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SoftwareVisualizationin Prolog

CalumA. McK. Grant

Abstract

Softwarevisualization(SV) usescomputergraphicsto communicatethe structure
andbehaviour of complex softwareandalgorithms.Oneof the importantissuesin
this field is how to specifySV, becauseexisting systemsarevery cumbersometo
specifyandimplement,which limits their effectivenessandhindersSV from being
integratedinto professionalsoftwaredevelopmenttools.

In this dissertationthevisualizationprocessis decomposedinto a seriesof formal
mappings,whichprovidesa formal foundation,andallowsseparateaspectsof visu-
alizationto bespecifiedindependently. Thefirst mappingspecifiestheinformation
contentof eachview. Thesecondmappingspecifiesa graphicalrepresentationof
theinformation,anda third mappingspecifiesthegraphicalcomponentsthatmake
up thegraphicalrepresentation.By combiningdifferentmappings,completelydif-
ferentviewscanbegenerated.

The approachhasbeenimplementedin Prologto provide a very high level speci-
ficationlanguagefor informationvisualization,anda knowledgeengineeringenvi-
ronmentthatallows dataqueriesto tailor the informationin a view. Theoutputis
generatedby a graphicalconstraintsolver thatassemblesthegraphicalcomponents
into ascene.

This systemprovidesa framework for SV calledVmax. Sourcecodeandrun-time
dataare analyzedby Prolog to provide accessto information aboutthe program
structureand run-time datafor a wide rangeof highly interconnectedbrowsable
views. Different views and meansof visualizationcan be selectedfrom menus.
An automaticlegenddescribeseachview, andcanbeinteractively modifiedto cus-
tomizehow datais presented.A text window for editingsourcecodeis synchronized
with thegraphicalview. Vmaxis acompleteJavadevelopmentenvironmentandend
userSV system.

Vmax comparesfavourablyto existing SV systemsin many taxonometriccriteria,
includingautomation,scope,informationcontent,graphicaloutputform, specifica-
tion, tailorability, navigation,granularityandelisioncontrol. Theperformanceand
scalabilityof thenew approachis very reasonable.

WeconcludethatPrologprovidesaformalandhighlevel specificationlanguagethat
is suitablefor specifyingall aspectsof a SV system.
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Chapter 1

Intr oduction

Computersoftware hasrevolutionizedthe way we work, and the software industry is worth
trillions of dollarsworld wide. Softwaresystemsarethe mostcomplex artificial objectsever
constructed,andmanagingtheir complexity is difficult. Softwareis alsovery difficult to write,
understandanddebug. In response,softwaretoolsarerapidly evolving to createsoftwaremore
quickly andreliably.

Oneapproachto theproblemsof comprehensionandcomplexity is throughcomputergraphics
andvisualization. This is software visualization(SV), which encompassesall applicationsof
graphicsto softwaredevelopment,including staticprogramvisualization,visual programming
(manipulatinggraphicalrepresentationsof code),andvisualizationof run-timebehaviour.

Therationalefor SV is thatprogrammersandmanagersneedto understandasoftwaresystem,
often long after it was written, for debugging and updating. It is widely acceptedthat code
maintenanceis the mostexpensive part of softwareengineering[94]. Even small algorithms
canbedifficult to understand,debug, or communicateto students.Computergraphicsoffersa
powerful meansof communicatingthatinformationthroughvisualization.

The Year2000Bug highlightsthe needfor SV. A programmertrying to debug poorly doc-
umentedlegacy codewould wish to know not just theoverall structureof theprogram,but the
dependenciesof thevariousfunctionsin thesystem,whichvariablesstoreddates,andevenwhich
functionsor statementsapplydatecalculations.UsingSV, a programanalysiswould determine
this informationanddisplayit in graphicalform.

Althoughdevelopmenttoolshave providedenormousproductivity gains,their degreeof vi-
sualizationis still very limited, andvisual programminghasnot proved assuccessfulaswas
initially hoped[107]. The recentadvancesin softwaredevelopmenttoolshave comefrom im-
proveduserinterfacesandgraphicalsupport,andSV couldimprovethatproductivity further.

In spiteof theobviousbenefits,thereareconsiderabletechnicaldifficultiesto overcome.The
main problempreventingSV from beingusedin professionaldevelopmenttools is its inflexi-
bility andhigh setup costs. A systemfor automaticSV is neededto make SV accessibleto
programmers.At thesametime it shouldbeflexible enoughto provide thedesiredinformation
is thedesiredformat. In general,SV systemsareeitherautomaticor flexible - they arenot both
[64].

Theaimof aSV systemis to provideusefulinformationaboutaprogramto auser. Program-
mersneedmany differenttypesof information,socompletesystemsshouldvisualizeall aspects
of software,includingtheprogramstructure,low level details,highlevel overviewsandrun-time
data.Most SV systemsareveryspecific,andhave a very limited scope.In additionthey have a
very poor rangeof granularity, anddo not view theprogramon many differentlevelsof detail.
Theelisioncontrolof mostSV systemsis verypoor, andthereareno facilitiesfor filtering away
irrelevantinformation,or for theuserto specifywhatis or isn’t of interest.

ExistingSV toolsor developmentenvironmentshave a very limited numberof views of pro-
gramobjectsor outputdata.In fact,therearedozensof differentwaysof representingeverypro-
gramobject,eachconveying differentinformation,or usingdifferentvisualizationtechniques.

11
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Many SV systemsonly have fixed output,andchangingthe output requiresmanualprogram-
ming, which hindersendusersfrom tailoring their views. Themappingfrom datato graphical
form is fixedby programmingor specificationlanguagesin SV systems,but techniquesfor al-
lowing usersto changethismappinginteractively wouldallow endusersto customizetheviews
themselves.

Interactionwith SV systemsis alsoverylimited. Mostviewsarenot interactivesotheobjects
in the view cannotbe interactedwith. For exampleit might be useful to display information
aboutobjectsbeneaththemousecursor, or toprovideagraphicaldisplayof whateverliesbeneath
themousecursor. It might alsobeusefulto displayanautomaticlegendof eachview because
viewscontainingmany differenttypesof graphicalstructurescanbeconfusing.Betternavigation
techniqueswouldallow programmersto browsesoftwareandfind informationmorequickly.

Thereis little theorythatunderpinsSV. Currentapproachesdo not useany theoreticalbasis,
andareimplementedad hoc. Work shouldbedoneon theformalizationof informationdisplay,
whichmight leadto moreprincipledmethodsfor designingSV systems.

Thespecificationtechniquesfor SV systemsarevery awkward. SV systemsarespecifiedat
a very low level, andthey arethereforecumbersometo use. Work on specificationlanguages
is neededto provide high level specificationandscriptingof SV, which would make SV much
easierto implement,andprovidemuchmorepowerful systems.

In spiteof thesetechnicaldifficulties,SV systemsprovidevaluableinsightsinto theworkings
of complex softwarefor many differentkinds of computerlanguageandtask. The challenge
SV presentsis to provide a systemwhich is very broadin scope,very flexible in its output,has
dozensof differenttypesof view, is completelyautomatic,canbeinteractively customized,and
canbespecifiedata high level.

1.1 Aims

Priceet al. [79] identify many of thesedifficultiesandoutlinedirectionsfor future work. The
aim of this work is to producea SV systemthataddressessomeof theseproblemsby achieving
thefollowing aims:

1. Have a broadscope,visualizingall aspectsof computersoftware. Previous systemsare
too limited in their scope.Aspectsto includeare:

� Programstructure.
� Objectorientation.
� Methods.
� Run-timedata.
� Resultsfrom programanalysis,suchasmethodcalls,variableusesandcrossrefer-

ences.

2. Provide a high level specificationmethod. This shouldspecify the following aspectsof
SV:

� View content- whata view is showing. This mustprovide a genericquerymecha-
nism.

� Graphicalabstraction- how thecontentsof theview arerendered.
� Interaction- how to interactwith itemsin theview.

Thespecificationmethodsof existingsystemsareveryawkwardto use,anddonotspecify
eitherview contentor interaction.

3. Provide dozensof differentviews of the programandrun-timedata. Previous systems
provideonly a smallnumberof viewsbecauseof thedifficultiesin settingupnew views.
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4. Basetheimplementationon a theoreticalfoundation.ExistingSV systemsarenot based
on formalmodels.

5. Provide a rich andvariedgraphicaloutput. This offers a morepowerful andinteresting
meansof expression.

6. Provideflexibility in graphicalrepresentation.Usersshouldbeableto interactivelychange
thewaydatais represented.

7. Providea legendthatdescribesthecontentsof theview. This is necessaryif thegraphical
representationis so flexible, anduseful for usersunfamiliar with the system. No other
systemsprovideanautomaticlegend.

8. Provide navigationby browsingto programobjectsin thescene.Provide a preview win-
dow that graphicallydisplaysthe objectbeneaththe mousecursor, andgraphicalbook-
marksthatstoreviews for laterretrieval. Suchaninterfacewould provideaneasymeans
to accessdata.

9. Provideatext editingwindow thatis synchronizedwith graphicalviewsof thesourcecode.
Thiswouldprovidecodebrowsingandacompletedevelopmentenvironment.

1.2 Work Done

Theseaimshave beenmetby redesigningthevisualizationenginethatsitsat thecoreof theSV
systemto generatetheviews.

A specificationmethodfor informationvisualizationhasbeendevelopedby decomposingthe
visualizationprocessinto a seriesof relationsthat canbe specifiedin Prolog. This providesa
formal foundationto informationvisualization,andthereforeto SV. Theformal modelis called
a semanticmodelbecausetheinformationcontentof a view, or its semantics,is alwaysdefined
explicitly. Themodelalsoincorporatesa formalmodelof interactionwith visualizations.

This methodhasbeenshown to bepracticalby implementinga generalpurposeinformation
visualizationtool, SemanticVisualizationTool (SVT), usingthis approach.SVT canin princi-
ple be usedfor for any typeof visualization,andit is specifiedentirely in Prolog. It provides
a methodfor interfacingany knowledgebasedenvironmentin Prologto any graphicaloutput
algorithm.

SVT abstractstheinformationcontentof a view from its graphicalrepresentation.Themap-
ping from the informationcontentto the graphicalrepresentationis dynamic,so that different
mappingscanbeselectedfrom a menuto renderthe informationdifferently. Themappingcan
bequeried,sothata legendcanautomaticallydescribewhatis in theview. Themappingcanbe
completelytailoredby theuserby interactingwith thelegendto changetheway individualitems
aregraphicallyrepresented.

SVT providesa browserinterfaceso that any item in a view is navigatedto by clicking on
it. Alternative queriesof the currentobject being viewed can be selectedfrom a menu,and
alternative methodsof visualizing the currentinformationcan also be selectedfrom a menu.
A preview window automaticallyprovidesa graphicaldisplayof theobjectbeneaththemouse
cursor, anda bookmarkwindow providesfive thumbnailviews that canbe usedto storeand
retrieveviews.

SVT providesa framework for SV. A systemcalledVmaxhasbeenimplementedto browse
JavasourcecodeandJavarun-timedata.Vmaxis specifiedin Prolog,andusesPrologto analyze
sourcecodeandrun-timedataandstoretheprogramdatabase.Viewsdefinedin Vmaxcanquery
theprogramdatabaseto provideany informationabouttheprogram.

SVT providesVmax with a specificationlanguagethatallows all aspectsof SV to bespec-
ified at a high level. SVT alsoautomaticallymanagesnavigationandthe legend,andprovides
graphicalalgorithmsto displaytheoutput.

Vmaxhasatext editorto editsourcecode,andprovidesacompletedevelopmentenvironment
with integratedend-userSV. Vmax canbeextendedby loadingusers’Prolog. Vmax alsovisu-
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alizesProlog,andcanedit Prologasa visuallanguage,sothatuserscanwrite theirown queries
visually to providenew views.

Prologcanspecifyothertypesof visualization,suchasdirectorybrowsingandgraphicaluser
interfaces.SVT andVmax wereimplementedto investigatewhetherusingPrologis a realistic
approachto SV, andhow suchasystemwouldbedesigned.

1.3 Results

SVT andVmaxprovideacomprehensiveSV environment.Becausetheapproachis generic,the
systemhasaverybroadscopeandaverywiderangeof graphicaloutputform. Figure1.1shows
a rangeof sampleoutput.

On a moderndesktopPC, the performanceof Vmax is quite reasonable,makingit suitable
for visualizingprojectsof around100 000 lines of code. The codeinput rate is about6 300
linesof Java persecond.Thetime to generateviews is typically underhalf a second.Thefinal
systemhas151differenttypesof view, or 70 if alternative visualizationsarediscounted.These
include44viewsfor Javasourcecode,7 viewsfor Javarun-time,8 viewsfor Prolog,6 viewsfor
directoriesandoneview for help.

A taxonometricclassificationof Vmaxhasbeenmadeusingthetaxonomyof Priceetal. [79],
givenin Table6.1. It showsthatthenew approachto comparefavourablyto previoussystemsin
many criteria includingautomation,scope,informationcontent,graphicaloutputform, specifi-
cation,tailorability, navigation,granularityandelisioncontrol.

An empiricalstudyof usability andusefulnessof the systemlies beyond the scopeof this
work. It is intendedonly to demonstratenew techniques,andthereareno standardmethodsfor
empiricalevaluationof SV systems.Thesystemis easyto usedueto its browserinterfaceand
degreeof automation,but thishasnotbeenconfirmedby usabilitystudies.

Thereaderis invited to downloadVmax.1

1.4 Contrib ution

Thework demonstratesanumberof new techniquesthatcanbeappliedto SV.

� It hasbeendemonstratedthattheprogramminglanguagePrologcanbeusedto specifyall
aspectsof SV.

� A SV systemhasbeenconstructedthatcomparesfavourablyto existing systemsin many
taxonometriccriteria,includingscope,informationcontent,graphicaloutputform, speci-
fication,tailorability, navigation,granularityandelisioncontrol.

� A semanticmodelof informationvisualizationprovidesa link betweenvisualization,first
orderlogic, andknowledgeengineering.Visualizationsystemsandknowledgeengineer-
ing systemscanbeintegrated.

� A generalpurposeinformationvisualizationtool hasbeenimplementedthatcanbespeci-
fiedentirelyin Prolog.

� A dynamicmappingbetweentheinformationcontentof a view andthegraphicalform of
a view hasbeenimplemented.This canbe queriedto provide an automaticlegend,and
modifiedby theuser. Differentmappingscanbeselectedto tailor theoutput.

� A typesystemfor informationartefacts[38] andgraphicalartefactshasbeenimplemented.

� Visuallanguagescanbespecifiedin Prolog.

� New methodsof interactionhavebeendemonstrated,includingabrowserinterfaceto nav-
igatearounda programdatabase,a legend,andapreview window.

1URL: http://www.cl.cam.ac.uk/Research/Rainbow/vmax
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(a)Methodcontrolflow. (b) Methodblockstructure.

(c) Classhierarchy. (d) Crossreferencing.

(e) Run-timedatain agraph. (f) Run-timedatain a table.

(g) Prologvisualization. (h) GUI specification.

Figure1.1. Thescopeandoutputof Vmax.
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� New visualizationsfor programobjects,includingcolouredNassiShneidermanDiagrams
[72], havebeendeveloped.

1.5 Notation and Typograph y
� Text thatis written in a slantedfont refersto Prologor C++ sourcecode.e.g.virtual void

On resetsize();

� Text insetin aCourierfont is a largerexampleof Prologor C++sourcecode.e.g.

// This is C++ source code

� Prologatomsandfunctorsbegin with a lowercaseletter. e.g.charlesor parent(charles,
harry).

� Prologcompoundtermsarewritten asa functor followed by a comma-delimitedlist of
argumentsin roundbrackets.e.g.parent(charles,harry).

� Prologlistsarewritten in squarebrackets.e.g.[1, 2, 3].

� Prologvariablesbegin with anuppercaseletter. e.g.X, Id andObject4. Thevariable‘ ’ is
unbound.

� Prologpredicatesor compoundtermsmay written asFunctor/Arity. e.g.parent(Parent,
Child) wouldbewrittenparent/2. parent/2is understoodto bedistinctfrom parent/3.

� Prologmodulesarewritten asModule:Predicate. e.g. java:method(Method). Often the
moduleprefix is omitted.

1.6 Disser tation Overview

Chapter2 describesthepreviouswork in thefield, from SV systemsandvisualprogramming,to
thestateof theart in commercialsystems.Thetaxonomiesof SV [79, 84] andvisualprogram-
ming [71] provide importantreferencepointsfor futurework, andhave motivatedmuchof this
work.

Chapter3 describesaformalmodelof informationvisualization,andhow visualizationcanbe
specifiedin Prolog.Thisis thetheorythatunderliestherestof thework. Chapter4 describeshow
themodelandspecificationtechniquesdescribedin Chapter3 canbeimplementedin practice.A
genericvisualizationtool,SemanticVisualizationTool, is developedthatcanbeusedto visualize
any kind of data,includingthestructuredandrelationaldatain computersoftware.

Chapter5 describesVmax, a tool for softwarevisualization,that is themainproductof this
work. Chapter6 presentstheresultsandevaluationof this work anddiscusseswhereVmax fits
in to thetaxonomiesof SV. Theconclusionsarein Chapter7.

Theappendicescontaindocumentationfor SVT andVmax,andfurtherexamplesto illustrate
thespecificationtechniques.



Chapter 2

Previous Work

Although computerprogrammingis traditionally a textual discipline, the useof
graphicalillustrationsof softwarehasalwaysplayeda useful role in softwarede-
velopmentandwriting computerprograms.Illustrationsareusedto plananddoc-
umentsoftware,althoughthe ideaof usingillustrationsto createprograms(visual
programming)hasbeenaroundfor alongtime[99], aswell asautomatedutilities to
documentandbrowsefinishedsoftware. Visual techniquesarenow commonplace
in softwaredevelopment,particularlyin thedesignandgenerationof userinterfaces,
theconstructionof skeletonapplications,andthenavigationof sourcecode.

Thissurvey describestheissuesandareasof researchwithin softwarevisualization,
anumberof systems- bothcommercialandresearch- thatusesoftwarevisualization
techniques,and a numberof taxonomiesfor describingand comparingsoftware
visualizationsystems.The survey concludeswith researchproblemsthat needto
besolved for softwarevisualizationto deliver realdemonstrablegainsto software
developers.

2.1 Basic Definitions

Thereis nouniversalconsensusin theliteraturefor thedefinitionsof broadtermssuchasvisual,
visualization, visualprogramming, software visualization, programvisualizationandalgorithm
animation. Althoughtheconceptsthemselvesarefairly clear, differentsourcesplaceemphasis
ondifferentconceptsin forming theirdefinitions.

TheConciseOxford Dictionary[100] definesvisualas“of, concernedwith, or usedin, see-
ing,” andvisualizeas“makevisible,esp.to themind(thingnotvisibleto theeye);makevisibleto
theeye.” Priceetal. [79] preferthedefinition“the poweror processof forminga mentalpicture
or vision of somethingnot actuallypresentin sight” from the Oxford EnglishDictionary [92],
with theemphasisthatvisualizationis a mentalprocessratherthanjust the taskof vision, and
canthereforeincludeall of thesenses.Thiscontrastswith thedefinitiongivenby McCormicket
al. [66] as“the studyof mechanismsin computersandin humanswhich allow themin convert
to perceive,use,andcommunicatevisualinformation,” with theemphasisclearlyon theprocess
of communication.Thesedefinitionsarenot mutuallyexclusive becausevisualcommunication
precedesthecognitivemodel.In this text, visualis takento mean“visible”, andvisualizationto
mean“conversionto visible form,” eventhoughthis excludestheothersenses.In thecontext of
computers,visualmeans“visible on a computerdisplay,” andvisualizationis “communicating
datawith graphics.” This specificallyincludesall graphicalforms,aswell astext, which is of
coursevisible. Thesedefinitionsaremorestraightforwardthanthoseofferedby Priceet al. or
McCormicketal.

Myers [71] definesvisualprogramming(VP) as“any systemthatallows theuserto specify
a programin a two-(or more)-dimensionalfashion,” andspecificallyexcludestextual languages
(whichheconsidersto beone-dimensional),picturedefinitionlanguagesanddrawing packages.

17
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Priceet al. defineVP as“the useof visual techniquesto specifya programin the first place.”
Price’s definitionis betterbecausetextual languagesarevisualandhave a two-dimensionalren-
dering– Myersconfusesthedisplaywith theinternalrepresentationof thetextual language.

Myersdistinguishesprogramvisualization(PV) from VP as“the program[being]specifiedin
a conventional,textualmanner, andthegraphicsis usedto illustratesomeaspectof theprogram
or its run-timeexecution.” Priceet al. preferthetermsoftware visualization(SV) to encompass
algorithm animation(animatingthe operationsof an algorithm), codevisualization(a visual
form of theprogramcode)anddatavisualization(avisualform of theprogramdata)anddefines
it to be“the useof thecraftsof typography, graphicdesign,animationandcinematographywith
modernhuman-computerinteractiontechnologyto facilitateboththehumanunderstandingand
effectiveuseof computersoftware.”

Code Animation

Data Animation

Visual Programming

Software Visualization

Algorithm Animation

Static Algorithm Visualization

Algorithm Visualization Program Visualization

Visualization Visualization

Data

Static

Code

Static

Figure 2.1. VennDiagramshowing relationshipsbetweenthevariousfieldsof softwarevisual-
ization(reproducedfrom [79]).

MyersexcludesVP from PV while Priceet al. includeit. Priceet al. classifytheSV fields
andnomenclatureaccordingto Figure2.1, althoughthey concedethat their classificationis an
oversimplificationbecausethesefieldsarestronglyinterrelated.

SometimesproductssuchasDelphi or VisualBasicareregardedasVP, becausevisualtech-
niquesarebeingusedto createsoftware.But thesearenotVP systemsbecausetextualprogram-
ming is still necessary- navigationandthedesignof theuserinterfacesis visual,but that is not
consideredto beprogramming.

The above fields all usevisual languages which Myers definesas “all systemsthat [use]
graphics,includingVP andPV systems,” andvisualprogramminglanguages(VPLs) arevisual
languagesusedfor programming.Thedefinitionsgivenby Myers[71] areprobablythedefacto
standard,but areby nomeansdefinitive.

2.2 Benefits of Software Visualization

Visualrepresentationsseek,if not alwayssuccessfully, to assistsoftwaredevelopment.By pro-
viding representationsof softwarethatarein somewaysuperiorto text, programmerscanunder-
standcomplex softwaresystemsmoreeasily, thusdecreasingdevelopmentanddebuggingeffort
andimproving documentationandcodereuse.Given thatsoftwareis a trillion dollar industry,
evensmallgainsshouldbeconsideredimportant.

Therearemany claimsof the benefitsof thevisual environmentsfor softwaredevelopment
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andprogramming.Blackwell [10] looks at the benefitscomputerscientistsperceive of visual
programming,which alsoapply to softwarevisualization. He analyzestheseclaimsin detail,
andfindsa generalconsensusamongcomputerscientists,althoughsomeclaimsareindeedcon-
troversialor counterempiricalevidence.

Blackwell found that while few of theseclaimscould be absolute,mosthada logical basis
or somesupportingevidence,but theclaimsof superlativism, of beingnaturalandintuitive, of
utilizing morefully humancognitive resources,andof increasedinformationcontentwereun-
sound.However therearestill many potentialadvantagesof usingimageryover text, including
increasedproductivity, concretizingabstractconcepts,programstructurebeingmoreeasilycon-
veyedpictorially, assistingtheprogrammer’smentalmodelof software,andresemblanceto the
realworld thusutilizing our instinctivemanipulativeskills [90].

Thereis somenotableoppositionto visual languages,which is reasonablein theabsenceof
muchempiricalevidencesupportingvisual programming.Brooks[13] statesthat “A favorite
subjectfor Ph.D.dissertationsin softwareengineeringis graphical,or visual, programming-
the applicationof computergraphicsto softwaredesign. Nothing even convincing, muchless
exciting, hasyet emergedfrom suchefforts. I ampersuadedthatnothingwill.” This argument
shouldnotbetakentooseriouslybecauseit waswrittenbeforewindowing systems,heonly con-
sidersflow charttechniques,andconfusessuperimposedviewswith multipleviews. Brooksalso
claimsthat limited sizeof displayrendersvisual programsunscalable,althoughthis argument
collapseswhenoneconsidersmultiple views. Scalingis indeeda problemin visual languages
[17], but the problemhasbeenovercomein textual languages.O’Brien [73] states“...beware
theclaimsof visualprogramming.Drawing linesbetweenobjectsbecomesbafflingly web-like.
Purelyvisual programmingis not yet andmay never be viable.” This argumentis alsoflawed
becausestructurednetworks (suchasthoseusedin LabVIEW [104] or ProGraph[19, 77]) is
just onevisual representationof code. Theempiricalevidencesupportingvisualprogramming
languagesis discussedat lengthby Whitley [107].

Theseargumentsaredirectedat thepracticalitiesof VP wherethetext in thesystemhasbeen
replacedentirelyby diagrams,ratherthanatSV. Visualprogramminghasmany weaknessesthat
needto be overcome,including lack of scalability [17], that visual representationsarenot as
compactastextual ones[71], awkwardnessto edit in visualnotation,whentext andkeyboards
canbefaster[36], or thatpurelyvisualprogrammingsystemsareno betterthantraditionalones
for largeprojects.Theemphasisof currentresearchis to tackletheseproblems.

In fact Brooks[14] is entirely in favour of usingdiagramsto assistsoftwaredevelopment,
andhas“enthusiasmfor usingdiagramsasthoughtanddesignaids.” Brooksalsoconcedesthat
multiple diagramsarerequiredfor differentaspectsof software,andthatsomeaspectsaremore
suitablefor visualizationthanothers.It is theawkwardnessof visualrepresentationat thelowest
level (code)thatseemsto beimpedingvisualprogramming.Removing text entirelymayindeed
not bedesirableor practical,but visualsupportfor softwaredevelopmenthasprovedto bevery
useful.

2.3 Taxonomies of Software Visualization

Themostcomprehensivetaxonomyof SV is providedby Priceetal. [79] Myers’staxonomy[71]
precedesPrice’s,andofferstaxonomiesfor VP aswell asPV. RomanandCox[84] offerasimpler
and lesscomprehensive taxonomyof PV. Taxonomiesserve to classify, quantify anddescribe
typesof SV andvisualizationsystems,assistin finding weaknessesandareasof research,and
offer waysof comparingandevaluatingSV systems.

ThetaxonomiesalsodiscussandclassifyvariousSV systems.Priceet al. classifyandcom-
parein detailtwelvesystems:SortingoutSorting[3], Balsa[16], Zeus[15], TANGO[95], ANIM
[8], PascalGenie(from ChariotSoftwareGroup),UWPI [42], SEE[4], TPM [12], Pavane[86],
LogoMedia[25] andCenterLineObjectCenter[93]. Priceetal. thenconstructa taxonomybased
upona treestructure,whereeachleaf in thetaxonomyoffersa differentandorthogonalclassifi-
cationcriterion.Thecompletetaxonomyis shown in Figure2.2.

Priceet al. justify their first level classificationby a generalizedmodelof the softwarevi-
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Figure2.2. Priceetal.’s taxonomyof softwarevisualization.
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sualizationprocess.Scoperelatesto thesourceprogramandthe input domainof the software
visualizer. Contentdescribesthe particularaspectof the softwarethat is visualized.Form de-
scribestheoutputof thesystem.Methoddescribeshow theimplementationis specifiedandhow
theSV systemworks. Interactiondescribeshow theusercaninteractwith theview or theSV
systemto control, navigate,or modify the visualization. Effectivenessoffers evaluationcrite-
ria for SV systems.By makingtheir taxonomytreestructuredthey allow their taxonomyto be
extendedasthefield evolves.

RomanandCoxoffer a relatedtaxonomy, shown in Figure2.3.
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Interface
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Analytical Presentation

Explanatory Presentation

Orchestration

Program Visualization

Synthesised Rep.

Through the Image

Figure2.3.RomanandCox’s taxonomyof programvisualization.

RomanandCox’s “Scope”category containsPrice’s “Scope”and“Content” categories.By
“Abstraction”,RomanandCox meanthedegreeto which thecodehasbeentransformed.This
overlapsPrice’s “Content” and“Form” categories. RomanandCox’s “Specification”category
is containedwithin Price’s “Method” category. RomanandCox’s “Interface”categorydescribes
bothrenderingandinteraction,socontainsPrice’s “Form” and“Interaction”categories.Roman
andCox’s “Presentation”category denotesthesemanticsof the visualization,andis contained
within Price’s “Form” category. RomanandCox’s taxonomyis awkwardherebecauseit sep-
arates“Graphicalvocabulary” and“Presentation.” RomanandCox do not consider“Effective-
ness”andpurposein their taxonomy, whenthis is surelyoneof themostimportantfactsabouta
SV system.

Myers [71] offers threedifferenttaxonomies,for programmingsystems,programvisualiza-
tion systems,andlanguagespecificationtechnique.He classifiesprogrammingsystemsusing
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threeorthogonalcriteria, giving eight categories. The criteria are: visual vs. textual program-
ming, examplebasedvs. not examplebased,andinterpretedvs. compiled. The taxonomyfor
PV systemsusesa 2x3 grid, with staticvs. dynamicon oneaxis, andcodevisualization,data
visualizationandalgorithmvisualizationon the other. A programmingsystemmay belongto
morethanonecategory. Thetaxonomyby specificationtechniquelists 14 differentmethodsof
languagespecification,andexamplesof visual languagesbelongingto eachcategory. Myers’
taxonomiesareforerunnersto Priceetal.’s,which is farmorecomprehensiveandmoreapplica-
ble to SV.

2.4 Software Visualization Systems

A rangeof SV systemsarepresentedin this section. Unfortunatelya comprehensive survey
is beyond the scopeof this work. Therearehundredsof programmingsystemsusing visual
techniques,whichareroughlydividedinto developmenttoolsutilizing visualtechniques,visual
programmingsystems,andsoftwarevisualizationsystems.

2.4.1 Development Tools

Almosteveryprofessionaldevelopmenttool usesvisualtechniquesto assistapplicationdevelop-
ment.Thesevisualdevelopmenttoolsrepresentthestateof theartcommercially, andoffer “rapid
applicationdevelopment”comparedwith text-only environments.Thesetools form a basisfor
moreadvancedSV, andthe visual representations,navigation techniquesandhumancomputer
interactionissuesin thesesystemsaredirectly relevantto SV. BetterSV techniquesarelikely to
beincorporatedinto developmentsystemsasthesophisticationof thesetoolsgrows.

A survey in PersonalComputerWorld [76] reviews theleadingvisualdevelopmenttools for
thedesktopmarket,wheretheleadingplatformis Microsoft Windows95/NT. Theproductsun-
der review areDelphi 2.0, Optima++1.5, Power Objects,PowerBuilder5.0, VisualAgeBasic,
VisualBasic4.0,VisualC++ 4.2,VisualFoxPro5.0, Java Workshop,VisualJ++,Visual Inter-
Dev, Visual Basic5.0, C++ Builder andVisual Caf́e. Most offer databaseconnectivity, object
orientation,applicationbuilders,visual design,visual navigation andembeddedhelp systems.
The programminglanguagesJava, C++, Pascal,FoxProandBasicareused. Visual aspectsof
thesesystemsinclude

� A graphicaluserinterface.

� A windowedenvironment.

� Dialogboxes,tool-barsandpull-down menus.

� What-you-see-is-what-you-get(WYSIWYG) form designers.

� WYSIWYG graphicaluserinterfacedesign(menus,dialogboxesandgraphicalresources).

� Visual browsing of programresources(including graphicalresourcesand programli-
braries).

� Codenavigationusingvisualbrowsersof proceduresandclasses.

� CodenavigationbetweencodeandGUI events.

� Visualmodificationof thepropertiesof sometypesof programobjectandresources.

� Dialogboxbasedskeletoncodecreationfor componentsandapplications.

Thereareonly threevisualnotationsused,eachsupportinginteraction:

� Direct representation(of graphicalresources,forms, menus,dialog boxes and source
code).
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� Nestedlist representationfor hierarchicalstructures(suchasprocedures,classes,methods,
helpandgraphicalresources).

� Tableor dialogboxrepresentationfor programobjectproperties.

Herewe seea successof visual languagesin designingspatialthings(graphicaluserinter-
faces)spatially. Theseproductsdo not however provide visual supportfor the programming
itself, andmerely insertcodetemplateswhich the programmersneedto fleshout themselves.
While clearlyuseful,thereareonly a very limited numberof applicationviews, usingonly the
nestedlist notationandareusedjust for codenavigation.But eventhesetechniquesoffer greater
easein building large high quality applications.Figure2.4 shows a screenshotof Microsoft
VisualBasic.

Figure 2.4. Microsoft Visual Basic5.0, showing dialog box designandtheprojectnavigation
tree.

Genitor

Genitor(from GenitorCorp.1) goesfurtherthanordinarydevelopmentenvironmentsbecauseit
offersasuiteof toolsfor automaticnavigation,projectmanagementanddocumentation.Its class
editor, shown in Figure2.5,providesa navigationtreethatvisualizesthemethodstructure,and
canbemanipulated(via menusanddraganddrop)to changetheprogramobjects.

While Genitorhasaccessto a greatdealof dataaboutthe program,its graphicaloutput is
very limited. A navigationtreeshows only thestructureof thefile, andotherinterrelationships
arenot illustrated,but accessedthroughnavigation. Its viewsarehardcodedusingjust listsand
a nestedlist view.

Source Code Anal yzers

SourceNavigator (from CygnusSoftware2) is a developmenttool for C++, Java andCOBOL
thatprovidestreeandgraphviews of thesystem.It shows theclasshierarchy, crossreferences
betweenclasses,symbolsusedin thesourcecodein a tree,anda graphof headerfile inclusion.
It canmanageprojectsin excessof 100000linesof sourcecode.

CC Rider (from WesternWares3) usesa sourcecodeanalyzerto view the structureof C++
programs.It canshow classhierarchies,classancestries,functioncall trees,classnesting,header
file inclusion,symbolsandprogramstatistics.It canbeusedto navigateto partsof thesource
code,andprovidedetailedinformationaboutprogramobjects.

1URL: http://www.genitor.com
2URL: http://www.cygnus.com
3URL: http://www.westernwares.com
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Figure2.5.Genitor’sclasseditor.

SNiFF+ (from Take Five Software4) hassourcecodeanalyzersfor C, C++, Java, Fortran,
Assembler, Python,Tcl, Perl andBash. It providesprojectand documentationmanagement,
views of classhierarchies,classbrowsing and includebrowsing, andsourcecodenavigation.
Projectsin excessof a million linesof codecanbeanalyzed.

In thesesystems,the views arefixed, the information they provide is limited, their output
vocabulary is limited, andthey have no supportfor run-timeinformation.However they offer a
greatimprovementover text-only programming.

Tau

Tau[70] is a collectionof toolsto navigateandprofile C++ sourcecode,andincorporatesclass
browsinganddisplaysdetailedrun-timeprofile informationvisually. Views include

� File andclassdisplay. This provideslist boxesto browsemethodsandclassesin source
code.

� Call graphextendeddisplay. Showsthecallsmadebetweenfunctionsasagraph.

� Classhierarchybrowser. Showstheclasshierarchy, anda window listsclassmembers.

� Routineanddataaccessprofiledisplay. Displaysrun-timeusageof data.

� Speedupandparallelexecutionextrapolationdisplay. Showsgraphsof theperformanceof
parallelC++.

Tau’s visualizationis too limited to classifyit asa SV system.Tauis implementedmanually
- thereis no easyway of extendingthe views or the system,andits output form is limited to
numericalgraphsandaclasshierarchy.

4URL: http://www.takefive.com
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2.4.2 Visual Programming Systems

Visualprogrammingsystemsconsistof a visualeditor to constructvisualprogramsin a visual
programminglanguage,andameansof executingthevisualprograms.In Priceetal.’sdefinition
[79], SV encompassesVP becauseVP is a specializationof SV that allows interactive mod-
ification of the program.VP systemsusemany visual programminglanguages(VPLs), visual
representationsof software,andtechniquesto interactwith visualizationsto modify theprogram.

Visualprogramminglanguageshave existedsince1966[99], andtherearenow hundredsof
VPLs in existence.VPLsarebecomingasprolific astextual languages,althoughthereis not the
sametool support(suchasLex andYacc[2]) for visualprogramming[36] makingit considerably
moredifficult to implementvisualprogramminglanguagesthana textual ones[71], andonly a
small numberarecommerciallyviable. VPLs thathave hadparticularcommercialimportance
includeLabVIEW [104], ProGraph[19, 77], VisualAge(from IBM), VisualAppBuilder(from
Novell), AVS (from AdvancedVisualSystems)andAppWare(from Novell). Visual languages
aremoresuccessfulasenduserlanguagesfor specificapplicationsthanasgeneralpurposepro-
grammingtools.

Figure2.6.Thequicksortalgorithmwritten in ProGraph.

ProGraph,originally describedby Pietryowski [77], is oneof themostsuccessfulandwidely
usedVPLs. Figure2.6showsanexampleof a ProGraphprogram.

It is plausibleto suggestthatvisual languagesmight onedaysupersedethetextual program-
mingparadigm.At presentpracticalissuessuchasscalability[17] andtools[36, 65, 71] needto
besolvedto makevisualprogrammingaviablealternative to textualprogramming.

2.4.3 Code Visualization Systems

Codevisualizationprovidesgraphicalinformationaboutthe sourcecodeof a program. It in-
cludeshigh level overviews, programstructure,andsourcecodeitself. It is differentto visual
programmingin thatcodevisualizationsystemsdonotnecessarilymodify graphicalrepresenta-
tionsof code.

SEE

SEE[4] is a sourcecodepretty printer that goesmuchfurther thansyntaxcolouring. Syntax
colouringis oftenusedin text editorswhich identify the lexemespresentin thesourcetext and
colourthemaccordingto theirtype(for examplereservedwordsor comments).Syntaxcolouring
givesdemonstrablebenefitsto programmers,resultingin fewer syntaxand typing errors,and
fastercomprehensionof thesourcecode[4].

SEEconvertssourcecodeinto thestyleof a technicalmanualfor automaticdocumentation.
Type-faces,bold anditalic emphasis,font sizeandshadingareusedto displaythesourcetext,
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with oneprocedureperpage,andprocedureparametersclearly laid out in a table. Crossrefer-
encesto otherproceduresaregeneratedautomatically. Thereareothersourceformattingutilities
available,includingvgrind (in BSDUnix) andWEB (partof theTEX typesettingsystem).

SEEis very limited in its output- its outputformat is fixed,andit doesnot make extensive
useof graphics.

SeeSoft and SeeSys

SeeSoft[29] by AT&T Bell Labsis a SV systemthatproducesline-orientedsoftwarestatistics
of thesourcecodein a softwareproject.Eachline of sourcecodeis representedby asinglehor-
izontalbar, containedin a verticalbar representingeachsourcefile. Modificationstatisticsare
compiledfor eachline of sourcecode,whicharethendisplayedusingacolouredscale(continu-
ousor discrete)showing updatefrequency, or timeof lastupdate.Filescanbegroupedaccording
to function,andFigure2.7(a)showsthescreenlayout.

(a) SeeSoft. (b) SeeSys.

Figure2.7.Line orientedsoftwarestatistics.

Thedisplayis interactive,allowing usersto dragsmallwindowsover eachsourcefile to dis-
play actualsourcecode,andchangethecolourscale.This visualizationtechniqueis sometimes
referredto asa mural [49], wherea long displayis compressedin onedimensionsothat it may
becontainedwithin thescreen,anda superimposedsliderthenmagnifiestheregion of interest.
Muralsobey Shneiderman’s“visual informationseekingmantra:overview first, zoomandfilter,
thendetails-on-demand.” [91]

Baker andEick [5] attemptto solve the problemof screensizeandscalabilityby develop-
ing a systemcalledSeeSysto visualizesoftwaresystemsusingline-orientedsoftwarestatistics.
Insteadof usingfixedwidth barswith lengthsproportionalto the numberof lines of code,the
screenis dividedinto rectangularregionsasshown in Figure2.7(b)with rectangleareaspropor-
tional to thelinesof code.Thesystemcanvisualizefiles,directoriesandsubsystems,andthere
is a zoomfacility to zoomin on any subsystem.Additional informationis presentedto theuser
asthemousemovesover thevisualization.

The outputof SeeSoftandSeeSysis inflexible, so that the outputdataandformat it fixed.
Thereis alsoonly onetype of informationavailable: the modificationhistory of eachline of
sourcecode,andthesizeandmodificationhistoryof eachsourcefile. Neverthelessthey provide
a usefulbrowsingandoverview facility.

Graph Visualiz er 3D

GraphVisualizer3D (GV3D) [32, 105] is a tool to createthree-dimensionalvisualizationsof
networks, and in particularof computersoftwareandobject-orientedcode. Figure2.8 shows
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visualizationsit can produce. By itself, GV3D is just a graphicaloutput library that can be
interfacedto analysistools.

(a) Calls. (b) Classhierarchy. (c) Modules.

Figure2.8.Renderingsof almost6 million linesof codeby GraphVisualizer3D.

2.4.4 Algorithm Animation Systems

Algorithmanimationsystemsillustratetheprinciplesof analgorithmby illustratingitsoperations
onadatastructure.Sometimestheanimationsdon’t relateto arealprogramatall, but aresimply
animationscripts.Of specialinterestis how theunderlyingprogramis connectedto theoutput
graphics,which if often no more complicatedthan embeddedcalls to a specializedgraphics
library.

Tango and Polka

Tango[95] is analgorithmanimationsystemby J.Stasko at theGeorgia Instituteof Technology
thatcancreatesmoothanimationsusingsmoothpathtransitionsbetweenexecutionsteps.An-
imationsaredesignedusingtrajectoriesandchangesin size,colour andvisibility. The source
codeis annotatedto generateabstractdataevents,andunderexecutionthedataeventsmapto
animationeventsto generatetheanimation.Animationcallsandvisualizationsetuparewritten
in C andinsertedinto thesourceprogram.Thereareusercontrolsto pause,controlspeedand
panthedisplay, andthevisualizationsare2 and2 �� dimensional,animatedin real time. Figure
2.9(a)showsXTango- Tangofor X-Windowsthatvisualizesanimationscriptsgeneratedfrom a
runningprogram.

(a)Bin packingin
XTango.

(b) Minimum spanningsubtreein Polka. (c) Quicksort in
Polka-3D.

Figure2.9.Visualizationsproducedby Tangoandits derivatives.

Tangohasnow beensupersededby Polka [96], which is well suitedfor colourful smooth
animationsof parallelprograms.Animationcallsaremadefrom a runningalgorithmthatcall a
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C++ library to effectanimationeventsin adisplay. Objectsarecreatedthatcanbemovedaround
thescene.Sambais a front endto Polkathatacceptsanimationdirectivesfrom a text file. Polka
supports2-D and2 	
 -D visualizations,shown in Figure2.9(b),but Polka-3Dproducesfull 3-D
visualizationsshown in (c).

