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A b s t r a c t

BXFBRT 8Y8TBM8 AMD TB8T FLAM OBMBRATIOM

by

IOAMNI8 PAFAVA8ILIOU

Adviser x Professor Howard Rubin

The purpose of this work is the design of an expert 
system that supports the automation of the contents of the 
test plan, improving in this way the productivity, quality 
and reliability of software, which subsequently reduce the 
software cost. Chapter I gives some background of the 
problems that currently exist in the development of software 
systems and drive the software costs up. To overcome these 
problems, we propose a solution: to automate the labor inten­
sive functions in the software development process using ex­
pert systems, and restrict our work in constructing the test 
plan using this approach. In Chapter II the scope of the sys­
tem is defined. It accepts as input the flow graph of a pro­
gram written in a simple subset of PASCAL and produces as 
output the number and definitions of test cases, the test
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coverage, the number of predicted defects and the estimated 
reliability. In Chapter III we discuss several expert systems 
that are currently supporting software development, and we 
also summarize the related work on software testing.

Chapter IV is the core of this work. The design of the 
system is described step by step. The system uses the data 
selection criterion "all-uses", from the family of crite­
ria proposed by Rapps and Weyuker, to select the paths to be 
tested and then forms the path constraints by using symbolic 
evaluation. The implementation of the first part, i.e., the 
selection of the test paths, and some actual results are 
given in the appendixes. Chapter V is a brief discussion on 
the possible future research directions for this project.
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CHAPTER I 
INTRODUCTION

l.l Background

The development of software systems is usually 
straightforward, but often results in the project which is 
over budget, both in terms of cost and time, or even results 
in flawed products. As we move towards complex software 
applications, programmers fall farther behind the demand and 
their results are of poorer quality. High demand and compara­
tively low productivity drive software costs up. The need for 
software is growing exponentially, but productivity is only 
rising at a rate of about 5% a year [12]. Figure 1 shows 
the growth per year of the software demand, software produc­
tivity, and software personel, from 1980 to 1990. Although 
progress is continuously being made in software technology, 
it appears slow, compared to the developments in hardware 
technology.

Thus, there is a necessity for a solution that makes 
software costs drop as rapidly as hardware costs do. Figure 2 
reflects the relationship between the hardware and software 
costs. There is no single development, in either technology 
or in management, that promises improvement in productivity,
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reliability, or simplicity [2]. Therefore, to overcome these 
problems, we must apply several technical developments that 
help us manage the complexity of software solutions.

One of these developments, the technology for building 
expert systems, can be applied to the software engineering 
task in many ways [2]. The recent history of expert systems 
shows that tasks comparable in technology and complexity to 
the tasks one performs in building software can be automated. 
[33]. Any function in the software development life cycle 
that needs labor-intensive effort is a good candidate for 
automation, i.e., it could be transferred from a manual 
operation to an automated process. Since a totally automated 
software development process is not currently available, the 
automation of some of its functions would improve produc­
tivity, quality, and reliability with a subsequent gain 
being reduced cost.

The test plan, which guides the testing activities 
efficiently, considered as a part of the planning activity 
is primarily a manual operation. Therefore it must be automa­
ted to yield an improvement in the software development 
process. Until now there is no expert approach for construc­
ting the test plan, so producing software is more costly.
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1*2 Probl—

The problem addressed in this dissertation is the 
automation of the process which generates the test plan. This 
function should take place early in the system development 
life cycle as part of the planning activity.
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CHAPTER II 
OUTLINE AND LIMITATIONS 07 THE SYSTEM

2.1 BOOPS

This study is concerned with the automated generation 
of the test plan, which is an integral part of the overall 
project development planning. The system is restricted to 
the structural testing of an individual module, i.e., the 
control structure of the module is used as the basic source 
of information for generating the test cases. Module or unit 
testing is the validation of the module in an isolated 
environment. Each module implements a single independent 
function and has a single entry point and a single exit 
point. The size of a module is an important factor, since it 
is related to the ease of testing, e.g., the number of paths. 
To simplify the problem, we assume that modularization has 
been applied, i.e., the major subfunctions to be accomplished 
have been identified and the module size is small enough. 
Since there is a relationship between the number of errors 
and the size of the module [13], size is considered in the 
dissertation. The module's function is the transformation 
from input to output and its logic is the description of con­
trol flow within it, represented by a flow graph. Each node
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represents a program segment, i.e., sequential code with a 
single entry and a single exit, and each edge indicates flow 
of control between two segments. The node containing the 
first statement of the module has no predecessors and is 
called the source, while any node with no successors is a 
sink node. A test case in the program corresponds to a path 
from the source to a sink which represents the execution 
sequence evoked by the test case.

The system's focus is on the contents of the test 
plan, namely, the number of test cases, the definition of 
test cases (the input values, the expected results, and the 
requirement(s) to be verified), defect prediction, potential 
test coverage, and the estimated reliability. There are only 
simple variables and the types of statements allowed are 
assignment statements, conditional and unconditional transfer 
statements, and input and output statements. Also there are 
paths from the source to every node in the flow graph, and on 
every path of the form ( n^,... , n ^ n j  ), i.e., on every loop, 
there is some segment that contains a conditional transfer to 
a segment that is not on the path. We assume that coinciden­
tal correctness does not occur for any test point, i.e., if 
a test point follows an incorrect path, the output values 
are not the same as if that test point were to follow the 
correct path. The path condition is the compound condition



that must be satisfied by the input data point in order for 
the control path to be executed. It is the conjunction of the 
individual predicate conditions generated at each branch 
point along the control path. If the path condition is not 
satisfied by any input value, the control path is infeasible, 
and is of no use in testing the module. The path condition 
is a set of equality and inequality constraints on the input 
variables. To generate test data that satisfy the path condi­
tion requires that the system be capable of solving arbitra­
ry sets of inequalities. However, determining such a solution 
is an undecidable problem [9]. Thus, the path feasibility 
problem is also undecidable. Due to the various forms of con­
straints and type requirements on inputs, an integrated col­
lection of inequality solution techniques is usually needed 
[28]. A usual hypothesis is that the inequalities used are 
relatively simple and often linear, which is a limitation 
for the testing strategy. White and Cohen [40], based on 
research works of several people, argue that nonlinear 
predicates are rarely encountered in data processing ap­
plications. Also, nonlinear predicates, except the simplest, 
pose problems of extra processing which maybe preclude tes­
ting. In this case of simple and linear inequalities, linear 
programming techniques can be used to solve a system of 
linear constraints. If the above hypothesis is proved false,
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other methods can be applied to solve the set of constraints, 
such as the conjugate gradient algorithm. The system is able 
to deal with linear and nonlinear constraints, and with con­
straints that contain alphanumeric variables and literals. 
Since no method can solve all arbitrary systems of con­
straints, any chosen algorithm sometimes fails, and so in 
some cases consistency or inconsistency cannot be deter­
mined [6]. Missing paths, i.e., the module does not contain 
the corresponding path of a special case, represent another 
fundamental limitation to a testing strategy based on the 
structure of the program. It is assumed that such an error is 
not associated with the path being tested, since in order 
to find it, we have to look at supplementary sources such as 
software specification. No attempt is made to deal with any 
of the administrative details.
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CHAPTER III 
SUMMARY OP CURRBMT KMOHLBDG8

3.1 Rflittd WorX fi& BlPtrt BVSt—

An expert system is an intelligent computer program 
which consists of two parts : a knowledge base containing the 
facts and heuristics about a particular discipline and a 
collection of inference procedures applying reason to use the 
knowledge base. An integrated software development expert 
system automates the software development process from the 
requirements phase through the verification and validation 
phase.

Several such systems have been designed and are cur­
rently supporting software development. They are categorized 
in [20] into two major areas: systems that concentrate on one 
part of the software problem such as coding, and systems that 
concentrate on the entire software development process for 
specific application such as symbolic computation. From that 
source [20] we give the members of each category and their 
functions. In the first class we have:
(a) Programmer's Apprentice - keeps track of details, as the 
programmer designs the program, and assists in documentation, 
verification, debugging, and modification.
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(b) PHENARETE - takes a LISP program as input, detects 
certain errors and suggests corrections.
(c) SAFE - takes an informal specification as input and 
attempts to produce an unambiguous specification in a formal 
language.
(d) PROTOSYSTEM I - accepts a specification input in a high 
level language and attempts to generate an efficient imple­
mentation in PL/1.
(e) DEDALUS - converts a high level complete specification to 
an implementation in a simple LISP-1ike language.
The members of the second class are:
(a) PSI - automates the development from a functional input 
description through implementation in LISP.
(b) NLPQ - accepts inputs in English language and produces 
simple queueing in GPSS.

Finally, the system PLANMACS has been developed [30] 
for the automation of plan generation, which is among the 
most manually intensive areas in project management. It con­
sists of three major components : PLANNER, SCHEDULER, and
TRACKER. The PLANNER takes as input a macro estimate of 
project effort and, using descriptive information, constructs 
the project plan, which the user can modify by adding or 
deleting activities. The SCHEDULER places the plan onto an 
actual calendar and real staff resources are assigned to the
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project. The TRACKER produces the tracking reports by which 
the progress of the project can be judged, and detects sig­
nificant variances. The PLANMACS system with the combination 
of continuous estimation, "expert" planning, intelligent 
scheduling with tracking, provides an integrated support en­
vironment for project management, further improving produc­
tivity.

The test planning is an integral part of the overall 
development planning, and starts during the initiation of 
the project. The emphasis in test planning should be on de­
fect removal. This implies the efficient utilization of a 
variety of test techniques and the consideration of many 
factors such as size (measured in thousands of lines of 
code), and cyclomatic complexity (defined as the number of 
decisions plus one), so that the plan is both feasible and 
effective. The process of test plan generation is ongoing. As 
the process progresses new test activities are added and new 
test cases are generated.
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3.2 Rtlatad Work on Taating

3.2.1 It»j Ci»f gtnt£ltl9B

The test plan describes the complete software test 
program and is based on the Software Requirements Specifica­
tion. The ultimate objective of test planning is to maximize 
the number of errors found, with respect to the amount of 
testing. Modules contain two types of errors: computation er­
rors and domain errors. A domain error occurs when a specific 
input follows the wrong path due to an error in the control 
flow of the module. A computation error is contained in a 
path when a specific input follows the correct path, but an 
error in some assignment statement causes the wrong function 
to be computed for one or more of the output variables [17]. 
In practice, such classification may not be simple. First, 
multiple errors of various types may occur. Second, an as­
signment error may cause both domain changes and computation 
errors. As mentioned in [39], Chandrasekaran argues that the 
classification of an error may depend upon one's perception. 
For instance, consider the use of "<" instead of ">” in a 
predicate. This could be considered as a domain error or as a 
computation error. In the first case, the predicate needs to 
be modified, while in the second, the functions computed on
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the two branches need modification. Which of these modifi­
cations is simpler is something that is not directly captured 
in the definitions of the error types. In spite of the above, 
this classification remains a viable and useful approach 
[39]. Domain errors can be further divided [5] into path 
selection and missing path errors. The first type occurs 
when a module incorrectly determines the condition under 
which the path is selected, and the second type occurs when 
the module does not contain the path corresponding to a 
special case.

The goal of module testing is to detect errors. Tes­
ting the module on all possible input values would provide 
the most complete picture of its behavior, which should in­
crease our confidence that the module behaves according to 
its specification. But the input domain is usually very large 
and makes exhaustive testing infeasible. The usual procedure 
is to select a relatively small subset which is representa­
tive of the entire input domain [29]. Any finite subset of 
the module's input domain can be considered as a set of test 
data. A test selection criterion specifies conditions which 
must be fulfilled by a set of test data. Any set of inputs 
satisfying these conditions is said to be a test selected by 
this specific criterion [38].

Ideally, our goal is to construct tests that uncover

- 13



all errors In a program. Then we can conclude that, since 
the program produces correct results for the test data, it 
produces correct results for any data in the input domain. An 
ideal test, as defined in [15], consists of a set of test 
data, such that there is an input in the program's domain for 
which an incorrect output is produced if and only if there is 
some element of the test set on which the program is in­
correct. An ideal criterion, i.e., one which always selects 
ideal tests, has the following two properties:
(a) it is valid, i.e., it does not exclude the selection of 
test data capable of revealing some error. In other words, 
whenever the program is incorrect, the criterion selects at 
least one test set which is not successful for the program. 
By successful test we mean that the program is correct for 
every element of the test set;
(b) it is reliable, i.e., either every test selected by the 
criterion is successful, or no test selected is successful. 
Reliability refers to the consistency with which results are 
produced, i.e., the criterion must insure selection of tests 
that are consistent in their ability to reveal errors [15]. 
The successful execution of an ideal test is equivalent to 
a proof of correctness. Although test sets satisfying such 
conditions can be generated for certain classes of errors 
and programs [40], discovering ideal sets of test data is

- 14



in general an impossible task. This is due to the fact that 
it is difficult, and impossible in general, to find proofs of 
program correctness [38]. Howden [17], has proven the test 
selection problem to be undecidable. Although we know that 
there exists a finite test set which reliably determines
the correctness of a given program over its entire input
domain, no algorithmic method exists for constructing such a 
set for an arbitrary program. In the construction of such 
a test several other problems are encountered [38]. A 
criterion is guaranteed to be both reliable and valid if 
and only if it selects the entire domain as one test, but 
exhaustive testing is clearly impractical. In addition, a 
criterion which is reliable or valid for a program is not 
necessarily so for a slightly different one. Finally, there 
is a dependence between validity and reliability. At least 
one of the two properties must hold for any criterion,
because an invalid test criterion exposes no errors, i.e., 
all of its tests are successful. Weyuker and Ostrand [38], 
in an attempt to overcome these difficulties, introduced 
the notion of a revealing domain that allows the division 
of the domain into smaller, more manageable pieces and
relativizes to errors the notion of revealing. This leads to 
the revision of the goal from showing program correctness 
to showing the absence of specified errors, something easier

- 15



easier to attain.
Goodenough and Gerhart [15], demonstrated the unre­

liability of test criteria based solely on the internal 
structure of a program. They suggested the following sources 
of information for deriving test data:
(a) the general requirement a program is to satisfy;
(b) the specification of the program;
(c) general characteristics of the implementation method, 
including special conditions relevant to data structures and 
how data are represented; and the specific internal structure 
of an actual implementation.

The process of test data selection is divided into two 
phases, creation of test data to test the function and 
creation of test data to test the details of design and 
implementation. Functional based testing concentrates on the 
module's specifications and test data is derived to test the 
program as a black box, i.e., to test if the module meets 
all its functional requirements. This may consist of:
(a) Representative elements from each valid input class. The 
classes are obtained by dividing the domain of all valid 
inputs, so that elements from the same class are processed 
similarly by the module. The relational and type constraints 
on input variables define the allowable input domain.
(b) Data at the boundaries of each valid input class.



(c) Data which require special processing.
(d) Representative elements to generate outputs within and 
at the boundaries of each output class. The output domain is 
defined similarly to the input domain, but for the output 
variables.
(e) Invalid data, which is found by the above analysis tech­
niques.
Black box testing is not effective for detecting certain 
types of errors, e.g., errors in the handling of special con­
ditions.

Design/implementation based test data is derived to 
test the program as a white box, and the control structure is 
used as the basic source of information. This test data 
covers all the aspects of the module not covered previously 
and may consist of:
(a) test data elements that can test the data structures, al­
gorithms, design decisions, and internal functions of the 
module;
(b) test data that can test the algorithm with standard and 
special values of data structures;
(c) test data that can stress the algorithm with extremal 
values of data structures [19].
The main shortcoming of structural testing is that tests are 
generated using the possibly incorrect code, so certain types

17



of errors, especially errors in the specifications, are hard 
to detect.

In the case of white box testing, in order to deter­
mine whether the coverage is sufficient, it is necessary to 
have a structural coverage metric. We select a finite set of 
module paths, using the control flow graph, satisfying one or 
more coverage criteria, and then find the input data which 
cause each of the chosen paths to be selected. A criterion 
provides a measure of the number of structural units which 
are fully exercised by the test data [1]. The most usual 
are [27]:
(a) statement coverage, i.e., execution of all statements in 
the graph;
(b) branch coverage, i.e., encounter all exit branches of 
each decision node in the graph;
(c) multiple condition coverage, i.e., achieve all possible 
combinations of simple boolean conditions at each decision 
node in the graph;
(d) path coverage, i.e., traverse all paths of the graph.
The above criteria are related as follows: (b) implies (a),
and is a minimal standard in structural testing. Also, (c) 
implies (b) and (a), and does not require following any 
more paths than (b) does. But (c) is more difficult, because 
it requires more data to achieve all possible combinations.

- 18



On the other hand, it is much easier than (d), which is 
difficult, if not impossible, to achieve, because the number 
of paths may be infinite [24].

A class of test data selection criteria has been pro­
posed by Rapps and Weyuker [29], and is based on data flow 
analysis, which examines the branch and loop structure of a 
program. Similar criteria were proposed in [21] and [25]. In 
this case, the number of selected paths is always finite and 
is chosen in a systematic manner. First, we give some preli­
minary definitions from [29], which are needed to define this 
family of data flow testing criteria. Each variable oc­
currence is classified as being a definition or a use. A de­
finition is the occurrence of a variable, in the left side of 
an assignment statement or in an input statement. A use is 
the occurrence of a variable, in the right side of an assign­
ment statement or in an output statement, (c-use), or in the 
predicate portion of a conditional transfer statement, (p- 
use). A c-use is a global c-use if there is no preceding 
definition of the variable within the segment in which it oc­
curs. Otherwise it is a local c-use. Since the value of the 
variable occurring in the predicate portion of the con­
ditional transfer statement determines which branch is to be 
followed, p-uses are associated with edges rather than with 
the segment in which the predicate portion occurs. Thus,

- 19 -



there is no need to distinguish between local and global p- 
uses. A simple path is one in which all nodes, except 
possibly the first and the last, are distinct. A loop-free 
path is one in which all nodes are distinct. A path 
(ijnj^,... ,nJB, j) m>-=0, containing no definitions of variable x 
in nodes n^...,!!,,, is called a def-clear path with respect to 
x from node i to node j and from node i to edge (n^j). A de­
finition of a variable x in node i is a global definition, if
it is the last definition of x occurring in node i, and there 
is a def-clear path with respect to x from node i to either a 
node containing a global c-use of x or to an edge containing 
a p-use of x. A path (nlf ...,nj,n^) is a du-path with 
respect to a variable x if nĵ  has a global definition of x 
and either:
(1) nk has a c-use of x and (n1#...,njjn^) is a def-clear 
simple path with respect to x, or
(2) (nj,nk) has a p-use of x and (n1#...,nj) is a def-clear
loop-free path with respect to x.
Now we obtain the family of data flow testing criteria, 
using P as a set of paths through the flow graph:
(a) P satisfies the all-nodes criterion if every node of the 
graph is included in P.
(b) P satisfies the all-edges criterion if every edge of the 
graph is included in P.

