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ABSTRACT

Tightly-c oup !l ed i nteraction i s shared work

immediately and continuously influence the actions of others. Tigbthpled
interaction is a hallmark of expert behaviour in fé@éace activity, but becomes
extremely difficult to accomplishin distributed groupware. The main cause of this
difficulty is network delayi even amounts as small as 100ims h a t di srupt s
ability to synchronize their actions with another person. To reduce the effects of delay on
tightly-couded interaction, | introduce a new technique called Feedbaeklthrough
Synchronization (FFS). FFS causes visual feedback from an action to occur at
approximately the same time for both the local and the remote person, preventing one
person from gettinghead of the other in the coordinated interaction. | tested the effects

of FFS on group performance in several delay conditions, and my study showed that FFS

pe

substantially i mproved userso performance:

levels of alay, and without noticeable increase in perceived effort or frustration.
Techniques like FFS that support the requirements of tiglatlypled interaction provide
new means for improving the usability of groupware tbaerates on reatorld
networks.
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CHAPTER 1

INTRODUCTION

Tightly-c oup !l ed i nteraction i s coll aborative ac
immediately and continuously influence the actions of other$ightly-coupled
interaction is common in reaorld group activity: for example, one person handing an
object to another must watch the other pers
hands movement to match it similarly, t wo p
their moves to the fraction of a second based/loat the other person is doing.

People perform tighthzoupled interaction in activities where they retytiming,
precise mvement, and coordinatipnvhich is the hallmark of expert performance in
groups. For example, dancers move in tandem with their partners, and in sports, players
synchronize their movements during play. However, the precision timing and
coordinatednovement required to perform tighttpupled activitiebecomedifficult in
reattime distributedgroupware Reakttime distributed groupware is software that allows
people to work together over a netwoat the same time. Reattime distributed
groupwareis often affected by network latency, whiotakes it difficult for peple to
coordinate their actionsecause the information that shows what other people are doing
arrives late on remote client®\lthough users are able to cope with small and consistent
amounts ofdelay they become confused when the information they receive is
unpredictableor inconsistent One main problem for tightly coupled interactios that
local eventsare often displayed immediatelyyhereasremote events that occur at the
sametime are displayednly after beingsent ovethe network.

Networkdelayis unavoidable on the Internet, ssetsof groupware systemseed
a way to perform tighthcoupled workin the presence of delayln this thesis | look

specifically at the problem amproving human coordination itne presence of network



delay, and introduce a technique that can reduce the effect of delay on tghilyled

interaction.

1.1 Research Problem

The problem addressed this thesis isthat it is difficult to perform tightly
coupled interaction in the presence of network delBghtly-coupled interaction occurs
when actions by individuals are closely
immediately and contuously influence the actions of othersin tightly-coupled
activities the actions of individual peoplkere based on the feedback from otherBhe
precision timing and movement required to perform tightypled activities is
extremely difficult indistributed groupware, largely because of the presence of network
delay

| use the folloving definitions:

e Feedbacks the visual information displayed to the local user as a result of their
actions 1 for example, as a person controls an avatar, feedbsckhe

corresponding movement of the avatar on sgreen

e Feedthroughis the same visual informatioas feedbackput displayed to the
other members of the group, which means that the information must travel across

the network before it can be displayed.

e Immediate Feedbacis a displayschemewhere feedback from local actions is
displayed immediatelyand feedthrough is displayed as it is received from the
network. This means thatctions that occur at the same time on remote clients

are displayedhortlyafterlocal events, which disrupts tightboupled work

Delay makes it difficult for people to coordinate their actidres;ause the visual

COO|

feedthroughnformation that shows whatothe peopl e are doing arrive

actions becme disorgarsed because of the immediate feedbdidplay policy that is

used by most redlme distributed groupware.



1.2 Solution

I address the probl em of -coupledwrderaktionl at ency
by resynchronizing local feedback witemote feedthrough informatiorhis technique
is called Feedback-ealthrough Synchronization (FFSand it works by matchinghe
display of local éedback with the arrival of information froremote site by holding
back the local delivery for a time ped equal to the network delay between the clients
This means that local feedback and remote feedthrémghn actionare displayed at
approximately the same tinom all clients. Tus bothlocal and remot@ctorscanreact
to that informatioret the sane time, just as they would in a fatmeface environment.

The consequence of holding local user feedback is that thé gsetrols may
seem less responsive, becausersialso rely on feedbackirom their own previous
actionsto inform their actionsn the future A key element of the evaliah was to
determine if thelocal feedbacKatencycaused the task to become more difficult than

immediatdy displayedfeedbackwith similar amounts of network delay.

1.3 Steps in theSolution

To develop FFS, | used an iterative process that first explored the effect of
network delay on tighthgcoupled interaction, and then developed a technique to improve
user s o6 abwithnetivorkdeglay. c o p e

1. Definition: | developed a usable definitiaf tightly couplednteraction which
is collaborative activity in which individual actions are closely coordinated, and in which
each persondés actions i mmediately aByd cont i |
identifying components and environmal constraints of tightly coupled work from the
literature, IreducedN e i s s e r @agnitiye frGnteworkto an action-feedback cycle.

The actionfeedback cycle can be used to descthe detailsof tightly-coupled work
both with and without delay.

2. Exploration of Delay Effects | explored tightlycoupled activities and
determind the effecs that delay ha on tightly-coupled interaction by using informal
usability testing. Mtwork latency was simulated between group membeigs they
performed vaous tightly-coupled taské prototype groupware systepand | evaluated

their performance and the comments they made duringg thetivities. The early

3



exploratory studiesisedcustombuilt systemgo explore the domaiof tightly-coupled
interaction n groupware

3. Development of FF$echnique Using my evaluation of the effects of visual
delay from the previous stepeedbackeedthrough Synchronizatiomas designed to
reduce the difficulty of users performing tighttpupled interactionl developed the idea
of delaying the vi sualbcaldctwoesdyythecsemeaiourit bfe user
delay currently on the network.

4. Prototype Construction | built a prototype thaimplementedFFS in a
networked distributed groupwagame In the game, one player drove a fire truck and
collected water, while other player controlled the ainthefwater turret to put out a fire.
This task was designed such that tiglahupled interaction was requir@dorder for the

participants to succeed

1.4 Evaluation

| tested the effectiveness of FFS in a study where participants performed a tightly
coupled task with increasing amounts of simulated network delée results indicate
thatwhen FFS was used, peopl ed $heaheceuvasanoy | mpr c
delay, groupswere able to perform the task widm average of 9 accuracy. At low
levels of delay (100 msthose using FFS were able to perform the task with 94%
accuracy, whilghose receiving immediate feedback were only able to perfoentatk
with 84%. The effect was more dramatic with larger amounts of déla$00ms, those
using FFS were able to perform the task wb#% accuracy, while those receiving
immediate feedback were only able to perform the task V@®0 accuracy
Although tasks with more network delay were rated bugrticipants as
significantly more difficult, using-FS did not result im changdan perceived effort or
performance These results suggest t hat from the u
task, the diffculty of compensating fordelayed local feedbacks not significantly
different from compensating fonetwork delay. Although participants thought the
difficulty of the task was the sanmegardless othe display schemethey performed
significantly better while usingFS



1.5 Contributions

The main contribution of this thesis is the introduction of the FFS tealnig§ES
i mproves peopl eds abi | i ttime diswibuted ogrobpwateo get her
Actions and activies thatare difficult to performwith a certainlevel of delay can now
be performed in situations with much higher deld@yis allows many types of activities
in group work to happen successfully that could not happen befaraddition, even
though sme of these activities aubtleand small (e.g., passing an object to another
person), the ability to support tightbpoupled interaction will help distributed groupware
to feelmore likefaceto-face work. My results show the potential of FFS as a way
dealing with delay in groupware, and as a way of improving the usability ofimeal
groupware that supports tighttpupled interaction

There aralsoseveral secondary contributions of this kwor

e | confirmed the results of previous studiasich demonstrate the negative effect
of network delay on tighthzoupled collaboration.

e | describech new way to model tighttgoupled work: the actiefeedback cycle

e | designed dask that can be used for the future studigfe®.

e | built a groupware networking librargalledGTC.

1.6 Outline of Thesis

Chapter Two reviews related work onreattime distributed groupware. It
explores the type of communication relevant to tiglothypled interactiongoordination
theory and the design ofed-time distributedsystems. Finally, it explainexisting
strategiesfor dealing with network delayand it illustrates the need far more user
orientedapproach

Chapter Three explainsthe basic concepts behirfeFS. The actiorfeedback
cycle is useda explain the process of tightgoupled interaction, and then it is used to
illustrate why network delay is a probleim reattime distributed groupware Then |
explain FFS, and why it helps users collaborate.

Chapter Four discusseshe implementation of the technique, as well as the

applications and components | created for my research. This chapter includes a detailed
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feature analysiand descriptiorof the GTC networking library the exploratoryplatform
Spacewar Duoand the Fire Truclpplication that was used in the formal study

Chaper Five describs threeexploratorystudiesthat contributed to my research
These studies helped to explore the domain of tigtdlypled interaction as well dlse
effects of network delay.

