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; - ABSTRACT

Dynamic program testing is widely used to affirm the quality of software by
executing the software under test in a controlled env1ronmcnt over a finite set of tests, It
gcnerally falls into two" categorlc‘; structuml testing and functional testing, A structural
testing strategy corfsists of two seemingly distinct phases: test path selection and test data
selection, : '

Most path selection criteria are based on control flow analysis which examines the
branch and loop structure of a program. Previous work has shown that path selection
criteria based merely on control flow information are not cnough to insure the quality of
software under test. .

In this thesis, a class of data flow oriented path selection criteria is proposed. They
are based on the identification of associations between each output variable and all input
variables that influence that output variable in a source program. These criteria require cach

such association to be examined at least once during testing.

It is shown that these criteria are stronger than other data flow oricnted criteria. These
criteria also bridge the gap between the relatively weak branch coverage and the impractical
path coverage. More importantly, an effort is made towdrd using program semantics such
as input-output relations in the path selection process. This is an imprgvement over using

program syntax alone.

The complexity of the proposed criteria is then discussed, and a
test data selection is given,

ief discussion on
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Chapter 1 - . -

Introduction | ) )

t

1.1 Backgfoun_d and Rei;_lted Work
«

Dynamic program testing is the most widcly' used method for affirming the quality of

software, because the applicability of formal validation methods (e.g., inductive assertion

| technique for proving the correctness of programs) is currently confined to the validation of \/
rclatfv’ely small combinatorial algor_ithms [3,7]. The general aim of dyna.mic i)rogrum
testing is to reveal the existence of é‘rrors in a program by ‘executing it in a controlled
environment over a finite set of test cases. Strategies for sclcctiﬁg such test cases gcncrall y
fall into two catcgor%cs: functional testing and structural testing. |
In functional tésting, programs are viewed as intgracting collections of functions |3, \

Ty

4), and the specification of a program is used in test selection [9]. The strongest functional

testing strategy is exhaustive domain testing in which a program is tested for all possible )

input values of its input domain. Surveys of functional testing strategics can be found in

(3, 4, 7, 18, 19, 201. o , i

N

In structural testing the flowgraph of a program is used in test selection [9]. The



strongest structural testing stratcgy is exhaustive path testing 'in which test data are selected

to impose execution on all control 1;aths- in the program's flowgraph during tésting.
Surveys of structufal testing strategies can be found in [6, 7, 8, 9, 10, 11, 13, 16, 17, 21, .
22]. _ -

&\ It is well known t.hat both exhaustive domain testing (ih terms of functions of a
program) and exhaustive path testing (in terms of structures of a program) are usually
impractical due to the large, possibly infinite, number of input values and paths,
respectively. Thus, researchers have been concerned with developing feasible, yet
effective, testing strategies.

| Given a program flowgraph, a structural testing strategy may be divided into two
scemingly distinct phases: test path selection and test case generation (also réferred to as
test data selection) [9]. In the test path selection phase (or, in short, path selection), a finite
sct of ‘c&mtrol paths is sclected from the flowgraph to, in general, satisfy a test selection
criterion, which is defined in terms of c'ontro} and/or data flow information contained in the

flowgraph. In the test case generafién phase, a finite set of test data is_ﬂchogcn frém the
program input domain in order lo iniﬁége the execution on sclccted-paths.

‘Most path sc]ection criteria are based on control flow analysié which lcxa'mines the”
Branéh and loop structure of a program [10]. The commonly-referenced ¢ontrol flow based
path selection criteria are statement, branch, and path coverage criteria [7]. For example,
branch coverage criterion reé]uires the selection of test data that result in traversing those
paths which cover all edges in the flowgraph at least once. Althoug}i it is necessary to
exercise a certain degree of control structures [10, 15], path selection criteria, based merely

on control flow information, are not enough to insure the quality of software under test
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[10, 13, 14]. The commoﬁly‘—refcr,ehced data ﬂ0\-v based structural test selection criteria are
Rapps a‘n'd Weyuker's all du-parhs criterion [10,12], Ntafos's rcql.rircd K :ricplc.; crilcrion‘
[8], and Laski a;d Korel's (ordered) context coverage criterion |6]. Thésc three criteria
(ahd their derivatives) focus on tracihg the flow of data in a flowgraph through the
assaciations betwéen aSsignmcnts of valﬁcs to variables (i.e., definitions of variables) and
the uses of these variables in either assigning values to other variables or determining the
outcome of conditional branching. .

From the point of view of testing the embedded functions in a program, structural
tesﬁng strategies based on data flow are perhaps more suitable than those based on control
flow because the former identifies data dependencies and thus implicitly requires testing of

functional segments [3], - - ‘ _ -

1.2 Motivation

'
]

It is important to note that all du-parhs criterion considers individual associations between
definitions and uses of variables. On the other hand, required K-tuples and (ordered)

context coverage criteria consider the chains of associations between definitions and uses

of variables that relate to each other.

« _The structural units that serve as the basis of these test selection criteria are a du-path

[10], a k-dr interaction [8], and an ordered elementary data context [6]. None of these
structural units is indicative of the implemented program functionality which can be viewed
as a set of functions from the program input to the program output. It was Korel who

suggested that the identification of all input variables that influence a s'pccific output



variable may be helpful in providing better understanding of the implemented program

functionality and in checking the consistency ‘of the program with its specification [5]. It
was our feeling that such identification could be used to form a structural unit which is
indicative of the,implemented program functionality and tHus serves as a basis of a more
effective test selection criterion than other data flow based criteria.

H

1-.3 Major Contributions of the Thesis

In this thesis, we propose a class of data flow oriented path selection criteria, called the
O{—paths criteria, Ithat are based on the analysis of the effects of program inputs on
program outputs. These criteria require that each critical association between each input
variable and the output variable that is influenced by this input variable is examined du'rﬁg}
testing. The siructur“al unit which serves as the basis of these criteria is an Ol-path, Th.is
structural unit is a chain bf definition and use pairs which starts with a program inptit and
ends with a program output. An Ol-path is a more comprehensive structural unit than a
du-path, a k-dr interaction, and an ordered elementary data context in the sense that it
fclutes to.the implemented program functiongl'ity.

We prove that all simple Ol-paths is stronger than all du-paths criterion and

incomparable with both required K-tuples. and (ordered) context coverage criteria, We also

show that all k-iteration Ol-paths is stronger‘%]an all simple Ol-paths. 1t is then proved that

'

all k-iteration Ol-paths is stronger than required K -tuples and (ordered) context coveruge

s . 5
criteria for some integer k. \

[S

‘-\n



__Chapter 3 demonstrates the strength of the pew criteria b

1.4 Outline of the Thems—i; )

'

" The thesis proceeds as follows. In Chapter 2 we review some of the most oftedi cited path

selection criteria and introc_luce definitions of new terms used throughout this thesis. Then
we formally: define our criteria and explore their properties ag well as their complexity.

.\J;:puring tllerp with existing
ones. In Chapter 4, some examples are prcIScntcd to illustrate the proposed criteria in detail.

Chapter 5 concludes the thesis and points out new directions for future rescarch.



Chapter 2 o

Test Path Selection Criteria \

; ’ . y

2.1 Terminology .

To facilitate the precise description of the path selection criteria given later in the thesis and

to formalize the discussion, we now define a set of terms used ihroughout.this thesis.
2.1.1 Control Flow Related Concepts

A program is either a main program or a subprogram (i.e. a procedure or a function) and
has onc entry statement and one exit statement.

To apply a path selection criterion, a program is represented by a digraph G(V, E)
called‘*progran; flowgraph (or, in short, flowgraph), where V is 4 set of nodes, each
representing a statement or a block of statements, and E is a set of edges which represent
the control flow between nodes.

-Every statement block has the following two properties:

a) Whenever the first statement is executed, the rest are exécuted subsequently in the

i;ivcg physical order;

€7L>



b) The first statement is the only statement which may be executed directly after

execution of a statement in another block.

In a flowgraph, the entry and exit statements of a program are represented by two
sepdrate nodes called entry node and exit node, respectively. b
Note that the terms prograni and (its corresponding) flowgraph are used

. . . . > \d .
interchangeably’in this thesis, as long as such usage does not cause confusion.