-  20



(c) P satisfies the all-definitions criterion if every global 
definition is used.
(d) P satisfies the all-p-uses criterion if a path from every 
global definition to each of its potential p-uses is included 
in P.
(e) P satisfies the all-c-uses/some-p-uses criterion if for 
every node i and every x which has a global definition in i, 
P includes some definition clear path with respect to x from 
i to every node j , such that x has a global c-use in node j , 
and for which there is a definition clear path with respect
to x from i to j. If there are no such nodes, then P must
include a definition clear path with respect to x from i to 
some edge (j,k), which contains a p-use of x, and for which 
there is a definition clear path with respect to x from i to
j.
(f) P satisfies the all-p-uses/some-c-uses criterion if for 
every node i and every x which has a global definition in i, 
P includes a definition clear path with respect to x from i 
to every edge (j,k), such that (j,k) contains a p-use of x, 
and for which there is a definition clear path with respect
to x from i to j. If there are no such edges, then P must
include a definition clear path with respect to x from i to 
some node j , such that x has a global c-use in node j, and 
for which there is a definition clear path with respect to
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x from i to j.
(g) P satisfies the all-uses criterion if a path from every 
global definition to each of its uses is included in P.
(h) P satisfies the all-du-paths criterion if for every node 
and every variable x, which has a global definition in that 
node, every du-path with respect to x is included in P. If 
there are multiple du-paths from a global definition to a 
given use they must all be included in paths of P.
(i) P satisfies the all-paths criterion if every path from 
the source node to a sink node is included in P.
In the above hierarchy the all-nodes criterion corresponds to 
statement coverage, and the all-edges criterion "roughly” 
corresponds to branch coverage. The characterization of the 
second correspondence ("roughly”) is due to the way the 
predicates, controlling a branch, are placed in the graph. 
Branch expressions are placed on edges instead of in separate 
branch nodes [37], Schematically, the hierarchy is as follow: 
(i) => (h) => (g) => [ (e),(f) ] => (c), and (f) => (d) =>
(b) => (a). The decision of which criterion to use as a basis 
for test data selection depends on several factors, such 
as the size of the program, time and cost requirements, etc. 
They can be used to bridge the gap between the requirement 
that every branch be traversed and the frequently impossible 
requirement that every path be traversed [29].
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Another approach to testing, called nutation testing, 
is proposed in [10] and uses some techniques from mutation 
analysis. Mutation testing is a member of the set of error 
driven strategies, which use known errors to guide the gene­
ration of test cases. The primary objective of mutation ana­
lysis is to evaluate the degree to which a test set exercises 
a program, rather than the initial generation of the test. 
Given are a program P and a set of test cases T, whose 
adequacy is to be determined. The program is executed on test 
data and is assumed to give correct answers, because if it 
does not then certainly it is in error. Assuming no errors 
are exposed, the program may be in error but the data 
is not sensitive enough to distinguish the error. A number 
of alternative programs, called mutants of P, are pro­
duced by small changes in P, and T is executed on each mu­
tant. Continuing this analogy, if at any point, P and this 
mutant produce different output, the mutant has died. If 
identical responses are obtained the mutant survives. If a 
large number of the mutants survive, then the set T is insuf­
ficient and additional test cases are needed. If the number 
is small, and the set of incremental operators is sufficient, 
then the test set must have been tied closely to the form and 
function of the program. The surviving mutants provide a new 
method of generating test data to eliminate these mutants.
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This leads to an iterative testing process, terminating when 
nearly all mutants have been eliminated. Mutation testing 
refers to the construction of tests designed to distinguish 
between mutant programs that differ by the occurrence of sim­
ple errors (for instance, "A.EQ.B" instead of "A.LE.B"). 
But, since it is unrealistic to assume that we can enumerate 
all possible errors a programmer could make, an alternative 
idea is considered in [3]. The construction of mutant 
programs is a sequence of applications of mutant operators. 
Each operator is a one-to-many mapping which takes as input a 
program and produces a sequence of alternative programs, (in 
practice, descriptions of the differences are produced). For 
example, if we considei the mutant operator "Arithmetic ope­
rator replacement", then in every place an arithmetic opera­
tor is used, it can be replaced by all other operators of the 
same type (arithmetic), and a syntactically correct program 
results. Disadvantages of mutation analysis include the 
potentially large number of runs needed and questions regar­
ding the validity of its assumptions.

3.2.2 Software Reliability

The general goal of testing is to affirm the quality 
of the software. Software reliability, as defined in the IEEE
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Standard Glossary of Software Engineering Terminology, 1983, 
is the probability of failure-free operation of a software 
component or system in a specific environment for a specified 
time. A failure is any departure of program output from re­
quirements as the program is executed. Reliability measure­
ment is divided into three categories [4]: prediction, esti­
mation, and assessment. Prediction covers the life cycle 
phases from software requirements to coding/unit testing, 
estimation covers the test and evaluation phases, and assess­
ment takes place during operation and maintenance phases. 
Software reliability is a useful measure in planning and con­
trolling the testing resources, which can be done by bal­
ancing the additional cost of testing and the corresponding 
improvement in software reliability.

There are some factors, that must be considered in 
estimating reliability [4]. The software test process must 
be examined to determine which test methodology or testing 
techniques are used and how effectively they are employed. 
It becomes necessary to consider the subdivision of testing - 
module, integration, system, and installation testing - 
because testing may not be uniform from phase to phase and 
thus the probability of uncovering a software failure can be 
dependent on the test phase. While it is impractical to 
achieve 100% test coverage, some indication is needed to
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determine how extensively testing has been performed.
A commonly used approach for measuring software relia­

bility is via an analytical model whose parameters are gener­
ally estimated from available data on software failures. Re­
liability and other relevant measures are then computed from 
the fitted model. A number of analytical models have been 
proposed to address the problem of software reliability meas­
urement. These approaches are classified in [14] according to 
the nature of the failure process, as indicated below.
1) Times between failures models :
The interest of this class of models is in the times between
failures. The most common approach is to assume that the ran­
dom variable T^ denoting the time between ith and (i-l)st 
failures follows a known distribution whose parameters depend 
on the number of faults remaining in the program during this 
interval. Note that the distribution of a random variable Z 
is the function (defined over the value set of the variable) 
which associates with each possible value z of Z the prob­
ability P(Z*z) that the value z will occur. Estimates of the 
parameters are derived from the observed values of times 
between failures and estimates of software reliability are 
then obtained from the fitted model.
2) Failure count models :
The interest of this class of models is in the number of
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faults or failures in specified time intervals. The failure
counts are assumed to follow a known stochastic process with
a time dependent discrete or continuous failure rate. A 
stochastic process is an arbitrary infinite family of real
random variables { t in T ), where t is the time para­
meter, T is the time interval involved, and zt is the obser­
vation at time t. Parameters of the failure rate can be esti­
mated from the observed values of failure counts or from 
failure times. Then estimates of software reliability can be 
obtained from the relevant equations.
3) Fault seeding models :
The basic approach is to "seed" a known number of faults in a
program which is assumed to have an unknown number of faults. 
The program is tested and the observed number of seeded and 
prior existing faults is counted. Then an estimate of the 
faults existing in the program prior to seeding is obtained 
and used in the measurement of software reliability.
4) Input domain models :
The input domain is partitioned into a set of equivalence
classes, each of which is usually associated with a program
path. An estimate of program reliability is obtained from the 
failures observed during physical or symbolic execution of 
the test cases sampled from the input domain.

The typical environment during unit testing phase is
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such that the test cases do not form a representative sample 
of the operational usage distribution. The input domain based 
models are applicable during this phase, except that matching 
the test profile to operational usage distribution could be 
difficult. Also fault seeding models are applicable, provided 
it can be assumed that the existing and seeded faults have 
equal probabilities of being detected. The time dependent 
models do not seem to be applicable, because the independent 
times between failures assumption is seriously violated [14].

3 .2.3 Defeot Prediction

Several methods have been proposed in the literature 
to estimate the number of errors in a program. Lipow [22], 
estimates the number of errors per line of code, based upon 
Halstead's software science relationships. It is shown first 
that the number of errors in a program increases with the 
number of lines of code in the program, and consequently that 
the number of errors in a program is a linear function of 
terms in P ln P and P ln2 P, where P is the number of 
lines of executable code. The result is a form readily 
usable, once the language is decided upon and the number of 
lines of code is estimated. A similar approximation, based 
on [22], was developed in [34]. It is easier, more accurate,
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and simpler to use than the one in [22]. Also, Schneider in 
[32], presents some estimators which are extensions of the 
Halstead software science estimators in that they use soft­
ware metrics easily obtainable. In particular a formula is 
given that can be used to predict the number of errors in a 
module once the amount of code to be developed is estimated. 
Gaffney [13] has shown that a relationship exists between 
the number of errors and the number of lines of code, regard­
less of the language used. Further, it was shown in [13] that 
estimates, based on the number of lines of code that comprise 
a module, are as good or better than ones based on additional 
information, and can be done at the time an estimate of the 
amount of code to be developed is made. This is important 
because these estimates are of interest early in a software 
development project and information such as vocabulary size 
is not available.
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CHAPTER IV 
DB8IGM OP THE EXPERT SYSTEM

4.1 overview

An expert system has been designed, that supports the 
automation of the contents of the test plan. Figure 3 shows 
the complete flow for the test data generation process [18], 
and figures 4,5 the parts supported by the system. The system 
consists of three components: a knowledge base, an infer­
ence mechanism, and a user interface. The knowledge base com­
prises the knowledge that is specific to the domain of tes­
ting in general and to the application on hand, including 
simple facts, rules that describe relationships, and methods 
and heuristics for solving problems in the domain of testing. 
The flow graph of the module is used as the main source from 
which knowledge about the particular application is acquired. 
In terms of structural testing, the branch testing is con­
sidered to be a minimal requirement while the path testing is 
considered to be impractical. A test data selection criterion 
is chosen such that it subsumes branch testing and stays 
short of path testing. The chosen test data selection 
criterion is incorporated into the knowledge base. The infer­
ence engine actively uses the knowledge in the base and in-
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formation provided by the user to infer new knowledge. The 
user interface is used for communication between the user 
and the system. Through the user interface, the user can en­
ter facts about a specific situation relevant to the system's 
subject domain and can ask the system questions within its 
subject area. It also provides the user with an insight into 
the problem solving process carried out by the inference 
mechanism. If-Then rules, also called production rules, are 
used to represent the knowledge.

4.2 Design

4.2.1 Tt»t S I U  generation

The test data flow criteria can be used to bridge the 
gap between the requirement that every branch be traversed 
and the frequently impossible requirement that every path be 
traversed [29]. The test data selection criterion all-uses, 
in the family of criteria proposed by Rapps and Weyuker [29], 
is used in our system. It asks that all interactions, 
between a use ( either c-use or p-use ) and a definition that 
reaches it, be tested. It is the central criterion of the fa­
mily, and is similar to strategy I [21], and required element 
testing [25]. The all-uses strategy is redefined, by associ­
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ating all the p-uses for a predicate with the segment in 
which the predicate occurs, to include branch testing [37]. 
It may require 0(n2) test paths, where n is the number of 
segments, and offers needed improvement over branch testing 
while its cost remains reasonable [26]. Loops are exercised 
until the def-use chains are exhausted, so there is no 
limit on loop iterations and the actual number of iterations 
is finite, because the number of chains is finite [21]. For 
some programs all-uses may not test all possible combinations 
of predicate outcomes [29].

The first step of the test data generation process is 
to derive the set of paths that must be tested according to 
the given strategy. Given a subject program, its flow graph 
is obtained. There are several programs that can be used to 
perform such an analysis on FORTRAN programs or programs 
written in a subset of PASCAL [6], [11], [28], [36]. Since 
the language accepted by our system is a subset of PASCAL, we 
use the ASSET program for that purpose. First a label table 
is constructed, which associates label occurrences and their 
uses. Second, the statements are classified as labeled, un­
labeled, conditional, unconditional, or other. This informa­
tion, along with the label table is used to divide the 
program into segments and to produce the flow graph [11]. The 
flow graph is the input to our system and provides the neces-
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sary information, specific to the problem. This information 
is represented by facts, and identifies the possible flow 
of control, node id, and the statements contained in each 
node. There are production rules in the knowledge base, which 
are used by the inference engine in connection with the above 
facts to infer new knowledge. In particular, variable occur­
rences are classified as def, c-use or p-use according to 
their position in a statement and the kind of the statement. 
Similarly, global c-uses and nonlocal definitions are found 
according to their position within the segment. All this in­
formation consists of the new facts that are incorporated 
into the knowledge base. The testing strategy is described 
in the form of production rules. The facts and rules in the 
knowledge base are used to determine which pairs or paths 
are required by the given criterion. For this purpose 
two sets are constructed for each nonlocal definition found 
above. If the variable x has a nonlocal definition in node i, 
then dcu(x,i) is the set of all nodes j which have a global 
c-use of x, and there is a def-clear path with respect to x 
from i to j. The other set, dpu(x,i), contains all sets of 
nodes for every j* successor of j, where j has a p-
use of x, and there is a def-clear path with respect to x 
from node i, in which the definition of x occurs, to j [29], 
[37]. This modification forces all branches to be taken
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following a predicate use. In order to construct these sets, 
the inference engine uses the facts that represent, vari­
able definitions, variable uses, and the flow of control. In 
this way, the subpaths (i^^,... ,nffl, j) are obtained, where 
i contains a definition of a variable x, j a use of x, (if 
it is a p-use the successors j*s of j are also included), and 
(n^, ... ,11̂ ) is a def-clear subpath with respect to x. Each 
of these subpaths is extended from its two ends, using the 
flow-of-control facts. There are several candidate exten­
sions for each case because no unique testing set can be 
determined by these strategies unless some additional cri­
teria are assumed [21]. We make these extensions for each 
end of every subpath in parallel and when the first of these 
reaches the start node, or the sink node respectively, then 
the process stops. In this way we obtain the shortest path 
from all those that include a required subpath. Of course, 
some of these paths may be untraversable, but since the prob­
lem is undecidable in general, it is natural to expect that 
the system selects unexecutable paths also [29]. Besides 
the automatically generated paths the user is able to specify 
his own statement sequence, basing this selection on his ex­
perience and/or on the module specification. The user can 
avoid the weaknesses of automatically generated path sets, 
especially infeasible paths. Some optimization could also be
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carried out to arrive at a minimal set of control paths which 
cover all the test paths.

In the second step of the test data generation process 
the system generates the variable relationships that affect 
the program flow, i.e., the predicates for each of the se­
lected paths. The predicates are initially expressed in terms 
of program variables. Since these variables, using assignment 
statements along the control path, can be expressed in terms 
of the input variables, the predicates can be re-written as 
constraints in terms of only the input variables. It begins 
to analyze the path from the source down to the sink seg­
ment. The path condition is initialized to the value true and 
the variables are initialized as follows: the input parame­
ters are assigned symbolic names; variables that are initia­
lized before execution are assigned their constant value; and 
all other variables are assigned the undefined value "?". Af­
ter that each statement is interpreted as we visit each 
node on the path by substituting the current symbolic value 
of a variable wherever it is referenced. As we mentioned ear­
lier, each node id and the corresponding statements of that 
node are represented as facts in the knowledge base. An input 
variable receives a new input value every time the variable 
receives an external value. For example, a variable in a read 
statement in a loop receives new value every time the loop is
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executed. Expressions with constants are executed whenever 
possible. Whenever a conditional transfer of control is en­
countered, the branch predicate corresponding to the selected 
path is interpreted. When interpreting a branch predicate, 
the generated conditional expression provides a symbolic val­
ue for the branch predicate which is conjoined to the cur­
rent path condition [7]. It is better that the evaluated 
branch predicate is first simplified and then conjoined to 
the previously generated path condition. There are several a- 
vailable algebraic manipulation systems that can be used to 
accomplish simplification, (for example, ALTRAN, a language 
for algebraic manipulations) [6]. Each time the path condi­
tion and the values for the variables are changed, they can 
be displayed to the user. Compound predicates are replaced by 
a series of simple predicates, so that hidden paths are not 
overlooked. Any constraint containing the OR operator is 
treated as a set of alternative constraints. If the first 
chosen constraint is inconsistent with the system of con­
straints, then the alternative is attempted. The AND oper­
ator, in compound predicates, is removed and each conjuctive 
term is made a separate constraint. There are a few trans­
formation techniques that can be used to bring constraints 
in the required form. For example, if input variable x^ is 
not constrained to be nonnegative, x^ is replaced by Xp ~Xq,
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Xp,Xq >- 0, in the system of constraints. After the system
of constraints is solved, by linear programming, for Xp, xq , 
x^ is computed by substituting back [6], As mentioned 
earlier, only a subset of the paths in a program are execu­
table. It is desirable to recognize nonexecutable paths 
as soon as possible in order to avoid worthless symbolic 
evaluation. Each constraint is examined for consistency with 
the condition of the partial path. If it is found to be con­
sistent the branch predicate is conjoined to the path condi­
tion. If at any time during the analysis of the path the 
infeasibility of the path can be determined, a message is 
returned and the analysis of that path is terminated. If we 
cannot examine every time the consistency between a new con­
straint and the existing ones, due to limitations of oper­
ating system (storage limitations and interface problems), 
then this can be done at the end as a separate step, with 
the disadvantage of continuing the work for an infeasible 
path [6]. If an inconsistency between the constraints is 
discovered, an alternative branch may be taken in order to 
continue the analysis. It must take into account the corre­
sponding def-use pair for this path, which must be covered 
again by the new alternative, and the constraint incon­
sistency discovered during the work on this path, which has 
been recorded in the knowledge base.
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Cases in which all the constraints are linear can be 
solved using linear programming techniques. Input variables 
of real and integer data type can be handled by mixed linear 
programming algorithms. Logical data types are converted 
first: true to 1 and false to 0 [6]. We assume that there are 
no complex and double precision variables, because these can 
not be handled by the linear programming methods. For non­
linear constraints, nonlinear programming techniques are re­
quired. Mathematical programming programs are usually very 
large and expensive to use for high dimensional problems 
[28]. Some other techniques exist that are partially success­
ful. For example, Kuhn's backtrack search method, which 
produces solutions for some systems only [16]; and linear­
ization, which linearizes the inequalities, solves the set of 
linearized inequalities, and then attempts a solution for the 
nonlinear set [23]. The conjugate gradient algorithm, ("hill 
climbing" procedure), appears to be better than other experi­
mental methods, even though the procedure may not always 
terminate and needs human interaction [28]. When the con­
straints contain alphanumeric components - variables or lite­
rals - they cannot be processed by the inequality solver. 
Coward [8 ], proposed a solution to this problem. If only 
alphanumeric variables but no literals are present, then the 
constraints can be processed by an inequality solver which
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treats all variables as numeric. Literals create a problem. 
The method creates a numeric token for each alphanumeric 
literal and passes the numeric token, along with the con­
stants and variables, to the solver. Numeric tokens must give 
the same sort sequence as the literals they represent. For 
example, the tokens that represent "X" and "Y", must reflect 
the relationship "X" < "Y". Using linear programming or
gradient hill-climbing algorithms a solution is provided when 
the consistency of inequalities is determined. When con­
sistency or inconsistency cannot be determined, only the sym­
bolic representations for a path can be provided.

At the end of this step the values of the input vari­
ables are the test data for the selected paths. The set of 
paths, through the whole process, has been divided into 
three sets: those for which it can generate test data, those 
for which it can determine infeasibility, and those for which 
it can do neither of the above. Since the test data selection 
problem is unsolvable this is the best to be expected. Hope­
fully, the last set is small most of the time, and it is 
possible with user intervention to resolve the ambiguity,
i.e., for the paths in the set either test data are generated 
or their infeasibility is determined. Finally, the system 
determines for which paths, if any, required by the selection 
criterion it could not find test data and gives the test
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coverage. For their corresponding def-use pairs, which were 
not exercised, it tries to find new paths to cover them. The 
knowledge base, as the whole process advances, is expanded 
with new information and this guides the selection of 
additional test data.

