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ABSTRACT

To manage the evolution of software systems effectively,
software developers must understand software systems,
identify and evaluate alternative modification strate-
gies, implement appropriate modifications, and validate
the correctness of the modifications. One analysis tech-
nique that assists in many of these activities is program
slicing. To facilitate the application of slicing to large
software systems, we adapted a control-flow-based in-
terprocedural slicing algorithm so that it accounts for
interprocedural control dependencies not recognized by
other slicing algorithms, and reuses slicing information
for improved efficiency. Our initial studies suggest that
additional slice accuracy and slicing efficiency may be
achieved with our algorithm.
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1 INTRODUCTION

Throughout their lifetimes, software systems continue
to evolve. To manage this evolution effectively, soft-
ware developers need to understand software systems,
identify and evaluate alternative modification strategies,
implement appropriate modifications, and validate the
correctness of the modifications. One analysis technique
that assists in many of these activities is program slic-
ing (e.g., [3, 9, 14]). A program slice is defined with
respect to a slicing criterion < S,V > in which S is a
program point and V is a subset of program variables.
A slice consists of a subset of program statements, pos-
sibly executable, that affect, or are affected by, the val-
ues of variables in V at S [15]. To be applicable to
large software systems, slicing algorithms must perform
the slicing across procedure boundaries (interprocedural
slicing), and must be sufficiently precise and efficient.
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The imprecision of early interprocedural slicing algo-
rithms [15] was corrected by the system-dependence-
graph approach, which guarantees that slices are com-
puted only along realizable paths in the program [9].!
With additional expense, more precise slices can be ob-
tained if the computation uses a distinct calling context
for each procedure at each call site. The context-graph
approach lets a user select the number of distinct call-
ing contexts, and thus, control the precision of slices
[2]. The efficiency of interprocedural slicing may be im-
proved by using database techniques [13] or demand ap-
proaches [2, 4, 6, 10], or by efficient management of pro-
gram representations [2]. Our attempts to use existing
interprocedural slicing algorithms for our applications
uncovered several areas for improvement in the accu-
racy and efficiency of existing approaches.

First, none of the existing interprocedural slicing algo-
rithms accounts for interprocedural effects on control
dependence. Thus, given a slicing criterion < S,V >,
the slices computed by these algorithms may omit state-
ments from the slice that affect the values of variables
in V at program point S. The reason for this omission
is that these algorithms use control-dependence infor-
mation based on control-flow graphs for single proce-
dures (intraprocedural control dependence). Recent work
[8] describes several ways in which this intraprocedu-
ral control-dependence computation inaccurately mod-
els the semantic dependencies that exist between pro-
gram statements.

One way in which intraprocedural control-dependence
computation inaccurately models semantic dependence
is seen in the effects of embedded halts.? For example,
consider the alternative version of program Sum with
statement 18’, shown in Figure 1. The explicit halt at
statement 18’ affects the control dependencies of state-
ments in procedures M and B. If control dependence is

LA path is realizable if it respects the fact that procedures
always return to the site of the most recent call [10].

2For languages that do not support embedded halts, the
embedded-halt effect is of no concern. However, a study of a
variety of non-trivial C programs showed that over 63% of the
programs contained exit() statements that can affect control de-
pendencies, and thus, potentially the outcome of slicing [8].



procedure M procedure B

1 begin M 9 begin B

2 read i,]j 10a call C

3 sum = 0 10b return C

4 while i < 10 do 11 if j >=0 then

5a call B 12 sum = sum + j

5b return B 13 read
endwhi | e endi f

6a call B 14 =i o+ 1

6b return B 15 end B

7 print sum

8 end M

procedure C
16 begin C

alternative version of 18: 17 if sum> 100 then

18’ hal t (18 print("error")“
””” endif
19 end C

Figure 1: Sample program Sum.

computed intraprocedurally in the usual way, without
considering the effects of the embedded halt, statement
7, for example, will be control dependent on entering
M. On closer inspection, however, we see that statement
7 depends most immediately for its execution on state-
ment 17, because of the explicit halt in statement 18’.
Thus, according to the definition of semantic depen-
dence [12], statement 7 is semantically dependent on
statement 17, and statement 17 should be included in
any slice that includes statement 7. However, because
the control dependence information that existing inter-
procedural slicing algorithms use is computed without
considering the effects of embedded halts, none of slices
computed by existing algorithms contains statement 17.

