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Abstract

We describea language-independerand specification-
drivenprogramrenderingtool thatis ableto producehigh-
quality coderenderingsof arbitrary compleity. Thetool
can incorporate arbitrary typesof information together
with theprogramcode allowingit to beusedfor dehugging
and profiling aswell asfor 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

Computemprogramsarereadmuchmoreoftenthanthey
arewritten. They arereadby their authorasthey are be-
ing writtenandre-readasthey arebeingdehuggedthey are
readby codereview teamgo checkfor logical andstylistic
errors,andthey arereadagainandagainby maintenance
programmerasthe programsareextendedwith new func-
tionality. Programsopr at leastfragmentsof programsare
alsopublishedin textbooksand manualsandreadby stu-
dentsandprofessionalén educationasituations.

In otherwords,while millions of linesof codearewritten
every day, millions morearebeingread

In this papemwewill concerrourseheswith thereadabil-
ity of programs.More precisely we will discussprogram
rendering how thetext of a programis presentedindlaid
out on the printedpage. We will be particularlyinterested
in

a) how informationpertainingto the program(otherthan
theactualcodeitself) canbeincorporatednto theren-
dering,
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b) how differentrenderingviews of aprogramcanbepro-
ducedto aid differentprogrammingasks,and

¢) how we canmodeltherenderingof computercode.

We will also describea program renderingtool, ART,
that we have developed. ART! is language-independent,
specification-dren,fully configurableandableto produce
high-qualitycoderendering®f arbitrarycompleity, incor-
porating arbitrary types of information. We will explore
how this flexibility allows ART to be usedasa delugging
tool aswell asatool for producingbeautifulrenderingsof
programdor publication.

2. RelatedWork

Obviously, we are not the first to investigatethe layout
and beautificationof programcode. Early LISP program-
mersdiscoveredthatthereadabilityof S-expressionsould
be improved by pretty-printing the careful layout of the
programon the screeror printedpage.Many similar tools
have beendevelopedfor otherlanguagesincluding Unix’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],
wheredocumentatioproses interspersewvith nicelytype-
set programfragments. Fragmentsan be named,cross-
referencedand presentedn ary order Theresultingdoc-
umentis designedor readingby integratingcodeanddoc-
umentationand presentinghemin a “natural” order Lit-
erateprogrammingsystemsexist for several programming
language$8, 10].

Baecler andMarcus|[1] give anin-depthdiscussiorof
the properpresentatiorf programsandpresent 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. Programsare divided into chapters,
keywords are highlighted, the size of punctuationcharac-
tersis carefullychosenandcommentsaretypeseteitheras

maurginal notesor in specialshadedections.Theresultis a

programpresentatiothatlooksmorelik e abookor aman-

ualthana computerprintout.

Tripp [13] illustratesseveral graphicalnotationsfor de-
scribing control flow, someof which we have reproduced
in Tablel1. He classifiestheminto threegroups: Box and
line notationsBox notationsandLine notations.In spiteof
thevastnumberof proposaldor graphicalnotationg(Tripp
presentseighteen),none of them ever gainedacceptance
with programmersilt is interestingo speculatavhy:

1. Programmersayfind graphicalnotationsto be unfa-
miliar and may preferto view sourcecodethe tradi-
tional way, astext.

2. Programmersnay find thatgraphicalnotationsdo not
provide ary informationthatis not alreadypresenin
thesourcecode,andhencdackthemotivationto learn
anew notation.

3. While box-basedhotationdook very neatonacademic
examples they tendnot to scalewell. Realprograms
have long identifiers, complex expressionsgtc., that
aredifficult to renderprettily within the confinesof a
box.

Erwig andMeyer[3] make a strongcasefor HVPL (het-
erogeneousisuallanguagesihatusegraphicsvhenthisis
natural,andtext otherwise. They presenta programming
ervironmentthat allows programmerdgo integrate visual
programmingconceptsinto their otherwisetextual code.
The systemtranslatesthe pictorial part of the code into
sourcecodewhich canthenbe compiledandexecuted.

