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ABSTRACT

In this paperwe describeCAMELOT, a novel technology-
focusedmethodologyfor testingcollaboratie softwarethat
contrastswith existing broad-basedCSCW evaluationap-
proachesCAMELOQOT is intendedfor useby applicationde-
velopers,userinterfacespecialists performancesngineers,
andquality assuranceersonnelTheevaluationof a CSCW
applicationis dividedinto two stagessingleuserandmulti-
user Thesingleuserstageis subdvidedinto generalcom-
puting and human-computeinteractiontesting. The multi-
user stageis decomposednto distributed computingand
human-humarinteractiontesting. The methodologypro-
vides a detailed, codi ed, checklistof testingtechniques
for eachstage.We applied CAMELQOT to a corventionally
tested,mature CSCW application. Our techniquesuncor-
eredandclassi edovertwo dozenproblemswith thesystem.
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1 INTRODUCTION

EvaluatingCSCWsoftwareis adauntingtask.In additionto
a hostof issuedik e functionalandusability testingthatare
relevantto ary software system,the CSCW evaluatormust
alsoconsidemproblemssuchasscalability synchronization,
and race conditionsgiven the applications distributed na-
ture, aswell increasedisability compleity whenthe appli-
cationbecomesa vehiclefor interactionbetweenusers.In-
dustryhasprovidedexecutionbasedestingtoolsfor general
applicationsoftware. However, little guidanceis offeredfor
effective use of thesetools with a CSCW application. In
addition,thereis no supportfor testingsophisticatedhterac-
tion amonguserswhich lies atthe heartof CSCW[6].

Researctinto CSCW evaluationhasbeenbroadbasedad-
vocatingthe examinationof both social and technological
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aspect®f anapplication[1, 3, 4, 15, 17]. Thesebroadbased
approachesombinedwith the researclcommunity’s pref-

erencefor social evaluationhave createda lack of speci ¢

techniquedor the technologicalevaluationof CSCW soft-

ware.

In this paper we presentCAMELOT, atechnology-focused
methodologyfor evaluatingcollaboratve software. In con-
trastto existing techniquesour approachhasa deliberate
technologicalfocus and can be combinedwith CSCW en-
abled testing tools, such as Rebecca-J6], for an effec-
tive evaluation. CAMELOT is intendedfor useby applica-
tion developersuserinterfacespecialistsperformancesngi-
neersandquality assuranceersonnel.

CAMELOT decomposea CSCWapplicationinto fourinter-

sectingsoftwaretechnologiegseeFigurel): GeneralCom-
puting, HumanComputerinteraction,Distributed Comput-
ing, and Human-Humaninteraction. Techniquesderived
fromtheliteratureareenumeratedbr eachtechnology Each
techniquehasa uniquelabelthatcanbeusedto classifytests
andproblemswhenusing CAMELOT to evaluatean appli-

cation.

GeneralComputing describes software components
thatprovide generabpplicationcapabilities.In its most
primitive form, this describesa Turing Machine that
takesinput, performsoperationson the input, andpro-
ducesoutput. All softwaretechnologyfalls underthis




broadcategory.

HumanComputerinteraction describes components
that deal with the interface betweenthe userand the
software system. Thesecomponentsnclude: process-
ing userinput from voice, mouse,joystick, and key-
board; graphicalinterfaceslike windows, menubars,
push buttons, and text elds; processingapplication
outputlike audio,video,andgraphics.

DistributedComputingdescribescomponentghat are
responsibldor multitaskingandmultiprocessingn the
applicationat the thread,process processqrand ma-
chinelevels. The main focus of distributed comput-
ing in the CSCWdomainis the managemenaf objects
sharedacrosausers.

Human-Humarinteractiondescribescomponentghat
facilitate interactionbetweenusersduring application
use. Examplesinclude oor control, sessiormanage-
ment,andsharedvindowing.

CAMELOT is appliedin two stages:single userfollowed
by multi-user In the single userstage,the evaluationfo-
cusen thesingleuserproblemsin theapplication.For the
mostpart,thesearedescribedy generakomputingandhu-
man computerinteractiontechniques.Distributed comput-
ing andhuman-humainteractiontechniquesreusedto un-
cover awsin themulti-userstage Theintersectinghatureof
singleandmulti-usertechnologiesnay causethetechniques
from oneto triggerthe developmentof testsor discovery of
problemsn another

A uniquecodeis associatedvith eachtest category. The
codeprovidesa classi cation scheméor the testsusedand
problemsuncoveredduring applicationevaluation. We be-
lieve CAMELOT's techniquesare inclusive of mostof the
technologytestsan evaluatorwould want to performon a
CSCW application. As new technologiesare introduced,
however, we expectthelist to expand.

CAMELOT providesa detailedsetof techniquedor detect-
ing problemsin CSCW software. Our approachis not al-
gorithmicandcannotbe fully automated.In orderto guar
anteethat a programoperatescorrectly an automatedest
systemwould have to try every possiblecombinationof in-
putvaluesor executionpaths.Researchersase beenunable
to identify acomputationallyfeasibleapproacho automated
testing[11]. Like otherintractableproblemsin computer
sciencepracticaltestingapproachesseheuristicgo reduce
the numberof teststhat mustbe performed. As with ary
heuristic,practicaltestingapproachetke CAMELOT can-
notguaranteehatall applicationproblemswill befound.

2 SingleUser Evaluation

In contrast to previous CSCW evaluation approaches,
CAMELOT hasa deliberatetechnologicaffocus. The rst
stagein our evaluationprocesyiews the CSCWapplication

from the perspectie of a singleuser Therearetwo types
of single userevaluation: GeneralComputingand Human
Computer Interaction. General Computing encompasses
testingtechniqueghat can be usedwith ary kind of soft-
ware application. HumanComputerinteractiontechniques
concentraten identifying problemswith applications user
interface.Singleusertestsaresimplerto create gxecuteand
analyzethanmulti-usertests.Theinsightsgainedduringthis
stagecanbe usedlater in the evaluation. For example,the
identi cation of sharedobjectsusedin the applicationcan
be usedfor subsequentacecondition and synchronization
tests. As anotherexample,the single userperformanceof
an applicationfunction can give an indication of how that
functionwill scale.

