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he Informatik IV, University of Mannheim, Germanyvogel�informatik.uni-mannheim.deAbstra
t| If a 
ollaborative multi-user appli
a-tion allows 
on
urrent or asyn
hronous manipu-lation of shared data, user a
tions may 
on
i
t.While 
on
i
ts 
an be resolved synta
ti
ally by
on
urren
y 
ontrol, the system is not able to in-terpret a
tions, and the determined result mightviolate the users' intentions. We propose a visualfeedba
k s
heme so that users are aware of 
riti
alsituations and may rea
t a

ordingly. In our ap-proa
h, the a
tion history is represented as an in-tera
tive timeline that 
an be analyzed by the user.A prototype was realized for a shared whiteboardappli
ation.Index Terms| CSCW, Collaboration, Con
ur-ren
y Control, Awareness.I. Introdu
tionCollaborative multi-user appli
ations support re-mote 
ollaboration of people through informationsharing via 
omputer networks. Examples are group-ware and distributed virtual environments. In orderto a
hieve high responsiveness for lo
al user a
tionsas well as a smooth multi-user intera
tion, 
ollabo-rative appli
ations often employ a repli
ated ar
hi-te
ture with optimisti
 
on
urren
y 
ontrol [1℄, [2℄.Thus, users are allowed to 
hange the appli
ation'sshared state anytime so that their a
tions may over-lap and even 
on
i
t semanti
ally (e.g., when twousers want to move the same obje
t simultaneouslyinto di�erent dire
tions). The probability for su
h
on
i
ts is parti
ularly high if an appli
ation fa
ili-tates asyn
hronous 
ollaboration [3℄; here, a user may
hange data while being dis
onne
ted from the net-work, and the 
orresponding events 
an be 
onsoli-dated only later on when going online. In the mean-time, other users may modify the same data, leadingto 
on
i
ts.While 
on
urren
y 
ontrol algorithms keep theshared state 
onsistent at all sites, they are in gen-eral not able to determine whi
h result would be pre-ferred by the users (e.g., where the obje
t in the exam-ple from above should be). Su
h situations 
ould be

resolved expli
itly with user intera
tion (e.g., by vot-ing), but this would interrupt the 
ollaboration when-ever a 
on
i
t is dis
overed. Instead, we propose tosupplement automati
 
on
urren
y 
ontrol with visualfeedba
k so that users be
ome aware of 
on
i
ts andmay rea
t a

ordingly. Before presenting our visual-ization s
heme, we dis
uss 
on
urren
y 
ontrol algo-rithms. II. Con
urren
y ControlCollaborative appli
ations with a repli
ated ar
hi-te
ture maintain a 
opy of the shared appli
ation stateat ea
h site. Lo
al user events 
an be exe
uted im-mediately and are also transmitted to all other sitesso that their data 
opies 
an be updated. Sin
e mul-tiple users may issue events 
on
urrently (i.e., with-out having re
eived ea
h other's a
tions), a 
on
ur-ren
y 
ontrol me
hanism ensures that all sites rea
hthe same state after exe
uting the same events, evenwhen events are re
eived in di�erent orders, or aftertheir s
heduled exe
ution times in the 
ase of a real-time appli
ation [2℄.The events ex
hanged in su
h a setting may 
on
i
tsemanti
ally if they modify 
orrelated aspe
ts of theshared state and if their exe
ution times lie within a
ertain timespan T . For instan
e, a move event 
on-
i
ts semanti
ally with an event that deletes the sameobje
t sin
e the users obviously disagree about the de-sired state of that obje
t. T depends on the propaga-tion delay of the events and the user's rea
tion time.For a shared whiteboard, preliminary experiments in-di
ated that T is approximately one se
ond. For asyn-
hronous appli
ations, T 
an be mu
h higher [3℄.Well-known 
on
urren
y 
ontrol algorithms are se-rialization, operational transformation, and obje
tdupli
ation. Serialization exe
utes events in a dis-tin
t order at all sites, e.g., based on their s
heduledexe
ution times. This order has to be restored if are
eived event would violate it when appended to thehistory. The timewarp algorithm des
ribed in [2℄ es-tablishes an order based on the event history: Ea
h