Severalvisualizationsystemshavebeenbuilt uponPolka,includingPARADE [97] to visual-
izeparallelanddistributedsystems,ConchViz to visualizetheexecutionof clusterandmessage-
passingenvironments.PVaniM visualizesandanimatesdatafrom a Parallel Virtual Machine,
which sendscommunicationandusereventstatisticsbackto a monitorfor visualization.There
areothervisualizersfor parallelprocesses,includingXPVM, Xab,PVMTraceandPablo[57].

Themaindrawbackwith Polkais that it offerslittle morethanananimationlibrary in C++.
Becausetheanimatormustmanuallywrite all of theanimationcalls, it is very time consuming
to createanimationsin Polka.A degreeof expertiseis requiredto learnthelibrary.

Balsa and Zeus

Zeus[15] by DEC SRCis written in Modula-3,andis baseduponanalgorithmanimationsys-
tem calledBalsa[16]. Balsaitself wasusedasa teachingaid for algorithmsusingalgorithm
animation,andprovideda windowedgraphicaldisplay, panning,zoomingandallowedusersto
view theexecutionof severalalgorithmsrunningsimultaneously, andcanprovidesynchronized
multipleviewsof thesamealgorithm.Theuseris ableto setthegraphicaldisplayof dataitems,
andasourcewindow with pretty-printedtext is alsoavailable.Balsaworksby insertinginterest-
ing eventpointsinto thesourcecode(alsoknown asannotatingthesourcecode),whichgenerate
visualizationscriptsthatcanbereplayed.

(a) (b) (c)

Figure2.10.Outputfrom theZeusalgorithmanimationsystem.

Zeussupportssynchronizedmultiple configurableviews. Zeuscanrun in a multi-threaded,
multi-processorenvironment,makingit suitablefor visualizingparallelprograms,somesound
extensionshave beenincorporatedinto Zeus,andZeusnow supports3-D. Figure2.10 shows
Zeusin operation.

ZeususesModula-3’sclasshierarchyto defineviewsof analgorithm.Eachrunningalgorithm
generatesanimationevents,which call theanimationlibrary to provide outputto theuser. The
effort of settingup new animationsis high becausethealgorithmmustbe implementedwithin
theZeusframework, andhencedoesnot correspondto real-world programs.Theprogrammer
mustmanuallyinsertcallsto BalsaandZeusto performtheanimationactions,requiringa priori
detailedknowledgeof thealgorithm.

Pavane

Pavane[84, 86] is avisualizationsystemthatis capableof visualizingtherun-timebehaviour of
parallelandmassively parallelarchitectures.Parallel,distributedandconcurrentexecutionis a
verycommonsubjectof visualizationbecauseconcurrentexecutionis sodifficult to understand.
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The implementationconsistsof five modulesthat canbe distributedacrossa network, pro-
viding aparserto anintermediatelanguage,a run-timeexecutionmonitor, visualizationutilities,
a rendereranda viewer. This architectureallows remoteanddistributedvisualization.Visual-
izationsin Pavanearespecifiedin a declarative style[85], wherea mappingis definedbetween
thedataspaceandobjectsin thevisualspace.Thisgivesa powerful degreeof abstractionof the
visualizationfrom thedata.Smoothanimationcanalsobedefined.Its outputis shown in Figure
2.11.

Figure2.11.An animationof sortingby Pavane.

Pavanevisualizationsarevery complicatedto setup. The target programin C is manually
annotatedby insertinga numberof calls that initialize Pavaneand declarethe datato watch
(via the VisualMonitor() function). Event pointsare insertedinto the sourcecodeby calling
VisualUpdate()which tellsPavaneto updatethevisualizationwith thenew state.

A file containingvisualizationrulesdeclareshow to producethevisualization.Only numer-
ical valuesandarrayscanbepassedto theserules. Eachrule declaresobjectsin thescene,and
their screencoordinatesdependon thevaluesobtainedfrom the C state. Expressionsmapthe
input datato coordinatesin thescene.Thesyntaxof thesevisualizationrulesis very complex.
Oncethesystemhasbeensetup,quitepowerful visualizationsarepossible.

Themainproblemwith Pavaneis themanualeffort andcomplexity in definingnew visualiza-
tions. Its specificationlanguageis verycumbersomeandlow level.

Leonar do

Leonardo[20] is an algorithmanimationsystemthat providesa logic programminglanguage
calledAlphatodefinegraphicscorrespondingtodataof aprogramexecutingin avirtualmachine.
LeonardoclaimstobemucheasiertousethanPavane[85], andits virtualmachinecanbestepped
forwardsaswell asbackwards.An outputfrom Leonardois shown in Figure2.12.

Declarationsin Alphaareembeddedin theobjectprogramwithin /** and**/ , for example

int g[MAX_NODES][MAX_NODES];

/**
Graph(Out 1);
Node(Out N, 1) For InRange(N, 0, gNumNodes-1);
Arc(X,Y,1) If g[X][Y]==1;

**/

Alphadeclarationsaresimply logicalpredicates.It is similar to Prolog,but hasa muchmore
awkwardsyntaxandhasto defineparametersaseitherinputsor outputs,andlacksunification
andcompoundterms.Variablescanonly beintegertypes.Expressionsfrom thetargetlanguage
canbeembeddedinto Alphadirectly. WheneveranAlphapredicateis called,expressionsin the
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Figure2.12.TheLeonardoanimationsystem.

targetlanguageareevaluatedaccordingthethecurrentstateof thethevirtual machine.Thusthe
view is alwayssynchronizedwith thevirtual machine.

Graphicalcomponentsin the scenearedeclareddirectly as predicates,so for examplethe
Arc/3 predicatedeclaresthe presenceof arcsin the scene.This approachhasbeenproposed
asa generalpurposelogic-basedframework for visualization[23, 24]. Componentsof a scene
in Alpha are “pulled” from the predicatesby queryingthem. The predicatesspecify screen
coordinatesdirectly.

Thealternative“push” styleof imperative languagesis

void draw() {
Window(_W);
for(int RecID=0; RecID < num; RecID++)

Rectangle(_W, RecID, 10+RecID*20, 10, 15, a[RecID]),
RectangleColor(_W, RecID, a[RecID]<50 ? DARKGREY: LIGHTGREY);

Line(_W, _L, 5, 10, 10+num*20, 10);
}

Thesamefunctionalityin Alpha is specifiedin [23] as

/**
Window(Out _W);
Rectangle(_W, Out RecID, Out X, Out Y, Out L, Out H)

For RecID:InRange(RecID,0,num-1)
Assign X=10+RecID*20 Y=10

L=15 H=a[RecID];
RectangleColor(_W, RecID, Out DARKGREY)

If a[RecID]<50;
Line(_W, Out _L,

Out 5, Out 10, Out 10+num*20, Out 10);
**/

As canbeseen,theAlpha programis actuallylongerandmoreobscurethanthe imperative
language!In theaboveexample,thedraw() functioncouldbecalledautomaticallyeverytimethe
datastatechanges.Neverthelessasa graphicslanguage,Alpha is very expressive,andprovides
abstractionbetweenthedataandtheview. Alpha is still low level becausethereis a low degree
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of abstractionbetweentheoutputof Alphaandthegraphicsonthescreen.TheAlphascriptmust
bereprogrammedto changetheoutput.

Eliot

Eliot [61] extendsPolka[96] to make it automaticto use.Algorithmswritten in C arecompiled
in C++ to overloadthe C operatorsto invoke visualizationevents. For example,eachtype of
programobjectsuchasanarrayor integer, is createdasanEliot class,andany attemptto make
assignmentsto thedatacalls the overloadedoperatorwhich updatesthe display. Theusercan
choosethe graphicalrepresentationof the run time datafrom a menu,and display different
outputsin differentwindows.

Eliot is muchsimplerto usethanany of theothersystemsin this sectionbecauseit is com-
pletelyautomatic,andtheuser’s interventionwith thesourcecodeis minimal. It alsohasmuch
greaterpotentialfor intelligence,andcanbeusedin conjunctionwith thestandardPolkacalls.
UnfortunatelyEliot still requiressomemodificationof thesourcecode,andits outputis not as
flexible asanimationsystemsthat programtheir animationexplicitly. Eliot canonly visualize
integers,reals,characters,arraysandbinary trees. Visualizingotherstructureswould require
specialimplementation.Eliot canonly show thecurrentdatastate.

2.4.5 Run-time Visualization Systems

Run-timevisualizationdisplayswhatis happeningin aprogramasit is running.Thiscanmonitor
code(includingprogramstatements,threadsor objectusage),anddata.Datavisualizationdiffers
from algorithmanimationin its purposeanddegreeof abstraction.Datavisualizationreveals
realdatain runningsystemsfor analysis,while algorithmanimationis mainlyusedfor teaching.
Algorithmsandalgorithmanimationaremoreabstractedfrom theunderlyingprogram.

The Univer sity of Washington Program Illustrator

The University of WashingtonProgramIllustrator (UWPI) [42] offers a sourcelevel run-time
debuggerof Pascalprograms(allowing singleinstructionstepsin thesourcecode)thatprovides
anautomaticvisualizationof thedatain theprogram.A layoutstrategist written in Lisp applies
AI techniquesto determinethebestwayto rendertheprogramdata,anddisplaysthecurrentdata
stategraphicallyin awindow.

Accordingto Priceet al. [79], “UWPI is thebestexampleto dateof automaticSV with any
kind of intelligence.” But UWPI canonly illustratesmallprogramsinvolving sortingandgraphs,
andonly possessesa shallow understandingof numericalprogramdata.

GROOVE

GROOVE [89], from theGeorgia Instituteof Technology, illustratesthe run-timebehaviour of
object-orientedsystemsusinganimation,so that programmerscanbetterunderstandthe class
hierarchyandrelationships.Figure2.13showsGROOVE.

GROOVE animationsarecreatedby manuallycreatingvisualobjectsin thescenefrom func-
tion calls.Thereforewhile GROOVE is flexible in its output,thereis a degreeof effort to create
visualizations,andthesystemis only suitablefor smallprograms.

Look!

Look! (from ObjectiveSoftwareTechnology5) is acommercialproductthatallowsvisualdisplay
of therun-timebehaviour of C++ systems.It is claimedthatthis allows programmersto under-
standthesystemmuchmorequickly, find bugsmuchfaster, reduceredundantobjectbehaviour,
and improve the overall codequality. Programmerscanview referencesbetweenclasses,the

5URL: http://www.objectivesoft.com
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Figure2.13.Screen-shotof GROOVE showing anobject-orienteddesign.

classhierarchy, objectcreationanddeletioneventsandconcurrentthreads.Eachview showsthe
currentmethodactingon theobjects.

Look! views are hard coded,and actually provide just four different visualizations:class
references,classhierarchy, objectcreationandcodeclustering.While thesystemis automatic,it
is dedicatedto just theseviewsandcannotbeextendedby theuser. Theviews themselvesshow
only objectnamesandmethodinvocations.

2.4.6 Architectures

Viz

Viz [26, 27] is a framework developedatOpenUniversityin whichrun-timeSV systemsmaybe
built. Viz usesplayers, whichcanbeany programobjectsuchasavariable,a functionor a code
block, to generatehistoryevents,shown in Figure2.14(a).

(a)Acquiringandfiltering historydata. (b) Thearchitectureof Viz.

Figure2.14.Viz.

Thesystemarchitectureis shown in Figure2.14(b),andconsistsof histories,views(individual
visualizationwindows),mappings(translationfrom view informationinto graphicaloutput)and
navigators(to manipulateandmovebetweenviews).
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Viz itself providesonly aframework for implementation,anddoesnotprovideaspecification
language.

Vogue

Vogue[51] is a 3-D visualizationsystemthathasbeenappliedto parallel/concurrentprogram-
ming, object orientationand softwareengineering. Systemsbuilt using Vogueinclude Visu-
aLinda[55], IntegratingVersionControlandModuleManagement[54], FractalViews [52, 56]
andBottom-upProgramVisualization[53].

Vogue’s primary operationis to extrudean arrayof 2-D networks into a 3-D image. The
argumentis madethat more informationcanbe fitted onto the screen,andthe evolution of a
systemcanbeviewedin a staticdiagram.However Vogueis anarchitecturethatprovidesonly
nodesandlinks thatmustbecreatedmanuallyin thesourcecode.Its outputcapabilitiesarevery
limited, usingjust colour, shapesandlines to communicateinformation. Vogueis actuallyjust
an outputlibrary, andis not an endusersystembecausea considerableprogrammingeffort is
requiredto generatevisualizations.

2.5 Specification

2.5.1 Visual Langua ge Theor y

Visual languagetheory [65] exploresformalismsfor structuringthe visual domain,and how
graphicalstructurerelatesto the semanticsof visual languages.From a theoreticalstandpoint,
a visual languageis “a setof diagramswhich arevalid ‘sentences’in that language,wherea
diagramis a collectionof ‘symbols’ in a two or threedimensionalspace.” [65] Oneof themain
issuesin visual languagetheoryis definingmembershipof visual languages.The main meth-
odsfor specifyingvisual languagesaregraphgrammars,attributedmultisetgrammars,logical
formalismsandalgebraicformalisms.

Themaindrawbackwith visual languagetheoryis that it dealswith interpretation,not view
generation.This is uselessfor visualization,wherethetaskis to generatethediagramin thefirst
place. Onegrammarthat is generative is givenby Grant[36], wherethe grammardefinesthe
geometrictransformationsof objectsthatarecontainedin oneanother.

In its broadestsense,parsingimagesis avisionproblem.In visuallanguagetheory, diagrams
areusedwherethesymbolicconstituentsof thediagramareknown. Suchapre-processingstage
is analogousto lexical analysis.Parsingdiagramsis morecostly thanparsingtext, becauseof
theunorderednatureof theconstituentsof adiagram,andbecausegeometricconditionsmustbe
tested.

Visual Grammar s

Thetwo main typesof grammararegraphgrammarsandattributedmultisetgrammars.Graph
grammars[81] regardtheview asa setof interconnectedsymbols.Graphicalrewrite rulesspec-
ified in thegrammartransformthegraphof theimagestructure.

Attributedmultisetgrammarsconsistof rewrite rulesoncollectionsof symbolswith attributes.
Oneof themostgeneralandpowerful typesof attributedmultisetgrammarareConstraint Mul-
tiset Grammars [65]. Geometricconstraintson the attributesaretaggedto the grammarrules.
Suchgrammarscanbe implementedin Prolog,by usingconstraintlogic programming[48] to
specifythegeometricconstraints.

Semantics of Diagrams

Thesemanticsof diagramscanbedescribedby logicalor algebraicformalisms.As well asusing
logic to reasonaboutgeometry, descriptionlogics [28] canbe usedto assignmeaningto the
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structureof thediagram.Descriptionlogicsarelesspowerful thanfull first orderlogic, andare
thereforemoretractable.

Algebraicspecification[103] mapstheapplicationdomaininto typedabstractdatastructures.
An imageis mappedinto adatatype,representingconceptsor semantics.Algebraicrulesdefine
a functionalmappingsbetweenthedomains.

2.5.2 Numerical Data

Numericaldatahasparticularsignificancein scientificvisualization,andhasusesin software
visualization.Numerical-onlymethodsareinsufficient for heterogeneousvisualizationandvi-
suallanguages.Hibbardet al. [43] developa scalarmappingtechniquefor mappingnumerical
datain a programto continuousquantitiesin a display, including time. A systemcalledVIS-
AD implementsaspecificationlanguagethatdefinesdatastructures(of numbers),andmappings
betweenelementsin thedatastructuresto graphicaldisplaycoordinates.For example

map earth_location to xz_plane;
map temperature to y_axis;

In laterworkbyHibbardetal. [44], a latticemodeldescribestherelationshipbetweendataand
display. They concedethat their techniqueis “inadequatefor complex informationprocessing”
suchasrecursivedatastructures,andthey foresee“considerabletechnicaldifficulties” to manage
suchdata.

2.5.3 Specification Langua ges for SV

SV systemsfall into threecategories:thosethatarenotextensibleatall, thosewhichareextended
in thenativeprogramminglanguage,andthosethatprovidetheirown languagefor specification.
Only Pavane,Leonardo,VIS-AD and Sambafall into the last category. Sambais merely a
sequenceof visualizationandanimationdirectives.

BothPavaneandLeonardousea declarativespecificationto maplive run-timedatato graph-
ical objects. The drawbackwith both systemsis that they only provide a direct mappingto
graphicalobjectson the screen.Thusthey areboth very low level approaches.Anotherprob-
lem they have is thatthey lack encapsulation,for exampleto definelibrariesof objects,andthe
mappingfrom thedatato thegraphicsis fixed. A changein themappingcanrequiresignificant
reprogramming.Theimplementationsof PavaneandLeonardoareverydifferenthowever.

VIS-AD alsoprovidesa declarative specificationfor mappingdatato the screen,but is re-
strictedto simplenumericaldatastructures.

In spiteof their limited success,declarative specificationlanguagesoffer significantadvan-
tagesover imperative programmingmethods[20]. For examplethey offer a higherdegreeof
abstractionbetweenthedataandthegraphics,thelanguagesarespecializedto thetask,andare
potentiallyeasierto use.

2.6 Information Visualization

The wider field of informationvisualizationlooks at techniquesfor expressingall typesof in-
formationin a visual form. Visualizationhasprovedanextremelyimportantuseof computers,
wherethe informationthey storeneedsto beoutput,andoftenvisualizationcommunicatesin-
formationfar moreeffectively thattextualdata.Visualizationhasapplicationsin virtually every
field, including business,science,finance,management,databases,information retrieval and
softwareengineering.
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2.6.1 Perception

Thestudyof visualizationexamineswhat informationto visualize,whatvisual representations
to use(i.e. what visual languagesto use),andhow the visualizationis created.The studyof
choosingvisualrepresentationlieslargelyin psychology, whichregardsvisualizationasamental
process,andperformsexperimentson humansubjectsto find metricsfor humanresponsesand
theeffectivenessof varioustypesof notation.Creatingthevisualizationis essentiallytheproblem
of computergraphics,andincludesrendering,graphdrawing andspatialconstraintsolving.

Psychologicalfactorsarerarelyappliedto SV, mainlybecauseit of theabsenceof techniques
to empiricallymeasuretheeffectivenessof SV systems[79]. This doesposeproblemsfor ob-
jective andmeaningfulcomparisonbetweensystems.Muchof theSV literaturecompletelydis-
regardspsychologicalfactors,andmerelyregardsvisualizationasa conversionfrom a program
to a graphicalrepresentation,for example[84]. Psychologicalexperimentsmustbeperformed
undervery controlledconditions,andsoftwarevisualizationis too large a domainto measure
directly. Theresultis thatpsychologyhassofarofferedfew concreteideasto SV thatcouldnot
bederivedusingintuition, andindeedvisualizationsandvisuallanguagescan,andgenerallyare,
devisedonanadhocbasis,andareonly informally evaluated.

Thereare psychologystudiesthat can contribute to creatingmore effective visualizations.
Rogowitz et al. [82] look at how we canexploit preattentive perceptionandcolour/luminance
mappingsto createvisualizationsthatcanbesearchedmorequickly andconvey continuousor
discreetdatawith greaterveridicality. Perceived brightnessis proportionalto a powerof lu-
minance(hencegammacorrection),so whereluminanceis usedto convey continuousdata,a
corrective power shouldbeapplied,andexamineotherstimuli for conveying continuousinfor-
mation.Perceivedcolourvariesdiscretelywith hue(wavelength),sothisshouldbeexploitedfor
discretedata,but compensatedfor in continuousdata.Experimentsin preattentive vision show
how wecansubconsciouslypick out certainfeaturesof images(e.g.colouredspots),which can
be exploitedwhensearchinglargedatasetsin constanttime, versusa linearsearchingtime for
attentive(conscious)searching.Preattentiveeffectscanalsodisrupttheinterpretationprocessby
distractingthe subjectfrom the importantfeatures,andshouldbe exploited to attractor direct
attentionto theimportantfeaturesof thevisualizationquickly.

Rogowitz and Treinish [83] proposea visualizationsystemthat considersperceptualrules
to devise a visual representationfor data. They arguethat this is requiredbecausetraditional
visualizersmay introduceunwantedartefactsinto the imagethat obfuscatethemeaningof the
visualization,as describedin [82]. They alsoclaim that visualizationis easierto implement
andproducesbetterandmoremeaningfulrepresentationswhenvisualizationrules(basedupon
perception)areusedto generatevisualizations,thanhigh-level tools or direct coding. Current
SV systemsusehigh level toolsanddirectcoding,which produceinflexible visualizationsand
offer little guidanceontheeffectivenessof thevisualization.

2.6.2 Representations

Somesystemsusea threedimensionalrepresentation.Thereareadvantagesin usingthe third
dimension,including addedrealismandtangibility of programobjects,increasedinformation
density, andanextraquantitativeaxis.Shneiderman[90] arguesthatprogrammersthink of their
codeasstructuralandtangible,andthatdirectmanipulationof abstractobjectsin thecomputer
usinga visualparadigmwould betheeasiestandmostnaturalway to interactwith a computer.
The3-D approachaddsrealityandtangibility to theprogramobjects,thusconcretizingthesoft-
waremoreeffectively for theprogrammer. However thereis evidencethatmakingobjectsmore
realisticmakesit moredifficult for userstoextracttheinformation(or abstractthesemantics)that
thesymbolconveys[63]. Thereis alsoevidencethat3-D visualizationscanconvey between“1.6
and3.0” timesmoreinformationthananequivalent2-D view, andusersareableto understand
complex relationshipsbetterwhenpresentedin 3-D [105].

Lohseetal. [63] deriveaclassificationof variousbasictypesof visualrepresentation,by ask-
ing subjectsto sorta setof sixty imagesof a full rangeof visualrepresentations.By performing
statisticalteststhey compiledataxonomyto gradeeachof theimagesaccordingto thehighlevel
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propertiesof spatiality, temporality, comprehensibility, level of abstraction,continuity, attrac-
tiveness,subdivision, numericallevel, dynamicvs. staticandinformationrich vs. information
poor. It emergedthatthereareelevenmajorclustersof representations:graphs,tables,graphical
tables,timecharts,networks,structurediagrams,processdiagrams,maps,cartograms,iconsand
pictures.Thework offersmany ideasandvisualrepresentations- or combinationsof them- that
couldbeappliedto SV, andgivestheprinciplecharacteristicsof eachrepresentation.

Tufte [101] detailsmethodsfor scientificvisualizationof quantitative information. He gives
a comprehensive collectionof hundredsof graphicalrepresentations,with critique. This book
offersa rich sourceof ideasandmuchmoreusefulrule-of-thumbapproachesfor effectivevisu-
alizationthanattemptingto rationalizevisualizationon a formal basis.Many visualizationsof
softwarearequantitative.

Bertin[9] wroteoneof thefirst textsonthesemioticsor meaningof graphicalrepresentations.
This is aninformal treatmentof diagrams.Bertin regards“order, form andproportion”to bethe
building blocksof any graphicalrepresentation.Bertin mainly considersvisualizingnumerical
tables.GreenandBenyon [38] regard“entities,attributesandrelationships”asthe fundamen-
tal componentsof informationdisplay, anddiscuss,againinformally, the relationshipbetween
graphicalproperties(graphical artefacts), and the semanticproperties(informationartefacts)
conveyedby thedisplay.

2.6.3 Architectures

TheAVE system[34] implementsa flexible mappingfrom datato diagramusinga data-driven
approach,wherethe dataitself determineshow it is to be visualized,andAVE is particularly
applicableto semanticnetworks[28] wherethedatabasecontainsheterogeneousdata.Thedata
relationsaremappedontographicalrelationsonthescreen,suchasinterconnectionor adjacency,
by analyzingthestructureof thedata.Queriesselectsubgraphsof thedatabase,whicharesubject
to structuralanalysis.Graphicalrelationsarethenassignedto thedatarelationsusinga ranking
system,andthe diagramis generatedto renderthe datawith the assignedgraphicalstructure.
Figure2.15(a)showsthegraphicalrepresentationsit choosesfor thevariousdatastructures,and
Figure2.15(b)showstheoverallarchitecture.

The drawbackwith AVE is that the rankingsystemis hardcodedandit hasonly a limited
numberof differentlayouttechniquesto apply.

2.6.4 Graphical Layout

Graphlayout remainsa difficult areaof computerscience. It is well known that optimizing
graphlayoutsis generallyNP-hard,andin particularminimizingedgecrossingsis NP-complete
[33], somuchwork hasbeendonein developingheuristicsfor graphdrawing. Graphdrawing
is an importanttool for SV, whererelationaldatamaybepresentedin a node-and-linkfashion.
Therearemany waysto presentgraphs,includingusingpolylines,straightlines,asorthogonal
drawings,asrootedtrees,asfreetrees,in planarform, in 3-D,asconvex, asgridded,asdirected,
asundirected,ashierarchicaletcetera.A comprehensivesurvey of graphtheoryandmethodsis
givenby Battistaetal. [6]

2.7 Research Directions

BothMyers[71] andPriceetal. [79] identify severaldeficienciesin currentsystemsthatshould
be addressedin future research.The reasonSV systemsarenot moresuccessfullyappliedis
becauseof thesedifficulties.

BothPriceetal. andMyerssaythatformalspecificationof SV andVP systemsis limited,and
althoughtheoreticalworkhasbeendonein visuallanguages,it hassofarprovedtobeimpractical
for SV.

Withoutthefoundationsfor specification,andwithoutformaldatarepresentation,it is difficult
to providespecificationfor scripting.Scriptingfacilitiesfor SV systemsareextremelylow level,
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(a) Mappingdatato graphicalstructure.
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(b) Architecture(reproducedfrom [34]).

Figure2.15.TheAVE visualizationsystem.

oftenconsistingof in-line C code,andthedatarepresentationandmanagementis usuallyadhoc.
This meansthat it is cumbersometo addviews to systems,soSV systemstendto have a very
limited numberof views. Thelack of views leadsto fixedgranularity, poorelisioncontrol,and
pooror nonavigation.Work is thereforeneededto makeSV easierto specifyandimplement.

Thecomparative difficulty of specificationextendsto layout, interaction(if possibleat all),
andnavigationwhich areall manuallycoded.It makesit moredifficult to changethegraphical
representationoncethe view hasbeenimplemented.Intelligenceandflexibility are required,
becausea representationthat is appropriatefor 10 elementsis unlikely to be appropriatefor
100000.AVE [34] andRogowitz andTreinish[83] suggestwaysto correctthis. Work is needed
to improvethetailorability andflexibility of SV systems.

It canbevery timeconsumingto setupvisualizationsandaddnew views, to thepointwhere
thecostof settinguptheview outweighstheinsightgainedfrom thevisualization,particularlyif
theinsightis difficult to gainbecausethedatais representedinappropriately. Standardempirical
evaluationmethodsfor SV do not exist becausethe programmingtask is difficult to quantify.
Henceevidenceof worth is lackingfor many SV systems.SV systemsmustbemadeeasierand
moreautomaticto use.

Scalingup systemsto tackle large applicationsis a problemfor many systems,causedby
lackof properdatamanagementto handlelargedatasetseffectively, poorview granularity, poor
elisioncontrol,poorautomation,andpoorflexibility in graphicalrepresentation.Hencemostof
thevisualizationsystemspresentedhereonly displaysmallquantitiesof data.Work is neededto
managelargedatasetsandcontrolelisionmoreeffectively.

2.8 Conc lusions

Softwarevisualizationis an emerging field, andis becomingincreasinglyimportantin under-
standing,documenting,debuggingandconstructingsoftware.Thegreatsuccessof visual tech-
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niquesin professionaldevelopmenttoolshasgreatlycut applicationdevelopmenttime andim-
provedapplicationquality, andis set to continueasmoretechniquesmove from experimental
systemsinto commercialones.As softwarecomplexity grows, morepowerful techniquesmust
bedevisedto maintainlargesoftwaresystems.

The trendis that softwaredevelopmentis becomingmorevisual, althoughvisual program-
ming languagesarestill inadequateto replacetext entirely in mostcircumstances.Like visual
programminglanguages,softwarevisualizationsystemsmustdemonstratetheir benefitsbefore
they will gainwidespreadacceptance.Work mustbedoneto find applicableformalismsfor both
visuallanguagesandsoftwarevisualizationto allow progress.Softwarevisualizationis currently
impededby lack of high level specification,which couldprovide solutionsfor many problems,
includingview specification,quantityof views,graphicalmappingflexibility , granularity, elision
control,navigation,scalabilityandautomation.



Chapter 3

A Model of Information
Visualization

Softwarevisualizationpresentsuniquechallengesbecausethedatapresentedis so
heterogeneousandthegraphicaloutputcanbesovaried.Whatkind of theorycould
underliesuchan openendedtask? Currenttheoriesof visualizationor visual lan-
guagesdo not adequatelymodel the semanticsof graphics,or are too limited, so
existing implementationsarenotbasedon formalapproaches.

The work in this chapterpresentssucha theoreticalmodel that formally models
therelationshipbetweengraphicsandits semantics.It is nameda semanticmodel
becausein this model, the semanticsof graphicalviews arealwaysexplicit. This
in turn leadsto a decouplingof theinformationcontentin a view, andits graphical
representation,andallowsarbitraryqueriesto determinethecontentof a view.

An importantaspectof any theoryis its applicability, andthepurposeof this theory
is to provideanextremelyconciseandhigh level specificationmethod.Thiswill be
usedasthecoreof a visualizationenginethat is describedin Chapter4. Chapter5
appliesthesespecificationtechniquesto softwarevisualization.

3.1 Intr oduction

Softwarevisualizationis laboriousto implementbecausethe currenttools arenot sufficiently
automaticandflexible, andlack effective scripting[79]. Computersoftwarecontainsvery rela-
tional, structuredandheterogeneousdata,andvisualizationtoolsareill-equippedto manipulate
this kind of databecausetheoryon visualizationandhasnot beenfully developedto handle
arbitrarydatastructures.

In this chaptera theoryof visualizationis developedthat forms the basisof a genericvi-
sualizationtool that will be usedto visualizesoftware. Foundationsarea necessaryfirst step,
andprovideacommonlanguage,a framework for implementation,andthecapabilityfor formal
reasoning.

While therearemany automatictools for numericaland scientificvisualization,heteroge-
neousdatavisualizationhasprovedto bemuchmoredifficult to modelandspecify[44]. Existing
approachesto heterogeneousdatavisualizationrely on low level programmingusingimperative
languages.Even declarative specificationapproachessuchasPavane[86] andLeonardo[20]
explicitly specifygraphicalpositionsonthescreen,anddealonly with numericalquantities.The
benefitsof declarative or logic specificationlanguagesarenot fully realizedwhensucha low
level approachis used,andlogic languagessuchasPrologareinferior to imperative languages
for implementinggeneralgraphicalalgorithmsbecauseof their slow speedandlack of efficient
datastructures.

In this chapterthesebasicdeclarative approachesareimproved. Insteadof directly mapping
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numericaldatato screencoordinates,thevisualizationprocessis furthersubdividedasshown in
Figure3.1.
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Figure3.1.A semanticmodelof visualization.

Theoutputis generatedfrom asetof graphicalconstraints, whichincludespatialassociations
suchasadjacency, containmentor connections,attributessuchascolours,andobjectssuchas
polygonsandtext. This is a muchmorehigh level approachto specification,andis completely
generic.

Deriving thegraphicalconstraintsfor a view is split into severalsteps.Thefirst stepis data
gatheringfrom the input shown in Figure3.1, to provide a data source in somedatabase.The
informationcontentin a view, or view content, is acquiredby issuinga queryto the database
to constructa setof data. A one-to-onemappingmapsthe informationcontentto a graphical
representation,or visualcontent. A third mappingdefinesthegraphicalconstraintsthatcompose
eachvisual in the visual content. We definea visual to be a setof graphicalconstraintsthat
representssomemeaningfulgraphicalnotation.

Therearemany advantageswith thisapproach:

� Screencoordinatesdo not needto be specified,but arederived automaticallyby layout
algorithms.Previoussystemshave only provideddirect mappingto the display, andare
thereforelessflexible in theirgraphicaloutput.

� It is possibleto changethemappingfrom view contentto visualcontentwithoutredefining
theviews. It alsomakesit possibleto provide multiple graphicalrepresentationsfor the
samedata.Previoussystemshaveonly providedafixedmapping,whichmustbeeditedin
text to changetheview.

� Thesemappingscanbe fully formalized,andembeddedin first order logic. It is possi-
ble to reasonaboutheterogeneousdatavisualization.Previoussystemsdo not basetheir
specificationona formalmodelof visualization.

� Thesemappingscanbespecifiedstraightforwardly in Prolog.This meansthatthereis no
needto devise a new language,andis thereforemucheasierto implementandwill run
muchfaster.

� BecausePrologis introspective(it canqueryits own program)anddynamic(it canmodify
itself), thesemappingscanbequeriedandmodifiedby theuserat run time. Othersystems
offer fixedvisualizationbehaviour, andcannotdisplayanautomaticlegenddescribingthe
view. The fact that the mappingbetweenview contentandvisual contentis a bijection
permitsthis.

� It is possibleto posearbitraryqueriesto a knowledgedatabase.Previoussystemsrestrict
this to run-timedata.

� Visualsarespecifiedindependentlyof the view data,and can be reused. This is a big
problemfor previoussystemswhicheffectively haveto startfrom scratcheachtimeanew
view is created.

� Multiple views canbedefinedindependentlyandusedwithin thesamesystem.By label-
ing eachview andvisualizationmapping,directivessuchas“visualizefunction(Fn)using
coloured nassishneidermandiagram” canbe issued. Supportfor multiple view defini-
tionsin othersystemsis muchmorelimited.
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� Arbitrary datastructurescanbe passedthroughthe visualizationpipeline. Previoussys-
temsdealonly with numbers,which is too limited.

� It is possibleto interactwith objectsin theview, becausethey areassignedidentifiersof
objectsin thedatabase.Interactionis alsospecifiedformally. It isn’t possibleto specify
interactionin otherdeclarativesystems.

3.2 Representing Data

Datagatheringis an essentialfirst stepin any visualizationsystem. Thereforeit is necessary
to formalizethe notion of the datafrom which to visualize. Previous approaches[23, 44, 86]
restrictthisdomainto numbers- thisdomainmustbeextendedto encompassall typesof data.

Theapproachweshalluseis to regardthisdataasa setof propositionsthatcanbecomputed
to betrue.Suchanotionhaslittle meaningin animperativelanguage,but in logic programming
it is thesetof propositionsthatcanbeprovenfrom theinferencerulesof thelogic program.The
canonicalform of logic programmingis theprogramminglanguageProlog, althoughthereare
many otherlogic programminglanguages.We shallrestrictourselvesto thecorelanguage.

Using Prologhasseveral advantagesfor datarepresentation.First of all it is a very high
level languagefor expressingrelationshipsandinferencesbetweendata,andcanexpresshigh
level rules very naturally. Prolog is a good meta-language,so it is suitablefor representing
andreasoningaboutcomputerlanguageswhich areentirely rule-based.Thework describedin
Chapter5 showsthatall aspectsof computerlanguagescanbemodeledin Prolog.

A Prologprogramconstitutesa setof logical inferencesin first orderlogic.1 In otherwords
Prologis itselfaformalnotation,whichremovestheneedtodevelopfurthernotationin thischap-
ter. Formal treatmentof Prologandfirst orderlogic is well establishedandis treatedelsewhere
[80].

A commonapplicationof Prologis in knowledgeengineeringandautomatedreasoning[62].
Visualizationhaspotentialusesfor displayingthe resultsof automatedreasoning,while auto-
matedreasoningaddsflexibility to derive new knowledge(implicit knowledge) for presentation
in a visualizationsystem. Informationvisualizationis the presentationof knowledge,so it is
naturalto integrateknowledgeengineeringinto visualization.

Prolog is Turing powerful, so it cancomputeeverythingthat a languagesuchasC++ can,
althoughthe languagehasdifferentapplications.Prologcanperformany performany kind of
datamanipulation.Thefollowing examplesillustrateProlog’sapproachto datarepresentation.

Example1. Supposesea-beddata is visualized,andat each discretesamplepoint lies thesea
depthandits temperature. Thepredicate

sea_depth(X, Y, Depth)

wouldconvey thedepthof theseaat thespecifiedlocation,while

sea_temperature(X, Y, Temperature)

wouldconvey thetemperatureat each location.Datawouldbeaddedto thesepredicatesfrom
anexternalsource. A querysuch as

?- sea_depth(X, Y, D), D>10, D<12.

wouldreturnall locationswhere thedepthwasbetween10and12metres.

Example2. Supposewiring of a houseis visualized.Thepredicate

socket(Socket)

1PurePrologimplementsfirst orderlogic. ISOProlog [1] containsfeaturessuchascutsthatcanbreakthelogic, but
areapracticalnecessityto preventunwantedbacktracking.
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wouldidentifythesockets,while thepredicate

location(Socket, Location)

wouldidentifythe locationof each socket, perhapsby a descriptionor a setof co-ordinates.
Wirescouldbeindicatedby

wire(Socket1, Socket2, Type)

to indicatetheexistenceof thewiresbetweensockets,with Typebeinglive, neutralor earth.

Example3. Supposethe livenessof variableswasvisualizedover a function. Variablescould
berepresentedas

variable(Variable)

andstatementsby

statement(Statement)

andlivenesscouldbeindicatedby

live(Variable, Statement)

Thequery

?- live(V, s).

wouldreturnwhich variableswere live for a particular statements, while

?- live(v, S), live(V, S).

wouldreturnwhich variablesareconcurrentlylive with variablev.

3.3 Specifying View Content

Whenthedatahasbeengatheredit is readyto beviewed. A queryis issuedto theknowledge
databaseto extract the informationto display. This is a setof termscalled the view content,
which is shown in Figure3.1. In thisway, everydatumin theview is representedby oneterm.If


is thesetof terms(definedin AppendixA), theview content� is

Definition 1 (View content). Let

�����


be thesetof termsthat representview content.Let
� ��
�� bethetheview content.

Example4. Theview content� for a smallfamily treecouldbetheset

[ person(charles), person(diana), person(elizabeth),
person(harry), mother(elizabeth, charles),
father(charles,harry), mother(diana, harry) ]

In asystemwith multipleviews,eachview is identifiedby aviewcontext, whichis represented
by a term.

Definition 2 (View context). Let

�����


bethesetof termsthatareview contexts.Let ��� 
��
bea view context.

Example5. Theview of theentire family treecouldhavetheview context family tree. Theview
showingjust theancestorsof harry couldhaveview context ancestors(harry).

Theview content� is specifiedby a relationbetweentheview context � and � .
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Definition 3 (View relation). A view relation ���� is a relationbetween�� and ��! .

Theview relationdefineswhich termsarein theview contentfor a particularview context.
Relationsareusedinsteadof functionsbecausethey aremoregeneral,canbe‘one-to-many’, are

bi-directional,andcanbeexpressedin first orderlogic. Therelation ���� couldberegardedas
thequerythatdeterminesthedatain theview content.

All Prologpredicatescanbe regardedasrelationsbetweenterms. The Prologpredicateis
usedasan indicatorfunctionwhich findsall membersof therelationthatmatchits arguments.
ThismeansthatPrologcanbeusedto definetheview relation,anda binarypredicate

view_content(ViewContext, ViewContent)

specifiesthe binary relationbetweenthe view context and the view content. The first pa-
rameterspecifiesthe view context, andthe secondview contentfor the view context. This is
a ‘one-to-many’ relation. Clausesareaddedto theview content/2predicateto adddatato the
view content.

BecausePrologis Turingpowerful, andbecausetermscanrepresentarbitrarydata,any com-
putablemappingfrom datasourceto the view contentcan be implemented.This methodof
specifyingview contentis thereforecompletelygeneric.

Theview contexts �  andview content� ! areimplementationdefined.

Example6. Thefamily treecouldbedeclaredby theview relation

view_content(family_tree, mother(X, Y)) :-
parent_of(X, Y), woman(X).

view_content(family_tree, father(X, Y)) :-
parent_of(X, Y), man(X).

view_content(family_tree, person(X)) :- man(X).

view_content(family_tree, person(X)) :- woman(X).

if thepredicateswoman/1, man/1andparentof/2 aredefined.Theview context is family tree,
which hasin its view contentthetermmother(X,Y)to denotethatX is motherto Y, father(X,Y)
to denotethatX is a fatherto Y, andperson(X)to denotethatX is a person.

ancestorof/2, thetransitiveclosureof parentof/2, canbedefinedas

ancestor_of(X, Y) :- parent_of(X, Y).
ancestor_of(X, Y) :- parent_of(X, Z), ancestor_of(Z, Y).

Thentheview context descendents(P)containingjust thedescendentsof Pcouldbedefined

view_content(descendents(P), person(X)) :-
P=X; ancestor_of(P, X).

view_content(descendents(P), mother(X, Y)) :-
ancestor_of(P, Y), parent_of(X, Y), woman(X).

view_content(descendents(P), father(X, Y)) :-
ancestor_of(P, Y), parent_of(X, Y), man(X).

Example7. Theview relation

view_content(wiring, socket(Socket, Location)) :-
socket(Socket), location(Socket, Location).

view_content(wiring, wire(S1, S2, Type)) :-
wire(S1, S2, Type).
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hasview context wiring, with theview contentsocket(Socket,Location)giving a socket with
location,andwire(S1,S2,Type)denotinga wire betweentwosocketsof thespecifiedtype.

Example8. Theview relationseatemperatures

view_content(sea_temperatures, temperature_point(X, Y, Temp)) :-
sea_temperature(X, Y, Temp).

givestheseabedtemperatures,while theview relationtemperaturerange(Min,Max)

view_content(temperature_range(Min, Max), inside_range(X, Y)) :-
sea_temperature(X, Y, Temp), Min=<Temp, Max>=Temp.

view_content(temperature_range(Min, Max), outside_range(X, Y)) :-
sea_temperature(X, Y, Temp), (Temp<Min; Temp>Max).

returnsthesetsof pointsinsideandoutsidethegivenrange " #%$'&)(*#�+-,/. .
Example9. Theview relation

view_content(conjunction(A, B), C) :-
view_content(A, C),
view_content(B, C).

givestheintersectionof A andB with view context conjunction(A,B), while theview relation
disjunction(A,B), defined

view_content(disjunction(A, B), C) :- view_content(A, C).
view_content(disjunction(A, B), C) :- view_content(B, C).

givestheunionof A andB.

3.4 Specifying Visual Content

Thegraphicaldescriptionof theview, or visualcontent,is asetof termsdescribingthegraphical
structureof theview. It is derivedfrom theview contentby a mappingasshown in Figure3.1.
Eachterm in the visual contentrepresentsone graphicalpropertyof the display. The visual
contentis defined

Definition 4 (Visual Content). Let 0214350 bethesetof termsthat representvisuals.Let 673
081 bethevisualcontent.

A mappingis specifiedfrom the view content 9 to the visual content 6 . This mapping
is calleda visualizationrelation, and can be regardedas the visual languagethat definesthe
protocolfor communication.

Definition 5 (Visualization relation). Thevisualizationrelation
1:�; is a relationbetween0�<

and 081 .

