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Abstract

Although Weiser originally defined a program slice to beexa
ecutableprojection of a program, much of the research on slicing
has focused oonlosureslices, which consist of the set of statements
and conditions of the program that might affect the valuegif/an
variable at a given statement or condition of interest. @bibsure
slices can be useful, there are some contexts in which exfgleut
slices are preferable. Closure slices are not generallgutakle
because there can be mismatches in the slice between thef sets
actual parameters at different call-sites to a proceguasd the
formal parameters of.

This paper presents a new approach to creating executable,

slices. Our algorithm addresses the parameter-mismatidfigon
by creatingspecialized versions of procedurést have different
sets of formal parameters. Moreover, the slice returnetiéalgo-
rithm is minimat the slice consists of the set of specialized proce-
dures that solves a certainarsest-partition problem

The paper presents solutions for some additional issuds tha
arise with more realistic languages than considered in\past.
It also presents the results of an experimental evaluatfotiheo
algorithm applied to C programs.

1.

Program slicing [54] provides a useful tool for many sentmti
based program-manipulation operations. In particulacing al-
lows one to find semantically meaningful static decompaosgiof
programs [27], where the decompositions consist of elesaent
typically statements and conditions—that are not texyuadin-
tiguous. It is a fundamental operation that can aid in sglvin
many software-engineering problems [33] including prognan-
derstanding [21, 23, 29, 38, 47], maintenance [16, 26, 48jud-
ging [43, 44], testing [5, 6], differencing [31, 32], spddation
[48], and program merging [34]. The term “program slicingi{sh
been used to describe a number of different but related tipesa
and to appreciate the results presented in this paper itdertant
to understand some of the different definitions.
Weiser [54] defined théstatic backward) slice of a program

P from elemeny with respect to a set of variablég to be any
programP”’ such that

¢ P’ can be obtained fror® by deleting zero or more statements.

e WheneverP halts on input/, P’ also halts on inpuf/, and
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variables in seV’ at element if it is in the slice, and otherwise

at the nearest successortthat is in the slice.

The pair(g, V') is called theslicing criterion
Most research on slicing adopts from Weiser the idea thagsli

should retain a close syntactic connection to the originaam—

roughly, algorithms for such approaches remove all progetem
ments that cannot affect the slicing criterion. Such atbams are
called “syntax-preserving” [29]. In some slicing algorih, the
slicing criterion is restricted to involve only variablesad atq,
which allows slicing to be performed efficiently using pragr de-

pendence graphs [35, 46].

Horwitz et al. [35] presented a context-sensitive algonittor
interprocedural slicing; however, they were careful tdidguish
between two different types of slices:

Closure slices:The slice of a program from criteriofy, =) con-
sists of all statements and conditions of the program thghtni
affect the value of: at element,.

Executable slicesThe slice of a program from criteriofy, =)
consists of a reduced program that computes the same sequenc
of values forz atgq.

(The terms “executable slice” and “closure slice” are due to

Venkatesh [53].) The algorithm given by Horwitz et al. corgsu

a closure slice.

This paper presents a new approach to creating executable
slices. An example that illustrates the difference betwere-
cutable and closure slices is shown in Fig. 1. Fig. 1(a) shins
original program; Figs. 1(b)—(d) show the slices producgthibee
different algorithms, all slicing with respect g2 at line (17).

While a closure slice (see Fig. 1(b)) can be useful—e.g., for
program understanding—there are some contexts in whiclen e
cutable slice (cf. Figs. 1(c) and (d)) is preferable. Fomepi, in
general, the smaller a program is, the easier it is to debignG
a program that fails (throws an exception or prints a bade)adt
an element, if the executable slice fromis substantially smaller
than the original program, then debugging the slice is yikelbe
easier than debugging the whole program. While it may be-help
ful for the programmer to examine the closure slice fronbe-
ing able to actually run the slice on different inputs mayegikie
programmer much more leverage. Other applications of ¢ablau
slicing include (i) extracting specialized componentsrfrapplica-
tion programs (e.g., creating a version of the word-couitityutic
that counts only lines), and (ii) creating versions of lifea spe-

the two programs produce the same sequences of values for allCialized to an application.

[Copyright notice will appear here once 'preprint’ optiGrémoved.]

Executable Slicing

Because a slicing algorithm removes program elements when
it establishes that those elements cannot affect the bahatthe
slicing criterion, an executable slice can run faster th&noriginal
program. There is na priori bound on the speed-up achievable: for
some programs and some slicing criteria, a slice can beranibyjt
faster than the original program. An experiment witf showed
that on average—computed as the geometric mean—its ekéeuta
slices took 32.5% of the time used by the original prograre §3&
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(c) Binkley slice with
matched actuals

(d) Specialized slice with
two versions of

(b) Closure slice with
(a) Example program missing actuals
(1) int gil, g2, g3; int gl, g2;
2
(3) void p(int a, int b) { void p(int a, int b) {
(4) gl = a; gl = a;
(5) g2 = b; g2 = b;
(8 g3 = g2;
(M} }
(€))
9
(10)
(11)
(12) int main() { int main() {
(13) g2 = 100;
(14) p(g2, 2); pC  2);
(15) p(g2, 3); p(g2, 3);
(16) p(4, gl+g2); p(  gl+g2);
17 printf ("%d", g2); printf ("%d", g2);
(18) } }

int gl, g2; int gi, g2;
void p(int a, int b) { void p_1(int b) {
gl = a; g2 = b;
g2 = b; ¥
X void p_2(int a, int b) {
gl = a;
g2 = b;
}
int main() { int main() {
g2 = 100;
p(g2, 2); p-1(2);
p(g2, 3); p-2(g2, 3);
p(4, gl+g2); p_1(gl+g2);
printf ("%d", g2); printf ("%d", g2);
} }

Figure 1. Example program and the results of three different algortifior backwards slicing with respectga at line (17).

One of the problems we encounter in creating executablesslic
is the parameter-mismatch problegfi35, §1] and [7]). A closure
slice can have multiple calls to the same procedure, witflereint
subsets of actual parameters at different call-sites. Mewyehe
slice has the union of the corresponding formal-parametts, s

of program specialization. Backward slicing can also beéssed
for program specialization [48], although algorithms fliciag and
partial evaluation are much different in character. Hdoetn spe-
cialization via slicing has also been more restricted thenkind
of specialization allowed in partial evaluation. A synfareserving

which causes a mismatch between the actual parametersdpasseslicing algorithm corresponds to what the partial-evabratom-

from a call-site and the procedure’s formal parameters,(Bngs
(3) and (14)—(16) of Fig. 1(b)). For most programming largps a
program with such a mismatch would trigger a compile-timerer

According to Binkley, Weiser’s slicing algorithm avoidseth
parameter-mismatch problem because “call sites are treatén-
divisible components: if a slice includes one parametenuist in-
clude all parameters” [7, p. 32]. While this approach ernstinat
Weiser’s slices are executable, they can include manyeiragit
components.

Binkley [7] addressed the parameter-mismatch problem by ex
panding the closure slice of Horwitz et al. to include migsactual
parameters, together with everything in the backward $lara the
missing actuals. For instance, as shown in Fig. 1(c), Birklal-
gorithm would include the missing first parameters at the ¢aits
top on lines (14) and (16), as well as the assignmeng2tat line
(13). Although this approach leads to smaller slices thais&vs
approach, both Binkley’'s and Weiser’s approaches haveride-u
sirable property that they can cause arbitrarily many aattht pro-
gram elements to be included in the final slice.

In this paper, we present a new algorithm for finding exedatab
slices. We take a different approach than Weiser and Binklegt
allow a looser form of slicing in which multiple versions opeoce-
dure can be included in a sliéeThe field of partial evaluation [39]
was one of the inspirations for our work. Partial evaluatsaform

1Another disadvantage of Weiser's algorithm is that it is temt
insensitive. That is, if a slice includes one call-site ongadurep, then
it includes all call-sites op, which is clearly undesirable.

2Harman and Danicic [29] studied what they aaihorphous slicingwhich
drops the requirement of syntax preservation. What distsfgs an amor-
phous slice is merely that the number of nodes in the slicargrol-flow
graph (CFG) is no greater than the number of nodes in thenatigiro-
gram’s CFG. We have no such restriction, and in fact a slieated by our
algorithm could be larger than the original program. Consedly, a slice
returned by our algorithm does not always qualify as an ahmarp slice;
however, our work is in somewhat the same spirit—especthtymaterial
in §5.2 on function pointers and indirect calls.

Executable Slicing 2

munity would call anonovariantalgorithm: each program element
of the original program generat@s most one elemerih the an-
swer. In contrast, partial-evaluation algorithms carpblyvariant
i.e., one program element in the original program may cpoed
to more than one element in the specialized program [39,Q. 37

The slicing algorithm presented in this paper is polyvariam
particular, when a closure slice has parameter mismatohesine
procedurep, our algorithm creates multiple specialized copieg.of
For example, as shown in Fig. 1(d), the callgtat lines (14) and
(16) are converted into calls to the one-parameter proegplur,
while the call top at line (15) is converted to a call fn2.

In creating specialized procedures, we need to know for kivhic
formals the procedures should be specialized, and whictrano
elements should be in each specialized procedure. As we show
in §2.4 and App. A.2.3, there can be cascade effects: when a
specialized copy op is created, it may be necessary to create
specialized copies of procedures callecptand so on. The process
cannot go on forever, because there are only a finite number of
combinations of actuals that are possible; however, theacks
effect can be exponential in the worst case (App. A.2.3).

Exponential explosion is not desirable, of course. Thisgthel
of our work was two-fold:

1. We wished to understand the fundamental underpinningseof
procedure-specialization approach. In particular, D28 pro-
vides a minimality criterion for specialized slices, andiA.2
establishes that our slicing algorithm satisfies that iare

2. We also wished to understand whether the technique iseeffic
in practice, given the theoretical possibility of the cakraf-
fect. Our experiments showed that no procedure had more than
four specialized versions, and the vast majority of procesiu
had just a single version (see Fig. 16).

The Key Insight. We formalize the executable-slicing problem
as a partitioning problem on a graph that, in general, canfigte
(§2.2). To represent finitely the infinite sets of objects tha w
use to solve the partitioning problem, we make use of symboli
techniques originally developed in the model-checking womity
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[12, 24]. We show how to obtain the desired answer by perfogmi
just a few simple automata-theoretic operations.

Contributions.  The contributions of the paper include
¢ The formalization of (a new version of) the executablehstc
problem as a partitioning problem on an infinite grag.2).
¢ Definitions of minimality, soundnessand completenesgor

specialized slices (Defns. 2.8 and 2.7), and proofs that

our algorithm—unlike Weiser's algorithm and Binkley's
algorithm—satisfies these properties (Thms. A.2 and A.3).

¢ An algorithm that uses automata-theoretic operations ea-id
tify the minimal set of specialized procedures, as well & th

minimal set of program elements required in each specihlize

procedure §2.5 ands4).

e Characterizations of the running time and space used by our

algorithm (App. A).
= We present a family of examples for which the running

time and space of the specialized-slicing algorithm can be

exponential in certain parameters of the input program.

= Our experience to date has been that neither such examples
nor the worst-case exponential behavior of operations like
automaton determinization, arise in practice (see below).

