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Abstract

A program’s call graph is an essential underlying struc-
ture for performing the various interprocedural analyses
used in software development tools for object-oriented soft-
ware systems. For interactive software development tools
and software maintenance activities, the call graph needs
to remain fairly precise and be updated quickly in response
to software changes. This paper presents incremental al-
gorithms for updating a call graph that has been initially
constructed using the Cartesian Product Algorithm, which
computes a highly precise call graph in the presence of
dynamically dispatched message sends. Templates are ex-
ploited to reduce unnecessary reanalysis as software com-
ponent changes occur. The preliminary empirical results
from our implementation within a Java environment are en-
couraging. Significant time savings were observed for the
incremental algorithm in comparison to an exhaustive anal-
ysis, with no loss in precision.

1. Introduction

As bandwidth increases on the Internet, web sites are be-
coming more application oriented. Users are starting to use
the web to run applications such as word processors, im-
age filters, graphics software, virtual desktops, and gaming.
One primary characteristic of web based applications is the
use of the object-oriented paradigm, because of its impor-
tant software engineering advantages. In particular, Java,
because of its portability, is increasingly dominating the im-
plementation of these applications. Java is also popular due
to the large available collection of libraries and the opportu-
nities for code reuse from its object-oriented development.

Because object-oriented software is typically character-
ized by many methods, with a large number of them be-
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ing quite small, sophisticated program analysis for com-
piler optimization, software testing, debugging, semantic
program browsers and other software development tools
perform interproceduralanalysis. Interprocedural analy-
sis involves program call graph construction and compu-
tation of desired information, typically data flow informa-
tion, by traversing the call graph. A call graph represents
the calling relationship between methods in a program. A
node in the graph represents a method and a directed edge
between two nodes establishes the calling relationship be-
tween the caller and callee. While a sound call graph can be
computed quickly, a more precise call graph leads to more
useful information for the client software tool. However,
dynamically dispatched message sends in object-oriented
software make more precise call graph construction non-
trivial. The complexities have led to many call graph con-
struction algorithms with varying levels of precision and ex-
pense [20, 13, 15, 1, 5, 8, 6, 14, 7, 18, 23, 24].

As an application changes in composition with compo-
nents being added, deleted, replaced, and updated during
the software maintenance life cycle, the call graph for the
application changes, which can impact the validity of the
interprocedurally gathered information. Given the expense
of computing a call graph with sufficient precision, our goal
has been to develop an incremental call graph construction
algorithm with acceptable cost for use with interactive soft-
ware tools. In addition to avoiding an expensive exhaustive
call graph construction, an incremental call graph algorithm
also easily indicates the potentially affected regions to begin
incremental reanalysis of the gathered data flow informa-
tion. It is particularly desirable to reuse results from prior
analysis in the context of object-oriented software involving
shared libraries.

The incremental call graph construction problem is non-
trivial for object-oriented software for the same reasons that
complicate exhaustive call graph construction - dynamically
dispatched message sends and the interdependent roles of
type information and call graphs. Furthermore, in an object-
oriented system, edits other than call site changes can af-



fect the call graph structure because type information is
changed, which impacts the information known at polymor-
phic call sites. In this paper, we present incremental algo-
rithms to update a call graph that has been initially con-
structed using the Cartesian Product Algorithm developed
by Agesen [1]. The exhaustive algorithm constructs a very
precise call graph based on the concept of templates. The
properties of templates make this approach to call graph
construction an ideal candidate for efficient incremental call
graph construction, in addition to retaining a highly precise
call graph during software maintenance.

We begin with a brief overview of exhaustive call graph
analysis in the context of object-oriented software. The ex-
haustive Cartesian Product Algorithm is described with em-
phasis on the notion of templates. After describing the in-
cremental call graph problem in more depth, we present our
incremental algorithms for deleting and adding a call site.
Some empirical results comparing the incremental to the
exhaustive approach are presented. We conclude with an
overview of related work on incremental data flow analy-
sis and demand driven analysis, and then conclusions and
future work.

