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Abstract

\isualizationis essentiallya collaborative activity, widely usedin manyscientificand engineeringdisciplines.
\isualizationmaybeusedto corvey insightinto phenomenghat are well-understoodor to preseninew datawith
a view to finding new patternsof meaningand new phenomenavisualizationis a powerfultool in presentations
(lectures,seminarspapersetc)andin discussiondetweercolleagues\e are seeinga growthin theuseof video
confeencingto facilitate meetingshetweerparticipantsin geogaphically sepaate locations,both specialized
facilities (videoconfeencerooms)usingdedicateccommunicationshannelgISDN,ATM etc)and desktopvideo
confeencingusing the Internetand multicast(Mbone) communicationsDistributed coopeative visualization
aimsto enhanceahe videoconfeencingernvironment(usuallythe desktopervironment)with accesgo visualiza-
tion facilities. At the mostbasiclevel, pre-geneatedvisualizationsmaybe shaed througha shaed whiteboad
tool. Richer approadesenableusersto shae contmol of the kind of visualizationgeneated and the parameters
usedin thegeneation. TheWbrld Wide Web providesa basisfor asyntironouscoopeativeworkingandthere are
experimentakxtensionsn thedirectionof coopeative browsing VRML providesthe basisfor sharing3D graph-
icsoverthelnternet.\e look at waysin which VRMLIs beingusedin visualizationto geneatemodelsvhich may
be browsedby participantsin a sessionAsyntironouscollaboration becomegpossibleby recoding the details
of thevisualizationcreatedby oneparticipant,and makingthis availableto subsequenvtisitors’ to the Web site
A multiuseraudit trail emeges.Development®on multi-userVRML worlds also have potential applicationsin
visualization providinga form of syndironouscollaboration. ThisSTARreviewsthestateof theart in theseareas,
drawsout commorthreadsin thesediverseappmoadesandlooksat strengths weaknesseand opportunitiesfor

STAR- Stateof TheArt Report

further developmentn this field.

1. Motivation

Rogawitz52 haswritten“Visualizationis theprocesof map-
ping numericalvaluesinto perceptuatlimensions” Theuse
of visual imageryto corvey scientificinsight and truth is
not a nev phenomenonDescarteg(quotedby Collinst?)
wrote “imagination or visualization,and in particularthe
useof diagramshasa crucial role to play in scientificin-
vestigation”.More recentlyinterestin visualizationwasfo-
cusedby theNSFPanelReporton Visualizationin Scientific

Computing®. Their definitionof visualizationis interesting:

“Visualizationis a methodof computing.lt trans-
forms the symbolic into the geometric,enabling
researchert observetheir simulationsandcom-
putations.Visualizationoffers a methodfor see-
ing theunseenlt enricheghe procesf scientific
discorery andfostersprofoundandunexpectedn-
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sights.... RichardHammingobsered mary years
agothat ‘the purposeof [scientific] computingis
insight,notnumbers’.... Thegoal of visualization
is to leverageexisting scientific methodsby pro-
viding new scientificinsightthroughvisualmeth-
ods’

Thereporthighlightsthe needfor scientistdo learnto vi-
suallycommunicatavith oneanother“Much of modernsci-
encecannotbe expressedn print. DNA sequencesnolec-
ular models,medicalimagingscansprain maps,simulated
flight througha terrain,simulationsof fluid flow, andsoon,
all needto be communicatedvisually” Visualizationis a
mediumof communication.

Annex A to thereportpresentsA glimpseof the future:
usingvisualizationtoolsto solve problems”.

“Considerthefollowing applicationof thefuture.
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An airplanedesignewantsto desigranairfoil and
testit by simulatingairflows overit ... Using an-
imation, the engineercan seethe shape(external
and/orinternal)of theairfoil, theturbulencein the
boundarylayerair flowing over it ... Thedesigner
caninteract... in two ways:interactivelychanging
the angleof the 3D displayin real time or steer
ing the simulation. The designercan changethe
shapeof thewing in realtime, the speedat which
the wing is flying throughthe air, or the altitude
andhencethe characteristicof theair ... The de-
signersimulateghe new designin realtime, alters
it in realtime, andsteersa simulation- all by using
visualizationtechniquesThe engineeralso saves
millions of dollarsby notbuilding earlyprototypes
to checktheintegrity of thedesign.

Readingthis description,oneforms the mentalimageof
thedesigneseatedn front of aworkstationjnteractingwith
the emeging airfoil designthroughthe rich mediumof vi-
sualization.Visualizationis seenas a componenbf inter
action,a mediumof communicationpetweendesignerand
workstation.Theimageis thatof thelone designerthe sin-
gle useratthe singleworkstation.

However, much of modernscienceand engineeringn-
volvesmorethanone person.Much (oneis temptedto say
the overwhelmingmajority) of design,researchand devel-
opmentis not the work of oneindividual in isolation.It is
the work of small groupsof people,to large teamsof peo-
ple, eachwith their characteristiskills andexpertise,mak-
ing their contritution to the overall endeaour.

During the 1980s computer networking became
widespreadin mary organisations,and led to the new
discipline of Computer SupportedCooperatie Working
(CSCW) which gathers together researchersinterested
in how people work together and how computersand
related technologiesaffect the behaiour of groups of
people. CSCW systemsstartedto emege. Such systems
aim to provide supportfor groupworking. CSCW systems
typically provide audioandvideo communicatiorchannels
between participantsin a cooperatie sessionwith the
addition of groupwaretools such as sharedtext editors,
sharedwhiteboard,shareddrawing tools, etc2® Given the
significanceof visualizationasa mediumof communication
in a wide rangeof contets, the questionnaturally arises,
how is visualizationusedwithin group working and how
canthis be supportedn the CSCWsystem?

The useof visualizationin collaboratve working might
involve a group of peoplesitting arounda meetingtable
discussinghardcopyoutput, or viewing a video. It might
involve a group of peopleclusteredarounda workstation,
with onepersonin the‘driving seat’,discussinga visualiza-
tion, perhapsnakingsuggestionasto how thevisualization
could be changedn orderto draw out otherfeaturesn the
data,for exampleby changinga colour mapor usinga dif-

ferenttechniqueto presenthe data.Participantsmight take
it in turnsto ‘drive’ the visualizationsystem,eachworking
with theirown particulardatasets It mightinvolve exchang-
ing visualizationsby email, followed by email discussion,
or disseminatiorto a wider communitythroughthe World
Wide Weh It mightalsoinvolve the cooperatie useof avi-
sualizatiorsystemasatool within aCSCWsession.

Is visualizationary differentto othermediathat may be
usedin cooperatre working?In somesenseshe answerto
this questionis no. Therearemary issueshatvisualization
hasin commonwith othermedia,for example,text. Control
of avisualizationsystenraisessimilarissuego shareccon-
trol of a text editor Who hascontrol?How do participants
know who hascontrol?How is control passedetweerpar
ticipants?Thereare somesensesn which visualizationis
differentto othermedia.Visualizationsaretypically gener
atedby apipelineor networkof processingtepsThisraises
the possibility of sharingdatabetweenparticipantsat dif-
ferentpointsin the processingwhich mayleadto a useful
tradeof betweerdatavolumeandlocal processingapabil-

ity.

Bergeron® in his introductionto a panelsessiomat Visu-
alization’93 aguesthatthe goalsof visualizationcanbe di-
videdinto threecategoriesdescriptivevisualization analyt-
ical visualizationandexploratory visualization Descriptire
visualizationis usedwhenthe phenomenomepresentedh
thedatais known, but theuserneeddo present clearvisual
verificationof this phenomenoifusuallyto others).Analyt-
ical visualization(directedsearch)s the processwe follow
whenwe know what we arelooking for in the data;visu-
alizationhelpsto determinewhetherit is there.Exploratory
visualization(undirectedsearch)is necessaryvhenwe do
notknow whatwe arelooking for; visualizationmayhelpus
to understandhe natureof the databy demonstratingat-
ternsin that data.We canimaginescenarioasedaround
eachof thesecatejories.

Descriptize visualizationis commonlyusedin teaching,
for examplein quantumchemistryvisualizationis usedto
corvey anunderstandingf electrondensitydistribution in
simplemoleculesin computationafluid dynamicsyisual-
ization (usuallytime dependentisualizationor animation)
is usedto convey anunderstandingf the behaiour of fluid
flows. The visualizationis typically designedand prepared
by theteachelandpresentedo the students.

Analytical visualizationmight involve a group of users
discussinghe interpretationof a dataset,for examplethe
resultsof arun of anoceanographisimulationmodel.

Exploratoryvisualizationmight involve comparingdata
setsfrom different sourcesfor examplein geodesycom-
paringresultsfrom bathymetry(seadepthinformation)with
geoidresidualscomputedfrom satellitealtimetry data(in-
formation aboutthe earth’s gravitational field) looking for
correlationsanddifferencedbetweerthem.
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Comparisorbetweerdatafrom differentsourcess oftena
fundamentaingredientof collaborationln thegeosciences,
for example,it is now realizedthat muchinsightis to be
gainedby sharingdata,comparingdifferentkinds of data
gatheredrom differentinstrumentsfor exampleseaheight
measurementsurfacegemperaturepceardepth,whereasn
the pastresearchersould concentraten datafrom a sin-
gle instrumentwhich they would almostjealouslyguard.A
researches scientific capital wasin both the dataandthe
methodsusedto analyset. Nowadaysthe trendis towards
sharingand comparisonThereseemso be relatively little
attentionpaidto the useof visualizationto enablecompari-
son,seefor examplePagendarnandPost8, but thisis never-
thelesatopicto which attentionneedgo bepaidin systems
aimingto supportcooperatie working.

In the late 1980s,Modular Visualization Environments
(MVES) startedto appearthe earliestexamplesbeing apE
andthefirst versionof AVS. MVESs provide a setof build-
ing blocks which perform functionssuchas readingdata,
generatiorof visualizationssuchascontouringandrender
ing. MVEs typically provide a visual editor with which to
constructapplicationspy linking togethera setof building
blocks,andit is perhapghe power of this visualizationpro-
grammingmetaphotthathasmadeMVEs so populartoday
The modularbuilding blocksmay be (but arenot necessar
ily) implementedas separat@rocessesWhenthisis done,
this providesa naturalway in which suchsystemamay be-
comedistributed systems Examplesof currentsystemsof
thiskind includeAvS#3, Khoro$2, IBM DataExploret, and
IRIS Explore4. A very goodoverview of thiswholeareais
containedn a specialissueof ComputeiGraphicgs3.

In theearly 1990s theadwentof the World Wide Webled
to anotherapproachto visualizationapplications,a client-
sener approachin which the visualizationrequiredis de-
finedthroughtheclient,computedandreturnedo theclient
for presentationThe conceptof appletsprovidesa mech-
anismby which part of the visualizationcomputationmay
be down-loadedto the clientandexecutedclient-side.Such
approachearetermedweb-basedisualization

It is usefulto distinguishatthis stagebetweerthreeterms:

1. distributed visualization This involves collaborationat
thesystemlevel. It is interestinghatthe currentbatchof
MVEs have all beendesignedwith this aim: it is possi-
ble to placemoduleson differentcomputers Of course
this is mostusefulwhenit is a computationallyintense
visualizationtask,whensomemodulesmay usefully be
locatedon a supercomputeptherslocally on a worksta-
tion. Onecanalsoseesimpleweb-basedisualizationin
this class.Although several computersmay be involved
in the computationsucha distributedvisualizationsys-
temis still asingle-usesystemWorking in adistributed
ervironmentdoesnot by itself imply workingin cooper
ationwith otherusers.
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2. coopeative visualization Visualizationis oftena coop-
erative actvity; several peoplemay work togetherto in-
terpretavisualization Thisis collaboratioratthe human
level. It is interestingthatthe currentMVEs did not have
this asa designrequirementand until recentlywereall
single-usersystems.Similarly web-basedvisualization
systemshave beensingle-userCooperationis achieed
by humanglusteringaroundasingleworkstationaround
a Responsie Workbenchdevice or in a CAVE, for dis-
cussionpr throughsomemeansutsidethevisualization
system(for example, sendingvisualizationoutputto a
collaboratorfor comment).