Hence, we believe it is fair to say that, for tlebserved

cost both the running time and space of the algorithm are
bounded by the sum of two terms: one is polynomial in the
size of the input program; the other is linear in the size of

the output slice.
¢ Solutions for some additional issues that arise with moaése
tic languages than considered in past work on executablagli
(85).
¢ Results of an experimental evaluation of the algorithm igplpl
to C programs{7). Our experiments were designed to

= compare our approach to finding executable slices with

Binkley’s approach

= determine whether the worst-case exponential cost of our

algorithm arises in practice

= determine how the execution time of an executable slice—

which, in principle, can be arbitrarily better than that lo¢ t

original program—compares in practice with the execution

time of the original program.
The experiments used slices taken with respect to sliciing cr
teria obtained from run-time states at which symptoms ofbug
were observed. The experiments showed that

of programs (e.g., [41, 46]), but represents collectionpraice-
dures rather than just monolithic programs.

We will not give a detailed definition here; however, the impo
tant ideas should be clear from the examples. A program’s SDG
is a collection of procedure dependence graphs (PDGs) ¢he],
for each procedure. The vertices of a PDG represent theidhdil/
statements and conditions of the procedure. A call stateinesp-
resented by a call vertex and a collection of actual-in aridec
out vertices: There is an actual-in vertex for each actuahmpa
eter as well as for the non-local locations—e.g., globaiatdes
and locations accessible via pointers—in the procedurggRéf
and (MayMod — MustMod) sets [18]. There is an actual-outesert
for the return value and for each non-local location in thecpr
dure’s MayMod set. Similarly, in the PDG of a called procejur
the parameter-passing actions in the procedure’s prolagdepi-
logue are represented by an entry vertex and a collecticoriofdl-
in and formal-out vertices. The edges of a PDG representdhe ¢
trol and flow dependences among the procedure’s statemeats a
conditions’® The PDGs are connected together to form the SDG by
call edges (which represent procedure calls, and run from a call
vertex to an entry vertex) and lparameter-inand parameter-out
edges (which represent parameter passing, and which rom&ro
actual-in vertex to the corresponding formal-in vertexd &nom a
formal-out vertex to all corresponding actual-out vericespec-
tively).*

Example 2.1. Fig. 2 shows the SDG for the program given in
Fig. 1(a). Each PDG vertex in the SDG is labeled (ewxgl), and
each call-site has an additional label of the fath, C2, etc. We
later refer to the vertices and call-sites using those fabel

Because the call tprintf is a library call, the SDG shown in
Fig. 2 does not include the PDG fprintf. We discuss how we
handle library calls ir§5.1.

We will return to this example several times to illustrate th
steps that our algorithm performs to create an executabigrgm
for a backward slice from vertex s¢in21, m22, m23}—which
corresponds to the slice of Fig. 1(a) with respecg2at line (17).

2.2 Problem Statement and Key Insights

Insight 1: Symbolic Techniques for Infinite Graphs. We for-
malize the executable-slicing problem in terms of the (eptgal)

= Exponential explosion does not arise in practice: no pro- unrolled SDG, which for recursive programs has an infiniteber
cedure had more than four specialized versions, and the of vertices and edges. (Roughly, the unrolled SDG corredpén
vast majority of procedures had just a single version (see the SDG of the program that is obtained by repeatedly—ane pos

Fig. 16). sibly infinitely—performing in-line expansion in procedurain.)
= Some executable slices run significantly faster than tlge ori  Each vertex in the unrolled SDG can be labeled uniquely with a
inal program. pair (v, w), wherev is a PDG vertex, ana is a sequence of call-

sites in the SDG. In a minor abuse of terminology, we do not dis
tinguish betweer and its label(v, w), and say that = (v, w) is
aconfiguration The calling contextv represents the stack of calls
that are pending in configuratian Given a set of configurations
C, ElemgC) denotes the sefv | (v,w) € C}, and Stack&)
denotes the sdtw | (v,w) € C}.

Organization. §2 provides an overview of the approach that we
use to create executable slicg8.defines the infinite graphs that
we use, and reviews the representation techniques uporhwhic
our slicing algorithm is based4 presents the core partitioning
algorithm that solves our version of the executable-djgroblem.

85 describes how to extend our approach to handle programs tha
(i) make calls to library procedures, and (ii) use calls viéngers

to procedures;6 discusses limitations of the approagh.presents

our experimental result$8 discusses related work. Proofs are
given in App. A.

3 As defined by Horwitz et al. [35], PDGs include four kinds opdadence
edges:control, loop-independent flowloop-carried flow and def-order
However, for the purposes of this paper the distinction ketwloop-

2. Overview and Problem Statement independent and loop-carried flow edges is irrelevant, aficbdler edges

2.1 System Dependence Graphs

A system dependence grafBDG) [35] is a graph used to rep-
resent multi-procedure programs (“systems”). The systeped-
dence graph is similar to other dependence-graph repeg&aTs

Executable Slicing 3

are not used. Therefore, in this paper we assume that PD@slénonly
control-dependence edges and a single kind of flow-depeerdetige.
4The SDGs defined by Horwitz et al. [35] also inclusemmary edges
which run from actual-in to actual-out vertices. Howevennsnary edges
are not necessary for our executable-slicing algorithm.
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m21: call printf

(p4,C2)

Figure 3. Unrolled SDG of the program shown in Fig. 1(a). Each vertdalb&led with a configuration of the for(PDG-vertex stack-configuration The
closure slice of the unrolled SDG from configuration §et:.21, €), (m22, €), (m23, €)} is shown with bold font and darker borders, lines, and dahesd,

and corresponds to the program in Fig. 1(d).

Example 2.2. Fig. 3 shows the unrolled SDG that corresponds to
the program shown in Fig. 1(a). Each vertex in Fig. 3 is lathelith
a configuration of the fornffPDG-vertexstack-configuration O

To represent finitely the infinite sets of objects that we wélé
to solve the executable-slicing problem, we adopt symhtelit-
niques that were originally developed in the model-chegkiom-

Stack-configuration slicing finds all (PDG-vertex, cakek)
configurations on which a given language of (PDG-vertex:- cal
stack) configurations depend. As is well-known in the litera on
PDSs, for PDSs of recursive programs, the answer to suchrg que
can be aninfinite set. Nevertheless, an answer can be computed
and stored in dinite amount of memory by using a finite-state
automaton (FSA) to represent an answer set symbolicabg§&4

munity. We use a pushdown system (PDS) [12, 24] to encode the and§3.1.)

unrolled SDG (se€3.1). This approach immediately provides us
with an algorithmto perform a generalized kind of program slic-
ing: thepre™ operation [12, 24] on a PDS performs a closure slice
on the unrolled SDG. We call this operatistack-configuration
slicing to distinguish it from the other kinds of slicing operations
that were mentioned earlier.

Example 2.3. The stack-configuration slice of the program shown
in Fig. 1(a) from line (17) corresponds to the closure slice
of the unrolled SDG shown in Fig. 3 from configuration set
{(m21,¢), (m22,¢),(m23,€)}. The elements of the slice are
shown in Fig. 3 with bold font and darker borders, lines, aasheéd
lines.O

Executable Slicing 4

Definition 2.4. The unrolled SDG may contain maimystances
of a procedureP; each instance of procedur® is a setC,, of
configurations of the fornfu, w), where all thew are the same—

i.e,Cuw £ {(v,w) € unrolled SDG| v € P}. For a given
stack-configuration slice, gariant of P in the slice is the subset
Sw C Cy of some instanc€’,,. A specializationof P is the set of

PDG vertices Elen(s,,) (for some variantS,, in the slice).0

Example 2.5. In Fig. 3, there are three instances of procedure
the vertices whose call-stack components @rg C2, and C3.
However, there are only twepecialization®f p because the vari-
ants of theC'1 andC3 instances have the same Elems components.
Consequently, Fig. 1(d) has two specialized versions of
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Problem Statement. With these concepts, we can formulate the
problem of executable slicing via procedure specializatibhe
core problem is to identify, for each procedureall of the different
sets of program elements among all variant$of

Specialization§P) = )
{ElemgV) | V avariant ofP in the stack-configuration sli¢e

In general, in a closure slice of the unrolled SDG for a regars
program, the number of variani§ of a procedureP can be in-
finite. However, because stack-configuration componerdsigar
nored in Elemgl’), there are only a finite number of Ele(#s)
sets. Therefore, Specializati@#?) is afinite set (i.e., a finite set,
each of whose members is a finite set of program elements).

To create the SDG for the answer program, a specializedoversi
of procedureP’s PDG is instantiated for each different Elefhg
set in Specializatior{$?). The specialized PDGs are connected
together to form the specialized SDG.

Example 2.6. Fig. 4 shows the specialized SDG that corresponds
to the closure slice shown in Fig. 3. Each of the three speeil
PDGs in Fig. 4 corresponds to one of the three El@fjssets in
Fig. 3. The SDG in Fig. 4 corresponds to the program shown in
Fig. 1(d).O

The final step is to pretty-print source-code text from the-sp
cialized SDG. (This step is straightforward, but lies algsihe
scope of the paper.)

Insight 2: Soundness and Completeness with respect to Staek
Configuration Slicing. Two properties that an executable-slicing
method may or may not possess are what we will salindness
and completenessvith respect to stack-configuration slicing. To
understand what we mean by these terms, consider the faltjpowi
situation: Suppose that for SD&and slicing criterionC, the re-
sulting SDG isR. Ideally, the unrolling ofR should be identical to
the closure slice fron®” of the unrolling ofS; that is, the unrolling
of R should have two properties:
1. It should contairall of the elements in the closure slice frarh

of the unrolling ofS (completeneds
2. It should contaironly elements that are in the closure slice from

C of the unrolling ofS (soundnegs

However, because the vertices and call-site labelS and R
are different, the properties as stated above are not adiiev
The naming differences create a problem because the \&eiwb
call-site labels are alphabet symbols in the configuratmhthe
unrollings of R and S. Consequently, the notions of soundness
and completeness cannot based on pure equality; instegdntist
account for the changes in the alphabet symbols. Fortynatés
easy to identify each vertex or call-site R as the specialization
of some vertex or call-site it$. This information can be used to
define a mapping/¢c that maps SDG vertices and call-sitesfin
one-to-one into the alphabet 6f Using M, we can restate the
concepts of soundness and completeness as follows:

Definition 2.7. Let A be a slicing algorithm, and consider afl,

C, R, and M¢ (as described above) created By Let Gr be the

unrolling of R.

1. Ais completeif each M (Gr) contains all of the elements in
the closure slice fron®’ of the unrolling ofS.

2. Aiissoundif each M (GRr) contains only elements that are in
the closure slice front’ of the unrolling ofS.

O

The algorithm presented in this paper is both sound and com-
plete (see Thm. A.3). Weiser's algorithm [54] and Binkleglgo-
rithm [7] are both complete, but can include extra prograst el
ments, and hence are not sound.

Executable Slicing

Given the level of sophistication of the machinery that we us
in §3 andg§4, it is natural to wonder whether a simpler algorithm is
possible. In particular, one approach to specializing a RDGId
be to remove vertices that are in tfeward slice [35,§4.5] from
unmatchedformal-in vertices. We developed such an algorithm,
and found that the forward-slicing approach can leave ireeded
vertices in some cases. That is, such an algorithm is compiat
not sound. (Space limitations preclude presenting an eb@amp

The failure of the forward-slicing approach motivated ugto
vestigate the fundamental principles underlying spezatithn slic-
ing, and to formulate the declarative conditions given aspe2.7
and 2.8 (see below).

