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Abstract

Horwitz, Reps,andBinkley (TOPLAS, 90) presentan algorithmfor interproceduraprogramslicing
using a systemdependenc@raph (SDG) representatiorof programs. In order to identify the set of
statementdn a slice their algorithm makestwo traversalsover the SDG; effectively traversingsome
edgestwice. This paperpresentsa one passalgorithm which traverseseachedgein the slice at most
once. In scenariogequiring on-line union of interproceduraklices, the algorithm providessignificant
improvementby permitting the constructionof union incrementally.

1 Introduction

A slice of a programwith respectto a programpoint p consistsof all statement®f the program
that might affect the behaviorof the programobservedat p; the programpoint p is saidto be the slicing
criterion”. Horwitz, Reps,andBinkley [1] presenanalgorithm(hencefortireferredto asHRB algorithm)
for computingslicesthatcrossboundariesormedby procedurecalls. Theyintroducedsystendependence
graph (SDG), a graphwith typed edgesand nodesencodingthe data, control, and call dependenciem
a program. In orderto slice a programit is first convertedinto its SDG representation.The slice at
a particularvertex (correspondingo a programpoint) using their algorithm is obtainedin two passes.
Both passegerformthe transitiveclosureof verticesthat canreacha given setof verticesin the SDG;
the passediffer in the type of dependencethey useto performthe closure.

This paper presentsan algorithm (henceforthreferredto as AL algorithm) equivalentto HRB
algorithm. The AL algorithm usesthe SDG representatiorfor slicing and may be implementedto
perform only onetraversalof eachedgein the slice. This improvesuponthe HRB algorithmwhich in
the worst casetraversesan edgetwice. The AL traversalalgorithmthereforeis optimal.

The SDG representatiorf a programmay be usedto perform interprocedurabnalysestherthan
slicing. Most of the analysesalgorithmswould require forward or backwardtraversalof dependences
representedn the SDG. The traversalalgorithm usedfor interproceduraforward and backwardslicing
couldbe usedasthe backboneof thesealgorithms.Onesuchapplicationreportedin [3] is the problemof
constructingcall multigraphof a programwith procedurevaluedvariables.The algorithmreportedin [3]

This definition is slightly differentfrom the original definition of programslice introducedby Weiser[10].
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combinesHorwitz et. al.’s forward slicing algorithm’straversalmechanismwith Wegmanand Zadeck’s
constantpropagationalgorithm [9] to constructthe call multigraph. In orderto do so the algorithm
requiresseveraltraversalsof the SDG. Even an improvementin the constantfactor provided by the
AL algorithm could leadto a substantiaimprovementin the runningtime of this and other algorithms
requiring such traversals.

Our algorithm providessubstantiaimprovementin situationsrequiring on-line slicing of the same
program. Consider,a debuggingscenariowhere a programmerperformsa slice on a statementfinds
thatit is inadequateandwould like the union of this slice with that over anotherstatement.Using the
HRB algorithm, the secondrequestfor slicing will requirecomputinga fresh slice on the union of the
two statements.However,the AL algorithm may be usedto constructthe slice incrementallystarting
from the slice for the first statement.The HRB algorithm usesthe two passedo correctly accountfor
the calling contextof a procedurecall. It maintainsa two valuedtag to distinguishstatementsn the
slice from thosenot in it. The AL algorithmmaintainsa threevaluedtag that helpsin distinguishingthe
calling contextas well asidentifying the verticesin the slice. Sincethe calling contextof the previous
slice is availablein the tags,the AL algorithm may be usedto incrementallybuild on it. This is not
possiblein the HRB algorithm becauseof the lack of the contextinformation.

For the sakeof brevity this paperdoesnot containa detaileddiscussiorof systemdependencgraph
(SDG); the readeris referredto [1] for that. The salientfeaturesof the graphare sketchedn Section2.
Section3 outlinesHRB forward slicing algorithmand Section4 the AL slicing algorithm. The proof of
equivalenceof the two algorithmsis givenin Section5. Section6 analyseghe complexity of the AL
algorithmandpresentempiricalresultscomparingthetwo algorithms. Section7 containour conclusions.

