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Abstract
Visualizationis essentiallya collaborative activity, widely usedin manyscientificand engineeringdisciplines.
Visualizationmaybeusedto convey insightinto phenomenathatarewell-understood,or to presentnew datawith
a view to findingnew patternsof meaningandnew phenomena.Visualizationis a powerfultool in presentations
(lectures,seminars,papersetc)andin discussionsbetweencolleagues.We areseeinga growthin theuseof video
conferencingto facilitate meetingsbetweenparticipantsin geographically separate locations,both specialized
facilities(videoconferencerooms)usingdedicatedcommunicationschannels(ISDN,ATM etc)anddesktopvideo
conferencingusing the Internet and multicast(Mbone)communications.Distributed cooperative visualization
aimsto enhancethevideoconferencingenvironment(usuallythedesktopenvironment)with accessto visualiza-
tion facilities. At themostbasiclevel, pre-generatedvisualizationsmaybe shared througha shared whiteboard
tool. Richer approachesenableusersto share control of thekind of visualizationgeneratedandtheparameters
usedin thegeneration.TheWorld WideWebprovidesa basisfor asynchronouscooperativeworkingandthereare
experimentalextensionsin thedirectionof cooperativebrowsing. VRMLprovidesthebasisfor sharing3D graph-
icsovertheInternet.We lookat waysin which VRMLis beingusedin visualization,to generatemodelswhich may
bebrowsedby participantsin a session.Asynchronouscollaboration becomespossibleby recording thedetails
of thevisualizationcreatedby oneparticipant,andmakingthis availableto subsequent‘visitors’ to theWebsite.
A multiuseraudit trail emerges.Developmentson multi-userVRML worlds also havepotentialapplicationsin
visualization,providinga formof synchronouscollaboration.ThisSTARreviewsthestateof theart in theseareas,
drawsout commonthreadsin thesediverseapproachesandlooksat strengths,weaknessesandopportunitiesfor
furtherdevelopmentin this field.

1. Motivation

Rogowitz52 haswritten“Visualizationis theprocessof map-
ping numericalvaluesinto perceptualdimensions”.Theuse
of visual imageryto convey scientific insight and truth is
not a new phenomenon.Descartes(quotedby Collins17)
wrote “imagination or visualization,and in particular the
useof diagrams,hasa crucial role to play in scientific in-
vestigation”.More recentlyinterestin visualizationwasfo-
cusedby theNSFPanelReportonVisualizationin Scientific
Computing45. Theirdefinitionof visualizationis interesting:

“Visualizationis a methodof computing.It trans-
forms the symbolic into the geometric,enabling
researchersto observetheir simulationsandcom-
putations.Visualizationoffers a methodfor see-
ing theunseen.It enrichestheprocessof scientific
discoveryandfostersprofoundandunexpectedin-

sights.... RichardHammingobservedmany years
agothat ‘the purposeof [scientific] computingis
insight,notnumbers’.... Thegoalof visualization
is to leverageexisting scientificmethodsby pro-
viding new scientificinsightthroughvisualmeth-
ods.”

Thereporthighlightstheneedfor scientiststo learnto vi-
suallycommunicatewith oneanother. “Much of modernsci-
encecannotbeexpressedin print. DNA sequences,molec-
ular models,medicalimagingscans,brainmaps,simulated
flight througha terrain,simulationsof fluid flow, andsoon,
all needto be communicatedvisually.” Visualizationis a
mediumof communication.

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

“Considerthefollowing applicationof thefuture.

c
�

K.W. Brodlie,D.A. DuceJ.R.GallopandJ.D.Wood



K.WBrodlieetal. / DistributedCooperativeVisualization

An airplanedesignerwantsto designanairfoil and
testit by simulatingairflows over it ... Using an-
imation, the engineercanseethe 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, thespeedat which
the wing is flying throughthe air, or the altitude
andhencethecharacteristicsof theair ... Thede-
signersimulatesthenew designin realtime,alters
it in realtime,andsteersasimulation- all by using
visualizationtechniques.The engineeralsosaves
millionsof dollarsbynotbuildingearlyprototypes
to checktheintegrity of thedesign.”

Readingthis description,oneforms the mentalimageof
thedesignerseatedin front of aworkstation,interactingwith
the emerging airfoil designthroughthe rich mediumof vi-
sualization.Visualizationis seenas a componentof inter-
action,a mediumof communication,betweendesignerand
workstation.Theimageis thatof the lonedesigner, thesin-
gleuserat thesingleworkstation.

However, much of modernscienceand engineeringin-
volvesmorethanoneperson.Much (oneis temptedto say
the overwhelmingmajority) of design,researchanddevel-
opmentis not the work of oneindividual in isolation.It is
the work of small groupsof people,to large teamsof peo-
ple, eachwith their characteristicskills andexpertise,mak-
ing their contributionto theoverall endeavour.

During the 1980s computer networking became
widespreadin many organisations,and led to the new
discipline of Computer SupportedCooperative Working
(CSCW) which gathers together researchersinterested
in how people work together, and how computersand
related technologiesaffect the behaviour of groups of
people.CSCW systemsstartedto emerge. Such systems
aim to provide supportfor groupworking. CSCWsystems
typically provide audioandvideocommunicationchannels
between participants in a cooperative sessionwith the
addition of groupwaretools such as sharedtext editors,
sharedwhiteboard,shareddrawing tools, etc.29 Given the
significanceof visualizationasamediumof communication
in a wide rangeof contexts, the questionnaturally arises,
how is visualizationusedwithin group working and how
canthisbesupportedin theCSCWsystem?

The useof visualizationin collaborative 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,perhapsmakingsuggestionsasto how thevisualization
couldbechangedin orderto draw out otherfeaturesin the
data,for exampleby changinga colourmapor usinga dif-

ferenttechniqueto presentthedata.Participantsmight take
it in turnsto ‘drive’ thevisualizationsystem,eachworking
with theirown particulardatasets.It might involveexchang-
ing visualizationsby email, followed by email discussion,
or disseminationto a wider communitythroughthe World
Wide Web. It mightalsoinvolve thecooperativeuseof a vi-
sualizationsystemasa tool within aCSCWsession.

Is visualizationany differentto othermediathatmay be
usedin cooperative working?In somesensestheanswerto
this questionis no.Therearemany issuesthatvisualization
hasin commonwith othermedia,for example,text. Control
of a visualizationsystemraisessimilar issuesto sharedcon-
trol of a text editor. Who hascontrol?How do participants
know who hascontrol?How is controlpassedbetweenpar-
ticipants?Therearesomesensesin which visualizationis
differentto othermedia.Visualizationsaretypically gener-
atedby apipelineor networkof processingsteps.Thisraises
the possibility of sharingdatabetweenparticipantsat dif-
ferentpointsin the processing,which may leadto a useful
tradeoff betweendatavolumeandlocal processingcapabil-
ity.

Bergeron6 in his introductionto a panelsessionat Visu-
alization’93 arguesthatthegoalsof visualizationcanbedi-
videdinto threecategoriesdescriptivevisualization, analyt-
ical visualizationandexploratory visualization. Descriptive
visualizationis usedwhenthe phenomenonrepresentedin
thedatais known,but theuserneedsto presentaclearvisual
verificationof this phenomenon(usuallyto others).Analyt-
ical visualization(directedsearch)is theprocesswe follow
whenwe know what we are looking for in the data;visu-
alizationhelpsto determinewhetherit is there.Exploratory
visualization(undirectedsearch)is necessarywhenwe do
notknow whatwearelookingfor; visualizationmayhelpus
to understandthe natureof the databy demonstratingpat-
ternsin that data.We can imaginescenariosbasedaround
eachof thesecategories.

Descriptive visualizationis commonlyusedin teaching,
for examplein quantumchemistryvisualizationis usedto
convey an understandingof electrondensitydistribution in
simplemolecules.In computationalfluid dynamics,visual-
ization (usuallytime dependentvisualizationor animation)
is usedto convey anunderstandingof thebehaviour of fluid
flows. Thevisualizationis typically designedandprepared
by theteacherandpresentedto thestudents.

Analytical visualizationmight involve a group of users
discussingthe interpretationof a dataset,for examplethe
resultsof a runof anoceanographicsimulationmodel.

Exploratoryvisualizationmight involve comparingdata
setsfrom different sources,for example in geodesycom-
paringresultsfrom bathymetry(seadepthinformation)with
geoid residualscomputedfrom satellitealtimetry data(in-
formationaboutthe earth’s gravitational field) looking for
correlationsanddifferencesbetweenthem.
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Comparisonbetweendatafromdifferentsourcesisoftena
fundamentalingredientof collaboration.In thegeosciences,
for example,it is now realizedthat much insight is to be
gainedby sharingdata,comparingdifferentkinds of data
gatheredfrom differentinstruments,for exampleseaheight
measurements,surfacetemperature,oceandepth,whereasin
the pastresearcherswould concentrateon datafrom a sin-
gle instrumentwhich they would almostjealouslyguard.A
researcher’s scientificcapitalwas in both the dataand the
methodsusedto analyseit. Nowadaysthe trendis towards
sharingandcomparison.Thereseemsto be relatively little
attentionpaidto theuseof visualizationto enablecompari-
son,seefor examplePagendarmandPost48, but thisisnever-
thelessatopic to whichattentionneedsto bepaidin systems
aimingto supportcooperativeworking.

In the late 1980s,Modular VisualizationEnvironments
(MVEs) startedto appear, the earliestexamplesbeingapE
andthefirst versionof AVS. MVEs provide a setof build-
ing blocks which perform functionssuchas readingdata,
generationof visualizationssuchascontouringandrender-
ing. MVEs typically provide a visual editor with which to
constructapplications,by linking togethera setof building
blocks,andit is perhapsthepowerof this visualizationpro-
grammingmetaphorthathasmadeMVEs sopopulartoday.
Themodularbuilding blocksmaybe(but arenot necessar-
ily) implementedasseparateprocesses.Whenthis is done,
this providesa naturalway in which suchsystemsmaybe-
comedistributedsystems.Examplesof currentsystemsof
thiskind includeAVS43, Khoros82, IBM DataExplorer1, and
IRIS Explorer24. A verygoodoverview of thiswholeareais
containedin a specialissueof ComputerGraphics13.

In theearly1990s,theadventof theWorld WideWebled
to anotherapproachto visualizationapplications,a client-
server approachin which the visualizationrequiredis de-
finedthroughtheclient,computed,andreturnedto theclient
for presentation.The conceptof appletsprovidesa mech-
anismby which part of the visualizationcomputationmay
bedown-loadedto theclient andexecutedclient-side.Such
approachesaretermedweb-basedvisualization.

It isusefulto distinguishatthisstagebetweenthreeterms:

1. distributed visualization: This involves collaborationat
thesystemlevel. It is interestingthatthecurrentbatchof
MVEs have all beendesignedwith this aim: it is possi-
ble to placemoduleson differentcomputers.Of course
this is mostusefulwhenit is a computationallyintense
visualizationtask,whensomemodulesmayusefullybe
locatedon a supercomputer, otherslocally on a worksta-
tion. Onecanalsoseesimpleweb-basedvisualizationin
this class.Althoughseveral computersmay be involved
in thecomputation,sucha distributedvisualizationsys-
temis still a single-usersystem.Working in adistributed
environmentdoesnot by itself imply working in cooper-
ationwith otherusers.