General Computing

Decadesf researchhave goneinto the discipline of soft-

ware testing. A surwey of this work was conductedprior

to developing CAMELOT [6]. Testingduring the software

lifecycle is a processhy which the behaioral propertiesof

the software areveri ed. Thereis little evidencethat test-

ing methodologieshatverify thesystemattherequirements,
speci cation, or designstagesare usedoutsideacademia.
The extraordinaryamountof effort requiredby thesetest-

ing methodsgevenfor smallsoftwaresystemsis unattractve

to the commerciakoftwarecommunity

Takingits cuefrom dif culties with earlylife cycle testing,
CAMELOT focuseson executionbasedestingof software.
The structureof CAMELOT's generaltestingmethodology
comedrom Meyer'sclassiowork "The Art of SoftwareTest-
ing” [11]. The book presentsa commonsenseapproachto

veri cation of software systemsthat has stoodthe test of

timein boththecommerciabndacademicommunitiesThe

techniguedistedin tablel areusedin laterstage®f thesoft-

warelife cycle.

Performanceestsare particularly critical for CSCW appli-

cations.Therearetwo kindsof performancéssuesn CSCW

systemssingleuserandmulti-user For generakesting,the

evaluatorshouldfocus on the responsdime, and resource
utilization of singleuserscenariosMulti-user performance
will bediscussedh detailin Section3.

Although the techniquedisted in Table 1 are organizedby
life cycle stagethetestscanbeperformedatary pointin the
cycle. For example,a securitytestmight be performeddur-
ing the implementatiorphaseto prototypean applications
securityfeatures.

Human Computer Interaction

A greatdealof work by theacademiandcommerciakom-
munitieshasfocusedon testinghumancomputetinteraction
[6]. Theseefforts areconcentratedn two mainareas:gen-
eralcomputingandusability.



CAMELO T | Development Technique
Code Cycle
Implementation
GC.IM.1 FunctionalTest
Integration
GC.IN.1 BottomUp
GC.IN.2 Top Down
GC.IN.3 Sandwich
SystemTest
GC.ST1 Facility Test
GC.ST2 VolumeTest
GC.ST3 StressTest
GC.ST4 SecurityTest
GC.ST5 Performanc&est
GC.ST6 Con guration Test
GC.ST7 Memory Test
GC.ST8 Compatibility
CorversionTest
GC.ST9 Install Test
GC.ST10 Recorery Test
GC.ST11 Documentatiormest
GC.ST12 Procedurélest
GC.ST13 Acceptancélest

Tablel: GeneralComputingTechniquegrom [11] and [18]

Genenl Computing HumanComputerinteraction Tech-
nigues
Generalcomputingintersectshumancomputerinteraction
de ning the correctnes®f the userinterfaceas”proper be-
havior of thegraphicaluserinterfaceandpropercomputation
of theunderlyingapplication [14] A generatomputingap-
proachto humancomputerinteractiontestingexercisesthe
applicationusingthetechniquedistedin Table1l.

Yip [24] and Schneidermarj19] provide someadditional
techniquesAutomatedrecord/playbackools[6, 10, 13, 20]
allow the evaluatorto createregressionteststhatensurethe
stability of anew coderelease.

CAMELO T Technique

Code

GC/HCI.1 Missing,invisible, unreachableomponents derivedfrom:
(GC.IN.1 HCIl) GC/HCI.1

GC.HCI.2 Failureto respondo userinputs derivedfrom:
(GC.IN.1 HCIl) GC.HCI.2

GC/HCI.3 Cross-wireccomponentge.g. button pressdisplayswrong
component) derivedfrom: (GC.IN.1 HCI)  GC/HCL3

GC/HCIL.4 Incompletenesge.g.closebox presentn somewindows, but
notothers) derivedfrom: (GC.ST13 HCI) GC/HCI.4

GC/HCI.5 Responséime derivedfrom: (GC.ST5 HCI) GC/HCIL.5

Table 2: GeneralComputing
Techniquedrom [24], [19]

Human Computer Interaction

Generatomputingeestsof userinterfacessuffer fromacom-
binatorialexplosionof testcaseslueto thenumberof differ-
ent pathsa testercantake to exercisethe sameapplication
function[23]. Like blackandwhite boxtests, CAMELOT's
approachto Ul path testing requiresevaluator judgment.
Path testsshouldbe conductedvherethe evaluatorbelieves

they will bethemostfruitful in uncoveringapplicationaws.

Usability Techniques

Usability testing evaluatesa software applicationfrom the
users perspeciie. Thecorrectnessf anapplicationis mea-
suredin termsof the users effectivenessandfeelingsabout
the application ratherthana generalcomputingstandpoint.
Over the pasttwo decadesSchneidermahasproducedand
revised a thorough surwey of user interface development
techniqueg19]. CAMELOT's usability techniquesshavn

in Table3, aretakenfrom this surwey.

Usability criteria representa generalset of questionsthe
evaluatorshouldask abouta users use of the application.
The GoldenRulesfor Application Designare eight guide-
lines for the designof ary applicationwith a userinter-

face. User Interface Technolagy Guidelinesis a list of spe-
ci ¢ technigueorganizedby the userinterfacetechnology
Ratherthanrepeatinghe guidelinespeci cs herethereader
is referredto the original text for moredetail[19].

CAMELO T Technique

Code
Usability Criteria

HCILUC.1 Time to learnsystem:How long doesit take for atypical user
to learnto usethe system?