3. distributedcoopentivevisualization This bringsthetwo
conceptgogetherallowing collaboratioratboththesys-
tem and humanlevel. We shallbe ablein this STAR to
give examplesto shav that both MVEs and web-based
visualizationcanbe extendedto this class.A distributed
cooperatie visualizationtoolsetshouldallow its users,
geographicallydistributed, not only to run remotere-
sourceshut to share@magesandpossiblyalsoto interact
andcooperateacrossanetwork,in theintermediatesteps
which leadto thecreationof thefinal output.

Thenext sectionof this paperpresents structurefor the
field of distributedcooperatie visualization,ncludingboth
a peopleview anda machineview. Section3 looks at en-
vironmentsfor cooperatie visualization.Sections4 and5
look at approachedo supportingcollaborationin a wide
rangeof visualizationsystems.Section6 considersweb-
basedrisualization Section7 looksto systemsappearingn
the horizonwhich combinevisualizationandvirtual reality.
Section8 looks at somebroadercategoriesof collaboratve
systemsgdistributed collaboratoriesand section4.7 draws
the paperto a closewith a discussiorof openissuesandfu-
turedirections.

2. A Structurefor the Field
2.1. People View - Types of CSCW

CSCWinvolvesbothpeopleandmachinesln theCSCWIit-
erature Applegatesplace-timematrixis awidely citedclas-
sification schemefor cooperatie working*. This scheme,
shavn in Figurel, focusesonthepeopleinvolvedin CSCW
andtheway in which thetypesof involvementmaybeclas-
sified.

Two dimensionsareused:time andplace.Membersof a
CSCWgroupmaybelocatedatthesameplaceor adifferent
place,andbepresenin aCSCWsessioratthesametime or
atdifferenttimes.Thereis thusthenotionthata sessiormay
extendin time,andnotall participantsieedbe presenttthe
sametime.

The sametime, sameplacebox correspondso all mem-
bersof thegroupbeingpresentn thesameplaceatthesame
time. Exampleof systemgo supportsuchformsof working
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Figure 1. Applegate’s place-timematrix

include conferenceroomsequippedwith individual work-
stationsto supportdecisionmakingprocessedn visualiza-
tion a groupof usersclusteredarounda singleworkstation,
arounda Responsie Workbenchor in a CAVE, would fall

into this box.

Collaborationthat involves exchangeof letters, faxes,
emails,betweenmembersof a group, falls into the differ-
enttime, differentplacebox. Thereis a notion of a group
sessionthe groupworking on a commonproblemover an
extendedperiodof time. Thereis asharechistoryof working
containedn thetraceof letters faxes,emails etc.exchanged
betweengroup members.The World Wide Web typically
falls into this box, thoughdevelopmentssuchas coopera-
tive web browsing?3 42 51 53 gre extendingthe webto other
formsof working.

Video conferencingfalls into the different place, same
time box. Membersof the groupareco-presenin time, but
at differentphysicallocations.Video conferencingnay in-
volve a specially equippedvideo conferencingsuite, with
multiple camerasetc. at oneextreme,or may be basedn a
suitablyequippedvorkstationper participant.The latterap-
proachcanbe characterisedscollaboratiorasanextension
of the normal working ervironment. This notion is taken
furtherin the work of Fuch’s groupat UNC ChapelHill 25.
which is investigatingthe useof camerasandsophisticated
displaytechnologyto assigna region of eachoffice to col-
laboration,so that one’s collaboratorsare broughtinto the
office in anevenmoredirectway thanthroughworkstation-
basedvideo conferencingHowever, collaboratve working
is not just video conferencingThereis a needto sharein-
formationotherthanthroughaudioandvideochannelsand
a needto shareapplicationsusedin the creation,analysis
andpresentatiof information.“Groupware”falls into this
catgyory. Muchwork in distributedcooperatie visualization
aimsto supportthis type of collaboration.

In ary one collaboration,it is likely that several differ-
enttypesof collaborationwill be used for example,formal
face-to-facemeetingscoupledwith differenttime - differ-
entplacestylesof working betweermeetingscoupledwith
informal sametime, differentplacesessionsThis raisesis-

suesaboutseamlesdransitionsbetweendifferenttypes of
working, and the organizationof group memoryso that it
is equallyaccessiblérom differenttypesof meeting Xerox
PARC, for example,have workedextensvely in thisarea’.

2.2. MachineView - Types of CSCW

The previous sectionlooked at a way in which the human
componentof CSCW can be classified.In this sectionwe
considethow thecomputercomponenmay beclassified.

Priorto thelate 1980s,it is trueto saythatvisualizations
weregeneratedby specificprogramsperhapswritten using
high level library routines(suchascontouringroutines)and
agraphicgpackagdor generatingutput.To changehetype
of visualizationgeneratear visualizationtechniqueusedre-
quiredthe usereitherto modify the programor move to a
differentprogram.In the mid 1980s,the adwent of modular
visualizationervironmentg MVES) providedamorecorve-
nientframework within which to developandusevisualiza-
tion applications MVEs allow a userto build a visualiza-
tion applicationby connectingogethempredefinednodular
componentsusinga visual editor Most suchsystemsalso
provide interfaceshatenablethe userto addnew modules.
MVEs also allowed different modulesto run on different
computersthusintroducinga distribution dimension.

In the early 1990s,the adwent of the World Wide Web
provided a new modelfor cooperatre working and also a
corvenientwayin whichvisualizationservicesanbedeliv-
ered.With theweb,theemphasisnovesaway from theuser
constructingor selectinga particularapplicationto gener
atea particulartype of visualization,to a moredeclaratve
approachin which the userdescribeghe type of visualiza-
tion requiredandthe datasetto bevisualized,andthe “sys-
tem” returnsavisualizationof thattype.Web-basedystems
areintrinsically distributedsystemsasa consequencef the
client-serer natureof the browserweb-serer architecture.
Applets,written in languagesuchasJava, provide another
mechanisnthroughwhichacomputatiormaybedistributed
betweerclient-machineandsenermachine.

For thepurpose®f this STAR, it is corvenientto classify
the machineview in the dimensiondMVE-basedandweb-
basedasshowvnin Figure2. Examplesof all four combina-
tionswill beseenaterin this paper

Addingthepeopledimensionintroducesafurtherclassifi-
cationof the combinedhuman-usesystemshawvn in Table
1, this is basedon the numberof humans(1 or N) andthe
numberof computerq1 or M). For this paper the interest-
ing combinationsare(1,M), (N,1) and(N,M).

2.3. Problem Size

Visualizationtechniquegypically dealwith datasetsang-
ing from kilobytes to terabytes.When dealing with very
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notweb-based

web-based

MVE non-MVE
Figure 2: Madhine-viav classification

Computers 1 M
Humans
1 Distributed
Visualization
N Cooperatie  Distributed
Visualization Cooperatre
Visualization

Table 1: Classificatiorof combinechuman-computesystem

large data sets,the organizationof the data set, for effi-
cientaccessapproacheparamounimportanceandthe is-
suesof space/timetradeofs in sharingvisualizationsare
veryimportant.Shippingterabyteof dataacrossa network,
or copyingterabytedatasetsarenot the answersandso at-
tentionfocueson extracting regionsof interest,finding the
appropriatdevel at which to transmitdataandsoforth. The
systemarchitecturéendsto befoundedon considerationsf
datamanagement.

For smallerdatasetsheseproblemsarestill presentbut
in a lessacuteform and moreflexibility is availablein the
choiceof architecturelt needsto be saidthat small-scale
visualizationis justasimportantaslarge-scalezisualization.
Theinsightgainedis notafunctionof problemsizealone.

2.4. Models
2.4.1. Different-time, Different-place, Web-based

In this sectionwe will focuson approache$o visualization
over the World Wide Weh Thewebcanbe usedasaway of

disseminatingnformation,but it alsohasa role in analysis.
Usersmay specifya datasetfrom a web browser selecta

visualizationof thatdataset,and- somehav - avisualization
is returnedo the browser

Brodlie3 hasdevelopeda referencemodelfor this area,
basedon three“players”: the user the visualizationservice
providerandthedataprovider.
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The User

This may be the specialistscientistor engineey or just a
memberof the generalpublic. The rangeof skill andexpe-
riencecanbe quitevaried- in all caseswe canassumeéhat
they arefamiliar with awebbrowser;in certaincasegtheex-
periencedesearcherthey maybefamiliar with anexisting
visualizationsystemThecomputingfacility availableonthe
deskcanalsovary - in all caseswe assumet is powefrful
enoughto run aweb browserwith VRML plug-inandJaza
interpreter;in certaincasesjt may be a high performance
workstationcapableof runninga visualizationsystem.

The Visualization Service Provider

This playerhostsa web pagewhich manageshe visualiza-
tion facility. This will allow the userto specifythelocation
of thedata,andthe meanshy which they will bevisualized.
Therearethreelevelsof service:

o full service in which the visualizationis entirely created
by the serviceprovider, andreturnedasanimageor 3D
modelto theuser;

¢ softwae delivery in whchthe softwareto createthe vi-
sualizationis downloadedto the user to be executedby
them;

¢ dataonly: in whichthevisualizationsoftwareis assumed
alreadyresidentwith the user andonly dataneedto be
delivered.

The Data Provider
This playersupplieshedata.Therearethreepossibilities:

¢ Independentagency this would be some organization
providing a serviceby collectingand publishingdataof
particularinterest(for example,the UK Atomic Enegy
Authority collect air quality statisticsand publish these
ontheweb);

e TheUser theuseranddataprovider maybethe sameper
son;this would typically bethe casen thetraditionaluse
of visualizationby a scientistto analysetheir own data;

¢ TheMsualizationServiceProvider. heretherolesof data
and visualization service are combined- for example,
when a dataprovider sav visualizationas an essential
meangf interpretingthedata.

From this analysis,we can develop a simple schematic
modelof scientificvisualizationover the web, asillustrated
in Figure3.

Thethreeplayersareplacedat differentlocationson the
Internet: the User is the client, the Visualization Service
Provideractsasthesener;theDataProvideris logically ata
third location,althoughasnotedabore, maybelinkedto ei-
ther of the othertwo players.The Userrunsawebbrowser;
the VisualizationServiceProvider hostsa web pagefor the
service.Theparameterin themodelare:

e visualizationsoftwae: which canbe provided by the vi-
sualizatiorserviceor by theuser;



K.WBrodlie etal. / Distributed Coopeative Visualization

Internet Visualization
User .
Service
N\ HTML
webbrowser
with VRML webpages

plugin

DataProvider

Figure 3: Arefelencemodelfor visualizationovertheweb

e computepower. which againcanbe providedby the ser
vice or theuser;

¢ data which may be provided by anindependenageng,
useror visualizationservice.

The areaof web-basedrisualizationis examinedin sec-
tion 6.

