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Abstract

We describea language-independent and specification-
drivenprogramrenderingtool that is ableto producehigh-
quality coderenderingsof arbitrary complexity. The tool
can incorporate arbitrary types of information together
with theprogramcode, allowingit to beusedfor debugging
andprofiling aswell as for producingbeautifulrenderings
of programsfor publication.

We also presenta modelfor the renderingof programs
and apply it to the designof a renderingof Java control
flow.

1. Intr oduction

Computerprogramsarereadmuchmoreoftenthanthey
arewritten. They arereadby their authoras they arebe-
ing writtenandre-readasthey arebeingdebugged,they are
readby codereview teamsto checkfor logicalandstylistic
errors,andthey are readagainandagainby maintenance
programmersastheprogramsareextendedwith new func-
tionality. Programs,or at leastfragmentsof programs,are
alsopublishedin textbooksandmanualsandreadby stu-
dentsandprofessionalsin educationalsituations.

In otherwords,whilemillionsof linesof codearewritten
everyday, millions morearebeingread.

In thispaperwewill concernourselveswith thereadabil-
ity of programs.More precisely, we will discussprogram
rendering, how the text of a programis presentedandlaid
out on theprintedpage.We will beparticularlyinterested
in

a) how informationpertainingto theprogram(otherthan
theactualcodeitself) canbeincorporatedinto theren-
dering,

b) how differentrenderingviewsof aprogramcanbepro-
ducedto aiddifferentprogrammingtasks,and

c) how wecanmodeltherenderingof computercode.

We will also describea program rendering tool, ART,
that we have developed. ART1 is language-independent,
specification-driven,fully configurableandableto produce
high-qualitycoderenderingsof arbitrarycomplexity, incor-
poratingarbitrary typesof information. We will explore
how this flexibility allows ART to be usedasa debugging
tool aswell asa tool for producingbeautifulrenderingsof
programsfor publication.

2. RelatedWork

Obviously, we arenot the first to investigatethe layout
andbeautificationof programcode. Early LISP program-
mersdiscoveredthatthereadabilityof S-expressionscould
be improved by pretty-printing, the careful layout of the
programon thescreenor printedpage.Many similar tools
have beendevelopedfor otherlanguages,includingUnix’s
vgrind which “ formats the program sources ����� in a
nice style using troff(1). Comments are placed in ital-
ics, keywords in bold face, and as each function is en-
countered its name is listed on the page margin.”

Knuth [2] introduced literate programming [11, 14],
wheredocumentationproseis interspersedwith nicelytype-
set programfragments. Fragmentscan be named,cross-
referenced,andpresentedin any order. Theresultingdoc-
umentis designedfor readingby integratingcodeanddoc-
umentationandpresentingthemin a “natural” order. Lit-
erateprogrammingsystemsexist for severalprogramming
languages[8,10].

Baecker andMarcus[1] give an in-depthdiscussionof
theproperpresentationof programs,andpresenta detailed

1AgnosticRenderingTool.



typographicdesignfor the C language.While their goals
are similar to thoseof Knuth’s literate programming,the
visualresultis very differentandmoresimilar to tradition-
ally pretty-printedC. Programsaredivided into chapters,
keywordsarehighlighted,the sizeof punctuationcharac-
tersis carefullychosen,andcommentsaretypeseteitheras
marginalnotesor in specialshadedsections.Theresultis a
programpresentationthatlooksmorelikea bookor aman-
ual thanacomputerprintout.

Tripp [13] illustratesseveralgraphicalnotationsfor de-
scribingcontrol flow, someof which we have reproduced
in Table1. He classifiestheminto threegroups:Box and
linenotations,Box notations,andLinenotations.In spiteof
thevastnumberof proposalsfor graphicalnotations(Tripp
presentseighteen),noneof them ever gainedacceptance
with programmers.It is interestingto speculatewhy:

1. Programmersmayfind graphicalnotationsto beunfa-
miliar andmay prefer to view sourcecodethe tradi-
tionalway, astext.

2. Programmersmayfind thatgraphicalnotationsdo not
provide any informationthat is not alreadypresentin
thesourcecode,andhencelackthemotivationto learn
anew notation.