HCIL.UC.2 Performancef tasks:How long doesit take for auserto
performatypical setof tasks?

HCILUC.3 Usererrors:How mary andwhatkind occurwhile performing
atypical setof tasks?

HCILUC.4 Retentionover time: Is it easyto remembehow to usethe
systemwith infrequentuse?

HCI.UC.5 Subjectve satishction: Do userdike the system?
Golden Rulesfor Application Design

HCILGR.1 Strive for consisteng.

HCIL.GR.2 Enablefrequentusersto useshortcuts.

HCIL.GR.3 Offer informatie feedback.

HCIL.GR.4 Designdialogsto yield closure.

HCI.GR.5 Offer simpleerrorhandling.

HCI.GR.6 Permiteasyreversalof actions.

HCI.GR.7 Supportinternallocusof control.

HCI.GR.8 Reduceshort-termmemoryload.
User Interface TechnologyGuidelines

HCI.UITG.1 DataDisplay

HCLUITG.2 Gettingthe User's Attention

HCLUITG.3 DataEntry

HCLUITG.4 Menu Selection

HCLUITG.5 Form Fillin Design

HCI.UITG.6 Command_anguages

HCI.UITG.7 Direct Manipulation

HCI.UITG.8 InteractionDevices

HCILUITG.9 Error Messages

HCLUITG.10 | Color

Table3: Usability Techniquegrom [19]

3 Multi-User Evaluation

The secondstagein CAMELOT's evaluation processap-

proacheghe CSCW applicationfrom a multi-userperspec-
tive. Thereare two typesof multi-user evaluation: Dis-

tributed Computingand Human-Humaninteraction. Dis-

tributed Computingfocuseson the multi-thread,task, pro-

cessorand machinechallengeghat occurin CSCW appli-

cations. Human-Humarinteractionconcentratesn testing
the software componentghat facilitate interactionbetween
users.

Distrib uted Computing



Distributed computing encompassesoftware written for

multithreaded, multitasking, multiprocessar or multima-

chine architectures. The technologyis concernedwith

communicationbetweenone or more routines executing
in parallel. Communicationconsistsprimarily of requests
for/updatesaboutsomeform of shareddata. Distributed

computing software suffers from four commonproblems:
race conditions,deadlock,temporalconsisteng and scala-
bility.

RaceCondition

Whentwo or moreroutinesexecutingin parallelareallowed
to simultaneouslynanipulateéhe samedatainstancewithout
propercontrolit is calledaracecondition.Lackof controlled
accesso shareddatamayresultin datacorruption.A classic
illustration of this is the bank accountwithdraval example
from databaséterature[7].

Deadlok

Synchronizatioreliminatesaceconditionsby restrictingac-
cessto shareddatain a controlled mannerusing synchro-
nization primitives such as mutual exclusion, semaphores,
or messag@assind22]. Synchronizatiorintroduceghepo-
tentialfor deadlock.Deadlockcanoccurwhentwo or more
parallel routinessharetwo or more synchronizationprim-
itives. Deadlockcan be avoided through careful software
design. Like raceconditions,detectingdeadlockis notori-
ously dif cult becausef subtletiming dependenciesilt is
alsodif cult to delugbecausef complicateddependencies
betweerparallelroutinesandsynchronizatiorprimitives.

Tempoal Consistency

Temporalconsisteng is the ability to correctly order mes-
sagewithin theCSCWapplication.Temporalkonsisteng is
especiallyimportantwhen providing communicationfeed-
backfor themanipulationof sharedbjects,anduseraware-
ness. For example, considera sharedediting systemwith
threeusers.userAtypestheword "dessertation” userBcor-
rectsthe word by moving the cursorafter the rst 'e' and
changingt to'i'. Becausef anetwork delaybetweeruserA
and userC,userBS correctionsto the word arrive at userC
beforethe actualword arrives. Testingfor temporalcon-
sistengy problemsinvolve techniguessimilar to thoseused
for raceconditionsanddeadlock.Network delaycanbein-
troducedby arti cially consumingbandwidth,or by instru-
mentingthe applicationto introducearti cial messagele-
lays.

Scalability

Scalabilityis alsoanimportantconsideratiorin distributed
computing.A systemsability to scaleasthenumberof users
is increasedmeasuredising performanceevaluationtech-
nigues. Although thesetechniquesan be describedyener

ally, theactualevaluationis applicationspeci c. Jainswell-

known text "The Art of Performancévaluation”presenta
generabpproactfor mostapplicationq9].

The key to the performancesvaluationof CSCW applica-

tionsis athoroughunderstandingf the applications archi-
tectureandintendeduse.This understandingyill revealser

vicesthatarecandidatesor scalabilitytesting.Creatinguser
scenarioghatrepresentommonuseractivity andthenrun-

ning thesescenario®n the systemusinglive or virtual users
will placethesystemundera typical” load.

CSCWArchitecture

Thedistributedarchitecture®f CSCWsystemdall between
two extremes:centralizedanddecentralized A centralized
architectureconcentratethe sharedstatein a singleprocess
onasinglemachine.Whena processn the systemmanipu-
latesshareddata,it makesa requesto the sharedstatepro-

cess.Centralizatiorsimpli es accesgontrolfor shareddata
by placingsynchronizatiorogic in a singleprocess.Scala-
bility problemscanoccurasanincreasinghumberof users
competefor the attentionof the singlestateprocess.

A decentralizedarchitecturereplicatessharedstate within
eachuserprocessA processnanipulateshareddatalocally
andtheresultsof themanipulatiorarebroadcasto otherpro-
cessesDecentralizatiorhasscalabilityadvantagedecause
the costof datamanipulationis distributedacrossmary pro-
cesses.Shareddataaccessontrol, however, is morechal-
lengingbecause¢he synchronizatiorprimitivesmustalsobe
decentralized.