It may be emphasizedhatthis paperonly givesthe AL algorithmfor backwardslicing. The concepts
presentechoweverare sufficient to constructthe forward slicing algorithm.

2 System dependence graph

An SDG encodeghe data,control, and call dependenceelationsbetweenstatementsof a program
in a simple procedurallanguageconsistingof assignmentijf-then-else,while-do, procedurecall, entry,
andreturnstatementsThe parameterso a procedurecall aresimplevariablespassedy value-reference.
Thereis a specialproceduremain from which executionis initiated.

The SDG consistsof a collection of proceduredependencgraph (PDG) (a variation of program
dependencgraph[2, 5]). Thereis one PDG per procedurein the programencodingthe control and
datadependenceelationswithin the procedure. Thesegraphscontainverticesrepresentingall-sitesand
procedureentry points. The SDG hascall edgesconnectingthe call-sitesin a PDG to the entry point
in the PDG of the procedurecalled at that site.

For eachcall-site, the PDG also containstwo verticesfor every actual parameteiin the procedure
call. An actual-in vertex to representhe transferof value of the actual parameteito an intermediate
variableusedto sendthe input to the procedure.An actual-outvertexto representransferof the final
value of the parameterfrom an intermediatevariableto the actualparameter.

Analogously,for every entry point, the PDGs containtwo verticesfor every formal parameter.A
formal-in vertexrepresentinghe transferof valueto the formal parametefrom theintermediatevariable

T It alsohasanotherdependencealledthe def-orderdependencehich is not relevantfor slicing. This dependenceés thereforeignoredin
this paper.
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procedure  main()

begin
sum = O;
i = 1
while (i < 11) do
A(sum, i)
od
end main; 7

12

procedure  A(X, V)
begin
Add(x, y);

Inc(y) 19
end A;

procedure  Inc(z)

begin >
Add(z, 1)
\ 1 l \ ~N
| 31

>
29( a_in:=z ) 30( b in:=1 z :=a_out )

procedure  Add(a,b)

i Edge ti | statisti
begm 2 : gcf raversal statistics

= + in slice: 53

a: a b not traversed: o]

end Add, only in 1st pass: 4

only in 2nd pass: 18
in 1st & 2nd pass: 28

total traversal: 78

Figurel A programtakenfrom [1] andits systemdependencgraph. Verticesare numberedor later reference.Intra edges
areindicatedby solid lines and From-To and To-From edgesby (slightly different) dottedlines.
Verticesin theslice overthevertexset{25, 26} appeain boxeswith thickerboundariesThe edgesdn theslice havean
overstrikel, ||, | || dependingonif they aretraversedn the first pass,secondpass,or bothfirst and secondpassof the
HRB algorithm. Edgesin the slicethatarenot traversedn eitherpassof the HRB algorithmareoverstrikedwith ano.

assignedo in the actual-invertex. A formal-outvertexrepresentinghe transferof valuefrom theformal
parametetto the intermediatevariable usedat the actual-outvertex.

The pairs of intermediatevariablesusedto communicatehe initial andfinal valuesof a parameter
to/from the procedureentry are unique. The SDG containstwo edges parameter-inand parameter-out
to representhe datadependenceetweerthe actual-into formal-in andformal-outto actual-outvertices.

Sincethereis one PDG per procedurein the SDG, the actual-in (actual-out)verticesfor the same
parametefrom differentcallsto the sameprocedureare dependediponby (dependon) the sameformal-
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procedure HRB_slicing algorithm(z, S)
declare

G: a systemdependencgraph
S: setsof verticesin G

begin
First pass Mark all verticesof G which can(reflexive,transitively)reachanyvertexin S usingIntra andFrom-To edges.
Let the verticesmarkedbe called S’.