Second, although existing interprocedural slicing algo-
rithms reuse slicing information, none of them is re-
ported to reuse the slices for subsequent slicing. This
reuse may be especially important when single or mul-
tiple users perform repeated slices on the same program
[2]. For example, suppose that we slice with criterion
< bb,sum > on program Sum, shown in Figure 1, and
save the slicing information. If we later compute a slice
for < 6b, sum >, we can reuse the partial slice computed
at < 15, sum > (which was used to compute the slice for
< 5b, sum >) to compute the slice quickly because we
avoid reslicing into procedures B and C.

Finally, none of the existing data-flow-based interproce-
dural slicing algorithms [2, 6] presents a technique for
slicing into procedures that call the procedure in which
the slice is initiated. For example, suppose that we wish
to begin the slice in procedure B at statement 11. Af-
ter slicing procedure C and reaching the entry to B, the
computation of the slice can (1) terminate, (2) slice into
all calling procedures at all call sites, or (3) slice into
specific calling procedures selected by the user or by the
program. Existing data-flow-based interprocedural slic-

ing algorithms use method (1). There are situations,
however, in which methods (2) or (3) are desirable.

In this paper, we present an interprocedural slicing
algorithm that addresses these problems of accuracy
and efficiency in interprocedural slicing. Our algorithm
uses data-flow analysis to compute the slices. At each
control-flow graph node encountered, the algorithm de-
termines whether the data-flow sets have changed since
the last time the node was visited, and, if so, continues
processing along control-flow and control-dependence
predecessors of the node. When the propagation reaches
a node whose control flow predecessor(s) is in another
procedure, the algorithm uses cached slicing informa-
tion, if possible. If no cached slicing information exists,
the algorithm computes the partial slicing information
for that procedure, and stores it for reuse. When pro-
cessing these procedure-boundary nodes, the algorithm
uses a call stack to ensure that the slice is computed
only along realizable paths in the program. Finally, the
algorithm uses control dependence information that lets
it correctly account for interprocedural control depen-
dencies in the computation of a slice, and thus, avoid
omitting statements from the slice.

Our approach has several advantages over previous ap-
proaches. First, our algorithm accounts for interpro-
cedural control dependencies not accounted for by any
existing interprocedural slicing algorithms. A study of a
small set of C programs showed that three of the eight
programs in the suite had embedded halts, and that
the slices computed for two of these three programs us-
ing other algorithms omit statements that should be
included in the slice. Second, our algorithm reuses pre-
viously computed slicing information, including partial
slices, when a criterion is encountered in the computa-
tion of interprocedural slices. Our initial studies suggest
that caching may provide savings in processing. Finally,
our algorithm computes slices into procedures that call
the procedure in which the slice is initiated either by
slicing into all called procedures or by slicing into pro-
cedures selected by the user.

2 SLICE COMPUTATION

In this section, we give the details of our algorithm.
First, we discuss the input and output for the main
component of the algorithm, ComputePSlice, which is
shown in Figure 2.2 Then, we discuss the global and
local data structures used by ComputePSlice. Finally,
we discuss the way in which ComputePSlice propagates
the data-flow sets to compute the slice.

30Qur algorithm can handle programs with recursion by over-
estimating the statements in the slice. For brevity, we omit the
discussion of this overestimation from this paper.



function
input

output

globals

declare

ComputePSlice

(s, v) : slicing criterion for CFG node s for procedure
P and variable v

PSlice : set of nodes in P, initially empty

CalleeVars : variables relevant

CallGraph : program P’s call graph

Callstack : records calling context during slicing

SliceList[crit] : list of (entryVars, pslice), stores
previously computed slice information

WorkList : ordered list of nodes in P, initially empty

CFG : control flow graph for P

N : node in CFG for P

CD|N] : control dependencies for nodes in P

RellIn[N], RelOut[N] : sets of relevant variables used
for propagation, initially empty

RelVarTo, DummyVars : temporary sets of relevant
variables, initially empty

Def[N], Ref[N] : variables defined, referenced at N

begin ComputePSlice
1. if SliceList[s,v] # NULL then
2. PropagateToCallers(SliceList[s,v].entryVars,

SliceList[s, v].pslice)

3. else
4. Initialize data structures
5. while Worklist # ¢ do
6. Remove N from WorkList
7. Update RelOut[N], RelIn[N], and PSlice
8. case N is an Entry node :
9. SliceList[s, v] = (RelOut[N], PSlice)
10. PropagateToCallers(RelOut[N], PSlice)
11. case N is a Return node associated with node C
that represents a Call to procedure P,
12. Add C to WorkList
13. Modify RelIn[N] according to Def[C] and Ref[C]
14. RelVarTo = bind(RelIn[N], globals, parameters)
15. if RelVarTo # ¢
16. foreach u € RelVarTo do
17. Push C onto CallStack
18. (PSlice, RelIn[N]) = (PSlice, RelIn[N])
U ComputePSlice(Exitp, , v)
19. endfor
20. endif
21. default : // any other type of node
22. Add control flow, control dependence predecessors
23. endcase