"A subpath is a finite, possibly empty, sequence of nodes (n{, n3, ..., ng), where

there is an edge (nj, nj41) for 1<€i<m-1 and m>2. 'I(‘he number of nodes in a subpath is

referred as the length of the subpath. We call a subpath with length 2 or more a path.

A complete path is a path whose first node is the entry node and whose last node is

. the exit node of a flowgraph G.

A loop-free path is a-path (ni, nz; ..., N) in which all nodes are distinct.

A simple cycle is a path in which all nodes except the first and the lz&s‘t are dif‘.‘tincl. 4
A loop of a prggram flowgraph G is a strongly corﬁctcd subf;raph of G

I

. N
Yo

corresponding to a Kk

ping construct in a program.

The loop entry of a loop L is a node n in L such that there is an cdgc {m,n)inG,
where m is notin L1 A ioop exit of a loop L is a node m in L such that there is an edge
(m,n)in G, where n is not in L. In this thesis, we assume that every loop in G has sihglc
entry and single exit.

A conditional-é'ﬁtry loop is a loop whose loop entry and loop exit are the same

\
node.

. -
The loop body of a joop L is a subgraph of L which consists of

a) (if L is a conditional-entry loop) all nodes and edges in L except the loop



entry, the i mcommg edge and outgomg edge of the loop entry;
b) (if L is not a conditional- cntry leop} all nodes and edges in L except the
loop exit and the outgoing edgc of the loop exit.
k iterations-of a loop (k20 k is integer) L is a subpath, from the loop entry to the
loop exit, which contains exactly k+1_occmcn€es of the loop entry.
A loop is said to be traversed k times (k20, k is integer) in a path if the path

A

includes k iterations of the loop.

2.1.2 - Data Flow Related Concepts S

-

A variable occurrence in a program is said to be a definition if it is
'

1) on the LHS of an assignment statement, or

2) in an input statement from which it obtains a ;Ialue, or

3) an output or input/output parameter in a subprogram call. y

A variable occurrence in a program is said to be a use if it is not a definition. A use is _

further classified as a computational-use (c-use) or a predicate-use (p-use). A c-use is a
" use which directly affects the computation being performed (e.g., on the RHS of an
assignment statement) or allows one to see the result of some earlier definition (e.g., in the
list of variables of an output statement). A p-use is a use which directly affects the control

flow of the program (e.g., in a predicate portion of a conditional transfer statement) [10].

Every p-use is associated with an edge in the flowgraph.
A path (ny, ny, .., -1, D) iS5 4 def-clear path with respect to (wrt) a variable

x from node nj to node ny, or to edge (np.1,ny) if there are no definitions of x from node
' Ry



ny to node npy,{ (inclusively).
< A path (ny, n2, ..., np-1, D) is axdu-path wrt a variable x if-nl has a definition of
x and either: 1) ny, has a c-use of x and (ny, ..., ngy) is a def-clear loop-free path wrt x or a

def-clear simple cycle wrt x, or 2} (ny.1, ) has a p-use of x and (ny, ..., "m:j) s il
def-clear loop-free path wrt x . , ) l g
The use of a variable y is affected i)y the definition of a variable x if
either a) x and y.are the same variable and the use of y is rc?ﬁ:hcd by
the definition of x through a def-clear path wrt x
or  b) the definition of a variable z is given in terms of the use of x at a'node

which is reached by the definition of x through a def-clear path wrt X,

and the use of y is affected by the definition of z.
- A conditional-entry loop is said to be marked if there existé a definition (\f a variable
which succeeds a use of th_e'same variable in the loop body. |
f/ A simple path is a path in which every loop is trdve‘_r-sed zero time, or
1\ | a) twice, if it is a marked conditional-entry loop, or
b) once, if it is not a'marked conditional-entry loop.
A k-iteration path (k20, k is irrrteger) is a path in which every loop (if there exists
any‘) is tl“aversed up to k times z;nd at Jeast one loop in the path is traversed exactly k times.

-y

2.1.3 Concepts Related to Ihput-Output Relations

]

-

]
An input of the program is the definition of a variable which

1) occursin an input staternent, or
. o



- 2) is defined by an assigﬁmargt statement whose RHS contains only censtants, or -
3) isdefinedbya subprograrx;l‘ call whose parameter list c;)ntains the variable as an
- output parameter (i.e. the variable is not defined before the cali, but it will
| obtain a value from the called subprogram).
An output of the program is either
1) ac-use of a variable in an output statement or
2) an\outpul statement containing only constants which must be regchcd from the
cnﬁy 'nodc through a path at contains at least one p-use.

An output-free path is a path in which none of its nodes contains an output.

A definition of 4 variable x (denoted by dy) influences an output O if

-

a) O’is a c-use of a variable in an output statement and the c-use is affected by dy,
T or
. b) O is an output statement containing only constants and the last p-use which

]caci_s the éontrol flow to O is affected bi/ dy, or
L8

¢) A definition of variabley, dy, influences O, and the last p-use (if there is any)
which leads the control flow to dy is affected by dy.

An output-input path is a path (np, ..., n;y) where ny contains an input I and npp
contains an OUt‘pl‘lt O which is influenced by 1. |

An external p-use is a p-use which is not in any output-input path.

A redundant use is a use which has no effect on any program output and is not an
external p-use. > B

An extended output-input path is an output-input path followed by a path which

10



terminates with an edge ¢ontaining an extemﬁuse.‘ _
» .
For short, we call an (simple/k-iteration) output-input path or, an extended
(simple/k-iteration) output-input path an (simple/k-iteration) QI-path,
s .
2.1.4 Coverage Related Concepts

Let P be a set of complete paths of a program's flowgraph. We say that a node i is

covered by P if P contains a path (ny, .., ng) such thati = ny for some j, 1sjsm.
Similarly, an ed‘ge (i1, i2) is covered by P if P contains a path (ny, ..., ny) such

that i = nj and ijg = nj,.1, -for some j, lstm-l'. A path (if, ... ig) is covered by P

if P contains a path (ny, ..., ny) such that iy = njand ip = njy 1, .. g = njek-q for
some j, 1<j<m-k+1.

Path selection criterion A includes path selection criterion B iff for any given
flowgraph, any set of comi;lcte paths that satisfies A also satisfies B. "A includes B" is
represented by A=>B. Path selection criterion A is equivalent to path selection criterion
B iff A=>B and B=>A. "A is equivalent to B” is represented gy A=B. Path selection
criterion A strictly includes path selection criterion B if for any given flowgraph, A
includes B but B does not include “A strictly includes B” is represented by A-wmgnB3.
Two path selection criteria A and B are incomparable if neither A=>B nor B=>A. "A and

B are incomparable” is represented by A #B.



]

2.2 Assumptions

s .~\_\

In order to apply a data flow-based test selection criterion to a given program, the program

should meet some constraints on program structure, This may include data structure

" constraints and/or contfol structure constraints. In general, these constraints are so weak

that the applicability of the critérion is not affected even if the program fails to satisfy them.

Furthermore, there exist techniques (e.g., data flow analysis) to check the violations of the

constraints. These constraints guarantee that the applied criterion is valid and meaningful

for the program. For instance, if a definition of a variable can not reach a use of that

variable through any executable path, then the du-path is meanin'glcss for the definition. In

this thesis, we call a program to be well-formed if it meets the following assumptions

(constraint$}——

L.
2.

All statements are reachable from the program entry,;

Every definition of a variable reaches some use of that variable through a
def-clear path; |

Every use of a varBﬁbIe is reached by some definition of that variable through a

def-clear path;

. There is no redundant use; '

. Every definition that reaches an output through a path must influence that

output; .
If a’complete path is an output-free path, and in addition, if the absence of
outpﬁt in the path is not treated as an anomaly, then the first node in the path is

considered to contain an output-input path.

In this thesjs, only well-formed programs are considered.

12
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;

Assumption 5 deals with the case that there is no output in a complete path. Such
paths are usually those that are similar to the path (marked by .boldface lincs) in the
following program. As we see, assumption 5 guarantees that this path is tested.

-

Y/

13
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2.3 Commonly-Refererced Control Flow-Based

]

Criteria
e 4 o
First, we define the three most commonly-referenced control flow criteria: all nodes

_ - A
(statement™coverage), all edges (branch coverage), and all paths (path coverage). These

three criteria are solely based on the control structure of a rogram, The objective of these
-} .

criteria is td\_providc tests that will cover certain control flow-based structural components

. - k
of a given source code.

