI R R + Fmmm— e ———— +- % e — +
+ |Test | * .Test . - ;
+ Requirements Requirement| | TeBt-Case
+ [Suite o emmm——— > | Translator |[<-—---»| Generator
*
# | (TRS) | * (TRT) (TCG)
LA R + & o ——— + . Fmm———————— +
# + . |
# DINSERT #<—+ Cot ) . v
¥ * Bttt
AR bEE 2444 ’
: * | Test-Case
(TC)
‘ 7 + --[—— +
. ’ » , . . . ) v
o ———————— + + T ———
System.
Under Test
Test Lm—a— Monitor
i
(suT) :
" L 1 +
e + Fomm—————— e +\ - +
Diagnostic +-->| Test
Results Analysis |¢—————
- { e et e -
(DR) (TA)
Fomm e + - + -
Figure 6.1: A Suggested Architecture of a Future Prototype
! . System and its Subsystem Organization. TRS is
the link to DINSERT. : :

s

suck an undertaking as a napurél ‘extension of our approgchl A

prototygg»could be ‘developed and ‘linked to our DINSERT. qDINSERT
. . - . . -

-

already -provides a "8et - '0f non-redwndant high-yield test

requirements. - ‘The new prototype would translate these

LA
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requirements into a set of actuel test cases which in turn would
be used to drive the system under test. Figure €.1 on page 164
shows the architecture of the suggeeted prototype gystem. Its
TRT component linke to- TRS component (or Test- Suite Incrementor
of our DINSERT, shown i% Figure 4.1 'on page 116). Briefly, TCG
_operates under guidance provided by TRé. TCG in co-operation with:
TRT translates the stringe-of {0 l“b} and generetee corresponding
actual test cases (TC. component) to test the SUT and store the
results in TCO. Note that DR, TA, end TM are reeponsible ror the'
test analysis and test monitoring. respectively TCG will be an
'interactive toest advisor type of expert gystem that uses rulee to
derive appropriate test cases. o T

: In conclueion our approach is ueerul and ‘'seems8 to have
'considerable potential ror cutting down on time and effort in
deteloping appropriate tést suites. It is-directly applicable to
fhigh—level testing by exploring effectively the effscts or‘
combinations of - causes in of runctionel specirications [ PrUr 82 ]

-*He Dbelleve that this is both an erfective and erricient~
approach for producing more reliable specirications. more
effective teets; end‘thererore, more reliahle software.

' ) »
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Appendlx A
TUTORIAL SESSION: APPLICATION OF
DINSERT TO TEXT REFORMATTER

i - PROBLEM

Al Problem Description

The sample problem was selected from Goodenough and Qerhart's
(originally proposed by [Xaur 69]) and has beer widely studied in
the software testing literature by a number of articles [GoGe 75,
Wals 83, PrUr 84]. A listing of a standard program for the Text
Reformatter Problem (abbreviated TRP) ié,shown in.Figure A.1 on
page 177. It ﬁas been modified slightly (i.e., MAXPOS is fixed,
rather than input) so. that sﬁort test data can be developed.

Briefly, the input%i; the Program is a sequence of characters

having the following /properties:

. The input stream characters are classified as break and

nonbreak characters. A break character is a blank - NL") a

~— new-line indicator ("NL"), or an end-of-text indicator ("BT")

character.
» The fipal character in the text is ET.
. A word is a nonempty sequence of nonbreak chaiacters.

. A break is & sequence of one or more break characters.

- 176 -



Page 177

PROGRAM TXTREF

INTEGER MAXPOS, FILL, BUFPOS

LOGICAL*1 ALARM

CHARACTER*1  BL, NL, ET, CW, BUFFER(3)
c : — -

MAXPOS = 3 - -

ALARM . - .FALSE.

FILL . =0

1000 CONTINUE
IF ((ALARM .EQ. .FALSE.) .OR.
+  (C¥ .NE. ET)) __
READ (5, 5000) CW
IF ({(C¥ .EQ. BL) .OR.
* (CW .EQ. NL) .OR.
(C¥. EQ .ET))
IF (BUFPOS .NE. 0) '
IF ((CFILL+BUFPOS) LT MAX”OS) .AND.
+ (FILL .NE. 0)) -
WRITE (6, S5000) BL
FPILL = FILL+1l

+ +

ELSE
WRITE (6, 5000) NL
FILL =20
) WRITE (6, 6000)
+ . (BUFFER(K), K=1,BUFPOS,1)
FILL = FILL + BUFPOS
BUFPOS = 0
ENDIF
ENDIF
_ BLSR
-/ IF (BUFPOS .EQ. MAXPOS)
ALARM = ,TRUE.
* BLSE :
BOFPOS = BUPPOS + 1
BUFFER (BUPPOS) -
ENDIF
ENDIF
G0 TO 1000
ENDIF :

S000 FORMAT (Al)
6000 FORMAT (3A1)
STOP
END

Pigure A.l: A FORTRAN-77 Program of Naur's TRP.

THEN

. THEN
THEEN

THEN |

THEN
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Page 178

~

In other words the input text can be viewed as a .seguence of

words (i.e., non-empty sequences of nonbreak characters).

separated by breaks (i;e., Bequencea of A one or more break

characters) with posslble leading and trailing breaks, and ending

with an ET character. Most. programs are designed to make use of

~ .

a number of parameters .and 4nternal  variables ‘'such as the

following:

The

e'word which has not yet been printed. —

e
MAXPOS Maximum number of characters allowed per output

line ¥e will assume throughout—that MAXPOS is set to 3 for .

the purpose generating short, and simple test data. .
FILL The number of characters printed on the line g0 far.

BUFFER: An internal work aresa (normally an array) ror storing

.

BUFPOS: The number of characters in. BUFFER. This is get to

zero after the word in BUFFER is pninted.

program'e output'should contain the‘eame eéquence of words as

1n the input and ehould satiefy the rolltwing prqperties

A new line should start only between-\words and-, at. the,

beginning of the output text 1r any

A Dbreak in the 1nput is reduced_to-a,eingle‘breik character

in the output.

A8 many words as possible should .be. pla.ced. on each 1line
(1 e., between eucceeaive WL charactera) o
Ro line may contain‘mone:than_HAXPOS]charactere (words and

break character).
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e An oversize woxd (L.e., a word coﬁtaining-more than MAXPOS
‘ ) T .
characters) should cause an error-exit from the program. In

- -

this casa, a variable ALARM is set to the value "TRUE".

A.2 STEP ONE: Definition of the CCN

‘Specifications for the TRP are discussed in & number of\Ert-cles

[Naur 69, GoGe 75, Wals 83, PrUr 84, Prob 85]. In our approach,
‘ -

wve follow the formalization given by Walsh. The natural language

Table A.1: Definition of ‘Causes and Effects of the TRP
7+ Organized in DINSERT Notation.

8 Causes: (101,162. .. ,108)

. 101 : " Character is not (BL or NL or ET)
102 : BUFPOS = MAXPOS (word is too long)
103 : Character is NL
104 : Character is BL
105 : (BUFPOS + FILL) <« MAXPOS  (word found will fit
o on current line)
106 : BUFPOS = 0 (at least one character found and
| not printed)
107 : -PILL » O (2 word was already printed
on the line)

\

108 : Character is ET

5§ Bffects: (301,302,_... ,305) |
301 : No OUTPUT . (character put in BUFFER)
302 : ALARM ' (word size too long)

803 : BL and BUFFER content are printed
804 :° NL and BUFFER content are printed
305 No OUTPUT (multiple or-preceding break

. character)

asgertions in Section A.1 are now represented in terms of caunses

(input conditions or properties) and effects (output conditions

4 —

- —
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i
+———t +———+
B | = e e e AND
10) | ————um + Fo——t Fommm————— 301
+o——+ NOT | =
| —_— »
==t | 204
BUF | ——-+ ot
+———
102 —=—+ b it AND|
+———et | - :
B 302
e +——=+
BUF : ) - ’
. _-—+ -
103
+-——t
= - ot
BUF Fmmm e OR f=m—mmmmmmme e AND
104 m———— 201 |-—-+ +---|305
+———t +———t +———+
=t +t=——=t
BUF ROT
———t el BEELEE et I [ +
1081 205
+———t +———t
+———t +-——t +———t
BUF | -—~———-+ e AND|—m oo AND
106 | ——=—— e 202 -———+ +——=1303
o d +———+ +———t
F——— it IS +———t
BUF - il to——————e AND
———+
105 [ ot . o 504
d———t tm————— AND|—---+ ==t F———t
’ ROT
e T e ——— 203 | ——————— . R
BUF | e 208
——— ———
107
+———4
Figure A.2: A Standard CCN Realizing CCP G: DB --»> DS of
TRP. This CCN is based on Table A.1.
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. 9 : | | .
or properties), as shown in Table A.1. . The ‘semantic content of
the TRP 18 carefully analyzed (shown in Table A.1 on page 179)
1nte'rcc_{nnecting thé 8 causes {101 102, ... 108} to the 5 effects

{301, 302, ... 305} through 6 :I.ntermed.iate causes . {201 202,

,206}. The result of th\:!_.}a.na lysis leads t6 construction of the
CCN »shown in Figure A.2 on .page 180. This CCN represents the
. ' o> , J: - R

Processing of the next input character in all circumstan’ces."

'A3 STEP TWO: Using DINSERT to Represent the CON

A.31 . Entering DINSERT

All the subsystems shown in Pigure 4.1 on page 116 are bound

'together :l.nto ~& large ‘module called DINSERT To enter DNINSERT

\

(a.lso discussed in Section 4.4.2), the user logomn to CMS, makes

'certain that the DINSERT environment - is -set properly (1.e.

Pigure 4.2 on page 118). The input files (CCNGDEF, WORKPAD,
CLRSCN, DINSERT module) must reside on one of the accessed d&isks.
Then, in CMS type DINSERT rollowed by <CR>. The logo c;r our
system appears on the screen. It is shown in Figure A.3 on page

182.—
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. R |

Fm——— + T m———
| INcTemental .
. e + . . -] +=—
| SEnsitizeD
+==] T d———— + 2] = o +
. _ o |
+— Requirements - Fom———
g \ ' ,
n .
t———— + 7 -—+
[ DINSERT Black-Box Testing
+————— + —— _ . +om———t -
—
‘ - Dr. R.L. Probert & S. Arabatzis
tmmm——+ (c) 1986 University of Ottawa . +-——-- +
Figure ‘A.3: The DINSERT Logo.

A.32 Allocate Storage for the CCN

Through the following panels the user is .prompt to speciry the
i size of the three CCN areas (causes, Aintermediate causes,
effects). “The Tesponses given are based on thé CCN in Figure
A.2 on page 180. DINSERT prompts are Preceded by ("--->“.'Bed.

Appendix B). User responses aTe left-justified.

; e

e o —— Le—s
| Allocate The Cause-Brrect Combinational Network (CCHQ ]
e —————— e e Fm——————— —-—+ -+

3 CCH Area Initial Area| Maximum Area Initially .

Divisions Item Counter| Item Counter Items/Area’
+- - + -—— + - e —————— +

1 CAUSES : 101 - 199 ; 0

2 INTERM : 201 299 0

3 EFFECTS: 301 ~ 399 0 -
r——————— e T +——— m—————— e +
=~=> Enter the No. of "Causes": Maximum is 99 ' :
8 ‘ .

.===> Enter the No. of "Intermediate Causes": Maximum is 99
& ;

===> Enter the No. of "Effects”: -Maximum is 99
5 r——
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.

