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Abstract Optimizing Just-in-Time compilation of Java programs de-
pends on information gained from state-of-the-art program analysis techniques.
To avoid extensive analysis at program execution time, analysisresultsfor librar-
ies can be precomputed statically and then combined dynamically at runtime.
This paper provides evidencethat such ahybrid approach would in fact work well
for larger programs. We have implemented a compositional variant of method
side-effects analysis, which has been applied to three real world Java libraries.
The dependency structure of the results and its meaning for compositional anal-
ysis is discussed. In addition the library interfaces exploited by specific client
programs are examined.

1 Introduction

Platform-independence and flexibility are key benefits of the Java programming lan-
guage[4] and its runtime environment, while lack of performance probably constitutes
their greatest weakness. Separate compilation of Javasource textsto machine independ-
ent byte-code ensures platform-independence. Flexibility stems from the fact that the
Java virtual machine (JVM) loads, resolves and links classes dynamically only at pro-
gram execution time[7].

The JVM conceptually contains an interpreter for the Java byte-code instruction set,
but current implementations compile byte-code to native machine code just-in-time
(JIT compiler) in order to improve performance. J T-compilation works very well for
coarsely structured code dealing with primitive datatypes. However, speed gainsfor in-
herently object-oriented code, which contains frequent calls to often very short meth-
ods, are disappointing. Because a J T-compiler hasto do itstrandation at runtime, it is
limited to simple, local optimizations based on cheap, local program analysis.

Extensive optimizations of object-oriented code depend on information about larger
parts of the class hierarchy to be optimized, e.g. a class with all its ancestors and sub-
classes. Asthat kind of global analysisis not feasible at runtime, we have suggested to
perform global program analysis statically ahead of runtime and to augment the Java
byte-code files with the results gained[ 12, 13].

In order to preserve the flexibility offered by the Java runtime environment, analysis
will not consider the whole program as amonolithic, unchangeabl e entity. Instead anal-
ysisisrestricted to the largest possible parts of software that will redlistically always be
reused and updated together: software components or libraries. A library consists of



-
Runtime controls

\ \
| A |
Composition | -
A.class B.class | E of Information i %) Optimization | |
| o \
C - A A 3
N
- Byte-Code
Static @ I
Analysis
(? Information
other
Lib.jar Libraries

Figure 1: Static analysis of libraries and dynamic composition at runtime

multiple closely-related, complete Java packages, i.e. al classes and interfaces belong-
ing to those packages must aready be present in the library. All library members are
analyzed together, augmented with the results and grouped into a Java archive file for
distribution and deployment. Bundling al annotated library members into asingle file
prevents uncontrolled changes to the contained classes that could invalidate the com-
puted analysisinformation. Furthermore use of archivefilesfor the distribution of Java
librariesis already in active use.

Naturally separate analysis of a single library cannot compute complete self-con-
tained information. Interfaces between the library and external software components
cause open spots to appear in the results, where missing information on other compo-
nents hasto befilled in at runtime. This adds slightly to the link stage performed by the
JVM, which must also compose analysis information, when references across library
boundaries are resolved. Figure 1 gives an impression of the resulting system architec-
ture. However, restricting analysis to software components offers the following advan-
tages — compared to whole-program analysis:

« Analysisresults for a software component can be reused whenever the component
itself isreused.

» Updating a software component requires just asingle re-analysis of the component.
All client programs utilizing the component will pick up any changed information
automatically.

e Optimization is still possible, even if analysis results are not available for all parts
of aprogram, e.g. small special purpose applications built on top of alarge, com-
mon library.

Theremainder of this paper isstructured asfollows: Section 2 introduces the specific
analysis problem that we have studied. We focus on the treatment of incomplete soft-
ware programs. Section 3 gives quantitative results gained for several Javalibraries and
their client applications, most notably the Swing library[11] and some rea world appli-



cations utilizing Swing. Our primary interest isin the structure of the results, which in-
fluences the composition of the information at runtime. After discussing related work
in section 4 we present our conclusions and some ideas for future work.

2 Side-effectsanalysisfor method parameters

Our goa wasto get an impression of, how well static analysis based on libraries and
composition of results at runtime would perform for realistic libraries and application
programs. Therefore we have implemented arelatively simple, albeit non-trivial exam-
pleanalysis, which records side-effects of method invocations on actual parameters, es-
pecialy the invoking object (the receiver). For each method m analysis determines
which actual parameters passed to m are potentially modified by an invocation of m.
Modifications mainly occur as assignments to instance variables of parameter objects,
either directly in the body of mor indirectly in other methods invoked from m. For the
time being we ignore native methods which may aso modify objects and are invisible
to any analysis based on Java byte-code.