2. cooperative visualization: Visualizationis oftena coop-
erative activity; severalpeoplemaywork togetherto in-
terpreta visualization.This is collaborationat thehuman
level. It is interestingthatthecurrentMVEs did not have
this asa designrequirement,anduntil recentlywereall
single-usersystems.Similarly web-basedvisualization
systemshave beensingle-user. Cooperationis achieved
by humansclusteringaroundasingleworkstation,around
a Responsive Workbenchdevice or in a CAVE, for dis-
cussion,or throughsomemeansoutsidethevisualization
system(for example,sendingvisualizationoutput to a
collaboratorfor comment).

3. distributedcooperativevisualization: Thisbringsthetwo
conceptstogether, allowing collaborationatboththesys-
tem andhumanlevel. We shall be ablein this STAR to
give examplesto show that both MVEs andweb-based
visualizationcanbeextendedto this class.A distributed
cooperative visualizationtoolsetshouldallow its users,
geographicallydistributed, not only to run remote re-
sources,but to shareimages,andpossiblyalsoto interact
andcooperate,acrossanetwork,in theintermediatesteps
which leadto thecreationof thefinal output.

Thenext sectionof this paperpresentsa structurefor the
field of distributedcooperative visualization,includingboth
a peopleview anda machineview. Section3 looks at en-
vironmentsfor cooperative visualization.Sections4 and5
look at approachesto supportingcollaborationin a wide
rangeof visualizationsystems.Section6 considersweb-
basedvisualization.Section7 looksto systemsappearingon
thehorizonwhich combinevisualizationandvirtual reality.
Section8 looksat somebroadercategoriesof collaborative
systems,distributedcollaboratories,andsection4.7 draws
thepaperto a closewith a discussionof openissuesandfu-
turedirections.

2. A Structure for the Field

2.1. People View - Types of CSCW

CSCWinvolvesbothpeopleandmachines.In theCSCWlit-
erature,Applegate’splace-timematrix is awidely citedclas-
sification schemefor cooperative working4. This scheme,
shown in Figure1, focuseson thepeopleinvolvedin CSCW
andtheway in which thetypesof involvementmaybeclas-
sified.

Two dimensionsareused:time andplace.Membersof a
CSCWgroupmaybelocatedat thesameplaceor adifferent
place,andbepresentin aCSCWsessionat thesametimeor
atdifferenttimes.Thereis thusthenotionthatasessionmay
extendin time,andnotall participantsneedbepresentat the
sametime.

Thesametime, sameplacebox correspondsto all mem-
bersof thegroupbeingpresentin thesameplaceat thesame
time.Examplesof systemsto supportsuchformsof working
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same
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same different
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Figure 1: Applegate’s place-timematrix

include conferenceroomsequippedwith individual work-
stationsto supportdecisionmakingprocesses.In visualiza-
tion a groupof usersclusteredarounda singleworkstation,
arounda Responsive Workbenchor in a CAVE, would fall
into thisbox.

Collaborationthat involves exchangeof letters, faxes,
emails,betweenmembersof a group,falls into the differ-
ent time, differentplacebox. Thereis a notion of a group
session,the groupworking on a commonproblemover an
extendedperiodof time.Thereisasharedhistoryof working
containedin thetraceof letters,faxes,emails,etc.exchanged
betweengroup members.The World Wide Web typically
falls into this box, thoughdevelopmentssuchas coopera-
tive web browsing33� 42� 51� 53 areextendingthe web to other
formsof working.

Video conferencingfalls into the different place,same
time box.Membersof thegroupareco-presentin time,but
at differentphysicallocations.Video conferencingmay in-
volve a speciallyequippedvideo conferencingsuite,with
multiple camerasetc.at oneextreme,or maybebasedon a
suitablyequippedworkstationperparticipant.Thelatterap-
proachcanbecharacterisedascollaborationasanextension
of the normal working environment.This notion is taken
further in the work of Fuch’s groupat UNC ChapelHill 25.
which is investigatingtheuseof camerasandsophisticated
displaytechnologyto assigna region of eachoffice to col-
laboration,so that one’s collaboratorsarebroughtinto the
office in anevenmoredirectway thanthroughworkstation-
basedvideo conferencing.However, collaborative working
is not just video conferencing.Thereis a needto sharein-
formationotherthanthroughaudioandvideochannels,and
a needto shareapplicationsusedin the creation,analysis
andpresentationof information.“Groupware”falls into this
category. Muchwork in distributedcooperativevisualization
aimsto supportthis typeof collaboration.

In any one collaboration,it is likely that several differ-
ent typesof collaborationwill beused,for example,formal
face-to-facemeetings,coupledwith differenttime - differ-
entplacestylesof workingbetweenmeetings,coupledwith
informal sametime, differentplacesessions.This raisesis-

suesaboutseamlesstransitionsbetweendifferent typesof
working, and the organizationof group memoryso that it
is equallyaccessiblefrom differenttypesof meeting.Xerox
PARC, for example,have workedextensively in thisarea7.

2.2. Machine View - Types of CSCW

The previous sectionlookedat a way in which the human
componentof CSCWcan be classified.In this sectionwe
considerhow thecomputercomponentmaybeclassified.

Prior to the late1980s,it is trueto saythatvisualizations
weregeneratedby specificprograms,perhapswritten using
high level library routines(suchascontouringroutines)and
agraphicspackagefor generatingoutput.To changethetype
of visualizationgeneratedorvisualizationtechniqueusedre-
quired the usereitherto modify the programor move to a
differentprogram.In themid 1980s,theadventof modular
visualizationenvironments(MVEs) providedamoreconve-
nientframework within which to developandusevisualiza-
tion applications.MVEs allow a userto build a visualiza-
tion applicationby connectingtogetherpredefinedmodular
components,usinga visual editor. Most suchsystemsalso
provide interfacesthatenabletheuserto addnew modules.
MVEs also allowed different modulesto run on different
computers,thusintroducinga distributiondimension.

In the early 1990s,the advent of the World Wide Web
provided a new model for cooperative working andalso a
convenientwayin whichvisualizationservicescanbedeliv-
ered.With theweb,theemphasismovesawayfrom theuser
constructingor selectinga particularapplicationto gener-
atea particulartype of visualization,to a moredeclarative
approachin which theuserdescribesthe type of visualiza-
tion requiredandthedatasetto bevisualized,andthe“sys-
tem” returnsavisualizationof thattype.Web-basedsystems
areintrinsically distributedsystemsasa consequenceof the
client-server natureof the browserweb-server architecture.
Applets,written in languagessuchasJava, provide another
mechanismthroughwhichacomputationmaybedistributed
betweenclient-machineandserver-machine.

For thepurposesof thisSTAR, it is convenientto classify
the machineview in the dimensionsMVE-basedandweb-
based,asshown in Figure2. Examplesof all four combina-
tionswill beseenlaterin this paper.

Addingthepeopledimensionintroducesafurtherclassifi-
cationof thecombinedhuman-usersystem,shown in Table
1, this is basedon the numberof humans(1 or N) andthe
numberof computers(1 or M). For this paper, the interest-
ing combinationsare(1,M), (N,1) and(N,M).

2.3. Problem Size

Visualizationtechniquestypically dealwith datasetsrang-
ing from kilobytes to terabytes.When dealing with very
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web-based

notweb-based

MVE non-MVE

Figure 2: Machine-view classification

Computers 1 M

Humans

1 Distributed
Visualization

N Cooperative Distributed
Visualization Cooperative

Visualization

Table 1: Classificationof combinedhuman-computersystem

large data sets,the organizationof the data set, for effi-
cient accessapproachesparamountimportance,andthe is-
suesof space/timetradeoffs in sharingvisualizationsare
very important.Shippingterabytesof dataacrossanetwork,
or copyingterabytedatasetsarenot theanswersandsoat-
tentionfocueson extractingregionsof interest,finding the
appropriatelevel at which to transmitdataandsoforth. The
systemarchitecturetendsto befoundedonconsiderationsof
datamanagement.

For smallerdatasetstheseproblemsarestill present,but
in a lessacuteform andmoreflexibility is availablein the
choiceof architecture.It needsto be said that small-scale
visualizationis justasimportantaslarge-scalevisualization.
Theinsightgainedis nota functionof problemsizealone.

2.4. Models

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

In this sectionwe will focuson approachesto visualization
over theWorld WideWeb. Thewebcanbeusedasa wayof
disseminatinginformation,but it alsohasa role in analysis.
Usersmay specifya dataset from a web browser, selecta
visualizationof thatdataset,and- somehow - avisualization
is returnedto thebrowser.

Brodlie8 hasdevelopeda referencemodel for this area,
basedon three“players”: theuser, thevisualizationservice
providerandthedataprovider.

The User

This may be the specialistscientistor engineer, or just a
memberof thegeneralpublic. Therangeof skill andexpe-
riencecanbequitevaried- in all cases,we canassumethat
they arefamiliarwith awebbrowser;in certaincases(theex-
periencedresearcher),they maybefamiliar with anexisting
visualizationsystem.Thecomputingfacility availableonthe
deskcanalsovary - in all cases,we assumeit is powefrful
enoughto run a webbrowserwith VRML plug-in andJava
interpreter;in certaincases,it may be a high performance
workstationcapableof runninga visualizationsystem.

The Visualization Service Provider

This playerhostsa webpagewhich managesthevisualiza-
tion facility. This will allow theuserto specifythe location
of thedata,andthemeansby which they will bevisualized.
Therearethreelevelsof service:

	 full service: in which thevisualizationis entirelycreated
by the serviceprovider, andreturnedasan imageor 3D
modelto theuser;	 software delivery: in whch the softwareto createthe vi-
sualizationis downloadedto the user, to be executedby
them;	 dataonly: in which thevisualizationsoftwareis assumed
alreadyresidentwith the user, andonly dataneedto be
delivered.

The Data Provider

Thisplayersuppliesthedata.Therearethreepossibilities:
	 Independentagency: this would be some organization

providing a serviceby collectingandpublishingdataof
particularinterest(for example,the UK Atomic Energy
Authority collect air quality statisticsand publish these
on theweb);	 TheUser: theuseranddataprovidermaybethesameper-
son;this would typically bethecasein thetraditionaluse
of visualizationby ascientistto analysetheirown data;	 TheVisualizationServiceProvider: heretherolesof data
and visualizationserviceare combined- for example,
when a dataprovider saw visualizationas an essential
meansof interpretingthedata.

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

Thethreeplayersareplacedat differentlocationson the
Internet: the User is the client, the VisualizationService
Provideractsastheserver; theDataProvideris logically ata
third location,althoughasnotedabove,maybelinkedto ei-
therof theothertwo players.TheUserrunsa webbrowser;
theVisualizationServiceProvider hostsa webpagefor the
service.Theparametersin themodelare:

	 visualizationsoftware: which canbeprovidedby the vi-
sualizationservice,or by theuser;
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Figure 3: A referencemodelfor visualizationovertheweb

� computepower: which againcanbeprovidedby theser-
vice or theuser;� data: which maybeprovidedby an independentagency,
useror visualizationservice.

The areaof web-basedvisualizationis 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 generated,whilst retain-
ing somedegreeof local controlover theway in which the
visualizationis presentedin the environmentlocal to each
user.