24. endwhile

25. endif

26. return PSlice, CalleeVars
end ComputePSlice

function
input

PropagateToCallers
VarSet, NodeSet

begin PropagateToCallers
27. if CallStack # NULL then
28. C = PopCallStack
29. CalleeVars = backbind(VarSet,C)
30. PSlice = NodeSet

else
31. foreach call site C; of P do
32. RelVarTo = backbind(VarSet, C;)
33. foreach u € RelVarTo do
34. (NodeSet, DummyVars) = (NodeSet, DummyV ars)

U ComputePSlice(C;, u)

35. endfor
36. endfor
37. PSlice = NodeSet

38. endif

end PropagateToCallers

Figure 2: Function to compute a slice for < s,v >.

2.1 Input and Output

Given slicing criterion < S,V > for program P, our al-
gorithm identifies the procedure P containing S and the
node s in P’s control flow graph that corresponds to .S,
and creates slicing criteria < s,v > for all v € V. Our
algorithm then calls ComputePSlice for each criterion.
ComputePSlice inputs a slicing criterion, and outputs
PSlice and CalleeVars. PSlice contains nodes that
represent the partial slice at the entry point of P, and
CalleeVars contains the variables (relevant variables)
that are used to continue slicing in the calling proce-
dure after ComputePSlice returns. When the traver-
sal reaches a procedure boundary, ComputePSlice per-
forms the required parameter binding to create a new
set of relevant variables, and creates a new criterion for
each relevant variable.* ComputePSlice is called for
each newly created criterion.

Example 1. Suppose that we wish to compute a
slice at point 6b of program Sum with V = {i, sum}.
At this return point, ComputePSlice determines that
both i and sum are global variables and are thus, rel-
evant at B’s exit point, and creates two new slicing
criteria: < 15,1 > and < 15,sum>. For < 15,i >,
ComputePSlice returns {14} for PSlice and {i} for
CalleeVars; for < 15,sum >, ComputePSlice returns
{11,12} for PSlice and {sum, j} for CalleeVars. O

2.2 Global Data Structures

ComputePSlice uses program P’s CallGraph to ac-
cess information about call sites and locations of halt
statements, and keeps a CallStack to record the
calling history as it performs the slicing. To fa-
cilitate reuse, ComputePSlice caches slicing informa-
tion using SliceList, which contains one entry for
each slicing criterion, < s,v >, that was previously
sliced. Each entry in SliceList contains two fields:
SliceList[s,v].entryVars, the variables that are rele-
vant at the entry to P after slicing with < s,v >;
and SliceList[s, v].pslice, the partial slice that was com-
puted for < s,v >; this partial slice contains the results
of slicing into procedures called by P but not into the
procedures that call P. This information can be reused
during computation of a particular slice or subsequent
slices. In either case, repeated slicing with the same
criterion is avoided.

Example 2. After slicing procedure B with < 15,1 >
and < 15,sum >, SliceList contains cached informa-
tion: for [15,1], entryVars is {i} and pslice is {14}; for
[15, sum], entryVars is {sum, j} and pslice is {11,12};
for [19, 1], [19, i], [19, sum], [19, sum], [19, j], and [19, j],
both pslice and entryVars are ¢. Subsequent calls to

4ComputePSlice may also create a new criterion to account

for interprocedural control dependencies — we discuss this case in
subsequent sections.



ComputePSlice with either < 15,1 > or < 15,sum >,
for example, will use the cached information instead of
slicing B again with the criterion. |

The difference between the information returned by
ComputePSlice and the information stored in SliceList
bears further discussion. When ComputePSlice is called
with a criterion < s,v >, it computes a new par-
tial slice, PSlice, for P with respect to < s,v >.
When the P’s entry is reached, ComputePSlice saves
PSlice in SliceList[s,v].pslice. If CallStack is not
empty, ComputePSlice returns SliceList[s, v].pslice to
the calling procedure; otherwise, instead of returning
SliceList[s,v].pslice to callers, ComputePSlice invokes
a series of calls to ComputePSlice for all (or some sub-
set of) calling procedures. At P’s entry, ComputePSlice
also saves the current set of relevant variables,
RelOut[Entry], in SliceList[s,v].entryVars. Then
ComputePSlice uses RelOut[Entry] along with param-
eter information at the call site to create CalleeVars,
which is also returned by ComputePSlice. If a subse-
quent call to ComputePSlice is made with < s,v >,
SliceList[s,v].entryVars is used to create CalleeVars,
and both CalleeVars and SliceList[s,v].pslice are re-
turned by ComputePSlice, without reslicing into the
called procedures. Because program Sum contains
only global variables, SliceList[s,v].entryVars and
CalleeVars are identical. In programs with parame-
ters, however, these sets may differ, depending on the
scope and type of variables and parameters.

