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Abstract

This paper presents the integration of Soot, a byte-codgsisand transformation framework, with an integrated
development environment (IDE), Eclipse. Such an integrtdelkit is useful for both the compiler developer, to aid
in understanding and debugging new analyses, and alsodantti-user of the IDE, to aid in program understanding
by exposing semantic information gathered by the advanoegbiter analyses. The paper discusses these advantages
and provides concrete examples of its usefulness.

There are several major challenges to overcome in devegjdpaintegrated toolkit, and the paper discusses three
major challenges and the solutions to those challenges. varview of Soot and the integrated toolkit is given,
followed by a more detailed discussion of the fundamentaimanents. The paper concludes with several illustrative
examples of using the integrated toolkit along with a disaus of future plans and research.

1 Introduction

In this paper we present the integration of Soot [23], a logige analysis and transformation framework, into an
integrated development environment (IDE), Eclipse.

Traditionally, optimizing compilers and optimizing conggitoolkits concentrate on providing the compiler devel-
oper with relevant intermediate representations (IRs)suport for a variety of program analyses and transforma-
tions. Although this support is key for the development ofirc@mpiler analyses, it does not provide the compiler
writer with tools for easily visualizing the results of thainalysis (which is very useful for debugging), nor does it
provide a simple way of conveying the analysis informatiman end-user.

On the other hand, IDEs often produce various visual reptatiens of the code to help the developer understand
it. However, IDEs do not usually support the low-level imediate representations and advanced compiler analyses
found in optimizing compilers. Thus most visual represtoie in IDEs are based only on structural analysis of a
high-level representation of the code, so they cannot conizate to the developer the wealth of semantic information
that is deduced by an optimizing compiler.

By integrating a compiler toolkit with an IDE, we can providenuch richer environment for both the compiler
developer and for the end-user. For the compiler writer,aveprovide mechanisms for easily displaying and browsing
the results of compiler analyses. This is very useful fohlsttidents who are developing their first simple analyses
and for more advanced researchers and developers who a@lepgieg more complex analyses. For the end-user, we
can provide interesting ways of conveying program analyg@mation back to them. For ordinary users we can
provide information to help them understand the behavioyotential problems in their program, based on analyses
that are more complex than currently supported in IDEs. kanmple, we could display information about potential
array bounds problems. For advanced users we can provide detailed information about the results of program
analyses. For example, we can expose side-effect or afasriation.

1.1 Challenges

There are three major challenges to overcome in order to raakseful integration of a compiler toolkit and an
IDE. First, the compiler developer would like to concergratostly on developing and implementing an analysis or



transformation on a convenient IR and should not be burdesitbcthe complexities of how this information will be
displayed in the IDE.

Second, the compiler analysis/transformation will likely performed on a lower-level IR than the Java source
and for debugging purposes the analysis results shouldspéagied on this IR. However, the end-user is not likely
to understand the low-level IR and will likely want to viewfammation at the Java source level. Thus, there must be
a simple and transparent mechanism for keeping the comédgpae between the lower-level IR and the Java source
files, and for displaying the analysis information at botrels.

Third, the compiler framework and the IDE are separate gie€software and the interface to make them interact
cleanly must be carefully designed. In particular, we naetbke mechanisms for conveying information from the
IDE to the compiler framework, and analysis informatiomfrthe compiler framework back to the IDE.

1.2 Contributions

In this paper we present our integration of the Soot comfilenework into the Eclipse IDE and we show how we
have addressed the three major challenges given aboveaugilthwe discuss our approach with respect to a specific
IDE, namely Eclipse, the general strategy should applyheiDEs as well.

We tackle the challenge of isolating the compiler develdpem complex IDE display concerns by providing
three new kinds of abstract tags which can be attached teadafields, methods, statements or values in the low-level
IR. The compiler developer only has to worry about taggire It with the results of a compiler analysis (a simple
process) and the mechanism for conveying the informatichedDE and displaying the information in the IDE is
handled automatically by the integrated toolkit.

For the challenge of supporting the display of analysisrimfation for both the low-level IR and the source code,
we provide automated support for transparently keepingthespondence between the low-level IR statements and
the correct position within the source code. This is doneroyiging a new front-end based on Polyglot which parses
Java source and produces the lower-level Jimple IR withaagady added to give the line number and column offset
in the Java Source.

Finally, we address the challenge of combining the Soot éwmank and the Eclipse IDE by providing integration
code comprised of three main modules (launcher, IR editdraginibute handler), and by defining an XML specifica-
tion for both the command-line options to Soot and for thelatte information which conveys line numbers, column
offsets and analysis information.