2. Exhaustive Call Graph Analysis

At compile time, a conservative call graph can always
be built, by including a set of edges for each call site, such
that edges from nodes representing the caller points to nodes
representing potential callee methods based on a conserva-
tive static analysis. However, in the presence of dynami-
cally dispatched message sends, a call graph built in this
fashion will most likely contain extra edges that do not re-
flect any dynamic calls. Interprocedural analysis can be per-
formed on such a call graph, but the analysis suffers from
imprecision due to the extraneous information propagated
along unnecessary call graph edges [7]. In addition, be-
cause a call graph is used to determine the set of reachable
methods in a program, many software engineering applica-
tions also benefit from time savings due to identifying and
analyzing only reachable methods.

In order to produce a more precise call graph for an
object-oriented program, the set of potential receiver classes
at each call site must be more precisely computed, which
requires that precise type information be determined. Poly-
morphism makes determining precise type information dif-
ficult because an object can potentially be bound to different
types throughout the execution of a program. Specifically,
interprocedural class analysis, which is closely related to
the call graph construction problem, is used to determine
precise type information throughout a program. By simulta-
neously performing interprocedural analysis and building a
call graph, a more precise call graph can be constructed and
more precise receiver class information can be computed.

2.1. Overview of Approaches

Many approaches for exhaustively computing precise
call graphs for object-oriented software have been devel-
oped [20, 13, 15, 1, 5, 8, 6, 14, 7, 18, 23, 24]. Grove et
al. formulated a framework that reveals the relationship be-
tween the precision of call graph construction algorithms
and the overall impact that various call graph construction
algorithms have on interprocedural analyses [10]. In partic-
ular, they define theidealcall graph for a given program to
be the greatest lower bound over all call graphs correspond-
ing to a particular execution of the program. In general, it is
impossible to compute the ideal call graph directly, because
there may be an infinite number of possible program execu-
tions, but call graphs can be ordered with respect to the ideal
call graph. A call graph issoundif it safely approximates
any program execution. A call graph that represents only
a particular execution of a program is said to beoptimistic.
Thus, the ideal call graph is the most optimistic sound call
graph. And, a call graph is sound iff it is equal to or more
conservative than the ideal call graph.

Most call graph construction algorithms are in the sound
region of the call graph domain, because they result in
sound call graphs. However, the algorithms vary in where
they fall on the lattice of the sound domain. Very conserva-
tive, sound approximations fall at the bottom of the lattice,
for example, call graphs created by Bacon and Sweeney’s
rapid type analysis algorithm [4] or class hierarchy anal-
ysis [6] developed by Dean et al. Precise call graph con-
struction algorithms fall closer to ideal; for example, Shiv-
ers 0-CFA [20] and Agesen’s Cartesian Product Algorithm
CPA [1]. The Grove et al. study includes algorithms from
[20, 15, 8, 4, 14].

The Grove et al. study also shows that interprocedural
analyses can lead to effective optimizations with the use of
a precise call graph, but these call graph construction algo-
rithms are often costly and do not scale well to large pro-
grams. Recently, call graph construction algorithms have
been developed that scale better for large programs. In
particular, Tip and Palsberg have shown precise call graph
construction algorithms to scale to a 325,000 line Java pro-
gram [24]. Rountev et al. have also recently developed a
new bounded inclusion constraint points-to analysis, which
can be used for call graph construction [18]. The Sable
Group at McGill University is also developing scalable call
graph algorithms [23]. Their work improves on rapid type
analysis [4] and class hierarchy analysis [6] by incorpo-
rating a flow insensitive type analysis. They have devel-
oped two variations of their technique, namely variable-type
analysis and declared-type analysis.



2.2. Cartesian Product Algorithm

The Cartesian Product Algorithm (CPA) developed by
Agesen is a call graph construction algorithm that addresses
dynamically dispatched message sends with the advantages
of simplicity, precision, generality, and efficiency due to its
avoidance of iteration and redundant analysis [1]. The key
insight of the CPA algorithm is to partition each call site
into a set of templates.

In object-oriented languages, each method includes a
(possibly empty) set of formal parameters. Each formal
parameter is typed, allowing objects of certain types to be
passed as actual parameters. Due to inheritance and dy-
namic binding, each formal parameter is potentially mapped
to a set of types. A set of templates for a call site is cre-
ated by computing the Cartesian product of the types of the
actual arguments. The class hierarchy is used to compute
the set of types for each formal parameter of the method.
Then reaching definitions are used to calculate the types that
reach each actual parameter at a given call site; such an ap-
proach is described by Agesen in [2]. A different template
is created for each combination of reaching types for each
actual parameter at a call site, based on the computed Carte-
sian product.