Two approachesmaybecitedasextrema:

� Applicationsharing: in thisapproach,avisualizationsys-
tem is run in onelocation(we factor out the possiblility
that the systemmight be a distributedvisualizationsys-
tem).Sharingtakesplaceat theuserinterfacelevel. Out-
put from thesystemis distributedto all participants.Input
maybegeneratedby any participantandsentto thesys-
tem.Thevisualizationsystemis notawarethatit is being
usedin acollaborativesession.Examplesof thisapproach
includeShared-Xandto anextent Microsoft’s NetMeet-
ing. Becauseof thelow level at whichsharingis handled,
this approachtendsto be operatingsystemandwindow
systemdependent.� Output sharing: this is a weak form of sharing;output
from the visualizationsystemis distributed to all par-
ticipants,for examplethrougha sharedwhiteboardsys-
tem. Thereis an overlapwith the approachesto visual-
ization over the World Wide Web, if oneconsidersout-
put from the visualizationserviceprovider beingsentto
multiple destinations.Therearea numberof projectsad-

dressingmulticastwebbrowsing,thoughnot specifically
concernedwith visualization33� 42� 51� 53.

MVEs offer intermediatepossibilitiesfor sharingcon-
trol anddistributingoutput.Thesepossibilitiesarisebecause
modulesmaybe introducedwhich provide supportfor col-
laborativeworking,thusit becomespossibleto passdataand
control information betweeninstancesof the visualization
systemsrunby differentusersin thecollaborativesession.

In thiswayit is alsopossibleto seecooperativevisualiza-
tion asanextensionof ordinaryvisualization.Collaborators
may be introducedinto a visualizationsessionseemlessly.
Collaborationbecomesanextensionto thenormalworking
environment,notareplacementfor thenormalenvironment.

Wood,Wright andBrodlie77� 76 andDuceetal.21 have de-
scribedreferencemodelsfor thistypeof collaborativework-
ing. TheWood,Wright andBrodliemodelis anextensionof
thefamiliar HaberandMcNabbvisualizationmodel.Haber
and McNabb 30 describevisualizationin termsof the se-
quentialcompositionof threetypesof processes,originally
termeddataenrichment,visualizationmappingandrender-
ing, but now (usingterminologydueto Upson71) referredto
asFilter, MapandRender.

The extensionof the model to encompasscooperation
is accomplishedwith the introduction(potentially)at each
stageof thepipelineof intermediateimportandexportpoints
for controlinformationanddata.Themodelin its mostgen-
eralform is shown in Figure4.

F denotesthefilter transformation,M denotesthevisual-
izationmappingandR denotesrendering.Thehorizontalar-
rowsrepresenttheprogressionof raw datathroughthetrans-
formationpipeline,emergingasanimage.Controlinforma-
tion canbe importedfrom or exportedto anotherpipeline
at eachstage.This is representedby theprocessparameters
symbol.Similarly, datacanbeimportedfrom or exportedto
anotherpipelineateachstage.Thisisdenotedby thevertical
arrows branchingfrom the horizontalarrows betweeneach
processingstage.

Thekey conceptscapturedby thenotationare:

� Thegenerationof a visualizationmaybe describedby a
threestageprocessingpipeline,following the Haberand
McNabbmodel.� Eachprocessingstageis controlledby asetof parameters.� A distributed collaborative visualizationsystemcan be
modelledby a collectionof pipelines,eachof which rep-
resentstheprocessingstages‘owned’by a particularpar-
ticipant. Thesepipelinesmay be complete(contain all
stages)or partial(containonly somestages,e.g.only the
renderingstage).Thestagesvisible to all participantsare
indicatedby asurroundingbox.� Controlinformationmaybeexportedfrom onepipelineto
othersin orderto synchronizeparametervaluesbetween
pipelinestages.
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Figure 4: Wood’s model
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Figure 5: A representationof a distributedcooperativevisualizationapplicationin theMANICORALmodel

c
�

K.W. Brodlie D.A. Duce,J.R.GallopandJ.D.Wood



K.WBrodlieetal. / DistributedCooperativeVisualization

An applicationof themodeldueto Duceetal. whichwill
bereferredto astheMANICORAL model(thenameof the
projectin which it wasdeveloped)is illustratedin Figure 5.

The modelsoughtto extend the work of Wood, Wright
andBrodlie in a numberof directions:

� Theexplicit representationof the interactionmechanism
thatallows a userto control theparametersof a module,
throughtheintroductionof anassociatedcontrolmodule
encapsulatesand simplifies issuesrelatedto arbitration
betweendifferentinput sourcesanddynamicchangesin
controlandarbitration.� Thegranularityof transformationprocessesin theMAN-
ICORAL modelis not restrictedto thefilter, mapandren-
dergranularityin theHaberandMcNabbmodel,though
this granularitycanbeusedin theMANICORAL model.
Theadvantagesof allowing a wider rangeof granularity
arethatit is possibleto describevisualizationsystems,or
morespecificallyvisualizationapplicationsbuilt usinga
modularvisualizationenvironment,ata rangeof levelsof
description,includingthe‘native’ level inherentin amod-
ularvisualizationenvironment.� Whenmore thantwo usersare involved, the diagramin
Figure 5 would become3-dimensional,a set of planar
sheetsjoined along a commonedge,eachrepresenting
the environmentof oneuserandthe commonedgerep-
resentingsharingbetweenusers.Thissheetnotationgives
a convenientway to representmodulesover which each
usercanexercisea form of controlata momentin time.� TheMANICORAL modelidentifiestheuserwith whom
aparticularmoduleis associated,in arathermoreexplicit
way thantheWood,Wright andBrodliemodel.

2.5. Analysis Factors for Distributed Cooperative
Visualization Systems

In thissection,weconsiderframeworksin whichdistributed
cooperative visualization systemsmay be comparedand
contrasted.

Duceetal.19 usedthefollowing factorsto comparetheap-
proachtakenin theMANICORAL projectwith approaches
takenby a numberof othersystems.Thesystemscompared
(including the MANICORAL system)were all basedon
Modular VisualizationEnviornments(MVEs), and MVEs
extendedin avarietyof ways.Thefactorsusedwere:
� Basevisualizationsystem. Thesysteminto whichsupport

for collaborativeworking is introduced.� Level at which data are shared. Somesystemslimit the
pointsat which datacanbeshared,for examplebetween
filtering andrendering.Othersystemsallow datasharing
betweenany pairof modules.� Floor control. The approachtakento managingsharing
of control.Somesystemsadopta laissez-faire approach-
thesystemwill acceptinputfrom any useratany timeand
it is up to theusersto agreewho hascontrol at any time

usingprotocolsoutsidethesystem.Othersystemsprovide
supportfor passingcontrolbetweenusers.Othershave a
strict master-slavesrelationshipin which only themaster
canexercisecontrol.� Shared control of moduleparameters. Somesystemsal-
low controlover theparametersof individualmodules.� Scalability. In CSCWsystemsin general,thereis anissue
of how many usersthesystem,or systemarchitecturecan
support.Somearchitectureshave inherentlimits, others
havegreaterexpansioncapability.� Joining/leavinga collaborativesession. This factorlooks
athow new userscanjoin existing collaborativesessions.
Thisbuildson thenotionof collaborationasanextension
to thenormalworkingenvironmentandtheideathatusers
shouldbeableto join andleave a CSCWsessionasthey
mayjoin andleave otherformsof meeting.Clearlythere
is an issueof how new usersacquirethe currentstateof
thesession.

Woodin hisPhDthesis80 analysessystemsaccordingto a
numberof factors:rangeof platforms,functionality, partic-
ipation, systemandtarget user. Thesefactorswereusedin
the evaluationof the COVISA system,developedat Leeds
University, andaresummarizedbelow.

� Multiple Platforms.

– In a collaborative session,it is morenaturalfor each
individualuserto beableto usetheirown desktopsys-
tem.Thereis thereforea requirementto supportcol-
laborativesystemsacrossaheterogeneoussetof work-
stations,ratherthantie a solutionto a singleplatform.

� Functionality.

– Exchangeof data - ratherthan simply beingable to
sharetheraw data,thesystemshouldbeableto share
datafrom any pointwithin a pipeline.

– Exchangeof parameters- thiswouldenable,for exam-
ple,two collaboratorsto jointly steerthevisualization,
by sharingcontrolof modulesin their(probably)com-
monpipeline.

– Exchangeof modules- to allow oneuserto automat-
ically launcha moduleinto the environmentof their
collaborators.This should also allow the automatic
copyingof theparameterset.

– Exchangeof networks- this extendsthe point above
to cover a numberof modulesalongwith their inter-
connections.This would allow, for example,a more
experienceduserto setup a networkfor a novice, or
allow acollaboratorto sendafragmentof anetworkto
other collaboratorscompletewith parametersettings
andconnections.This is potentiallyusefulto helpcol-
laboratorswho join latecatchupwith thecurrentstate
of thesystem.

� Participation

– Settingup - The initial settingup of a collaborative
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sessionshouldbeassimpleaspossible,requiringthe
leasteffort on the part of the participant.Ideally, all
elementsrequiredfor settingupshouldbeput in place
by anadministratorif possible.

– Joining/leaving- It maynotbepossiblefor all collab-
oratorsto be availableat the startof a conference,or
to remainuntil theend.Facilitiesshouldexist for users
to join andleave atany time.

– Automatic launch/connection- As the collaborative
systemextends the modular paradigmof dataflow,
wheremodulescanbeaddedto thesystematany time,
it is importantto aid usersby automatingtheexternal
connectionsof thesharedelements.

– Floor control - Usersshouldbe able to set the type
of conferencecontrol that they require.This can be
usedto offer differentlevelsof accessto a sessionto
individual users- for exampleto createa ‘SeeWhat
I’m Showing’ styleof conference.

– Privacy - In additionto participatingin a conference
whereall elementsareshared,usersneedto work pri-
vately while still remainingpart of the conference.
This is requiredto supportconferencesthat contain
partieswith differentskill backgrounds.For 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 beawareof how a singledesignchangewill affect
their areaof interestand henceneedto collaborate.
This typeof groupneedstheflexibility to sharesome
partsof the pipelinewhile having other, domainspe-
cific, partsundertheirown control.

– GlobalView - Theability to view thenetworkeditorof
othercollaboratorsis usefulto reassureusersthatthey
understandwhat eachuseris doing. It alsoimproves
thecollaborativemapbuilding processsinceanexpert
usercanmoreeasilyaid a novice. However, this will
bemorethanasimpleview of any collaborator’sentire
pipelinesincetheability to haveprivatework contexts
maymeanthatsomepipelineelementsarenotshared.

� System

– Performance- Theadditionof collaborative elements
to the singleusersystemshouldnot lower the over-
all performanceof the tool. Also, shareddataobjects
shouldbe routedasquickly aspossiblebetweencol-
laborators.

– Reliability - Dataobjectspassedinto thecollaborative
sessionshouldbe guaranteedto arrive at the correct
output points intact. All participantsshouldalso be
guaranteedthat the dataobjectsthey aresharingare
identicalfor all collaborators.

– Robustness- Thesystemshouldbeableto survive the
failure of any onepartwithout theentiresessioncol-
lapsing.For example,if oneuseris suddenlyunavail-
abletherestshouldbeableto continue.

� TargetUser
Thetoolsneedto beapplicableto a broadrangeof users,
with differentskill levelsin theiruseof visualizationsys-
tems.In particular, weneedto addresstwo distinctclasses
of user:

– Visualization Programmers- Thesewould be con-
sideredan expert userof the basevisualizationsys-
tem. They would be comfortablewith dynamically
constructingvisualizationpipelinesdeterminedby the
currentdirectionof their investigation.

– VisualizationEndUser- Thesearenotexpertusersof
any particularvisualizationsystem,yet derive benefit
from usingtailoredvisualizationapplications.