H—— ~— ———m—————t
[ CCN Aréa Alloca.tion Summary Statist,xcs ]
= - + R ettt o
3 CCN Area Initial Area Current Area . ‘Allocated -
Divisions Item Counter| Item Counter Items/Area
+ : + e ——— e ————— -t e ——————— + .
1 CAUSES : 101 108 8
2 INTERY : 201 206 6
3 EFFECTS: - 301 305 5
+ - - +—= - ————————— -t c——— +

=-==> Press ENTER to CLEAR SCREEN and continue:

A33 Assign Gate Types

'In'the following panels.the usger is prompted‘Eo-speciry the type
of gate for each intermediate ca’ﬁse and effect. First the 6
intermediate causes are assigned gate types from {AND,OR NOT}'
rollowed by the 5 effects from gate types {AND,OR}. There is no
need for the user to specify any gate type to causes, since all'

causes are_assigned type {BUF} automatically.

Fm————— : ———
| Speeify Gates to ( 6) Corresponding INTERM Area Items |

+———- ——— —_———

| Area ID ]F:!.rst Item[La.st Item ] El:l.gi'ble Gate-Types |
Fm————————— + e e +
!

| INTERM: | - 201 | =206
+ _____________ —l— _—
—— (201) rirst gate

or , : o -
=== (202) ' : - : ’
and .

m==> (203)

and el

- (204)

---nod

——) (205)

not

=—— (206) last gatel
not
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. e e |_——+ .

| Specify Gates to ( 5) Corresponding EFFECT Area Items |

oo m———— i . +- —+

| Area ID ]First Item]Last Item | Eligible Gate—types [

e e Fmm e P e o +
!

| EFFECTS: | 301 | 305

- (30;) rirst gate
and -

- (302)
‘and .
=== (303) . L ' :

and ‘

m==> (304)

and .

===> (305) last gate |
and .

.

’

- A84 Conrect Gates Together

: -
The user now enters the last, phase of the CCN editor to

i

-»>

interconnect gatas; The system prompte for every gate in the CCW.
fmme _ _
Cennect: - - To:

F———> INTERH : range {201, to 206}
CAUSE (101,BUF) -——+

+--~> EFFECTS: range {301 to 305)

Enter / to exit.

- - ——— —_t

301 : : '

e ———————— e ———— —_—

Connect: To:

+——-> INTERM : ranger{201 to 208} v
CAUSE (102,BUF) ' ——-+

+——->JEFFECTS. ra.nge {301 to 305}

-— e e e e +

Enter / to exit.

————

-——-—— )

204
- >

302

)y

!
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+ - —_— —_——— —_—————— — —_——
.Connect: To: ' ‘ .
+--—> INTERM : range {201 to 206}
CAUSE (103,BUF) -——+ .
+---> EFFECTS: range {301 to 305}
Enter / to exit.’
-_— —————————— —————— e +
T T XY
201
‘—— _
/
Fmm e ———————————— e e e e +
Connect: "To: .
: +~--> INTERM : range {201 to 206}
CAUSE (104,BUF) ———+ ) .
+-—-—> EFFECTS: range {301 to 305}
Enter / to exit. R
+ - —————————— - ——————— +
- )
201 —_
-
/
m———— - - - -— - - ————
Connect:: To: . '
+--—» INTERX : range {201 to 206}
CAUSE (105,BUF) —--—+ _ g { 053
+-~-> EFFECTS: range {301 -to 305
Enter /7 to exit. fﬁﬁ,/4g o
+— - S — —_— e e +
- )
203 .
- )
/ ..
e - ——— - T — +
Connect: To:
+-~-> INTERM : range {201 to 206}
CAUSE (106,BUF) -->+ : .
| - +-—--> EFFECTS: range {301 to 305}
Enter / to exit. — :
= - —_— - - +
-
205
- )
202 .
L L b
/
Fm——— —— _ ————————— e +
Connect: ° To:

. +———> INTERM :
CAUSE (107,BUF) ———+

. —— F——— EFFECTS H
Enter /7 to exit. .
+—_ -

range {201 to 206}
range {301 to 305}

mum- )

—_————



Connect:- To:

+-~—=> INTERHM :

CAUSE (108,BUF) —--+

+--—> EFFECTS:

Enter / to exit.

Connect:

INTERM(201, OR) ~—-+

+-——> EFFECTS:

Enter / to exit.

+==—> INTERM
INTERM(zoz AND) ———+ .

Enter / to exit.

t=——> INTERH :

+——-> EFFECTS:

rangea{zo;
range {301

range {202

range {301

rangq {201

range {301 to

To:
. INTERM(203, AND) ———+
' +---> EFFECTS
Enter / to exit. :

T -

+———> INTERM -:

range {201 to

: range {301 to

206}
305}

)

303

L1 1 7

206

)

/

-—+

-—+
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e e e e e e e —== —
Connect To: : '
4+-——> INTERM : range {201 to 208}
INTERH(ZO& NOT) ——-+
_ +-——> EFFECTS: range {301 to 305}
Enter / to exit.
m————————— e —————— - B e . +
- )
301 .
- )
/ .
+ - - —————— - ———————————— ——————— +
Connect: To: .
+~-—3> INTERM : range {201 to 206} .
INTERM(ZOS NOT) ———+
+--=> EFEECTS: range {801 to 305} .
~Enter / to exit. : r
it i — - - e ——— e +
- )
305
- )
/‘
= - - -— ————————— e +
Connect: To: -
+--—> INTERM : range {201 to 206}
INTERM(208,NOT) ——+ - "
_ +--—> EFFECTS: range {301 to 305}
Enter / to exit. '
+= —— - - - ———e———————— +
ot
304
-y
/

A.4 STEP THREE. Usm.o_;DINSERT to Genera.te Test

B.equirements

First, the user is asked to select the sensitization type (stuck-

at-0 or stuck—at—l) and the errbct to whick it should be applied.

In gemeral, the order or choosing sensitization type a8 well as

which effect to Tun 1s 1mmaterial to the Bystem.

However,

in

this seasion we choose to apply stuck-at—0 to all. effects

(speciried in ascending order) rirst and thenéppply stuck-at-1.
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<

‘A4l Stuck-at-0 Sensitization _ . NPT
We now apply stuck-at-0 sensitization with requ&E to cause

product—terms;;f erfeét 301. Note that effects 301 and 302 have
quite simple CCP's, ;ﬂile effects 303, 304, and 305 arexgorq
complex. Through EIPLAIn, fhe uger can view'the CCF's ror_fhe
target effect in a varlety of three different formats- In this
sesslon, due to space problem, we 6nly view soﬁé-or the CCF's.

However, options (X and Y) can be seen im LOGS LISTING.

e e e e e e +

CCF Sensitization: \ :

TESTing: (O=-stuck-at-0, l=stuck-at-1)

Total of ( 5) EFFECTs: current range {30 to 305}

Enter / to exit. '
e +
===> (TEST: select 0/1)
o :
===> (EFFECT: gelect one from the range above)
301 ] - _ ) .
i — G e e e + 0
| TESTing: | EFFECT: | (TS /SoP) Summary Statistics | .
e e +— ' e e e e e o +
| Stuck-at-0 | (301,AND) | ( O/ 1) Product-Terms in TS |
T e R . - +

1 -5 101 . 102
===>" (EXPLAIN:{X=short-PoS, Y-ﬁeéailed-PoS, 2-80?};
TSview: {A=all, enter-a-No.?}; F=fwd; . /=exit)
a : .
A41l Stuck-at-0 Based Test Requirement Generation
The test Tequirement beiné generated are now digplayed through
the test requirement reporting facility. This is a *window® of
the general test suite (discussed in Section 4.4.2 and

Apendix A.6) showing the test requirements‘generated witg respect

- —

to cﬁrrently sensitized ‘effect. The various fields of this panel

("test suite window") are self eiplanatory.



->
| TestSuiteID: <TEXT momm PROBLEM.» of ( 8:Cau, 6:ICau,

e e —_— —_ -t
‘ TR¢ | curTr| ¢ A-U S E § | =
e B i Gt T ot S PGP Q- S
CCF|totTR
sen. -
tYp|BLLID

1
0
1

1
0
2

1
o
b3

p3
o)
4

1l
0
S

1
0
5]

1
o
?

1
0
8

1
0
S

1
1
0

1
1
1

1
1
2

1
i
3

1
1l
49

1
1
S

1
1
6

1
1
7

3
o
1

3
0
2

1.,4|1
1l1]2
8|s]o

3|4[S

100070

1/ 1/ 1110TU0UUTT
880| 301 |* *

* o o o ————— — —————— e o e e o e ———— e

-==» (Ses8tore-in-TS, E-explain-TS, P-fwd, /=exit)

P—————— b ———————— e
- - |' Cause TS Legend | Efrect TS Legend -T-nn\,\s\‘H\\H—\
m————— _— —— +
' 1 : Invoked | 1 : Present

0 : Rot-Invoked | O Hot-Present )

g : Unimportant | U : Unknown

. * _fTarget—Errect

A s — — s . = . et — ——

===3 Press ENTER to CLEAR SCRBEH_and continue:

1
C

8|9

DO e S s st s S st S S St St St T S T S S - S S S

_______ +



._.._———.-———--__—_.-.———-_—_—_-._——_—.-.—_——-—

____________________________________ +..____.___.__—.__—_—
TR# | curTR| C A U s B S | BFPECTS
- / +—+-+—+~+-+—+- —+ ————— +—+—+—+—+—¥=+~+—+-+-+—+u+-+-+—+
CCF|totTR|1]|1 1[1| 1]1 A1 1§1|1]1|3|3]3]|3i3]13|3]3
sen| - |00 o o 1)1 1 1 112(1|1j1]|1|{2|0o|ojolojo|o|0]|O
“l1typ ErrID 1 2 o[ﬁ 9 011 2|3j4|5|6|7|8|9|o|1|2iz3|4ais|6|7]|8
R mbebed e s + ------ +—+—+-+—+—+—+-+~+—+~+-+—+-+—+—+-+—+-+—+—+
1| 1/ 1 1 0 U 0 U U U U 100U00U
sa0| 301 |* = s
e ——— e e e

m==> (Sagtore-in-TS, E=explain-TS, F=fwd, /=exit)
8 ' : .

Note that at this point effect 301 has un&ergone stuck-at-0
gensitization and the Yielded test requirement been Placed in the
test suite (Appendix A.6). Similarly, we invoke DINSERT stuck-
at—_o mode on -the remaining effects {302,303,304,305} and the

Yielded test requirements are accumulated incrementally in the

test suite.

CCF Sensitization:

TESTing: (O=-stuck-at-0, l=stuck-at-1)-
Total of ( 5) EFFECTS: current range {301 to 305}

Entex / to exit.

e e e e e e e e ————— e +

- (TEST Belect 0/1)

O .