Thevisualizationrelationmapsmembersof 9 to membersof 6 . If
1:�; is a bijection then

thereis anunambiguousone-to-onecorrespondencebetweendataandits graphicalrepresenta-
tion. Thevisualizationwould thenbe complete(every datumis mappedto somethingvisible)
andunambiguous(notwo dataaremappedto thesamerepresentation).If ausercanseeall of the
visuals 6 in the image,i.e. they arenot too smallandindistinguishable,thenhe/shecaninvert1:�; to recover its meaning9 .

If the userknows the query =:�; he/shecan deducefrom his/herknowledgeof 9 which
propositionsmustbe true or false. The approachworks is becausethe structureof the image
alwaysmatchesthestructureof theview content.
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Multiple visualizationrelationscanbe providedfor thesameview. This givesflexibility in
changingthegraphicalrepresentationfor a particularview. This would beusefulif for example
differentusershadparticularpreferencesfor coloursor thewaythingswerepresented,if different
graphicalformsbettersuiteda dataset,or if differentvisualizationrelationsemphasizedor de-
emphasizeddifferentpartsof the view content. Becausedifferentvisualizationrelationscan
coexist, eachhasa visualizationcontext to identify it.

Definition 6 (Visualization context). Let >%?A@ be a visualizationcontext. Let BC�DFE be the
visualizationrelationfor visualizationcontext > .

Thevisualizationcontext canbechangedto selectdifferentvisualizationrelations.This rela-
tion canbeimplementedby thePrologpredicate

visual_content(ViewContent, VisualizationContext, VisualContent)

Thefirst argumentspecifiesthememberof theview content.Thesecondargumentspecifies
thevisualizationcontext. Thethird argumentspecifiesthevisualcontent.For a givenvisualiza-
tion context, thispredicatesimplementsa binaryrelationbetweenG and H .

Thesetof availablevisuals,@ B , is implementationdefined.

Example10. Thevisualizationrelationwith visualizationcontext v

visual_content(married(X, Y), v, next_to(X, Y)).
visual_content(mother(X, Y), v, line(X, Y, green)).
visual_content(father(X, Y), v, line(X, Y, blue)).

representsmarried(X,Y)by next to(X,Y), mother(X,Y)by line(X,Y,green)and father(X,Y)
by line(X,Y,blue).

Example11. The visualizationrelationsv1 and v2 declare two different views of the house
wiring.

visual_content(socket(S, L), v1, socket_drawing(S, L)).
visual_content(wire(A, B, live), v1, graph_edge(A, B, black)).
visual_content(wire(A, B, neutral), v1, graph_edge(A, B, red)).
visual_content(wire(A, B, earth), v1, graph_edge(A, B, green)).

visual_content(socket(S, L), v2, icon(S, L, socket)).
visual_content(wire(A, B, live), v2, tree_edge(A, B, brown)).
visual_content(wire(A, B, neutral), v2, tree_edge(A, B, blue)).
visual_content(wire(A, B, earth), v2, tree_edge(A, B, green)).

Thealternativeformsare selectedbychangingthevisualizationcontext.

Example12. Whatis wrongwith thefollowingvisualizationrelations?

visual_content(man(X), v, box(X)).
visual_content(woman(X), v, box(X)).

visual_content(ship(S, Name), w, ship_icon(S)).

Visualizationrelationv is not injective, sotwo differenttypesof view contentcanmapto the
samevisual.Bothman(X)andwoman(X)arerepresentedbythesamevisual.Thusa userseeing
a box(X) wouldnotbeableto tell whetherit representeda man(X)or a woman(X).

Visualizationrelationw losesinformationby anothermeans.It doesnot convey thenameof
theship,Name, to ship icon/1. A visualtypesystem(describedin Section3.5)canpreventsuch
informationloss.

Example13. Given
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person(A) :- man(A).
person(A) :- woman(A).

view_content(c, person(X)) :- alive(X), person(A).
view_content(c, married(X, Y)) :- married(X, Y).
view_content(c, children(X, Y)) :-

married(X, Y), child(X, C), child(Y, C).

visual_content(person(X), v, circle(X, red)).
visual_content(married(X, Y), v, line(X, Y)).
visual_content(children(X, Y), v, line_colour(X, Y, green)).

in view context c and visualizationrelation v, what can a user deducefrom a greenline
interconnectingtwo redcircles?

Fromseeingtheview it is deducedthat thevisualcontentI mustbe

[ circle(A,red), circle(B,red), line(A,B),
line_colour(A,B,green) ]

for someA andB to accountfor theimageonthescreen.2 Invertingthevisualizationrelation
v, theview contentmustbe

[ person(A), person(B), married(A,B), children(A,B) ]

Fromtherulesandtheview relationit canbededucedthat for someA, B andC,

alive(A), person(A), (man(A); woman(A)),
alive(B), person(B), (man(B); woman(B)),
married(A, B), child(A, C), child(B, C).

3.5 A Visual Type System

Restrictionscanbeplacedon JK�L to ensurethatthevisualizationrelationis valid. Nonsensical
mappingscouldbearelationshipbeingmappedto asizeattribute,or astringmappedto acolour.
Theresultingimagewouldbeinvalid dueto theseerrors,calledvisualizationerrors.

To helppreventsucherrors,a typesystemcanensurethatmembersof theview contentare
only representedby suitablevisuals.Thevisualizationrelationshouldonly mapcontentto visu-
alsof thesametypeasthecontent.Thetypesystemis optional,but it hasa secondaryfunction
of allowing usersto modify the legendof a diagramby selectingtype-compatiblevisuals,as
describedin Section4.8.2.

By itself thetypesystemcannotguaranteetheintegrity of theoutput,becausethestructureof
thedatamaybeunsuitablefor thespecifiedvisualizationmethod.For examplea relationshipin
theview contentmayberepresentedby visualcontainment,but if therelationshipsin theview
contentdo not form a treethena visual objectcould be containedin two othersandan error
occurs.Anothervisualizationrelationthatbettersuitedthedatawouldberequired.

Eachmemberin M�N is assigneda type by the type relation O N , andeachmemberin M J is
assigneda typeby thetyperelation O J .

Definition 7 (Content types). Let M�P bethetermsthat representtypes.Thetyperelation O N is
a relationbetweenM N and M�P .

Definition 8 (Visual types). Thetyperelation O J is a relationbetweenM J and M P .

View contentQ maybemappedontoa visual R only if they havethesametype.Formally,

2A and B cannot be the identical, otherwise this set would reduce to [circle(A,red), line(A,A),
line colour(A,A,green)], whichwasnotobserved.
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This ensuresthat informationis not lost from the contentwhenit is rendered,andthat the
visualrepresentationof thecontentis suitable.Thetyperelationscanbeimplementedin Prolog
with thepredicatescontenttype/2 (for f h ) andvisual type/2 (for f T )

content_type(Content, Type)
visual_type(Visual, Type)

which indicatethe typeof thevisualsor content.The formatof the type termType is com-
pletelyunrestricted.

Eachdatumcanbecharacterizedby thenumberof referencesit makesto otherentities.These
references(andhencethenumberof references)arepreservedbetweentheview contentandthe
visual content. Datathat makesno referencesto otherentitiesis calledan entity, datawith a
singlereferenceis an attribute, anddatawith two or morereferencesis calleda relationship.
Thecorrespondencebetweencontenttypesandvisualtypesis givenin Table3.1.

References Contenttype Visualtype

0 entity visualobject
1 attribute visualattributekml

relationship visualassociation

Table3.1. Thecorrespondencebetweeninformationandits display.

Examplesof visualobjectsincludetext, shapes,polygons,pictogramsandicons.Examplesof
visualattributesincludecolours,transparency, font, size,changesin form andthickness.Exam-
plesof visualassociationsincludecontainment,adjacency, relativeposition,connectinglinesand
layout.This list is notexhaustiveandis implementationdefined.Thesevisualsform agraphical
vocabulary with which thedatain theview contentis communicatedto theuser.

Any kind of datacanbecomposedinto anetwork of entities,attributesandrelationships.The
correspondencebetweentheview contentandthevisualcontentis maintainedbecausethetype
systemensuresthatentitiesin theview contentmustbemappedto visualobjectsin thevisual
content,attributesmapto visualattributesandrelationshipsmapto visualassociations.Thiscor-
respondenceis informally observedby GreenandBenyon[38] whodecomposegraphicdisplays
into entities,attributesand relationshipsbetweengraphicalobjects. Bertin [9] regardsorder,
form andproportionasfundamentalto visualization,whicharelooselyobservedasexamplesof
attributes,entitiesandassociations.

Extra informationmay be conveyed by a visual. For examplea labeledicon could convey
a text label, while a heightbar could convey numericaldata. The type of this datawould be
conveyedin thetypeof thevisual.

The typesassignedto visualsandcontent, b�d , are implementationdefined. The particular
typerepresentationusedin thefollowing examples,andVmax, formsa list of propertiesof the
type.An entityin representedas+Id, andareferenceas-Id. Stringshavetypestr(S)andnumbers
have typenum(S). Thusany typecontaininga +Id is anobject,one-Id is anattribute,andtwo
or more-Id is anassociation.

Example14. Someexamplesof contenttypes:

Content Meaning Type

man(M) a manM [+M]
height(P, H) PhasheightH [-P, num(H)]
is tall(P) P is tall [-P]
socket(S,Loc) a wall socket [+S, str(Loc)]
wire(A, B, Type) a wire [-A, -B]
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Example15. Someexamplesof visualtypes:

Visual Description Type

box(X) a box [+X]
circle(X, Colour) a colouredcircle [+X]
labeledicon(X, D, Type) a labeledicon [+X, str(D)]
line(X, Y, Colour) a colouredline [-A, -B]
highlight(X) highlighting [-X]
objectsize(X,Size) object’ssize [-X, num(Size)]

Example16. Thetypesfor highlight(X) and is tall(X) aredeclared

visual_type(highlight(X), [-X]).
content_type(is_tall(X), [-X]).

3.6 Specifying Graphical Constraints

The visual content n is a high level graphicaldescriptionof the view, that is mappedto a set
of low level graphicalconstraintso thatdrive a graphicalconstraintsolver. Thegraphicalcon-
straintsareshown in Figure3.1. Thesetof graphicalconstraintscompletelydefinestheoutput
image.

Definition 9 (Graphical constraints). Let p�q5r4p bethesetof termsthat representgraphical
constraints.Let osr�p�q bethegraphicalconstraintsof theview.

Eachvisualin n is mappedto asetof graphicalconstraintsthatcomposethevisual.

Definition 10(Visuals). Let
qt�u bea relationbetweenp2v and p�q .

qt�u is implementedin Prologby thepredicatevisual primitive/2.

visual_primitive(Visual, Constraint)

implementstherelation
qt�u anddefinesthegraphicalconstraintsConstraintfor a visualVi-

sual. Clausescanbeaddedto thispredicateto definenew visualsin thevisualizationsystem.

Example17. A labelediconcouldbedeclared

visual_primitive(labeled icon(Id, Text, Icon), Primitive) :-
Primitive = icon(icon(Id), Icon);
Primitive = string(text(Id), Text);
Primitive = v_stack(Id, icon(Id), text(Id)).

Theobject that is definedhasan identifier Id, and hasan icon of type Icon with identifier
icon(Id), anda stringof Text with identifiertext(Id). v stack(Id,icon(Id), text(Id)) specifiesthat
theiconshouldbeplacedabovethetext.

Eachgraphicalconstrainthasidentifiersthat referenceotherconstraintsfor structuringthe
image.

Example18. A colouredline visualcouldbedeclared

visual_primitive(line(From, To, Colour), Primitive) :-
Primitive = edge(edge(From, To), From, To);
Primitive = colour(edge(From, To), Colour).

Theline betweentwo objectswith identifiers FromandTo is giventheidentifieredge(From,
To).
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Section4.6 describesevenmoresuccinctspecificationsfor the visualsin Examples17 and
18. Section4.6.1describeshow morecomplex visual objectsmay be specifiedusinga setof
geometricconstraints.Thesetof graphicalconstraintsw is next solvedout andrenderedasan
imagex .
Definition 11(Image). Let x betheoutputimage. x is a functionof w , xzy{w}| .
x couldberegardedasa setof colouredpixels,a colourfunctionover ~�� , or a subsetof ~��

or ~�� , where~ denotesthesetof realnumbers.

x�y�w}| is implementedby a constraintsolver andrendererthat assemblesthe graphicalcon-
straintsinto animage.Theimplementationcoulduseany layoutor renderingalgorithms,which
will notbethesubjectof formalanalysis.

The set ��� of graphicalconstraintsis implementationdefined. The graphicalconstraints
providedby SVT aregivenin SectionB.6.

3.7 Generating Views

Thewholevisualizationprocessis thecombinedrelation ��z� ������ ���� , which is a relationbe-

tweentheview context � andthesetof graphicalconstraintsw thatrepresenttheimage. ���� ����F�
is the relationbetweenthe view context � and the setof visuals � that describesthe image.
������ ���� is therelationbetweentheview content� andthegraphicalconstraintsw .

Figure3.2 illustrateshow therelation ���� ������ ���� derivesthegraphicalconstraintsfor the
view context family tree. Theresultingrelationis shown in Figure3.3.

person(harry)

person(charles)

person(elizabeth) labeled_icon(elizabeth, elizabeth, person)

labeled_icon(harry, harry, person)

icon(icon(harry), person)

text(text(harry), harry)

person(diana) labeled_icon(diana, diana, person)

labeled_icon(charles, charles, person)

v_stack(harry, icon(harry), text(harry))

icon(icon(charles), person)

text(text(charles), charles)

v_stack(charles, icon(charles), text(charles))

icon(icon(elizabeth), person)

text(text(elizabeth), elizabeth)

v_stack(elizabeth, icon(elizabeth), text(elizabeth))

icon(icon(diana), person)

text(text(diana), diana)

v_stack(diana, icon(diana), text(diana))

edge(edge(charles, harry), charles, harry)

colour(edge(charles, harry), blue)
line(charles, harry, blue)

line(elizabeth, charles, green)

father(charles, harry)

mother(elizabeth, charles)

mother(diana, harry) line(diana, harry, green)

edge(edge(elizabeth, charles), elizabeth, charles)

colour(edge(elizabeth, charles), green)

colour(edge(diana, harry), green)

edge(edge(diana, harry), diana, harry)

View Visualization
Relation

View
Content

Visual
Content

Visual

CQ V V G

Relation

family_tree

View
Context

x

Graphical
Constraints

G

Figure 3.2. A graphicalrepresentationof the relations(shaded)showing how graphicalcon-
straintsarederivedfrom theview context.

ThegraphicalconstraintsConstraintfor a view context ViewContext andvisualizationcon-
text VisContext canbeacquiredby issuingthequery

?- view_content(ViewContext, Content),
visual_content(Content, VisContext, Visual),
visual_primitive(Visual, Constraint).

Thegraphicalconstraintson theright handsideof Figure3.2or 3.3arepassedto a graphical
constraintsolverasdescribedin Section4.5.Figure3.4showsthefinal output.
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icon(icon(harry), person)

text(text(harry), harry)

v_stack(harry, icon(harry), text(harry))

icon(icon(charles), person)

text(text(charles), charles)

v_stack(charles, icon(charles), text(charles))

icon(icon(elizabeth), person)

text(text(elizabeth), elizabeth)

v_stack(elizabeth, icon(elizabeth), text(elizabeth))

icon(icon(diana), person)

text(text(diana), diana)

v_stack(diana, icon(diana), text(diana))

edge(edge(charles, harry), charles, harry)

colour(edge(charles, harry), blue)

edge(edge(elizabeth, charles), elizabeth, charles)

colour(edge(elizabeth, charles), green)

colour(edge(diana, harry), green)

edge(edge(diana, harry), diana, harry)

Graphical
Constraints

G

family_tree

Combined
Relation

View
Context

x VQ G

Figure3.3. Thecombinedrelation ���� �����������

Figure3.4.Thefamily treeoutputby SVT.

3.8 Specifying Interaction

Whentheimagehasbeengeneratedtheusercaninteractdirectly with theobjectsin the image,
for examplewith amouse.Theuserinput is anaction. Thesystem’sresponseis thereaction. An
actionfollowedby a reactionis calledan interaction. This simplemodelcanbeusedasa basis
for specification.

3.8.1 Actions

Interactionis modeledasarelationbetweenactionsandreactions,calledanactionrelation. Each
actionandeachreactionis representedby a singleterm.

Definition 12(Action relation). Let �����5� bethesetof termsthat denoteactions.Let ���m�
� be the setof termsthat denotereactions. A relation

��z� between��� and ��� is called an
actionrelation.

It may be necessaryto have morethanoneactionrelation. For exampledifferenttypesof
view mayhave differentinteractive behaviour, or differentusersmayhave differentpreferences
for interaction.Thereforeeachactionrelationhasa termcalledanactioncontext to identify it.

Definition 13(Action context). Let ����� bean actioncontext. Then
������ is theactionrela-

tion with actioncontext � .
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Thepredicateaction/3,

action(Action, ActionContext, Reaction)

implementsthebinaryrelation ����¡  betweenAction andReaction, for agivenactioncontext
ActionContext. Interactivebehaviour is implementedby addingclausesto thepredicateaction/3.

Every time a userinput occurs(suchasa mousemove), the predicateaction/3 is calledto
determinethe reaction. The graphicalobjectsin the view containidentifiers(specifiedin the
graphicalconstraints)thatareusedto identify objectsbeneaththemousecursor.

Example19. Thefollowingactionsare usedin SVT:

Action Description

click(Object,Buttons, ThemousehasbeenclickedTimestimesoverobject
Times) Object, with themousebuttonsButtons.

drag(From,To, Buttons) A mousedrag fromobjectFromto anobjectTo,
with mousebuttonsButtons.

key(Object,Key) A key Key hasbeenpressedoverobjectObject.
linger(Object) ThemousehasstoppedoverobjectObject.
menu(Menu,Text) ThemenuMenuhasitemText selected.
move(Object,Buttons) ThemousehasbeenmovedoverobjectObject, with

mousebuttonsButtons.

Example20. Theactionrelation

action(click(Person, [on, _, _, _], _), a,
navigate_to(personal_details(Person))) :-
person(Person).

declaresthat thereactionto a mousepresswith the left mousebuttonover a personPerson
in actioncontext a is navigate to(personaldetails(Person)). Theunderscoresare wild-cards,or
unnamedvariables.

Example21. Theactionrelation

action(menu(actions(File), ’Delete file’), a,
delete_file(File)) :-
file(File).

declaresthat thereactionto themenuselectionin actioncontext a is deletefile(File), if File
is a file.

3.8.2 Reactions

Reactionsexecutethesystem’s response,in Prolog.To allow differentimplementationsof reac-
tions,eachimplementationis givena reactioncontext to identify it.

Definition 14(Reactioncontext). Let ¢�£�¤�¥A¢ be thesetof reactioncontexts. Let ¦�§�¢�£�¤
bethereactioncontext.

Definition 15(Reactionrelation). Let
£��� bea relationbetween¢ £ and ¢ £�¤ .

Thereactionrelationimplementstheresponsein Prolog.Thepredicatereaction/2

reaction(Reaction, ReactionContext)

is used,whereReactionis thetermdenotingthereaction,andReactionContext is thereaction
context. Reactionsareimplementedby addingrulesto thereaction/2predicatethathave side-
effectsto performtherequiredtask. Thereactiontermfrom action/3 is passedimmediatelyto

reaction/2for execution.Interactionis thecombinedrelation ����   £��� .

Theactionandreactioncontexts, andtermsdenotingactionsandreactions,¢ � and ¢�£ , are
implementationdefined.Theactiontermsusedby SVT aregivenin SectionB.7.
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Example22. Thereactionrelation

reaction(navigate_to(ViewContext), r) :-
new_view_context(ViewContext).

implementsa reactionto navigate to(ViewContext) in reactioncontext r, that changesthe
view context andredrawstheview.

Example23. Thereactionrelation

reaction(delete_file(File), r) :-
filename(File, Filename),
system_call([’rm ’, Filename]).

implementsa reactionto deletefile(File) in reactioncontext r.

Example24. Thereactionrelation

reaction(Reaction, call) :- call(Reaction).

executesthereactiontermasa predicate.

3.9 Chapter Summar y

Visualizationcanbethoughtof asamappingfromtheobjecttobevisualized(theview context) to
theimageonthescreen.Fromagenericmodelof visualization,thismappingcanbedecomposed

into a seriesof relations, ¨©�ª , «©�ª�¬ and ­©zª that modeldifferentstagesin the visualization
process.Theseareformalmappingsin first orderlogic.

Theadvantagesof this aretwofold. Firstly a theoreticalfoundationhasbeenlaid thatreveals
certainpropertiesof visualization,suchasthestagesof visualizationandthedecompositionof
graphicalcommunicationin termsof objects,attributesandrelationships,andtheir correspon-
denceto a semanticnetwork. It is possibleto prove whata usercanandcannotdeducefrom a
view, andtheoreticalwork on thetypesof visualentitiesalsofollowsfrom thiswork.

Most importantly however are the practical implications. It shows how knowledge-based
systemsimplementedin Prologcanbe interfacedto a visualizationsystem,andsuggeststhat
Prolog’sstrengthsin knowledgeengineeringmake it a suitablefront endfor informationvisual-
ization. Knowledge-basedqueriescanbeformulateddirectly in Prolog,to filter away unwanted
datadependingon thecontext or interestsof theuser. Prologprovidesa very concisespecifica-
tion languagefor all stagesof visualization.All specificationsaredirectlyexecutablein Prolog.
As well asbeingcompletelygeneric,this methodis very flexible. Any partof thevisualization
processcanbemodifiedby changingeithertheview or thevisualizationrelation.Navigationis
achievedby changingtheview context, andthereis no limit to thenumberof views thatcanbe
defined.Thegraphicalrepresentationof datacanbechangedsimply by changingvisualization
context.

Interactionis modeledas a relation ®©�ª betweenuseractionsand systemreactions. The
interactivebehaviour is specifieddirectly in Prolog.

Thenext chapterdescribesanimplementationof this formalmodelin avisualizationsystem.



Chapter 4

Semantic Visualization Tool

SemanticVisualizationTool (SVT) is a visualizationtool that implementsthe se-
mantic model of visualizationdescribedin Chapter3. It is intendedto be gen-
eralpurpose,allowing any kind of datato bepresentedin any format,althoughits
strengthslie in presentingsemanticnetworks. Themostunusualaspectof this tool
is thePrologengineusedfor queryingthescenedata.

SVT is in essencea graphicalconstraintsolver sitting on top of Prolog. Queries
issuedto Prologreturna largesetof graphicalconstraintsthatareconstructedinto
a scenegraphandrendered.SVT providesa graphicaluserinterface,a 3-D model
viewer andan integratedtext editor. Its architectureallows its presentationcapa-
bilities to be extendedthroughextensive C++ andPrologapplicationprogrammer
interfaces. The entiresystemis specifiedusingProlog,andpre-compiledProlog
filesaredynamicallyloadedinto thesystemto providevisualizationsfor theuser.

Although SVT is completelygeneric,its primary aim is to visualizethe kind of
datapresentin programdatabasesandprogramrun-timeinformation.Becausethis
dataandits presentationis sovaried,a tool with maximumflexibility hasbeenim-
plemented.Vmax is a visualizingtext editor built on top of SVT which provides
graphicalviewsof theprogramdatabaseandrun-timeinformation,andis described
fully in Chapter5.

4.1 Intr oduction

The theoreticalmodelpresentedin Chapter3 leavesmuchscopein its implementation.This
chapterpresentsonepossibleimplementation,to demonstratethe validity of the modelandto
providea platformfor softwarevisualizationwhich is theaimof thisdissertation.

SVT providesthecapabilityto scriptvisualizationin Prolog.Theactualvisualizationapplica-
tion is written in Prologandoptionallyalsoin C++. ThearchitectureallowsC codeto becalled
from Prolog. At start-up,SVT loadsthePrologfiles thatcontainthespecificationsfor view re-
lations,visualizationrelations,interactive behaviour, andrulesfor queryingandprocessingthe
inputdata.

This chapterdealswith thefinal stagesin thevisualizationprocessgivenin Figure3.1. It is
assumedthatthedatagatheringandtheview andvisualizationrelationshave beenspecified,so
thatSVT cansimply issuea queryto Prologto returnthegraphicalconstraintsthatcomposea
scene.

Thegraphicalconstraintsreturnedfrom thequeryform thenodesof a scenegraph.A scene
graphis a datastructureof nodesandlinks thatstoresthegraphicalstructureof thescene[106].

Much of SVT is supportingarchitecturethatprovidesa graphicaluserinterfacebetweenthe
userandthevisualization.In additionSVT providesanumberof algorithmsfor graphicallayout
thatassign3-D coordinatesto theobjectsin thescenegraph. Whenthegraphicalcomponents
havebeenassignedcoordinates,thescenegraphis rendered.

53
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4.2 Architecture

SVT is implementedin C++andintegratesOpenGL[50] to provide3-D graphicaloutput,SICS-
tusProlog3.7[59], andMotif 1.2[41] for thegraphicaluserinterface.Eachof thesecomponents
provide C interfacesfor compilationinto a singleexecutablefile. The architectureof SVT is
shown in Figure4.1.

SICStus Prolog
Xt

Motif
OpenGLSVT

Xlib

Prolog API C++ API

User Application

Operating System

Figure4.1.Thearchitectureof SVT.

Thestructureof SVT in Figure4.2implementsthesemanticmodelshown in Figure3.1.The
coloursmatchFigure4.1.

Knowledge

Database

Data Input

C++

ContentContent
View Graphical

Image

GUI

User

Interaction

Graph
Scene

Constraints
Constraint
Graphical

Solver

Visual

C++Prolog

Figure4.2.Thestructureof SVT.

4.3 Running SVT

SVT is anexecutablefile svt, thatrunsthePrologfile specifiedon its commandline. Additional
command-lineargumentsarepassedto thePrologprogram.For examplerunning

svt myvis arg1 arg2

from a UNIX shellwould run thepre-compiledPrologbytecodemyvis.ql in SVT. Theargu-
mentsarg1 andarg2 arepassedasinput to myvis.

TheloadedPrologfiles containdatainterfaces,rulesfor reasoningaboutthedata,anddefine
theview, visualization,actionandreactionrelations,to completelydefinethebehaviour of SVT.

A mainviewing window is createdby calling

create_viewer(ViewContext, VisualContext,
ActionContext, ReactionContext)

with view context ViewContext, visualizationcontext VisualContext, actioncontext Action-
Context andreactioncontext ReactionContext. Thiswindow consistsof amainview area,a text
area,pull-down menusanda statusbar, shown in Figure4.3.
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Figure4.3.Themainviewing window.

Figure4.4.TheFile pulldown menu.

AdditionalPrologfiles canbeloadedby theLoadProlog optionon theFile pulldown menu,
shown in Figure4.4. TheCloseoptionclosesthecurrentwindow, andtheQuit optionexits the
program.

4.4 View Manipulation

Oneof themain issuesin visualizationis to presentexactly what theuserwants,but it is often
the casethat too much information is presentedto the user, called informationoverload [7].
Informationfiltering is necessaryto removetheunwantedinformationwhile leaving therequired
information. While theview relationsfilter datasemantically, viewpoint control canfilter data
spatially, andsuchspatialfiltering hascommonapplicationsin informationmurals[49], lensing
techniques[87] andrubbersheets[88].

The screenhasa finite sizeandhencehasa theoreticalupperlimit on the amountof infor-
mationit canconvey.1 In thecaseswherethedatais simply too largeto befitted in a window,
the featuresizeof theoutputis automaticallyreducedsuchthat the wholeview still fits in the
window. An exampleis shown in Figure4.5. This approachprovidesan initial overview of
thewholedata,eventhoughdetailedinformationmaybelost, andthis approachfollowsShnei-
derman’s “visual informationseekingmantra: overview first, zoomandfilter, thendetailson
demand.” [91]

A usermayhave anareaof interest,or in the3-D case,a volumeof interest.Therearemany
different techniquesfor scrolling andzoomingto selectsuchan areaof interest[40], but the
methodusedhereis theoneusedOpenInventor[106]. Thecontrolsaregivenin Table4.1.

Suchcontrolsarea standardmethodfor manipulating3-D models.This methodalsoworks
for 2-D models,whichprovidessinglemousemovementsfor continuousmovementof theimage
to any magnificationandpositionover the scene. While rotation is necessaryfor viewing 3-

1A looseupperboundis theamountof videoRAM.
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Figure4.5. A complex view is shrunkto fit in theviewing area.

Userinput Viewpointmovement¯ ctrl ° + mousebutton1 panin directionof mousemove¯ ctrl ° + mousebutton2 rotatetheview with themousemovement,
a fastmovementspinsit¯ ctrl ° + mousebutton3 zoomin or outwith verticalmousemovement

Table4.1.Thecontrolsfor viewpointmanipulation.

D models,this featureis lessuseful for 2-D, and can be ignoredby the userto maintainan
orthogonalviewing directionto the scene.Examplesof viewpoint manipulationareshown in
Figure4.6.

TheWindowmenuis shown in Figure4.7. TheoptionResetviewpointmovestheviewpoint
backto the overview of the scene.If the contentof the view haschangedandthe view needs
to berefreshed,theoptionRefreshview will updatetheview. Thedrawing speedoptionsaffect
the quality of the rendering,becauseit may be necessaryto decreasethe renderingquality to
increasetherenderingspeedfor smoothviewpointcontrolonslow hardware.

TheLegendoptioncreatesawindow to show thelegendexplainingthesymbolspresentin the
currentvisualization,andis describedfully in Section4.8. TheZoomoptioncreatesa window
thatshowsagraphicalview of theobjectbeneaththemousecursor, asdescribedin Section4.10.

TheCreatenewvieweroptioncreatesanew viewingwindow containingtheinitial view, while
Duplicatecreatesa new viewing window with thesamecontentastheexisting one. SVT man-
agesmultipleviewing windows. TogglingtheView windowoptionhidesor revealsthegraphical
view, while togglingtheText windowoptionhidesor revealsthetext window.

4.5 Generating Visualizations

Eachview is generatedby issuinga queryto Prologthat returnsthegraphicalconstraintsfor a
particularview context andvisualizationcontext. Theseconstraintsarestructuredinto a scene
graph,laid outandrendered.
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(a)Panandzoomof Figure4.5. (b) Rotation.

Figure4.6.Examplesof viewpointmanipulation.

Figure4.7.TheWindowmenu.

4.5.1 Acquiring the Visual Primitives

Eachview storesa recordof its currentview context, visualizationcontext, actioncontext and
reactioncontext. To generatea view, thePrologquery

?- get_constraint(ViewContext,
VisualizationContext,
Constraint).

is issuedto return the graphicalconstraintsConstraintfor its currentview contentView-
Context andvisualizationcontext VisualizationContext. All queriesare issuedthroughthe C
interface,andthetextual representationis shown only for illustration.

Theget constraint/3predicateis implementedas

get_constraint(ViewContext, VisContext, Constraint) :-
view_content(ViewContext, Content),
visual_content(Content, VisContext, Visual),
visual_primitive(Visual, Constraint).
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Vattribute

Vnode

Vcompound

Vobject

Vassociation

Figure4.8.Thebaseclassesof graphicalconstraints.

andimplementstherelation ±²�³ ´²�³Fµ�¶²�³ describedin Section3.7.

4.5.2 Generating the Scene Graph

EachgraphicalconstraintConstraintis a term that representsonenodeof a scenegraph. The
nodesin thescenegraphareinstancesof thebaseclassesshown in Figure4.8. Thuseachtype
of nodeis eithera visualobjector anattribute,andvisualobjectsmaybecompositeor binary
associations.This baseclasshierarchyimplementsthe basicgraphicaltypesin Section3.5,
whichareobjects,attributesandassociations.

Vobject refersto all constraintsthat can be renderedon the screen,Vcompoundrefersto
all constraintsthatcomposesub-objects,Vassociationis anassociationbetweentwo visualob-
jects,andVattribute is anattributeappliedto visualobjects.Thisbaseclasshierarchycoversall
graphicalentities,attributesandassociationsthat canmake up an image. TheC++ headerfile
svtvisual.himplementingthis classhierarchyis includedin SectionB.9.1. Thecompleteclass
hierarchyof visualsprovidedby SVT is shown in Figure4.9.

As a namingconvention,the graphicalconstraint’s functor hasthe samenameasthe class
of theobjectwith a prepended‘V’. Thustheconstraintstring(1234,‘Peter’) instantiatesa class
Vstring with identifier1234 andstring ‘Peter’. The functor’s argumentsarepasseddirectly to
theobject’s constructorfor initialization. Thecompletelist of graphicalconstraintsprovidedby
SVT is givenin SectionB.6.

This classhierarchyis designedto be completelyextensibleto incorporateany methodof
graphicaloutput.A C++file canextendoneof theclassesof Figure4.9,anddeclareahandlerto
instantiatethenew graphicalconstraintfor inclusionin thescenegraph.

Oncethegraphicalconstraintshave beeninstantiated,they arestructuredinto a graph. The
objectsmustbecross-referenced, which meanscreatingC++ pointersbetweenthenodesin the
scenegraph.EachVobject containsa termcalledits identifier, eachVattribute containsa term
identifying theobjectto which it applies,andeachVassociationcontainstwo termsidentifying
theobjectsthatit associates.

Cross-referencingis implementedusinga hashtable. EachVobject insertsits identifierand
addressinto the hashtable. EachVattribute looks up the addressof its object from the hash
table.EachVassociationlooksup theaddressesof theobjectsit associatesfrom thehashtable.
It follows thatthecostof cross-referencingis linearwith thenumberof graphicalconstraintsin
thescene.

4.5.3 Structuring The Scene Graph

Thecross-referencednodesform a scenegraph.A Vwindow objectis createdat theroot node
of thescenegraph,andevery objectin this graphexceptthe root nodewill have pointerto its
parent.Any objectsthatdo not have parentsareautomaticallyaddedto theVwindow to ensure
thatthescenegraphis connected.

Before eachnodeis crossreferenced,the nodeis initialized by calling its On initialize()
method.After eachnodehasbeencrossreferencedfurther initialization is doneby calling the
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Figure4.9. SVT’s completeclasshierarchyof graphicalconstraints.
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node’sOn structure()method.Thesefunctionsaredeclared

virtual void On_initialize();
virtual void On_structure();

Additionalstructuringfindssubgraphsconnectedby theVedgeassociation.

4.5.4 Graphical Layout

EachVobjecthasthefollowing virtual methodsfor graphicallayout

virtual void On_reset_size();
virtual void On_set_size(double *new_size);
virtual void On_set_position(double *new_position);
virtual void On_draw();

thatarecalledin thatorder. Eachobjectdeterminesits natural sizeexpressedin pixel units
asa 3-D boundingbox. On resetsize() setsthesizeof thevisualobjectto its naturalsize,and
if it is a compositeobject,it will first call On resetsize()of its child members.TheVobjecthas
pointersto all of its attributesandassociationssothatit candeterminehow it shouldbelaid out.
TheOn resetsize()methodof theVwindow objectis calledto initialize theentirescene.

On setsize() is calledfor eachobjectto changeits size,particularlyto shrinkit to fit theview
in theviewing window. TheOn setsize()methodof theVwindow objectis calledto ensurethat
thewholeview fits in theviewing window, andcompositeobjectscall On set size() for eachof
their child objects.

On setposition() is calledfor eachobjectto positionit correctlywithin theview. Composite
objectsset the positionof their children. Finally On draw() rendersthe objecton the screen
usingOpenGL.Eachobjectstoresits own coordinates.

4.5.5 Graphical Layout Algorithms

Thearchitectureallows any kind of layoutalgorithmto beappliedto thescenegraph.Someof
thelayoutalgorithmsusedin SVT aredescribedhere.Noneof thesealgorithmsareparticularly
sophisticated,but show how differentalgorithmscanbeappliedto thescenegraph.

Graph Layout

Therearemany typesof graphlayoutalgorithm[6], andtheonechosenhereis baseduponthe
shortestpathfrom a root vertex, asfirst describedby Sugiyamaet al. [98], mainly becauseof
its speedandsimplicity. A root vertex is selected,andpreferenceis givento thevertex with the
leastnumberof edgesleadingtowardsit. Thentheundirectedunweighteddistanceto eachother
vertex in thegraphis computedusinga breadth-firstsearch.Eachvertex is assignedto a layer
equalto its distancefrom therootvertex, sothattherootvertex is onlayerzero.Thisensuresthat
adjacentverticesappearon adjacentlayers,or on thesamelayer. Finally anorderingof vertices
on eachlayer minimizesthe numberof edgecrossings.This algorithmworks reasonablyfor
sparsegraphsandis shown in Figure4.10.

Multi-container Layout

A multi-containeris a compositevisual object that lays out its children in rows as shown in
Figure4.11.

This algorithmresetsthesizesof its children,andfinds theoptimumwidth of thecontainer
suchthattheaspectratio is closeto anidealvalue.Thiswidth is foundby interval bisection.The
orderingof thechildrenis notchangedbecausetheirordermayconvey information.
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Figure4.10.Graphlayout.

Figure4.11.A multi-container.

Fish-e ye Lens

A fish-eye lens“is a very wide anglelensthatshows placesnearbyin detailwhile alsoshowing
remoteregionsin successively lessdetail.” [87] A simplefish-eye lenshasbeenimplemented
thatshowsa treewith thebaseof thetreewith thehighestdetail.Therootvertex is placedin the
centreof thegraph,andchildrenareplacedin concentricringsaroundthecentre.Thesizesof
thechildrenarereducedexponentiallywith distancefrom theroot sothatthey fit into thegraph
withoutoverlapping.A fish-eye lensis shown in Figure4.12.

Thealgorithmworksby assigningeachvertex a sectorof the circle anda depth · from the
root vertex. Eachvertex dividesits sectorequallybetweenits children. The magnificationof
eachvertex is givenby

¸º¹¼»�½ (4.1)

andits distancefrom thecentreby

¾À¿ÂÁÄÃÆÅÈÇ ¹ÊÉ (4.2)
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Figure4.12.A fish-eye lens.

whereË is thedistancefrom therootnode,Ì is theradiusof thefish-eye lens, Í is thedecay
constantfor thesize,and Î is theradiusratio. In this implementation,Í waschosento be Ï/Ð Ñ
and Î was ÏÒÐ Ó . In thecasewherethesizeof theverticesexceedtheir sectorsize,their radii are
reducedto preventoverlap.

Hierarchical List Layout

A hierarchical list is a hybrid of a hierarchyshown in Figure4.13(a)anda nestedlist shown
in Figure4.13(b),andis shown in Figure4.13(c). It aimsto achieve a betteraspectratio (ratio
width to height)thaneitherthehierarchyor list alone. Perhapsa betteraspectratio canmake
betteruseof thescreenreal-estateandfit moredataonto thescreen,asboth thehierarchyand
thelist canmakepooruseof space.

The algorithmworks from the leaf verticesup by summingthe widths andthe heightsof a
vertex’ssubtrees.If thetotalwidth exceedsthetotalheight,thenthelist layoutis used,otherwise
thehierarchylayoutisused.Moresophisticatedversionsof thisalgorithmcoulddoanevenbetter
job of packingtreesinto a smallspace.

4.6 Expanding the Graphical Vocabular y

The setof visuals Ô2Õ forms a graphicalvocabulary with which to communicateinformation.
A large graphicalvocabulary meansa more varied graphicaloutput (which is visually more
interesting)andcanbeusedto mimic othernotations.This canbeimplementedin severalways
in SVT. The first is throughthe C++ interfacewhich candefinenew graphicalconstraintsby
usingOpenGLdirectly to outputgraphics.Thesecondis to addclausesto thevisual primitive/2
predicatethatcomposesgraphicalconstraintsinto visuals,therebyaugmentingÔ Õ . This is still
a low level approachbut is muchmoreconvenientthanprogrammingin C++.

A morehigh level approachis to specifythecompositionof visualsdirectlyby

visual_component(Visual, Component)

whereVisual is the new visual beingdeclared,andComponentis a visual that is already
declared.Visualscanbedefinedin termsof othervisuals,andit is straightforwardto augment
andcombineexistingvisuals.visual component/2is calledfrom visual primitive/2 by
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(a)A hierarchy.

(b) A nestedlist. (c) A hierarchicallist.

Figure4.13.Treelayout.

visual_primitive(Visual, Primitive) :-
visual_component(Visual, Component),
visual_primitive(Component, Primitive).

andin particularlistsof visualcomponentscanbedeclaredby

visual_component([H|T], H).
visual_component([H|T], T).

Thismeansthatthespecificationsfor a labeledicon

visual_primitive(labeled_icon(Id, Label, Type), Primitive) :-
Primitive = icon(icon(Id), Type);
Primitive = text(text(Id), Label);
Primitive = v_stack(Id, icon(Id), text(Id)).

visual_primitive(labeled_icon(Id,Label ,Type) , Primitive) :-
visual_primitive(icon(icon(Id), Type), Primitive);
visual_primitive(text(text(Id),Label), Primitive);
visual_primitive(v_stack(Id, icon(Id), text(Id)),

Primitive).

visual_component(labeled_icon(Id, Label, Type), Component) :-
Component = icon(icon(Id), Type);
Component = text(text(Id), Label);
Component = v_stack(Id, icon(Id), text(Id)).

visual_component(labeled_icon(Id, Label, Type),
[
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icon(icon(Id), Type),
text(text(Id), Label),
v_stack(Id, icon(Id), text(Id))
]).

are all equivalent. The latter offers the most succinctmethodof specification,and there-
fore all thevisualsprovidedby SVT have beendefinedusingonly visual component/2andob-
ject component/3(describedin Section4.6.1).In thisexample

visual_component(coloured_line(A, B, Colour),
[
line(A, B),
line_colour(A, B, Colour)
]).

visual_component(red_line(A,B), coloured_line(A,B,red)).

thevisualred line/2 is definedin termsthevisualcolouredline/3 which is itself composite.
No additionalPrologis requiredto usethevisualslabeledicon/3, colouredline/3 andred line/2.

4.6.1 Specifying Visual Objects

Visual objectsaregraphicalentitieson the screen.They areeffectively pictogramsthat com-
municateentitiesand datain the view content. Visual objectscan alsocommunicatetextual
andnumericalinformation,andcombineothervisualobjects.It is theway visualobjectscom-
binethatis particularlydifficult [36], asillustratedin Figure4.14,but thiscomplex behaviour is
necessaryto implementvisuallanguages.

Figure4.14.Visualobjectsadapttheir layoutin responseto othervisualobjects.

Suchbehaviour couldof coursebeprogrammeddirectly throughtheC++ interface,but SVT
providesameansof specifyingthisexpansionbehaviour in Prolog.Eachvisualobjectconsistsof
asetof anchors thatarepointsin space2, andgraphicalcomponents(suchaslinesandpolygons)
attachedto theseanchors.Theseobjectcomponentsarespecifiedwith theobjectcomponent/3
predicate,whichspecifiesthecomponentsComponentof anobjectwith visualVisual andiden-
tifier Identifier.

2Anchorscouldbepointsin space-time,for animation,but thispossibilityhasnot beenexplored.
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object_component(Visual, Identifier, Component)

Figure4.15shows theanchorsandgraphicalcomponentsof a boxwith a shadow.

c+(5,3)

p1

Child

l ba

c c+(4,0) d

d+(4,-4)c+(4,-4)

d+(-5,3)

a+(5,-3)

p2

b+(-5,-3)

b+(4,-4)
b+(0,-4)

Figure4.15.Theanchorsandgraphicalcomponentsof a boxwith ashadow.