2.4.2. Same-time, Different-place

Same-time, different-placemay use the same tools as
different-time, different-placecollaboration,but may also
usetools which give usersthe ability to sharecontrol over
theway in which a visualizationis generatedwhilst retain-
ing somedeagreeof local control over the way in which the
visualizationis presentedn the environmentlocal to each
user

Two approachemaybecitedasextrema:

e Applicationsharing in thisapproachavisualizationsys-
temis runin onelocation (we factor out the possiblility
that the systemmight be a distributedvisualizationsys-
tem). Sharingtakesplaceat the userinterfacelevel. Out-
putfrom the systemis distributedto all participantsinput
may be generatedy ary participantandsentto the sys-
tem. Thevisualizationsystemis notawarethatit is being
usedn acollaboratve sessionExamplesf thisapproach
include Shared-Xandto an extent Microsoft's NetMeet-
ing. Becausef thelow level at which sharingis handled,
this approachtendsto be operatingsystemandwindow
systemdependent.

¢ Outputsharing this is a weak form of sharing;output
from the visualizationsystemis distributed to all par
ticipants,for examplethrougha sharedwhiteboardsys-
tem. Thereis an overlap with the approacheso visual-
ization over the World Wide Web, if one considersout-
put from the visualizationserviceprovider being sentto
multiple destinationsTherearea numberof projectsad-

dressingmulticastweb browsing, thoughnot specifically
concerneavith visualizatiod3 42 5 53,

MVEs offer intermediatepossibilitiesfor sharingcon-
trol anddistributingoutput. Thesepossibilitiesarisebecause
modulesmay be introducedwhich provide supportfor col-
laborative working,thusit becomepossibleio pasdataand
control information betweeninstancef the visualization
systemgun by differentusersin the collaboratve session.

In thisway it is alsopossibleto seecooperatie visualiza-
tion asanextensionof ordinaryvisualization.Collaborators
may be introducedinto a visualizationsessionseemlessly
Collaborationbecomesan extensionto the normalworking
ervironment,notareplacementor thenormalenvironment.

Wood,Wright andBrodlie”” 76 andDuceetal 21 have de-
scribedreferencamodelsfor thistypeof collaboratie work-
ing. TheWood, Wright andBrodlie modelis anextensionof
the familiar HaberandMcNabbvisualizationmodel.Haber
and McNabb 30 describevisualizationin termsof the se-
guentialcompositionof threetypesof processesyriginally
termeddataenrichmentyisualizationmappingandrender
ing, but now (usingterminologydueto Upsort?) referredto
asFilter, Map andRender

The extensionof the model to encompassooperation
is accomplishedwith the introduction(potentially) at each
stageof thepipelineof intermediatémportandexportpoints
for controlinformationanddata.The modelin its mostgen-
eralform is shaovn in Figure4.

F denoteghefilter transformationM denoteghevisual-
izationmappingandR denotesenderingThehorizontalar-
rowsrepresentheprogressionf raw datathroughthetrans-
formationpipeline,emeging asanimage.Controlinforma-
tion canbe importedfrom or exportedto anotherpipeline
ateachstage.Thisis representetly the procesgparameters
symbol.Similarly, datacanbeimportedfrom or exportedto
anothempipelineateachstageThisis denotedby thevertical
arrovs branchingfrom the horizontalarrows betweeneach
processingtage.

Thekey conceptsapturedy thenotationare:

e Thegeneratiorof a visualizationmay be describedby a
threestageprocessingipeline,following the Haberand
McNabbmodel.

e Eachprocessingtagds controlledby a setof parameters.

¢ A distributed collaboratve visualizationsystemcan be
modelledby a collectionof pipelines,eachof which rep-
resentghe processingtagesowned’ by a particularpar
ticipant. Thesepipelinesmay be complete(contain all
stages)r partial (containonly somestagese.g.only the
renderingstage) The stagewisible to all participantsare
indicatedby a surroundingoox.

¢ Controlinformationmaybeexportedfrom onepipelineto
othersin orderto synchronizgparameteraluesbetween
pipelinestages.

© K.W. Brodlie D.A. Duce,J.R.GallopandJ.D.Wood
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Figure 4: Wbod’s model
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Figure5: Areprsentatiorof a distributedcoopeative visualizationapplicationin the MANICORALmodel
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An applicationof themodeldueto Duceetal. which will
bereferredto asthe MANICORAL model(the nameof the
projectin which it wasdeveloped)is illustratedin Figure 5.

The model soughtto extend the work of Wood, Wright
andBrodliein a numberof directions:

e Theexplicit representationf the interactionmechanism
thatallows a userto controlthe parameteref a module,
throughthe introductionof anassociate@¢ontrolmodule
encapsulatesand simplifies issuesrelatedto arbitration
betweendifferentinput sourcesanddynamicchangesn
controlandarbitration.

e Thegranularityof transformatiorprocesses the MAN-
ICORAL modelis notrestrictedo thefilter, mapandren-
dergranularityin the HaberandMcNabbmodel,though
this granularitycanbe usedin the MANICORAL model.
The advantagesf allowing a wider rangeof granularity
arethatit is possibleto describevisualizationsystemspr
more specificallyvisualizationapplicationsbuilt usinga
modularvisualizationervironment,atarangeof levelsof
descriptionjncludingthe‘native’ level inherenin amod-
ularvisualizationernvironment.

¢ Whenmorethantwo usersareinvolved, the diagramin
Figure 5 would become3-dimensionala set of planar
sheetsjoined along a commonedge,eachrepresenting
the environmentof one userandthe commonedgerep-
resentingsharingbetweerusersThis sheenotationgives
a cornvenientway to representodulesover which each
usercanexercisea form of controlata momentn time.

¢ The MANICORAL modelidentifiesthe userwith whom
aparticularmoduleis associatedn arathermoreexplicit
way thanthe Wood, Wright andBrodlie model.

2.5. AnalysisFactorsfor Distributed Cooper ative
Visualization Systems

In this sectionwe considerframewvorksin which distributed
cooperatie visualization systemsmay be comparedand
contrasted.

Duceetal 1® usedthefollowing factorsto compareheap-
proachtakenin the MANICORAL projectwith approaches
takenby a numberof othersystemsThe systemsompared
(including the MANICORAL system)were all basedon
Modular Visualization Enviornments(MVES), and MVEs
extendedn avariety of ways.Thefactorsusedwere:

¢ BasevisualizationsystemThesysteminto which support
for collaboratve working s introduced.

¢ Level at which data are shaed Somesystemdimit the
pointsat which datacanbe sharedfor examplebetween
filtering andrendering Othersystemsallow datasharing
betweerary pair of modules.

¢ Floor contol. The approachtakento managingsharing
of control. Somesystemsadopta laissez-faie approach
thesystemwill acceptinputfromary useratary time and
it is up to the usersto agreewho hascontrol at ary time

usingprotocolsoutsidethesystemOthersystemsgprovide

supportfor passingcontrol betweerusers Othershave a

strict masterslavesrelationshipin which only the master
canexercisecontrol.

¢ Shaed contwol of moduleparameters Somesystemsal-

low controlover the parametersf individualmodules.
Scalability In CSCWsystemsn generalthereis anissue
of how mary usersthe systemor systemarchitecturecan
support.Somearchitectureshave inherentlimits, others
have greaterexpansioncapability

Joining/leavinga collaborative sessionThis factorlooks
athow new userscanjoin existing collaboratve sessions.
This builds on thenotion of collaborationasanextension
tothenormalworkingervironmentandtheideathatusers
shouldbe ableto join andleave a CSCWsessiorasthey
mayjoin andleave otherformsof meeting.Clearlythere
is anissueof how new usersacquirethe currentstateof
thesession.

Woodin his PhDthesig? analysesystemsaccordingo a

numberof factors:rangeof platforms,functionality, partic-
ipation, systemandtarget user Thesefactorswere usedin

the evaluationof the COVISA system,developedat Leeds
University, andaresummarizedelow.

Multiple Platforms.

— In acollaboratve sessionjt is more naturalfor each
individualuserto beableto usetheirown desktopsys-
tem. Thereis thereforea requiremento supportcol-
laborative systemacrossaheterogeneousetof work-
stationsratherthantie a solutionto a singleplatform.

Functionality

— Exdangeof data - ratherthan simply beingableto
sharetheraw data,the systemshouldbe ableto share
datafrom ary pointwithin a pipeline.

— Exdangeof parameters thiswouldenablefor exam-
ple,two collaboratorgo jointly steerthevisualization,
by sharingcontrolof moduledn their (probably)com-
monpipeline.

— Exdangeof modules to allow oneuserto automat-
ically launcha moduleinto the ervironmentof their
collaborators.This should also allow the automatic
copyingof the parameteset.

— Exdangeof networks- this extendsthe point above
to cover a numberof modulesalongwith their inter-
connectionsThis would allow, for example,a more
experienceduserto setup a networkfor a novice, or
allow acollaboratoito sendafragmentof anetworkto
other collaboratorscompletewith parameteisettings
andconnectionsThisis potentiallyusefulto helpcol-
laboratorsvhojoin late catchup with the currentstate
of thesystem.

¢ Participation

— Settingup - The initial settingup of a collaboratve
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sessiorshouldbe assimpleaspossible requiringthe
leasteffort on the part of the participant.Ideally, all
elementsequiredfor settingup shouldbe putin place
by anadministratoif possible.

— Joining/leaving- It maynotbe possiblefor all collab-
oratorsto be availableat the startof a conferencepr
to remainuntil theend.Facilitiesshouldexist for users
to join andleave atary time.

— Automatic laundh/connection- As the collaborative
systemextends the modular paradigmof dataflav,
wheremodulescanbeaddedo thesystematary time,
it is importantto aid usersby automatinghe external
connection®f thesharecelements.

— Floor contmol - Usersshouldbe able to setthe type
of conferencecontrol that they require.This canbe
usedto offer differentlevels of accesgo a sessiorto
individual users- for exampleto createa ‘See What
I’'m Shawing’ styleof conference.

— Privacy - In additionto participatingin a conference
whereall elementsaresharedusersneedto work pri-
vately while still remainingpart of the conference.
This is requiredto supportconferenceghat contain
partieswith differentskill backgroundskor example,
considerthe designof an aircraft wing: a materials
specialistmay wish to look at tensile strengthof a
crosssection,while a flow analystwill be interested
in the air flow over that section.Both, however, need
to be awareof how a singledesignchangewill affect
their areaof interestand henceneedto collaborate.
This type of groupneedshe flexibility to sharesome
partsof the pipelinewhile having other domainspe-
cific, partsundertheir own control.

— Global\Miew - Theability to view thenetworkeditorof
othercollaboratorgs usefulto reassureisersthatthey
understandvhat eachuseris doing. It alsoimproves
thecollaborate mapbuilding processinceanexpert
usercanmoreeasilyaid a novice. However, this will
bemorethanasimpleview of ary collaboratorsentire
pipelinesincetheability to have privatework contexts
maymeanthatsomepipelineelementsarenotshared.

e System

— Performance Theadditionof collaboratie elements
to the single usersystemshouldnot lower the over
all performancef thetool. Also, shareddataobjects
shouldbe routedas quickly aspossiblebetweencol-
laborators.

— Reliability - Dataobjectspassednto thecollaboratve
sessiorshouldbe guaranteedo arrive at the correct
output points intact. All participantsshould also be
guaranteedhat the dataobjectsthey are sharingare
identicalfor all collaborators.