Theschemeof Duceet al. is subsumedwell by themore
generalandsystematicschemeof Wood. If basevisualiza-
tion systemandscalabilityareaddedto thesystemfactors,
Wood’s schemeneatlyaccommodatestheotherscheme.

2.6. Architecture

Therearefundamentallytwoapproachesto distributedcoop-
erative visualization:thecentralizedapproachandtherepli-
catedapproach.In thecentralizedapproacha singlecopyof
the visualizationapplicationis executed(thoughin saying
thiswedonotruleout thepossibilitythatthesingleapplica-
tion is a distributedapplication).In the replicatedapproach
multiplecopiesof thevisualizationapplicationareexecuted,
typically oneperparticipant.

In the centralizedapproach,the output from the visual-
izationapplicationis distributedto all participantsandinput
control informationgeneratedby eachparticipantis sentto
the application.Thestyleof operationis thussendcontrol,
receive output.

In the replicatedapproach,the visualization(or partsof
the visualization)are computedseparatelyfor eachuser.
Synchronizationmechanismsareneededto enableall par-
ticipantsto view thesamevisualizationatdefinedpoints.

Hybrid architecturesin whichsomepartsof thevisualiza-
tion applicationarecentralizedwhilst othersarereplicated
arealsopossible.Basingthevisualizationapplicationon an
MVE doesnot prescribeeitherapproach.Thereareexam-
plesof cooperative MVE-basedsystemswhich exhibit both
fundamentalarchitectures.

2.7. Summary

This sectionhaslaid the foundationsfor the remainderof
this paper. The scopeof the systemsconsideredin this re-
view is focussedon the sametime, differentplaceanddif-
ferent time, differentplace,partsof the Applegateclassifi-
cationmatrix, thoughby way of additionalmotivation,sec-
tion 3 looks at someexamplesof systemsin the same
time,sameplace,category. Within this limited field, thereis
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a spectrumof interestfrom loosely-coupledsystemsbased
on client-server World Wide Web technology, through to
tightly-coupledsystemsbuilt as modularvisualizationen-
vironments,or extensionsto suchenvironments.Although
web browsing is commonlythoughtof as a solo activity,
this is not necessarilythe case,andwhenweb browsing is
thoughtof asa collaborativeactivity thereis evenmorerea-
sonto includeweb-basedapproachesin this survey.

Referencemodelsfor both web-basedvisualizationand
MVE-basedvisualizationshave beendescribed.Themodel
of web-basedvisualizationconcentrateson the playersin-
volved: the MVE models take a more system-basedap-
proachandconcentrateon interfacesat which sharingcan
takeplaceandrepresentingthekind of sharingthat is actu-
ally takingplaceor maypotentiallytakeplace.

Thesectionconcludedwith adiscussionof asetof factors
thatcanbeusedasthebasisfor comparingdifferentMVE-
basedapproaches.

3. Environments for Cooperative Visualization

In this sectionwe briefly describesomeexamplesof envi-
ronmentsfor thesame-time,same-placecategory of collab-
orativeworkingin Applegate’stime-placematrix.Thisisnot
the main focusof this paper, but it is usefulbackgroundto
considersomeexamplesin thiscategory.

Thesimplesttypeof same-time,same-placeenvironment
is thegroupof usersclusteredaroundanordinaryworksta-
tion. The obvious problemswith this environmentare (a)
only one personcan ‘drive’ the system,thereis only one
setof input devicesand(b) differentparticipantsinevitably
view thedisplayfrom differentdirections.Thesedifficulties
are facedby more sophisticatedapproachesto same-time,
same-placeenvironments.

Projectionsystemsprovide one approachto display for
same-time,same-placecollaborationfor a group of users.
For visualizationinvolving 3D scenes,stereoprojectionis
often used,eitherwith red-greenglassesor moresophisti-
catedshutterglasses.

TheResponsive Workbenchdevelopedat GMD38 is cen-
tredonarealbenchwith aspecialglassplateasabenchtop.
Imagesareprojectedin stereoontotheglassplatefrom be-
low. This approachgrew out of experimentswith a rangeof
device hardwarein applicationsincludingmedicalimaging,
moleculardesign,fluid dynamicsvisualization,autonomous
systemsandarchitecture.A headtrackingdevice is attached
to theuser. Stereoimagesareviewedthroughshutterglasses.
In multiple userscenarios,the usershave to move around
theworkbenchasa group.Thepositionof only oneuseris
tracked,sotheperspective view is only correctfor oneper-
son.Objectdistortionarisingfrom thesingleuserperspec-
tive renderingwasfoundto bea significantdrawback.

A variantontheResponsiveWorkbenchwhichtrackstwo

usersand generatescorrectstereofrom two positionshas
beendescribed2. Theuserswearshutterglasses.Fourimages
arecomputed,onefor eachof the four eyes,anddisplayed
in sequence.The systemrequiresvery powerful hardware
to generateimagesfastenough.Oneof thelimitationsis that
imagebrightnessis reducedbecauseeachimageis displayed
for ashorterperiodof time thanin a singleusersystem.

Another approachis the CAVE (CAVE Automatic Vir-
tualEnvironment),developedat theElectronicVisualization
Laboratory, Universityof Illinois at Chicago18. TheCAVE
is describedasa theatre,typically a cubeof dimension3m,
madeup of three rear-projectionscreensfor walls and a
down-projectionscreenfor thefloor. Full colourscreenim-
ages(1280x 512 stereo)at 120 Hz areprojectedonto the
screen.TheCAVE is alsoequippedwith a multispeakerau-
dio capability. A user’sheadandhandsaretrackedwith elec-
tromagneticsensors.Usershave to wearLCD stereoshutter
glasses.Groupsof peoplecanentera CAVE andexperience
thevirtual environment,but like theResponsiveWorkbench,
thereare limitations causedby interferencebetweenusers
and the fact that the position of only one useris tracked,
leadingto acollapseof stereovision.

LehnerandDeFanti41 have describeda collaborative vir-
tual prototypingsystemdevelopedat GMD andNCSA for
the Caterpillarcompany. The systemis designedto allow
engineersat Caterpillar in the USA and Belgium to work
togetheron vehicle designsusing distributed virtual real-
ity. Thesystemintegratesreal-timevideotransmissionsinto
thevirtual environment,allowing engineersto seeotherpar-
ticipants.The paperanticipatedtrials in which a CAVE at
NCSAwouldbelinkedvia multicastprototcolsover IP over
anATM networkto aResponsive Workbenchat GMD.

4. Systems Based on Modular Visualization
Environments

This sectiondiscussessomeof thework thathasbeendone
usingMVEs asa basis.

Thefirst group(COVISA, COVISE, MANICORAL and
the SDSC collaborationsystem) takes advantageof the
highly visibledataflow networksin anMVE applicationand
allowssharedcontrolof any modulein thenetwork.

Thesecondgroup(ONERA,NASA Ameswork - FAST)
doesnotplacesuchemphasison visibility of all modules.

In all cases,same-time,different-placecooperationissup-
ported.

4.1. COVISA
� Who:

Universityof Leeds,fundedby theUK EPSRC� Basedon: IRIS Explorerfrom NAG

COVISA exploits anMVE to allow sharedcontrolof any

c
�

K.W. Brodlie D.A. Duce,J.R.GallopandJ.D.Wood



K.WBrodlieetal. / DistributedCooperativeVisualization

parameterandshareddataat any visible dataconnectionin
the dataflow network.It is alsopossibleto launcha mod-
ule in a collaborator’s networkeditor, or map editor as it
is termedin IRIS Explorer. This mechanismalsoallows an
entiremap to be sharedamongthe usersin the collabora-
tion, thus allowing all usersto start from the samebasis.
Onceoneusercreatesa sharemodule,all otherusersin the
sessionhave a companionmoduleautomaticallyavailable
to them. More than two usersare possible,and userscan
leave or join at any time. Userscan authortheir own col-
laborativemodulesusingasuppliedAPI. Collaborativeend-
userapplications,wherethe mapis hiddenfrom view, can
beconstructedcombiningIRIS Explorer’sstandardfacilities
for packaginga mapinto a turnkey system,andthecollab-
orative extensions.Any applicationdomainfor which IRIS
Explorercanbe usedis possible,but the COVISA system
hasbeendemonstratedwith medicalandCFDapplications.

References77� 76� 79� 80� 62

4.2. COVISE
� Who: University of Stuttgart,fundedin part by the E.U.

RACE projectPAGEIN.� Basedon: The cooperative systemis basedon the CO-
VISE systemitself.

COVISE is designedto accomodatevery large datasets,
usinga shareddataspacewhich modulesrunningon all co-
operatingworkstationsmayaccess.Theintendedmodelis to
allow multiple usersto visualizethe resultsof a simulation
running on a supercompter. One userat a time may exer-
cisecontrol, but control canbe changedto anotheruserin
thecourseof asession.Theprojectwasprimarily concerned
with designandsimulationof aircraft.

References39� 57� 75� 74

4.3. MANICORAL
� Who: CLRC RAL, fundedby the E.U. TelematicsPro-

gramme.� Basedon: AVS / Express

TheMANICORAL projectexploits themodularityof an
MVE to allow sharedcontrol of any parameterat any visi-
ble dataconnectionin the dataflow network.Eachpartici-
pantrunsa copyof AVS/Express.Sharingis introducedby
incorporatingsharingmodulesinto thenetworksof thepar-
ticipantswho wish to shareparametersor data(parameter
sharingwasfully implemented,datasharingwasdesigned
andpartially implemented).Sharingmodulescommunicate
througha so-calleddistribution server. Unlike theCOVISA
system,eachuserhasto explicitly introducesharingmod-
ulesto their network,althoughoncethepossibilityof shar-
ing a parameteris createdby oneuser, any otherusermay
join in. The systemhas beentestedwith 3 simultaneous

users.The main applicationsin the projectwerealtimetry
andgeodesybasedon GIS.

References19� 20� 21

4.4. SDSC - AVS-based
� Who: SanDiego SupercomputerCenter, fundedby the

U.S.Naval OceanographicOffice.� Basedon: AVS5

Theprojectaimsto extendan existing visualizationsys-
tem. It exploits the modularityof an MVE to allow shared
controlof any parameterandshareddataat any visible data
connectionin the dataflow network.The main application
in theprojectis oceanography.

Reference64

4.5. ONERA
� Who: ONERA, fundedaspartof theE.U. RACE project

PAGEIN.� Basedon: AVS5andIRIS Explorer

TheONERA work aimsto extendan existing visualiza-
tion system.Theresultof a simulationmaybedeliveredto
thecollaborative visualizationsystem,which allows thepa-
rametersof thevisualizationmodulesto becontrolledby any
of theusersin thecollaboration.A numberof cooperativevi-
sualizationapplicationsarepre-configuredusingtcl/tk. The
main applicationis aircraft simulationand imagesof this
work areavailablein69.

References28� 39

4.6. NASA Ames work - FASTexpeditions and Remote
Collaboration in FAST

� Who: NASA Ames� Basedon: The collaborative work is basedon the FAST
visualizationsystem.Althoughnot strictly anMVE, it is
convenientto discussit here.

There are two main approachesto cooperationin the
FAST work.

FASTexpeditionsallowscooperationatdifferenttimesvia
theWeb. Oneusersetsup a datasetanda FAST script.Re-
cipientscanrun a FASTexpeditionby accessingthe script
via the Web. The script is run on the recipient’s local ma-
chineusinga localcopyof thedataset.

