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Abstract

In this paper we introduce an improved regression test-
ing method that determines the test cases that must be rerun
to fulfil a given testing criterion. The key part of our method
is regression slicing. A regression slice contains the state-
ments whose state may be changed in the modified program
with respect to the original for a given test case.

1. Introduction

Program maintenance is the most expensive component
of the entire cost of the software development. Besides it is
the most dangerous as well. Analyzing the world’s most ex-
pensive program errors the top three disasters were caused
by a change to exactly one line of code. One necessary but
expensive maintenance task is regression testing performed
on modified software to provide confidence that modified
programs behave as intended.

To reduce the cost of regression testing,incremental
methods rerun only test cases for which the modified pro-
gram may result in different output compared to the origi-
nal. These test cases are referred to asmodification reveal-
ing tests. If a method selects all the modification revealing
tests, then this method issafe [11]. Most of the current
methods are developed to be safe though some of them are
only almost safe. By applying safe methods we can select
those test cases that may reveal faults, while the remaining
test cases surely would not reveal any fault, except run time
errors, speed problem, external environment problem, etc.
This type of errors (problems) is considered neither in our
paper nor in previous work in the literature. Note that a safe
technique is safe only if we assume that the original test set
T is correct, i.e., when anyt 2 T was executed, the original
programP halted with a correct output, and ifobsoletetest
cases are removed fromT .1 A more detailed discussion of
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1Testt is obsolete for programP 0 if and only if t either specifies an in-

the regression test selection and a deep analysis of current
methods is in [11]. We rely on this survey, thus the evalu-
ation of different methods mentioned in our paper is based
on this work.

Those test cases that traverse modified code are called
modification traversing. The selection of all modification
traversing test cases is also safe, but selects some non-
modification revealing tests.

One type of current incremental methods [2, 3, 8, 10]
requires the reexecution of all modification traversing test
cases. These methods ignore which testing criterion was
used during the development phase. Instead, after execut-
ing the selected test cases, new tests for uncovered program
components corresponding to the selected criterion are cre-
ated. Other methods [5, 6] identify those program compo-
nents that must be retested to satisfy some testing criterion.

Here we introduceregression slicingthat is a more suit-
able means of regression testing. Intuitively, a regression
slice contains all the statements whose ”state”2 may be dif-
ferent in the original and the modified programs with re-
spect to a given test case. Regression slicing properly ex-
presses the essence of program modifications. Regression
slicing uses as much dynamic information (corresponding
to the original program and a test case) as possible. In this
way we can directly compute modification revealing test
cases instead of modification traversing tests.

Former methods such as [2, 3] fail toaccount all the test
cases that should be reexecuted while other methods select
superfluous test cases ([8, 10]). Therefore, former methods
are either not safe or not precise according to the frame-
work of Rothermel and Harrold ([11]). On the contrary, re-
gression slicing leads to safe and more precise test set that
should be reexecuted. Additionally, regression slicing can
also be used to eliminate superfluous test cases. It can also
be applied to select an optimal execution order of the se-
lected test cases by which other test cases may be omitted.

put toP 0 that, according to the specification, is invalid forP 0, or t specifies
an invalid input-output relation forp0.

2See the precise definition in the next section.



However, regression test case minimization is not consid-
ered here. In this paper we give only the method how to de-
rive regression slices considering any type of program mod-
ifications.

The next section presents the necessary background. In
Section 3 we introduce the united dependence graph that
contains both static and dynamic dependences of both the
original and the modified programs. In Section 4 regression
slicing is introduced and we present a method to determine
regression slices. Concluding remarks are in the last sec-
tion.

2. Background
In this paper we restrict our analysis to intraprocedural

case, therefore, the words program, procedure and module
can be used interchangeably. Any programP can be rep-
resented by a control flow graphG = (s;N;A), wheres
is a start nodeN contains nodes representing basic blocks
andA is the set of edges representing the possible flow of
control. A program path is a sequence of nodes that were
traversed for a specific input.

Considering a moduleP , the use of a variablev in an
instructionu and a definition forv in an instructiond form
a du pair if the value ofv defined ind can potentially be
used inu. For this case we say thatu is directly data de-
pendentond. An instructionIp is control dependenton an
instructionIr if (1) Ir has two exists. (2) Following one of
the exits fromIr always results inIp being executed, while
taking the other exit may result inIp not being executed.