Thecompletespecificationfor thisvisualobjectis

object_component(shadow_box(Box, Child), Box,
[
contain(Child, a+(5,-3), b+(-5,-3), c+(5,3), d+(-5,3)),
l=line([a,b,d,c,a]),
p1=polygon([c+(4,0), d, d+(4,-4), c+(4,-4)]),
p2=polygon([b+(0,-4), b+(4,-4), d+(4,-4), d])
]).

Thenameof thevisual is shadow box(Box,Child), whereBox is the identifierof thevisual
object, andChild is the identifier of the object that is insertedinto it. The secondargument
to objectcomponent/3specifiesthe identifierof the visual object,in this caseBox. The third
argumentspecifiesthecomponentsof theobject.

Objectcomponents(suchas l=line([a,b,d,c,a])) are translatedinto graphicalconstraintsby
thecomponentprimitive/3 predicatethatdefineshow objectcomponentsmapto graphicalcon-
straints.componentprimitive/3 is calledfrom

visual_primitive(Visual, Primitive) :-
object_component(Visual, Id, Component),
component_primitive(Component, Id, Primitive).

Thecompletelist of objectcomponentsprovidedby SVT is givenin SectionB.5. Thevisual
shadow box/2 canbeusedlikeany othervisual.For example

visual_component(text_shadow(Id, Text),
[
text(text(Id), Text),
shadow_box(Id, text(Id))
]).

createsa visualtext shadow/2 whichdisplaystext within a shadowedbox. A colouredback-
groundcanbeaddedto shadow box/2 by

object_component(shadow_box_colour(Box , Colour), Box,
[
p=polygon([a,b,d,c]),
p=colour(Colour)
]).

visual_component(shadow_box_colour(Box , Child, Colour),
[
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shadow_box(Box, Child),
shadow_box_colour(Box, Colour)
]).

visual_component(blue_text_box(Box, Text),
[
text_box(Box, Text),
shadow_box_colour(Box, paleblue)
]).

to definethenew visualsshadow box colour/2, shadow box colour/3andblue text box/2.

In the shadow box/2 example,the identifiersfor the objectcomponentsarep1 andp2 for
thepolygons,anda, b, c andd for theanchors.Thepredicatecomponentprimitive/3 combines
thesenameswith the identifierof theobject,so the polygonshave identifiersvc(Box, p1) and
vc(Box,p2) andtheanchorshaveidentifiersanchor(Box,a), anchor(Box,b), anchor(Box,c) and
anchor(Box,d).

This subtletyis necessaryto allow the crossreferencingdescribedin Section4.5.2to work
correctly. Otherwisethe namea would be a global identifier in the sceneand two different
shadow boxeswouldsharethesameanchorandtheoutputwouldbeincorrect.Namemangling
putsanchorsandobjectcomponentsin differentnamespaces,andcomponentidentifiersonly
have scopewithin the visual object. Note that in the definition of shadow box colour/2, the
anchorsa, b, c andd arein thesamenamespaceasshadow box/2 becausethey referto thesame
object.Figure4.16showsthenameexpansionfor two differentinstancesof ashadow box/2with
identifiers123 and312.

anchor(321,b)anchor(321,a)

anchor(321,d)

1243

1245

vc(321,p2)

anchor(321,c)
1247

vc(321,l)

1250
1251

1244

vc(321,p1)

anchor(123,b)anchor(123,a)

anchor(123,d)

1234

1236

vc(123,p2)

anchor(123,c)
1238

12391240

vc(123,l)

1241
1242

1235

1237

vc(123,p1)

1246

12481249

Figure4.16.Objectcomponentnameexpansionto preventnameclashes.

Anc hor Expressions

The appearanceof a visual object is governedby the way its anchorsarepositioned.Anchor
coordinatescannotbeabsolutebecausethey mustmove to accommodatechild objects,suchas
in theshadow box/2 example,andmustmovewith thepositionof thevisualobject.

SVT implementsa very generalapproachto positioninganchors,by declaringanchorsand
imposingarbitraryconstraintsonthem.Suchgeometricconstraintscanbeverydifficult to solve,
andis a separatetopic [58]. Completelyarbitraryconstraintsarein generalinsoluble.

Theseconstraintsarespecifiedin anchorexpressionsin theobjectcomponents.contain(Child,
a+(5,-3),b+(-5,-3),c+(5,3),d+(-5,3))containstheanchorexpressionsa+(5,-3), b+(-5,-3), c+(5,3)
andd+(-5,3). Theseanchorexpressionsspecifythe four cornersof thecontainer(top-left, top-
right, bottom-leftandbottom-rightrespectively) andalsogivesomepositionalconstraints.

An anchorexpressionis a termthatspecifiesananchor, andalsoconstraintson thatanchor.
It is a notationthat is intendedto give a direct andconcisemethodof specifyingthe position
of graphicalcomponentsin a visual object. Anchor expressionsareconvertedinto graphical
constraintsin the sameway asotherobjectcomponents.An anchorexpressionmay be of the
form

Ö Anchor
Theidentifierof ananchor. Thisexpressioncreatesthegraphicalconstraintanchor(anchor-
(Object,Anchor)).
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× Anchor+ Offset
An offset from a namedanchor. This expressioncreatesthe graphicalconstraintsan-
chor(NewAnchor),offset(NewAnchor, Anchor, Offset). Offset is a 2-D or 3-D vectorof
numbers.

× Anchor2= Anchor1+ Offset
An offsetbetweentwo namedanchors,creatingthegraphicalconstraintsoffset(anchor(Ob-
ject,Anchor2),anchor(Object,Anchor1)).

× midpoint(Anchor1,Anchor2)
A midpointbetweentwo namedanchors,creatingthegraphicalconstraintsanchor(New-
Anchor),midpoint(NewAnchor,anchor(Object,Anchor1)),midpoint(NewAnchor,anchor-
(Object,Anchor2)).

× Anchor3= midpoint(Anchor1,Anchor2)
A namedmidpoint betweentwo namedanchors,creatingthe graphicalconstraintsmid-
point(anchor(Object,Anchor3),anchor(Object,Anchor1)),midpoint(anchor(Object,An-
chor3),anchor(Object,Anchor2)).

Additionalconstraintsmaybeimposedonanchorsdependingon thecontext in whichanchor
expressionsareused.For exampleif ananchoris specifiedasthecornerof a container, thenit is
alignedwith theothercornersof thecontainer. Anchorexpressionsappearwithin specifications
for polygons,text andcontainers,but canalsoappearasobjectcomponents.Someconstraints
canonly bespecifiedasobjectcomponents,suchas

× xalign(Anchor1,Anchor2),yalign(Anchor1,Anchor2),zalign(Anchor1,Anchor2)
Constrainsthegivenaxisto bealignedin bothanchors.Generatesthegraphicalconstraint
axis align(anchor(Object,Anchor1), anchor(Object,Anchor2),N) whereN is 0, 1 or 2.

Laying out Visual Objects

The constraintson the anchorsmustbe solved to give screencoordinatesfor the anchorsand
hencefor thegraphicalprimitives.Whena visualobjectreceivesanOn resetsize() call it must
assignrelative coordinatesto all of its anchorsto find their extremaandthe sizeof the visual
object.

Thevisualobjectcantraversethescenegraphto determinethesetof constraintsthatit needs
to solve. Suchconstraintsform a setof linear inequalities.Solvingsuchlinearsystemsis well
established- an exampleof suchan algorithm can be found in [11]. Even somenon-linear
geometricconstraintscanbesolved,andalgorithmsfor solvingthesetypesof constraintcanbe
foundin [58]. Thepoint to emphasizeis thatany systemof constraintscanbespecifiedin Prolog
andimplementedin C++.

A simple local propagationsolver is implementedin SVT. The anchorsform a network of
valuesthatareconnectedby constraints.Thebasicconstrainttypesare

ØcÙ5ÚÜÛ�Ý Ø�Þ�ÚßÛ�Ý Ø�Ù4àcÚßÛFá2â (4.3)

whereØ , Ú and â arefloatingpoint variablesand Ý , à and á arefixedvalues.Theconstraint
network is constructedfor thethreecoordinatevaluesin eachanchorin thevisualobject.

Eachanchorexpressionof theform A = B + (x,y,z) generatestheconstraints

ãgä Ù5å ä Û�Ø ãçæ Ù4å æ Û�Ú ãçè Ù5å è Û�â

wherethe suffix indicatesthe axis (1, 2 or 3). Eachconstraintof the form xalign(A,B),
yalign(A,B) or zalign(A,B) generatesoneof theconstraints
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éßêZë5ìÜê éîíîëïìçí éîðgë5ìgð
Eachmidpointexpressionof theform A = midpoint(B,C)generatestheconstraints

éßêÆëòñó ìÜêõô7ñó8ö ê éîíçëòñó ìgí÷ôøñóùö í éçðîëòñó ìgðúô7ñó2ö ð

Eachcontainmentcomponentof the form contain(Child,A,B,C,D)wherethedimensionsof
Child are û�ü8ýÄþ�ý*ÿ�� generatestheconstraints
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Eachcontainmentcomponentof theform contain(Child,A,B,C,D,E,F,G,H) wherethedimen-
sionsof Child are û ü8ý þ�ý ÿ�� generatestheconstraints
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Theconstraintnetwork in theshadow box/2 exampleis shown in Figure4.17. Eachanchor
hasbeenassigneda letter, andthenumberof constraintsbetweenanchorsis shown.
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Figure4.17.Theconstraintnetwork for theshadow box.

The object componentcontain(Child,a+(5,-3),b+(-5,-3), c+(5,3), d+(-5,3)) generatesthe
following constraintsfor theanchorexpressions
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andthefollowing constraintsfor thecontainer
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wherethedimensionsof thecontainedobjectare ���! #"$ &%�' . Theremaininganchorexpressions
in thedefinitionof shadow box/2 generatethefollowing constraints:

(#)+* ,-)/.10
(324* ,526.�7
(384* ,586.�7

9 ) * , ) .10
9 2 * , 2 . ��: 0 '9 8 * , 8 .�7

; )+* <=)>.?0
; 24* <�2@. �#: 0 '; 84* <�8@.17

A )B* CD)/.�7
A 2�* CE26. ��: 0 'A 8�* CE86.�7

F )+* CD)/.10
F 24* CE26. ��: 0 'F 84* CE86.�7

Theconstraintsareimplementedby theclasshierarchyshown in Figure4.18.Eachgraphical
componentthataddsanchorconstraintscontainstheconstraintsasmembervariablessothecon-
straintnetwork is constructedautomaticallywhenthe scenegraphis created.For examplethe
classVoffset containsthreeOffsetConstraints,onefor eachaxis.

PropValue

OffsetConstraint MidpointConstraint FurtherConstraint

PropConstraint

Figure4.18.A classhierarchyto implementconstraintsatisfactionby valuepropagation.

Initially, all constraintvaluesaresetto NaN, a specialfloatingpoint valueusedto indicate
thatthevaluehasnotbeenset.Thenananchorin thevisualobjectis selectedarbitrarily, andthe
SatisfyConstraints()methodis calledfor eachof its threeaxes.

SatisfyConstraints()applieseachconstraintattachedto thevaluein turn. If thevaluesattached
to thatconstraintarechanged,thenSatisfyConstraints()is calledfor thechangedvalue. In this
way the network of constraintsis traverseduntil every constraintis satisfied. Eachconstraint
ensuresthatits valuesaremonotonicallyincreasing,whichpreventsinstabilityof thealgorithm,
anda tolerancemustbeusedto accountfor numericalroundingerrors.

It is possiblefor constraintsto beunsatisfiable,suchas " * � .HG and � * " . �#: 0 ' . This
algorithmwill not detectsuchinconsistencies,but a maximumiterationcountcanensurethat
thealgorithmterminates.Eachtime a constraintis applied,a counteris decremented,andif it
reacheszero,thealgorithmterminates,awarningmessageis printed,andthecurrentincomplete
solutionis used.

Therearemany moreadvancedtypesof constraintsystem[47], but even thesesimplecon-
straintscanexpressvery variedvisual languages.The architectureof SVT would allow more
advancedgeometricconstraintsto augmentthesebasicones.

4.7 Interaction

While viewpoint manipulationis implementedin C++, interactionwith the datais specified
entirely in Prolog. Userinput eventssuchasmousemovesandkey pressesarepassedthrough
theGUI to SVT. SVT receivesthescreencoordinatesof mouseinputsandinterrogatesthescene
graphto determinetheobjectsbeneaththemousecursorthat theuserwasintendingto interact
with.

Theresultis anactionterm thatencodestheuser’s input. This encodesa high level descrip-
tion of the actionsuchasa mousemove over a particularobject,ratherthanlow level screen
coordinates.TheactiontermsthatSVT generatesare:

I click(Object,Buttons,Times) - Themousehasbeenclickedover objectObject, with the
mousebuttonsButtons, Times times. Buttons is the term [Left, Middle, Right, Shift],
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whereLeft is theleft mousebutton,Middle is themiddlemousebutton,Right is theright
mousebutton,andShift is theshift key, whichareeitheron or off.

J drag(From,To, Buttons)- A mousedragfrom objectFrom to objectTo, with themouse
buttonsButtons.

J key(Object,Key) - A key Key hasbeenpressedwith themousecursoroverobjectObject.

J linger(Object)- Themousecursoris restingoveranobjectObject.

J menu(MenuContext, MenuText) - An item from a menuMenuContext with menutext
MenuText hasbeenselected.

J move(Object,Buttons)- ThemousecursorhasmovedoveranobjectObject, with mouse
buttonsButtons.

4.7.1 Disambiguating Actions

It will often be the casethat thereis morethanoneobjectbeneaththe mousecursor, perhaps
becausetheobjectsarenested,or becausethe‘line of sight’ beneaththemousecursorintersects
severalobjects.Thesetwo casesareillustratedin Figure4.19.

Figure4.19.Ambiguousmouseinput. Themousecursorindicatesmorethanoneobject,sothe
systemmustdecidewhich theuserintended.

The rule for selectingactionsis to allow only onevisualobjectto besubjectto interaction,
so theuser’s input generatesjust a singleactionterm. Whenobjectsarenested,the innermost
objectin the nestingis givenprecedence.The action/3predicateis queriedto determineif an
actionexistsfor thatobject.If not, its containingobjectis querieduntil anobjectwith anaction
is found.

In the3-D case,themousepositionwill indicatea line intersectingthescene,ratherthanjust
a singlepoint asin the2-D case.Thecamera positionindicatestheview frustumandis stored
asapositionvector, andthreeorthogonalunit vectorsformingacoordinateframefor theviewer.
Themousepositionis indicatedby a vectorperpendicularto theplaneof theviewer extending
alongthez-axisof theviewer. This line is transformedfrom theviewer’scoordinateframeto the
scenegraph’s coordinateframe,andobjectsin the scenegrapharetestedfor intersectionwith
this line. Thegeometryfor suchtransformationscanbefoundin [31].

In generala bounding-boxintersectiontestwith the line is all that is needed.By calculating
thedistancefrom theobjectto theviewer, precedenceof actionscanbegivento objectsthatare
nearesttheviewer. Not every visualobjectin thesceneneedsto betested.Becauseobjectsare
oftennested,child objectsneedonly betestedif theline intersectstheirparentobject.

Oncethecorrectactionis found,its reactionis executedby thereaction/2predicate.
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4.7.2 Menus

The predicateaction/3 canalsospecifymenus. Eachmenuhasa term to identify it, calleda
menucontext. Theactiontermis of theform

menu(MenuContext, Description)

whereMenuContext is thenameof themenu,andDescriptionis thetext thatappearsin the
menu.For exampleamenuindicatingactionsonanobjectcouldbespecified

action(menu(actions(File), ’Compress file’), svt
compress(File)) :-
file(File).

action(menu(actions(File), [’Delete ’, Name]), svt,
delete_file(File)) :-
(file(File) ; directory(File)),
identifier(File,Name).

action(menu(actions(Class), ’Make all members public’),
svt,
to_public(Class)) :-
java:class(Class).

action(menu(actions(_), seperator), svt, []).
action(menu(actions(_), ’Exit SVT’), svt, exit).

specifiesthemenuactions(Object)in anactioncontext svt. This menuis automaticallycus-
tomizeddependingon whatobjectis conveyedin themenucontext. Menucontextsdonot have
to be parameterized.The orderitemsappearin the menumatchesthe orderin which they are
declared.The specialdescriptionseperatoris not displayedverbatimin the menu,but inserts
a horizontaldivider for aestheticpurposes.More complex menustructuressuchassub-menus
couldin principlebedeclaredin asimilarway. Anotherexampleof amenuspecificationis given
in SectionC.5.1.

Menuscanbecreatedaseither‘pop-up’ or ‘pull-down’. Theformeris displayedat themouse
cursorposition,while the latter is invoked from the menubar. A pop-upmenuis createdby
calling

popup_menu(MenuContext)

whichpopsup thegivenmenu,typically from thereaction/2predicate.Pull-down menusare
declared

pulldown_menu(MenuContext, Description)

whichdeclaresthatthemenuMenuContext with labelDescriptionshouldbeputonthemenu-
bar.

Whenanactionis selectedfrom a menu,its correspondingreactionis executed.

4.7.3 Navigation

In SVT, navigationis achievedby changingtheview context. This is doneusingthenew view -
context/1 predicateor thenew view/2 predicatewhichalsochangesthevisualizationcontext.

new_view_context(NewViewContext)
new_view(NewViewContext, NewVisualContext)

Thenew contextsarepassedto thecurrentviewerwhichdeletestheold scene,andconstructs
a new sceneasdescribedin Section4.5.new view context/1 or new view/2 aretypically called
from reaction/2asa responseto auserinput.
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SVT providesan actioncontext svt that navigatesto an objectby clicking on it, just as in
World Wide Webbrowsing.A click on thebackgroundof theview navigatesbackwards,which
is canalsobedonefrom theAction menu. Themousecursorchangesto indicatethedifferent
typesof navigation.

Eachobjectdeclareswhichview contextsareapplicableto it usingtheview/3 predicate.

view(Object, ViewContext, Description)

declaresthat theview context ViewContext canbeusedto visualizeobjectObject, andDe-
scriptionis a textualdescriptionof theview. For example

view(Directory, file_view(Directory), ’Files in directory’) :-
directory(Directory).

view(Directory, directory_tree(Directory),
’Sub-directory tree’) :-
directory(Directory).

view(Class, inherited_members(Class),
[’Class members inherited in ’, Name]) :-
java:class(Class), identifier(Class,Name).

view([], all_picture_files, ’Picture files’).

declarestwo view contexts for a directory, onefor a Java classandonethat is not associated
with anobject.Whentherearemultipleviewsof anobject,thefirst declarationis used,forming
the default view context for that object. Wherepossible,the currentview context is reusedso
thatthetargetview is of thesametypeastheoriginal. Navigationis implemented3 by

action(click(Object, [on,off,off,off], 1), svt,
navigate_to(ViewContext)) :-
view_context(Object, ViewContext, _).

reaction(navigate_to(ViewContext), svt) :-
new_view_context(ViewContext), !.

Another way to changethe view context is through the Contentmenu. The menunavi-
gate(Object)displaysall theview contextsthatcanbeusedtovisualizeaparticularobjectObject.
Theuserthenselectsa view context from thismenuandthesystemnavigatesto it. TheContent
menuis declared

action(menu(navigate(Object), Description), svt,
navigate_to(ViewContext)) :-
view(Object, ViewContext, Description).

action(menu(navigate(_), seperator), svt, []).

action(menu(navigate(_), ’Home’), svt, navigate_to(home)).

Whenthe userpressesthe right-handmousebutton on an object in the scene,the Content
menuis displayedto navigateto any view of that object. The Contentmenuon the menubar
selectsadifferentview of thecurrentobject.A Contentmenufor aclassis shown in Figure4.20.
TheoptionHomegoesto theinitial view shown in Figure4.3.

4.7.4 Selecting Graphical Form

ThevisualizationcontextsVisualContext thatcanbeusedwith a view context ViewContext are
declared

3Additionalchecksarepresentto ensurethatthegivenobjecthasbeencorrectlyloaded.
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Figure4.20.A Contentmenu,usedto changetheinformationdisplayedaboutanobject.

visual_context(ViewContext, VisualContext)

TheForm menuon the menu-barchangesthe visualizationcontext, andis shown in Figure
4.21.Thedescriptionfor eachmenuitemisdeclaredby thepredicatevisual context description/2,
andthemenuis declared

pulldown_menu(form(ViewContext), ’Form’) :-
current_view_context(ViewContext).

action(menu(form(ViewContext), Text), svt,
set_vis_context(VisualContext)) :-
visual_context(ViewContext, VisualContext),
visual_context_description(VisualContext, Text).

reaction(set_vis_context(VisualContext ), svt) :-
new_visual_context(VisualContext).

Figure4.21.A Formmenu,usedto changethevisualizationcontext.

4.7.5 Modifying the Action Relation

Interactivebehaviour canbedisplayedandmodifiedby selectingtheInteractionview, whichhas
view context actions(ActionContext) for an actioncontext ActionContext. This allows a more
user-friendly specificationof theactionrelationandprovidesinformationto theuseraboutthe
interactivebehaviour. Thisview is shown in Figure4.22.

SelectingtheAddactionoptionontheAction menuaddsanew entryto thetable.Clicking on
theactiontext popsupa menushowing thedifferenttypesof actionthatareavailable,shown in
Figure4.23(a),andselectingonechangestheactionrelationandupdatestheview. Deleteaction
removesthe entry from the table. Clicking on the reactiontext popsup a menushowing the
differenttypesof reactionthatareavailable,shown in Figure4.23(b),andselectingonechanges
theactionrelationandupdatestheview. Thesemodificationsarenot currentlysavedfor future
use.

Optionsaredeclaredin theActionsmenuby
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Figure4.22.TheActionsview for displayingandmodifyingtheactionrelation.

(a) TheActionsmenu. (b) TheReactionsmenu.

Figure4.23.Thepop-upmenusto changeinteractivebehaviour.

action_menu(Object, Action, ActionText)

whereObject is theobjectbeingactedupon,Action is theactionterm,andActionText is the
text appearingin theactionsmenu. Object couldalsobea pair of objectssuchas[A,B] for a
dragaction.Reactionsaredeclaredin theReactionsmenuby

reaction_menu(Object, Reaction, ReactionText)

whereReactionis the reactionterm,andReactionText is the text that appearsin themenu.
Theconditionon theactionis declaredby

user_action(Reaction)

Thedynamicpredicate

user_action(Action, ActionContext, Reaction)

storesthismappingfor theactioncontext ActionContext. Theuserdefinedactionsareimple-
mentedby theclause
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action(Action, ActionContext, Reaction) :-
user_action(Action, ActionContext, Reaction),
user_action(Reaction).

For example

action_menu([X], click(X, [off, on, off], 1),
’Single middle-button click’).

reaction_menu([X], delete_file(X), ’Delete file’).
user_action(delete_file(X)) :- file(X).

user_action(click(X, [on, off, off], 1), svt, navigate_to(X)).
user_action(naviagate_to(X)) :- view_context(X, _, _), !.

addsa singlemiddle-button click action,a deletefile reaction,andspecifiesnavigation be-
haviour for a left-mouseclick. In thecasewheremultiple actionsaredeclaredfor anobject,all
theactionsareexecuted.

4.8 The Legend

Graphicalcommunicationcanonly beeffectiveif theuseris ableto interprettheimage.Because
thegraphicaloutputcanbesovaried,evenfor thesamedata,thereis greatpotentialfor confusion
with notation,renderingthevisualizationsuseless.

To helppreventthis,a legendis providedby SVT to explainall of thegraphicalnotationin a
view. This is a window giving anexampleof eachsymbol,anda textual descriptionof what it
denotes.Examplesareshown in Figure4.24.

(a)A legendfor adirectory. (b) A legendfor amethod.

Figure4.24.Legendsexplainingthesymbolsin aview.

The legendcommunicatesthevisualizationrelationto theuser. Whenever theview context
or visualizationcontext is changed,thelegendautomaticallyupdatesitself to thenew view. The
legendis displayedwhen the userselectsthe Legend option from the View pull-down menu.
Whenmultiple mainwindows arebeingused,thewindow with themostrecentchangeupdates
thelegend.Thelegendcanalsoberesizedanddeletedvia thewindow manager.
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4.8.1 Displa ying the Legend

Thelegendis generatedlike any otherview, andhastheview context legend(ViewContext, Vi-
sualContext), whereViewContext andVisualContext aretheview andvisualizationcontextsof
themainview. Thisview queriestheview contentusing

?- view_content(ViewContext, Content).

to determinethecontentContentof theobjectview. It thenformsa setof termswith distinct
functors,whichpreventsduplicationof symbolsin thelegend.Thedescriptivetext for eachentry
in thelegendis declared

content(Content, Type, Description)

whichspecifiesthetypeType anddescriptive text Descriptionfor view contentContent. The
legendqueriesthispredicateto determinethetext in thelegendentry.

Thegraphicalsymbolthatappearsin thelegendis declared

visual(Visual, Type, Description, SymbolId, SymbolVisual)

This specifiesthat when the visual Visual is displayedin the legend,the symbol is Sym-
bolVisual for an identifier SymbolId. The type of the visual is Type. The graphicalsymbol
SymbolVisual thatdepictstheview contentContentis retrievedby

?- visual_content(Content, VisualContext, Visual),
visual(Visual, _, _, SymbolId, SymbolVisual).

Oncetheview contentandits accompanying symbolhave beendeclaredusingthecontent/3
andvisual/5predicates,they areautomaticallydisplayedin thelegendwheneverthey areused.

Example25. Thecontenttypefile/2 is declared.

content(file(File, Text), [+Id, str(Text)],
[’A file named ’, Text]).

Thevisual labeledicon/3 is declared

visual(labeled_icon(Id, Text, Icon), [+Id, str(Text)],
[’A labeled icon of a ’, Icon],
Symbol, labeled_icon(Symbol, Text, Icon)) :-
icon(Icon).

4.8.2 Modifying the Visualization Relation

The secondfunctionof the legendallows the userto edit the visualizationrelationto dynami-
cally modify how informationis graphicallyrepresented.Thelegendhasanactioncontext that
displaysa pop-upmenuwhenanentryin themenuis clickedon by themouse.This menudis-
playsa list of alternativegraphicalformsfor thedata,andthecurrentgraphicalrepresentationis
indicatedin themenu,asshown in Figure4.25.

Selectingan option from this menuchangesthe visualizationrelation to usethe selected
graphicalform. Both thevisualizationrelationandthelegendareupdatedto reflectthechanges.
Figure4.26showsanexampleof changinga visualizationrelation.

The menuof alternative graphicalforms is found by determiningthe type Type of content
Content, andfindingcompatiblevisualswith thesametype.Thequery

?- content(Content, Type, _),
visual(Visual, Type, Description, _, _).
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Figure4.25.A menuproviding alternativegraphicalforms.

isusedtobuild themenu.SelectingavisualNewVisual fromthismenumodifiesvisual content/3
by

?- retract(visual_content(Content, VisualContext, OldVisual)),
assert(visual_content(Content, VisualContext, NewVisual)).

Thepredicatescontenttype/2andvisual type/2describedin Section3.5aredefined

content_type(Content, Type) :- content(Content, Type, _).
visual_type(Visual, Type) :- visual(Visual, Type, _, _, _).

4.9 The Bookmarks

Selectingthe Bookmarksoption from the View menucreatesa row of five small windows as
shown in Figure4.27.

Thesewindows canbeusedasplace-holdersor bookmarksto storeviews for later retrieval,
andshow a miniatureversionof the storedview. A single left mouseclick on the bookmark
will retrieve it to themainviewing window. A right mouseclick will popup themenushown in
Figure4.28.

TheBookmarkoptionsetstheview andvisualizationcontext of thebookmarkto thoseof the
mainview. TheRetrieveoptionsetstheview context andvisualizationcontext of themainview
to thoseof the bookmark. The Swapoption exchangesthe view andvisualizationcontexts of
thebookmarkandthemainview. TheRefreshoptionupdatesthebookmarkedview if datahas
changed.

4.10 The Preview Windo w

SelectingthePreview optionfrom theView window makesa Preview window appear, asshown
in Figure4.29.

This window canbe usedto displayany view, andSVT’s default actioncontext providesa
preview functionthatdisplaystheobjectbeneaththemousecursor. Thisgivesapreview of what
navigating to that objectwould show, without the userhaving to commit to the navigation or
having to pressany mousebuttons.Thepreview window is declared
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(a)Theinitial view. (b) Theinitial legend.

(c) Changethevisualizationrelation.

(d) Thenew view. (e)Thenew legend.

Figure4.26.Changingthevisualizationrelationfrom thelegend.
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Figure4.27.A row of bookmarks.

Figure4.28.TheBookmarksmenu.

action(linger(Obj), svt, zoom_context(ViewContext)) :-
view(Obj, ViewContext, _).

reaction(zoom_context(ViewContext), svt) :-
visual_context(ViewContext, VisualContext), !,
new_zoom_view(ViewContext, VisualContext).

Naturallythis behaviour canbealteredto displaysomethingcompletelydifferentin thepre-
view window. Anothermeansof identifyingtheobjectbeneaththemousecursoris to look in the
statusbar. Whenthemousecursoris movedovera visualobjectX, if it hasa textualdescription
Text providedby thepredicatelong identifier(X,Text), thenthat text is shown in thestatusbar
by calling thepredicatesetstatustext(Text).

action(move(X), svt, display_text(Text)) :-
long_identifier(X, Text).

reaction(display_text(Text), svt) :- set_status_text(Text).

4.11 Chapter Summar y

SVT is an implementationof the formal modelof visualizationdescribedin Chapter3. It is
a general-purposevisualizationworkbenchthat is specifiedusingcompiledProlog. It provides
multiplewindowsfor 3-D output,andincorporatesa3-D modelviewerandawindow for editing
text. Theexecutableis built aroundProlog,Motif andOpenGL,andrunsunderUNIX.

Eachview issuesaqueryto Prologto returnthegraphicalconstraintsthatcomposethescene.
Theseconstraintsarecross-referencedto createa scenegraph.Graphicallayoutalgorithmstra-
versethescenegraphto assign3-D coordinatesto theobjectsin thescene.Thesealgorithmsare
heldin virtual methodsof thenodesof thescenegraph,andareinvokedto reset,structure,size,
resize,positionandrendereachobject.SVT implementsa rangeof graphicaloutputwhich can
beextendedby deriving new classesfrom theconstrainthierarchy.

The graphicalvocabulary canbe expandedto provide morevariedgraphicaloutput. New
visualscanbedefinedascombinationsof existing visuals,andvisualobjectscanbedefinedin
termsof graphicalcomponentsandanchors.Anchor expressionsprovide a concisemeansof
specifyingconstraintsthat allow objectsto be resizedcorrectly. Visual objectsarelaid out by
satisfyingthesetof constraintscreatedby theobjectcomponentsandtheanchorexpressions.

Interactionis specifiedentirelyin Prologusingthesimplemodeldescribedin Chapter3. Care
mustbetakento interactwith theintendedobject,which is takento betheinnermostobjectin a
nesting.Menusarealsospecifiedusingthis method,andcanbecompletelycustomizedby the
data.Navigationis achievedby changingtheview context, whichcanbedoneby clicking onan
objectwith a view context, from a pull-down menuor from a pop-upmenu. Thevisualization
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Figure4.29.ThePreview window.

context is alsochangedfrom a pull-down menu.Thereis a view to displayandedit thecurrent
actionrelation.

The legendwindow automaticallydescribesall thevisualnotationin theview, andcanalso
beusedto modify thevisualizationrelationfrom a pop-upmenu. A bookmarksview provides
thumbnailsfor storingviews for later retrieval, anda preview view automaticallydisplaysthe
objectbeneaththemousecursor.

SVT providesthecapabilityto specifya visualizationenvironmentat a high level, andinter-
faceit toaknowledgedatabase.SVT canonlyprovidethescriptingandflexibility becauseit uses
Prologto definethebehaviour of thesystem.By itself,SVT doesnotprovideany visualizations,
thesemuststill besuppliedby anapplicationwritten in Prolog,andoptionallyC++. Chapter5
describesonesuchsystemthatis usedto visualizesoftware.



Chapter 5

A Tool for Software Visualization

ThischapterdescribesVmax,aprogrammers’text editorbuilt onSVT, thatprovides
softwarevisualization.Vmax providesa browserwindow for visualizingthefiling
system,Java sourcecode,run-timedata,andcan edit Prologgraphically. Vmax
dealswith all levelsof granularity, from high level programstructuresto visualizing
sourcecode.SVT’s architectureallows arbitraryqueriesof a programdatabasefor
veryspecializedviews,providinganinformation-richenvironmentfor theprogram-
mer.

Theaim of implementingVmax is to investigatehow softwarevisualizationcanbe
specifiedandscriptedwithin theenvironmentprovidedby SVT. Thesystemdemon-
strateshow to specify SV, alternative views of the samedata,browsing, a broad
scopeshowing all levelsof granularity, selectively hidinginformation,andincreases
thenumberof graphicalviewsavailableto programmers.

5.1 Intr oduction

Vmax is a text editorwith graphicalviews for visualizationandbrowsing. Thegraphicalviews
canvisualizealmosteveryprogramobjectin a varietyof formats,andmostobjectsin theviews
canbenavigatedto by a singlemouseclick. Run-timedatacanalsobegathered,displayedand
animated. Vmax merelyprovidesthe datato visualize,but SVT providesthe framework for
visualizationandnavigation.

Thevisualizationwindowscancontainany viewsgeneratedby SVT, anddisplayviewsof the
filing system,theprogramdatabase,Java sourcecodeandrun-timeinformation.Thevisualiza-
tion window providesa navigationandbrowsingfacility, by providing many differentviews of
theprogramdatabase,includingviews of individual methodsor variables.Views aresetup to
link to relatedviews, sofor examplea view of a Java methodhaslinks to thevariablesit refer-
ences,andthefunctionsit calls. It is possiblewith asinglemouseactionto navigateto theclass
thatdefinesthevariable,othermethodsthatreferencethevariable,methodsthatcall thecurrent
method,thereachablefunctions,or any numberof userdefinedviews.

In designingVmax, the aim wasto anticipatewhat informationa programmerneedsat any
giventime, to provideno moreandno less,to anticipatewherea programmerwantsto navigate
andto minimizetheeffort requiredto getthere.SVT is veryflexible in specifyingits behaviour,
socanbetailoredheavily to suit thiskind of environment.

Theviews andinteractive behaviour of Vmax merelyillustratethepossibilitiesof visualiza-
tion andnavigation,but no investigationhasbeendonehereof programmers’needs.Thiswould
requirequestionnaires,timedcompletiontasksanddetailedmeasurementof programmers’activ-
ities, which is beyondthescopeof this work. Vmax producesactivity logsthatwould facilitate
sucha study. Vmax shouldhoweveroffer benefitsoverordinarytextual programming,but there
is no empiricalevidenceto supportthis. BecauseVmax providesall of the functionality of a
textualprogrammingenvironment,it shouldcertainlydonoworsethana text editor.

81



82 5.2. ARCHITECTURE

Vmax storesinformationasfactsin Prolog’s internaldatabase.This meansthat the datais
notpersistentandneedsto bereloadedbetweensessions.Directoriesandsourcecodeareloaded
on demand,whenthe userattemptsto visualizethem. Lex andYacc[2] areusedto lexically
analyzeandparseinputfiles,andtheparsetreeis passedto Prologfor analysis.This constructs
theprogramdatabasewhich is storedin dynamicPrologpredicates.

Eachentity in theprogramdatabaseis assigneda uniqueidentifier, so for exampleany file,
directory, method,variable,class,or statementareall representedby uniqueintegers. uid(Id)
returnsa new identifier Id which is guaranteednot to clashwith any otheridentifier. uid/1 is
implementedasa counterwhich returnsa differentintegereachtime it is called. Representing
entitiesby uniqueintegersgivesefficientstorageandindexing.

Run-timedatais gatheredby addingtracepointsto theJava sourcecode,which insertsacall
to outputavalueto a tracefile. TheReflectionpackagejava.lang.reflectanalyzesthestructureof
thevalueto outputits contents.Tracecallscanbeaddedto thesourcecodesimply by dragging
a variableto thepoint in thesourcecodewherethetraceshouldoccur. Thegeneratedtracefile
is readin andvisualized.

Java sourcecodecan be visualizedas a visual programminglanguage,eitheras a control
flow diagramor as a Nassi-ShneidermanDiagram[72]. Even expressionscan be visualized.
Prologcanalsobevisualizedasa visual language,andevenbeusedto defineviews in a more
user-friendly manner.

Vmaxprovides70view contexts,133visuals,andincludes151differentviews(if thedifferent
visualizationrelationsfor eachview context arecounted).Theseviewscanbeextendedby users’
Prolog,ascantheanalysisroutinesto providefurtherusefulinformationfor theprogrammer.

5.2 Architecture

Vmax extendsSVT’s predicateswith many of its own for softwarevisualization.Someof these
are implementedin C++. Thereare predicatesfor lexical analysisusing Lex, parsingusing
Yacc [2], parsingdirectories,parsingrun-timedata,analyzingJava, analyzingrun-timedata,
andvisualizingProlog.Many views andvisualshave beendefined.Its architectureis shown in
Figure5.1.

System
Lex

Yacc

SICStus

PrologBuffers

Text
SVT

Rules for file system Rules for Prolog

Views

Visuals

Rules for run-time data

Rules for Java

Operating

Figure5.1.Thearchitectureof Vmax.

5.3 Text Processing

Text processingis a significantpartof Vmax,becauseit needsto parsedirectories,sourcecode,
run-timetracefiles, andallow theuserto edit partsof files. To enablethis, a datastructureof
text nodesandtext buffershasbeenimplementedaspartof SVT. Text buffersstoretext files in a
singlearrayof text, andtext nodesarenodesin theparsetreeof a text file.
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A text nodestorespointersto a segmentof text asoffsetsinto a text buffer, soeachtext node
representsablockof text. Theaddressof thistext nodecanbepassedto Prolog,whichcanquery
its contentsor displayit in theeditingwindow. Figure5.2 shows a datastructureof text nodes
andtext buffers.

Text Buffer

Parse Tree

Text Node

Text Node

Text Node

Text NodeText Node

Text Node

Text Node

Root Text Node

Figure5.2.A datastructureof text nodesin a text buffer.

If a text node’s buffer is taggedasread-only, thensois its text in theeditingwindow. When
text is edited,text movesin the buffer, andso the text nodesmustmove their pointersto new
positions.This is doneby traversingtheparsetree,andcanbeimplementedmoreefficiently if
text nodesstoretext offsetsrelativeto theirparents’offsets.

A text buffer canpipe the input or outputof a shell commandinto the text buffer, or load
andsave files. File text buffershave anassociatedfilename.Eachtext buffer canalsohave an
associatedlexical analyzerandparser. An instructionto executethelexical analyzer(in Lex) or
parser(in Yacc)on that text buffer will invoke the correctone,sincetherearemultiple lexical
analyzersandparserscompiledintoVmax. It is evenfeasibletoparseasingletext node,allowing
localupdatesto theparsetree.

A completelist of operationsPrologcanperformon text is givenin SectionB.2.5.A text file
is loadedby calling

create_file_buffer(Filename, Buffer, TextNode, Type)

which createsa file buffer for file Filenameandtype Type, and returnsthe addressof the
buffer Buffer andtext node(of thewholefile) TextNode. ThecharactersCharList in a text node
TextNodecanberetrievedby calling

lexeme_string_list(TextNode, CharList)

A lexical analysiscanbeperformedby calling

lex_buffer(Buffer, Lexemes)

whichreturnsthelist of lexemesLexemesfor thebuffer Buffer, usingits lexical analyzer. The
buffer canbeparsedby calling

parse_buffer(Buffer, Tree)

which returnsthewholeparsetreeTreeasa largetermconveying all of thetext nodesin the
parsetreefor buffer Buffer. A slight drawbackof this methodis thata datastructurehasbeen
constructedfor theentireparsetree,which is slow. PerhapstheparsershouldconstructProlog
termsinsteadof text nodes.

Prologcanitself parseusingdefiniteclausegrammars (DCGs)[75] thatcanreplacetheYacc
parser. Parsingwith a DCGis slowerbecauseit executesin PrologandnotC.
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5.4 Director y Visualization

Vmax can visualizethe computer’s filing system. It readsin directoriesoff disk and stores
thedirectorydatain Prolog’sknowledgedatabase.Thepredicateensuredirectory loaded(Path)
loadsthegivendirectoryinto theknowledgedatabase.It executesthecommandls -Lal andpipes
theoutputinto a text buffer. This buffer is thenparsed,usinga simpleDCG thatdescribesthe
formatof a directorylisting. TheDCGreadsin thedirectorydataandputsit into thedatabase.

Eachfile anddirectoryin thefiling systemisassignedauniqueidentifier. Eachfile or directory
alsohasa path,which is representedasa list, so that for example/usr/bin/netscapewould be
representedas[netscape,bin, usr]. Thepredicatepath id(Path,Identifier) determinestheunique
identifierIdentifier for eachpathPath.

A completelisting of thefiling systempredicatesis givenin SectionB.3.1.Eachfile is stored
asafile(Identifier) andeachdirectoryasdirectory(Identifier). If afile is amemberof adirectory,
thenmember(Directory, File) storesthatfile File is a memberof thedirectoryDirectory. The
contains/2predicategivesthetransitiveclosureof themember/2predicate.

Thefile File’snameNameisstoredin filename(File,Name), andits full pathPath in file path-
(File, Path). The flags readable(File), writable(File) and executable(File)store information
about the statusof the file. file fullname(File,FullName) gives the full filenameFullName
of the file or directory, andfile extension(File,Extension)returnsthe file extensionExtension
(e.g. txt) of the file. file barename(File,BareName)givesthe filenamewithout its extension.
file timestamp(File,TimeStamp)gives the file’s creationdateTimeStamp, and file age(File,
Age) givestheageAge of thefile in seconds.

The above predicatesprovide enoughinformationfor a completefile browser. The default
directoryview is shown in Figure5.3.

Figure5.3. A view showing thecontentsof a directory.

The informationin this view includesthedirectoryname,the files, their names,their sizes,
theirages,andthetypeof thefile. If thetext window is open,thedirectoryis listedthere.This is
a lot of informationto present,sothevisualizationrelationcanselectwhatto displayandpresent
it in differentways.Theview is declared

view(Dir, directory_view(Dir), ’Directory contents’) :-
directory(Dir).

view_content(directory_view(Dir), title([’Directory ’, Name])) :-
long_identifier(Dir, Name).
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view_content(directory_view(Dir), text(Text)) :-
text_node(Dir, Text).

view_content(directory_view(Dir), file(File, Name)) :-
member(Dir, File), file(File), identifier(File, Name).

view_content(directory_view(Dir), directory(File, Name)) :-
member(Dir, File), directory(File), identifier(File, Name).

view_content(directory_view(Dir), file_size(File, Size)) :-
member(Dir, File), file_size(File, Size)).

view_content(directory_view(Dir), file_age(File, Age)) :-
member(Dir, File), file_age(File, Age).

view_content(directory_view(Dir), executable(File)) :-
member(Dir, File), executable(File).

view_content(directory_view(Dir), source_code(File)) :-
member(Dir, File), source_code(File).

