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1 Introduction

A call multigraph”of a program is a directed
multigraph encoding the possible calling relations
between procedures. These graphs are used in in-
terprocedural program optimization [2, 3, 9, 15]
and for reverse engineering of software systems
[7, 8]. For programs that do not contain pro-
cedure valued variables (referred to henceforth as
procedure variables) this graph can be constructed
by a single pass over the program collecting the
procedures called at each call site. When pro-
cedure variables and indirect calls using values
of such variables are allowed constructing such
a graph is not so simple. In the worst case, the
value of a procedure variable at a call site may
be a reference to any procedure in the program.
For interprocedural optimizations and for under-
standing programs one would like to have more
precise solutions.

The importance of precisely constructing an
analogue of call graph (referred to as the 0 order
control flow analysis or OCFA) in the context of
higher order languages such as Scheme and ML
has been eloquently elaborated by Shivers [18]. A
precise call graph enables data flow optimizations
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that in turn enables efficient implementations of
programs in these languages. The precision of
a program’s call graph affects the precision of
interprocedural analysis in Fortran compilers as
well [5].

This paper describes a new polynomial time
algorithm for constructing such a call graph that
is precise within the limitations of flow insensitive
interprocedural analysis. The key aspect of our
solution is our model of the problem as a constant
propagation problem over the domain - powerset
of all procedure constants with set union as the
meet operator. We call this the problem of prop-
agating sets of procedure-values and show that
this problem, unlike constant propagation prob-
lem, belongs to the class of distributive flow anal-
ysis problems [12]; it is therefore decidable.

Our algorithm performs interprocedural flow
analysis [10] to construct the graph. We de-
velop an interprocedural procedure values prop-
agation algorithm by amalgamating Wegman and
Zadeck’s constant propagation algorithm [20] and
Horwitz, Reps, and Binkley’s interprocedural for-
ward slicing algorithm [11].  Interprocedural
analyses themselves depend on call multigraph.
Our algorithm resolves the conflict by iteratively
propagating procedure-values over a system de-
pendence graph representation of a program [11]
and constructing the call graph, till a fixed point is
reached. We give a formal definition of the term
precise call graph and prove that the call graph
constructed by our algorithm is precise. Our al-
gorithm computes precise call graphs for a larger



procedure P(X, Y); procedure main();
proc var X, Y; proc var A, B;
X =Y, proc ref P, Q, R,
end; Cl: P(A, Q);
Il: *A();
procedure Q(), .. .. C2: P(B, R);
procedure R(); .... C3: S(B);
procedure S(Z); C4: P(A, P);
proc var Z; I2: *A(BD, S);
I4: *7(); I3: *A(Q);
end; end;

Figure 1 A program with procedure variables and indirect calls.

class of programs than the works in [4, 5, 17, 18,
19, 21].

The rest of the paper is organized as follows.
Section 2 establishes the terminology and formu-
lates the problem. Section 3 discusses the previ-
ous works on this problem and elaborates upon
our contribution. Section 4 summarizes Horwitz
et. al.’s system dependence graph (SDG) and
our extensions. For more details about SDGs the
reader is referred to [11]. Section 5 gives our in-
terprocedural procedure-values propagation algo-
rithm. Section 6 gives the algorithm to construct
the call graph. Section 7 proves that our algo-
rithm computes precise call graph and analyzes
its complexity. It is followed by our conclusions
and the list of references.

2 Problem formulation

We consider programs written in a procedural
language that permits indirect calls through pro-
cedure valued variables. Parameters across a pro-
cedure call are assumed to be passed by call by
value-result. Global variables are not permitted.
Only variables are allowed in the actual parameter
list of procedure calls and repetition of variables
in this list 1s not allowed. These restrictions pro-
hibit aliasing in programs. The language, param-
eter transfer mechanism, and these restrictions are
all inherited from Horwitz et. al. [11] since we
use their system dependence graph for represent-
ing programs. These restrictions can be removed
using the methods suggested by them.

if Ain {p1,p2} then {
if A == py then p1(21,22,...);
else if A == ps then p2(z1,22,...);
¥ else {
if A == ps then pa(z1,22,...);
else if A == p4 then ps(z1,22,...);
else if A == ps then ps(x1,22,...);

else terminate abnormally.