A template can be viewed as an instance of a method,
with exact type information for each formal parameter, and
representing a particular combination of actual parameter
types. Each template then has a singleton set of types for
each formal parameter, either equal to the declared type or
narrower than the declared type. In other words, a template
is an exact type signature of a method. A single method po-
tentially can be mapped to many templates. Because exact
type information is available for each template at a partic-
ular call site, iteration is not necessary during type infer-
ence (and call graph construction). Instead, CPA achieves
precision because it creates monomorphic templates, which
provide exact type information.

As an example, Figure 1 shows a simple method,
methodX, with one call site,y = x.methodZ(a). The types
reaching the receiver argument,x, and actual parameter,
a, form the sets of typesfType1, Type2g and fType3,
Type4g, respectively. By calculating the Cartesian product
over the set of reaching types to the receiver and actual pa-
rameter, the set of templates shown in Figure 1 is generated
at this call site.

The caller-callee relationship between templates can be
used to construct a precise call graph. A graph connecting
the templates can be constructed similar to a call graph. We
call this the template call graph. The template call graph has
unique properties not found in a traditional call graph. The
graph represents the caller-callee relationship in the same
manner, but traditionally each edge of a call graph has no
type information associated with it. In the template call

...

...
 

Object methodX(Object a) {

y = x.methodZ(a);

}

Set of Templates Generated:

methodZ(Type1, Type3)

methodZ(Type2, Type3)

methodZ(Type1, Type 4)

methodZ(Type2, Type4)

Figure 1. CPA template example.

graph, type information is implicitly associated with each
edge. Any template maintaining a caller-callee relation-
ship is also maintaining the fact that a particular exact set
of types is flowing from caller to callee. In section 4, we
will see how these properties are exploited in incremental
call graph construction.

The relationship between the template call graph and a
traditional call graph is relatively simple. Where the tem-
plate call graph’s nodes represent templates, the traditional
call graph’s nodes represent methods. In order to transform
the template call graph to a traditional precise call graph, a
simple pass is performed over the template call graph that
determines the most precise actual method for each tem-
plate. For each actual method in the program there is a
mapping to the set of templates associated with it. For each
call site in the template there is an edge to a template, which
corresponds to an actual method. Therefore, by traversing
each call site in each template we can build a precise call
graph that uses the templates to determine the exact set of
methods at each call site.

3. Incremental Analysis Problem

The goal of an incremental algorithm is to reuse results
from previous analysis in order to update the desired infor-
mation (in this case, a program call graph) in an attempt
to perform an amount of work proportional to the original
change’s impact, thus avoiding unnecessary reanalysis. In-
cremental algorithms are particularly beneficial when the
exhaustive computation is an expensive operation to per-
form in response to program maintenance changes. The
largest improvements in reanalysis time are typically in re-
sponse to changes with small impact applied to a large soft-
ware system that would require significant redundant re-
computation if performed exhaustively.

An underlying premise of most incremental algorithms is
that an initial exhaustive analysis has been performed such
that the information to be kept up-to-date is as precise and
correct as desired prior to any program changes. In the case
of incremental call graph construction, we assume that a
precise call graph was exhaustively computed for the pro-
gram, and the incremental algorithm is to be invoked upon
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potential callees of modified method T

Figure 2. Incremental call graph analysis requirements.

program changes.
For object-oriented languages, the call graph can be af-

fected by any edit that directly changes the calling relation-
ship between methods or by an edit that impacts the type
information at call sites. Edits that candirectlychange call-
ing relationships include:

� insert or delete a call site

� replace a call site

� change an actual parameter expression

� change the receiver argument

� change the method name

Changes to an actual parameter or receiver argument al-
ter the type signature, which changes the set of potential
callees at the modified call site. The last three changes can
be handled as subsets of replacing a call site, which can be
handled as a deletion followed by an insertion. Edits that
canindirectly impact reaching type information at call sites
and thus affect the call graph include:

� insert or delete a definition of a variable that reaches
the use of a variable appearing in an actual parameter

� insert or delete a flow graph edge

� insert or delete a call site that returns a value used later

� change the variable storing the return value at a call
site

� insert or delete a method

� insert or delete an inheritance link

Program changes that do not have an impact on the
call graph until later changes are made include inserting or
deleting a class (requires class instantiation, inheritance link
updates, or insertion/deletion of methods) and inserting or
deleting a declaration of an instance or global variable (re-
quires insertion/deletion of definitions or uses).