Let G be a program's flowgraph, P be a set of complete paths of G, anéi
PATHS(G) be the set of all possible complete paths of G. Then,
CF1, P satisfies the all-nodes criterion if P-covers every node of G.
CF2. P satisfies the all-edges .critcrion if P covers every edge of G.
CF3. P satisfies the aII-parhs criterion if P = PATHS(G) | _

It is wcll known that all-nodes is a rather weak criterion, representing necessary but

by no means sufficient conditions for obtaining a reasonab%e test. All-edges criterion,

—

lhowever, implies all-nodes and has come 10jbe regarded as a minimal standard of

achicvement in structural testing (i.e., minimally thorough [7]). All-parhs is the strongest

'strlictural testing criterion. These ghree criteria are partially ordered by strict inclusion as

shown in Figure 1. Since for most programs (which contain looping consn‘ﬁgts) PATHS is
infinite, thus, alﬂpaths is often not practical. On the other hand, important combinations of
nodes a;d/or edges may be overlooked by ali-nodes and/or;all-edges. The data flow based
criteria. described in the .rest of this chapter distinguish those combinations that are

important in terms of the flow of data through a program.

o
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. All-Paths

All-Edges

All-Nodes o ,

i

Figure 1: Inclusion Hierarc::hy of the Commonly-Referenced Control Flow-Based Criteria
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2.4 Commonly-Referenced Data Flow-Based
Criteria
In this section, we define the family of path sclecuori criteria proposed by Rapps and

Weyuker, requ:rea‘ k-tuples proposed by Ntafos, and context coverage and ordered ﬂ)

context coverage criteria proposcd by Laski and Korel.

2.4.1 Rapps and Weyuker's Family of Criteria

Rapps and Weyuker define a family of path selection criteria based on data flow analysis
and analyze these criteria in an atté_mpt to specify the inclusion relationships that exist
‘among the members of the family [10, 12]. We now present these criteria using our
tgrminology.

DFI1. P satisfies the all-p-uses criterion if for every node i of G and every
definition of a variable x at node j, P covers a def-clear patj\l wrt x from i to each edge
contatning a p-use of x.

DF2. P satisfies the all-defs criterion if for every nodé i of G and every definition
of a variable x at node i, P covers a def-clear path wrt x from i to some node containing a
c-use of x or to some edge containing a p-use of x.

DF3. P satisfies the all-p-uses/some-c-uses criterion if for every node i of G
and every definition of a variable x at node i, P covers a def-clear path wrt x from i to each
cdge containing a p-use of x; if such a node\d(_)cs not exist, then P must cover a def-clear

‘path wrt x from i to some node gontaining a c-use of x.

16
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O

DF4. P satisfies the aII-c-usesls}ime-p-uses criterion if for every node i of G

and every definition of a variable x at nogic i, P covers a def-clear path wrt x from i to cach
]

node containing a c-use of x; if such a node does not exist, then P must cover a def-clear

path wrt x from 1 1o some edge containing a p-use of x.

Y DF5. P satisfies the all-uses criterion if for every node i of G and every definition

of a variable x at node i, P covers a def-clear path wrt x from i to cach node containing a

c-use of x and to each edge containing a p-use of x.

DF6. P satisfies the all-du-prdrhs criterivn if for every node i of G and every

\' .
definition of a varizbi®x at node i, P covers every du-path wrt x.

Rapps and Weyuker [10] have proved that the above criteria are partiall‘y ordered by

strict inclusion as shown in Figure 2.

All-DU-Paths

_ fA U-Uses

Al-C-Uses/Some-P-Uses All-P-UsesiSome-C-Uses

All-Defs All-P-Uses

¥

Figure 2: Inclusion Hierarchy of Rapps and Weyuker's Family of Criteria
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\
2.4.2 Ntafos's 'I‘Required k-Tuples Criteria
A Do

o
Required k-tuples is a class of program path selection criteria. These criteria require that a
set of complete paths covers chains of alternating definitions and uses, called k-dr

intcractions. A k-dr ( k22) interaction is a sequence of k-1 definitions and k-1 uses
[d1x 1), ug(x1), da(x2), u3(X2), o dic-1 (k1) Uk(Xic-1)] Which are associated with k
distinct nodes ny, n3, ...,ng, wh;:rc, for all i, 1<i<k, the i-th dgfinitic')n dj(xj) at node nj
" reaches the i-th use uj,.1(x;) at node n;, 1 through a def-clear path. Note that, the variables

X1, X2, ..., Xk.1 need ‘not be distinct. Note also that, as a restriction required by these

criteria, no nodes in a flowgraph contain data flow interactions o‘f the fc;trm dr or
compound statements (e.g., conditional transfer statements with compound predicates).
Required k-tuples reqﬁires that a) each k-dr interaction not involving branches or loops be
covered at least once, b) each k-dr interaction with its last use involving.in a conditional
transfer be covcredl_atileast twice - each represents a different outcome of the conditional
transt}:r, ¢) each k-dr interactio; with its first def"inition or last use involving in a loop to be
covered at least twice - each represents a different iteration count corresponding the”

boundary ‘condition of the loop [8]. U

~

2.4.3 . Laski a{Id Korel's Criteria

(Ordered) context coverage deals with liveness of vectors of variables, called (ordered)
elementary data context. It requires xat each (ordered) elementary data context of every

node be covered at least once [6].

+
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A definition of a variable x at a node i is live at a node j if there exists a def-clear
path with respect to x from i to j. An (ordered) elementary data context of a nodei ™\
that uses'a vector of variables X(i) = [x1, x2, ..., x] is a (ordered) set of definitions ec(i)
= [def(x1), def(x2), ..., def(xp)] of all variables from X(i) such that there exists a control

path from the entry node to node i and all definitions from ec(i) are live at i when the path

reaches 1.

2.4.4 A Comparison -

It is shown [2, 10] that these data flow-based path selection criteria are pﬁrtiuily ordered by

strict inclusion as shown in Figure 3.

Ordered Context Coverage All-DU-Paths Reqz}ired-k-Tuples
v
Context Coverage All-Uses

All-C-UsesiSome-P-Uses - All-P-UsestSome-C-Uses

All-Defs All-P-Uses

Y

Figure 3: Inclusion Hjcrarcl}y of the Commonly-Referenced Data Flow-Based Criteria
j
~
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2.5 The Proposed Criteria

-

2.5.1 " Definitions of the QI-Paths Criteria

We now introduce a class of new path selection criteria called the Of-paths criteria. These
‘ -

criteria are based on input-output relation analysis. 'I:hc basic uni} to be tested is an OI-path.
Let G be a program's flowgraph, and P be a set of complete paths of G. Then,
Ol1. P satisfics ik all simple Ol-paths if P covers every Wle.OI-path in G,
Ol12. P satisfies the all k-iteration Ol-paths if P~ covers ‘cvery k-iteration
Ol-path in G, and if (k-1)20, P satisfies all (k-1)-ireration Ol-paths, where k is an

integer and k20,

2.5.2 Properties of the OI-Paths Criteria

t

. |
Lemma 1: All m-iteration'Ol-paths criterion strictly includes all n-iteration Ol-paths
criterion, where m, n are integers and m>n20.

Proof: The proof is immediate from the definitions of the these criteria.

Lemma 2:  All 2-iteration Ol-paths cn® strictly includes all simple OI-paths
criterion, and al{ simple Of-paths criterion strictly includes alf 0-iteration Ol-paths criterion

"Proof: The proof is immediate from the definitions of the these criteria.

Lemma 3:  All simple Ol-paths | criterion is incompariable with alf I-iteration OI -paths

)
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criterion,
Proof: The proof is straightforward, since a complete path, jn a program, which covers a
simple OlI-path containing 2-iterations of a condiﬁonal-entry loop, does not necessarily

cover a 1-iteratioppath contiining I-iteration of the same loop.

+ The above results are gfaphically shown'in Figure 4.

All m-Iteration Ol-Paths (m>n>2)

\ / \
\ All n-Iteration QI-Paths :
) A _ y
 / .
- All 2-Iteration OI-Paths
~p
All S}mple OlI-Paths . All 1-Iteration OI-Paths

All O-Iteration OI-Paths

Figure 4: Inclusion Hierarchy of the Proposed Criteria.
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2.5.3 Corﬁplexity of the OI-Paths Criteria

We now determine the upper bound on the amount of complete paths needed to satisfy each

Ol-paths criterion. We call such an upper bound the complexity of the criterion.