Chapte Six reportson the design and methodolognd resultsof the formal
study. The design and the task are described in dedbohg with the procedure and
physical apparatus used in conducting the studglsoanalyze h e u quantitatibe
performancdor statistical significance, present thes e sulgeotiveperceptios of effort,
and report on user commesiaiuring the trial

ChapterEight discussesthe implications of mywork. It examinespossible
explanations fomy results and exploreslesign gestions related to this thesis

Chapter Nine summarizes the research of this thesis by discussing its

contributions, and several possible future direction$uidher work in the area.



CHAPTER TWO

RELATED WORK

The FFStechniqueis basedon research in four areas of studiroupware, Coupling,

Coordination, and Delay. Hese topics will be covered in the following sections

2.1 Groupware

Groupware is software that helps people work together. It is useful for
performing collaborative taskghat involve planing, designing, and teamwork.
Groupware has been divideding two main conceptthe amount of time it takes to pass
information, and the distance over whipdople are communicatir(§igure 2.1)

The first difference among groupwarés whether the software supports
synchronous or asynchronous communicatiésynchronougroupware allows people
to communicate over a range of time, such as through email, blogs, or forums.
Synchronougroupware passes information over a relativelyrshmount of time, where
information is sentand received almost immediately{Synchronous communicatias
someti mes -tcianheloe dc ofimneuanli cati on, because the s
as fast a communicatingfaceto-face Examples of synchroms communication are
voice chatpr collaborative virtual environments, or reghe video games

The secondnajor dimensionthat determinehow groupware is useahd builtis
the distance between the participants, whieeeetis a distinction betweeo-located and
distributed groupware Co-located groupware helps people wotkgetherin the same
physical location The focus of cdéocated groupware is to allow a group of people who
are gathered together to collaborate more effectively than they wouldblee to
otherwise. Examples of docated groupwareare singledisplay, largedisplay and
tabletop systemslesigned for groups Distributed groupware allows people to work
together over a distanc&ollaboration becomes difficult when people are separated by a
distance sincethe standard forms afommunication fronfaceto-face interactionsare



unavailable sopeople are limited tthe types otommunicatiorthat areprovided by the
software (Baeckey 1993; Crowley, 1990; Hill, 1992; Patterson, 1991; Dewan, 1991
Examples of distributed groupware akared white board&reenburg, Haynes, and
Rada, 1995) collaborative writing tools (Sharples, 1993), wiew sharing systems
(Greenberg, 1990).

Thisthesis is concerned witleattime distributed groupwareyhich is groupware
that allows people in differemtiaces to synchronousWyork together(top-right of Figure
2.1). This kind of groupware is used fastpaced collaboration, such as thepid

manipulationof virtual objects, conversation, and conflict resolution.

Same Place Different Place
Same Time| Face to Face Interactions Remotelnteractions

e Faceto-face e Telephone
conversation e Shared view desktop

e Public computer conferencing systems
displays e Desktop conferencing with

e Electronic meeting collaborative editors
rooms e Video conferencing

e Group decision e Media spaces

support systems

Different Ongoing Tasks Communication and Coordination
Time

e Postit note e Mailed letter

e Team rooms e Vanilla emalil

e Group displays e Asynchronous conferencing

e Shift work groupware bulletin boards

e Project management Structured messaging system

Workflow management
Version control

Meeting schedulers
Cooperative hypertext &
organisational memory

Figure 2.1 Examplesof group work (Johansen 1988 in Baecker, 1995, 342)



2.2 Coupling

Coupling is a subjective measure of how much interaction is required between
people as they work together toward some go@lson andTeasley (1996) describe
coupling as a unidimensional scale between loose and tight, which is determined by how
much interaction is required between the participants for clarification or persuasion, and
how immediate a response is need€ditwin (1997)describes coupling as the amount of
work that one person can do before they need to interact with and@iediaborative
group work is described as either loosely or tightly coupled, dependiting task.
Looselycoupledinteractionis often fluid or dpamic, where the group will gather
to complete a portion of a task, and then separate moments later to work on individual
parts of the overall process (Pinelle, 2008)son and Teasley (1996) describe loosely
coupled work as activities where people némdbe aware of others' actions, but do not
require immediate feedback or clarificatioR.eople could perform parts of the work
independentlyand in parallel, becoming more tighitpupled when there are conflicts
between their tasksChurchill and Wakefa (2001)use t he term &édmobil it
coupling, but suggest that loose mobility implies that people do not act in synchrony with
each otherandthat communication is asynchronous or intermittent.
Tightly-coupled interactions collaborative activity in which individual actions
ar e closely coordinated, and i n whi ch e a

continuously influence the actions of others.

At one extreme, tightly coupled work involves two or more people whose work is
directly dependent on each other, and their work typically involves a number of
interactions to compete the task. Immediate interaction helps them to
communicate clearly or to negotiate some resolution.

(Olson and Teasley, 1996)

There are two main eleants of tightlycoupled interactionthe interdependence
between their actionand thedeedback and feedthrough between group members.
In general, aroup's interdependence is determined by how much group members

depend orone another.Coordinating youlown actions with the actions of other people

9



is difficult when there is a high degree of interdependence between group members,
because it is more likely that your work witiiterfere with the work of othersTo work
in atightly-coupled fashion, a groupeeds to understand whathappening in the shared
environment and whaach person is doingo that people can avoid undoing, redoing, or
damaging the work of someone else

Feedback and feedthrough dhe means by which people determine what they
shaild do next and how they should adjust their actiorfseedback is the visual
information displayed to the local user as a result of their actidios example, as a
person controls an avatar, feedback is the correspondingmemt of the avatar on
screenfeedthrough is the same visual informatibut displayed to the other members of
the group, which means that when using distributed groupware, the information must
travel across the network before it can be displayed.

This thesis is only concerned witightly-coupled tasks, because network delay
mainly interferes with thesynchrony offeedthrough iformation from other clients.

Tasks with no feedthrough informatianll not gain any benefit from FFS.

2.3 Coordination

Malone and Crowston (1990) defnreoor di nat i on as an lact
interdependencies between actiInwihdrwveds per for
coordinationis a process of organizing your own actions with the actions of otkers
example, when passing a ball in sports, t@antimates are trying to coordinate their
actions. The player that is passing the ball should know where the receiving player will
be, if the receiving player is ready or preparing to catch the ball, and if the path is clear
between the passer and the reeei Equally, the receiver should know what direction
the ball will be coming, and when the ball will arrivéf. the passer or the receiver can
communicate these things to the other, then it will be easier to pass the ball between
them. When the playerare visible to each other, in the same arena or field, then most of
this information is available implicitly, because the players can see what their teammates
are doing and where they are.

Thompson (1967) identifies three types of coordination: starmdrain, which is

the development of rules and rousrte guide work practices; planning and scheduling,

10



where timing and order of work are specified; and mutual adjustment, where group
members must monitor and r espomwhdngoingppt her g
communication.Many coordinated activities make use of all three types of coordination,

so aiding the user in any of these three types of coordination will often make coordination
easier overall. For example, passing a ball can make usealbfthree kinds of
coordination. Standardization consists of the rules, regulations, and the local team
practices that guide player behaviotanning and scheduling involves choosing a game
plan or a play before the pass occurmally, mutual adjushent takes place in the midst

of the pass itself, as the players adjust and refine their actions to compensate for the slight
variations in the task resulting from performing thction in a real environmen©Of the

three types of coordination, this thes only concerned with mutual adjustment, because
that is the only type that relies on communication between the group members during the

task.
Quadrant |
Generate
CA
9
g Creativity tasks| Planningtasks
o
o
o}
o
Intellective task Performance /
nteflective tasks Psychomotor tasks
Quadrantll Quadrant IV
Choose DecisioAmaking Contest/ battles / Execute
tasks competitive tasks
2 Cognitive Mixed-motive
S conflicttasks tasks
@)
\ 4
Quadrant Il
Negotiate
_Conceptual Behavioural
Figure 2. 2. Mc Grat hds Circumpl ex
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Coordinationhas ben studied in both the physical and social sciences, and
includes a broad variety of warkThisthesisis only interested in a small component of
the theory ofcoordination, which ighat pertaining tdightly-coupledinteraction The
coordination that tighthcoupled interaction requires is more concernedh \Wtv-level
cognitive functionghan of planned, longerm cooperation. McGrath (1991) illustrates
the difference between various cooperative tasks by dividing them irtb digfinct
types, which he arranges as a circumplex (Figuzg ZTightly-coupled interactiorfalls
under Quadrant Vo f Mc Grat hés <circumpl ex, anwhi ch i n
competitive tasksThemain challenge of tighthzoupled interactioms acting correctly at
the proper moment in timeso hese tasks are behavioural instead of conceptual, and
involve immediate conflict or collaborationThe desired result of this kind of activity is
generally already known before the group begins the taskihe measure of success is
how wellthe task was executed.