4.2.2 Software Reliability

As we mentioned in an earlier section, the time depend­
ent models do not seem to be applicable during the unit 
testing phase, since the independent times between failures 
assumption is seriously violated [14]. Nelson's model is one 
of the principal domain-based models and it is attractive for 
programs of medium and small size. The model was developed 
from the basic properties of computer programs and uses prob­
ability theory with those aspects for which incomplete infor­
mation is available, e.g., what input is chosen next. Where 
approximations are made, they are well-defined and the limits 
of their applicability are known [35].

The reliability of a module can be measured by running 
the program with a sample of n inputs and calculating R, the 
measured value, from the formula :

n
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where ne is the number of inputs for which execution fail­
ures occur. In operational use, the inputs of n runs usu­
ally are not selected independently but in a definite se­
quence, such as ascending values of some input variable. Then 
if the n inputs in the sample are chosen from the input space 
at random according to the probability distribution that 
characterizes the operational requirement, the measured value 
of R is an unbiased estimate [35].

To measure R, the operational profile must be deter­
mined, i.e., the set ( p^: i = 1,2,...,n }, where each p^ is 
a probability distribution and n is the number of inputs. 
There are numerous possible methods for sampling [31]. For 
example it is possible to perform sampling by test runs on 
selected partitions using a binomial or a beta distribution. 
It is possible way is to attach a cost to the length of the 
running time of some parts of the program and use stratified 
sampling with cost. In general the input domain may be parti­
tioned by using the structure of the program or its specifi­
cation, or both. Probabilities are assigned so that an input 
is chosen from each partition, based on an estimate of the 
occurrence of inputs in the operational use for which the re­
liability is being measured [35]. A sample of n inputs can 
be chosen at random, possibly with the aid of a random number 
generator, in accordance with the assigned probabilities. The
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entire sample of n runs should be made without correcting any 
of the errors which caused the execution failures, and the 
estimation of R is calculated from the measurement data. The 
execution of the sampled test data may be either physical 
or symbolic. For this purpose we can use the symbolic evalu­
ation part of our system to execute the test cases selected 
for the purpose of reliability testing.

4.2.3 Ptfgj Prediction

The number of predicted defects in a module is computed 
from the formula given by Gaffney in [13]. The number of de­
fects B in a module is related to the number of lines of code 
S of the module as follows :

B ■ 4.2 + 0.0015 ( S )4/3
The above formula is used because it is a relatively simple
relationship between the number of faults in the code and the 
number of lines of code, regardless of whether the code is 
written in a higher order language or not. As it was indica­
ted in [13], the estimates based on the number of lines of 
code that comprise a module are as good or better than ones 
based on additional information. This means that knowledge 
of items such as the size of the vocabulary (operator and
operand) used appears to be of little consequence to the
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estimation of the number of defects beyond that based on 
the number of lines of code. A good estimation of the number 
of defects in a module can be obtained even though informa­
tion such as vocabulary size is not available.
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CHAPTER V 
CONCLUSION

5.1 ffianirr

The design of an expert system, called SHELL, has been 
described and the first step of the design has been imple­
mented. The system SHELL takes as input the flow graph of the 
module to be tested, and produces as output the number and 
definitions of test cases, the test coverage, the number of 
predicted defects, and the estimated reliability. The selec­
tion of the set of paths that must be tested is the first 
step, mentioned above, and is based on the theory developed 
by Rapps and Weyuker [29]. Specifically, the test data se­
lection criterion all-uses is used, which asks that all in­
teractions between a use (either c-use or p-use) and a defi­
nition that reaches it, be tested. This strategy was slight­
ly modified to include branch testing, and it requires 0 (n2) 
test paths, where n is the number of nodes. The current lim­
itation of the system SHELL is that the module to be tested 
uses only simple variables and four types of statements, as­
signment statements, conditional and unconditional transfer 
statements, and input and output statements.
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5.2 Future Ifitk

The plan for future work, in order to make the sys­
tem SHELL complete, is to perform symbolic evaluation every 
time a path is derived. The system will analyze every path 
from the source down to the sink node, generating in this way 
the variable relationships that affect program flow, i.e., 
the predicates for each of the selected paths. The derived 
system of constraints is sent then to the ineguality solver, 
which tries to generate test data or to determine the in­
feasibility of the path. In case it can do neither of the 
above, the user intervenes.

The simple programming language used here will be ex­
panded to a more sophisticated one, including features such 
as arrays, dynamic allocation, aliasing, procedure and func­
tion calls, and recursion.

There are two main sources of information that are use­
ful in testing, aside from the code itself. They are gathered
knowledge about commonly occurring errors and input-output
specifications (formal and informal). This information can be 
incorporated in the knowledge base to augment the approach 
used in the system SHELL for error detection. Examples in­
clude checking for errors in branch predicates, using even 
and odd values in an integer division by 2 , using zero to
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test divisions, checking for branching the wrong way on 
eguality in predicates of the form X >« Y (by adding the
case X * Y to the set of cases X >* Y and X < Y). On the
other hand, a covered interaction by an executable path can 
be viewed as a partial computation, while the specifications 
provide information about what the program is intended to do. 
Then by combining the internal view, which is described by 
the interaction, with the external view, which is described 
in the specifications, conditions that need to be tested and
likely sources of error can be discovered. For example the
range of the variable, that is referenced, is defined in the 
specification. This information used in computation with the 
interaction would detect possible error.

It is hoped that the system SHELL, augmented with the 
work towards the directions mentioned above, will prove to be 
an effective, reasonable-cost aid in the selection of test 
data for programs written in the expanded programming lan­
guage. It would improve productivity, guality and reliability 
in the software development process with subseguent gain 
being the reduced software cost.
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Appendix A

A.1 The Program "SHELL"
/* Operator definitions */

?_ op(60, fx, nott).?_ op(40, xfx, equal).?_ op(40, xfx, noequal).7_ op(40, xfx, greater).?_ op(40, xfx, less).7 _ op(40, xfx, eqgreat).7_ op(40, xfx, eqless).7 _ op(35, xfx, gets).7_ op(31, yfx, or) .7_ °P(31, yfx, plus).7 _ op(31, yfx, minus).7_ °P(21, yfx, and) .7_ °P(21, yfx, times).7 _ op(21, yfx, divint).7 _ op(21, yfx, divreal).7 _ op(ll, xfx, mod) .7 _ op(11, xfy, power).7_ op(10, fx, uminus).

/* Utility routines +/ 

member(X, [X I _])
member(X, [Y | Rest]) member(X, Rest),
cone([], L, L).
cone([X | Restl], Listl, TX I Rest]) 

cone(Rest1, Listi, Rest).
delete(X, [X Rest], Rest) !.
delete(X, [Y Rest], [Y I Restl]) 

delete(X, Rest, Restl).
sublist(S, [L | Rest]) cone(LI, L2, L),

cone(S , L3, L2) , !. 
sublist(S, [X | Rest]) sublist(S, Rest).

/* Find the Variable List of each Statement */
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vars(X gets Exp, [X | Rest]) :- 
vars(Exp, Rest).

vars(Exp, Varlist) • w  •
( Expl power Exp2 Exp;
Expl mod Exp2 = Exp;
Expl times Exp2 * Exp;
Expl divint Exp2 * Exp;
Expl divreal Exp2 = Exp;
Expl plus Exp2 * Exp;
Expl minus Exp2 = Exp;
Expl equal Exp2 = Exp;
Expl noequal Exp2 = Exp;
Expl less Exp2 = Exp;
Expl greater Exp2 = Exp;
Expl eqless Exp2 = Exp;
Expl eqgreat Exp2 = Exp;
Expl and Exp2 * Exp;
Expl or Exp2 - Exp ) ,

vars(Expl, Tempi), 
vars(Exp2, Temp2), 
conc(Templ, Temp2, Varlist).

vars(nott Exp, Varlist) vars(Exp, Varlist).
vars(uminus Exp, Varlist) vars(Exp, Varlist).
vars(X, Y)

numeric(X), Y = []; 
atom(X), Y - [X].

/*******************************************************/

/* Process the statements in each block to find all 
nonlocal definitions, the global c_uses and the 
p_uses. */

processstmts(N, [First | Rest], Localdefs)
First - _ gets , vars(First, [Lvar | Rvars]), 
global_cusages(N, Rvars, Localdefs), 
check_rest(Lvar, Rest, Answer),
( not member(Lvar gets _, Rest),
Answer " no,
write('Nonlocal definition of var : '),
write(Lvar), nl, asserta(nonlocal_def(N, Lvar)) 
true ),

processstmts(N, Rest, [Lvar | Localdefs]).
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processstints(N, [First I Rest], Localdefs)
First - writel(L), 
global_cusages(N, L, Localdefs), 
processstmts(N, Rest, Localdefs).

processstmts(N, [First I Rest], Localdefs)
First - readl(L), 
subprocess(N, L, Rest), 
conc(L, Localdefs, Nlocaldefs), 
processstmts(N, Rest, Nlocaldefs).

processstmts(N, [], _).
processstmts(N, [C], _)

C \- readl(_), C \« writel( ),
C \» _ gets , vars(C, Varlist), 
p_usages(N, Varlist).

subprocess(N, [Lvar | R], Rest)
check_rest(Lvar, Rest, Answer),
( not member(Lvar gets _, Rest),
Answer = no,
write('Nonlocal definition of var : '),
write(Lvar), nl, 
asserta(nonlocal_def(N, Lvar)); 
true ), 

subprocess(N, R, Rest).
subprocess(N, [], Rest).
check_rest(Lvar, [H I T], Answer)

H - readl(P), member(Lvar, P),
Answer * yes;
check_rest(Lvar, T, Answer).

check_rest(Lvar, [], no).
global_cusages(N, [], Localdefs).
global_cusages(N, [Var | Rest], Localdefs) 

member(Var, Localdefs), !, 
global_cusages(N, Rest, Localdefs).

global_cusages(N, [Var 
( not globa

Rest], Localdefs) 
_c_use(N, Var), 

assertz(global_c_use(N, Var)), 
write('Global c-use of var : '),
write(Var), nl; true ),
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global_cusages(N, Rest, Localdefs).
p_usages(N,[]).
p_usages(N, [Var | Rest])

( not p use(N, Var).
write7'P-use of var : *), write(Var), nl,
assertz(p use(N, Var)); true ), 
p_usages(N, Rest).

/*,
/*

►***************************************************/

Start the main program by reading the file which 
contains the information provided by the flow graph 
in the form of lists. */

shell(File)

shell(File)

not openfile, see(File), 
asserta(openfile), tell(outdata) 
tab(25), write(' Input File '), 
shell(File).

nl

read(N),
( N \”  end_of_file, write(H),
( not blabel( , source), assertz(blabel(N, source)) 
assertz(blaEel(s, sink)), write(• * source * ');
true ),
read(Stmtlist), assertz(statements(N, Stmtlist)),
nl, write(Stmtlist), nl,
processstmts(N, Stmtlist, []),
read(Goto1ist), assertz(goto(N, Gotolist)),
( Gotolist -- [], retract(goto(N, Gotolist)), 
assertz(goto(N, [s])), write('[s]'), 
write(' * sink * '); write(Gotolist)),

nl, write ('.......  '), nl,
shell(File);
N «  end_of_file, assertz(executable([])), 
assertz(nonexecutable([])), nl, nl, 
tab(25), write(* PROCESSING —  phase 1'), 
nl, nl, nl, seen, shellc(proceede)).

/*******************************************************/

/* For each non local definition of a variable X and 
a c_use (global) or a p_use of X, find a subpath 
from Bi to Bj def - free wrt X. */
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shellc(_)
nonlocal_def(Bi, X),
( global_c_use(Bj, X); p_use(Bj, X)), 
not explored_pair(Bi, B j, X), 
drive a subpath(Bl, Bj, X), 
asser€z7explored_pair(Bi, Bj, X)), 
shellc(continue);
coverage(C, R), ( C < R, nl, nl,write(*.......... *************** •) t
nl, nl, nl, tab(25), write(' PROCESSING —  phase 2'),
nl, nl, nl, shelll(alt);
assertz(required_pa ir(0, 0, x, 0)),
rename, shell3(end)).

/* If such a subpath ( Bi — > Bj ) is found, check if it
is already in the list of found executable paths, other­
wise form a complete path covering that subpath and 
pass it to symbolic evaluator. If something goes wrong, 
check an alternative from Bi to Bj while the Source — >
Bi and Bj — > Sink remain the same. If not an executable 
one is found try another pair wrt some Var. */

drive_a_subpath(Bi, Bj, X)
path(Bi, Bj. bfs(X), Path2), executable(L),
name(X, [A | B]), nl, write(' •), nl,
( global_c_use(Bj, X),
( not required pair(Bi, Bj, X, 0),
assertz(required pair(Bl, Bj, X, 0)), 
write req_pair(Bi, Bj, X, 0); true ), nl, 

write(TDef::clear subpath from '), write(Bi), 
write(' to '), write(Bj), write(' wrt var '), 
put(A), write(* : '), nl, write(Path2), nl,
( (F Rest] - Path2, ( sublist([F f Rest], L); 
subiist([yes(F) | Rest], L);
sublist([no(F) | Rest], L)), Answer = no, I is 1; 
form_a_path(Bi, Bj, Bj, X, Path2, Answer), I is 0 ), 

( Answer - no, assertz(covered_pair(Bi, Bj, X, 0)), 
write pair(Bi, Bj, X, 0, I); true );

( p_use7Bj, X), Answer * out,
( not required pair(Bi, Bj, X, _), 
assertz(requlred_pair(Bi, Bj, X, 1)), 
assertz(required pair(Bi, Bj, X, 2)), 
write req pair(Bi. Bj, X, 1), 
write req_pair(Bi, Bj, X, 2); true ), 

goto(Bj, [yes(Bk), no(Ba)]),
( not covered_pair(Bi, Bj, X, 1), 
conc(Path2, [yes(Bk)], Path21), nl,
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write ’Def-clear subpath from '), write(Bi) , 
write(' to '), write(Bj), write(' wrt var '), 
put(A), write(' - yes branch - : '), nl, 
write Path21), nl,
( [FI Restl] - Path21, ( sublist([FI | Restl], L); 
sublist([yes(FI) | Restl], L); 
sublist([no(FI) | Restl], L)), Answer1 - no,

II is 1?
form_a_path(Bi, Bj, Bk, X, Path21, Answerl ),

II is 0),
( Answerl « no, write pair(Bi, Bj, X, 1, II ), 
assertz(covered_pairXBi, Bj, X, 1)); true ); 

Answerl * no ),
( not covered_pair(Bi, Bj, X, 2), 
conc(Path2, [no(Bq)], Path22),
nl. write('................ '), nl, nl,
write('Def-clear subpath from '), write(Bi) , 
write(' to '), write(Bj), write(' wrt var '), 
put(A), write(' - no branch - : '), nl, 
write(Path2 2), nl,
( [F2 [ Rest2] - Path22, (sublist([F2 | Rest 2], L); 
sublist([yes(F2) | Rest2], L);
sublist([no(F2) | Rest2], L)), Answer2 = no,12 is 1;
form_a_path(Bi, Bj, Bq, X, Path22, Answer2 ),

12 is 0 ),
( Answer2 * no, write pair(Bi, Bj, X, 2, 12 ), 
assertz(covered_pairTBi, Bj, X, 2)); true );

Answer2 = no))),
(( Answer - yes, drive_a_subpath(Bi, Bj, X);

Answer - n o  );
( Answerl - yes, drive_a_subpath(Bi, Bj, X);

Answerl = no ),
( Answer2 = yes, drive_a_subpath(Bi, Bj, X);

Answer2 - no )).
drive_a_subpath(Bi, Bj, X).

/* Expand a subpath covering a def - use pair, to reach 
the Source and Sink nodes */

form_a_path(Bi, H, Bj, X, Path2, Answer)
blabel(Source, source), blabel(Sink, sink),
( Bi —  Source, Pathl - [Bi];
expand from source(Bi, Source, Pathl)), 

delete(Bl, Pa£h2, Path21),
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( Bj —  Sink, Path3 - [];
expand to_sink(Bj, Sink, Path3)), nl,
write(TExpansions for the above subpath, '), nl,
( delete(Bl, Pathl, Pathll);

delete(no(Bi), Pathl, Pathll); 
delete(yes(Bi), Pathl, Pathll)), 

write('from source : '), write(Pathll), nl, 
write('to sink ; '), write(Path3), nl,
conc(Pathl, Path21, L), conc(L, Path3, Candpath),( H BS Bj t g Q •
( goto(H) [yes(Bj), _]), S is 1; S is 2)), 

write_candpath(Bi, S, H, Candpath, X),
nonexecutable(NE),

( member(Candpath, NE), Answer * yes, nl,
write('The candidate path is a member of the '), 
write('nonexecutable paths : '), nl, write_list(NE) 
symb_eval(Candpath, Answer)).

/* Pass the candidate path to symbolic evaluator and
(simulating this step) we get an answer if it is exe­
cutable or not. */

symbeval(Candpath, Answer)
tell(user), write(Candpath), nl, 
write('** Dead ?'), read(Answer), nl,
write('.......... ************* ...........»)f ni#
tell(outdata),
( Answer - no, retract(executable(Foundpaths)), 
assertz(executable([Candpath | Foundpaths])), nl , 
write('The candidate path is executable.'), nl; 
Answer « yes, retract(nonexecutable(L)), 
assertz(nonexecutable([Candpath | L])), nl, 
write('The candidate path is nonexecutable,'), nl, 
write('try another alternative, - if any.'), nl) .

write_candpath(Bi, S, Bj, Candpath, X)
nl, write('** Candidate path to cover nodes'), 
write(' from '), write(Bi), write(' to '), 
write(Bj), write(' wrt var '), name(X, [F I R]), 
put(F), ( S - 1, write(', - branch yes -, ');

S - 2, write(', - branch no -, ');
S ■ 0, true ),

write(' : '), nl, write(Candpath), nl.
expand_from_source(Bi, Source, Pathl)

knownpaths(Source, Bi, unrestr, _, [Pathl | _]); 
path(Source, Bi, bfs, Pathl).
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expand_to_sink(Bj, Sink, Path3)
( knownpaths(Bj, Sink, unrestr, _, [Path31 | _]);
path(Bj, Sink, bfs, Path31)), 

delete(Bj, Path31, Path3).
rename :-

retract(required_pair(Bi, Bj, X, S)), !,
( Bi «  0, Bj —  0, !, true;
( not coveredpair(Bi, Bj, X, S),
assertz(final_remained_pair(Bi, Bj, X, S)); 
true ),

assertz(required_pair(Bi, Bj, X, S)), 
rename ).

write req pair(Bi, Bj, X, S)
write('* Required pair : ['), write(Bi),
write(', '), write(Bj), write(’]'),
write(' wrt var '), name(X, [F | R]), put(F),
( S - 0, write(', - c-use
S * 1, write(', - p-use ---> branch yes
write(', - p-use ---> branch no -.')), nl, nl.

write_pair(Bi, Bj, X, S, I)
write('* Covered pair : ['), write(Bi), 
write(', '), write(Bj), write(']')» 
write(' wrt var '), name(X, [F | R]), put(F),
( 1 * 1, write(', by a known executable path');
write(', by the candidate path')),

( S * 1, write('- branch yes -');
S * 2, write('- branch no true), nl,

( I ■ 1, write(' from the list of found executable'), 
write(' paths :'), executable(L), nl, 
write_list(L)? true ).

write_list([A I B])
write(A), nl, write_list(B).

write_list([])
nl.