Theorem 1: The complexity of all 0-iteration Ol-paths is O(2t),.and the' complexity of
all simple Ol-paths is O(22Y), and the complexity of all k-iteration OI-paths is O(2Kb),
where t is the number of conditional transfers in a program and £ is an integer, &21.
Proof: In ordcr. to-compare the complexity of our criteria with that of all du-paths, we
assume that no nested loop exists in thé program. The worst case for these criteria is a
flowgraph which maximizes fhc number of Ol-paths. This occurs when a flowgraph has
the fonﬁ outlined in Figure 5a (or Figure 5b, for all 0-ireration Of;patlzs), where every path
in the flowgraph is an Ol-path.

In. Figure 5a, there is only one loop in the flowgraph and all other conditional

trgmsfcrs are contained in the loop. Thus, the amount of complete paths needed for al{
simple Ol-paths criteric‘m is 1+2t-1y* (2t-1y =228, Similarly, theﬂamount oi% fest cases
nceded for all k-iteration Ol-paths’ “esiterion is 1+(2t-1)2+ .+ (2t-1)k = [(2t-1)k+1
-1 25 1)-1] = 02K, ‘

In Figure 5b, there is only one loop in the flowgraph. The loop body does not contain
any conditional transfer. Thus, the number of O-iteration Ol-paths is 2“:0(2"5. We

complete the proof.

We would like to point out that the mere fact that these criteria have such bounds,

b



does not necessarily rule them out for practical consideration. The cost of a criterion should
“be considered for an individual program, rather than dismissing it based on the upper

bound [12]. | | ’

AN
l

A
(>

A
N

Figure 5a: The Worst Case for the OI-Paths Criteria (exceptall O-iteration Ol-paths )
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Figure 5b: The Worst Case for all 0-iteration Ol-paths
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Chapter 3

A Comparison of the Path Selection Criteria

In this chapter, we prove that all simple Ol-paths criterion strictly includes all du-paths
and is incomparable with both required k-tuples and (ordered) context coverage criteria,
We also prove that all k-iteration Ol-paths strictly includes required k-tuples and (ordered)

context coverage criteria for some integer k.
3.1 Relative Strength of the Existing Criteria

To determine what would be an effective path selection criterion for revealing errors in
programs, Clarke and others [2] have undertaken an evaluation of the criteria presented in
section 2.3 and section 2.4, 'Thel evaluation is based on the inclusion relationships between
two criteria. The results of the evaluation are shown in Figure 6. They found that the
strongest data flow-based criteria in the three families mentioned in section 2.4 are
incomparable and that, in two of the families, the strongest criteria fail to satisfy certain
minimal coverage requirements. They then introduce minor changes to the originai criteria

to assure that they each satisfy these minimal coverage requirements and show how the
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modified criteria related to each other (see Figure 7).
(o‘

All-Paths

Ordered Context Coverage N All-DU-Paths Required-k-Tuples
_ ~—
v v
Context Coverage All-Uses
;
All-C-UsesiSome-P-Uses ) Y All-P-UsesiSome-C-Uses
All-Defs All-PcUses
f
v
All-Edges
A4
All-Nodes

- Figure 6: Inclusion Hiérarchy of the Commonly-Referenced Criteria
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{/ ’ = All-Paths w

+ : +
Ordered Context Coverage All-DU -P‘r\h.‘v ) Required-k-Tuples
N
- . +
Context Coverage

All-Uses )

All-C-UsesiSome-P-Uses All-P-Uses!Some-CdHes

v

All-P.Uses
All-Defs l

All-Edges

All-Nodes

Figure 7: Inclusion Hierarchy of the Modified Criteria,
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3.2 OI-Paths vs Control Flow-Based Criteria

L.emma 4: All-paths criterion strictly includes all k-ireration Of-paths criterion, where k
is an integer and k0. §

Proof: The proof is immediate from the definitions of the two criteria.

”
Lemma 5: Every use in a well-formed program is affected by some input(s) of the

program.

Proof:  Since the program is well-formed, any use of a variable x (denoted by uy) is”
: ' o

reached through a def-clear path wrt x by some definition of x (denoted by dy) which
precedes uy.
1.if dy is an input, uy is affected by dg;

- 2. otherwise, there must be a use of, another variable, say y, which dcfiﬂeme

L
T,

above arguments areot%w applied wrt y.

-

These arguments succeed at step 1 in finite iterations for well-formed programs. Therefore,

we complete the proof.

Theorem 2: Every edge of a ﬂowgrapﬁ § is covered by some simple Ol-path as well as

by. some l-iteration Ol-path.
GA
Proof:  This proof consists of twp parts:

1. we prove that every p-use p in G is covered by some Ol-path;
~

2. we prove that if a p-use is covered by an bI-path, this p-use is also covered

28



by some I-iteration Ol-path as well as by some simple Ol-path.
Part]: We assume the opposité to be true, i.e. there exists a p-use 7 which can not be
covered by any OI-pathjpf G, then p must be an external p-use which can not be reached
by any output-input path.
There arc two cases:
a) Any complete path that covers p is an output-free path. However, according to our
assumption 5 given in section 2.2, any -such path is an cxtcr;ded output-input path,
Contradiction! S | ' -
b) There exists a complete path, containing an output, which covers p, but it does not
cover an output-input path. However, this is impossible, because that oulput must be
| influenced by some input along the path in a well-formed program.
Part 2: From the viewpoin't of syntax, the func.tion of a loop is to use some variables
defined outside the loop t; redefine some variables previously defined outside the loop
through du-paths residing in the loop body. Note that in a well-formed program, no matter
how many times the loop is traversed, these variables are still defined. That is, if an

Ol-path contains traversals of some loops, then no matter how many times these loops are

traversed, the path remains to be an Ol-path. Hence, if a p-use is covered by an Ol-path

from node nj to node npy, this p-use is also covered by some l-iteration Ol-path as well as

by some simple OlI-path from node nj to node np,. ~

Corollary 1: Every use in a flowgraph G is covered by some simple Ol-path.
Proof: Since any use is either a p-use (associated with some edge) or 4 c-use (associated

with some node), and from Theorem 2 all the edges and therefpre all the nodes in G are
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~covered by some simple Ol-paths, we complete the proof.
Corollary 2: All simple Ol-paths criterion strictly includes all-edges criterion, and a.H
1-iteration Oi-pc'uhy criterion strictly includes all-edges criterion.
Proof: Immediate from Theorem 2.

N
Theorem 3: All 0-iteration Ol-paths criterion is incomparable with both all-nodes
criterion and all-edges criterion. ;
Proof:  All O-iteration Ol-paths criterion does not include both all-nodes criterion and
a!f-cdgcs criterion, because the former does not require edges and nodes in a loop to be
tested. All-nodes and all-edges does not include all 0-iteration OI-paths, because they do

-not require all the of loop-free Ol-paths (i.e., O-iteration Ol-paths) to be tested.

These results are graphically shown in Figure 8.
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All-Paths
All k-Iteration OI-Paths (k22) .

All 1:Iteration OI-Paths

~All Simple QI-Paths

All-Edges
. v
All O-Iteration OI-Paths

All-Nodes

Figure 8: /’f:hc Ol-Paths Criteria vs the Control Flow-Based Criteria
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3.3 OI-Paths vs Data Flow-Based Criteria

3.3.1 « All Simple OI-Paths vs All Du-Paths

Lemma 6: If the use of a variable x (denoted by uy) of a du-path wrt x is covered by a

simple output-input path, say I----------- >0y, then the du-path is covered by some simple
output-input path.

Proof: From the given condition [----->uy ----- >0, we can separate the proof into three

-

parts according to the location of dy.
1: In case that I--------- >dy---m-me-- DUy m=mmnman >OI, the proof for this case is immediate:
the du-path js covered by this simple output-input path or (if ux is in a loop which is

traversed less than twice by the path) by the simple output-input path obtained from

[

expansion of the original simple output-input path such that that loop is traversed twice.