3. While box-basednotationslook veryneatonacademic
examples,they tendnot to scalewell. Realprograms
have long identifiers,complex expressions,etc., that
aredifficult to renderprettily within theconfinesof a
box.

Erwig andMeyer [3] makeastrongcasefor HVPL (het-
erogeneousvisuallanguages)thatusegraphicswhenthis is
natural,andtext otherwise. They presenta programming
environment that allows programmersto integrate visual
programmingconceptsinto their otherwisetextual code.
The systemtranslatesthe pictorial part of the code into
sourcecodewhichcanthenbecompiledandexecuted.

We agreewith Erwig andMeyer that text andgraphics
arebothimportantin programming,but our focusis on the
presentationof programsratherthanon the designof pro-
grammingenvironments.In Section3 weattemptto explore
thelimits of how programscanbe rendered, i.e. presented
(using combinationsof text and graphics)on the printed
page. In Section4 we describethe designof a language-
independentprogramrenderer, andin Sections5, 6, and7
wediscusshow theenginecanbeusedfor presentation,de-
bugging,andprofiling of programs.Section8, finally, sum-
marizesour results.

3. A Model of Program Rendering

In the following we will assumethat programsareren-
deredin two dimensions,and that the renderingelements

consistof text andarbitrarypolygonalobjects.Giventhese
restrictions,wewill try to exploreandbuild asimplemodel
for thetypesof renderingsthatarepossible.

Wewill startbyconsideringthesimplestof controlstruc-
tures,the if -statement:

if
�

then �
where

�
is anexpressionand � a statement.How canthis

structureberenderedon theprintedpage?
The first thing we must considerfor our model is the

relative positioningof the abstract elements2
�

and � of
therendering.Thereareeightpossibilities:��� �	��
 ��
 � 
 �
 �
 (1)�
 �
 �
 � 

��


representsthe renderingwherethestatementis imme-

diatelyto theright of theexpression,

� 

representsthecase

whenthestatementis lowerandsomewhatto therightof the

expression,etc.

� 

, for example,modelstheconventional

waya C if statement

if (
�

)�
is rendered.

In additionto theabstractelementsof rule 1, mostren-
deringswill alsocontainconcreteelements, or decorations.
A decorationcanbe any textual or graphiccomponentat-
tachedto an abstractelement. To make the modelpracti-
cal,wewill restrictdecorationsto behorizontalandvertical
line-segments,keepingin mind thatin any actualrendering
theseline-segmentscould be realizedby arbitrary text or
graphics.Rule1 becomes:

��� �	��
 ��
 � 
 �
 �
 (2)

�
 �
 �
 � 

��


, for example,expressesthat a renderingof an if -
statementcould consistof the abstractelements

�
and �

(with
�

immediatelyto theleft of � ), adecorationbetween�
and � , anddecorationsnorth,south,andwestof

�
and

north,south,andeastof � .��

has ��� differentrenderingssinceany of its decora-

tions could beeitherpresentor absent.In total, therefore,
thereare � � ������� � ��� 
��������

differentwaysto renderan
if -statement.

Whenlooking for waysto rendercodethatarereadable
andpleasingto theeye, it is enlighteningto enumerateall

2Theterm“abstract”is takenfrom “abstractsyntax.”
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Table 1. Some box and line notations from Tripp [13].

RothonDiagrams  !" FerstlChart  !
" PAD  !"

CompactChart  " ! DoranChart  ! " SchematicLogic  ! "
Flowblocks  ! " Lindsey Chart  ! " SPDMDiagram  

! "
UFCDiagram  !" DimensionalFlowchart  

! "#%$'&�(

possibilities.Spacerestrictionspreventus from presenting
a completeenumerationhere,sowe will limit ourselvesto
an if -statement’snatural orientations. Thesearetheposi-
tionswith whichprogrammersaremostfamiliar: controlis
indicatedby a south-or southeast-wardflow, andthepred-
icate(

�
) actslike a “guard” restrictingflow from entering

thebody( � ). We get:

�)� �*��
 ��
 � 
 �
 (3)

Table2 enumeratesthe � � � � �+� � 
,�-� � differentrender-
ingsgeneratedby rule3. Rendering.0/�1 /325476 8 represents
a traditionalsyntacticlayoutsuchas

if
�

then � .