The ot her tasks i n Mc Gr a tcheétise desigm, c ump | e x
planning, and decisiemaking do notbenefitas much as psychomotor and competitive
tasks, since their results are measudifferently. For example, a team might gather to
design a layout for a magazine cover, where their results are measured by the placement
of features, attractiveness togomers and by various other metrics that relate to the
quality of their design. However,these types ofasks still contain smalinomentto-
moment tightlycoupled interactionthat are needed to achieve their overall goal, such as

passing pens and paper back and famidavoidingnt er f er ence wi th anoth

2.3.1 Coordination Mechanisms

Coordination nrechanisms are the means by which peoptedinate their actions
For example, people may coordinate their actions through prearranged agreements, such
as deciding to meet somewhere at a certain time, or planning some sort of activity
together beforehand. People may also use contextual or societal rules to coordinate their
actions, such aalwaysdriving on the right side of the roadr paying taxes. In tightly
coupled interaction, the mosequentlyusedcoordination mechanism mmunication
between the participants. There are two main ways in which people communicage duri

tightly-coupled activities: xplicit and implicit communication.

12



Explicit communication occurs when a participant actively gives information to
others in the group, such as by consciously speaking or gesturing during a conversation
(Segal, 1994) For example, a person may announce his presence in a room by telling the
occuparg that he is there.However, explicit communication is too slow for tightly
coupled interaction, becausetékes time to transmit the informati@nd to interpret
whatthe other person is trying to sagspecially fotanguagebased communication such
asspeech, sign language, or textual writing.

Impliciti nf or mati on is given passively by a
results of their actions.For example, the sound of the door opening and someone
stepping through may inform others that someone isl€ntering the roomin the case
of tightly coupled activities, much of the
actions is given implicitly, either because it is too slow to communicate the information
explicitly, or the information may be tocatd to describe in a purely explicit manner
(speech, gesturing, pointingMost of the information that we use in everyday life is
i mplicit, because we get t h besng awaré ofromnat i on
environmentusing our five sensg®aft, 1986) Implicit information is often faster than
explicit information to relay between group members, because it does not require a
conscious sending of information by anyone in the gr(ggal, 1994) If someone
wishes to know something that is aahille implicitly in their environment, then they can
perceive it directly, without needing to have any sort of conversational exchange with
other group membersThe chief advantage of implicit information is the speed at which
it can be exchanged, and sgaé& necessary to completene-dependent activities.

It is possible to send implicit information in an explicit way.people know that
they are being wat@d they mayactin a way that indicatesr even exaggeratakeir
intention or purposeln this way it is possible to intentionally communicate thoughts or
ideas to other people in order to coordinate their actions. For examalgne a group
playing a collaborativenultiplayer game, such as a fiugtrson shooterand that the
group isapproaching a -intersection. flsomeone knows that they are being watched by
a teammatéperhaps they are moving in front of the otheifsdt persormay movecloser
to the left or right walto indicate her future direction of travel.
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2.4 Network delay andits effects on collaboration

Delay iscommonin reatworld distributed applications because information must
be transmitted across a network and processed at the other end before it can be .displayed
There are two main types of delayatency anditter. Latencyis the time that elapses
between an event and its displag another system in the groupThis results in a
personb6s actions in the shared endtterisonment
the variation in latency due to changinetwork traffic conditions and processing loads
Jitter causes a I maviogtadelepomterytd® appear getky, withthe ( e . ¢
result that they may become difficult to predict.

Delays can have severe effects on collaboration on coordimtion,
communication, and understanding of the shared situafilay can make turtaking
difficult to negotiate(Park and Kenyon, 1999an hinder social locking protocols, and
can cause inconsistencies that lead to confusingbask actiongdMauve, Vogel, Hilt,
and Effelsberg, 2004) Delay may also cause users to disagree over the timing or
simultaneity of key eventgVaghi, Greenhalgh, and Benfqrdl999. People may
experience different orderings of events with implications for causality, sustisasd
causal links or wrongly inferred dependendigsun, Safaei, andBoustead2006)

There has been a large amount of research to determine how network delay
affects users of distributed groupwark is widely accepted that high levels of network
delay can lower user performance in fiae activities, and it is also known that users
experiencing very low levels of network latency find the delay almost unnoticeable
Several studies use games as the application of intdfestexample, in a Viual ping
pong game, users did not seem to perceive less than 150 ms of delay, and the delay did
not seem to affect the users in any wegghi, Greenhalgh, and Benfqrtl999) With
500 ms of delay, however, users had great difficulty hitting the bad, there were
verbal misunderstandings between the players about the state of the Wwoddother
study of an overheadew car racing game, 50 ms of delay was considered acceptable,
while delay greater than 100 ms was (Rdntel, 2002) In studies dthe online reatime
strategy game WarCraft lll, players discovered it was relatively easy to cope for network
delay up to 500 ms, but delay greater than 800 ms degraded the user experience

dramatically (Sheldon, 2003) Finally, firstperson shooter gass are often more
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susceptible to network delay In these games, latencies as low as 100 ms can
significantly reduce user performance, and latency greater than 150 ms feels extremely
sluggish for playergBeigbeder, 2004) Jitter has also been shown tovéasignificant
effects on peopl eds abi (Qutwig, 260D bupdoesdotc t
al ways affect user soé6 pdQuaxetplt200d)ns i n game
Games are sensitive to delay for many reasons, but one is that games often
involve tightly-coupled activities For example, people often need to carry out tasks such
as hitting a moving target, or acting at the same time as another .p&stayed visual
information can confuse or disorient users, causing them to make more eddeken

more time to complete a task

2.5 Techniques for Dealing with Network Delay

A number of strategies have been proposed to assissin dealing withthe
various problems caused by network deldjhese techniques come from research into
distributed ginulations, databasesnetworking, and groupware; however, none of the
solutions are ideal for the problem of supporting tiglettypled work in shared
workspaces | look at four strategies below: hiding delay, adding delay, revealing delay,

and decouplingisers.

2.5.1 Hiding Delay

There are many techniques designed to mask network delay, promoting the
illusion of a perfectly synchronized environmentPrediction is one main strategy
(Aggarwalet al, 2004) There are several techniques for predicting the actions of other
usersi essentially making educated guesses about what the other users are doing until an
update from the network arrivedi, Li, and Lau, 2004;Panteland Wolf 2002.
Prediction models wok we | | i n systems where .ulfsaer s 6
prediction model is perfect, then it appears that there is no delay at all; however, good
prediction is difficult to achieve.

Deadreckoning(Aggarwalet al 2004)is a simple predictio model that is often
used to cope for missing positional informatiorhe deaereckoning technique sends the

absolute position and velocity of shared objects, along with the currenttdirtiee other
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clients. The receiving clients use tlafiormationto determine where the objects would

be if they continuedalong the same trajectory.A more complex method of dead
reckoning uses a Kalman fil ter Azurca apdr edi ct
Bishop, 1995)

Local Perception Filter{Smed, 2003}ake a different approach: they warp the
shared environment to hide the effects of network delegr example, bullets might
appear to slow down as they approach your avatar, but speed up as they near enemy
ships Visual tricks can allow network messagesréach remote clients before the
messages need to be displayed on their screens.

Time Warp (Jefferson, 1985)is a method for recovering from delayed
information Clients allow actionso proceedptimistically, but remember the previous
states of theshared environment, and execute a rollback if they receive late messages
This method can be optimized for rémhe applications by taking periodic snapshots
(Mauve, 2004)or by maintaining current and delayed versions of the shared environment
(Cronin,2004)

However, mechanisms like TimeWarpere designed to maintain consistency
between data, not between usefdthough Time Warp has been recommended for fast
paced action games like figgerson shooter€Cronin, 2004)the use of rollback can be
distracting and confusing The users may see the locations of shared objects suddenly
change, or discover that the world is not how it was a momentHg® users experience
a gap in the ordering of events because their clients did not show the events (gatti
the current state Users must be able to make sense of what is happening in the
application, which requires not just consistent data for the current moment, but also
consistent data across a span of tirReople rely on the ordering of eventslamely

feedback to understand the results of their actions and the actions of others

2.5.2 Adding Delay

Some techniques deal with network delay by adding latency to various points in
the distributed systemAdding delay to the receiver side in the form obufer is a
common method for dealing with jittéZnati, Simon, and Field, 199%ut there are also

ways of using extra delay to address problems of latency.
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Bucket Synchronizatior{Gautier, 1999) Delta-causality Control (Ishibashi,
2006) andLocal Lag (Mauve, 200) are techniques that ensure everyone in the group
experiences the same amount of delay, which achieves fairness and consistency between
the clients.All of these techniqguesiclude time information in thenessageshat they
send toother clients,either by separating messages into tuorsby including actual
timestamps Clients save the essages that they receive, using the time information to
replay the messages in the appropriate ordérese three techniques add extra delay to
all of theclients to achieve fairness and synchronizatanmdto make everyone as slow
as the slowest client

These solutiongmay add additional delay, because the-afittime for late
messagesnust be significantly past the amount of average delaythennetwork;
otherwise, a large portion of received messages would be discarded because of network
jitter (See Figure 3). For example, if the cutff time is exactly the same as the average
amount of delay on the network, then half of all received ngessaould be thrown
away However, adding more delay to the already significant amount of delay
experienced on the Internet is not an ideal solution fortmaal applications like games
or telepointers.One solution to avoid increasing the delpsopo®d by he authors of
Local Lag is to combinetheir technique with another such Esne Warp which would
correct the state of the shared environmesihg the late messages insteadhobdwing

themaway

_$ Average

2 Latency

3

2 Cutoff
" Time
()

(@]

@

(9]

0

[}

=

Delay=—>» \ Jitter J

Figure 2.3. The cutoff time for thesetechniques must be greater than the average

message delay to receive more than 50% of the messages.
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2.5.3 Revealing Delay

Users have the ability to adapt to a changing environment, and this ability can be
used tadeal with delay Revealing the current network conditions gives the user a chance
to adapt theirbehaviour appropriately there are several methods that have been
suggested for revealing delays to the user.