In this paper, we describe incremental algorithms for the
direct changes. Because all direct changes can be handled
as a subcase of either insertion or deletion of a call site, we
focus on these edits. Indirect changes can be handled as
changes in the reaching type data flow information. We dis-
cuss how to address changes in reaching type information as
part of the incremental algorithms for direct changes. Han-
dling these indirect changes is a subproblem of handling
direct changes, and thus not described separately.

For concreteness, consider deleting the call siteCS: x =
q.m(...) from the skeletal code segment in Figure 2, which
contains an abstract illustration of the part of the call graph
related to this call site. The required updates to maintain
soundness and precision throughout incremental analysis in
response to deleting a call site are outlined as follows:

1. The edges in the call graph that correspond to the
deleted call site must be deleted. In the figure, the
bolded edges from the node labeledT to nodesm1 to
mn correspond to the deleted call site. There is a set of
edges due to the fact that the call site was determined
to be polymorphic with a set of receiver objects bound
to q, each with its own methodm, which we callm1

throughmn.

2. The type information propagated from the modified
methodT, through the actual parameters to the poten-
tial callees at the edited call site,m1 ... mn, must be
updated. The type information propagating from other
callers to eachmi must be examined, and then the call
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Figure 3. Template call graph update sce-
nario.

subgraph,Si, of eachmi should be updated to reflect
the updated type information.

3. The set of return types bound tox from the set of
all the callee’sm1 ... mn, must be used to compute
the changes in reaching types(both newly reaching and
killed types) ofx immediately afterCS in T.

4. The type information propagating to any potential sub-
sequent callees,a1 to ap, in the modified methodT,
and those callee’s subgraphs,s1 to sp, must be up-
dated.

5. The return type set of the modified method,T, must
be updated if necessary to correspond to the updated
types associated with the deleted call site.

6. The callers ofT, C1 to Cj, (and their subsequent callees
and callers) must also be updated to reflect any changes
in the return type information propagating back to each
caller ofT.

4. Incremental CPA

In Figures 4 and 5, we provide a detailed algorithm for
deleting a call site. We also provide a brief overview of
inserting a call site, which has very similar steps.

4.1. Maintaining Precision with Templates

The incremental CPA algorithm presented here avoids
any reanalysis of the deleted template itself and its subgraph
by exploiting a key property of templates and the template
call graph. Unlike a call graph or control flow graph, a tem-
plate call graph has the property that at a given node, every
incoming edge carries exactly the same type information.

When an edge is deleted, either the sink node becomes un-
reachable, or the remaining edge(s) retain the exact same
type information coming into the node as before the edit.
When the sink node becomes unreachable, we perform no
further update to the now unreachable node and its subgraph
so that when the template is needed later, its subgraph is im-
mediately up-to-date with the desired precision.

Consider Figure 3, where the edge labeledCS is deleted.
First, we look at the case ofTm becoming unreachable, and
the possibility of the subgraph,STm , rooted at the sink tem-
plate,Tm, sharing part of its subgraph, saySshared, with the
still reachable portion of the modified program’s template
call graphG

0

after the edit. For a subgraph to be shared,G
0

must contain some edge that leads into at least one node,n,
of Sshared. So, doesSshared need to be updated by propagat-
ing changes fromTm so thatG

0

remains sound and precise?
No, because noden carries the same information as carried
from the subgraph rooted atTm, and thus the shared sub-
graph,Sshared, retains soundness and precision without any
update.