)

Figure 2 Code segment used to reify an indirect call
*xA(z1,52,...) at site ¢, where M (c,) = {p1,p2}.

The program in Figure 1 will be used as a
running example. The statements starting with
an * are mdirect call statements. Further, it is
assumed that a special procedure main exists that
initiates the execution.

Definition: (Domain constraint). A procedure
variable in a program can only be defined us-
Ing assignment statements that either have a pro-
cedure reference or a procedure variable on the
right hand side. ©

This constraint prohibits one to assign nu-
meric expressions that evaluate to the physical
memory address of a function as one may do in
programming languages such as C.

Definition: (Completeness constraint). Only pro-
cedures contained in a program may be called
from a call site inside the program. ©

In the absence of this constraint a procedure
may call another procedure external to the pro-
gram which may then call some procedure within
the program. Such a call will go undetected.

Definition: Let P = {p1,p2,...,pn},n > 0 be the
set of procedures in a program (including main).
We associate a unique identifier to all statements
of a program. Let C = {cj,ca,...,cm},m > 0, be
the set of (1dentifiers of the) indirect call vertices
in the program. Let P be the power set of P. ©
Definition: The problem of constructing a call
graph is essentially the same as creating a map-
ping M : C — P, that maps each indirect call site
to a set of procedure references constituting the
procedures that may be called from that site. For
¢, this set is denoted by M(¢;). ©
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Definition: A call graph is dynamically precise if
for every call site ¢;, M(c;) contains only those
procedures that can be called from ¢; for some
initial state 0. ©

This definition is not useful since it relies
on dynamic characteristics of the program. We
would like a definition that depends on a pro-
gram’s static characteristics. The obvious defini-
tion based on paths in the flowgraph also does
not suffice since due to presence of indirect calls
the paths are not known statically. We solve the
problem by transforming the program P to Py
to Pg; such that Py is free of indirect procedure
calls and Pj7 has no procedure calls at all. The
three programs are equivalent under declarative
semantics.

Note that Pj; is introduced only to define
the notion of statically precise call graph. It
is only manipulated mathematically to establish
properties of our algorithm.

Definition: Let P), denote the program due to
expanding indirect call statements in program P
with respect to a mapping M as follows. If ¢;
contains *A(zl,22,...) and M(¢;) = {p1,p2}
then the call in ¢; is replaced by the code segment
in Figure 2. All other statements of P are copied
as is to Py. ©

Definition: Pj7 is the potentially infinite single
procedure due to exhaustive inlining of procedure
calls inside procedure main of program Py;. ©

The outer if introduced by expanding a ¢, in
Py does not contribute to its meaning but serves
to create different paths for procedures contained
in M(¢;) and those not contained in it. The
statements in the then side of an outer if statement
in Py (not P§y) are said to lie on the #rue branch
and those on the else side in the false branch.

Definition: An M-path in the flowgraph of Py
is a path in it that does not contain any statement
that is an instance of some statement in the false
branch of Pjs. (Refer to [1] for definitions of
ﬁowgraph and path). ©
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Definition: A mapping M is conservative iff it
has the property:

if J a statement s1 in Pj; such that

a. sp contains v1 := pj,

b. in the flow graph of Pj; there is an M-
path from s; to ¢; (an instance in Pyp of
the outer if statement in Fjs that corre-
sponds to ¢),

c. asequence of ‘identity’ assignments copy
the value of sy into the variable used in

©, and

d. there is an M —path from start vertex of
the flowgraph to s;

then p; € M(c;).

