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1 Introduction

A call multigraph of a programis a directed
multigraphencodingthe possiblecalling relations
betweerproceduresThesegraphsareusedin in-
terproceduraprogramoptimization[2, 3, 9, 15]
and for reverseengineeringof softwaresystems
[7, 8]. For programsthat do not contain pro-
cedurevaluedvariables(referredto henceforthas
procedurerariables}his graphcanbeconstructed
by a single passover the programcollecting the
procedurescalled at eachcall site. When pro-
cedurevariablesand indirect calls using values
of such variablesare allowed constructingsuch
a graphis not so simple. In the worst case,the
value of a procedurevariableat a call site may
be a referenceto any procedurein the program.
For interprocedurabptimizationsand for under-
standingprogramsone would like to have more
precisesolutions.

The importanceof preciselyconstructingan
analoguef call graph(referredto asthe 0** order
control flow analysisor OCFA) in the contextof
higher order languagesuchas Schemeand ML
hasbeeneloquentlyelaboratedy Shivers[18]. A
precisecall graphenabledataflow optimizations
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thatin turn enablesefficient implementationsof
programsin theselanguages. The precision of
a program’s call graph affects the precision of
interproceduralanalysisin Fortran compilersas
well [5].

This paperdescribesa new polynomialtime
algorithmfor constructingsucha call graphthat
is precisewithin the limitations of flow insensitive
interproceduralnalysis. The key aspectof our
solutionis our modelof the problemasa constant
propagatiorproblemover the domain- powerset
of all procedureconstantswith set union asthe
meetoperator.We call this the problemof prop-
agating sets of procedurevaluesand show that
this problem, unlike constantpropagationprob-
lem, belongsto the classof distributiveflow anal-
ysis problems[12]; it is thereforedecidable.

Our algorithm performsinterproceduraflow
analysis[10] to constructthe graph. We de-
velop an interprocedurabrocedurevaluesprop-
agationalgorithm by amalgamatingVegmanand
Zadeck’sconstanpropagatioralgorithm[20] and
Horwitz, Reps,andBinkley’s interprocedurafor-
ward slicing algorithm [11]. Interprocedural
analysesthemselvesdependon call multigraph.
Our algorithmresolvesthe conflict by iteratively
propagatingprocedure-valuesver a systemde-
pendencegraphrepresentatiomf a program[11]
andconstructinghe call graphitill afixed pointis
reached.We give a formal definition of the term
precisecall graphand prove that the call graph
constructedby our algorithmis precise. Our al-
gorithm computesprecisecall graphsfor a larger



procedure nain();
proc var A, B;

procedure P(X, Y);
proc var X, Y;

X:=Y; proc ref P, Q R S
end: Cl: P(A Q;
1 1: *A();
procedure Q);.... cz: P(B, R);
procedure R();.... (o<} S(B);
procedure S(Z); Ca: P(A P);
proc var Z; 12: *ACAS);
| 4: *7(); I3: *ANQ;

end; end;

Figurel A programwith procedurevariablesandindirectcalls.

classof programshantheworksin [4, 5, 17, 18,
19, 21].

Therestof the paperis organizedasfollows.
Section2 establisheshe terminologyand formu-
latesthe problem. Section3 discusseshe previ-
ous works on this problem and elaboratesupon
our contribution. Section4 summarizedHorwitz
et. al.’s systemdependenceraph (SDG) and
our extensionsFor moredetailsaboutSDGsthe
readeris referredto [11]. Section5 givesour in-
terproceduraprocedure-valuepropagatiomalgo-
rithm. Section6 givesthe algorithmto construct
the call graph. Section7 provesthat our algo-
rithm computesprecisecall graph and analyzes
its complexity. It is followed by our conclusions
and the list of references.

2 Problem formulation

We considerprogramsnrittenin a procedural
languagethat permitsindirect calls through pro-
cedurevaluedvariables.Parameteracrossa pro-
cedurecall are assumedo be passedy call by
value-result. Global variablesare not permitted.
Only variablesareallowedin theactualparameter
list of procedurecalls and repetitionof variables
in this list is not allowed. Theserestrictionspro-
hibit aliasingin programs.The languageparam-
etertransfermechanismandtheserestrictionsare
all inheritedfrom Horwitz et. al. [11] sincewe
usetheir systemdependencgraphfor represent-
ing programs.Theserestrictionscan be removed
using the methodssuggestedy them.

if Ain {p1,p2} then{
if A== p; thenpi(z1,22,..);
elseif A == p; thenp(z1,22,...);
} else{
if A== ps thenps(z1,22,...);
elseif A == ps thenp,(z1,22,...);
elseif A == ps thenps(z1,22,...);

elseterminateabnormally

}

Figure2 Codesegmentusedto reify an indirect call
*A(z1,22,...) at site ¢; where M (c;) = {p1,p2}.