1.3 Paper Roadmap

The remainder of the paper is structured as follows. In 8e@i we provide an overview of the structure of Soot
and the structure of the integration code. In Section 3, weudis our three new kinds of tags. Section 4 discusses
the mechanisms we have developed for communicating betthediDE and the compiler framework. In Section 5,
we provide four illustrative examples of using the integdatoolkit. Section 6 gives an overview of related work and
Section 7 provides conclusions and future work.

2 Structure of Soot and the IDE plugin

2.1 Soot

Soot [23] was originally developed as a framework to alloseaachers to experiment with analyses and optimizations
of Java bytecode, and to provide a common infrastructure@topare results. It was later extended with an anno-
tation framework, which allows analysis results to be emtbds class file annotations for use by other tools [17].
Many standard and advanced analyses and optimizationsblegreimplemented both at McGill and at many other
institutions. Examples from McGill include array boundssis [18], variable type analysis [21] and pointer and
side-effect analysis [13].



In order to make Soot useful in the IDE integration, and tgqgupvisualization of program analysis results, several
modifications and extensions were required. Figure 1 showglalevel view of Soot, including the new parts that
have been developed to support the IDE integration and Nzstians (new parts are shaded in dark grey or red). As
indicated at the top of Figure 1, Soot takes as input the prago analyze in one of three forms (Java class files,
Jimple files or Java source files) and the command-line argtswehich specify which input files to process, what
phases and options to enable in Soot, and what kind of ouipureate.
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Figure 1: Overview of Soot

Inside Soot, the input program is converted into the JimRlewthich is a three-address typed intermediate repre-
sentation that is convenient for program analysis. Afterpé has been created, various analyses and transformation
can be applied to the program, resulting in Jimple code ghassociated with analysis information. Soot supports
a variety of intraprocedural analyses, as well as integuiacal analyses such as points-to and side-effect analysis
Compiler developers can add new analyses and/or transfiomeao this phase quite easily.

The next phase in Soot attaches tags to the Jimple IR. Théakigurpose of tags was as a mechanism for
conveying flow information, such as array bounds checkifigrmation, to a VM. However, for the purposes of the
IDE integration, we have developed three new kinds of tagsiwére used to convey program analysis information
to the IDE. We have also added a collection of built-in taggimdules based on analyses already available in Soot.
In addition, it is a very simple process for the compiler erito create appropriate tags to encode the results of new
analyses he/she has added to Soot. These new visualizg®are discussed in detail in Section 3.

As indicated at the bottom of Figure 1, Soot can produce tkirgs of outputs: class files, Java source files or
Jimple files. In addition to these output files, Soot commaingis the analysis results from the tags to the Eclipse
plugin using XML files. The details of this communication described in Section 4.

2.2 Soot Plugin for Eclipse

The Soot framework was originally designed as an ordinarg daplication that was run from the command-line. In
order to keep this functionality, as well as provide intéigrawith an IDE, we created a Soot Plugin for Eclipse. As
illustrated in Figure 2, the plugin is composed of two maiegeis: Soot (which can serve as a stand-alone application
when used by itself), as outlined in Figure 1, and the Soarfate which provides the glue between the Eclipse
platform and Soot. Th&oot Interfacétself is composed of three main parts: ®eot LauncherthelR Editorand the
Attribute Handler

TheSoot Launchemodule handles calling Soot with the appropriate commameldrguments, interfaces with the
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Figure 2: Soot as an Eclipse Plugin

Eclipse resource manager to determine the location of et files and libraries, determines the correct location for
the output files, and handles all messages sent to standima by Soot.

The command line version of Soot provides many options toigpiés behaviour. Users of the Eclipse plugin can
set these same options in two different ways. First, we haageseveral common settings (such as generating Jimple
output and decompiling) available as menu items. For movarazkd users, the plugin includes a dialog containing all
the Soot options. The settings in this dialog can be savedm&d configurations, to make it easy to run Soot many
times with the same options. The configurations are pergjste they are available in subsequent Eclipse sessions.

Soot has a large number of options, and they often changesfisses and transformations are added to Soot. An
important engineering challenge was how to maintain céersty between Soot and the plugin. Our solution was to
create an XML file specifying and documenting all the optioHsis file is used t@utomatically generate the option
handling code for both Soot and the Eclipse plugin, as wetl@=zumentation, both printed and on-line (including
tooltips in the options dialog). Using a single source fa ¢iption information ensures that Soot, the plugin, and the
documentation remain consistent.

The IR Editor handles displaying the several different IR’s in Soot, jmg syntax highlighting and a content
outliner. The outliner is useful as the IR’s are often muaigler than the original source, presenting the need to easily
navigate to particular methods. The IR editor also dispthggesults of analyses in visual ways.