Indicators can display the current amount efag that is affecting the user
Whether byindicating the overall status of the network, or by revealing the delay
between individual clients, it has been shown that users are able to perform better when
they are more informe@Gutwin, 2004; Fraser, 2000 Decoratorscan show past states,
the current amount of latency or jitter, predicted future states, or any other sort of
information to help users work more dgsn distributed groupware (Gutwin, 2001)

The Echo technique (Chen et al., 2007) issaroriented technique designed to
reveal the current network conditions to the local user. They usaditionalghost
object to represent the local position of a shared object, which is affected immediately by
local actions. The spatial differencetween the ghost object and the shared object

reveals the amount of delay on the network.

©
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Figure 24. The ball is being moved across the screen by the user. In the Echo
technique, the ghost object represents immediate feedback while the shared object is

updated from the network.

Mechanisms for revealing delay to the user can also be more.sibtkaphors
such as environmental weather can be used to tell users the state of the network, with bad
weather inccating unfavourablenetwork conditions(Oliveira, 2003). Users might
expect that acting in a rainstorm would be more difficult, and therefore adjust their

behaviouraccordingly.
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2.5.4 Decoupling Users

A final strategy for dealing with delay is to avoid theolgem altogether
Limiting the amount of interaction between the users, or the speed at which they interact,
may improve the quality of intarser actions in the presence of dggghi, 1999) For
example, he actions of a slounoving tank ag easieto predict than a fashoving jeep
Similarly, quick games where users interact with each other instantaneously are
impractical to play osr the Internet, whereas slowggiced games support online play
more easily. For example, Street Fighter Il (Capcdf99), where players are
constantly reacting and counteracting to their opponentvould suffer significantly
from evensmallamounts of network delay, whereas fighting games like Dead or Alive 4
(Team Ninja, 2005) that feature slower game play, quewé&dns, and longer character
animations are played online without much difficultffommercial games have been
studied to determine how much they are affected by network delay, and a large variance
has been found between genf€taypool, 2006)and withn the genreg¢Dick, 2005),but

the suggested cause is the degree to which users are able to affect each other.
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CHAPTER 3

FEEDBACK-FEEDTHROUGH SYNCHRONATION (FFS)

FFS is asolution to the problem of supporting tighttpupled interaction in the presen
of network latency In the following sections, the actideedback cycle will be used to
explain the theory behind the technique, and tegstions about its applicability in real

world groupwarewill be discussed

3.1 Action-Feedback Cycle

The actionfeedback cycle can be used to describe the process of working in
tightly-coupled interaction.Tight coupling § a process in whicparticipantgboth local
and remote) use the information prfotaeuced
decisions For the local person, this information is feedback; for the remote person, it is
feedthrough Feedback and feedthrough, and the times at whighahe displayed, are
importantbecause people rely aeamporalinformation to inform them abaowvhat other
people are doing.Figure 3.1 (left) shows a diagram dhe actionfeedback cycle for a
single user, and (right) unwraps the circular diagram to show individual actions and their
feedback over time The general process dightly-coupled inteaction can then be
represente@sin Figure 32: the figure adds an arrow to show the feedback information
also moving to the remote person as feedthrough (note that there is no network delay

shown in this example)
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Figure 3.1 The actionfeedback cyle (left) and the cycle unwound over time (right).
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c
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Figure 3.2 The actionfeedback cycle between two clients

This representationcan show how network delay affects tightoupled
interaction (Figure 3,3eft). The diagram shows several iterations of the adeaadback
loop for the local user, and shows that the feedthrough from the first action arrives late at
the remote site At time T; in the diagram (the dashed line), it can be seen that the local
user has carried out a second action by the time that the remote user sees the results of
their first actioni therefore, they now have different views of the stath@world This
is the result of anmmediate feedback policywhere feedback from the local user is
displayed immediately while remote feedthrough information is delayed by network

latency.
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Figure 3.3 The effects of delay when using immediate feedtla (left) and when
using FFS (right)

3.2 The FFSTechnique

Unlike the immediate feedback policy, FR®es not immediately display
feedback to the local uselnstead, it displays locdeedback at the same time that the
feedthrough is displayed at the remote.sifde timing is accomplished by monitoring
the current network latency, and so will not be exact; but the idea of FFS is to display
both the local feedback from a particulariact n , and that actiondés rer
approximately the same timeThis is shown in Figur8.4 at right Delaying the local
user6s feedback makes an i mportant differenc
determine their next action, thelo not move ahead until the remote user also sees the
visual result of their last actionThis means that both the local and remote users start
their next actions at the same time, and based on the same view of the state of the world
It is the timingof t he two peopleds actions that s i
and FFS prevents either of them from getting ahead of the other.
FFS is avariantof the LocalLag technique(Mauve, 2004 thatis designed to
synchronize users in tightigoupled nteraction, instead of maintaining data consistency
between clients Unlike Local Lag,FFS synchronizes usetsy only delaying local

feedbackwithout affecting network traffic or other clients
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Figure 3.4. Network delay causes actions to be displayed at a later time on remote

clients. Adding local feedback delay causes actions to be displayed at approximately

the same time on both the local and remote machines.

Figure 3.4shows an example of the difference between immediate feedback and

FFS, using a very simple game scenatio the game, the local user moves a fire truck

(the rectangle at the bottom of each screen) left and; rilga remote user moves the

direction of the water spray towards a fire (the circle at the top of each sciigen)eft

side of the figure shows what happens with immediate feedb&@bk local user starts

moving to the right in frame 1, and immediatelges their own feedback (frame 2)

However, this feedback has not yet reached the remote user, and so they do not adjust the

waterangleAs sumi ng

now losing valuable pointsbut the emote user has no idea that anything is wroFgs

discrepancy does not happen when FF&pislied (right side of Figure 3.4 When the

t hat

t he |

ocal

user 0s

mac hi

local user starts moving, the local machine holds the feedback until it also arrives at the

remote site This meanghat both people see the truck start moving at the same time (in
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frame 3), and means that the remote wusero6s
remain correct on both machines.
FFS works by changing the location, in the process of coordinated,astiere
delay must be dealt with by the useM/hereas immediate feedback requires that users
deal with delay in the coordination of actions, FFS moves the requirement to the local
controlleri that is,the user iscompensatingor lessresponsive contis, rather than
attempting tamaginewh at i s happeni ng o.nThebereftisthdter per ¢
users cope for the invisible network delay by coping for the visible feedback d&lage
usersare able tointeract with and experience the different typedetay with less
difficulty, they can perceive the results of their actions as others on the network would
see them, anthey develop a better understanding of howattjust their behaviour to
compensate
In addition, FFS ensures that both usersbo
same view of the world, which aids in communication about the t@sie of the main
problems with divergent views is that people have difficulty discussing the world
(Gutwin and Greenberg, 1998nd FFS allows people to be much more confident that
the other person will understand what they say and their references to objects in the

world.

3.3 Local Effects for Users

Although FFS improves group performance in tigltbupled asks, itintroduces
latency between when an action is performed and when the user perceilgzlits
feedback which causes users to subtly change their behaviday, Glencross, and
Hubbold (2007) use the impagterceiveadapt model to predict user lasfour based on

t he amount of | atency between usersd actions

e Impact threshold25 mg: Performance errors increase significanthyt usersare
unaware of feedback latency.

e Perception thresholfb0 mg: Users become aware of feedback latency,tiey
do not adapt; Performance errors continue to rise.

e Adaptation thresholdlf00 nrs]: Users adapt to feedback latency by slowing down,

and errors are reduced.
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The adaptation threshol the upper limitfor the perception of immediate
causality which is the point at which users first begin to feel they need to adapt their
behaviour because of the feedback latency (Card, Moran, and Newall, 1983).
latenciegreater tharthe adaptation threshglthere is dinear relationship between user
speed and feedback latenayhich is that users slow down their actions to compensate
for the amount of delay between their actions and their feedback (MacKenzie and Ware,
1993).