— Rolustness Thesystemshouldbe ableto survive the
failure of ary onepartwithout the entire sessiorcol-
lapsing.For example,if oneuseris suddenlyunarail-
abletherestshouldbe ableto continue.
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e TarmgetUser
Thetoolsneedto beapplicableto a broadrangeof users,
with differentskill levelsin their useof visualizationsys-
tems.In particular we needto addresswo distinctclasses
of user:

— \Msualization Programmers- Thesewould be con-
sideredan expert userof the basevisualizationsys-
tem. They would be comfortablewith dynamically
constructingrvisualizationpipelinesdeterminedy the
currentdirectionof their investigation.

— MsualizationEndUser- Thesearenot expertusersof
ary particularvisualizationsystem yet derive benefit
from usingtailoredvisualizationapplications.

The schemeof Duceet al. is subsumeadvell by the more
generaland systematicschemeof Wood. If basevisualiza-
tion systemandscalabilityareaddedto the systemfactors,
Wood'’s schemeneatlyaccommodatethe otherscheme.

2.6. Architecture

Therearefundamentallywo approacheto distributedcoop-
erative visualizationthe centralizedapproactandtherepli-
catedapproachlin thecentralizedapproacta singlecopy of
the visualizationapplicationis executed(thoughin saying
thiswe donotrule outthe possibilitythatthe singleapplica-
tion is a distributedapplication).In the replicatedapproach
multiple copiesof thevisualizationapplicationareexecuted,
typically oneperparticipant.

In the centralizedapproachthe outputfrom the visual-
izationapplicationis distributedto all participantsandinput
controlinformationgeneratedy eachparticipantis sentto
the application.The style of operationis thussendcontrol,
receve output.

In the replicatedapproachthe visualization(or partsof
the visualization) are computedseparatelyfor eachuser
Synchronizatiormechanismsre neededo enableall par
ticipantsto view the samevisualizationat definedpoints.

Hybrid architecturesn whichsomepartsof thevisualiza-
tion applicationare centralizedwhilst othersarereplicated
arealsopossible Basingthe visualizationapplicationon an
MVE doesnot prescribeeitherapproachThereare exam-
plesof cooperatie MVE-basedsystemsavhich exhibit both
fundamentarchitectures.

2.7. Summary

This sectionhaslaid the foundationsfor the remainderof
this paper The scopeof the systemsconsideredn this re-
view is focussedn the sametime, differentplaceand dif-
ferenttime, differentplace,partsof the Applegateclassifi-
cationmatrix, thoughby way of additionalmotivation,sec-
tion 3 looks at someexamplesof systemsin the same
time, sameplace,catgory. Within this limited field, thereis
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a spectrumof interestfrom loosely-coupledsystemsased
on client-sener World Wide Web technology throughto

tightly-coupledsystemsbuilt as modularvisualizationen-
vironments,or extensionsto suchernvironments.Although
web browsing is commonlythoughtof as a solo actwity,

this is not necessarilythe case,andwhenweb browsingis

thoughtof asa collaboratve activity thereis evenmorerea-
sonto includeweb-base@pproachem this suney.

Referencemodelsfor both web-basedsisualizationand
MVE-basedvisualizationshave beendescribedThe model
of web-basedsisualizationconcentratesn the playersin-
volved: the MVE modelstake a more system-basedyp-
proachand concentrateon interfacesat which sharingcan
takeplaceandrepresentinghekind of sharingthatis actu-
ally takingplaceor maypotentiallytakeplace.

Thesectionconcludedvith adiscussiorof asetof factors
thatcanbe usedasthe basisfor comparingdifferentMVE-
basedapproaches.

3. Environmentsfor Cooperative Visualization

In this sectionwe briefly describesomeexamplesof ervi-
ronmentdor the same-timesame-placeateory of collab-
oratveworkingin Applegatestime-placematrix. Thisis not
the mainfocusof this paper but it is usefulbackgroundo
considersomeexamplesin this cateyory.

Thesimplesttype of same-timesame-placernvironment
is the groupof usersclusteredaroundan ordinaryworksta-
tion. The obvious problemswith this ervironmentare (a)
only one personcan‘drive’ the system thereis only one
setof input devicesand (b) differentparticipantsnevitably
view the displayfrom differentdirections.Thesedifficulties
are facedby more sophisticatecapproacheso same-time,
same-placernvironments.

Projectionsystemsprovide one approachto display for
same-time same-placecollaborationfor a group of users.
For visualizationinvolving 3D scenesstereoprojectionis
often used,eitherwith red-greerglassesor more sophisti-
catedshutterglasses.

The Responsie Workbenchdevelopedat GMD38 is cen-
tredonarealbenchwith aspecialglassplateasabenchtop.
Imagesareprojectedn sterecontothe glassplatefrom be-
low. This approactgrew out of experimentswith arangeof
device hardwarein applicationgncluding medicalimaging,
moleculardesign fluid dynamicsvisualizationautonomous
systemsandarchitectureA headtrackingdeviceis attached
totheuser Stereamagesareviewedthroughshutteglasses.
In multiple userscenariosthe usershave to move around
the workbenchasa group. The positionof only oneuseris
tracked,sothe perspectie view is only correctfor oneper
son.Objectdistortionarisingfrom the single userperspec-
tive renderingwasfoundto bea significantdravback.

A variantonthe Responsie Workbenchwhich trackstwo

usersand generatesorrectstereofrom two positionshas
beendescribed. Theusersvearshuttemglassesi-ourimages
arecomputedpnefor eachof the four eyes,anddisplayed
in sequenceThe systemrequiresvery powerful hardware
to generatémagedastenoughOneof thelimitationsis that
imagebrightnesss reducedecauseachimageis displayed
for ashortemperiodof time thanin a singleusersystem.

Another approachis the CAVE (CAVE Automatic Vir-
tual Environment) developedattheElectronicVisualization
Laboratory University of lllinois at Chicago?8. The CAVE
is describedasa theatre typically a cubeof dimension3m,
madeup of three rearprojection screensfor walls and a
down-projectionscreerfor thefloor. Full colourscreenm-
ages(1280x 512 stereo)at 120 Hz are projectedonto the
screenThe CAVE is alsoequippedvith a multispeakeau-
dio capability A usersheadandhandsaretrackedwith elec-
tromagneticsensorsUsershave to wearLCD stereashutter
glassesGroupsof peoplecanentera CAVE andexperience
thevirtual ervironment but like theResponsie Workbench,
there are limitations causedby interferencebetweenusers
and the fact that the position of only one useris tracked,
leadingto a collapseof stereovision.

LehnerandDeFanti#! have describeda collaboratve vir-
tual prototypingsystemdevelopedat GMD and NCSA for
the Caterpillarcompany. The systemis designedo allow
engineersat Caterpillarin the USA and Belgium to work
togetheron vehicle designsusing distributed virtual real-
ity. The systemintegratesreal-timevideotransmissionsto
thevirtual environment,allowing engineerso seeotherpar
ticipants. The paperanticipatedtrials in which a CAVE at
NCSAwould belinked via multicastprototcolsover IP over
anATM networkto a Responsie Workbenchat GMD.

4. SystemsBased on Modular Visualization
Environments

This sectiondiscussesomeof the work thathasbeendone
usingMVEs asa basis.

Thefirst group (COVISA, COVISE, MANICORAL and
the SDSC collaboration system) takes advantageof the
highly visible dataflow networksn anMVE applicationand
allows shareccontrolof any modulein the network.

Thesecondyroup(ONERA, NASA Ameswork - FAST)
doesnot placesuchemphasi®n visibility of all modules.

In all casessame-timedlifferent-placeooperatiotis sup-
ported.

4.1. COVISA

¢ Wha
Universityof Leeds fundedby the UK EPSRC
e Basedon: IRIS Explorerfrom NAG

COVISA exploitsan MVE to allow sharecdcontrolof ary
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parameteandshareddataat ary visible dataconnectionn

the dataflow network.It is alsopossibleto launcha mod-
ule in a collaborators network editor, or map editor as it

is termedin IRIS Explorer This mechanisnalsoallows an
entiremapto be sharedamongthe usersin the collabora-
tion, thus allowing all usersto startfrom the samebasis.
Onceoneusercreatesa sharemodule,all otherusersin the
sessionhave a companionmodule automaticallyavailable
to them. More thantwo usersare possible,and userscan
leave or join at ary time. Userscan authortheir own col-

laboratve modulesusinga suppliedAPI. Collaboratve end-
userapplicationswherethe mapis hiddenfrom view, can
beconstructe@ombininglRIS Explorersstandardacilities
for packaginga mapinto a turnkey system,andthe collab-
orative extensions Any applicationdomainfor which IRIS

Explorercan be usedis possible but the COVISA system
hasbeendemonstratedith medicalandCFD applications.

Referenced. 76 79 80,62

4.2. COVISE

¢ Wha University of Stuttgart,fundedin partby the E.U.
RACE projectPAGEIN.

e Basedon: The cooperatie systemis basedon the CO-
VISE systemitself.

COVISE is designedo accomodate/ery large datasets,
usinga shareddataspacewvhich modulesrunningon all co-
operatingvorkstationgnayaccessTheintendednodelis to
allow multiple usersto visualizethe resultsof a simulation
runningon a supercompterOne userat a time may exer-
cise control, but control canbe changedo anotheruserin
thecourseof asessionTheprojectwasprimarily concerned
with designandsimulationof aircraft.

Reference® 57,7574

4.3. MANICORAL

¢ Wha CLRC RAL, fundedby the E.U. TelematicsPro-
gramme.
e Basedon: AVS/ Express

The MANICORAL projectexploits the modularityof an
MVE to allow sharedcontrol of ary parametegt ary visi-
ble dataconnectionin the dataflow network.Eachpartici-
pantrunsa copy of AVS/ExpressSharingis introducedby
incorporatingsharingmodulesinto the networksof the par
ticipantswho wish to shareparameter®r data(parameter
sharingwasfully implementeddatasharingwas designed
andpartially implemented)Sharingmodulescommunicate
througha so-calleddistribution sener. Unlike the COVISA
system,eachuserhasto explicitly introducesharingmod-
ulesto their network,althoughoncethe possibility of shar
ing a parameteis createdby oneuser ary otherusermay
join in. The systemhasbeentestedwith 3 simultaneous
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users.The main applicationsin the projectwere altimetry
andgeodesypasedn GIS.

References 20 21

4.4. SDSC - AVS-based

¢ Wha SanDiego SupercomputeCenter fundedby the
U.S.Naval Oceanographi©ffice.
e Basedon: AVS5

The projectaimsto extendan existing visualizationsys-
tem. It exploits the modularity of an MVE to allow shared
controlof any parameteandshareddataat ary visible data
connectionin the dataflow network.The main application
in the projectis oceanography

Referencé*

4.5. ONERA

¢ Wha ONERA, fundedaspartof the E.U. RACE project
PAGEIN.
¢ Basedon: AVS5andIRIS Explorer

The ONERA work aimsto extendan existing visualiza-
tion system.Theresultof a simulationmay be deliveredto
the collaboratve visualizationsystemwhich allows the pa-
rameter®f thevisualizatiormodulego becontrolledby ary
of theusersn thecollaborationA numberof cooperatie vi-
sualizationapplicationsare pre-configuredisingtcl/tk. The
main applicationis aircraft simulationand imagesof this
work areavailablein®9.

Referencet 39

4.6. NASA Ameswork - FASTexpeditions and Remote
Collaboration in FAST

¢ Wha NASA Ames

e Basedon: The collaboratve work is basedon the FAST
visualizationsystem Although not strictly anMVE, it is
convenientto discusst here.