TheAttribute Handleris responsible for reading analysis results from Soot, magag them, and displaying them
in a visual way. When triggered, it reads an XML file which Sbas produced containing all the analysis results. The
information must then be organized according to which pafrthe code it applies to, so that it can be displayed in
the appropriate places. Thdtribute Handlerthen displays the analysis information in the code usingupdpoltips,
colour highlighting, popup link menus, and icons.

Figure 3 provides a screenshot showing a typical use of tiegiiated toolkit. In the foreground (upper left), one
can see the Soot dialog box which is used for setting the ogfior running Soot. In this case, the user is setting the
Output OptionsAs the user moves the cursor over the various output optiotm®ltip is displayed which documents
the option. In this case, the mouse is over the optiodifople File and so the appropriate descriptive tooltip is given.

In the background, one can see the typical Eclipse displayth® left side is the Package Explorer listing the
files in the current project, including soméi npl e files generated by Soot. On the right side is the Intermediate
Representations Editor with syntax highlighting editingimple file, which was produced by running Soot with a
parity analysis enabled. As described further in Sectidn the compiler developer simply tags the variables in the
IR with colour tags based on the results from the analysid,the integrated toolkit highlights the variables in the



2 Soot Options L] — I
Soct Launching Options
1F
G|l ¢t @ o
General Optior: " Dutput Optians E JExample. jinple X
7 Gave Tags to L public class Example extends java.lang.Cbiect =
{ ’ Output Format ‘ ‘ )
= Phase Options pukli atic woid main{jawa.lang.String|
# - Jimple Body “* Jimple File v Jimp File i
[ Gall Graph L dawa. lang. Stringl] args;
Whole Shimpl v Shinple Filproduce Liimple files, which contain & textual form of Soot's T oy Lt -
Whale Shimpl Jimple internal representation, . = =
= ; =
Whele-Tinple -~ Baf File ~~ AECFeviated Baf F1le ‘ . =
#l Whole-Jimple < Grinp File B e B F = g@parameterd: java.lang.String| =
=l Whole-Jimple § = 0
Shimple Cont || s Hml File wr N Output File ) 1; =
Shimple Trar 2;
#| Shimple Opti s Jasnin File « Clasz File 0 -
Jimple Trane ; : :
& Jinple Oetin ~ Jlava Decompiled File =
# Jimple Annot M=
=brine Body 0 || fuepue Directory ‘fhome/,jlhutakf‘ecljpseZ.l,l/ecl
if B = 10 f label0; -
Fun | Cloze | e e =
H=-8+1
AzsignTest. jimple = % 10 goto labell;
B.Jinple Kl
G 7 CSEE le, jinpl
R 7 Soot Dutput £

CallGraphExample. jinple
Classl, jimple
Clasz2, inple
Exanple. jinple
Hello, jimple
E ¥ Han.ainele AE ]

Packags Explorer ‘Hlerar'chu | Hawigat.or Tasks |500t Output |

Soot started on Thu Oct 16 08:4l:dl EIT 2003

Transforming Example.. .

Uriting to dhwomedjlhotakseclipsel, 1, /eclipsedworkspace/DemodsootOutput /Exanple,
Seot finizshed on Thu Oct 16 08:41:48 EOT 2003

Soot has run for O min. G sec,

Example, jimple - DlemossootOutput

Figure 3: Soot-Eclipse Screenshot

code with different colours representing results of thdyais. The icons in the left margin labelled SA indicate §ne
of code for which analysis information is available. Figathe Soot Output view appears in the bottom right corner,
showing the output of the last execution of Soot.

3 Visualization Primitives

One of the key requirements in the design of Soot’s visutitindramework was that it be general enough to display
the results of many kinds of analyses, including ones thahawe not yet thought of. This is important for several
reasons. First, Soot is not only a compiler, but rather a demipamework While it includes many standard analyses,
it is mainly valuable as a tool to help compiler researchasilg implement their own analyses. Therefore, the
visualization framework that we design today must be addpta analyses that will be designed tomorrow by other
researchers. Second, one of the most important uses of Swotaaching program analysis, both at McGill and at
other institutions, and the visualization framework is evegy in which we are improving Soot for teaching. In the
compiler course at McGill, one assignment requires studienimplement a dataflow analysis of their choice within
Soot. The students should be able to display the resultgfdhalysis as they are developing it using the visuabrati
framework. Therefore, the framework must be able to supperarbitrary analyses that the students may choose to
implement.