Sincethe lines in the renderingprototypescan represent
morethanonedecoration,rendering. /�1 / alsomodelsC’s
if -statement9 if 2 � 8 �): . In this case,the two tokens9 if : and 9 2 : arerepresentedby the leftmostverticalbarof

4;6 .
More complex languageconstructswith more abstract

elementswill of coursegenerateevenmorelayoutopportu-
nities.For example,for the if-then-else -statement

if
�

then � else <
wegettherule

if-else
�*��
 ��
�= ��
 = ��
= ��
= (4)

� 
>= � 
 =
� 
=

� 
=
�
�= �
 =

�
=

which hasa total of
� � �@?BAC�D� � �@?E?3�F� � �@?HG 
 � ����I �

possiblerenderings.Again, we have limited ourselves to
naturalorientations:the predicate(

�
) shouldprecedethe

then -case( � ) whichshouldprecedetheelse -case( < ) in
a top-down, left-to-right rendering.

4. The Renderer Engine

Figure1 givesan overview of the ART coderendering
engine. Input to ART consistsof the sourcecodefiles JK
that are to be renderedand a set of style files LK (writ-
ten in XML) thatdescribethelayoutof thedesiredrender-
ing. The sourcecodeis processedby a compiler MK that
hasbeenmodifiedto producean intermediaterepresenta-
tion (in NPO-QSRUTWV�XYQ [4]) of theprogram.TheXML style
filesarealsoprocessedby atranslator ZK into N[O-QSRUT\V�X-Q
macros ]K , andthesemacrosareappliedby therenderer ^K
to the intermediaterepresentationto producethefinal ren-
dering _K . In Section7 wewill seethatART is alsoableto
presentprofiling data `K .

Our current implementationrendersJava, but ART is
completelysourcelanguageagnostic:it caneasilybemod-
ified to renderprogramsin any language.To targetART to
a new languagea only requiresaccessto a compiler b fora . b is typically modifiedby addinganextra passthattra-
versesthe abstractsyntaxtree(AST) that mostcompilers
build internally. During this traversalall relevantsyntactic
andsemanticinformationaboutthesourceprogramis col-
lectedandemittedin theform of N[O-QSRUT\V�X-Q macrocalls.

Figure 2 shows the ART XML specificationof if -

statementsin theFlowblocks[9] notation, cd�e . Therender-
ingsin Table1 wereall producedby similar specifications.
At JK in Figure2 wedeclarethethreeabstractelementsof
the rendering,expr , then , andelse . At MK the then
andelse casesarejoinedtogetherandat fK theresultis
joined with the renderingof expr . At LK the appropri-
atebordersaredrawn aroundexpr , then , andelse , and

4



Table 2. Enumeration of all decorated if -statements.
0 1 2 3 4 5 6 7 8 9 A B C D E F

0 gih gih gjh gih gih gih gih gih gih gjh gih gjh gih gih gih gih
1 gih gih gih gih gih gjh gih gjh gih gjh gih gjh gih gih gih gih
2 gjh gih gih gih gih gih gih gih gih gih gih gih gjh gih gjh gih
3 gjh gih gih gih gih gih gih gih gih gih gih gih gjh gih gjh gih
4 gih gih gjh gih gih gih gih gih gih gjh gih gjh gih gih gih gih
5 gih gih gih gih gih gjh gih gjh gih gjh gih gjh gih gih gih gih
6 gjh gih gih gih gih gih gih gih gih gih gih gih gjh gih gjh gih
7 gjh gih gih gih gih gih gih gih gih gih gih gih gjh gih gjh gih
8

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
9

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
A

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
B

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
C

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
D

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
E

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
F

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
G

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
H

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
I

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
J

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
K

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
L

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
M

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
N

g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h g h
O

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh
P

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh
Q

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh
R

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh
S

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh
T

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh
U

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh
W

gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh gh

5



Figure 1. Overview of ART.
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Figure 2. A ART specification of if -statements in the Flowblocks [9] notation.