Similarly to static dependence we can define dynamic
dependence as well. There is dynamic data dependence be-
tween a definitiond for variablev and a useu of the same
variable, ifv assigned ind is actually used inu for a given
test caset. A noden is dynamically control dependent on a
predicate nodep, if n is control dependent onp and bothn
andp are executed fort.

We refer to the set of statements executed for a test case
t asexecution sliceof the program with respect tot [2]. The
corresponding set of execution slices forT is denoted byH,
an element ofH is h.

We can relate astateto each program statement. The
state of a program statement is valid after the statement has
been executed. First, a state is a function mapping vari-
able names to their current values [4], i.e.,I0 = S(I),
where I is the variable andI0 is its value. We simple
say that the state ofI is I0. The state of an expression
is computed from the state of the components of the ex-
pression, for exampleS(x + y) = S(x) + S(y). The
state of an assignment statements includes the states (i.e.,
the values) of all the variables that are used or defined in
s. For example, if the statements is x = a + b, then
S(s) = fS(x) = S(a) + S(b); S(a); S(b)g. The state of
an output statement Out(x * y) is S(Out) =fS(x) * S(y)g.

Finally, the state of a boolean expression is eithertrue or
false, for example,S(a > b) is true if S(a) > S(b)
andfalse if S(a) � S(b). We assign a special state ”non-
existing” to a statement that is not executed while running
P . This state is different from any other state of executed
statements.

Note that the idea of state is necessary and cannot be
substituted by simply computing the value of expressions at
program statements. In this latter case the state of the fol-
lowing two statementss: x = a + b and s’: y
= a + b would be the same. However, ifs0 contains a
faulty modification, then the error may be revealed by a test
traversings0. Since our method is based on possible state
modification, therefore we have to differentiate the state of
s ands0.

Consider a programP , a program statements 2 P and
a test caset. Assume that the corresponding program state-
ment in the modified programP 0 is s0 (s and s0 may be
identical). The state of a program statements0 in P 0 may
be modifiedwrt P for t if S(si) andS(s0

i) may be different
for anyi, wheresi (s0

i) means theith occurrence ofs (s0) in
h(t) (h0(t)). Note thatt is executed only forP .

3. United dependence graph

The static program dependence graph (PDG)for mod-
uleP is a digraph [9]. The nodes of the PDG represent in-
dividual program instructions inP ; in addition, there is an
“enter” node. A control edge in the PDG represents control
dependence, while flow edges represent direct data depen-
dences. The source of a control edge is the enter node or a
predicate node.

Similarly to the static PDG we can construct the dynamic
dependence graph (DDG) that contains only nodes that are
in the execution slice fort. The DDG is a subgraph of the
PDG. The dynamic dependence graph contains edges rep-
resenting dynamic control and dynamic data dependences
obtained by executing the program fort. Dynamic depen-
dences are determined during the execution ofP on inputt.
Note that this graph is much smaller than the one defined by
Agrawal and Horgan [1] and corresponds their Approach 2.

In this section we introduce theunited dependence graph
that is the most suitable representation for our purpose.
United dependence graphs (UDG(P; t)) include all the in-
formation on the DDG and the PDG. Since the DDG is a
subgraph of the PDG we should only label both the nodes
and edges that are included in the DDG. Accordingly, the
dynamic edges and executed nodes are labeled (we use let-
ter d for dynamic arcs andh for executed nodes). Empty
else branches are also considered such that a node related
to an empty statement (for theelse branch) is inserted into
the UDG. The united dependence graph corresponding to
procedureExample below is shown in Figure 1.
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Figure 1. UDG(Example,t)

procedure Example
1 read(x,y)
2 if x > 10 then
3 z = x + y
4 if z < 0 then
5 x = x + 1
6 else

endif
else

7 x = x - 1
endif

8 write(x, z)
endprocedure

t: (x = 11, y = 0); h = h1; 2; 3; 4; 6; 8i

Our method is based on a modified UDG including in-
formation on the modified programP 0. However, it is not
the precise UDG forP 0, sinceP 0 is not executed, thus dy-
namic information cannot be obtained. Yet, we may have
some dynamic information about new statements without
any real execution. In fact, if a new statements is inserted
into a branch that has (has not) been executed, and there is
no other modification inP 0, thens is (is not) included in the
execution slice.