/* These three rules compute the coverage from the formula 
[ COVERED PAIRS BY PATHS ] / [ TOTAL REQUIRED PAIRS ].
If it is >» 80% stop, else continue. */

coverage(C, R)
asserta(total_pairs(0)),
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assertz(required_pair(0,0,x,0)), coveragel, 
asserta(covered_pairs(0)), 
assertz(covered_pair(0,0,x,0)), coverage2, 
retract(covered pairs(C)), 
retract(total jpairs(Rl)),
R is (R1 * 8) / 10.

coveragel
retract(required_pair(Bi, Bj, X, S)), !,
( Bi “  0, Bj 0, I, true;
retract(total_pairs(Rl)), N is R1 + l, 
asserta(total_pairs(N)), 
assertz(required_pair(Bi, Bj, X, S)), 
coveragel).

coverage2 :-
retract(covered_pair(Bi, B j, X, S)), !,
( Bi == 0, Bj == 0, !, true;
retract(covered_pairs(Rl)), N is Ri + 1, 
asserta(covered_pairs(N)), 
assertz(covered_pair(Bi, Bj, X, S)), 
coverage2).

/*******************************************************/

/* If the coverage is < 80% try other alternatives from 
Bj to Sink with the previously chosen Source — > Bi, 
and combine with all Bi — > Bj if not executable. */

shelll(_) :-
required_pair(Bi, Bj, X, S), 
not remaTned_pair(Bi, Bj, X, S), 
not covered_pair(Bi, Bj, X, S), K is 0, 
drive_alternative(Bi, Bj, X, S, K),
( retract(explored_pair(Bi, Bj, X)); true ),
( not coveredjpair(Bi, Bj, X, S), 
assertz(remalned_pair(Bi, Bj, X, S)); true ), 

blabel(Sink, sink),
( S * 0, change known_path(Bj, Sink); 
goto(Bj, [yes(Bk), no(Bq)]),
( S * 1, change_known_path(Bk, Sink);
S - 2, change known_path(Bq, Sink))),

( K \- 1, shelllTcontinue); shell3(end)).
drive_alternative(Bi, Bj, X, S, K)

blabel(Sink, sink), blabel(Source, source),
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Bj \“  Sink,
known_paths(Source, Bi, unrestr, , [Pathl I ]),
( S « 0, ( derived pathsfBj, Sink, 0, , DPiy,
derive knownjpathTBj, Sink, Path31, DPl) ; 
path(BJ, Sink, bfs, Path31), 
put_known_path(Bj, Sink, Path31)), 
delete(Bj, Path31, Path3); 
goto(Bj, [yes(Bk), no(Bq)]),
( S - 1, ( derived paths(Bk, Sink, 0, , DPI),
derive known pathjBk, Sink, Path31, DPl); 
path(Bk, Sink, bfs, Path31) , 
put_)uiown_path (Bk, Sink, Path31)), 
delete(Bk, Path31, Path32), 
conc((yes(Bk)1, Path32, Path3);
S * 2, ( derived pathsfBq, Sink, 0, , DPI),
derive_known path7Bq, Sink, Path31, DPl); 
path(Bq, Sink, bfs, Path31), 
put_known_path(Bq, Sink, Path31)), 
delete(Bq, Path31, Path32), 
conc([no(Bq)), Path32, Path3))), K is 0, 

known paths(Bi, Bj, restr(X), , L), nl,
write('............... '), nl, nl,
write req_pair(Bi, Bj, X, S),
write7'Combine new alternative from '), write(Bj) , 
write(' to sink : '), conc([Bj], PathJ, P), 
nl, write(P), nl, nl,
write('with the old expansion from source to '), 
write(Bi), write(' : '), nl, write(Pathl), nl, nl, 
write('and a member of known paths from '), 
write(Bi), write(' to '), write(Bj), 
write(' wrt var '), name(X, [F | R]), put(F), 
write(' : '), nl, write(L),
form_alternative(Bi, Bj, X, S, K, L, Pathl, Path3),
( K = 0, drive_alternative(Bi, Bj, X, S, K), 
true ).

drive_alternative(Bi, Bj, X, S, K).
form_alternative(Bi, Bj, X, S, K, L, LI, L3)

executable(E), nonexecutable(NE),
nl, nl, write('................ '),
next(Path21, L, W), nl, nl,
write('Selected alternative from the above list :'), 
nl, write(Path21), nl, 
delete(Bi, Path21, Path2),
( S = 0, Path22 « Path2;
goto(Bj, [yes(Bk), no(Bq)]),
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( S - 1, conc(Path2, [yes(Bk)], Path22); 
conc(Path2, [no(Bq)], Path22))),

( conc([Bi], Path22, [F I Rest]),
( sublist([F | Rest], E);
sublist([yes(F) | Rest], E); 
sublist([no(F) I Rest], E)), Answer - no; 

cone(LI, Path2, L2), conc(L2, L3, Candpath), 
write_candpath(Bi, S, Bj, Candpath, X),
( member(Candpath. NE), Answer = yes, nl, 
write('The candidate path is a member of the '), 
write('nonexecutable paths :'), nl, write_list(NE) 
symbeval(Candpath, Answer))),

( Answer * yes, ( W = [1, K is 0;
form_alternative(Bi, Bj, X, S, K, W, LI, L3));
Answer - no, assertz(covered_pair(Bi, Bj, X, S)), 
write_pair(Bi, Bj, X, S),
coverage(C, R), ( C >= R, K is 1; K is 2 )).

form_alternative(Bi, Bj, X, S, K, LI, L3).
next(Path21, L, W)

member(Path21, L), 
delete(Path21, L, W).

derive_known_path(Bm, Bn, PathO, DPI) 
next(PathO, DPI, DP),
retract(derived_paths(Bm, Bn, 0, DP2, DP3)), 
assertz(derived_paths(Bm, Bn, 0, DP2, DP)).

put_known_path(Bm. Bn, PathO)
derived paths(Bm, Bn, 1, _, DP), 
retract"fderived_paths(Bm, Bn, 1, _, DP)), 
assertz(derived_paths(Bm, Bn, 1, [PathO 1 DP],

[PathO I DP])); 
assertz(derived_paths(Bm, Bn, 1, [PathO], [PathO]))

change_known_path(Bm, Bn) ;-
derived paths(Bm, Bn, 1, DP, DPI), 
retract7aerived_paths(Bm, Bn, 1, DP, DPI)), 
assertz(derived paths(Bm, Bn, 0, DP, DPI));
( derived pathsfBm, Bn, 0, DP, DPI),
retractTderived_paths(Bm, Bn, 0, bP, DPI)), 
assertz(derived_paths(Bm, Bn, 0, DP, DP)); true)

/*******************************************************/
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/* If the achieved coverage is not >> 80% then continue 
with the final step, which generates the remaining 
alternatives Source — > Bi and combines them with the 
already generated Bi — > Bj, Bj — > Sink. */

shelll(_) :-
not remained pair(0, 0, x, 0), 
assertzfremalned__pair (0, 0, x, 0)), nl,
nl, write ('......... ***************...........
nl, nl, nl, tab(25),
write(• PROCESSING   phase 3'), nl, nl, nl,
shell2 (final).

shell2 (_)
remained pair(Bi, Bj, X, S),
( Bi —  0, Bj -- o,
retract(remained_pair(Bi, Bj, X, S)), 
shell3(end);
( not covered_pair(Bi, Bj, X, S), K is 0, 
drive_final altfBi, Bj, X, S, K),
( not covere3 _pair(Bi, Bj, X, S), 
retract(remained_pair(Bi, Bj, X, S ) ) ,  
assertz(final_remained_pair(Bi, Bj, X, S)); 
true ),

blabel(Source,source), change known path(Source, Bi), 
( K \* 1, shell2(final); shell3 (end)))).

drive_final_alt(Bi, Bj, X, S, K)
blabel (Source, source), Bi \== Source,
( derived paths(Source, Bi, 0, _, DP), 
derive_Jcnown_path( Source, Bi, Pathl, DP) ; 
path(Source, Bi, bfs, Pathl), nl,?ut knownpath(Source, Bi, Pathl)),
teT'................ '), nl, nl,

write req pair(Bi, Bj, X, S),
writej'Combine new alternative from source to '), 
write(Bi), nl, write(Pathl), nl, nl, 
known_j>aths(Bi, Bj, restr(X), _, L2) , 
write('with a member of the known paths from •), 
write(Bi), write(' to '), write(Bj), 
write(' wrt var '), name(X, [F | R]), 
put(F), write(' :'), nl, write(L2), 
drive_aux(Bi, Bj, X, S, K, Pathl, L2),
( K - 0, drive_final_alt(Bi, Bj, X, S, K) ; 
true ).

drive_final_alt(Bi, Bj, X, S, K).
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drive_aux(Bi, B j, X, S, K, Pathl, L2)
blabel(Sink, sink), next(Path21, L2, Y),
nl. write('................ '), nl, nl,
write('selected alternative from the first list ), 
nl, write(Path21), nl, 
delete(Bi, Path21, Path22),
( S * 0, Path2 ■ Path22,
known paths(Bj, Sink, unrestr, _, L3); 
goto(Bj, [yes(Bk), no(Bq)]),
( S - 1, conc(Path22, [yes(Bk)], Path2), 
knownpaths(Bk, Sink, unrestr, _, L3); 
conc(Path22, [no(Bq)], Path2),
known_paths(Bq, Sink, unrestr, _, L3))), K is 0, 

nl, write('and a member of the known paths from ')), 
write(Bj), write(' to sink : '), nl, write(L3), 
form_final_alt(Bi, Bj, X, S, K, Pathl, Path2, L3),
( K - 0, ( Y * [], drive_final_alt(Bi, Bj, X, S, K);

drive_aux(Bi, Bj, X, S, K, Pathl, Y));
true ).

drive_aux(Bi, Bj, X, S, K, Pathl, L2).
form_final_alt(Bi, Bj, X, S, K, Pathl, Path2, L3) 

executable(E), nonexecutable(NE), 
next(Path31, L3, W), nl,
write('............... '), nl, nl,
write('selected alternative

from the second list : '), 
nl, write(Path31), nl, nl,
( S - 0, delete(Bj, Path31, Path3), H = Bj; 
goto(Bj, (yes(Bk), no(Bq)]),
( S * 1, delete(Bk, Path31, Path3), H = Bk;

delete(Bq, Path31, Path3), H * Bq)),
( conc([Bi], Path22, [F | Rest]),
( sublist([F | Rest], E);
sublist([yes(F) | Rest], E);
sublist([no(F) I Rest], E)), Answer = no; 

cone(Pathl, Path2, LI), 
cone(LI, Path3, Candpath), 
write_candpath(Bi, S, Bj, Candpath, X),
( member(Candpath, NE), Answer » yes, nl, 
write('The candidate path is a member of the '), 
write('nonexecutable paths :'), nl, 
write_list (NE); 
symb_eval(Candpath, Answer))),

( Answer - yes, ( W = [], K is 0;
form_final_alt(Bi, Bj, X, S, K, Pathl, Path2, W));

61



Answer - no, retract(remained_pair(Bi, Bj, X, S)),
write pair(Bi, Bj, X, S),
assertz(covered_pair(Bi, Bj, X, S)),
coverage(C, R), (C >« R, K is 1; K is 2)).

form_final_alt(Bi, Bj, X, S, K, Pathl, Path2, L3).

/*******************************************************/

shell3(End)
write('............... % ................') , nl, nl,
nl, coverage(C, R), nl, T is (R * 10) / 8,
( C < R, write('* No More Paths *•), 
nl; true ), nl, 

write('** Achieved Coverage :'),
N is (C * 100) / T, write(N), 
write('%')* nl, nl,
( retract(remained_pair(0,0,x,0)); true), 
write('** Remaining Pairs : '),
( not final_remained pair(Bi, Bj, _, _), 
write(' No More Pairs '); remainingjpairs).

remaining_pairs
final remained pair(Bi, Bj, X, S), 
write7Bi), write(' — > '), write(Bj),
( S - 0, writeC , •) ;
S ■ 1, write(', - branch yes -,');
S * 2, write(', - branch no -,')),

write(' wrt var '), name(X, [F 
put(F), write(' . '), nl, tab(2< 
fail; true.

’ ) •

1 R]), 
it),

/*******************************************************/

/* Compute a path between two nodes by breadth - first 
search. If pathtype is restricted, then it computes 
a def - clear path wrt some var X. */

path(Bi, Bj, Method, Path)
( Method * bfs, Pathtype = unrestr;
Method - bfs(X), Pathtype = restr(X)), 

not known_paths(Bi, Bi, Pathtype, _, _), 
assertz(known paths(Bi, Bj, Pathtype, [[Bj]], [])), 
path(Bi, Bj, Kethod, Path).
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path(Bi, Bj, Method, [Bi | Rest])
< Method * bfs, Pathtype - unrestr;
Method = bfs(X), Pathtype = restr(X)), 

known_pathsIBi, B j, Pathtype, Ppaths, Paths), 
member([Bi [ Rest], Ppaths),
( Method * bfs( ), not ( Rest * [] );
Method ” bfs J, 

delete([Bi | Rest], Ppaths, Newpaths), 
retract (known_paths(Bl, Bj , Pathtype, , _)), 
assertz(known_paths(Bi, B: , Pathtype, Hewpaths,

[[Bi | Rest] I Paths])).
path(Bi, Bj, Method, Path)

( Method - bfs, Pathtype * unrestr;
Method * bfs(X), Pathtype ■ restr(X)), 

known_paths(Bi, Bj, Pathtype,
[Ppathl | Rest], Paths), 

expand(Bi, Method, [Ppathl | Rest], Newpaths), 
retract(known_paths(Bl, Bj, Pathtype, _, _)), 
assertz(known_paths(Bi, Bj, Pathtype,

Newpaths, Paths)), 
!, Newpaths \« [], path(Bi, Bj, Method, Path)

expand(Bi, Method, [Ppathl | Rest], Newpaths)
expand aux(Bi, Method, Ppathl, Tempi), 
expandXBi, Method, Rest, Temp2), 
cone(Tempi, Temp2, Newpaths).

expand(Bi, Method, [], []).
expand_aux(Bi, Method, [Bj | Rest], Newpaths)

goto(Bk, _), 
U

collect(L)

Legal_expansion(Bi, Bk, Method, [Bj | Rest],
Newfirst), 

assertz(queue([Bk, Newfirst I Rest])), 
fail;
assertz(queue(bottom)), 
collect(Newpaths).

retract(queue(X)), !,
( X “  bottom, 1, L * [ ];
L - [X | Rest], collect(Rest))

legal_expansion(Bi, Bk, Method, [Bj | Rest], Newfirst) 
goto(Bk, L),
( member(Bj, L), Newfirst « Bj;
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member(yes(Bj), L), Newfirst « yes(Bj); 
member(no(Bj), L), Newfirst * no(Bj)),

( Method - bfs(X), Bk «■ Bi;
( not member(Bk, [Bj | Rest]), 
not member(yes(Bk), [Bj | Rest]), 
not member(no(Bk), [Bj | Rest]),
( Method - bfs(X), Bk \ «  Bi, 
not nonlocal_def(Bk, X);
Method * bfs ))).

/***************************************************************/
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A.2 Documentation of "8 H B L LM

lBPVtt

The program uses as input the flow graph of the module 
to be tested. This information is stored in a file in the 
following form:
1. The id of the node, which is a number.
2. The statements contained in the node, are represented as 

the elements of a list, the statement list.
3. The successor(s) of the node, are represented as the 

elements of another list, the goto list. If it is a con­
ditional node then it has two successors which are repre­
sented as relations, with the functor depending on the 
branch which the flow of control must follow in order to 
reach the corresponding node. The "yes" branch is al­
ways first in the goto list.

In case that more than one sink nodes exist, a new sink 
node is created, with empty statement and goto lists, and it 
becomes the successor of all sink nodes. This is in compli­
ance with our assumption that each module has a single entry 
and a single exit.

The program starts to work by calling the rule "shell" 
with argument the name of the file containing the input.
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logic

The program uses the test data selection criterion all­
uses, from the family of criteria proposed by Rapps and Weyu- 
ker. It produces as output the set of paths required to test 
all interactions between a definition and a use, either a 
c-use or a p-use, reached by that definition. For each 
such pair, a subpath is generated from the node containing 
the definition, to the node Bj with the use, which is def- 
clear with respect to corresponding variable, using breadth- 
first search. If Bj is a conditional node with successors 
yesCB^) and no(Bq) then both interactions, B^ — > Bj, yesfB^) 
and B^ — > Bj, no(Bq), must be tested. Then this subpath is 
expanded to reach the Source and Sink nodes and this complete 
path is passed to symbolic evaluator, this step is simula­
ted here.

If values for the variables, that will cause this path 
to be followed during execution, cannot be found, another 
alternative, if any, from B^ to Bj is tried while the parts 
of the path from Source to B^ and from Bj to Sink remain the 
same. When all such possibilities for all pairs have been 
tried and the coverage is not greater than or equal to 80%, 
the alternatives from Bj to Sink are tried with all alterna­
tives, already found, from B^ to Bj and the part of the path



from Source to remaining the same. The difference now is
that every time a pair is covered, the program tests the cov­
erage and if it is found to be greater than or equal to 80% 
it stops, otherwise it continues.

In the last step the alternatives from Source to are 
tried in combination with the already found alternatives from 

to Bj and Bj to Sink until the coverage is greater than or 
equal to 80% or no more alternatives exist to be tried. The 
order in which the alternatives are tried is as follows :
Suppose from Source ---> B^ two alternatives exist, [a, b],
from B^ ---> Bj three def-clear subpaths with respect to X,
[d, e, c], and from B^ ---> Sink two alternatives, [f, g],
then we have the order :
1. [a, d, f] 4. [a, d, g) 7. [b, d, f]
2. [a, e, f] 5. [a, e, g] 8. [b, d, g]
3. [a, c, f] 6. (a, c, g] 9. [b, e, f)

10. [b, e, g]
11. [b, c, f]
12. [b, c, g]

In the two last steps (where the alternatives from 
Bj to Sink and from Source to B̂  are tried) the system checks 
every time the coverage, and stops when it is found to be 
greater than or equal to 80%, which is a reasonable criterion 
for the termination of the process. The reason is that there
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are time and cost limitations in program testing [15]. The 
number of alternatives may be very large, and symbolic 
evaluation is a time and space consuming process [7].

output

The program produces as output the required pairs of 
nodes, that need to be covered in order to satisfy the test 
data selection criterion, the list of executable paths which 
cover some or all pairs, the list of nonexecutable paths, the 
covered pairs, the remaining uncovered pairs and the achieved 
coverage.

OPERATORS

The operators used in the statements of the flow graph 
have different names than the usual ones, in order not to be 
confused with the built in operators of PROLOG, and they are 
redefined in the beginning of the program. Their relation to 
the standard operators is as follows:
nott ---> not, equal ---> = , noequal — -> \=,
greater ---> > , less — > < , eqgreat ---> >=,
eqless ---> ~< / gets ---> := , or ---> V,
plus ---> + , minus ---> - , and ---> /\,
times ---> * / divint ---> div, divreal ---> / ,
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mod ---> mod, power ---> ** , uminus ---> -, (unary)
writel  > write, readl  > read.