2.3 Local Data Structures

To compute PSlice, ComputePSlice uses the control
flow graph, CFG, for P. Figure 3 shows the con-
trol flow graphs for program Sum. In each control flow
graph, nodes represent statements and edges represent
the flow of control between statements. Each procedure
has unique Entry and Exit nodes, and each call site has
unique Call and Return nodes. Dashed edges show the
interprocedural flow of control between procedures.

ComputePSlice also uses control dependencies, C D[N],
for slice computation. Qur algorithm differs from other
existing interprocedural slicing algorithms in that the
slice computation accounts for the effects of embed-
ded halts [8]. Before control-dependence information
is computed, our algorithm uses the CallGraph to de-
termine whether any procedures reachable from P con-
tain embedded halts.® If there are no reachable em-
bedded halts, the control dependencies for statements
in P are correctly computed using P’s control flow
graph. If there are reachable embedded halts, then

5If there is no statically unreachable code in the program, then
inspection of the call graph is sufficient to determine whether
P can call procedures with embedded halts; otherwise, and an
algorithm that uses the control flow graphs can be used for this
identification [8].
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Figure 3: Control flow graphs for Sum.

there exist call sites in P whose return may be con-
trol dependent on conditional statement(s) (conditional
statements controlling embedded halts) in other pro-
cedures. Although intraprocedural control-dependence
analysis cannot identify these conditional statements, it
can, using an augmented control flow graph (ACFG) [8],
compute partial control-dependence information that
ComputePSlice uses to compute correct interprocedural
slices.

An ACFG for a procedure P is a control flow graph
that is augmented with placeholder nodes that repre-
sent interprocedural control dependencies. An ACFG
has a unique node, Super Entry, that acts as a place-
holder for entry to P. For each Return node associ-
ated with a call site to a procedure P; that contains a
halt statement, an ACFG contains a unique conditional
node, Return Predicate, that acts as a placeholder for
the conditional statements on which return from P; is
control dependent. An ACFG also contains a unique
node, Super Exit, that represents all exits from P. Fi-
nally, an ACFG has additional control flow edges that
connect CFG nodes with these new nodes.

When the ACFG is used to compute intraprocedural
control dependencies using a control-dependence com-
putation algorithm, such as [5], the control dependen-



cies, CD[N], for all nodes N that are control dependent
on returning from called procedures and thus, control
dependent on predicates in other procedures, will con-
tain a Return Predicate node. When such an N is added
to PSlice, ComputePSlice forces the slicing to continue
into called procedures until the node on which the em-
bedded halt depends is found.

Figure 4: Augmented control flow graph for M.

Example 3. Figure 4 depicts the ACFG for M. In ad-
dition to the Super Entry and Super Exit nodes, there
are two Return Predicate nodes: RP5b, representing
the conditional statement on which the return from the
call at 5a depends; and RP6b, representing the condi-
tional statement on which return from the call at 6a de-
pends. There are also edges connecting CFG nodes with
these new nodes. When the ACFG is used in control-
dependence computation, it finds that nodes 5b and 4
are control dependent on RP5b, node 6a is control de-
pendent on node 4, and nodes 6b and 7 are control de-
pendent on RP6b. O

ComputePSlice uses an ordered WorkList to record
nodes in P that remain to be processed, and uses data-
flow sets, RelIn[N] and RelOut[N], to record the vari-
ables that are relevant to the slice at points before
and after nodes in the control flow graph, respectively.
ComputePSlice uses Def[N] and Ref[N] sets to store
definitions and references, respectively, for N.

2.4 Propagation Steps

Each time ComputePSlice is invoked, it first searches
SliceList for < s,v > (line 1). If < s,v > is found,
ComputePSlice calls procedure PropagateToCallers
(line 2) to propagate the slicing information back to
the caller(s) of P. If PropagateToCallers, shown in
Figure 2, finds C, the caller of P, on CallStack (lines
27-30), it uses backbind to determine CalleeVars us-
ing SliceList[s,v].entryVars together with the actual
parameters at C; this computation is similar to the al-
gorithm presented in [6].