C

v

The condition says that if the program exe-
cution takes a path such that some statement s;
propagates procedure reference p, to ¢; then the
call graph should state that p; may be called from
¢;. But reification of indirect call sites may intro-
duce paths in the program that may not really
happen. The condition “there is an M-path from
the start vertex to s;” removes such paths from
consideration.

When the definition is applied from procedure

main onwards, we claim that it will require all
procedures that are called from a call site to
be included in the call graph. The mapping is
conservative since M (c;) may contain procedures
whose values can not be propagated to c; through
any path starting from main.
Definition: A mapping M is optimistic iff it
satisfies the property resulting from swapping the
antecedent and the consequent of the definition
of conservative. ©

This is the inverse of the definition for con-
servative. It says that M (c;) should not contain
a procedure reference if there is no path through
which its value can be propagated to c,.
Definition: A mapping is statically precise if it
is both conservative and optimistic.

We show that the call graph computed by our
algorithm is precise in the above sense.



3 Comparison with previous works

The call multigraph construction problem has
previously been studied by Ryder [17], Burke
[4]%, and Callahan et. al. [5], Spillman [19] and
Weihl [21]. Our work may be compared with
these on a) constraints imposed on the usage of
procedure variables and b) the precision of the
resulting call multigraph.

The work of Burke, Ryder, and Callahan are
specific to Fortran in which a) procedure valued
variables are only allowed as procedure parame-
ters and b) assignments to formal procedure pa-
rameters is not allowed, they can only receive pro-
cedure values from actual parameters. Amongst
them, Burke’s and Callahan et. al.’s algorithms
work for recursive Fortran programs where as Ry-
der’s algorithm does not. Further, Callahan et.
al.’s and Ryder’s algorithms return more precise
call graphs than Burke’s.

The program in Figure 1 uses procedure vari-
ables in a way not permissible in Fortran, hence
Burke, Callahan et. al., and Ryder’s [4, 5, 17]
algorithms can not construct its call graph. Our
algorithm is therefore applicable for a larger class
of languages than these works. If, however, our
algorithm 1s applied to the same class of language
as Callahan et. al.’s and Ryder’s work, respec-
tively, it is our conjecture that results returned
will identical.

Spillman [19] and Weihl [21] work with a
procedural language that permits label valued
variables and aliasing. Due to the presence of
label variables they do not even have the flow
graph of a program. As a result they can not as-
sume any ordering in a program’s statements. The
results of the analysis are very imprecise. The call
graph constructed by our algorithm and that due
to Weihl’s are given in Table 1 (towards the end
of the paper). The reader may notice the differ-
ence in the results.

¥ The chapter concerning construction of call multigraph in [4] has
been omitted from its journal version published in ACM TOPLAS (July,
1990).
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4 System dependence graph

Horwitz et. al.’s SDG encodes the data, con-
trol, and call dependence relations between state-
ments® of a program in a simple procedural lan-
guage stated in Section 2 [11]. The next para-
graph outlines the various types of vertices and
edges in an SDG as defined by Horwitz et. al.
For a more detailed description the reader is re-
ferred to [11].

The SDG consists of a collection of procedure
dependence graph (PDG) (a variation of program
dependence graph [14, 16]). There is one PDG
per procedure in the program encoding the control
and data dependence relations within the proce-
dure. The various types of vertices in a PDG are:
for statements — assignment, if, while, finaluse,
for procedure call — call site, actual-in, actual-
out, and for procedure entry - entry, formal-in,

Jormal-out. The edges connecting vertices within

a PDG are control and flow edges. The edges be-
tween vertices of different PDGs are: call edge
— from a call-site to an entry vertex; parameter-
in edge — from an actual-in to an formal-in ver-
tex; parameter-out edge — from formal-out vertex
to actual-out vertex; and summary edge from an
actual-in t0 an actual-out vertex.