Threedifferentvisualizationsof thisview areshown in Figure5.4.

(a)File sizes. (b) File ages. (c) Filesby age.

Figure5.4.Alternativeviewsof a directory.

UsingSVT’sdefaultactioncontext, a singleleft mousebuttonclick onanobjectin thescene
navigatesto it, selectingthedefaultview for thatobject.Moving themousecursoroveranobject
displaysits identifier in the statusbar, andif thePreview window is open,the file or directory
beneaththemousecursoris displayedin it. Directoriesareautomaticallyreadin asnavigation
proceeds.

Figure5.5. TheContentmenufor a directory.
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Figure5.6.View showing justJava files in adirectory.

Theotherviews of a directoryareselectedfrom its Contentmenushown in Figure5.5. The
list of Javafiles in adirectoryis shown in Figure5.6.Thisview is declared

view(Dir, java_dir(Dir), ’Java files in directory’) :-
directory(Dir).

view_content(java_dir(Dir), title([’Java files under ’, Name])) :-
long_identifier(Dir,Name).

view_content(java_dir(Dir), class(File, Name)) :-
member(Dir, File),
java_source_code(File),
short_identifier(File, Name).

view_content(java_dir(Dir), directory(File, Name)) :-
member(Dir, File),
directory(File),
identifier(File, Name).

Directoriesarestructuredin trees,which canbedisplayedin a numberof ways. The basic
directorytreeis specified

view(Dir, dir_tree(Dir), ’Directory tree’) :- directory(Dir).

view_content(dir_tree(Root),
title([’Directory tree under ’, Name])) :-
long_identifier(Root, Name).

view_content(dir_tree(Root), directory(Dir)) :-
self_or_contains(Root, Dir).

view_content(dir_tree(Root), contains(Dir1, Dir2)) :-
self_or_contains(Root, Dir1),
directory(Dir1), member(Dir1, Dir2), directory(Dir2).

self_or_contains(Self, Self).
self_or contains(Self, Child) :- contains(Self, Child).

A basicdirectorytreeis shown in Figure5.7(a).Directorytreescanalsoshow files,asshown
in Figure5.7(b),andthehierarchycanberepresentedin differentways,asshown by Figure5.7.
Draganddrophasbeenimplementedto movefilesanddirectories.
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(a) Fish-eye directories. (b) Fish-eye files.

(c) Hierarchydirectories. (d) List directories.

(e)Containeddirectories. (f) Containedfiles.

Figure5.7.Somedifferentviewsof adirectorytree.
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5.4.1 MIME Types

A MIME type is a “multipurposeinternetmail extension,” usedfor declaringthe contentof a
file. MIME typescanbeimplementedstraightforwardly in Prolog,by

mime_extension(Type, Extension)

to declarethataparticularMIME typeType hasthefilenameextensionExtension. Subtyping
of MIME typesis declared

mime_subtype(SuperType, SubType)

for MIME typesSuperType andSubType. Applicationsto handleMIME typesaredeclared

mime_application(Type, Description, Application)

whereDescriptiondescribestheapplicationandApplication is thelocationof theexecutable.
MIME typesproviderelevantapplicationprogramsfor a file, whichappearautomaticallyon the
Action menuof afile asshown in Figure5.8. Selectinganapplicationexecutesit with thegiven
file.

Figure5.8. MIME typesaddapplicationsto theAction menuof a file.

5.5 Analyzing Java Sour ce Code

5.5.1 Constructing the Program Database

BeforeJavacanbevisualizedit mustbereadin to Prolog’sknowledgedatabase.Thisis achieved
by parsingJava sourcecodeandanalyzingthe parsetreeusing languagerules from the Java
LanguageSpecification[35]. Theserulescanbeexpressedquitenaturallyin Prolog. Program
analysisitself is well understood,forming thebasisof all compilers.

Java sourcecodeis loadedon demand,andthe programdatabase(the databasethat stores
informationabouttheprogram)is storedin dynamicpredicatesin memoryandis thereforenot
persistent.Theprogramdatabasecouldbestoredexternallyto makeit persistent,but thatwould
havebeenslowerandslightly morelaboriousto implement.

Thepredicateensurejava loaded(File)is invokedto loadthegivenfile File. Thispredicateis
calledfrom ensurefresh/1whenanattemptis maketo navigateto aJavasourcefile, or from the
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Loadall Javafilesoptionis selectedfrom theAction menuof a directory. ensurejava loaded/1
loadsthegivenfile into atext buffer, andinvokesLex andYaccto returntheparsetreeof theJava
file.1 TheLex andYaccscriptsfor theJava syntaxcanbederivedfrom theLALR(1) grammar
in theJava LanguageSpecification[35]. Alternatively a compilerfront endcouldbeinterfaced
directly to Prolog.

Theparsetreeis in theform node(Type,TextNode, KML , KON , ... KOP ) whereType is aninteger
identifyingthenode,TextNodeis theaddressof thetext node,and KMLRQSQTQ KOP aretermsof thesame
form. Leafnodesof theform node(Type,TextNode) representlexemes.

Thisparsetreeis analyzedby patternmatchingtheparsetreewith theproductionrulespresent
in theJavagrammar. For examplethiscodeexcerpt

program_file(node(118,_,P,I,T), File) :-
package_statement(P,File,Package),
import_statements(I,File),
type_declarations(T,locale(Package,File,[] ,[])).

matchesonepossiblestructureof therootnode.Thereis a clausefor eachproductionrule in
theJavagrammar. ThepredicatesthattraversetheparsetreealsostoreinformationabouttheJava
file in Prolog’sdatabase– thispartof of Prolog’sdatabasecouldbecalledtheprogramdatabase.
Thepredicatejava:programfile(Tree,File) addstheJavafile File to theprogramdatabasegiven
its parsetreeTree. The file’s buffer Buffer is storedjava:buffer(File, Buffer). Note that the
predicatesrelatingto Java havebeenput in theseparatemodulejava.

Thefirst partof aJavafile is its packagedeclarationandits importdeclarations.Thepredicate
java:package(File,Package)storedthefile’s packagePackage, asa list of names.Thepredicate
java:importdeclaration(File,Id, Import) storesthat thefile importsthepackageImport, so for
examplejava.util.Hashtablewould berepresented[‘Hashtable’,‘util’, ‘java’]. Id is theunique
identifier of the import statement.The predicatejava:importall declaration(File,Id, Import)
storesthatthefile importsall classesfrom thepackageImport.

Classandinterfacedeclarationsform thebodyof theJava file. EachdeclarationDeclaration
in thefile is storedasmember(File,Declaration), andjava:declaration(Declaration,ClassType,
Modifiers,Extends,Interfaces,ClassHeader). ClassType is the typeof theclass,eithera class
or an interface. Modifiers is a termrepresentingthemodifiersspecifiedfor thedeclaration,of
the form modifiers(Abstract,Final, Access,Static,Transient,Volatile, Native, Synchronized).
Extendsis thenameof theclassthis declarationextends.Interfacesis a list of thenamesof the
declarationsthisclassimplements.ClassHeaderis thetext nodeof theclassheader. Additionally
text node(Declaration,Text) storesthetext nodeof theentiredeclaration.

Eachdeclaration’s membersMemberarestoredin themember(Declaration,Member)pred-
icate.Thetypeof thememberis indicatedby thejava:variable(Member)andthejava:method(-
Member)predicates,to determinewhetherthememberis afield or amethod.

Variablesarestoredasjava:variable(Variable,Type,Modifiers), whereVariableis the iden-
tifier of the variable, Type is a term denotingits type, and Modifiers is a term describing
the modifiersappliedto the variable. If a variableis a parameterto a method,then this fact
is storedjava:parameter(Variable). If a variable has an initializer, then this value is stored
java:initializer(Variable,Expression), whereExpressionis a term denotingthe expressionthat
initializesthevariable.

Methodsarestoredjava:method(Method,Type,Modifiers,Parameters,Throws, BlockStmt,
Statements), whereType is the return type of the method,Modifiers are the modifiersof the
method,Parametersis thelist of parametersof themethod,which is a list of variableidentifiers.
Throws is a list of classnamesthatthemethodcanthrow, BlockStmt is theblock of statements
Statementsthatmakeupthemethodbody.

Constructorsaretreatedasmethods,but thepredicatejava:constructor(Method)indicatesthat
themethodis reallyaconstructor. Staticinitializersto classesaredeclaredjava:staticinitializer(-
Id, Block, Statements)andnon-staticinitializers as java:nonstaticinitializer(Id, Block, State-
ments), whereBlock is a blockof statementsStatements.

1Thefirst versionof VmaxvisualizedC++. Its grammaris not LALR(1), soa DCGwasused.
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Statementsarestoredjava:statement(Statement), whereStatementis theuniqueidentifierof
the statement.Eachblock Block of statementsis storedjava:block(Block,Statements), where
Statementsisalist of statementidentifiers.A blockstatementisstoredjava:blockstatement(Stat-
ement,Block, Statements), whereBlock is theblockof statementsStatementsthatmakeup the
block statement.An expressionstatementis storedjava:expressionstatement(Statement,Ex-
pression), whereExpressionis the term representingthe expression.A conditionalstatement
is storedjava:conditionalstatement(Statement,Condition,CText, Then,Else), whereCondition
is a term representingthe conditionexpression,CText is the text nodeof the condition,Then
is the identifier of the thenstatement,andElse is the identifierof the elsestatement.A while
statementis storedjava:while statement(Statement,Condition,CText, Body), whereBody is the
statementof thebodyof theloop. Theothertypesof statementarestoredjava:breakstatement/1,
java:breakstatement/2, java:casestatement/3, java:conditionalstatement/4, java:continuestate-
ment/1, java:continuestatement/2, java:declarationstatement/2, java:default statement/1, java:-
do while statement/4, java:emptystatement/1, java:for statement/8, java:labelledstatement/2,
java:returnstatement/1, java:returnstatement/2, java:synchronizedstatement/4, java:throw stat-
ement/2andjava:try statement/6– thesepredicatesaredocumentedin SectionB.3.2.

Expressionsin statementsor declarationsarerepresentedby terms.Prefix,postfixandinfix
operatorsOperatorarerepresentedby prefix(Operator, E), postfix(Operator, E) andinfix(Oper-
ator, A, B) respectively on expressionsA, B and E. A conditional is representedby condi-
tional(Cond,A, B) for aconditionexpressionCond. Castexpressionsarerepresentedcast(Type,
Expr), whereType is thetypeof thecast.Qualifiednamesarerepresentedasqualifiedname(Na-
me), whereNameis alist of atoms.Literalsarerepresentedby literal(String), whereString is the
charactersin the literal. Methodcallsarerepresentedmethodcall(Method,Parameters), where
Method is an expressionspecifyingthe method,andParametersis a (possiblyempty) list of
expressions.A memberaccessis representedfield access(Expr, Field), whereField is thename
of themember. A classinstantiationis representednew class(Type,Parameters), whereType is
the classto be instantiated,andParametersis the list of expressions.An arrayinstantiationis
representednew array(Type,DimExprs,Dims), whereType is thetypefor instantiation,with a
list of dimensionexpressionsDimExprsof Dims dimensions.

Typesin expressionsor variablesare also representedby terms. A primitive type is rep-
resentedprimitive(P), whereP is one of the primitive typessuchas booleanor double. A
namedtype is of the form named(Name,File), whereName is a list of identifiers(for exam-
ple java.util.Hashtablewould be [‘Hashtable’,‘util’, ‘java’] ), andFile is the file that the type
appearsin. Thefile is important,becausedifferentnamesmayreferto differentclassesdepend-
ing uponthefile they arein. An arrayof a typeis of theform array(Type), whereType is a type
term.Array typescanbenested.

The Java sourcecodecanbe rescannedusing the java:rescanfile(File) predicateto rescan
the file File. This traversesthe programdatabaseandcalls retract/1 to remove the datafrom
thedatabase.Updatingtheprogramdatabaseis necessaryin aneditingenvironmentwherethe
sourcecodecanchange.

5.5.2 Anal yzing the Program Database

Vmax addsa numberof predicatesfor deriving varioustypesof informationabouttheprogram,
whichaugmenttheprogramdatabaseto provide informationfor visualization.Therulesusedto
implementthesefollow from theJava LanguageSpecification[35].

Thepredicatejava:directsupertype/2findstheimmediatesupertypeof aclass,java:supertype-
/2 findsany supertypeof a class,java:directsubtype/2findsa class’s immediatesubtypes,and
java:subtype/2findsall subtypesof a class.java:directsuperinterface/2findstheinterfacesthat
a classimplements,while java:superinterface/2findsall interfacesthata classimplements.The
predicatejava:classmember(Class,Member)givesclassmembersMemberof aclass,including
thoseinheritedfrom supertypes.java:classmethod(Class,Method) givesthemethodsMethod
belongingto aclass,includingthoseinheritedfrom supertypes.

The predicatesjava:is abstract/1, java:is native/1, java:is private/1, java:is protected/1and
java:is public/1 returninformationaboutthestatusof membersandmethods.
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Thepredicatejava:containsstatement(Statement1,Statement2)returnsall statementsState-
ment2 thatarecontainedwithin the(possiblycompound)statementStatement1. Thepredicate
java:methodcontainsstatement(Method,Statement)usesthisto returnthestatementsStatement
containedwithin a methodMethod. java:statemententry point/2 returnsthe entry point (first
statementexecuted)within a compoundstatement,java:statementexit point/2 returnsthe last
statementexecuted,andtheremaybemorethanone,for exampledueto branching.java:method-
entry point/2 givesthefirst statementexecutedin amethod,andjava:methodexit point/3 gives

the last statement,andagaintheremay be multiple solutionsavailableby backtracking.The
predicatejava:statementfollows(Method,Statement1,Statement2,Transition) returnsall pairs
of sequentiallyexecutedstatementsStatement1andStatement2in a method,thetransitiontype
Transitionbeingcase(X), default, else, for, sequence, then andwhile, to indicatethedifferent
circumstancesin which thestatementsfollow. Exceptionhandlingis not indicatedby thispredi-
cate.

The predicatejava:subexpression(Expr1,Expr2) returnsthe sub-expressionsExpr2 of an
expressionExpr1. java:subexpressiondecl(Statement,Decls1,Expr, Decls2) returnsthe sub-
expressionsExpr of astatementStatement, andalist of declarationsDecls2thatapplyto thesub-
expression.Thepredicatejava:methodsubexpression(Method,Expr, Context) usesthis to find
thesub-expressionsof a method,andreturnsthecontext Context in which theexpressionused,
which includesthelocaldeclarationsandtheclass.Thepredicatejava:expressionreference(Ex-
pr, Context, Variable)returnsvariablesVariablereferencedby theexpression,andjava:express-
ion calls(Expr, Context, Method2) returnsthe methodMethod2 called by the given expres-
sion. Even thoughMethod2 maybe overridden,this predicatedoesnot checkthis possibility.
java:expressiontype(Expr, Context, Type) returnsthe typeof anexpression.java:find declara-
tion(Type,Class)givestheclassClassof atype,if it exists.Thepredicatejava:methodcalls(Me-
thod1,Method2)returnsthemethodsMethod2thatmaybecalledby methodMethod1. java:re-
achable(Method1,Method2,Prev, Visited) returnsall methodsMethod2thatarereachablefrom
Method1, wherePrev is the calling methodof Method2, andVisited is a list of methodsthe
searchalgorithmhasbeenbefore,to ensuretermination.

Thecompletelist of predicatesfor Java sourcecodeis given in SectionB.3.2. Thesepred-
icatesmerelyscratchthe surfaceof algorithmsthat canprovide meaningfulinformationabout
a program. Unfortunatelythereareno short-cutsin their implementation,but direct accessto
the programdatabase,andthe ability to addnew predicatesthat build on old ones,meanthat
Prologis a suitablemeta-languagefor programs.Prologis suitedto analyzingJava sourcecode
becauseits datastructures(expressions,types,parsetrees)areall treeswhichcanberepresented
straightforwardlyasPrologterms,Prologhasits own internaldatabasewhichactsastheprogram
database,andbecauseJava’s languagerulescanbeexpressedasPrologclauses.

5.6 Java Visualization

5.6.1 Visualizing Files, Classes and Packages

Clicking on Java sourcecodefile will loadandnavigateto thatfile. Thedefault view for a file
showsthemainclass(or interface)in thefile, shown in Figure5.9.

Anotherview of a file shows the overall structureof the file, shown in Figure5.10,which
putsthewholetext file in theeditingwindow. Eachof theitemsin Figure5.10canbenavigated
to, so for example,clicking on the packagenavigatesto the package,clicking on the import
declarationsnavigatesto theclassesindicated,andclicking onaclassnavigatesto thatclass.

The classview shows the classmembersandmethods,excluding thoseinheritedfrom su-
pertypesandinterfacesandincludesinformationaboutthemembers,suchaswhetherthey are
public,nativeor abstract.Eachsymbolin theview canbenavigatedto. Thesizesof themethods
areindicated.Thetext of theclassappearsin theeditingwindow. Thisview is declared

view(Decl, java_decl(Decl), ’Class contents’) :-
java:declaration(Decl).
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Figure5.9. Themainclassof a file.

Figure5.10.Theoverview of aJava file.
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visual_context(java_decl(Decl), class).

view_content(java_decl(Decl),
title([’Java ’, Type, ’ ’, Name]) ) :-
java:declaration(Decl, Type, _, _, _, _),
long_identifier(Decl, Name).

view_content(java_decl(Decl), text(T)) :- text_node(Decl, T).

view_content(java_decl(Decl), variable(Var, Name)) :-
member(Decl, Var),
java:variable(Var),
identifier(Var, Name).

view_content(java_decl(Decl), method(Method, Name)) :-
member(Decl, Method),
java:method(Method),
identifier(Method, Name).

view_content(java_decl(Decl), native(Method)) :-
member(Decl, Method),
java:is_native(Method).

view_content(java_decl(Decl), abstract(Method)) :-
member(Decl, Method),
java:is_abstract(Method).

view_content(java_decl(Decl), public(Member)) :-
member(Decl, Member),
java:is_public(Member).

Thealternativeviewsof aclassareselectedfrom its Contentmenushown in Figure5.11.

Figure5.11.TheContentmenufor a classor interface.

Theview of a classincludingall of its inheritedmembersis shown in Figure5.12.Variations
of this view show only methods,variablesor public inheritedmembers(Figure5.13). Figure
5.14shows thesupertypesandsuperinterfacesof a class,andtheseviewsarecombinedto show
membersin supertypesin Figure5.15.

A view showing thesubtypesof aclassis shown in Figure5.16,andaview giving theimple-
mentationsfor aninterfaceisshown in Figure5.17.Thereareviewsshowingall typedeclarations
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(Figure5.18)andall interfaces(Figure5.19). Thecompleteclasshierarchyis shown in Figure
5.20.

As mentionedpreviously, eachitem in theseviews canbenavigatedto by clicking on them,
andnavigatingto a particularview for thatobjectis achievedby right-clicking on theobjectto
popup its Contentmenu.

Figure5.12.A classview includingall inheritedmembersandmethods.

Figure5.13.A classview of all public inheritedmembersandmethods.
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Figure5.14.Thesupertypesandinterfacesof a class.

(a)All members. (b) All members(fish-eye).

(c) Variables. (d) Methods.

Figure5.15.A classview giving membersof supertypes.
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Figure5.16.Thesubtypesof aclass.

Figure5.17.Theimplementationsof aninterface.
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Figure5.18.All classesandinterfaces.

Figure5.19.All interfaces.
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Figure5.20.Thewholeclasshierarchy.



CHAPTER5. A TOOL FORSOFTWARE VISUALIZATION 99

5.6.2 Visualizing Cross-ref erences

Theinformationfrom programanalysisin Section5.5.2is usedto constructavarietyof viewsto
show how programobjectsrelateto eachother.

The classreferencesview in Figure5.21 shows which declarationtypesarepresentin the
given class. The referencesbetweenall classesis shown in Figure 5.22. This view can be
restrictedto a particularpackage.The Declarationsof classview in Figure5.23givesall the
places(in methodsandclasses)wherethegivenclasshasbeendeclared.

ThePlacesclassthrownview in Figure5.24givesall themethodswheretheclassis thrown
asanexception.

Thereachablemethodsof a methodin Figure5.25show all of themethodsthatarereachable
from agivenmethod.TheCalls to methodview showsall of themethodsthatmaycall thegiven
method.TheMethodcallswithin classview of aclassshowswhichmethodscall othermethods
within a class,in Figure5.26. The completecall graphcanbe shown, but this is lessuseful
becauseit is solargeandthegraphicallayoutalgorithmhasdifficulty findingagoodlayout.

It is not possibleto determineexactly which methodsget calledwhere. For examplesome
sectionsof codearesemantically“dead”,andwill nevergetexecuted.It is generallynotpossible
to determinewhich methodgetsexecutedin a methodinvocation,becausethatmethodmaybe
overriddenby a subtype,andonly methodsthat arefinal canbe guaranteednot to be overrid-
den.Furtherprogramanalysiscouldrestrictwhichmethodsmightbecalled,but Vmaxdoesnot
attemptthis. The Overriding methodsview shows the methodsthat overridea given method,
andtheOverriddenmethodsview showsall of themethodsthathavebeenoverriddenby agiven
method.

TheReferencesof methodview in Figure5.27showsall of themethodsandvariablesusedby
themethod.TheReferenceswithin classview in Figure5.28show which classmethodsaccess
which membervariables.TheReachablereferencesview of a methodin Figure5.29combines
the reachablemethodswith the methodreferencesto give a tree of all the variablesthat are
reachablefrom thecurrentmethod.

Clicking on any classmemberwill navigate to it. Navigating to a variablewill go to the
typeof thevariable,if available,or to a view showing all of themethodswherethevariableis
referenced.

Becausemethodcallsandvariablereferencescanbetime-consumingto compute(especially
for a view that has to scanthe entire database),there is the option of precomputingcross-
referencesfrom theAction menu.This constructsthedynamicpredicatescachedcalls(M,M2)
andcachedreferences(M,V) whichstorewhichmethodsM useothermethodsM2 or variables
V. Thesebehaveexactly thesameasmethodcalls/2andmethodrefs/2, but aremuchfaster.

Figure5.21.Classescontainedwithin a class.
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Figure5.22.Membershipof classeswithin others.

Figure5.23.Placeswhereaclassis used.

Figure5.24.Methodswhereaclassis thrown.
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Figure5.25.Reachablemethods.

Figure5.26.Methodcallswithin a class.
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Figure5.27.Methodsandvariablesusedby amethod.

Figure5.28.Variableusagewithin a class.
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Figure5.29.Variablesandmethodsreachablefrom amethod.
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5.6.3 Visualizing Methods

Navigating to a methodwill give a graphicalrepresentationof the methodbody, as a Nassi-
ShneidermanDiagram[72], whichis anestablishedgraphicalrepresentationfor block-structured
code.Colourhasbeenintroducedto highlight thedifferenttypesof statement.Thebasicmethod
view is shown in Figure5.30.

Figure5.30.Thedefaultview of a method.

Theview alsocontainsall variablesthat themethodreferences,andall methodsthatmaybe
called,providing easynavigationto them.Differentvisualizationrelationsfor thisview cangive
different forms of the code,andFigure5.31 shows this and in particularthe effect of adding
colour to a Nassi-ShneidermanDiagram.Thegraphicalstructureof thesediagramsis specified
entirelyusinglinearconstraintsdescribedin Section4.6.1.

It is even possibleto modify the visualizationrelation in the Legendto turn one of these
views into any other, andFigure5.32shows how text canbetransformedinto a colouredNassi-
ShneidermanDiagram.At eachstep,a differentnotationhasbeenselectedin theLegend,thus
transformingtheview.

Therearesomeblock constructsthat NassiandShneidermancould not anticipatein 1973.
A synchronizedblock is shown in Figure5.33anda try-catch-finallyblock is shown in Figure
5.34.2 Therearemany otherpossiblenotations.

Switchstatementswith many optionstendto make thediagramvery wide,andthis is shown
in Figure 5.35(a). A modificationto this notationto rectify this is shown in Figure 5.35(b),
whichalsoreflectsJava’ssemanticsthatunlessthereis abreakstatement,caserulesareexecuted
sequentially.

Differentmethoddisplaysareobtainedfrom the method’s Contentmenushown in Figure
5.36. Another meansof representingthe methodcodeis througha flow graph. This shows
controlflow betweenstatementsin amethod.Differenttypesof transition(suchasthebranchof
a condition)arelabeledandindicatedby differentcolours,asshown in Figure5.37.

Exceptionspresentproblemsbecausepotentiallythey canbethrown atany pointduringa try
block, it is difficult to analyzewhichexceptionscouldbethrown atwhichpoints,whichhandler
would handleit, andcouldobfuscatetheflow chart.For thesereasonsthey arenotshown in the
flow graphs.Synchronizedblocksarealsodifficult to representin a flow graph,andonly the
entrypointof a synchronizedblock is indicated.

A final representationfor amethodextendsNassi-Shneidermandiagramsto visualizeexpres-
sionswithin statements.An exampleis shown in Figure5.38.

2Thanksto Alan Blackwell for suggestingthese.
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(a) Indentedtext.

(b) Nassi-ShneidermanDiagram.
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(c) ColouredNassi-ShneidermanDiagram.

(d) 3-D blockstructure.

Figure5.31.Differentrepresentationsof blockstructuredcode.
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(a) Theinitial view. (b) Theinitial legend.

(c) (d)

(e) (f)

(g) (h)
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(i) (j) Thefinal view.

(k) Thefinal legend.

Figure 5.32. A textual representationof codeis transformedinto a visual one by selecting
differentgraphicalformsin thelegend.

(a)Blackandwhite. (b) Colour.

Figure5.33.A synchronizedblock.
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(a)Blackandwhite. (b) Colour.

Figure5.34.A try-catch-finallyblock.
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(a)Traditionalhorizontalswitchstatementlayout.

(b) A verticallayoutof aswitchstatement.

Figure5.35.Alternativegraphicalformsof a switchstatement.
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Figure5.36.TheContentmenufor methods.

(a) Blackandwhite. (b) Colour.

Figure5.37.Controlflow within a method.
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(a)Theview.

(b) Thelegend.

Figure5.38.Nassi-ShneidermanDiagramswith colourandexpressionvisualization.
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5.7 Analyzing Run-time Data

Run-timedatais gatheredfrom aJavaprogramby insertingtracepointsinto thesourcecode,and
recompilingit. WhentheJava programexecutes,thesetracecalls outputtherun-timedatato a
tracefile. Vmaxreadsthisfile andaddsthedatatoProlog’sknowledgedatabasefor visualization.

5.7.1 Adding Trace Points

Tracecallscanbeinsertedinto thesourcecodemanually(simply by typing them),or automat-
ically. TheAction menuof a statement(obtainedby clicking with themiddlemousebuttonon
thestatement)hastheoptionTraceexpression...which popsup a dialogbox promptingfor the
expressionto traceat thatstatement.This is shown in Figure5.39.

(a)A statement’s Action menu. (b) Thetraceexpressiondialogbox.

Figure5.39.Tracinganexpressionby clicking ona statement.

Theeasiestway to tracea variableis to dragthevariableto a statement,which will tracethe
variableat thatstatement.This hasexactly thesameeffect asenteringthenameof thevariable
in thedialogbox in Figure5.39(b).Thefully qualifiednameof thevariableis usedasthetrace
expression,to disambiguateit from othervariableswith thesamename.Figure5.40illustrates
thismethod,whichworkswith bothblockstructuredandflow chartnotationsof thesourcecode.

Whena tracepoint is inserted,thefact

java:trace_point(EventNo, Expression, Statement)

is addedto Prolog’s database,whereEventNo is a uniqueidentifier, Expressionis the trace
expressiontext, andStatementis theidentifierof thestatement.Thetext svt.trace.trace(EventNo,
“Expression”,Expression);is insertedinto thetext buffer beforethestatementStatement.3

All thetracepointsin a Java file canberemovedby selectingtheRemovetracepointsoption
from thefile’sAction menu.

5.7.2 Generating the Trace File

After all of the tracepointshave beenadded,the programis recompiledandexecuted.When
a java.lang.Objectis passedto svt.trace.trace(), it usesthe Reflectionpackagejava.lang.reflect
to probethecontentsof theobject.This allows run-timequeryingof datatypes,includingfield
names,typesandvalues,andis usedto extractall of theinformationabouttheobjectfor output
to the tracefile. Unfortunatelyjava.lang.reflectcan only probepublic members,which is a
necessarysecurityfeature.If acompoundobject(derivedfrom java.lang.Object) is encountered,

3Thiscouldchangethesemanticsof theprogram,soideallyamoresophisticatedmethodis required.
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Figure5.40.Thevariableis ‘draganddropped’ontothestatementto automaticallyinsertatrace
of thevariablein front of thestatement.

thenits membersaretracedrecursively, but a hashtable(java.util.Hashtable) storestheObjects
that have alreadybeenencountered,to prevent the traceroutinefrom enteringinfinite loopsin
cyclic datastructures.

Eachtimesvt.trace.trace(Event,Name,Expression)is called,it outputs

Event: eventno
Name: name
TimeStamp: time

to thetracefile, whereeventnois theeventnumberEvent, nameis thenameof theevent,and
thetime is thetimein millisecondsfrom thestartof theprogram.Thenext outputis Expression.
An int is output

IntegerValue: value

wherevalueis thevalueof theinteger. A float or a doubleis output

FloatValue: value

wherevalueis thevalueof thefloat. An arrayis output

ArrayLength: length
contents

Wherelength is thelengthof thearray, andcontentsis lengthvaluesthatmakeup thearray.
A null objectis output

Object: null

anda java.lang.Objectis output
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ClassName: class
ObjectNo: id
Fields: fields
members

whereclassis thenameof theobject’s class,id is an integerassignedto theobject,fields is
thenumberof fieldsin theObject,andmembersarethemembersof theclass.If theobjecthas
beenoutputpreviously in thesameevent,theninsteadit is output

ObjectNo: id

Thefield membersareoutput

FieldName: name
value

wherenameis thenameof thefield, andvalue is its value. Fieldsandarraymembersmay
themselvesbeobjectsor arrays.

5.7.3 Reading the Trace File

A tracefile is readby navigatingto it. Theensuretraceloaded(File)predicateis calledwhich
readsthefile File. The tracefile is readinto a buffer, anda lexical analysisis performedon it
usingLex. ThelexemesareparsedusingtheDCG[75]

trace_file([]) --> "".
trace_file([H|T]) --> input(H), trace_file(T).

input(input(E,T,V)) --> event(E), time(T), value(V).
input(input(E,N,T,V)) --> event(E), name(N), time(T), value(V).
name(N) --> "Name: ", string(N).
event(E) --> "Event: ", integer(E).
time(T) --> "TimeStamp: ", integer(T).

value(integer(I)) --> intvalue(I).
value(float(F)) --> floatvalue(F).
value(array(L)) --> array(L).
value(O) --> object(O).

intvalue(I) --> "IntegerValue: ", integer(I).
floatvalue(F) --> "FloatValue: ", float(F).
array(L) --> "ArrayLength: ", integer(N), values(N, L).

values(0, []) --> "".
values(N, [H|T]) --> {N>0, M is N-1}, value(H), values(M).

object(nullobject) --> "Object: ", "null".
object(object(Id)) --> "ObjectNo: ", integer(Id).
object(object(Id, Class, Fields)) -->

"ClassName: ", string(Class),
"ObjectNo: ", integer(Id),
"Fields: ", integer(F), fields(F, Fields).

fields(0, []) --> "".
fields(N, [H|T]) -->

{N>0, M is N-1}, field(H), fields(M, T).

field(field(Name, Value)) -->
"FieldName: ", string(Name), value(Value).
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The implementedDCG readslexemesslightly differently(usingthe token/2 predicate),and
alsoaddsthis datato Prolog’s databaseby addingfactsto thedynamicpredicatestrace:event/5
andtrace:value/3. Eachinputeventis stored

trace:event(Input, File, EventNo, Time, Value)

whereInput is a uniqueidentifierfor the input number, File is the identifierof thetracefile,
EventNo is the event identifier, Time is the time stampof the event, andValue is the unique
identifierof theinputvalue.Eachinputvalueis stored

trace:value(Value, String, Term)

whereValue is the uniqueidentifier of the value,String is a string that describesthe value
(suchasmyarray[5].x), andTerm is a termthatstoresthevalue.Term canbe

U array(Values)- An arraywith a list of valuesValues.

U float(Float)- A float or doublewith valueFloat.

U integer(Int) - An integerwith valueInt.

U null - A null object.

U object(Id,Class,Fields) - An objectwith objectid Id, classnameClass, andfieldsFields.
Fieldsis a list of membersof theform field(FieldName,Value).

U object(Id) - An objectwith objectid Id.

If changesaremadeto thesourcecode,or tracepointshavebeenaddedor removed,thenthe
programcanberecompiledandexecutedto generatea new tracefile. TheoptionReloadtrace
on thetracefile’s Action menupurgestherun-timedatafrom thedatabaseandloadsin thenew
tracefile. Becausethetracefile is storedoff line, it canbere-examinedatany time.

5.8 Run-time Data Visualization

Clicking ona tracefile navigatesto it, which readsit in andanalyzesit if necessary. Thedefault
view is shown in Figure5.41,which givesevent lines for eachvaluetraced.An eventline is a
line representingtimeonwhichmarkshavebeenindicatedwheretheeventoccurs.Timeis along
thehorizontalaxis,anddifferenteventsareon theverticalaxis.

Eacheventline is labeledwith theexpressionor variablethatwastraced.Every valuein the
tracefile canbevisualizedby selectingtheAll valuesview of thetracefile. This view is shown
in Figure5.42. Thevaluesin a singleevent line canbedisplayedby clicking on anevent line,
shown in Figure5.43,with the time in the left column,input expressionin themiddlecolumn,
andthevaluein theright handcolumn.Thiseventline canbeanimatedasshown in Figure5.44.
Theanimationis implementedby

trace:animate_file(File) :-
repeat,
trace:input(_, File, _, _, Value),
frame_rate(1.0),
navigate_to(trace_value(Value)),
user_interrupt.

wherebacktrackingover thepredicatewill navigateto eachvalueValuein thetracefile File.
A variationof this actionanimatesgroupsof inputs,andanothervariationanimatesbackwards.
Therepeatpredicateloopsthequery, framerate(1.0)pausesto ensureaninterval of onesecond
betweencalls, and userinterrupt throws an exceptionwhen the userpressesthe Escapekey,
terminatingtheanimation.



CHAPTER5. A TOOL FORSOFTWARE VISUALIZATION 117

Figure5.41.All theeventsin a tracefile.

Figure5.42.All valuesin a tracefile.
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Figure5.43.All thevaluesin aneventline.
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(a)Frame1. (b) Frame2.

(c) Frame8. (d) Frame9.

Figure5.44.Animatinganeventline.
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An individual input canbevisualizedby clicking on it in a view, or by clicking on its marker
on the event line. Pressingthe ‘n’ key or navigating to the Next input view of an input will
navigateto thechronologicallynext input of thesameevent. Pressingthe‘p’ key or navigating
to thePreviousinput view of aninputwill navigateto thepreviousinputof thesameevent.The
Anynext input view displaysthenext input from any event,andAnypreviousinput displaysthe
previousinputfromany event.TheNext 5 inputsview of aninputwill displaythenext fiveinputs
from thesameevent,andtheAnynext 5 inputswill displaythenext five inputsfrom all events,
shown in Figure5.45.

Thestatementatwhichthetraceoccurredcanbenavigatedto by selectingtheGoto statement
view of theeventline.

Figure5.45.A sequenceof five inputs.

5.8.1 Value Visualization

An individual valuecanbevisualizedby clicking on its input markon anevent line, or from a
view. Clicking ona memberof acompoundstructurenavigatesto thesub-structureindicatedby
themouse.Thecorrectnamefor eachsub-structure(suchasarray[5].x) is automaticallyderived
for thevalueanddisplayedin thetitle of theview. This nameis automaticallydisplayedin the
statusbarasthemousemovesovertheview. Thevalueview is specified

view(Value, trace_value(Value), ’Value’) :-
trace:value(Value, _, _).

view(Input, trace_value(Value), ’Value of input’) :-
trace:input(Input, _, _, _, Value).

visual_context(trace_value(Value), trace).

view_content(trace_value(Value), title([’Value ’, Name]) ) :-
identifier(Value, Name).

view_content(trace_value(Value), Content) :-
trace:value_content(Value, Content).

trace:value_content(Value, Content) :-
trace:value(Value, _, Term),
(

Term = array(Values),
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in_list(Value2, Values),
trace:value_content(Value2, Term)

;
Term = array(Values),
Content = array(Value, Values)

;
Term = integer(I),
Content = integer(Value, I)

;
Term = float(F),
Content = float(Value, F)

;
Term = null,
Content = null(Value)

;
Term = object(Value, Class, Fields),
Content = object(Value, Class, Fields)

;
Term = object(Value, Class, Fields),
in_list(field(Name, Value2), Fields),
trace:value_content(Value2, Content)

).

Integerandfloating point valuescanbe visualizedasshown in Figure5.46. Arrays canbe
visualizedasshown in Figure5.47,andstructuresasin Figure5.48. Thenameof thestructure
andfieldsaredisplayedwith thedataitself. Very largedatastructuresmaycluttertheview, soit
is possibleto show astructureto acertaindepth,asshown in Figure5.49.Browsingto members
in theview would revealmorestructure.

(a)Text. (b) Horizontal. (c) Horizontal,with value.

(d) Horizontaloffset. (e)Vertical. (f) 3-D bar.

Figure5.46.Differentwaysof visualizingintegerandfloatingpointvalues.

By usingthe legend,a textual representationof a valuecanbe transformedinto a graphical
one, as shown in Figure 5.50. At eachstep,a differentgraphicalnotationis changedin the
Legend,thustransformingtheview.

It shouldbeclearthatany combinationof graphicalrepresentationscanbecombinedto tailor
theview. More visualscould beadded,andspecializedviews canbedeclaredin Prologif the
providedviewsprove inadequate.
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(a)Text. (b) Horizontal.

(c) Horizontalnumbered. (d) Vertical.

(e)Boxed.

Figure5.47.Differentwaysof visualizingarrays.
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(a)Text. (b) Horizontal.

(c) Vertical. (d) Plaingraph.
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(e)Graphwith colourededges. (f) A doublylinkedlist.

(g) A ring.

Figure5.48.Differentvisualizationsof structures.
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(a)Depth=1. (b) Depth=3.

(c) Depth=5.

(d) Thewholestructure.

Figure5.49.Visualizingastructureto agivendepth.
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(a)Theinitial view. (b) Theinitial legend.

(c) (d)

(e)Thefinal view. (f) Thefinal legend.

Figure5.50.Transformingatextualdisplayof avalueinto agraphicaldisplayusingtheLegend.
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5.9 Prolog Visualization

It is naturalto askwhatotherlanguagesPrologandSVT arecapableof analyzinganddisplaying.
Theansweris all languages,becausePrologis Turing powerful, andPrologis no moretailored
to Java thanto any otherlanguage.However differentprogramminglanguagesrequiredifferent
structuresandrules.

Vmax candisplayandedit Prologasa visual language.This demonstratesSVT’s potential
for visualprogramming,andoffersa possiblesolutionto enduserspecificationof visualization.
Prologclausesarestored

user_clause(ClauseId, Clause)

whereClauseIdis a uniqueidentifierfor theclause,andClauseis thestructureof theclause.
Thereis no external textual representationof Prologat present.The clausesthat the userhas
definedcanbeviewedby theClausesor Predicatesview shown in Figure5.51.All clausescan
bevisualizedin theAll Clausesview shown in Figure5.52.

Figure5.51.Theuser-definedpredicates.

Figure5.52.Visualizingall clausessimultaneously.

Clicking ononeof theclausesnavigatesto it. Thestructureof theclausecanbevisualizedin
a numberof ways,asshown in Figure5.53. As before,theLegendcanbeeditedto transform
any oneof theseviews into any other.
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(a)Prolog.

(b) English. (c) Query.

(d) Block structure.

(e)Tree.

Figure5.53.Differentvisualizationsof a clause.
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To displaya clause,eachsub-termof the clauseis given an identifier Id of the form sub-
term(Parent,Position)whereParentis theidentifierof its parentterm,andPositionis theposi-
tion of thesub-termin its parentcompoundterm. Eachtermis representedin theview content
asterm(Id, Functor, Args), whereFunctor is the nameof the functor, andArgs is a (possibly
empty)list of identifiersthatarethechild termsof thecompound.Theterms:-/2, ,/2 and;/2 are
treatedseparately.

The block structurednotationshown in Figure5.53(d)is similar to VPL [60] andusesthe
horizontalaxis for conjunction,andthe vertical axis for disjunction. A differentview similar
to the TransparentPrologMachine(TPM) [30] is shown in Figure5.54. A redhorizontalline
indicatesconjunction.

Figure5.54.Visualizingpredicatesin thestyleof TPM.

5.9.1 Editing Prolog

Clausescanbeeditedin a numberof ways. TheAddnew clauseoptionon theactionmenuof
thePredicatesview addsanew userclause.Clicking ontheclausenavigatesto it, andits Clause
view shows just thatclause,while its Predicateview shows all theclausesin its predicate.The
Deleteclauseoptionona clause’sactionmenuremovestheclause.

A right-mouseclick on a termwill popup a menugiving alternative namesfor its functoror
atom.Selectinganalternative from this list will changethefunctorandredisplaytheview. The
Setfunctor... option lets theuserenterthenameof the functor. This menuis shown in Figure
5.55,andthe menuis definedby the userterm/3 predicate.This list could get quite long, so
maybea systemof sub-menuscouldbeimplementedto managethis.

A middle-mouseclick ona termwill popupa menugiving operationson theterm,asshown
in Figure5.56. The Increasearity optionincreasesthearity of thecompoundtermby one,and
Decreasearity decreasesthearity by one. A compoundtermwith anarity of zerobecomesan
atom.Cut, Copy, Paste, DeleteandDuplicateperformthedescribedactionon theterm.

Dragginga term onto anotherwill replacethe destinationwith the sourceterm of the drag,
andthis alsoworksbetweenwindows. Theeffect of sucha dragis shown in Figure5.57.There
is alsoaseparateScratch termsview whichcanbeusedto deposittermstemporarilyby dragging
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Figure5.55.Themenuto changethefunctorof a term.

(a)Actionson terms. (b) Actionsonclauses.

Figure5.56.Menusof operationson terms.
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termsto thewindow. Thedynamicclausescratchterm(Id) indicatesthosetermsthatbelongin
thescratchview, andthesetermsarenotexecutable.

(a) (b)

(c)

Figure5.57.Directmanipulationof clauses.

SincePrologcanbeeditedgraphically, it shouldbepossibleto specifySVT entirelythrough
this visual language.The proviso is that thesedynamicchangesto Prolog arenot persistent
becausethey donotwrite backto thesourcecode.A betterimplementationwould loadandsave
textual representationsof Prolog.