<description name="ConditionalExpr">
<input name="expr"/> <input name="then"/> <input name="else"/>

|u
<group name="all">

<group name="both">
<join prev pt="ne" next pt="nw"> <object>then</object> <object>else</object> </join>

{u
<border type="partial" start="ne" end="se"> <object>then</object> </border>

xu
<border type="partial" start="sw" end="nw"> <object>else</object> </border>

xu
</group>
<border v gap="0"> <object>both</object> </border>

xu
<join prev pt="sw" next pt="nw"> <object>expr</object> <object>both</object> </join>

tu
</group>
<line>

wu
<point>all.nw</point> <point h offset="0">all.ne</point>
<point h offset="0" v offset="0">all.se</point>
<point v offset="0">all.sw</point> <point>all.nw</point>

</line>
</description>

at ZK , finally, theouterborderis drawn.
ART is basedonTEX [6] and N[OYQSRUTWV�X-Q for verygood

reasons.Both thesesystemsarerenownedfor beinghighly
flexible tools, but, moreimportantly, they areable to pro-
duce text and graphicsof the highest typographicqual-
ity. TEX excelsat formattingtext andmathematicsandis
usedby ART to renderidentifiersand expressions,whileN[O-QSRUT\V�X-Q (aderivativeof NPO-QSRU�rV��jQ [5] thatproduces
PostScript)is usedto rendergraphicelements.As a result,
ART is ableto produceany conceivablerenderingby com-
biningtext, graphics,andarbitrarymathematicalstructures.

5. Renderingfor Presentation

As hasbeendiscussedby many authors,thephysicallay-
out of a programon theprintedpagecaneitherimproveor
diminishthereadabilityof thecode.Theflexibility of ART
allowsindividualsto experimentwith differenttypesof ren-

deringsfor differentsituations.
We have found, throughour own experience,that the

readabilityof traditional layoutsof imperative andobject-
orientedlanguagesis hamperedby the similarity of key-
wordsandidentifiers.This is particularlyevidentwhenpro-
gramsarepreparedfor presentation,for exampleon over-
headtransparencieswhere the codehas to be read from
a long distanceaway. To make keywords (suchas for ,
while , andif ) standout they aresometimesrenderedin
boldfaceor with a differentfont than identifiers,but even
thatis notenoughto reducevisualclutterandmakeaclean
separationbetweencontrol-flow anddata-manipulation.

As aresult,weadvocatearenderingstylewherecontrol-
flow is presentedgraphicallyandmanipulationof data(as-
signments,predicates,etc.)arerenderedtextually.

Wefind it particularlyinterestingandchallengingto ren-
der non-localcontrol-flow. Programsthat make extensive
useof exceptionhandling(mostJava programsfall in this
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category) arenotoriouslydifficult to readandunderstand,
sincemost statementscan potentially throw an exception
whichmaytransfercontrolto any numberof exceptionhan-
dlers. Many programmersmake useof exceptionsnot just
to handleunusualerrorsituationsbut asanadditionalcon-
trol construct.For example,a commonidiom is to reada
file without explicitly testingfor end-of-file. Instead,the
read-loopis put insidea try -catch -blockandtheend-of-
file-exceptionis caughtandignored.

Renderingcontrol-flow graphicallyratherthantextually
givesus the opportunityto presentnon-localcontrol-flow
explicitly, ratherthanimplicitly, which canmake the code
easierto readandunderstand.

5.1 A Visual Designfor Java

We have found all proposedbox-and-line notations
(summarizedin Table1)unsatisfactory. Many of thesenota-
tionsaddto thevisualclutterbyanoverabundanceof graph-
ical elements.Boxes, in particular, arevery visually dis-
tracting,particularlywhentheprogramhasa greatdealof
syntacticnesting.Furthermore,many notationsfail to take
advantageof thefactthatprogrammersareconditionedto a
top-down, left-to-right,flow-of-control.

For thesereasons,we favor renderingsin the style of

.0� 1 � 2 46 8 and.0� 1 � 2 46 8 . Thesefollow thenaturalflow of
controland,whenusingsimplelinesasdecorations,allow
usto neatlyandunobtrusively indicatesyntacticnestingand
non-localcontrol-flow. As weshallseein Sections6 and7,
thesestylesfurthermorelendthemselveswell to renderings
thatincorporatesemanticandrun-timeinformation.