There are two main approacheso cooperationin the
FAST work.

FASTexpeditionsallows cooperatioratdifferenttimesvia
the Weh Oneusersetsup a dataseinda FAST script. Re-
cipientscanrun a FASTexpedition by accessinghe script
via the Weh The scriptis run on the recipients local ma-
chineusingalocal copyof thedataset.

FAST alsoallows RemoteCollaboratiorby multiple users
atthesametime.

Theprimaryapplicationof FAST is CFD.

Referencesso
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4.7. Open Issues/Future Directions

Therearea numberof openissuesraisedasa resultof ex-

periencewith MVEs. We focusheremainly on experience
gainedthroughprojectsat LeedsandRAL in whichthe au-
thorshave hadadirectinvolvement.

Introducing sharing An MVE provides a good frame-
work for constructinga DCV systemas others,aswell as
ourselhes,have obsered. Thereis a naturaltransitionfrom
a personahbpplicationto a sharedapplication by introduc-
ing sharingmodulesinto the application.However, unless
the needfor sharingis ervisagedby the applicationde-
signer it is necessaryor editsto be madeto the module
network (application)in orderto introducesharing.Some
systemsnpotablyCOVISE, provide aform of shareckediting,
sothatchangesnadeby oneparticipantarereflectedn ev-
ery participants network.Othersystemsnotably COVISA
andMANICORAL, assuméndependencef editing,sothat
eachparticipantis responsibldor their own pipeline(which
may be differentfrom thatof others).Theresponsibilityfor
connectingthe sharingmodule then lies with eachpartic-
ipant, allowing themthe flexibility of connectingit where
they wish. In the caseof COVISA, whena sharemodule
is launchedby one participant,a companionmoduleis au-
tomatically launchedin the map editor of every otherpar
ticipant, leaving a simple wiring operation.COVISA also
includesan Advisor modulewhich allows one participant
to launch a module, or group of modulesin every other
participants map editor. This is usefulin situationswhere
oneparticipantis moreexperienced¢hananotherin MANI-
CORAL, useis madeof the AVS/Expresgparameteblocks
mechanisnto provide a corvenientway to introduceshar
ing. Parameteblocksallow a networkto be setup with lo-
cal control, thenby dragging-and-dropping sharingmod-
ule onto the parametemblock, sharingis enabled Parame-
tersaregiven namesand onceone participanthasdeclared
a willingnessto sharea parametemwith a given name,ary
otherparticipantmayjoin in sharedcontrol of thatparame-
ter, providing a parameteblock with the appropriatename
hasbeenincludedin that participants network. Thus CO-
VISE, COVISA andMANICORAL arepointsin aspectrum
of possibilities.Theremay be a needfor compromisehere
andthe recognitionthat productionusageanddevelopment
usagehave differentrequirements.

Differential workstationpower If the workstationsused
by some participantsare significantly less powerful than
those used by others, the slover workstations can be
swampedy changegjeneratedy the fasterworkstations.
New parameteraluesarereceved fasterthanthe worksta-
tion canrecomputethe visualization.A similar problemis
createdby differentialnetworkbandwidthbetweenpartici-
pants.

Userinterfaceintegration. Outsidethe visualizatiorfield,
somework hasbeendoneto integrateandcustomizeheuser
interfacesof audio-videoconferencingtools for particular

applications for examplefor remotelanguageteachingin
theReLa® project!?, buttheserely ontheuserinterfaceof
all thetoolsbeingconstructedvith the sameUl technology
in that caseTcl/Tk. Somevisualizationsystemsfor exam-
ple COVISE, integratethe userinterfaceto the audio-video
conferencindoolswith theinterfaceto thevisualizationsys-
tem. Other approachessuch as COVISA and MANICO-
RAL, keepthemseparateln practiceCOVISA hasmainly
usedthe SGI InPersontool which hasvideo-conferencing
and a sharedwhiteboard. MANICORAL is usedwith the
Mbonetools: the audiotool RAT31, the video tool vic and
the whiteboardtool wh. The stancetakenon this issuemay
bedictatedpurelyby practicalconsiderationdt maybeim-
possibleto achieve integrationbecausef the way in which
thetoolsareconstructedTheremight be a differenceof ap-
proachdependingon whetherthe tools areto be usedfor
well-definedproductiontasks,or muchmoreinformally in
a settingwherethetaskis not well-definedandcooperatie
workingis relatively informalandopportunisticasanexten-
sionto (notareplacementor) the normalworking environ-
ment.

Swampedy windows.One of the difficulties of MVE-
basedapproachess thatthey tendto generatdarge num-
bersof windows.In theMANICORAL systemfor example,
someattemptshave beenmadeto groupthe control panels
for sharecharametersogetherbut theseattemptshave been
hamperediy what appearto be limitations of the Express
Ul toolkit. In a recentdemonstratiorof the MANICORAL
system,good usewas madeof the multiple desktopcapa-
bility in thewindow manageused Differentdesktopsvere
usedto holdfirstly visualizationoutputandactive inputcon-
trols,andsecondlythenetworkeditor Multiple desktopsan
provide a usefulway to structureactiity in a collaboratve
sessionNeverthelessthe managemenmf screerreal-estate
remainsproblematical.

Scalability It seemsto us that most examplesof dis-
tributed cooperatre visualizationsystemshave only been
exercisedwith smallnumbersof userstypically 2 to 4, and
are bestsuitedto small group exploratoryworking. Exten-
sionto largergroups(suchasmightarisein teachingscenar
ios) in a scalablewvay remainsan openissue raisingproto-
col questiongsuchasreliable multicastprotocols)aswell
asdistributedsystemarchitecturejuestions.

Asyntironouscollaboration. Most attentionto datehas
focusedon synchronougollaboration However MVEs are
alsousedin major simulationapplicationswherethe sim-
ulation codeis includedasa modulein the pipeline.Such
applicationamaytakehours,evendays,to run, andin these
casessynchronouscollaborationis of limited use. Thus a
topic for futurework is to studyhow mechanisméor asyn-
chronouscollaboratiormaybeintroduced.

Privacy and confeence contmol. The issuesof privacy
andconferenceontrolarecomple. In certaincollaboratve
projects participantsnaywishto keepsomeof thedatacon-
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fidential,while still allowing public accesgo the remainder
of thedata.The MVE systemsuchasCOVISA andMAN-
ICORAL thatallow independengditingof thevisualization
pipelineby eachparticipant,provide a readysolutionto the
privagy issuesyou sharewhatyou wantto share you keep
privateary datayou wantto keepprivate.

Floor controlis anotherissue.ln COVISA, a socialfloor
controlpolicy is adoptedsothatparticipantsagreg(by video
conferencecommunication)who has control at ary point
in time. MANICORAL takesthe sameapproach elying
on humanprotocolsto mediatecontrol. This hasactually
provedsuccessfuin practice.

Thejoining andleaving of a sessionthatis, moregeneral
conferencecontrol,is a harderissue.In COVISA, acentral
sener keepsa recordof the currentset of sharemodules
and so they canbe dispatchedo ary latecomerHowever,
in orderfor themto makesenseof thesemodules,another
participantwill have to sendan examplepipeline shaving
how to connecthem (usingthe Advisor modulementioned
earlier).Finally the pipelinedataheld on eachof the shared
moduleshasto be explicitly sent.

Network services.The systemsdescribedin this paper
have useda varietyof networkinginfrastructuresfrom local
areanetworksto the Internetanddedicatedbroadband®TM
connectionskFromexperimentarriedoutin theMANICO-
RAL project,in which the RAL authorswere involved, it
becameclearthat the Mbone and Internetin their current
form areinadequatdor desktopaudio-videoconferencing.
Our experienceof sessionwith 8 to 10 participantss that
it is commonfor 2 or 3 sitesto experiencenetworkdifficul-
tiessuchashigh packetiossratesor high variancein packet
delivery delaytimesduring ary sessionAudio quality and
reliability aresuchthat participantshave to develop human
protocolsfor frequentlycheckingwhois presentn asession
andwhetherall participantareseeinghesamedisplay i.e.

whetherall updateshave reachedhemandbeenprocessed.

In thelimited experimentarriedoutwith the JAMES ATM
network(in which only two siteswereinvolved), the situa-
tion wascompletelydifferent. Theaudioquality wasconsis-
tently high andthe needto continuallycheckwhatwashap-
peningelsavheredisappearedin our view, for distributed
cooperatie visualizationto be viable, a rangeof network
servicesneedsto be available at the desktopto supportthe
reliable delivery of datastreamsand the nearlosslessde-
livery of audioandvideo streamswith low delayvariance.
Provision of suchservicesis an openissuein multiservice
networking.

Introducinga nev communityto CSCWWe write of our
own experienceThegreatestlifficultiesencounteretby the
usersn theMANICORAL project(in the experienceof two
of the authors)were concernedwith networking.In mary
caseghe MANICORAL participantswere the first groups
attheir sitesto requestccesdo the Mbone.In somecoun-
tries and organizationghe Mboneis regardedasa service,
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butin mary countrieshe Mboneis runonabestendeaours
or goodwill basisandconsequentlyt is unreliableandit
canbedifficult to establisithenecessaryouterconnections.
Establishingconnectvity throughthe JAMES networkalso
requiredconsiderableommunicationgxpertise.Readyac-
cessto appropriatenetworkingservicesand expertiseis an
essentiaprerequisite.

5. Collaboration in Other Visualization Systems

Although MVEs now dominatethe visualizationmarket-
place,thereare a numberof alternatie approaches some
which arenew, andsomewhich pre-dateMVEs but retaina
significantfollowing.

The early approacho visualizationwasto provide a li-
brary of routines(typically codedin Fortran)which a user
couldincludewithin their own softwarein orderto visualize
their data.Examplesof this genreincludethe NAG Graphi-
calLibrary®, whichis still well-usedtodayeventhoughover
twenty yearsold. A more modernvariantis the vtk toolkit
of Shroedeetal. 54, providing a C++ classlibrary for visu-
alization.

Thesesystemscould in principle be usedto provide the
basiccomponentsf acollaboratve systemalthoughwe are
not awareof ary work in this direction.Onereasorfor this
is simply the work involvedin developingthe collaboratve
framavork aroundthesoftware- it is mucheasieiin thecase
of MVEs becauséehe existing MVE framework is designed
to supportdistributedworking, andaswe have seencanbe
extendedto supportdistributedcooperatie working.

Howevertherearesomenean approacheto visualization,
in theform of interactve packagesvherecollaborationhas
beenincorporatedasa designaim.

Oneof thefirst visualizationapplicationgo addressol-
laborationspecificallywasthe Tempud-ugit systenfor CFD
visualization,developedby Gerald-Yamasak¥’. Indeeddis-
tributedvisualizationis alsostudiedcarefullyin this paper
In Tempud-ugit, apartitionis identifiedatthegeometrycre-
ationstagesothatprocessingipto thatpointin thepipeline
is carriedout in a sener processon a supercomputerand
thegeometryis thenpassedo aclientprocesonagraphics
workstationfor rendering.TempusFugit hasa companion
program calledinterview, which extendsthe systemto col-
laborative working. An Interview clientconnectdothto the
TempusFugit client andto the sener: uponrequestto the
TempusFugit client, the Interview client canreceve a list
of the geometryobjectsthatclientis currentlyviewing, and
theseobjectscanthenbe downloadedrom the sener to the
Interview client. Both clientsthensharethe samegeometry
andarefreeto interactwith it independently althoughit is
possibleto synchroniseviewsiif desired.