Insight 3: Formulation as a Partitioning Problem. Because
the unrolled SDG for the program being sliced can, in general
be infinite, the search for the sets Specializatiét}s which make

up the different PDGs of the answer SDG, must be carried out
symbolically. We formulate this search as the partitiorfingblem
defined below in Defn. 2.8. (To avoid ambiguity, we use thenter
“partition” for a collection of non-overlapping sets thatslivide a
given set, and use “partition-element” for an individual gt is
part of the partition.)

Definition 2.8 (Configuration-Partitioning Problem)Given a
stack-configuration slice, theonfiguration-partitioning problem
is to find a finite partition of the slice’s configurations subht

1. For each variant” of some procedur’, all configurations in

V are in the same partition-element.

For each pair of procedure® and Q, P # @, no partition-

element contains configurations from a variant Bfand a

variant of Q.

. Let P be a procedure andd and B be a pair of different
variants of P. Let E be the partition-element that contains
the configurations inA (i.e., A C FE). ThenB C F iff
ElemgA) = ElemgB).

Note that the partition is finite, although each partitiolement

may consist of configurations from an infinite number of vaisa

a

2.

Defn. 2.8 is a declarative specification of the partitionamgb-
lem, but does not provide a method to construct the desirdd pa
tion. The intuition behind Defn. 2.8 is as follows:

¢ For each configuratiofw, w) in the stack-configuration slice of
the program, there needs to be some specialized procedire th
can be called with the stack-configuratian Each partition-
element corresponds to a specialization of some procedure.

e The partition-elements should only include configuratitiret

are in the stack-configuration slice.

Because of the “iff” in item 3, Defn. 2.8 defines a unique par-
tition. Suppose that item 3 were written as * B C FE implies
ElemgA) = ElemgB).” Because we want the specialized pro-
gram to consist of as few specialized procedures as possikle
would want the coarsest partition.

Observation 2.9. Each partition-elementE in the partition
defined in Defn. 2.8 is associated with a language of stack-
configurations: StacK€”). The collection of such languages is
pairwise disjoint—i.e., the set of languaggStack$F) } partitions

the set of stack-configurations in the stack-configuratiaesd

Alternatively, the problem could have been formulated as a
(different) partitioning problem on theariants in the stack-
configuration slice. However, the technique used4rto identify
the partition manipulates descriptions of setsaffigurations not
variants; consequently, Defn. 2.8 more closely matchesctime
cepts needed to understand our presentation of the algorith

In §2.5 and§4, we show how to identify the desired finite parti-
tion by performing just a few simple automata-theoreticrafiens.
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Figure 4. The specialized SDG for the closure slice shown in Fig. 3.

After these steps, the answer is available in the form of aoraar
ton, from which we are able to read off the SDG of the desired
specialized program. As shown in Cor. A.4, the SDG obtairiad v
our algorithm avoids the parameter-mismatch problem.

2.3 A Non-Recursive Example

This section and2.4 present two examples that illustrate how a
solution to Defn. 2.8 identifies the program elements thdtengp
each of the specialized procedures of an executable skig s€c-
tion discusses the slice of a non-recursive progréd discusses
the slice of a recursive program. In this section, we comside
program shown in Fig. 1(a) sliced from with respecg®at (17),
and explain how Defn. 2.8 identifies the program elementaahe
of the specialized procedures shown in Fig. 1(d).

The SDG for the program in Fig. 1(a) is shown in Fig. 2,
and its unrolled SDG is shown in Fig. 3. In an unrolled SDG,
each call-site invokes a unique instance of the called PDga-C
sequently, each vertex of the unrolled SDG is associateld avit
unique stack-configuration. In Fig. 3, each vertex is latb@lih its
stack-configuration. A vertex imain has no calling context, and
thus its stack-configuration is If we consider all vertices of an
unrolled SDG with a label of the forrfv, w), the sef{w | (v, w)}
is an over-approximation of the set of calling contexts tzat arise
for program element when the program executes.

Fig. 3 uses bold font and darker borders, lines, and dashesl li
to indicate the closure slice of the unrolled SDG fré(m.21, ¢),
(m22,€), (m23, €)}. The set of configurations in the slice is

(ml,e) (m13,) (p1,C1) (p1,C2)
(m3,e) (mldc) (p3,C1) (p2.C2)
(m5,0) (ml15,¢) (p5,C1) (p3.C2)
(m7,e) (miT,) (p8,C1) (p4C2) @
(m9,e) (m19,c) (p1,C3) (p5,C2)
(ml0,e) (m21,c) (p3,C3) (p8.C2)
(mlle) (m22,¢) (p5,03) (p9,C2)
(m23,¢)  (p8,C3)

According to Defn. 2.8, we can find the PDGs of the executable
slice by partitioning the preceding set into

(m1,€) (ml3,¢) (p1,C1)

(m3.q (mit | fGson| [B36)

(777,57 6) (777,15, 6) (p57 Cl) (p37 02)

(m7,€) (ml7,¢) (p8,C1) (p47 C2) 3)

(mgv 6) (m197 6) ’ (p17 CS) ’ (p57 02)
gl e (2e
mll,e) (m22,¢ p5,

(m23,0)  \(ps.c3)) L#9C2)

The configurations in the first partition-element corresptmthe
main-procedure PDG in the specialized SDG. The configuratio
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(a) Recursive program (b) Executable slice
(1) int g1, g2; int gl, g2;
(2)
(3) void s(int a, void s_1(int b) {
(4) int b){ gl = b;
(5) }
(6) gl = b; void s_2(int a) {
(7) g2 = a; g2 = a;
@® }
(9)
(10) void r_1(int k) {
(11) if (k > 0) {
(12) int r(int k) { s_2(gl);
(13) r_2(k-1);
(14) if (k > 0) { s_1(g2);
(15) s(gl, g2); }
(16) r(k-1); }
an s(gl, g2); void r_2(int k) {
(18) if (k > 0) {
(19) s_1(g2);
(200 1} r_1(k-1);
(21) s_2(gl);
(22) }
(23) }
(24) int main() {
(25) gl =1; int main() {
(26) g2 = 2; gl = 1;
@7 r(3); r_1(3);
(28) printf ("%d\n", gi); printf ("%d\n", gl);
(29) 1} }

Figure 5. An example program with recursive procedarand the exe-
cutable slice of the program with respecigtbat line (28).

in the second partition-element form two variaifs and V, of
procedurep. They satisfy rules (1) and (3) of Defn. 2.8, and so
form a single partition-element that corresponds to theistized
version ofp namedp_1 in Fig. 1(d). The configurations in the third
partition-element correspond to the second specializesioreofp,
namedp_2 in Fig. 1(d). (Configurations that are not in the closure
slice, such agma8, ¢), are not part of any variant, and hence do not
contribute vertices to the specialized SDG.)

Note that some elements of the original program, @§.pccur
in more than one partition-element. Heng® is specialized into
two program elements, one in procedgre and one irp_2.

2.4 A Recursive Example

The partitioning problem in the example discusse@ar8 is quite
simple, in part because the unrolled SDG in Fig. 3 is finiteedn-
trast, as illustrated by the example discussed in this@gctor a
program that uses recursion, the unrolled SDG is infiniteréMo
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m10: call printf

m11: “%d\n”

N

Figure 7. The structure of the unrolled SDG of the recursive prograowshin Fig. 5(a). Only some of the edges in the slice are shown.
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Figure 8. (a) Depiction of the prefix and suffix languages associated wi
stateq in automatonA. (b) Reversal of (a) (denoted t3(.A)). PR (q) and
L% (q) denote the respective languages of reversed strings.

over, for some slicing criteria of the unrolled SDG, the detan-
figurations that we need to partition can be of infinite caatin
Fortunately, the partition that satisfies Defn. 2.8 is iilite.

Consider the recursive program shown in Fig. 5(a) and asfice
the program with respect i1 at line (28). The SDG of the program
is shown in Fig. 6, and the slicing criterion that correspomal
Fig. 5(a) line (28) is{m10, m11, m12}.

Fig. 7 shows the structure of the unrolled SDG with vertices
only for procedure-entry, call-sites, actual parametensl formal
parameters. Entry and call-site vertices are enclosedctamgles,
while parameter vertices are enclosed in ovals. As in Figpo8]
font and darker borders, lines, and dashed lines are usaditate
the vertices that are in the stack-configuration slice; veweto
reduce clutter, only some of the edges in the slice are shown.

Fig. 7 includes three variants of procedurevhose configura-
tions have stack-configuration€'(), (C3 C1), and C3 C3 C1),
respectively. The first and third variantsroforrespond to the same
specialized version of, because they have the same Elems com-
ponents in the stack-configuration slice. (The completesEDG
vertices in the('1) and (C3 C3 C1) variants, not all of which are
shown in Fig. 7, i§(r1, r2, r4, r5, r6, r7, r9, r11, 713, r14, r15,
r17,r19, r21, r23}.) In fact, the infinite set of variants efwhose
configurations include call-stacks of the fo@3 C3)* C'1—i.e.,
an even number of recursive calls via call-git8—all correspond
to that same specialized version. Therefore, those coafigas
make up one partition-element, which gives rise to one sfieed
version ofr, namelyr_1 in Fig. 5(b).

Similarly, all variants ofr whose configurations include call-
stacks of the form(C3 C3)* C3 C1—i.e., an odd number of re-
cursive calls orC'3—make up another partition-element, and give
rise to a second specialized versionrohamelyr_2 in Fig. 5(b).
Procedures_1 andr_2 are mutually recursive.

2.5 An Automaton-Based Solution to Partitioning

We now describe how to identify the desired finite partittapby
performing just a few simple automata-theoretic operatidach
such operation manipulates indirectly the possibly indisiets of
configurations that are part of Defn. 2.8. Because configuraets
can be infinite, we represent each configuratiorCseymbolically,
in terms of an automaton that accepts exactly the configunsti
that are members af'. (A configuration(v, w) is accepted by an
automatonA iff the stringvw is in L(.A).)

Moreover, because we are interested in partitioning the lan
guage of represented configurations, we will exploit the faat
each state of an automaton can be thought of as defining two lan
guages. For instance, consider the FSA depicted in Fig. Béch
stateq defines (i) the prefix languagB(q) of strings accepted by
consideringg as the (only) final state, and (ii) the suffix language
L(q) of strings accepted by considerip@s the initial state.

Example 2.10. Let us return to the example discussed;h3—
i.e., Fig. 1(a) sliced with respect g2 at line (17), or equivalently,
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pl,p3,

€1,C2,C3
p5,p8

ml, m3, m5 m7, m9, mi0,mi1, m13,

() m14, m15,m17, m19, m21, m22, m23
pl,p2,
p3,p4, @
p5, p8, p9
m1,m3, m5 m7, m9, mi0,m11, m13,
(b) m14,m15m17, m19, m21, m22, m23

p3,p4,
p5, p8, p9

Figure 9. (a) An automaton that accepts the configurations of the stack
configuration slice of Fig. 1(a) from line (17). (b) A minimaverse-
deterministic (MRD) automaton for the same language. Asudised in
Ex. 2.10, one can immediately read off the answer from the MiR®ma-
ton.

the closure slice of Fig. 3 fronf(m?21,¢), (m22,€), (m23,¢)}.