UTILITY ROUTIMBB 

■ember :
Finds out whether or not an atom or a structure is 

among the elements of a list. Returns true or false,
cone :

Concatenates two lists. Returns a list which consists 
of the two input lists, 
delete :

Deletes an element from a list. Returns the list with 
the corresponding element deleted, 
sublist t

Checks whether or not a list is a sublist of some 
element of a list, which has lists as elements. Returns 
true or false.

RULES

vers
It examines a particular statement of a node and ex­

tracts the variable occurrences, appearing in that statement, 
either definition or uses, constructing the variable list
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of the statement. Returns a list of variables which in the 
case of an assignment statement has as first element a defi­
nition (and the rest are uses), otherwise it is consisting 
of uses (write statement) or definitions (read statement).

prooessstmts
These five rules take the statement list of each node 

in the flow graph and process every element of this list, 
with the help of some other rules that perform various tasks. 
We can have in the statement lists, assignment statements, 
input and output statements, and conditional transfer state­
ments. In an assignment statement the variable occurrence in 
the left side is checked to see if it is a nonlocal defini­
tion, and if so it is asserted in the knowledge base. The 
same is done for every variable occurrence in the variable 
list of a read statement. The rest variable occurrences in 
an assignment statement (right side), and those in the list 
of a write statement are c-uses and are checked to see if 
they are global, in that case they are asserted in the 
knowledge base. Finally, the variable occurrences in a con­
ditional statement are asserted as p-uses.

global_c_usages
Checks if there exists for a c-use a definition within 

the same block, because in such a case it is not global.
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pusages
Asserts the variable occurrence in a conditional state­

ment as a p-use, if it is not already in the knowledge base 
for the same node id.

shell
It is the main rule of the program, this rule is in­

voked first, with argument the name of the file containing 
the input information. "Shell(File)" reads the information 
from the input file and asserts it in the knowledge base, 
separately for every node.

shellc
For each nonlocal definition of a variable and a use 

(either c-use or p-use) it will try to find a path to cover 
that pair. If no more pairs exist and the coverage is less 
than 80t, it calls the rule for the alternatives otherwise 
the terminating rule.

drive_a_subpath
This rule is called from "shellc" to examine whether or 

not there is a definition clear path with respect to variable 
X from node B^, where a definition of X occurs, to node Bj, 
where a use of X occurs. If a path is found, by calling the 
"path" rules, it proceeds as follows: In the case that we
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have a c-use in Bj, then it asserts this pair as required and 
checks if the path is a sublist of one of the already found 
executable paths, in which case the pair is already covered, 
otherwise it calls for path expansion to reach the Source and 
Sink nodes, i.e., a complete path, and then it is passed for 
symbolic evaluation. From there, an answer "yes" is returned 
if the path is not executable and a "no" if it is. If "yes", 
the pair is asserted as covered, otherwise the "drive_a_sub- 
path" rule is called again to try an alternative subpath from 

to Bj which has the same expansions reaching the Source 
and Sink nodes. This cycle is continued until the pair is 
covered by some executable path or no more alternatives exist 
to be tried. In both cases a true value is returned to rule 
"shellc" in order to continue with other pairs.

In the case that there is a p-use in node Bj, it does 
the same thing but now for two pairs [B^, Bj, X, 1] and [B^, 
Bj, X, 2], where "1" means to follow the "yes" branch and "2" 
means to follow the "no" branch. In other words, it examines 
the pairs B^ ---> Bj, yesfB^) and B^ ---> Bj, no(Bq) sepa­
rately, as above. The difference in these cases is that we 
are looking now for subpaths from B^ or Bq to Sink, not Bj 
to Sink, and some adjustments are made to reflect this sit­
uation.
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form_a__path
Given a path from to Bj, this rule is used to form

the complete path from the Source to Sink, which covers the 
subpath from to Bj. First it checks if B^ is the Source 
node or Bj is the Sink node, in which cases we need no 
expansion. Otherwise it calls the rules for expansion, and 
concatenates these three subpaths in order to form the whole 
path. If the path is a member of the list of nonexecutable 
paths, already found, it needs no symbolic evaluation, other­
wise it calls "symb_eval" rule to derive an answer.

symb_eval
This rule is a simulator for the symbolic evaluation 

and constraint solver steps. For the found candidate path it 
reads the answer "yes" or "no" from the user and passes it to 
the parent rule.

write_candpath
It prints a comment either to the user or in the file 

about the candidate path, i.e., which pair of nodes are to be 
covered, and which branch, "yes" or "no", in case of a p- 
use.

•xpand_from_souroe
If there is a known path in the knowledge base from
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the Source to then return it, otherwise call the "path" 
rules to find one.

expand_to_sink
It performs exactly the same task but for a path from 

Bj to Sink.

rename
This rule is an auxiliary routine to assert the pairs 

that are not covered (and required), as remained pairs in 
the knowledge base.

write req pair
This rule is called to print the required pair, when a 

def-clear subpath is found from the node containing the 
definition of a variable to the node containing the use of 
that variable. In case of a p-use it prints also the branch.

write_pair
Whenever a pair is covered by an existing executable 

path, this rule is invoked to print the ids of nodes, the 
variable, and the type of branch in case of a p-use.

coverage
This rule is used to invoke "coveragel", in order to 

compute the required pairs, and "coveragea" for the computa­
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tion of the number of covered pairs. Finally, it computes 
the number which is equal to 80% of the totally required 
pairs.

coverage1
It computes, recursively, the total required pairs. 

Note that in the case of a p-use, we have two required pairs, 
"yes" and "no" branches.

coverage2
It computes, again recursively, the required pairs that 

have been covered by the time it is called.

ahelll
In the previous section the program examined for all 

required pairs (B̂ , Bj), if there exists a path from Source 
to Sink, which covers the definition-clear subpath from B^ 
to Bj with respect to some variable X, and it is executable. 
In such a case it asserted the pair covered, otherwise it 
continued with another alternative from B^ to Bj, while the 
parts from Source to B^ and from Bj to Sink remain the same. 
Finally, if the pair (B̂ , Bj) were not covered we have for 
that pair, in the list of known paths from B̂  to Bj, all the 
alternatives from B^ to Bj with respect to variable X.

In this section, it combines these alternatives with
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the alternatives from Bj to Sink, not yet tried, while the 
part from the Source to remains the same. Each time it
checks the coverage, in order to stop further processing in 
the case that 80% has been achieved.

drivs_al tentative
Given are the pair (B^, Bj), the variable X, and an 

indication of the kind of use of the variable X in node Bj. 
In the case of a p-use it also indicates the branch to be 
followed, "yes" or "no". If the node Bj is the Sink there 
exist no more alternatives from Bj to Sink and the rule re­
turns the value true, in order to continue with another non­
covered pair. Otherwise using the "path" rules find another 
alternative, if any, and call the rule "form_alternative" to
examine the combinations of Source ---> B^ (which remains the
same all times), and Bj ---> Sink (just found), with the
elements of the list of the known paths from B̂  to Bj with 
respect to variable X. Note that as in the "drive_a_subpath" 
rule, if we have a p-use in Bj there are two branches to be
followed, Bj ---> yes(Bk) and Bj  > no(Bq). The variable
S indicates which branch is examined currently, 1 for "yes" 
and 2 for "no", thus the list of known paths to be tried is 
not from Bj to Sink but from B^ or Bq to Sink. Also all the 
necessary conversions are made by this rule to reflect the 
above mentioned difference.
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Finally, if all combinations have been tried and the 
pair is still noncovered, it tries to find a new subpath from 
Bj (or B̂ , or Bq) to Sink and continues as above. This 
process stops when no more such subpaths exist, in which 
case it returns the value true in order to continue with an­
other noncovered pair, or the pair is covered by some path.

form_alternative
In this rule the above combinations are formed, i.e.,

path3 (Source > B̂ ) , path3 (Bj [ B̂ , Bq respectively ]
 > Sink, and path2 to be the elements of the list of known
paths from B^ ---> Bj. Every time a new element is combined,
the rule checks whether or not it is a sublist of one of the 
found executable paths, i.e., the pair is covered, otherwise 
it forms the complete path and examines if it is a member of 
the list of nonexecutable paths, i.e., try other alternative. 
If none of the above is the case, the path is passed for sym­
bolic evaluation. Depending on the answer it tries other 
alternatives or asserts the pair as covered. Every time a 
pair is covered, the coverage is computed in order to termi­
nate this process if 80% of the required pairs have been 
covered by some executable path.

next
It is used as an auxiliary routine. Its function is
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to delete the first element of a given list and to return it 
as its value.

derive_known_path
This rule is used to retrieve a known expansion of a 

subpath from the knowledge base. This expansion was found by 
the program for some othei pair and was saved in order to 
avoid additional work.

put_known_path
It saves an expansion of a subpath, either from the 

source to the node containing the definition of a variable or 
from the node containing the use of the variable to the sink, 
in the knowledge base for later use.

change_knownjpath
This rule acts as a switch for the above two rules. If 

there is a known expansion in the knowledge base retrieve it, 
otherwise use the "path" rules to find one.

■hell2
By calling this rule, we enter the final step of the 

process. If the current coverage is less than 80%, then for 
each remaining noncovered pair try to find alternative paths 
that may cover these pairs. Since for every pair (B^, Bj) 
we already have all the alternatives from B^ to Bj and Bj to
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sink, the rule tries to find an alternative, if any, from the 
Source to and then to combine these three parts, in order
to test the executability of the derived candidate path. 
Each time a pair is covered, it checks the coverage to decide 
whether or not the process will continue.

drive_final_alt
If node is the Source node then choose other pair, 

all alternatives for this pair have been tried, otherwise 
call the "path" rules to find a subpath from Source to B^. 
It also derives the list of the alternatives from B^ to Bj, 
and calls the next rule to continue. Note that if no more 
subpaths from Source to B^ exist it returns the value true 
and continues with other noncovered pair. In the case that a 
subpath from Source to B^ has been combined with all possible 
alternatives from B  ̂to Bj and from Bj to Sink and the pair 
is still uncovered, the rule recursively calls itself to take 
another alternative, for the same pair, from Source to B^, if 
any.

drive_*ux
Depending on the kind of the uncovered pair, 0 is for 

c-use, 1 is for p-use ("yes" branch), and 2 is for p-use 
("no" branch), this rule determines what alternatives of 
the third part of the path to derive. In other words, if the
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indication is "0" then the alternatives are from Bj to Sink, 
otherwise let's assume that the goto list for Bj is [yesfB^),
no(Bg)]. In the case of "I" it must derive the alternatives
from Bfc to Sink, otherwise from Bq to Sink. The rule also 
makes all the necessary conversions to reflect each of the 
above situations.

At the end, two lists from alternative subpaths are 
available, from B  ̂to Bj (or one of B̂ , Bq) and from Bj 
(or one of B^, Bq) to Sink, and a subpath from Source to
B^ (pathj). Then it calls the next rule to combine path}
and a member of the first list with all elements of the other 
list. If nothing happens, the rule recursively calls it self 
to do the same thing with the rest members of the first list, 
until the pair is covered or no more alternatives exist, in 
which case it returns the value true to the parent rule in 
order to find another subpath from Source to B^.

form_final_alt
The rule is used from ”drive_aux" to form the candidate 

path. The parent rule passes to it as arguments two sub­
paths, one from Source to B^ (path}) and the other from B^ 
to Bj (or one of B̂ , Bq in the p-use cases) (path2), and 
it tries to make all possible combinations of the above two 
with the elements of the list that consists of the subpaths 
from Bj (B]£, Bq respectively) to Sink.
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First it checks if path2 is a sublist of any of the 
found executable paths, i.e., the pair has been covered, and 
makes the value of the variable Answer to be "no". In this 
case asserts the pair as covered and returns control to the 
parent rule, to continue the processing of some other pair 
if the coverage is less than 80% or to call the terminating 
rule. Otherwise it forms the candidate path, by concatena­
ting path3, path2, and the first element of the given list, 
and checks if it is a member of the list of the found non­
executable paths. If this is the case the value of Answer 
becomes "yes", i.e., a recursive call to this rule will cause 
the same work to be done with some other member of the list 
with the alternatives for path3, from Bj (B̂ , Bq respec­
tively) to Sink, if any, otherwise it returns control to 
the parent rule for continuation with some other alternative 
for path2 . If none of the above is the case, a new candidate 
path has been derived, it calls the "symb_eval" rule to proc­
ess it. Depending on the value of the variable Answer that 
"symb_eval" returns, it proceeds exactly as explained above 
for these two cases, "yes" and "no".

shells
It computes the final achieved coverage and checks 

whether or not it is greater than or equal to 80%. If it is
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not so, i.e., there exist no more alternative paths to cover 
any of the remaining required pairs, the process is stopped. 
Then it uses the "remaining_pairs" rule to print all required 
pairs that were not covered.

remaining_pairs
Uses the knowledge base to retrieve and print the pairs 

that are required but not covered, if any.

path
There are three such rules which are used to compute a 

path between two nodes by breadth-first search. If the path 
type is to be restricted to some variable X, then it computes 
a definition-clear path with respect to the variable X. Now 
we will explain how this part works:

First the clause "known_paths(first node, last node, 
[[last node]],[ ])" is asserted in the knowledge base. The 
list of possible subpaths has one element, which in turn has 
one element, the last node, while the list of derived sub­
paths is empty. Then it uses the "expand" rule to make all
possible one-node expansions and derives such as many as the
number of predecessors of the last node. Before the rules 
continue to the next expansion steps, by recursive calls, the 
subpaths are examined to see whether or not one of them has
reached the first node. If this is the case it places the
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subpath in the list of derived subpaths, while the list of 
incompletely expanded subpaths may be used in case we need 
an alternative. Note also that after an expansion, if the 
list of expanded subpaths is empty it means that there exists 
no path from first node to last node and the process stops. 
Every change causes immediate update of the knowledge base.

expand
The rule is used to begin the expansion process for a 

list of subpaths. Using the "expand_auxN rule, it expands 
the head of the list and then, recursively, the tail of the 
list. Finally, it concatenates the lists of the expanded 
subpaths to form a new list. When the list to be expanded is 
empty, it returns the value true.

expand_aux
Given a subpath [Bj, ..., Bq] it uses "legal_expansion" 

to expand the list of nodes and derive the new list [Bk , Bj, 
..., Bq ] or [Bk , yes(Bj), ..., Bq ] or [Bk, no(Bj), ..., Bq ] 
and then asserts this new subpath in the knowledge base. The 
"fail" built-in function is used here and causes "expand_aux" 
to derive, in the same way, all the possible one-node expan­
sions from node Bj.
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collect
It retracts from the knowledge base all one-node expan­

sions from a specified node and constructs a list that is 
consisting of all these subpaths.

legal_expansion
The rule is used to expand a subpath, represented as a 

list of nodes, by making the predecessor of the previously 
first node the current first node of the list. The rule 
checks if it is already in the list, to avoid cycles, and 
also takes into consideration that the expansion may be done 
through either a "yes" or a "no" branch, which must be 
reflected in the expanded list, and makes all the necessary 
conversions. Also, if the method used is the breadth-first 
search with respect to a variable, i.e., a definition-clear 
path with respect to that variable is needed, it discards the 
choices of such nodes that contain a definition of the vari­
able.
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A.
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B. 1

A l f  rnative subpaths x
"I I I -> Itgtt two 1 readl([X])m5« -> " 11" three
" 11" - - > " 16" two
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10

11 Y gets X plus 1
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c.

6
[]

/
writal([x])

8

/ /

/ /

/ / /

/

/ / /

/ / / / / / /

t gats 2 tlaas oo gats 2 t:.aaa o ainus 2 tiaas
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raadl([p,a]) 
d gats 1 
x gats 0 
o gats 2 ti

O lass 2

■•a p

d 9raatar a
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tiaas x plus d
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B.2 Walking Ttaa Input Through Tha Program "SHELL"

We examine the processing of three sample input 
programs to demonstrate how the program "SHELL" handles the 
various cases. Each of the first two input files (see their 
flow graphs in pages 85 and 86), has only one definition 
of a variable X, in the statement "readl([X])", and a use 
of that variable. This use of variable X is a p-use for the 
first case (in the statement "X noequal 0"), and a c-use for 
the second case (in the statement "Y gets X plus 1"). The 
reason we choose such flow graphs is that many times the 
paths corresponding to some def-use pairs are covered either 
by already found executable paths for other pairs or by known 
nonexecutable paths, and if the coverage is greater than or 
equal to 80%, the processing stops at this point. Thus we 
don't know how some parts of the program "SHELL" work, and 
what output is produced in these cases. By designing the 
flow graphs to have alternative subpaths from the start node 
to the node containing the definition of the variable, from 
there to the node containing the use of that variable, and 
finally from there to the sink node, we cause the program to 
reach its final step, assuming that every found path is not 
executable.

88 -



The third input file is the flow graph of a module with
different kinds of statements and def-use pairs, and it was
taken from [29].

A. 2 - Stf CASE

The program begins by reading the input file, in rules 
"shell(File)N, which consists of the ids of the nodes in the 
flow graph and the statement and goto lists of each node, and 
then print this information to the output file. If there is 
more than one sink node in the flow graph it creates a new 
sink node and updates the goto lists of all sink nodes so
that they contain the id "s" of the new sink node. Then the
program "shell" (using other rules), processes each statement 
list to find the nonlocal definitions, the global c-uses, and 
the p-uses of all existing variables, and prints this infor­
mation along with labels for the source and the sink nodes in 
order to distinguish them from the rest nodes. Each time new 
information is extracted, the knowledge base is updated to 
reflect the changes and to be used in later processing. In 
this particular example the program "shell" finds that "1" 
is the source node, "21" is the sink node, so makes "s" 
to be the new sink node and puts the id "s" in the goto 
list of "21". Also it prints that the definition of X in the
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statement "readl([X])H in node "S" is a nonlocal one and 
the use of X in the statement "X noequal 0" in node "11" is 
a p-use of the variable X.

After finishing with these details the program enters 
the PROCESSING —  phase 1. In this phase it checks to find 
the required def-use pairs, i.e., those pairs for which a 
def-clear subpath exists with respect to some variable X 
which occurs in the definition, from the node containing the 
definition to the node containing the use of variable X. If 
it is a p-use, then both outgoing branches of the node that 
contains the p-use must be tested, thus two def-use pairs are 
required. Returning to our example, the program finds that 
two pairs are required: [5,11] with respect to variable X, 
branch "yes", and [5, 11] with respect to variable X, 
branch "no". For the first required pair the corresponding 
def-clear subpath with respect to the variable X is:
[ 5, 6, yes(7), 11, yes(12) ]. The next step is to check
if this subpath is a sublist of some path in the list 
of found executable paths, i.e., the pair has been covered by 
a found executable path. Because this is not the case here, 
the program expands the above subpath to reach the source and 
sink nodes, thus deriving the candidate path : [1, 2, yes(3), 
5, 6, yes(7), 11, yes(12), 14, yes(16), 20, 21, s ]. Before
it is passed to symbolic evaluation, it is checked to see if
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it is a member of the list of found nonexecutable paths, thus 
avoiding additional work. Note that we want to go through 
all steps, thus we suppose that the answer ” nonexecutable 
path " is returned every time from the symbolic evaluator. 
Therefore, the program must search for another alternative 
subpath from the node containing the definition to the node 
containing the use, which will be combined with the same ex­
pansions found above. But before proceeding further, it has 
to do first the same work for the pair [5, 11] - branch "no". 
For the required pair [5,11] with respect to variable X, "no" 
branch, it finds the def-clear subpath [ 5, 6, yes(7), 11, 
no(13) ] which is not a sublist of any of the executable 
paths, currently this list is empty, therefore it is ex­
panded to reach the source and sink nodes. The derived path 
is: [ 1, 2, yes(3), 5, 6, yes(7), 11, no(13), 15, yes(18),
20, 21, s ], and is not a member of the list of nonexecutable 
paths. By assuming that it is nonexecutable the program must 
search for another alternative (same work as in the branch 
"yes" case).