The programin Figure 1 will be usedas a
running example. The statementsstarting with
an * areindirect call statements. Further, it is
assumedhat a specialproceduremain existsthat
initiates the execution.

Definition: (Domain constraint). A procedure
variable in a program can only be defined us-
ing assignmenstatementshat eitherhavea pro-
cedurereferenceor a procedurevariable on the
right hand side. ©

This constraintprohibits one to assign nu-
meric expressionghat evaluateto the physical
memoryaddressof a function asonemay do in
programminglanguagessuchas C.

Definition: (Completenessonstraint).Only pro-
cedurescontainedin a program may be called
from a call site inside the program. ©

In the absenceof this constrainta procedure
may call anotherprocedureexternalto the pro-
gramwhich maythencall someprocedurewithin
the program. Sucha call will go undetected.

Definition: Let P = {p1, p2, ..., pn},n > 0 bethe
setof proceduresn a program(including main).
We associatea uniqueidentifier to all statements
of aprogram.LetC = {c¢1,c2,...,cm }, m > 0, be
the setof (identifiersof the) indirect call vertices
in the program. Let P be the powersetof P. ©

Definition: The problem of constructinga call
graphis essentiallythe sameas creatinga map-
ping M : C — P, thatmapseachindirectcall site
to a setof procedurereferencesconstitutingthe
procedureshat may be calledfrom that site. For
¢; this setis denotedby M (¢;). ©



Definition: A call graphis dynamicallypreciseif
for every call site ¢;, M(c¢;) containsonly those
procedureghat can be called from ¢; for some
initial states. ©

This definition is not useful since it relies
on dynamic characteristicof the program. We
would like a definition that dependson a pro-
gram’s static characteristicsThe obviousdefini-
tion basedon pathsin the flowgraph also does
not suffice sincedueto presencef indirect calls
the pathsare not known statically. We solve the
problem by transformingthe program P to Py,
to Pjp suchthat Py, is free of indirect procedure
calls and Pj; hasno procedurecalls at all. The
three programsare equivalentunder declarative
semantics.

Note that P} is introducedonly to define
the notion of statically precise call graph. It
is only manipulatedmathematicallyto establish
propertiesof our algorithm.

Definition: Let Pj; denotethe programdue to

expandingindirect call statementsn program P

with respectto a mapping M as follows. If ¢;

contains *A(z1,22,...) and M(¢;) = {p1,p2}

thenthecall in ¢; is replacedby the codesegment
in Figure2. All otherstatement®f P arecopied
asisto Py. Q©

Definition:  Pjy; is the potentially infinite single
proceduredueto exhaustivanlining of procedure
callsinside proceduremain of programP,;. ©

The outerif introducedby expandinga ¢; in
Pyr doesnot contributeto its meaningbut serves
to createdifferentpathsfor proceduresontained
in M(¢;) and those not containedin it. The
statements thethensideof anouterif statement
in Py (not Pi7) aresaidto lie onthetrue branch
andthoseon the elsesidein the false branch.

Definition: An M-pathin the flowgraphof Pg;
is a pathin it that doesnot containany statement
thatis an instanceof somestatementn the false
branchof Pjy;. (Referto [1] for definitions of
flowgraph and path). ©

Definition: A mapping M is conservativeff it
has the property:

if 3 a statements; in Pj; suchthat

a. sp containsvy := pj,

b. in the flow graphof Pj; thereis an M-
pathfrom s; to ¢; (aninstancein P;¢ of
the outer if statemenin P;; that corre-
spondsto ¢;),

c. asequencef ‘identity’ assignmentsopy
the value of s; into the variableusedin
¢, and

d. thereis an M —pathfrom start vertex of
the flowgraphto s,

thenp; € M(c).
@

The condition saysthat if the programexe-
cution takesa path suchthat somestatements;
propagategprocedurereferencep; to ¢, thenthe
call graphshouldstatethatp; may be calledfrom
¢;. Butreificationof indirectcall sitesmay intro-
duce pathsin the programthat may not really
happen.The condition “there is an M-path from
the start vertexto s;” removessuch pathsfrom
consideration.