Fig. 9(a) shows an automaton that accepts the language ef con
figurations in the closure slice. (The configurations weveigiex-
plicitly in Egn. (2).) For instance, the fact th@2, C2) is accepted

by the automaton in Fig. 9(a) means tlg2, C2) is in the closure
slice of Fig. 3 from{(m21, €), (m22,¢€), (m23,¢)}.

Fig. 9(a) is not the only automaton that accepts the configura
tions in the closure slice. However, we will make use of atéghe
(discussed ir§3.1) that, for this example, constructs Fig. 9(a) to
represent the closure slice. Fig. 9(a) does not immediatelyide
a solution to the configuration-partitioning problem (De?8) in
the sense that the three sets of the partition given in EQaré3not
immediately apparent from Fig. 9(a).

Instead, we would rather have the automaton shown in Fig. 9(b
We can immediately read off the answer from Fig. 9(b):

e The label sets on the three transitions emanating from ttialin
statep represent the three sets of the partition given in Eqgn. (3),
and thus correspond to the program elements of the spemaliz
procedure$_1, p-2, andmain of Fig. 1(d).

e The non-initial states (1, 2, and 3) that are the targets ef th
three transitions emanating from stateepresent, respectively,
procedure$_1, p_2, andmain of Fig. 1(d).

¢ The transitiong1, C'1, 3), (1,3, 3) and (2, C2, 3) represent
the two calls onp_1 and the call orp_2, respectively, in the
specialized version afain. (That is, these edges correspond to
the call multi-graph of the specialized program.)

]

Because the program from Fig. 1(a) is such a simple, non-
recursive program, the words accepted by Fig. 9(a) and (i ha
at most two symbols. Suppose, however, that proceduralled
an additional procedurg at call-siteC'4, and thatq called itself
recursively aC'5. Suppose thaj5 is one of the vertices in the PDG
for q. In this case, the automaton returnedRrgstarcould have a
cycle, allowing it to accept an infinite set of configuratipach
as those of the fornfy5, C5* C4 C2) (as well as others). Note the
order of symbols in such words: the call-siteni@in comedast

We now seek (i) a condition that characterizes the essential
property of Fig. 9(b), and (ii) an algorithm that lets us donst
Fig. 9(b) from Fig. 9(a). The property possessed by Fig. B(that
it is minimal reverse-deterministiMRD)—i.e., it is a minimal
deterministic FSA when considered as an automaton thaptscce
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Figure 10. An automaton that accepts the configurations of the stack-
configuration slice of Fig. 5(a) from line (28).

reversed strings via a backwards traversal along transitgiarting
from the accepting state. To see why the MRD property is the on
we seek, consider again the prefix and suffix languagés) and
L(q), respectively, discussed for automatdrirom Fig. 8(a). Now
suppose that is deterministic. In this case, the set of languages
{P(q) | q astate ofA} partition the prefix closureL " (A) of
L(A). That is, for each string € L* (A), there is exactly one
stateq for which there is as-path from the initial state tg.

As pointed out in Obs. 2.9, each specialized procedure is
associated with a partition-element of a partition of gtack-
configurations Recall that in a configuratiofw, w), w represents
the stack of pending calls. If we determinized Fig. 9(a),rémult-
ing P(q) languages, where is a state, would not be satisfactory:
each word in one of thé(q) languages starts with the symbol
for a PDGvertex whereas the partition needed to identify special-
ized procedures should be based onihpart of a configuration.
Moreover, because Fig. 9(a) recognizes a stack-configar&tom
top-of-stack to bottom-of-stack (i.eain), its P(q) languages rec-
ognize (PDG-vertexpartial-stack pairs, where a “partial-stack”
runs from top-of-stack taniddleof-stack. Such partial-stacks do
not correspond to the languages of calling contexts foriapieed
procedures.

We are able to use determinization as a partitioning toollisy o
serving that when we reverse an automatbn-see Fig. 8(b)—

a prefix-languagePr(4)(q) in the reversed automatoR(A) is
the reversal of the suffix-language(q) of the original automa-
ton; i.e., Pray(q) = L%(q). Consequently, by determinizing the
reversedautomaton, the prefix languages identify a partition on
stack-configurations. Moreover, tif&; 4)(q) languages recognize
a different kind of partial-stack: for a reversed automasopartial-
stack runs frombottomof-stack fiain) to middleof-stack. Such
partial-stacks capture the languages of calling contextsgecial-
ized procedures.

By minimizing the determinized reversed automaton (and the
reversing the automaton that results), we find the desiredMR
automaton. As shown in Thm. A.2, the automaton obtainedif th
manner solves the configuration-partitioning problem (D&f8).

Example 2.11. Consider again the recursive example discussed in
§2.4. Fig. 10 shows an MRD automaton for the stack-configomati
slice of Fig. 6 from{m10,m11, m12}. A comparison of Fig. 10
with Fig. 5(b) shows that the sets that label the five tramsstithat
emanate from initial statp correspond to the five procedures of
Fig. 5(b), namelys_1, s_2, r_1, r_2, andmain.

51f L is a language, thprefix closureL " is {a | 3b such thaub € L}.

Executable Slicing 9

Rule

(P, u) = (p,v)
(p;c) = (p,e C)

(p,ai) — (p,fi C)

| Dependence edge modeled

Flow- or control-dependence edge— v
Call edge from call vertex to entry verte
e at call-siteC'

Parameter-in edge from actual-in verte:
ai to formal-in vertexi at call-siteC’
Parameter-out edge from formal-out verjiex
fo to actual-out vertero at call-siteC'

(p,f0) = (pro, €)
<pf07 C> - <p7 ao)

Figure 11. A schema for encoding an SDG’s edges using PDS rules.

The transitions among states p.2s, pr22, ps7, andpse corre-
spond to the call graph of Fig. 5(b). In particular, the |aages
L(m), L(pr23), L(pr22), L(ps7), and L(pse) in the automaton
shown in Fig. 10 are exactly the stack-configuration langa&gr
the different configuration partitions; i.e., each languaguals
Stack$E), where E is one of the five partitions in the solution
to the configuration-partitioning problem (Defn. 2.8) fbetstack-
configuration slice of Fig. 6 fronfm10,m11, m12}. O

3. Stack-Configuration Slicing

This section defines the infinite graphs that we use—theitrans
tion relations of pushdown systems (PDSs) [12, 24]—andevesi
the symbolic techniques for working with PDSs upon which our
executable-slicing algorithm is based.

3.1 Pushdown Systems, SDGs, and Unrolled SDGs

Definition 3.1. A pushdown system(PDS) is a triple P
(P,T,A), where P is a finite set afontrol locations T is a fi-
nite set of stack symbols; aml C P x I' x P x I'" is a fi-
nite set of rules. AP-configuration is a pair (p,u) wherep €
Pandu € T*. Aruler € A is written as{p,v) < (p’,u),
wherep,p’ € P,y € T, and u € T'*. The set of rules de-
fines atransition relation = on P-configurations as follows: If
r=(p,y) = (p',u), then(p,yu) = (p',vw'u)for all u € T*.
The reflexive transitive closure ef is denoted by=". For a
set of P-configurationsC, we definepre (C) = {¢' | 3¢ € C :
¢ =" cyandpost(C) = {¢ | 3c € C : ¢ =* ¢'}, which are just
backward and forward reachability under transition retati=-. O

Without loss of generality, we restrict a PDS'’s rules to have
at most two stack symbols on the right-hand side [49]. A rule
r = {p,y) = (p’,u), u € T, is called apoprule if |u| = 0,
aninternalrule if ju| = 1, and apushrule if |u| = 2.

Because the size of the stack component &f-aonfiguration
is not bounded, in general, the number7fconfigurations of a
PDS—and hence its transition relation—is infinite.

Definition 3.2. We encodean SDG as a PDS using the schema
given in Fig. 11. The five kinds of edges that occur in SDGs are
each encoded using one or two PDS rules:
* a flow-dependence or control-dependence edge is encoded wit
an internal rule
¢ a call edge or a parameter-in edge is encoded with a push rule
e aparameter-out edge is encoded with a pop rule and an interna
rule.
a

Example 3.3. Consider again the SDG from Fig. 2 and program
from Fig. 1(a). The three call-sites on procedprare labeled with
C1, C2,andC3. Tab. 1 shows the PDS rules that encode the SDG
from Fig. 2.0

Using the schema given in Fig. 11, a common control location
p is used in all of the PDS rules, except in the rules that encode
parameter-out edges. Reading the rules in the forwardtitirec
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Control-dependence and flow-dependence edgesin
1.{p,ml) = (p,m2) 2.(p,ml) <= (p,m3)
3.(p,m1) = (p,m9) 4.(p, ml) < (p, m15)

5. (p,m1) — (p, m21) 6. (p, m2) — (p, m)
7.(p,m3) — (p, m) 8. (p,m3) — (p, m5)

9. (p, m3) < (p, m6) 10.(p, m3) = (p, m7)
11.(p, m3) = (p, m8) 12.(p, m7) = (p,m10)
13.(p, m9) = (p,m10) 14.(p,m9) = (p,m11)
15.(p, m9) = (p,m12) 16.(p, m9) = (p,m13)
17.(p, m9) — (p, m14) 18.(p, m13) — (p, m17)
19.(p, m14) — (p,m17) 20.(p, m15) — (p, m16)
21.(p, m15) — (p,m17) 22.(p,m15) — (p, m18)
23.(p, m15) — (p,m19) 24.(p, m15) — (p, m20)
25.(p,m19) — (p, m23) 26.(p, m21) — (p, m22)
27.(p,m21) — (p, m23)

Control-dependence and flow-dependence edggs in
28.(p,pl) = (p,p2) 29.(p,p1) < (p,p3)
30.(p, p1) = (p,p4) 31.{p, p1) = (p, p5)
32.(p, p1) = (p, p6) 33.(p, p1) = (p,p7)
34.(p, p1) = (p, p8) 35.(p, p1) = (p,p9)
36.(p, p2) = (p,p4) 37.{p, p3) = (p, P5)
38.(p, p4) = (p,p9) 39.(p, p5) = (p, p6)
40.(p, p5) = (p, p8) 41.(p, p6) = (p,p7)

Call edges

42.(p,m3) < (p,p1 C1) 43.(p,m9) < (p,p1 C2)
44.(p,m15) — (p,pl C3)

Parameter-in edges
45.(p,m4) < (p,p2 C1) 46.(p,m5) < (p,p3 C1)
47.(p, m10) — (p,p2 C2) 48.(p, m11) — (p,p3 C2)
49.(p, m16) — (p,p2 C3) 50.(p, m17) — (p,p3 C3)

Parameter-out edges
51. <p7p7> — (pp77 6> 52. <pp77 Cl> — (p7m6>
53.(pp7, C2) — (p,m12) 54.(pp7,C3) — (p, m18)
55.(p, p8) < (pps; €) 56. (pps, C1) — (p, m7)
57.(pps, C2) — (p,m13) 58. (pps, C3) — (p,m19)
59.(p,p9) = (ppo,€) 60. (pp9, C1) — (p,m8)
61.(pp9, C2) — (p,ml4) 62. (pp9, C3) — (p,m20)

Table 1. The encoding of the SDG shown in Fig. 2 as a PDS using the
schema given in Fig. 11.

e the next-to-last rule of Fig. 11, the pop rule, fo) — (pro, €),
uses control locatiop, to record that formal-out verteio was
popped from the stack, so tHatcan be paired with the call-site
symbolC exposed at the top of the stack.

e the last rule of Fig. 11, the internal rulgrw, C) — (p,ao),
replaces” on the stack with the actual-out vertex that matches
fo at call-siteC.