Users adjust their behavioulifferently depending on whether they are using
continuous or discrete control mechanisrfror example, mouse movements can be

adjusted over a continuous range of values, whereas a keyboard is limited to a discrete set

of keys. A mouse can be moved forddlar at v ari ous speeds to adap

situation, but pressing the up key on the keyboard is a distinct, singular command, so it
cannot be adjusted in the same way. Instead of adjusting the direction and speed of their
input, keyboard users p$t their behaviour by changing the timing of their actions. The
main effect is that discrete controls are more predictable than continuous ones, and
therefore less susceptible to delay.

Although FFS allows the users to perform significantly bedteightly-coupled
interaction the application may be seen as lower quality because opdieeived
reduced responsivenes$ the controls. The feedback latency th&FS introduces to
us er s 0 is aimitar to thes feedback latencyn early groupwaresysems, where
actions wee sent to a centralized senaerd the server responded with a single view of
the shared environment for everyone (Garfinkel, 1994). The viatexicy between
userso6 i nput and feedback on sedapplicatignst e ms
frustratingly slow and difficult to useHowever, the networkatencybetween users only
disrupts actions that are tighttpupled, and tighthzcoupled actions arenly a small
subset of what a user may do in an applicatibmorder toavoid recreating the sluggish
interaction found in centralized, shared view systeRS should only be applied to
tightly-coupled activities where group performance and timing are valued more than
instantaneous feedbackethods of switching the techniqua& and off aradiscussed in
section 3.6
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3.4 Designing for Individuals or Groups

Designing groupware is difficultbecause the requiremera$ individual work
often contradict the requirements of working in a group. In the physical world, the trade
off between designing for the individual or the group is determinedrbgnvironment
where gople can interact with each other directly. The same kind of direct interaction is
unavailable to users of distributed groupware, so they have to retheoforms of
interaction thathe softwae designer decided to provide.

However,providing solutions for the group can detrrom individual work. For
example, singlaiser applications tend to support symbolic or indirect input, but such

versatile inteaction techniques also leave very little evidence about who performed the

action, its result, or that it has occurredConversely | i mi ting the wusero

providing too much information about ot her s

who are trying to focus on their tagsutwin and Greenburgl998). A balance must be

established between what is needed by individual users and what is required by the

group.

3.5 Comparison to Other Techniques

Groupware networking techniques are often defindteeby how the technique
corrects errors caused by network delay or by where data is buffered. FFS differs from
other techniques because it only buffers data for the local client. The data that is
transmitted across the network is not affected abattause clients only delay their own
local feedback. This is different from techniques like Timewarp, which records all
actions by every client such that it can recalculate the state of the shared environment
after remote messages are received. FFS buafiers local actions, because it only
modifies the local client.FFSis also different from BuckeDeltacausality,and Local
Lag techniques which synchronize everybody to match the latency of the slowest client,
in order to achieve fairness and coresisty. FFS is intended to synchronize the users,
not their clients, so only tightlgoupled interaction needs to be synchronized.

The closespre-existing techniqgue¢o FFS isthe Echotechnique by Chen et al.
(2007), but their task is too different frothe one chosen ithis thesis to objectively

compare results (for reasons discussed in Section &dyever, FFS demonstrates a
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similar improvement in performance,ithhout additional ghost objectand without

significantl y r ai sficultyofthehask. user sé6 percei ved d

3.6 Transitioning between Immediate Feedback and FFS

Although there is a clear performance benefit to using FFS in tightipled
activity, it is important to minimize the burden that it puts on the user. Therefore,
correctly identifying tightlycoupled actions and isolating them from actions that are
independent canmprove the user experiencelhe difference between tightlyoupled
andindependent actions is thattions that aréightly-coupleddependon the timing of
actions byremote users, sihe bestvay to determine if an action igyhtly-coupledis to
determinethe potential forconflict between the userd the system If an action could
interfere with the results of aaction by another user, then network defagy cause a
conflict between what the users intendedl their results.

A n a c potewtial forsconflict depends on the rules of the shared environment,
and are therefore highly application specifideally, software designers determine an
actionbés potenti al for conflict as they are
ways to automate the processkFor example, if there is collision detection between
avatars, the potential for conflict may depend on the distance between them in the
environment. However,FFS should be applied to actions in a consistent and predictable
manner Users are good at interacting with predictable systemu$ randomly or
unexpeatdy changing from immediate feedback to FFS or vice versa will not provide

much benefit to the users.

3.7 FFS for Groups Larger than Two

The simplest implementation of FFS eals the network latency between the
local host and a single remote cliebtit when there is more than one cliewblved,it is
not clear how muchFS should delajocal user feedback If network latency varies
widely within a group, then it isnpossible to synchronize local feedback delay with all
of the clients at the same timeln groups with many peopleeach clientneeds to
determine some value to delay local feedback that preserves the performance benefit of
FFS.
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Thereare several wayshat FFS could be applied between multiple people. A
good minimum effort strategig to use theaveragdatency ofall the clients involved in
the tightly-coupled interactioras the delay used for FF3 better strategynight be to
separate users into shnaightly-coupled groups, and then only apply FFS between
members of their group in a way that is consistent with the rules of the shared
environment. It is important to make the grouping obvious suchthbatesults of their
actionsare consistent, baase therwise the benefit from the effewill be lost,and the
users will become frustrated

Fortunately, the vast majority of tightgoupled interactions involve only two
people. Although people often participate in collaborative activities whikrge social
groups, tightlycoupledwork between group members is usually limited to-tmene
interactions. For example, papers are passed from teahang and dancers move in
tandem with their partnerln tight hallways, people pass by each othee at a time,
moving in and out of tightly coupled interaction with a series of individuHl&FS is
only applied between users who are affecting each other in a tagghtpled manner,
then there may not be a need to scale FFS to handle groupshargend people.
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CHAPTER FOUR

IMPLEMENTATION

Several components and applications were developed in support of this thesis. Each
study was conducted @custombuilt system designed to test my hypothes&saewar

Duo, the BaltBouncing gameand the Fire Truck gamwere all designed to study the
problem of multiperson controlGTC is a toolkit for developing distributed groupware,

and was used to build the prototypes, as wetluaserouglistributed groupwarprojects
unrelated to this thesi In addition, @rtain components of theseystems contain
important design choices for future work in testing user performance irimeal
distributed groupware, such as how artificial network delay was applied, as well as

details about my implementati of FFS.

4.1 GTC

The Groupware Toolkivas a networking liirary built to alleviatehe difficulty of
creating groupware. [t a thin wrapper for the networking classes of C#, called GTC.

Features that | implemented were:

Multiple server connections
GTC supports many types of network architectures. Since servers can support
multiple clients and leents can connect to multiple serve@TC allows centralized as

well aspeerto-peerandservicebased network architecturésigure 4.1)
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Server A ClientA

Figure 4.1. Eah client can support multiple servers

Streams

Distributed groupware applications relay various types of information between
their clients. For example, Avatar movements, chat messages, VoiGe stites
messages, and telepointer positions need to be sorted and distributed to different parts of
the application, but the variety of the information and the effartdmtain and debuthe
source code is troublesome for the application programmer.use¥ the metaphor of
streams to separate different kinds of information for the various parts of the groupware
program. The stream metaphor allows parts of an application to send and receive
messages on their own channel. For example, there couldavatan movement stream,
a chat message stream, a voice data stream, and each message from the network is passed

directly to the part of the application that needs it.

Shared Dictionaries

A keyed dictionary is a data structure that allows data to be iddeik a key.
Just as numbers are used to reference entries in an array, objects or strings can be used to
reference data in a keyed dictionary. In groupware, keyed dictionaries are useful for
storing properties of objects, or for retrieving an objecttbypame. GT included a type
of keyed dictionary called a shared dictionary. A shared dictionary pretends that its
contents are the same on every client, but in truth, it is a networking construct that

distributes changes to the dictionary between lieats.
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Streaming Tuples

Streaming tuples are used to share any grouping of primitive data types between
clients, such as telepointer or avatar locatiofbe tuples are designed to be used like
regular primitive types, but share their values with tieotlients. This feature includes
rate contral such that data is only sent to the other clients if its values have been

changed, and if a set amount of time has passed since the last time its values were sent

Variable reliability

Clients cardynamically switchbetween sending via TCP or UDP. The reliability
of messages can be determined on anpessage level by specifying which protocol
should be used to send it. TCP is a slow but reliable connection where data that is lost on
the network $ resent. UDP is a fast but unreliable connection because it does not resend
lost data, but it is useful for retime applications such as games or streaming media.

GTC normally maintains a TCP connection between each client and server. If an
applicaton begins to send messages via UDP as well, then a UDP connection is
established alongside the TCP connection automatically. Regardless of the protocol that
is used for a particular message, they are still sorted by streams, so components of an

application can switch between TCP and UDP without changing anything else.

High Precision Timestamps

Standard timers, such as System.TickCount, System.Timers, and
System.Windows.Form.Timer, do not have high enough resolution for FFS, 3D
animation, networking timeasips, or data logging. | created a high precision, high
resolution timer class that receives timestamps from Kernel32.dll, which is-keveiv

Windows driver.