Next, consider the possibility of at least one additional
incoming edge toTm, sayu, remaining after the edit. The
question becomes – DoesSTm need to be updated? There
are two cases to consider: (1) The edgeu is enteringTm

becauseu andTm are contained in a strongly connected re-
gion with the deleted edgeCS being the only entry. In this
case,STm is unreachable after the edit, and we perform no
update so thatSTm will remain precise when reused. (2)Tm

remains reachable fromG
0

after the edit, due tou. Then
STm remains sound and precise becauseu carries the same
type information as the deleted edge. Otherwise,STm could
be reachable due to another incoming edge into a strongly
connected region that contains bothu and Tm, and u is
dependent somehow on the type information fromCS to
Tm. However, ifSTm remains reachable fromG

0

, then there
must be some other entry into the strongly connected region
that carries the same type information asCS, and thusu and
STm remain reachable fromG

0

, andG
0

remains sound and
precise without further update. In summary, whetherTm

remains reachable or unreachable from the modified pro-
gram’s template call graph, no update is needed forSTm to
retain precision and soundness inG

0

.

4.2. Algorithm to Delete a Call Site

The delete call site algorithm shown in Figure 4 up-
dates the template call graph,G, after the deletion of
call site CS has occurred in methodM. The algorithm
begins by deleting the edges in the template call graph
associated with the edited call siteCS. Since multiple
templates could be mapped to the modified method, the
delete edge and save template function is called for
each of these templates to delete the call site edge and save



Algorithm DeleteCall Site(G, M, CS)

Input: G: template call graph
M: method being edited
CS: call site x = q.m( ...)being deleted

Output: Updated template call graph G’

foreach template node T of method Mdo
foreach template C2 calleesof(T,CS)do //steps 1 and 2

deleteedgeand savetemplate(T, C);
deletetypesafter(CS, x) =

S
gen types(C,x)8 C; //step 3

add typesafter(CS, x) =
S

reachingtypesout(p,x),8 p2 pred(CS),8 C;
propagateupdate(CS, x, deletetypesafter, addtypesafter, T); //step 4
Let del types(T) = set of deleted reaching types at return from T; //step 5
Let add types(T) = set of added reaching types at return from T;

endfor
foreach template CT2 caller(M)do //step 6

foreach C2 callsite(CT) to callee Mdo
Let y = variable storing return value at C;
deletetypesafter(C,y) =

S
del types(T),8 templates T of M;

add typesafter(C,y) =
S

add types(T),8 templates T of M;
propagateupdate(C, y, deletetypesafter, addtypesafter, CT);

endfor
endfor

Figure 4. Algorithm Delete Call Site.

the template (and its subgraph) associated with the sink
node of the deleted edge. This process corresponds to steps
1 and 2 described in the previous section.

Next, the set of types bound to the return variable at
the call siteCS must be computed in order to update any
subsequent call sites where the return variable types reach.
There are actually two set of types to calculate, 1) the set
of types thatCS generated,delete types after, and 2) the
set of types that now reach past the deleted call siteCS,
add types after. This corresponds to step 3 in section 3.
These sets are propagated to subsequent call sites in the
templateT by calling propagate update. Then, step 5
computes the set of deleted types and added types that reach
the return of each templateT associated with the modified
methodM.

The secondforeach nest corresponds to step 6, which
propagates the two sets of types back to the callers of the
modified methodM. This step is performed by first find-
ing all the callers of the modified methodM, and then for
each call siteC in the caller that callsM, we calculate the
types that need to be deleted and added at call sites after
C. The setsdelete types after and add types after are
calculated by unioning thedel types and add types for
each template corresponding to methodM. Algorithmprop-
agate update is executed to propagate and update the set

of reaching types to subsequent calls in the caller ofM.

The algorithmpropagate update in Figure 5 propa-
gates and updates the set of reaching types for each of the
subsequent calls after a call site with modified type infor-
mation. The input to the algorithm is the call site,CS,
affecting the reaching type information in the current tem-
plateT, the variablex whose type information has changed,
the set of types deleted immediately after the call siteCS,
and the set of types added immediately after the call site
CS. The algorithm performs two general tasks, 1) propa-
gate and update the set of deleted reaching types, and 2)
propagate and update the set of added reaching types. The
algorithm processes the deleted types first by performing an
intraprocedural incremental data flow update inT based on
the set of deleted reaching types at call siteCS. Any al-
gorithm for intraprocedural incremental data flow update of
reaching types (or definitions) could be used[27, 16, 19] The
incremental data flow analyzer returns a worklist that con-
tains the call sites inT that were influenced by the deleted
reaching types atCS.