In Tab. 1, rules 59 and 60 encode parameter-out géige- m8 of

call-site C'1, whereas rules 59 and 61 encode parameter-out edge

p9 — ml14 of call-siteC2, and rules 59 and 62 encode parameter-
out edgep9 — m20 of call-siteC'3.

Definition 3.4. Given SDGG, theunrolling of G is the transition
relation of the PDS that encodésvia the schema given in Fig. 11.
a

3.2 Symbolic Stack-Configuration Slicing

When an SDGG is encoded as a PDB, a pre™ operation on
P is, by definition, equivalent to performing a closure sliae o
the unrolling of G—what we called stack-configuration slicing in
§2.2. Moreover, the symbolic method [12, 24] for finding the an
swer to apre™ query immediately provides aigorithmfor stack-
configuration slicing. Because each control location camdmo-
ciated with an infinite number of stack-components, the gjlinb
method is based on using finite automata to describe regetos
configurations [12, 24].

Definition 3.5. If P = (P, T, A) is a PDS, aP-automatonis a
finite automaton @, I", —, P, F’), where@ D P is a finite set of
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m21,m22, m23

—0 o

Figure 12. The query automaton, which accepts the configurations
(p,m21), (p, m22), and(p, m23).

states,—»C @ x I x Q is the transition relation,P is the set of
initial states, andF’ is the set of final states.

The — relation is extended to a word € I'* in the natural
way, denoted by *. (l.e.,-*C Q x I'* x Q.) AP-configuration
(p, u) is acceptedy aP-automaton if the automaton can accept
when it is started in the staje(i.e.,p —* g, whereg € F). A set of
‘P-configurations igegular if it is accepted by somB-automaton.
a

An important result is that for a regular set®Bfconfigurations
C, bothpost™ (C) andpre*(C') (the forward and backward reach-
able sets of configurations, respectively) are also regela ofP-
configurations [12, 24]. The algorithms for computipgst™ and
pre”, calledPoststarandPrestar, respectively, take ®-automaton
A as input, and ifC is the set ofPP-configurations accepted by
A, they produceP-automataA,.s;- and A,..~ that accept the
sets ofP-configurationgost™ (C') andpre* (C), respectively. Both
PoststarandPrestarcan be implemented asituration procedures
i.e., transitions are added 14 according to an augmentation rule
until no more can be added.

Definition 3.6 (Algorithm Presta)). A,..« is constructed by aug-
menting.4 according to the following rule, until is saturated:

(p,7) = (p,w) € A
pLgeA

/. w

—*qge A
p q P

RE

(4)
Esparza et al. [22] present an efficient implementation af<®ar,
which use(|Q|?|A|) time andO(|Q| |A| + |—¢|) spaced

Definition 3.7 (Algorithm Poststaj. .A,.s:~ is constructed frorod
by performing Phase |, and then saturating via the rules wgive
Phase II:

* Phase |. For each paifp’,v") such thatP contains at least one

rule of the form(p, v) — (p',+'y"), add a new statg’ .

e Phase Il (saturation phase). (The symbbldenotes the rela-

tion (<5)* 2 (-5)*)
<p,7>‘—><p',6>/€6A - pogeA
p—qc
<p,7>‘—><p’,w'>€/A prgeA PosT
P LsqeA
(p,7) = 0,7y e A pﬁ»quPOST3
p'i>pi/ p'ﬂ/’y—//>q€A

Apost= €an be constructed in time and spa@énpna (n1 +n2) +
npnog), wherenp |P|, na = |A], ng |Ql, no = |—ol,
n1 = |Q — P|, andnz is the number of different pair®’, v') such
that there is a rule of the fornp, v) < (p’,7'~") in A [49]. O

Example 3.8. This example illustrates how therestaralgorithm
from Defn. 3.6 performs the stack-configuration slice fag tx-
ample discussed i§2.3. The SDG from Fig. 2 is encoded as the
PDS whose rules are given in Tab. 1. The query automatdimat
specifies the slicing criterion has transitions from itistatep to
final statem on the symbolsn21, m22, andm23—see Fig. 12.
Technically, aP-automaton has an initial state for each con-
trol location of PDSP (Defn. 3.5). In our application, the con-
trol locations of the formps, are introduced solely for technical
reasons. For stack-configuration slicing, we are only ésted in
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‘P-configurations in which the control locationps and hence the
query automaton that we use has just one initial state ddpdkee
Fig. 12). Because ouP-automata have just the one initial state
we shall henceforth ignorg in the accepted words, and concen-
trate on the (SDG) configuration thaPaconfiguration models. For
instance, technicallyd accepts the language ®f-configurations
{(p,m21), (p,m22), (p, m23)}, which model the following con-
figurations of the unrolled SDG:(m21, €), (m22,¢€), (m23,¢)}.

Prestar produces the automatad’ shown in Fig. 9(a). The
fact that, e.g., configuratiofp5, C1) is accepted byd’ means that
(p5, C1) is in the stack-configuration slice with respect to the set
of configurations{(m21, €), (m22, €), (m23,¢€)}.

According to Eqn. (4), the transitiafp, m19, m) can be added
to A using PDS rule 25; the transitidip,s, C3, m) can be added
using PDS rule 58; and so on. Each new stafedded taAd during
Prestar corresponds to a formal-out vertéx of some variant
that is in the slice. Transitions from the initial stateto ps, are
labeled by program elements 1 in the backward slice fronfo.
A’ can have transitions labeled with call-site symbols fragto
states other than the initial state.

The significance of last two rule-schemas in Fig. {d fo) —
(pro, €) and (pr, C) — (p,a0), is that if (i) the SDG has a
parameter-out edge frofio to actual-out vertexao at call-siteC,
and (ii) A’ has a transitiorfp, ao, v), then.A” will have the transi-
tions (p, fo, pro) and (pro, C, 7). For instance, in our example, let
fo be p8, ao be m19, and~ be m. Because (i) the SDG has a
parameter-out edge8 — m19 at call-siteC'3, and (ii) Fig. 9(a)
has a transitionp, m19,m), Fig. 9(a) also has the transitions
(p, P8, pps) and(pps, C'3,m). O

Let us now consider stack-configuration slicing for a progra
with a recursive procedure.

Example 3.9. Consider the example discussedih4, where we
want to create an executable slice with respect to line (28
program shown in Fig. 5. We first encode the program’s SDG
(Fig. 6) as a PDS similar to the previous example. We thentoasts

a query automatom!,- that accepts the language of configurations
{(m10,¢€), (m1l,¢), (m12,¢)}. A, is provided as an input to the
Prestaralgorithm. The automaton created by Prestaralgorithm

is shown in Fig. 10.

The transitiongproz2, C3, pr23) and(pr23, C3, pr22) cover the
recursive nature of the procedure call at call-¢it&. Because of
these transitions, the output automatdh (Fig. 10) fromPrestar
accepts configurations for program eleme2tt that have the form
of (r23, (C3 C3)* C1). This language defines an infinite language
of configurations in which the stack has an even numbef ®f
symbols, followed by a singlé€’1 at the bottomDO

4. An Automaton-Based Algorithm for Finding
Executable Slices via Procedure Specialization

In this section, we describe our technique for finding exalat
slices via procedure specialization. The technique irembhe fol-
lowing five steps: (i) encode the program’s SDG as a PDS, €ii) p
form stack-configuration slicing by applying tReestaralgorithm,
(iif) carry out several transformations of the resulPoéstarto con-
struct an automaton that is minimal reverse-determin{84RD),
(iv) create the specialized SDG from the MRD automaton, and
(v) pretty-print the specialized SDG as source-code tekis $ec-
tion concentrates on items (iii) and (iv).

The specialization conditions given in Egn. (1) and Def8. 2.
are not constructive; they provide a specification of thérddsets

Input: SDG S and slicing criterionC'
Output: An SDG R for the specialized slice & with respect ta”'

// Create A6, a minimal reverse-deterministic
// automaton for the stack-configuration slice
// of S with respect to C

1 Pg =the PDS forS, encoded according to Defn. 3.2
2 A0 = a’Pg-automaton that accepts

3 Al = PrestafPgs](A0)

4 A2 = reversgAl)

5 A3 = determinizé A2)

6 A4 = minimize(A3)

7 A5 = revers€A4)

8 A6 = removeEpilonTransitior(s45)

// Read out SDG R from A6
9 R =the empty SDG
go = InitialStatg( A6)
StateToPDGMap= empty map
foreach g € (State§A6) — {qo}) do
V ={v | (qo0,v, q) € Transition§A6)}
Gorig = the PDG ofS that contains the vertices il
Gy =anew PDG consisting of copies ©f, plus copies of the
edges fromGorig induced byV’
16 Add PDGGYy, to SDGR
17 StateToPDGMap= StateToPDGMafy — G|
18 end
19 foreachtransition (q1, C, g2) € Transition§A6) such thatC'is a
call-site labeldo // Connect PDGs
Let C’ be the call-site of PDGtateToPDGMafy) that
corresponds t@’
Add to R a call edge from the call vertex &t’ to the entry
vertex of StateToPDGMafy1 )
Add to R a parameter-in edge from each actual-in verteat
to the corresponding formal-in vertex 8fateToPDGMafy; )
Add to R a parameter-out edge from each formal-out vertex of
StateToPDGMafy; ) to the corresponding actual-out vertex at
C/

-
N

// Identify PDGs

20
21

22

24 end
25 return R

Algorithm 1: The algorithm to create an SD@ for the specialized
slice of S with respect taC'.

rectness and a discussion of time and space bounds can lokifioun
Apps. A.1 and A.2, respectively.

The Algorithm to Construct the Specialized SDG. The SDG
for the specialized slice is created by the method given o Al
Automaton A1 created in line 3 accepts the language of config-
urations of the stack-configuration slice. In lines 4-8, .Algap-
plies automaton operations tl—reverse, determinize, minimize,
reverse, and removeEpilonTransitions—to obtdiy from which
the algorithm reads out the required specialized procedanel
their program elements (lines 9-24).