TheAddnew view... optionontheactionmenupromptstheuserfor thenameof thenew view,
createsskeletonclausesfor thenew view, andnavigatesto Edit view relation for thenew view.
This is shown in Figure5.58.

5.10 The Help System

PressingHelpon themenubaractivatesthehelpsystem.Thisnavigatesto theview help(main).
Thisview displaysthehelptext in thetext window, andindicatesthesub-topicsin thegraphical
window. Clicking to oneof thehelptopicsnavigatesto thathelptopic. In thisway, SVT’sviews
areusedto displayhelp.

Thepredicatehelp topic(Topic,SubTopic) declareshelpsub-topics,andthepredicatehelp to-
pic(Topic,Title, Text) declaresthehelptext, whereTopic is atermidentifyingthetopic,SubTopic
is thesub-topic,Title is thehelptopic title, andText is thehelptext for thetopic. Thehelptopic
for a particularview ViewContext could have the view context help(ViewContext), providing
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(a) (b)

(c) (d)

(e)

Figure5.58.Creatinganew view.
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view specifichelp.

5.11 Chapter Summar y

Vmax is a programmers’editor that integratesmany areasof softwarevisualization.As well as
providing overviewsof largeprogramstructuressuchaspackagesandclasses,it alsovisualizes
smallscalestructuressuchasmethodsandexpressionsin visuallanguages.Run-timedatais also
visualized,anddueto theability to edit thevisualizationrelation,canbedisplayedin a virtually
unlimitednumberof ways. Theviews arehighly interconnected,andbrowser-stylenavigation
makesit simpleto selecta desiredview.

Vmax augmentsSVT with parsersfor directories,Java sourcecodeandtracefiles, andpro-
videspredicatesfor readingin, analyzingandvisualizingthem.A structureof text nodesstores
theparsetree,andeachtext noderepresentsablockof text thatcanbeeditedin thetext window.
Thisstructureadaptsaseditingproceeds.

Run-timedatais acquiredby insertingtracecalls into Java sourcecode,recompilingand
executingit. Java’s Reflectionpackageis usedto examinethestructureof eachrun-timevalue
it receives. This generatesa file which is readandanalyzed,andthe resultscanbe browsed,
displayedin many differentforms,andanimated.

Prologcanbeeditedasa visual language,in severaldifferentgraphicalforms. This canbe
usedto addnew viewsasanalternativeto textualspecification.

VmaxdemonstratesthepotentialSVT hasto defineandimplementvisualizationsystems.The
implementationshowsthatPrologis capableof specifyingall aspectsof SV, andthatthebrowser
environmentSVT providescanbeusedeffectively asaninterfaceto information.
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Chapter 6

Discussion

This chapterdiscusseswhereVmax fits into the taxonomiesof SV, which enablea
comparativeevaluationof Vmaxwith othersystems.In many criteria,Vmaxoutper-
forms existing systems.Vmax’s maincontribution is in its tailorability, flexibility
andautomation,andit is shown thattheunderlyingapproachis sufficiently broadto
coverall aspectsof SV.

SVT andVmax arenot commercialproducts,andhave not beenevaluatedassuch.
They areintendedto demonstratehow Prologcanspecifyvisualization.An empir-
ical evaluationwould beneededto demonstratetheeffectivenessof Vmax,but that
is beyondthescopeof thework.

Becauseof the differentapproachof Vmax andSVT, therearemany researchdi-
rectionsthatemergefrom this work. Themodulardesignallows componentsto be
replacedwithoutaffectingtherestof thesystem.Furtherwork is discussed,includ-
ing thepossibilitiesof voice,visualor interactivespecificationtechniques,improved
graphicalconstraintlayoutandinterfacingSVT to commercialvisualizationandde-
velopmentsystems.

6.1 Classifying Vmax

As well asoutlining futuredirections,Priceet al. [79] providea framework for comparisonand
classification.This indicateswhetherVmax hasbeensuccessfulin addressingtheissuesraised
in thepaper. Theclassificationof Vmax in their taxonomyis givenin Table6.1.

A classificationof V6V>V>V>V meansthatVmaxis particularlystrongin thatarea,while V means
that Vmax doesnot supportthe featureat all. As thereareno objective metricsfor measuring
thesecriteria,they shouldberegardedasnomorethana roughguide.

The taxonomyof Price et al. is usedin favour of the taxonomyof Romanand Cox [84]
becauseit is morecomprehensiveandmoresuitedto comparativeevaluation.

6.1.1 Scope

Thescopeof Vmax is very broad,becauseit is comprehensive in programandrun-timevisual-
ization.No othersystemscombinebothprogramandrun-timevisualizationto thesamedegree.
Systemsusinga declarative specification[20, 85] lack thepower of datamanipulationfor man-
aginganddisplayingprogramdatabases,andarerestrictedto numericaldata. WhereVmax is
deficient,it shouldbepossibleto extendVmax’sscopeby addingmoreviews( W 4.4). (A.1)

Vmax’s supportfor Java is muchmoreextensive than it is for Prolog. (A.1.3) At present
thereis nospecificsupportor view for concurrency, althoughthearchitecturetime-stampsinput
eventswhich would recordconcurrentbehaviour ( W 5.7.2). The specificationmechanismcould
copewith concurrency. (A.1.3.1)BecausePrologstoresthecompleteprogramdatabase( W 5.5),
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Category Classification

A: Scope
A.1 Generality X>X/X>X/X

A.1.1Hardware any desktopPC
A.1.2OperatingSystem Linux
A.1.3Language Java

A.1.3.1Concurrency X>X/X
A.1.4Applications any in language

A.1.4.1Speciality none
A.2 Scalability X>X/X6X

A.2.1Program X>X/X6X 6 320lines/s,115000lines
A.2.2DataSet X>X/X6X 19500lines/s

B: Content
B.1 Program X>X/X>X/X

B.1.1Code X>X/X>X/X
B.1.1.1ControlFlow X>X/X>X/X

B.1.2Data X>X/X>X/X
B.1.2.1DataFlow X6X

B.2 Algorithm X>X/X6X
B.2.1Instructions X>X/X>X/X

B.2.1.1ControlFlow X>X/X
B.2.2Data X>X/X>X/X

B.2.2.1DataFlow X6X
B.3 Fidelity andCompleteness X>X/X>X/X

B.3.1Invasiveness X>X/X>X/X
B.4 DataGatheringTime compile-andrun-time

B.4.1TemporalControlMapping dynamicto staticanddynamic
B.4.2VisualizationGenerationTime post-mortem

C: Form
C.1Medium colourmonitor
C.2PresentationStyle

C.2.1GraphicalVocabulary points,lines,polygons,tables,graphs,
position,size,enclosure,pictograms;plain text

C.2.1.1Colour X>X/X>X/X
C.2.1.2Dimensions X>X/X6X

C.2.2Animation X>X/X
C.2.3Sound X

C.3Granularity X>X/X>X/X
C.3.1Elision X>X/X>X/X

C.4Multiple Views X>X/X>X/X
C.5ProgramSynchronization X

D: Method
D.1 VisualizationSpecificationStyle automatic

D.1.1Intelligence X>X/X>X/X
D.1.2Tailorability X>X/X>X/X

D.1.2.1CustomizationLanguage interactiveor Prolog
D.2 ConnectionTechnique automaticallyannotated

D.2.1CodeIgnoranceAllowed X6X
D.2.2System-CodeCoupling X6X

E: Interaction
E.1Style browser, mouse,menus,directmanipulation
E.2Navigation X>X/X>X/X

E.2.1ElisionControl X>X/X>X/X
E.2.2TemporalControl X>X/X6X

E.2.2.1Direction X>X/X>X/X
E.2.2.2Speed X>X/X

E.3ScriptingFacilities X>X/X6X
F: Effectiveness

F.1 Purpose expertsoftwaredevelopment
F.2 AppropriatenessandClarity X>X/X>X/X ?
F.3 EmpiricalEvaluation X
F.4 ProductionUse X

Table6.1.Theclassificationof Vmax in Price,BaeckerandSmalls’taxonomy[79].
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andany typeof run-timedata( Y 5.7),Vmaxcanbeusedfor any visualizationtask.(A.1.4)Vmax
hasnospecialitybecauseof its broadscope.(A.1.4.1)

Vmax is very scalablebecauseits query mechanismfilters away extraneousdatathat can
cluttertheviews,andif views fill up their contentsareshrunk( Y 4.4). Thelimitationsaredueto
thesizeof theprogramdatabase.Thiscanfill upthephysicalmemoryandsotheperformanceof
Prologdegrades( Y 6.2.2).(A.2) Vmax canread6 320linesof Java persecondasmeasuredona
400MHzPentiumPCwith 128MBof memory. With thissetup,aprojectof 115000linesof code
hasbeenvisualized( Y 6.2.2). Vmax is inadequatefor projectsof severalmillion lines of code,
duemainly to the internalrepresentationof the programdatabase,andthe comparatively slow
executionspeedof the Prologanalyzer. Programanalysisin C or C++ would be muchfaster.
(A.2.1)

Similarconstraintsareplacedontherun-timedata.19500linesof run-timedataarereadper
second.Oneline of run-timedatais equivalentto oneinteger( Y 6.2.2).(A.2.2)

6.1.2 Content

Theinformationcontentof theviews is extensive dueto thequerymechanismthatPrologpro-
vides( Y 3.3),andthecompletenessof theprogramdatabase( Y 5.5)andtherun-timedata( Y 5.7).
(B.1) If theexistingviewsprovetobedeficient,anew view canbedefinedtoaugmentthesystem.
It providescodevisualizationat thestatementlevel ( Y 5.6.3). (B.1.1)Thecontrolflow between
statementsandbetweenmethodsis shown completely( Y 5.6.3, Y 5.6.2).(B.1.1.1)

Vmax hascompleteaccessto the run-timedata,displayablein a wide variety of formats.
(B.1.2)Vmax is weakondataflow becauseJava is a controlorientatedlanguage.Thedataflow
within a methodis not shown, althoughthe information is available to computeit. The data
dependenciesbetweenmethodsandvariablesareshown however ( Y 5.6.2).(B.1.2.1)

Vmax cannotvisualizealgorithms,becauseit only hasaccessto raw sourcecode.However
it canbe structuredinto a flow chartwhich would help visualizethe algorithm( Y 5.6.3). (B.2)
Expressionsin statementscanalsobevisualized,if thatis reallydesired( Y 5.6.3).(B.2.1)

Thecontrol flow is shown within a methodandalsobetweenmethods.However the actual
control flow of anexecutingprogramis not displayable.Showing run-timecontrol flow is not
possiblebecauseanalysisof run-timedatais doneoff line ( Y 5.7). A possibility would be to
interfaceProlog to the Java Virtual MachineDebug Interface[68] to performlive debugging.
(B.2.1.1)

Prologhascompleteaccessto theJava’s parsetree,andcancomputeany informationabout
theprogrambecauseit is Turing powerful ( Y 5.5). It doesnot have completeaccessto run-time
dataatall times,althoughany individualdatacanbecompletelymonitoredat tracepoints( Y 5.7).
(B.3) Vmax affectstheperformanceof therunningprogrammuchlessthansystemswherethe
view is synchronizedwith thedata,becausetheviewerdoesnotpausetheprogramfor animation
andstepping( Y 5.7). (B.3.1)

Vmaxgathersdataabouttheprogrambeforeandafterit is run( Y 5.5, Y 5.7). (B.4)Therun-time
datacanbesteppedandanimated,but staticviews of sequencesof eventscanalsobegenerated
( Y 5.8). (B.4.1)Run-timevisualizationoccursaftertheprogramhasbeenrun( Y 5.8). (B.4.2)

6.1.3 Form

The outputof Vmax is on a colour monitor. (C.1) The constrainthierarchyimplementsmany
differentkindsof graphicalcomponentandlayoutalgorithm,providing a wide rangeof output
( Y 4.5, Y B.6). Therearelimits in thecapabilitiesof thegraphicallayoutalgorithms,but a range
of visuallanguageshavebeenimplemented( Y 5.6.3, Y 5.9). (C.2.1)

Colour is usedwidely to convey information,andindeedany numericalquantityor attribute
canbeusedto colourany graphicalcomponent,includingbitmaps.(C.2.1.1)Theviewsin Vmax
do not generallymake useof threedimensions.Thealgorithmsfor graphandcontainerlayout
( Y 4.5.5)aretwo dimensional,but they couldbeadaptedto produce3-D layouts.Theconstraint-
basedobjectlayout is fully threedimensional( Y 4.6.1),allowing 3-D objects,containmentand
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heightbars( Z 5.8.1).(C.2.1.2)

Thevisualizationsarestatic,andanimationcanonly beshown asasequenceof frames( Z 5.8).
Animationconstraintscouldbeaddedto theviewersothattheoutputin theview is animated.A
modificationto theview generatorcouldautomaticallygeneratesmoothpathsbetweenobjects
with thesameidentifierin sequentialframes.MoreprimitiveapproachessuchasTango[95] are
moreversatilebecausethey allow animationto beprogrammedexplicitly. (C.2.2)

Soundwas not incorporatedinto Vmax becausetherehave beenno demonstratedbenefits
of using soundin programvisualization[25]. Soundconstraintscould be provided that are
generatedfrom theinformationcontentof aview, or Prologcouldcall thesoundlibrary directly.
Zeus[15] is strongerin thisareabecauseit hasaninterfaceto a soundlibrary. (C.2.3)

Vmax’s controlover granularityis far moreextensive thanin previoussystems.A rangeof
granularityfrom individualexpressions( Z 5.6.3)to wholeclass( Z 5.6.1)andpackagehierarchies
( Z 5.4) canbeviewed,while othersystemsareoften limited to onetaskandonelevel of granu-
larity [79]. (C.3) Vmax’s elision control is alsovery advanced,becausedifferentviews of the
sameobjectcanhide or reveal data( Z 4.7.4),andthe legendcanbe modifiedto hide or reveal
information( Z 4.8.2).Elision is selectedby theuser. In many othersystems,elisionis achieved
by editingtext. (C.3.1)

Vmaxhasverygoodcontrolovermultipleviews,becausetheusercancreateasmany viewing
windows asdesired( Z 4.4),anddisplayany kind of datathere.Theviews in differentwindows
cannotbesynchronizedhowever. (C.4)

Therun-timedatais notsynchronizedwith theprogrambecauseit is displayedoff line ( Z 5.8).
It is not clear whetheron-line or off-line viewing of run-time datais better, becauseon-line
allows the datastateof the programto be modified live, and asynchronousviewing requires
morestorage,but allowsmuchbettertemporalcontrolandallowsstaticviewsof dynamicevents
( Z 5.8),suchasin Vogue[51]. Asynchronousdatadisplayinterruptstherunningprogrammuch
less.Vmax couldberun in synchronousmode,by interfacingto a remoteJava Virtual Machine
via its debug interface[68]. (C.5)

6.1.4 Method

Views canbe specifiedon many levels. Defining the informationin a view is donevia textual
specificationin Prolog( Z 3.3), andalsousingvisual specification( Z 5.9). Choosingthe presen-
tation style of the view is donethroughpull-down menus( Z 4.7.4), and selectingthe datato
visualizeis donevia directinteractionwith theview ( Z 4.7.3, Z 5.7.1).(D.1)

Thesystemdisplaysmany differenttypesof intelligence.For example,it usesautomaticlay-
out ( Z 4.5),automaticallyfindssuitableviews for anobject( Z 4.7.3),automaticallyfindssuitable
visualizationcontexts for a view ( Z 4.7.3),andautomaticallytailors menusto thedata( Z 4.7.2).
PotentiallyPrologcouldanalyzethedatastructureanddecideitself how to displayit. However
usersstill needto choosetheview andvisualizationcontext themselves.(D.1.1)

Almosteveryaspectof visualization( Z 3.3, Z 3.4)andinteraction( Z 3.8, Z 4.7.2)canbespecified
in Prolog,makingthesystemhighly tailorable.Tailorability canbedoneby theuserby changing
thevisualizationrelation( Z 4.7.4),modifying it usingtheLegend( Z 4.8.2),or editing theaction
relation( Z 4.7.5).(D.1.2)

A highdegreeof customizationis possiblejustby selectingdifferentviews( Z 4.7.3)or graph-
ical forms( Z 4.7.4),but the legenditself canbeeditedto customizeoutputcompletely( Z 4.8.2).
Graphicalqueriescanbeaddedthatcustomizetheinformationin a view ( Z 5.9).AdditionalPro-
log canbedynamicallyloadedthatcontainsmoreview specifications( Z 4.4). Otherdeclarative
systemscanonly becustomizedby textualprogramming[20, 86]. (D.1.2.1)

Vmax is connectedto the programvia loading its sourcecode( Z 5.5), loading its run-time
data( Z 5.7.3)andautomaticannotationby insertingtracepointsinto thesourcecodevia dragand
drop ( Z 5.7.1). Theconnectiontechniqueis similar to Viz [27] where“players” areevent lines
in Vmax, “states”are input events,the “history” is the tracefile, “view” is the view context,
“filters” aretheview relations,“mapping” is thevisualizationrelationand“navigators”arethe
actionrelation.(D.2)
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A userof Vmax needsto be familiar with Java in orderto understandconceptssuchasin-
heritance,overloading,variableusageor functioncalls. Theuseralsoneedsto understandthe
sourcecodein orderto know wheretracepointsshouldbeinserted.Prior understandingof the
algorithmis necessaryin many systemsto createeffectiveoutput,but systemssuchasEliot [61]
andLeonardo[20] donot requiretheselectionof tracepoints.(D.2.1)

Thevisualizationsystemis almostcompletelydecoupledfromthetargetsystem.Thereis only
a smallamountof codethatis dynamicallylinkedto thetargetsystemvia Java’sclassloader, to
outputrun-timedatastructuresto a tracefile ( [ 5.7.2).(D.2.2)

6.1.5 Interaction

Theinteractionstyleis moreadvancedthanin othersystemsbecauseit usesa browserinterface
( [ 4.7.3).Interactionusingthemouseandkeyboardcanbecompletelyspecifiedin Prolog( [ 3.8),
or dynamicallymodified( [ 4.7.5),andcanspecifymenus( [ 4.7.2)anddirectmanipulation( [ 5.9).
(E.1)

Navigationis easywith abrowserinterface( [ 4.7.3),whichis veryimportantbecausethereare
70 differenttypesof view to choosefrom. (E.2)OtherSV systemsdo not provide specification
for interactivebehaviour.

Elisioncontrolis high,asselectingdifferentviewsof thesameobjectfrommenus( [ 4.7.3)can
filter out what is not of interest.Differentvisualizationrelations( [ 4.7.4)or editing the legend
( [ 4.8.2)canalsohidevarioustypesof information.Elision is manuallycontrolledthroughmenu
selections.(E.2.1)

Temporalcontrol is alsoquite good,becausethe programdatacanbe steppedforwardsor
backwards,andanimatedforwardsor backwardsatany framerate( [ 5.8). (E.2.2)

Thereis no facility to recordand play back user inputs. Textual scripting is possibleby
executingsequencesof Prologcommands( [ 4.3). (E.3)

6.1.6 Effectiveness

The purposeof Vmax is differentto many SV packagesbecauseit is designedto be usedon
real programs,andnot small examplesfor teaching. (F.1) This changeof emphasismakes it
imperative thatviewscanbegeneratedquickly andautomatically.

The automaticlegenddescribeseachview, so thereforethe views shouldbe clearandself
explanatory( [ 4.8). No otherSV systemsprovideanautomaticlegendfor eachview. Theviews
themselveshave not beenoptimizedto programmers’needs,but thesystemcanbecompletely
tailoredto providethemostappropriateviews ( [ 3.3, [ 3.4)andinteraction( [ 3.8). (F.2)

An empiricalevaluationis beyond the scopeof this work. Vmax is aimedat softwarede-
velopers,andmeasuringthe performanceof the whole developmentprocessis difficult. It is
thereforenot possibleto saywhetherVmax is effective in realsituations,or whetherVmax is at
all appropriatefor thetask.(F.3)

Vmax is new softwareandhasnot hada chanceto beusedin realprojects.It is not quiteof
productionquality, andlacksusermanuals.Theresearchaimswerenot to producecommercial
software.(F.4)

6.2 Evaluating Vmax

Evaluationposesaparticularproblemfor SV systems.Therehasbeenlittle empiricalevaluation
of theothersystemsdescribedhere[71, 79]. An empiricalevaluationis beyondthescopeof this
work, soconclusionsaboutVmax’susabilityor themeritsof addinggraphicsto a programming
environmentwill notbemade.

Oneapproachis to evaluatetheusabilityof thesystemusinga ‘cognitivedimensions’frame-
work [37, 39]. This is a framework for discussionaboutprogrammingenvironments,providing
many differentevaluationaspectsandcriteria. Oftenchangesin onedimensionwill affect the
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performancein others. However it is more focusedon tasksof datamanipulationandvisual
programming,while Vmaxdoesnotprovidethesefunctions.Cognitivedimensionscandescribe
particularnotationsandenvironments,but Vmax usesa generalapproachthat doesnot fix the
notationor environment.Fromacognitivedimensionsperspective,theprogrammingtaskis still
textual. Cognitive dimensionsonly examinesthe user’s perspective, anddoesnot discussthe
implementationalaspects.

Theapproachweshalluseis to compareVmax’scapabilitieswith existingsystems,andPrice
et al.’s taxonomy[79] providesa suitableframework for suchdiscussion.It is given in Sec-
tion 6.1. This providesa meansof comparisonfor particularaspectsof the system,but does
not provide anoverall measureof its worth. Thesuitability of a particulartool is entirely task
dependant.

6.2.1 Benefits

AlthoughVmaxprovidesveryflexible graphicaloutput,andhasveryfinecontrolover theinfor-
mationpresentedin its views, it hasnotbeenshown whetherthis is of benefit.

Thereareseveralstudiesthatshow thatdifferentnotationsperformbetterin differentcircum-
stances[107]. Green[37] argues“a notationis never absolutelygood, therefore,but only in
relationto certaintasks.” Becauseprogrammingis suchavariedtask,maximumflexibility in the
graphicalrepresentationwould berequiredfor thevisualizationsystemto beeffective,because
specificnotationsmaynotbeappropriatein all circumstances.

Informationcontrol,orelision,isanimportantaspectof informationsystems,andin particular
SV systemsbecauseof thedifferentkindsof programmingtaskandareasof interest.Socalled
“spaghetti-platesyndrome”[17] is a major problemfor control orientedlanguagesbecauseof
the visual complexity of the output. The Deutschlimit [67] placesa limit on the information
densityof graphicaldisplays.However thereis alsoevidencethatvisualnotationsbecomemore
effective whenthe problemsizegrows [22, 78]. Whitley [107] posesthe question“Given the
rangeof informationrequiredin programming,cana VPL highlight enoughof the important
informationto beof practicalbenefit?” Theonly way the trade-off betweenvisual complexity
andinformationcompletenesscanbe resolved is throughelision control to selectively choose
whatto displayby providing many differentviews.

Theuserinterfaceusesgraphicalbrowsing techniqueswhich have beenshown to bea very
easy, successfulandeffective meansof informationretrieval, andutilizes direct manipulation
which is arguedto beanaturalinterfaceto data[90].

Usability testingis beyondthescopeof thiswork. Therearenoobjectivemetricsfor compar-
ing theeffectivenessof differentSV systems[79], andtherehasbeenlittle empiricalevaluation
of the othersystemsdescribedin this dissertation.So while thereis indirect evidencethat the
facilitiesofferedby Vmax areuseful,andthat it is easyto use,this hasnot beenconfirmedby
userstudies.

6.2.2 Performance

The performancefiguresshown in Table6.2 wereobtainedon a 400MHz PentiumII PC with
128MBof RAM runningLinux 2.2.They weremeasuredby enablinga loggingfunctionin SVT
thattimesthesetasks.

Task Speed

Codeinput rate 6 320linespersecond
Crossreferencing 5 144linespersecond
View generation 900constraintspersecond
Tracefile input rate 19503linespersecond

Table6.2.Theperformanceof Vmax.

Thefiguregivenfor view generationdependson theconstraints,andtheamountof compu-
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tationrequiredto derive theview content.A typical view maycontain100or moreconstraints,
beyondwhich theview startsto getcluttered.Thesefiguresareof courseapproximatebecause
they dependonhardwareandthespecificdataused.

Vmax offersa responsive interfaceandis practicalto beusedfor mediumsizedprojects,of
around100000linesof code.Sourcecodeof 115000lineshasbeensuccessfullyvisualized.

This performancecouldbe significantlyimprovedby a moreefficient implementation.The
performancewaslimitedby Prolog’smemorymanagement,whichfilled upthecomputer’smem-
ory asmorefactswereaddedto its database,suggestingthatspeciallywritten storageroutines
shouldbeusedfor theprogramdata.

6.2.3 Extensibility

Vmax is readilyextensibleby addingmoreviewsandprogramanalysesin Prologfilesandload-
ing themonstartup. Thegraphicaloutputcanbereadilymodifiedandextendedby definingmore
visuals.New languagescanbeaddedby addinglexical analyzersandparsersto theexecutable,
andthePrologto analyzethem,whichcouldcoexist with theexistingsourcecodeanalyzers.

6.3 Evaluating SVT

6.3.1 The Specification Langua ge

SpecifyingSVT is very differentto specifyingothervisualizationsystemsbecausethereis so
muchmore to specify. Thereareviews, view content,visual content,visualizationcontexts,
visualizationcontext descriptions,visuals,visual components,visual objects,menus,actions,
reactionsandcontenttypesto declare.This mayseemvery complicated,but it providesmuch
moreflexibility andautomationfor theenduser.

Whenspecifyingoneaspectof the system,the implementordoesnot needto be concerned
abouthow theotheraspectsarespecified.In particular, theview contentis specifiedcompletely
independentlyto thevisualcontent,whichis specifiedindependentlyto thegraphicalconstraints
of thevisuals.By subdividing theproblem,eachcomponentis muchsimplerto specify, andcan
bereused.

ThespecificationmethodSVT usesmaybedirectlycomparedwith Pavane[85] andLeonardo
[20]. Leonardousesa logic basedlanguageAlpha, but theresultingnotationis moreawkward
thanProlog’s,andcanonly manageintegervalues,not compoundterms,soit would beuseless
for knowledgeengineering.A strengthof Alphais thatit canembednumericalexpressionsfrom
theobjectlanguagedirectly into it.

Pavane’sdeclarativeapproachis moreawkwardthanAlpha’s. Thelanguagesareverysimilar
in their usage,but Pavaneoffersaniterative styleof programming,andgeneratesgraphicalob-
jectsastuplesin a data-space.Pavaneusesnamedparametersto passattributesto thegraphical
objectsit constructs.SVT usesparameterpositionto passargumentsto its visuals.Pavane’s im-
plementationactuallytranslatesSwarmbaseddeclarationsinto Prolog,althoughtheimplementor
doesnotseethis.

Both Alpha andPavaneconstructlow level geometricobjectsby specifyingtheir graphical
coordinatesdirectly, which is little improvementover an ordinarygraphicstoolkit. Alpha can
assignintegersto objectsin the scene. SVT works very differently by generatinghigh level
constraintson theoutputimage,which areautomaticallystructured.Constraintsarenecessary
to combinedifferentnotationsandto handlearbitrarygraphicalstructures.Every objectin the
scenehasa labelwhichcanbeany Prologterm.

BecauseAlphaandPavaneusedirectlymappedobjectsto thescreen,they providenoencap-
sulationof visualobjects.Evensomethingassimpleasa redarchasto beprogrammedin two
separatepredicatesin Alpha. In SVT, constraintscanbe compositedarbitrarily, andarecom-
positionsof primitivegraphicalconstraints,providing encapsulationandspecificationata much
higherlevel. While SVT providesthreestagesof visualization,PavaneandAlpha provide just
one,therebyfixing theiroutput.
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Alpha andPavanecannotspecifyinteraction.Theobjectsin their scenesdo not have seman-
tics, so thereis no meansof interactingwith them. SVT canspecifyany interactive behaviour
for any objector componentin thescene.

The sizeof specificationis small in SVT becauseSVT providesencapsulationvia visuals,
so only the bijection betweenthe semanticsand the visualsneedsto be defined. By editing
the legend,this bijectiondoesnot needto bespecifiedat all. Alpha andPavanerequiretextual
programmingto changethegraphicaldisplay, but thiscanbedoneby theenduserthroughaGUI
in SVT.

Both Alpha andPavanecanspecifyanimationin their scenes.Animation in SVT is quite
primitive,andis limited by theviewer, andnotby thespecificationlanguage.

6.3.2 Modularity

SVT andVmax aremodularin their design.The window manageris accessedthrougha well
definedinterfacesothatSVT canbeusedwith any windowing system.

Thelayoutconstraintsolvercouldbecompletelyreplacedby any layoutmechanismthatinter-
facesPrologto OpenGL.Theexistinghierarchycouldbeextendedwith betterlayoutalgorithms.
The3-D graphicstoolkit couldbereplaced,or thedeclarative languagethat is usedto drive the
constraintsolver. EvenC++ candrive theconstraintsolver directly, thusbypassingtheneedfor
Prologto generatevisualizations.

Otheraspectsof thedatagatheringsuchastheprogramdatabasedo not needto bemanaged
by Prologeither, but couldbestoredusingexisting toolsandaccessedby Prolog.

6.3.3 Application Areas

Information Visualization

SV is a particularlychallengingexampleof informationvisualizationbecauseof the sizeand
complexity of thedatastructures,thewiderangeof possibleoutput,andthehighlyheterogeneous
natureof thedata.Otherapplicationsarepossible,providedthatthedatais interfacedto Prolog.

Visual Programming

Visualizationis anintrinsic partof visualprogramming,becausevisual languagesystemsneed
to generatediagramsto communicatethevisualprogram.Theconstraintbasedoutputof SVT
canspecifyvisuallanguages,whichrelatesthediagramto thelanguagestructureandsemantics.

Vmax usesseveralgraphicalnotationsto representprogramsin Prologor Java. Thereis no
facility to manipulateJava graphically, which distinguishesprogramvisualizationfrom visual
programming.

Thecombinationof visualizationandinteractionprovidesa completespecificationof visual
programming.SVTcanemulateblock-structuredvisuallanguages,but is morelimitedwith node
and link basedprogramming.ExtendingSVT’s layout capabilitieswould extendthe possible
visuallanguagenotations.

Graphical User Interface Specification

A graphicaluserinterface(GUI) is essentiallyaninteractivegraphicalview, andcanthereforebe
specifiedin SVT. Visualsdefinethewidgetsin theGUI, whicharegeneratedautomaticallyfrom
thedatain theview.

Thedialogbox in Figure6.1 is specified

view_content(dialog, font_option(Font, Name, Status)) :-
font_data(Font, Name), widget_data(Font, Status).
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Figure6.1. A dialogboxspecifiedin SVT.

view_content(dialog, style_option(Style, Name, Status)) :-
style_data(Style, Name), widget_data(Style, Status).

visual_content([], dialog,
[
window(window, ’Font select’, main),
vertical(main, options, buttons),

% Buttons
button(yes_button, ’Ok’),
button(no_button, ’Cancel’),
button(apply_button, ’Apply’),
horizontal(buttons, [yes_button,apply_button,no_button]),

% Options
vertical(fontlist),
group(font_group, ’Font’, fontlist),
vertical(stylelist),
group(style_group, ’Style’, stylelist),
horizontal(options, font_group, style_group)
]).

visual_content(font_option(Id,Text,Sta tus), dialog,
labeled_choice(Id,Text,Status,fontlist)).

visual_content(style_option(Id,Text,St atus), dialog,
labeled_selection(Id,Text,Status,stylelis t)).

action(move(B,_), svt, indicate(action)) :-
selector_button(B) ; choice_button(B,_).

action(click(B, _, _), svt, toggle_selector(B)) :-
selector_button(B).

action(click(B, _, _), svt, Action) :- button(B,Action).
action(click(B, _, _), svt, choice_select(B,C)) :-

choice_button(B,C).

Thecalculatorin Figure6.2wascreatedusingsimilarmethods.Thecalculatorsupportskey-
boardinput. In comparingtwo calculatorapplicationsin Figure 6.3, the Tcl/Tk [74] imple-
mentationin Figure6.3(a)(obtainedasa Tclet from Scriptics1) was127lines,while theProlog
implementationin Figure6.3(b)was58 lineslong.

1URL: http://www.scriptics.com/products/tcltk/plugin/calculator.html
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Figure6.2. A fully functionalscientificcalculatorspecifiedin SVT.

(a) Tcl/Tk. (b) Prolog.

Figure6.3.Similar calculators.
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6.4 Commer cial Relevance

Programmingis difficult andtime-consuming,andthereforeexpensive. Toolswhich make pro-
grammingeasier, morereliableandfaster, reducethecostof writing andmaintainingprograms,
andarethereforeimportant.Visualizationis merelyanextensionof theexisting trendof provid-
ing graphicalenvironmentsin which to program,which providegraphicalsupportfor usingthe
compiler, editing,navigating,modifying code,creatingskeletonapplicationsandcreatinguser
interfaces.Visualizationcanreducethecognitiveburdenon theprogrammer, therebyimproving
productivity. Thesebenefitsarealreadybeingexploitedin commercialprogrammingproducts.

Theapproachusedby SVT andVmax couldbeusedin commercialproducts.A stand-alone
programmingenvironmentlike Vmax could provide a working alternative to existing environ-
ments,andprovideamuchgreaterrangeof visualization.OtherwiseanenvironmentsuchasMi-
crosoftVisualStudiocouldhaveanembeddedProloginterpreterlinkedto its projectdatabases.

Stand-alonevisualizationtoolscouldalsobebasedupon,or augmentedby, SVT’s approach
to visualization. Existing architecturessuchas IBM’ s VisualizationDataExplorer2 and AVS
Express3 couldbeinterfacedto SVT, andprovideaccessto boththedatasourcesandtheoutput
displayandscenegraphs.

SVT andVmax arenot commercialproducts,but demonstratethe technicalviability of im-
plementingSV in aknowledgeengineeringenvironment.

6.5 Fur ther Work

6.5.1 Measure Usability of Vmax

The usability of Vmax hasnot beenformally measured,andthereforethe benefitsof usingit
have not beenproven. Studiesthatcomparetheperformanceof usersusinga text-only system
andthoseusinga graphicalsystemsuchasVmax would answerthis question.Unfortunately
suchbroadstudiesarerarely conclusive, andmaynot relateto “real-world” tasks[45]. Vmax
would have to be evaluatedin real situationsto measurethe performanceof usersusing the
system.

Vmax generatesoutputmessagesmonitoringits activity which canbe saved into a log file
for future analysis.Changesin view context andvisualizationcontext arerecordedandtime-
stamped.Navigation graphsbetweenview contexts could reveal how usersactuallyusedthe
system,ratherthanwhat is possible.Usagestatisticssuchasmeantime betweennavigations,
numberof view contexts used,numberof times the visualizationrelation is changed,useof
bookmarks,useof preview window, useof thelegend,or thewayobjectswerevisualizedwould
provide evidenceof worth for that feature. It would provide a workbenchfor measuringthe
psychologyof programmers.

It would seemclearthat a featureor view shouldbedeemed“useful” if it is usedregularly
by a user. If a wide rangeof views wasused,or views andnavigation pathswere taken that
arenot availablein traditionalprogrammingsystems,thentheworth of Vmax is demonstrated.
Questionnairescouldalsogivesupportingevidence.

6.5.2 Measure Programmer s’ Needs

Noattempthasbeenmadetooptimizethegraphicalviewsandnotationsusedin Vmax,whichare
only a first approximationof whatmight beuseful. Discoveringwhich notationsprogrammers
find mostuseful,what informationprogrammersrequire,andhow they wish to navigate,would
leadto aconfigurationof Vmaxthatwasmoretailoredto programmers’needs.

Choiceof graphicalnotationcanhave a significantimpacton userperformance[37]. Com-
parative performanceof variousgraphicalnotationscanbemeasured,but caremustbetakento

2URL: http://www.ibm.com/dx
3URL: http://www.avs.com
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ensurethat theexperimentsarenot swampedby noiseandbecomeinconclusive [107]. Thear-
chitectureof Vmaxallows verydifferentnotationsandviews to beconstructedrelatively easily,
sowouldbeanappropriatetest-bedfor differentnotations.

A studyof how usersnavigatedthroughVmaxwouldindicateimportantnavigationpaths,and
perhapsyield the kind of informationprogrammerswereinterestedin. Questionnairesasking
programmers’needscouldprovidedataonwhatinformationto provide.

6.5.3 Impr ove the Graphical Constraint Solver

Thereare limitations in the typesof graphicaloutputpossibleby SVT, becauseof limitations
in thegraphicalconstraintsolver. It lacksmany layoutalgorithmsandits graphlayout is quite
primitive. It doesnothavestrongsupportfor numericalvisualization,includingproducingmany
kindsof graph,or volumetricdata.Evenso,thegraphicaloutputit doesproduceis sufficiently
powerful to implementvariousvisuallanguagesandnotations.

The modulararchitectureallows any kind of graphicalconstraintsolver to be used. The
graphicalconstraintsreturnedby Prologcandriveany constraintlayoutmechanism.Theexisting
constraintsolver canbe extendedthroughits C++ interfaceto augmentthe layout algorithms
alreadypresent.

The geometricconstraintsolver usedto lay out visual objectscanonly managelinear con-
straints,andis inadequateto solve morecomplicatedgeometricconstraints,or find “optimal”
solutions.

6.5.4 Animation

SVT wasnot originally designedto beananimationtool. Animationconstraintscouldbepro-
vided that control animationin the scene,and the viewer could be reimplementedto provide
animation.Pathsof smoothmotionsuchasthosein Tango[95] couldalsobespecifiedvia con-
straints. Inter-frameanimationcouldbe implementedby automaticallyproviding smoothpath
transitionsbetweenthesameobjectin sequentialviews.

Positionswithin thescenecouldbespecifiedusingfour dimensions,andlinear interpolation
betweenpointsin space-timecouldprovideanimationin thestyleof Pavane[85].

6.5.5 Sound

Programauralization[25] couldpotentiallycommunicatemoreinformationthangraphicsalone.
Perhapssoundcouldform partof theview. This couldbespecifiedby soundconstraintsgener-
atedfrom theinformationin theview. A soundconstraintwouldnotaffect thegraphicaloutput,
but wouldcall asoundlibrary. A visualcouldcombineauralconstraintswith visualconstraints.

Moving themouseoveranobjectcouldalsogeneratesound.In this casetheinteractionwith
theobjectwould resultin a reactionthatcallsthesoundlibrary directly from Prolog.

6.5.6 Automatic Choice of Graphical Layout

Thevisualizationrelationmustbespecifiedmanuallyby declaringhow informationis mapped
to visuals. SystemssuchasAVE [34] aredatadriven,anddeterminea suitablemappingfrom
thestructureof thedata.Suchtechnologycouldbeintegratedinto SVT, althoughit is not clear
whetherthis featurewould beuseful.Thevisualizationcontext couldbeselectedautomatically
dependingon theform of thedata.

6.5.7 Impr ove the Graphical User Interface

Thespecificationmethodfor menusis fairly primitive,allowing only separatorsandbullet items.
This couldbemademoresophisticatedby addingsub-menusandimplementingtool barsusing
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a similar specificationtechnique.Theviewing window doesnot have scroll bars,but theseare
alsoaneffectivemethodfor viewpoint control. Balloonhelpcoulddescribeobjectsbeneaththe
mouse,replacingthelegend.

6.5.8 Investigate other Specification Langua ges

Thereare many variationsof Prolog and other query-basedlanguagesthat would be able to
implementthe semanticmodelof visualization. Prologwaschosenbecauseof its established
use,its formalbasis,andits simplicity. If thecorelanguageis sufficientto expressavisualization
system,thenany languagewhich builds on Prologis alsosufficient. Thedifferencesin syntax
betweenthedialectsof Prologwouldchangetheappearanceof thespecifications,but notchange
theirmeaningsignificantly.

Prologitself providesameansof modifyingits syntaxusingtheop/3 predicate.Thisexample
showshow new operatorscouldreplaceview content/2andvisual content/3:

family_tree -Q-> person(X)
:- man(X); woman(X).

person(X) -V-> labeled_icon(X, X, person) using graph.

A possibleusefor SVT is in visualizing databases.Prolog can be interfacedto external
databases,but it may make senseto implementthe semanticmodel in the databaselanguage
itself. Therelationshipsbetweenthe theview context, theview content,thevisualcontentand
thegraphicalconstraintsmightbeexpressiblein arelationaldatabaselanguagesuchasSQL[21].
Databaselanguagesareoften imperative or functional,which lack backtrackingcapability, and
thesyntaxof suchqueriesmaynotbesouserfriendly. HoweverDatalog[102] offersa language
similar to Prologthatimplementsa relationalmodelto accessanunderlyingdatabase.

6.5.9 Investigate Visual Specification Langua ges

Themainproblemwith Prologis thatit is slightly toocomplicatedto beusedasanend-userlan-
guage.Its executionmodelis quitedifficult to understand,andmostusersareusedto imperative
programmingstyles.Thusonly expertuserswouldbeableto addnew viewsto thevisualization
system.

ThevisuallanguagesVmaxprovidestoeditPrologclausesarefully operational,albeitchanges
arenot persistent.Thebenefitof this notationandmeansof editingover textual Prologhasnot
beendemonstrated,andit is unclearwhetheruserswould find this approach,or any visual lan-
guage,a moreaccessiblemeansof specifyingvisualization.

A morecomprehensive studyof graphicalnotationsandediting for specifyingvisualization
queriesmay yield resultson the meritsof graphicalspecification,andyield notationsthat are
particularlyeffective. Work in visualquerylanguages[18] andenduserqueriescouldbeusedto
specifytheinformationcontentin views.

Visualsandvisualobjectscouldbedesignedbygraphicaltoolsinsteadof textualspecification.

6.5.10 Natural Langua ge Interface

Anotherapproachto end-userspecificationis to usea naturallanguageinterface.Many natural
languagesystemsuseProlog,so it would bequitestraightforwardto embeda naturallanguage
interfaceinto SVT. Queriessuchas“show themaritalstatusof thesalesmenwhowork in Ipswich
who sold no speakers last month” could be convertedinto a clausefor the view content. A
commandsuchas“show salesmenascircles”couldchangethevisualizationrelation.
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6.5.11 Formal Theor y of Visualization

The semanticmodel in Chapter3 is a fully formalizedtheoryof visualization,baseduponset
theory. By formulatingthe relationsin logic, themodelis essentiallyan inverseof description
logic [28] thatis usedto describeratherthangeneratethegraphicalpropertiesof animage.The
constraintsform thebasisof a constraintmultisetgrammar[65], andthescenegraphrelatesto
graphgrammars[81]. The theoreticalwork in Chapter3 could be reconciledwith theseother
visuallanguageformalisms.

6.5.12 Impr ove Program Anal ysis

Thereis muchinformationaboutthesourcecodethathasnot beenanalyzed.For exampledata
flow in methods,or which methodsget calledin which circumstances,abstractinterpretations
of thedata,or which valuescanbestoredin which variables.Adding theseanalysesto Vmax
wouldenhancetheinformationpresentedto theprogrammer.