Secondpass: Mark all verticesof G which cantransitively reachany vertex S usingonly Intra and To-From edges.
The markedverticesare in the slice of G wrt S.

end

Figure2 Summaryof HRB interproceduraklicing algorithm

in (formal-out) vertex. The SDG also containsedgesbetweenthe actualparametewerticesof the same
procedurecall and betweenthe formal parametewerticesat the procedureentry. Theseedges,termed
summaryedges summarizethe dependencdetweenthe agumentsof the procedurecall as a result of

executingthe procedure.

In this paperwe classify the edgesin an SDG (excludingdef-orderdependencein the following
three categories:

Intra: Within verticesof a PDG - contmol, flow, and summary
From-T0: From a call site to an entry site - call and parameter-in
To-From To a call site from an entry site - parameter-out

3 HRB Interprocedural slicing algorithm

Ottenstein& Ottenstein[5] outline an algorithm for slicing a procedure-lesgrogramusing PDG
representationit is the set of all statementghat can reachany statementn the slicing criteria using
control or data dependencedges.

When extendingthis algorithmfor interproceduraklicing using SDG representationdorwitz et. al.
note that traversingan SDG without discriminating betweenthe type of edgestraversedmay create
dependenc@athsbetweenverticesof two proceduresevenwhen noneexists. This happendecausea
procedureentry vertex may be connectedo multiple call sites. A traversalmay use parameter-iredge
comingout of one call site and parameter-ouvertexreturningto anothercall site to createthe incorrect
linkage. Horwitz et. al. termedthis the calling contextproblem They developeda two passtraversal
algorithmthat correctly accountedor the calling contextof a procedurdl1]. The two passedifferedin
the edgesusedfor traversal.In thefirst passof their backwardslicing algorithm,summarizedn Figure2,
edgesverechosersuchthatthetraversaldid not descendnto a called procedure Similarly, the choiceof
edgesn the secondpasdimited the traversafrom ascendingnto a procedurecall. A similar approackhis
usedby their forward slicing algorithmto correctlyaccountfor calling contextsin the forward traversal.

It may be notedthat, earlier Myers’ had provideda solution of the calling contextproblemin the
framework of a set of dataflow analysisproblems. His solution requiredthe maintenanceof special
markersrepresentinghe call site to keeptrack of the calling context. Horwitz et. al.’s solutionto the
calling contextproblemimprovedupon Myers’ solution[4]. Our solution, presentedn the next section,
may be seenas presentingHorwitz et. al.’s solutionin lattice theoreticframework.
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procedure AL_slicing_algorithm(, S)
declare

G: a systemdependencgraph
S: setof vertices
Worklist: setof vertices

begin

Worklist := S;

mark tags of all verticesin S to T;
mark tags of all other vertices L;
while Worklist # ¢ do

Selectand removea vertex v from Worklist;
for eachvertex w suchthat edgee =w — » in G do

caseedgetype of e do
Intra: (* propagatev.tag to w *)

newtag = w.tag N v.tag,
To-From: (* propagates to w *)
newtag := w.tag M f3;
From-To: (* if v.tag is T propagateT elseignore w *)
if v.tag = T
then newtag := w.tag M T
elsenewtag := w.tag;

esac
(* putw in thelist only if its newtag value hasincreased*)
if w.tag C newtag then

w.tag := newtag,
put w in the Worklist;
fi
rof
elihw
(* Verticeswith tag values and T are in the slice *)
end

Figure3 Onepassbackwardslicing algorithm. The statemenblocksif, for, case, andwhile areterminatedby fi, rof, esac,
andelihw, respectively.Commentsare enclosedn (* and*). After executionof statementdor a
casecontrol is transferredto the statemenfollowing esac(asin PASCAL).
The lattice ({L, 2, T}, M) is definedsothat L — g C T.

4 AL interprocedural slicing algorithm

The AL algorithmfor interproceduratlicing is givenin Figure 3. Like HRB algorithmit maintains
a Worklist of verticesthat havebeenmarkedso far and asverticesaretraversedhey aretagged. The
AL algorithmmaintainsat eachvertex a tag which canassumethe valuesfrom the set{ L, 3, T}. This
setalong with the meetoperatorr forms a lattice where:

1ng=4n.L =4,
zMNT =TMNMNz = T, and

z Nz = z.
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Contrastthis with the HRB algorithm’s use of tagswith two values: marked and unmarked.