FASTalsoallowsRemoteCollaborationbymultipleusers
at thesametime.

Theprimaryapplicationof FAST is CFD.

References5� 60
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4.7. Open Issues/Future Directions

Therearea numberof openissuesraisedasa resultof ex-
periencewith MVEs. We focusheremainly on experience
gainedthroughprojectsat LeedsandRAL in which theau-
thorshave hada directinvolvement.

Introducingsharing. An MVE provides a good frame-
work for constructinga DCV systemas others,aswell as
ourselves,have observed.Thereis a naturaltransitionfrom
a personalapplicationto a sharedapplication,by introduc-
ing sharingmodulesinto the application.However, unless
the need for sharing is envisagedby the applicationde-
signer, it is necessaryfor edits to be madeto the module
network (application)in order to introducesharing.Some
systems,notablyCOVISE,provideaform of sharedediting,
sothatchangesmadeby oneparticipantarereflectedin ev-
ery participant’s network.Othersystems,notablyCOVISA
andMANICORAL, assumeindependenceof editing,sothat
eachparticipantis responsiblefor theirown pipeline(which
maybedifferentfrom thatof others).Theresponsibilityfor
connectingthe sharingmodulethen lies with eachpartic-
ipant, allowing themthe flexibility of connectingit where
they wish. In the caseof COVISA, when a sharemodule
is launchedby oneparticipant,a companionmoduleis au-
tomatically launchedin the mapeditor 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
participant’s mapeditor. This is useful in situationswhere
oneparticipantis moreexperiencedthananother. In MANI-
CORAL, useis madeof theAVS/Expressparameterblocks
mechanismto provide a convenientway to introduceshar-
ing. Parameterblocksallow a networkto besetup with lo-
cal control, thenby dragging-and-droppinga sharingmod-
ule onto the parameterblock, sharingis enabled.Parame-
tersaregivennamesandonceoneparticipanthasdeclared
a willingnessto sharea parameterwith a given name,any
otherparticipantmayjoin in sharedcontrolof thatparame-
ter, providing a parameterblock with theappropriatename
hasbeenincludedin that participant’s network.ThusCO-
VISE,COVISA andMANICORAL arepointsin aspectrum
of possibilities.Theremay be a needfor compromisehere
andthe recognitionthatproductionusageanddevelopment
usagehave differentrequirements.

Differential workstationpower. If the workstationsused
by someparticipantsare significantly less powerful than
those used by others, the slower workstations can be
swampedby changesgeneratedby the fasterworkstations.
New parametervaluesarereceivedfasterthantheworksta-
tion canrecomputethe visualization.A similar problemis
createdby differentialnetworkbandwidthbetweenpartici-
pants.

Userinterfaceintegration.Outsidethevisualizationfield,
someworkhasbeendoneto integrateandcustomizetheuser
interfacesof audio-videoconferencingtools for particular

applications,for examplefor remotelanguageteachingin
theReLaTeproject12, but theserely ontheuserinterfacesof
all thetoolsbeingconstructedwith thesameUI technology,
in that caseTcl/Tk. Somevisualizationsystems,for exam-
ple COVISE, integratetheuserinterfaceto theaudio-video
conferencingtoolswith theinterfaceto thevisualizationsys-
tem. Other approaches,such as COVISA and MANICO-
RAL, keepthemseparate.In practiceCOVISA hasmainly
usedthe SGI InPersontool which hasvideo-conferencing
and a sharedwhiteboard.MANICORAL is usedwith the
Mbonetools: the audio tool RAT31, the video tool vic and
thewhiteboardtool wb. Thestancetakenon this issuemay
bedictatedpurelyby practicalconsiderations.It maybeim-
possibleto achieve integrationbecauseof theway in which
thetoolsareconstructed.Theremightbea differenceof ap-
proachdependingon whetherthe tools are to be usedfor
well-definedproductiontasks,or muchmoreinformally in
a settingwherethetaskis not well-definedandcooperative
workingis relatively informalandopportunisticasanexten-
sionto (nota replacementfor) thenormalworkingenviron-
ment.

Swampedby windows.One of the difficulties of MVE-
basedapproachesis that they tend to generatelarge num-
bersof windows.In theMANICORAL system,for example,
someattemptshave beenmadeto groupthe control panels
for sharedparameterstogether, but theseattemptshavebeen
hamperedby what appearto be limitations of the Express
UI toolkit. In a recentdemonstrationof theMANICORAL
system,goodusewasmadeof the multiple desktopcapa-
bility in thewindow managerused.Dif ferentdesktopswere
usedto holdfirstly visualizationoutputandactiveinputcon-
trols,andsecondlythenetworkeditor. Multiple desktopscan
provide a usefulway to structureactivity in a collaborative
session.Nevertheless,themanagementof screenreal-estate
remainsproblematical.

Scalability. It seemsto us that most examplesof dis-
tributed cooperative visualizationsystemshave only been
exercisedwith smallnumbersof users,typically 2 to 4, and
arebestsuitedto small groupexploratoryworking. Exten-
sionto largergroups(suchasmightarisein teachingscenar-
ios) in a scalableway remainsanopenissue,raisingproto-
col questions(suchasreliablemulticastprotocols)aswell
asdistributedsystemarchitecturequestions.

Asynchronouscollaboration. Most attentionto datehas
focusedon synchronouscollaboration.However MVEs are
alsousedin major simulationapplications,wherethe sim-
ulation codeis includedasa modulein the pipeline.Such
applicationsmaytakehours,evendays,to run,andin these
casessynchronouscollaborationis of limited use.Thus a
topic for futurework is to studyhow mechanismsfor asyn-
chronouscollaborationmaybeintroduced.

Privacy and conferencecontrol. The issuesof privacy
andconferencecontrolarecomplex. In certaincollaborative
projects,participantsmaywishtokeepsomeof thedatacon-
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fidential,while still allowing public accessto theremainder
of thedata.TheMVE systemssuchasCOVISA andMAN-
ICORAL thatallow independenteditingof thevisualization
pipelineby eachparticipant,provide a readysolutionto the
privacy issues:you sharewhatyou want to share,you keep
privateany datayou wantto keepprivate.

Floor control is anotherissue.In COVISA, a socialfloor
controlpolicy is adoptedsothatparticipantsagree(by video
conferencecommunication)who has control at any point
in time. MANICORAL takesthe sameapproach,relying
on humanprotocolsto mediatecontrol. This hasactually
provedsuccessfulin practice.

Thejoining andleaving of asession,thatis, moregeneral
conferencecontrol, is a harderissue.In COVISA, a central
server keepsa recordof the currentset of sharemodules
andso they canbe dispatchedto any latecomer. However,
in orderfor themto makesenseof thesemodules,another
participantwill have to sendan examplepipelineshowing
how to connectthem(usingtheAdvisor modulementioned
earlier).Finally thepipelinedataheldon eachof theshared
moduleshasto beexplicitly sent.

Network services.The systemsdescribedin this paper
haveusedavarietyof networkinginfrastructures,from local
areanetworksto theInternetanddedicatedbroadbandATM
connections.Fromexperimentscarriedoutin theMANICO-
RAL project, in which the RAL authorswere involved, it
becameclear that the Mbone and Internetin their current
form are inadequatefor desktopaudio-videoconferencing.
Our experienceof sessionswith 8 to 10 participantsis that
it is commonfor 2 or 3 sitesto experiencenetworkdifficul-
tiessuchashighpacketlossratesor highvariancein packet
delivery delaytimesduring any session.Audio quality and
reliability aresuchthatparticipantshave to develophuman
protocolsfor frequentlycheckingwhois presentin asession
andwhetherall participantsareseeingthesamedisplay, i.e.
whetherall updateshave reachedthemandbeenprocessed.
In thelimited experimentscarriedoutwith theJAMES ATM
network(in which only two siteswereinvolved), thesitua-
tion wascompletelydifferent.Theaudioqualitywasconsis-
tentlyhighandtheneedto continuallycheckwhatwashap-
peningelsewheredisappeared.In our view, for distributed
cooperative visualizationto be viable, a rangeof network
servicesneedsto be availableat thedesktopto supportthe
reliable delivery of datastreamsand the nearlosslessde-
livery of audioandvideostreamswith low delayvariance.
Provision of suchservicesis an openissuein multiservice
networking.

Introducinga new communityto CSCW. We write of our
own experience.Thegreatestdifficultiesencounteredby the
usersin theMANICORAL project(in theexperienceof two
of the authors)wereconcernedwith networking.In many
casesthe MANICORAL participantswere the first groups
at their sitesto requestaccessto theMbone.In somecoun-
tries andorganizationsthe Mboneis regardedasa service,

but in many countriestheMboneis runonabestendeavours
or goodwill basisandconsequentlyit is unreliableand it
canbedifficult to establishthenecessaryrouterconnections.
Establishingconnectivity throughtheJAMES networkalso
requiredconsiderablecommunicationsexpertise.Readyac-
cessto appropriatenetworkingservicesandexpertiseis an
essentialprerequisite.

5. Collaboration in Other Visualization Systems

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

The early approachto visualizationwasto provide a li-
brary of routines(typically codedin Fortran)which a user
couldincludewithin theirown softwarein orderto visualize
their data.Examplesof this genreincludetheNAG Graphi-
calLibrary9, whichis still well-usedtodayeventhoughover
twenty yearsold. A moremodernvariantis the vtk toolkit
of Shroederet al. 54, providing a C++ classlibrary for visu-
alization.

Thesesystemscould in principle be usedto provide the
basiccomponentsof acollaborativesystem,althoughweare
not awareof any work in this direction.Onereasonfor this
is simply thework involvedin developingthecollaborative
frameworkaroundthesoftware- it is mucheasierin thecase
of MVEs becausetheexisting MVE framework is designed
to supportdistributedworking,andaswe have seencanbe
extendedto supportdistributedcooperativeworking.

However therearesomenew approachesto visualization,
in theform of interactive packageswherecollaborationhas
beenincorporatedasa designaim.

Oneof thefirst visualizationapplicationsto addresscol-
laborationspecificallywastheTempusFugitsystemfor CFD
visualization,developedby Gerald-Yamasaki27. Indeeddis-
tributedvisualizationis alsostudiedcarefully in this paper.
In TempusFugit, apartitionis identifiedat thegeometrycre-
ationstage,sothatprocessingupto thatpoint in thepipeline
is carriedout in a server processon a supercomputer, and
thegeometryis thenpassedto aclientprocessonagraphics
workstationfor rendering.TempusFugit hasa companion
program,calledInterview, which extendsthesystemto col-
laborativeworking.An Interview clientconnectsbothto the
TempusFugit client and to the server: uponrequestto the
TempusFugit client, the Interview client canreceive a list
of thegeometryobjectsthatclient is currentlyviewing, and
theseobjectscanthenbedownloadedfrom theserver to the
Interview client.Both clientsthensharethesamegeometry,
andarefreeto interactwith it independently- althoughit is
possibleto synchroniseviews if desired.

TheSprayrenderingsystemof Pangetal. 49 is anovel ap-
proachto visualization,with somesimilaritiesto MVEs but
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alsosomesignificantdifferences.In theSpraysystem,auser
pointsa ‘spraycan’at a setof data:smartparticles(sparts)
arefiredinto thedatawith aparticularobjective(suchas‘lo-
cateisosurface’)andthesespartscreategeometricalprimi-
tives(polygonsin theisosurfaceexample).Ratherthandata
flowing throughmodulesas in MVEs, it is morea caseof
modulesflowing throughdata.