Whenthedefinitionis appliedfrom procedure
main onwards,we claim that it will require all
proceduresthat are called from a call site to
be includedin the call graph. The mappingis
conservativesinceM (¢, ) maycontainprocedures
whosevaluescannot be propagatedo c; through
any path starting from main
Definition: A mapping M is optimistic iff it
satisfieghe propertyresultingfrom swappingthe
antecedentind the consequenbf the definition
of conservative.Q

This is the inverseof the definition for con-
servative. It saysthat M(¢;) shouldnot contain
a procedurereferencef thereis no paththrough
which its value can be propagatedo c;.
Definition: A mappingis statically preciseif it
is both conservativeand optimistic.

We showthatthe call graphcomputedoy our
algorithmis precisein the abovesense.



3 Comparison with previous works

The call multigraphconstructionproblemhas
previously been studied by Ryder [17], Burke
[4]*, and Callahanet. al. [5], Spillman[19] and
Weihl [21]. Our work may be comparedwith
theseon a) constraintsimposedon the usageof
procedurevariablesand b) the precisionof the
resulting call multigraph.

The work of Burke, Ryder, and Callahanare
specificto Fortranin which a) procedurevalued
variablesare only allowed as procedureparame-
ters and b) assignmentso formal procedurepa-
rameterss notallowed,theycanonly receivepro-
cedurevaluesfrom actual parameters.Amongst
them, Burke’s and Callahanet. al.’s algorithms
work for recursiveFortranprogramswvhereasRy-
der’s algorithm doesnot. Further, Callahanet.
al.’s and Ryder’s algorithmsreturn more precise
call graphsthan Burke'’s.

The programin Figure 1 usesprocedurevari-
ablesin a way not permissiblein Fortran,hence
Burke, Callahanet. al., and Ryder’s [4, 5, 17]
algorithmscan not constructits call graph. Our
algorithmis thereforeapplicablefor a largerclass
of languagedhan theseworks. If, however,our
algorithmis appliedto the sameclassof language
as Callahanet. al.’s and Ryder’s work, respec-
tively, it is our conjectue that resultsreturned
will identical.

Spillman [19] and Weihl [21] work with a
procedural languagethat permits label valued
variablesand aliasing. Due to the presenceof
label variablesthey do not even have the flow
graphof a program. As a resultthey cannot as-
sumeanyorderingin a program’sstatementsThe
resultsof theanalysisarevery imprecise.Thecall
graphconstructedoy our algorithm andthat due
to Weihl's aregivenin Table 1 (towardsthe end
of the paper). The readermay notice the differ-
encein the results.

* The chapterconcerningconstructionof call multigraphin [4] has
beenomitted from its journal versionpublishedin ACM TOPLAS (July,
1990).

4 System dependence graph

Horwitz et. al.’s SDG encodeghe data,con-
trol, and call dependenceelationsbetweenstate-
ment$ of a programin a simple procedurallan-
guagestatedin Section2 [11]. The next para-
graphoutlinesthe varioustypes of verticesand
edgesin an SDG as defined by Horwitz et. al.
For a more detaileddescriptionthe readeris re-
ferred to [11].

The SDGconsistf acollectionof procedure
dependencgraph(PDG) (a variationof program
dependencgraph[14, 16]). Thereis one PDG
perproceduren the programencodingthe control
and data dependenceelationswithin the proce-
dure. Thevarioustypesof verticesin a PDG are:
for statements- assignmentif, while, finaluse
for procedurecall — call site, actual-in, actual-
out, and for procedureentry - entry, formal-in,
formal-out The edgesconnectingverticeswithin
a PDG arecontmol andflow edges.The edgeshe-
tweenverticesof different PDGsare: call edge
— from a call-site to an entry vertex; parameter-
in edge— from an actual-in to an formal-in ver-
tex; parameter-ouedge— from formal-outvertex
to actual-outvertex; and summaryedgefrom an
actual-in to an actual-outvertex.