If PropagateToCallers finds that the CallStack is
empty (line 31), there are two possibilities: (1) the slic-
ing has reached the main procedure, or (2) for proce-
dures other than main, the slicing has reached a caller
of the procedure in which the slice was initiated or
the procedure itself. In case (1), this invoation of
ComputePSlice terminates. In case (2), there are two
choices: the user can select those calling procedures in
which to continue the slicing; or the algorithm can se-
lect those (possibly all) calling procedures in which to
continue the slicing. In either case, the algorithm calls
ComputePSlice to compute and return the slices for all
selected calling procedures (lines 31-38); in this case,
CalleeVars is empty. The algorithm then computes
the union of those returned slices. After returning from
PropagateToCallers, the function returns PSlice and
CalleeVars (line 26).

Example 4. Consider a slice with criterion < 7, sum >.
The slicing proceeds through procedure B, and then to
C. When PropagateToCallers is invoked at the entry
to C, it finds B on the C'allStack and continues slicing in
B. Subsequently, when PropagateToCallers is invoked
at the entry to B, it finds M on CallStack, and con-
tinues slicing in M. Now consider a slice with criterion
< 17,sum >. When PropatateToCallers reaches the
entry to C, it finds that CallStack is empty, and slices
into B, C’s only caller. When PropagateToCallers sub-
sequently reaches the entry to B, and finds CallStack
empty, it either continues slicing at both call sites to B,
statements 5b and 6b, or continues slicing at the call
sites selected by the user. m|

If < s,v > is not found in SliceList (line 3),
then ComputePSlice computes the slice for the cri-
terion. It first performs initialization tasks (line 4).
ComputePSlice requests the required analysis informa-
tion for P from the underlying analysis system. This in-
formation can be computed at this time, accessed from
a location in memory, or retrieved from the database.
ComputePSlice adds s to PSlice and to WorkList.

ComputePSlice then begins to process nodes on
WorkList; the while loop (lines 5 — 24) handles this
processing. After removing N from the WorklList,



the algorithm updates the RelOut[N] and RelIn[N]
sets using Def[N] and Ref[N] sets. It first computes
RelOut[N] as the union of Relln[Succ], where Succ is a
successr of N in the CFG and then assigns RelOut[N]
to RelIn[N]. If De f[N]N RelOut[N] is not empty, then
ComputePSlice removes the variable in Def[N] from
RelIn[N], adds variables in Ref[N] to RelIn[N], and
adds N to PSlice.

ComputePSlice uses N’s node type to determine the ac-
tions it takes. If N is an Entry node (lines 8-10) in the
CF@, then the partial slice is complete for this criterion.
The algorithm saves the current PSlice and RelOut[N]
in SliceList, and calls PropagateToCallers, passing
RelOut[N] and PSlice. PropagateToCallers performs
actions that are similar to those described in Section
2.2, except that it uses the RelOut[N] and the com-
puted slice, PSlice, instead of the stored information in
SliceList.

If N is a Return node in the CF'G, ComputePSlice adds
the corresponding Call node C to WorkList (line 12),
updates RelIn[N] using Def[C] and Ref[C] sets (line
13), and computes RelVarT o, the variables that are rel-
evant at the exit of the called procedure P, (line 14).
At this point, ComputePSlice also determines whether
the return node’s CD[N] is a Return Predicate node,
and if so, the algorithm adds a dummy variable to
RelVarTo. This dummy variable forces the slicing to
continue into P,, even if there are no other relevant vari-
ables at the exit node of P,,. If RelVarTo is not empty,
ComputePSlice creates a new slicing criterion for each
variable in RelVarTo (line 17) and calls ComputePSlice
for each of them. The results of these calls are added to
the existing PSlice and RelIn[N] sets.

Example 5. For the alternative version of program Sum
with statement 18’, consider the computation of a slice
that reaches node 10b. Suppose that RelOut[10b] con-
tains a variable that is not in scope in procedure C (not
illustrated in the example). In this case, the RelVarTo
set created by ComputePSlice would be empty, and us-
ing other algorithms, the slicing would not continue into
C. However, under our approach, we know that there is a
conditional statement in a called procedure that must be
located and added to PSlice — the fact that C D[100] is
a Return Predicate tells us this. Thus, ComputePSlice
creates criterion < 19,dummy >, and continues slic-
ing into C. In this case, it adds node 17 to PSlice and
{sum} is passed back as CalleeVars from C, and added
to RellIn[10b]. O

If N is any other type of node in the CFG,
ComputePSlice performs two important functions.
First, ComputePSlice determines if RelIn[N] has
changed during this iteration of the while loop, and,
if so, the algorithm adds the control flow predeces-

sors of N to WorkList. Second, if N is in PSlice,
then ComputePSlice considers each d € CD[N]. If d
is a Return Predicate, then ComputePSlice adds the
Return node in the CFG for P, corresponding to d,
to WorkList. Otherwise, ComputePSlice adds d to
WorkList and to PSlice.