This specialized form of method side-effects analysis delivers information that can
be used to control at runtime several classic optimizations. For example recognition of
common subexpressions across method invocations and invariant code motion from
loop bodies containing calls require this kind of information. Furthermore this analysis
is closaly tied to the call structure of the software to be analyzed and yields compact
results. Thusit isideal for our purpose, asit reveals the dependency structure inherent
in the subject software and indeed could work well with our mixed static analysig/dy-
namic composition approach.

Our current implementation of this analysis proceeds in three mgjor steps:

1. Information is computed locally for each method body.

2. Additional resultsfor related families of methods are derived, i.e. amethod com-
bined with all its overriding implementations in subclasses.

3. Information on calleesis utilized transitively to gain precomputed global informa-
tion, as far as possible inside the context of an isolated library.

So initially our analysis computes for each method mand for each formal parameter
p; of mthe predicate Mod(m, i) such that Mod(m, i) = true iff an invocation of m may
modify p;. The agorithm can detect only possible modifications of p;, because p;
might be changed or left unchanged depending on control flow inside m. An implicit
parameter p, of all non-static methodsis used to represent the receiver. There arethree
possible outcomes for the computation of each Mod(m, i) . If an assignment to an in-
stance variable of p; (not to p; itself) occursin the body of m, Mod(m, i) will be true.
Otherwise the result will be adigjunction of the form

Mod(m, i) = Mod(cy,iq) v ... v Mod(c,, i) v Mod(C, 4 1, Ty 4 1) V ... v MOdL(C,,.i

n’|n)

where c,, ..., ¢, are all the methods called by m which have access to p; . Each callee
c; gets passed areference to p, of masits own parameter Pc, i, OF Can access such a
reference viathat parameter. There may be multiple dig unctive terms referri ng to the
samecallee, e.g.if p; ispassed in different parameter positions on different calls. Calls



class B extends A .
{ int b;

( void m (B x) Mod(B . m, 0) = true \
« { this.b = x.b; } Mod(B.m, 1) =false ,

—_——— — — — — — ] — — — — — — — — — — —

: { r.n(new B()) ; Mod(B.n, 0) = \

\ super .n (new ; Mod(a.n, 0) v Mode(a . q, 1) |
y.g(this); ) Fa.q,

| return this.b; Mod(B . n, 1) = Modx(A . g, 0) \

A y

Figure 2: Examples of Mod computations for method parameters

to methods c,, ..., ¢, are statically bound and the remaining callees use the predicate
Mod (defined below) to model dynamic binding. An empty disjunction evaluates to
false, which means that m neither modifies p; by direct assignment nor makes p; ac-
cessible to its callees (if any). Figure 2 shows some example methods with their Mod
computations.

In order to supply information about call sites which make use of dynamic method
binding, an extended predicate Mod, iscomputed next. This predicate describes the ef-
fects of awhole family of related methods, which consists of a single method m defined
inacertain class C and all overriding definitions of min subclasses of C. It can be com-
puted as follows:

Modg(m, i) = Mod(m, i) v Mod(my, i) v ... v Mod(m,, i)

where m,, ..., m, are al methods overriding m defined in subclasses of C. Note that
Mod is only meaningful for concrete method implementations, while Mod. also ex-
tendsto abstract methods and methods defined in interfaces. In the latter casethe family
of related methods consists of all methods that implement a certain interface method.

Separate family results are computed for all methods, even if they belong to the same
family, because analysis can then select information that describes just the set of callees
possible under dynamic binding. To achieve this, the available static type information
about the receiver of the method call determines the family member to consult for side-
effectsinformation. The results for single methods are still preserved independently, as
they convey precise information on method invocations referring to super and for
calls to constructor bodies. In addition to the aforementioned situations Java a so uses
static method binding for callsto static, private or final methods, but these yield identi-
cal Mod and Modg results anyway.

The last phase of our analysis precomputes as much information as possible inside
the library. This means that Mod or Mod. occurrences in disjunctions are substituted
by their definitions, if they refer to library methods. Recursive method calls may lead



to cyclic term structures that can be ignored, because they do not contribute any infor-
mation. Repeated subsgtitution finally delivers results in which all non-constant equa-
tions consist solely of predicates applied to methods external to the library. These re-
maining predicate applications form the spots where information on other libraries (or
the client application) hasto be inserted at runtime so that the boolean equations can be
solved.

Apart from methods implemented outside of the library there is one further area that
requires composition of results at runtime: classes derived from library classes. Only
method implementations visible beyond library boundaries are subject to this problem.
Because our definition of alibrary requires the contained packages to be complete, just
public or protected instance methods from public classes and methods defined in public
interfaces need special treatment. These methods collectively form the inheritance
boundary of thelibrary. Weintroduce onevirtual (non-existent) placeholder method per
boundary method that is used to model the side-effects of overriding method implemen-
tationsin derived classes outside thelibrary. Thustherefined definition of the predicate
Mod looks like this:

Modg(m, i) = Mod(m, i) v Mod(m,, i) v ... v Mod(m,, i) v Modg(y, i) v ... v Modg(ih,, i)

where fny, ..., iy with 0<s<t+ 1 arethe placeholder methods mentioned above. Infor-
mation on placeholder methods can also be precomputed at static analysistime, at |east
partially, from method family results for classes derived from the same immediate su-
perclass outside the library.