Our extension.We extendHorwitz et. al.’s def-
inition of SDG to contain indirect call vertices
to representan indirect call. Each indirect call
vertex has its pairs of actual-in and actual-out
vertices that have flow edgesconnectingthem
to the verticeswithin the PDG. Since the pro-
cedurescalledfrom anindirect call statemenare
not known its verticesare not connectedo ver-
ticesof any procedureentryandthereareno sum-
mary edgesbetweenthe actual-inand actual-out
vertices.

Our algorithmto constructcall graphis iter-
ative. As procedureghat may be called from an
indirect call site are detectedthe SDG is modi-
fied to representhis knowledge. For eachpro-

§ It also has anotherdependencecalled the def-order dependence
which is not relevantfor our work. This dependencés thereforeignored
in this paper.
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Figure3 SDG of programin Figure 1.

Legendfor vertices: rectangulatoxes- entry, ovals- direct andindirect calls; dottedoval - other statements@X
- not a true vertex, showsusageof referenceto procedureX; A_i or A_o - parametewnertex (actualor formal
dependingon geometricproximity with entry or call vertex), i denotes in and _o denotes_out dottedpolygon -
PDG of eachprocedure.Legendfor edges:shadedarrows- parameter-irand parameter-ouedges;solid arrows-
datadependencedges.To avoid clutter the control, indirect-control,and call edgesare not shown.

cedurethat may be called from an indirect call

site we introducea virtual call-site and connect
it by anindirectcontol edgeemanatingrom the
correspondingndirect call site. The virtual call-

sites too have actual-in and actual-outvertices
and they may be connectedby summaryedges.
Flow dependenceedgesenteringor exiting the

actualparametewerticesof a virtual call site are
copiedfrom thoseof the indirect call site. These
verticesare also connectedoy parameter-inand
parameter-ouedgesto the formal verticesof the

correspondingprocedure.

It may be reemphasizedhat the virtual call
site verticesare createdby our algorithm. In the
initial SDG only (direct) call sitesare connected

to the entry verticesof the correspondingoroce-
dures.This SDG canbe createdusingHorwitz et.
al.’s algorithm. Figure 3 givestheinitial SDG of
the programin Figure 1.

5 Propagating procedure
values using SDG

The goal of constantpropagationis to “dis-
covervaluesthatareconstanon all possibleexe-
cutionsof a programandto propagatehesecon-
stantsasfar asthroughthe programas possiblé
[6]. The constantpropagationalgorithmsof [6,
13, 20] usea flat lattice and the following meet
rules:



global G /* an SDG */,
procedure PropagateProceduraMes; {

/* Put 'root’ nodesin Worklist */
Worklhist == ¢

unmark all nodes
/* Propagateconstantsto calling procedues */

let Worklist be the set of all marked nodes;
/* Propagate constantsto called procedues */

}

while Worklist # ¢ do {
select and remove an elementv from Worklist

if wValue # w.Value U v.Value

w.Value := w.Value U v.Value;
put w in Worklist;

}

procedure Initialize; {

for every nodes in G do {
if s is an indirect call site: s.Value := ¢;

put nodesin G containingp:=c into Worklist, wherep is a procedurevariableand ce P;

propagateUsingSelectiveEdgBs¢rklist, [flow, summary, parameter-in]);

propagateUsingSelectiveEdgBs¢rklist, [flow, summary, parameter-out]);

procedure propagateUsingSelectiveEdgBs¢rklist, Edgelypes); {
/* propagateconstantsfrom verticesin Worklist by traversingonly edgesof typein EdgeYpes*/

for everyvertexw suchthat v — w is an edgewhosetype is one of FdgeTypes do {

/* Initializations to be done befole PropagatePocedur\aluesis called */

if s assignsa procedurevariableto a procedurevariable: s.Value := ¢;
if s assignsa procedurereferencec to a procedurevariable: s.Value := ¢

Figure 4 Algorithm for propagatingprocedurevaluesusing SDG.

aNb=Tifa#b

alNa = a
aNT =T
alNl =a

If the flat lattice is replacedby the power
setof all valuesin a given domainand the meet
operatorby setunion thesealgorithmsmay not
terminate for infinite domainssuch as integers
or real numbers. However, if the domain is
finite (asis the set of all proceduresn a given
program)the algorithmswill terminate[12] and
returnthe setof all valuesa variableat a given

sitein theprogrammaytake. To differentiatewith
the constantpropagatiorproblemwe call this the
problemof propagatingorocedue values