To make the visualization framework general with respediti@rent analyses, we identified threisualization
primitivesto convey the different kinds of information likely to be geated by analyses. The primitives are intended
to be general enough so that any analysis information camdsepted with them. In Section 5, we describe several



example analyses whose results are displayed with thasétipes. Should we encounter an analysis for which these
three primitives are insufficient, we would consider addingew primitive, but we would again look for a general
primitive that could be used to display the results of maffifgént analyses.

For each visualization primitive, Soot includes a type oftedict tag, which is used to store the information to
be displayed. These tags can be attached to arbitrary s|assthods, fields, statements, and values in any of the
Soot intermediate representations. The analysis develmezls only to choose the visualization primitive, create a
tag containing the information to be displayed, and attaoh ihe appropriate object in the intermediate representa-
tion.! Soot’s annotation framework propagates the tags betweeimtérmediate representations. The visualization
framework collects the tags, and displays them in the apfatpwvay depending on which visualization primitive they
represent.

3.1 String Tags

The simplest way to present analysis information to the isesing an arbitrary string of text. The String Tag
visualization primitive allows arbitrary text to be assaed with an object in the intermediate representation. In
previous versions of Soot, the only way to output analysssilte was to print them as comments in the intermediate
representation, often leading to a very cluttered outpuithi/ Eclipse, however, this text is not displayed as part
of the intermediate representation itself, but as popufiipsathat appear when the mouse is over the corresponding
piece of code. The user can trace through the analysis sésuihoving through the code with the mouse. Anicon in
the margin indicates to the user which lines of code contaatyais information.

Almost any analysis information can be encoded using agTiag, since almost any information can be described
using text. Even when displaying information that is morevamiently displayed using one of the other tags, we
encourage analysis developers to include String Tags iekpdgthe analysis results to supplement these other tags.

A String Tag is very easy for an analysis developer to credgeconstructor requires only the string to be dis-
played. It is attached to a class, method, field, statementlue with a single call to itaddTag() method.
For example to tag a methadas not reachable, one could useaddTag( new Stri ngTag("Met hod not
reachabl e")); or assuming some flow analysis information has been companedstored in a map called
anal ysi sl nf 0, one could attach a textual representation of the flow aisalgformation to a statemerst, us-
ings. addTag(new StringTag (anal ysi sl nfo. get Fl ownBefore(s).toString()));.

3.2 Colour Tags

Many analyses assign one of a small collection of possibiieegao each small section of the intermediate representa-
tion. For example, a live variable analysis assigns elitieior deadto each local variable at each program point. This
type of information can be conveniently displayed by highting the relevant section of the intermediate representa
tion with a colour representing the value. For example, egugearance of a variable in the code could be coloured
red if it is dead after the statement in which it appears, ardmif it is live.

To highlight a class, method, field, statement or value, tfeyais developer needs only to select a colour (either
from a collection of pre-defined colours, or by specifyingaathitrary triple of red, green, and blue values), create a
Colour Tag of that colour, and attach it with a calladdTag() . For example, to colour an unreachable method
red, one could usm addTag( new Col or Tag( Col or Tag. RED) ) ; .

3.3 Link Tags

Some analyses produce results which take the form of refesgo other portions of the code. For example, a reaching
definitions analysis produces, for each use of a variabéesehof definitions reaching the use, where each definition is
some statement in the code defining the variable. This typdgaimation is most naturally conveyed using hyperlinks
to the code being referenced. To allow the results of an aisatp be presented as hyperlinks, the visualization
framework includes a Link Tag primitive. Each Link Tag reeas a textual description and a target statement, method,
or field (which may be in the same or a different class); it caatbached to a statement, method, or field. For example,

1A complete example of the code for attaching tags is givereitién 5.1.



to create a link between a use of a variable and its definirtgratent, one could useseSt nt . addTag( new
Li nkTag("Definition of "+variable, defStmt, classNane ));.

The same value, statement, field or method can be tagged wiipleLink Tags. For example, a statement may
have multiple reaching definitions. The textual descripgiof all Link Tags appearing at a given line are shown in a
popup tooltip when the mouse moves over the line. In ordeelcs one of the links, the user clicks on the SA icon
in the margin to produce a popup menu of all the Link Tags witkirttextual descriptions. By clicking on a specific
item in this menu, the user can follow one of the links; thesouiis moved to the target of the link. Eclipse also
provides forward and back navigation buttons like a web lsewAs shown later in our example in Section 5.2, this
functionality is very useful for navigating call graphs.

4 Communicating Analysis Information from Compiler to IDE

A compiler or compiler framework like Soot performs analysand stores analysis results on a low-level IR such
as Jimple. However, the IDE does not have direct accessgarttgirnal intermediate representation; it deals with a
textual representation of the program source, and perhspgual representation of the intermediate represemtatio
In this section, we describe how the analysis informatiom&pped from the internal representation of the compiler
to the textual representations managed by the IDE.