CSpray50 is acollaborativeextensionof theSpraysystem.
The active membersin a collaborationeachhave a spray-
can,andthey jointly createa sharedvisualizationspaceby
‘painting’ the data.The peoplearerepresentedaseyecons,
which areessentiallyavatarsin theform of aneye-ball.The
eyeconshows wherethe correspondingpersonis sited in
the visualizationspace.By clicking on an eyecon,another
usercanmoveto thatperson’sviewpoint in thevisualization
space.

Someimportantissueshave beencoveredin this work.
The issueof privacy is carefullystudied:a collaboratorcan
maketheir spray-caneitherprivateor public - theresultsof
aprivatespray-canareseenonly by thatperson,whereasthe
resultsof a publiccanarevisible to all. Floor control is im-
plementedonaper-objectbasis:ausercanrequestcontrolof
a visualizationobjectsuchasanisosurfacefrom theperson
whocreatedit, or thepersonwholastmanipulatedit. An au-
dit trail of thesessionis maintained:this allows latecomers
to join in by re-runningthesessionto thatpoint;or asession
to bereplayedata latertime.

CSprayhas beenused in a numberof applicationar-
eas,notablyenvironmentalsciencethroughtheREINAS 23

project.

Therearetworecentsystemswhichshouldbenoted.Both
areJava-based,andboth includecollaborationas a funda-
mentalpart.Thefirst is theSievesystemdevelopedby Isen-
hour et al. 32. This hassomeof the flavour an MVE-style
systemin thatdatainput,filter andvisualizationmodulescan
beconnectedin a dataflow pipeline.Collaborationis of the
WYSIWIS(WhatYouSeeIsWhatI See)style,meaningthat
all collaboratorsusethe samepipeline;but with ‘location-
awareness’so thatdifferentpeoplecansimultaneouslyedit
differentpartsof the pipeline.The stateof a Sieve session
is maintainedonacentralserver, sothatlatecomerscanjoin
thecurrentsession- andindeedit allowsasynchronouscol-
laboration,in whichoneusercandepositthefinal work of a
session,for anotherpersonto takeoveratsomelatertime.

Anothernew systemis theNPAC SciVis63, developedat
SyracuseUniversity. This is designedasa client-serversys-
tem, with the visualizationsystemas the server, and the
datagenerationprocessas the client. Datagenerationmay
be simplefile reading,or it canbe a simulationwhich cre-
atesdata.Thetwo processescommunicatevia UNIX sock-
ets.Thevisualizationserveriswrittenin Java,andsupportsa
form of collaborationin which userscanexchangedataand
personalizedfilters (processeswhich transformdata).

6. Web-based Visualization

6.1. Introduction

TheWorld Wide Webhasgrown from its initial focusasan
information repository, to have a much wider impact as a
distributedcomputingenvironment.This hasseenthe role
of visualizationin theWebextendin a similarway. Its early
usewasfor simply descriptivevisualization(in Bergeron’s
categorisation)wherea preparedvisualizationof scientific
datawasplacedas an image,or perhapsa VRML model,
within aWebpage.It is still oftenusedin thiswayof course,
providing averyusefulmeansof publicationof results.Most
visualizationsystemsnow allow VRML asanoutputoption
- seeWalton72 for example.

However thevisualizationcommunityhasrealisedthat it
is alsopossibleto carryout analyticalor exploratory visu-
alization, wheretheinvestigativeprocessitself is carriedout
in aWebenvironment.Thefirst work thatweareawareof in
thisareais thatby Ang etal. 3, andthishasbeenfollowedby
anumberof studiescoveringawidespectrumof approaches
to web-basedvisualization.

Herewereview thedifferentapproacheswhichhavebeen
proposed.We shall usea very broadclassification,deter-
minedby thelocationof thevisualizationprocessing.Recall
theHaberandMcNabbreferencemodel,whichseesvisual-
ization expressedasa sequenceof Filter, Map andRender
processes.Thegeometrycreatedfrom theMapprocess,and
passedto theRenderprocess,providesa convenientmeans
of distinguishingtwobroadclassesof approach.Thedistinc-
tion is between:

� Client-sidevisualization: heretheentirevisualizationex-
ecution (Filter, Map and Render)is carried out on the
client, perhapswithin the Web browser; thus the geom-
etry is createdon theclient-side.

� Server-side visualization: here the Filter and Map pro-
cessesarecarriedoutona server - sogeometryis created
on the server; the Renderprocess,wherethe 3D geom-
etry is viewed, is carriedout normally on the client (but
perhapson theserver).

Within eachcategory, we shallseethatdifferentflavoursof
theapproacharepossible.This is coveredin section6.2.

TheWebis fundamentallyacooperativeenvironmentand
any use of the Web will involve interactionbetweenthe
publisherof thesourcematerialon the server, andthesub-
sequentreadership.However it is now becomingpossible
to think aboutcooperationbetweenthe readersthemselves:
we thereforelook at how theexisting approachesto single-
personvisualizationon theWebcanbeextendedto include
cooperativeworking.This is coveredin section6.3.
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6.2. Distributed Visualization Over the Web

6.2.1. Client-based Systems

In this category, the completevisualizationexecution- the
Filter, MapandRenderprocesses- is executedon theclient.
Within this approach,however, there are three styles of
workingwhichvaryaccordingto how thesoftwareis assem-
bled.

At thispoint,it is convenientto seevisualizationsoftware
in two parts:thevisualizationdesign; andthecore software.
In the traditionallibrary context, thevisualizationdesignis
theuserprogram,thecoresoftwareis the library of subpro-
grams.In the MVE context, the visualizationdesignis the
visualprogramconnectingmodulesinto a pipeline,thecore
softwareis thesetof modulesprovidedwith theMVE. The
designandcoresoftwaretogetherform a visualizationexe-
cutable.

WecanthenallocateClient-basedSystemsinto threesep-
aratecategories,dependingonwhetherthevisualizationde-
sign,andthecoresoftware,arepresenton theclient, or are
downloadedfrom a server.

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

ClientServer

Data

Core

Design

Figure 6: Client-based: DesignandCore on Client.

In the simpleststyle, we assumethe visualizationexe-
cutable(designandcoresoftware)is fully installedon the
client machine,andthereis no softwareto download.If the
datato bevisualizedarealsoon theclient, thenit doesnot
makesenseto involve the Web at all. However it becomes
of interestif the datais not local, but ratheris availableat
a URL (perhapsgeneratedby a collaborator, or perhapsa
publicallyavailablesourceof data,suchasair quality infor-
mation,or stockmarketprices).We canthenusethevisual-
izationsystemasa ‘helper’ application,or plug-in,fired up
by thebrowseron receiptof dataof a specificMIME-type.
Seefigure6.

Indeedthiswasthebasicapproachtakenin thepioneering
work of Ang et al. 3. Their work focussedon volumevisu-
alization,andthey definedtheMIME-type ‘hdf/volume’ to
identify volumetricdatain theNCSAHierarchicalDataFor-
mat(HDF) representation.Onreceiving afile of thisMIME-
type, they wereableto invoke the inter-client communica-
tion facilitiesof theMosaicbrowser, to fire uptheuserinter-
faceof their volumevisualizationsystem,VIS.

Anotherexampleof this is theWebversionof Vis-5D 66,
developedby Hibbardat the Universityof Wisconsin.Vis-
5D is awidely usedsystemfor thevisualizationof meteorol-
gicaldata.It is aturnkey system,sothedesignandcoresoft-
warearecloselyintegrated.Thenameof thesystemcomes
from thetypeof datafiles it processes:the5D are(typically
but not necessarily)latitude, longitude,altitude, time and
oneof pressure,temperature,wind velocity andso on. By
convention,thesedatafileshave extension‘v5d’. The Web
server deliveringVis-5D files is setup to assigntheMIME-
type ‘application/vis5d’to files of extension‘v5d’; similar
set up is requiredat the browserside, to associateVis-5D
with thisMIME-type. Then,onreceiptof a Vis-5D file over
the Web, the browser will fire up Vis-5D as helperappli-
cation.The Vis-5D web pagesgive examplesof its usein
thisway, for instanceto providedaily weatherforecastvisu-
alizationsfrom datadeliveredby the US NationalWeather
Service.

An MVE canof coursebeusedin exactlythesamewayas
the Vis-5D system.Modulepipelines,suitablefor different
datatypes,arepreparedin advanceandheld locally. Each
datatype hasan associatedMIME-type. On fetchingdata
of a particulartypefrom a Webserver, thebrowserfiresup
the appropriatepipeline to processthe data.An inhibiting
factorto this styleof working is thelack of aninternational
standardfor visualizationdata,in the way that VRML has
becomefor geometrydata.

Jernhasdiscussedan approachlike this34, basedon the
AVS/Expressvisualizationsystem.He discussesthe useof
visualizationpluginsto performdatamanipulationandren-
dering locally at the client side.He is also exploring how
componentframeworkscanbeusedto providevisualization
componentsthat canbe incorporatedinto documentsin an
active way35.

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

Core

Design

ClientServer

Data

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

In the casejust described,it wasonly datathat wasbe-
ing transferredacrosstheWeb. However, particularlyin the
caseof an MVE, therearemore exciting possibilities.As
mentionedabove,executionof visualizationwithin anMVE
canbe seenas two distinct processes:first, the creationof
a pipelineof modulesspecifyingthe particularprocessing
to becarriedout - thevisualizationdesign;second,thecore
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software- themodulesthemselves,andthebasicinfrastruc-
tureof the MVE. In this approachwe downloadthedesign
from theserver, linking to coresoftwarealreadypresenton
theclient - seefigure7.

Thusonecanseethe MVE asan emptyworkspaceinto
which a visualizationprogram,that is, a specificpipeline
of modules,canbe transferredacrossthe Web. Thusa set
of ‘example’, or ‘demonstration’pipelinescan be held on
a server, and associatedwith a particularMIME type; on
being fetched by the browser, the pipeline can be auto-
matically loadedinto the emptyworkspaceas the applica-
tion is launched.This hassignificantpotentialfor education
and training, and is beingstudiedcurrentlyby Yeo81. The
pipelineof modulesis thenavailablefor usein the normal
mannerby theuser.

Notethatthiscanbecombinedwith thefirststyleof work-
ing, wheredata is readby the visualizationsystemfrom
a URL ratherthan local file. The examplepipelineswhich
aredownloadedcouldthemselvesincludemodulesthatread
datafrom URLs ratherthanlocal files - thusenablingboth
dataand‘design’ to bedeliveredfrom a Webserver.

Somevisualizationsystemscanbe driven by a scripting
language.They too canbe integratedwith Webtechnology
usingthis generalapproach.The systemis installedon the
client,but thescriptis downloadedover theWeb. An exam-
pleof thisapproachis theFAST5 systemfor CFDvisualiza-
tion; aswe shall seelater, this scriptdelivery over theWeb
is usedin theircollaborativeextension.

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

Data

Design

Core

ClientServer

Figure 8: Client-based: DesignandCore Downloaded.

In thisthirdcategory, theentirevisualizationsoftware(de-
signandcoresoftware)is downloadeddynamicallyfrom the
server - seefigure 8. The enablingtechnologyis of course
Java, and the visualizationexecutableis provided by Java
appletsembeddedin anHTML page.