TheSprayrenderingsystemof Pangetal. 4° is anovel ap-
proachto visualizationwith somesimilaritiesto MVEs but
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alsosomesignificantdifferencesln the Spraysystemauser
pointsa ‘spraycan’at a setof data:smartparticles(spart9
arefiredinto thedatawith a particularobjective (suchas‘lo-
cateisosurface’Jandthesespartscreategeometricalprimi-
tives(polygonsin theisosurfacexample).Ratherthandata
flowing throughmodulesasin MVEs, it is more a caseof
modulesflowing throughdata.

CSpray? is acollaboratve extensionof the Spraysystem.
The actve membersin a collaborationeachhave a spray-
can,andthey jointly createa sharedvisualizationspaceby
‘painting’ the data. The peoplearerepresenteds eyecons
which areessentiallyavatarsin the form of aneye-ball. The
egyecon shavs wherethe correspondingpersonis sited in
the visualizationspace By clicking on an eyecon,another
usercanmoveto thatpersonsviewpointin thevisualization
space.

Someimportantissueshave beencoveredin this work.
Theissueof privacyis carefully studied:a collaboratorcan
maketheir spray-careitherprivateor public - the resultsof
aprivatespray-carareseeronly by thatpersonwhereaghe
resultsof a public canarevisible to all. Floor control is im-
plementednaperobjectbasisausercanrequestontrolof
avisualizationobjectsuchasanisosurfacdrom the person
whocreatedt, or the persorwholastmanipulatedt. An au-
dit trail of the sessioris maintainedthis allows latecomers
to join in by re-runningthesessiorto thatpoint; or asession
to bereplayedatalatertime.

CSpray has beenusedin a numberof applicationar-
eas,notablyervironmentalsciencethroughthe REINAS 23
project.

Therearetwo recentsystemsvhich shouldbenoted.Both
are Java-basedand both include collaborationas a funda-
mentalpart. Thefirst is the Sieve systemdevelopedby Isen-
hour et al. 32. This hassomeof the flavour an MVE-style
systenin thatdatainput,filter andvisualizatiormodulescan
be connectedn a dataflav pipeline.Collaborationis of the
WYSIWIS (WhatYou Seels Whatl See)style,meaninghat
all collaboratorausethe samepipeline; but with ‘location-
awarenessso that differentpeoplecan simultaneoushedit
differentpartsof the pipeline. The stateof a Sieve session
is maintainedn acentralsener, sothatlatecomerganjoin
thecurrentsession andindeedit allows asyn&ironouscol-
laboration,in which oneusercandepositthefinal work of a
sessionfor anothempersono takeover atsomelatertime.

Anothernew systemis the NPAC SciVis®3, developedat
SyracuséJniversity Thisis designedasa client-serer sys-
tem, with the visualizationsystemas the sener, and the
datageneratiorprocessasthe client. Datagenerationmay
be simplefile reading,or it canbe a simulationwhich cre-
atesdata.Thetwo processesommunicatesia UNIX sock-
ets.Thevisualizationseneris writtenin Java,andsupportsa
form of collaborationin which userscanexchangedataand
personalizedilters (processewhichtransformdata).

6. Web-based Visualization
6.1. Introduction

The World Wide Web hasgrown from its initial focusasan
information repository to have a much wider impactas a
distributed computingervironment. This hasseenthe role
of visualizationin the Web extendin a similarway. Its early
usewasfor simply descriptivevisualization(in Bergerons
catgyorisation)wherea preparedvisualizationof scientific
datawas placedas an image,or perhapsa VRML model,
within aWebpagelt is still oftenusedin thisway of course,
providing avery usefulmean®f publicationof results Most
visualizationsystemsiow allow VRML asanoutputoption
- seeWaltory2 for example.

However the visualizationcommunityhasrealisedthat it
is alsopossibleto carry out analytical or exploratory visu-
alization wheretheinvestigatie processtself is carriedout
in aWebenvironment.Thefirst work thatwe areawareof in
thisareais thatby Ang etal. 3, andthishasbeenfollowedby
anumberof studiescoveringawide spectrunof approaches
to web-basedisualization.

Herewe review thedifferentapproachewhich have been
proposedWe shall use a very broad classification,deter
minedby thelocationof thevisualizationprocessingRecall
the HaberandMcNabbreferencenodel,which seesvisual-
ization expressedasa sequencef Filter, Map and Render
processesThegeometrycreatedrom the Map processand
passedo the Rendermprocessprovidesa cornvenientmeans
of distinguishingwo broadclasse®f approachThedistinc-
tion is between:

¢ Client-sidevisualization herethe entirevisualizationex-
ecution (Filter, Map and Render)is carried out on the
client, perhapswithin the Web browser; thusthe geom-
etryis createcntheclient-side.

e Serverside visualization herethe Filter and Map pro-
cessesirecarriedouton asener - sogeometryis created
on the sener; the Renderprocesswherethe 3D geom-
etry is viewed, is carriedout normally on the client (but
perhaponthesener).

Within eachcateyory, we shall seethatdifferentflavoursof
theapproacharepossibleThisis coveredin section6.2.

TheWebis fundamentallya cooperatie ervironmentand
ary use of the Web will involve interaction betweenthe
publisherof the sourcematerialon the sener, andthe sub-
sequentreadershipHowever it is now becomingpossible
to think aboutcooperatiorbetweernthe readerghemseles:
we thereforelook at how the existing approacheso single-
persorvisualizationon the Web canbe extendedto include
cooperatie working. Thisis coveredin section6.3.

© K.W. Brodlie D.A. Duce,J.R.GallopandJ.D.Wood
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6.2. Distributed Visualization Over the Web
6.2.1. Client-based Systems

In this cateyory, the completevisualizationexecution- the

Filter, Map andRenderprocessesis executedon theclient.

Within this approach,however, there are three styles of

workingwhichvaryaccordingo how thesoftwareis assem-
bled.

At this point, it is corvenientto seevisualizationsoftware
in two parts:thevisualizationdesign andthe core softwae.
In the traditionallibrary contet, the visualizationdesignis
theuserprogram the coresoftwareis the library of subpro-
grams.In the MVE contet, the visualizationdesignis the
visual programconnectingnodulesinto a pipeline,the core
softwareis the setof modulesprovidedwith the MVE. The
designandcoresoftwaretogetherform a visualizationexe-
cutable.

We canthenallocateClient-base®ystemsnto threesep-
aratecateyories,dependingn whetherthe visualizationde-
sign,andthe coresoftware arepresenon theclient, or are
downloadedrom a sener.

(a) Visualization Design and Core Software Both
Present on Client

Server Client
Data
Design
Core

Figure6: Client-based DesignandCore on Client.

In the simpleststyle, we assumethe visualizationexe-
cutable(designand core software)is fully installedon the
client machine andthereis no softwareto download.If the
datato bevisualizedarealsoon the client, thenit doesnot
makesenseo involve the Web at all. However it becomes
of interestif the datais not local, but ratheris available at
a URL (perhapsgeneratedy a collaboratoy or perhapsa
publically availablesourceof data,suchasair quality infor-
mation,or stockmarketprices).We canthenusethe visual-
izationsystemasa ‘helper’ application,or plug-in, fired up
by the browseron receiptof dataof a specificMIME-type.
Seefigure6.

Indeedthiswasthebasicapproachakenin thepioneering
work of Ang etal. 3. Their work focussecdn volumevisu-
alization,andthey definedthe MIME-type ‘hdf/volume’to
identify volumetricdatain theNCSA HierarchicaDataFor-
mat(HDF) representatiorOnreceving afile of thisMIME-
type, they wereableto invoke the inter-client communica-
tion facilities of the Mosaicbrowser to fire uptheuserinter-
faceof their volumevisualizationsystemVIS.
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Anotherexampleof this is the Web versionof Vis-5D 66,
developedby Hibbardat the University of Wisconsin.Vis-
5D is awidely usedsystenfor thevisualizationof meteorol-
gicaldata.lt is aturnkey systemsothedesignandcoresoft-
warearecloselyintegrated.The nameof the systemcomes
from thetype of datafilesit processeghe5D are(typically
but not necessarily)atitude, longitude, altitude, time and
one of pressurefemperaturewind velocity and so on. By
corvention, thesedatafileshave extension‘vbd’. The Web
sener deliveringVis-5D files is setup to assignthe MIME-
type ‘application/vis5d'to files of extension‘vsd’; similar
setup is requiredat the browser side, to associateVis-5D
with this MIME-type. Then,onreceiptof a Vis-5D file over
the Web, the browserwill fire up Vis-5D as helperappli-
cation. The Vis-5D web pagesgive examplesof its usein
thisway, for instanceo provide daily weatherforecastisu-
alizationsfrom datadeliveredby the US National Weather
Service.

An MVE canof coursebeusedn exactlythesamewayas
the Vis-5D system Module pipelines,suitablefor different
datatypes,are preparedn adwanceand held locally. Each
datatype hasan associatedMIME-type. On fetching data
of a particulartype from a Web sener, the browserfires up
the appropriatepipelineto processhe data.An inhibiting
factorto this style of working s thelack of aninternational
standardor visualizationdata,in the way that VRML has
becomdor geometrydata.

Jernhasdiscussedn approachike this34, basedon the
AVS/Expreswisualizationsystem.He discusseshe useof
visualizationpluginsto performdatamanipulationandren-
deringlocally at the client side.He is also exploring how
componenframenorkscanbeusedto provide visualization
componentghat canbe incorporatednto documentsn an
active wayss.

(b) Visualization Design Downloaded from Server,
Core Software Present on Client

Server Client

Design
Core

Figure 7: Client-based: Design Downloaded,Core on
Client.

In the casejust describedjt wasonly datathat wasbe-
ing transferrecacrosghe Weh However, particularlyin the
caseof an MVE, thereare more exciting possibilities.As
mentionedabove, executionof visualizationwithin anMVE
canbe seenastwo distinct processesfirst, the creationof
a pipeline of modulesspecifyingthe particularprocessing
to becarriedout - thevisualizationdesign;secondthe core
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software- the moduleshemseles,andthe basicinfrastruc-
ture of the MVE. In this approachwe downloadthe design
from the sener, linking to coresoftwarealreadypresenton
theclient- seefigure?.

Thusone canseethe MVE asan emptyworkspacento
which a visualizationprogram,that is, a specific pipeline
of modules,canbe transferredacrossthe Weh Thusa set
of ‘example’, or ‘demonstration’pipelinescan be held on
a sener, and associatedvith a particular MIME type; on
being fetched by the browser the pipeline can be auto-
matically loadedinto the empty workspaceasthe applica-
tion is launchedThis hassignificantpotentialfor education
andtraining, andis being studiedcurrently by Yedl. The
pipelineof modulesis thenavailablefor usein the normal
mannetby theuser

Notethatthis canbecombinedwith thefirst styleof work-
ing, wheredatais readby the visualizationsystemfrom
a URL ratherthanlocal file. The examplepipelineswhich
aredownloadedcouldthemselesincludemoduleghatread
datafrom URLs ratherthanlocal files - thusenablingboth
dataand‘design’to bedeliveredfrom a Websener.

Somevisualizationsystemscan be driven by a scripting
languageThey too canbe integratedwith Web technology
usingthis generalapproachThe systemis installedon the
client, but the scriptis downloadedover theWeh An exam-
ple of this approachs the FAST5 systemfor CFD visualiza-
tion; aswe shall seelater, this scriptdelivery over the Web
is usedin their collaboratve extension.