In the beginningof the AL algorithmall verticesin the slicing criterion are placedin the Worklist
and are assignedhe tag T. All otherverticesare assignedhe tag L. At the end of the algorithmall
verticeswhosetagsare 5 or T arein theslice. The traversalrequirespicking eachedgee = w — v in
the SDG correspondingo a vertex v in the Worklist and deciding:

1. whetherw shouldbe put in the Worklist and,if so,
2. what the value of its tag should be.

Whentraversingintra edges(i.e. with in the PDG) the tag at the target vertex of the edgeis propagated
to the vertexat the source.This is not howeverthe casewhenFrom-To and To-Fromedgesaretraversed.
A From-To edge(called to caller) is not traversedif the tag of the tamget vertexis not T. Whenit is

traversedthe tag T is propagatedo the sourcevertex. A To-From edge(caller to called) is always
traversed.rrespectiveof the tag of its targetvertexa g tagis propagatedo its sourcevertex. The source
vertexis put in the Worklist only if its tag changes.

Table 1 enumerateghe applicationof AL algorithm for the sameexampleusedfor HRB slicing
in Figure 1.
On-line union of slicesimplies creatinga union of sliceswherea requestfor slice shouldbe processed
beforethe next oneis received. The AL algorithm may be usedto processon-line requestdy making
the following modifications:

1. move the statement'mark tagsof all other vertices 1" out of the algorithminto an initialization
procedurethat is performedbeforethe first requestis receivedand
2. theWorklist maybeinitialized only by thoseverticesin S whosetag valuesat entry differ from T.

5 Proof of equivalence

Definition: Let H denotethe setof verticesin theslice of SDG G wrt vertexsetS usingHRB algorithm
(Figure 2). Let H,; and H, be the setof verticesmarkedby the algorithmin the first passand second
pass,respectively.Notice that H; N Hy = ¢, Hy U Hy, = H,andS C H;.
Definition: Let L denotethe setof verticesin the slice of SDG G wrt vertexset.S usingAL algorithm
(Figure 3). Let Lg and L+ be the set of vertices whose with tag values 5 and T, respectively.
LﬁﬂLT = ¢, LQULT = L,and S C L.

We will showthat L+ = H; and Lg = H, therebyimplying that L = H.
Definition: Theedgetype of apathin anSDG s the setof thetype of edgedn thatpath. If the edgetype
of a pathis {Intra} or {} it is calledanin-pdg path. If it is {Intra, From-To} it is calledan ascending
path. If it is {Intra, To-From} it is called a descending path.

The edgetype of a pathwill be {} if it hasonly 0 or 1 vertex. Hencean in-pdg path consistsof
verticesin the samePDG. An ascendingpathtraverseanorethanone PDG; alwaysfrom the PDG of a
procedurdo thatof a procedurecalling it. A descendingpathalsotraversesnorethanonePDG;always
from the PDG of a procedureto one it calls.

In the HRB algorithmthe first passtraverseonly Intra and From-To edgesandthe secondpassonly
Intra and To-From edges.Hence thefirst passtraversenly in-pdg andascendingathsandthe second
passonly in-pdg and descendingpaths. Notice that the pathsare traversedn the reverseorder.
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Table1 Applicationof AL algorithmfor slicing the SDG in Figure 1 at vertexset{25, 27}. Thefirst columnshowsthe
Worklist. At eachiterationthe first elementfrom this list is selected.Verticeswith tag T areaddedto the front of
the list andthosewith tag 3 to theend. A , separateshe two typesof vertices. The last columngivesthe numberof
edgestraversedn the previousiteration. The \ertices marked columnsshowthe verticesmarkedwith the respective

