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Abstract

In this thesis, three versions of the /P/07-chains coverage criterion, namely the
original IP/Oa-chains coverage criterion, applicable IP/O2-chains coverage criterion and
subdomain-based IP/O2-chains coverage criterion , are compared to the other control and
data-flow-oriented software testing criteria under “strictly includes” and “properly covers”
relations. The precise positions of these three versions of the /P/02-chains coverage
criterion in three hierarchies are given. Then, a new version of /P/0,-chains coverage
criterion is defined. It is proved that: (i) Applicable new IP/02-chains coverage criterion
strictly includes applicable ali-uses criterion; (ii) For any given program P, there exists a
number n such that subdomain-based new IP/Op-chains coverage criterion covers
subdomain-based all-uses criterion; (iii) For any given program P, there exists a number 7
such that for each IP/Oj-chuin ¢, if one duplicates the subdomain of ¢ /() times, where j <
n and K(c) is the length of ¢, then subdomain-bused new IP/Op-chains coverage criterion is
better than subdomain-based ali-uses criterion under measure M; (iv) Subdomain-based
new IP/Op-chains coverage criterion and subdomain-based required k-tuplest criterion are
incomparable in “universally properly covers” relation; (v) For any given program P, there
exists a number 1 such that for each IP/0j-chain ¢, if one duplicates the subdomain of ¢
m(c) times, where j € n and m(c) is the total number of df-chains on ¢, then subdomain-
bused new 7P/0O,~chains coverage criterion properly covers the subdomain-based required

k-tuples* criterion.
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Chapter 1

Introduction
1.1 Background

Software testing is one of the most widely used methods for software quality
assurance. Its general objective is to reveal the failures of a program by executing it in a
controlled environment over a finite set of test cases, called a test suite. Each testcase is a
pair of test input and corresponding expected output. During testing, 4 testcase is applied
by supplying the test input to the program under test and by comparing the cxpected

output to the actual output produced by the program under test.

Over the last several decades, a wide variety of strategies (called software testing
criteria) for selecting test suites have been proposed. According to the available
information about a program under test, these criteria are classified in two groups: white
box testing and black box testing, where white box testing is based on the source code and
the specification while black box testing is based on the specification of the program

under test only.

Considering the development of white box testing, software testing criteria can be
viewed as belonging to three fumilies. Each family has a hierarchy according w0 a specific
relation that identifies the relative merits of the criteria. The first family (henceforth
called the family of original criteria) consists of criteria that consider only the coverage
of different structural aspects of the program under test by a selected set of test paths
which yields a test suite. The hierarchy of such criteria is based on the strictly includes
relation [14]. Accordingly, a criterion A (strictly) includes a criterion B iff for any given

program, any set of test paths satisfying A also satisfies B (but not vice versa).



In 1988, Frankl and Weyuker [2] argued that the family of original criteria suffers
from the weakness that for programs with non-executable paths it may be impossible for
any test suite to satisfy a given criterion, They modified the original criteria and defined a
new family of criteria, namely the family of applicable criteria with a new hierarchy
based on the strictly includes relation. In 1989, Weiss [18] argued that strictly includes
relation is more useful for comparing the cost of two criteria rather than their
effectiveness, where the cost of a criterion relates to the number of test paths required to
satisfy the criterion while effectiveness of a criterion relates to the fault-detecting ability
of the criterion. Hamlet [5] also pointed out that this relation can be “misleading” because
it is possible for criterion C) to include criterion Cy, yet for some test suite that satisfies
C» to detect a fault while some test suite that satisfies C) does not. In 1993 Frankl and
Weyuker [3] proposed the measire M and the properly covers relation to compare the
fault-detecting abilities of criterta. Under this relation they set up a hierarchy for she
family of subdomain-based criteria [4]. Like many other well-known criteria, the IP/O;-
chains (i.e., an ordered sequence of definition/reference pairs of variables such that the
definition of the first variable is an input of the variable and the reference of the last
variable is an output or a predicate) coverage criterion also has three versions, i.e. the
original, the applicable, and the subdomain-based /P/0;. The relative position of the
original IP/02-chains coverage criterion has been identified by Ural and Yang [16]. It has
been proved that the /P/02-chains coverage criterion is on the top position of the
hierarchy. But, we do not know the relative position of the IP/0>-chains coverage

criterion in the families of applicable and subdomain-based criteria respectively.

1.2 Motivation and Objectives of the Thesis
In 1993, Frankl and Weyuker [3] proved that the fault-detecting ability of a

subdomain-based criterion will be increased if its subdomains are refined. They also



proved in [4] that, the required k-tuples* criterion (which requires each k-dr interaction to
be covered, where a k-dr interaction is u sequence of k - 1 definition/reference pairs of
variables) has a higher fauli-detecting ability when compared with other subdomain-
based criteria. This result is quite natural. Because the required k-tuples* criterion
distinguishes the sequence of definitions/references of variables that occur in loops, and
thus refines the subdomains of k-dr interactions (i.e., the structural units on which
required k-tuplest criterion is based). It is observed that the IP/0,-chains (i.e., the
structural units on which /P/0,-chains coverage criterion is based} actually distinguish
the sequences of definitions/references of variables that occur in loops more precisely
than k-dr interactions because the number » represents the maximal number of iterations
of variables in an IP/0,-chain. Increasing the number n will result in the refinement of
the subdomains of an IP/0,-chain while increasing number k will not necessarily refine
the subdomains of a k-dr interaction. Moreover, one of the most important disadvantages
of required k-tuples* criterion is the duplication of subdomains which makes the criterion
more costly. But, the /P/0,-chains coverage criterion makes less duplications of

subdomains in comparing with required &-tuples criterion.

Given all the factors above, we believe that there must exist an improved version
of the IP/0,-chains coverage criterion such that its fault-detecting ability is as good as the
required k-tuples* criterion, and the duplications of its subdomains is much less than
required k-tuples* criterion. However, as the definition of required-k-tuples criterion
introduces non-executable k-dr interactions, the definition of the original /P/Op-~chains
coverage criterion introduces non-executable /P/Op-chains, i.e. the IP/On-chains that can
not be covered by any executable complete path. Therefore, how we treat these non-

executable JP/Op-chains is important in defining the new IP/Op-chains coverage



criterion. So, the objective of this thesis is to define a new version of IP/Op-chains
coverage criterion such that it is at the top position in both families of applicable and

subdomain-based criteria without any additional overhead for handling non-executable

1P/Oy-chains carcfully.

1.3 Contributions of the Thesis

In this thesis, we have identified the IP/O2-chains coverage criterion’s relative
position in three different hierarchies, namely the hierarchies of original, applicable and
subdomain-based software testing criteria, We defined a new version of the IP/0y-chains

coverage criterion and proved the following results:

1. Applicable new /P/03-chains coverage criterion strictly includes applicable all-

uses criterion.

2. For any given program P, there exists a number » such that subdomain-based

new IP/Op-chains coverage criterion covers subdomain-based all-uses

criterion.

3. For any given program P, there exists a number n such that for each /P/0j-
chain ¢, if one duplicates the subdomain of ¢ I(c) times, where j S n and K¢) is
the length of ¢, then subdomain-based new IP/Op-chains coverage criterion is

better than subdomain-based all-uses criterion under measure M.

4. The subdomain-based new IP/Op-chains coverage criterion and subdomain-

based required k-tuplest criterion are incomparable in universally properly

covers relation.



5. For any given program P, there exists a number n such that for each IP/0j-
chain ¢, if one duplicates the subdomain of ¢ m{c) times, where j S n and m(c}
is the total number of df-chains on ¢, then subdomain-bused new IP/Op-chains
coverage criterion properly covers subdomain-based required k-tuples®

criterion for program P.
1.4 Outline of the Thesis
The rest of the thesis is organized as following:

In Chapter 2, Original and Applicable /P/07-chains Coverage Criteria, we first
review the definitions of original versions of software testing criteria. Then, we review
the definitions of the applicable versions of software testing criteria and define the
applicable IP/0O7-chains coverage criterion. Finally, we identify the position of applicable
IP/O5-chains coverage criterion in the hierarchy (Theorem 2.1) of the applicable software

testing criteria.

In Chapter 3, The Subdomuin-based Software Testing Criteria, we review the
definitions of the subdomain-based software testing criteria, properly covers relation,
measure M as well as Frankl and Weyuker's results, Then, we define the subdomain-
based JP/Oz-chuins coverage criterion, and identify the position of subdomain-based
IP/0y-chains coverage criterion in the hierarchy (Theorem 3.2) of subdomain-based

software testing criteria.

In Chapter 4, A New Version of /P/0-chains Coverage Criterion, we define a
new IP/0,-chains coverage criterion, and compare the new IP/0,~chains coverage with
the ali-uses criterion (Theorem 4.1, 4.2) and the required k-tuples* criterion (Theorem

4.3, 4.4).



Chapter 2

Original and Applicable 7P/02-chains
Coverage Criteria

In this Chapter, we first review the definition of the original IP/02-chains
coverage criterion and the hierarchy given in Ural and Yang's [16]. Then, we give a
definition of the upplicable /P/0,-chains coverage criterion and prove its proper position
within the hierarchy of applicuble software testing criteria. The program model to be used

in both cases follows the one given in Frank! and Weyuker [2].

2.1 Program Model

Without loss of generality, we assume that a program (main or subprogram) is
written in Pascal. We follow the program model given in Frankl and Weyuker [2] and
assume that

a) Non-Straight-Line (NSL) Property: every program has at least one conditional

or repetitive staiement,

b) at least one variable occurs in every Boolean expression controlling a

conditional or repetitive statement in a given program (note that this variable
occurrence may be implicit, as in the use of the input file variable in the

statement, while not eof do s),



c). No Feasible Anomalies (NFAUD) property: in a given program, each feasible
path from the program entry to a use of a variable v must pass through a node
having a definition of v (if programs do not satisfy this property, they may have
the possibility of referencing an undefined variable),

d) a given program has no goto statements, no with statements, no variant records,
no functions having var parameters, no procedure or functional parameters and
no conformance arrays,

e) a given program has a single entry and single exit.

2.2 Flowgraph Representation of a Program

For ease of applying a software testing criterion, a program is represented by a
digraph G(V, E), called flowgraph, where V is the set of nodes corresponding to
statements in the program and £ is the set of directed edges indicating the possible flow
of control between statements in the program (see Fig. 1a). In V, there is

a) a statement node (c.g. nodes 1, 3, 5, 6, and 7 in Fig.1b) corresponding to each
simple statement (e.g. input, output, assignment, or procedure statement) in the
program,

b) a branching node (e.g. nodes 2 and 4 in Fig.1b) corresponding to the branching
point in the transfer of control implied by the condition part of each conditional
statement (e.g. if-then, if-then-else, or case statement) or each repetitive
statement (e.g. while, for, or repeat statement) in the program.

In addition, there are two special nodes in V, namely s and 1, that correspond to the entry

and exit points of the program, respectively. Each statement node in V is assumed to



contain one simple statement. All other nodes (i.e. s, t, and branching nodes) are

assumed to be cmpty.,

Every directed edge in £ represents the possible flow of control between the
nodes in V as implied by the transfer of control between statements in the program.
Consequently,

a) For cach statement node in V, there is a single outgoing edge.

b) For cach branching node in V, there are at least two outgoing edges. Each
outgoing edge of a branching node is associated with a predicate (i.e. a Boolean
expression) whose truth value is equivalent to a specific outcome of the
condition that implies the branching point corresponding to the node.

¢} There is at most one edge from a node i to node j in E for any pair of nodes i
andj in V.

d) Node s has no incoming edge and ¢ has no outgoing edge.