We agreewith Erwig and Meyer that text andgraphics
arebothimportantin programmingput our focusis onthe
presentatiorof programsratherthanon the designof pro-
grammingervironmentsIn Section3 we attempto explore
thelimits of how programscanberendeed, i.e. presented
(using combinationsof text and graphics)on the printed
page. In Section4 we describethe designof a language-
independenprogramrendererandin Sectionss, 6, and7
we discusshow theenginecanbeusedfor presentationge-
bugging,andprofiling of programs Sectiong, finally, sum-
marizesour results.

3. A Model of Program Rendering

In the following we will assumehat programsareren-
deredin two dimensionsandthat the renderingelements

consistof text andarbitrarypolygonalobjects.Giventhese
restrictionswe will try to exploreandbuild asimplemodel
for thetypesof renderingghatarepossible.

Wewill startby consideringhesimplestof controlstruc-
tures,theif -statement:

if FE then S

whereFE is anexpressiorandS a statementHow canthis
structureberenderecdn the printedpage?

The first thing we must considerfor our modelis the
relative positioningof the abstract element$ E and S of
therendering.Thereareeightpossibilities:

if =

E | ®

E S representshe renderingwherethe statements imme-

E
diatelyto theright of theexpression, S representthecase
whenthestatemenis lowerandsomevhatto theright of the

E
expressiongtc. S, for example,modelsthe corventional
wayaCif statement

it (E)
S

is rendered.

In additionto the abstractelementf rule 1, mostren-
deringswill alsocontainconcieteelementsor decoations
A decorationcanbe ary textual or graphiccomponengt-
tachedto an abstractelement. To make the model practi-
cal,wewill restrictdecorationso behorizontalandvertical
line-sgmentskeepingin mindthatin any actualrendering
theseline-segmentscould be realizedby arbitrary text or
graphics.Rule1 becomes:

|EIS|, for example, expresseshat a renderingof an if -
statementould consistof the abstractelementsE and S
(with £ immediatelyto theleft of S), adecoratiorbetween
FE and S, anddecorationsorth, south,andwestof £ and
north,south,andeastof S.

|EIS| has2” differentrenderingssinceary of its decora-
tions could be either presentor absent.In total, therefore,
thereare4 - 27 + 4 - 28 = 1536 differentwaysto renderan
if -statement.

Whenlooking for waysto rendercodethatarereadable
andpleasingto the eye, it is enlighteningto enumeratell

Im|
|

(@)

if =

|»] Im|
Im| [
v

Im|

m[»| [w»|m|

Im| |»]
|»] Im|

2Theterm“abstract’is takenfrom “abstractsyntax’



Table 1. Some box and line notations from Tripp [13].

RothonDiagrams 0 FerstiChart 0 PAD R
CompaciChart % DoranChart <E> Schematid.ogic (€]
Ts
Flowblocks Lindsey Chart ﬂ SPDMDiagram m
UFC Diagram E> DimensionaFlowchart ‘(E (ot
S T

possibilities. Spacerestrictionspreventus from presenting
acompleteenumeratiorhere,sowe will limit oursehesto

anif -statemens natural orientations Thesearethe posi-

tionswith which programmersaremostfamiliar: controlis

indicatedby a south-or southeast-ardflow, andthe pred-
icate(FE) actslike a “guard” restrictingflow from entering
thebody(S). We get:

El_ | [El (3)

Table2 enumeratethe2-27 428 = 512 differentrender
ingsgenerateddy rule 3. RenderingR4 4 (IEIS) represents
atraditionalsyntacticlayoutsuchas

if E then §S.

Sincethe lines in the renderingprototypescan represent
morethanonedecorationyenderingR4 4 alsomodelsC’s
if -statemenfif (E) S'. In this case,the two tokens
ff 7 and™(" arerepresentedy the leftmostvertical bar of
|EIS-

More comple languageconstructswith more abstract
elementwill of coursegeneratevenmorelayoutopportu-

nities. For example for theif-then-else -statement
if E then S else T
we gettherule
if-else - [E[S|_ | [EIS| | [EISI| (4)
E'S'T‘ | 1T | T
= [E|_ [El_ | [El_
Elem| 5L | 13| _s
== T T T
= E| |E|
E_ |5 |
<= | IS | IS
SN il

which hasatotal of 5 - 210 4 . 211 4+ 2. 212 = 21504
possiblerenderings. Again, we have limited oursehesto
naturalorientations:the predicate(E) shouldprecedethe
then -case(S) whichshouldprecedeheelse -casqT) in
atop-down, left-to-rightrendering.