6.5.13 Visualiz e other Langua ges, suc h as C++

Vmax focuseson Java, but otherprogramminglanguagescould be visualized. Thereshould
beno difficultiesin providing visualizationfor otherlanguages,andto visualizemany different
languagessimultaneously.

6.5.14 Data Persistence

SICStusPrologprovidespredicatesfor persistentdatastoragein an externaldatabase.Vmax
doesnot make useof it, andusesthe non-persistentinternaldatabase.This meansthat large
softwaresystemshave to bestoredin mainmemory, which canbeexhausted,andthedatamust
bereloadedeachtime Vmax is run,which couldbetime consuming.It couldbebetterto store
theprogramdatabaseexternallyto avoid this.

A distributedclient-serverarchitecturecouldcentralizethisdatabase,to haveanentirework-
groupcooperatingin thesamesystem.Views couldbeservedasVRML over the internet,and
navigationwithin theVRML viewercouldconnectto theserver to requestthenew view.

6.5.15 Provide Visual Programming

Vmax providesvisual programmingfor Prolog. The graphicalnotationsfor Java could also
be manipulated,but that is beyond the scopeof this work. Drag and drop techniquescould
rearrangesourcecodeat thestatementlevel,andtool barscouldautomaticallyconstructcodefor
programmingconstructsor membersof classes.

6.5.16 Interface to Compiler s

Programanalysisis performedby Prolog,which is a slower languagethanC or C++,andreim-
plementsmuchof thework of existingcompilers.Insteadof performingprogramanalysisitself,
Prologcould interfaceto othertools thatcouldreturnit informationwhenrequested.Thepro-
gramdatabasecouldbestoredexternallyin anothertool.

6.5.17 Interface to the Java Vir tual Machine Debug Interface

Run-timeinformationis displayedoff line. A graphicalinterfaceto the Java Virtual Machine
Debug Interface[68] couldprovideaccessto live programinformation,whichcouldbrowsethe
run-timedata,andshow thecontrolflow throughtheprogram.
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6.5.18 Impr ove Efficienc y

Therearemany areasof SVT andVmax thatcouldbespeededup. For examplethereis a lot of
dynamicmemoryallocationto constructeachview. Suchdatacouldbeconstructedon a stack.
An entireparsetreedatastructureis constructedduringparsing,which is unnecessary.

6.6 Chapter Summar y

A classificationof Vmax in a taxonomyof SV systems[79] shows Vmax to bestrongin many
areasof SV, in spiteof having suchbroadscope.Thegeneralspecificationtechniquehasbeen
shown to be appropriatefor all aspectsof SV. Unlike many otherSV systems,Vmax is very
scalable,andis practicalto usein mediumsizedprojectsof 100000linesof code.All aspects
of softwarecanbevisualized,andit is unusualfor a systemto be strongin both programand
datavisualization,or to offer any flexibility in programvisualization.Its constraintbasedlayout
providesa much more flexible rangeof output. The query basedmechanismprovidesgood
elisioncontrolanddealswith all levelsof granularity. Theoutputof othersystemsis textually
programmed,whereasVmaxcanbemodifiedby theenduser. Interactionandnavigationis much
moreadvancedthanin othersystems.The legenddescribeseachview so theviews shouldbe
clear, but thishasnotbeendemonstratedin anempiricalevaluation.

The specificationstrategy differs from other declarative systemssuchas Pavane[85] and
Leonardo[20], becauseit usesthreestagesof visualization,andis baseduponan established
languagewith efficient implementations.Specificationsin Vmax arereusableandprovide en-
capsulationof graphicalobjects- this is notpossiblein theotherapproaches.

As well asimprovementsto theimplementation,therearemany avenuesfor furtheracademic
research.Themodulardesignallowsany componentof thesystemto bereplaced.
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Chapter 7

Conc lusions

This dissertationhasdescribeda new paradigmfor specifyingand implementing
SV. A knowledgeengineeringenvironmentstoresandreasonsaboutthe data,and
views aregeneratedby queryingthegraphicalconstraintsfor a particularview and
visualizationmethod. By subdividing this query, every aspectof the visualization
systemcanbespecified.

Thework is aimedat addressingproblemswith automation,flexibility , granularity,
elisionandspecification,thathavebeenverydifficult tosolvein existingsystems.Its
wide rangingscopemakesit a strongalternative to otherdeclarativeandimperative
implementations.Howevertheaddedcomplexity hasperformanceimplications.

7.1 Vmax

Vmax is very differentto usefrom othersystemsbecauseof its userinterface. Thepopularity
of the browser interfaceindicatesthat this might be a goodchoicefor softwarebrowsing. It
is alsovery differentbecausethenumberof views it providesis anorderof magnitudegreater
thanprevioussystems’. It is muchmoreflexible andtailorablein its informationcontent,the
graphicaldisplay(changedfrom the Form menuor the Legend),andits interactive behaviour.
Minimum userinput is requiredto selecttheappropriateview.

But are thesefeaturesuseful? Without direct empiricalmeasurementsit is not possibleto
be certain. Thereis plenty of indirect evidencewhich suggeststhat alternative graphicalrep-
resentationsarenecessaryfor differenttasks,andthat theability to filter out differentkindsof
informationis necessaryto avoid clutteringthedisplay. Graphicalbrowsersarewidely usedand
effective,andwithouta legendviewscanbedifficult to interpret.Priceetal. [79] alsociteprob-
lemswith elision control, that Vmax solvesbecauseof its querymechanism,andgranularity,
whichVmaxsolvesby its genericview generationmechanism.

Theclassificationin Table6.1summarizesthestrengthsandweaknessesof Vmax.

7.1.1 Strengths of Vmax
\ Broadscopeandcontent.ThedataVmax presentsis far morewide rangingthanin other

SV systems.

\ Goodelisioncontrol.Theusercancontrolwhatto displayor not to display.

\ Granularity. Theprogramcanbeviewedatmany levelsof detail.

\ Tailorability. Theview contentandvisualpresentationcanbechangedto suit theuser.

\ Scalability. Quitelargecodebasesandcomplex datastructurescanbevisualized.

151
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] Extensibility. It is comparatively easyto addnew views to thesystemusingthespecifica-
tion language.

] Automaticlegend.Userscanunderstandandmodify thegraphicalrepresentation.

] User interface. Navigation andbrowsing is achieved by singlemouseclicks, graphical
bookmarksandthepreview window.

] Numberof views. Vmax has70 differenttypesof view, which is anorderof magnitude
greaterthanin othersystems.

] Automation.Minimum userinput is requiredto selectandview thedata.

] Visualprogramstructuresarecreatedautomaticallyfrom sourcecode.

] Integrationinto acompletedevelopmentenvironment.

] Goodtemporalcontrolover run-timedata. It canbesteppedandanimatedforwardsand
backwards.

7.1.2 Weaknesses of Vmax
] Limitationsin programsize.115000linesof codeis quitereasonable,but is not asgood

assomeprofessionalanalysistools.

] Limitations in input speed.The parserandprogramanalysisis slower thansomeother
sourcecodeanalyzerswritten in C.

] Lackof synchronizationwith therunningprogram.

] Lackof smoothdataanimation.

7.2 Implementing SV Systems

The work hashighlightedseveral techniquesthat could be usedin SV systems.The browser
interfaceworkedverywell, andseemslikeagoodinterfacefor dataexploration.The3-D output
couldbeusedwith goodeffect, particularlyfor numericaldatastructures,but wasslightly less
convincingfor communicatingprogramstructures.With modernhardwareandgraphicslibraries,
thereis little extraoverheadin producing3-D ratherthan2-D output.

A wide rangeof graphicaloutputis usefulto tailor theoutputandenrichthegraphicalcom-
munication.A widerangeof graphicallayoutalgorithmsis usefultodealwith differenttypesand
structuresof data.If usersneedto specifymoreadvancedlayoutcontrol,geometricconstraints
offer anapproach.

Multiple viewsarealreadycommon,andprovedto benecessaryto retrievedifferenttypesof
datawithout clutteringtheview. Changingtheview andvisualizationmethodfrom pull-down
menusprovideda convenientway of doing that. Graphicalbookmarksanda preview window
functionwell andarepotentiallyuseful.A legendto describeeachview would reducepossible
confusionovernotation.

Thesefunctionsdo not necessarilyhave to be implementedin Prolog. For systemsthat do
not requiretheflexibility andautomationof Vmax, or theability to posequeries,Prologis not
necessary. In thiscase,standardgraphicaloutputmethodsshouldbeused.

SV systemsthatneedto behighly tailored,providemany differentviews,andneedto analyze
andreasonaboutprogramscouldbenefitfrom usingPrologasits visualizationmechanism.In
this casethe specificationtechniquesin Chapters3 and4 could be used. A constraintbased
layoutmechanismis thenneededto combinedifferentgraphicalnotations.
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7.3 Specifying SV Systems

The way SV systemsare specifiedis important to be able to constructsystemsquickly and
effectively. A specialpurposespecificationlanguageandenvironmentcanpotentiallyreducethe
costsof implementation.An implementationis morelikely to beerror-freeif thesyntaxof the
languagematchesthesemanticsof theproblem[94].

Previoussystemshavehadonly limited successwith specificationbecausethey useaverylow
level approach.The declarative specificationlanguagesmaybe no betterthanC for graphical
layout.Pavane[86] andLeonardo[20] arenotpersebettervisualizationsystemsthanPolka[96]
or Zeus[15]. In previousdeclarative systems,numbersfrom run-timedataareusedto specify
thescreencoordinatesof graphicalobjectson thescreen.This approachis too limited for code
visualizationandarbitrarydatastructures.

Thiswork hasmadespecificationmorepowerful andflexible by subdividing thevisualization
processandgeneratinghighlevelgraphicalconstraints.In thisway, thespecificationis atahigher
andmoreabstractlevel. In declaringaview, animplementordoesnotneedto beconcernedwith
thegraphicalrepresentation,andvice versa.Also visual representationsandview declarations
canbereusedratherthanreimplemented.If themappingbetweentheview contentandthevisual
contentis abijection,thena dynamiclegendcanbeimplemented.

It is alsousefulto specifyinteraction,becausethis addsmoreflexibility to the system,and
canbeusedfor many differentthings,suchasbookmarks,menus,changesto themousecursor,
datamanipulationandnavigation.Theuserinterfacecanbecompletelytailoredby thedata.

Declarative specificationmethodsarearguablymoresuitablethanimperative languages,be-
causevisualizationis dataorientatedandnot sequential.A knowledgeengineeringenvironment
mayalsohelpto representheterogeneousdata.

7.4 The Role of Prolog in Software Visualization

It hasbeendemonstratedthatPrologcanplay a centralrole in informationvisualizationandSV
systems,andcanspecifyevery visualandinteractive aspectof a SV system.But thatdoesnot
necessarilymake it superiorto otherapproaches.

Prologhascertaincharacteristicsthatmake it particularlysuitablefor SV. Theotherdeclara-
tive SV systemsbasetheir implementationson logic languages[20, 86]. It providesanenviron-
mentfor knowledgeengineeringthatmanagesthedataandanalysispartof SV, andit providesa
querylanguagefor thecontentsof theviews. Thiswork hasshown how thesetwo functionscan
becombined.

For specializedsystemswith limited scopeandfixed visualizationbehaviour, thereis little
advantageto be gainedfrom the flexibility that Prologprovides. However it may be easierto
implementsucha systemusing a Prolog-basedvisualizationtool like SVT. Systemsthat are
knowledgeorientated,requireuserqueries,andoffer multiple views andflexible visualizations,
couldusethespecificationenvironmentthatSVT provides.

Systemsthat focuson numericalandvolumetricdatawould derive only limited benefitfrom
Prolog.Existingtechniquesfor numericaldataarealreadyverypowerful.

Althoughthespeedof Prologis not ashigh asC, andsomealgorithmsmaybebetterimple-
mentedin C, it is notachoicebetweenPrologandC. MostPrologshavea C interface,soC and
Prologcanwork togetherto achieve thebestof bothworlds. SomePrologs,suchasBinProlog1

andGNU Prolog2, will actuallycompileto nativecodewhich is linkedinto theexecutable.

Theuseof Prologdoesnot have to berestrictedto SV. It providesa suitablemeta-language
for many othertypesof knowledge.

1URL: http://www.binnetcorp.com
2URL: http://pauillac.inria.fr/̂ diaz/gnu-prolog
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7.4.1 Advantages of using Prolog as a Specification Langua ge

_ Prologis a querylanguage.Dataqueriescanbeformulateddirectly in thelanguage.Pre-
viousdeclarativeapproachesto SV donotprovidea databaseto query.

_ Prologis a goodmeta-languagefor reasoningaboutsourcecode.Programminglanguage
rulescanbe expressedquite naturally in Prolog,which allows programstructuresto be
queried.

_ Specificationsin Prologaredirectlyexecutable.Thereis noneedto implementa language
interpreterbecauseexistingonescanbeused.ExistingPrologimplementationsarelikely
to befarmoreefficient thanadhocdeclarativeimplementations.

_ Prologhasgoodtheoreticalfoundations.This allows formal reasoningusingexisting vi-
suallanguagetheory.

_ Prologis Turingpowerful.

_ Prologis alreadywidely usedin otherapplications.

_ Unlike imperative languages,Prolog is a high level languagegoodfor knowledgeengi-
neering.

_ Prologhasa built in mechanismfor parsingtext.

_ Its untypedexecutionallows heterogeneousdatato be passedthroughthe visualization
pipeline.

_ Prologis dynamic.Thecodecanbemodifiedat run time, for exampleto addnew queries
andchangethevisualizationandactionrelations.New codecanbeloadedat run-time.

_ Prologis introspective. This meansthat it canqueryitself, for exampleto show thevisu-
alizationrelationin thelegend.This is impossiblein imperative languages.

_ Any graphicaloutputmechanismcanbeused.

As discussedin Section6.5.8,theseadvantagesarenotnecessarilypeculiarto Prolog.

7.4.2 Disad vantages of Prolog

_ Prologis not verysuitedto applicationsprogrammingbecauseof its executionmodeland
datahandling. In factPrologis evenusedto implementpartsof Microsoft Windows NT
[46].

_ Its executionspeedis inferior to low level languageslikeC.

_ Thereis overheadin providing aPrologvirtual machineandexecutionenvironment.

_ Many sourcesof dataareprovided in C which mustbeconvertedinto Prolog. However
PrologcanaccesssuchdatathroughaC interface.

_ Large numericaldatasetsaremoreefficiently manipulatedin C. But Prologcancall C
functionsfor intensivecomputations.

_ Theoutputmustbefed to a graphicalconstraintsolver. Thegraphicalconstraintsolver is
slowerandmuchtrickier to implementthandirectlymappedgraphics.
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7.5 Information Visualization in SVT

SVT provides a very generalframework for information visualization. By implementinga
knowledgedatabasein Prolog,anddeclaringthevisualizationenvironmentat a high level, any
type of informationvisualizationcanbe implemented.SVT implementsa completegraphical
browsingenvironmentfor thedata.

This approachprovidesan alternative to the traditional low level imperative programming
methodof implementingvisualization.By usinga morehigh level languageto declarethevisu-
alizationsystemdirectly, developmenttimescouldbegreatlyreduced.

7.5.1 Formalizing Information Visualization

The underlyingsemanticmodelwasdemonstratedto be an effective methodof expressingvi-
sualization.A very wide rangeof views have beenexpressedin the model. By ensuringthat
eachvisualizationis decomposedinto a bijectionbetweenthesemanticsandits representation
(or syntax),the taskof specificationis simpified,andthe mappingbetweenthe semanticsand
thegraphicalrepresentationcanbemadeflexible. Thespecificationandimplementationof SVT
usesthis formalmodel.

A formal theoryof visual typeswasproposed,andwasalsoshown to be an effective basis
for implementation.It is dueto this work thataninteractive legendcouldbeimplemented.The
modelof interactionis also formal, andcan even be usedto expressother formal modelsof
interaction,suchasCCS[69], givenin SectionC.5.2. Therehasbeenalmostno previouswork
on theformal theoryof SV.

7.6 Contrib ution
` A theoreticalmodelof visualizationhasbeendevisedthatexpressesthehighlevel relation-

shipbetweencomputergraphicsandits underlyingsemantics.While othersuchmodels
exist [44] they arenotapplicableto SV becausethey arerestrictedto numericaldata.

` A generaltechniquefor specifyingvisualization,visual languages,interactionandSV in
Prologhasbeendeveloped.

` A genericvisualizationtool hasbeenimplementedthat usesthe theoreticalmodel and
specificationmethod.

` A link hasbeenestablishedbetweenvisualizationandknowledgeengineering.

` A SV systemthat is basedupon this model and specificationmethodhasbeenimple-
mented.

` Somenew visualizationsandvisuallanguages,includingtheuseof colourin Nassi-Shneid-
ermandiagrams[72] havebeendeveloped.

` New methodsof interaction,suchasabrowser-styleinterfaceandinteractivemodification
of thelegendhavebeendemonstrated.

` The new techniquesintegrateSV with visual programmingandtext-baseddevelopment
environments.

7.7 Future Directions

Thereseemslittle doubt that the recentadvancesin software tools will continue. Graphics,
visualizationandinteractivetechniqueslook certainto playa role,aswill greaterreusabilityand
automationof softwarecreation.Programminglanguagesarecontinuallyevolving to meetthe
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needsof theday, andthehardwareonwhichthey run. As methodsof programmingchange,then
somustthemethodsof visualization.

Therearealsomany uncertainties,for examplewhat will be the next major programming
paradigmshift, theuseof parallelismandformalmethods,or evenwhethertextualprogramming
canbe replacedentirely by naturallanguage,visual, immersive, interactive or artificial intelli-
gencesystems.Maybea combinationof all of thesetechnologieswill playa role.

In softwarevisualization,thegoalmuststill beto servetheuser, throughpowerandusability.
More informationshouldbepresentedin moreways.But powerandflexibility shouldnotcome
at theexpenseof usability. Automationmustmake surethat the increasedpower andflexibility
is accessiblewithout unduly impedingtheuser. Intelligenceis requiredto anticipatethecorrect
dataandgraphicsto output,andto make viewsadaptto thedataandsearchcriteria. Interaction
with theviews andtheapplicationcouldmanipulatedataandprovidedirectmeansof querying
andnavigation. Specificationthroughgraphicalandinteractive techniqueswould tailor visual-
izationsolutionswith minimumeffort. Finally integrationof thedifferenttypesof SV with other
developmenttoolswould realizethesepotentialbenefits.

Vmaxgoessomewayto tacklingtheseissues,but muchfurtherwork discussedin Section6.5
is needed.SV basedonknowledgeengineeringin Prologprovidesastrongalternativeto existing
approaches,but canonly complementratherthansupersedeexistingwork.
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Appendix A

Definitions

This appendixcontainsmathematicaldefinitionsthat have not beenincludedelse-
where.

Definition 16(Atoms). Let a bethesetof atoms.

An atom is an indivisible unit of informationsuchasa nameor a number, andthe set a is
infinite. For examplea, b, c, charles, harry, 3, and3.14 areall atoms.

Definition 17(Terms). Thesetof termsT is thesmallestsetclosedunder

bdc abecgf
h c a ikjml-nDnDn-l#i�o cgf l#prqtshvu i j lDnDn-nDlki oxw cyf

For examplef(1), parent(node(123,456)), andharry areall terms.

Definition 18(Relations). If a and z are sets,then { is a relation betweena and z if and
only if {}|�a�~�z . b {������ u b l�� w c { .

Definition 19(Compositionof relations). If { j is a relation betweena and z , and {�� is a
relationbetweenz and � , where a , z and � aresets,then { j {�� is therelationbetweena and
� definedby

u b lk� w c {�jE{ � ��� �x� c zdn u b l&� w c {�j and
u �ml&� w c { �

Notethatrelationcompositionisassociative,becausefor relations{�j , { � and{�� , u {�jE{ � w {����
{�j u { � {�� w .
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Appendix B

Documentation

Thesenotesprovide a brief summaryof the predicatesandfunctionsavailableto
developerswhowishto createvisualizationsusingSemanticVisualizationTool, and
to extendits capabilities.Only thepublicly availablepredicateshavebeenlisted.

B.1 Running SVT

SVT is invoked

$ svt [options] [file] [arg1 arg2 ... argn]

wherefile containsthespecificationfor thevisualizationsystemin fcompiledSICStusProlog.
Optionalargumentsarg1 ... argn arepassedto Prologandmaybereadby theuserarguments/1
predicate.Theoptionaloptionsmayinclude

� -aargument- Argumentargumentis passedto thePrologprogram.

� -l file - Loadsthe fcompiledPrologfile. Filesareloadedin theorderthey appearon the
commandline.

� -p path - SpecifiestheSVT directory. Otherwisethis valueis obtainedfrom theenviron-
mentvariable$SVT PATH.

� Xt options- To customizetheappearanceof theuserinterface.

B.2 SVT Predicate Summar y

In additionto thebuilt in Prologpredicates[59], SVT providesmany predicatesfor visualization
and interaction. Only the most importantpredicatesare listed here. Vmax addsmany more
predicatesfor Java,file systembrowsingandrun-timedatastructures.Predicatesareeither

� [Extensible]- Thesepredicatesaredeclaredasmultifile andareintendedto beaugmented
by usercodeto implementthevisualizationsystem.

� [Not extensible]- Thesearepredicatesthatprovide functionalitythatwouldnot normally
beaugmentedby theuser.

� [Dynamic] - Theseextensiblepredicatesaredeclaredasdynamicandmaybemodifiedat
run-timeto storedatathroughtheassert/1andretract/1predicates.

SICStusProlog’smodulesystemis usedto preventnameclashes.Unlessotherwisespecified,
all SVT andVmaxpredicatesarein themodulesvt.
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B.2.1 View Predicates

createviewer(ViewContext, VisualContext, ActionContext, ReactionContext) [Not extensible]
Createsa main viewing window with a text pane,statusbarandpull-down menus.The
initial view shown in themainviewing areahasview context ViewContext, visualization
context VisualContext, actioncontext ActionContext andreactioncontext ReactionCon-
text.

currentview context(ViewContext) [Not extensible]Returnsthe view context of the current
view in ViewContext.

navigateas(Object,ViewContext) [Not extensible]Changesthecurrentview context to visual-
izeObject, or if thatfails,useViewContext.

navigate to(ViewContext) [Not extensible]Changesthe view context to ViewContext. This
will alsoensurethatthecontentsof theview arecurrentby callingensurefresh/1.

new view(ViewContext, VisualContext) [Not extensible]Changesthe view context to View-
Context andthevisualizationcontext to VisualContext. This is a directcall thatdoesnot
ensurethatdatais loaded.

new view context(ViewContext) [Not extensible]Changesthe view context to ViewContext.
This is a directcall thatdoesnot ensurethevalidity of theview context or automatically
loadsdata.

new visual context(VisualContext) [Not extensible]Changesthevisualizationcontext to Visu-
alContext, andredrawstheview.

new zoomview(ViewContext, VisualContext) [Not extensible]Changesthe preview window
to have view context ViewContext andvisualizationcontext VisualContext. Thepreview
window is updated.

popupframe(ViewContext, VisualContext, ActionContext, ReactionContext) [Not extensible]
Createsa viewing window with no text pane,statusbaror pull-down menus.The initial
view shown in themainviewing areahasview context ViewContext, visualizationcontext
VisualContext, actioncontext ActionContext andreactioncontext ReactionContext.

refreshview [Not extensible]Redisplaysthe currentview, which is useful if the information
contentof theview is known to havechanged.

retrieve thumbnailview [Not extensible]Setsthe view andvisualizationcontext of the main
viewer to theview andvisualizationcontext of thecurrent(bookmark)view.

save thumbnailview [Not extensible]Setsthe view andvisualizationcontext of the current
(bookmark)view to theview andvisualizationcontext of themainviewer.

swap thumbnailview [Not extensible]Swapstheview andvisualizationcontextsof thecurrent
(bookmark)view andthemainviewer.

viewport object(Object)[Not extensible]ReturnstheobjectObjectbeingvisualized.

B.2.2 Visualization Predicates

addcomponent(Visual, Id, Component)[Extensible]This predicatecan be usedin placeof
objectcomponent/3but is usedto addobjectcomponentsto anexistingobject.

anchorexpressionid(Expression,Object,Id) [Not extensible]Returnsan identifier Id for an
anchorexpressionExpressionin a visualobjectObject.

anchorexpressionprimitive(Expression,Object, Id, Primitive) [Not extensible]Returnsthe
graphicalconstraintsPrimitive of ananchorexpressionExpressionin a visualobjectOb-
ject with anchoridentifierId.
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objectcomponent(Visual,Id, Component)[Extensible]Declarestheobjectcomponentsfor a
visualobjectVisual with identifierId. Componentis typically a list of components.

objectprimitive(Component,Id, Primitive) [Not extensible]Specifiesthegraphicalconstraints
Primitive thatanobjectcomponentComponentgeneratesin avisualobjectwith identifier
Id.

view(Object,ViewContext, Description)[Extensible]Declaresthattheview context ViewCon-
text canbe usedto visualizeentity Object, andtheview descriptionis Description. If a
visualizationis not tied to a particularentity, thenObject is theatom[] .

view content(ViewContext, ViewContent) [Extensible]Specifiesthe query ���� that declares
whatthecontentViewContentis for a particularview context ViewContext.

visual component(Visual,Component)[Extensible]DeclaresthatComponentis a visual that
is addedto theview whenthevisualVisual is. Componentmaybea list of visuals.

visual content(ViewContent,VisualizationContext, VisualContent)[Extensible][Dynamic]Sp-

ecifiestherelation ���� thatdeclareshow view contentViewContentis mappedto visual
contentVisualContentfor a particularvisualizationcontext VisualizationContext.

visual context(ViewContext, VisualContext) [Extensible]Declaresthat thevisualizationcon-
text VisualContext is suitablefor displayingtheview context ViewContext.

visual primitive(Visual,Primitive) [Not extensible]Specifiesthe graphicalconstraintsPrimi-
tive thataregeneratedby avisualVisual.

B.2.3 Legend Predicates

content(Content,Type,Description)[Extensible]ThecontenttermContenthastypeType and
descriptionDescription. This predicatecanbe usedinsteadof contenttype/2 andcon-
tent description/2.

contentdescription(Content,Description) [Extensible]Declaresthat the informationcontent
ContenthastextualdescriptionDescription. This text appearsin thelegendalongsidethe
symbol.

contenttype(Content,Type) [Extensible]Declaresthetyperelation � � thatassignstypesType
to informationcontentContent.

visual(Visual,Type,Description,SymbolId,Symbol) [Extensible]ThevisualtermVisual has
type Type, descriptionDescription, andhasa symbolSymbol in the legendwith object
id SymbolId. Symbol is the visual that appearsin the legend. This predicatecombines
visual description/2, visual type/2andlegendsymbol/2.

visual context description(VisualContext, Description) [Extensible]Declaresthat the visual-
izationcontext VisualContext hastextualdescriptionDescription. This text apperasin the
Formpull-down menuthatselectsalternativevisualizationcontexts for thedata.

visual description(Visual, Description) [Extensible]Declaresthat the visual Visual hastex-
tual descriptionDescription. This text appearsin thepop-upmenuthatselectsalternative
graphicalformsfor thecontent.

visual type(Visual,Type) [Extensible]Definesthetyperelation � � thatassignstypesType for
thevisualVisual.
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B.2.4 Interaction Predicates

action(ActionContext, Action, Reaction)[Extensible]Declaresthat in actioncontext Action-
Context, theuser’s inputAction hasresponseReaction.

mousecursor(Cursor)[Not extensible]Changesthemousecursorto Cursor. Valid cursorsare
hand, normal, watch, zoominandzoomout.

popupmenu(Menu)[Not extensible]Postsa pop-upmenuat the mousecursor. Menu is the
menucontext identifying themenuto display.

popupmodal(Title, Message,Buttons,Result) [Not extensible]Popsup a modaldialog box
(onethatmustbedismissedbeforethis predicatereturns)with title Title, messagestring
Message, a list of stringsButtonsgiving a list of buttons. Result returnsthebutton that
waspressed,or 0 for cancel.

popuptext(Title, Prompt,Default,Result)[Not extensible]Popsupamodaldialogboxprompt-
ing theuserto entertext, which is returnedin Result. Title is the title of thedialogbox,
Prompt is theexplanatorytext, andDefault is the initial text. If theuserhits theCancel
button,theunit atom[] is returnedin Result.

pulldown menu(MenuContext, Text) [Extensible]Declaresa pull-down menuwith menubar
text Text andmenucontext MenuContext.

reaction(ReactionContext, Reaction)[Extensible]Thispredicateimplementsresponsesto user
input,andis calledwhenevera reactionReactionneedsto beexecutedin reactioncontext
ReactionContext.

setstatustext(Text) [Not extensible]Changesthetext in thestatusbarto Text.

B.2.5 Text Predicates

buffer(Object,Buffer) [Dynamic] Assignsthetext buffer Buffer to entityObject.

createfile buffer(Filename,Buffer, TextNode, Type) [Not extensible]Createsa text buffer
Buffer and loadsthe file Filenameinto it. The text nodeof this file is TextNode, and
thebuffer is givenanassociatedtypeType.

deletetext node(TextNode) [Not extensible]Deletesthe text in the text nodeTextNode from
its buffer.

insertbefore(TextNode,Text) [Not extensible]InsertsthestringText immediatelybeforethe
text nodeTextNodein thetext node’sbuffer.

lex buffer(Buffer, Lexemes)[Not extensible]Applies thebuffer Buffer’s lexical analyserand
returnsa list of lexemesLexemes. Eachlist memberis a pointerto a text node.

lexemefloat(TextNode,Float) [Not extensible]Takestheaddressof a text nodeTextNodeand
returnsthefloatingpointnumberFloat in thetext.

lexemeinteger(TextNode,Integer) [Not extensible]Takesatext nodeTextNodeandreturnsthe
integerInteger in thetext.

lexemelength(TextNode,Length) [Not extensible]Returnsthe lengthLength of a text node
TextNode.

lexemestring(TextNode,String) [Not extensible]Returnsthecontentsof a text nodeTextNode
asanatom.

lexemestring list(TextNode,String) [Not extensible]Returnsthecontentsof atext nodeTextN-
odeasastringof chars.
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move text cursorto(TextNode) [Not extensible]Movesthe text cursorin theeditingwindow
to thegiventext nodeTextNode.

nodestructure(TextNode,Type, Children) [Not extensible]Returnsthe type Type for a text
nodeTextNode, andits list of child text nodesChildren.

objectsize(Object,Size) [Not extensible]Returnsthesizein bytesSizeof anobjectObject’s
text node.

parsebuffer(Buffer, TextNode) [Not extensible]Applies the buffer Buffer’s lexical analyser
andparserandreturnsthetext nodeTextNodethatis therootof theparsetree.

parsetree(Buffer, Tree) [Not extensible]Appliesthebuffer Buffer’sassociatedlexical analyser
andparserandreturnsatermTreedescribingtheentireparsetree.ThetermTreeis of the
form node(Type,TextNode, �M� , �O� , ..., �O� ), whereType is an integer, TextNode is the
addressof its text node,and �M�R�-�S�T�T�&�O� aresubtermsof thesameformat.

reloadbuffer(Buffer, TextNode) [Not extensible]Re-readsthecontentsof thetext buffer Buffer
from theexternalsource,typically thefiling system,andreturnsthenew text TextNode.

save buffers [Not extensible]Ensuresthatall of thetext buffersthathave changedarewritten
to disk. Usebeforerunningprogramsthatcouldexaminethesefiles.

text node(Object,TextNode) [Dynamic] Assignsthetext nodeTextNodeto anentityObject.

token(TextNode,Type) [Not extensible]ReturnsthetypeType of a text nodeTextNode.

B.2.6 Miscellaneous Predicates

colour(Colour, (R, G, B)) [Extensible]DefinescolournamesColour for usein objectcompo-
nentsandvisuals.

contains(Root,Descendent)[Not extensible]This is thetransitiveclosureof member/2.

contains(Root,Descendent,Depth) [Not extensible]Thesameascontains/2but only searches
to a maximumdepthof Depth.

currenttime([Y,Mo,D,H,Mi,S]) [Not extensible]ReturnsthecurrenttimeasyearY, monthMo,
dayof monthD, hourH, minuteMi andsecondS.

darken(Colour1,Colour2)[Not extensible]TakesacolourColour1andreturnsacolourColour2
thatis darker.

ensurefresh(Object)[Extensible]Makessurethat thegivenentity Object is loadedandis up
to date.Thispredicateis calledevery time theview context is changed.

identifier(Object,Identifier) [Extensible]DeclaresthattheentityObjecthasa textual identifier
Identifier.

lighten(Colour1,Colour2)[Not extensible]TakesacolourColour1andreturnsacolourColour2
thatis lighter.

long identifier(Object,Identifier) [Extensible]Declaresthat entity Object hasa long textual
identifierIdentifier.

member(Parent,Child) [Extensible] [Dynamic] Declaresa relationshipbetweenParent and
Child.

short identifier(Object,Identifier) [Not extensible]Declaresthatentity Objecthasa shorttex-
tual identifierIdentifier.

systemcall(Command)[Not extensible]ExecutestheshellcommandCommand, andwaitsfor
theprocessto terminatebeforereturning.
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systemprocess(Command)[Not extensible]ExecutestheshellcommandCommand, anddoes
notwait for theprocessto terminatebeforereturning.

timer start [Not extensible]Resetstheinternaltimer.

timer stop(Time) [Not extensible]Returnstheelapsedtime Time (in seconds)sincetimer st-
art/0.

uid(UID) [Not extensible]Returnsa uniqueidentifierUID. This is extremelyusefulwhendy-
namicallydeclaringnew entitieswith uniquenames.The returnedUID is an integerso
thatit canbeindexedefficiently. uid/1 is implementedasa counter.

userarguments(List)[Not extensible]Returnsthelist List of argumentspassedto SVT when
it wasinvoked.

B.3 Vmax Predicate Summar y

B.3.1 Filing System

compressed(File)[Not extensible]File File is compressed.

directory(File)[Dynamic] File is a directory.

ensurepath loaded(Path) [Not extensible]Readsin thedirectoryspecifiedby Path.

executable(File)[Dynamic] File is anexecutablefile.

file(File) [Dynamic] File is a file.

file age(File,Age) [Not extensible]ReturnstheageAge (in seconds)of afile File.

file barename(File,BareName)[Not extensible]Returnsthe filenameBareNamewithout its
file extensionfor a file File.

file extension(File,Extension)[Not extensible]ReturnsthefilenameextensionExtensionfor a
file File.

file fullname(File,Name)[Not extensible]File File hasfull nameName, for example/usr/bin/-
netscape.

file path(File,Path) [Dynamic] File File haspathPath, whichis a list of directories.For exam-
ple /usr/bin/netscapewouldhavepath[netscape,bin, usr].

file timestamp(File,[Y,Mo,D,H,Mi,S]) [Dynamic] returnsthecreationdateof thefile File, as
yearY, monthMo, dayof monthD, hourH, minuteMi andsecondS.

filenameinformation(Path,Status)[Not extensible]Returnsthetypeof file Statusof afile Path
in the filing system.This queriesthe operatingsystemdirectly, andreturns0 if the file
doesnotexist, 1 if it is a regularfile, 2 if it’sa symboliclink, and3 if it’s adirectory.

get list from path(Filename,List) [Not extensible]Determinesthefile’spathList from its full
filenameFilename. For example/usr/bin/netscapewould return[netscape,bin, usr].

headerfile(File) [Not extensible]File File is a headerfile.

homedirectory(Dir) [Not extensible]DirectoryDir is theuser’shomedirectory.

homedirectorypath(PathName)[Not extensible]ReturnsanatomPathNamegiving theuser’s
homedirectory$HOME.

java sourcefile(File) [Not extensible]File File is Java sourcecode.
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make file fullname(DirName,Filename,FullName)[Not extensible]Returnsthecompletefile
pathFullNamefor a file Filenamein directoryDirName.

makefile(File) [Not extensible]File File is a makefile,asdeterminedby its filename.

path id(Path,Id) [Not extensible]Returnsa uniqueidentifierId for agivenpathPath.

picturefile(File) [Not extensible]File File is graphics,asdeterminedby its filenameextension.

prolog source(File)[Not extensible]File File is Prologsourcecode,with suffix .pl.

readable(File)[Dynamic] File File is readable.

root directory(Dir) [Not extensible]DirectoryDir is therootdirectory.

sourcecode(File) [Not extensible]File File containssourcecode. This is determinedby the
filenameextension.

svt path(PathName)[Not extensible]ReturnsanatomPathNamecontainingthevalueof $SVT-
PATH.

writable(File) [Dynamic] File File is writable.

B.3.2 Java Source Code

Thesepredicatesarein themodulejava.

block(Block,Statements)[Dynamic] Block is ablockof statementsStatements.

block statement(Statement,Block,Statements)[Dynamic]Statementis ablockBlock of state-
mentsStatements.

buffer(File,Buffer) [Dynamic] Thejava file File hasbuffer Buffer.

breakstatement(Statement)[Dynamic] Statementis abreakstatement.

breakstatement(Statement,Label) [Dynamic] Statementis a breakstatementto labelLabel.

cachedcalls(Method1,Method2) [Dynamic] This is a precomputedversionof methodcalls/2
thatstoresthatMethod1callsMethod2.

cachedreference(Method,Variable)[Dynamic]Thisisaprecomputedversionof methodrefs/2
thatstoresthatMethod1referencesthevariableVariable.

casestatement(Statement,Expression,Text) [Dynamic] Statementis a casestatementwith
caseExpressionwith text nodeText.

class(Class)[Not extensible]Classis aJava class.

classmember(Class,Member)[Not extensible]ReturnsmembersMemberwhicharemembers
of theclassClass. This includesmembersinheritedfrom supertypes.

classmethod(Class,Method) [Not extensible]ReturnsmethodsMethodwhicharemethodsin
theclassClass. This includesmethodsinheritedfrom supertypes.

classpath(Dir) [Not extensible]ReturnsthedirectoryDir of theJava sourcecode.May return
multiplesolutionsonbacktracking.

conditionalstatement(Statement,Condition,CText, Then) [Dynamic] Statementis an if-then
statementwith conditionexpressionCondition, text nodeof theconditionCText, andbody
statementThen.

conditionalstatement(Statement,Condition,CText, Then,Else) [Dynamic] Statementis anif-
then-elsestatementwith conditionexpressionCondition, text nodeof theconditionCText,
which takesthestatementThenif true,andFalseif false.