A path (1, na, ..., 1) in G(V, E) is a sequence of nodes in G such that (n;, nis1)
€ E foralli, | Si<m- 1, m=2 Apath(iy, .., i) is asubpath of a path (ny, ..., np) if
there exists a 8,0 < 8< m - k, such that for all j, 1 £j Sk, ij=njs A loop-free path isa
path in which all nodes are distinct. A simple path is a path in which all nodes except
possibly the first and the last are distinct. A complete path in G is a path whose first node
is v and whose last node is r. For example, path (s, 1, 2, 1) is a complete path for the

flowgraph in Fig.15.



begin
read (x);
while f1(x) do
begin
z:= f2(x);
if £3(z)
then x := f4(x)
else x :=f5(x);
writeln (z)
end
end.

Fig. la Program A

read (x)

fl(x)=tulse

©

writeln (z)

Fig. 1) Intermediate step Fig. l¢ Flowgraph of Program A

Let IT be a set of complete paths for the flowgraph of a given program. A node i is
covered by ITif ITcontains a complete path (11, ..., #,) such that i = n; for some j, 1 <5<
m. An edge (i1, i) is covered by ITif IT contains a complete path (ny, ..., npy) such that i
=njand iz =nj4 forsome j, L Sjsm- 1. A path (iy, .., i) is covered by ITif ITcontains

a complete path (1, ..., ) and path (iy, ..., i) is a subpath of path (ny, ..., im).



2.3 Definition of the Original /P/02-chains Coverage Criterion

A definition (or def) ol u variuble x is an occurrence of x in node n (denoted by

L N . . . . . ' P
d,,) if n contains a statement in which x is assigned a value, A use of a variable x is an

occurrence of x by which the value of x is referenced. Uses of variables are further
classified as computational uses (c-uses) and predicate uses (p-uses) [14]. A c-use of a
variable x at node # (denoted by cf, ) is a use of x which directly affects the computation
being performed (e.g., an occurrence of x on the RHS of an assignment statement, for
instance, the use of x at node 3 in Fig.1¢) or allows one to see the result of some earlier
definition (e.g., an occurrence of x in the list of variables of an output statement, for
instance, the use of z at node 7 in Fig.1¢). A p-use of a variable x on edge (n,m) (denoted
by PZ,,".)) is a use of x which directly affects the control flow of the program (e.g. an
occurrence of x in the Boolean expression associated with an outgoing edge of a
branching node n in a {lowgraph, for instance, the use of x on edge (2,1) in Fig.lc).
Examples of the classification of variable occurrences in a flowgraph representing a
Pascal program can be found in (2, 14]. For the purposes of this thesis, we assume the

classification given in [2].

A path (1, 12, ., My, 1) I8 @ def-clear path with respect to a variable x from

node 1) to node 1y, or from node 1y to edge (n,,.1, ny) if either

l.m=2,o0r

2. m > 2 and there are no definitions of x at nodes n to 1,1,

We say that d : and cjf form a du-pair (denoted by tuple (d;.', c;)) if there is a def-clear
path with respect to x from node i to node j. Similarly, 4 f and p'(‘;. P form a du-pair

(denoted by (47 . p"(;.. 1 )) il there is a def-clear path with respect to x from node i to edge

10



(j,k). For ease of reference, u‘; denotes henceforth either c';, if ¢ represents a node, or p'; if
g represents an cdge. A path (i, ..., ¢) is called an activating path for a du-pair (d';. u';,) if it

is a def-clear path with respect to x from i to g.

Let IT be a set of complete paths for the flowgraph G(V,E) of a given program P,
We say that

a) a du-pair is covered by ITif an activating path for the du-pair is covered by I7.

b) IT satisfies the all-uses (all-c-uses, all-p-uses resp.} criterion if an activating
path for each du-pair ((d ; c}."), (d;', pxU. 1) resp.) in G(V,E) is covered by IT.

c) IT satisfies the all-c-uses/some-p-uses (all-p-uses/some-c-uses resp.) criterion if
IT satisfies all-c-uses (all-p-uses resp.) criterion and in addition, if a variable x
is defined at node i and has no c-use (p-uses resp.) in G(V,E) then an activating
path for some (<}, p’{i‘ n ((d;. cf) resp.) in G(V,E) is covered by IT.

d) IT satisfies the all-defs criterion if an activating path for some (c{t, pa k)) or (d}‘,
cf) in G(V, E) is covered by 7.

e) IT satisfies all-nodes (all-edges, all-paths resp.} criterion if each node {(each

branch, each path resp.) in G(V,E) is covered by IT.

The ali-du-paths crilerion requires that all the du-paths in a flowgraph be covered
at least once. That is, if there exists more than one activating path that cover the same du-
pair then the all-du-paths criterion requires all these paths to be covered. A path (ry, n,

e M1, py) 18 & ddu-path with respect to a variable x if n) has a def of x and either

1. n,, has a c-use of x and (n), ..., n,y) is a def-clear simple path with respect to x, or

11



2. (M1 M1y, has u p-use of x and (ny, ..., ny,.1) is a def-clear loop-free path with
respect 1o x [14]. Formally, a set of complete paths IT satisfies the all-du-paths

criterion if every du-path for each du-pair in a flowgraph is covered by I1.

The required k-tuples criteria ask for the coverage of each k-dr interaction. A k-
dr interaction (k 2 2} is a sequence of k - 1 du-pairs (d’l‘ I u;l), (d?. u;"z), .y (d;ﬁ‘. u';"“')

which are associated with & distinct nodes 1, 2, 3, ..., k, where for all i, | £ Sk, the i-th
definition d at node i reuches the i-th use ufi | 8t node i + 1 through def-clear path with

respect to x; [13]. Formally, a set of complete paths I7 satisfies the required k-tuples
criterion for a given k, if an activating path for every k-dr interaction in a flowgraph is
covered by IT. An activating path for k-dr interaction [d 1 u;', d;z u‘;z..., d’ﬂ‘i', uf‘"] is
a Path (111, vvey 12, ey M3yesss Bkaly oy ) in Which (ny, ..., ni41) is def-clear path with respect
to variable xj, | Si< k- 1. If the last use is a p-use, the k-dr interaction is covered twice,
once for each outcome of a predicate, to ensure branch coverage. If the first definition or
the last use of a k-dr interaction occurs in a loop, two test paths are generated for that
interaction, reflecting two iteration counts for the loop, one for the minimum iteration of
the loop [13], the other for a larger number of iterations [13]. In a newer version of this

criterion called required k-tuples* [1], the du-pairs in a k-dr interaction need not be

distinct.

The context coverage criterion requires that each elementary data context in a
flowgraph be covered at least once, whereas the ordered context coverage criterion
requires that each ordered elementary data context be covered at least once. An (ordered)
elementary data context  of a node i in the flowgraph of a given program that uses a
vector of variables X(i) = [x}, X2, ..., X] is a (ordered) set of definitions ec(i) = [d(x1),

d(x2), ..., d(x,)] of all variables from X(i) such that there exists a control path from the

12



entry node to node ¢ and all definitions from ec(f) reach node { through this path (in the
given order) without redefining the variables in X(¢) [11]. Formally, a set of complete
paths IT satisfies the (ordered) context coverage criterion, if an activating path for every
(ordered) elementary data context in each node in a flowgraph is covered hy 1. A pmh
(n;, vees N2y ooy ) 18 8N activating path for an elementary data context in node i, [d ny’

"2 dr ’”] if path (1, vees Hig1s oo i) 18 @ def-clear path with respect to variable xj,

where 1 <i<m - 1.

Before defining the original /P/0;-chains coverage crilerion, the motivation
behind the criterion will be reviewed. First of all, it has been advocated to link du-pairs in
a program to form a sequence of du-pairs in order to trace a sequence of computations
which capture particular control and data dependencies in the program [10, 11]. This

observation gives rise to the notion of affect.

A use of a variable y, which may either be a c-use or a p-use, is affected by a
definition of a variable x if cither
@) x and y ure the same variable and the use of y is reached by the def of x through
a def-clear path with respect to v, or
b) a def of a variable z is given in terms of a use of x at a node which is reached by
the def of x through a def-clear path with respect to x and the use of y is

affected by the def of z.

Trrrin b el o 1 ~"2 Xm Xm
A df-chain is defined as an ordered sequence (d: 1 4o d:é "3 o d e l) of

du-pairs (d ] )\ (d )}, wherem 21 and u’ |s affectcd by d*™ ny’

3 ] ny' "3) "m "m+l
An input of a program is the definition of a variable which is not given in terms of any
other variable. In particular, variable initializations through assignment statements whose

RHS is an expression consisting of only constants are also considered as inputs. An
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output of a program is a c-use of a variable in an output statement of the program. Such
an output will be called a variable output. If an output statement contains only constants,
then it is called constant ontpur. A constant output can only be indirectly captured by a
df-chain that starts with o program input and terminates with a p-use which leads the flow
of control to the constant output. Thus, a constant output in a procedure will be tested by
following a ¢f-chuin from an input to the last p-use which leads the control flow to the

constant output.

It is said that a variable output o (or a predicate p) is affected by a program input
i if there is a ¢f-chain that starts with § and terminates with the o (or p). Let I, O, and Up
be the sets of all inputs, variable outputs, and p-uses in a program, respectively. Then,
two binary refations with respect to the notion of affect, namely input-output relation and

input-predicate relition, are defined as follows.
Input-output relation is deflined as
Rig=1{(i,0)lie L,oe O,and o is aifected by i }.
Input-predicate relation is defined as
Rip={tipylie l,pe Uy andp is affected by i }.

A df-chain that starts with { and terminates with o or p is called an JP/O-chain

(Input-Predicate/Output Chain).

An IP/O,-chain (n 2 1) is an IP/O-chain such that there are m (1 s m <n)

occurrences of :5&6', and for at least one node k, there are exactly n occurrences of uid),

where x, y, 2, or w stands for any variable. As a special case, each du-pair whose def is
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an input and whose use is & variable output or a p-use is considered as an /P/0)-chain.

Thus, in Fig.2, [d}, pjy ), [}, ¢g) and [}, 55, cg) are [P/0)-chains, and [d}, cids

c5 d, cglis an IP/07-chain.

begin
read (X);
if f1{x)
then
begin
while 12(x) do
x = [3(x); .
writeln(x) constant
end
else
writeln ('invalid input’)
end.
X X X
CS N ds L(}

Fig. 2. Program B and Its Flowgraph

The IP/Or-chains coverage criterion is satisfied by a set of complete paths ITin a

flowgraph if

a) an activating path for every /P/Oy-chain (1 £k < 2) for each (i, 0) € Ryp is
covered at least once by [T, and

b) an activating path for every IP/0)-chain for each (i, p) € Ryp is covered at least
once by [1.

Where an activating path for an IP/O-chain

x| X] A2 A2 m ,Am
I:dﬂl' u"2d:'2' Uypgees o J’:m' u"m+ll

is a puth (1, vy N2, veer M3y ory Mgy ooy Ayp]) 0D which (n;, ..., ni+1) is def-clear

path with respect 10 variable x;for 1 Sism.
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2.4 Hierarchy of Original Criteria With Respect To Strictly Includes

Relation

The relative strength of software testing criteria has been determined by utilizing
the inclusion relation [1, 2, 11, 13, 14, 17)]. For two software testing criteria A and B, A
includes B iff for any given flowgraph, any set of complete paths that satisfies A also
satisfies B. A strictly includes B iff A includes B but B does not include A. A and B are

incomparable iff neither A includes B nor B includes A.