An earlyexampleis describedby MichaelsandBailey46.
VizWiz is a Java appletwhich createsisosurface,cutting
planeor elevationgrid visualizations,from datasuppliedby
the user. A difficulty with this generalapproachis that the
datamustbe held locally on the server which delivers the
applet,for securityreasons.This is not ideal! It is likely that
thedatawill eitherbeheld locally by theuseron theclient,

or in thecaseof sharedpublic data,at someURL (not nec-
essarilywheretheappletis). MichaelsandBailey solve the
problemfor local databy usingtheNetscapefile uploadop-
tion, which transfersa local file to theserver. A majorsnag
is that the datais transferredto the server andbackagain,
just to circumventsecurityrestrictions!

An alternative solutionhasbeenproposedby Kee36 and
Stanton55, allowingdatafrom any URL. Thedataarefetched
temporarilyto theserverby aJavaapplication(distinctfrom
the visualizationapplet)which executeson the server and,
being an application,is not subjectto the securityrestric-
tions of applets.However, againthereis largedatatransfer
involved.

From a commercialratherthana technicalviewpoint, it
is of interestto be ableto charge usersfor their useof the
applets.KeeandStantonexperimentedwith a‘credit server’
which logsthetimeanappletis in use.

Anotherexampleof this approachis givenby Wegenkittl
andGroeller, in their FROLIC73 system.This createsvisu-
alizationsof dynamicalsystems,usinga variantof Line In-
tegral Convolution andothermethods.Thesystemsarede-
finedanalytically, andsothereis noproblemwith uploading
data.

This sectionhas concentratedon softwaredownloaded
dynamicallyduringasession.WenotehowevertheJavasys-
temsmentionedin section5 suchasSciVis andSieve, fall
into thecategoryof systemswhichmaybedownloadedover
the Web (beingwritten in Java); but this is morean initial,
static downloadratherthan the on-demandtype download
which is theprincipleinteresthere.

6.2.2. Server-based Visualization

In this category, the main visualizationprocessingis car-
ried out on a server andgraphicaldatais transmittedto the
client, for viewing within the browser. Again therearedif-
ferentstyles,determinedby theextentof therenderingdel-
egatedto the client: the graphicsdatamay be in the form
of arenderedimage,requiringonly imagedisplaysoftware;
or it maybe in theform of a 3D VRML model,requiringa
VRML browseron the client. This Server-basedvisualiza-
tion is distinguishedfrom the Client-basedapproachabove
by the fact that the geometry- at least- is createdon the
server.

This approachreducesdramaticallythe requirementson
theclientside- in termsof processingpower(only rendering
is required);in termsof softwareavailability (only imageor
3D graphicssoftwareneeded,andcommonplacein browsers
anyway, with VRML now an ISO standardfor 3D Internet
graphics);andin termsof training(only ability to useimage
or VRML toolsrequired).Nothingcomesfreeof course,and
thisapproachrequiresthepresenceof aserverwith all thein-
gredientsthathavebeenremovedfrom theclient:processing
power to createthevisualizationasan imageor 3D model;
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visualizationsoftwareitself; andhumaninvolvementto cre-
atesuitablevisualizationapplications.Moreover, if several
clientsconnectat once,thentheprocessingrequirementon
theserver canbequitesevere.

(a) Image Display on Client

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

A nice exampleis CurVis developedby Theiselet al.58.
This usesa novel techniqueof flow visualization,by dis-
playingthecurvatureof streamlines.Thevisualizationis re-
turnedasanimage,but theuserhascontrolover theformat
andcompression.

(b) 3D Model Rendering on Client

In this style, the renderingis delegatedto the browser.
VRML is generatedon the server and transmittedto the
client, allowing theviewer to have controlof the rendering
process.

An earlyexampleof this approachis describedby Wood
et al.78, basedon IRIS Explorerasthevisualizationsystem.
Thebasicprincipleof themethodis asfollows.Theuseren-
tersdetailsonaform to specifythelocationof thedataset(as
a URL say),anda ‘recipe’ for thestyleof visualizationre-
quired.Theform is processedby a CGI scripton theserver,
andavisualizationserveris executed.ThisinvokesIRIS Ex-
plorer, using its scripting language(Skm) to definean ap-
propriatepipeline.The output of the pipeline is a VRML
file, whichthevisualizationserver returnsto thebrowserfor
viewing.

A demonstratorhasbeencreated,to view air qualityinfor-
mationin theUK. This datais collectedon anhourly basis
atanumberof locationsthroughouttheUK, andtheAtomic
Energy Authority (AEA) publishthedataonaWebsite.The
demonstratorallows a userto selectthe time and location
of data,andthepollutantto beanalysed.Theapproachcan
in principlebeextendedto thepresentationof many differ-
ent typesof public serviceinformation- for example,road
traffic data,weatherforecastdetails,andsoon.

A similar idea has beendevelopedby Pagendarmand
Trapp70� 47 in their Vis-a-Web system.There are two sig-
nificantdifferenceshowever: first, theforms interfaceis re-
placedby a veryflexible approachusingJava to provide the
GUI; second,thevisualizationserver makesuseof special-
ist software,includingmodulesfrom theHighEndsystem.A
novel featureis thefact thatsoftwarefrom differentsources
can be usedto makea single visualization- VRML files
from differentsourcescan be combinedbeforetransferto
thebrowser.

A further systemhasbeendevelopedby Lefer40. Again
thebasicprinciple is the sameasproposedby Woodet al.,

but heretheunderlyingsoftwareis basedontheVTK toolkit
of Shroederetal.54.

IndeedtheVTK authorsthemselvesnow includeinstruc-
tions on their web site68 explaining how to build a VRML
visualizationservice.The procedureis simple: first install
VTK on the server; then createa VTK programto read
userparametervaluesandto producetherequiredvisualiza-
tion (using‘vtkVRMLExporter’ to write theVRML output),
saving theexecutablein a cgi-bin directory;next, createan
HTML form to allow a userto enterparametersto thepro-
gramandtriggerexecutionof theprogram.

Treinish61 , in a paperon visualizationdesignfor oper-
ational weatherforecasting,describeshow IBM Data Ex-
plorercanbeusedin aWebenvironment.Heenvisagesapar-
titioning of DataExplorer into a client-server system,with
a Java-basedappleton the client interactingwith DataEx-
plorerona server.

All the above approachesfollow a commonmodel: the
serverprocessacceptsrequestsfromaforminterface,orJava
program;it executesthevisualizationon theserver; andre-
turnsVRML to theclient.

6.2.3. Review of Web-based Visualization

We have seenthereforethatWeb-basedvisualizationcanbe
dividedinto two classes:Client-basedsystems,andServer-
basedsystems.Within eachclass,there are different ap-
proaches:Client-basedsystemsvary accordingto whether
the visualizationdesignandcoresoftwarearedownloaded
from aserver, or areassumedalreadyinstalledontheclient;
Server-basedsystemsvary accordingto whetheran image,
or a 3D VRML file, is returnedto theclient.

In figure 9, we try to show this taxonomyof web based
visualizationin a diagram.The front faceof the structure
relatesto wherethe visualizationprocessesof Filter, Map,
RenderandImageareexecuted- eitheron Client or Server;
andthesidefacerelatestowherethesoftwareemanatesfrom
- againeitherClient or Server. Alongsidewe mentionthe
variousexamplesthathave beendiscussedearlier.

A numberof issuesmay help to resolve which approach
is bestin a particularsituation.If high interactivity with the
datasetis required,then a Client-basedapproachmay be
best,allowing data,visualizationandinteractionto occurlo-
cally. Notehowever thattheJava-basedClient systemsmay
involve significantstart-upcostsin datatransferfor security
reasons.

For thenovice user, Server-basedsystemsoffer anattrac-
tion. The installation,licensingandotherstart-upcostscan
beborneby theproviderof theremotevisualizationservice.
In additiona simpleruserinterfacecanbeprovided,to hide
detail from the beginner. Server-basedsystemscanalsobe
usefulin anIntranetsituation,whereanorganisationcanset
up a visualizationservicetailored to a particulargroupof
scientists.

c
�

K.W. Brodlie D.A. Duce,J.R.GallopandJ.D.Wood



K.WBrodlieetal. / DistributedCooperativeVisualization

F M R I

Server

Client

C

C

S

S

C

C

C

Desig
n

S

Core

S

S

C

C

S

Process Execution

Source

Taxonomy of

Web-based Visualization

C - Client S - Server

CurVis (Thiesel)

Wood, Pagendarm, 
Treinish,Lefer

Vis5D (Hibbard)

FAST Expeditions (Watson). 
Yeo

VizWiz (Michaels & Bailey),
Kee/Stanton

Figure 9: Taxonomyof WebBasedVisualization.

The choiceof approachwill alsodependon the relative
processingpower of the client and server, in comparison
with thesizeof thevisualizationtask.Thesizeof thedataset
likewiseneedsto betakeninto account,relativeto theavail-
ablenetworkbandwidth.If datais beingtransferredfrom a
remotelocation,it may well be sensibleto apply the filter
processbeforethe datatransfer, in order to economiseon
bandwidth.

6.3. Cooperative Web-based Visualization

In this sectionwe shall explore how the approachesde-
scribedabovecanbeextendedtocooperativeworking.Some
of theseareuntriedideasbecausetherehasbeenrelatively
little researchto date,but we mayexpectthis to beasignifi-
cantareafor new work over thenext few years.

6.3.1. Cooperative Client-based Systems

We saw earlierthatthesefall into threedifferentclasses,ac-
cordingto the softwarethathasto bedownloadedover the
Web. It is convenientto follow the sameclassificationfor
cooperativevisualization.

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

This is thecasewherethelaunchof thevisualizationsys-
temon theclient is triggeredby delivery of dataof specific
MIME-type. Thesystemwill consistof visualizationdesign

pluscoresoftware,tightly integratedin thecaseof a turnkey
system,or morelooselycoupledin thecaseof an MVE or
graphicstoolkit/library. In the MVE case,it is possiblefor
a collaborative pipelineto beinvoked.Thus,if a numberof
differentusersall fetchdataover theWebat thesametime,
thenthey canbegin a cooperative sessionusingoneof the
extensionsto MVEs describedearlier (for example,COV-
ISA or MANICORAL). Thusthis approachextendsalmost
trivially to cooperativevisualization.

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

Thereis somerealpracticalexperienceof this approach,
throughtheNASA work on FASTexpeditions.As explained
earlier, theFAST systemcanbedrivenby ascript:in aFAS-
Texpedition,thevisualizationtaskscarriedout by oneuser
(the ‘pilot’) canbe recordedinternally asa script of com-
mands;thesecommandscanbetransferredfrom pilot to an-
otheruser, a ‘passenger’,sothey canseethesamevisualiza-
tion. The rolesof pilot andpassengercanbe interchanged
betweenparticipants.FASTexpeditions60 have beenusedin
aneducationalcontext.

In the context of an MVE, this casecorrespondsto the
downloadof a pipelineof modules.Theextensionto coop-
erative working is straightforwardin principle:for example,
in theCOVISA extensionof IRIS Explorerdescribedearlier,
it simply is acaseof downloadinga pipelinewhich includes
thespecialdatasharingmodules.
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(c) Visualization Design and Core Software Down-
loaded from Server

This is the casetypified by the downloadingof software
dynamicallyin the form of Java applets(suchastheSDSC
VizWiz system).We are not awareof any work to extend
theseto cooperativeworking.