Thus each library provides auxiliary information that supports propagating results
upwards aong the inheritance chain, and in exchange depends on other software com-
ponents to synthesize similar information for classes further down the chain. With this
addition the theoretical foundations to analyze method side-effects on their parameters
for each software component separately are in place, but performance in practice will
significantly depend on the structure of the analysis results obtained.

3 Structureof analysisresults

We have implemented the special form of method side-effects analysis described in
section 2 inside a prototypica software analysis environment. Our primary goal in de-
veloping this environment is easy exploration of different analysis algorithms in the
context of real world software and problem specific visualization of results. The frame-
work itself iswritten in Javaand usesthe JavaClasslibrary[ 3] to decompose binary Java
byte-codefiles.

Method side-effects were analyzed for three quite diverse Javalibraries and some of
their typical client applications. We chose version 1.1 of thewell known Swing library,
alibrary from Javasoft for building applicationswith graphical user interfaces[11]. This
is currently one of the most popular libraries that does not use any native methods. At
1444 classes and interfaces containing 12074 method implementations, constructors
and abstract method declarationsit is also one of the largest libraries. The sheer size of
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Figure 3: Comparison of results based on individual methods with full library

the completelibrary (nearly 2.1 MB for swingall . jar) meansthat local installation
of Swing is required to make deployment practical. Of course this could as well be a
statically analyzed and annotated version of the library.

In contrast the other two libraries are more specialized and thus substantially smaller.
Version 1 of the IBM alphaWorks XML Parser for Java (xm147 . jar) isavalidating
parser for structured documentsin the eXtended M eta L anguage] 14]. It consists of 207
classes with 1902 methods and comes as a 0.55 MB archivefile. Finally version 3.0 of
the JavaClass library[3] —used in implementing the analysis environment itself— is
made up of 275 classes containing 1399 methodsin a0.24 MB archive.

Figure 3 shows analysis results for the three libraries. It compares results based on
separate local analysis of each method with equations already precomputed in the con-
text of the library. Unmodified and modified parameters represent equations that eval-
uate to the constant values false and true respectively, both require no composition at
runtime. In addition unmodified parametersincrease the chance of optimization oppor-
tunities being discovered from this information. So parameter side-effects analysis
based on an isolated library seemsin fact to be worthwhile, as about 50% of the param-
etersimmediately yield positive results allowing for | atter optimizations. Of coursethis
number will even increase after information has been composed across library bounda-
ries so that information on parameters with dependenciesis available.

Parameters with dependencies correspond to disunctions referring to results for
methods outside the analysis context. Between 45% and 61% of those can be resolved
inside the library alone, reducing the work to be done at runtime correspondingly. A
closer look at the structure of those equations helps to estimate the complexity of the
composition process. Figure 4 relates the external method referencesin the three librar-
ies to the methods referenced most frequently. It becomes obvious that typically infor-
mation on a very small number of different external methods suffices to fill in alarge
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fraction of the missing termsin the equations. For example, in the results for the Swing
library more than 50% of the remaining open spots refer to just 26 different external
methods. Thisarejust 6% of the 471 distinct external methods the Swing library results
depend on.

So cheap (simultaneous) substitution of al identical term occurences throughout all
equationswould be desirable. One should design the data structures for storing analysis
results as annotations to the library archive file with this in mind. However, even a
straightforward design that stores parameter equations in additional classfile attributes
near the byte-code of the methods would integrate quite well with the current resolution
and linking stage of the VM. Whenever amethod name external to thelibrary needsto
be resolved, the appropriate method needs to be looked up and turned into amethod ref-
erence, which indirectly refersto the method' sbyte-code. At the sametimeany analysis
information stored for the method could be retrieved and substituted in the equations
for the calling method.

Another important aspect is the amount of space required to represent the analysis
information. Figure 5 showsthe distribution for the length of the parameter disjunctions
in terms. Only parameters with non-constant equations have been considered. About
half of the disjunctions are made up of just asingleterm and only very few contain more
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than 5 terms. A single term can be compactly represented inside a classfile, as the con-
stant pool entries required for method resolution already define a mapping from fully
qualified method names to small integers. These numbers could be used to encode ap-
plications of the Mod or Mod, predicate.