(c) Visualization Design and Core Software Down-
loaded from Server

Server Client

a3
Design

Core

Figure 8: Client-based Designand Core Downloaded.

In thisthird category, theentirevisualizatiorsoftware(de-
signandcoresoftware)s downloadeddynamicallyfrom the
sener - seefigure 8. The enablingtechnologyis of course
Java, and the visualizationexecutableis provided by Java
appletsembeddedh anHTML page.

An earlyexampleis describedy MichaelsandBailey46.
VizWiz is a Java appletwhich createsisosurface cutting
planeor elevationgrid visualizationsfrom datasuppliedby
the user A difficulty with this generalapproachs that the
datamustbe held locally on the sener which deliversthe
applet,for securityreasonsThisis notideal! It is likely that
thedatawill eitherbeheldlocally by theuserontheclient,

or in the caseof sharedoublic data,at someURL (not nec-
essarilywherethe appletis). MichaelsandBailey solve the
problemfor local databy usingthe Netscapdile uploadop-
tion, which transfersa local file to the sener. A majorsnag
is thatthe datais transferredo the sener and backagain,
justto circumventsecurityrestrictions!

An alternatve solutionhasbeenproposedy Kee and
Stantons’, allowing datafrom ary URL. Thedataarefetched
temporarilyto the sener by a Java application(distinctfrom
the visualizationapplet)which executeson the sener and,
being an application,is not subjectto the securityrestric-
tions of applets.However, againthereis large datatransfer
involved.

From a commercialratherthan a technicalviewpoint, it
is of interestto be ableto chage usersfor their useof the
appletsKeeandStantorexperimentedvith a‘credit sener’
which logsthetime anappletis in use.

Anotherexampleof this approactis givenby Wegenkittl
andGroeller in their FROLIC73 system.This createsvisu-
alizationsof dynamicalsystemsusinga variantof Line In-
tegral Convolution andothermethodsThe systemsare de-
finedanalytically andsothereis no problemwith uploading
data.

This sectionhas concentratedn softwaredownloaded
dynamicallyduringasessionWe notehowevertheJasasys-
temsmentionedn section5 suchas SciVis and Sieve, fall
into the cateyory of systemsvhichmaybedownloadedover
the Web (beingwritten in Java); but this is moreaninitial,
static download ratherthan the on-demandype download
whichis theprincipleinteresthere.

6.2.2. Server-based Visualization

In this catgory, the main visualizationprocessings car

ried outon a sener andgraphicaldatais transmittedo the
client, for viewing within the browser Again thereare dif-

ferentstyles,determinedy the extent of the renderingdel-
egatedto the client: the graphicsdatamay be in the form
of arenderedmage,requiringonly imagedisplaysoftware;
or it maybein theform of a 3D VRML model,requiringa
VRML browseron the client. This Sener-basedvisualiza-
tion is distinguishedrom the Client-basedpproachabore
by the fact that the geometry- at least- is createdon the
sener.

This approactreducesdramaticallythe requirementon
theclientside- in termsof processingower (only rendering
is required);in termsof softwareavailability (only imageor
3D graphicssoftwareneededandcommonplacén browsers
aryway, with VRML now an SO standardor 3D Internet
graphics)andin termsof training (only ability to useimage
or VRML toolsrequired) Nothingcomedreeof courseand
thisapproachiequireghepresencef asenerwith all thein-
gredientghathave beerremovedfrom theclient: processing
power to createthe visualizationasanimageor 3D model;
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visualizationsoftwareitself; andhumaninvolvementto cre-
ate suitablevisualizationapplicationsMoreover, if several
clientsconnectat once,thenthe processingequiremenbn
thesener canbe quitesevere.

(a) Image Display on Client

In this style, the entire visualizationprocessing- filter,
map and render- is executedon the sener. An imagein
somerecognisedormat (JPEG,PNG, GIF) is transmitted
to thebrowser

A nice exampleis CurVis developedby Theiselet al 58.
This usesa novel techniqueof flow visualization,by dis-
playingthe curvatureof streamlinesThevisualizationis re-
turnedasanimage,but the userhascontrol over the format
andcompression.

(b) 3D Model Rendering on Client

In this style, the renderingis delegatedto the browser
VRML is generatedbn the sener and transmittedto the
client, allowing the viewer to have control of the rendering
process.

An early exampleof this approachis describedby Wood
etal.’8, basedn IRIS Explorerasthevisualizationsystem.
Thebasicprincipleof themethodis asfollows. Theuseren-
tersdetailsonaformto specifythelocationof thedatasefas
aURL say),anda ‘recipe’ for the style of visualizationre-
quired.Theform is processethy a CGl scriptonthe sener,
andavisualizationseneris executed ThisinvokesIRIS Ex-
plorer, usingits scriptinglanguage(Skm) to definean ap-
propriatepipeline. The output of the pipelineis a VRML
file, whichthevisualizationsener returnsto thebrowserfor
viewing.

A demonstratonasbeencreatedto view air qualityinfor-
mationin the UK. This datais collectedon an hourly basis
atanumberof locationsthroughouthe UK, andthe Atomic
Enegy Authority (AEA) publishthedataonaWebsite.The
demonstratoallows a userto selectthe time and location
of data,andthe pollutantto be analysedThe approacttan
in principle be extendedto the presentatiorof mary differ-
enttypesof public serviceinformation- for example,road
traffic data,weathefforecastetails,andsoon.

A similar idea has beendevelopedby Pagendarmand
Trapp®47 in their Vis-a-Web system.There are two sig-
nificantdifferenceshowever: first, the formsinterfaceis re-
placedby averyflexible approactusingJavato provide the
GUI; secondthe visualizationsener makesuseof special-
ist softwarejncludingmodulefrom theHighEndsystemA
novel featureis thefactthatsoftwarefrom differentsources
can be usedto make a single visualization- VRML files
from differentsourcescan be combinedbeforetransferto
thebrowser

A further systemhasbeendevelopedby Lefert0. Again
the basicprincipleis the sameas proposedoy Wood et al.,
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but heretheunderlyingsoftwares basedntheVTK toolkit
of Shroedegetal 54.

Indeedthe VTK authorsthemselesnow includeinstruc-
tions on their web sitef® explaining how to build a VRML
visualizationservice.The procedureis simple: first install
VTK on the sener; then createa VTK programto read
userparametevaluesandto producetherequiredvisualiza-
tion (using'vtkVRMLExporter’ to write the VRML output),
saving the executablein a cgi-bin directory;next, createan
HTML form to allow a userto enterparameterso the pro-
gramandtriggerexecutionof the program.

Treinist¥! , in a paperon visualizationdesignfor oper
ational weatherforecasting,describeshow IBM Data Ex-
plorercanbeusedn aWebenvironmentHeervisagesapar
titioning of DataExplorerinto a client-serer system,with
a Jara-basedappleton the client interactingwith DataEx-
ploreronasener.

All the abore approachegollow a commonmodel: the
senerprocesacceptsequestéromaforminterfacepr Java
program;it executeghe visualizationon the sener; andre-
turnsVRML to theclient.

6.2.3. Review of Web-based Visualization

We have seerthereforethatWeb-basedisualizationcanbe
dividedinto two classesClient-basedystemsand Sener-

basedsystems.Within eachclass,there are different ap-
proachesClient-basedsystemsvary accordingto whether
the visualizationdesignand core softwareare downloaded
from asener, or areassumealreadyinstalledontheclient;

Sener-basedsystemsvary accordingto whetheranimage,
ora3D VRML file, is returnedo theclient.

In figure 9, we try to shav this taxonomyof web based
visualizationin a diagram.The front face of the structure
relatesto wherethe visualizationprocessesf Filter, Map,
Renderandimageareexecuted eitheron Clientor Sener;
andthesidefacerelatedo wherethesoftwareemanatefrom
- againeither Client or Sener. Alongsidewe mentionthe
variousexampleshathave beendiscusseaarlier

A numberof issuesmay helpto resole which approach
is bestin a particularsituation.If highinteractvity with the
datasetis required,then a Client-basedapproachmay be
best,allowing data,visualizationandinteractionto occurlo-
cally. Note however thatthe Java-basedClient systemsnay
involve significantstart-upcostsin datatransferfor security
reasons.

For the novice user Sener-basedsystemoffer anattrac-
tion. The installation,licensingandotherstart-upcostscan
beborneby theprovider of theremotevisualizationservice.
In additiona simpleruserinterfacecanbe provided,to hide
detail from the beginner Sener-basedsystemscanalsobe
usefulin anlIntranetsituation wherean organisatiorcanset
up a visualizationservicetailored to a particulargroup of
scientists.
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Figure 9: Taxonomyof Web Basedvisualization.

The choiceof approachwill alsodependon the relative
processingpower of the client and sener, in comparison
with thesizeof thevisualizationtask.Thesizeof thedataset
likewiseneeddgo betakeninto accountrelative to the avail-
ablenetworkbandwidth.If datais beingtransferredrom a
remotelocation,it may well be sensibleto apply the filter
processheforethe datatransfer in orderto economiseon
bandwidth.

6.3. Cooperative Web-based Visualization

In this sectionwe shall explore how the approachesle-
scribedabove canbeextendedo cooperatieworking. Some
of theseare untriedideasbecauseherehasbeenrelatively
little researcho date but we mayexpectthis to beasignifi-
cantareafor new work over the next few years.

6.3.1. Cooperative Client-based Systems

We saw earlierthatthesefall into threedifferentclassesac-
cordingto the softwarethathasto be downloadedover the
Weh It is corvenientto follow the sameclassificationfor
cooperatie visualization.

(a) Visualization Design and Core Software Both
Present on Client

Thisis the casewherethelaunchof thevisualizationsys-
temontheclientis triggeredby delivery of dataof specific
MIME-type. Thesystemwill consistof visualizationdesign

pluscoresoftware tightly integratedin the caseof aturnkey
system,or moreloosely coupledin the caseof an MVE or
graphicstoolkit/library. In the MVE case,it is possiblefor
a collaboratve pipelineto beinvoked.Thus,if a numberof
differentusersall fetch dataover the Web at the sametime,
thenthey canbegin a cooperatie sessiorusingone of the
extensionsto MVEs describedearlier (for example, COV-
ISA or MANICORAL). Thusthis approachextendsalmost
trivially to cooperatie visualization.

(b) Visualization Design Downloaded from Server,
Core Software Present on Client

Thereis somereal practicalexperienceof this approach,
throughthe NASA work on FASTexpeditions As explained
earlier the FAST systencanbedrivenby ascript:in a FAS-
Texpedition, the visualizationtaskscarriedout by oneuser
(the ‘pilot’) canbe recordedinternally asa script of com-
mandsthesecommandsanbetransferredrom pilot to an-
otheruser a‘passenger’sothey canseethesamevisualiza-
tion. The rolesof pilot and passengecan be interchanged
betweerparticipantsFASTexpeditionsso have beenusedin
aneducationatontext.

In the context of an MVE, this casecorrespondgo the
downloadof a pipelineof modules.The extensionto coop-
erative workingis straightforwardn principle:for example,
in the COVISA extensionof IRIS Explorerdescribecrarlier
it simplyis acaseof downloadinga pipelinewhichincludes
the specialdatasharingmodules.
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(o) Visualization Design and Core Software Down-
loaded from Server

This is the casetypified by the downloadingof software
dynamicallyin the form of Java applets(suchasthe SDSC
VizWiz system).We are not aware of ary work to extend
theseto cooperatie working.