4.The Renderer Engine

Figure 1 givesan overview of the ART coderendering
engine. Inputto ART consistsof the sourcecodefiles (D
that are to be renderedand a set of style files @ (writ-
tenin XML) thatdescribethe layoutof the desiredrender
ing. The sourcecodeis processedy a compiler @ that
hasbeenmodifiedto producean intermediaterepresenta-
tion (in METAPOST [4]) of the program. The XML style
filesarealsoprocessetby atranslator® into METAPOST
macros®), andthesemacrosareappliedby therenderer®)
to the intermediataepresentationo producethefinal ren-
dering ®. In Section7 we will seethatART is alsoableto
presenprofiling data @.

Our currentimplementationrendersJava, but ART is
completelysourcelanguageagnosticit caneasilybemod-
ified to renderprogramsn ary language.To targetART to
anew languagel only requiresaccesgo a compilerC for
L. C is typically modifiedby addingan extra passthattra-
versesthe abstractsyntaxtree (AST) that mostcompilers
build internally. During this traversalall relevant syntactic
andsemantidnformationaboutthe sourceprogramis col-
lectedandemittedin theform of METAPOST macrocalls.

Figure 2 shavs the ART XML specificationof if -

statement the Flowblocks[9] notation,. Therender
ingsin Tablel wereall producedoy similar specifications.
At @ in Figure2 we declarethe threeabstracelementof
therendering,expr , then , andelse . At @ thethen
andelse casesarejoinedtogetherandat () theresultis
joined with the renderingof expr . At @ the appropri-
atebordersaredravn aroundexpr , then , andelse , and



Table 2. Enumeration of all decorated if -statements.

0 1 2 3 4 5 6 7 8 9 A B E

Es Es ES ES IE'S Es IES Es ES 33 ES ES ES [ES [ES
1| Es | Es | Es | Es | IEs | IEs | IES | IEs | ES | ES | ES | ES [ES | IES | [ES
2 E S| E sl ESI | Esl | |esl | IEslI | IESI | IESsI ES| ESI | ESI | ESI [ESI
3 E S| E sl ES| Es| | Iesl | IEsI | IESI | [EsI ES| ES| ES| ES| [ESl | IESI | IESI
4 ElS Els Els E|S IEIS [ElS IEIS [Els EIS ElS EIS Els IEIS IEIS
5 EIS Els Els Els IEIS [Els IEIS [Els E[S ElS EIS ElS [ElS IEIS IEIS
6 EIS| Els| | EISI | Elsl ElS [Elsl | IEISI | [EISI | E[S] E[S| | EISI | EISI [EIS
7 ElS| Els| EIS| Els| IEIS| | IEIsI | IEISI | IElsI EIS| EIS| EIS| EIS| [EISI

E E E E E| El E| El IE e IE IE [E]
8 S S S S S S S S S S S S S

E_ E_ E_ E_ El_ El_ El_ El_ IE _ [E IE _ IE_ [EIl_
9 S S S S S S S S S S S S S

E E E E El El El El IE [E IE IE IEI IE
A s s s s s s s s s s s s s s

E_ E_ E_ E_ El_ El_ El_ E|_ IE [E _ IE _ IE_ IEl_ [El_
B s s s s s s s s s s s s s s

E E E E E| E| E| E| IE [E IE IE IEJ [EJ
C s| s| s| s| s| s| s| s| s| s| s| sl |

E_ E_ E_ E_ El_ El_ El_ El_ IE _ IE_ E_ E_ El_ E
D S| g g S| S| S| S| g S| g S| S| S