3 EMPIRICAL RESULTS

We implemented a prototype of our algorithm and per-
formed a number of studies on a set of C programs.
This section reports on both the implementation and
the studies.

3.1 Implementation

We used the Aristotle analysis system [7], which pro-
vides analysis information, such as control flow, data
flow, and control dependence, to provide analysis infor-
mation for our prototype slicer. To provide easier access
to Aristotle’s analysis information, we implemented a
wrapper around the Aristotle analysis system. The
wrapper is written in C++ using the Standard Tem-
plate Library (STL) and contains 2605 lines of C++
code, not including the STL code. We implemented a
prototype of our slicing algorithm in C++ on top of this
C++ wrapper on an HP 715 running HP-UX 9.05. The
prototype slicer, which contains 821 lines of C++ code,
performs interprocedural slicing using our algorithm.

At present, our prototype slicer has several limitations.
First, the current version of our slicer does not han-
dle programs with recursion; our algorithm does, how-
ever, handle recursion, and we are adding this feature
to our prototype. For the studies reported in this pa-
per, we used subject programs that contain no recur-
sion. Second, the current version of our slicer does not
use data-flow information that was computed using pre-
cise alias analysis. Instead, when performing slicing, we
assume that every memory location v, accessed using
a pointer, could be aliases to every other memory lo-
cation accessed using a pointer of the same type as v.
Third, the current version of our slicer does not perform
the additional analysis required to compute executable
slices in the presence of unstructured transfers of con-
trol such as goto, break, or continue; we are currently
implementing Agrawal’s technique [1] to include such
statements in the slices. For a given slicing criterion,
< s,v >, our prototype does, however, include all state-
ments that could effect the value of v at s.

3.2 Studies

Table 1 lists the C programs we used as subjects for
our studies. One of the programs, calc, is a compo-
nent of the Aristotle analysis system; the remaining
seven programs were used for a study of control-flow-
and data-flow-based testing [11].



Table 1: Subject programs for the studies.

Executable | Number of
Program Statements Functions Description
tcas 138 8 altitude separation
calc 194 5 postfix calculator
schedule2 297 16 priority scheduler
schedule 299 18 priority scheduler
totinfo 346 16 information measure
printtok 402 21 lexical analyzer
printtok2 483 20 lexical analyzer
replace 516 21 pattern replacement

We performed three studies using our prototype slicer.
The first study considered one aspect of slicing itself:
the sizes of the slices relative to the size of the program.
The next two studies considered aspects of our slicing al-
gorithm: effectiveness and efficiency. The second study
compared the slices computed by our algorithm with
the slices computed by existing interprocedural slicing
algorithms. The third study calculated an estimate of
the number of slicing criteria that did not have to be
processed by our algorithm because it caches slicing in-
formation.

3.2.1 Study 1: Slice size relative to program size. ~ Our
objective in this first size study (Study 1a) was to inves-
tigate the relationship between slice size and program
size for slices computed using our technique. To do
this, we considered each subject program P, each state-
ment S in P, the CFG node s associated with S, and
each variable v that is referenced at S, ® and we com-
puted a slice using < s,v > as the slicing criterion. For
each slice, we computed the percentage of statements
in the slice relative to the number of statements in P.
We then determined, for each P, the number of slices
whose percentages lie in the ranges [0% — 20%], (20% —
40%], (40% — 60%)], (60% — 80%], (80% — 100%)], and the
percentage of slices in each range. Finally, we computed
the average of the percentages over all P.

Figure 5 shows the results of the study as a segmented
bar graph. The graph contains one segmented bar for
each subject program. Fach segmented bar shows, for
that program, the percentage of slices that lie in the
different ranges. For example, for calc, our algorithm
computed 65 slices. Of those slices, 43% contain be-
tween 0% and 20% of the program statements, 23% con-
tain between 20% and 40% of the program statements,
and 34% contain between 60% and 80% of the program
statements; there are no slices whose percentage of pro-
gram statements is between 40% and 60% or between
80% and 100%.