---> (EFFECT: select one from the range above)

302 -

+ - b ——— tomm e ——— e ————————

| TBSTing | EBFFECT: | (TS /SoP) Summary Statistics |

P ———————— e e e e e +

| Stuck-at-0 | (302,AND) | ( 0/ 1) Product-Terna in TS |

e Fmm e +——— - e e +
1 -> 101 . 102 | | d

~w=> (EXPLAIX:{X=short-PoS, Y-Detailed—PoS Z=S0P};
TSview: {A-all enter-a-No.?}; ?-rwdr /=exit)

’

a

9|0
-t
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/
e e e e - — —-—— —————————————— +
]TeBtSuiteID «TEXT REFORMATTER PROBLBH > of ( 8:Cau, 6:ICau, 5:Eff)|
Fm——p e ——— t———— - ——————— e e -
TR# | curTR| C AUSE S | BFFECTS |
- I St S e s e e S S S Y S PR
CCP|totTR(1|1f1j1]la(afafafxlalafalafa)alaiz]1l1l 3|3|3|3(3|3|3|3|3(3
sen - 0 Oo{0|O|0O|O]|0O|0jO]21(1|2]|1{1 l1]11]11|1|1(2]0|o]o|ololOo]|OlO|0O!1
typ EIIID 2|3|«4|s|6|7|8|9]0|1[2{3|4|5|6|7|8|9{0]|1]|2]|3|4]|5]|6l7|8 9|0
Fmm——t————— +—+-+—+-+—+-+—+—+—+-+—-p--—-+—+-+—+—-+—+-—+—+-+—+—+-+-+—+—+-+-+—+
2/ 1/ 1111 U0U0U0UU0U0TU O1000U
s8a0| 302 (* = . ' = -_—
e s - ——- - ——————— o Frm e +
w==> (S~store-in-TS, E-explain-TS, P=fwd, /=exit)
8 )
e e e e e e e ————— e ——————————— +
: CCP Sensitization
_ TESTing: (O=stuck-at-0, l=-stuck-at-1) |
Total of (.5) EFFECTS: current range {301 to 305}
Enter -/ to ezit |
e e e ——— +
=wm=> (TEST: Belect 0/1) '
0 > I - W
-=-=> (BFPECT: select one from the. range above) -
303

Based on the selection above, the cofresponding PoS canonical
form of this effect (e;g.. 303) is -"decomposed” into its product-
terms (o.g., 3 product-terms are produced) which coﬁatitﬁte the
basic units of the stuck-at-O semsitization. The folloving panel

provides & clear picture of this process.

S —— -

( 0/ 3) Product-Terms in TS |

l
|
I
!
)
[
|
|
|
|
I
|
_.._...e.._...+
I
-4I---—-||-—--+
|
|
!
|
|
|
]
I
|
i
|
|
1
|
|
+

1 -»> 106 . 105 . 107 . 103
2 -> 106°. 105 . 107 . 104

. 3 -> 106 . 105 . 107 . 108 Q\/
" mew> (EXPLAIN: {x-short—PoS Y=-Detalled-PoS, Z=SoP}; .

TSview: {A=all, enter-a-No.?}; P-fwd:; /=-exit)
. X .
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PoS ( 303 ) - 106 . ( 103 + 104 + 108 ) . 105 . 107

- ===> Press ENTER to CLEAR SCREEN and continue:

e ., . i e e e s e . Sy i S

+ + e e e —————————————— +

| TESTing | BFFECT: | (TS /SoP) Summary Statistice |
e e e S + .
| Stuck-at-0 | (303,AND) | ( 0/ 3) Product-Terms in TS |
e e o +

’ 1 -> 106 . 105 . 107 . 103

3 =-> 106 . 105 . 107 . 108
===> (EXPLAIN: {X-Bhort PoS, Y=Detailed-PoS, Z-SoP}

TSview: {A-all enter-a-No.?}; FP=fwd: /=-exit)
Y

PoS ( 303 ) = 202 . 203
' - 106 . 201 . 105 . 107

- 106 . ( 103 + 104 + 108 ) . 105 . 107

¢ .

---> Press ENTER to CLEAR SCREEN and continue:

o ——————— e ——— e ———— e e +
| TESTing: | EFFECT: | (TS /SoP) Summary Statistics |
———————————— e e e e e e 4
[ Stuck-at-0 | (303,AND) | ( 0O/ 3) Product-Terms irn TS |
Fom——————— P ——————— o e e e e e +

3 -» 106 . 105 . 107 . 108

===> (EXPLAIN:{X=-short-PoS, Y¥~Detailed-PoS, Z=SoP};

TSview: {A=-all, enter-a-No ?}: P-rwd; /=exit)
Z
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,SoP ( 303 ) -

= 1068 .. 105 . 107 . 103 +
106 . 105 . 107 . 104 +
io6 . 105 . 107 . 108

---> Press ENTER to CLEAR SCREEN and continue:

m——————————— o ———
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T

Fmm e e ——— +
| TBSTing: | EFFPECT: | (TS /SOP) Summary Statistics |
tm——— - o R e U—— +
I Stuck-at-0 | (303,A¥D) | ( 0/ ) Product—Terms in TS |
+= et B e e +
1 -» 108 . 105 . 107 . 103
2 ~-» 106 . 105 . 107 . 104
5 -»> 106 . 105 . 107 . 108
~==> . (BXPLAIN: {X~short-PoS, Y-Detailed-PoS, Z=SoP};
— TSview {A=all, enter-a-No.?}; F=fwd; /~exit)
2
+——— T e e e e e e e e +
| TestSuiteID: <TEXT REFORMATTER PROBLEH > of ( 8:Cau, 6: ICau, 5:Eff)]
F———— e e e - ———— —_—————————— +
" | TR# | curTR| , C AUSTES S | BFFECTS |
- / +-+-+-+-+—-+—+.—+—+-—+-—-+—+-+-+-+—+—+—+-+—+-—+—+—+—+—+—+—f—+-+-+—+
CCF|totTR|li1|2[2|1|afa|afa|afaja|z|a]|2]|2]|2}1]2[2[3]|3|5|3|3]|3|3] 3|3
senf - (0f010jojofo|ofojof1|1ir|1]|1f1|1]1|2:|1|2|0o]|o|o|ololololojof1
tYp|EffID|1|2|3|4|5|6|7{8{9|0|1|2|3|4|5|6|7|8]0]0|1|2|3|<|5(6|7|8l9]0
Fmm e ——— LA e s St ok St St St St T R TR P A ST SN S ST AT U SN S S S-S
3| 2/ 3]t o11110 TU100
Sao 303 . X = ¥ bd .
+m——t———— +/ - - —_ - e e e +

—— (S-store—in—TS E=explain-TS, P=fwd, /=-exit)
/ -
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e ——— e e e e e e e e +
| TESTing | EFFECT: | (TS /SoP) Summary Statistice |~ .
e ————— +——— ——— e e e e e e +
| Stuck-at-0 | (303,AND) | ¢ 1/ 8) Product-Terms in TS |
e ———— tm—m e —————— o e e L +

1 <> 106 . 105 . 107 . 103

LY -

A 2 -> 106 . 105 . 107 . 104 -

3 =-> 106 . 105 . 107 . 108

==~-> (BXPLAIN:{X-short-PoS, Y=-Detailed- -PoS, Z=SoP};
ISview: {A=all, enter-a-No.?}: Fefwd; /=exit)

a
o e T e e e e +
|TestSuiteID: <TEXT REFORMATTER PROBLEX.> of ( 8:Cau, 6: ICau, S5:ELL)]
et T e e e Rl SR +
TR# | curTR C AU S E 8 | BFFECTS |
- / +-+—+-+-+—+—+—+—+—+—+—+—+—+-+—+—+—+-+—+—+—+-+—+~+—+-+—+—+—+—+
CCFitotTR|1 (1|2 |x1f2|aj2i2l2l1]2]|2]1]2 1l1(1l1(1|1|3|3|3|3|3[3|3]|3|3|3
sen - o|oc|o|o|o|o|o]ojolr|2l1]1]2 11111]1(1(2|0|o]|o|ojo|O|0]OlO]|1
typ|ELLID|1i2(3!4|5|6|7|8|9|0i1l2|3]|4 5|6|7|8|(9|o|1|2]|3|4i5|6|7|8|9]0
+-——+—-———+—+—+—+—+-+—+—+—+—+—+—+—+-+-+—+-+—+—+—+-+—+—+-+-+-+—+—+-+-+—+
3| 1/ 3|0 O 1 01110 : TU100
‘sa0| 303 * = x ' ’ -
e e e - ———————— e e e +
4| 2/ 3|l0T 011110 TU0U100
sa0| 303 x5 o x *
e B L T S, o e +
S| 3/ 3|]TUOCO0C 1111 TU100
sa0| 303 *oxox o ‘ x
et m +——— ————— - ————————— o B i —— +
===> (S=-store-in-TS, E=explain-TS, F=fwd, /=exit)
g . .
F——————— e e e e el +
CCF Sensitization:
TESTing: (O-Btuck-at-o l=gtuck-at-1)
Total of ( 5) EFPECTs: current range~\§301 to 305}
Enter / to exit.
e P +

0

===> (EFFECT: select one from the range above)

304
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| m——) (EXPLAIN:{X-Bhort—PoS, Y=Detailed-PoS, 2
-~ TSview: {A~-all, enter-a-No.?}; F=~fwd;

Zz .

=SoP};
/=exit)

[ Tésring: Tﬁ-EFPECT T_(Ts /goP):Sﬁmmg;;fgtatisfzgg‘“T
| Stuck-at-0. | (304,A%D) | ( 07/ &) Product-Terms ia TS |
+ —_—— e ———— +___;f ————————————— ——————— e +

1 <> "I06 . 103 . 105" - N

2°- 108 . 103 . 107°

53 - 106 . 104 . 105"

4 -> 166 104 . 107 |
- (EXPLAIN#{x-short—PoS, Y-Detailéd;PoS. Z=SoP};
_ TSview: {A=-all, enter-a-No.?}; F-fwd; /~exit)
Y . ' .
PoS ( 304 ) =~ 202 . 208

- 108 . 201 . 203"
- 106 . ( 103 + 104 + 108 ) € 105 . 107 )
- **MSG** De Morgan's Axiom on: ( 105 . 107 ) °
(x.y)' - x' + ¥y
= 106 . ( 103 + 104 + 108_)_ ( 108' + 107' )

~--> Press ENTER to CLEAR SCREEN and combinue:
+ - e B —————— o +
| TBSTing: | EFFECT: | (TS /SoP) Summary Statistics |
| ‘Stuck-at-0 | (304,anD) | ¢ 07 6) Product-Terms in TS |
e ——————— F——— et - - - - -+

1 -> 106 . 103 . 105’

2 -> 106 . 103 . 107"

3 -> 108 . 104 . 105'

4 -> 106 . 104 . 107" T
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SoP ( 304 ) ‘= 106 . 103 . 105" +
106 . 103 . 107" 4+ *
106 . 104 . 105' +
106 . 104 . 107' +
- 106 . 108 . 105' +
106 ". 108 . 107"

=mm) Pragg ENTER to CLEAR SCREEN and continpue:

e m——————— e e +
| TESTing | EFFECT: | (TS /SoP) Summary Statistics [
Fo—— o ——————— e e T, +
s| Stuck-at-0 | (304,A¥D) | ( 0/ 6) Product-Terms in TS |
o ——————— P ———————— +