Note that from the perspective of th@nguages acceptely
Al and A6, the five operations haweo net effectthe operations
determinize and minimize do not change the language that an
automaton accepts, and thus the two calls to reverse indines 7
cancel. That isL(A6) = L(Al), and soA6 accepts exactly the
language of configurations of the stack-configuration slite sole
purpose of the five operations is to séf to the minimal reverse-
deterministic FSA for the languag&he read-out method (lines 9—
24) relies on the special nature .46:

e Words inL(A6) all have the form(vertex-symbol call-sitg).

of SDG configurations and the desired SDG, but cannot be used e A6 is MRD.

directly as an algorithm. In this section, we present anrélyn
that creates the specialized SDG. A proof of the algorithtos

Executable Slicing 11

e Each non-initial statey represents a set of variants of some
PDG Gorig (for some proceduré). Consequently, transitions
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between non-initial states tell us about interproceduges in
the answer SDG.

e LetV be the set of vertex symbols on transitions from the initial
state tog. For each variantV associated witly, ElemgW) =
V. Consequently, the transitions from the initial statey tiell
us what vertices populate the specialized PDG;for

Definition 4.1. Given a graphG (V,E) and a vertex set

V' C V, the set ofedges induced by’ is the set of edges of

the subgraph ofy with vertices restricted t&”:
{e€eEle=s—=tAseV' AteV'}

O

Lines 9-24 read out SD® from automaton6. The basic idea
is to find an appropriate set of vertices, and then includetiyes
induced by the vertex set. For instance, lines 12-18 cortstine
specialized PDGs in that manner: in line 13, the et-a set of
vertex symbols on transitions from the initial state to segiwon-
initial state—identifies the set of vertices in a speciai&®DG;
the edges in the specialized PDG are copies of the edgeseidduc
by V' in the original PDG (line 15). Lines 12-18 create one PDG
per (non-initial) state. StateToPDGMapecords, for each suah
which specialized PDG correspondsgto

Lines 19-24 introduce call, parameter-in, and parameter-o
edges to connect the specialized PDGs together. In esdbese,
steps put in induced interprocedural edges between théatiped
PDGs for non-initial state; and non-initial statej.. Note that
the alphabet symbdl’ on each transitiorig:, C, g2) is a call-site
label. Sequences of such transitions4ifi spell out, from top-of-
stack to bottom-of-stack, the stack-configurations thatiarthe
stack-configuration slice. Because each stack-configuratiord
is recognized from top-of-stack to bottom-of-stack, irelih9 ¢,
represents the caller and represents the callee.

Example 4.2. Returning to the example fro2.3, consider how
Alg. 1 creates the specialized SDG (Fig. 4) wh€ns the SDG
shown in Fig. 2 andC' equals{(m21,¢), (m22,¢€), (m23,¢)}.
The rules of PDSPs are given in Tab. 1. Automatod0, which
accepts the languag@, is shown in Fig. 12. Automatoni1
PrestaPs](A0) is shown in Fig. 9(a). Automatoa6 is shown in
Fig. 9(b); note that16 is MRD.

In Fig. 9(b), each of the non-initial statés2, and3 represents
a specialized PDG. For instance, the vertices of the spseial
PDG for procedurep that corresponds to state are the labels
on transitions fromp to 1: {v | (p,v,1) € Transition§A6)}
= {p1,p3,p5,p8}. The edges of the specialized PDG are those
induced by{p1, p3, p5, p8} in the original PDG for procedure.

A6 has a transitiorf1, C'1, 3), where state$ and3 correspond
to procedures_1 andmain, respectively. The stack symball
corresponds to the call-site gnat line (14) of Fig. 1(a). Hence,
lines 20-23 of Alg. 1 introduce a call edge, plus parametearid
parameter-out edges to connect the specialized PDgfar to the
specialized PDG fop_1. (In the pretty-printed program, the call at
line (14) of Fig. 1(d) is a call on proceduge1.)

The SDG formed from the resulting specialized PDGs is the one
shown in Fig. 40

Example 4.3. Consider the example i§2.4, where we want to
create an executable slice with respect to line (28) of tlognam
shown in Fig. 5. Automatomi6 is shown in Fig. 16. The PDG
vertices in the five specialized PDGs are the respectivd tie

6 For this example, Fig. 10 represents bathand A6. That s, the net result
of applying the five automaton operations in lines 4-8 of Algo Fig. 10
is that we get back an automaton identicaldtb. The reason whyi6 is the
same asAl is that, in this example, the stack-configuration slice duas
have a procedure that has multiple variants that both (i$isbof different
sets of PDG vertices, and (ii) include the same formal-octexe
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on the five transitions emanating from initial-stateThe edges of
the five specialized PDGs are the edges induced from thenatigi
PDGs by the specialized sets of PDG vertices.

To complete the specialized SDG, Alg. 1 introduces call sdge
parameter-in edges, and parameter-out edges among tlieligeec
PDGs according to the transitions among state®,23, pr22, Ds7,
andpss.

The program for the specialized SDG is shown in Fig. 5(b).
Note how the transitions among stat@$p,23, prez2, ps7, aNdpss
correspond to the call graph of Fig. 5(B).

Correctness Issues. A proof of correctness of Alg. 1 is presented
in App. A. The key properties established there are as fallow
e AutomatonAG6 created in line 8 of Alg. 1 is a minimal reverse-
deterministic automaton (Thm. A.1).
e A solution to the configuration-partitioning problem (Defh8)
is encoded in the structure of automaté6 (Thm. A.2).
e Alg. 1 is sound and complete with respect to stack-
configuration slicing (Thm. A.3).
e The output SDGR has no parameter mismatches (Cor. A.4).

5. Extensions

5.1 Callsto Library Procedures

Assuming that source code for library procedures is notlavia,
and therefore those procedures cannot be specialized, etttoe
ensure that their signatures do not change: i.e., whendinaay
procedure is included in a slice, all of its actual paranseteust be
included as well. We accomplish this by adding extra depecele
edges to the SDG for library-procedure calls: for every eseit
that represents a library-procedure call, for every vertethat
represents an actual parameter associated with that eafidd an
edgea — v.

Example 5.1. In C, calls toexit cause program termination.
This is modeled in the SDG by making all vertices that represe
program elements that follow a call &xit control-dependent on
that call. However, the value @fxit’s argument does not affect
its behavior, and so there are no dependence edges out @frtkg v
that represents the actual parameter. Consequentlyaheretslice
back from a program element that follows a calktait includes

the call but not the actual. For the purposes of executallmg)
adding a dependence edge from the actual to the call solees th
problem.O

5.2 Procedure Pointers and Indirect Calls

Procedure pointers and calls via those pointers also regpicial
handling. Consider slicing the program shown in Fig. 13 wiéth
spect tax at line (16). The slice must include the call via procedure-
pointerp on line (15), and the code in procedutieandg (the pro-
cedures thap may point to) that sets the return values of those
procedures. For procedufe that means the whole procedure (in-
cluding both of its formals), while for procedugethat means just
its first formal. However, the resulting code would not colapthe
declared type of procedure-pointemeeds to match the types of
bothf andg, so those types must themselves match.

This is a new kind of parameter-mismatch problem that was not
considered by Binkley. Like the original parameter-mischairob-

In contrast, consider formal-out verte9 in Fig. 3. There are three
occurrences o9 in different variants(p9, C1), (p9, C2), and(p9, C3).
The variants with stack-configuratioli$l and C'3 consist of the same set
of PDG vertices, but the variant with stack-configurat@ has a different
set of PDG vertices. In this example, the output automatdnobtained
from applyingPrestarto the query automaton is the one shown in Fig. 9(a).
The MRD automatom6 obtained after performing lines 4-8 of Alg. 1 is
the different automaton shown in Fig. 9(b).
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(&)
(2)
3 3
(4)
(8)

int £(int a, int b) {
return atb;

int g(int a, int b) {

(6) return a;

T 3}

(8)

(9) int main() {

(10) int (*p) (int, int);
(11 int x;

(12)

(13) if (...) p=1;
(14) else p = g;

(15)  x = p(1,2);

(16) printf ("%d", x);
a7y

(18)

Figure 13. Example illustrating some of the problems that arise in
the presence of procedure pointers and indirect calls.

lem, this one can be solved either using a Binkley-style @ggin or
using a specialization-style approach. The Binkley-sagproach
involves computing the closure slice, then finding all pchaes in
each procedure-pointer’s points-to set, and adding bagkras-
matched formals (those in the closure slice for some but hot a
procedures in the points-to set).

The specialization-style approach involves adding a newer
dure for each indirect call in the program, then applyingcéde
ization as usual. The new procedure makes explicit the ffiattihe
choice of which procedure to call depends on which procethge
procedure-pointer currently points to. For example, the pece-
dure added to the program in Fig. 13 is shown below.

int indirect(int (*p)(int, int), int a, int b) {
if (p == f) f(a, b);
else g(a, b);

}

The indirect call in the original progranx (= p(1, 2) in our ex-
ample) is changed to call the new procedure, passing theguoe
pointer in addition to the original actuals: = indirect(p, 1,
2)

Once this is done, our executable-slicing algorithm widate
the appropriate specialized versions of all of the proceslim the
slice from line (15), including a specialized version of gedure
indirect namedindirect_1. The if-condition inindirect_1
still tests whethep points to (the original) proceduretsor g, but
the calls themselves are changed to target the specialerstbus
of those procedures. Here is the executable slice from 16§ (

int f(int a, int b) {
}

int £_1(int a, int b) {
return a+b;

}

int g(int a, int b) {
}

int g_1(int a) {

return a;

}
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int indirect_1(int (*p)(int, int), int a, int b) {
if (p == f) f_1(a, b);
else g_1(a);

}

int main() {
int (*p) (int, int);
int x;

if (...) p = 1;

else p = g;

x = indirect_1(p,1,2);
printf ("%d", x);

5.3 Reslicing Check

Ordinary slicing algorithms aradempotent let G/C denote
the slice of PDGG with respect to slicing criteriorC; then
(G/C)/C = G/C. Thus, as an additional test to validate that the
result computed by our implementation is correct, the imgleta-
tion performs an additional “reslicing” check.

Suppose that for SDG' and slicing criterionC', the resulting
SDG isR. Roughly, we sliceR with respect ta’' to obtainR’, and
compareR’ to R. The expectation is that they should be identical:
if they fail to be identical, the implementation has a bug.

As in the initial discussion of soundness and completeness i
§2.2, because the PDG vertices and call-site labels amd R are
different, the paragraph above is slightly inaccurate hSuaming
differences create a problem for reslicing because the Rt es
and call-site labels are alphabet symbols in the automad g
the algorithm described if4. Consequently, the reslicing check
must compensate in two places for such changes in the alphabe
symbols.

1. The slice ofR must be taken with respect to a suitably adjusted
slicing criterionC’, rather than with respect @ itself.

2. The comparison of?’ to R is not a pure equality test; the
comparison must account for the changes in the alphabet.
As in §2.2, it is possible to identify each vertex or call-site in

R as the specialization of some vertex or call-siteSinand this
information can be used to define a mapping that maps vegiwks
call-sites inR back to the original alphabet &. In particular, to
account for the changes in the alphabet fr6no R, we create a
transducefl -, which maps a vertex or label of dhcall-site to the
corresponding vertex or label of ghcall-site.

To implement the reslicing check, in additionTe:, six other
data objects come into play.

e two SDGs,S andR

¢ two automata for slicing criteria; andC’, and

e two automata that hold slice resuls6s and A6g—i.e., the
automatad6 of Alg. 1 arising in the slices of and R, respec-
tively.