Our extension. We extend Horwitz et. al.’s def-
inition of SDG to contain indirect call vertices
to represent an indirect call. Each indirect call
vertex has its pairs of actual-in and actual-out
vertices that have flow edges connecting them
to the vertices within the PDG. Since the pro-
cedures called from an indirect call statement are
not known 1its vertices are not connected to ver-
tices of any procedure entry and there are no sum-
mary edges between the actual-in and actual-out
vertices.

Our algorithm to construct call graph is iter-
ative. As procedures that may be called from an
indirect call site are detected the SDG is modi-
fied to represent this knowledge. For each pro-

§ It also has another dependence called the def-order dependence
which is not relevant for our work. This dependence is therefore ignored
n this paper.



Figure 3 SDG of program in Figure 1.

Legend for vertices: rectangular boxes - eniry, ovals - direct and indirect calls; dotted oval - other statements; @X
- not a true vertex, shows usage of refercnce to procedure X; A_i or A_o - parameter vertex (actual or formal
depending on geometric proximity with entry or call vertex), _i denotes _in and _o denotes _out; dotted polygon -
PDG of each procedure. Legend for edges: shaded arrows - parameter-in and parameter-out edges; solid arrows -
data dependence edges. To avoid clutter the control, indirect-control, and call edges are not shown.

cedure that may be called from an indirect call
site we introduce a virtual call-site and connect
it by an indirect control edge emanating from the
corresponding indirect call site. The virtual call-
sites too have actual-in and actual-out vertices
and they may be connected by summary edges.
Flow dependence edges entering or exiting the
actual parameter vertices of a virtual call site are
copied from those of the indirect call site. These
vertices are also connected by parameter-in and
parameter-out edges to the formal vertices of the
corresponding procedure.

It may be reemphasized that the virtual call
site vertices are created by our algorithm. In the
initial SDG only (direct) call sites are connected

to the entry vertices of the corresponding proce-
dures. This SDG can be created using Horwitz et.
al.’s algorithm. Figure 3 gives the initial SDG of
the program in Figure 1.

5 Propagating procedure
values using SDG

The goal of constant propagation is to “dis-
cover values that are constant on all possible exe-
cutions of a program and to propagate these con-
stants as far as through the program as possible”
[6]. The constant propagation algorithms of [6,
13, 20] use a flat lattice and the following meet
rules:
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global G /* an SDG */,

procedure PropagateProcedureValues; {

/* Put ’root’ nodes in Worklist */

Workhist := ¢

put nodes in G containing p:=c into Worklist, where p is a procedure variable and c& P;
unmark all nodes

¥ Propagate constants to calling procedures */

propagateUsingSelectiveEdges(W orklist, [flow, summary, parameter-in});

let Worklist be the set of all marked nodes;

I* Propagate constants to called procedures */

propagateUsingSelectiveBdges(W orklzst, [flow, summary, parameter-out]);

¥
procedure propagateUsingSelectiveEdges(Worklist, EdgeTypes), {
I* propagate constants from vertices in Worklist by traversing only edges of type in Edgelypes */
while Worklist # ¢ do {
select and remove an element v from Worklust
for every vertex w such that v — w is an edge whose type is one of EdgeTypes do {

if w.Value # w.Value U v.Value

w.Value = w.Value U v.Value;
put w in Worklest;

¥
/* Initializations to be done before PropagateProcedureValues is called */
procedure Initialize; {

for every node s in G do {
if s is an indirect call site: s.Value .= ¢;
if s assigns a procedure variable to a procedure variable: s.Value := ¢;
if 5 assigns a procedure reference ¢ to a procedure variable: s.Value := ¢

Figure 4 Algorithm for propagating procedure values using SDG.

aANb=Tifa#b site in the program may take. To differentiate with
alNa = a the constant propagation problem we call this the