In [16], the following hierarchy with respect to strictly includes relation was

proved by Ural and Yang,.
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all-paths

- —— ———

ordered context ) dy-paths  1P/Oschains  required

coverage coverage k-tuples
context coverage all-uses
all-c-uses/ all-p-uses/
50me p-uses SOME C-uses
all-defs all-p-uses
all-édges

——p» Ural and Yang's results
—— Previous results all-nodes

Fig. 3. The "Strictly Includes" Hierarchy of the Original Criteria
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2.5 Definition of the Applicable IP/02-chains Coverage Criterion
(IP/02-chains)*

In this section, we first review the definition of applicable software testing criteria
given in Frankl and Weyuker [2], and define the applicable 1P/0O,-chains coverage
criterion. These definitions are based on the assumption that the program under test
satisfies «) - ¢) given in Scction 2.1 and the flowgraph of a program is as defined in
Section 2.2. Then we give the position of the applicable /P/02-chains coverage criterion

(1P/05-chains)” in the hierarchy of the applicable software testin criteria in Section 2.6.
g

A complete path is executable or feasible if there exists some assignment of values
to input variables, non-local variables, and parameters which causes the path to be

executed. We say a path is execurable if it is a subpath of an executable complete path.

A du-pair (IP/Oy-chain respectively) is executable if there is some executable
complete path which covers it; otherwise, it is non-executable. We define subsets Jdcu(x,
iy and fdpu(x, i) for each variable x and for each node i in the flowgraph G(V.E) of a

program P:

fdcu(x, i) = {nodes j such that x has c-use at node j and there is an executable def-
clear path with respect to x from i to j}.
fdpu(x, iy = {edges (j, k) such that x has a p-use at edge (j, k) and there is an

executable def-clear path with respect to x from i to edge §j, k)}.

Definition 2.1 For each software testing criterion C defined in Section 2.3 on the basis of

du-pairs, we define C* by selecting the required du-pair from fdcu(x, i) and Sfdpu(x, i).
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That is, only executable du-pairs are considered here. So, in the flowgraph G(V.E) of a

program P,

1. (all-defs)" requires some (4, ') such that n € fdcu(x,m) or some (d o p'(‘:.d.))

such that (i, j) € fdpu(x, ) to be covered.

2. (all-c-uses)* requires all (d7, ) such that n € fdeu(x m) to be covered.

3. (all-p-uses)” requires all (d;: . p'(tl..j)) such that (f, j) € fdpu(x,m} to be covered.

4,

5. (ull-c-uses/some-p-uses)”™ requires all (d

X

(all-p-usesfsome-c-uses)* requires all (d'

, p'("’.‘j)) such that (i, j) € fdpu(x, m)

to be covered; In addition, if fdpu(x, m) is empty and fdcu(x, m) is not empty

then some (d*

o u':;) such that n € fdcu(x,m) to be covered.

X

e uﬁ) such that n € fdcu(x, m) to be

covered; In addition, if fdeu(x, m) is empty and fdpu(x, m) is not empty then
some (d), p(‘l ) such that (i, /) € fdpu(x, m) to be covered.

6. (all-uses)* requires all executable die-pairs to be covered.

7. (all-du-paths)” requires all executable du-paths to be covered.

8.

applicable /P/03-chuains coverage crilerion (IP/Oz-chains)* requires all

executable IP/0;-chains to be covered.

Definition 2.2 In the flowgraph G(V,E) of a program P,

1.

2.

3

(all-edges)* requires all executable edges to be covered, where an cdge is

executable if there exists an executable complete path that covers it.

(all-nodes)* requires all executable nodes to be covered, where a node is

executable if there exists an executable complete path that covers it.

(all-paths)* requires all executable paths to be covered, where a path is

executable if there exists an executable complete path that covers it.
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2.6 Hierarchy of Applicable Criteria With Respect To Strictly

Includes Relation

In this scction, we prove the main theorem in this chapter to give the proper
position of criterion (/P/02-chuins)* in the hierarchy of the applicable family of software

testing criteria.

Theorem 2.1 /) (a!l-pmh.s')* strictly includes (1P/0-chains)*.
if) (1P/O2-chains)* is incomparable with (all-du-paths)”, (all-uses)",

(all-c-uses)y*, (all-defs)*, (all-p-uses)* and (all-nodes)" criteria.

Proof: Consider the program C whose flowgraph is given below:

Fig. 4. Program C and Its Flowgraph

So the executable /P/0>-chains and their subdomains are:
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Table 1: IP/0;-chains and their subdomains in Program € (j £ 2)

IP/0;-CHAINS SUBDOMAINS
[d; vP€3‘4n] atl y's
L Kol P§3.4 n! all y's
[d;, “izdiz* "22‘1{;2' p£3. an) all y's

a) Clearly, (all-paths)* includes ({P/O2-chains)*.

b) (IP/Oy-chains)* does not include (all-paths)*, (all-p-uses)*, (all-c-uses)*, (all-
defs)* and (all-nodes)” since the complete path py = (s, 1,2, 3, 41, 42, 3, 41,
42 3,41,42,3,41,42,3,41,42,3,51,52, 6,7, t) covers all exccutable /P/0;
and IP/02-chains for any y €0 and p| does not cover executable path (s, 1, 2, 3,

41,42,3,41,42,3,41,42,3,41,42, 3,41, 42, 3,51, 52, 6, 81, 82, ¢ ) (required
f » Ll
by (all-paths)*), (ds’l. ”26 g1y) (required by (all-p-uses)*), (d},, u},) (required

by (all-c-uses)*), (‘[52' ugl) (required by (ali-defs)* ) and node 81 (required by
(all-nodes)™).

¢) From the transitivity of the strictly includes relation, b) and Theorem 1 [2] we

have that (/P/0O>-chains)* does nol include (all-uses)”.

d) It can be proved by the same argument of Theorem 3 [16] that (all-uses)* does

not include (/P/O3-chains)*.

e) It's trivial to see that (all-c-uses)*, (all-defs)*, (all-p-uses)* and (all-nodes)* do

not include (IP/O3-chains)*.
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£ By the sume argument of Theorem 4 [16], we can show that (IP/O3-chains)*

and (all-du-paths)® are incomparable.

So, by the transitivity of strictly includes relation and Theorem 1 [2], the

hicrarchy of the family of the applicable criteria is as follows:

_.(all-paths)*
_ - - /
(all-e ies)*

-
(IP/oz-Eﬁlins)m (all-du-paths)*

(all-uses)* (all-nodes)*
(all-c-uses/some-p-uses)* (all-p-uscs/some-c-uses)*
(all-c-uses)* (all-defs)* (all-p-ies)*

——p Strictly includes (known results)
- — - Strictly includes (new result)

Fig. 5 The "Strictly Includes" Hierarchy of the Applicable Criteria

Although required-k-tuples coverage, context-coverage, ordered-context
coverage criteria are not used in the above hierarchy, we define their applicable versions

because they will be referred to in Chapter 3.

1. (required-k-tuples)® requires all executable k-dr interactions (k 2 2) in a
flowgraph 1o be covered, where a k-dr interaction is executable if there is an

executable complete path that covers the activating path of the k-dr interaction.
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2. (context)” requires each executable elementary data context in a flowgraph to
be covered at least once, where an clementary data context is executable if
there is an exccutable complete path that covers the activatiig path of the
elementary data context.

3. (ordered-context)® requires each executable ordered elementary data context in
a flowgraph to be covered at least once, where a ordered elementary data
contexl is executable if there is an executable complete path that covers the

activating path of the ordered elementary data context.
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Chapter 3

Subdomain Based Software Testing
Criteria

In this Chapter, we first review the definitions of subdomain-based software
testing criteria, measure M und properly covers relation given by Frankl and Weyuker in
[3] and define the subdomain-based /P/Oz-chains coverage criterion. Then, we identify
the position of subdomitin based /P/02-chains coverage criterion (IP/O7-chain)® in the

hicrarchy of the family of subdomain based software testing criteria.

3.1  Program Model

As in Scction 2.1, in this chapter we assume that programs under test satisfy
assumptions ) - ¢) with the exception that there may be goto statements. We also restrict
our attention to programs with finite input domain, but place no bound on the input

domain size.

3.2 Definition of the Subdomain Based IP/02-chains Coverage

Criterion

In this section, we review some definitions and results in [3] and define the

subdomain-based /P/0z-chains coverage criterion. A multi-set is a collection of objects in
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which duplicates may occur. We shall use sct notations and set-theoretic operator
symbols to denote the corresponding multi-set and operators throughout, A multi-set Sy is
a sub-multi-set of S7 if the number of occurrences of each element in S§ is less than or

equal to the number of the occurrences of the element in S2.

The input domain of a program is the set of possible inputs. We restrict attention
to programs with finite input domain. A fest suite iy a multi-set of test cases, each of

which is an element of the input domain.

A testing criterion C is subdomain-based (denoted by (C)*) if for each program P
and the corresponding specification S, there is a non-empty multi-set of subdomains,
SDc(P. §), such that (C) requires the selection of one element from each subdomain in
SDc(P, S). That is, for a given pair (P, S), (C)s divides D into subdomains {D1(C), D2(C),
oy D{(C)} and forms a test suite T by independently randomly selecting an clement of
each D{(C) € SD¢(P, §), | Si <r, according to a uniform distribution. It is assumed that
SDc(P, S) is non-emply. From this assumption and the fact that onc test case is sclected
from each subdomain Dj(C) € SDKP, ), the empty test suite does not result by the

application of any (C)* to (P, S) for every program P and specification S.

Definition 3.1 Subdomain-based 1P/Oz-chains coverage criterion (IP/02-chains)® is
defined by applicable (I1P/02-chains)" with SDyps02)(P, S) consisting of all subdomains

of executable [P/03-chains in the flowgraph of P.

Similarly, (all-uses), (all-p-uses)s, (context)s, (ordered-context) and (required k-
tuples)s criteria are defined respectively by (all-uses)*, (all-p-uses)®, (context)”,

(ordered-context)* and (required k-tuples)” criteria.
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A decision is a maximal Boolean expression controlling the execution of a
conditional statement or loop. For instance, in statement if (x = 1) and (y = 2) then
writeln('1), (x = 1) and (y = 2) is a decision, The decision-coverage criterion requires
that every decision take on the value true at least once during the testing and also take
on value false at least once. Subdomain-based decision-coverage criterion, (decision)s, is
defined by SDpc(P, S) consisting of all subdomains of each decision in the flowgraph of
P (i.e. there are two subdomains for each decision, one consisting of all inputs that cause
it o evaluate to true at some point during execution and one consisting of all inputs that

cause il to evaluate to false at some point during execution.

A condition is a Boolean variable, a relational expression, or a Boolean function
occurring in a decision. For example in the statement if (x = 1) and (y = 2) then
writein('1), both (x = ) and (y = 2) are conditions. The condition-coverage criterion
requires that every condition take on the value true at least once and take on the value
false at least once. The subdomain-based condition-coverage criterion, (condition)s, is

defined by condition-coverage criterion,

The subdomain-based decision-condition-coverage criterion, (decision-
condition)®, is defined by decision-condition-coverage criterion which requires that every
decision takes on valuc true at least once and takes value false at least once and that
every condition take on the value true at least once and take on the value false at least
once during testing. For example, in the statement if (x = 1) and (y = 2) then writeln('1’),
decision-condition-coverage criterion would require six testcases for the following: ((x =

1) and (y = 2)) = true, (k= 1) and (y = 2)) = false, (x= 1), (x# 1), (y=2), o #2}.