Table3 shows our proposedrenderinggrammarfor the
controlstructuresof Java. Most of thedesignsareobvious,
but somerequireexplanation.

Complex booleanexpressionsarenotoriouslydifficult to
readandunderstand,particularlyfor languageswith short-
circuit evaluation. We have found that a “success-goes-
down-failure-goes-right”layout enhancesreadability. For
example, the predicatebelow is laid out such that when
a sub-expressionevaluatesto true we continuereading
downwards;whenit evaluatesto false wegoright:

while (
a>b && c>d ||
e>f && g>h)
S

� �5����� ���
�>� ����� �0��

In ourdesign,“normal” controlflow movesverticallyon
thepage,while exceptionalflow moveshorizontally. This
is consistentwith how programsarereadmostof thetime:
wescanthecodetop-down, concentratingon themain-line
andignoringexceptionalconditions.For example,break

andcontinue (which transfercontrolto thebeginningor
endof a loop,respectively) arerenderedasarrowsgoingto
theleft edgeof thepage:

lab: do �
while (c>d)

break lab;
continue;�

while (a>b);

�
�����
���D�

Non-local control-flow (exceptionthrows and catches,
methodcallsandreturns)is renderedasarrowsgoingto the
right. At theright edgeof thepagethesearrowsconnectto
a setof “non-localbus-lines”that visually transfercontrol
in andoutof amethod.

Because of its difficult semantics [12],
try-catch-finally -statements are particularly
difficult to renderintuitively. Control can flow into the
finally -clausefrom the try -body or from any of the
catch -clauses:statementfrom

try �
P();�

catch ( � ? ) �� ?�
catch ( � G ) �� G�
finally ��r �

�
¡ ¢�£¤ £ ¢�¥¤ ¥

¤-¦§ ¨ª© «

Naturally, the actualnumberof bus-lineswill be language
dependent.In arenderingof Icon,for example,specialbus-
lineswill beneededfor generatorsuspendandresume.

Figure 4 shows somedifferent renderingsof the same
procedure,usingrenderingstyleswith or withoutkeywords
andwith differentkindsof graphicelements.

6. Rendering for Debugging

Oneof thenovel andusefulaspectsof ART is its ability
to combinethe renderingof syntacticandsemanticinfor-
mation.This turnsout to beparticularlyusefulwhentrying
to read,understand,and debug object-orientedlanguages
suchasJava. For example,unlikein animperativelanguage
whereaprocedurecall 9 p() : alwaystransferscontrolto the
sameprocedure,amethodinvocation9 r.m() : in anobject-
orientedlanguagecouldgo to any numberof methods,de-
pendingon therun-timetypeof r . Thismakesreadingand
following theflow of controlin anobject-orientedlanguage
verychallenging.

ART treatssemanticinformationnodifferentlyfrom syn-
tacticinformation.Any datathatthemodifiedcompiler( MK
in Figure1) cancollect aboutthe programcanbe passed

7



Table 3. Proposed rendering grammar .
S

�*�¬
 �)��­®�)�r¯®°-±�¯�­³²®´i��°µ¯�­®±³²i��¶¸·�´�­�¹-¯�ºY¯®»µ¶0­)�r¼�¹½­�¶®¹@¾½­@·�¼�¿r¶�­�À®¹-¯®»µÁ�­�¶@´r¹r¼�²�­�¹-¯µ¶@Âr¹µ¿
E

�*�¬
 »�¿rÃ�­�¼µ¹�­ �����
if

�*�¬
 �

ifelse

�*�¬

�
 £
 ¥

while
�*�¬
 �


repeat
�*�¬
 
 �

return
�	��
 � ÄÆÅ�Ç

cont
�	��


break
�	��


switch
�	��


� £
 £ È�È�ÈÈ�È�È

 ¥

�
throw

�*�¬
 É�ÊYË¢

try
�*�¬
 = 
 £ � £È�È�È È�È�È


 ¥
= 
 £ � £È�È�È È�È�È


 ¥§ ¨Ì© «Í

for
�	��
 


ÎÐÏ � £� ¥ÎÐÏ � ¦
and

�	��
 � £Ñ� ¥
or

�	��
 � £7Ò � ¥

Figure 3. Rendering Java method call targets.
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ÛBäEåBéHç'åÚê åÚë à ç*åÕê è éØç'å áç àâì ë*å ÞØí ê à è éØç'å áã ÛBäæåÚç à è éØç'å á

down to the renderingengineand renderedaccordingto
an ART specification. In Figure3, for example,potential
methodcall targetsarerenderedat thecall site.3