The domainconstraintof Section2 statedin
Kam andUllman’s [12] terminologyimplies that
the function spacefor this problem consistsof
only the identity function. It is thereforea dis-
tributive ow analysisproblem and, unlike tra-
ditional constantpropagation,can be computed
precisely. The reademmay notethat sincethe call
multigraphproblemis formulatedin termsof the
ow graphof Pj; its computabilitymay be anal-
ysed using Kam and Ullman's framework. Our



procedure ConstructCallGraph;%o

construct PDGs for all procedures
Initialize; (See Figure 4)
repeat

Constructthe SDG using Value of procedurevariablesat indirect call-sites

PropagateProcedureConstarfgee Figure 4)
until Value of no indirect call-site changes
/* create call graph M) is given */
Vei € C @ M(ci) = ciValue.

Figure 5 Algorithm for constructingcall graph

algorithmhoweverdoesnot use ow graph.

Figure 4 gives an algorithm to propagate
sets of values of domain P for our extension
of Horwitz et. al.'s systemdependencegraph
[11]. The procedurelnitialize should be called
before PropagateProcedureValues is called. It
has beenkept outside becausen the next sec-
tion PropagateProcedureValues is calledin aloop
wherethe initializations needonly be performed
once. Examplesenumeratinghe working of the
algorithmare also presentedn the next section.

Horwitz et. al. havenotedthatindiscriminate
traversalof an SDG's edgescan createa depen-
dencepath betweenvertices of two procedures
evenwhen noneexists. This happenshecausea
proceduresntry vertexmay be connectedo mul-
tiple call sites. A traversalmay useparameter-in
edgecoming out of one call site and parameter-
out vertexreturningto anothercall site to create
theincorrectlinkage. Horwitz et. al. termedthis
the calling context problem and developeda two
passtraversalto solve it for their interprocedu-
ral forward slicing algorithm[11]. The rst pass
of their algorithm usesonly control, ow, sum-
mary, and parameter-ouedgesfor traversingthe
graph. Similarly, the secondpassusesonly con-
trol, ow, summarycall, andparameter-iredges.
Sincewe needonly datadependenceve drop the
controlandcall edgedrom thetwo passesywhich
explainsthe choice of parameterso propagate-
UsingSelectiveEdges in Figure 4.

The Worklist to maintainverticesto be pro-

cessedand the condition when verticesmay be
addedo it is retainedrom WegmanandZadeck's
[20] algorithm. Due to the domainconstraint,an
assignmenstatemen{of interestto us) canonly
haveonevariableon theright handside. Thisre-
movesthe needto introducejoin nodes, as done
by Wegmanand Zadeck.

We have not used Callahanet. al.'s inter-
procedurakonstanfpropagatioralgorithm[6] for
our problembecausat givesresultslessprecise
than our algorithm. This is becauseCallahanet.
al.'s summaryinformationis computedby ignor-
ing the existenceof other call sites. Our algo-
rithm hasaccesgo the PDG of the procedureand
hencethereis no approximation. Our algorithm
can howevernot be usedto propagateconstants
whenthe domainconstraintis removed.

6 Constructing call graph

The algorithm for nding the set of proce-
durescalledfrom an indirect call-siteis givenin
Figure 5. The algorithmis iterative. The Value
eld of anindirect call-site givesthe set of pro-
cedureknownto be calledfrom thatsite. Before
the rst iterationthis is initialized to the empty
set. The SDG is updatedat eachiterationto add
virtual call sites correspondingto the Value of
the indirect call sites. The procedurevaluesare
thenpropagatedver the SDG potentially chang-
ing the Value of someindirectcall site. The SDG



Figure 6 Partial SDG after rst iteration.
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Legend: shadedovals - indirect call-sites;thicker solid arrows- new ow edgesaddedafter
this iteration. shadedarrows- new parametein/out edges;Not shown: edgefrom indirect call-site to virtual
call-site. Adding nodesand edgesfrom previousiteration will makethis SDG complete.

is updatedagainandthe processterateduntil the
Value of all the indirect call-sitesstabilize.