Therefore, the subdomains of (decision-condition)® are:
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1. the sct of inputs such that decision ((x = 1) and (y = 2)) = trug, i.c. the set {{x, ¥)
lx=landy=2},

2. the set of inputs such that decision ((x = 1) and (y = 2)) = lulse, i.c. the set {(x,
Nig=landy#2or{x#landy=2)or(x# 1,y #2}},

3. the set of inputs such that condition (x = 1) is trug, t.e. the set {(x, y} [ x = 1]

4. the set of inputs such that condition (x = 1) is false, i.c. the set {(x, y) [x# 1}

5. the sct of inputs such that condition (v = 2) is true, i.c. the set {(x, y) | y =2}

6. the sct of inputs such that condition (y = 2) is false, i.c. the set {(x, y) | y # 2}

The subdomain-based multiple-condition-coverage criterion, (multiple-
condition)s, is defined by multiple-condition-coverage criterion which requires that every
combination of truth values of conditions occurs at least once during testing. For
example, in the statement if (x = 1) and (y = 2) then writeln('1'), multiple-condition-

coverage crilerion would require four test cases for the following:
(x=1l,y=2), (el y=2),(x=1 y=2),(x+], y=2)
The subdomains of (nudtiple-condition)s are:

1. the set of inputs such that condition (x = 1) is true and condition (y = 2) is true,
i.e. the set {{x,!x=1and y=2}

2. the set of inputs such that condition (x = 1) is falsc and condition (y = 2) is true,
ie. the set {(x, y)lx# | and y =2}

3. the set of inputs such that condition (x = 1) is true and condition (y = 2) is false,
i.e. the set {(x, y)lx=1and y#2}

4. the sct of inputs such that condition (x = 1) is false and condition (y = 2) is

false, i.c. the set {(x, y) lx=1,y#2)
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The subdomain-based reduced-decision-condition-coverage criterion, (reduced
decision-condition)s, is defined by decision-condition-coverage criterion which requires
that each decision o of form A and B takes on value true at least once; and condition A
and B take on the value false individually at least once; each decision d of form C or D
takes on value false at least once; conditions C and D take on the value true individually
at least once: for all other decisions they are the same as the decision-condition-coverage
criterion. For example, in the statement if (x = 1) and (y = 2) then writeln('1"), reduced-
decision-condition-coverage criterion would require three test cases for the following: ((x
= 1) and (y = 2)) = true, (x # 1), (¢ 2 2). The subdomains of (reduced decision-condition)

are:

I. the set of inputs such that decision ((x = 1) and (y = 2)) = true, i.e. the set {x, ¥
Ix=1lundy=2},
2. the set of inputs such that condition (x = 1) is false, i.e. the set {(x, y) | x 1}

3. the set of inputs such that condition (y = 2) is false, i.e. the set {(x, M y=#2)

For statement if (x = 3) or (y = 4) then writeln('2"), reduced-decision-condition-
coverage criterion would require three test cases for the following: (x =3)or (y =4)) =
false, (x = 3), (v = 4). The subdomains of (reduced decision-condition)s are:

1, the set of inputs such that decision ((x = 3) or (y = 4)) = false, i.e. the set {(x, y)

[(x#3.y =4)},
2. the set of inputs such that condition (x = 3) is true, i.e. the set {(x, ) lx=3)

3. the set of inputs such that condition (y = 4) is true, i.e. the set {(x, y) | y=4]}

Clarke ot al. [1] pointed out certain problems with the original required k-tuples
criterion and defined the required k-tuplest criterion by making the following two

modifications:
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1. all l-¢fr interactions must be exercised tor / < &, and

2. the statements s; in the path need not to be distinct.

Without modification (1), (required k-tuples)* fails to include (required (k-1)-tuples)®,
and without modification (2), (required 2-tuples)* fails to include (all-uses)*. The
subdomain-bused required k-tuples coverage criterion, (required k-tuples*)s, is defined

by the required k-tuplest criterion defined above.

3.3 Measure M and Properly Covers Relation

Given a program P and a specification S, a failure-causing input ¢ is one such that

the output produced by P on input # does not agree with the specified output.

Consider SD(P, S) = {D1(C), D2(C), ..., DKC)} for a giifen triple (C, P, 5). Let d;
= |ID{C)H and let m;be the number of failure-causing inputs in D{(C). Then, the
probability that a test suite formed by using C will expose at leust one fault in P is given

by measure M, i.e. M(C, P,S§)=1-1] :-'_l (1 -%-’.i)-
- i

Let Cj. Co be two software testing criteria. C| covers Cq for (P.5) if for every
subdomain D in SD2{P.S), there is a collection {Dj, ..., Dy} of subdomains in SD¢1(P,
S) such that D = Dyu..uDy. C| is universally covers Ca if for every program,
specification puir (P.S) , C| covers Ca . C| properly covers C2 for (P,S) if the multi-sct
union of multi-set {D, ..., Dn}for each D in SDc2(P,S) is a sub-multi-set of $Dc|(P,S).
C\ is universally properly covers Cyif for every program, specification pair (P,$), C

properly covers Ca for (P,3).

Theorem 3.1 [4] If C| properly covers C for program P and specification S, then
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M(Cy, P, S) 2 M(Ca, P, S).

34 Hierarchy of Subdomain-based Criteria with respect to

Universally Properly Covers Relation

In this section, we compare (IP/O-chains)$ coverage criterion with other

subdomain-based software testing criteria.

Theorem 3.2
i} (IP/O-chains)® does not universally properly cover (decision)s and (condition)®.
Therefore, (IP/Ox-chains)s does not universally properly cover any criterion in
the hicrarchy.
ii) (all-uses)s and (nultiple-condition)’ do not universally properly cover (IP/O-
chains)s. Therefore, (IP/0,-chains)s is incomparable with (all-uses)®, (all-p-
usesy, (decision)s, (multiple-condition)’, (decision-condition)s, (reduced-

decision-condition)s and (condition)® criteria.

Proof: Let P be program D with the following flowgraph representation.
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yi=yH

y>10
writeln(y)
y<=10

Fig. 6. Program D and Its Flowgraph

Then, the executable IP/0} and IP/O-chains of P and their subdomains are given in
Table 2:

Table 2: IP/0) and IP/O»-chains and their subdomains in P

IP/0-CHAINS SUBDOMAINS
[d5, P23.4l)] ally's
(4, Ugoyy» Plz.an)] ally's
(. Wiy Wil P31 ally's

The (decision)s requires the subdomains given in Table 3;

Table3: Decisions and their subdomains in P

DECISIONS SUBDOMAINS
i35 all y's
i>5 ally's
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y< 10 y<0

y> 10 y2 0

The (condition)’ requires the following subdomains:

Let cond,, conds, conds, conds be condition i € 5,i > 5, y £ 10 and y> 10, respectively.
Since (condition)s requires that every condition takes on the value true at least once and
takes on the value false at least once [4], SD¢e = { D1, D2, D3, D4, D1, D2, D3, D4},
where Dj is the sct of inputs such that condition cond; = true, fori=1,2, 3,4; and Dy (D)
resp.) is the set of inputs such that condition cond = false (condy = false resp.), D4 (D3
resp.) is the set of input such that condition cond3 = false (condy = false resp.), So, Dy =

Do=lally's}, D3={y < 0}, D4={y 2 0}

Let the input domain of program P is D = {-4,-3,-2,-1,0, 1, 2,3, ..., 05} and the
set of failure-causing inputs is {-4, -1}. Let C) be (IP/O3-chains), C2 be (decision)s and
CC be (condition)s. Then SD¢| = (D, D, D} and SDc2 = (D, D, D3, D4}, where D3 = {-
4,-3,-2,-1} and D4 = {0, 1, 2, 3, ..., 95). Then

M(C.P.S)=1-(1- lzm)'-“ =0.0588
M(Cp, P.5) =1-(1- %)2(1 - %):0.5198
M(CC,P,S)=1-(I - %)4(1 ] %)2=0.769

So, M(C}, P, §) < M(C2, P, 5) < M(CC, P, S) and (IP/O>-chainsy does not properly cover
(decision)s and (condition)® by Theorem 3.1. Hence i) holds by the definition of the

universally properly covers relation.
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To prove that (all-uses) and (multiple-decision)® do not universally properly

cover (IP/O,-chains)*, let us consider the program E given below:

begin

(1a) read (n); o d:'c
{Ibya:=1; constant
(lc)yb:i=1; output
(2) if(n<?2) 3 )t 2 "
then Q P \Z By an C4ardda
3) writeln ('Error") - ’
clse
begin
(4a) n:=n-2;
(4b) i=1
(4c) writeln (a);
(4d) writeln (b); n
(5 Whilljc (i<=n) do aD - BsaPisa
egin
6a C = a+b; n i
Eﬁb)) b:=b+l; P(5,64P(5.61)
(6¢c) writeln (c); @b C
(6d) i=i+l; ¢S onden
end b b
end ¢ty dob
end. .
6
i
¢gaded

Fig. 7. Program E and Its Flowgraph

The du-pairs and the /P/Oj-chains forj = 1, 2 in Program £ are given in Tables 4,

5, and 6, respectively.
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Table 4: du-pairs in Program E

VARIABLE

DU-PAIRS

! N ! [/ 1 1 T n
(s Py 3 ) Praa) @i Sad G Pis ) @y Pls g)

[

(dﬂb ""4c) ((fllb Lﬁa

b B @y ) @ gy, gy cgo) gy cqy)
; iy Pl g s 6ar) (diyy 6
(ep Pls i (g Pissap Coar 6
¢ (clgﬂ. C‘(';C)
Table 5: IP/0,-chains in Program E
VARIABLE IP/0-CHAINS
n [ "?2.3)]' [ "'('2.4m]*[ o Yaaaa ?5 0 b )y 3,44 (5 6a)!
a [, g 1 [ e, de s He,]
b (), g [l o, UG, 1, gyl oo 1G]
i [ty s o Wy s ) Wy g D Wis.nh My Uy e 45 6a)
Table 6: IP/07-chains in Program E
VARIABLE IP/07;-CHAINS
b (). iyl Yepley Yeadbe Yo

["iw “(ut d'()d' “ad ‘fﬁd' “(5 nb [":sb' “ed‘f “6d ‘fad- “(5 6a))
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Assume that the input domain of program E is {1, 2, ..., 9]. Then, the set of
failure-causing inputs is {3, 6, 7, 8, 9} because program £ is intended to calculate the first
n Fibonacci numbers with # 2 2 and it only provides correct output forn €4 dueto a

fault in node 5h,i.e. a:=hand b :=c are replaced by b:=b + 1.

Table 7: Subdomains and failure-causing rates of du-pairs in Program E

DU-PAIRS SUBDOMAINS  |FAILURE-CAUSING
RATE
1 N
g Pro3) {1} 0
(d (2,3,..,9} 3
@ P2da) SRR g
‘fl g 2 3 §
( ]aa c4a) { ) ‘..-,9} 8
4ot ) 12,3 9) §,
( 4al P(S'r) v ol seny 8
4ot ) (3,4 9) 5
( 4a' p(5'6a) s Ty ceey 7
5
]y <o) {2,3,...9} >
da 3,4,...,9 5
c6a l‘l ¥ ey } 7
(J;d cfd) {21 31 teay 9} %
(. ) (3,4, .., 9} 5
(dh, 2y (3,4,...9) 3
@, &) (4,5, ... 9) 3
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5
)
(d{')b' (‘()b {4.5, .., 9} 6
i
(dyyy Pis.py {2} 0
o pic ) (3.4, .., 9} 3
ab P(5,6a) v by 7
. ) (3,4, ... 9} 5
al “od v e een 7
(| Gel ”(s N {3) 0
i 5
d:’;d‘ P(5.6a)) {4,5, ... 9} 6
. . 5
(dl()d' c:')d) (4,3, . 9) 6
S
(e Cop) (3,4, ..,9} 5

Table 8: Subdomains and {ailure-causing rates of the /P/0-chains in Program E

IP/0)-CHAIN SUBDOMAINS FAILURE-CAUSING
RATE
) ,» u'('z‘m] {1} 0
[d} (2,3,...9) 5
lar "(24«) R g
1
la u4a‘f4a "(5 l) (2) 0
roon o 5
dllr: "4ad:la "(5 (m) (3.4, ... 9} 7
&8 2.3 9 §.
L)y 4g] (2,3, .9} g
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[, il i ] (3,4,..,9) 2
[, ) (2,3, ., 9} s
db o “6a 6“. um {3,4,..,9} -g-
d'b “ﬁbdgb' ug“d‘(m u(]L 1{4, 5, ..., 9} %
[y s ) 2} 0
[y s 60y] (3,4, ..., 9) 2
[y Y B s 3) 0
[y uhg oy s o) |45 9) >

Table 9: Subdomains and failure-causing rates of /P/0;-chains in Program E

IP/02-CHAIN SUBDOMAINS FAILURE-CAUSING
RATE
d'bc, “ﬁbdgb' u(md’ o u(md;m “(w] {5,6,...,9} %
[y s Db Ha Yot Yisi) (4] 0
[y Yo Do Woq ot Vs [[5:609) %
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Table 10: Subdomains and failure-causing rates of multiple-conditions in Program E

CONDITION SUBDOMAINS  [FAILURE-CAUSING
RATE
n<? (1,2} 0
nz?2 (2, ... 9] %
n<i {12} 0
nzi (3,4, ..., 9) 2
Thus,

M(all-uses, P, S) = 1-(1 -g)S(I -2}.)’7(1 _%)4,
MQuuliiple-condition P, §) = 1 - (1 - % X1 - % )
MUP/O-chains, P, $) = 1 - (1 -3 (1 -%)4(1 -%)2(1 e =,

M P/Or-chains, P, S) > M(all-uses, P, §) > M(multiple-condition, P, S).