Tightly coupledsystemsprovide nearinstantaneousioti -
cationto all processesvhenshareddatachanges.Loosely
coupledsystemsdo not have strict temporalrequirements.
Tightly coupledsystemshave to be examinedclosely for
scalability problems. The two areasto investigateare the
frequeng andsizeof themessagesecessarjo maintainthe
coupling.As thenumberof usersn thesystenincreaseshe
communicatiomecessaryor statechangenoti cation will
alsorise. At a certainpoint this communicatiorwill con-
sumeall availablenetwork bandwidth.

Anotherareato investigatds theimpactof network delayon
tightly coupledsystems.In a typical developmenterviron-

ment, thereis almostno network delay becausehe equip-
ment usedto develop the systemis on the sameLAN. If

the CSCWapplicationis intendedto deploy on the Internet
acrossLANs, WANSs, and backbonesthenthe application
shouldbe testedwith network delays. Network delayscan
createuntestediming con gurationsthat trigger race con-
ditionsanddeadlock.Network delayscanbe inexpensvely
simulatedona LAN by reducingbandwidth(downloadinga
large le ontheLAN duringatest)or by instrumentingthe
applicationwith built in messaginglelays.

Loosely coupledsystemscan also suffer from race condi-
tions. In alooselycoupledsystema sharecbjectis manip-
ulatedlocally. Updatego theobjectaresentto therestof the
systemintermittently perhapsstheresultof asave, refresh,
or updatecommand. The race condition occurswhen two

usersmanipulatehe sameobjectsimultaneouslyTypically,

thesystemview will re ect thelastuserupdateof theshared



object. An exampleof this is loosely coupledediting of a
text documentlf userAanduserBareeditingthe samedoc-
ument,thenoneof the users editswill belost. The system
will only retainthe documenttatefrom the lastusers save
commancbverwriting previoususersaves.

DistributedComputingTechniques

It is critical thatthe evaluatorhave a deepunderstandingf
thesystems$architectureo testfor racecondition,deadlock,
andscalabilityproblems.In particular the evaluatorshould
understandhetypesof shareddatain the systemthearchi-
tecturethat maintainsthe data,and useractionsthattrigger
manipulationof thedata.

Table4 reduceghis sections distributedcomputingdiscus-
sionto acodi ed table.

CAMELO T | Technique
Code
RaceConditions
DC.RC.1 RaceCondition
DC.RC.2 CentralizedArchitecture
DC.RC.3 DecentralizedArchitecture
DC.RC.4 LooselyCoupled
Deadlock
DC.D.1 Deadlock
DC.D.2 CentralizedArchitecture
DC.D.3 DecentralizedArchitecture
Temporal Consistency
DC.TC.1 TemporalConsisteng
DC.TC.2 Network Delay
Scalability
DC.S.1 Scalability
DC.S.2 UserScenario
DC.S.3 StresdJserScenario
DC.S.4 CentralizedArchitecture
DC.S.5 DecentralizedArchitecture
DC.S.6 Tightly Coupled
DC.S.7 Tightly Coupled/Netwrk Delay
DC.S.8 LooselyCoupled
DC.S.9 Synchronization

Table4: DistributedComputingTechniques

In addition to pure distributed computing, Table 5 intro-
ducestechniquegesultingfrom the intersectionwith Gen-
eralComputing.

Table6 presentsechniquesesultingfrom theintersectiorof
HumanComputetnteractionandDistributed Computing:

Human-Human Interaction
Human-Humarinteractiondealswith functionality support-
ing interactionbetweerapplicationusers Much of thisis so-
cial, andresearctasfocusedon studyingthe socialaspects
of CSCWsystemdq15]. As mentionedearlief CAMELOT
doesnot focuson higherlevels of socialinteraction. How-
ever, therearecore CSCWtechnologiesupportinghuman-
humaninteractionthat CAMELOT canbe usedto evaluate.

CAMELO T Technique

Code

GC/DC.1 Stresstesting userson joining/leaving the application
Derivedfrom: (GC.ST3 DC) GC/DC.1

GC/DC.2 Stresstesting multiuseruserstresgestson sharecbjects
Derivedfrom: (GC.ST3 DC) GC/DC.2

GC/DC.3 \olumetesting Large sharedbjectsconsumeaesources
Derivedfrom: (GC.ST2 DC) GC/DC.3

GC/DC.4 Compatibilitytesting incompatibleversionsof application
Derivedfrom: (GC.ST8 DC) GC/DC.4

GC/DC.5 Subclas®f distributedcompatibilitytesting different
versionson-linedocumentationDerived from:
(GC.ST8 GC.ST11 DC) GC/DC.5

GC/DC.6 Recwerytesting unexpectedoining/leaving application
Derivedfrom: (GC.ST10 DC) GC/DC.6

Tableb5: GeneralComputing DistributedComputingTechniques

CAMELO T Technique

Code

HCI/DC.1 Raceconditiontesting for multithreadedsUIs. Derivedfrom:
(HCI DC.RC.1) HCI/DC.1

HCI/DC.2 Deadlod testing for multithreadedSUIs. Derived from:
(HCI DC.D.1) HCI/DC.2

GC/HCI/DC.1 | Responsémetesting for tightly coupledGUI components.
Derivedfrom: ((GC.ST5 HCI).1 DC.S.7)) GC/HCI/DC.1

Table 6: HumanComputerinteraction Distributed Computing
Techniques

Thesetechnologiesare the software componentghat facil-
itate communicationcoordination,coupling, privagy, user
awarenessandscalability

Communicationallows one userto corversewith one or

moreusersin the application.Communicatiorcanbein the

form of voice,visual,text, or gesture Unlessuserssharethe

samelocation,the intersectiorbetweendistributedcomput-
ing andhuman-humaiinteractionis critical. Someform of

network will be responsibldor transportatiorof usercom-

munications.In the caseof high bandwidthcommunication
suchasvoice or visual, the testershouldensurehatthereis

enougmetwork capacityasmoreusersareaddedo aCSCW
sessiorThis is particularlyimportantif the applicationwas
developedin a lab with a high speedLAN but is to be de-

ployed acrossmultiple LANs, WANS, or the Internet. The

impactof bandwidthconsumptiorfrom usercommunication
ontherestof theapplicationshouldalsobe studied.Reveal-

ing testswill be onesthat exercisetightly coupledfunction

(suchasremotecursormovement)during usercommunica-
tion.