G AT =T problem of propagating procedure values.
aAl =a The domain constraint of Section 2 stated in
Kam and Ullman’s [12] terminology implies that
If the flar lattice is replaced by the power the function space for this problem consists of
set of all values in a given domain and the meet only the identity function. It is therefore a dis-
operator by set union these algorithms may not tributive flow analysis problem and, unlike tra-
terminate for infinite domains such as integers ditional constant propagation, can be computed
or real numbers. However, if the domain is precisely. The reader may note that since the call

finite (as is the set of all procedures in a given multigraph problem is formulated in terms of the
program) the algorithms will terminate [12] and flow graph of Pj; its computability may be anal-
return the set of all values a variable at a given ysed using Kam and Ullman’s framework. Our
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procedure ConstructCallGraph; {

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

PropagateProcedureConstants (see Figure 4)

until Value of no indirect call-site changes
I* create call graph M) is given */
Ye, € € @ M(c,) = e Value.

Construct the SDG using Value of procedure variables at indirect call-sites

Figure 5 Algorithm for constructing call graph

algorithm however does not use flow graph.
Figure 4 gives an algorithm to propagate
sets of values of domain P for our extension
of Horwitz et. al.’s system dependence graph
[11]. The procedure Initialize should be called
before PropagateProcedureValues is called. It
has been kept outside because in the next sec-
tion PropagateProcedureValues is called in a loop
where the initializations need only be performed
once. Examples enumerating the working of the
algorithm are also presented in the next section.

Horwitz et. al. have noted that indiscriminate
traversal of an SDG’s edges can create a depen-
dence path between vertices of two procedures
even when none exists. This happens because a
procedure entry vertex may be connected to mul-
tiple call sites. A traversal may use parameter-in
edge coming out of one call site and parameter-
out vertex returning to another call site to create
the incorrect linkage. Horwitz et. al. termed this
the calling context problem and developed a two
pass traversal to solve it for their interprocedu-
ral forward slicing algorithm [11]. The first pass
of their algorithm uses only control, flow, sum-
mary, and parameter-out edges for traversing the
graph. Similarly, the second pass uses only con-
trol, flow, summary, call, and parameter-in edges.
Since we need only data dependence we drop the
control and call edges from the two passes; which
explains the choice of parameters to propagate-
UsingSelectiveEdges in Figure 4,

The Worklist to maintain vertices to be pro-
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cessed and the condition when vertices may be
added to it is retained from Wegman and Zadeck’s
[20] algorithm. Due to the domain constraint, an
assignment statement (of interest to us) can only
have one variable on the right hand side. This re-
moves the need to introduce join nodes, as done
by Wegman and Zadeck.

We have not used Callahan et. al.’s inter-
procedural constant propagation algorithm [6] for
our problem because it gives results less precise
than our algorithm. This is because Callahan et.
al.’s summary information is computed by ignor-
ing the existence of other call sites. Our algo-
rithm has access to the PDG of the procedure and
hence there is no approximation. Our algorithm
can however not be used to propagate constants
when the domain constraint is removed.

6 Constructing call graph

The algorithm for finding the set of proce-
dures called from an indirect call-site is given in
Figure 5. The algorithm is iterative. The Value
field of an indirect call-site gives the set of pro-
cedures known to be called from that site. Before
the first iteration this is initialized to the empty
set. The SDG is updated at each iteration to add
virtual call sites corresponding to the Value of
the indirect call sites. The procedure values are
then propagated over the SDG potentially chang-
ing the Value of some indirect call site. The SDG



Figure 6 Partial SDG after first iteration.

Legend: shaded ovals - indirect call-sites; thicker solid arrows - new flow edges added after
this iteration. shaded arrows - new parameter infout edges; Not shown: edge from indirect call-site to virtual
call-site. Adding nodes and edges from previous iteration will make this SDG complete.

is updated again and the process iterated until the
Value of all the indirect call-sites stabilize.