Each call site in the worklist is analyzed as follows. If
the set of deleted reaching types at the call siteC has a
nonempty intersection with any of the parameter types of
a templateCT for C, then the edge to the templateCT is
deleted, and the templateCT is saved similar to deleting



the call siteC at that point. After each templateCT is an-
alyzed for the call siteC, the impact of the changed return
types at the call siteC are identified indelete types after,
andpropagate update is recursively called to update those
changes.

After the worklist from incrementally updating deleted
reaching type information in templateT is processed,
a worklist for added reaching type information is cre-
ated through a separate incremental data flow update
within T. The call sites on this worklist are pro-
cessed similar to the first worklist, except new tem-
plates are added with new edges to them as newly reach-
ing type information is determined at a given call site.
The functioncompute new templates computes the set
temp list of new templates at a given call site, andan-
alyze and add new templates performs an abbreviated
version of the exhaustive algorithm for creating a template
call graph starting at the new template, and reusing tem-
plates. The changes in return type information from new
templates are propagated similar to the return type informa-
tion changes from deleted templates, by a recursive call to
propagate update.

4.3. Inserting a Call Site

Updating the call graph after the insertion of a call site
is similar to deleting a call site. Overall, the steps from the
delete call site algorithm only need minor modifications
to be adapted for inserting a call site. We need to insert
an edge in the template call graph from each caller tem-
plate associated with the modified method to the potentially
new callee. In order to correctly add the edge, we must
determine the types for each parameter of the inserted call
site. We do this by simply calculating reaching types to
each parameter, and then computing the Cartesian product
over the types to generate the set of templates that represent
the callee of the call site. The callee template may already
exist, and then we can reuse it, or we may have to create the
template and then analyze the template from that point for-
ward. The fact that the callee template may potentially exist
provides a savings in time for the incremental update. After
generating the template and the edges, we must analyze the
return type and determine how the new return type affects
the call sites after the newly inserted call site. We again
determine the added types and the deleted types, which are
computed slightly different than thedelete call site algo-
rithm. In deleting a call site, there were potentially a set of
types that were no longer killed by the deletion. When we
insert a call site, we are potentially killing a set of types that
previously did not get killed. Next we proceed with steps
3-6 for deleting a call site, which remain the same when
inserting a call site.

4.4. Time, Space, and Precision

The incremental CPA algorithm focuses the reanalysis
effort on those portions of the template call graph which re-
main reachable after the program edit, and are potentially
affected by the changed return type of the edited call site.
The reanalysis is directed by changes in reaching type in-
formation in subsequent callees and callers of the modified
method. Due to the key property of the template call graph
in which all incoming edges to a given template carry the
same exact type information, there is no update needed for
the subgraph shared by the reachable program template call
graph and the deleted template. Reuse of templates between
different versions of the program also speeds up incremen-
tal call graph construction.

Precision is not lost by the incremental CPA algorithm
over multiple edits because both added and deleted reaching
type information are propagated and associated call graph
changes made. A faster incremental update could be per-
formed if only type changes that preserve monotonicity of
type inference were propagated, but precision would be lost
during incremental analysis, especially over multiple edits,
resulting in a call graph with an increasing number of un-
necessary edges.

While incremental call graph construction based on CPA
benefits from the properties of templates and their easy
reuse, a natural concern is the additional space needed for
the template call graph in comparison to a call graph. The
number of templates per method is dependent on the poly-
morphism and the number of arguments for a given method
in the target program. Agesen [2] suggests that a reasonable
sized template call graph computation would result from a
program having at most 3-5 possible types reaching each
receiver or actual argument of a given method, on average.
In our experiences, we have not come across programs that
are “too polymorphic”, or in Agesen’s terms,megamorphic.
However, in order to address the potential for scaling to
these kinds of programs in the future, we are investigating
the use of summaries.

5. Empirical Results

To demonstrate the potential benefits of our incremental
call graph construction algorithm, we have implemented the
delete call site algorithm and experimented with edits to a
sizable Java program. We use the FLEX compiler infras-
tructure [12] from MIT in order to process Java bytecode
and build the initial exhaustive data structures such as the
call graph and class hierarchy. We have extended their im-
plementation in order to incrementally update the call graph
to reflect edits (call site deletions) to the code.