For further space savingsit would be valid to simply replace disjunctions|onger than
a certain threshold with the constant true, e.g. digunctions of more than 5 terms. Then
information would still represent a conservative approximation of reality. Beyond the
sizereduction interm representations, timeisalso saved for composition of thoseterms.
The quality of the results is lowered only very slightly, because rather few equations
would be subject to the modification. Moreover longer disjunctions have asignificantly
lower probability to finally evaluate to false, as required for optimizations.

Our examination of the three isolated libraries has shown that a significant amount
of information (more than 70%) can be precomputed at static analysis time. Composi-
tion across library boundaries at runtime can be done quickly, as the remaining equa-
tions are short and depend only on relatively few different external methods.

Furthermore composition at runtime is of course not done eagerly, but only on de-
mand, triggered by the library calls contained in the currently executing client applica-
tion. So we examined the width of the interface between the three libraries and some of
their typical, non-trivial client applications. Naturally thereis alarge selection of appli-
cations using Swing. We chose the devel opment environment NetBeang 9], the IBM al-
phaWorks Toad environment for dynamic and static analysis of Java programg[8] and
thevisual XML document editor Xeena[6], again from IBM aphaWorks. Xeenaisalso
aclient of the XML parser library, while our analysis software itself makes use of the
JavaClass library. The size of these applications ranges from 98 to 2496 classes, con-
taining from 15,000 up to more than 300,000 byte-code instructions. All of them con-
tain one method call every 5 to 6 byte-code instructions on average.

Figure 6 relates the interface actually exploited by an application to the full interface
provided by alibrary. Two aspectswere measured: First, the number of library methods
possibly invoked from the client, because these calls trigger computation of complete
results for the callees; second, the number of library classes/interfaces that are extend-
ed/implemented by application classes or interfaces. This represents the inheritance
boundary between the two software components, where information for placeholder



methods has to be derived and utilized. In both diagrams 100% corresponds to the full
code of thelibrary, including private and package-scoped classes and methods. It turns
out that only asmall fraction (lessthan 5%) of the already acceptable composition work
would be triggered by these client applications directly. Of course information on parts
of thelibrary that are reachable from there would have to be completed as well.

So the combination of static analysisthat precomputes information internal to theli-
brary, and composition driven by the interface actually exploited by the client applica-
tion seems to be a promising route to fast, accurate program analysis information.

4 Related work

Of course side-effectsanalysisinitself isnothing new. Clausen describesin[2] atra-
ditional optimizer which performsfull side-effects of method invocations. But hiswork
is solely concerned with whole program analysis and does not need to support compo-
sitiona analysis.

Precomputing analysis information and storing it as byte-code annotations is sug-
gested by Azevedo, Hummel, Kolson, and Nicolau in [1]. However, they consider only
single method bodies for analysis, which avoids any external information dependen-
cies, but restricts the quality of the achievable results for many problems. The high call
frequency present in Java programs precludes this approach for general analysis.

Hdlzle and Agesen compare static analysis with dynamic program observation for
type based optimizations in SELF programs. While both techniques produce results of
comparable quality, when applied separately, they conclude that a combination of both
approaches would be beneficia[5]. Again the static analysis part is based on the full
program and separate analysis of software components is not considered.

The Javaanalyzer JAN — a software tool from the IBM alphaWorks Toad environ-
ment — performs class hierarchy analysis statically and allows analysis to build upon
asubset of already pre-analyzed classes[8, 10]. Thisis used to avoid repeated process-
ing of different versions of the Java standard libraries. JAN then constructsacall graph
for the whole program as an aid for program understanding. Asthe standard library has
no further dependencies on other libraries, JAN implements arestricted special case of
the ideas evaluated in this paper. Furthermore fast deployment of precomputed infor-
mation is aless prominent criterion in the context of software analysis compared to op-
timizations performed at runtime.

5 Conclusions and future work

We have implemented a compositional analysis for method side-effects on parame-
tersin Javaand applied it to three real world Javalibraries. Our results show that sepa-
rate static analysis of libraries allows for large amounts (>70%) of information to be
precomputed. The structure of the results for the libraries permits fast composition of
information at runtime and compact storage of intermediate results. We have found in-



ter-library dependencies between libraries and non-trivia client applications that fur-
ther reduce expected composition effort significantly. In conclusion, static analysis be-
fore runtime based on asingle library generates accurate, reusable information that can
quickly be adapted to the context in which the library is utilized.

Future plans include the implementation of additional compositional program anal-
ysisagorithms and the development of a Java runtime environment that performs com-
position of analysis results and uses them to control dynamic optimizations. Another
areawith room for improvements is the quality of the analysis results. More advanced
techniques like type inference could deliver more precise information on dynamically
bound method calls than the static type information from the byte-code that we current-
ly use. Different levels of precision for library internal versus inter-library information
would be another possihility to improve overall results without slowing down compo-
sition.
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