So, (all-uses)s and (nultiple-condition)® do not properly cover (IP/O2-chains)® by
Theorem 3.1. Hence, i) holds by the definition of the universally properly covers

relation, the transitivity of universally properly covers relation and the Theorem 5 [4]. |

From Theorem 3.2, we have the following hierarchy:
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(IP/02-chains)®  (required-k-tuples+)®  (ordered-context)® (multiplc-c|ondilion)"‘

(all-uses) S -llm = = - - = (context)® (decision-condition)®

(all-p-uses)s

™~

— universally properly covers

(reduced-decision-condition)®
i

(decision)” (condition)*

————— subsumes but does not universally properly covers

Fig. 8. The "Universally Properly Covers" Hierarchy of the Subdomain-based Criteria
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Chapter 4

A New Version of IP/O2-chains
Coverage Criteria

Like required k-tuples criterion, one of the original objectives of 7P/0-chains
coverage criterion is to refine subdomains so that the du-pairs in loops will be examined
more than once if the loop containing that du-pair iterates more than once. It has been
proved later by Frankl and Weyuker in Lemma 3 [3] that to refine subdomains relatedto a
subdomain-bascd criterion will increase the fault detecting ability of that criterion. But, as
the definition of required k-tuples crilerion introduces non-executable k-dr interactions, the
definition of IP/0,-chains coverage criterion introduces non-executable IP/0»-chains, i.e.
the /P/O3-chains that can not be covered by any executable complete path, More precisely,

there are two problems we have to consider

1. How do we identify the non-executable /P/0-chains

2. How do we treat these non-executable /P/0;-chains

These problems have also been noted by Ntafos [13] and by Frankl and Weyuker
[2]. Since the problem of determining whether or not an executable complete path that
covers an IP/0,-chain exists is, in general, undecidable, some /P/0;-chains will have to be
considered at the test data generation phase. In many cases, symbolic execution [9] may be
useful in determining whether or not an /P/0Oz-chain is executable. The solutions for

treating those k-dr interactions that can not be covered by any executable complete path
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given both in [13] and [4] are to discard them simply at the test data generation phase. 1§ we
were to adopt this solution and simply discard these non-exccutable /P/02-chains at the test
data generation phase, then we would lose some chances to refine some subdomains. Even
worse, some executable du-pairs on these /7/03-chains would never be exercised during
testing. A solution for required k-tuples criterion given in the definition of the required k-
tuples* criterion is to require that all f-dr interactions be exercised for / € &, This results in
that every executable du-pair will be covered in the test suite even all required k-dr
interactions that can not be covered by any executable complete path are discarded.
However, we will see later by an example that this solution produces duplicate
subdomains. So, we will not follow this counter-productive way to improve IP/O2-chains

coverage crilerion. Roughly speaking, our approach will be the [ollowing:

1. We will not introduce any additional requirement for original 1P/O7-chains

coverage criterion.

2. We will not simply throw away these non-cxecutable /P/0z-chains. Instead, we
will improve them to be executable und therefore to use them to refine
subdomains.

3. We will utilize the concept of prelix to reduce the duplications of subdomains.

4.1 Definition Of New IP/02-chains Coverage Criterion

In this section, we define the new /2/02-chains coverage criterion to achicve the
objectives mentioned at the end of the last section. But first, we modify the definition of df-

chains given in Chapter 2 to define executable df-chuins.
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Definition 4.1
1. A length | df-chain is an executable du-pair. On the other hand, every executable
du-pair is a length | df-chain,
2. A length m df-chain (m > 1) is a sequence of m executable du-pairs such that
a) The first m-1 executable du-pairs form a length -1 df-chain.
b) If the use of a variable in (mn-1)-th executable du-pair occurs at node ny
then the definition of a variable in m-th executable du-pair occurs at node
.
¢) There exists at least one executable complete path to cover all these m

exccutable du-pairs simultaneously,

i e | \l v X Cint xm
A length m df-chain ¢ is denoted by (d“I 0 dnz, iy D Yo

) and the length of ¢

is denoted by /(c).

From Definition 4.1 we know that every df-chain is executable, i.e. there exists an

exccutable complete path to cover it.

Because some du-pairs may occur several times in a df-chain, in order to

distinguish these du-pairs in a df-chain, we introduce the concept of segment.

: , oJP T — N 3 V’ “m xm = xkl k
Given a df-chain c—(c["], u"2 dn_, A ‘{‘um ”m+l) if s =u, dJt

X) X .
u": o W, : d,, ‘r where 2 € k € r < then s is called a segment of c.
L r r

I should be noted that the multiple occurrences of i 'rdj Y in a df-chain indicates

that the df-chain traverses a loop in the given program. However, the reverse is not always

true, i.c. there may exist a df-chain that traverses a loop in a program but every zj.‘tdjy

occurs only once in it.
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Definition 4.2 A cycle in a df-chain is a segment of the df-chain such that one « "dj Y

occurs at the beginning and at the end of the segment; and "'dj ¥ does not occur in any

other place in the segment.

A cycle may occur several times in a df-chain. Some of them may be deleted from
the df-chain without changing the exccutability of the df-chain while others may have to be
there for the df-chain to be executable. The original IP/Oy-chains coverage criterion
requires at most one occurrence of a cycle in a df-chain 1o be considered. This results in

non-executable df-chains. For instance, program D in Section 3.4 has the following /P/02-

chains:

Yy g Y Ya¥ ¥g Y Y y ¥,y y o
[d ’”1‘141' u4ld4l‘ u d ’1(67)]’ [d Culd .u4|d41,u d5'p(6.8)]

41 741
Y o ig ) Y  Yay Y i i y , ¥
[d. 7, u4|d4|, “4|d41' U d ity I [d 4,,d42. u 2d42, U d,i , p(m)]

I { iy
(4, 42d42' “42‘142' U ds™s Dig gyh [‘[z 42 42' 42"42 ugds” ‘a

But, none of them is executable. Discarding these non-executuble IP/0y-chains will result
in du-pairs that occur on them not been covered. Therefore, we have to overcome this
weakness of the original /P/02-chains coverage criterion in defining a new version of

IP/O-chains coverage criterion. First, we introduce the following concepts:

Definition 4.3 A df-chain ¢ is irreducible if one of the following conditions is satisfied:
1. There is no cycle in c.

2. Any attempt to decrease the number of occurrences of any cycle that occurs in ¢

will disqualify ¢ from being u df-chain.
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Definition 4.4

1. Let ¢ and ¢’ be df-chains. We say that ¢ is deduced from c if ¢’ can be obtained
from ¢ by increasing the number (which muy be zero) of occurrences of a cycle.

2. A cycle in an irreducible df-chain ¢ is said to have height 1. If ¢'is a df-chain
deduced from ¢ by increasing the number of occurrences of a cycle by n then we
say that the cycle has height n+ 1 in ¢

3. A df-chain ¢ is said to be height 1 iff ¢ is irreducible. If ¢ is deduced from
another df-chain, then the maximal height of the cycles in ¢ is called the height of

the df-chain.The height of ¢ is denoted by /i(¢).

For instance, if cg = (a“I , U -) is & du-pair and ¢ = (d‘*- u dx3 ':3) is a df-chain
then cg and ¢ are irreducible. Therefore both ¢p and ¢ are of height 1. But, ¢'= (d‘fz, u“;z
d“;:’, u';:’ d;“, u"‘1 d'z u d'3. u‘3 dr“. u‘4 a"c2 d;:‘.uf) is deduced from c. The
height of the cycle 12 dy 53, ux3 d‘"“, 0 4 daz'uxz d‘3 is 3 in ¢’ and the height of cycle ux3

dd, ug U d, u;z d ux3 d*is 2 in ¢". Hence, the height of ¢’ is 3. If ¢y = (d"r2 (w32 &,

X3 X4 X4 N2 X3 o XD N3 X3 X4 x4 12
w3 dyf, it d? p(2 6)) is a df-chain and (d2 (432 &3, 1 cf dx )2, p(2 6)) is not
a df-chain then ¢y is irreducible. Thus the height of the cycle u;* 32 2, u? &, ug“ d;z,ugz

d‘;:" is 1 in ¢] although it occurs twice in ¢1. But the height of ¢y is also 1 from Definition

4.4 because ¢ is irreducible.

Definition 4.5
1. An IP/O-chain is a df-chain such that the first definition of a variable on the df-
chain is an input of that variable and the last use of a variable is a p-use or an
output of that variable. An /P/0-chain is of freight n if it is a df-chain of height .
2. An IP/Oy-chain is a IP/O-chain of height n.



Because every IP/0,-chain is a df-chain and cach df-chain is executable, every

IP/O,~chain is executable by Definition 4.1.

Generally speaking, a Booleun expression will produce a large number of p-uses in
which many of them may simply produce duplications of subdomains. In order to reduce

the duplication of subdomuains, we utilize the concept of prefix of /P/Q-chains which was

introduced by Schoot and Ural in [15].

Definition 4.6 An [P/Oj-chain ¢; of length m which ends with a p-use is a prefix of an
IP/Oy-chain ¢z il the following conditions are satisfied:

1. The sequence of the first # - 1 du-pairs in ¢| and ¢z and the definition in the m-th

du-pair in ¢ and ¢z are the same, i.c.

X XX X
| __.(dxl’ 1 Id" ¥ 2 d"m m

' . P
L1 I L) B L I T H If”m+l»“m+2))
(S| {’f 2.2 i Sm Unt | Xy
= (R L d N
2 ("l, H2 NNy Hy' Pl T ' '.\')

2. The activating paths of ¢3 have the following form
(e l2 oo Byl oo Bl 2 vee PippebleeFmd2 oo FaoloniTs),

where nj..nj+| and re.arger are def-clear paths with respect to x; and xg
respectively for j=1, .,m-landk=m+ 1 .., 8- 1 g el ina2 o
rms1 is def-clear path with respect to xy,. i.e. all activating paths of ¢z traverse

the edge (Mm+1, Mn+2)-
Proposition 4.1 If /P/0j-chain ¢/ is a prefix of /P/Oj-chain ¢3 then D(c2) < D(cy).