We used an example program from the Soot frame-
work [25] as our case study. Table 5 shows some of the char-



Algorithm PropagateUpdate(CS, v, delset, addset, T) //step 4

Input: CS: call site affecting reaching type information in T
v: variable for which reaching type information is changing
del set: set of deleted reaching types immediately after CS
add set: set of added reaching types immediately after CS
T: template associated with the method containing call site CS

Output: Updated propagation of reaching type and call graph changes

worklist = incredf update(delset, CS, T);
foreach call site C in worklistdo

y = variable storing return value of C;
foreach template CT2 calleesof(T,C)do

Let del types = set of reaching types deleted at C;
Let parametertypes(CT) = set of types in type signature of CT;
if (del types

T
parametertypes != null)then

deleteedgeandsavetemplate(T, CT);
endfor
deletetypesafter(C,y) = (

S
old gen types(CT,y)8 CT) - (

S
new gen types(CT,y)8 CT);

propagateupdate(C,y,deletetypesafter,fg,T);
endfor //end of processing deleted reaching types

worklist = incredf update(addset, CS, T);
foreach call site C in worklistdo

y = variable storing return value of C;
foreach template CT2 calleesof(T,C) do

Let addtypes = set of reaching types added at C;
Let parametertypes(CT) = set of types in type signature of CT;
if (add types - parametertypes !=null )then

temp list = computenew templates(addtypes - parametertypes);
analyzeand add new templates(templist);

endfor
add typesafter(C,y) = (

S
new gen types(CT,y)8 CT)- (

S
old gen types(CT,y)8 CT);

propagateupdate(C,y,fg,add typesafter,T);
endfor //end of processing added reaching types

Figure 5. Algorithm Propagate Update.

acteristics of the case study program. The first three rows
show general size characteristics of the program: number of
classes, methods, and bytecode instructions that compose
the program. The next two lines characterize the associated
call graph, including the number of singleton and polymor-
phic call sites, which sum to give the size of the call graph
in terms of edges. Finally, the average number of templates
mapped to a method indicate the size of the template call
graph in relation to the call graph.

The goal of our case study was to provide a preliminary
estimate of the time savings of our incremental approach in
response to deleting call sites with different characteristics.
We executed the incremental algorithm for 40 polymorphic
call sites, each with some of the following characteristics:

(1) callee with no return type or only a primitive return type,
thus not requiring any update of reaching type information
after the edited call site, (2) callee with an object being re-
turned, (3) callees mapped to various number of templates,
and (4) callers mapped to various number of templates. We
measured the time to execute the incremental algorithm, the
number of template call graph edges deleted in response to
a single deleted call site, and the time to execute the exhaus-
tive algorithm.

The experimental results from our case study indicate a
potentially large savings over the exhaustive analysis. The
average percent of time savings over the exhaustive analysis
for edits that required a large reanalysis was 5%. The ef-
fort needed for incremental reanalysis is clearly dependent



No. of Classes: 726
No. of Methods: 4466
No. of Instructions: 75090
No. of Singleton Call Sites: 16284
No. of Polymorphic Call Sites: 1393
Ave no. of Templates: 12.6

Table 1. Benchmark characteristics.

on the number of templates associated with the modified
method and call site edge. Deleted call sites with no re-
turn types and having only one template associated with the
caller or callee obviously provided a significant time sav-
ings over an exhaustive analysis. While we feel that our
results provide insight into the potential of an incremental
approach, we also believe that the time savings could be less
with programs that exhibit different characteristics than the
one we used for our case study. In particular, edits in the
context of programs that require the changed types to be
propagated more extensively will require more analysis.

6. Related Work

In this section, we describe related work in incremental
and demand driven analysis. Both of these approaches have
been developed with the goal of reducing program analy-
sis time by analyzing only a limited portion of a program.
Techniques for incremental analysis rely on an initial ex-
haustive computation, and focus on reducing the effort to re-
compute in response to program changes. Alternatively, de-
mand driven techniques avoid an exhaustive program anal-
ysis, and instead compute data flow facts in response to a
query. Data flow facts are computed over a selective region
of the program that influence the data flow information at
the program point of the query.