2: In case that I----------;w->'ux --------- >0O[, we apply the following arguments:
; e
dy-----" -
a) If dy itself is an input, dg~--------- SUysn-mn- >0O1 must be an output-input path

since there is no redundant use in a well-formed program (thus, dy must influénce
O through uy ). The path can be reduced to a simple path by removing some
iterations of each loop (if there is oany)_ within path uy-----=sv- >0r. The new path

‘from_dy to O is a simple output-input path and it covers the Qu-pathl
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b) If dy is not an input, then it must be defined in terms of some other variable, say

y. From Lemma 5, there must be some input Iy which affects the use of y

Lemma 7: If the use of a variable x of a du-path wrt x is covered only by a simple

extended output-input path, then the du~path must be coyeréd by some simple extended

output-input path.
Proof: From the given condition I--------- >0Op------ >0 SR >P, where P is an
external p-use that leads the control flow to the exit node, we can separate the proof into

three parts according to the location of dy which reaches uy through the du-path (denoted

1:In case that [----->Op----->dy------ >uyg----->P or I----->dy----->0[----->uy----->P, the
proof for this case is immediate: the du-path is covered by the this simple extended

output-input path or (if uy is in a Ioop which is traversed less than twice by the path) by the

33
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simple cxtended output-inputpath obtained from expansion of the original simple extended

output-input path such that that loop is traversed twice.

2: In casc that dx------ >[------ S DUy memmnne >P, since the program is well-formed,
dyx must influence Oj through this path. We apply the following arguments:

a) If dy itself is an input, dy--------- >I-~--§-->OI is an output-input path. Therefore, the

' <. S
du-path is covered by the simple extended output-input path

b) If d is not an input, then it must be defined in terms of some other variable, say y.
From Lemma 5, there must be some input Iy, which affects the use of y (denoted by
uy ). So we have Iy--------- >(uy,dy)----->I-meeeee >0J----¢--->uy----->P. Since the.

program is well-formed, Iy must influence Of, thus this path is an extended
output-input path. The path can be reduced to a simple path by removing some

iterations of each loop (if there is any) The new path obtained is a simple extendccgé
output-input path and it covers the du-path dy--------- >Uy.
3: Case: dy is not covered by the path: [---->01---->uy. If dy itself is an input, then either

dy---->ux---->P is an extended output-input path or emry-\-uédx----mx---->P--—->cxit is

an output-free path (thus, entry----->dy----->uy----->F is an extended output-input path by

assumption 5 given in section 2.2). Otherwise, the arguments for 2b can be similarly
applied. Therefore, the du-path is covered by some extended output-input path which can

be reduced to a simple extended output-input path covering the dl_l‘-'palh.
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Theorem 4: All simple Ol-paths criterion strictly includes alf du-paths criterion.
Proof: All simple Ol-paths criterion => all du-paths criterion can be immediately proved
by using Corollary 1, Lemma 6, Lemma 7. The strictness of the inclusion can be prbvcd by

considering the program and its ﬂowgraph.givcn in Figurc 9,

nentry - begin
nl input (x);
n2 if even(x) then
n3 Li=x/2

else
n4 L:=(x-1)/2;
nS zi=f (L)
no . if not integer (z) then
n? z :=round (z);
n8 output ('z =', z);
nexit ~ end.

Figure 9: Example E1 and Its Corresponding P:lowgraph

There are four complete paths in the example (see Table 1). All these paths éc simple
paths.

{
Table 1: The Set of Complete Paths in Example El

pl = (nentry, nl, n2, n3, n5, n6, n7, n§, nexit), \
p2 = (nentry, nl, n2, n3, n5, n6, n8, nexit), %
p3 = (nentry, nl, n2, n4, n5, n6, n7, n8, nexit),

p4 = (nentry, nl, n2, n4, n5, n6, n8, nexit).

I3
/

The path set P = {pl, p4} satisfies the all du-paths but P does not satisfy the a{f simple

Ol-paths which requires all four of pl, p2, p3, p4 being tested. -
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3.3.2 OI-Paths vs Required K-Tuplés

"Theorem 5: All simple Ol-paths criterion is incomparable with required k-tuples
criterion.
Proof : First, we note that required k-tuples does not include all simple Ol-paths , because
the I:a'mcr docs not consider the case when the definition of a variable and its use occur at
the same node [1], whereas the latter requires the case be covered. Furthermore, all simple
Ol-paths rcciﬁires that not only the direct effect (see definition of affect in section 2.1.2)
but also the indirect effect (see definition of Mmugsqfa@ption 2.1.3) to be tested.

It is obvious that all simple Ol-paths does not include required k-tuples , since the latter
requires loops in a prog'ram be tested for two different iteration counts whereas the former
does not. However, we believe that a}[ simple Ol-paths is inherently "stonger"lthan
required k-tuples | because it is straightforward to see that every k-dr interaction [8] is
covered by some simple Ol-path(s). In fact, by including an additional condition to the
former, it become "stronger” than the latter. The added condition is fairly reas:)nablc since
it asks that, while generating a set of complete paths, each loop is entered at least twice
(corrf:sponding to the boundary condition of the loop): one minimum, one some larger

iteration. Of course, the resulting Ol-paths are not simple paths any more.

Theorem 6: All t-iteration Ol-paths criterion strictly includes required k-tuples criterion,
where ¢ = max(iteration count corresponding to the boundary conditions of any loop).
Proof: 1tis straightforward to see that every k-dr interaction is covered by some simple

Ol-path. If the fi t defimti

n or the last use in a k-dr interaction occurs in a loop, then

two distinct iteratioh counts (which comrespond to the boundary conditions of the loop) are
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produced for the loop in required k-tuples criteria. The same conditions can be also

incorporated into the simple OlI-path which covers the k-dr interaction. The simple OI-pﬁfﬁ
before inf:orporation is, of course, a simple Ol-path which traverses the loop for the
minimum (i.e., one) iteration count, and the simple OI-path after incorporation is an
s-iteration Ol-path which traverses the loop for s iteration count, where s corresponds to
the other (larger iteration count) boundary condition and 1<s<t.

The strictness of the inclusion can be seen from Lemma 1 and Theorem 5. Q.E.D.

3.3.3 OI-Paths vs Ordered Context Coverage

»

Theorem 7: All simple Ol-paths criterion is incomparable with both context coverage
criterion (Strategy II) and ordered context coverage criterion {modified Strategy 11).
Proof - First we show that ordered context coverage (and thercfore context coverage )

does not include all simple Ol-paths by the following example:

Menyy  begin
ng input (x);
ng if odd(x) then
d n3 :)utput (N
e]éé
ngqg - output (0);

Nexit end.

Figure 10: Example E2 and Its Corresponding Flowgraph
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The only ordered elementary data context associated with the flowgraph (shown in
Figure 10) is ODC(n2)=[def(x) at n1]). Thus path P1= (“entry: ni, ng, n3, Nexjt) satisfies
ordered context coverage but does not satisfy all simple OI-paths which requires both Py

and Pp= (Nentry, N1, 12, N4, Nexit) to be tested.

It is obvious that all simple Ol-paths does not include context coverage (and

therefore ordered context coverage ), because the former-only considers simple paths.

Theorem 8: All (m+1)-iteration Ol-path criterion strictly includes both context coverage
and ordered context coverage criteria, where{m =\\max(number of uses at anS/ node).

Proof: First of all, we shall show that each q;c'lered elementary data context (and therefore

cach elementary data context) is covered by some k-iteration Ol-path, where

k<max(number of iterations of any loop). ?

5

Let i be a node that uses a set of variables X(i) = irxl, X2, «» X] and ec(i) = [dj1,
di2, -y dini be an ordered elementary data context of i, where subscripts (il, i2, ..., in) is
a 1-1 mapping of subscript_s (1,2, ..., n) and dj; denotes the definition of xj; (1<r<n) a_nd
these definitions are reached in the same order as they are given in ec(i) by a control path
from the node containing d;j to node i. By the definition of an or&ered elementary data
context, such a control path exists. i.e., we have the path
dj1---->dj2---->......=-->djp---->1. It is obvious that this path is covered by some Ol-path.