172 B.3. VMAX PREDICATE SUMMARY

constructor(Method)[Not extensible]IndicatesthatMethod is aconstructor.

containsstatement(Statement1,Statement2)[Not extensible]StatementStatement1contains
statementStatement2, for examplewithin a block.

continuestatement(Statement)[Dynamic] Statementis a continuestatement.

continuestatement(Statement,Label) [Dynamic] Statementis a continuestatementto label
Label.

declaration(Declaration)[Not extensible]Declarationis aJavadeclaration- eitheraclassor an
interface.member/2givesthemembersof thedeclaration,andidentifier/2, short identifier-
/2 andlong identifier/2returndescriptionsof thedeclaration.

declaration(Declaration,ClassType, Modifiers, Extends,Interfaces,ClassHeader)[Dynamic]
Declarationis adeclarationof aClassType, whichis eitherclassor interface. Its modifiers
modifiers is the term are modifiers(Abstract,Final, Access,Static, Transient,Volatile,
Native,Synchronized). Extendsis thenameof theclassit extends,andInterfacesis a list
of classesit interfaces.ClassHeaderis thetext nodeof theheaderof theclass.

declarationstatement(Statement,Decls)[Dynamic]Statementisadeclarationstatementdeclar-
ing thelist of declarationsDecls.

default statement(Statement)[Dynamic] Statementis a defaultlabel.

direct subinterface(Class,Interface) [Not extensible]Classor interfaceClassdirectly imple-
mentsInterface.

direct subtype(Supertype,Subtype)[Not extensible]ClassSubtypeextendsclassSupertype.

direct superinterface(Interface,Class)[Not extensible]Classor interfaceClassdirectly imple-
mentsInterface.

direct supertype(Subtype,Supertype)[Not extensible]ClassSubtypeextendsclassSupertype.

do while statement(Statement,Condition,CText, Body) [Dynamic] Statementis a do-while
statementwith conditionexpressionCondition, conditiontext nodeCTerm, andstatement
bodyBody.

emptystatement(Statement)[Dynamic] Statementis anemptystatement.

expressioncalls(Expression,Context, Method) [Not extensible]The expressionExpression
callsthemethodMethod in context Context.

expressionreference(Expression,Context, Variable) [Not extensible]TheexpressionExpres-
sion referencesthevariableVariablein context Context.

expressionstatement(Statement,Expression)[Dynamic] Statementis anexpressionstatement
with expressionExpression. Expressionis a termstoringthestructureof theexpression.

expressiontype(Expression,Context, Type) [Not extensible]The expressionExpressionhas
typeType in context Context.

find declaration(Type,Declaration)[Not extensible]Findsthedeclaration(classor interface)
Declarationthatis referredto in aJavatypeType. An arrayof aclasswill returntheclass.

find variable(Name,Context, Variable) [Not extensible]ReturnsthevariableVariablethat the
nameNamerefersto, whenusedin thecontext Context. Context containsthelocaldecla-
rations.

for statement(Statement,Init, IText, Condition,CText, Incr, IncText, Body) [Dynamic] State-
ment is a for statementwith initializer expressionInit andtext nodeIText, conditionex-
pressionCondition and text nodeCText, incrementationexpressionIncr and text node
IncText, andstatementbodyBody.
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hasname(Object,QualifiedName)[Dynamic] Variable,declarationor methodObject hasthe
fully qualified nameQualifiedName. e.g. java.lang.Objectwould have qualified name
[‘Object’, ‘lang’, ‘java’].

import all declaration(File,Id, Package)[Dynamic] Java file File importsall thedeclarations
from packagePackage. e.g.java.io would have package[io, java]. Id is the identifierof
theimportstatement.

import declaration(File,Id, Declaration)[Dynamic] Javafile File importsthedeclarationDec-
laration. e.g.java.io.OutputStreamwould have declaration[‘OutputStream’,‘io’, ‘java’].
Id is theidentifierof theimportstatement.

initializer(Variable,Expression)[Dynamic] ThevariableVariableis initialized by theexpres-
sionExpression.

interface(Interface)[Not extensible]Interfaceis aJava interfacedeclaration.

is abstract(Method)[Not extensible]Methodis anabstractmethod.All methoddeclarationsin
interfacesareconsideredto beabstract.

is native(Method)[Not extensible]Method is a nativemethod.

is private(Member)[Not extensible]Classmember(methodor variable)Member is private
(hasprivateaccess.)

is protected(Member)[Not extensible]ClassmemberMemberis protected.

is public(Member)[Not extensible]ClassmemberMemberis public.

svt:java sourcefile(File) [Not extensible]File is a file containingJava sourcecode. This is
determinedsolelyby its file extension.

labelledstatement(Statement,Label) [Dynamic] Statementis a label statementwith labelLa-
bel.

make qualifiedname(List,Text) [Not extensible]Returnstext Text for a qualfiednameList.
e.g.[‘Object’, ‘lang’, ‘java’] returnsjava.lang.Object.

method(Method)[Not extensible]Method is a method,whichmaybeabstractor native.

method(Method,Type,Modifiers,Params,Throws,BlockStmt,Statements)[Dynamic]Method
is amethodwith returntypeType, modifiersModifiers, parametersParamsasalist of vari-
ables,throwsThrows asalist of classnames,BlockStmtastheidentifierof theblockbody,
andStatementsasthelist of statementsin themethodbody.

methodcalls(Method1,Method2) [Not extensible] The methodMethod1 calls the method
Method2.

methodrefs(Method,Variable) [Not extensible]MethodMethod referencesthevariableVari-
able.

methodcontainsstatement(Method,Statement)[Not extensible]JavamethodMethodcontains
thestatementStatement.

methodentry point(Method,Statement)[Not extensible]StatementStatementis thefirst exe-
cutablestatementin methodMethod.

methodsubexpression(Method,Expression,Context) [Not extensible]MethodMethod hasa
sub-expressionExpressionin context Context, which is thedeclarationsthatapplyto the
expression.

nameof(Name,QualifiedName,Object) [Dynamic] Object Object hasfully qualifiedname
QualifiedNameandshortnameName. Thismirrorshasname/2but is indexeddifferently.
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nonstaticinitializer(Id, Block, Statements)[Dynamic] Thenon-staticinitializer Id hasa block
Block of statementsStatements.

package(File,Package)[Dynamic] Java file File is in packagePackage. e.g.packagejava.lang
wouldbestored[lang, java].

packagedeclaration(Id)[Dynamic] Id is apackagedeclaration.

parameter(Variable)[Dynamic] Indicatesthatthegivenvariableis aparameterto a method.

programfile(ParseTree,File) [Not extensible]Performstheanalysisof theparsetreeParseTree
of thefile File.

reachable(Method1,Method2,Prev, Visited) [Not extensible]Method2is reachablefrom Me-
thod1, andPrev is the methodthat calls Method2. Visited is a list of methodsalready
visited(to preventlooping),which is initially [] .

returnstatement(Statement)[Dynamic] Statementis a returnstatementwith no returnvalue.

returnstatement(Statement,Expression)[Dynamic] Statementis a return statementthat re-
turnstheexpressionExpression.

scandirectory(Directory)[Not extensible]Readsin all of theJavasourcefiles in agivendirec-
tory Directory.

statement(Statement)[Dynamic] Statementis a Java statement.

statemententry point(Statement,EntryPoint) [Not extensible]Givesthestatemententrypoint
EntryPoint, thefirst statementexecuted,within a compoundstatementStatement.

statementexit point(Statement,ExitPoint) [Not extensible]Givesthestatementexit point Ex-
itPoint, the last statementexecuted,within a compoundstatementStatement. May give
multipleexit pointsuponbacktracking.

statementfollows(Method,Stmt1,Stmt2,Type) [Not extensible]In methodMethod, statement
Stmt1 is followed by statementStmt2 with transitiontype Type. Type may be oneof
case(Label), default, else, for, for exit, sequence, then, while, while exit.

statementtext(Statement,Text) [Dynamic] JavastatementStatementhastext Text.

static initializer(Id, Block, Statements)[Dynamic] Static initializer Id hasa block Block of
statementsStatements.

switch statement(Statement,Condition,CText, Block, Statements)[Dynamic] Statementis a
switch statementwith conditionexpressionCondition, conditiontext nodeCText, anda
blockBlock of statementsStatements.

subexpression(Expression1,Expression2)[Not extensible]Finds a sub-expressionExpres-
sion2of anexpressionExpression1.

subexpressiondecl(Statement,Decls,Expr, NewDecls)[Not extensible]Findsthesub-express-
ion Expr nestedwithin a statementStatement, andreturnsthe list NewDecls of declara-
tionsthatapplyto thatsub-expression.

subinterface(Interface,Class)[Not extensible]Classor interfaceClassdirectlyor indirectly im-
plementsinterfaceInterface.

subtype(Supertype,Subtype)[Not extensible]Thetransitive closureof direct subtype/2. Java
classSubtypeis a subtypeof Supertype.

superinterface(Class,Interface) [Not extensible]Classor interfaceClassdirectly or indirectly
implementsinterfaceInterface.

supertype(Subtype,Supertype)[Not extensible]JavaclassSupertypeis asupertypeof Subtype.
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synchronizedstatement(Statement,Expression,Text, Body) [Dynamic] Statementis a syn-
chronizedstatement,with lock Expression, text nodeText, andstatementbodyBody.

throw statement(Statement,Expression)[Dynamic]Statementis a throwstatementthatthrows
theexpressionExpression.

try statement(Statement,Block, Statements,Catches,FBlock, FStatements)[Dynamic] State-
ment is a try-catches-finallyblock,with mainbodyBlock of statementsStatements, a list
Catchesof catchblocksof the form catch(Text, Variable,CBlock, CStatements), anda
finally blockFBlock of statementsFStatements.

variable(Variable)[Not extensible]Variableis a variable.

variable(Variable,Type,Modifiers) [Dynamic]Variableisavariableof typeTypeandmodifiers
Modifiers.

while statement(Statement,Condition,CText, Body) [Dynamic] Statementis a while state-
mentwith conditionexpressionCondition, conditiontext nodeCTerm, andstatementbody
Body.

B.3.3 Java Run-time

java:addtracepoint(Statement,Expression,TracePoint)[Not extensible]AddsatracepointEx-
pressionbeforea statementStatement, andreturnstheidentifierof thetracepoint Trace-
Point.

trace:any next input(Input1,Input2) [Not extensible]Findsthe next input event Input2 after
Input1.

trace:any prev input(Input1,Input2) [Not extensible]FindstheinputeventInput2 immediately
preceedingInput1.

ensuretraceloaded(File)[Not extensible]Loadsthecontentsof tracefile File.

trace:event(Input,File, EventNo,Time,Value) [Dynamic] Input is aninputeventin a tracefile
File, with associatedeventnumberEventNo, thatoccurredat timeTime, andwhosevalue
is Value.

trace:next input(Input1,Input2) [Not extensible]Findsthenext inputeventInput2 afterInput1,
thathasthesameeventnumber.

trace:prev input(Input1,Input2) [Not extensible]Findsthe input event Input2 preceedingIn-
put1 on thesameeventline.

java:tracepoint(EventNo,String,Statement)[Dynamic] EventNois aneventnumberthatex-
aminesvalueString, at java statementStatement.

trace:value(Value,String,Term) [Dynamic] Value is a valuein a tracefile, thatexaminesthe
variableString, andwhosevalueis encodedin termTerm. Term is

� array(Values)- An arraywith list of valuesValues.
� float(Float)- A float or doublewith valueFloat.
� integer(Int) - An int with valueInt.
� null - A null object.
� object(Id,Class,Fields) - An objectwith objectid Id, classnameClass, andFields

is a list of membersof theform field(FieldName,Value).
� object(Id) - An objectwith objectid Id.
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B.3.4 Prolog Source Code

exec clause(Clause)[Not extensible]Declaresthat theclauseClauseis executable,i.e. not in
thescratcharea.

userclause(Clause,Term) [Dynamic] Storesa clauseClausewith the structureof the clause
storedby thetermTerm.

userterm(Functor, Arity, Description) [Extensible]Definesa new term to go in the Change
functormenu,with new functorFunctor, new arity Arity anddescriptionDescription.

userview content(ViewContext, Content) [Dynamic] A dynamicversionof view content/2
thatcanbemodifiedby theuserat run-time.

userview context(Object,ViewContext, ViewDescription) [Dynamic] A dynamicversionof
view/3 thatcanbemodifiedby theuserat run-time.

uservisual context(ViewContext, VisualContext) [Dynamic]A dynamicversionof visual con-
text/2 thatcanbemodifiedby theuserat run-time.

scratchterm(Clause)[Dynamic] DeclaresthattheclauseClauseis in thescratcharea.

B.4 Visuals Defined by SVT

This informationis displayedby selectingList visualsfrom theDebug menu.

B.5 Visual Object Components Defined by SVT

[H  T] A list of objectcomponents.

P1=above(P2)ConstrainstheanchorP1 to beaboveanchorP2.

alignment(Object,Align) Setsthealignmentof thevisualobjectObject to beAlign within its
container.

anchor(E)An anchorexpressionE.

P1=below(P2) ConstrainstheanchorP1 to bebelow theanchorP2.

Id=colour(Colour)Attributesthe colour Colour (as definedby the colour/2 predicateor as
(R,G,B)) to theobjectcomponentId.

contain(Object,A, B, C, D) Containsasub-objectObjectwith cornersA, B, C andD.

Id=container(A,B, C, D) CreatesanemptycontainerId with cornersA, B, C andD.

Id=container(A,B, C, D, E, F, G, H) Createsan emptycontainerId with the cornersof its
boundingcuboidA, B, C, D, E, F, G andH.

insert(Container, Object) InsertsanobjectObject into anemptycontainer.

P1=further(P2)ConstrainstheanchorP1 to befurtherthananchorP2.

fillcontainer(Object)Setsthealignmentof thevisualobjectObject to fill its container.

P1=leftof(P2)ConstrainstheanchorP1 to beleft of anchorP2.

line(Points)Declaresasequenceof line segmentsalongthelist of anchorsPoints.

Id=line(Points)Declaresa sequenceof line segmentsId alongthelist of anchorsPoints.

P1=nearer(P2)ConstrainstheanchorP1 to benearerthananchorP2.
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oscale(Scale,A, B, Value,Vector) Offsetsthe anchorB by ¡R¢Vector from A, where ¡ is the
weightingof thevalueValuein thescaleScale, takenfrom theorigin.

polygon(Points)Createsa polygonwhoseverticesaregivenby thelist of anchorsPoints. The
polygon shouldnot be self-intersecting,and the verticesshouldgo clockwiseor anti-
clockwise.

Id=polygon(Points)Createsapolygonwith identifierId with list of verticesPoints.

Id=multicontainer(A,B, C, D) Createsan emptycontainerwith cornersA, B, C andD, into
whichmultipleobjectscanbeinserted.

P1=rightof(P2)ConstrainstheanchorP1 to beright of anchorP2.

scale(Scale,A, B, Value,Vector) Offsetsthe anchorB by ¡R¢Vector from A, where ¡ is the
weightingof thevalueValuein thescaleScale.

text(Text, A, B, C, D) Declaresa text componentwith stringText with corneranchorsA, B, C
andD.

Id=text(Text, A, B, C, D) Declaresa text componentwith string Text andidentifier Id with
corneranchorsA, B, C andD.

Id=thickness(Thickness)AttributesthethicknessThickness(in pointvalues)to theline Id.

Id=transparency(Value)Attributesthetransparency Value(between0 and1) to theobjectcom-
ponentId.

xalign(P1,P2) Aligns two anchorsP1 andP2 in thex axis.

yalign(P1,P2) Aligns two anchorsP1 andP2 in they axis.

zalign(P1,P2) Aligns two anchorsP1 andP2 in thez axis.

B.6 Graphical Constraints Defined by SVT

alignment(Object,Align) VisualobjectObject is givenalignmentAlign, which is readby con-
tainingobjectssuchastables.Align maybe

£ bottom- Objectis alignedto thebottomof thecontainer.
£ fill - Objectis expandedin bothx andy axisto fill thecontainer
£ left - Objectis alignedto theleft of thecontainer.
£ right - Objectis alignedto theright of thecontainer.
£ top - Objectis alignedto thetopof thecontainer.
£ xfill - Objectis expandedin thex axisto fill thecontainer.
£ yfill - Objectis expandedin they axisto fill thecontainer.

colour(Object,(R, G, B)) AttributesvisualobjectObjectwith theRGBcolourvalue(R,G,B).

contains(A,B) SpecifiesthatvisualobjectA containsvisualobjectB.

fill edge(Id,A, B) An edgebetweentwo visualobjectsA andB. This typeof edgeis laid out
asahierarchicallist.

graph(Id,X, Y) A graphId with axeslabelledX andY.

graphpoint(Id,X, Y, Z) A samplepointona graph,with identifierId atposition(X,Y,Z).

hier edge(Id,A, B) An edgebetweentwo visualobjectsA andB, that is laid out horizontally
asahierarchy.
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icon(Id,Type) An icon Id with typeType.

insert(Object,Position,Child) Passesa child objectChild to a visualobjectObject in position
Position.

insertableobject(Object,Name)DeclaresaninsertableobjectObjectwith nameName.

lensedge(Id,A, B) An edgeId betweentwo visualobjectsA andB, laid outasafish-eye.

list edge(Id,A, B) An edgeId betweentwo visualobjectsA andB, laid outasa verticallist.

multi container(Object)CreatesavisualobjectObjectwhichcancontainany numberof objects
whicharelaid out in a 2-D palette,usingthecontains/2constraint.

order(Object,Order)AssignsanorderOrderto avisualobjectObject, whichis usedto present
visualobjectsin a certainsequence.

scale(Id)Declaresa scaleId in theview, for comparingnumericalvalues.

size(Object,Scale,Value) Setsthesizeof thevisualobjectScaleaccordingto thevalueValue
in scaleScale.

table(Id,Cols,Rows) Createsa tableId with Cols columnsandRows rows. If Cols is zero,
thenthetableis filled fromtopto bottomandthenumberof columnsis variable.If Rows is
zero,thenthetableis filled from left to right andthenumberof rowsis variable.Otherwise
thetableis filled left to right.

text window(TextNode)Placesthecontentsof thetext nodeTextNodein theeditingareaof the
viewer.

title(Title) Setsthetitle of theview to bethestringTitle.

v stack(Id,A, B) Createsa new visualobjectId thatputsvisualobjectA above visualobject
B.

B.7 Actions Defined by SVT

click(Object,Buttons,Times) The mousehasbeenclickedon objectObject, with the mouse
buttonsButtons, Timestimes.Buttonsis theterm[Left, Middle, Right,Shift], whereLeft
is the left mousebutton, Middle is the middle mousebutton, Right is the right mouse
button,andShift is theshift key, whichareeitheron or off.

drag(From,To, Buttons)A mousedragfrom objectFrom to objectTo, with themousebuttons
Buttons.

key(Object,Key) A key Key hasbeenpressedwith themousecursoroverobjectObject.

linger(Object)Themousecursoris restingoveranobjectObject.

menu(MenuContext,MenuText) An itemfrom amenuMenuContext with menutext MenuText
hasbeenselected.

move(Object,Buttons)ThemousecursorhasmovedoveranobjectObject, with mousebuttons
Buttons.

B.8 Views Defined by Vmax

This informationis displayedby selectingList views from theDebug menu.
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B.9 The C++ Interface

B.9.1 Adding Graphical Constraints

ThebaseclassesVnode, Vobject, Vattribute, VcompoundandVassociationaredeclaredin the
file svtvisual.h, listedbelow. An instanceof the classSVT declarevisual shouldexaminethe
Prologterm passedto the methodDeclarevisual(), andreturna new instanceof the specified
class,or return0 if no matchis found. Thesehandlersform a chain. Theinstantiatedvisual is
automaticallyaddedto thescenegraph.

The C++ codeis linked to the SVT objectfiles to producea new executablewith the new
constraint.

The File svt visual.h

// Defines classes for creating visual constraints in SVT
// Written by Calum Grant
// Copyright (C) Calum Grant 1998, 1999

#ifndef SVTVISUAL_H
#define SVTVISUAL_H

namespace SVT
{

class Vnode
{
public:

int p[5]; // Internal data

Vnode();
virtual ˜Vnode();

virtual void On_reset();
virtual void On_structure();

};

class Vobject : public Vnode
{
public:

double d[14]; // Internal data
int p[25]; // Internal data

// Structure query:
class Vassociation *First_assoc(int&) const;
class Vassociation *Next_assoc(int&) const;
class Vattribute *First_attrib(int&) const;
class Vattribute *Next_attrib(int&) const;

// Bounding box manipulation:
void Set_size(const double*);
void Set_position(const double*);
const double* Get_size() const;
const double* Get_min_pos() const;
void Get_max_pos(double*) const;

Vobject(int);
virtual ˜Vobject();

virtual void On_reset();
virtual bool On_attribute(class Vattribute*);
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virtual void On_reset_size();
virtual void On_set_size(const double*);
virtual void On_set_position(const double*);
virtual void On_draw() const;

};

class Vcompound : public Vobject
{
public:

int p[2]; // Internal data

Vobject *First_child(int&) const;
Vobject *Next_child(int&) const;

Vcompound(int);
virtual ˜Vcompound();

virtual void On_reset();
virtual void On_reset_size();
virtual void On_set_size(const double*);
virtual void On_set_position(const double*);
virtual void On_draw() const;

};

class Vassociation : public Vcompound
{
public:

int p[14]; // Internal data

Vobject *From() const;
Vobject *To() const;

Vassociation(int id, int from, int to);
virtual ˜Vassociation();

virtual void On_reset();
virtual void On_structure();

};

class Vattribute : public Vnode
{
public:

int p[13]; // Internal data

Vobject *Object() const;

Vattribute(int);
virtual ˜Vattribute();

virtual void On_reset();
};

class SVT_declare_visual
{
public:

SVT_declare_visual();
virtual Vnode *Construct_visual(int)=0;
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SVT_declare_visual *next;
};

char *StringTerm(int); // Convert string terms to char*
double FloatTerm(int); // Convert float terms to double
int IntTerm(int); // Convert int/float terms to int
void VectorTerm(int, double*); // Convert (X,Y,Z) terms to double*

}

#endif

B.9.2 The Graphical User Interface

Thefunctionalityof SVT is completelyindependentof thetypeof graphicaluserinterface.All
communicationwith thegraphicaluserinterfaceis donethroughtheclassesMainBaseandView-
Base, declaredin thefile svt.h. Theseareabtractbaseclasses,andtheactualinterfaceis imple-
mentedin theirderivedclasses.An interfacefor Motif 1.2hasbeenimplemented.

The File svt.h

// GUI interface for SVT
// Written by Calum Grant
// Copyright (C) Calum Grant 1998

#ifndef SVT_H
#define SVT_H

namespace SVT
{

enum SVT_cursor { SVT_ARROW,SVT_WAITING, SVT_ZOOMIN, SVT_ZOOMOUT,
SVT_POINT };

enum SVT_type { SVT_MAIN, SVT_THUMBNAIL, SVT_ZOOM, SVT_PLAN,
SVT_LEGEND, SVT_POPUP};

class ViewBase
{
public:

class View *data;

public:
ViewBase();
virtual ˜ViewBase();

void GL_draw();
void Drawing_speed(int);
void Input_event(int input, int d0, int d1, int d2);
void Key_press(int key);
void Mouse_move(int x, int y, int shift, int ctrl);
void Mouse_pause(int x, int y);
void Mouse_press(int x, int y, int l, int m, int r, int shift, int ctrl);
void Mouse_release(int x, int y, int l, int m, int r, int shift, int ctrl);
void Main_viewer();
void Reset_view();
void Editor_insert(int offset, char *text);
void Editor_delete(int offset, int length);
void Editor_update();
void Resize_view();
void Refresh_view();



182 B.9. THE C++ INTERFACE

void Menu_select(int id, int item);
void Popup_select(int);
void Duplicate_view(ViewBase*);
void Reset_viewpoint();
void Background_process();
void Help();

// These functions are called by SVT:
virtual int Window_width()=0;
virtual int Window_height()=0;
virtual void GL_redraw()=0;
virtual void Mouse_cursor(SVT_cursor)=0;
virtual void Pulldown_menu(char *title, int id, char**)=0;
virtual void Inactivate_pulldown(int id)=0;
virtual void Popup_menu(char**)=0;
virtual void Status_text(const char*)=0;
virtual void Set_text_window(const char*text, int size, bool ro)=0;
virtual char* Get_text_window(int &length)=0;
virtual void Set_text_position(int position)=0;
virtual void Lock_editor()=0;
virtual void Set_title(const char*)=0;
virtual SVT_type Get_type()=0;
virtual void Set_frame_size(int, int)=0;
virtual void Destroy()=0;
virtual void Start_background_process()=0;
virtual void Stop_background_process()=0;

};

class MainBase
{

class Main *data;

public:
MainBase(const char*path=0);
virtual ˜MainBase();

void Boot();
int add_data(char*pred, int data);
int remove_data(char*pred, int data);
int load_prolog(char*filename);
char *Boot_error();

public: // These functions are called by SVT:
virtual bool Break()=0;
virtual ViewBase *Create_popup()=0;
virtual ViewBase *Create_viewer()=0;
virtual char *Get_string(const char *title,

const char *prompt,
const char *def)=0;

virtual int Get_option(const char *title,
const char *prompt,
const char **buttonlist)=0;

virtual char **Get_user_arguments(int&)=0;
};

}

#endif



Appendix C

Fur ther Examples

Thisappendixcontainscompleteandfully functioningexamplesof thespecification
techniques.For reasonsof conciseness,they werenotbepresentedin full in themain
bodyof thisdissertation.

C.1 Views

All views (sho wn in Figure 4.3)

view([], views, ’All views’).

visual_context(views, views).

view_content(views, title(’Welcome to Vmax’)).
view_content(views, view(navigate_to(C), D)) :-

view_context([],C,D), D \== separator.

All Java interfaces (sho wn in Figure 5.17)

view([], java_interfaces, ’Java interfaces’).

visual_context(java_interfaces, vs).

view_content(java_interfaces, title(’Java Interfaces’)).
view_content(java_interfaces, interface(I,T)) :-

java:interface(I),
long_identifier(I,T).

The Java class hierar chy (sho wn in Figure 5.20)

view([], java_classhier, ’Java class hierarchy’).

visual_context(java_classhier, vs).
visual_context(java_classhier, fisheye).
visual_context(java_classhier, tree).

view_content(java_classhier, title(’Java class hierarchy’)).
view_content(java_classhier, class(Class,Name)) :-

java:class(Class),
short_identifier(Class,Name).

view_content(java_classhier, contains(Super,Sub)) :-
java:class(Sub),

183
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java:direct_supertype(Sub,Super).

Complete call graph

view([], call_graph, ’Complete call graph (cached)’).

visual_context(call_graph, vs).

view_content(call_graph, title(’Complete call graph’)).
view_content(call_graph, function(F,I)) :-

java:method(F),
long_identifier(F,I).

view_content(call_graph, calls(A,B)) :-
java:method(A),
java:cached_call(A,B).

Method calls within a class (sho wn in Figure 5.26)

view(C, cached_calls(C), ’Method calls within class (cached)’) :-
java:class(C).

visual_context(cached_calls(_), vs).

view_content(cached_calls(C), title([’Method calls within ’,I])) :-
long_identifier(C,I).

view_content(cached_calls(C), function(F,I)) :-
java:class_method(C,F),
identifier(F,I).

view_content(cached_calls(C), calls(A,B)) :-
java:class_method(C,A),
java:cached_call(A,B),
java:class_method(C,B).

References to a variab le

view(V, cached_variable_refs(V), ’References to variable (cached)’) :-
java:variable(V).

visual_context(cached_variable_refs(_), vs).

view_content(cached_variable_refs(V),
title([’References to variable ’,I])) :-
long_identifier(V,I).

view_content(cached_variable_refs(V), function(M,I)) :-
java:cached_reference(M,V),
long_identifier(M,I).

C.2 Visualization Relations

Thefollowing exampleshows thevisualizationrelationsfor block structuredProlog(shown in
Figure5.53).

% Query structured

visual_context_description(query, ’Query’).
visual_content(tpm_predicate(Id,H,T), query, tpm_predicate(Id,H,T)).
visual_content(or_term(Id,A,B), query, query(Id,or,A,B)).
visual_content(and_term(Id,A,B), query, query(Id,and,A,B)).
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visual_content(if_term(Id,A,B), query, query(Id,if,A,B)).
visual_content(term(Id,Text,List), query, pl_term(Id,Text,List)).
visual_content(variable_term(Id,Text), query, colour_text(Id,Text,yellow)).

% Block structured

visual_context_description(block, ’Block structured’).
visual_content(tpm_predicate(Id,H,T), block, tpm_predicate(Id,H,T)).
visual_content(or_term(Id,A,B), block, pl_or(Id,A,B)).
visual_content(and_term(Id,A,B), block, pl_and(Id,A,B)).
%visual_content(if_term(Id,A,B), block, infix_text(Id, ’ <- ’, A,B)).
visual_content(if_term(Id,A,B), block, block_clause(Id,A,B)).
visual_content(term(Id,Text,List), block, pl_term(Id,Text,List)).
visual_content(variable_term(Id,Text), block, colour_text(Id,Text,yellow)).

% English

visual_context_description(prolog_englis h, ’English’).
visual_content(tpm_predicate(Id,H,T), prolog_english, tpm_predicate(Id,H,T)).
visual_content(or_term(Id,A,B), prolog_english, infix_text(Id,’or’,A,B)).
visual_content(and_term(Id,A,B), prolog_english, infix_text(Id,’and’,A,B)).
visual_content(if_term(Id,A,B), prolog_english, infix_text(Id,’if’, A,B)).
visual_content(term(Id,Text,List), prolog_english, pl_english(Id,Text,List)).
visual_content(variable_term(Id,Text), prolog_english, text(Id,Text)).

% Tree

visual_content(tpm_predicate(Id,H,T), tree, tpm_predicate(Id,H,T)).
visual_content(or_term(Id,A,B), tree, tree_node(Id,’|’,[A,B], red)).
visual_content(and_term(Id,A,B), tree, tree_node(Id, ’&’,[A,B], orange)).
visual_content(if_term(Id,A,B), tree, tree_node(Id, ’<-’, [A,B], red)).
visual_content(term(Id,Text,List), tree, tree_node(Id,Text,List, palegreen)).
visual_content(variable_term(Id,Text), tree, tree_node(Id,Text,[],yellow)).

% Prolog

visual_context_description(prolog, ’Prolog’).
visual_content(tpm_predicate(Id,H,T), prolog, tpm_predicate(Id,H,T)).
visual_content(or_term(Id,A,B), prolog, infix_text(Id,’;’,A,B)).
visual_content(and_term(Id,A,B), prolog, seq_text(Id,’, ’,A,B)).
visual_content(if_term(Id,A,B), prolog, pl_if(Id,A,B)).
visual_content(term(Id,Text,List), prolog, prolog_text(Id,Text,List)).
visual_content(variable_term(Id,Text), prolog, text(Id,Text)).

C.3 Visuals

A labeled edge in a hierar chy

visual(labeled_hier_edge(A,B,Text,Colour ), [-A,-B,str(Text)],
[’A ’, colour, ’ hierarchical edge labeled ’, Text],
Symbol,
[
container(Symbol),
text(p(Symbol), ’A’),
text(c(Symbol), ’B’),
contains(Symbol, p(Symbol)),
labeled_hier_edge(p(Symbol), c(Symbol), Text, Colour)
] ) :- Colour = red ; Colour = blue ; Colour=green.

visual_component(labeled_hier_edge(A,B,T ext,Co lour),
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[
hier_edge_colour(A,B,Colour),
edge_label(A,B,Text)
]).

A coloured if-then-else structure in a Nassi-Shneiderman Diagram

visual(nsd_coloured_if(Id,C,T,F), [+Id,-C,-T,-F],
’NSD coloured if-then-else’, Symbol,
[
nsd_coloured_if(Symbol, cond(Symbol), true(Symbol),

false(Symbol)),
nsd_statement(true(Symbol), ’if true’),
nsd_statement(false(Symbol), ’if false’),
string(cond(Symbol), condition)
]).

visual_component(nsd_coloured_if(If,Cond, True,F alse),
[
nsd_if(If,Cond,True,False),
nsd_if_colour(If)
]).

C.4 Visual Objects

A labeled inter connecting arrow

visual(jvl_assign(Id,Text,L,R), [+Id,-L,-R,str(Text)], ’left arrow’,
Sym,
[
string(left(Sym), a),
string(right(Sym), b),
jvl_assign(Sym,Text,left(Sym),right(Sym ))
]).

object_component(jvl_assign(Id,Text,L,R), Id,
[
text(Text, p,q,x1+(5,0),y1+(-5,0)),
x=midpoint(c,d),
y=midpoint(e,f),
contain(L,a,c,b,d),
contain(R,e,g,f,h),
yalign(c,e),
yalign(d,f),,
line([x1=x+(4,0), y1=y+(-4,0)]),
polygon([x1+(4,3), x1, x1+(4,-3)])
]).

An if-then-else structure in a Nassi-Shneiderman Diagram

visual(nsd_if(Id,C,T,F), [+Id,-C,-T,-F], ’NSD if-then-else’, Symbol,
[
nsd_if(Symbol, cond(Symbol), true(Symbol), false(Symbol)),
nsd_statement(true(Symbol), ’if true’),
nsd_statement(false(Symbol), ’if false’),
string(cond(Symbol), ’Condition’)
]).

object_component(nsd_if(Object, Condition ,True ,False), Object,
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[
cond=contain(Condition,a+(10,-2),b+(-1 0,-2), g+(10, 2),h+( -10,2) ),
contain(True,g,e,c,f),
fillcontainer(True),
contain(False,e,h,f,d),
fillcontainer(False),
l1=line([g,a,b,h]),
l1=thickness(2),
l2=line([g+(10,0), a]),
l2=thickness(2),
l3=line([h+(-10,0), b]),
l3=thickness(2)
]).

A labeled dialog selection button

visual_component(select(Id,Text,on),
select(Id,Text,darkgrey,lightgrey,dark red)).

visual_component(select(Id,Text,off),
select(Id,Text,lightgrey,darkgrey,grey )).

object_component(select(Id,Text,Top,Bott om,Fac e), Id,
[
t=text(Text,a,b,p4+(10,-2),c),
p3=p4+(-10,0),
p2=p4+(0,10),
p1=p2+(-10,0),
i1=p1+(2,-2),
i2=p2+(-2,-2),
i3=p3+(2,2),
i4=p4+(-2,2),
face=polygon([i1,i2,i4,i3]),
face=colour(Face),
l1=polygon([p1,p2,i2,i1]),
l1=colour(Top),
l2=polygon([p1,p3,i3,i1]),
l2=colour(Top),
d1=polygon([p3,p4,i4,i3]),
d1=colour(Bottom),
d2=polygon([p2,p4,i4,i2]),
d2=colour(Bottom)
]).

C.5 Interaction

Interacting with the bookmarks

action(click(_, [on, off, off, off], 1), thumbnail, retrieve_view).
action(click(_, [off, off, on, off], 1), thumbnail, swap_menu).

reaction(swap_views, thumbnail) :- swap_thumbnail_view.
reaction(retrieve_view, thumbnail) :- retrieve_thumbnail_view.
reaction(save_view, thumbnail) :- save_thumbnail_view.
reaction(swap_menu, thumbnail) :- popup_menu(thumbnail).
reaction(refresh, thumbnail) :- refresh_view.
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C.5.1 Menus

The bookmarks menu (sho wn in Figure 4.28)

action(menu(thumbnail, ’Bookmark’), thumbnail, save_view).
action(menu(thumbnail, ’Retrieve’), thumbnail, retrieve_view).
action(menu(thumbnail, ’Swap’), thumbnail, swap_views).
action(menu(thumbnail, ’Refresh’), thumbnail, refresh).

Menu to modify the structure of terms (sho wn in Figure 5.56)

action(menu(term_menu(Term), ’Increase arity’), svt, increase_arity(Term)).
action(menu(term_menu(Term), ’Decrease arity’), svt, decrease_arity(Term)).
action(menu(term_menu(Term), ’Cut’), svt, cut_term(Term)).
action(menu(term_menu(Term), ’Copy’), svt, copy_term(Term)).
action(menu(term_menu(Term), ’Paste’), svt, paste_term(Term)).
action(menu(term_menu(Clause), ’Delete clause’), svt,

delete_clause(Clause)) :-
user_clause(Clause).

action(menu(term_menu(Clause), ’Duplicate clause’), svt,
duplicate_clause(Clause)) :-
user_clause(Clause).

C.5.2 An Implementation of CCS

CCS[69] is a theoreticalcalculusof communicatingsystems.This exampleshows that formal
modelsof interactioncanbeexpressedwithin SVT’saction/reactionmodel.

% Demo of CCS in action/reaction model.
% CCS terms are represented P1|P2|P3|... for concurrency,
% and [T1,T2,...] is a process.
% Transitions of +X and -X are reduced.
% The silent transition tau is automatically reduced.
% Restriction of a name X is marked nu(X).
% Renaming is marked [New/Old].
% [] accepts no reductions.

action(trans([tau|S],tau), ccs, S).

action(trans((A|B),T), ccs, (A1|B)) :- action(trans(A,T), ccs, A1).

action(trans((A|B),T), ccs, (A|B1)) :- action(trans(B,T), ccs, B1).

action(trans([+X|S],+X), ccs, S).

action(trans([-X|S],-X), ccs, S).

action(trans([H1|S],T), ccs, [H2|S]) :- action(trans(H1,T), ccs, H2).

action(trans([nu(X)|S0],T), ccs, [nu(X)|S]) :-
action(trans(S0,T), ccs, S), restrict(X, T).

action(trans([[B/A]|S0],T), ccs, [[B/A]|S]) :-
action(trans(S0,T0), ccs, S), rename(A, B, T0, T).

action(trans((A0|B0),tau), ccs, (A|B)) :-
action(trans(A0,X), ccs, A),
action(trans(B0,Y), ccs, B),
neg(X,Y).
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action(trans([write(X)|S],tau), ccs, S) :- write(X).

neg(+X, -X).
neg(-X, +X).

restrict(X, +X) :- !, fail.
restrict(X, -X) :- !, fail.
restrict(_, _).

rename(A, B, +A, +B) :- !.
rename(A, B, -A, -B) :- !.
rename(_, _, A, A).

reaction(S0, ccs) :- action(trans(S0,tau), ccs, S), reaction(S, ccs).
reaction(_, ccs).

:- Dispenser = (TeaDispenser | CoffeeDispenser),
TeaDispenser = [-t,-p,-p,-p,+tea|TeaDispenser],
CoffeeDispenser = [-c,-p,-p,+coffee|CoffeeDispenser],
Person1 = [+c,+p,+p,-coffee,+drunk_coffee],
Person2 = [+t,[p/coin],+coin,+coin,+coin,-tea,+dr unk_te a],
M1 = [-drunk_coffee, write(’Drunk the coffee. ’)|M1],
M2 = [-drunk_tea, write(’Drunk the tea. ’)|M2],
reaction((Dispenser | Person1 | Person1 | Person2 | M1 | M2), ccs).

% Output is: Drunk the tea. Drunk the coffee. Drunk the coffee.

C.6 A Scientific Calculator

Thisexamplegivestheimplementationof thescientificcalculatorin Figure6.2.

% Calculator application implemented in SVT
% Written by Calum Grant

:- module(svt).

:- multifile view_content/2, view/3, action/3, reaction/2,
object_component/3, visual_content/3, visual_component/2,
visual_context/2, visual/5, visual_context_description/2.

popup_calculator :-
popup_frame(calculator([0,’=’,0,1,true ,0]), calculator, svt, svt).

% Management of calculator state

calculator:evaluate(A, B, ’+’, A+B).
calculator:evaluate(A, B, ’-’, A-B).
calculator:evaluate(A, B, ’*’, A*B).
calculator:evaluate(A, B, ’/’, A/B).
calculator:evaluate(A, B, ’xˆy’, exp(A,B)).
calculator:evaluate(_, N, ’=’, N).

calculator:evaluate(A, ’ˆ2’, A*A).
calculator:evaluate(A, sqrt, B) :- A>=0 -> B is sqrt(A); B is nan.
calculator:evaluate(A, sin, sin(A)).
calculator:evaluate(A, cos, cos(A)).
calculator:evaluate(A, tan, tan(A)).
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calculator:evaluate(A, ’1/x’, 1/A).
calculator:evaluate(A, ln, B) :- A>0 -> B is log(A); B is nan.
calculator:evaluate(A, exp, exp(A)).
calculator:evaluate(_, ’C’, 0).
calculator:evaluate(A, ’x!’, B) :-

A>170 -> B is inf;
A2 is truncate(A), A>=0 -> factorial(A2,B);
B is nan.

calculator:memory(_, R, ’MC’, 0, R).
calculator:memory(M, R, ’M+’, M+R, R).
calculator:memory(M, R, ’M-’, M-R, R).
calculator:memory(M, _, ’MR’, M, M).

calculator:input(digitpress(D), [_,F,O,_,false,Mem],
[R2,F2,O2,M2,I2,Mem2]) :-
calculator:input(digitpress(D), [0,F,O,1,true,Mem],
[R2,F2,O2,M2,I2,Mem2]).

calculator:input(functionpress(’.’), [_,F,O,_,false,Mem],
[0,F,O,0.1,true,Mem]).

calculator:input(digitpress(D), [R,F,O,M,true,Mem],
[R2,F,O,M,true,Mem]) :-
(M=1; M= -1), !, R2 is R*10 + M*D.

calculator:input(digitpress(D), [R,F,O,M,true,Mem],
[R2,F,O,M2,true,Mem]) :-
M2 is M * 0.1, R2 is R+D*M.

calculator:input(functionpress(’.’), [R,F,O,M,true,Mem],
[R,F,O,M2,true,Mem]) :-
(M=1; M= -1), M2 is M*0.1.

calculator:input(functionpress(’+/-’), [R,F,O,M,I,Mem],
[R2,F,O,M2,I,Mem]) :-
R2 is -R, M2 is -M.

calculator:input(functionpress(Fn), [R,F,O,M,_,Mem],
[R2,Fn,R2,M,false,Mem]) :-
calculator:evaluate(1,1,Fn,_), calculator:evaluate(O,R,F,R3),
R2 is R3.

calculator:input(functionpress(Fn), [R,F,O,M,_,Mem],
[R2,F,O,M,false,Mem]) :-
calculator:evaluate(R,Fn,R3), R2 is R3.

calculator:input(functionpress(Fn), [R,F,O,M,_,Mem],
[R2,F,O,M,false,M2]) :-
calculator:memory(Mem,R,Fn,M3,R3), M2 is M3, R2 is R3.

digit(Atom, Digit) :- name(Atom, [N]), name(’0’, [Zero]), Digit is N-Zero,
Digit<10, Digit>=0.

factorial(M, 1) :- M =< 1.
factorial(A, B) :- A > 1, N is A-1, factorial(N,X), B is A*X.

% Define the calculator buttons

calculator:digit(D, P) :-
D=7, P=20; D=8, P=21; D=9, P=22;
D=4, P=24; D=5, P=25; D=6, P=26;
D=1, P=28; D=2, P=29; D=3, P=30;
D=0, P=33.

calculator:function(F, P) :-
F=’MR’, P=1; F=’MC’, P=2; F=’M+’, P=3;
F=’M-’, P=4; F=’1/x’, P=5; F=sin, P=6;
F=cos, P=7; F=tan, P=8; F=ln, P=9;
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F=exp, P=10; F=’x!’, P=11; F=’xˆy’, P=12;
F=’+’, P=23; F=’-’, P=27; F=’*’, P=31;
F=’/’, P=35; F=’+/-’, P=32; F=’.’, P=34;
F=’C’, P=51; F=’ˆ2’, P=52; F=’sqrt’,P=53;
F=’=’, P=54.

calculator:button(calculator:digit(D), D, P) :- calculator:digit(D, P).
calculator:button(calculator:function(F) , F, P) :- calculator:function(F, P).

% Declare the calculator view

view([], calculator([0,’=’,0,1,true,0]), ’Calculator’).

visual_context(calculator(_), calculator).

view_content(calculator(_), calculator_button(Id, Text, Pos)) :-
calculator:button(Id, Text, Pos).

view_content(calculator([R|_]), result(result, R)).

% Declare the visualization relation

visual_context_description(calculator, ’Calculator’).
visual_content([], calculator, calculator).
visual_content(result(Id, Text), calculator, right_text(Id, Text)).
visual_content(calculator_button(Id, Text, Pos), calculator,

calculator_button(Id, Text, Pos)).

% Declare visuals for the calculator

visual(right_text(Id,Text), [+Id, str(Text)], ’Right aligned text’,
Symbol, right_text(Symbol, Text)).

visual_component(right_text(Id, Text),
[
string(Id, Text),
alignment(Id, right)
]).

visual_component(calculator,
[
title(’Calculator’),
border_line(border, calculator, 5),
table(keypad, 4, 0),
calculator(calculator, result, keypad)
]).

visual(calculator_button(Id, Str, Pos), [+Id, str(Str), num(Pos)],
’Calculator button’, Sym, button(Sym, Str)).

visual_component(calculator_button(Id, Text, Pos),
[
button(Id, Text),
alignment(Id, fill),
contains(keypad, Id),
order(Id, Pos)
]).

object_component(calculator(Id, Result, Keypad), Id,
[
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contain(Result, p1+(4,-4), p2+(-4,-4), p3+(4,4), p4+(-4,4)),
contain(Keypad, p3+(0,-5),p4+(0,-5), b3, b4),
l = line([p1, p2, p4, p3, p1]),
l = thickness(2)
]).

object_component(border_line(Id, Sub, S), Id,
[
contain(Sub, a+(S,-S), b+(-S,-S), c+(S,S), d+(-S,S)),
line([a, b, d, c, a])
]).

% Interaction with the calculator

% Define the mouse cursor changes

action(move(calculator:digit(_), _), svt, indicate(action)).
action(move(calculator:function(_), _), svt, indicate(action)).

action(click(calculator:digit(D), _,_), svt, digitpress(D)).
action(click(calculator:function(F),_,_), svt, functionpress(F)).
action(key(_, K), svt, digitpress(D)) :-

digit(K,D),
current_view_context(calculator(_)).

action(key(_, K), svt, functionpress(F)) :-
current_view_context(calculator(_)),
calculator:key(K,F).

action(key(_, K), svt, functionpress(K)) :-
current_view_context(calculator(_)).

% Define the key bindings

calculator:key(’\r’, ’=’).
calculator:key(’ ’, ’C’).
calculator:key(’c’, ’C’).
calculator:key(’ˆ’, ’xˆy’).
calculator:key(’!’, ’x!’).

reaction(functionpress(Fun), svt) :-
Fn=functionpress(Fun),
current_view_context(calculator([R,F,O, M,I,Me m])),
calculator:input(Fn, [R,F,O,M,I,Mem], [R2,F2,O2,M2,I2,Mem2]),
set_view_context(calculator([R2,F2,O2,M 2,I2,M em2])) ,
R2 \== R,
refresh_object(result(result, R2)),
restructure_view.

reaction(digitpress(Fun), svt) :-
Fn=digitpress(Fun),
current_view_context(calculator([R,F,O, M,I,Me m])),
calculator:input(Fn, [R,F,O,M,I,Mem], [R2,F2,O2,M2,I2,Mem2]),
set_view_context(calculator([R2,F2,O2,M 2,I2,M em2])) ,
R2 \== R,
refresh_object(result(result, R2)),
restructure_view.

% Make the calculator appear in the action menu

action(menu(action(_), ’Calculator’), svt, calculator_popup).
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reaction(calculator_popup, svt) :- popup_calculator.

% Create a calculator

:- popup_calculator.