6.3.2. Cooperative Server-based Systems

Almost all theresearchn cooperatie visualizationhasfo-
cussednthesame-timedifferent-placejuadranbf the Ap-
plegatematrix. However it is not alwaysconvenientto col-
laborateat the sametime: perhapshe collaboratorghem-
seles have different schedulespr perhapsthe processes
themseles do not fit a synchronousstyle of working (for
example,whenthe visualizationdatais outputfrom a large
simulationprocessrunning over several days).Here asyn-
chronouscollaborations moreappropriate.

This hasbeenstudiedin the context of Sener-basedsys-
temsby Wood'®. He extendstheair quality demonstratode-
scribedin 6.2.2to allow a numberof collaboratorgo inves-
tigatedataover a periodof time. It worksasfollows. A first
usercreatesa visualizationusing the form front-endto the
IRIS Explorersystenrunningonthesener. If aninteresting
visualizationresults,they may chooseto storethe parame-
terswhich definedthatvisualization Notethattheseparam-
eterscompletelydefinethe visualization,and of coursere-
quiremuchlessstoragehansaving, for example the VRML
output.

Now consideranothetuserin thecollaboratinggroup.On
fetchingthe HTML page,they canalsogain accesgo the
datasavedby the earlieruser They canusethis asastarting
pointfor their own studyof thedata:they canaddtheir own
textual commentbnthevisualization,or they maychooseto
changesomeof thedefiningparameterssreatinganew visu-
alization.If this new visualizationis of interest,its defining
parametermaybesavedfor lateruseby othercollaborators.
This sequencef storeddefinitionseffectively formsa tree
of exploratoryvisualizationspuilt up over a periodof time
by the collaborators.

Notethatthisapproacltanevenbeusedby agroupwork-
ing in the sameplace,andsoit could alsobe placedin the
same-placdifferent-timequadrantf the Applegatematrix.

6.4. Conclusionson Web-based Visualization

The Web has becomean important environment for dis-

tributed computingin particulay and distributed visualiza-
tion in particular We have seenhow systemscanmap on

to the client-serer architecturen a variety of ways- with

a major distinctionbetweenClient-basecand Sener-based
systems.

The Web is fundamentallyan ernvironmentfor coopera-
tion. We have seenthat it can be usedfor distributed co-
operatve visualizationin avarietyof ways:thesynchronous
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collaboratioraffordedby MVEs canbeinvokedin aWeben-
vironment;andasynchronousollaborationcanbe achieved
in Sener-basedsystemsysinga storedtreeof explorations.
RecentlyLovegrove andBrodlie*4 have studiedhow multi-
userVRML canbeexploitedto provide synchronousollab-
orationin a Sener-basedystem.

Theseareall very explicit forms of collaborationwhere
thereis cooperatiorin the excution of the visualizationby
the interestedparties.However the Web also allows some
less olvious collaboration.For example, simply making
availablea datasefit a URL makesit availableatary time,
ary placeto collaboratorsThe Vis-a-Websystemof Pagen-
darmallows the memging of visualizationscreatedoy differ-
ent softwareat differentplaces:this is almostcooperation
betweerprovidersof visualizationsoftware.

7. Collaborative Visualization and Virtual Reality

For mary visualizationproblems VR is a promisingtech-

nology Gallop?é providesanintroductionto the application
of VR in thisfield. The CAVE!8, mentioneckarlier is exten-

sively usedfor scientificvisualization Theneedto cooperate
atadistancds nolesswhenVR is involved.

VRML ontheWebprovidesaway to cooperateising3D
visualizationwith the participantsat differentplaces,and
working at differenttimesandhasbeendiscussedh section
6. This approacthasthe advantageof relying on a formal
(ISO/IEC)andacceptedstandard.

Severalprojectshave experimentedvith cooperatie VR.
This allows peopleat differentlocationsto setup represen-
tationsof themseles (avatars),togetherexplore the same
world andcommunicatavith eachotheraboutwhatthey ob-
sene. For example DIVES®® 1415 allows several networked
participantgo interactin avirtual world overtheInternet A
numberof approache® multi-use’VRML worldshave also
beendescribednot specificallywith visualizationapplica-
tionsin mind?2. Broll, for example,hasworkedextensvely
in this areaandhasdevelopeda multi-userVRML browser
which provides supportfor the representatiorof usersby
avatarsandcommunicatiorbetweerusersby integratedau-
dio and text chat facilities. The systemusesa distributed
worlds transferprotocol which supportsthe reliable trans-
missionof large datafiles betweerpeersthereliableor un-
reliabletransferof messagebetweenarge numbersof par
ticipantsandthetransferof streamdatasuchasaudid® 11.

Thiskind of technologycanbeappliedto visualizatiorre-
sultsif thegeometricoutputcanbeinputto the cooperatie
VR systemThemultiple usersn thevirtual world wouldto-
getherexploretheabstracscenecreatedy thevisualization
system.

However this is a passie way of approachingisualiza-
tion. Thework by COVISA, by COVISE, by MANICORAL
and at SDSC(seesection4) shavs that userswant shared
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control over the processnot just sharedexploration of the
output. The experienceof the VIVRE projecf’ alsoshavs
thatusersstudyinglargeproblemswith VR expectto usethe
virtual ervironmentto exercisecontrol over the visualiza-
tion processlt is thereforea naturalstepto allow dynamic
cooperatie controlof thevisualizationprocesgrom thevir-
tual ervironment.However this is not commonasyet. The
University of StuttgartareextendingCOVISE (discussedh
sectiond4) by addingVR capabilityto the systemsé 57. The
userworksin a CAVE andsomeof the usercontrolsin CO-
VISE areavailablein thevirtual environment.The usercan
accesdurthercontrolsoutsidethe CAVE.

The Studierstubeprojecfs allows multiple usersin a
“study room” to cooperatestudying3-dimensionascientific
visualization.Eachparticipantwearsan individually head-
trackedsee-througheadmounteddisplayandthushastheir
own personaliew. It is plainthateachpersons view is in-
dividually renderedhusincreasinghe computationaload.
New visualizationcalculationscan be triggeredfrom ary
participants virtual ervironment.

8. Distributed Collaboratories

Distributed Cooperatie Visualizationis partof a wider vi-
sionfor theuseof computersupportedcooperatie working
toolsin scienceand engineeringln this sectionwe give a
glimpseof thatwider picture,illustratedby a specificpro-
grammein the USA.

A reporté written in 1993 by the National Research
Councilnoted:

Thefusionof computersaandelectroniccommuni-
cationshasthe potentialto dramaticallyenhance
the output and productvity of U.S. researchers.
A major steptoward realizing that potentialcan
comefrom combiningtheinterestof thescientific
community at large with thoseof the computer
scienceand engineeringcommunityto createin-
tegrated,tool-orientedcomputingand communi-
cationsystemgo supportscientificcollaboration.
Suchsystemsanbecalled“collaboratories”.

The motivationbehindthis view is the fact thata signifi-
cantproportionof modernsciencdnvolveslargeandexpen-
sive instruments often available only at a single location,
andteamsof scientistdravn from universities nationallab-
oratoriesandindustry Geographicaseparatiortanbe a se-
riousimpedimento collaborationFaceto facemeetingsare
expensve in termsof travel costs,time and are difficult to
scheduleThevision of distributedcollaboratoriess to pro-
vide a widely distributedenvironmentin which people,in-
strumentationandinformationcanflow andinteractaseas-
ily asthey canwhenall thecritical resourcesireco-located.
This vision led to the creationof the Distributed Collab-
oratory ExperimentErnvironments(DCEE) programmeby
the US Departmenbf Enegy3’. This programmehasnow

terminatedand the vision is being carriedforward in the
DOE2000programme.

The DCEE programmeconsistedf two threadstestbeds
which helpedto introduceandintegratetechnologyneeded
for remoteoperationof facilities, collaborationand infor-
mationsharingandtechnologyprojectsaddressingpecific
functionality andcomponentsiot previously available. The
testbedprojectsincludedmediumscaleenvironments(tens
of scientistsand students)in the PNL Environmentaland
Molecular Scienced_aboratory the ANL AdvancedAna-
lytical ElectronMicroscopeandthe LBL AdvancedLight
Source,togetherwith a large scaleexperiment(a teamof
hundreds)n the GeneralAtomics D-IIID TokamakFusion
Facility. Technologiesdentifiedincluded:distributed,cross-
platformelectronicnotebookgo collect,catalogueandshare
resultsandinsights,multi-partydatacommunicationgroto-
cols,openandsecureglobalfile systemsanduseof shared
spaceandVR approacheto improve thesensef avareness
andengagemerih interactions.

Oneof thekey foci in theDCEEprogrammewhichis car
riedinto theDOE2000programmewastheElectronicNote-
book.Theaim hereis to build anelectronicreplacementor
the traditional paperbasedaboratorynotebookinto which
scientistswould pasteexperimentalresultsand describein
detail their work in a verifiable timeline. The laboratory
notebookis oftenthe only pieceof evidencethatcanbe of-
feredin courtcasesnvolving patentlaw. Theinterpretation
of suchrequirementsn the pasthasmadesharingof note-
booksdifficult.

Thereis a clear needand desireto integrate visualiza-
tion into such ervironments.The DOE2000White Paper
talks aboutmechanismgo supportcollaboratve work in-
cluding reliable telepresencsoftwareand supportfor im-
mersie visualizationapplications Notebooksheing devel-
opedin DOE2000projectsseemto be basedon Corbaob-
ject technology Java and Web technology Integrationis a
significantchallengdn this area:integrationat the protocol,
objectmanagementatabaseanduserinterfacelevels.

9. Conclusion

As networksbecomemore penasive and collaborationbe-

comesmoreandmoreimportantin mary areasof life, it is

naturalto askwhatcomputingcancontribute.In mary areas
of scienceand engineeringand increasinglyin otherareas
too, visualizationplaysa key mediatingrole in communica-
tionsbetweerhumans.

As the areaof distributed cooperatie visualizationma-
tures,we canexpectthe researchdeasdiscussedn this re-
portto translaténto productsn themarketplace.Indeedthe
COVISA extensionof IRIS Exploreris alreadyavailablefor
UNIX implementationst the University of LeedsIRIS Ex-
plorer Centreof Excellencef?, andthe next releaseof IRIS
Exploreris expectedto include COVISA for both NT and
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Unix. The usageof thesesystemsin the field is likely to
stimulatea furtherroundof researchasstrength@ndweak-
nesseemege.

We have attemptedn this STAR to give a review of ap-
proacheso supportinghe useof visualizationin collabora-
tive situationsthroughwhatwe have termeddistributedco-
operatvevisualizationWe have examinedapproachebased
onMVEs andweb-basedpproacheslhisis afield in which
we may expectto seecontinuedgrowth over the coming
years,asthewebdevelopsand(hopefully) high quality net-
working becomesnoreavailableandmoreaffordable.

It isinterestingo notethatCSCWtechnologywasusedn
the preparatiorof this STAR. The schedule®f the authors
weresuchthatit wasimpossibleto find a dateon which to
meetface-to-faceWe thereforehadto resortto a combina-
tion of audio-videoconferencesessiongconductedn small
conferencesuitesat the University of LeedsandRAL over
ISDN connectionsandemailfor the exchangeof draft sec-
tionsof thedocumentThereadeiis left to judgethe efficacy
of this approachrom the point of view of the endresults!
For the authors this wasan effective useof time, thoughit
wasvery helpful thatthe authorsknew eachotherwell and
have built up a commonunderstandingf at leastsomeof
thematerialover a periodof years.
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