In otherlanguages,othertypesof staticsemanticinfor-
mationmaybeavailableto a compilerbut not directly vis-
ible in thesource.In Icon,a highly polymorphiclanguage,
thereareno variabledeclarationsthat show a readerwhat
typeof valueaparticularvariablemayholdat run-time.An
optimizingIcon compilerwould have to collectsuchinfor-
mation (using aggressive inter-proceduraldata-flow type-
analysis)andcouldeasilypassit on to therendererengine.
Presentingthis informationto a programmerin a succinct
renderingof the codewould provide an invaluabledebug-
ging tool.

7. Renderingfor Profiling

The final applicationof ART that we will discussis as
a tool for visualizingexecutionprofiles. The currentdis-
tribution of ART includesa simplestatement-level profiler
for Java, built on the BIT [7] Java classfile instrumenta-
tion tool. Theprofiler ( `K in Figure1) instrumentstheexe-
cutable(Javaclass-filesin ourcurrentimplementation)such
that whenthe programis run, statementexecutioncounts
areproduced. The countsareusedto rank the execution

3This typeof informationmustcollectedby looking at all the classes
in aprogram.

frequency of thestatementswithin eachmethod.ART then
rendersthis informationaccordingto theprovidedspecifi-
cation.

Figure4(a) shows a renderingof ShellSortincorporat-
ing statement-level profiling information. The gray-level4

at which eachstatementis renderedindicatesits execution
rank within the method. Other renderingsare,of course,
possible,including putting the actualexecutioncountsin
the margin, removing or high-lighting any statementsthat
arenever executed,etc. Suchrenderingscaneitheraid a
first coderead-throughby removing clutter, or aid debug-
gingby alertingtheprogrammertostatementswhichshould
be,but neverwere,executed.

8. Summary and Discussion

This paperwasinspiredby a conversationwheretwo of
theauthorsdiscussedhow they write pseudo-codeby hand.
Typically, suchcodesbear little resemblanceto syntacti-
cally correctcodein any particularlanguage,but usearrows
for loops,bracesor bracketsfor block-structure,subscripts
for arrayaccesses,etc.

Thusarosethequestionof whetherprogrammerswould
actuallyprefertoseetheirrealcoderenderedsimilarto their
hand-writtencode,integratinga limited amountof graphics
with thetextual source.

Thesethoughtsevolved into the Java renderingdesign
in Section5, themoregeneralmodelof coderenderingin
Section3, and,in orderto testthedesignon realcode,the
implementationof the specification-driven coderendering
enginein Section4.

Experimentswith the new code layouts indicatedthat
replacingkeywords with unobtrusive graphicalelements
openedup new visual real-estatethat couldbe usedto ex-

4We preferto usecolor to indicateexecutionrank,but, unfortunately,
color is notavailableto usin thispaper.
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Figure 4. Three renderings of ShellSor t.
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tendthe renderingswith additionalinformation. This lead
to theextensionsin Sections6 and7 that allowedthe ren-
deringengineto incorporatesemanticandrun-timeinfor-
mationwith theprogramitself.

The prototype rendering engine, example spec-
ifications, the modified Java compiler, and the
Java statement-level profiler is available for down-
load from http://www.cs.arizona.edu/
˜collberg/Research/Render . The prototype
is underactive development.In particular, we areworking
on improving ART’s ability to combineindividual speci-
fications. The goal is to allow programmersat different
stagesof a project (debugging, performance-tuning,or
documentation)to easily producedifferent views of the
sameprogram,employing different renderingstyles and
incorporatingdifferenttypesof compile-timeandrun-time
information.
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