In earlier work [17], Soot was extended with a framework foceding analysis results in its intermediate repre-
sentation by attaching tags to objects of the representalibis framework propagates the tags between the various
intermediate representations inside Soot, and originillyas used to encode the analysis information in the class
files produced as output.

For the Eclipse visualization framework, we were able tetage this annotation framework. The key component
that had to be added was a method to encode the tags contamafygsis information in such a way that Eclipse
could read them, and match them to the appropriate positicthe textual version of the intermediate representation.
To achieve this, we modified Soot’s intermediate represiemautput code to output, along with the text of the
intermediate representation itself, an XML file containinfprmation from all the tags attached to the intermediate
representation. The output code encodes the line and cgbasitions in the text of each object of the intermediate
representation as well as encoding the appropriate poditioeach tag. The Soot interface to Eclipse then needs
only to parse the XML file to determine which tags should beldiged at which line and column position of the
intermediate representation.

Mapping analysis information back to the original sourcéecis a more difficult problem, compounded by the fact
that traditionally, the input to Soot has been pre-complkadh bytecode, rather than the original source code. One way
to do this is to make use of information stored in Java byte@tttibutes. The Java Virtual Machine Specification [14]
defines theLi neNunber Tabl e attribute, which maps each bytecode instruction to the diheource code from
which it was produced. Soot parses this attribute and ersctiemapping as a source line number tag attached to
each IR instruction. Since these tags are propagated thrilnggvarious intermediate representations, they are still
present when Soot outputs analysis information into the XL At this point, the statements of the intermediate
representation have two types of tags attached to themctagaining the analysis information, and tags containing
source line number information. When Soot records the aiglgformation in the XML file, it can add the source
line number information with each tag. This makes it possfbt the Eclipse plugin to display the tag not only in the
correct position in the intermediate representation, laat with the correct line of the source code.

String Tags and Link Tags tend to be coarse-grained enowglittis usually sufficient to display them with the
correct line of the source code. However, Colour Tags amnafised to highlight a small part of a line, such as a
single variable. Unfortunately, the Java class files do mesgrve such detailed information about the positions of
variable names in the source code. In order to have suffiziéarimation to display Colour Tags correctly in source,
Soot must accept the original source code as its input, réthe bytecode. We therefore constructed a Java source
front-end for Soot, which converts Java source code diréctthe Jimple intermediate representation. The front-end
is based on Polyglot [16], a semantic analyzer for Java sotwavhich we added a Jimple code generator back-end.
For consistency with the rest of Soot, this Java-to-Jimplagiler encodes the source line and column information
for each object of Jimple using Soot tags. This means thafsSaanotation framework automatically propagates the
information between intermediate representations, aisditailable when the output code is generating the XML file



containing analysis information. The source line and calunformation is encoded in the XML file along with the
intermediate representation line and column informatsorthe Eclipse plugin can display the analysis information i
the correct place in both the intermediate representatidrifze source code.

5 Example Applications of the Integrated Framework

In this section, we present several examples of applicatidrthe integrated framework. The applications illustrate
typical uses for teaching (Section 5.1), program undedstan(Sections 5.2 and 5.3) and more advanced research
analysis (Section 5.4).

5.1 Parity Analysis

In the optimizing compiler course at McGill, students arkegisto implement a dataflow analysis of their choice in
Soot. We also encourage the students to use the Eclipsanptugisualize the results of their analysis.

Parity analysis is one example of an analysis that studewts thosen to implement. For each integer expression
appearing in a method, the analysis computes whether ii® ¥glalways even, always odd, or could be either (top).
Typically the amount of code needed to visualize an analgsisry small and it is easy to write. The code needed to
visualize the results of parity analysis is given in Figur@He code iterates through the statements in the method, and
for each statement, it iterates through the values definddised. Each use is tagged with the analysis result before
the statement, and each definition is tagged with the arsatgsult after the statemehtTheaddTags() method
actually encodes the results in tags. First, a String Tagld®d for each value indicating its parity in textual form.
These string tags will be automatically displayed in Edips tooltips. Then, depending on the parity, a colour is
chosen and a colour tag is added. These colour tags will cheseariables to be coloured appropriately. Figure 3
showed the Jimple code with the colour tags indicating parformation.

In general, we find that students find it easy to add the taggfiogmation and the resulting Eclipse displays aids
in their understanding and debugging of the analysis, akasehaking the exercise more fun and rewarding.