Aggregation and Rate Control
GTC supports message aggregation. A message can lstisent mmediately,
or it canbe attached to the next mess#u will be sent on the networkt also supports
rate control to limit the number of messages that are sent over a period of time. Rate
control uses aggregation to control when messages are serall@ms messages to be
sent more efficiently, because more than one message can be included in a network

packet. Message aggregation and raterobm GTC also suppomnessage priorities,
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such that messages from a certain stream can be sent befoegesefem another.
However, messages can only be aggregated and controlled orreessage level, so

byte-level rate control is not automatically supported.

Limited session management

GTC generates an evemt the servewhen clients connect or disconnect fram
Session eventsan be passed between clients and servers voluntarily via streams, just like
objects, strings or byte arrays. Servers have complete control over session management,
and can choose to send anderee session events in any manner they wish. Session
events are handled like the other types of streams in GTC (objects, strings, byte arrays),
and the methods for sending and receiving session events are consistent with those other

data types as well.

Stability

A GTC server will never quit. It will drop clients that cause errors or exceptions,
and in the worst case, a server will completely restart itéediead of failing and exiting
on an application error, a server will throw an error event,thed will recover and
continueon as normal An application can subscribe to error events, and thus receive a
report of all of the problems occurring in the server during runti®ee of the methods
used to recover from an error is to drop the offendilignt, but clients are able to

reconnect to servers with a single method call.

Network Latency Auto-Detection

The libraryautomatically determines the current level of network latency between
each client and serveAfter a certain interval (the defauft twenty seconds), a message
containing a timestamp is sent to another client or server, and then it is sent back. The
difference between the timestamp in the returning message and the current time is the
turnaround time for information between the emidps. The turnaround time dividéal
half is a measure of the network latency experienced by that message. Averaging the last
several such measurements will determine the approxiavatagdatency currently on
the network. GTC calculates this autoitally so that applications may know the

latency between any client and server.

32



4.2 FFS Implementation

The goal of the technique is to hold local feedback to mimic what would have
happened if the information had travelled over the network. FFS only chiweglesal
user6s view in relation to his or her own ir

is sent normally, and information from remote clients is displayed normally as well.

-~ Estimated .

’ Latency B

1 A}
1 1l
1
1

Local < m Remote
View Input
Local > ?} Remote
\._ FFS Buffer Input W View

Figure 4.2 Diagram of a simple implementation of Feedback-Feedthrough

Synchronization

A simple implementation of FFS relies on two components: one to determine the
current latency on the network, and another to buffer local feedback (Bigure

The curren latency on the networkan bed et er mi ned by Opingi ng
client, which is a processf measuring the amount of time it takes to send and receive
messages from the other person.

Buffering local feedback is accomplished by saving the feedbaclynamic list
until it is time to give it back totheuseWh enever a c¢l i ent sends a u
clients over the network, it also saves the action and the current time in a buffer. When
the timestamp of any of the actions in the list is lss the current network latency
subtracted from the current time, then that adsa@dded to the local view.

4.3 Artificial Delay

As mentioned in chapter three, there are two types of network delay: latency and
jitter. 1 modified my applications to injetdatency between the network layer and the rest

of the software, but | deliberately chose not to inject jitter as well. Atrtificially adding
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jitter to an application in a way that accurately models\weald jitter onthe Internet is
difficult. The behaviour of jitter on a network is dependent on many factors, and the
different jitter conditions would add another independent variable to the study. Beyond
that reason, wst jitter can be eliminated in exchange for latency by buffering network
traffic on the receiverandsecondly,users do not notice small amounts of jitter, but are
heavily affected by latency.

| injected latency into my applications by buffering the data that was received by
the clients. A certain amount of network latency was aelieby determining the
current network latency, and then buffering the received messages such that the total
amount of delay between the clients was equal to the desired amount of delay.

Buffering was achieved using a list structure, where list items sa@ted by the
time they were added to the list. When the oldest item in the list was older than the
amount of time the application wished to buffer, then that item was removed and given

back to the application.

4.4 Prototypes

There were three prototype ajgpttions Spacewar Duo, the Ballouncing game,
and the Fire Truck game. These prototypetped explore the area of multiperson

control, tightlycoupled interaction, and tightlyoupled interaction with network delay.

4.4.1 SpacewarDuo

Spacewabuo wasaframework forstudyingthe limits of multiperson control.lt
was a modified version of the 1962 classic Spacewar, made to run with multiple players
on distributed clients. It was built in Java, and used basic AWT/Swing and Java2D
components.

In SpacewabDuo, a simple triangle drifted around a stadjgace on thecreen. A
single user could control the triangle, which represented a spaceship, either by applying
thrust or by rotating its orientatiprand they could fire bullets in the direction tbie
shi pbds oThergsmolaittitolne fri ction in Spacewar 0s
applied thrust to accelerate, the fastest way to slow down was to turn around and apply
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thrust in the opposite directiont used the GT library (built in 3a) to connect clients
together, and allowed multiple ships from distributed clients to exist in the same space.
To study multiperson control, §ave users the ability allotwo players to control
a single ship. When players began the game, they we@nmted to choose between
being a pilot or a gunner. Those who chose to be a pilot were given a ship, and they
could fly around and shoot as normal. Those who chose to be a gunner were randomly
assigned to a shipith a pilot Ships with gunners gained/aible turret and the pilot of
the $ip lost the ability to shoot, but they had the advantage of being ali¢ate the
turretto fire in any direction they wished.
The interactiorbetween the pilot and the gunneasmade to beightly-coupled
sudh thateach playeheavily affected thie partnerwith their actions. When the pilot
moved or turned the ship, the turret was moved or rotated along with it. When the gunner
rotatedthe turret, the ship wasirneda quarter of the rotation in the oppesdirection,

and when the gunner fired, the recoil threw the shijzofirse.

N

&
Planets Radar Laser
Ship with Pilot Ship with Pilot and Gunner Bullet

Figure 4.3. Graphics used in Spacewar Duo (black background is inverted).
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There was aace course version of Spacewar Cagowell, in which two players
travelled through a maze and shot stationary circular targets. The correct direction of
travel was indicated by flashingdearrows, and the walls were represented by large
yellow blocks. When a ship touched a wall block, their ship slowed to 25% of its normal
speed. The turret shot lasers, which crossed the screen immediately instead of moving
with momentum as bullets didiVhen a target wasuccessfullyhit by a bullet, the circke
turned pink. When all the targets were hit, then the players had completed the maze and

the trial was over.

Figure 44. Screenkot of Spacewar DudRace (black background is inverted)
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4.4.2 Ball-Bouncing Game

A third multiplayer game was Itpvasoat ot yped

sharedscreen tweplayer game that ran on a single computir.this two player game,

each player would hon c e

simultaneously trying to catch the ball being bounced toward them (FigurePa8)ers

a ball

over to t he ot her

controlled the buckets with the keyboardheTballs were opposite colours (red and blue),

which matchd the colours of the buckets that were supposed to catch theenplayers

used the arrow keys and the W, A, S, D keys to control the red and blue buckets,

respectively. Their shared score was displayed at the top center of the screen in large

text. Plgersreceived 20 points for catching a ball, but they lost 20 points if they missed

one.

Blue Ball

Red Bucket

SCORE
40

Their Score

Red Ball

Blue Bucket

Figure 4.5. Graphics used in BaltBouncing Game.

4.4.3 Fire Truck

The Fire Truck game was the application that was used as a prototyjieStand

for the formal study. It was written using DirectX and C#, nleevorkingbetween the

clientsused the GTC libraryand thegraphics were made in MS Paint.

A session in the Fire Truck game only supported two cliemtsch connected

directly to each other tareate minimal network delay The messages that were sent

between the clients consisted of both streaming updatesisereétd events. The fire

truckds position, t he
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streamed between the clients. The current level of artificial delay and the command to
begin the trial were sent as discrete messages appepriate times in the study.
The goal of the game was to keep the fire out for as long as possible. The fire
truck collected water by moving in front of a water tanRuring the trial, water
decreased at a rate of 250 units per second, and collecting a water tank increased the fire
truckds water supply by 600. The five pot

dispersed evenly across the screen, with the furthest tanks being 400 pixels from the

Missed Fire Unlit Fire Lit Fire
[ ]
[ |
- | W
Water Tank Fire Truck

Figure 4.6. Graphics used in Fire Truck game

center of the screen. The order of appearance for the water tanks was randomized, but
each trial usethe same seed for the random number generdtoe fire was 500 pixels

above the truck, placed near the top of the screen, dnadl ithree possible states: unlit,

lit, and missed.The fire would beunlit as long ashe fire truck contaied water and the

water stream was accurately aimed at the fifewever, the fire would become animated

and litif the fire truck did not contain any wata@nda smalleX6éwould appear on the fire

whereverthe stream was missing the tar(feégure 4.6.
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Figure 4.7. Participants had to aim within seven degrees of the target.