Of course, this Ol-path must be a k-iteration OI-path, where k is an integer.
Next, we prove that k can be determined (i.e., k€m+1). |

There are two cases for the proof:
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L. If the path dj[---->djp---->......---->djp---->1 is loop-frec (i.c., it is a du-path wrt

xi1), then from Lemma 2, we know that it is covered by some simple Gl-path. i.c.

k=1<m+1.
a) there is only one occurrence of node i in the path, then at most a-iterations arc
needed to reach each djp at least once (so, it becomes defined), where

a=max(number of elements in a subset of ec(i) contained in a loop) and 1<ren.
Note that a<n<m, thus k=asm.

or *

b) the first occurrence of i precedes the node containing dj(s...1), where 1s<n, then

at most k=max(b, c+1) iterations needed to reach ecach definition in cc(i) once

and then to reach the last occurrence of nogc i, where b=max(number of
elements in a subset of [dj, dj2, ..., djg] contained in a loop) and

c=max(number of elements in.a subset of [dj(s4.1), dj(s+2), .- din] contained
in a loop).

The strictness of the inclusion can be seen from Lemma 1 and Theorem 7.

The complete results obtained in this section are graphically shown in Figure 11,

e .

39



=

' All-Paths
‘ 4 _
All (m+1 }-Iteration Ol-Paths All Simple OI-Paths All t-freration OI_-PatlLs
‘  / Y ,
Ordered Context Coverage All-DU-Paths _ Required-k-Tuples
v
Context Coverage All-Uses )
!

All-C-UsesiSome-P-Uses All-P-UsestSome-C-Uses

All-Defs : All-PrUses

\J
All-Edges

|

e All-Nodes

Figure 11: The Complete Inclusion Hierarchy
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Chapter4 -

Two Detailed Examples

4.1 Illustration of the All Simple OI-Paths

Criterion

y.

In this section, we dq)nonstrate‘lhc coverage of all simple Ol-paths criterion with respect to
all du-paths criterim{. ‘

The s.i}fple program shdwn in Figu%c 12 is equivalent to the one used Rupps and
Weyuker [10, 12]. This program computes X to the power of Y for any real number X
and any integer number Y.

From Tables 2 and 3, it is straightforward to see that all simple Ol-paths covcragc, is

——
more comprehenswe than that of all du-paths. That is, every-du-path is c.oy.crcd by some
simple Ol-path, but not vice versa (see Tables 2a, 2b, 3a, and 3b). As shown in Tables 2¢
and 3c, all simple Ol-paths requires more extensive path coverage by testing the loop over
4 tests where as all du-paths only requires testing 6vcr 2 tests (moreover, only on'c test

will drive the program to traverse thc loop twice).

All simple Ol-paths is more thorough and informative than a!l du-paths. To see thxs
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note that every simple Ol-path is actually a series of definition-use chains (i.e., du chains)

/i

from an input to an influenced output. Each such chain better capture the data flow in the

corrupondmg functional segment of the spcc1ﬁcat10n A simple Ol- paths extends thc_

coverage of several du-paths to a larger, more meaningful functional _segment.

Furthermore, local du-chains are overlooked by the all du-paths but not by all simple

Ol-paths. These du-chains as well as other non-local du-chains play important roles in the

input-output relation analysis.

Nentry
nj
n2
n3

n4

l'l5'

ng
ny

ng
ng
nio
njl
Nexit

begin

input (Y);

POW :=Y;

if Y< O then
Yi=-Y~

Z:=1;

input (X);

while Y £ 0 do
Z:=7*%X;
Yi=Y-1

end;

if POW < 0 then

Z:=1/Z;
ANSWER = Z+1;
output (ANSWER)

end.

Figure 12: Example E3 and Its Corresponding Flowgraph.

use {Y)
dof {¥)

usa (Z.X)
del {Z)

Cariry)
() dat gv)

@ use (Y)
dal (POWY

~



Table 2a; All the DU-Paths in E3

du-path g wrt type of use
dul:  (ny,ng) Y c
du2; (ny, n2,9n3, n4) Y p.c
du3:  (ny,n3,n3, ng) Y p
dud: (51, ny, n3, ns, ng, ny) Y ‘p, C
Qus:  (ng, 3T A7) Y p.c
du6:  (ng, np, n3, ns, ng, ng) Y P
du7:  (ng, ns, ng, ng) Y p
duB:  (m7,ng,n7) " Y p.c
du%:  (n7, ng, ng) Y p
dul0:  (np, n3, ng, ns, ng, ng, ny) POW P
dull: (n2,n3, n4, ns, ng, ng, n1Q) POW : P
dul2: (ny, n3, ns, ng, ng, ng) POW p
dul3: (ny, n3, ns, ng, ng, nyq) POW P
duld: (ns,ng, n7) X ¢
dul5: (ns,ng, n7) Z c
dul6: (ns, ng, ng, ng) Z c
dul7: (ns, ng, ng,n1Q) Z c
dul8: (n7, ng, ny) Z c
dul9: (n7, ng, ng, ng) " Z c
du20: (n7,ng, ng, n10) zZ c
du2l: (ng, 1) -z ¢
du22:  (nyg,nyq) - ~ ANSWER c
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Table 2b: Non-Inclusive DU-Paths in E3

ndul:

ndu2:

ndu3

ndud:

ndus:

ndu6;

ndu7:

(ny, n2, n3, n5, ng, n7) | ndu8:
(nq, n7, n3,ng) | ndu9:
; ((nl,nz,n3,n5,h6,n8) : ndulQ:
(n4, ns, ng, n7) - ' * ndull:
(n9, n3, n4, n5, ng, ng, ng) | ndul2:
(n2,n3,ﬁ4,n5,n6,n8,n10) ndul3;

(n2, n3, ng, ng, ng, ng)

(n2, n3, ng, ng, ng, nQ)
(n7, ng, n7)
(n7, ng, ng, ng)

(n7, ng, ng, niQ)

. (ng, n10)

10, 011)

Table 2c: A Set of Compiete Paths Satisfying All DU-Paths

(Nentry, N1, N2, N3, N4, NS, NG, 1§, N10, 011, Nexie)

(Nentry» P1» N2, 13, N4, N5, Ng, N, 1Y, 1110, N] ], Nexit)

(Nentry, N1» N2, 13, N5, N6, NG, N1Q, N11, Nexip)

(Nentry» 11, N2, N3, N5, NG, Ng, N9, N]Q, N[ ], Nexit)

(entry, 01, 12, N3, N5, NG, 17, NG, Ng, N9, N1, N1 1, Nexip)

(Nentry» M1» 2, 13, N4, N5, 06, N7, 16, 17, g, Ng, 110, 111 Nexit)

44
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Table 3a: All the Simple OI-Paths in E3

simple OlI-path

(ns, ng, ng, ng, n10 “1.,1)

(ns, ng, ng, n19, n11)

(s, ng, 17, n, 17, n, ng, ng, 10 011
(ns, ng, n7, ng, n7, ng, ng, N10, n11)

(n1, n2, n3, n4, n§, ng, ng, nj0, n11)

(ny, n, n3, n5, ng, ng, n10, ny1)

(ny, n, n3, ng, n3, ng, ng, ng, N1, Ny1)

(ny, n2, n3, n5, ng, ng, ng, njQ, n1)

(ny, n2, n3, n4, ns, ng, n7, ng, n7, ng, ng, njQ, n]1)
(ny, n2, n3, ns, ng, n7, ng, 7, ng, ng, n]Q, N |)

(n1, n2, 3, n4, n5, ng, n7, ng, n7, ng, ng, 19, n1Q, n11)
(n, n, n3, ng, ng, n7, ng, n7, ng, ng, N9, 119, n11)

(n5, ng, n7, ng, n7, ng, ng, ng, nyQ, nq)

(ns, ng, n7, ng, n7, ng, ng, n1Q, nj)

(n1, n2, n3, n4, ns, ng, N7, ng, n7, n6, ng, N10, N1 1)
(ny, n2, n3, 05, ng, n7, ng, ny, ng, ng, n10, n1)

(ny, n, n3, n4, n§, ng, n7, ng, 17, N6, N8, 19, N10, N11)
(ny, 12, N3, N5, N, 07, ng, N7, NG, Ng, 19, N10, 111)

s

input / output

Z/ ANSWER
2./ ANSWER
Z./ ANSWER
Z / ANSWER

Y,Z/ ANSWER
Y,Z/ ANSWER
Y,Z/ ANSWER
Y, Z/ ANSWER
Y, 7/ ANSWER
Y, Z 1 ANSWER
Y, Z/ ANSWER
Y, Z/ ANSWER

Y

X/ ANSWER
X/ ANSWER

Y, X / ANSWER
Y, X / ANSWER
Y, X / ANSWER
Y, X / ANSWER



Table 3b: Non-Inclusive Simple OI-Pdths'in E3

simple Ol-path ' * . ndu-paths covered
(n{, ng, n3, ng, ns, ri5, ng,niQ, n11) - 4,6, 13
(ny, n2, n3, n5, ng, ng, N0, N1 1) 3,8,13
(n}, ny, n3, ng, ns, ng, ng, ng, 110, N1 1) 4,5,12,13
(ny1, ng, n3, ns, ng, ng, ng, N0, Ny1) o 3,7,12,13
(n1, 2, 13, N4, N5.6, 17, 06, n7, ng, ng, nip, n1). 2,9,11,13
{n, n2, n3, ns, ng, n7, ng, n7, ng, ng, N1Q, N11). , 1,9,11,13
(nl,:_z,‘hj, ng, ng, ng, n7, ng, n7, ng, ng, ng, “10; niy) - 2,9,10,12,13
(ny, ny, n3, ns, ng, N7, ng, n7, ng, ng, g, n1Q, ni1) 1,9,10,12,13

3 .