We now apply the algorithm to the program
in Figure 1 whose initial SDG is given in Figure
3. In this SDG the PDGs for procedures Q and
R and all the control and def-order edges have
been ignored. The nodes of the indirect call
sites have been labelled 17, 12, I3, and I4. The
program requires four iterations of the repeat loop
to propagate all the procedure constants. Figures
6 to 8 give the new SDG due to Value after the
end of each iteration. The virtual call-sites created
as more Value of indirect call-sites get known are
shown in shaded ovals. They are labelled VI,
V2, V3, V4, and V5. Table 1 gives the Value
for these nodes initially and after each iteration.
For the sake of comparison, it also contains the
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values generated using Weihl’s algorithm [21].
The other call graph construction algorithms do
not process programs in our language and hence
their results for this program can not be compared
against ours.

At the end of the first iteration, the proce-
dure references 0, R, and P from call statements
Cl, C2, and C4 are propagated to the indirect
call-sites 11, 14, and I2, respectively (see Figure
6). Notice that I4 an indirect site in procedure S
is connected to call site C2 of Main through an-
other call site C3 (also in Main). Similar propa-
gation of constants across procedures through call
sites in the same procedure is not permissible by
Callahan et. al.’s interprocedural constant prop-
agation algorithm [6]. Virtual call sites VI, V2,
and V3 are introduced in the SDG to reflect the



Figure 7 Partial SDG after second iteration

new knowledge.

The second iteration (see Figure 7) propagates
procedure reference S from the virtual call-site V2
(related to I2) to another indirect call-site I3. A
new virtual call-site V4 is introduced.

The third iteration propagates a procedure
reference Q 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 values are propagated. Hence there is no
change in the SDG and the algorithm terminates.

7 Correctness and complexity
analysis

The algorithm of Figure 5 is guaranteed to
terminate because a) the program is assumed to
be complete, b) there are finite number of pro-
cedures, and c¢) the maximum number of times
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the value of a vertex can change is | P | (the
maximum length in the lattice (P, C)).

We now prove that the call graph created by
our algorithm is statically precise. The proof is
based on two conjectures a) the SDG adequately
represents a program’s dependencies and b) the
SDG traversal algorithm only traverses data de-
pendence paths. The interprocedural slicing algo-
rithm of Horwitz et. al. [11] is based on these
conjectures.

Our algorithm may be viewed as creating a
sequence of call graphs My, My, ..., M, where

M;(cj) = ¢;.Value,Ve, € C
before the 7**iteration.

The gist of the proof is as follows. M is
optimistic because Vej, My(c;) = ¢. We prove
that if M; is optimistic then so is M;;. Finally,
M, the call graph on termination of the algorithm
is conservative because there are no procedure



Figure 8 Partial SDG after third iteration

values that may reach an indirect call site ¢; and
are not already in M(c;). Hence M is precise.

Since the precise call graph is defined in terms
of PP and M-paths, while our algorithm uses
system dependence graph, we first draw a relation
between the two. This requires introducing some
more notations.

Definition: 7(Pjs) is the program created by
removing from Pj; the else part of all the if
statements introduced after replacing the indirect
call sites.

Notice the relation between P3¢ and 7( Py ).
All the paths in 7(Pys)* are M-paths and all the
M-paths of P§f are also contained in 7(Pp)>.
Definition: Let G denote the SDG for P with
virtual call sites for the call multigraph defined
by M.
Definition: Lett G be the potentially infinite
graph created by replacing a call-site and the
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actual parameter vertices by the corresponding
entry and formal-parameter vertices.

Conjecture 1: G is isomorphic to the PDG of
T(Pp)>.

From this conjecture one may say that if in
Pgp the value of a variable defined at a statement
« reaches a statement y then there will be a data
dependence edge in G from vertex correspond-
ing to x to that corresponding to y.

Conjecture 2: When traversing an SDG using
Horwitz et. al.’s interprocedural forward slicing
algorithm, if a vertex v is found to be in the slice
of a vertex w then in GS9 there exist vertices v'
and w', instances of vertices v and w, respec-
tively, such that there is a path from v’ to w'.