5.2 Call Graph and Parameter Alias Analysis

Sootincludes a whole-program analysis framework for qoiesing call graphs and performing points-to analysis [13,
21]. The information computed by this framework can be patérly useful to help developers understand their code
and find bugs in it. In this section we demonstrate how thegralph and parameter alias visualizations were used
to find a bug in one of our benchmark programe] ecom Thet el ecomprogram simulates phone calls taking
place in a public telephone network, and it is an extendedti+tiueaded version of a benchmark distributed with
Aspectd [1] that was submitted as an example benchmark foptimizing compilers course.

The call graph visualization presents the call graph coeghy Soot using Link Tags. This allows the developer
to see the possible targets of call sites, including virtadll sites, and easily navigate the call graph by following t
links. Reverse links are also included from each methodlitthalcall sites from which it may be called. Although
most IDEs provide search features to help developers findfspmethods, these are often based only on a textual
search, ignoring the semantics of the class hierarchy,tdrest, are based on an imprecise call graph constructed
using Class Hierarchy Analysis [9]. On the other hand, tHegraph constructed by Soot can be made much more
precise, using techniques such as Rapid Type Analysis §jable Type Analysis [21], or even more precise points-to
analyses.

Soot’s points-to framework [13] can be used to compute nieg-aformation for pointers. The parameter alias vi-
sualization presents a subset of this information. Spedlfidor each method with pointers as parameters, it indga
using Colour Tags, which pointer parameters may point testtrae memory location when the method is invoked.
Parameters which may point to the same location are colaitedhe same colour, while parameters known to point
to distinct locations are coloured with different colours.

2For example, in a statement of the fokm= x + vy, the parity of the uses of andy are stored in flow information before the statement,
whereas the parity of the definition ®fis stored in the flow information after the statement.



protected void internalTransform( Body b, String phaseName, Map options)
{ ParityAnalysis pa ;ew ParityAnalysisfew BriefUnitGraph( b ));// compute analysis
for ( Iterator it = b.getUnits(); it.hasNext();{)// iterate over all stmts
Stmt stmt = (Stmt) it.next();
/I Tag all definitions with flow information after statement.
addTags( stmt.getDefBoxes(), (Map) pa.getFlowAfter(t9tin
/I Tag all uses with flow information before statement.
addTags( stmt.getUseBoxes(), (Map) pa.getFlowBeforaf j};

}

private void addTags( Collection boxes, Map parityMa )
for ( Iterator it = boxes.iterator(); it.hasNext(){)/ iterate over all values
ValueBox box = (ValueBox) it.next();
Value value = box.getValue();
/I get the flow information
String parity = (String) parityMap.get( value );
if( parity == null )return; // No parity information for this value.
/l add a String Tag
box.addTagfew StringTag( value.toString()+is " +parity+" ));
// add a Color Tag
if( parity.equals( ParityAnalysis.EVEN ) )
box.addTagfew ColorTag( ColorTag.YELLOW ) );
eseif( parity.equals( ParityAnalysis.ODD ) )
box.addTagfew ColorTag( ColorTag.BLUE ) );
dseif( parity.equals( ParityAnalysis.TOP ) )
box.addTagfew ColorTag( ColorTag.RED) );
dseif( parity.equals( ParityAnalysis.BOTTOM ) )
box.addTagfew ColorTag( ColorTag.GREEN ) );
else throw new RuntimeException(Unknown parity value ™parity+" );

Figure 4: Code to visualize parity analysis results

Figure 5(a) shows the Call Graph and Parameter Alias vizatadins applied to th€al | () constructor from the
telecom example. Notice that the two parametead,| er andr ecei ver are both the same colour, indicating that
they may be aliase®l This appears to be a possible error; in a telephone systehgiild not be possible for a caller to
call himself. In order to determine if there really is an silie problem (and it is not due to imprecision of the ana)ysis
we checked all the places where this method is called. Alsticethe comment which stat€Bhis should really only
be called by Customer.call(..)We found all callers and verified that this comment is obeysdg the call graph visu-
alization, by clicking on the SA icon next to the method sitwme. This pops up the two call graph links. The first link
indicates that the only place where this constructor iskedas inCust oner . cal | (), confirming the comment.
The second link indicates that this constructor implicitlyokes the constructor ¢fava. | ang. Obj ect . By click-
ing the first link, we were taken to the call site@ast orrer . cal | (), a very short method containing little of inter-
est. We followed another call graph link to the only call sigdlingCust oner. cal | (),inCal | Thread. run().

By looking through the code of this method (see Figure 5(g)see that the caller and receiver are simply chosen at
random from the list of customers, with no code to ensurettiegt are distinct. We have indeed found a bug, which
we can observe at runtime in the output snippet in Figure 8{eyhich Customer8 calls himself.