Proof: Let

- 15l ‘[‘2 <2 d‘m X
c| = d‘, u T .
! ( L3 R b S L R i Hm p("m+l-"m+2))
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i

1 X X2 X2 X Xy
(dz . 1 d 2' Mot dxmd-l. " J)
LIS L S [ M X By Tl Tt Iy

¢y =
If ¢y is a prefix of /P/Og-chain ¢3 then the activating paths of ¢; and ¢z are of form

(Il[...ng e II",...H,,,H...I!,,,+2)

(" (o122 e Ry eilppge ) b B2 oo P 1o P42 000 Fya| ...rs)

respectively. If d is an input data such that the activating path {(n1..02 ... Rppee N1
Npiad Pl Fms2 - Fs-1oory) Will be traversed, then d is also an input data such that the

aclivating path (111...12 «.. Myt o ps2) Will be traversed. Hence D(c2) < D(cy). l

From the proof of Proposition 4.1 we know that every activating path of ¢y is a
subpath of an activating path of ¢; and every activating path of ¢ must contain a subpath
that is an activating path of ¢| because they have the sume sequence of the first m - 1 du-

pairs and c3 also traverses the edge of the p-use in last du-pair of 1.

Now we can define new version of 7P/0,-chains coverage criterion. The objectives
are to release those IP/0-chains that may have the sume subdomains as the other /P/0-

chains or their subdomains are the unions of subdomains of other /P/0-chains.

Definition 4.7 The new IP/O,-chains coverage criterion requires that following IP/Og-
chains will be covered at least once, where k < n:
1. every 1P/04-chain that ends with an output of a variable
2. every IP/Oj-chain ¢ that ends with a p-use of a variable and satisfies one of the
following conditions:

2.1. ¢ is not a prefix of any other /P/0j-chain, where j < n.
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2.2, ¢ is a prefix of another /P/0;-chain and there exists at least one executable

complete path p such that p covers ¢ and ¢ is not a prefix of any IP/O-chain

covered by p, where j < n.

We denote the applicable new IP/0y-chains coverage criterion by (new 1P/0y-
chains)® and the subdomain-based new IP/0-chains coverage criterion by (new IP/0,-

chains)s,

It should be noted thit 2.2 in Definition 4.7 is equivalent to say that if an IP/O;-
chain ¢ ending with a p-use of a variable is a prefix of another /P/0¢-chain such that for
every executable complete path p that covers c, there exists an /P/O-chaincionpand cis a
prefix of ¢| then ¢ can be ignored. But, it will be very expensive if one uses this fact to
check that if a /P/0-chain need to be covered in a test suite for & given program. Actually,
we need not to check every executable complete path p that covers ¢ to see if ¢ is a prefix of

2 X2 Ve Am

. S
§ -ch np. sec= , .
some JP/O-chain on p. Suppose c={d ., « . d 'r‘n o Plte 1. ts2)

m' g Tna ) is a prefix
of another /P/0y-chain, then we use algorithm A given below to determine if ¢ need to be

covered. But first we define the extension of a df-chain.

Definition 4.8 Given two df-chains ¢ = (), &'} d 2, t'? 4wy and ¢p =

my' Tnanat my Y Hypol' iy -
(d’: :, u';; dzi ’i—? d:';'l u'\:,:';'). ¢p is called a tail extension of ¢| (or ¢y is tail-extended
tocp) if m<rand nj=kj, for j= 1, .., m. Given two df-chains ¢3 = (d:: u:::ﬂdflf:: u:‘;;
d: ’; 'l “J;T,l) and ¢4 = (d; : u‘,:; dﬁ %22 cIZ':_'_'I. u"}:",_' ), ¢4 is called a head extension
of ¢3 (or ¢3 is head-extended 10 ¢4) if | < iand nj=kj, forj=i,i+ 1, ..., r. If a df-chain
¢y is tail or liead-extended to c; then we say that ¢ is extended to 2. Also, if a df-chain ¢z

is tail or head extension of ¢ then we say that ¢ is extension of ¢|.
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L% I S I £2 Yn-1 . Xm-l Xm Xnt .
Notcthat c=(, u« d-, u* ... d T d ", being a
( LU R B e I LT P R PR T pf"m-l—l"'m+2)) g
o5 . bt te - b e 51 K1 %2 XD m-1  Xm-1
prelix of a /P/0-chain on p is equivalent to llmtc()-(dul, Hyy Ay 1513 oy Wy )

can be tail-extended 1o an /P/0-chain on p with ((,:"". u'f_"') as the first due-pair to add to ¢g
1

for some node ron p.

Algorithm A:
INETIrLY BN Y LS S Ym-1  Am-ly,
co.-(c{”, Uy sy lrlu ["m-l' O )5

B:= [ executable subpaths (a2, ng)ls
c_need _to_be_covered := false;
while ( (B <> empty ) and (not ¢_need_to_be_covered } Jdo
remove one subpath from B;
cpi= ey
D := [du-pairs of form (. ;:: u;::' ) whose def-clear path w.r.t. Xy, terminates
at some node ny on the subpath and ¢y can be tail-extended by using t
he du-pairl;
while (D <> empty) andd ¢ <> IP/O-chain)) do
remove one du-pair from D;
¢} := tail-extension of cg obtained by using the du-pair;
if c; <> IP/O-chain then
repeat
tail-extend ¢; on one subpath start ing from node ng (depth
firstl;
if the tail-extension of ¢ traverses into a loop then exit the

loop as yoon as the tail-extension is executable;
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(* since if there is no use of a variable in the first iteration
then neither in other iterations *)
until an IP/O-chain is formed or the exit node tis reached;
enif;
endwhile;
if ¢ <> IP/O-chain then
c_need_to_be_covered = triie;
endif;

endwhile;

It should be also noted that a particular example of an 7P/0y-chain ¢ that satisfics
2.1 in Definition 4.7 is the IP/Oj-chain that ends with a p-use of a variable and steps
toward a constant output (there is no /P/0-chain that has ¢ as its prefix on that executuble

complete path).

Next, we give a very simple program and apply (new 1P/03-chains)* 1o it to show

that the objectives above are achicved.

Example 4.1 Let F be a program with the following flowgraph representation
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(2) readty) (2) d}
(4)

2<1 z>1

y:=y+2Q Sx) write(z)
y>1

7
y<l write(x)

o x>
xsl!
write(y) o

Fig. 9 Program F and Its Flowgraph

Let x, y, z = 1, 2 be the inputs of program F. If (¢, b, ¢) denotes the input x=a, y
= b and z = ¢ then the executable IP/01-chains of F and their subdomains are given in

Table 11:

Table 11: IP/0-chains and their subdomains in program F

D 1P/0\-CHAINS SUBDOMAINS
o |14 Py o)) (L,LY), (1,1,2))
2 |40y o) (2.1L1), (2,1.2)}
c3 | [d) wy)] {(2,1,1), (2,1,2)}
c |l udlpy o) ILLD, L)
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cs |1 wkdk, piy )] (1,2,1), 2.2,1)}

6 |y uldd, u])] {((L,1L0)

a7 |1 pl ) ((1.1.2), 2,1,2))

e | Py, [(1,2.2), (2,2,2))

P N (1,11, 20,0, (1,2,1), (2,2,1}
cto | [45 i) ((1,1,2), (2,1,2), (1,2,2), (2,2.2))
iy |5, ) ((112), (2,1,2), (1,2,2), (2,2,2)}

Among the IP/O-chains above, ¢2 is a prefix of ¢3, ¢4 is a prefix of ¢g and cjp is a
prefix of ¢1). According to definition 4.7 we can only discard ¢ and ¢1o. For example ¢z
can be discarded because there are only two executable complete paths pi= (s, 1, 2,3, 4,
5.7,8,10,1), p2=(s,1,2,3,4,6,7,8, 10, 1 ) that cover ¢7 and ¢7 is a prefix of ¢3 that
is on both py and p2. So, ¢z does not satisfy 2 in Definition 4.7. But ¢4 satisfies 2.2 in
Definition 4.7 because the executable complete path py covers ¢4, and ¢4 is not a prefix of
any IP/0-chain on p). Therefore ¢4 must be included in the set of IP/0-chains to be

covered.

Note that the subdomains of ¢z and ¢q are the unions of other subdomains. We can
release ¢2 and ¢1g without any problem. But the subdomain {(1,1,1), (2,1,1)} of ¢4 is not
a union of any subdomains although.it is u prefix of ¢g. Therefore the requirement 2 in

Definition 4.7 is necessary to achieve the objective of the new IP/Oy-chains coverage
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criterion. On the other hand, we will prove in Lemma 4.2.3 that the requirements in

Definition 4.7 ure also sufficient.

Obviously, (new IP/0z-chains)" requires that ¢y, €3, ¢4, €5, €6, €7, €8, €9 and ¢y to

be covered at least once in a tesl suite,

In the following example, we will see the differences between the new /P/0;-chains
and the original /P/O7-chains. We will also see the applications of the original IP/Oz-chains
coverage criterion, (IP/O2-chains)®, (IP/Oz-chains), (new IP/05-chains)* and (new IP/0>-

chaing)® to the sume program.

Example 4,2 Consider program D and its flowgraph given in Fig. 6 in Section 3.4. The
original /P/02-chains, upplicable /P/0O-chains and the new IP/0»p-chains and their

subdomains are given in Tables 12, 13 and 14 respectively:

Table 12: Original IP/O-chains in Program D (k < 2)

1D ORIGINAL [P/0g-CHAINS SUBDOMAINS
€| [d : 1(34”] all y's
2|1y, tpdy B all y's
¢3 [dzi’ " "4l2 “42d4r Pa 4n] all y's
41 [d - !(3 5] empty
2 (14" wdy Bys) empty
93 |ld, L 42 "42"4;' ’(3 5)) empty
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q4 [dl"', uﬁd 4; uS-"dSJ', P((':.,'n] empty
qs [dl)', ::4-‘['414’1', us-"ds-", p«':g)] empty
g6 | ld Y, 144';}! 431‘. usydsy. uBy] emply
q7 [d]y, ud';'d“"l'. 114';'c!4':'. usyds-", o (-;‘:7)] cimply
g |[d, “4)1"! 4{, "4'}“14';" uldg, p((-:g)] empty
q9 |[d Y tl“':'dﬁ, 11451'(14';'. usydsy. ux"'] cmpty
q10 [d|y» lg"ds". !J(('::-,)] emply
qn |’ wdl, pg emply
qiz |14, wldd, u)] empty
an |14, tydyy Yydyy 1647 pdy) | empy
q14 [dzi, u4;_d4;. u4;d4f_,. us'ldsy. ’)(6}.’8)] empty
ais |14y tpdy tpdyy 165" 1) empiy

Table 13: Applicable /P/Oy-chains in Program Dk<2)

D APPLICABLE /P/Oy-CHAINS SUBDOMAINS
¢l [dzi. 17(;_4,)] all y's
€2 [dzf’ “4“2‘14;' f’(3f.4|)] all y's
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¢ |4y, “4;‘14;' ”4;"4;’ ”(3i.41)] all y's
Table 14: New /P/Oy-chains in Program D (k £ 2)

1D NEW IP/0 x-CHAINS SUBDOMAINS
cr |4y, ;;(3‘_41)1 all y's
o |ld) "4;"4;' "’(3[.4:)] all y's
€3 [dzi' "4;‘14;' o By g all y's
€4 ["2"’ “4;‘14; “4;‘14;' 'ﬁizddf;' “4;‘14;' “4;d4;’ *"(3[:5)] all y's
es |14y “4;"4;' “4;‘{;;' “4;"4;' sy “4;‘14;' ‘%i‘fsy' ”(é:'n] ys-1
B e AR R
|1 gy tpder oty iy oy 557 y>-1
e | L4, uydg uid iy widy, "ctlydeuy' ug'ds”, ”(6).,7)] ys-1
eo |14, unid,} udgd ud,], uld,g 44y g 0ds”, p(ej.’a)] y>-1
a1 uidyd, uddy iy i wddd wds” 6”1 | y>-l

1t should be noted that ¢4, ¢35, ¢g and ¢7 are IP/01-chains while ¢3 is /P/07-chain

because the number of the occurrences of the cycle za;d4'2, u 4’2d4'2 in ¢4, ¢s, ¢ and ¢7 can

not be decreased, but it can be decreased in ¢3.
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The original /P/0>-chains coverage criterion requires that ¢, €2, €3, 1, s 15 1O

be covered at least once. ({P/Oa-chuins)* requires that ¢y, ¢2, ¢3 1o be covered at least once,

Among the new [P/0)-chains above, ¢y, ..., ¢ and ¢y wre prefixes of others. But,
we claim that only ¢s need lo be covered. Therefore, (new 1P/03-chains)* requires that cs,

¢7, ¢g and ¢ to be covered at least once.