1 - 106 . 103 . 105"
2 -> 106 . 103 . 107’
3. -> 108 . 104 . 105"
4 -> 106 . 104 . 107

===> (EXPLAIN:{X=short-Po§S, ¥=Detalled-PoS, Z=SoP};.
TSview: {A=all, enter-a-Xo. ?}: F=fwd; /=exit)

f
Fe—m e —— Fe————— +—= - ——ck——+
| TESTing:. | EFRECT: | (TS /SoP) Summary Statistics |
tm—————— e e - —+
| Stuck-at-0 | (304,AND) | C o/ &) Product-Terms in TS |
Fm—————— tm————— +—— - - -+

5 -> 106 . 108 : 105
8 -> 106 =108 . 107
===> (EXPLAIN:{X=-short-PoS, Y-Detailed~PoS, Z=SoP}; -

TSview: {A=all, enter-—a—Nq ?}; P=fwd; /=exit)
a - .
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===> (EFFECT: select one from the range above)

305

+ e e —— ——————— e +
]TestSuiteID: <TEXT REFORMATTER PROBLEH >, of G’B Cau 6:1Cau, S Eff)|
o ———— +—— —————t e ————— +
TR+ | curTR CAUSES EFFECTS |
- / +—+—+—+—+--+—+—+—+—+-+—+—+—+—+—+—+—+—+—+—+—+—+—+-—+—+-—+-—+—+—+-—-+

{CCF(totTR|L 2|22z |xf2|2|2|af2|2lz]2]alz]2lr]2l1 3|3|3(3|3|3|3|(3]3|3
sen - ojojojofojo|ojojoj1f1]1f1|{2|2|2f{a|1]1|2]|o]ololololo 0(0|0| 1
typ|BIfID|1|23|4|5|6|7|8[9|0|1|2|3]|4]|5]|8]7{8l190|1]2 3(4|5|6|7(8|9|0

+ + + - —+—+—+-—-+—+—+-+—+—+-—-+—+—+—+~+—+—+-f+—+—+--+--+—+—+—+—+—+—+—+

8i-4/ 8|0 T O 1 1100 TUUO0O10
sa0| 304 - * % ) *
L e - ————————— e e e e y— +
10| 5/ 6|0 U O 0 0 1’11 U010
8a0| 304 * = * *
tom—t——— - - - - e e +
11| 6/ 6|T U O O 1101 ' U010
8a0| 304 ** oz hd

+ + -t - - Rl + —————————————— +

===> (S=store-in-TS, E-explain—TS, F-rwd, /=exit)

h o

+ - e e e e e e e e +

,[TestSuiteID. <TEXT REFORMATTER PROBLE.> of ( 8:Cau, 6:ICau, B5:Efr)]

Fmm bl - e +
TR+ | curTR CAUSES | BFFECTS |
- / A - s S et et st S St T S T R S S SR U S
CCF|totTR|1f1|x]1|2|zf2(a]afal2f2]2]2l2lrl2l2]{2]2 313|3|3|3|3(3|3|3|3
sen - o(a|ojojololo|olo|1|1|1|2i1]2|1|1|z|1]|2l0|0l0O 0{0|0|0}0]|0j1
typ|BLIID|1(2|3|4|5|6|7|8({9|o{1|2|3|4(5!|6i7 8|9(0(1|2|3|4|5(|s|7|8|9]|0

e L e S s St st et ek St St St S O U Y RN ST IO SR R ST SR N S S

6| 1/ 6|U U 1 00110 U010
s8a0| 304 s *

F——— +—— - - ———————————— B +
-'?'-2/6UU1011-9—0 UUTO010 T
sa0| 304 * = *

+ Fm————t —_———— it T Tt T Tt -, — e ———————— - +

8( 3/ 6|T U 010110 TUO0O10
sa0| 304 * x 3 : , *

+———t +—— - - — - e ————— e +

===> (S=store-in-TS, E=explain-TS, F=fwd, /=exit)

8 .

4= ettt +

CCF Sensitization:

TESTing: (O=stuck-at-0, l=-stuck-at-1)
Total of ( 5) EFFECTS: current range {301 to 305}
Enter / to exit.

+ - - e +

===> (TEST: select 0/1) —

o) — ~
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o ————— e e et +
| TESTing | EBFFECT: | (TS /SoP) Summary Statistics - |
e e D +——— e e e e e el + -
| Stuck-at—o | (30s, AND) | Cors 3) Product-Terms in TS |
+——— e ————————— e e e e +
- 1 -»> 106' . 103
2 -> 106 104,
3 -> 108" . 108
===> (EXPLAIN:{X-short-Po§, Y-Detailed—PoS 2=SoP};
TSview: {A=all, enter -a-N0.?}; F=fwd; /=exit) —
Y . -
PoS ( 305 ) = 201 . 205
) - (103 + 104 + 108 ) . 106"
===> Press ENTER to CLEAR SCREEN and continue:
o ——————— Fr—————— e A e e e e e e e e e e +
]'TESTing | EFFECT: |. (TS /SoP) Summary Statistics |
o Fm————— T e e o + .
| Stuck-at—o | (305,anD) | ¢ 0/ 3) Product-Terms in TS | .
e L -+ I —— +
.i_- . .
v L]
‘1 -» 108" . 103
2 -> 106" . 104. | -
- -. :
3 -» 106' . 108
- (EXPLAIN {X=-short-rPos, Y-Detailed—Pos; Z2=SoP}; -
TSview: {A=-all, enter—a-No‘?} P=fwd; /=exlt)
3 ' .
+ e ————————————— +
| TestSuiteID: <TEXT REFORMATTER PROBLEM > of ( 8: Cau. 6:ICau, S5:BLf)|
Fm——t————— = ——t e e s
TR# | curTR | CAUSTES | BEPFECTS |
- / +—+—+—+—+~+—+-+-+-+—+—+—+-+—+-+—+-+f+—+-+-+—+—+—+—+-+—+-+-+-+
CCPItotTRI1|1[1(1(2]a[1|a]afa[2]r|2]2|2}r|2|2]2]2]|53|3|3|3]3|3]|3|3]|3]3
sen| - |0f0jojojojojo(o|o|2|1|1j1|1|1|2{1i1|2]2]0l0|0|0l0lOlO]Ol0O]|1
typ|ELIID|1]2)3[4|5|6|7|8|9]|0|1|2|3|2|5|6|7|8{9|0|1|2]3{4|5|8|7|8|8|0
o ——— A S s St St ol St S St St SR T SRS SR SO S S RO S W S S S-S S 4
12| 3/ 3]t TooUvOU1 o UUo0O01
gaC| 305 * * *
t———t—————t —_ - ———t— - -+

===> (S=gtore-in-TS, Ewexplain-TS, P=fwd, /-exit)
y . |

-~
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N —— 3 —_— - - - ——
| TESTing: | EFFECT: | (TS /SoP) Summary Statistics |
+ -— —— + - e ——————— +
| Stuck-at-0 | (305,AND) | ( 1/ 3) Product-Terms in TS |
Frem———————— tm————————— +—— - —— e ————————— +
1 -> a08’ 103
2 -> 108’ . 104
A 3 -» 106’ . 108
\
===> (EXPLAIN:{X=short-PoS, Y=Detalled-PoS, Z=~SoP};
ISview: {A=-all, enter-a-No.?}; F=fwd; /=exit)—
2 .
o e —_————— —_——— e — et
- |TestSuiteID: <TEXT REFORMATTER PROBLEK.> of ( 8:Cau, 6:ICau, B5:Eff)]
+: + +-— - —_——— - e e +
TR#¥ | curTR| C A T 8 E s | BPFECTS |
1 - f +—+ﬁ+—+—+—+—+—+—+—+—+-+—+—+—+-+—+—+-+-+—+—+—+—+—+—+—+-+—+—+—+
CCF|totTR|2|1]1f2]a]z|af2|2]2]2]2]1|2]1}1 1/3]3|38|3|3|3]|3|3|3|3
sen| - - |0|O|o|o|o|o|o|ojo|xrf2l1fai1]{z]2 2j0|ojo|o|o|ofo|o|o]|1
typ|BIfLIID|1]2|3|4|5|6|7({8|9|0|1|2|3|4|5|6 0|172|3|4|5|6|7|8|9]0
e e g + =t -+—+-+—+—+—+—+—+-+-+—+—+—+—+—+—+—+—+—+—+-+—+—+—+—+—+-+
12/ 3/ 3lTU0Q0O0UOU1 TUUO0O0 1
s8a0| 305 ' * * *
e ———— + -— e e e e ————— o —-———
13| 2/ 3l T0100UTO UTO0O01
sa0| 305 * *
Fo——t + - ———————————— Fom +
=~=> (S=store-in-TS, E-explain-TS, F=fwd, /=-exit)
/ :
e e —————— e —————— e - +
| TBSTing: | EFFECT: | (TS /SoP) Summary Statistics |
+ - —— ———t——— — - +
| Stuck-at-0 | (305,AND) | ( 2/ 2) Product-Terms in TS !
+ - -——t —_———t— - —_ ——
T -> 1108' .. 103
I 2 -> 108" . 104
*A* 3. -5 1086 . 108

===> (EXPLAIN:{X~ghort-PoS, Y-Detailed-PoS, Z=SoP};

a

"

TSview: {A=all, enter-a-No.?}; P=fwd; /=exit)
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e e e e e e +
|TeatSuiteID TEXT REFORMATTER PROBLEM > of ( 8: Cau. 6: ICau, 5:Eff)]
e += T T T e e e e e Fm el +
TR# | curTR | , C AU S E S | BFFPECTS |
- / +—+-+—+—+-+—+—-+—+—+—+—+—+—+—+—+—+—+—+-+—-+-+--+—+—+—+—+—+—+ —t =
CCFItotTR|1i1(1(1|2|1f2|a]afafa|a]a|a]2|2]|2]1|1]1]3]3]|5]a 3|3[3|3|3|3
sen| _—._19(9|2(0|ojolojojofrj1|r|1|21|1|2|1|2|1|2|0{o|o]olo|0lololo]]
tYp|ELLID|1|2|3|4|5|6|7|8|9[0|1|2|3|4|5]6|7|8|alo|1]2]|3|a|5|6 718|890
Fm——f———— +~+-+—+—+-+—+—+—+—+—+—+—+-+—+_+—+—+—+—+-+—+-+—+~+—+-+-+—+-+~+
"] 12] 1/ 3l U 1 0.0 o To . TUO0O01
sa0| 305 . h
et e e - e ————— e e +
13 2/ 3|l 010000 TUO0O01
8a0| 305 ¥ s *
t——t———— e e e e e o el +
4| 3/ 3[UTOOTU o U1l TUOO01
sa0| 305 * *
o e e Rt e — +

===> (S=store-in-TS, E=explain-TS, F=fwd, /-exit)
8 ) '

A42 Stuck-at-1 Sensitization

We now apply stuck-at-l1 sensitization that is with respect to
cause sum-terms starting with effect 301. Note the dlsplay of

. sum-terms baéed on the SoP canonical form or currently selected

effect. Again, through EXPLAIN the user can view the CCF's for--

the target efrect Occaslonally, will use these options

- - -
=Ir_

_______ — e —— — -_-.—+

CCr Sensitization:
© TESTing: (0-stuck-at-0, l-stuck-at-1)

Total of ( 5) RFFECTS: current range {301 to 305}
Enter / to exit.