6.3.2. Cooperative Server-based Systems

Almost all the researchin cooperative visualizationhasfo-
cussedonthesame-time,different-placequadrantof theAp-
plegatematrix. However it is not alwaysconvenientto col-
laborateat the sametime: perhapsthe collaboratorsthem-
selves have different schedules,or perhapsthe processes
themselves do not fit a synchronousstyle of working (for
example,whenthevisualizationdatais outputfrom a large
simulationprocessrunningover several days).Here asyn-
chronouscollaborationis moreappropriate.

This hasbeenstudiedin thecontext of Server-basedsys-
temsby Wood79. Heextendstheair qualitydemonstratorde-
scribedin 6.2.2to allow a numberof collaboratorsto inves-
tigatedataover a periodof time. It worksasfollows.A first
usercreatesa visualizationusingthe form front-endto the
IRIS Explorersystemrunningontheserver. If aninteresting
visualizationresults,they may chooseto storethe parame-
terswhichdefinedthatvisualization.Notethattheseparam-
eterscompletelydefinethe visualization,andof coursere-
quiremuchlessstoragethansaving, for example,theVRML
output.

Now consideranotheruserin thecollaboratinggroup.On
fetchingthe HTML page,they canalsogain accessto the
datasavedby theearlieruser. They canusethis asastarting
point for theirown studyof thedata:they canaddtheirown
textualcommenton thevisualization,or they maychooseto
changesomeof thedefiningparameters,creatinganew visu-
alization.If this new visualizationis of interest,its defining
parametersmaybesavedfor lateruseby othercollaborators.
This sequenceof storeddefinitionseffectively forms a tree
of exploratoryvisualizations,built up over a periodof time
by thecollaborators.

Notethatthisapproachcanevenbeusedby agroupwork-
ing in the sameplace,andso it couldalsobeplacedin the
same-place,different-timequadrantof theApplegatematrix.

6.4. Conclusions on Web-based Visualization

The Web has becomean important environment for dis-
tributedcomputingin particular, anddistributedvisualiza-
tion in particular. We have seenhow systemscanmap on
to the client-server architecturein a variety of ways- with
a major distinctionbetweenClient-basedandServer-based
systems.

The Web is fundamentallyan environmentfor coopera-
tion. We have seenthat it can be usedfor distributed co-
operativevisualizationin avarietyof ways:thesynchronous

collaborationaffordedby MVEscanbeinvokedin aWeben-
vironment;andasynchronouscollaborationcanbeachieved
in Server-basedsystems,usinga storedtreeof explorations.
RecentlyLovegrove andBrodlie44 have studiedhow multi-
userVRML canbeexploitedto providesynchronouscollab-
orationin a Server-basedsystem.

Theseareall very explicit formsof collaboration,where
thereis cooperationin the excution of the visualizationby
the interestedparties.However the Web also allows some
less obvious collaboration.For example, simply making
availablea datasetat a URL makesit availableat any time,
any placeto collaborators.TheVis-a-Websystemof Pagen-
darmallows themergingof visualizationscreatedby differ-
ent softwareat differentplaces:this is almostcooperation
betweenprovidersof visualizationsoftware.

7. Collaborative Visualization and Virtual Reality

For many visualizationproblems,VR is a promisingtech-
nology. Gallop26 providesanintroductionto theapplication
of VR in thisfield.TheCAVE18, mentionedearlier, is exten-
sively usedfor scientificvisualization.Theneedtocooperate
at adistanceis no lesswhenVR is involved.

VRML ontheWebprovidesawayto cooperateusing3D
visualizationwith the participantsat different places,and
workingat differenttimesandhasbeendiscussedin section
6. This approachhasthe advantageof relying on a formal
(ISO/IEC)andacceptedstandard.

Severalprojectshave experimentedwith cooperativeVR.
This allows peopleat differentlocationsto setup represen-
tationsof themselves (avatars),togetherexplore the same
world andcommunicatewith eachotheraboutwhatthey ob-
serve. For exampleDIVE59! 14! 15 allows several networked
participantsto interactin avirtual world over theInternet.A
numberof approachesto multi-userVRML worldshavealso
beendescribed,not specificallywith visualizationapplica-
tions in mind22. Broll, for example,hasworkedextensively
in this areaandhasdevelopeda multi-userVRML browser
which provides supportfor the representationof usersby
avatarsandcommunicationbetweenusersby integratedau-
dio and text chat facilities. The systemusesa distributed
worlds transferprotocolwhich supportsthe reliable trans-
missionof largedatafiles betweenpeers,thereliableor un-
reliabletransferof messagesbetweenlargenumbersof par-
ticipantsandthetransferof streamdatasuchasaudio10! 11.

Thiskind of technologycanbeappliedto visualizationre-
sultsif thegeometricoutputcanbeinput to thecooperative
VR system.Themultipleusersin thevirtual worldwouldto-
getherexploretheabstractscenecreatedby thevisualization
system.

However this is a passive way of approachingvisualiza-
tion. Thework by COVISA, by COVISE,by MANICORAL
andat SDSC(seesection4) shows that userswant shared
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control over the processnot just sharedexplorationof the
output.The experienceof the VIVRE project67 alsoshows
thatusersstudyinglargeproblemswith VR expectto usethe
virtual environmentto exercisecontrol over the visualiza-
tion process.It is thereforea naturalstepto allow dynamic
cooperativecontrolof thevisualizationprocessfrom thevir-
tual environment.However this is not commonasyet. The
Universityof StuttgartareextendingCOVISE (discussedin
section4) by addingVR capabilityto thesystem56# 57. The
userworksin aCAVE andsomeof theusercontrolsin CO-
VISE areavailablein thevirtual environment.Theusercan
accessfurthercontrolsoutsidetheCAVE.

The Studierstubeproject65 allows multiple users in a
“studyroom” to cooperatestudying3-dimensionalscientific
visualization.Eachparticipantwearsan individually head-
trackedsee-throughheadmounteddisplayandthushastheir
own personalview. It is plain thateachperson’s view is in-
dividually renderedthusincreasingthecomputationalload.
New visualizationcalculationscan be triggeredfrom any
participant’svirtual environment.

8. Distributed Collaboratories

DistributedCooperative Visualizationis part of a wider vi-
sionfor theuseof computersupportedcooperative working
tools in scienceandengineering.In this sectionwe give a
glimpseof that wider picture,illustratedby a specificpro-
grammein theUSA.

A report16 written in 1993 by the National Research
Councilnoted:

Thefusionof computersandelectroniccommuni-
cationshasthe potentialto dramaticallyenhance
the output and productivity of U.S. researchers.
A major steptoward realizing that potentialcan
comefrom combiningtheinterestsof thescientific
communityat large with thoseof the computer
scienceandengineeringcommunityto createin-
tegrated,tool-orientedcomputingand communi-
cationsystemsto supportscientificcollaboration.
Suchsystemscanbecalled“collaboratories”.

Themotivationbehindthis view is thefact thata signifi-
cantproportionof modernscienceinvolveslargeandexpen-
sive instruments,often available only at a single location,
andteamsof scientistsdrawn from universities,nationallab-
oratoriesandindustry. Geographicalseparationcanbea se-
riousimpedimentto collaboration.Faceto facemeetingsare
expensive in termsof travel costs,time andaredifficult to
schedule.Thevision of distributedcollaboratoriesis to pro-
vide a widely distributedenvironmentin which people,in-
strumentation,andinformationcanflow andinteractaseas-
ily asthey canwhenall thecritical resourcesareco-located.
This vision led to the creationof the Distributed Collab-
oratory ExperimentEnvironments(DCEE) programmeby
the US Departmentof Energy37. This programmehasnow

terminatedand the vision is being carried forward in the
DOE2000programme.

TheDCEEprogrammeconsistedof two threads:testbeds
which helpedto introduceandintegratetechnologyneeded
for remoteoperationof facilities, collaborationand infor-
mationsharingandtechnologyprojectsaddressingspecific
functionalityandcomponentsnot previously available.The
testbedprojectsincludedmediumscaleenvironments(tens
of scientistsand students)in the PNL Environmentaland
Molecular SciencesLaboratory, the ANL AdvancedAna-
lytical ElectronMicroscopeand the LBL AdvancedLight
Source,togetherwith a large scaleexperiment(a teamof
hundreds)in the GeneralAtomics D-IIID TokamakFusion
Facility. Technologiesidentifiedincluded:distributed,cross-
platformelectronicnotebooksto collect,catalogueandshare
resultsandinsights,multi-partydatacommunicationsproto-
cols,openandsecureglobalfile systems,anduseof shared
spaceandVR approachesto improvethesenseof awareness
andengagementin interactions.

Oneof thekey foci in theDCEEprogramme,whichiscar-
riedinto theDOE2000programme,wastheElectronicNote-
book.Theaim hereis to build anelectronicreplacementfor
the traditionalpaper-basedlaboratorynotebookinto which
scientistswould pasteexperimentalresultsanddescribein
detail their work in a verifiable timeline. The laboratory
notebookis oftentheonly pieceof evidencethatcanbeof-
feredin courtcasesinvolving patentlaw. Theinterpretation
of suchrequirementsin the pasthasmadesharingof note-
booksdifficult.

There is a clear needand desireto integratevisualiza-
tion into such environments.The DOE2000White Paper
talks aboutmechanismsto supportcollaborative work in-
cluding reliable telepresencesoftwareand supportfor im-
mersive visualizationapplications.Notebooksbeingdevel-
opedin DOE2000projectsseemto be basedon Corbaob-
ject technology, Java andWeb technology. Integration is a
significantchallengein thisarea:integrationat theprotocol,
objectmanagement,databaseanduserinterfacelevels.

9. Conclusion

As networksbecomemorepervasive andcollaborationbe-
comesmoreandmoreimportantin many areasof life, it is
naturalto askwhatcomputingcancontribute.In many areas
of scienceandengineeringand increasinglyin otherareas
too,visualizationplaysa key mediatingrole in communica-
tionsbetweenhumans.

As the areaof distributedcooperative visualizationma-
tures,we canexpecttheresearchideasdiscussedin this re-
port to translateinto productsin themarketplace.Indeedthe
COVISA extensionof IRIS Exploreris alreadyavailablefor
UNIX implementationsat theUniversityof LeedsIRIS Ex-
plorerCentreof Excellence62, andthenext releaseof IRIS
Explorer is expectedto includeCOVISA for both NT and
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Unix. The usageof thesesystemsin the field is likely to
stimulatea furtherroundof research,asstrengthsandweak-
nessesemerge.

We have attemptedin this STAR to give a review of ap-
proachesto supportingtheuseof visualizationin collabora-
tive situations,throughwhatwehave termeddistributedco-
operativevisualization.Wehaveexaminedapproachesbased
onMVEsandweb-basedapproaches.Thisisafield in which
we may expect to seecontinuedgrowth over the coming
years,asthewebdevelopsand(hopefully)high qualitynet-
workingbecomesmoreavailableandmoreaffordable.

It is interestingto notethatCSCWtechnologywasusedin
thepreparationof this STAR. Theschedulesof theauthors
weresuchthat it wasimpossibleto find a dateon which to
meetface-to-face.We thereforehadto resortto a combina-
tion of audio-videoconferencesessions(conductedin small
conferencesuitesat the Universityof LeedsandRAL over
ISDN connections)andemail for theexchangeof draft sec-
tionsof thedocument.Thereaderis left to judgetheefficacy
of this approachfrom the point of view of the endresults!
For theauthors,this wasaneffective useof time, thoughit
wasvery helpful that theauthorsknew eachotherwell and
have built up a commonunderstandingof at leastsomeof
thematerialovera periodof years.
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