Table 3c: A Set of Complete Paths Satisfying All Simple Ol-Paths

(nentry» N1, N2, 13, N4, N5, N6, N8, N30, 111, Nexit)
(Nentrys M1, 02, 13, 15, 16, Ng, 110, 111, Nexit) .
(Nentry, N> N2, 13, N4, N5, g, Ng, N9, 010, N1 1, Nexit)

( Nentry. N1, 02, N3, 05, NG, Ng, 19, n1Q, N1, nexit) : ’

(Dentry, N1, N2, 03, N4, N5, ng, N7, 06, 17, 16, N8, N10, N1, Nexit)
(Mentrys Ry, 12, N3, A5, ng, 17, NG, 17, NG, g, N1Q, N1, Nexit)
(Nentry» 11, N2, N3, N4, 1S, 06, N7, 16, N7, 16, 18, 19, N10, N1 1, Nexit)

(nentry, N1, N2, 03, N5, ng, n7, n, N7, NG, N8, N9, n1Q, N1, Pexit)
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.in Figure 13a which is equivalent to the one used by Laski and Korel [6].

.
”

4,2 Illustration of the All k-Iteration OI-Paths
Criterion

*

In this scc.:tion, we demonstrate the coverage of all 3-iteration Ol-paths criterion with
respect to ordered context coverage critcrion- as well as some required K-tuples criteria
(for K =2, 3, 4, and 5, respectively). This demonstration is bascd on the program shown
———

From Tables 4 to 9, it is straightforward to sec that all 3-iteration 6!-;:arfz.v coverage
is more comprehensive than those of required K-tuples and ordered context coverage.

Every ordered clementaryrdata context is covered by some i-iteration Ol-path (sce
Tables 4a, 4b, 9a, and 9b), where 1<i<3. This, in another way, shows that our proof for
Theorem 8 (m = 2 for this program) is correct. Ordered context coverage only requires 3
tests whereas all 3-iteration Ol-paths requirés more tests. It is important to note that every
k-iheration Ol-path (k is some integer) is actually a series of ordcrcd elementary data
contexts which represents a larger, more meaningful functional segment than the ones
represented by the individual ordered elementary daffa contexts.

’ F g e

There are four required K-tuples -criterif which can be applied to example E4. i.c.,
for K = 2,3, 4, and §, respectively. This is due to the fact that no K-dr interactions ¢xist
for K=6. The coverage of all 3-iteration OI -paths is more thorough than that of any such
required K-tuples (see Tables 5b, 6b, 7b, and 8b). It is noticed that required K-tuples
criteria do not test those du-chains where definitions and uses that are reached from these

.w > L] .
definitions are at the same nodes: Furthermore, every k-iteration Ol-path (k is some

integer) is actually a series of K-dr interactions which represents a larger, more meaningful



functional segment than the ones represented by the individual K-dr interactions
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Figure 13a: Example E4 - A Program Schemata
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use (x), use (y)
def (z)
use (x)
use (y)

use (z)

Figure 13b: The Flowgraph of Example E4
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TaBlé 4a; All the Ordered Data Context in E4

ODC (np) = {(x1, y1)}

ODC (n3) = {(x])}

ODC (ng) = {(z}), (22)}

ODC (1) = 1(x, ¥, 62 2. (1, ¥3), 62 33, 63, 5D}
ODC (ng) = {(x1), (x1)}

ODC (n7) = {(y2), (y3)}

P

Table 4b: A Set of Complete Paths Satisfying Ordered Context Coverage

Path 1: (Nentry, 01, 12, 13, 4, Nexiy)
This patl"l covers ordered (elementary) data context: ODC (n3), ODC (n3), (zl) |
in ODC (ng).

.Path 2: ("cntry’ ni, n2, n3, ns, ny, n3, ns5, ng, n3, n5, n7, n3, N4, Nexit)
This path covers ordered (clemeﬁtary) data context: ODC (n3), ODF (n3), (22)
in ODC (ng), (x!, yz), (x1, y3), (y3, x2) in ODC (ns), (x})in ODC (ng), and
ODC (n7).

Path 3: ("entry» 0y, 12, N3, 15, ng, N3, N5, N7, N3, N4, Nexit) P
This path covers ordered (elementary) data context; ODC (n3), ODC (n3), (z2)
in ODC (ng), (x1, y2), (y2,. x2), (x2, y3), ODC (ng), and (y2) in ODC (n7).

e
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Table 5a: All the 2-dr Interactions in E4

2-dr interaction  definitions involved first definition

~r L
(n1, ny) Coxlyyl
(n1, n3) | x!
(ny, ng) ozl
(n1,ng) x1
(n1, ne) x1
I(nz, ns) y2
(n2, n7) y2
(n3, ng) 72 in the loop
(ng, n3) x2 in the loop
(ng, n5) x2 “in the loop
(n7, ng) : y2 in the loop

last use 3

c-use

p-use

c-use

c-use, p-use, in the foop
c-use, in the loop

c-use, p-use, in the loop
c-use, in the loop

c-use

p-use, in the loop
c-use, p-use, in the loop

c-use, p-use, in the loop

Table 5b: Subpaths to be Covered by Required 2-Tuples Criterion

(ny, n3)

(n1, n2, n3, ns)
(ny, n2, n3, n5, ny)
(n2, n3, ns, ng)
(ns, ng/n7, n3, ng)
(ng, n3, ng)
(ng, n3, n5, n7)
(n7, n3, ns, ng)

51

(n1, n2, 13, n4)’

(n1, n2, n3, ns,
(n2, n3, ns)
(n2, n3, ns5, n7)
(ng, n3, n3)
(ng, n3, n5, ng)
~ (n7,n3, n3)
(n7, n3, ns, ng)

ng)



Table 6a; All the 3-dr Interactions in E4

3-dr interaction  definitions involved

(ny, ng, ng)
(ny, n2,n7y)
(n1, ng, ng4)

{n1, ng, n3) .