Since we only use a subset of the type of
edges used in each pass of Horwitz et. al.’s
forward slicing algorithm it can be inferred that
if there is a path in our system dependence graph



k)

that path is also traversed by Horwitz et. al.’s
algorithm (with appropriate slicing criterion).
From the above conjectures we can infer the
following. Every path (sequence of edges) of Gy,
traversed by our algorithm corresponds to a set of
paths in G§; which only represent flow of data
along some paths in 7( Py ) and therefore along
M -paths of Pys. By definition, in the flow graph
corresponding to 7(FPr)*° there is a path from
the start vertex to all the vertices. Hence, every
vertex of Gy used in our algorithm to create the
initial Worklist is reachable from the start vertex
over an M-path in the corresponding flowgraph.

Lemma:
mistic.

If M; is optimistic then M,,1 is opti-

Proof: For all ¢; € C if there exists a procedural
value p; in M;(cy) then it also exists in Myyq(cy,).
If the four conditions for the optimality of M are
true in Pp7 then they are also true in Py .

We therefore only need to concern about the
condition when there exists p; in M;41(c) and
not in ]V[,'(ck).

For a procedure value to be added to the Value
field of any vertex in the 7 + 1 iteration there
must exist an assignment statement that assigns
the value to a variable and there must exist a path
in G5; along which the value reaches that vertex.
These paths also exist in G37 . Since all paths
in a G} are M-paths and since the domain con-
straint allows only identity assignments to proce-
dure variables the four conditions in the definition
of optimistic constraint are satisfied. Hence, if M,
is optimistic then so is M,;y. ©

Theorem: The call graph M = M created by
algorithm of Figure 5 is statically precise.

Proof: Follow from above Lemma and that ter-
mination implies M, is conservative. ¥

Complexity analysis. Let there be N vertices
(including parameter vertices) that define proce-
dure variables. Since maximum times the value
of a vertex can be changed is | P |, the SDG may
at worst be created N- | P | times. The computa-
tion of SDG can be done in polynomial time [11]

Table 1 Values of indirect-call sites initially and at the
end of each iteration. The last column shows
the mapping due to Weihl’s method.

Call- Initially | Iteration | Iteration | Iteration | Weihl’s
site 1 2 3&4 method
11 é Q Q Q P,Q.R.S
12 ¢ P P P P,Q,R.S
13 ¢ ¢ S S P,Q.R,S
14 @ R R R,Q R.Q

hence the construction of a call graph may also
be done in polynomial time.

Notice, that in each iteration new vertices and
edges are added to the SDG, they are never re-
moved. Intermediate information extracted by the
SDG construction algorithm can be saved so that
successive iterations may only perform incremen-
tal work to update the SDG. The complexity of
the resulting algorithm then adds (not multiplies)
a polynomial to the worst case complexity of Hor-
witz et. al.’s algorithm. More details are beyond
the scope of this paper.

8 Conclusions

We revisit the problem of constructing call
multigraph of a program that contains indirect
calls to procedures using procedure variables.
The problem has previously been looked at by
Spillman [19], Ryder [17], Weihl [21], Burke [4],
and Callahan et. al. [5]. Shivers [18] solves an
equivalent problem in the domain of functional
languages and terms it zeroth order control flow
analysis (OCFA).

We present a polynomial time algorithm that
gives statically precise call multigraph for a larger
class of procedural language than those dealt by
Ryder, Burke, Callahan et. al., Spillman, and
Weihl’s. Our algorithm is significant because the
precision of interprocedural data flow analyses
performed by optimizing compilers depend on the
precision of the call graphs they compute. Call
graphs are also used for reverse engineering of
software systems and provide cross reference for
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program understanding. The precision in comput-
ing such a graph can also significantly help these
activities.
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