E E E E El El El El IE IE IE IE IE|
E sl sl sl sl sl sl sl sl sl sl sl sl sl

E_ E_ E_ E_ El_ El_ El_ El_ IE _ IE_ IE _ IE_
= sl sl sl sl sl sl sl sl sl sl sl sl

E E E E E| El El E| IE [E IE IE
G Is Is Is Is Is Is Is Is Is Is Is Is

E_ E_ E_ E_ E| El_ El_ El_ IE _ [E _ IE _ IE_
H Is Is Is Is Is Is Is Is Is Is Is Is

E E E E El El El El IE e IE IE

Is Is Is Is Is Is Is Is Is Is Is Is

E_ E_ E_ E_ E|_ El_ El_ E|_ IE _ [E _ IE _ IE_

s IS s s IS IS IS IS IS IS s s

E E E E E| E| E| E| IE [E IE IE

Isl Isl Isl Isl Isl Isl Isl Isl ISl Isl Isl Is

E E E_ E_ El_ E| El_ El_ IE _ IE _ IE _ IE_

sl S| sl sl S| sl ISl S| sl sl s IS

E E E E El El E| E| IE IE IE IE IE
M Isl Isl Isl Isl Isl Isl ISl Isl ISl Isl Isl Isl Is|

E_ E_ E_ E_ E|_ El_ El_ E|_ IE _ IE_ IE _ IE_ IEI_ [El_
N =] =] =] =] = ISl IS =] IS H] =] =] \ \ IS IS

E E E| El |E [E IE [El E E El El IE IE] IE
O S S S S S S S S S S S S S S

E E El El IE [E IEI [EI E E El El IE IEI IE
P s s S S s s s s s s s s s s s

E E E| El |E [E IE| [El E E E| El IE [E IEI IE
Q s| s s| s s| s s| s| S S S S S S| S| S|

E E| El IE [E IE| [El E E El El IE IE IEI IE

R sl sl sl \ sl sl s| sl sl sl sl sl sl sl sl sl

E E El El 13 [E IEI [El E E El El IE IE IEI [E
S Is Is Is Is Is Is Is Is IS Is Is Is Is Is Is Is

E E E| El |E [E IE| [El E E El El IE 3 IEI IE
T Is Is Is Is Is Is Is Is s Is IS IS IS IS Is Is

E E E| El |E [E IE| [El E E El El IE [E IEI [E
U Isl Isl Isl Isl Isl Isl Isl Isl S| S| S S 5 5] H] [s

E E E| El IE [E IE| [E| E E E| El IE [E IE] [E|
\Y Isl Isl Isl Isl Isl Isl Isl Isl H] ISl ISl ISl ISl =] H] ISl




Figure 1. Overview of ARI.
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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"/> (@)

<group name="all">
<group name="both">

<join prev _pt="ne" next _pt="nw"> <object>then</object> <object>else</object> </join> ®
<border type="partial" start="ne" end="se"> <object>then</object> </border> @
<border type="partial" start="sw" end="nw"> <object>else</object> </border> @
</group>
<border v_gap="0"> <object>both</object> </border> @
<join  prev _pt="sw" next _pt="nw"> <object>expr</object> <object>both</object> </join> ®
</group>
<line> ®
<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 ®, finally, theouterborderis drawvn.

ART is basedn TeX [6] andMETAPOST for very good
reasonsBoth thesesystemsarerenavnedfor beinghighly
flexible tools, but, moreimportantly they are ableto pro-
duce text and graphicsof the highesttypographicqual-
ity. TpX excelsat formattingtext and mathematicandis
usedby ART to renderidentifiersand expressionswhile
METAPOST (aderivative of METAFONT [5] thatproduces
PostScript)s usedto rendergraphicelementsAs aresult,
ART is ableto produceary concevablerenderingby com-
biningtext, graphicsandarbitrarymathematicastructures.

5. Renderingfor Presentation

As hasbeendiscussetby mary authorsthephysicalay-
out of a programon the printedpagecaneitherimprove or
diminishthereadabilityof the code.Theflexibility of ART
allowsindividualsto experimentwith differenttypesof ren-

deringsfor differentsituations.