Since ¢| is a prefix of ¢z and ¢ is on the executable complete paths py =(x 1, 2, (3,
41, 42)5,3,5,6, 7, t)Yand pa = (s, 1, 2, (3, 41, 42)3, 3, 5.6, 8, 1 ) that cover ¢|; ¢z is a
prefix of ¢3 and ¢3 is on both py and pp thut cover ¢2; ¢1 and ¢z do not satisly the condition
2.2 in Definition 4.7. Similarly, ¢3 is a prefix of ¢4 and ¢4 is on both py and p2 which
imply that ¢3 does not satisfy 2.2 in Definition 4.7. There arc only two exceutable complete
paths p; and pz that cover cq4. ¢5 and ¢6 arc on py and pp, respectively. cq is a prefix of ¢5
and cg. Thus, ¢4 does not satisfy 2.2 in Definition 4.7. Finally, ¢ is o prefix of ¢7 und ¢y
is a prefix of ¢1o. But, p is the only executable complete path that covers ¢ and py is the
only executable complete path that covers cg. ¢7 is on p| and ¢)q is on p2 imply that ¢ and

cg do not satisfy 2.2 in Definition 4.7. So, the claim is correct.

Let Subipror (Suby.ips/o02) denote the subdomains ol (1P/02-chains)® and (new

IP/03-chains)s respectively. Then

Subiproz = {{all y's), {all y's}, {all y's}}
Subn.proz={{ysS-1 L {y>-1},{ys-1L{y>-t]])

Now, we can see from Example 4.2 why we do not require that every IP/0y-chain
that ends with a p-use of a variable to be covered at least once in Definition 4.7. The
selection of /P/Oy-chains in 2 of Definition 4.7 minimizes duplication of subdomains. For

instance, in the example above, JP/0)-chains ¢g and ¢7 have exactly the same subdomains,
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while the subdomain of ¢4 is a union of the subdomains of ¢5 and ¢7. Therefore, it is

redundant to require that ¢4 und ¢ to be covered at least once during testing.

On the other hand, the purpose of 2.1 in Definition 4.7 is to capture indirectly the
effects of a4 program input on a constant output. Therefore, it is necessary to require that

cach IP/0-chain in 2.1 be covered at least once during testing.

We also can see from Example 4.2 that every non-cxecutable /P/0-chain (g1, ...,
¢15) required by the original IP/Oz-chains coverage criterion is modified to an executable
IP/O-chain (c4, ..., ¢10) in the new version of [P/0>-chains. The subdomains are refined in
the new IP/O3-chains coverage criterion without introducing too many duplications of
subdomains. In fuct, this can also be seen from the following Example 4.3 where the

program has no non-executable /P/0-chains.
Example 4.3 Consider program E and its flowgraph given in Fig. 7 in Section 3.4.

Because there is no non-executable /P/0-chains in Program E, the original IP/05-
chains, applicable /P/07-chains and new IP/O»-chains are the same. They were given in
Tables 2 and 3. The subdomains of IP/0-chains and IP/0;-chains were given in Tables 5
and 6.

The subdomains of di-pairs were given in Table 4. Because required k-tuples*
criterion insists that every du-pair is covered at least once, all subdomains in Table 4 belong
to the subdomains of required k-tuples* criterion. As we can see from there that there are
too many duplications,

But, the new IP/Oo-chains coverage criterion is more efficient. In Tables 5 and 6,
n

1P/0~chain [ 1'“. p(;A“)] is a prefix of [d} , u,,d 42, B ;.r)] and [dl::, u42d 42, p(; Ga)] which
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are on the executable complete paths that cover [d) . p(é" aq) The IP/01~chain [4{1; p(s' 6]
is a prefix of [‘!;;:’ uﬁ:! dy f’(;,;)l and [‘14;;’ uﬁf‘, c{.";,. p(;m)] which are on the executable
complete paths that cover [t{‘;;. P(Si,Cm)]' The IP/0)-chain [‘ﬁ;;' u(,:‘, ¢{)';!. p(;'(m)] is a prefix of
[ 4ib’ “6‘;1 d():i, %i, c{,)b, p(s' 0] and [‘{1';;' uﬁ';, ‘ﬁf{’ "Gii ‘{':d p(s"’(m)j which are on the executable

[} [ i i i i > z v YA v Y a1 \J
complete paths that covers [d,. . ¢, P(S.(m)]' Thus, we can remove subdomains {2, 3,

v 9), {3, 4, ..., 9) and {4, 5, ..., 9} which are refined by other subdomains.

According to the definition of new IP/O3-chains coverage criterion, there is no

special requirement for the following /P/0-chains:

1. the first definition of an /P/0-chain occurs in  loop
2. the last use of an /P/0-chain occurs in a loop

3. the first definition or the last use of JP/0-chain occurs within more than one loop

“Vhereas required k-tuplest criterion produces two required elements that specify two

distinct iteration counts for the loop considered.

4.2 Comparison of New IP/02-chains Coverage and All-uses

Criteria

In this section, we assume that ajl programs satisfy the requirements given in
Section 3.1. In addition, we require the program under test to satisfy: f) NFAUU property:
every feasible path from the entry node traversing a node having definition of a variable v
must reach a node having a use of v (if programs do not satisfy this property, then may

have the possibility of delining an unused variable).
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As we have seen in the hierarchies given in Chapter 2 and Chapter 3 respectively
that (JP/O4-chains)* is not as good as (all-uses)* and (required k-tuples*)* criterion for
some programs and their specifications under the strictly includes relation and the
univeisally properly covers relation. In this section, we show that (new IP/O3-chains)*
strictly includes (all-uses)* in Theorem 4.1. We also compare (new [P/O2-chains)® with
(all-uses)s under measurc M in Theorem 4.2 and its corollaries. But first we prove the

following lemma.

Lemma 4.2.1 Let ¢ be an arbitrary df-chain in a given program P and its flowgraph
G(V,E). If p is an exccutable complete path that covers ¢ then ¢ can be extended to an IP/O-

chain covered by p.

Proof: Suppose the lemma is not true for a given program £ and its flowgraph G(V,E).
We will show that this will result in a contradiction. Let S be the set of all df-chains that can
not be extc':nded to an [P/O-chain in G(V,E) for some executable complete paths covering
them. Then S is not empty. Because we assume that the input domain of program P is
finite, the df-chains in G(V,E) is finite. Hence, S is finite and the df-chain that has maximal

length in S exists, Let ¢ = (af:‘ ooy u?: ) be a df-chain in § with maximal length. Because ¢

can not be extended to an /P/0-chain covered by an executable complete path p, c itself is

not an /P/0-chain. So, d;';; is not an input of variable x or uf: is neither an output of
variable y nor a p-use of variable y.

Case I: cr; is not an input of variable x

Ir d:l is not an input of variable x then x must be defined by using variable v at

node m. Since the executable complete path p covers ¢, p reaches node m which has a use

of v. Thus the variable v is defined at node / on p by NFAUD property. So, we have a df-
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chain¢'= (d’v. u:;d:\';, u-:;). Since the length of ¢’ is greater than the length of ¢ and ¢ is
the df-chain in § with maximal length, ¢’ ¢ $. Therefore, ¢’ can be extended to an /P/0-

chain covered by p. But ¢ is head-extended to ¢’. So df-chain ¢ can be extended to an IP/0-

chain covered by p. This is a contradiction.

Case 2: u,’, is neither an output of variable y nor a p-use of variable y:

In this case, we can also deduce a contradiction by tail-extending ¢ to ¢" whose
length is greater than the length of ¢. Let p be a complete path that covers c. If u"’ 'is neither
an output of variable y nor a p-use of variable y, then y is used to define some variable ¢ at
ﬁode n on path p, i.e. there exists a feasible path from the entry node to a node having
definition of variable z. Thus, by NFAUU property, the feasible path reaches some use of

z via some def-clear path with respect to z. Hence, ¢'= o, u::ld‘;;, u:di, u?) is a df-

chain. Now we use the same argument as in Case | to deduce a contradiction, Thus the

lemma is proved. I

Note that there may exist an executable complele path p that covers a df-chain ¢, but
¢ can not be extended to an /P/0-chain on p if the program does nol satisly NFAUU
property. One example of this case is the executable complete path (s, 1, 2,3, 4, 6, ¢ ) that
covers df-chain ¢= (d%'. u§,) in Program G given in Fig. 10. The program does not satisfy
NFAUU property because the feasible path (s, 1,2, 3,4, 6) from the entry node traversing

node 3 having a definition of variable y can not reach u use ol y.
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®—_»(? read(x)
(2)

Fig. 10 Program G and Its Flowgraph

Because every du-pair is a df-chain from the definition of df-chains, Lemma 4.2.1
implies that every du-pair can be extended to an IP/0-chain ¢. However, if the height of cis
greater than 2, then by removing some cycles in ¢ we can get an IP/0-chain ¢’ of the height
less than 3. Moreover, ¢’ is still an extension of the du-pair. Thus, we have proved the

following

Lemma 4.2.2 Every du-pair can be extended to an /P/0y-chain or an [P/0-chain.
Now we can prove the first Theorem in this section.

Theorem 4.1 (new IP/03-chains)* strictly includes (all-uses)®.

Proof: From Lemma 4.2.2, we know that (new IP/03-chains)” includes (all-uses)*. So,
we need only to prove the strictness. Let us consider the program E and its flowgraph

given in Section 3.4. The paths

pi=(,1,231
;=0 1,2,4,51
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p3=1(s1,2,456751
pa=1(s1,2,4,56,5,6,51)

satisfy (all-uses)* but do not satisfy (new 1P/03-chains)”. Therefore, (all-uses)* docs not
include (new IP/0z-chains)™ (Note: this proof was given by Ural and Yang [16]. Jt works
here because there is no non-cxecutable /P/0-chains in the example). So, Theorem 4.1 is

proved. |

To compare (new [P/0z-chains)$ with (all-uses) under measure M, we need the

following lemma.

Lemma 4.2.3 Let ¢| be an /P/0O-chain that ends with a p-use. For every executable

complete path p that covers ¢y, if ¢ is a prefix of an IP/0-chain on p then D(c|) = e ID(C)'
]

whete I = {c | ¢ is an IP/O-chain such that ¢ is a prefix of ¢} and D(c¢) is the subdomain of

c.

Proof: From Proposition 4.1 we know that D(¢) € D(¢)) il ¢ € I On the other hand, if x
e D(c)) then there exists a complete path p such that p covers ¢} during the application of

x. Because ¢ is a prefix of an IP/0-chain ¢3 on p by the assumption, x € D(c3) by

definition of subdomains. Hence, D(c}) = VY ID(C)' |
e

Theorem 4.2 For every given program P, there exists a number n such that (new IP/0,-

chains)® covers (all-uses)s.

