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Abstract -

Program dependence mformatxon is useful for a variety of software
testing and maintenance tasks. Properly defined, control and data
dependencies can be used to identify semantic dependencies. To
function effectively on whole programs, tools that utilize depen-
dence information require information about interprocedural de-
pendencies: dependencies that exist because of interactions among
procedures, Many techniques for computing data and contro] de-
pendencies exist; however, in our search of the literature we find
only one attempt to define and compute interprocedural control de-
pendencies. Unfortunately, that approach can omit important con-
trol dependencies, and incorrectly identifies control dependencies

for a large class of programs. This paper presents a definition of in--

terprocedural control dependence that supports the relationship of

control and data dependence to semantic dependence, an efficient

algorithm for calculating interprocedural control dependencies, and
empirical results obtained by our implementation of the algorithm.
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1 Introduction

Many software testing and maintenance tasks require information
about whether a change in the semantics of one program statement
may affect the behavior of another statement. Such information
may be used, for example, to locate the cause of a software fail-
ure, evaluate the impact of a modification, or determine the parts
of a program that should be retested in response to a modification.
For such purposes, program dependencies provide approximate but
useful information. Control dependence information captures the
effects of predicate statements on program behavior. Data depen-
dence information captures the effects of data interactions on pro-
gram behavior. Tools such as slicers use this information for tasks
such as debugging, impact analysis, and regression testing,
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To demonstrate the semantic basis for uses of program dependen-
cies, and to evaluate some of those uses, Podgurski and Clarke [18]
present a formal model of program dependencies. They distinguish
several types of control and data dependencies, and describe con-
ditions under which identification of such dependencies implies, or
may not imply, identification of semantic dependencies. These re-
sults show that a maintenance too! such as a slicer, which uses con-
trol and data dependencies to identify a superset of the statements
that could semantically affect another statement, can omit semantic
dependencies if it utilizes inappropriate definitions or computations
of data or control dependence information.

Much research (e.g., [4, 6, 8, 17, 19, 21]) has addressed the prob-
lem of computing intraprocedural dependencies: dependencies that
exist within procedures and can be computed by analyzing proce-
dures independently. To function effectively on whole programs,
however, tools that require dependence information also require in-
formation about inferprocedural dependencies: dependencies that
exist because of interactions among procedures. Many definitions
of, and methods for computing, interprocedural data dependencies
have been presented (e.g., [12, 14, 16, 20, 22]). In contrast, our
search of the research literature reveals only one attempt to define
and compute mterprocedural control dependencies [15]. Unfortu-
nately, that approach omits control dependencies that may indicate
the presence of semantic dependencies, and it incorrectly identifies,
control dependencies for a large class of programs.

In this paper, we present a definition of interprocedural control de-
pendence that is consistent with the results of Podgurski and Clarke
in that it supports the relationship of control and data dependence
to semantic dependence. We then provide an efficient algorithm for
computing interprocedural control dependencies that functions on
the class of programs not addressed by existing approaches. Finally,
we describe our implementation of a tool based on our algonthm,
and empirical results obtained with that tool.

2 Background

Unless otherwise stated, the definitions in this section are based on.
those presented by Podgurski and Clarke [18]. Control dependen-

cies are typically defined in terms of control flow graphs, paths in

those graphs, and the postdominance relation.

Definition 1. A control flow graph (CFG) G = (N, E) for proce-
dure P is a directed graph in which IV coritains one node for each
statement in P, and E contains edges that represent possible flow
of control between statements in P. N contains two distinguished
nodes, n. and n., representing entry to, and exit from, P, respec-
tively, where n. has no predecessors, and n.. has no successors. If
P contains multiple exit points, E contains an edge from each node
that represents an exit point to n.. Each node in IV is reachable




from 7., and 7. is reachable from each node in N. Each node in
N that.represents a predicate statement is called a predicate node
and has exactly two successors; all other nodes in IV except n have
exactly one successor.

Definition 2. A walkina CFG G =
W = nina..:n such that £ > 0 and, fori = 1,2,.
(ni,niq1) € B..

Definition 3. Let G = (N, F) be a CFG. A node u € N post-
dominates anode v € N iff every walk from v to nz in G contains
U,

(N, E) is a sequence of nodes
k-1
) ’

Several types of control dependence exist. We restrict our attention
to the form of control dependence found most commonly in the
literature, described as “control dependence” [8], as
control dependenc [18], and as “classical control-dependence”

[4).

Definition 4. Let G = (N, F) be a CFG, and let u, v € N. Nodeu
is control dependent on node v iff v has successors v’ and v" such
that « postdominates v’ but « does not postdominate v"

For control dependence computation, a CFG, G, is augmented with
a unique predicate node, ns, and edges, (ns,ne), labeled “true”,
and (n,,nz), labeled “false” [8]. By this mechanism, nodes in G
that are not control dependent on any predicate nodes are control
dependent on entry to the procedure.