We now apply the algorithmto the program
in Figure 1 whoseinitial SDGis givenin Figure
3. In this SDG the PDGsfor procedurexQ and
R and all the control and def-orderedgeshave
beenignored. The nodesof the indirect call
siteshave beenlabelled|1, 12, I3, and14. The
programrequiresfour iterationsof therepeat loop
to propagateall the procedureconstants.Figures
6 to 8 give the new SDG dueto Value after the
endof eachiteration. Thevirtual call-sitescreated
asmore Value of indirect call-sitesgetknown are
shownin shadedovals. They are labelled V1,
V2, V3, V4, and V5. Table 1 gives the Value
for thesenodesinitially and after eachiteration.
For the sakeof comparison,it also containsthe

values generatedusing Weihl's algorithm [21].
The other call graph constructionalgorithmsdo
not processprogramsin our languageand hence
their resultsfor this programcannot be compared
againstours.

At the end of the rst iteration, the proce-
durereference®), R, andP from call statements
C1, C2, and C4 are propagatedo the indirect
call-sitesll, 14, and 12, respectively(seeFigure
6). Notice that14 anindirect site in procedureS
is connectedo call site C2 of Main throughan-
other call site C3 (alsoin Main). Similar propa-
gationof constantsacrosgrocedureshroughcall
sitesin the sameprocedurds not permissibleby
Callahanet. al.'s interprocedurakonstantprop-
agationalgorithm [6]. Virtual call sitesV1, V2,
and V3 areintroducedin the SDG to re ect the



Figure 7 Partial SDG after seconditeration

new knowledge.

Thesecondteration(seeFigure7) propagates
proceduraeferencesfrom thevirtual call-siteV2
(relatedto 12) to anotherindirect call-site 13. A
new virtual call-site V4 is introduced.

The third iteration propagatesa procedure
referenceQ from the virtual call-site V4 (related
to 13) to indirect call-site 14. A new virtual call
site V5 is introduced. In the fourth iteration no
more valuesare propagated. Hencethereis no
changein the SDG andthe algorithmterminates.

7 Correctness and complexity
analysis

The algorithm of Figure 5 is guaranteedo
terminatebecausea) the programis assumedo
be complete,b) there are nite numberof pro-
cedures,and c¢) the maximum numberof times

the value of a vertex can changeis | P | (the
maximumlengthin the lattice (P, C)).

We now provethat the call graphcreatedby
our algorithm s statically precise. The proof is
basedon two conjecturesa) the SDG adequately
representsa program's dependenciesind b) the
SDG traversalalgorithm only traversesdatade-
pendencepaths. Theinterproceduraslicing algo-
rithm of Horwitz et. al. [11] is basedon these
conjectures.

Our algorithm may be viewed as creatinga
sequencef call graphsMy, My, ..., M, where

M;(¢j) = ¢;.Value,Ve; € C
before the it*iteration.

The gist of the proof is as follows. M, is
optimistic becausevc;, My(cj) = ¢. We prove
thatif M, is optimistic thensois M;,. Finally,

M7, thecall graphonterminationof thealgorithm
is conservativebecausethere are no procedure



Figure 8 Partial SDG after third iteration

valuesthat may reachan indirect call site ¢; and
arenot alreadyin M(c¢;). HenceM is precise.

Sincetheprecisecall graphis de nedin terms
of Py; and M-paths, while our algorithm uses
systemdependencgraph,we rst drawarelation
betweenthe two. This requiresintroducingsome
more notations.

Definition: 7(Py) is the program createdby
removing from P,; the else part of all the if
statementsntroducedafter replacingthe indirect
call sites.

NoticetherelationbetweenPy; andr( Py ).
All the pathsin (P, )> are M-pathsandall the
M-pathsof Pg; arealsocontainedin (P ).
Definition: Let G3; denotethe SDG for P with
virtual call sitesfor the call multigraph de ned
by M.
Definition: Lett G3; be the potentially in nite
graph createdby replacing a call-site and the

actual parametervertices by the corresponding
entry and formal-parameter vertices.

Conjecture 1: 9; is isomorphicto the PDG of
T(Pp)>.

From this conjectureone may say that if in
Ppp thevalueof avariablede ned at a statement
x reachesa statemeny thentherewill be a data
dependencedgein 5; from vertexcorrespond-
ing to « to that correspondingo y.