In general, we believe that by visualizing the call graph alasing computed by the points-to analysis in Soot,
we can provide more accurate information to the end user iayathat enables them to browse and understand their
program.

5.3 Unreachable Method Analysis

Another application of the call graph computed by Soot isglag methods which are unreachable through the call
graph from the starting point of the program. These methodddcbe removed to reduce the size of the program,
either for performance reasons, or to make the programre@sienderstand. We highlight these methods in red

3Note that this aliasing information was computed using dyfgirecise interprocedural points-to analysis, which nsethat objects from the
same allocation site may reach both of these parameters.



(a) aliased parameters and call graph links

boolean foundFreeCaller = false;
do {
int index = Math.abs(r.nextInt())%(AbstractSimulation fumsers.size());
caller = (Customer) AbstractSimulation.customers.gd#k);
if (Icaller.linelsBusy())
foundFreeCaller = true;
}while(ffoundFreeCaller);

boolean foundFreeReceiver = false;
do{
int index = Math.abs(r.nextInt())%(AbstractSimulation imsers.size());
receiver = (Customer) AbstractSimulation.customeréinyggx);
if (Ireceiver.linelsBusy())
foundFreeReceiver = true;
}while(lfoundFreeReceiver);

Call c1 = caller.call(receiver);

(b) code extract for creating a telephone call between arcatid receiver

CURRENT TI ME 10: 55
Thread 2 Start
Custoner8 cal |'s Custoner8
[new | ocal connection from Custoner8(514) to Custoner8(514)]
Call length 17
Cust orrer 8 accepts call
connection conpl et ed

(c) program output extract illustrating bug

Figure 5: Example of aliased parameters and call graph links
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using a Colour Tag, and also add a String Tag to indicate teatrtethod is unreachable. By taking advantage of
the Spark [13] points-to analysis framework, Soot can pecediall graphs with different levels of precision, and this
translates into different levels of precision in detectimgeachable methods. To demonstrate the effect of thespwaci
gained from Spark, we describe two (out of many) examplesfachable methods that were detected in benchmarks
using a precise call graph built with Spark, but that caneadétermined to be unreachable using a simpler call graph
construction algorithm such as Class Hierarchy AnalysiSAL[9].

The Jess benchmark from the SpecJVM98 [20] suite contaifessa called_ost Di spl ay. The code using this
class is commented out, with a comment indicating that it @eaaesmented out when the original Jess code was made
into a SPEC benchmark. However, a field of typest Di spl ay remains, so the class is not entirely unused. A
different implementation of the same interface also eXsaledNul | Di spl ay) and its methods are called by the
benchmark. Therefore, the methodsLafst Di spl ay cannot be determined to be unreachable with a call graph
based on CHA, but by using a more precise analysis such Rapiel Analysis [2], Soot is able to determine all but
one method of.ost Di spl ay to be unreachable.

The SableCC [19] parser generator is another interestiaghnple. Like many programs, it includes its own
utility library with implementations of standard data stiwres such as lists and trees. As with most libraries, the
application does not use all of the library code. Howeveralise the data structures are organized in a class hierarchy
as various implementations of general interfaces, andusedfe application is coded to the interfaces rather than th
implementations, a CHA-based call graph is insufficientetednine which methods of which implementations are
unused. By constructing the call graph with the help of a Bpaints-to analysis, Soot can flag many more of these
library methods as unreachable.

Thus, we can see that by exposing the more accurate analy&i®t to the end user, we can improve the tools that
aid in program understanding or refactoring.

5.4 Array Analysis

In this final example, we present an application of our frammwio a more advanced analysis, more typical of a use
in research. As part of our earlier research on array boumeiskcremoval, we implemented in Soot a comprehensive
array bounds analysis [18], consisting of three relatedlyara:variable constraint analysjsarray field analysisand
rectangular array analysisIn that paper, we provided quantitative results about ffectiveness of these analyses
on various benchmarks, in terms of the number of bounds shelokinated and the speedup obtained. However, we
are also interested in qualitative results of the analysisa number of reasons, from the point of view of both the
programmer writing the benchmark, as well as the designtireshnalysis.

For the programmer, it is very reassuring when an analydisriadnes that none of the array accesses in the
program will throw anAr r ayl ndexQut OF BoundsExcepti on. It is even more important, however, for the
analysis to provide sufficient feedback when it cannot ptba¢ an array access is safe, so that the programmer can
study the reasons why the analysis was unsuccessful, aedrde¢ whether it is due to imprecision in the analysis,
or an actual bug in the program. In addition, the programregr be interested in the effect of specific optimizations
on the performance of the program. If the programmer is mglgin the compiler to perform some optimization, it
is useful for the compiler to report whether it has enougbrimiation to perform the optimization, and if it does not,
what would need to be changed for the optimization to be agble.