Coodination of interactionfocuseson how the softwareal-
lows usersto work together Examplesof coordinationin-
clude oor control policies and social protocols. From a
technologystandpoint,coordinationcan be broken down
into componentghat provide group control and feedback
aboutthat control within the application. Human-computer
interaction evaluation of these componentsis necessary
Dataassociatedvith coordinationcanalsobe considerech
form of sharedbject,thusdistributedcomputingevaluation
is alsonecessary For example,the ” oor” canbe consid-
ereda sharedobject. What happensf two userstry to grab



controlof the oor atthesametime?

Coupling de nes how usersseechangeghat othersmalke

to the sharedworkspace Tight couplingprovidesmorefre-

guentchangeupdates]joosecouplingprovideslessfrequent
updates. Thereis no single "correct” couplingfor CSCW

What kind of coupling should be usedvariesfrom appli-

cationto application,and even within a single application
[2]. Humancomputerinteractionresponsdime testsand
distributed computingscalability testsare useful with this

technology

Security privacy and trust are important to cooperating
users.Usersshouldbe ableto work in a privateareawhere
they feel con dent that their activities are protectedfrom

others. Accesscontrol for individual or group information
shouldbeavailableto userg21]. In situationsvhereanory-

mousinput is supportedusersshouldfeel assureddf their

anorymity [12]. Generakomputingsecuritytestshelpeval-

uatetheseissues.

Awarenesof otherusersprovidesa socialcontet in which
work is conducted.Many kinds of userawarenessapabili-
ties that have beenaddedto CSCW applicationsincluding
activity graphs,telepointersand cursors,user lists, multi-
userscrollbarsradarviews,and sheyeviews[8]. Giventhe
informationrichnessof someforms of userawarenessthe
evaluatorshouldpay particularperformanceand scalability
issues.

Teststhat examine combinationsof technologiediscussed
in this sectionmay also be necessary Are coordination
mechanismswvailablein the applicationto control commu-

nication?For example,cantwo userstalk atthe sametime?

How tightly coupledis the act of communicatiorto its de-

livery? If usershave an expectationof instantaneousom-

munication,what is the impact of network delays? If the

systemsupportsprivate or anorymouscommunicationgcan

it be subverted?Whencommunicatioroccurs,canthe user

determinevhomit camefrom?

4 Evaluation
Despiteacknavledgingatechnologicahspecto CSCW ex-
isting methodologiegprovide little guidanceto applications
developersuserinterfacespecialistsperformancengineers
and quality assuranceersonnel. CAMELOT providesthis
guidanceby organizingatechnicalevaluationinto two stages
and four intersectingtechnologiesand providing detailed
techniquedor each.In this sectionwe discussthe stepsin-
volvedin an evaluationusing CAMELOT anddemonstrate
its applicabilityon amatureCSCWapplication.

Organizinga CAMELO T Evaluation

Application evaluationusingCAMELOT shouldproceedn

the following manner Orderingof the techniquesn each
technologycategory is notimportant,but the orderthatthe
catayoriesareusedin anevaluationis critical.

The applicationshouldbe examinedfrom a singleuserper

CAMELO T Technique

Code

Communication

HHI.CM.1 Network bandwidthsufcient to supportuser
communication.

HHI.CM.2 Impactof usercommunicatioron othercommunicatiorin
theapplication.

HHI.CM.3 Impactof usercommunicatioron tightly coupled
functions.

DC/HHI.1 Distributedcomputingscalabilitytests.Derived from:
(DC.S.1 HHI.CM) DC/HHI.1

DC/HHI.2 Distributedcomputingtemporalconsisteng tests.
Derivedfrom: (DC.TC.1 HHI.CM) DC/HHI.2

HHI.1 Usercommunicatiorandcoordination.Derivedfrom:
(HHI.CM HHI.CD) HHI.1

HHI.2 Usercommunicatiorandcoupling. Derivedfrom:
(HHI.CM HHI.CP) HHIL.2

HHI.3 Usercommunicatiorandsecurity Derived from:

(HHI.CM  HHILS) HHI3

Coordination

HCI/HHI.2 Humancomputerinteractionissuegelatedto group
control. Derivedfrom: (HCI HHI.CD)  HCI/HHI.2

DC/HHI.3 Distributedcomputingraceconditionanddeadlockests
for coordinationsharedbjects.Derivedfrom:
(DC.RC.1 DC.D.1 HHI.CD) DC/HHIL3

Coupling

GC/HCI/HHI.1 Humancomputerinteractionresponsé¢ime tests.Derived
from: (GC/HCI.5 HHI.CP) GC/HCI/HHI.1

DC/HHI.4 Distributedcomputingscalabilitytests.Derived from:
(DC.S HHI.CP) DC/HHI.1

DC/HHI.5 Distributedcomputingtemporalconsisteng tests.
Derivedfrom: (DC.TC HHI.CP) DC/HHI.2

Security

GC/HHI.1 Generakomputingsecuritytests.Derivedfrom:
(GC.ST4 HHLS) GC/HHI.1

Awareness

GC/HHI.2 Generakomputingperformanceests.Derived from:
(GC.ST5 GC/HCIL5 HHI.A)  GC/HCI/HHI.2