From here onwards, the UDG forP 0 without executing
t is referred to as UDG(P 0). All the nodes corresponding
to new and modified statements are marked as ”modified”.
Note that we can compareP andP 0 by applying ”sequence
matching” algorithms [7, 12] that identifies thecorrespond-
ing (i.e., identical and modified) statements betweenP and
P 0. It also identifies new and deleted statements. The con-
struction of UDG(P’) starts with the creation of the PDG for
P 0. Any label ”h” in the UDG(P; t) is changed to label ”e”
in the UDG(P 0). Any edge labeled ”d” keeps its label. The
set of edges whose label is ”e” is denoted bye.

Any new node for which the related statement is inserted
into a branch that has been executed inP for t is labeled
”e”. Other newnodes have no label. Now assume that a
new predicate is inserted intoP 0 (the related node is de-
noted byp). Consider the case when a formerly executed
noden (whose label is ”h”) is (directly or indirectly) control
dependent onp. This noden now gets a label ”e” though
the related node may not be executed inP 0. Unlabelled con-
trol dependent nodes remain unlabelled by inserting a new
predicatep in the same way. If a new block beginning with
a predicate (e.g. if ... then ... else .... endif) is inserted
into the program such that the predicate would be surely
executed fort, then the predicate and all new statements in
the block are labeled ”e”. If we insert the above block in a
branch that has not been executed forP andt, then none of
the statements have labels.

We can see that a statement for which a related node has
a label ”e” is not surely inh0, while an unlabeled node may
correspond to a statement that is in the execution slice forP 0

andt. The cause is that the meaning of ”e” is different from
”h”, i.e., label ”e” for statements 2 P 0 means that without
executingt forP 0 we know thatswould be executed if there
were no other changes in the program (except the inclusion
of s if it is new). Note that the only exception is a deletion
of a predicate, see below.

A control edge is labeled ”d” if its both connected nodes
have a label ”e”. Consider a du pair of a variablev. The
related flow edge is a dynamic flow edge and has a label
”d” if (1) both nodes wrt the definitiond and the useu are
labeled ”e” and (2) there is no definition forv betweend
andu wrt the execution slice in the UDG(P; t). A newly
inserted definition is considered in the same way if and only



if it is surely executed inP 0 for t. In practice, a dynamic
flow edge in the UDG(P; t) is also a dynamic flow edge
in the UDG(P 0), and only the newly inserted assignment
statements have to be analyzed3.

The modified Example is shown below while the related
UDG is depicted in Figure 2.

procedure Example’
1 read(x,y)
2 if x > 10 then
3 z = x + y
4 if z < 0 then
5 x = x + 1
6 else

endif
else

7 x = x - 1
7a z = 1 (* new *)

endif
8a if z >= 1 then (* new *)
8 write(x, z)
8b else

endif
endprocedure

t : (x = 11; y = 0); e = f1; 2; 3; 4; 6; 8a; 8g
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Figure 2. UDG(Example’)

Now consider deleted statements. If we delete a pred-
icatep, then let us investigate the nodes that are (directly)
control dependent onp and that are not in the execution slice
in P . Since inP 0 these nodes are surely executed their label
becomes ”e”. Though the corresponding statements are not
modified, yet we mark them as ”modified” since their state

3Though in this way theUDG(P 0) may contain superfluous dynamic
edges, the method described in the next section remains precise. The rea-
son is that a modified use is inserted into the regression slice directly. On
the other hand if there is a new redefinition along the execution slice, then
the state of the use is modified obtaining the same result as if the superflu-
ous dynamic flow edge was considered.

was non-existing that has been changed (similarly to new
statements).

The effect of deletion of an assignment statementx =
... (which is in the execution slice ofP ) is the same
as though the right-hand-side of this statement had been
changed tox. Therefore we insert a ”virtual” statementx
= x intoP 0 replacing the deleted statements. The related
node in the UDG(P 0) has a label ”e” and marked as ”mod-
ified”. After the regression slice has been determined all
virtual statements are deleted from it. Any other type of
deleted statements is simple ignored.