+ - r——— - - e - +

~==> (TEST: gelect 0/1)

1

===> (BFFECT: select one from the range above)
301
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—_ . —_———
- | TESTing: | EFFECT: | (¥S /PoS) Summary Statistics |
T e —————— e ————— e + - e +
|. Stuck-at-1 | (301,AND) | ( 0/ 2) Sum-Terms in TS |
+ —t—— Fm———— e - -
: 1 -> 101
2 -» 102 ' :
~ === (BXPLAIN:{X-short-PoS, Y~Detailed-PoS, Z=SoP};
_ ' ISview: {A=all, enter-a-No.?}; F=fwd; /=exit)
x ) ) :
PoS- ( 301 ) = 101 . 102
'===> Press ENTER to CLEAR SCREEN and continue:
+— - +— - + - -_— - -+
| TESTAng: | EFFECT: | (TS /PoS) Summary Statistics |
Fo——— : +——— —-—=+ - - ~———————
| Stuck-at-1 | (301,aND) | ( 0/ 2) Sum~Terms in TS |
e ———— +== - :

e e +
- p
U .

/—\/ 1 - 101

2 -» 102'. ,
~==> (EXPLAIN:{X=-short-PoS, Y=Detailed-PoS, Z=SoP};
ISview: {A=-all, enter-a-No.?}; P=fwd; /=exit)

a

A421 Stuck-at-1 Based Test Requirement Generation
The-test Tequirement being gener&ted'are now displayedﬁ¥££6ugh
the test requirement reporting facllity. This is a "window" of
the general test suite (Aggendix A.8).

—~—
'3
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8

Fr e —————— e e e e —— — e —— ———————— +
ITestSuiteID «TEXT REFORMATTER PROBLEM > of ( 8:Cam, 6:ICau, S:ELL)|
+———y et —_——— —_ e ——————————— +
TR+ | curTR| C AU SE s | BFPECTS |
- / +—+-+—+-+—+-+-+—+—+—+-+—+-+—+-+—+-+—+—+-+—+~+—+-+—+-+f+—+—+-+
CCP|totTR|1|2]1]1}1]1]1 L1131 fajxlalzlalals 3|3|13|3(3|3|3i3|3|3
sen - c|0j0ojofo|o|ofolol1l1]1]1]1 l11)1(1|1]|2|0|0jo|ololOolOoiO|O] -
typ|ELLID|1(2]13(4!l5]6 7l8|9|0]1|2|3|4|5]|8|7|8|9|0 l|12{3|41516|7|8]|8|0
+—--+---’--+-+—+-—+—+—+—+—-+—+-+—+—+-+—+—+—-+—+—+-—+—+—+-—+-+~+:+-+-+—+-+-+-4
15| 1/ 2|00 0 U U U.UUT. C0UUGU
Bal| 301 |* ' -
Rl T N t e —— e s\; ———————————————————————— e ——————————————_— 1
16| 2/ 2|11 U U0 UUwUyU O1U09U0TU
gal|r301 * / - * )
t——— e e e e e __ P o 4
=~=> (S=s8tore-in-Tg, E-explain-TS, P=fwd, /=exit)

Note that effect 301 has undergone sgtuck-at-I sensitization and
the yielded test requiremeﬁts bas been placed in the test suite.
Note +that test ré@uirement? No. 2/2 18 flagged. ‘as redundant
(denoted by: T301).

the.

We now invoke DINSERT in stuck-at-1 mode to

remaining erffects {302,303,304,305} to generate and

accumulate additional test Tequirements.

e e SN S
CCF Sensitization. g
TESTing: (O-Btuck—at—o l=gtuck-at-1)
Total of ( 5) EFFECTs: current range {301 to 305}
Enter / to exit.  __ o
e —— e ————— e T e

===> (TEST: select 0/1)
1

===> (EFFECT: select one rrom the\range above)
302 -
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e ————— o ——————— Fm—m—————— -
| TESTing | EFFECT | (TS /Pos) Summary Statistics |
D e T +
| Stuck-at-1 | .(302, AND) | ( os 2) Sum-Terms in TS !
- —e e e e, ———— —————————————— +

1 -» 101

2 -~» 102

===» (BEXPLAIN:{X=ghort-PoS, Y-Detailed-PoS, Z-SoP}
TSview: {A-a,ll enter-a.-No ?}; P=fwd; /=exit)

a
A e e e e e e e e e e e e e e +
| TestSuiteID: «TEXT REFORMATTER PROBLBH > of ( 8:Cau, 6:ICau, S5:Eff)]
b ————— It T [ e ——————————— +
TR# | curTR| C A U S B S | BPFECTS |
- / RS- S it S ot ot Sl L T S S-S L S P S A S
CCPjtotTRi1{1]1] ] ]af{ |22 ]a]a]2]a]2]a[2|z|2]|2]3]3|3]3]|3]|3]3]3]|3|3
sen| - 10{0j0j0j0jojolOfoi1j1l1f1]2{1{1|1]2[1]|2|c|o|o|olololololo]l
 “YP|BITID|1|2|3[4[S[6{7|8|9]{0|1|2|3{4|5|6|7|8|9]|0|1|2|5|a|5|6|7]|8]9l0
+-—-+----~+—+-+-+-+-+—+-+-+-+—+-+-+—+—+—+-+—+m+—+—+-+-+-+—+-+~+-+—+—+-+
16/ 1/ 2101 0UTUUTT 00UTUTTU
sal| 302 .
rm—r e ——— e e e e e e e —— —————————— e ——————— +
- 171 2/ 2]110U00UUTUTU 100U0T
sal|r302 .
P m———— o e e e e e e e e e ——————— e +
===» (S-store-in~TS. B-explain-TS, P-fwd, /-exit)
a8
e e -, - ——————————— +

CCP Sensitization:

TESTing: (O=stuck-at-0, l-stuck-atNl)
Total of ( 5) EFFECTs: current range {301 to 305}

Enter /7 to exit.

o ————— ———— e e e e s e e B AL s e o o -+

q,’ﬂ—\l-;/(riST: select 0/1)

——-> (RP”BCT select one from the ra.nge above)
303
\

Based on :he'ﬂ selection above, the corresponding SoP canonical

form’ 8 effect (e.g., 303) is "decomposed” into its sum-

!

ta@'ms (e.8.. 4 sum-terms are generated) which constitute the

baslc units (or drivers) of the stuck-at-1 sensitization. The
f6lloving panel illustrates this process.

-
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e e —— o e e o +
] TESTing: | EFFECT: | (TS /PoS) Summary Statistics ]
------- -t T e e e e e e 4
] Stuck-at-1 | (303,AND) | ¢ 0/ 4) Sum~Terms in TS |
o m——————————— torm———————— e e e e e +
1 -» 106
2 -» (103 + 104 + 108 )
3 -» 105 ol
4 ~» 107
===> (EXPLAIN:{X-short-PuS, Y-Datailed—PoS 2=SoP};
. TSview: {A-all, enter-a-No.?}; P=fwd; /=exit)
a .
L. A
A e e e e e +
| TestSuitelID: <TEXTLREFORHATTBR PROBLEX.> of ( 8:Cau, 6:ICau, S:Eff)]
S e e B e St e +
TR+ | curTR| C A U s B s | BEFFECTS |
- / B R e e e et e e e T e S G SOt S O S S SN 4
CCP|totTR|1|1|2|2]2]2l2|2]2]2 LI1(1iXi1(jLfr|2{1]|3|3|3|3|3|3|3]|3I3i3
sen - 0joj0|0]|0 0-0 ol0f1 1 l1111(1|1(111|{1(2|0|0j0o|0|O|O|O|0|O}1
typ|BLfLID|1(2{3]4i5!86 71890 2|3|4(S]|e|7i8|9|0i1|2]|3|4|s5]|68|7|8]9}0
Fomm e t—t—t bbb m— -+-+-+-+-+—+—+—+-+—+—+—+—+—+—+-+-+-+—+~+
18| 2/ 4i0 U 0O 0 111 O Uo00O00O0
sal| 303 * . »
Fm—— e e T - +
18] 3/ 4|U T 100110 i UUO010
8al|r303 - *
e ——— - e e e TR = . e ot e o e e e +
201 ¢/ 4jU U 101100 UTo0o010
8al[r303 *
Fom e ———— e e e e L B e e +
~==> (S=store-in-TS, E-explain-TS, F-fwd, /=exit)



Formm———— e e e e e +
|T§5cSu;3eID <TEXT REFORMATTER PROBLEM.> of ( 8 Cau, 6:ICau, 5:Eff)]
Rt T Y o —————— T T —— == —_——— ————
TR# | curTR| C AT S5k s | BFPFECTS
- T s S S S S S s ot St e S S S S P SN
CCP|totTR|1]2]2x}a|afafz]2l2i2]a]2]1ria] 111{111[3|3|3[3{3|3|3]|3]|3]|3
sen - ojojoiofojoiofofof1frf1|1|1{r|2[2|2|1|2i0]|0]|0i0]O 010|0j0}1
typ|BILID|1|2|3(4|5|6|7|8|9{0|1[{2|3i4|5 6|7|8|9|0|1{2|314|5|6|?7|8]|9]|0
o ——— +-+-+—+—+-—+—+-'+-+—+—+4+-+-+—+—+-+-+—+—+-+-+—+-+—+-+—+ —t =t
17| 1/ 4] U 101010 o001
gal| 303 * -
P e b e e Fm— e
18| 2/ 400 00C1110 TUO0O0O0
sal| 303 . *
+ + + - e e e e e e ———————— e e
191 37 4|0 U 10 0 110 Tguouo1lo
8al|r303 *
b ——— F o e e e ————— e e +
===> (S=sBtore-in-TS, E=-explain-TS, P=fwd, /=exit)
s .
+ ————————————— - e et e —— +
CCF Sensitization:
TESTing: (O=stuck-at-0, l=gtuck-at- 1;3
Total of ( 5) EFFECT8: current range {301 to 305}
Enter. / to_exit.._——
Fom—— - ——————————— - —— ——————————— e +
===> (TEST: select 0/1)
1 .
===> (BFFECT: select one from the range above)
304
tmmmmm e + - B e e T P . +
| TESTing: | EFFECT: | (TS /PoS) Summary Statistics [
+—— + —_———
| Stuck-at-1 ] (304, AND) | € o/ 3) Sum—Terms in T8 ]
——————————————————————— + —_—— ———————————————
1 - 106 '
2 -» (103 + 104 + 108 )
8 ->  (108° + 107" )
===> (EXPLAIN:{X-ghort-PoS, Y=Detailed-PoS, 2=SoP};
TSview: {A=-all, enter-a-No.?}; P=fwd; /-exit)
x
PoS ( 304 ) =106 . ( 103 + 104 + 108 ) ( 105" )

===> Press ENTER to CLEAR SCREEN and continue:

+ 107"