The target was considered hit when the current angle of the water stream and the
current angle between the fimeick and the fire were within seven degrees of each other.
Therefore, the difficulty of hitting the target was approximately the same from any point
along the path of the fire truckos travel

Artificial delay was injected between the clients in ordersitoulae network
lateng. The desired level of network delay was achieved by adding artificial delay to the
real network latency already present on the network, as detailed in section 4.3. The real
network latency between the clients was determinedvaitoally by GTC, and artificial
delay was injected in the same manner as in Spacewar Thwdesiredlevel of delay
could be increased or decreased attmme via keyboard commands. During the study,
the level of artificial delayin each trialwas de¢rmined automatically according to a
preset series

Data logging was done in a separate thread frometsteof theapplication. The
main application passed text data to the logging thread, and when the thread had received
more tharb120bytes,it wrote the data tahe hard disk When the application exited, the
logging thread would write the remaining data to the log file.

The clients accessed two different |l og f
lifetime. The f i r e tr uck 08, theangd of theovater streamt theeangkec r e e
of the fire truck to the fire, the amount of water currently in the truck, and the total

amount of time elapsed since the program started were all recorded into the first log file.
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The second log file containeithe results of eacltrial, which were formatted to be

imported by MicrosofExcel or analyzed bydtat(http://oldwww.acm.org/periman/stat/

The results of each trial consisted of the
well as their accuarcy during each ten second interval of the trial.

There were two display policies implemented in the Fire Truck game: immediate
feedback, and FFS. When using the immediate feedback policy, the clients display the
feedback from t he mbedatlg (dagmasmeed snoFigeet.8 and ns 1 m
4.10. Client A is controlling the position of the fire truck with the keyboard, and Client
B is controlling the angle of the water with the mouse. If Client A changes the position
of the fire truck, then the neposition of the fire truck is sent to the other client and the
graphic of the fire truck is i mmediately mo\
position information to arrive at Client B a short time later, which means that the two
clients changehe positions of their truck graphics at different times.

When using FFS, local feedback was buffered for a short time before it was
displayed (Figure 4.9 and 4.1 Client A is controlling the position of the fire truck
with the keyboard, and ClientiB controlling the angle of the water with thexis of the
mouse. If Client A changes the position of the fire truck, then the new position of the
truck is sent to the FFS buffer and to the other client. The FFS buffer holds the position
information fa the same amount of time that it would take for the information to reach
Client B over the network. After that amount of time has passed, both Client A and
Client B changes the position of the local truck graphic to match the input from the user.

Inputfrom Client B is buffered in the same manner.
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Client o | Change Truck Mgve Thr_uck
lent Positon |— > raphic
Network ——— | Move Truck
ClientB Graphic
Client A Rotate Water
Network ———> Graphic
Client B Change . Rotate Water
Water Angle Graphic

Figure 4.8. The flow of information while using animmediatefeedback policy

Change Truck Move Truck
ClientA Position |=——> FFS Buffell —— Graphic
Network ——— | Move Truck
ClientB Graphic
Client A Rotate Water
Network ———> Graphic
ClientB Change Rotate Water

—> | FFS Buffer—>

Water Angle

Graphic

Figure 49. The flow of information while using FFS
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Figure 4.10. The feedback is shown at different times
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Figure 411. The feedback is shown aapproximately the same time
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CHAPTER FIVE

EARLY EXPLORATORY STUDIE

Three exploratory studies took place before a formal evaluation was riihe goal of
these studies was find a task that could properly test tivaits of reattime distributed
cdlaboratin, which included dscoveing how users behaved during tighttpupled
interaction, and how they compensated for network delay dwaatigities that were

tightly-cougded.

5.1 Spacewar Duo

The goal of the firstwo exploratory studiegvas to determine how difficult it was
for pairs of users to work together in a tightly coupled activity. Specifically, the purpose
was to discover what strategies users would adopt to cope with the-tigbpie play,
and what problems the users seenestruggle with. These studies used variations of a
game called Spacewar Duo. In Spacewar Duo, two players were put in control of one
ship. One player had to pilot the ship while the other player controlled a gun turret on top
of it (see Section 4.4.1) The test was specifically set up such that the actions of one
player immediately affected the other in predictable ways. When the pilot rotated the
ship, the turret rotated along with it. When the turret fired, the recoil pushed the ship off
course. And when the turret rotated, the ship would be turned in the opposite direction
with reciprocalrotational force.

The firstexploratory studywas pl ayed in the style of
whereeach pair ofplayersin a shipcontinually tried toshoot the other ships without
getting shot themselvesin this task, players were to play for approximately one hour,
but manypreferred to play for longer. Gaming sessions generally lasted between one to

three hours.
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Figure 5.1. Two players worked together in a dathmatch-style
multiplayer game (solid black has been inverted to white)

The seconcdexploratory studywas the similar to the first, but various levels of
artificial network latencywere injected into the cliets The goal of the second
exploratory studywas to determine howetworkdelay changed the strategibstusers
adoptedand how users tried tmompensate for the delayt was important to be able to
measure the performance and actionthefindividual users, so the tesas refinedrom
the first study to usenly one pair of userat a time The task was changed from a
multiplayer deathmatcto a simplenavigation task The players had to navigaterough
a largemaze while shooting stationagellow targets, completing the task as fast as
possible The maze was not difficult; there was only a single path of travel, and flashing
red arrows gided the players to the endhe task took approximately two $x minutes
(Figureb.2).
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Figure 5.2. Two player teamsnavigated a singletrack maze. Their goal was to

shoot all of the targetyyellow circles)as quickly as possible.

The behaviour of the players in both of¢bstudies was generally the sami¢
was determined that if the playersuld divide the task into partsatthey would almost
always chose to do seyen at the cost of performancéhe unfortunate choice of setting
the game ira frictionlesso ut er space co-haki bgo elHetpiloat ag it ur
would aim the spaceship such that it would drift in the general direction of their target,
then he gunner would aim and fire the turraVhen the ship drifted too far away from
their target, the gunner would stop firing and the pilot would start to move the ship
around again The turntaking strategy was remarkably resilient against network delay,
but the turns were long enough that it was questionable whether the task was tightly
coupled enough for the purposenoy topic

However, one main contribution of these studies was revealing the presence of

cyclic overcompensat iCydic overcompdnsationis &problém b e h a v i
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where both users try to compensate for the actions of their partner at the same time in a
similar way. Whertheir actions are merged, thembined compensation is too much, so

the users both try to compensate in dpposite way, which causes the same problem in
the opposite direction. Network delay between distributed clients tends to exaggerate
cyclic overcompensation, because the users do not realize that their partner is
compensating as well untifeedback is remved from the network Cyclic
overcompensation was a significant problem for users in Spacewar Duo, and it muddied
the quantitative results of these early studies to the point where only the comments and

general performance of the users were useful atuation.

5.2 Ball-bouncing Game

The goal of the thircexploratory studywas to explore another kind of task
determine if it would be bettsuitedfor a study about tighthgoupled interactionin this
two player gametwo balls would fall from the top of the screen, aagh player would
bounce ond a | | over to the other playerodés side of
to catch the ball being bounced toward them (Figure @m@ Section 4.4)2 Six
participants were recruited locally to determine if the badluncing task would be
tightly-coupled enough for a formal study

Once again, serspreferredto divide the task betweethe two of them When
asked where they were focusing their attenticersicommentethat they were focusing
only on their own side of the screaven when the ganphysics wereset toa veryslow
or extremely faspace Although both players were looking at the same displagtet
wasno verbal effortto work togetler, nor didthe playas seem tknow what the other

was doing
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Figure 5.3. In this two player game, each player would bounce a ball over to the
ot her playerods side of the screen while sim

bounced toward them.

5.3 Summary

These threeexploratory studieselped determinghe task used in the formal
study, as well as how it was evaluatdd.general, it was found thatsers would almost
always choose to divide the kalsetween thenif they could. Therefore, the task for the
formal study should have users working together in a way that is impossible to separate,
such that the task studies tightgupled work instead of how effectively users were able
to decouple theiactions.

Al t hough metri cs cempleton tianeor tkeawnberopHMillay er 6 s
deathsduring play been used as performance metrics in studies about the effect of
network delay on user performanf{leark and Kenyon, 199®Beigbeder et al., 2004;
Sheldon et al., 2003theseearly studiesshowed thatthose metricsare also heavily
influenced by other factors, suabt h e p a r dKill io theptaslohowseffectivelythey
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were able to workogethey and random chanceThe number of errors made lthe
participants was a better indicator of the effect of netwaelay on their performance,
but it wasdifficult to evaluate user errors imapplicationsuch as Spacewar Dao the
Ball-Bouncing game for two reasons: the chaotic and unconstraine@ étihe shared
environment, and complexity of usersoé inter a
First, he free movement dheir avatarsin all three of the studiesllowed for a
wide variety of situations thatoulda f f ect t h e .uAscensistent ebakdiienv i our
of tightly-coupled interaction is impossible in tasks that atoew much varietybecause
different situations elicit different responses from the ysehsch significantly changs
their performance
Second,it is difficult to evaluateu s e r s 6 p atrafygoinhia tinceehen
both users are interfering with each othktistakes and adjustments tend to bounce back
and forth betweerthem causingeffects such as cyclic overcompensationather than
using a metric that require a task thatakesa longtime to completgerrors by the
participants should be clearly discernahtel immediatesuch that the effect of delay on

their performancean bemore directlyevaluated
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CHAPTERSIX

EVALUATION

A formal study wasarried out to determine if FRSmpr oved wuser so6é abil it

visual delay while working togethénroughdistributed groupware.