This processing is continued by trying all remaining 
alternatives, from the node containing the definition to the 
node containing the use, for both branches - "yes" and "no". 
These alternatives are as follow:
1. For "yes" branch: [5, 6, no(8), yes(9), 11, yes(12)],
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[5, 6, no(8), no(10), 11, yes(12)].
2. For "no" branch: [5, 6, no(8), yes(9), 11, no(13)],

[5, 6, no(8), no(10), 11, no(13)].
Note that the expansions for the subpaths belonging in the 
same category, remain unaltered. For the category (1) we get 
[1, 2, yes(3)] and [14, yes(16), 20, 21, s], while for the 
category (2) we have [1, 2, yes(3)] and [15, yes(18), 20, 21, 
s]. Since we assumed for this example that all paths are not 
executable, after this work is done the coverage is less than 
80 %, and the program enters the PROCESSING —  phase 2.

At this point we know all the alternatives, for every 
required pair that is still noncovered by some executable 
path, from the node containing the definition to the node 
containing the use. So we use now a member of the list of 
these alternatives for each noncovered pair in combination 
with a new expansion for this subpath from the node in which 
the use occurs to the sink, and the old expansion, used in 
phase 1, from the source to the node with the definition of 
the variable. If the path derived in this way is not 
executable, then the program tries another member of the list 
of alternatives with the same expansions. In our example, 
the first noncovered pair to be tried is [5, 11] with respect 
to variable X, branch "yes", has a new expansion from node 
"11" to sink node: [ 11, yes(12), 14, no(17), 20, 21, s ]
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and a list of three alternatives from node "5" to node "11", 
while the old expansion from the source to node "5" is [1, 2, 
yes(3), 5]. Supposing that all paths are nonexecutable, in 
order to drive the program through all steps, we derive three 
candidate paths which are placed, as nonexecutable ones, into 
the list of nonexecutable paths. Then the second pair is 
examined, [5,11] with respect to variable X, "no" branch, 
in exactly the same way, and then the program enters the 
PROCESSING —  phase 3. Note that since the expansions of a 
subpath are independent of the variable, every time we use an 
expansion we can derive it from the knowledge base, if this 
expansion were previously found for some other pair. Also, 
every time a pair is covered, the coverage is calculated in 
order to terminate the process in case that it is equal to or 
greater than 80 %.

In this last phase of the processing, for each pair 
that is noncovered yet, we have in the knowledge base the 
lists of alternative subpaths, from the node containing the 
definition of the variable to the node containing the use of 
that variable and from there to the sink node. Thus "SHELL" 
tries now a path for each pair which consists of one member 
from each of the above lists and a new expansion, which may 
has been already found for some other pair and placed into 
the knowledge base, from the source to the node containing
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the definition of the variable. If the candidate path, which 
was derived in this way, is nonexecutable then other members 
of the lists are combined with the expansion from the source 
node to the node containing the definition of the variable. 
Again, every time a pair is covered by some executable path 
the coverage is computed to see if further processing is not 
needed. In this particular example, the first required pair 
[5, 11] with respect to variable X, branch "yes", has a 
new expansion from source to "5": [ 1, 2, no(4), 5 ] and the
lists of alternatives are: [ [5, 6 , no(8), no(10), 11], [5, 
6, no(8), yes(9), 11], [5, 6, yes(7), 11] ] from "5" to "11" 
and [ [12, 14, no(17), 20, 21, sj, [12, 14, yes(16), 20, 21, 
s] ] from "11" to sink. Thus, supposing again that all 
found candidate paths are nonexecutable, the program tries 
six candidate paths for this pair (1 x 3 x 2 = 6), and 
places them into the list of nonexecutable paths. Then it 
continues with the next noncovered pair [5, 11] with respect 
to variable X, branch "no", which has similar processing. 
When no more paths can be found for the noncovered pairs, it 
prints the coverage and the remaining noncovered pairs.
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B. £ - CABE

This example is the same as above, with the exception 
that there is only a c-use of a variable X in node "11", in 
the statement "Y gets X plus 1". Again here we assume that 
every found candidate path is nonexecutable, and this drives 
the program "SHELL" through all steps for the case of a 
c-use. The processing in this example is exactly the same as 
that in example A. Note that we have here two alternatives 
from the source node to the node containing the definition, 
three alternatives from there to the node containing the use, 
and two alternatives from there to the sink. Thus the number 
of the paths that our program finds, supposing that all of 
them are nonexecutable, is 2 x 3 x 2 = 12.
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c. MXXKB S M I  r 1

As in the previous examples, the program reads in the 
input file, and after processing the statement list of each 
node, prints the flow graph, specifying also the nonlocal 
definitions, global c-uses and p-uses in every node, the sink 
and source nodes, and enters the PROCESSING —  phase 1.

It finds for the first required pair [9,4] with respect 
to variable X, c-use, the def-clear path [9, 3, yes(4)] and 
expands it, thus deriving the candidate path [1, 2, yes(3), 
yes(4), 5, yes(9), 3, yes(4), 5, no(8), 3, no(7), s ], which 
we suppose is nonexecutable, and places it into the list of 
nonexecutable paths. Since there is no other alternative 
subpath from "9" to "4H to be tried, it continues this step 
with some other pair. The next pairs [9,7] with respect to 
variable X, c-use, and [[9,9] with respect to variable X, c- 
use, are also supposed to be nonexecutable so the processing 
is exactly the same. For the pair [8,4], c-use, with respect 
to variable C, we suppose its executability, so the program 
prints it as covered and places the corresponding path into 
the list of executable paths. Note that whenever a def-clear 
subpath is found for a pair it is checked to see if it is a 
sublist of a member in the list of found executable paths, 
while a candidate path is checked, before it is passed for 
symbolic evaluation, to see if it is a member of the list of
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found nonexecutable paths, in order to avoid additional work. 
This is the case for the next pair [8,8], c-use, with respect 
to variable C, covered by a known executable path, and for 
the last one [1,3] with respect to variable E, p-use - branch 
"no", whose found candidate path is a member of the current 
list of nonexecutable paths. The path for the pair [8,9], c- 
use, with respect to variable C, is supposed to be executable 
and the program continues with the pair [4,5] with respect to 
variable T, p-use, which has both of its branches covered by 
some known executable paths. Each time a pair is not covered 
by some executable path, an alternative is tried, if there 
exists one, while the expansions remain the same.

When all pairs have been tried, and before the program 
enters the PROCESSING —  phase 2, the coverage is computed, 
(here 20 pairs out of total 25 have been covered). So the 
coverage is 80 % and there is no need for additional work. 
The program prints the coverage and the remaining noncovered 
pairs and terminates.
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c. H U M  C A M  - 2

This example does not need any comment, because it is 
the same as above with the exception that all candidate paths 
are supposed to be executable. Thus a pair is covered either 
by the candidate path or by some path in the list of known 
executable paths. At the end the printed coverage is 100 % 
and there are no more remaining pairs.
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21 
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PROCESSING —  phase 1

• Required pair : (5, 11) vrt var x, - p-uae --> branch yea
* Required pair i [5, 11] vrt var x, - p-uae --> branch no

Def-clear aubpath froa 5 to 11 vrt var x - yea branch - t (5,6,yea(7),ll,yea(12))
Expanaiona for the above aubpath, froa aource i (l,2,yea(3)J to aink : (14,yea(16),20>21,a]
** Candidate path to cover nodea froa 5 to 11 vrt var x, - branch yea -,Il,2,yea(3),5,6,yea(7),li,yea(12),14,yea(16),20,21,a)
The candidate path ia nonexecutable, try another alternative, - if any.

Def-clear aubpath froa 5 to 11 vrt var x - no branch - i (5,6,yea(7),ll,no(13)]
Expanaiona for the above aubpath, froa aource < (l,2,yea(3)) to sink : (15,yea(18),20,21,a)

- 100 -



»* Candidate path to covar nodea froa S to 11 vrt var x, - branch no -,11.2,yea(3).5,6,yea(7),11,nod 3),15,yea(18),20,21,aJ
The candidate path la nonexecutable, try another alternative, - if any.

Def-clear aubpath froa 5 to 11 vrt var x - yea branch - : (5,6,no(8),yea(9),ll,yea(12)|
Expanaiona for tha above aubpath, froa aource : (l,2,yea(3)) to aink : [14,yea(16),20,21,a)
•* Candidate path to cover nodea froa 5 to 11 vrt var x, - branch yea -, >11,2,yea(3),5,6,no(8),yea(9),11,yea(12),14,yea(16),20,21,a]
The candidate path ia nonexecutable, try another alternative, - if any.

Def-clear aubpath froa 5 to 11 vrt var x - no branch - :(5,6,no(8),yes(9),11,no(13))
Expanaiona for the above aubpath, froa aource : (1,2,ye a(3)] to aink : (15,yea(18),20,21,a]
** Candidate path to cover nodea froa 5 to 11 vrt var x, - branch no -, :11.2,yea(3),5,6,no(8),yea(9),11,no(13),15,yea(18),20,21,a|
The candidate path la nonexecutable, try another alternative, - if any.

Def-clear aubpath froa 5 to 11 vrt var x - yea branch - :(5,6,no(8),no(10),11,ye8(12))
Expanaiona for the above aubpath, froa aource : (l,2,yea(3)| to aink : j14,yea(16),20,21,a]
** Candidate path to cover nodea froa 5 to 11 vrt var x, - branch yea -, :|l,2,yes(3),5,6,no(8),no(10),ll,yes(12),14,yea(16),20,21,a)
The candidate path la nonexecutable, try another alternative, - if any.

Def-clear aubpath froa 5 to 11 vrt var x - no branch - t (5,6,no(8),no(10),11,no(13)]
Expanaiona for the above aubpath, froa aource : |l,2,yea(3)) to aink : (15,yaa(18),20,21,a)
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•• Candidate path to covar nodes froa S to 11 vrt var x, - branch no (1.2,yes(3).5.6,no<8),no(10),ll,no(13).15,yes<18),20,21,s)
The candidate path is nonexecutable, try another alternative, - if any.

PROCESSING —  phase 2

* Required pair : (S, 11) vrt var x, - p-use --> branch yes
Coabine new alternative froa 11 to sink :[11#yes(12),14,no(17),20,21,•)
with the old expansion froa source to S :[1,2,yes(3),5)
and a aeaber of known paths froa 5 to 11 wrt var x :1(5,6,no(8),no(10),11),[5,6,no(8),yes(9),11),(5,6,yes(7),11)]

Selected alternative froa the above list i (S,8,no(8),no(10),11]
•• Candidate path to cover nodes froa 5 to 11 wrt var x, - branch yes fl,2,yes(3),5,6,no(8),no(10),ll,yes(12),14,no(17),20,21,s)
The candidate path is nonexecutable, try another alternative, - if any.

Selected alternative froa the above list :(5,6,no(6),yes(9),ll)
•* Candidate path to cover nodes froa 5 to 11 wrt var x, - branch yes (l,2,yes(3),5,6,no(8),yes(9),ll,yes(12),14,no(17),20,21,s)
The candidate path is nonexecutable, try another alternative, - if any.

Selected alternative froa the above list :(5,6,yes(7),11)
** Candidate path to cover nodes froa 5 to 11 wrt var x, - branch yes (1> 2,yes(3),5,6,yes(7),ll,yes(12),14,no(17),20,21,s)



The candidata path ia nonaxacutabla, try anothar altarnatlva, - if any.

* Required pair t (5, 11] wrt var x, - p-uaa --> branch no
Coablna naw altarnatlva froa 11 to sink :(11,no(13),15,no(19),20,21,s]
with tha old axpansion froa sourca to S : t1,2,yas(3),5)
and a aaabar of known paths froa 5 to 11 wrt var x :(IS,6,no(8),no(10),11),(5,6,no(8),yes(9),11),[5,6,yes(7),11)]

Salactad altarnatlva froa tha abova list :(5,6,no(8),no(10),11]
** Candidate path to cover nodes froa 5 to 11 wrt var x, - branch no (1,2,yes(3),5,6,no(8),no(10),11,no(13),15,no(19),20,21,s]
Tha candidate path is nonexecutable, try another alternative, - if any.

Selected alternative froa the above list :(5,6,no(8),ye*(9),ll]
** Candidate path to cover nodes froa 5 to 11 wrt var x, - branch no [1,2,yes(3),5,6,no(8),yes(9),11,no(13),15,no(19),20,21,s]
The candidate path is nonexecutable, try another alternative, - if any.

Selected alternative froa the above list :(5,6,yes(7),11)
*» Candidate path to cover nodes froa 5 to 11 wrt var x, - branch no (l,2,yes(3),5,6,y«s(7 ) ,11,no(13) ,15,no(19),20,21,s)
The candidate path is nonexecutable, try another alternative, - if any.

PROCESSING _ phase 3

103



* Required pair : 15, 11] wrt var x, - p-uaa --> branch yaa
Coabine naw altarnatlva froa aourca to 5 (1,2,no(4),5 ]
with a aaabar of tha known paths froa 5 to 11 wrt var x i 1(5,6,no(8),no(10),11),(5,6,no(8),yas(9),11],[5,6,ya a ( 7), 11) )

salactad altarnatlva froa tha first list :(5,6,no(8),no(10),11)
and a aaabar of tha known paths froa 11 to sink s 1(12,14,no(17),20,21,s],(12,14,yas(16),20,21, s])

salactad altarnatlva froa tha sacond list : (12,14,no(17),20,21,s)

** Candidata path to covar nodas froa 5 to 11 wrt var x, - branch yas -, (1,2,no(4),5,6,no(8),no(10),11,yas(12),14,no(17),20,21,s)
Tha candidata path is nonaxacutabla, try anothar altarnatlva, - if any.

salactad alternative froa tha sacond list : (12,14,yes(16),20,21,s)

** Candidata path to covar nodas froa 5 to 11 wrt var x, - branch yas -, t (l,2,no(4),5,6,no(8),no(10),ll,yes(12),14,yes(16),20,21,s)
The candidata path is nonaxacutabla, try anothar altarnatlva, - if any.

selected alternative froa tha first list :[5,6,no(8),yes(9),11]
and a aaaber of the known paths froa 11 to sink : 1(12,14,no(17),20,21,s),(12,14,yes(16),20,21,s)]

salactad altarnatlva froa the sacond list : (12,14,no(17),20,21,s)

•* Candidata path to covar nodas froa 5 to 11 wrt var x, - branch yas -, :(l,2,no(4),5,6,no(8),yes(9),ll,yes(12),14,no(17),20,21,s)
Tha candidate path is nonexecutable, try another alternative, - if any.
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selected alternative froa the second list >
<12,14,yes(16),20,21,s)

•• Candidate path to cover nodes froa 5 to 11 wrt var x, - branch yes -, :11,2,no(4),5,6,no(8),yes(9),11,yes(12),14,yes(16),20,21,s)
The candidate path is nonexecutable, try another alternative, - if any.

selected alternative froa the first list s |5,«,yes(7),llJ
and a aeaber of the known paths froa 11 to sink : |(12,14,no(17),20,21,s],[12,14,yes(16),20,21,s])

selected alternative froa the second list : (12,14,no(17),20,21,s]

** Candidate path to cover nodes froa 5 to 11 wrt var x, - branch yes -, :|l,2,no(4),5,6,yes(7),ll,yes(12),14,no(17),20,21,s]
The candidate path la nonexecutable, try another alternative, - if any.

selected alternative froa the second list : (12,14,yes(16),20,21,sJ

** Candidate path to cover nodes froa S to 11 wrt var x, - branch yes -, (l,2,no(4),5,6,yes(7),ll,yes(12),14,yes(16),20,21,s)
The candidate path is nonexecutable, try another alternative, - if any.

* Required pair : (5, 11] wrt var x, - p-use --> branch no -.
Coablne new alternative froa source to S (1,2,no(4),5)
with a aeaber of the known paths froa S to 11 wrt var x : (|5,6,no(8),no(10),ll),(5,6,no(8),yes(9),ll],[5,6,yes(7),ll))

selected alternative froa the first list :
(5,6,no(8),no(10),11]
and a aeaber of the known paths froa 11 to sink t ((13,15,no(19),20,21,s],[13,15,yes(18),20,21,s]J

selected alternative froa the second list : [13,IS,no(19),20,21,s)
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•• Candidate path to cover nodea froa 5 to 11 wrt var x, - branch no (1,2,no(4),5,6,no(6),no(10),11,no(13),15,no(19),20,21,a]
The candidate path ia nonexecutable, try another alternative, - if any.

aelected alternative froa the aecond liat i [13,lS,yea(18),23,21,a]

•* Candidate path to cover nodea froa 5 to 11 wrt var x, - branch no |1,2,no(4),5,6,no(8),no(10),11,no(13),IS,yea(16),20,21,a)
The candidate path la nonexecutable, try another alternative, - if any.

aelected alternative froa the firat Hat :(5,6,no(8),ye8(9),11)
and a aeaber of the known patha froa 11 to aink : (113,15,no(19),20,21,a1,(13,15,yea(18),20,21, a))

aelected alternative froa the aecond liat : (13,IS,no(19),20,21,a)

** Candidate path to cover nodea froa 5 to 11 wrt var x, - branch no (1,2,no(4),5,6,no(8),yea(9),11,no(13),15,no(19),20,21,a]
The candidate path ia nonexecutable, try another alternative, - if any.

aelected alternative froa the aecond liat : (13,lS,yea(18),20,21,a)

•* Candidate path to cover nodea froa S to 11 wrt var x, - branch no [1,2,no(4),S,6,no(8),yea(9),11,no(13),15,yea(18),20,21,a]
The candidate path ia nonexecutable, try another alternative, - if any.

aelected alternative froa the firat liat t I 5,6,yea(7),11)
and a aeaber of the known patha froa 11 to aink : ((13,15,no(19),20,21,a 1,(13,15,yea(18),20,21,8])

- 106 -



■elected alternative froa the aecond liat :
(13,15,no(19),20,21.a)

*» Candidate path to cover nodea froa 5 to 11 wrt var x, - branch no -, (1,2,no(4),5,6,yea(7),11,no(13),15,no(19),20,21,a)
The candidate path ia nonexecutable, try another alternative, - if any.

aelected alternative froa the aecond liat s (13,15,yea(18),20,21,al

•* Candidate path to cover nodea froa 5 to 11 wrt var x, - branch no s (l,2,no(4),5,6,yea(7),ll,no(13),15,yes(18),20,21,a)
The candidate path ia nonexecutable, try another alternative, - if any.
.............t.............