tagin the beginningof thatiteration. A “..” indicatesthatverticesfrom the previousiterationretaintheir respectivetag.
Vertices marked No. of Edges
Worklist T Jé; Traversed
25,27 25,27
24,2227 .,24,22 2
18,22,27 .,18 1
14,22,27 .14 1
11,22,27 .11 1
6,22,27 ..,6 1
5,22,27 D 1
2,4,10,22,27 .,2,4,10 3
1,4,10,22,27 .1 1
4,10,22,27 0
10,22,27 1
8,22,2% 16 .8 16 3
22,27, 16 3
13,27% 16 .,13 2
27, 16 2
31, 16 .31 3
28,29,3Q 16,36 ..,28,29,30 ..,36 4
29,3Q 16,36 1
30, 16,36 2
o 16,36 1
- 23,36 .23 3
o 36 3
o 32,33,34,37 .,32,33,34,37 4
o 33,34,37 0
o 34,37 1
o 37 1
+ 35 .35 3
1

]
o

Total edges
traversed
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Table2 Table showinghow tagsare propagatedising our backwardslicing algorithm. All pathstraversedmay be
decomposednto a combinationof in-pdg, ascending, and descending paths. The pathsaretraversedn the reverse
direction. The valueof v;.tag will bethen of all the tagsreachingit from variouspaths. The third columntherefore
showsthe minmium value of »;.tag. A valuern.L indicatesthat sucha pathis not traversed.

Edge type of path Tag of v, Tag propagated to

V1 — ... — Uy v1
1. in-pdg T nT
2. B ng
3. ascending T nT
4. B ML
5. descending T ng
6. i ng

Table2 summarizehow AL algorithm(Figure 3) propagatesagsalonga pathv; — ... — v, based
on the type of the path andthe value of v,,.tag. The following two Lemmascan be derivedfrom this
table, definition of 11, andthat the tagsof verticesin S areinitialized to T.

Lemma 1: If thereis an in-pdg or an ascendingpath from a vertex » to somevertexs; € S then
v.lag = T, and vice-versa.

Proof: Left to the reader. ©

Lemma 2: If Ja; with a;.tag = T suchthatthereis a descendingathfrom v to a; and As; € S such
that thereis anin-pdg or an ascendingpathfrom v to s; then v.tag = 8, andvice-versa.

Proof: Left to the reader. ©
Theorem 1. L+ = Hy and Lg = H,.
Proof: L+ = H;.
v € Hy
The first pass of HRB algorithm only traverses in-pdg and ascending paths terminating a vertices in S.

= 3 anin-pdg or an ascendingpathfrom » to somes; € S.

Lemma 1

=wv € L.
Proof: Lz = Hj.

v € Hy

The second pass of HRB algorithm traverses in-pdg and descending paths terminating at vertices in H;.

Vertices already in H, are not included in H,. The new vertices are reached by traversing descending paths (or else they
would be in H;).

= Ja; € H, suchthatthereis a descendingathfrom » to a; andthereis no in-pdg or anascending
path from v to any vertexin 5.

Lt=H

= Ja; € Lt suchthatthereis a descendingathfrom v to a; andthereis no ascendingpathfrom
v to any vertexin S.

Lemma 2
=v € Lg. ©
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6 Analysis of complexity and implementation experience

The complexity of computing an interproceduralslice using SDG may be separatedinto the
complexity of constructingthe SDG and that of traversingthis graphto identify statementsn a slice.
Horwitz et. al. [1] haveanalyzedthatthe costof constructingSDG is polynomialin variousparameters
of the systemand that the costof traversingthe SDG is boundedby the size of the SDG.

A more precisecomplexity of the traversalalgorithm may be derivedas a function of the number
of edgesin thefinal slice. Let £ be the numberof edgesin the SDG of the slice with respectto vertex
setS. The HRB and AL algorithmsare both linear on the size of £. Thereis howevera difference
in numberof times the two algorithmstraverseeachedge. The HRB algorithm requiresat most two
traversalof eachedgein F for any choiceof implementatiorof Worklist. In contrastthe AL algorithm
can be implementedto traverseeachedgeat mostonetime. The detailsfollow.