The results show that, for our subject programs, the

8Qur algorithm can find slices at S for any set of variables
that are in scope at S, but for this study, we used only the set of
variables referenced at S.
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Figure 5: Study 1a — Relative sizes of slices per program.

sizes of the slices relative to the size of the program
vary considerably. For example, more than half of the
slices for replace, our largest subject program, con-
tained less than 40% of the program’s statements, and
no slice in replace contained more than 80% of the
program’s statements, whereas many of the slices for
schedule2 contained between 80% and 100% of the pro-
gram’s statements.

As we were gathering the statistics for Study 1la, we no-
ticed that many of the slices contained few statements
relative to the number of statements in the program.
Thus, in our second size study (Study 1b), we wanted
to determine the distribution of the relative sizes of the
slices across procedures in the program. To do this,
we used the results that we obtained in Study la, ex-
cept that we considered the percentages per procedure
in P instead of considering the percentages over all of
P. We report the results for two representative subject
programs: schedule2 and printtok2.

Figure 6 shows the results of this study as a segmented
bar graph. Each group of bars represents one subject
program, and each bar in a group represents a proce-
dure in that program.” We observe that, for schedule2,
the percentages of slices in the different ranges are un-
evenly distributed across procedures: in approximately
50% of the procedures, the slices contain over 80% of
the program’s statements, and most of the slices in the
remaining 50% of the procedures contain less than 40%
of the program’s statements. For printtok2 are also

7Some functions had no lines of code containing variable uses;
we performed no slices in these functions.
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Figure 6: Study 1b — Relative sizes of slices per proce-
dure.

unevenly distributed across procedures, but the differ-
ence in the ranges is less than it is for schedule2.

These results illustrate that for the procedures in our
subject programs, the slice can be small relative to the
size of the program, and thus, useful for applications.
The results also show, that, even for subject programs
whose average slice is large relative to the program be-
ing sliced, such as schedule2, the slices computed for
many of the procedures can be small relative to the size
of the program. These results suggest that program
metrics other than averages might be useful for predict-
ing relative sizes of slices, and that except for “core”
procedures for which slices contain most of the program
statements, the size of slices may be small compared to
the size of the program. Additional empirical studies
will address these issues.

3.2.2 Study 2: Slice inaccuracies due to embedded halts.
Our objective in this study was to compare the slices
computed by our algorithm, which considers interpro-
cedural control dependencies in its computation, with
slices computed by existing interprocedural slicing al-
gorithms, which do not consider such dependencies. To
do this, we considered each subject program P that con-
tains embedded halts, each statement S in P, the CFG
node s associated with S, and each variable v that is
referenced at S, and, for each slicing criterion < S,v >,
we computed two slices. We computed the first slice us-
ing the prototype implementation of our algorithm. We
computed the second slice by simulating the results that
would be obtained by existing algorithms — we used our
prototype with control dependence information com-
puted in the usual way. We then compared these two
slices to determine the percentage of statements that

were in the slice computed with our algorithm but not
in the slice computed using the simulation of existing al-
gorithms. We can view this percentage as the percent-
age of statements “missed” by interprocedural slicing
algorithms that do not consider interprocedural control
dependencies.

Five of our subject programs, tcas, calc, schedule,
printtok2, and replace, contained no embedded halts.
For these subjects, slices computed using our algorithm
and slices computed using the simulation of existing al-
gorithms would be identical, and thus, we did not con-
sider them in our study. For one of the programs that
contains an embedded halt, printtok, there were no
differences in the slices computed using our algorithm
and the simulation of existing algorithms. For the other
two programs, our results show that there can be a sig-
nificant percentage of missed statements in the slices.
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Figure 7: Study 2 — Statements missed by existing in-
terprocedural slicing algorithms.

Figure 7 shows the differences in slices that we observed
for these two programs as a segmented bar graph. In
both cases, there were at least 30% of the slices that
missed at least 40% of the statements. These studies
suggest that, for languages, such as C and C++ that
have embedded halts, slices computed without consider-
ing these embedded halts (i.e., all interprocedural slicing
algorithms except ours) can omit statements or entire
procedures. Future work will investigate this problem
further.

3.2.8 Study 3: Potential savings due to caching. Our
objective in this study was to investigate the potential
for savings due to caching of slicing information. For
this study, we considered the same two subject programs



that we used for Study 1b. For our first study of reuse
(Study 3a), we measured the reuse of the slicing infor-
mation for individual slices. For each subject program
P, statement S, CFG node s, and each variable v refer-
enced at S, we performed a slice with criterion < s,v >
using our prototype slicer. After each slice, we restarted
the slicer; thus, the reuse is measured with respect to
single slices from the start-up state of the slicer, and
does not include reuse of slicing information computed
for previous slices.