Conjecture 2: When traversingan SDG using
Horwitz et. al.'s interproceduraforward slicing

algorithm,if avertexv is foundto bein theslice
of a vertexw thenin G§; thereexist verticesv’

and w', instancesof verticesv and w, respec-
tively, suchthat thereis a pathfrom v’ to w’.

Since we only use a subsetof the type of
edgesused in each passof Horwitz et. al.'s
forward slicing algorithm it can be inferred that
if thereis a pathin our systemdependencegraph



that path is also traversedby Horwitz et. al.'s
algorithm (with appropriateslicing criterion).
From the aboveconjecturesve caninfer the
following. Everypath(sequencef edges)f Gy,
traversedy our algorithmcorrespondso a setof
pathsin 57 which only representow of data
alongsomepathsin 7( Py, )> andthereforealong
M-pathsof Py;. By de nition, in the ow graph
correspondingo 7( Py ) thereis a path from
the startvertexto all the vertices. Hence,every
vertexof G, usedin our algorithmto createthe
initial Workl:st is reachabldrom the startvertex
over an M-pathin the correspondingowgraph.
Lemma: If M; is optimistic then M, is opti-
mistic.
Proof: For all ¢; € C if thereexistsa procedural
valuep; in M;(¢;,) thenit alsoexistsin M; 1 (cy,).
If the four conditionsfor the optimality of M are
truein Py; thenthey arealsotruein Py,

We thereforeonly needto concernaboutthe
condition when there existsp; in M;;(c;) and
not in M;(cy).

Foraprocedurevalueto beaddedo the Value
eld of any vertexin the i + 1** iteration there
must exist an assignmenstatementhat assigns
thevalueto avariableandtheremustexista path
in Gi3;. alongwhich the valuereacheghatvertex.
Thesepathsalsoexistin 37 . Sinceall paths
in a G are M-pathsandsincethe domaincon-
straintallows only identity assignments$o proce-
durevariablesthefour conditionsin the de nition
of optimisticconstraintaresatis ed. Hence,if M;
is optimistic thensois M;;q. ©
Theorem: The call graph M = M, created by
algorithm of Figure 5 is statically precise.

Proof: Follow from aboveLemmaand that ter-
minationimplies M, is conservative.©

Complexity analysis. Let therebe N vertices
(including parametervertices)that de ne proce-
dure variables. Since maximumtimes the value
of avertexcanbechangeds | P |, the SDG may
atworstbe createdV- | P | times. The computa-
tion of SDG canbe donein polynomialtime [11]

Table1l Values of indirect-callsitesinitially and at the
end of eachiteration. The last column shows
the mappingdue to Weihl's method.

Call- Initially | Iteration | Iteration | Iteration| Weihl's

site 1 2 3& 4 | method
11 1) Q Q Q P,Q,R,S
12 ) P P P P,Q,R,S
13 ) o) S S P,Q,R,S
14 é R R R,Q R,Q

hencethe constructionof a call graph may also
be donein polynomial time.

Notice,thatin eachiterationnewverticesand
edgesare addedto the SDG, they are neverre-
moved. Intermediatanformationextractedoy the
SDG constructionalgorithm canbe savedso that
successivéerationsmay only performincremen-
tal work to update the SDG. The complexity of
the resultingalgorithm thenadds(not multiplies)
apolynomialto theworstcasecomplexityof Hor-
witz et. al.'s algorithm. More detailsare beyond
the scopeof this paper.

8 Conclusions

We revisit the problem of constructingcall
multigraph of a program that containsindirect
calls to proceduresusing procedurevariables.
The problem has previously beenlooked at by
Spillman[19], Ryder[17], Weihl [21], Burke [4],
and Callahanet. al. [5]. Shivers[18] solvesan
equivalentproblemin the domain of functional
languagesandtermsit zerothordercontrol ow
analysis(0OCFA).

We presenta polynomialtime algorithmthat
givesstaticallyprecisecall multigraphfor alarger
classof procedurallanguagethan thosedealt by
Ryder, Burke, Callahanet. al., Spillman, and
Weihl's. Our algorithmis signi cant becausehe
precision of interproceduraldata ow analyses
performedby optimizingcompilersdependonthe
precisionof the call graphsthey compute. Call
graphsare also usedfor reverseengineeringof
softwaresystemsand provide crossreferencefor



programunderstandingThe precisionin comput-
ing sucha graphcanalsosignificantly helpthese
activities.
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