6.1. Incremental Analysis

Iterative-based, interval-based, and hybrid incremental
data flow analysis algorithms were first developed for in-
traprocedural data flow analysis [27, 16, 19]. Yur, Ryder,
and Landi developed interprocedural algorithms for updat-
ing procedure side effect information as well as pointer
aliasing information [26]. Pointer aliasing analysis is key
to gaining precise analysis of C programs in which pointers
play a large role, and also in object-oriented programs in
which variables are references to objects. Yur’s incremen-
tal version of the Landi-Ryder flow and context sensitive
pointer aliasing algorithm for C programs is shown to pro-
vide a 6-fold speedup over the exhaustive algorithm, when
a statement deletion is performed. About 75% of the tests
had the same solution as the exhaustive analysis [26].

Very little work has been done in incremental analy-
sis within the object-oriented context, where inheritance
and dynamically dispatched message sends need to be ad-
dressed. Harrold et al. demonstrate how to reuse informa-
tion from testing parent classes to “incrementally” test sub-
classes by focusing the subclass testing on new or affected
inherited attributes [11]. Recently, Vivien and Rinard stud-
ied incrementalized pointer and escape analysis, where they
analyze only those parts of the program that may deliver
useful results. More closely related to our work are the
efforts of Grove [10] and Agesen [2]. In his dissertation
on effective interprocedural optimization of object-oriented
languages, Grove describes an overall framework for in-
cremental interprocedural reanalysis and recompilation in
the Vortex programming environment [10]. In particular, he
discusses the requirements for incremental call graph con-
struction based on the call graph framework that he devel-
oped; however, he does not provide any specific details or
algorithms. Agesen’s dissertation on concrete type infer-
ence for object-oriented programs also includes a brief sec-
tion discussing incremental CPA [2]. He describes and char-
acterizes the possible effects of different program changes
on the inferred types. No algorithms for performing the re-
quired updates are presented.

6.2. Demand Driven Analysis

Reps et al. model the demand driven interprocedural
data flow analysis problem as a graph reachability prob-
lem [17]. The graph representation is called an exploded
supergraph, which is an expansion of the program’s control
flow graph to include an explicit graphical representation of
each node’s flow function. This approach suffers from the
large size of the exploded supergraph when attempting to
scale to large programs. Duesterwald and Soffa developed
a demand driven interprocedural data flow analysis frame-
work based on a query system [9]. Queries are raised by
the application either manually through an interactive soft-
ware tool or automatically generated by software such as
an optimizing compiler. To answer the query, the query is
propagated in the reverse direction of the original exhaus-
tive analysis until all necessary points in the program are
covered to determine the response to the query. A partial
data flow analysis is performed based on the propagation of
queries.

Agrawal developed a demand driven call graph construc-
tion algorithm that solves the problem of computing the set
of procedures potentially called at a particular call site with-
out computing this information for every call site [3]. Class
hierarchy analysis is first performed on the entire program
to create an initial conservative call graph, followed by de-
mand driven analysis that calculates more precise type in-
formation used to refine the set of possible call graph edges



for the call site of interest. The algorithm updates informa-
tion for a single call site, and thus is suggested for scenarios
in which precise call graph information is only needed at
certain call sites on a demand basis, such as program slicing
or performing optimization during just-in-time compilation.

In contrast, incremental call graph construction is more
appropriate when a precise call graph has already been built
for such purposes as interprocedural program optimization
or software testing, and a precise call graph is desired as
program changes occur. It should also be noted that a de-
mand driven call graph construction algorithm is only con-
cerned with narrowing type sets, whereas incremental call
graph construction in response to program edits must han-
dle the possibility of both narrowing and widening reaching
type sets in order to maintain precision.

7. Conclusions and Future Work

To our knowledge, this paper presents the first detailed
algorithms for incremental call graph construction that are
both applicable to languages with dynamically dispatched
message sends and retain high precision during software
maintenance. The reuse of results from prior call graph
analysis is particularly desirable for directing incremental
reanalysis of interprocedural information used in interac-
tive software development tools. The capability to per-
form incremental analysis for object-oriented software de-
velopment tools is increasingly important as object-oriented
software with heavy use of shared libraries becomes the
paradigm of preference to encourage software reuse, and
Java continues to play a key role in web and mobile code
development.

We are currently developing regression testing tech-
niques based on the OMEN approach to structural testing
of object-oriented programs [21]. The incremental CPA al-
gorithm will play a central role in these regression testing
techniques, which are an integral part of our TATOO test-
ing and analysis tool [22] for object-oriented software. We
are also designing a more extensive evaluation study of our
incremental CPA algorithm.
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