6.1 Goals

Overall, this study explored the limitations of tightigupled collaboration with
distributed groupware, and determined if FFS allowed usec®pe more easily with
network delay.This studyexamineghe following questions:

e How much does network delay affect wuserso
e Does FFS help users perform better?

e Does FFS make the task easier or harder to perform?

6.2 Study Design

There are twondependent variables in this study: feedback disptaicy, and
the amount of latency between the useFbere were two displagolicies immediatéy
displayedfeedback, and FESThere were six levels of latency: 0, 100, 200, 300, 400,
and 500 millisecnds The dependent variable was the useEe

which was the amount of time they were successfully hitting the target.

6.3 Task

The task was a simple multiplayer gam€&he participants controlled either the
driver or the turrebperato of a 2D fire truck(described in Section 4.4,3nd their task
was to work together with their partner to aim a stream of water at a small fire for as long

as possible.
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Figure 6.1. One user moved the truck left and right across the screen, while the
other user controlled the angle of the stream of water.

The task was a simplified example of a collaborative interaction between two
users The users worked together to complete a simple igoal realtime distributed
application During each trial, visual delay was injected between the participants to
determine what the effect would be on their performarice simplify the results of this
study such that they could be more easily understtiosl task was designed such that
while both participants worked together to
actions interfered with the otherThe generalizable task for the users was to work
together to maintain a goal state for thagin of a trial Their goal was always
achievable at any moment in time so that it was immediately obvious at what times
during the taskoordinationbroke down between the two users, because they will fall out
of the goal state.

The driver of the firertick used the arrow keys on the keyboard to move the truck

leftandright The dri verdés job was to collect water
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the fire truck When a water tank was collected, i ts
supply, and amew water tank appeared somewhere else on the screen.

The other user controlled the turret with the mouskne goal of the turret
operator was to ai m t he . Haweverkifdhe firsttuckba@lm of we
no water left, the spray fronthe turret would not be enough to put out the.fire
Therefore, both of them had to work together to complete the task.

During the experiment, network latency was artificially adjusted to various levels
to determine what effect that amount of delay hadiser performance The different
levels of latency were chosen based on previous resedesieriped inSection 2.4).

Network jitter was norexistent or insignificant on the dedicated network, so the actual

amount of delay at any particular level of netlwlatency was relatively constant during

the task. Participantsvere informed that what they saw on their screen would not be the

same as their partnerds because it took ti
computers They were also informed @ah communication would be very important in this

task, and that they were free to talk to each other as much as they wanted, and that
comments about the system and their strategies were encouraged.

The networking model used for the Fire Truck game wagaed to simulate
common networking architectures, including those that aretpgmer or centralized, by
focusing on a specific user, the water turret operator. From the viewpoint of the user,
there are two types of information that are feeding intient involved in a tightly
coupled activity: the actions or feedback of individual members, and the combined result
of the actions of the entire grou@he actions or feedback from individuals inform the
new actions of the local user, allowing them ¢éonpensate or adjust their own behaviour
in response. The combined feedback for the entire group shows the local user how

successful their actions were.
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Figure 6.2 Representation of information flowing to and from the water turret
operator.

There weretwo clients inthe study, but the relationship et ween t he wuse
movements wasnly onedirectional. The turret was attached to the fire truck, but the
driver of the fire truck was not directly affected by the movements of the water turret. If
the local user is the water turret operator in Figu then the movements of thedir
truck driver representhe actions of othersthat are affecting the local user. The
combined group feedback, which is the produc
the actions of the rest of the group, is represented as theothae fire. Alit fire meant
that the groupvasfailing at the task, while an unlit fire mdahat theyweresuccessfully
hitting the target with water.

Network latency affecttightly-coupledtasks in two independent ways: it delays
the actions or feedback fromothe c|l i ent s, and it delays the g
Thesedelaysare independent becauisethe process of completing the tagdcal users
react to the actions or feedback from other users, and after theyheadetermine if
their actions improv# t he gr oupds clo tightiy-coapted thsksghel b a ¢ k .
information is streaming between the clients, so the users are constantly trying to adapt
their behaviour for the actions of other clientile usingthe combined feedback for the

group to @étermine how good they are doing.

6.4 Procedure

Twenty-four participants, seven female and seventeen male, were recruited from
the University of Saskatchewafarticipants ranged in age from 18 to 33 years (mean of
22.4 years) All were regular computer use(minimum of ten hours per week, mean of

32.25 hours per weekgnd twenty reported that they had played multiplayer online
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games before Thirteen described themselves as highly experienced players of
multiplayer online gamesEight of the thirteernighly experienced players reported that
they have experienced significant network delay in games, two reported that they have
never experienced significant network delay, and the remaining three were unsure or did
not answer the questiorOf the seven iexperienced players whwadplayed multiplayer

online games before, four reported that thagexperienced significant network delay in
games, two reportedhad they have never experienced significant delay, and the
remaining participant did not answer tngestion.

Participants carried out the task in groups of.twd the start of the session, the
participants were read a script describing the task and what they were to corfiplete.
total time to complete a session was approximately one Héach sesion was divided
into two separate runs: each run consisted of six trials, and each trial lasted two.minutes
The first thirty seconds of every trial was considered training time, to allow the users to
familiarize themselves with the task during eaclelef delay There was a short break
between each trial, during which participants filled out a NASA TLX form, describing
their experience with the trial they had just completiedeach session, one run used FFS
while the other did not, and the order thie runs was changed between sessions to
diminish the effect of the users learning the task.

The first trial in each run had minimum amount ohetwork delay, so that the
users could learn the task quickiiHowever, every successive trial had a progjvesy
larger amount of network delay, so the usmsld knowledgeably adapt thelrehaviour

to compensate.

6.5 Apparatus

Two computers were ed, each with a monitor set 4024 by 728 pixel
resolution, an optical mouse and keyboard, and the machinesamerected viathernet
cable toa dedicated routerThere were 13 to 26 milliseconds of real latency between the
clients at all times The participants were in adjacent cubicles, and there was a physical
separation between them such that they could mettlse other person or the other
per s on 6 s(Figore 6.3) t The application was custom built in C# using GT

(described inSection 4.1)and DirectX (http:/msdn.microsoft.com/directx/ Us er s 6
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Figure 6.3. Diagram of apparatus.

screens were updated and network messages were hapgleckimately 60 times per
second Each userdés device inputs and positions

along with the current angle of the turret and the position of the fire truck.

6.6 Results

The results are organized by two main factofsrst, | will report the effects of
increasing delay on performance, and then disdbe effects of using FFSSecond, |
will comparep e o pl e 6 s p e r epvpenmnoediatép displaed feenlvatkand
FFS.

6.6.1 Effects of Delay Amount

Performance in the task was measured in terms of accurdneyfraction of the
trial that groups were able to maintain the goal state (i.e., keep the stream of water on the

fire).
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Overall, accuracy decreased as network delay increasedan be seen in Figure
6.3, average accuracy over all conditions dropped from nearly 950& &west level of
delay, to less than 50% with 500ms delay 2x6 ANOVA showed a significant main
effect of delay amount @zs=76.38, p<0.001). This confirms the results of previous

studies that user performance in coordinated activities is directly affected by delay.

6.6.2 Effects of Using FFS

The 2x6 ANOVA also showed a significant main effect of the usd-F®
(F1,0=77.38, p<0.001)Figure 6.4shows that the overall difference between immebjiate
displayed feedbac&nd FFS for all levels of delay was more than 18%

In addition, there was a significant interaction between delay amount and
feedback displaypolicy (Fs45=7.904, p<0.001). The interaction arises because (as
expected) there was no difference between immdyidisplayedfeedback and FF&t
the lowest level oflelay, and the difference was small at 100ms. The advantage of FFS
is greater at higér levels of delay (see Figw8.5 and Table 6)1 The largest difference
between categories was at 200 ms of delay, which is also the category with the largest
drop in performance fammediately displayed feedback. The average performance with
immediatly displayed feedback dropped 34% between 0 and 200 ms, whereas
performance dropped only 7% when using FFS.

6.6.3 Perception of Effort

User so subj ecti ve wagsemeasarpdiusingg NASA fTLX ef f or t
guestionnaires. NASA TLX ia standardizedjuestionnairghat allows userto rate the
mental andphysical demand ofthe task as well as theirfrustration, effort, and
performance, on a 1 to 7 scale (see Figuég

The NASA TLX results showed that the users believed that the tasks consistently
became hardeas the visual delay increased: 2 x 6 ANOVAs on each of the aspects rated
on the NASA TLX by the users showed a significant result in every case except for
physical effort for the drive(Table 6.2) However, there were no significant results
found betwer users using FFS and those who were not: 2 x 6 ANOVAs on each of the
aspects rated on the NASA TLX by the users did not show any signifiCbaiske 6.3).
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Figure 6.4 Mean accuracy over all delay amounts; Error bars represent 95%
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