While the array bounds check elimination was very effeatimesome benchmarks, it was less effective on others.
As compiler researchers, we want to know why it failed on ¢hether benchmarks, and what could be done to fix
it. Like many compiler optimizations, the array bounds ¢helimination is dependent on the three interdependent
analyses, which in turn depend on other information thattimpiler has computed, such as the call graph. Therefore,
even for the developer of the analyses, it is difficult to deiae only by examining the benchmark code the results
that the various analyses will produce, and whether thevapdition will be applied. However, by visualizing the
results of each analysis on the benchmark code, the andiygiHoper can quickly see which analyses are failing to
deduce the results needed by dependent analyses and epitiméz

To visualize the results of the array bounds check elimimative used four colours of Colour Tags to highlight the
array index expression, to indicating one of the four pdesibmbinations of the upper and lower bound being safe
or unsafe. In addition, for multi-dimensional array exgiess, we used one of two colours to indicate whether the
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array had been determined to be rectangular. Finally, whetygg why certain arrays known to be rectangular were
not found to be rectangular by the analysis, we found it coierd to also generate the call graph link tags, since the
rectangular array analysis is interprocedural and deperadethe call graph. These visualizations were very helpful
in determining why the analysis failed on certain benchraakd has helped us identify ways to improve the analysis.

Overall, we believe that appropriate visualizations widl @mpiler researchers to quickly view the results of their
analyses, to identify places where they expect the analgdi® more precise, and to help browse the program to
identify where the analysis became imprecise.

6 Related Work

Several projects have attempted to visually display tha statictures inside compilers for teaching and for debuggin
compiler optimizations. Xvpodb [7] displays the intermegt@i representation at various stages in a static optimizer.
The Feedback Compiler [4] shows animations of the transitions performed on an intermediate representation
in thel cc [11] compiler. The Visual Simple-SUIF Compiler [12] disptathe intermediate representation, as well
as control flow graphs, data dependence graphs, and reigitderence graphs. Vegdahl [24] presents a visualizer
intended primarily for teaching, which shows the data stmes in the front-end, rather than back-end, of a compiler.

A number of tools in early stages of development presentpneeedural information such as the call graph to
Java programmers. These include JAnalyzer [6], a tool base8oot for browsing call graphs, and the Gnosis
framework [3], another call graph construction toolkit. &y, Jo, and Her [8] have developed a tool for visualizing
the interprocedural control flow due to exceptions in Jagg@Ems.

More broadly, a large research community exists with ertoeferences devoted to software visualization and
program comprehension [10,15]. Most of this work focusebkigh-level visualization of the overall structure of large
pieces of software, in contrast with our work, which focuseshowing information gained from analyzing the code
statement by statement. On the other extreme, a large bodgrifexists on using program slicing [5, 22] to help
programmers understand the effects of individual statésnen

An interesting point of our work is that we are providing aligowhich makes it easy to integrate the power of
an optimizing compiler into an existing IDE. By implemergiit as an Eclipse plugin, it can be widely used (anybody
using Eclipse can easily add the plugin) and the resultitegiated tool is useful for both compiler developers and
end users.

7 Conclusions and Future Work

We have integrated the Soot compiler infrastructure into Eelipse IDE. We identified three major challenges to
providing such an integrated toolkit and described how wekléal these challenges and described our approach for
designing the Soot plugin to Eclipse. An important part of salution is a generic visualization framework for
conveying analysis results from the compiler to the users Plovides a rich environment for programmers seeking
to better understand their code, students learning abaupiber analyses, and compiler researchers studying new
analyses. We have shown the significance of several vistialis already implemented in the framework, and we
plan to implement other visualizations in the future.

Another potential area of future work is construction ofepsthrough analysis debugger. The idea is to develop a
debugger-like interface that allows the user to step thin@udata flow analysis as it is being performed, and visualize
the information being propagated. This would be a welcornehioth for students learning about data flow analyses,
and for experienced researchers debugging complicatdysasa

Some of the output produced by Soot takes the form of grapieh, & control flow graphs and call graphs. Our
current preferred method of drawing these graphs is by miadunput to thedot graph drawing tool. It would
be useful to integrate such a graph drawing tool into Eclipsenake it possible to view these graphs in Eclipse.
The graphs could even be animated (to step through a data flalysis on a control flow graph, for example) or
interactive.
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