- 8

A — v —— e s ——

.
____________________________ —_———

+ + - :
| TESTing: | EFFECT: | (TS /PoS) Summary Statistics | -~----
e e ———— e . ————— +
| Stuck-at-1 | (304,AND) | ( 0/ 3) Sum-Terms in TS |
e ————— Fmm e Fo e e e e +
1 -> 106
2 -> (103 + 104 + 108 ) °
3 -» (105" + 107" ) A
- (ExPLAIN {X-short-PoS, Y=-Detailed-PoS, Z-SoP}; /
TSview: {A=all, enter—a—No ?}; F=fwd: /=exit) o A
a
e e e e e e e e +
|TestSuiteID: <TEXT REFORMATTER PROBLEM.> of ( 8:Cau, & ICau, S5:Eff)|
fm——— e e o e e +
TR#¥|curTR| . C A-U S B S | BEFPECTS |
- / +—+—+—+—+—+-+~+-+—+—+—+-+-+-+—+—+-+-+—+-+—+—+—+-+—+-+—+—+—+-+
CCFitotTR|1{1|2}1(a|zfr(2{2lL[2l2lr]2 1f111{2[1(1|3]3]|3|3 3]3 3|313|3
ssen - 0,0|010(0fo|o|o|of1|2|2f2|2l1|1|2]1l2 2(0|0|0|0j0/0|O|0]|0|1
tYp|BLLID|1|2{3|4|5|6j7|8|s|o|1]2i3|4!|5]|6 7{8|9(0|1|2|3|4 5|6 718|910
Fm———— +~+—+—+—+—+—+-+—+-+-+-+-+—+-+—+-+-+—+—+—+—+—+—+—+—+—+-+-+—+-+
19| 1/ 3|l 0100 0 10 ‘ o001l
sal 304 e =
Fmm—p———— e e o e +
20 2/ 3;:U UOO0OO0O110 UUO0O0O0
sBal| 304 * = * *
e —————— o e +
21 3/ 3jUU101110 : UUl100
sal|r304 |- ’ * * : *
Fm——t +--———————--—--—-———4—-;—7 —————————————— e Tt . +
=~==> (S=gtore-in-TS, E~explain-TS, F=fwd, /=exit)
+_~_____;; ______________________ . _;_ ______________ +
CCF Sensitization:
- TESTing: (O=-stuck-at-0, l=-stuck-at-1)
Total of ( 5) EFFECTs: curreidt range {301 to 305}
Enter / to exit. , \
+ - —_— ——————— e - —— -+
==~> (TBST: select 0/1)
1

===> (EFFECT: select one from the range above) .
305 .
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m————————— e

| TESTing: | EPPECT: | (TS /Pos) Summary Statistics
Fomm————————— +- ——

| Stuck-at-1 | (305,AND) | ( 0/ 2) Sum—Terms in TS
T -+ -———4 ——— -

+—+—+

1 - ( 103 + 104 + 108 )
-2 =~ 108°

-m==> (EXPLAIN:{X-short-PoS, Y¥=Detalled~PoS, Z=SoP};
TSview: {A=all, enter-a-no ?} F-rwd; /=exit)
x ,

PRS ¢ 305 ) =~ ( 103 + 104 + 108 ) . 106’ o

===> Press ENTER to CLEAR SCREEN and continue:

—

e ———————— m——————

| TESTing: | EFFECT: ]
+ - - e e —-——
!

] Stgﬁk—at 1 | (305,a%) | ( 0/ 2) Sun-Terms iz TS - |

— s s e B e s . e e s — ——

1 - (103 + 104-+~1xuﬁ )
“—
2 =-» 1086’
===> (EXPLAIN:{X=-ghort-PoS, Y-Detailed-PoS, Z-SoPF};
TSview: {A=all, enter-a-No.?}; F=fwd; /=exit)

b
PoS ( 305 ) =~ 201 . 205
-~ (103 + 104 + 108 ) . 1086°'

---> Press ENTER to CLBAR SCREEN and continue:

-+ -—
| TBSTing:

+
| Stuck-at-1

———— -

—t+——— - —+

EFFECT: | (TS /PoS) Sumnary Statistics |
t—— - -
(305, AND) | ( 0/ 2) Sun-Terms 1n TS [

it

1 - ( 103 + 104 + 108 )
-T2 -=-» 106!

===> (EXPLAIN:{X=short-PoS, Y=Detailed-PoS, Z=SoP};

_ TSview {A=~all, enter-a-Xo.?}; F-rwd /=exit)
z
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SoP (—305 ) = 106' . 103 + | = B
| 106' . 104 + o
106° . 108

-==> Press ENTER to CLEAR SCREEN and continue:

Fom e —————— e ——
| TESTing: | EFFECT: | (TS /PoS) Summary Statistics |
e —————— e F——— e —————————————— o +
| Stuck-at-1 | (305,AND) | ( 0/ 2) Sum-Terms in TS |
+=- b —————— e L e i T U +

1 -> (108 + 104 + 108 )
2 -» 106"

===> (EXPLAIN:{X=short- PoS, Y=Detailed-PoS, __Z4=SoP};

TSview: {A-all, enter— -a-N0.7}; F=fwd; /=exit)

a
e e e e e _—
|TestSuiteID: <TEXT REFORMATTER PROBLEM.> of ( 8:Cau, '\B ICau, 5:
t———tm—— e + -

TR+ | cCurTR | C A U S E 8§ | EFFECT

/ +—+—-+—+-—+—+-+—+—+—+-—+--+—+—+-—+—+—+—+—+—+—+—+-—+—+—+—+—+-+

CCPItotTR|L(1|1/1(1)a[1|1|2|aj2|a]|z|a]|a]2|2]2|2]2]3]|3|5|als]5]z
gen) - |0j|0|0;0|0|0jOf0fOf1]1|1|1]|1|2i1|2|2|2|2|0|olo|olo]olo
|tYP|ELLID|1(2|3]4|5|6|7|8|9|0|1|2|3|4|5|8|7|8|9|0|1|2|3|2|5|8|7
ot ——— e e s st STt L DR A s st e e Sl st ULt Tt S S S R

gl 1/ 2lt'TO0OO0OUTOTUO UTUO0O0O

sal| 305 * s = *
F— b ———— e e e ——————

22| 2/ 2([UT10U01TO UUUTUO

sal| 305 »
tm——t -z

===> (S=store-in-TS, E-explain-TS, Fefwd, /=exit)
8

-+-—+-+
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A5 STEP FOUR: Exiting DINSERT

DINSERT allows exit from its environment at all points where the

‘exit-command is indicated (slash: "/").

+ - - ————————————— —_— -

CQF Sengitization: -

TESTing: (O=stuck-at-0, l=studk-at-1)
Total of ( 5) EFFECTs: current range {301 to 305} -

"Bnter / to exit.
S — B —— — ———————— -—
===> (TEST: select 0/1)

/

When éxiting from DINSERT, a message 1is displayed to remind the

user about the existing reporting facilities (files). The file- -

name and file-type of these files are displayed 1f a hard-copy is

deslred. This "exit" message 1s shown in Figure A.4.

* " ****  Exiting DINSERT message * = * * * x
May use system's print command for & hard-copy of

1) Test-suite is stored in file: TSUITE LISTING
2) Generated logs stored in file: 1OGS LISTING

Note: A file containing this session may be found
in your virtual reader (fetch and print it)

L BN SR BN JEE JEE BEE BN SEE RN NEF BER NN NEE N

N EEEREEEEE R

l‘3838318883838388’_288883tt!

Figure A.4: Exiting DINSERT Message.
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A6 STEP FIVE: Use DINSERT To Document Test Suite
Construction

In Section 4.3.1.2, we discussed in detail the organizstion and
the main features of the temt suite. Here we give an illustration
of the test suite. Our 'illustration is based on the TRP. The TRP
test suite is shown in the following two pageg. .
Briefly, test reguirements in the test suite appear is,the
order being generated. The order i1s not important and is user
gpecified. 1In the running example of this appendix, howevei.'we
chose to generate all the stuck-at-0 based test requirements
first. Note that this type of gensitization is'with respect to
cause‘p;oduct-terms (see Section 3.5.1). All the intermediate
steps (userQDINSERT intersctiensl are l1ilustrated throughout
Section A.4.1. The 14'test requlremeonts Yield, are shown in the
test sulte (e.g., test suite header: TEXT REFORMATTER PROBLEM)
following the ‘global test requirements counter: 1 to 14 (see
Section 4.3.1.2). )
Sisilsrly, the st&ck—at—l‘besen test requirements follow next.
- Note that this type of sensitization is with respect to csuse
sum-terms (see Section 3.5.2). All the intermediate steps (user-
DINSERT interactions) are illustrated_throughout Sectlion A.4.2
and the 8 test requireﬁeﬁgswyield. are shown following the globai

o

test requirements counter: 15 to 22. So, DIKSERT. applied to TRP

~

have generated a total (“combination") of 22 test requirements.
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- - -+
|TeBtSu1teID <TEXT REFORMATTER PROBLEM > of ( 8: Cau, 6:ICau, G5:Eff)]|
e T ——  —— - - +
TR+ | curTR C AUSES | EBEPFECTS |

- / et e e e e e e Y WY A S SIS S I SR 4
CCF|totTR|1)1|1(x[a|a)z|zfx|afaaln]alafal2l2ln]1]3 3(3]13|3|3|3|3[3|3
senf -~ |010j0j0|0jO(0O0|OfL {2|2]|1]2|1|2|2|2|1]2]0{0l0]0|0l0]Ol|OlO!T
typ|BLfID|1|2|3}|4|5|6|7|8|9|o|1|2|3|4[5|6|7|8!9lol1|2|3|4|5]6 7|8|9|0

s Sl S N St et s s et i ot o Sttt et St R P N RV SO S A R S-S S S
1] 1/ 1 1 0 UUvuUvUgUvy 10U0UU
sa0| 301 . *
e - o i NS R At Y B S S S S A e S = N B PO e e B -
2/ 1/ 1|11 000U0U0TTU OlUuUuevu
‘Ba0| 302 [* = *
+—--+----u+-—-----———-----——-—---—————--—---—--—--+---------—— ----- -
3l 1/.3|U0 T 1 0l1l10 UU100
sa0| 303 * 5 os »
e - T - ——————— e e —— +

"4 2/ 3|UT.011110 Uo1l100

sa0| 303 + 5 0% s *
et - - —_—————— e S ———— +
5| 3/ 3j]uT001111 UT0100
18a0| 303 rxoxox *
+-l--+-----+-----------s------i------s---------—--—--+h--—-----—----l-—---+
61 1/ 6/TT100110 ‘ltvo1i1o,
sa0| 304 || * = = *
R e Su—— ———— - ————————— +— - —_——t
7{ 2/ 6|]UT101100 UTo1l1lo0
s80| 304 . + s ; .
e + —_— - —_——————— ———t e L. +
8( 376t vo10110 UU0010
sa0| 304 e *
s —_ - - - e +
9| 4/ 6(TUTUO011100 UUTO01lO
sal0| 304 * il *
et TR - - - - ——— e e +

10 5/ 6|T 0000111 UU0010
sa0| 304 4 *x s *

+ } + - - — —————————— e +

11/ 6/ 6|]TD001101 TuUuo1lo0
ga0| 504 oz oz *

+-ﬂ-+---ﬁ-—'-ﬁ—_-----h-------------------H----------+-ﬂ------ﬂ--------lﬂ--'-

12) 1/ 3|t t10U00T0O0 TUO0O01
8a0; 305 * * *

+=——+ + - - e e e T +
13| 27/ 3|v U 0 1 2) 0 U 0 U001
sa0| 305 — *

i + - - e e — +

14 3/ 3|]U D00 T,00 1 0001
‘Ba0| 305 //* * - *

_-----—----+------—-—u---------+
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+u—--+-----+---l-—-------------------——-——-—--------+--------------------Q-
15/ 1/ 2100 0UUUUUU . 100U UU

Bal| 301 |(* ) x

16 1/ 2 0 lU0U0U0TUTTU Q0U0UUTUT
sal] 302 ’ *

+ ——— e + - -+
| Cause TS Legend ! Efrect TS Legend |
ettt P S, + - -t
1 : Invoked | 1 : @ bpresent
0 : Not-Invoked | O : Not-Present
U Unimportant U : Unknown
* Forclng-Coxnd * : Target-Effect
+ e ——————————— + ——— —_——— +

‘A61 Dcceument the CCF's Constructed by DINSERT
The subsystem CCFGEN (Figure 4.1 on iage 116) being a successor

of CCNEDIT, takes as input the GIF's of the CCN under

,_/—-/\ . . .
investigation and produces as ottggf\\the\\ggy'-oanonioal forms

(i.e., PoS's ana SbP's) The rollowing 1llustrates thie kind of
logs, representing the CCF oanonical forms of the TRP.