GC/HCI/HHI.2 Humancomputerinteractionresponsé¢ime tests.Derived
from: GC/HCI.5 HHI.A)  GC/HCI/HHI.2

DC/HHI.5 Distributedcomputingscalabilitytests.Derived from:
(DC.S HHI.CP) DC/HHI.5

DC/HHI.6 Distributedcomputingtemporalconsisteng tests.Derived

from: (DC.TC HHI.CP) DC/HHI.6

Table7: Human-HumarnteractionTechniques

spectve rst becausenultiuserproblemsare moredif cult
to detect. This will familiarize the evaluatorwith applica-
tion function,architectureanduserinterfacebeforetackling
more complicatedtestingissuesassociatedvith distributed
computingand human-humannteraction. Within the sin-
gle userstage generakcomputingtestsshouldbe performed
beforeinvestigatinghumancomputerinteraction. This will
familiarize the evaluatorwith applicationfunctionality and
provide a context for the userinterface. The stresgestsand
generaperformancef theapplicationduringthe singleuser
testswill givetheevaluatorvaluableinsightinto theapplica-
tion's ability to scalewith multiple users.

During the multiuser testing stage, distributed computing
problemsshouldbe investigatedrst to provide context for
laterhuman-humainteractiortesting.As mentioneckarlier,
theintersectingnatureof singleandmulti-usertechnologies
may causethe techniguedrom oneto trigger the develop-
mentof testsor discovery of problemsin another

The Recon gurable Collaboration Network
CAMELOT wasappliedto a corventionallytested,mature
CSCWapplicationto determinghe methodologys ef cacy.



Figure2: TheRecon gurableCollaborationNetwork

The Recon gurableCollaborationNetwork (RCN) wasde-
velopedaspartof the Collaboratve Classroonresearchef-
fort at RensselaePolytechnidnstitute[16]. Thegoalof the
researchvasto developaclassroonwherethelearningcame
from groupparticipationratherthanlecture. The classroom
designconsistedf a uniguecombinationof hardware,soft-
ware,andphysicalarchitecturgo promotegroupactiity [5].

SystenOverviev
EachRCN userhasa private computey keyboard, mouse,
anddisplay The privatekeyboardandmouseareusedto re-
motely control a public machine. Eachuseris requiredto
have an additional,direct hardware connectionto the pub-
lic machines display Figure 2 depictsan RCN con gu-
ration with two private laptop systemsand a sharedpublic
machinedisplaybelow table's surface. Usersareorganized
into teams. Eachteamhasdescriptve informationandone
or moreadministratorghatcontrolwhois ontheteam.The
rst time auserselectsapublic machineasessions created.
Additional users(registeredor guests)may join or leave a
sessiorat ary time. Multiple public machinesaresupported
with onepublic machineper session Finally the conceptof
asupersessions supportedThisallows userdrom different
sessiondo join togetherin a single meta-sessiofor shared
controlof a public machine.

RCN differs from traditional remotewindowing systemsn
severalrespectsForemostpecauseiserscanseethe public
machinesdisplay thereis no needfor remoteviewing capa-
bility. Secondunlike otherremotewindowing systemsthe
RCNviewsthepublicmachineasasharedesource Session
and oor controlfunctionality areincludedfor management
of the public machineduring meetings.

The RCN system was implemented almost entirely in
Java supporting multiple platforms including: Windows
95/98/NT, MacOS,andLinux. The architectureconsistsof
threecorecomponentsiSSener, RCNPublicSerer, andrc-
nClient. ISSener is responsibldor sessiormanagementit
keepdrackof all active publics,sessiongeamsandusers It
alsomaintainspersistenstoreinformationaboutteamsand
users. RCNPublicSerersregisterwith the ISSener to ad-
vertisetheir availability to users.rcnClientsmustlocatean
ISSenerto registerasanactive userandto nd publics,ses-
sions,teamsandotherusers.

An RCNPublicSerer runson eachpublic machine.lt is re-
sponsiblefor receving remotemouseand keyboardevents
from rcnClientsandtranslatingthemto local events. If user
selectgghostingthesoftwaretranslatesemotemouseesvents
into move commanddor a ghosticon associatedvith the
user

An rcnClientruns on eachusers machine. The renClient
presentsheuserwith anarrayof sessiormanagemerfunc-
tionality. Sessiommanagementommandsare sentfrom the
rcnClientto aremotelSSener. Whentheuserjoinsasession
andselectsthe Interruptbutton, his or her mouseand key-
boardeventsare sentto a remoteRCNPublicSerer. Only
onesessiormemberat a time can have this control. How-
ever, if any sessiormemberpresseshe ghostbutton, his or
hermouseeventsaresentto theremotepublic machine.

CAMELQOT andRCN

RCN was fairly matureat the time we evaluatedit using
CAMELOT. The applicationhad beenin developmentfor
over two anda half years,andtherewereplansto commer
cialize the system.During the schoolsemesterthe software
wasuseddaily by studentsn severalcourses.The develop-
mentteamwas reasonablycon dent of the stability of the
system.Oneteammembersuggested might be necessary
to deliberatelyintroducebugsinto the softwarefor the eval-
uation.

CAMELOT providestechniquedor theteststhatshouldbe
performedon a CSCW application. We usedRebecca-Ja
Java-basedmplementationof our CSCW testing architec-
ture to executethe tests[6]. Using thesetools, two-dozen
problemswerediscoreredwith the RCN system(seeTable
8). Someof the problemswere seriousenoughto jeopar

dize the plannedcommercializatiorof the software. This

sectiondiscussesow the problemswere uncoveredusing
CAMELOT. Our detailedevaluationof RCN is beyondthe
scopeof this paper and the readeris referredto a sepa-
ratedocumen{6]. Insteadwe summarizehe problemsun-

coveredusingCAMELOT, andhighlight severalinteresting
ones.