As the slice was being computed, we recorded the
number of times that ComputePSlice was called with
a criterion, critpeyw, and the number of times that
ComputePSlice had to process the criterion that it re-
ceived, critprocessed- LThe critye, represents the total
number of times the algorithm would have performed
the slicing without reuse, and crity,ocesseq represents
the number of times the algorithm actually performed
the slice. The ratio of critpew — Critprocessed t0 Critpew
gives us a lower bound on the percentage of criterion
that we avoid processing. critprocessed represents a lower
bound on the number of criteria that we avoid pro-
cessing because our counts do not include the crite-
rion reused in called procedures. To illustrate, consider
program Sum. Suppose that during slice computation,
ComputePSlice is called a second time with criterion
< 15,sum >. To compute PSlice for this criterion re-
quires processing criteria, < 19,sum > and < 19,j >,
because both sum and j are relevant at Return node
10b. We count the invocation of ComputePSlice with
< 15, sum > in critpe, but not in critprocesseqa because
the algorithm uses the cached information. However,
we do not count the invocation of ComputePSlice with
< 19,sum > and < 19, j >, whose computation is also
avoided, in any of the counts. Thus, we get a lower
bound on the reuse achieved.

Figure 8 represents, as a segmented bar graph, the per-
centages of criteria that we avoid processing. The graph
shows that, for both programs, there is a high percent-
age of reuse of the slicing information.

For our second study of reuse (Study 3b), we wanted to
investigate the reuse that might be possible in an en-
vironment where one user is performing multiple slices
on the same program or where multiple users are per-
forming slices on the same program. To do this, we
considered the same two subject programs that we used
for Study 3a. For each subject program P, each proce-
dure P; with statements Sy, ..., Sn, and the variables v
referenced at S, we formed three sequences of slicing cri-
teria: (1) slicing criteria for Sy, ..., Sp; (2) slicing crite-
ria for Sy, ..., S1; and (3) slicing criteria for Sy, 2, ..., S,
then 51, ..., Sy 2-1- For each sequence, we restarted the
slicer, performed the slices in the sequence order, and
recorded the reuse, as we did for the previous study,
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Figure 8: Study 3a — Potential reuse savings per slice.

using critpey and critprocessed- We also computed the
percentages of reuse of slicing information.
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Figure 9: Study 3b — Potential reuse savings per proce-
dure.

Figure 9 represents these percentages as a segmented
bar graph. Our results here show an even higher per-
centage of reuse in most of the procedures in the subject
programs that we studied than in Study 3a. These re-
sults suggest that providing efficient ways to cache and
reuse slicing information may provide significant sav-
ings. Future work will investigate ways to maintain this
data for both single-user and multi-user environments.



4 CONCLUSIONS AND FUTURE WORK

We presented a control-flow based interprocedural slic-
ing algorithm that has the advantages that it (1) ac-
counts for interprocedural control dependencies in the
computation of the slices, and (2) stores and reuses slic-
ing information, including slices, in subsequent slicing.
We also presented the results of several studies that con-
sidered slice size, slice accuracy, and reuse of slicing in-
formation for our slicing technique. Although our sub-
ject programs are small, they let us draw some conclu-
sions about our approach, and consider areas for future
work.

o Qur results illustrate that there exist real programs
for which many slices contain a relatively small number
of statements, compared to the number of statements in
the program. Future work could consider whether this
result generalizes to large programs. Future work could
also identify those programs and for which applications,
slicing will be useful.

o QOur results illustrate that there exist real programs
for which slices computed with existing interprocedural
slicing algorithms miss a significant number of state-
ments that should be included in the slice. However,
we do not know to what extent the problem that our
algorithm solves is widespread in practice. Future work
will address this issue.

e We have incorporated interprocedural control depen-
dence information into our slicing algorithm, but the
system dependence graph could be modified to provide
similar information. If modified, the two-pass slicing
algorithm of [9] would produce the same slices as our
algorithm computes.

o Our results show that, for our subject programs, reuse
of slicing information could be significant. We did not
measure the storage requirements or time saved because
of the reuse that our approach provides. An improved
prototype will let us continue to experiment.

o We presented reuse studies for our algorithm only. We
did not compare our results with results using a system-
dependence-graph approach. We believe there are pro-
grams and slicing criteria for which our approach will
be more efficient than a systems dependence graph ap-
proach, and vice versa. Future studies will compare the
two approaches, and attempt to determine under what
conditions the approaches will be efficient.
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