(ny, ng, ns)
(n7, ng, ng}
(n2, n7, ns)
(ng, n5, n4)
(n7, ns, nA)

xl/yl, y2
xiryl,y2
xl, 22
x1, x2
x1, x2

y2,22 -

y2,y3
x2, z2
y3, 22

first definition last use

c-us'e, p:usc, in the loop
c-use, in the loop
c-use
p-use, in the loop
p-use, in thc‘ loop.l

-use

uses p-use, in the loop

in the loop c-use

in the loop c-use

Table 6b: Subpaths to be Covered by Required 3-Tuples Criterion

(n1, n2, n3, n3)

{ny,n2, n3,n5,ny)

(n1, n2, n3, ng, ng, n3, ns)

(n2, n3, n5, n7, n3, ng)

(n2, n3, ns, n7, n3, n5, ny)

-~
(n7, 03, ns, ng, n3, n4)

52

(ny, ng, n3, ns, ng)

(n1, n2, n3, ns, ng, n3, n4)

(ng, n2, n3, ns, ng, n3, n5, ng) -
(n2, n3, ns, n7, n3, N5, ng)

(ng, n3, n5, n7; 03, n4)



Table 7a: All the 4-dr Interactions in E4

4-dr interaction  definitions involved first definition last use
(n1,ng,n5,n4)  xl/yl,y2, 22 c-use

(n], n3, n7, ng) xl/yl, yz, y3 c-use, p-use, in the loop
(n1,ng, ns,ng)  x1,x2,22 ' c-use

(ny,n7,n5,n4)  y2,y3,22 c-use

Table 7b: Subpaths to be.Covered by Required 4-Tuples Criterion

(n1, ny, n3, n5, ng, n3, n4) (n1, n2, n3, ng, n7, n3, ng)
A%
(ni, ny, n3, n3, n7, n3, ns, ng) (n1, n2, n3, ns, n7, n3, ng, n7)

(n1, n2, n3, ng, ni& ns,n7,n3,ng)  (ng, ny, n3, ng, ny, n3, ns, ng, n3, ng)

Table 8a: All the 5-dr Interactions in E4 -

5-dr interaction . definitions involved last use

(n1, n2, n7, 15, ng) 17yl y2,y3,22 | c-use

Table 8b: Subpaths to be Covered by Required 5-Tuples Criterion

(nli n), n3, n5’ 1'17, n3’ TIS, 1'17, n3’ 1'14)
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Table 9a;: All the 3-Iteration OI-Paths in E4

<
loop traversed zero time:

(n1, ny, n3, ny)

loop traversed once:
(r], n2, n3, n5, ng, n3, n4)

v (n1, np, n3, ns, n+y, N3, ng)

loop traversed twice:
(hy, ng, n3, ns, ng, n3, ns, ng, n3, ng) \
(n1, n2, n3, ng, ng, n3, 05, N7, N3, n4)
(ny, ng, n3, ng, n7, n3, ng, ng, N3, n4)
(ny, n2, n3, n5, n7, n3, ns, n7, n3, n4)

loop traversed three times: ;)

(ny, n2, n3, ns, ng, n3, N5, ng, n3, N5, ng, N3, N4)

(ny, ng, n3, n3, ng, 13, 15, ng, n3, 15, n7, 13, n4)

(ny, n2, 03, N3, N6, 13, N5, 17, N3, N5, G, 13, 1)

(ny, ng, n3, ng, ng, 13, ns, n7, 13, n3, 17, N3, n4)

(n1, n2, n3, ns, n7, n3, n5, ng, N3, N5, ng, 13, n4)

(ny, n2, n3, n5, n7, n3, ns, ng, P3, N5, N7, N3, n4)

(n1, n2, n3, ns, n7, 13, s, 17, N3, N5, ng, N3, N4) i

(ny, ny, n3, n5, n7, n3, ns, n7, n3, n5, n7, n3, n4)
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Table 9b: A Set of Complete Paths Satisfying All 3-Iteration OI—Path\s)

loop traversed zero time:
,\

(Mentry» 01> 12, 13, N4, Nexip)

loop traversed once:
Al
(Mentry» N1, 12, N3, N5, NI, N3, N4, Nexit)

(nentrys 11, N2, N3, 15, N7, N3, N4, Nexiy)

loop traversed twice:
(Nentry» 11> 12, 13, 05, 06, 13, 15, N6, 13, N4, Nexit)
(Nentry» N1, 12, 13, N5, NG, N3, N5, N7, 13, N4, Nexip)
(Nentry, 11, N2, 13, N5, 17, 13, 05, N6, 13, N4, Nexiy)

(nenUy,HI,nz,ﬁ3,n5,n7,§3,n5,ﬂ7,n3,n4:ncxn)
10‘3?3 traversedthree times:

(nentry> 01, N2, 113, 05, N6, 13, N5} NG, N3, N5, NG, N3, N4, Nexit)
(Mentry, N1y 12 13, N5, 16, N3, N5, NG, 13, 15, N7, 13, N4, Nexit)
(Mentry» 11, N2, 13, 15, NG, N3, 5, N7, N3, N5, N, N3, N4, Nexiy)
(Nentry, n1, n2, n3, 15, ng, N3, n§, n7, N3, ng, 17, N3, N4, Nexjy)
(nentrys ni, ny, n3, ng, l:‘], n3, ns, ng, n3, nv5, ng, n3, N4, Nexit)
(ﬂenuy,nl,nz,n3,n5,n7,n3.n5,ng§éﬂ-ns,n7,n3,ﬂ4,ncxio
("cnhy:nla“2=nja“S:”7,"3;”5:62’”3:n5:“6v“3’”4v“cxh)
(nenUy,nl,ni,n3,n5,n7-n3.n5,n7,ﬂ3-ns,n7,ﬂ3,n4,ncxio

/JA
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‘Chapter §°

Conclusions

5.1 Summary of Contributions

We have proposed a class of data flow oriented path selection criteria, called the Ol-pa'ths
criteria that are based on the identification of associations between each output variable and
all input variables that influence the output variable in a source program. These criteria |
requirc each such association to be examined at least once during testing. Hence, more
insight can be gained on a better understanding of the functions a program perfoﬁns as well
as the consistency of the program with its specification, in comparison with other data flow
- oriented criteria.

It has been shown that these criteria are stronger than other data flow oriented criteria.
These criteria also bridge the gap between the weak branch coverage and the impractical
path coverage. More importantly, an effort has been made toward using program semantics
such as input-output relations in guidance to the path selection process. This is an

improvement over using program syntax alone. The Of-Paths criteria are more thorough

and informative than the existing criteria presented in Chapter 2. To see this, note that

g
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every Ol-path is actually a series of definition-use chains (i.e., du-chains) from an input to
an influenced output. Each such chain better capture the data flow in the currcspondingl
functional segment of the specification. For example, a simple OI-Path extends the
coverage of several du-paths to a larger, more meaningful functional scgmcnt;

As shown in section 2.5.3, in the worst cases, the complexity of the all O-iterarion, all
simple Ol-paths and all k-iteration Ol-paths (k21) criteria are O(2Y), (221, and O(2K1),
respectively, We would like to point out that the mere fact that these criteria have such
bounds, does not necessarily rule them out for practical consideration, The cost of ar
criterion should be considered for an individual program, {ather than dismissing it based on.
the upper bound [12]. '

. Mo

It should be mentioned that most of the ideas related to the criteria are independent of
the details of the programming language in which the sourcc-codc is given.

In this thesis, we solely concentrate on the test path selection phase. It has been
assumed that a reasonable test data selection criterion will be used in the test case generation
phase. In general, once a finite set of complete paths P that satifies 4 given criterion is
chosen, one enters the test data selection phase, wherein a finite set of test data are chosen
from the program input domain in order to impose the execution of the selected paths P. As
classified in [13], a computer program contains, in general, two types of erfors which have
been identified as computation errors and domain errors {16, 17]. Each proposed test data
selection strategy shows how to select a set of test data to cope with effective detection of
those errors. In our opinion, it is necessary that both structural and functional testing
principles should be incorporated into tﬁe testing process in order to effectively reveal

domain errors as well as computation errors.

57



5.2 Future Research Directions - .
It-should be pointed out that like other structural test selection criteria, our criteria are also
hzimpércd by its reliance on the syntactic selection of paths to be traversed during testing. Ité.
is well known that not ncccss;lrily all paths in a program are feasible (executable) and that
the identification of feasible or infeasible paths is an undecidable problem. That is, tHe
_syn'tactic information in a flowgraph, representing the source code OE a program, is not
sufficient to Fi_ctcrmine whether a particular path 1s feasible (or infeas'ible). Thus, a set of
‘pnths\.ichtcd to satisfy any of our criterion may also contain infeasible paths.

Thcré secms to be an interplay betwcc;,q the selection of paths to satisfy a eertain
criterion and .thc search for input values to enable the program to follow each selected path.

A recent study [9] exploits this interplay by using prefixes of previously selected paths to

select subsequent paths. This isl"il[ercsﬁng apprbach that needs\f/u@r study.

A software tool need to be d veloped in order to automate the identification of the
input-output relations in a program and generation of simple Ol-paths and k-iteration
Ol-paths in the path selection phase.
The proposed crivtcria result in the identification and generation of input-output
relations. through static analysis of the source code of an implementation of a given
i specification. The specification also defines fﬁnctionality in terms of input-output relations.

It will be worthwhile to investigate some methods to compare the input-output relations

identified in the source code with those relations defined in the specification.
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