• No More Patha *
»* Achieved Coverage : 0.00000000008+00%
•• Reaaining Palra : 5 — > 11, - branch yea -, wrt var x .5 — > 11, - branch no wrt var x .
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15 
' )(16)
16 
I )(•) * sink •

PROCESSING —  phase 1

* Required pair : (5, 11] wrt var x, - c-use

Def-clear subpath froa 5 to 11 wrt var x :(5,6,yes(7),11)
Expansions for the above subpath, froa source : (l,2,yes(3)) to sink : |12,yes(13).15.16.sJ
*• Candidate path to cover nodes froa 5 to 11 wrt var x (l,2.yes(3).5,6.yes(7),11,12,yes<13),15,16,s)
The candidate path is nonexecutable, try another alternative, - if any.

Def-clear subpath froa 5 to 11 wrt var x :(5,6,no(8),yes(9),11)
Expansions for the above subpath, froa source : (1,2,yes{3)) to sink : (12,yes(13),15,16,s)
** Candidate path to cover nodes froa 5 to 11 wrt var xIl,2,yes(3),5,6,no(0),yes(9),U,12,yes(13),15,16,s]
The candidate path is nonexecutable, try another alternative, - if any.

Def-clear subpath froa 5 to 11 wrt var x :(5,6,no(8),no(10),11]
Expansions for the above subpath, froa source i (l,2,yes(3)) to sink i (12,yes(13),15,l6,s)
•* Candidate path to cover nodes froa 5 to 11 wrt var x (l,2,yes(3),5,6,no(8),no(10),ll,12,yes(13),15,16,s)
The candidate path Is nonexecutable, try another alternative, - if any.
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I

PROCESSING —  phase 2

* Raqulrad pair t (5, 11) wrt var x, - c-use
Coablne new alternative froa 11 to sink :(11,12,no(14),15,16,8)
with the old expansion froa source to S :(1,2,yes(3),5)
and a aeaber of known paths froa 5 to 11 wrt var x i1(5,6,no(8),no(10),11],(5,6,no(8),yes(9),11),(5,6,yes(7),11)1

Selected alternative froa the above list :(5,6,no(8),no(10),11)
** Candidate path to cover nodes froa 5 to 11 wrt var x : (1,2,yes(3),5,6,no(8),no(10),11,12,no(14),15,16,s]
The candidate path is nonexecutable, try another alternative, - if any.

Selected alternative froa the above list :I5,6,no(8),yes(9),11)
** Candidate path to cover nodes froa 5 to 11 wrt var x i (l,2,yes(3),5,6,no(6),yes(9),ll,12,no(14),15,16,s)
The candidate path is nonexecutable, try another alternative, - if any.

Selected alternative froa the above list :(5,6,yes(7),11J
•* Candidate path to cover nodes froa 5 to 11 wrt var x t (1,2,yes(3),5,6,ye8(7),11,12,no(14),15,16,s]
The candidate path is nonexecutable, try another alternative, - if any.
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» PROCESSING __ phase 3

* Required pair : (S, 11) wrt var x, - c-uae
Coabine new alternative froa source to S (1,2,no(4 ), 5 ]
with a aeaber of the known patha froa S to 11 wrt var x : |(5,6,no(8),no(10),ll),(5,6,no(e),yes(9),ll).|5,6,yes(7),U)]

selected alternative froa the first list :(5,6,no(8),no(10),11)
and a aeaber of the known paths froa 11 to sink : I (11,12,no(14),15,16,a),(11,12,yes(13),15,16,*))

selected alternative froa the second list : (11,12,no(14),15,16,s)

** Candidate path to cover nodes froa 5 to 11 wrt var x : (1,2,no(4),5,6,no(8),no(10),11,12,no(14),15,16,si
The candidate path is nonexecutable, try another alternative, - if any.

selected alternative froa the second list : (ll,12,yes(13),15,16,sI

** Candidate path to cover nodes froa 5 to 11 wrt var x : (1,2,no(4),S,6,no(8),no(10),11,12,yes(13),15,16,s)
The candidate path is nonexecutable, try another alternative, - if any.

selected alternative froa the first list : (5,6,no(8),yes(9),ll)
and a aeaber of the known paths froa 11 to sink i |(ll,12,no(14),15,16,s],[ll,12,yes(13),lS,16,s]]

selected alternative froa the second list : (11,12,no(14),15,16,s)

•* Candidate path to cover nodes froa 5 to 11 wrt var x i (1,2,no(4),5,6,no(8),yes(9),11,12,no(14),15,16,s)
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(The candidata path ia nonaxecutaule, try anothar altarnatlva, - if any.

salactad altarnatlva froa tha sacond list : (11,12,yas(13),15,16,s]

** Candidata path to covar nodas froa 5 to 11 wrt var x s |l,2,no(4),5,6,no(6),yas(9),ll,12,yas(13),15,16,s)
Tha candidata path is nonaxacutabla, try anothar altarnatlva, - if any.

salactad altarnatlva froa tha first list s15,6,yas(7),11)
and a aaabar of tha known paths froa 11 to sink i [[ll,12,no(14),15,16,s],(ll,12,yas(13),15,16,s))

salactad altarnatlva froa tha sacond list t (11,12,no(14),15,16,s)

** Candidata path to covar nodas froa 5 to 11 wrt var x : (l,2,no(4),5,6,yas(7),ll,12,no(14),15,16,s)
Tha candidata path is nonaxacutabla, try anothar altarnatlva, - if any.

salactad altarnatlva froa tha sacond list : (ll,12,yas(13),15,16 , s )

** Candidata path to covar nodas froa 5 to 11 wrt var x x |l,2,no(4),5,6,yas(7),ll,12,yas(13),15,16,s)
Tha candidata path is nonaxacutabla, try anothar altarnatlva, - if any.
 *............

* No Mora Paths *
** Achiavad Covaraga lO.OOOOOOOOOOE+OOk 
** Raaaining Pairs 5 — > 11, wrt var x .
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Input Filei * source *( readl([p,e ]), (d get* l),(x gets 0),(c gets(2 tiaes p >) ] Nonlocal definition of var : pNonlocal daflnition of var : aNonlocal daflnition of var : dNonlocal daflnition of var : xNonlocal daflnition of var : c
1 2 ]

2I(c laaa 2)]P-usa of var : c(yes(3),no(6)]
3I (d greater a)] P-usa of var : d P-usa of var : aIyes(4 ),no(7 ) )
4|(d gets(d divraal 2)),(t gets((c ainus(2 tiaes x))plus d))]Global c-usa of var : dNonlocal daflnition of var : dGlobal c-use of var : cGlobal c-usa of var : xNonlocal definition of var : tIS]
5I(t aqgreat 0) ] P-usa of var : t|yes(9),no(8 ))
6 
I 1Is] * sink *
7Iwr i tel(Ix]) ]Global c-usa of var : x|s] * sink •
8|(c gets!2 tiaes c > > ]Global c-use of var : cNonlocal definition of var : c
(31
9|(x getslx plus d)),(t gets(((2 tiaes c)ainus(2 tiaas x))plus d)) ]Global c-usa of var : xGlobal c-usa of var : dNonlocal definition of var : xGlobal c-usa of var s cNonlocal definition of var : t(3)
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I PROCESSING —  phase 1

* Required pair : [9, 4) wrt var x, - c-use

Def-clear subpath froa 9 to 4 wrt var x :I 9,3,yes(4 ))
Expansions for the above subpath, from source : (1,2,yes(3),yes(4),5) to sink : (5,no(8),3,no(7),s]
•* Candidate path to cover nodes from 9 to 4 vrt var x : (l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,no(8),3,no(7),s)
The candidate path is nonexecutable, try another alternative, - if any.

* Required pair : [9, 7] wrt var x, - c-use -.

Def-clear subpath from 9 to 7 vrt var x :[ 9,3,no(7 ) )
Expansions for the above subpath, froa source : (1,2,yes(3),yes(4),5 ) to sink : [s]
•• Candidate path to cover nodes froa 9 to 7 vrt var x t |l,2,yes(3),yes(4),5,yes(9),3,no(7),s)
The candidate path is nonexecutable, try another alternative, - if any.

* Required pair : (9, 9] vrt var x, - c-use -.

Def-clear subpath froa 9 to 9 wrt var x i [9,3,yes(4),S,yes(9>]
Expansions for the above subpath, froa source : (1,2,yes(3),yes(4),5] to sink : (3,no(7),s)
** Candidate path to .cover nodes froa 9 to 9 vrt var x : [l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),sJ
The candidate path is executable.• Covered pair : |9, 9] wrt var x, by the candidate path

* Required pair t (8, 4] vrt var c, - c-use

- 114 -



Def-clear subpath froa 6 to 4 wrt var c :< 8,3,yes(4))
Expansions for the above subpath, froa aourca s [1,2,yas(3),yas(4),51 to sink : ( 5, no(8),3,no(7),s )
*• Candidata path to covar nodas froa 8 to 4 wrt var c i (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)
Tha candid/ta path is axacutabla.* Covared pair : (8, 4] wrt var c, by tha candidata path

* Required pair : [8, 8) wrt var c, - c-usa

Daf-claar subpath froa 8 to 8 wrt var c :|8,3,yas(4),5,no(8))* Covarad pair : (8, 8] wrt var c, by a known axacutabla path froa tha list of found axacutabla paths : (l,2,yas(3),yas(4),S,no(8),3,yas(4),5,no(8),3,no(7),s]11,2,yas(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),s]

* Raquirad pair : [8, 9) wrt var c, - c-usa -.

Daf-claar subpath froa 8 to 9 wrt var c : (6,3,yes(4),5,yes(9))
Expansions for tha abova subpath, froa sourca : [1,2,yes(3),yas(4),5) to sink : (3,no(7),s]
** Candidata path to covar nodas froa 8 to 9 wrt var c : tl,2,yas(3),yas(4),5,no(8),3,yas(4),5,yas(9),3,no(7),s)
Tha candidata path is axacutabla.* Covarad pair : [8, 9] wrt var c, by tha candidata path

* Raquirad pair : (4, 5] wrt var t, - p-usa --> branch yas
* Required pair : [4, 5] wrt var t, - p-use --> branch no -.

Daf-claar subpath froa 4 to 5 wrt var t - yas branch - jI4,5,yes(9) J* Covared pair t (4,5) wrt var t, by a known executable,path- branch yas froa tha list of found executable paths » (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,no(7),s] (l,2,yas(3),yas(4),5,no(8),3,yes(4),5,no(8),3,no(7),s) (l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),s]

Daf-claar subpath froa 4 to 5 wrt var t - no branch - t
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(4,5,no(8)]* Covered pair : [4, 5) wrt var t, by a known executable path- branch no froa the Hat of found executable patha :[1,2,yea(3),yea(4),5,no(8),3,yee(4),5,y#»(9),3,no(7), aJ (1, 2,yea(3),yea(4),5,no(8),3,ye•(4),5,no(8),3,no(7), a) (l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),s]

* Required pair : (4, 4] wrt var d, - c-uae

Def-clear aubpath froa 4 to 4 wrt var d :I 4,5,no(8),3,yea(4))* Covered pair t (4, 4] wrt var d, by a known executable path froa the liat of found executable patha : (1.2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,no(7),a) (l,2,yes(3),yes(4),5,no(6),3,yes(4),5,no(8),3,no(7),s)[1,2,yea(3),yea(4),S,yes(9),3,yes(4),5,yes(9),3,no(7),s]

* Required pair : (4, 9] wrt var d, - c-uae

Def-clear aubpath froa 4 to 9 wrt var d :14,5,yes(9))* Covered pair : (4, 9) wrt var d, by a known executable path froa the liat of found executable patha :(1,2,yes(3),yes(4),5,no(6),3,yes(4),5,yes(9),3,no(7),s)(1,2,yea(3),yes(4),S,no(8),3,yes(4),5,no(8),3,no(7),s] (l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),s)

• Required pair s [4, 31 wrt var d, - p-uae --> branch yea
* Required pair : 14, 3] wrt var d, - p-uae  > branch no -.

Def-clear aubpath froa 4 to 3 wrt var d - yea branch - :I 4,5,no(8),3,yea(4 ))* Covered pair : (4, 3) wrt var d, by a known executable path- branch yea froa the liat of found executable patha t11.2,yea(3),yea(4),5,no(8),3,yea(4),5,yea(9),3,no(7),a]11.2,yes(3),yea(4),5,no(8),3,yes(4),5,no(8),3,no(7),a)(1,2,yea(3),yea(4),5,yea(9),3,yea(4),5,yea(9),3,no(7),a 1

Def-clear aubpath froa 4 to 3 wrt var d - no branch - :(4,5,no(8),3,no(7) )• Covered pair : 14, 3] wrt var d, by a known executable path- branch no - froa the liat of found executable patha :{1,2,yea(3),yes(4),5,no(8),3,yea(4),5,yes(9),3,no(7),a)(1,2,yea( 3),yes(4),5,no(8),3,yes{4),5,no(8),3,no(7),s)11,2,yea(3>,yea(4),5,yea19),3,yes(4),5,yea(9),3,no(7),a]
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Required pair : (1, 4] wrt var c, - c-uae -

Def-clear aubpath froa 1 to 4 wrt var c :11.2,yea(3),yea(4 ) ]• Covered pair : (1, 4) wrt var c, by a known executable path froa the liat of found executable patha :(1,2,yea(3),yea(4),S,no(8),3,yes(4),5,yes(9),3,no(7),s)11.2,yea(3),yea(4),5,no(8),3,yea(4),5,no(8),3,no(7),a)11.2,yea( 3),yea(4),5,yea(9),3,yea(4),5,yea(9),3,no(7),a]

* Required pair : (1, 8] wrt var c, - c-uae -.

Def-clear aubpath froa 1 to 8 wrt var c :11.2,yea(3),yea(4),5,no(8) 1* Covered pair : [1, 8] wrt var c, by a known executable path froa the liat of found executable patha : (l,2,yea(3),yea(4),5,no(8),3,yea(4),5,yea(9),3,no(7)(a) Il«2,yea(3),yea(4),5,no(8),3,yea(4),5,no(8),3,no(7),a) (l«2,yea(3),yea(4),5,yea(9),3,yea(4),5,yea(9),3,no(7),e)

* Required pair : [1, 9] wrt var c, - c-uae -.

Def-clear aubpath froa 1 to 9 wrt var c :11.2,yea(3),yea(4),5,yea(9))* Covered pair : (1, 9) wrt var c, by a known executable path froa the liat of found executable patha >11.2,yea(3),yea(4),5,no(8),3,yea(4),5,yea(9),3,no(7),a) [l,2,yea(3),yea(4),5,no(8),3,yea(4),5,no(8),3,no(7),eJ11.2,yea(3),yea(4),5,yea(9),3,yee(4),5,yea(9),3,no(7),a]

* Required pair : [1, 2) wrt var c, - p-uae --> branch yea
* Required pair : (1, 2) wrt var c, - p-uae --> branch no

Def-clear aubpath froa 1 to 2 wrt var c - yea branch - i (1.2,yea(3)]• Covered pair i (1, 2) wrt var c, by a known executable path- branch yea froa the liat of found executable patha s |l«2,yea(3),yea(4),5,no(8),3,yea(4),5,yea(9),3,no(7),8) [l,2,yea(3),yee(4),5,no(8),3,yea(4),5,no(8),3,no(7),a)(1,2,yes(3),yea(4),5,yea(9),3,yea(4),5,yes(9),3,no(7),a)

Def-clear subpath froa 1 to 2 wrt var c - no branch - tIl,2,no(6))
Cxpanalona for the above subpath,
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froa aource : I ) to alnk : (a)
** Candidata path to covar nodaa froa 1 to 2 wrt var c, - branch no11,2,no{6),a ]
Tha candidata path la axacutabla.* Covarad pair : (1, 2] wrt var c, by tha candidata path- branch no

* Raquirad pair s [1, 4) wrt var x, - c-uaa

Daf-claar aubpath fro* 1 to 4 wrL var x >11.2,yea(3),yea(4))• Covarad pair : (1, 4] wrt var x, by a known axacutabla path froa the liat of found executable patha :
11.2,no(6),a ]|l,2,yeB(3),yea(4),5,no(8),3,yee(4),5,yee(9),3,no(7),Bl[l,2,yea(3),yeB(4),5,no(8),3,yea(4),5,no(8),3,no(7),B)|l12,yaa(3),yaa(4),5,yaa(9),3,yae(4),5,yaa(9),3,no(7),a]

* Raquirad pair : (1, 7] wrt var x, - c-uaa

Def-clear aubpath froa 1 to 7 wrt var x :11,2,yea(3),no(7)]
Expanaiona for tha abova aubpath,froa aourca : () to aink : (a]
** Candidate path to cover nodaa froa 1 to 7 wrt var x :[1,2,yaa(3),no(7),a)
Tha candidata path ia nonexecutable, try another alternative, - if any.

* Required pair : [1, 9] wrt var x, - c-uaa -.

Daf-claar aubpath froa 1 to 9 wrt var x : (l,2,yea(3),yea(4),5,yea(9)]* Covarad pair : (1, 9] wrt var x, by a known axacutabla path froa the liat of found axacutabla patha :
11.2,no(6),a)(1,2,yaa(3),yea(4),5,no(8),3,yea(4),5,yea(9),3,no(7),a) |l,2,yaa(3),yaa(4),5,ho(8),3,yea(4),5,no(8),3,no(7),a]11.2,yea(3),yea(4),5,yea(9),3,yea(4),5,yea(9),3,no(7),a)

* Required pair : (1, 4] wrt var d, - c-uaa -.

Daf-claar aubpath froa 1 to 4 wrt var d :[1,2,yea(3),yea(4)J
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* Covered pair : |1, 4) wrt ver d, by a known executable path i froa the list of found executable paths :11.2, no( 6 ), s 111.2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,not 7),s) (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)[1,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,not 7),s)

* Required pair i [1, 3] wrt var d, - p-use --> branch yes
* Required pair : [1, 3] wrt var d, - p-use --> branch no

Def-clear subpath froa 1 to 3 wrt var d - yes branch - :11.2,yes(3),yes(4)]* Covered pair : [1, 3] wrt var d, by a known executable path- branch yes - froa the list of found executable paths i |l,2,no(6),s](1,2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,no(7),s) (l>2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)11.2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),s)

Def-clear subpath froa 1 to 3 wrt var d - no branch - :11.2,yes(3),no(7) )
Expansions for the above subpath, froa source t ( ) to sink : js)
** Candidate path to cover nodes froa 1 to 3 wrt var d, - branch no -,11.2,yes(3),no(7),s )
The candidate path is a aeaber of the nonexecutable paths i 11»2,yes(3),not 7),s J11.2,yes(3),yes(4),5,yes(9),3,no(7),sJ (l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,no(8),3,no(7),s]

* Required pair : (1, 3] wrt var e, - p-use --> branch yes
• Required pair : (1, 3) wrt var e, - p-use --> branch no -.

Def-clear subpath froa 1 to 3 wrt var e - yes branch - :(l,2,yes(3),yes(4))* Covered pair : (1,3) wrt var e, by a known executable,path- branch yes - froa the list of found executable paths t [l,2,no(6),s|(l,2,yes(3),yes(4),5,not 8),3,yes(4),5,yes(9),3,not 7),s) (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)(l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yest9),3,not 7),s)
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Def-clear aubpath froa 1 to 3 wrt var • - no branch - :<1,2,yas(3),no(7) ]
Expansions for the above subpath,froa source : I )to sink : Is]
*• Candidate path to cover nodes froa 1 to 3 wrt var e, - branch no(1,2,yes(3),no(7 ) ,s 1
The candidate path Is a aeaber of the nonexecutable paths :(l,2,yes(3),no(7 ), s 1|l,2,yes(3),yes(4>,5,yes(9),3,no(7),s](l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,no(8),3,no(7),s]
 •............