Finally, consider the case where an assignment,x =
exp1 has been changed toy = exp2. The effect of
this modification can be expressed by deletion ofx =
exp1 and insertion ofy = exp2.

4. Regression slicing
In this section we introduce regression slicing by which

we can determine a safe regression test set in a simple way.
In addition, by applying regression slicing we can divide
the original test set into three parts, i.e., the test cases that
do not need to be reexecuted; the test cases that should be
rerun, and tests that can be removed from the original test
set. However, the exact method of this division is out of the
scope of this paper.
Definition. Consider the original and the modified pro-
grams denoted byP andP 0, respectively, and a test caset 2
T . The slicing criterionSc is a triple, i.e.,Sc = (P; P 0; t).
The regression slice with respect to the slicing criterionSc
contains those statementss 2 P 0 whose state may be mod-
ified inP 0 wrt P for t.

Regression slicing involves both static and dynamic ele-
ments. It is static since we do not executet for P 0, i.e., the
execution sliceh0(t) is unknown. Therefore, we should de-
termine the statements in the regression slice by considering
static dependence information. However, regression slicing
has dynamic elements as well. The cause is thatt is given,
thus we know a subset of execution slices. In addition, we
use dynamic dependences where it is possible.

Former dynamic slice-based work on regression testing
[2] uses different type of slices. Really, therelevantslice
contains those statements that, if modified may alter the
program output fort. In this way a relevant slice for an
unchanged module contains elements, while the regression
slice is empty. In addition, a relevant slice is a backward
slice with a slicing criterion contains the execution slice, a
location and a variable. As a consequence relevant slices
may lead to unsafe regression testing as reported in [11].

Now we present a method for regression slicing, i.e., we
determine those statements inP 0 whose state may be differ-
ent from the related statements inP by executingt (for P ).
To make our discussion clearer we use a simple program in
Figure 3 which determines the different types of a triangles



1 read(a,b,c) (* assumed the read in an increasing order *)
2 class = scalene (* new in Case 1, unmodified in other cases *)
3 if a + b < c then (* modified in Case 2 and Case 3 *)
4 class = non-triangle
5 if a = b or b = c then
6 class = isosceles
7 if a = b then (* modified in Case 4 *)
8 if b = c then
9 class = equilateral

10 if c*c = a*a + b*b then
11 class = right
12 case class of
13 non-triangle: area = 0
14 equilateral : area = a*a*sqrt(3)/4

isosceles,
15 scalene : s = (a+b+c)/2
16 area = sqrt(s * (s-a) * (s-b) * (s-c)

endcase
17 write(class, area)

Figure 3. The sample program to demonstrate regression slicing.

and computes their area.
Let us determine theregression slice for the triple

(P; P 0; t), which we simply refer to as regression slice.
Firstly, any modified or new statement for which the re-
lated node has a label ”e” is inserted into the slice. These
are the modified statements that are assumed to be executed
for t in P 0. Because these statements (including the virtual
statements) are the source of state modifications of affected
statements, we start from them. Then we collect appropriate
statements gradually based on the UDG(P 0).

If a statements is neither new nor modified, then it is
included in the regression slice if it is directly or indirectly
influenced by any new or modified statement that is in the
regression slice. There are four cases when the state of a
statement may be modified. These cases are detailed below.
Case 1
First, consider an assignment statementsa that is marked
as ”modified”. If there is a direct dynamic data dependence
from sa to another statements (UDG(P 0) contains a flow
edge fromsa to s), then the state ofs may be modified.
Hence,s should be inserted into the regression slice. Simi-
lar case happens ifsa is not marked as ”modified” but it has
been formerly inserted into the regression slice. Ifsa 62 e,
andsa is an assignment statement in the regression slice,
thens is inserted into the regression slice ifs 2 e and there
is a flow edge fromsa to s. The reason is that ifsa in the
regression slice, thensa may be executed, therefore, a dy-
namic dependence betweensa ands can occur. All other
cases are investigated in Case 2, Case 3 and Case 4.
Example. Assume thatt : (a = 5; b = 6; c = 7),
h = h1; 3; 5; 7; 10; 12; 17i, and statement 2 is new. Since
2 is new and surely executed, then it has a label ”e”
and it is inserted into the regression slice. (Hencee =
f1; 2; 3; 5;7; 10; 12;17g). Since by definition there is a dy-

namic flow edge from 2 to 12 in the modified program, thus
statement 12 is also included in the regression slice.