We have found, throughour own experience,that the
readabilityof traditionallayoutsof imperatize and object-
orientedlanguagess hamperedy the similarity of key-
wordsandidentifiers.Thisis particularlyevidentwhenpro-
gramsare preparedor presentationfor exampleon over-
headtransparenciesvhere the code hasto be readfrom
a long distanceaway. To make keywords (suchasfor ,
while , andif ) standoutthey aresometimesenderedn
boldfaceor with a differentfont thanidentifiers,but even
thatis notenoughto reducevisual clutterandmale a clean
separatiorbetweercontrol-flov anddata-manipulation.

As aresult,we adwocatearenderingstylewherecontrol-
flow is presentedjraphicallyandmanipulationof data(as-
signmentspredicatesetc.) arerenderedextually.

Wefind it particularlyinterestingandchallengingo ren-
der non-local control-flow. Programghat make extensve
useof exceptionhandling(mostJava programsfall in this



catgyory) are notoriouslydifficult to readand understand,
since most statementgan potentially throw an exception
whichmaytransfercontrolto any numberof exceptionhan-
dlers. Many programmersnake useof exceptionsnot just
to handleunusualerror situationsbut asan additionalcon-
trol construct. For example,a commonidiom is to reada
file without explicitly testingfor end-of-file. Instead,the
read-loops putinsideatry -catch -blockandtheend-of-
file-exceptionis caughtandignored.

Renderingcontrol-flov graphicallyratherthantextually
gives us the opportunityto presentnon-localcontrol-flov
explicitly, ratherthanimplicitly, which canmake the code
easielto readandunderstand.

5.1 A Visual Designfor Java

We have found all proposedbox-and-line notations
(summarizedh Tablel) unsatisctory Many of thesenota-
tionsaddto thevisualclutterby anoveralundancef graph-
ical elements.Boxes, in particulay are very visually dis-
tracting, particularlywhenthe programhasa greatdeal of
syntacticnesting. Furthermoremary notationsfail to take
adwantageof thefactthatprogrammersreconditionedo a
top-down, left-to-right, flow-of-control.

For thesereasonswe favor renderingsin the style of

|E |E
Rrs (IS)andRyp (1S). Theseollow thenaturalflow of
controland,whenusingsimplelines asdecorationsallow
usto neatlyandunobtrusvely indicatesyntacticnestingand
non-localcontrol-flon. As we shallseein Sections and?,
thesestylesfurthermordendthemseleswell to renderings
thatincorporatesemantiandrun-timeinformation.

Table 3 shaws our proposedenderinggrammarfor the
controlstructuref Java. Most of the designsareobvious,
but somerequireexplanation.

Comple boolearexpressionsrenotoriouslydifficult to
readandunderstandparticularlyfor languagesvith short-
circuit evaluation. We have found that a “success-goes-
down-failure-goes-right'layout enhanceseadability For
example, the predicatebelow is laid out suchthat when
a sub-epressionevaluatesto true we continuereading
downwards;whenit evaluatedo false  we goright:

while  ( a>b e>f
a>b && c>d || o AR
e>f && g>h) - s
S

In ourdesign,'normal” controlflow movesverticallyon
the page,while exceptionalflow moveshorizontally This
is consistentvith how programsarereadmostof thetime:
we scanthe codetop-dawn, concentratingon the main-line
andignoring exceptionalconditions.For example,break

andcontinue
endof aloop, respectiely) arerenderedasarrons goingto
theleft edgeof the page:

(whichtransfercontrolto the beginningor

lab: do {
while  (c>d) _ c>d
break lab; p—
continue; t-
} while  (a>b); a>b

Non-local control-flov (exceptionthrows and catches,
methodcallsandreturns)is renderedasarrovs goingto the
right. At theright edgeof the pagethesearrowvs connecto
a setof “non-local bus-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 ary of the
catch -clausesstatementrom
try {
PO; y
} catch (e1) { PO S “
Si _ !
} catch (e3) { — X €2
52 S2
} finally { ‘—5’_’
Ss 3
}

Naturally the actualnumberof bus-lineswill be language
dependentln arenderingof Icon, for example,speciabus-
lineswill beneededor generatosuspendndresume.