In a naive implementationof AL algorithm, the tag of eachvertex can changetwice (from L to
/ and g to T). This implies that the edgesterminatingat a vertex may be traversedtwice. Consider
howeverthe following strategyto selecta vertex from the Worklist:

select vertices with tag T before selecting any vertex with tag g

Sincea g tag always propagatess, this strategyensuresthat all verticesthat may be marked T are
visited beforeany vertexwith a tag g is visited. Thusthe tag of a vertexis changedat mostonceand
eachedgeterminatingat it is traversedonly once.

Table 1 enumerateshe applicationof AL algorithm using this strategy. The slice is computedby
traversing50 of the 53 edgesin the slice. The 3 From-To edges(from a call-sitein Inc to the entry of
Add) markedo in Figure1 are not traversed.Theseedgesare also not traversedby the HRB algorithm.
Figure 1 alsocontainsthe edgecountstatisticsfor the sameexampleusingthe HRB algorithm; 28 edges
are traversedtwice thus getting a total edgetraversalcountto 78.

The HRB algorithm hasbeenimplementedin the WisconsinProgramintegration System(WPIS)
[8]. We modified WPIS andimplementedhe AL algorithmaswell. The userinterfacewas modifiedso
that that one or both of the slicing algorithm could be invoked. The two algorithmswere implemented
to usethe depth-firststrategyin selectingverticesfor traversal. This precludedthe needto maintainan
explicit Worklist. When both the slicing algorithmswere selectedour implementationcomparedthe
resultsof the two algorithmsto experimentallyverify thatthe two algorithmscreateidenticalslices. The
algorithmswere also modified to collect statisticson edgetraversal.

Figure4 givesa comparativeanalysisof edgetraversaldor the two algorithmasa ratio of the total
edgedn theslice. Notice, thatthe depthf{irst traversalstrategyfor the AL algorithmdoesnot ensurethat
edgesbe traversedonly once. As a resultthereare somevaluesin theregionz > 1.0. However,there
is only onevaluein theregiony < 1.0 indicating that mostof the time HRB algorithm requiredmore
traversalghanthe numberof edgesin the slice. Besides,evenwith the suboptimalimplementationthe
AL algorithm alwaystraversedessnumberof edgesthanthe HRB algorithm.

7 Conclusions

This paperpresentsan algorithmthatimprovesuponthe interproceduraslicing algorithm presented
by Horwitz, Reps, and Binkley [1]. Our algorithm has the sameorder of complexity but with an
improved constant. Insteadof the (up to) two traversalof edgesperformedby HRB algorithm, our
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Edges traversed by HRB algorithm/Total Edges in slice
1.4 16 1.8 2.0
L
*

1.2
\

1.0
\
\

0.9 1.0 11 12

Edges traversed by AL algorithm/Total edges in slice

Figure4 Comparativeanalysisof edgestraversedoy HRB algorithmandAL algorithm. The axesrepresenthe edges
traversedy two algorithmasa ratio of the total edgesin the slice. Both the algorithmswere implementediusing
depth-firstgraphtraversalstrategy. The resultsare from three programsbesideshe onein Figure 1. The dotted
segmeniplots the valuesx =y. All the pointslie abovethis line indicatingthat the numberof edges
traversedby HRB algorithm were alwaysgreaterthan thosetraversedby AL algorithm. Due to the
choiceof depth-firststrategy,in 4 casesthe AL algorithmtraversessomeverticesmore thanonce
(z > 1.0). In contrastthe HRB algorithmhasall but one point in the regiony < 1.0.

algorithmmay be implementedo performa maximumof onetraversalper edge.In scenariogequiring
on-line union of interproceduraklicesour algorithm may be usedto constructthe slicesincrementally.
The HRB algorithm, as presentedn [1], can not be usedto generateunion of slicesincrementally. It
may be modified to do so by maintaininga threevaluedtag, as doneby our algorithm. The necessary
relationshipsare presentedn the theoremstatingthe equivalencebetweenthe slices computedby the
two algorithms.
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implementedthe algorithm on WPIS and helpedin drawing Figure 1. Pruek Poolkaseminstalled WPIS and Gramma€ch’s
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