To resliceR, we need to map slicing criteriofi to an appro-
priatereslicing criterionC’ (item 1 above). Transducéi- can be
combined with automato@' to create an automaton for the inverse
transductiorTgl(C’). However, because transducti®p is many-
to-one, the inverse transductidf‘g1 is, in general, one-to-many.
In such cases, the Ianguageiqul(C) contains strings that do not
correspond to any configuration &f. Fortunately, we can rectify
this problem by intersectin@“gl(c) with an automaton for the
language of all possible configurations®fLet Pr be the PDS for
R, encoded according to Defn. 3.2; the language of configamsti
of R can be obtained by the PDS qudpgststafPr](entryy.i,)
[12, 24].
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Avg. # Avg. # Avg. % increase in PDG vertices over closure dlice
# source # Procet PDG | # Call # Sliceg Standard Standard
Program | Versiong lines | dures |vertices sites| taken | Spec. slicesdeviation Binkley sliceg deviation

tcas 37| 564 9 4800 38 37 0.2 0.0 5.3 0.1]
schedule2 2 717 16 980 47 6 28.4 0.1 6.3 0.0
schedule 6 725 18] 873 44 11 5.4 1.7 4.8 0.7
print_tokens 4| 889 18| 1298 89 3 0.4 0.0 4.9 0.0
replace 26| 931 21| 1331 65 58 5.6 5.4 7.1 0.7
print_tokens2 8| 957 19| 1127 84 28 1.0 2.7 5.5 0.4
tot.info 19| 1414 7 676 37 23 0.0 0.0 2.8 0.1
wc (v. 8.13) 1] 802 11 1899 170 10 26.0 11.2 10.5 5.6
space 20| 7429 136/ 18824 1014 35 4.4 2.2 4.4 1.4
go 1| 29244 372 102455 2084 10 7.8 3.9 6.3 11.1

Figure 14. Information about the test programs, and comparison of ittess ©f closure slices versus the sizes of executable sliesged via specialized

slicing and via Binkley’s approach.

To recap, to handle item 1 above, the automafdnfor the
reslicing criterion is created by performing the followiRRpPS/-
transducer/automaton computation:

C' = T;"(C) N PoststafPr](entry, .)-

To handle item 2, it is convenient to compare the autorAéta
andA6g, rather than to compare the SDG&sandR'. In particular,
we perform the language-equality check

L(A6s) = L(Tc(A6g)). (5)

Note thatA6s represents the vertices (configurations) of the closure
slice of the (possibly infinite) unrolling of SDG. Similarly, A6g
represents the vertices of the closure slice of the unpiihR.
Consequently, Eqgn. (5) tests whether the two closure sliegs
identical vertices aftef is used to map each configuration back

to a configuration in the alphabet §f The comparison performed

in Egn. (5) is an implicit test of SDGB and R’ because? and R’

are constructed merely by reading out information conthinghe
automatad6s andA6g, respectively.

6. Limitations

Hoisting of Indirect-Call PDGs. The translation of indirect
function calls to explicit PDGs assumes that the pointset@éthe
function pointer is exhaustive. However, the pointer-gsial algo-
rithms supported by CodeSurfer/C are a variant of Andessamal-
ysis [2], which does not account for uninitialized pointariables.
For example, suppose that there are three paths to an irdatc
site throughp, and thatp is initialized tof on one pathg on an-
other path, and not initialized on the third path. The incliveall
procedure will dispatch just td andg. Assuming thatt andg are
two-parameter functions, the indirect-call PDG will stithve the
following form:

int indirect(int (*p)(int, int), int a, int b) {
if (p == f) f(a, b);
else g(a, b);

}

7. Experiments

Our implementation of executable slicing was built usingu@+
maTech’s CodeSurf& code-understanding tool [3], which sup-
ports slicing of C and C++ programs. (We also have an experime
tal implementation using CodeSurfer/x86, which suppalitsng

of Intel x86 machine code [4].)

CodeSurfer is used to build the input SDG, which is then trans
lated into a PDS implemented using the Weighted Automaten Li
brary (WALI) [40]. WALI is used to perform th@restaroperation,
and the resulting automaton is converted into an OpenFS& “re
ognizer” (FSA) [1]. OpenFST is used for the reverse, deteizni
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Figure 15. Comparison of the sizes of the procedures produced via Bink-
ley’s approach with those produced via specialized slicing

minimize, reverse, and removeEpilonTransitions sequénaze-
ate an MRD automaton. The output SO&is created from the
MRD automaton, and the source text for the specialized prods
pretty-printed fromgR.

The experiments we conducted were designed to

e compare our approach to finding executable slices with Bink-
ley’s approach

o determine whether the worst-case exponential cost of gar al
rithm arises in practice

e determine how the execution time of an executable slice—
which, in principle, can be arbitrarily better than thattoé brig-

inal program—compares in practice with the execution tife o

the original program.

Information about the test programs is given in columns 1£7 o
Fig. 14. The first seven programs are the Siemens suite: & set o
small, toy programs collected by Hutchins et al. [37]. Thileot
three are open-source applications gathered from thenkitelFor

the Siemens suite angbace, the experiments use slices taken from
(PDG-vertex, pending-call-stagkairs at which symptoms of bugs
(unexpected output or crashes) were observed. Those caxfigu
tions were obtained using the debugging tools describe@6h [
Forwc andgo, slices were taken from all calls torintf.

Figs. 14 and 15 provide two different ways to compare special
ized slicing with Binkley's approach; Additionally, Fig&4, 16,
and 17 provide evidence that specialized slicing doeessuffer
from its potential worst-case blow-up in practice. Fig. 1®w8s
that using executable slicing to extract specialized camepts of
an application can significantly improve runtimes.
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Figure 16. Distribution of the number of specialized versions of proce
dures in executable slices created via specialized slicing

Neither (i) the exponential blow-up that occurs for the figrof
examples discussed in App. A.2.3, nor (ii) the worst-cagopgn-
tial behavior of operations like automaton determinizatarose in
the programs and slices used in our experiments. As disgusse
Apps. A.2.2 and A.2.3, we believe it is fair to say that, foe tb-
served costboth the running time and space of the algorithm are
bounded by the sum of two terms: one is polynomial in the size o
the input program; the other is linear in the size of the cugfie.

Columns 8-11 of Fig. 14 provide data about how many “extra”
vertices are in executable slices compared with the caorespg
closure slices. Based on these results, it appears thaaatiqe,
blow-up in slice size is a problem neither for Binkley's apgch
nor for specialized slicing. While specialized slicing tihd largest
average increases in size (26.0%forand 28.4% foschedule?),
on the three largest programs, size increases were verystaael
were similar for Binkley slicing and specialized slicing.

Fig. 15 is a scatter plot that compares the sizes of the PD@ss pr
duced via Binkley’s approach with those produced via spieeid
slicing. PDG sizes are reported as the percentage of a P@G's v
tices in the original program that occur in a PDG of an exdaeta
slice. Each point in the plot represents one PDG in one sliwstia
slice; i.e., for each PD®_k in each specialized slice, there is one
point in the plot at position (x, y), where x is the percentafeer-
tices of the original PDG that are ik and y is the percentage
that are in PDG in the Binkley slice. If there are three specialized
versions of PDG, there will be three points in the plot, all with
the same y coordinate.

Fig. 15 shows that many specialized-slice PDGs are closean s
to the original PDGs (the points clustered in the upper fitgrid
corner); that Binkley-slice PDGs are often close in sizehtodor-
responding specialized-slice PDGs (the points clustel@tbahe
45-degree line); but that there are also many cases wherkiepi
slice PDG is much larger than the corresponding speciaktied
PDG (the points along the top). For each point, we computed
(%vertices in specialized PD@®%vertices in Binkley PDG; the
geometric mean of these values is 93%.

Fig. 16 shows the distribution of the number of specialized v
sions of procedures in all tested programs, providing &rrévi-
dence that the potential exponential explosion of spegdlipro-
cedures (described in App. A.2.3) is unlikely to occur ingpice.
Approximately 93% of procedures have a single specializd v
sion, and the count decreases rapidly as the number of §pedia
procedures increases. The largest number of specializstbrne
for a procedure we have seen in our experiments is four.
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Figure 17. The percentage of PDG vertices in PDGs of the original SDG
that are retained in their respective specialized PDGsbokes indicate the
25t percentile, the median, and t&™" percentile. The whiskers indicate
the 2" and 98" percentile. The additional points in the first and third
columns indicate outliers beyond the whiskers.
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Figure 18. Average execution time of the original, unsliced applica-
tion versus execution time of slice-derived executablethersame inputs.

Fig. 17 provides information about the distribution of tliees
of specialzed PDGs, broken down according to whether there w
1, 2, 3, or 4 specialized versions of a PDG. In each of the fases,
Fig. 17 shows five different percentiles for the percentagelG
vertices from the PDG of the original SDG that are retainethe
respective specialized PDGs.

To investigate the potential for speeding up runtimes vigiap
cation specialization, we used executable slicing to sfieeiwc,
the Linux word-count tool. We created four specializedesiand
four Binkley slices: one from each of the four callsgpintf in
wc. c that print the number of lines, characters, bytes, and words
in the input. We ran the original program and each slice omi6 i
puts, recording total CPU time using the bashe utility. Fig. 18
plots the original-vs.-specialized-slice runtimes; epoimt is the
average of 10 runs. (The performance improvements for apeci
ized slicing and Binkley-slicing were almost identicalchgoint
in Fig. 18 and the corresponding point for the Binkley-skssen-
tially coincide.) On average—computed as the geometricnmea
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the executable slices took 32.5% of the time used by theraigi
program.

8. Related Work

The literature on program slicing is extensive. (Literataurveys
include [8, 9, 20, 33, 45, 51, 52].) Some of the related work on
executable slicing has already been summarized.in

Binkley et al. [10] give declarative semantic specificasidar
a number of different varieties of slices. The work unifiegl an
relates eight different kinds of slicing criteria for stagind dynamic
slicing. Our work is mainly algorithmic in nature, but oureusf
unrolled SDGs and stack-configurations provides an algirac
of the runtime stack. While our experiments used C programs,
the principles on which our algorithm is based should apply t
interprocedural slicing for any language.

Conditioned slicing [16, 19, 25] combines static slicingl amno-
gram simplification to produce executable program slices.§im-
plification phase propagates information forward to remstate-
ments that cannot be executed when a given constraint halds o
the initial state. At least some of this work [19, 25] mereppkes
off-the-shelf slicing algorithms in the static-slicingraponent, and
hence could adopt the algorithm presented in this paper.

In our implementation, an SDG is encoded as a PDS using the
Weighted Automaton Library (WALI) [40], and WALI is used to
perform Prestar. The algorithm for computingre™ with respect
to a regular set of configurations in a PDS is due to Bouajjani e
al. [12] and Finkel et al. [24]. The history of the model-ckieg
problem for PDSs is recounted by Bouajjani et al. [38], who
credit Blichi with establishing the foundational result4] and
[15, Ch. 5]), and point out that it was rediscovered sevenabs
[11, 17].

Minimal reverse-deterministic FSAs were used by Gupta [28]
as a symbolic representation for a class of inductive Baofeac-
tions. Thestate complexityf a regular languagé is the number
of states in the minimal deterministic FSA fbr Sebej [50] studied
the change in state complexity between a regular langiiaged
its reversalL®. He showed that if. has state complexity, the
state complexity of.? is betweerlog n and2".
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A. Correctness and Cost Issues
A.1 Correctness of Alg. 1

Theorem A.1. AutomatonA6 created in line 8 of Alg. 1 is MRD.
|

Proof. Because the operations determinize and minimize do not
change the language that an automaton accepts, the twoonalls
reverse in lines 4 and 7 cancel, and hef¢el6) = L(A1l).