SingleUserTests

Single usertestingfocusedon the GeneralComputingand
HumanComputerinteractionaspectf RCN's threemain
components: ISSener, RCNPublicSerer, and rcnClient.



Id Bug Description CAMELO T Code
Al Error messagelisplayedwhenstartingup

RCNPublicSerer GC.ST9,HCI.GR.3
A2 Con gurationof PATH shellvariable

necessarjor NativeLibrarydll for

RCNPublicSererin Win95/98 GC.ST9,HCI.GR.3
A3 ISSener doesnot always ush terminated

RCNPublicSerer GC.ST9,DC.TC.1
A4 DocumentatiorErrors GC.ST11
A5 Inconsistentiseof Quit, Exit, Leave,

Cancel HCIL.GR.1
A.6 "Pick alS” is grammaticallyincorrect. HCI.GR.1
A7 No versionnumberdisplayedin

RCNPublicSerer, rcnClient,ISSener GC.ST9,GC/DC.4
A.8 Preferencéialog Displaysinvalid Colors HCIL.GR.7
A9 Preferencd®ialog DisplaysToo Many Colors | HCLUITG.10
A.10 | Preferencdialog Allows SameColor for

Two Usersin SameSession HHI.A, HCIL.UITG.10
A.11 | Nolock mechanisnfor simultaneougdits

of TeamInformation DC.RC.4
A.12 | RaceConditionJoininga Session DC.RC.2,DC.RC.3
A.13 | GhostCursorHiddenBy New Applications HCILUITG.7
A.14 | Sticky MouseButtons GC.IM.1,DC.RC.2
A.15 | Multiple Client Controlof PublicMachine GC.IM.1
A.16 | IncorrectlyTranslatedKeys GC.IM.1
A.17 | Sticky Shift, Alt, andCtrl Keys GC.IM.1,DC.RC.2
A.18 | RaceConditionin rcnClients User

Interface HCI/DC.1
A.19 RaceConditionsJoiningSessionsiJsers,

TeamsPublics GC/HCI/DC.1
A.20 Inconsistentiseof OK, Okay HCIL.GR.1
A.21 | FlickeringGhostCursor DC.S.2 HCILUITG.7
A.22 | ConfusingDisplayof SessiorClients HCLUITG.1,HHILA
A.23 | MemoryLeaksin PublicandClientWhen

Ghosting DC.S.2,GC.ST7
A.24 | Cant playIndianaJonesrom rcnClient GC.IM.1

Table8: Bugsdiscoveredin RCN usingCAMELOT

Thesetestswerenot concernedvith distributedor multiuser
computingissuesalthoughthey wereoccasionallyrevealed.

Genenl ComputingTests

The rst testconductednvestigatedoroblemsusersmight
encountetinstalling and operatingthe RCN systemfor the
rst time. Severalwereuncovered(seeentriesA.1, A.2, A.3
in Table8).

Functionaltesting of RCN focusedon validating the sys-
tem's core capabilities. In particular RCN's ability to pro-
vide keyboardandmouseinput to a public machinefrom a
remoteclient was examined. This led to the discovery of
incorrectnumerickeypadtranslationbetweerthe clientand
public machine(A.16), andthe discovery thatif oneclient
changedhe public keyboardstate(e.g. CAPS LOCK), that
statewould unexpectedlycarry overto otherclients(A.17).

Experiencesvith keyboardfunctional testingwere usedto
develop mousetests. To test for mousestate problems,
Rebecca-vasusedto make arecordingof anRCN client's
mousemovementwith the left mousebutton pressed(i.e.
Javra MOUSE DRAGGED events)while controlling a pub-
lic machine.A “sticky” experimentwith mouseeventswas
attemptedusingRebecca-3 triggeringfacility [6], with re-
sultssimilar to the keyboardtests(A.14). In additionto ver-
ifying the stateproblem,aslong asthe mousebutton from
oneclientstayedpressedalown, bothadditionalclientscould

alsocontrolthe public machineg(A.15).

Other manualfunctional testswere conductedto obsere
how well an RCN client could control a representatie set
of applicationson the public machine.Additional problems
weredetectedisingthis techniqugA.24).

During the general computing analysis, several other
CAMELOT testswere conductedincluding: stress,docu-
mentationcompatibility, andvolume. Stresdestingwasap-
plied to mouseand keyboardcontrol of the public, andin-

teractionwith RCN client's userinterfacerevealinga multi-

threadeduserinterfaceproblem(A.18). Documentatiotiest-
ing examinedRCN's online help systems.A large number
of errorswereuncoveredandreported(A.4). Compatibility
testing consideredoroblemsthat might occur betweendif-

ferentversionsof RCN's client, public, and1SSener. With

mary different public machines,client machines,and IS-

Senersit seemedikely thatversionscouldgetout of synch
andtherewasnoway for theuserto determineheversionof

anRCN componen{A.7). Volumetestinginvestigatechow

the RCN applicationhandledlarge datavolumes. Someof

theclient'suserinterfaceform ll-in elds wereselectedor

thetestandno problemswereobsened.

HumanComputernteractionTests

After completingthegeneracomputingtests athoroughex-
aminationof RCN's human-computeinteractionwas con-
ducted. Userinteractionwith RCN takes placethrougha
seriesof dialogstriggeredfrom a centralpanel.Eachdialog
was exercisedand Schneidermas'rules for dialog design
wereapplieduncoveringseveralproblemgA.5,A.6, A.20).

Duringdialogdesigntesting,aproblemwith renClientsuser
preferenceslialog was detected. The dialog allowed each
userto selecta ghostcolor preference. This selectionde-
terminedthe color of text associatedvith the user(e.g. the
users id in a teamor sessionpanel),and of the icon dis-
playedwhenthe userwas ghostingon the public machine.
Several problemswere discoveredwith the systems color
assignmeninechanisn{A.8, A.10).