Figure 4 shavs somedifferentrenderingsof the same
procedureusingrenderingstyleswith or without keywords
andwith differentkindsof graphicelements.

6. Rendering for Debugging

Oneof the novel andusefulaspectof ART is its ability
to combinethe renderingof syntacticand semanticnfor-
mation. Thisturnsoutto be particularlyusefulwhentrying
to read, understandand delug object-orientedanguages
suchasJava. For example unlikein animperatve language
whereaproceduresall p() " alwaystransfersontrolto the
sameprocedureamethodnvocationT.m() in anobject-
orientedlanguagecould go to any numberof methodsde-
pendingontherun-timetypeof r . This makesreadingand
following theflow of controlin anobject-orientedanguage
very challenging.

ART treatssemantiénformationnodifferentlyfrom syn-
tacticinformation. Any datathatthemodifiedcompiler( @
in Figure 1) can collect aboutthe programcan be passed



Table 3. Proposed rendering grammar .

S =
E == and|or]|---
. — E _ Ret
= return =
if S E ﬂ
— E cont n= A
ifelse n= | S1 break S
[ \B
S2 E —o Eq
whie  s= [2F >
R switch = [
¢ . |
repea = S
L E Sz

if | ifelse | while | switch | repeat | for | try | cont | break | throw | return

throw = eThr i e E
for = Es
E S .
1 1+ E3
S E,
T T e—
try - and == A
So E2
| or =R V Es
F

Figure 3. Rendering Java method call targets.

quadralateral.draw
rectangle.draw

square.draw
q . draw ( ) |

quadralateral q ¢« D€wW square ( )

down to the renderingengineand renderedaccordingto
an ART specification. In Figure 3, for example,potential
methodcall tamyetsarerenderedat the call site 2

In otherlanguagesothertypesof staticsemantidnfor-
mationmay be availableto a compilerbut not directly vis-
ible in the source.In Icon, a highly polymorphiclanguage,
thereareno variabledeclarationdhat shav a readerwhat
typeof valuea particularvariablemayhold atrun-time.An
optimizinglcon compilerwould have to collectsuchinfor-
mation (using aggressie inter-proceduraldata-flav type-
analysislandcould easilypasst onto therendereiengine.
Presentinghis informationto a programmeiin a succinct
renderingof the codewould provide aninvaluabledehug-
gingtool.

7. Renderingfor Profiling

The final applicationof ART thatwe will discussis as
a tool for visualizing executionprofiles. The currentdis-
tribution of ART includesa simple statement-ieel profiler
for Java, built on the BIT [7] Java classfile instrumenta-
tion tool. Theprofiler (@ in Figurel) instrumentshe exe-
cutable(Javaclass-filesn ourcurrentimplementationyuch
that whenthe programis run, statemenexecutioncounts
are produced. The countsare usedto rank the execution

3This type of informationmustcollectedby looking at all the classes
in aprogram.

frequeng of the statementsvithin eachmethod.ART then
renderghis informationaccordingto the provided specifi-
cation.

Figure 4(a) shavs a renderingof ShellSortincorporat-
ing statement-keel profiling information. The gray-level*
at which eachstatements renderedndicatesits execution
rank within the method. Otherrenderingsare, of course,
possible,including putting the actualexecutioncountsin
the margin, removing or high-lighting arny statementshat
are never executed,etc. Suchrenderingscan eitheraid a
first coderead-throughby removing clutter, or aid detug-
gingby alertingtheprogrammeto statementshichshould
be,but neverwere,executed.

8. Summary and Discussion

This papemwasinspiredby a corversationwheretwo of
theauthorsdiscussedhow they write pseudo-codby hand.
Typically, suchcodesbearlittle resemblancéo syntacti-
cally correctcodein ary particularlanguagebut usearrons
for loops,bracesor braclketsfor block-structuresubscripts
for arrayaccesse®tc.

Thusarosethe questionof whethermprogrammersvould
actuallypreferto seetheirrealcoderenderedimilarto their
hand-writtencode integratinga limited amountof graphics
with thetextual source.