Now consider a predicatep in the regression slice, and
classify each statements that are (directly) control depen-
dent onp asse or si such thatse 2 e andsi 62 e.
Case 2
Consider a statementsi. Since the outcome ofp may
change,si is control dependent onp, thereforesi may be
executed inP 0, i.e., its state may be changed. As a conse-
quence, anysi is inserted into the regression slice.
Example. Assume, that 3 is modified and the test case is
as above, i.e.,t : (a = 5; b = 6; c = 7), h = e =
h1; 2; 3; 5; 7;10;12;15;17i. Initially, we insert 3 into the
regression slice. Though statement 4 is not in the execution
slice for the original program but it may be executed for the
modified one, thus, according to Case 2 it should be inserted
into the regression slice.

Case 3
Let us investigate non-predicate statementsse. Sincep’s
outcome may change,se may not be executed. In this way
its state may be changed to non-existing and thusse is in-
serted into the regression slice. We can see that Case 2 and
Case 3 are very similar except that Case 3 ignore predicates.
Example.Assume that statement 3 is modified, thus it is in
the regression slice. The test case ist : (a = 2; b = 3; c =
7), therefore,h = e = h1; 2; 3; 4; 5;7; 10; 12;13;17i. Be-
cause statement 4 may be excluded fort in P 0, thus accord-
ing to Case 3 we insert statement 4 into the regression slice.
Since there is direct dynamic dependence between 4 and 12,
the latter is also inserted into the slice according to Case 1.
Case 4
If se is a predicate, we also insertse into the regression
slice, sincese may not be executed inP 0. In addition,



se is marked as ”transparent”. The cause is that the state
of control dependent statements (onse) whose label is ”e”
may only be modified (to non-existing). Those control de-
pendent statements that are not traversed fort in P are
surely not traversed inP 0 either, thus their state remain
non-existing. Similar is the case for new statements which
are inserted into non-executed branches. As a consequence,
starting from a transparent predicate we insert a control de-
pendent statements into the regression slice if and only if
s 2 e. If s is a predicate, thens is also marked as trans-
parent. Note that a transparent predicate may become non-
transparent if its outcome may be changed. This can occur
if an assignment statement that is inserted into the regres-
sion slice has an influence onse.
Example.Let the test case bet : (a = 2; b = 2; c = 3), for
which h = h1; 2; 3; 5; 6;7;8; 10; 12; 15; 17i. Assume that
now statement 7 is modified. Since it is executed fort, thus
it is in the regression slice. Because predicate 8 is control
dependent on 7, and 8 is an element ofe, hence it is involved
in the regression slice and mark as transparent. Though 9
is control dependent on 8, it is not inserted into the slice.
The cause is that even if the outcome of 7 may change to
false the state of statement 9 remains non-existing. If we
select a test caset : (a = 2; b = 2; c = 2) for which
h = e = h1; 2; 3; 5; 6; 7; 8;9;10;11;12;14;17i, we have to
insert statement 9 into the slice. The cause is that if 7 is
modified 9 may not be executed fort which may involve
the change of the states of statement 9 (equilateral! non-
existing), and transitively 12 (equilateral! isosceles).

Based on these cases and the UDG(P 0), we can construct
the regression slices.

5. Conclusion

In this paper we we have introduced a new method called
regression slicing. A regression slice contains the state-
ments whose state may be changed in the modified program
with respect to the original for a given test. Regression
slicing is a method that is perfectly fitted regression test-
ing. With this slice we can select test cases safely. Since
regression slice involves both static and dynamic elements
we obtain a smaller (but safe) test set than former meth-
ods. Comparing to other methods, [3] and [2] are not safe,
[8] is less precise than [10] and [10] is less precise than
our method. Really, our method considerspotential depen-
dencedue to predicates (see [2]) while the method in [10]
does not. However, regression slicing also makes it pos-
sible to determine superfluous test cases or an appropriate
execution order of test cases obtaining minimum regression
testing effort. Therefore, we believe that our new technique
can be used for the whole regression testing process. For-
mer methods usually address the regression test selection
problem only.
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