+----H--------------+

+——-----------------+

17| 1/ 4| U 10 1 0 10 TUO0OO01
sal| 303 * *
e N == - - - - e T S +
18| 2/ 4([UU0O01110 _ TUuUo0Q0oO0
sal| 303 * = * *
+---+-----+---—---------A-------------------------+-------------------+
18 1/ 3|V U100010 TUUO0OO0Q1
sal| 304 . *
Fm———p e Fm—m———— - —_ ——— e Rt Sy S, +
200 2/ 3|TUO0O0O0O110 UUO0OO0O0
B8al| 304 * = * *
B e LT — et
fl| 1/ 2(0UO0OOQCUTUOUO GUOO0O
sal| 305 I * -
—t———— B —— e ———————— P e +
2 2/ 20U 10T 100 . UGTUTUO
sal 05 *




Page 213

-~

Pos ( 301 ) = 101 . 204
' - 101 . 102'

r

SoP ( 301 ) = 101 . 102’

—

PoS ( 302 ) = 101 . 102
SoP ( 302 ) = 101 . 102

PoS ( 303 ) 202 . 203
- 106 . 201 . 105-. 107

- 106 . ( 103 + 104 + 108 ) . 105 . 107

SoP (-303 ) 106 . 105 . 107 . 103 + s
106 . 105 . 107 . 104 +

106 . 105 . 107 . 108

- .
-----_---------—-------------------------------------------------

PoS (\304 ) =202 . 208

.,

~ =108 . 201 . 203’ '
=106 . (103 + 104 +¥ 108 ) .—¢105 .-107 ) '

]

**MSG** De Morgan's Axiom on: ( 105 . 107 ) ° - --
(I-Y)' -3 xl +Y| .

- 106 . (203 + 104 + 108 ) . ( 105" + 107! 1,
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"SoP ( 304 ) =~ 106 . 103 .- 105' +
| 106 . 103 . 107' +
106 . 104 . 105' +
106 . 104 . 107' +
106 ..108 . 105' «+

.

106 . 108 . 107"

~
P N R Nt N N U NN U N S N e S BN B S N S ey N Y S e e e B ------------—-------—-H-----

PoS ( 305 ) = 201 . 205

- ( 103 + 104 + 108 ) . 108’

So?P ( 305 ) = 106° . 103 +
| 106" . 104 +
106' . 108

N

- .
--------------------------------------------------------—-——--—--

r



Appendix B

TEXTS OF THE DINSERT MENU COMMAND

¢
b

f
‘\ ’ Y

In Table 4.4 on page 125 (Section 4.3.1.1) we have classified the

RESPONSES

.

DINSERT responses with respect to the subsystem that théy are

originated. In this Appendix, we provide the 1listing of the,

DINSERT

Tesponses {a total of 64 responses). For the

interpretation of the response heads follow the Legend pro#ided

at the end of this Appendix. The DINSERT responses are:

Xo:

. .
QOUOTIOUIh N

—
b=

[y
1N

15

Head:

smmam )
- )

—-aw

.-y

-——— )
- )
- )

L 1 )

- Emsmem )

)
- )
-
-

-———)

-mamem )

X8,
£3%,
xEE,
xxx,
TEx,
LT 2N
TxE,

Toxt of DINSERT responses:

Press ENTER to CLEAR SCREEN and continue:

Enter the No. of-"Causes": Maximum is 99

Enter the No. of "Intermediate Causes": Maximum 1s 99
Enter the No f "Effects": Maximum is 99

(npn) This {s the only one gate!

(nnn) first gate

(nnn) last gatel ®

(nnn) ]

(TestSuiteID: Enter a string up to 25-characters...)
(TEST: select 0/1) . :

(EFFECT: select one from the range above) .
(EFFECT: range contains only onel Enter it: nnh
(EXPLAIN:{x-shorp—PoS. Y=Detailed-PoS, Z=SoP};

ISview: {A=all, enter-a-No.?}; F=fwd; /=exit)
(S=store-in-Ts, E=explaln-TS, F=fwd, /=exit)

Invalid input ...

Invalid input: Blanke were entered]|

Still Invalid input: maximum Bxceeded!
Invalid input: The No.hnn is out of Range!

Invalid input: Node No. (nan) is undefinmed| E -

Invalid input: EFFECT (nnn) is Undefined or out-of-Range!
DP/s termNu (nnn) is invalid! Valid panel: {nn to nn} or F=fwd.

- 215 -
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23
25
26
2
28
29
30

31

32

33

34
35

36
37

38
39

40
41
42
43
44
45
46
47

48

. 49

50
51

52
53
55

***> p/s termNu (nnn) 1s too bi
***> p/s termNu (nnn) imp
***> p/s termNu (nnn) has

x tMSGl ]

De Horgan's Axiom on: (nnn . nnn

Page 216

8! Valid panel: {nn to nn} or Fefwd.
ossible! Valid panel: {nn to nn} or P=fwd.
already been viewed,in TestSuitel :

s+ ++«. ,. nOR)*
(x . Y)t - ' o+ Yn -
**MSG** De Morgan's Axiom on: (nnn + nnn +, ,+ nnn)’
(x + Y)l -{,\-I' . Yv
**MSG** Involution Axiom on: nnn
(x ' -v) =3 x
*EMSG** %dempogent Axiom on: (nnn . nnn) Thus, the above becomes:
X .X) ->x '
*IMSG** above becomes:

Idempotent Axiom on: (nnn + nnn) Thus, the
(x +x) -» x : )

***> INTERM(nnn,AAA) has no FanIn:

Thus, GIF cannot be generated. Please specify

***> EFFECT(nnn,AAA) has no PanIn:

Thus, GIF cannot be generated. Please specify

'CAUSE (101, BUF)

INTERM(202, AND)
CAUSE (106, BUF)

INTERM(nnn, AAA)
INTERM(202,AND)

CAUSE (nnn,AAA)
INTERM{nnn, AAA)

CAUSE '(nnn, BOF)
CAUSE (nnn,BUF)
INTERM(nnn, NOT)
INTERM(nnn, OR)
CAUSE (nnn, AAA)
CAUSE (nnn,AAA)
INTERM(nnn, AND)
INTERM(nnn, OR)-

CAUSE (nnn,AsA)
CAUSE (nnn,AAA)
INTERM(nnn, AAA)
INTERM(nnn, AAA)

CAUSE (ann, BOF)

CAUSE (nnn,AAs)- =

CAUSE (nnn,AAA).

.INTERM(nnn, AAA) =

-~

e

—_——

CAUSE (101,BUP):
INTERM(202,AND):

CAUSE (104,BUF):

CAUSE (nnn,AAA):
INTERM(201, OR):

INTERM(nnn, NOTS -.
INTERM(nnn . NOT)-

INTERM(nnn,AND):
EFPECT(nnn,ARD):
INTERM(nnn, OR):
EFFECT(nnn, AND):

INTERM(nnn AAA):

EFFECT(nnn, AAA):
INTERM(nnn, AAA):
EFFECT(nnn, AAA):

INTERM(nnn,AAA):
EFFECT(nnn,AAA):
IRTER¥(nnn,AAA):
EFFECT(nnn,AAA):

INTERM(nnn, NOT):
INTERM(nnn, AAA):

EFFECT(nnn,AAA):
EFFECT(nnn,AAA):

This gate 1is

This gate ig

not connected.
a connection.

not connected.
a connection.

Rejected. Conn. to itself!
Rejected. Conn. to itself!
Rejected. Cascaded CAUSES! . -
Rejected. Tried to Loop-back!
Rejected. Tried to Loop-backl
Rejected. {FanIn Limit =~ 1}
Rejected. {FanIn Limit = 1}
Rejected. {PanGut Limit - 10}
Rejected. {PanOut Limit = 10}
Rejected. {FanOut Limit = 10}
Rejected. {FanOut Limit - 10}
RejJected. {FanOut Limit - 10}
Rejected. [FanOut Limit - 10}
Rejected. {FanOut Limit - 10}
ReJected. {PanOut Limit - 10}

Already Connectedl
Already Connectedl
Already Connected!
Already Connected!

Already Conn. Unique Conn.
Last
Last
Last

Valid Connectionl
vValid Connection]
Valid Connection!

~
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-

56 +++> PoS(nnn) generation aborted in Sub.POSEXP
Please exit and Check the CCN and  LOGS

37 +++> Pos(ann) generation aborted in Sub.MO X
Please exit and Check the CCN and LOGS.

58 +++> PoS(nnn) generation aborted in Sub.IDEMFO.
Please exit and Check the CCN and LOGS.
38 +++> PoS(nnn) generation aborted in Sub.POSEXP. Array PS is full.

‘Please exlt and define 'a smaller subnetwork for (nnn).

.60 +++> CCP's for the effect (nnmn) 553 incorrect. Prom sub.PRTEXP.
Please exit and check CCP's for (amnn) in LOGS. :

62 +++> SoP(nnn) cannot be generated because PoS(nnn) is incorrect.
From sub.SOPEXP. Please exit and check these CCF's in LOGs.

62 +++> SoP(nmn) generation aborted in Sub.SOPEXP. Array SP is full.
Please exit and define a smaller subnetwork for (aonn).

63' +++> PoS(nnn) decomposition to cause sum~terms cannot occur.
No stuck-at-1 test Tequirements are generated. Continue
with the next effect or exit and check PoS(nnn) in LOGS.