The following definitions extend the CFG to model data elements,
and use this extension to define data dependence.

Definition 5. A deffuse graph is a quadruple G** = (G, %, D, U),
where G = (N, E) is a CFG, X is a finite set of symbols called
variables, and D : N — P(%), U : N —+ P(Z) are functions.

Deﬁmtlon 6. Let G** = (G, 3, D,U) be a defluse graph with

= (N, E), and let u,0 € N. Node u is data dependent on

node v iff there is a walk vWu in G®* such that (D(v) n U('u.))—
D(W) # ¢. (D(W) = UD(n:)Vn; € W).

The next definition captures the notion that two nodes in a def/use
graph may be connected by a chain of data and control dependen-
cies, resulting in a syntactic dependence.

Definition 7. Let G = (G, 3, D,U) be a def/use graph with
G = (N, B), and let u,v € N. Node u is syntactically dependent
on node v iff theré is a sequence n1,n2,...,nx of nodes, & > 2,
such that u = ny, v = ng,and fori =1, 2 k—1 elther n; 1s
control dependent on n,+1 or n; is data dependent on n,+1

Podgurskl and Clarke define semantic dependence, and relate it to
syntactic dependence. Informally, when the semantics of statement
s may affect the execution of statement s', s' is semantically depen-
dent on s. A more formal definition is based on def/use graphs. An
interpretation of a def/use graph assigns partial computable func-
tions to the nodes of the graph. These functions model computa-
tions or decisions that occur in the statements associated with the
nodes. An execution history of a node n is the sequence whose ith
element is the assignment of values held by the variables of U(n)
just before the ith time n is visited during a computation. Given
these definitions, Podgursk1 and Clarke define semantic dependence
as follows: -~

1Pc;dgurski and Clarke define two types of syntactic depen-
dence: weak and strong. We restrict our attention to the latter, and
refer to it simply as “syntactic dependence”.

“direct, strong _
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Definition 8. A node u m a def/use graph G%* is semantically
dependent on anode v in G* if there are interpretations Iy and I
of G%* that differ only in the function assigned to v, such that for
some input, the execution history of u induced by I differs from
that induced by I5.

Semantic dependence of « on v can be demonstrated in either of two
ways: (1) if for some pair of interpretations, the execution histories
of u differ in some pair of corresponding entries, or (2) if for some
pair of interpretations the execution histories of u have different
lengths. When case (1) holds, or when case (2) holds with respect
to finite portions of computations, the semantic dependence is said
to be finitely demonstrated: this necessarily occurs when programs
halt, but can also occur for non-halting programs.

There is no algonthm to determine, for arbitrary statements s and
', whether s is semantically dependent on s; however, Podgurski
and Clarke demonstrate that given'appropriate definitions of con-
trol and data dependence, there exist useful relationships between
syntactic and semantic dependence In this paper, we restrict our
attention to the relationship stated i in the following theorem:

Theorem 1. Let G%* = (G,Z,D,U) be a defluse graph with
G = (N, E), and let u,v € N. If u is semantically dependent on
v and this semantic dependence is finitely demonstrated, then u is
syntactically dependent on v.2

Theorem 1 is significant because it shows that, given appropriate

definitions of control and data dependence, syntactic dependence is .

a necessary condition for (finitely demonstrated) semantic depen-
dence. Thus, the theorem provides justification for algorithms that
use syntactic dependence to approximate semantic dependence. We
refer to this desirable relationship between syntactic and semantic
dependence as the “syntactic-semantic relationship”.

3 Interprocedural Control Dependence

Figure 1 presents a program Sum that consists of three procedures:
M (the entry procedure), B, and C. The two insets in the figure pro-
vide alternative versions of two lines of the program; we use these
alternatives to illustrate specific points.

Intraprocedural control dependence analysis operates indepen-
dently on individual procedures, and ignores the context in which
each procedure is invoked. Table 1 illustrates the intraprocedural
control dependencies for Sum.

Table 1: Intraprocedural control dependencies for Sum

‘ Control Control
Statements | Dependent On || Statements | Dependent On
2,3,4,6,7 entry M 4,5 4

10,11, 14 entry B " 12,13 11
17 entry C 18 17

‘When we consider Sum as a whole, however, we observe three ways
in which control dependencies that are computed intraprocedurally
inaccurately model the semantic dependencies that actually exist
between program statements. First, consider the version of Sum
created by substituting the alternative versions of lines 6 and 18:

2For a proof, see [18]. Podgurski and Clarke present additional
definitions of control and syntactic dependence that provide a nec-

essary condition for semantic dependence for programs that do not -

hait.
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