Thesecolor problemscausedhe developmentof a human-
humaninteractiontest: Cantwo usersharehesameor simi-
lar color? A testwascreatedvhereauserin thesamesession
selectedhe samecolor asanotheruserfrom the preference
dialog. RCN providedno warningthatthecolorwasalready
beingused. Sharedcolors could be confusing,particularly
duringsimultaneoughosting(A.10).

Multiuser Tests

Multiusertestingfocusedon the Distributed Computingand
Human-Humarnteractionaspectf the RCN application.
Thesetestswere not concernedvith generalcomputingor
human-computeinteraction issuescovered during single
usertesting.

Distributed ComputingTests



Multiuser race condition testinglooked for problemswith

several userssharingaccesdo the samedataobject. The
rst stepin araceconditiontestwasto identify shareddata
objectsin theapplication.For RCN theseobjectswere: per
sonalinformation,teaminformation, list of sessionslist of
usersist of teams,anda list of public machines.The sec-
ond stepwasto createa scenariothat would likely trigger
a race condition with the object. Simultaneousead/write
or write/write operationn a sharedobjectprovide fruitful

scenariosThethird stepwasto useRebecca-fo recordand
instrumentthe scenario.Finally, Rebecca-dvasusedto re-
peatedlyexercisethe scenaridn anattemptto triggerarace
condition.

The rst raceconditiontestexaminedthe Sessioriist object.

After logging into RCN, a userjoined or createdsession.
To join a sessionthe userselecteda sessiorfrom the Ses-
sion List objectdisplayedin the Sessiongpaneof the RCN

client's Join A Sessiorwindow. The ISSener maintaineda

"golden” copy of the objectprotectedfrom raceconditions
by synchronizatiomprimitives. This eliminatedthe possibil-
ity of araceconditionoccurringin the ISSener. Unlike pre-

vious objects,however, clients maintaineda local copy of

the SessiorList thatwas updatedfrom the ISSener when-
ever changeoccurred. This raisedthe possibility of a race
conditionif a client manipulateda local copy of the object
afterit waschangedn the ISSener but beforechangeno-

ti cation wasreceived(A.12). Similar testswereconducted
ontheotherlist objectssharedoy RCN clients: usersteams,
andpublic machinesesultingin raceconditions(A.19).

Otherraceconditiontestsexaminedmanipulatiorof the per
sonalandteaminformation objects. No race conditionsor
deadlockwere uncovered. Furtherconsidrationof RCN's
editingmodel,however, uncosereda problem.If two clients
were simultaneouslyediting an object, thenone saving the
object rst would have his/hereditsoverwrittenby the other
client(A.11).

Scalability testingfocusedon the performanceof the RCN
applicationasthe numberof usersincreased.The primary
scalability concernwas multi-client ghostingon a single
publicmachine Becausef tight couplingbetweertheclient
mouseand the public ghosticon, userswould not tolerate
high responsg¢imes. While otherclientswereghosting,one
client was usedto take control of the public andthe same
gualitatve obsenationsweremade.Thetestrevealedscala-
bility problemswith justtwo ghostingclients(A.21). Mem-
ory leakson both the public and client machineswere also
discovered(A.23). After someinvestigatingjt wasalsode-
terminedthatarny applicationwindow createdafter a client
beganghostingwould hidethe client's ghostcursor(A.13).

Human-Humarnteraction Tests

AlthoughRCN is a CSCWapplication,mosthuman-human
interactionis supporteddirectly by the architectureof the
physicalspace. Userscaninteractusingvoice and gesture

becausdhey arelocatedin the samephysicalspace.Only
oneuseris allowed control of the public machine(and its

systemcursor)at ary time. RCN softwaretechnologysup-
portslimited human-humainteractionin theform of aghost
cursor This cursorappearon the public machine but can-
notinteractwith ary applications.Severalghostcursorscan
appearon the public display manipulatedy usersthat are
notin controlof the public machine.The human-humaiin-

teractiontestsperformedon ghostcursorswerecoveredun-
derscalabilitytesting.

Ninevirtual usersverecon guredwith Rebecca-fb beused
during the scalability test. The userswere labeledclientl,
client2, etc. The UserList panedidn't list theseclientsin
ary particularorder For alarge numberof clients, it might
bedif cult for aspeci c userto belocatedin thelist (A.22).

Discussion

We believe the applicationof our methodologyand testing
architectur@o amature corventionallytestedCSCWappli-
cationwasa successUnsolicitedcorrespondenctom the
RCN teamshaved gratitudefor the problemsuncoveredby
the CAMELOT andRebeccapproach6]. Two-dozenbugs
werediscoveredin this matureCSCWapplication.Someof
the problemswere cosmetic. However, someof themwere
seriousandshouldbe correctedo make RCN arobustappli-
cation.

5 Conclusion

Ramagebelieved that CSCW applicationshad both social

and technologicalcomponents. He found that most prior

work in CSCWevaluationfocusedexclusively onthe social

aspect®f thesystem.Onthetechnologicakidehecautioned
that:

It may well be the casethat a computersystem
will bedesignegerfectly with all of theright sort
of software engineeringproceduresrequirements
analysisandusabilitytesting but thatthesystemis
introducedinsensitvely, or it cutsacrossthe way
peoplehave becomeausedto working or it changes
the power relationshipdetweenvorkers[15].

CAMELOT's deliberatetechnologicalfocus is not con-
cernedwith higherlevel socialaspectof a CSCW system.
CAMELOT's main contritution is an organizationand de-
tailed descriptionof the technologieghat compriseCSCW
software and the problemsthat should be testedfor using
thesetechnologies.Following Ramages conceptof multi-

plicity, CAMELOT shouldbeusedin conjunctionwith other
methodologie$or acompleteavaluationof aCSCWsystem.
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