Automaton A4 created in line 6 of Alg. 1 is the minimal de-
terministic automaton for the reversed language of corditpms
in the stack-configuration slice. That igl4 is minimal deter-
ministic andL(A44) = LT(A1) = L%(A6). Consequently, we
just have to argue that the call on reverse in line 7, followsgd
removeEpilonTransitions in line 8 causés to be MRD.

Words in L(Al) (L(A6)) all have the form
(vertex-symbol call-sitg); moreover, the call-site symbols
are disjoint from the vertex symbols. Consequently, themenot
be any loops that allow repetitions of the vertex symbolsusTh
at the beginning (and end, for the reversed languagesk #rer
no loops or self-loops. What this means is that the minimized
automaton Q4) must have a single accepting state. Moreover,
becaused4 is deterministic, it has ne-transitions.

In any call on reverged), the only condition that necessitates
the introduction of are-transition is if A has multiple accepting
states (because one needs to have a single start staté in
revers¢A)). Consequently, the statemends = revers¢A4)”
can be implemented by making5’s initial state be the (unique)
final state ofA4, and A5's final state be the initial state of4.
Becaused4 has noe-transitions,A5 has noe-transitions, and thus
removeEpilonTransitions has no effect (i.d6 = A5). Because
A4 is minimal deterministicA5 and A6 are MRD.

In our implementation, lines 4-8 are implemented with Open-
FST [1] FSAs. The reverse operation in OpenFST introduces a
dummy initial state with am-transition. Thus, the implementation
does call removeEpilonTransitions, which removes thelsjrigi-
tial e-transition fromA5 to createA6, which is MRD. |

Theorem A.2. AutomatonA6 created in line 8 of Alg. 1 solves the
configuration-partitioning problem (Defn. 2.8

Proof. A6 is the uniqgue MRD automaton for the languabeA1)
= PrestafPs](C)—i.e., the stack-configuration slice & with
respect ta’.

Instead ofA6, consider how a word is accepted By (which is
nearly identical toA6 except for the direction of transitions). Each
A4 word has the fornfcall-sit€" vertex-symbo). Because the call-
site symbols are disjoint from the vertex symbols, and beead
is a minimal deterministic machine, two properties mustdh@il)
A4 must have a unique final stadec, and (ii) it can have no loops
that involve the final state.

Processing starts inl4’s initial state (A6's final state), and
follows transitions of the form{g;, C, q;), whereC'is a call-site
label. Becausel4 is deterministic, the call-siteprefix of the word
follows a unique path—in effect, transitioning from onelicej-
context partition-element to another at each step. Finiére is a
transition of the form(¢x, v, acc) to A4’s unique final statacc.

Stateg;, represents the set of variants (of some proced)ras-
sociated with the calling-contexts given by the languaBes(qx ).
The program-elements in each of the variants is the set of PDG

verticesV,, & {v | (gr,v,acc) € Transition§A4)}. The set of
configurations in the partition-element associated witfs, there-
fore,

def

PE,, = Vg, X (PA4(qk))R.

Executable Slicing 18

The partition is defined by Paf {PE, | ¢, € State$A4)}.
(Note that Part is truly a partition becad@j%k PE,, = L%(A4)
= L(A1l) = L(A6).)

The three conditions of Defn. 2.8 follow from the observa-
tions that (i) A4 is a minimal deterministic FSA, and hence a set
Vg, cannot be associated with afPas(gm))™, for k # m;

(ii) PE,, is defined as a cross-product; and (iii) in an unrolled
SDG, different procedure instances always have differeatks
configurations. |

Theorem A.3. Alg. 1 is sound and complete with respect to stack-
configuration slicingd

Proof. Let M¢ be the mapping that maps PDG vertices and call-
sites in R back to the original alphabet of. Let Gr be the
unrolling of R. The proof divides into two cases.

CompletenessL(A6) consists of all elements in the closure slice
with respect ta”' of the unrolling ofS. Let (v, w) be an arbitrary
configuration inL(A6). Completeness holds because of the steps
of the read-out process in lines 9-24:

e Lines 12-18 create, for the procedure variant that has stack
configurationw, an SDG inR that has a copy’ of v. Hence,
Mc(v') =v.

e Lines 19-24 preserve the language of stack-configuratibns o
L(A6) in the calling structure oR?, which controls the stack-
configurations ofG'r. Consequently=r has some configura-
tion (v', w") such thatM¢ (w') = w.

Thus, there is a configuratiov’,w’) in Ggr such that
Mc((v',w')) = (v,w).

SoundnessLet (v',w’) be an arbitrary configuration itz.
Soundness holds because of the steps of the read-out piiacess
lines 9-24:

e The PDG inR that has vertex’ was created in lines 12-18
from some transitioriqo, v, g) in A6. Hence,M¢ (v') = .

o Moreover, becausev’ is a stack-configuration ofir, and
lines 19-24 preserve the language of stack-configuratibns o
L(A6) in the calling structure of?, w’ must correspond (via
M¢) to some word inL(q). ConsequentlyL(A6) has some
configuration(v, w) such thatMc (w') = w.

Thus, there is a configuratiofv,w) in L(A6) such that
M ((v',w')) = (v,w). |

Corollary A.4. Let R be the SDG created via Alg. 1 for SD&
and slicing criterionC'. R has no parameter mismatchés.

Proof. Let M¢ be the mapping that maps PDG vertices and call-
sites in R back to the original alphabet . Let Gs be the un-
rolling of S and Gr be the unrolling ofR. Because each proce-
dure instance is called at a unique call-site in an unroltegly, the
closure slice inG's has no parameter mismatches. By Thm. A.3,
Mc(GRr) is isomorphic to the closure slice &f with respect to
C, and hence has no parameter mismatchés.is purely a name-
change operation, and thus does not change the callindusteuaf
Gr. The way the SDG is read out of automatdf preserves the
calling structure ofGr in R, and thusR has no parameter mis-
matches. |

A.2 CostofAlg. 1

A.2.1 Minimality

The configuration-partitioning problem (Defn. 2.8) prozédone
notion of minimality for specialized slicing. By Thm. A.2, so-
lution to the configuration-partitioning problem is encdda the
structure of automatorl6 from Alg. 1. Moreover, from lines 12—
18 of Alg. 1, it is clear that the number of vertices in the aesw
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SDG R is proportional to the size od6. In this sense, SD® is a
minimum-sized slice.

A.2.2 Running Time

Alg. 1 has four operations that can be expensive:

. Al = PrestafPs](A0) (line 3),

. A3 = determinizé A2) (line 5),

. A4 = minimize(A3) (line 6), and

. reading out SD@ from automatornA6 (lines 9-24).

¢ As mentioned in Defn. 3.@Rrestars worst-case running time is
O(|Q?|A]). Here|Q| is 1 4 #actual-out vertices, andl is the
number of dependence edges in input SBGConsequently,
the running time of item 1 is bounded by a polynomial in the
size of the input program.

e Determinization is performed by the subset constructionhé
worst case, item 2 can be exponential in the number of states o
A2.

¢ Minimization can be performed in tim@(n log n) [30]. In the

worst case, item 3 can be exponential in the number of states o

A2.

The number of vertices in the answer SOGis proportional

to the size ofA6. In addition, the read-out code adds copies of

dependence edges from the original PDGs. Such work in any

PDG is bounded by the square of the number of vertices, but is

usually much lower. In any case, the time for item 4 is lin@ar i

the size of output SD@R.

Our experiments indicate that for the automata that arise fr
Prestar, the result of determinize is significantgmaller (4.4%—
34%) than the input to determinize.

A.2.3 Space

A WN PR

(1) unsigned int gil, . . ., gk;

(2)

(3) void Pk(int m) {

(4) int v;

(5) unsigned int t1, . . ., tk;

(6)

9] if (m == 0) return;

(8) v = scanf ("%d\n", &v);

(9) if (v == 1) {

(10) Pk(m-1);

(11) tl =0; t2 =g2; . . . tk = gk;
(12) }

(13) else if (v == 2) {

(14) Pk(m-1);

(15) tl =gl; t2 =0; . . . tk = gk;
(16) }

an e

(18) else {

(19) Pk(m-1);

(20) tl =gl; t2 =g2; . . . tk =0;
(21)

(22) gl = t1; g2 = t2; gk = tk;
(23) }

(24)

(25) int main() {

(26) gl=1; . . . gk = k;

@27 Pk(k);

(28) printf("%d\n", gl + . . . + gk); /* SLICE HERE x/
(29) return O;

(30) }

Figure 19. K** representative of a family of programs for which a

The space needs of Alg. 1 are dominated by the same four opera-Specialized slice is exponentially larger than the program

tions discussed under “Running Time”.

¢ As mentioned in Defn. 3.6, the space frestaris bounded by
O(|Q||A] + |—=c¢]), where|—¢| is the size of the transition
relation for the automaton for slicing criteria@n.

e Determinize and minimize are standard automaton opestion
with space cost similar to their time cost.

¢ The space for the read-out task is linear in the size of thdtres
SDGR.

Number of Specialized PDGs. The number of specialized PDGs
in R depends on both the query automatde, which specifies
slicing criterionC, and the input SD&. The specialized PDGs
that appear iR can be placed in two categories:
1. PDGs associated with calling contexts in the suffix-alesaf
the stack-configurations defined b’
2. PDGs associated with calling contexts other than those in
item 1.

e The number of specialized PDGs ifrom item 1 is bounded
by the number of states in the query automaton.

e The number of specialized PDGs ifrom item 2 is bounded
by a function of the number of actual-outs in each PDG of
SDG S. In particular, for a PDGp that hasn, actual-outs,
the maximum number of specialized PDGs possiblegfas
2"» Consequently, the number of specialized PDGR iftlom
item 2 is bounded by, cppeys)2"”.

Achieving Exponential Explosion. The boundX,cppcys)2"”
give above is exponential in the number of actual-outs. éntbrst
case, this bound is achievable, as demonstrated by theyfamil
programs presented in Fig. 19, which showskfeepresentative,
Pk. Pk has k recursive call-sites that caftk; after the call at
each call-site, a different pattern of assignments to thepteary

1f L is a language, thsuffix closurel, ™ is {b | Ja such thauub € L}.
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variablest1 ... tk is performed. In particular, just after the call at
the i" call-site, variableti is zeroed out; each of the rest of the
temporaries receives the value of the corresponding giaable
gl... gk

In essence, the assignmerit = 0 breaks the dependence be-
tween the preceding call-site and formal-@udt That is, the call-
site does not need an actual-out to carry the valugiof

BecausePk calls itself recursively, the broken-dependence pat-
terns at different instances Bk in the unrolled SDG interact, and
the slice with respect to the indicated point in Fig. 19 gates
specialized procedures with different sets of actual-éatsill el-
ements of the power set of global variabl@y{gl...gk}). The
number of such procedures is thzfs

Explosion in Practice. Our experiments indicate that exponen-
tial explosion does not arise in practice: no procedure hatem
than four specialized versions, and the vast majority oEgdorres
had just a single version (see Fig. 16). Moreover, worsé-expo-
nential behavior of operations like automaton determiromealso
does not seem to arise in practice. Thus, based on our expetie
date, we believe it is fair to say that, for thbserved cost

Both the running time and space of the algorithm are
bounded by the sum of two terms: one is polynomial in the
size of the input program; the other is linear in the size of
the output slice.
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