64 +++> SoP(nnn) decomposifion to cause product-terms cannot occﬁr.
- Ro stuck-at-0 test requirements are generated. Continue
with the next effect or exit and check SoP(nnn) in LOGS.

i

- ——

Legend to response heads:

s
o + ——— e + e — +

| Prompt | Warning | Axiom NSG T Brror - |Gate Conn

+---b-----+------n—--+-----------+n-’-———---+---hn----+

TJ el

LI N

**MSG** +++>

——
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Appendix C
ILLUSTRATING HARDWARE PATH
SENSITIZATION TESTING TECHNIQUES

Cli The D-Algorithm for Deriving Tests
The algorithm described in Section 2.1.2.4 for deriving tests

involve intersections of the primitive D-cubes of the fault. with

pPropagation D—cubeéi_While intersecting two D-cubes, & = (51.82{'

.-+ ,8p) and b = (0;.b5, ... ,bp), it is important to remember
that all D's in a propagation D-cube may be O or 1 and that D''s
will always have the opposite vaiue. Thus, 1f we complement all
D' and D''s in a propagation D-cube,rthe set of vertices they

represent do not change. The intersection of a D—oube 4 and a

: prqpagation D-cube b is undefined unless:

1. In all positions in which b bas a D(D'), & has a D(D'), or
in all positions in which D has a D(D') a has a D'(D). And,

2. In any position in which &8 has a D or D', b does not have a-

O or 1.
Ir'those two conditions are satisfied, then (a intersection D)
agrees with a in all coordinates in which & has a D or D'. The
Temalning coordinates of the 1ntersection are defined as in the

intersection of cubes contained in singular covers [Roth 67].
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BYAMPLE: As examples, consider & = 11-DOD' and b = —10D'-D. Then
(a intersection b) - 110DOD'. If ¢ = -1-D'0OD’, (a intersection D)
-~ @ VWhere a, b, and ¢ as in Flgure 276 on page 34, and "-"

denotee "don't-care" values.

C2 Procedure foere'rivin&Tests

AThe Procedure for deriving a test for a given fault consists of

two parts:

1. A primitive D-éube ol the raﬁlt is chosen and intersected
successively wlith propagation D-cubes of the blocks of the
circuit in order to form a comnected chain of D-coordinates
to an output. This procedure is called the D-drive.

2.  The D-cube obtained im (1.) 1is intersected with the
gsingular cover 0of blocks of the 1logic circuit until a
sufficient number of inputs have been specified. This is

called the comsistency operation.

These two operations correspond to the sensitizing of the path
from the fault to an output anrd the tracing back from the gates
in the path towards the 1nputé in order to specify a sufficient
number of inputs to produce the desired internal slgnals.

The first step in deriving tests is to obtain the singular
covers and the propagation D-cubes ©f the blocks of the circuit.
Only aingle—input propagation D-cubes are computed initially.
Multiple-input D—cubes in which more than one input is D or D'
are computed as necessary. These will be necessary when more than
one path in a circult containing reconvergentl fanout has to be

-

1.If there are two or more paths from any fanout point in a
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sensitized 1n order to detect a fault. Before attempting the D-
drive, the blocks of the circuit are ordered so that every blocg}
appears é}ter thé,blocksjto whose outputs it is copnected.
Any D-cube which represents a partially formed S:st during the
D-drive 13 called a test cube and is Trepresented |\by tc and a
superscript denoting the step at which it is_ obtaine . Assoclated
with each test cube is an activity vector, conais lng of the
circuit wires to whick D or D' has been propagated at Q&is stage
in the test propagation. Thus, the activity wvector givfi;ythe

successors through which the D-chain already constructed m be
. , Y
extended.

The D-drive using single-input propagation D-cubes ‘may-
terminate premat&rely before reaching an output terminal if the
clrcuit contains'reconvergent fanout. This will happen when all
intersections of the test cube with the Ppropagation D-cubes of
all blocks of its activity vector empty. Two types of empty
intersections may be encountered. In the first type,hoth the test
cube and the D-cube have opposite values O or 1 specified for -
some coordinate. This happens when conditions necessary for
propagation in the earlier part of the D—chain prevent rurther
DPropagation. In this case the particular D-chain has to be
abandoned and a new ‘D-chain uveling a different member of the

activity vector at the step of the last arbitrary selection is

- attempted. In the second type, the intersection is empty because

the propagation D-cube has a O or 1 in a coordinate assigned D or

circuit to the inputs of some gate, the fanout is said to be
reconvergent.
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D' in 't'he test cube. This implies that a.nother path in the
circuit bhas been accidently sengitized. The D-drive can be
continued only 11‘ a suita.blg multiple—-inputﬂ D-cube can be derived
for t;h:{a;r'ticﬁlar block. B

Thls corresponds to the case w‘here_ & particular path can be
sensitlized only alone with other paths, but not by itself.
Multiple—input D-cubes with D's or D''s in the desired coordinate
positions can be derived in a manner a.na.logoua 'to that the single
input D-cubes. If the- int_ersections with the appropriate multiple
D-cubes are ‘also empty, we have to back-track to i‘:he last step
where a ehoige of path was and try a different pdth. More deta.i;l:_s_
can be found in [Roth 66,67, Frﬁe 71].

C.3 Examples Based on the Informal Version of the |
D-Algorithm

It can be shown that the D-algorithm will Yield a test for a

fault if a test exists [Rofh 66]. The algorithm as described
above can be a.utoma.ted.. For relativély small circuits, the
;inrorma.l method discussed earlier in Section 2.1.3.4, which is a
| path-sensitizing teéhniqﬁe. preservj:ng the identity of signals
gensltive to the faults, seems to be more convenient, 'eapecially
for manual computations.

The D-algorithm can be exténded. in a rather straightforward
ma.nnez.:, to make it applicable %o maltiple ;tuck type faults.
However.. we shall considér only an informal version of the

‘algorithm [Roth 67].
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The first step in the informal D-algorithm for multiple réults

1s to label wires which are stuck-at-O with D and those which are
stuck-ap—l with D;. As inlthe éingle—rault cases, wo attempt to
p_ropa.ga.te a D or D' to the ‘circuit. outi:\ut. In dding 80, the
effect of a fault may-?ropagate to some other faulty wire. If
x --> 7, 1ndicates that a signal x reaches a rauity wire whose
state is represented'by Y, where x =~ 0,1, D, or D' and y = D or

D', the following addition rules may be defined:

1. D --» D = D

2. D' —— D' = D'

3. D -->» D' = 1.
T4, D' =—>» D = 0

S. l --»D = D

6. 1 -->D''= 1 i
7. 0 ~->D = 0

8. 0 —-— D' = D'

These rules, in effect, represent’ the consistency operation in
the presence of mnultiple faults. The validity of the above
equationssgfll be clear 1f we use our interpretation of D and D'.
D --> D means that a signai that 1s normally 1 but changes to O
in the pfesence of slome- fault propagates to a wire whickh is
stﬁdk—af-o. The signal on.the wire will be 1 if neither fault is
present but will be O if both _raultsr are present. Similarly
D ——» D' 4implies that a signal that changes from 1 to O
propagates to a wire which is stuck-at-1. The signal on the wire
will be 1 both in the normal and faulty circuits. The renaining

‘equations can be verified in the same manner.



.Figure C.1, shows a circult with w stuck-st-0 and x stuck-
at-1. The signals ghown on the wires are obtained by representing

the two faults by D and D' respectively and propagating a D to

Ve
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the output.
1 .D +--—+B
W —————— e St OR 1
D’ ————+
+——=] 2
0 D' 4+———3A +———t +———+E
X —————- X-~-|(AND] D' +----1AND| D
1 -+ || em———— b
Y —-mm=mmmm 1 l SRS P
———t D' +——=+C ot
. +-—=|NOR| D
o] _— :
z. e 3 (top)
+———t
I 1 D +———+B
W e X OR | D
0 |
=l 2
1 D' +——=3A +———t +—-——+E
X —————- X-—-|AND| O . +--——|AND| D
0 ——— C e ——— f
Yy —————- 1 | +———| 4 | -
e O +-——+C F=——t
+-——=|NOR| 1 _
0 ————+
Z —m——————— - 3 (bottom)
+———t :
Figure C.1: Informal Version of D-Algorithm Applied to
Single-Faults. This figure shows & circuit
with w stuck-st-0 and x stuck-at-1l.

—

First let us try to propagate the fault =x stuck-at-1 to the

output in the preﬁence ot w'stuck-at—o. To propagate the fault to

the output gate A (number 1) we set x = 0, ¥y - 1l. At this state
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we have a choice as to paths. Choosing path ACE we must set z = 0.
résulting in D as output from gate C (number 3). If w = O the
output of B is D', the output of E is D.D' = O and the fault is
not detected. Howevér. if w = 1 the inputs to ‘gate B are D and
D', the output is ‘1 and the output of gate E is D. Thig test,
w.x'.y.2z', 18 shown in the top part of Figure C.1 on Page 223.

It is also possible %o prbpagate the fault w stuck-at-0, by
the input combination w.y’.z’, which 1s shown in the top part of
Figure C.1 on page 223 Note that the output of the first AND gate
(number ;I.) wlll be O whether or not x is s'tuck—.s".t-—l. because
Y = 0. The tests derived by this proced_ui_‘e are guaranteed to
detect the simultareous Presence of all the multipie faults
considered. Individual faults may or may not be detected by these
tests. For example, w.x’.p.z' will detect w stuck-at-0, x\stuck-
at-1 of both whereas w.y'.z’' will detect 14 stu.ck-at-o the
double fault, but not x stuck-at-1.

BXAMPLE: Consider the same circuit repe'a.ted in Figure C.2 & pa.ge°
225, with x stuck-at—0 and a stuck-at-1. In the top part ) of
Figure C 2 on page 225, ve attempt to propagate the D on x to the
output of date E (number 4) the path ACE. If w = O, the output&:f
B is D. Gate E prod.uces a D' output with a stuck?at;i because
D-->D' = 1. If w~ 1, the output of B is 1 and 1 --> D' =1
ca.using the output of E to be D', as shown Ain bottom part of
Figure C.2 on page 225. Both the tests v'.x.7.2' and w.Xx.y.2'
detect the simultaneous presé#ce of x stuck-at-0 and & stuck-
‘at-0, and also the single-fault x stuck-at-0, but not the 8ingle-
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~fault & stuck-at-I. The multiple~fault and the single-fault
p ai%tuak—at-l can also be detected by w“.y'.z', which is derived

by settihg ¥ = 0 80 a8 not to propagate the fault on x and then
- propagating tie fault on a. -

0 +———+B
W o ————————— o OR D D —>D' =1
D ————
: tm——| 2
1 D +-———+A F——— "a" +———+E
X ————— X--1AND| D +-X-v——|AND| D'
1 ‘ —-———+t | m———— T
Y ——-——— 1 Fom———— 4
+=——t D +——+C F———t
: +—-—-—|RCR| D'
o _ —-———+t
i '3 (top)
+———t :
1 +===+B
W e e — OR | 1 1 --> D' =1
D =
fm———] 2. :
1 D +-———+A +———t "a" +———+E
X ————— X-—|AND| D +-X-v--|AND| D'
1 -+ | |, b
Y —————= 1 o 4 '
+———t D +——C =t
+---—1NOR| D'
0 ———+ :
Z ——————— -- - 3 (bottom)
+-——t
Figure C.2: 1Informal Version of D-Algorithm Applied to
Multiple-Faults. This figure shows & circuit
with x stuck-at-0 and a stuck-at-l.