Achieved Coverage :0.6000000000E+02%
Reaalnlng Pairs 9 —  9 —  

1 —  
1 —  1 —

wrt var xwrt var xwrt var x- branch no wrt var- branch no wrt var
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Input rile
t * source *(readl([p,e )), (d gats l),(x gats 0),(c gets(2 tiaes p)) ] Nonlocal definition of var : pNonlocal definition of var < aNonlocal definition of var i dNonlocal definition of var : sNonlocal definition of var : c
(2]
2(<c less 2)]P-use of var : clyesl3),no(6 ))
3((d greater e)) P-use of var : d P-use of var : e (yes(4),no(7 ) J
4I (d getsld dlvreal 2)),(t gets((c alnus(2 tiaes x))plus d))lGlobal c-use of var j dNonlocal definition of var : dGlobal c-use of var : cGlobal c-use of var : xNonlocal definition of var : t15)
5((t eqgreat 0) ] P-use of var : t(yes(9),no(8) )
6
( 1Is) * sink *
7(vritellIx)) ]Global c-use of var : x(s) * sink *
8I (c gets(2 tiaes c)))Global c-use of var : cNonlocal definition of var : c13)
9|(x getslx plus d)),(t gets(((2 tiaes c)ainus(2 tiaes x))'plti* d))]Global c-use of var : xGlobal c-use of var : dNonlocal definition of var : xGlobal c-use of var : cNonlocal definition of var : t(3)
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I PROCESSING —  phase 1

* Raquirad pair : (9, 4) wrt var x, - c-usa

Daf-claar aubpath from 9 to 4 wrt var x :I 9, 3,yaa(4)1
Expansions for tha abova aubpath, froa aourca i |1,2,yas(3),yas(4),5) to sink i I5,no(8),3,no(7),a)
** Candidata path to covar nodaa froa 9 to 4 wrt var x :11,2,yas(3),yas(4),5,yas(9),3,yas(4),5,no(8),3,no(7),a)
Tha candidata path la axacutabla.• Covarad pair t (9, 4) wrt var x, by tha candidata path

* Raquirad pair i [9, 7) wrt var x, - c-uaa -.

Daf-claar aubpath froa 9 to 7 wrt var x :{9,3,no(7)J
Expansions for tha abova aubpath, froa aourca : |1,2,yas(3),yas(4),5) to sink : (a)
•• Candidate path to covar nodaa froa 9 to 7 wrt var x :11,2,yes(3),yas(4),5,yas(9),3,no(7),s)
Tha candidata path is axacutabla.• Covared pair t (9, 7) wrt var x, by the candidata path

* Raquirad pair > (9, 9) wrt var x, - c-use -.

Daf-claar subpath froa 9 to 9 wrt var x »[9,3,yes(4),5,yes(9)J
Expansions for the abova aubpath, froa source j (1,2,yes(3),yea(4),5] to sink : (3,no(7),s)
** Candidata path tq cover nodas froa 9 to 9 wrt var x (l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),s)
Tha candidata path is executable.* Covered pair : (9, 9] wrt var x, by tha candidata path

• Raquirad pair : (8, 4] wrt var c, - c-usa -.
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Def-clear aubpath froa 8 to 4 wrt var c :18,3,ye»(4))
Expansions for tha abova subpath, froa source : (1,2,yes(3),yes(4),5J to sink : ( 5, no(8),3,no(7),s )
*• Candidata path to covar nodas froa 8 to 4 wrt var c i (l,2,yes(3).yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)
Tha candidata path Is executable.* Covered pair i [8, 4] wrt var c, by tha candidate path

* Required pair t (8, 6] wrt var c, - c-use

Def-clear subpath froa 8 to 8 wrt var c :(8,3,yest 4),5,no(8))* Covered pair s (8, 8) wrt var c, by a known executable path froa the list of found executable paths i (l,2,yes(3),yes(4),5,no(8),3,yes(4),S,no(8),3,no(7),s) (l,2,yes(3),yes(4),S,yes(9),3,yes(4),5,yes(9),3,no(7),s)11,2,yes(3),yes(4),5,yes(9),3,no(7),s) (l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,no(6),3,no(7),s!

* Required pair : [8, 9) wrt var c, - c-use -.

Def-clear subpath froa 8 to 9 wrt var c :(8,3,yes(4),5,yes(9) 1
Expansions for the above subpath, froa source : (1,2,yes(3),yes(4),5) to sink i (3,no(7),s)
•» Candidate path to cover nodes froa 8 to 9 wrt var c : (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,no(7),s]
The candidate path is executable.* Covered pair : (8, 9] wrt var c, by the candidate path

* Required pair s [4, 5] wrt var t, - p-use --> branch yes
* Required pair s (4, 51 wrt var t, - p-use --> branch no -.

Def-clear subpath froa 4 to 5 wrt var t - yes branch - :I4,5,yes(9))* Covered pair : (4, 5) wrt var t, by a known executable path- branch yes froa the list of found executable paths >(l,2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,no(7),s] (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)(l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7),s] (l,2,yes(3),yes(4),5,yes(9),3,no(7),s](1,2,yest3),yes(4),5,yes(9),3,yes(4),5,no(8),3,no(7),sj
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t.
Daf-claar aubpath froa 4 to 5 wrt var t - no branch - :(4,5,no<8)]• Covarad pair t (4, 5) wrt var t, by a known axacutabla path- branch no - froa tha liat of found axacutabla patha :11.2,yaa(3),yaa(4),5,no(8),3,yas(4),5,yaa(9),3,no{7),a)11.2,yas(3),yas(4 ),5,no(8),3,yas(4),5,no(8),3,no(7),aJ |l,2,yas(3),yas(4),5,yas(9),3,yas(4),5,yas(9),3,no(7),s]11.2,yaa(3),yaa(4),5,yaa(9),3,no(7),a 1[l,2,yaa(3),yaa(4),5,yaa(9),3,yaa(4),5,no(8),3,no(7),a)

* Raquirad pair : (4, 4] wrt var d, - c-uaa

Daf-claar subpath froa 4 to 4 wrt var d :[4,5,no(8),3,yas(4))• Covarad pair t (4, 4] wrt var d, by a known axacutabla path froa tha list of found axacutabla patha s (l,2>yaB(3),yas(4),5,no(8),3,yaa(4)>S>yas(9),3,no(7),s](1,2,yas(3)>yas(4),5lno(8)>3,yaa(4)>S,no(8)>3>no(7)>alll,2,yaa(3),yaa(4),5,yai(9),3,y«a(4),5,yaa(9),3,no(7)#a)(l,2,yas(3),yas(4),5,yas(9),3,no(7),s|[l,2,yas(3),yas(4),5,yss(9),3,yas(4),5,no(8),3,no(7),sI

* Raquirad pair : (4, 9] wrt var d, - c-uaa

Daf-claar subpath froa 4 to 9 wrt var d : t 4,5,yes(9)1* Covarad pair : (4, 9] wrt var d, by a known axacutabla path froa tha list of found axacutabla paths : (l(2,yaa(3),yaa(4),5,no(8),3,yaa(4),5,yaa(9),3,no(7),a) (l,2(yaa(3),yaa(4),5,no(8),3,yaa(4),5,no(8),3,no(7),alIl,2,yaa(3),yaa(4),5,yaa(9),3,yas(4),5,yaa( 9),3,no( 7),a 1 (l,2,yas(3),yaa(4),S,yaa(9),3,no(7)>B] [l>2,yaa(3),yas(4),5>yss(9),3,yes(4),S,no(8)>3,no(7),s]

* Raquirad pair : (4, 3] wrt var d, - p-usa  > branch yas
* Raquirad pair : (4, 3) wrt var d, - p-usa --> branch no

Daf-claar subpath froa 4 to 3 wrt var d - yas branch - :[4,5,no(8),3,yas(4)] :* Covarad pair : [4, 3) wrt var d, by a known axacutabla path- branch yas - froa tha list of found axacutabla paths s (l,2,yas(3),yas(4),5>no(8),3,yas(4),S,yas(9),3,no(7),sj (l,2,yas(3),yas(4),5,no(8),3,yas(4),5,no(8),3,no(7),s)il,2,yas(3),yas(4),S>yas(9)>3,yas(4),S,yas(9),3>no(7),s](l,2,yas(3),yas(4),5,yas(9),3,no(7),s)(l>2,yas(3),yas(4),5,yas(9),3,yas(4)>5,no(8),3,no(7),s]
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Daf-claar subpath froa 4 to 3 wrt var d - no branch - :I 4,5,no(8),3.no(7)1* Covarad pair : (4, 31 wrt var d, by a known axacutabla path- branch no froa tha list of found axacutabla paths t (1,2,yas(3),yas(4),5,no< 8),3,yas(4),5,yas(9),3,no(7),s](1,2,yts(3),yas(4),5,no(8),3,yas(4),5,no(8),3,no(7), s)(1,2,yas(3),yas(4),5,yas(9),3,yas(4),5,yas(9),3,no( 7),s] (l,2,yas(3),yas(4),5,yas(9),3,no(7),s)Il,2,yas(3),yas(4),5,yas(9),3,yas(4),5,no(8),3,no(7),s)

* Raquirad pair s (1, 4) wrt var c, - c-usa -.

Daf-claar subpath froa 1 to 4 wrt var c :[l,2,yas(3),yas(4))* Covarad pair : (1, 4] wrt var c, by a known axacutabla path froa tha list of found axacutabla paths :11.2,yas(3),yas(4),5,no(8 ),3,yas(4),5,yas(9),3,no(7),s)11.2,yas(3),yas(4),5,no(8),3,yas(4),5,no(6),3,no(7),s)11.2,y#s<3),yas(4),5,yas(9),3,yas(4),5,yas(9),3,no( 7), s]11.2,yas(3),yas(4),5,yas(9),3,no(7),s)(1,2,yas(3),yas(4),5,yast 9),3,yas(4),5,no(8),3,no(7),s)

* Raquirad pair : (1, 8] wrt var c, - c-usa -.

Daf-claar subpath froa 1 to 8 wrt var c s11.2,yas(3),yas(4),5,no(8)J* Covarad pair t [1, 8) wrt var c, by a known axacutabla path froa tha list of found axacutabla paths :11.2,yas(3),yas(4),5,no(8 ),3,yas(4),5,yas(9),3,no(7), s] (l,2,yas(3),yas(4),5,no(8),3,yas(4),5,no(3),3,no(7),s) (l,2,yas(3),yas(4),5,yas(9),3,yas(4),5,yas(9),3,no(7),s)11.2,yas(3),yas(4),5,yas(9),3,no(7),s) ll#2/yas(3),yas(4),5,yas(9),3,yas(4)>5fno(8)<3,no(7),sl

* Raquirad pair i (1, 9] wrt var c, - c-usa -.

Daf-claar subpath froa 1 to 9 wrt var c :I l,2,yas( 3),yas(4),S,yas(9)1* Covarad pair t (1, 91 wrt var c, by a known axacutabla path froa tha list of found axacutabla paths :(l,2,yas(3),yas(4),5,no(8),3,yas(4),5,yas(9),3,no(7),s) |l,2,yas(3)>yas(4),5,no(8),3,yas(4),5,no(8),3,no(7),s) |l«2,yas(3),yas(4),5,yas(9),3,yas(4),5,yas(9),3,no(7),sl (l,2,yas(3),yas(4),S,yas(9)>3,no(7),s]Il,2,yas(31,yas(4),5,yas(9),3,yas(4),S,no(8),3,no(7),s]
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* Required pair : [1, 2] wrt var c, - p-usa  > branch yasi* Raquirad pair : (1, 2] wrt var c, - p-usa  > branch no

Daf-claar subpath frosi 1 to 2 wrt var c - yas branch - :(l,2,yas(3)1* Covarad pair i (1, 2) wrt var c, by a known axacutabla path- branch yas froa tha list of found axacutabla paths : (1.2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,no(7),s) (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)11.2,yas(3),yas(4),5,yas(9),3,yas(4),5,yas(9),3,no(7),s)11.2,yasi 3),yas(4),S,yes(9),3,no(7),s)11.2,yes(3).yes(4), S,yes(9), 3, yes (4), 5,no( 8), 3, no( 7),s)

Daf-claar subpath froa 1 to 2 wrt var c - no branch - :
11, 2,not 6) J

Expansions for tha abova subpath,froa sourca : ()to sink : js]
** Candidata path to covar nodas froa 1 to 2 wrt var c, - branch no -, :(1,2,no(6),s]
The candidate path is axacutabla.* Covarad pair : (1, 2) wrt var c, by tha candidata path- branch no -

* Required pair : [1, 4) wrt var x, - c-usa -.

Daf-claar subpath froa 1 to 4 wrt var x :11.2,yest 3),yes(4)]* Covarad pair : (1, 4] wrt var x, by a known axacutabla path froa the list of found executable paths :(1,2,no(6),s)11.2,yes(3),yas(4),5,no(8),3,yes(4),5,yes<9),3,no(7),s) [1.2,yes(3),yas(4),5,no(8),3.yas(4),S,no(8),3,no(7),s](l,2,yes(3),yes(4),5,yes(9),3,yes< 4),5,yes(9),3,no(7),s][l,2,yes(3),yes(4),5,yes(9 ),3,no(7),s) 
[l,2,yes(3),yes(4),5,yes(9),3,yes(4),S,no(8),3,no(7),s]

* Raquirad pair : (1, 7] wrt var x, - c-usa -.

Daf-claar subpath froa 1 to 7 wrt var x t11,2,yest 3),no(7)1
Expansions for tha above subpath, froa sourca : () to sink : (s1
•• Candidata path to covar nodas froa 1 to 7 wrt var x i (1,2,yes(3),no(7),s]
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<fhe candidate path is axacutabla.* Covarad pair : (1, 7) wrt var i, by tha candidata path

* Raquirad pair : (1, 9] wrt var x, - c-uaa

Daf-claar aubpath froa 1 to 9 wrt var x :11.2,yea(3),ysa(4),5,yea(9))• Covarad pair : [1, 9) wrt var x, by a known axacutabla path froa tha liat of found axacutabla patha t (1,2,yaa(3),no(7),a)11.2,not 6),a)11.2,yaa(3),yea(4),5,no(8),3,yea(4),5,yea(9),3,no(7),a)(1,2,yeb(3),ye8(4),5,no(8),3,yee(4),5,no(8),3,no(7),a)11.2,yaa(3),yaa(4),5,yea(9),3,yaa(4),5,yaa(9),3,no(7),a)|1,2,yea(3),yea(4),5,yea(9),3,no(7),a)[l,2,yea(3),yaa(4),5,yaa(9),3,yaa(4),5,no(8,,3,no(7),a)

* Required pair : (1, 4] wrt var d, - c-uae

Daf-claar aubpath froai 1 to 4 wrt var d :11.2,yea(3),yaa(4 ) ]• Covered pair : (1, 4) wrt var d, by a known executable path froa the liat of found executable patha :11»2 ,yee(3),no(7),a)(1,2,no(6),a)(l,2,yea(3),yea(4),5,no(8),3,yes(4),5,yea(9),3,no(7),a) (l,2,yaa(3),yaa(4),5,no(8),3,yaa(4),5,no(8),3,no(7),a)(l,2,yaa(3),yaa(4),5,yaa(9),3,yaa(4),5,yaa(9),3,no(7),a](1,2,yaa(3),yaa(4),5,yaa(9),3,no(7),a)11.2,yaa(3),yaa(4),5,yaa(9),3,yaa(4),5,no(8),3,no(7),a)

* Raquirad pair : (1, 3) wrt var d, - p-uae  > branch yaa -.
* Required pair : (1, 3] wrt var d, - p-uaa  > branch no

Daf-clear aubpath froa 1 to 3 wrt var d - yea branch - i (1,2,yaa(3),yaa(4)]* Covared pair : (1, 3) wrt var d, by a known executable path- branch yea - froa the Hat of found executable patha :(l,2,yea(3),no(7),a)(l,2,no(6),a)(1,2,yea(3),yea(4),5,jio(8),3,yaa(4),5,yea(9),3,no(7),a) .(l,2,yaa(3),yaa(4),5,no(8),3,yaa(4),5,no(8),3,no(7),a)(l,2,yaa(3),yaa(4),5,yaa(9),3,yaa(4),5,yaa(9),3,no(7),a)(l,2,yaa(3),yaa(4),5,yaa(9),3,no(7),e)(l,2,yaa(3),yaa(4),5,yea(9),3,yaa(4),5,no(8),3,no(7),aJ

Def-clear aubpath froa 1 to 3 wrt var d - no branch - :
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|1,2, yest3),not7))>• Covered pair : [1, 3] wrt var d, by a known executable path- branch no - froa the liat of found executable paths i11.2,yes)3),no(7),s](1, 2, no( 6 ), s )[l,2,yes(3),yeB(4),5,no(B),3,yes(4),5,yes(9),3,no(7),sJ
11.2,yest 3),yes(4),5,no(I),3,yes(4),5,no(6),3,no(7),s1 |l,2,yes(3),yes(4),5,yei.(9),3,yes(4),5,yes(9),3,no(7),s](1,2,yes(3),yes(4),5,yes(9),3,no(7),s)(1,2,yest 3).yes(4),5,yes(9),3,yes(4),5,not 8),3,no(7),sJ

• Required pair : |1, 3) wrt var e, - p-use  > branch yes -.
* Required pair : (1, 3) wrt var e, - p-use --> branch no -.

Def-clear subpath froa 1 to 3 wrt var e - yes branch - i11,2,yest 3),yest4)]* Covered pair : (1, 3) wrt var e, by a known executable path- branch yes - froa the list of found executable paths :11« 2,yes(3),not 7),s J (1,2,not 6),s)(l,2,yes(3),yes(4),5,no(8),3,yes(4),5,yes(9),3,no(7),s)|l,2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s](1,2,yest 3),yes(4),5,yes(9),3,yes(4),5,yes(9),3,no(7>,s)[1,2,yest 3),yes(4),5,yes(9),3,no(7),s)(1,2,yest 3),yes(4),5,yes(9),3,yes(4),5,not 8), 3, not 7), s)

Def-clear subpath froa 1 to 3 wrt var e - no branch - :11.2,yes(3),no(7)J* Covered pair : [1, 3] wrt var e, by a known executable path- branch no - froa the list of found executable paths :11.2,yes(3),not 7),s](1,2,not 6),s)(1,2,yest 3),yes(4),5,not 8),3,yes(4),5.yest9),3,not7),s) (l,2,yes(3),yes(4),5,no(8),3,yes(4),5,no(8),3,no(7),s)[1,2,yest 3),yest4),5,yes(9),3,yes(4),5,yest9),3,not 7),sj[l,2,yes(3),yes(4),5,yes(9),3,no(7),s]|l,2,yes(3),yes(4),5,yes(9),3,yes(4),5,no(8),3,no(7),s]
............ 9.............

»» Achieved Coverage :0.1000000000E+03t 
•• Reaaining Pairs i No More Pairs
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