Proof: Let d be a du-pair and D(d) denote the subdomain of d. We need to prove that D(d)

is a union of subdomains of some /P/0,-chains required in Definition 4.7. But first, we
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show that D{d) is a union of subdomains of some /P/0,-chains. Let I be the set of all IP/0-

chains ¢ that are extensions of d, then ID(C) < D(d) by the definition of subdomains,
ce

On the other hand, if x € D(d) then there exists a complete path p that traverses d

during the application of x. From Lemma 4.2.1, there exists an /P/0-chain ¢g on p such

that ¢y is an extension of d. Thus ¢g € 1 and x € D(cp). So, we have D(d) = b J'D(r:).
ce

Let # be the maximal height of all /P/0-chains in P. Then D(d) is a union of
subdomains of some /P/0y-chains in P, where k € n. If one /P/Og-chain ¢ in/ is not

required in Definition 4.7, then ¢ satisfics the condition in Lemma 4.2.3 and hence D{(cy)
is a union of subdomains D(c;) of some /P/0;-chains, where ! < n. We substitute these
D{(cp) for D(c¢y) and repeal if there still exist some /P/O-chain that are not required in
Definition 4.7, where k € n. Because the number of /P/Oy-chains is {inite in P, via finite
steps we have that D(d) is a union of subdomains of some /P/Oy-chains which are required

in Definition 4.7, where k < n. Theorem is thus proved. I

From the proof of Theorem 4.2, we know that a D(¢) occurs in the union iff ¢ is an
extension of d. In other words, d is a du-pair on ¢. Thus, the number of the occurrences of
cach D(c) in all unions is the number of du-pairs on ¢ which is less or equal to the length of

¢. Therefore, we have

Corollary 4.1 For a given program P there exists a number # such that for each /P/0j-
chain ¢ i one duplicates the subdomain of ¢ /(c) times, where j < n and I(¢) is the length of

¢, then (new IP/0y-chains)’ properly covers (all-uses)s.

From Theorem 3.1, we have
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Corollary 4.2 For a given program P there exists & number # such that for cach 1P/0;-

chain ¢ if one duplicates the subdomain of ¢ I(c) times, where j < i and /(¢) is the length of

¢, then (new [P/0y-chains) is better than {afl-uses)s under measure M.

Generally speaking, to find all JP/0,-chains is more expensive than to find all du-
pairs. But, this does not mean that one has possibility of being trapped in an infinite loop.
Although [P/0-chains are defined based on df-chains, to apply (new I1P/Oy-chains)® to a
program we need not to find all df-chains of the given program first because we do not
need /P/Oj-chains for j > n. The following algorithm determines the all /2/0,~chains of a

given program.

Algorithm B:
find the set I of all du-pairs of the program;
C := [du-pairs that start with an input and not end with a p-use [;
I:=1-C
while (C <> empty ) do
Jor each du-pairs in [ do
tatil-extend the df-chains in C that can be tail-extended by using the
du-pair;
if the tail extension of the df-chain is an 1P/O-chain or the height of
the tail-extension is greater than n then delete it from C;
endfor;

endwhile
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4.3 Comparison of New IP/Oy-chains Coverage and Required

k-tuples* Criteria

In this section, we compare (new [P/O,-chains)s and (required k-tuples*)s under
measure M. It is trivial to sce that (new IP/O,-chains)* and (required k-tuples*)" are
incomparable in strictly includes refation (see Theorem 5 [16]). We prove the following

theorem.

Theorem 4.3 (new IP/O,-chains)s and (required k-tuplest)s are incomparable in

universally properly covers relation.
Theorem 4.3 will be proved if we have proved the following two lemmas

Lemma 4.3.1 For any given integer k, there exists a program P and a specification §
such that M(N-IP/02,P.S) > M(k-dr*,P,S), where N-IP/03 and k-dr+ denote (new IP/Op-

chains)s and (required k-tuples*)s, respectively.

Proof: For a given integer &, let's consider program H and its flowgraph given in Fig. 11.
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Fig. 11 Program A and Its Flowgraph
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In program H, after [irst iteration x| = | +—"~(’52-+-—ll After second iteration xy =1 +

k(k + 1), and after third iteration x; = 1 + El ',‘;+ D So, only ilerating more than 2 times

the control flow may reach the node & + 4. Thus the new IP/0;-chains (j S 2) are:

Table 15: New IP/0;-chains in Program H (j £ 2)

D NEW IP/0;-CHAINS
c1 | 1" g

2 } 14", Pgag)

c3 |14" P(:+5.k+6)]
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It should be noted that the definitions of ali other x; for j # 1 arc not inputs of the

program. Thercfore, there are no /P/O-chains stariing with one of the first definitions of

these x;. (new 1P/0,-chains)’ requires that ¢3, ¢4, ¢7, €8, €10, ¢11 to be covered at least

once. Ifn=1,2,..,

1 + 2k(k + 1) are the input of the program and § is a specification

such that n =1 +-REL D il cause an error, then the subdomains of ¢3, ¢4, €7, €8, €j0,
2

cy| are:

Dicy) = (1 +22E21 {42k + 1) )

Dicq) = {nn# 1 +-2ELD 44244 1))
Diep) = {1 +- &2

Dicg)=1{nln #1 +ﬂg+_ll}

D(cip) = {1 + 2k(k + 1)}

D(cy) =

(ntn # 1 +2k(k+ 1)}
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The failure causing rate of D{c¢7) is 1. Theretore M(N-1P/02,1,5) = 1.

But, for any [ £ & the I-dr interaction does not have subdomain D(c7). Since onc
and two iterations of the loop are non-executable and the maximal iteration (four) of the
loop does not have subdomain D(c7), if we choose one iteration and four iterations of the
loop to generate the test paths for these [-dr interactions whose first definition of a variable

or last use of a variable in the loop, then they can not have subdomain D{(c7). So, M(k-dr,

1.5) < 1. Hence M(k-dr, 1,S) < M(N-1P/02,1,5). |

From this example we can also sce that the application of (required k-tuples*)’
produces too many duplications of subdomains to write them out. lt also generates a

considerable number of non-executable test paths.

Lemma 4.3.2 For any given integer n, there exists i program P and a specification §

such that (new IP/0,-chains)’ does not properly cover (required 2-tuples*)s.

Proof: For a given integer k, lel's consider program / and its flowgraph given in Fig. 12.

Xi=X+{

write(x)

Fig. 12 Program / and Its Flowgraph

For this program, (required 2-tuplest)s yields the same results as (all-uses)s. Let x

= 1, 2 be the inputs of the program I, The du-pairs and their subdomains are:
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4 2"
()" Pagy 1) )", pasy) 12

So, the multi-set of subdomains of (required 2-tuples*)s is

S“bz-dr-t- = { { 1:2}! { 1121 {2}2 ]v
where B’ denolcs the set B occurs r times in the multi-set. But, (new IP/Oy-chains)
requires that [¢ : uzxdzx. u4x] and [4 u uz"dzx, usx] to be covered at least once during

testing. The multi-set of subdomains of (new IP/0,-chains)® is

Suby.ipron=1 {1}, {2} }.

So, (new IP/0y-chains)® does not properly cover (required 2-tuples*)s for program /. |

Note that
1. In the example above, if we repeat (1} and {2} two times respectively then the
deduced (new IP/Oy-chains)s properly covers (required 2-tuples*)s for program
{.
2. Because of Theorem 4.2, it is impossible to give other kinds of examples so that
(new IP/Oy-chains)$ does not properly cover (required .2-tup[es+)5. In other
words, (new IP/Oy-chains)’ does not properly cover (required 2-tuples)s only

because that:

a) some subdomains do not duplicate enough,

b) some subdomains which are refined by the others are missing.

But, it's these improvements that make (new IP/Oy-chains)$ more efficient than the other

criteria,
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To prove Theorem 4.3, we also need following trivial propositions

Proposition 4.3.1 For any given program P and its specification S, M(N-IP/0,,P.5) S
M(N-IP/0y+1,P.S), where n =1, 2, ....

Proof: From the Definition 4.7, we know that the multi-sct of subdomains ol (new 1P/0,,-
chains)® is a multi-subset of the multi-set of subdomains of (new IP/Oy4-chains)®, wherc
n =1, 2, ... Since multi-set properly covers its multi-subset, (new IP/0,4 -chaing)s
properly covers (new IP/Oy-chains)s. Thus, M(N-1P/0y,P,§ ) £ M(N-IP/0y1,P.S5),

where n =1, 2, ... I

By the similar argument as in the proof of Proposition 4.3.1 we have,

Proposition 4.3.2 For any given program P and its specification 8, M(k-dr+,P.5) <
M((k+1)-drt,P,S), where k=2, 3, 4, ....

Proof of Theorem 4.3: From Lemma 4.3.1 and Proposition 4.3.1 we know that there
is no integer n such that (required k-tuples*)s criterion universally properly covers (new
IP/0,~chains)s for any given integer k. The Lemma 4.3.2 and Proposition 4.3.2 imply that

(new IP/Oy-chains)® does not universally properly cover (required k-tuples*)® criterion for

any integer k and n. |

Although (new IP/0,-chains) and (required k-tuple=*)s are incomparable under
universally properly covers relation, for each individual program we still have the

following:

Theorem 4.4 For a given program P, therc exists a number n such that for cach /P/0j-

chain c if one duplicates the subdomain of ¢ m({c) times, where j £ n and m(c) is the total
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number of df-chains on ¢, then (new IP/0,-chains)s properly covers (required k-tuples*ys

lor program P.

Proof: Using the same argument as in the prool of Theorem 4.3 we can show that the
subdomain D(c) is a union of subdomains of some 7P/0-chains required in Definition 4.7
for cvery df-chain ¢. Since (he subdomain of cach /-dr interaction is uctually the subdomain
of & df-chain for any / < k if the subdomain of the /-dr interaction is not empty, every
subdomain in (required k-tuples*)s is u union of subdomains in (new IP/0,-chains)s,
where 2 is the maximal height of df-chains in program P. Let m(c) be the total number of
df-chains on /P/0j-chain ¢, where j < n . Then the deduced (new IP/0,~chains)® properly

covers subdomain based (required k-tuples®)s, |
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Chapter 5

Conclusion and Future Research
Directions

We have dzfined a new version of [P/0,-chains coverage criterion, and proved that:
(i) Applicable new IP/0a-chains coverage criterion strictly includes applicable all-uses
criterion; (ii} For any given program 2, there exists a number 2 such that subdomain-hased
new /P/0,-chains coverage criterion covers subdomain-based all-uses criterion; (iii) For
any given program P, there exists a number # such that for cach 1P/0j-chain ¢, il one
duplicates the subdomain of ¢ /(¢) times, where j < n and /(¢) is the length of ¢, then
subdomain-based new /P/0,~chains coverage criterion is better than subdomain-based all-
uses criterion under measure M; (iv) Subdomain-based new [P/0p-chains coverage
criterion and subdomain-based requited k-tuplest criterion are incomparable in “universally
properly covers” relation; (v) For any given program P, there exists a number # such that
for cach /P/0j-chain ¢, if one duplicates the subdomain ot ¢ m(e) times, where j €0 and
ni(c) is the total number of df-chains on ¢, then subdomain-based new 1P/0y-chains

coverage criterion properly covers the subdomain-based required k-tuples™ criterion.

A new method of handling non-cxecutable df-chains is used. The method is also
applicable to the improvement of other criteria that suffer from non-cxecutable paths such

us the required k-tuples* criterion, cte.
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The main costs of applying the subdomain-based /P/0,-chains coverage criterion to
a program come {from: (1) determine /P/0,-chains; (ii) selecting /£/0,~chains that need to be
covered, While the most difficult part of (i) and (ii) is actually to determine whether or not
an 1P/0,~chain is exccutable, i.c., whether or not an executable complete path that covers
the 1P/0,~chain cxists. This is, in general, undecidable. Like required A-tuples criterion, 10
apply the new [P/0,-chains coverage criterion, we can perform the symbolic exccution
technique given in [9]. But, it will be very interesting to study new methods to determine

exccutable complete paths.

Because we are concentrated on the fault detecting ability of /P/0,-chains coverage
criterion, the complete comparisons of the new /P/0,-chains coverage, all-uses and
required k-tuples* criteria nced further study. Nevertheless, we conjecture that the new

1P/0,~chains coverage, ali-uses and required k-tuples* criteria have the sume complexity.
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