Thesethoughtsevolved into the Java renderingdesign
in Section5, the moregeneralmodelof coderenderingin
Section3, and,in orderto testthe designon real code the
implementatiorof the specification-dsien coderendering
enginein Sectiord.

Experimentswith the new codelayoutsindicatedthat
replacing keywords with unobtrusve graphicalelements
openedup new visual real-estatehat could be usedto ex-

4We preferto usecolor to indicateexecutionrank, but, unfortunately
coloris notavailableto usin this paper



Figure 4. Three renderings of ShellSor t.

static void shellsort(int n, int a[]) static void shellsort(int n, int af]) static void shellsort(int n, int af])
int j, incr int j, incr
. (n - 2) _
incr — iner — (n . 2)
. — while incr > 0 while incr > 0
for int i ¢ incr for int i < incr
—i<n i<n
j €1 — incr j <1 — incr j € i — incr
—j >0 —>while j > 0 while j > 0
—alj]>alj + incr] —if alj] > alj + incr] then it aly) > ali + incr] then
int tmp < alj] int tmp < alj] int tmp alj]
aljl < alj inc
aljl < alj + incr] aljl ¢« alj + incr] alj] alj + incr ]
. . -
alj + incr] ¢ tmp alj + incr ] ¢ tmp alj + incr ] tmp
C e s s
j < j — incr j + j — incr ] 7] 7 mer
| | — else else
= ¢ break i - break
—i 4+ i+
L incr < 2 incr < 2
(a) (b) (©)

tendthe renderingswith additionalinformation. This lead
to the extensionsin Sectionss and7 thatallowedthe ren-
deringengineto incorporatesemanticand run-timeinfor-
mationwith the programitself.

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

References

[1] R.BaeclerandA. Marcus.HumanFactors and Typagraphy
for More ReadablePrograms Addison-Weésley, Reading,
MA, USA, 1990.

[2] J.L.Bentlgy, M. D. Mcliroy, andD. E. Knuth. Programming
pearls:A literateprogram.Reprintedn: Literate Program-
ming pagesl51-1771992.

[3] M. Erwig andB. Meyer. Heterogenousisuallanguages—
integratingvisualandtextual programming.In Proceedings

(4]
(5]

(6]

(7]

(8]

(9]

[10]
[11]

[12]

[13]

[14]

of the 1995 IEEE Symposiunon Visual Languajes pages
318-325IEEE ComputerSocietyPress,1995.

J. D. Hobby Introductionto MetaPost. In EuroTgX '92
Proceedingspages21-36,Sept.1992.

D. E. Knuth. The METAFONTbookvolumeC of Comput-
ers and typesetting Addison-Weslg, ReadingMA, USA,
1993.

D. E. Knuth. The TeXbook volume A of Computes and
typesetting Addison-Weslg/, ReadingMA, USA, 1994,

H. B. LeeandB. G. Zorn. BIT: A tool for instrumenting
Jarabytecodes.In Proceeding®f the USENIXSymposium
on Internet Technolayies and SystemgITS-97) pages73—
82, Berkeley, Dec.8-111997.USENIX Association.
S.Levy. Literateprogrammingn C. TeXniques,Publica-
tionsfor the TeX community5:125-130,1987.

C. H. Lindsey. Structurecharts-astructuredalternatve to
flowcharts. ACM SIGPLANNotices 12(11):36—49 Nov.
1977.

J. D. Ramsdell. SchemefX — simplesupportfor literate
programmingn Lisp. TeXhax 88(39),Apr. 1988.

N. Ramsg. Literate programmingsimplified. IEEE Soft-
ware, 11(5):97-105Sept.1994.

R. StataandM. Abadi. A typesystenfor Javabytecodesub-
routines. ACM Transactionson ProgrammingLanguaes
andSystems21(1):90-137Jan.1999.

L. L. Tripp. A surwy of graphicalnotationsfor program
design— anupdate. ACM SIGSOFTSoftwae Engineering
Notes 13(4):39-440ct. 1988.

V. Wyk. Literate programming: An assessmentCACM:
Communicationsfthe ACM, 33,1990.