2site saves a history of lo
al and remote events togetherwith periodi
 state snapshots. If ne
essary, the stateis re
al
ulated using an older snapshot and the sub-sequent events. For events that 
on
i
t semanti
ally,this means that only the e�e
ts of the last event arere
e
ted in the updated state.Operational transformation also establishes 
onsis-ten
y using a lo
al history [1℄: Events are transformedagainst the events exe
uted before so that they 
an beapplied to the state in the order in whi
h they are re-
eived. As in timewarp, a 
ertain event is favoredin situations where events are opposed semanti
ally(e.g., two move events).Obje
t dupli
ation generates a new version of anobje
t when 
on
i
ting events o

ur, thus presentingmultiple versions of the same obje
t to the user sothat all user intentions are preserved [4℄. But thismight be 
onfusing, and there is no support for merg-ing di�erent versions and �nding a joint state. Likeoperational transformation, obje
t dupli
ation is dif-�
ult to realize for real-time appli
ations.Even though semanti
 
on
i
ts 
an be resolved bythese 
on
urren
y 
ontrol me
hanisms, they do notunderstand the users' intentions and are not able todetermine the desired state. Thus, information about
on
i
ts should be provided so that the users be
omeaware of 
riti
al situations and are able to analyze andresolve them.III. Design ConsiderationsBesides notifying the users about a 
on
i
t, detailedawareness information is required in 
on
i
t situa-tions: Whi
h obje
ts are modi�ed and how? Whi
hparti
ipants are involved? What is their 
urrent task?Whi
h past a
tions are related? And what would analternative state look like?Design options to visualize this information 
on-
ern its pla
ement (where), representation (how), trig-ger (when), and duration (how long). For instan
e,the information 
an be displayed in the shared work-spa
e next to the obje
ts 
on
erned. While providinga dire
t referen
e, this might be distra
ting or 
on-
eal other 
ontent. Alternatively, a separate window
an be used. Se
ond, information 
an be representedgraphi
ally or as text. With graphi
al representations(e.g., i
ons), information 
an be en
oded using di�er-ent 
olors, shapes, and sizes. This requires that theuser learns the di�erent meanings, whi
h is demand-ing if many 
ategories exist. If en
oded as textualdes
riptions, information is easy to understand butmight require more time to take in. Third, informa-

tion 
an be displayed automati
ally or on the expli
itrequest of the user whi
h is a tradeo� between e�ortand distra
tion. And fourth, the data might be visiblepermanently or only temporarily.General design goals have to be 
onsidered as well:First, the me
hanism should be easy to use. Se
ond,while there should be suÆ
ient information available,an overload should be prevented. Finally, informationshould be a

essible anytime, and its analysis shouldnot disturb remote users.IV. Related WorkEven though awareness information is vital for 
ol-laborative appli
ations, existing work mostly fo
useson general aspe
ts and does not address 
on
i
t man-agement in parti
ular. [5℄ provides me
hanisms todemonstrate the evolution of the 
urrent state in 
asethe user did not observe the joint editing pro
ess orwants to review it: A history lists textual des
riptionsof past a
tions (e.g., \Ali
e 
reates an oval"), a trail-ing fun
tion shows the path of moved obje
ts, and areplay me
hanism repeats the 
ourse of a
tion. Thereplay is very su

essful when 
ontrolled via the his-tory. But sin
e it is text-based, this history be
omes
omplex in large sessions.A s
heme with multiple, alternative event histo-ries is presented in [6℄: Similar to obje
t dupli
ation,events are not merged into a single history but forma dire
ted graph with paths that may split and join.Ea
h node of this graph re
e
ts a di�erent appli
a-tion state. The user has dire
t a

ess to past statesand may navigate within the graph to explore di�er-ent versions. Moreover, the user is allowed to add newevents at arbitrary positions in the graph. Di�erentpaths may also be merged in order to 
reate a jointstate. While su
h a history graph is very 
exible, itmay be
ome 
omplex during a session. Keeping tra
kof these multiple \realities" is diÆ
ult, espe
ially sin
eusers 
an work on di�erent parts of the graph (i.e., dif-ferent points in time) simultaneously. Adding eventsto the inner graph is likely to 
ause more 
on
i
tsinstead of resolving them. Finally, there is no sup-port to merge 
on
i
ting paths into a single and non-
on
i
ting shared state whi
h should be the ultimategoal of a 
ollaborative multi-user appli
ation.V. Visualizing the Event HistoryOur goal is a visualization me
hanism that showshow the shared state of a 
ollaborative appli
ationevolved, espe
ially when events 
on
i
t. Su
h a me
h-anism supports the user in 
hanging the 
urrent state
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Fig. 1. The mlb with event historyto the semanti
ally desired state and in 
oordinatingfuture a
tions.The 
on
urren
y 
ontrol algorithms dis
ussedabove require ea
h site to store at least parts of theevent history. This history 
ontains important aware-ness information: If visualized, it demonstrates the
ourse of a
tion and the 
orrelations among events(a
tions). Our approa
h therefore provides the in-formation identi�ed above (i.e., who 
hanged whi
hobje
t by whi
h event 
on
i
ting with whi
h otherevents) by means of a graphi
al representation of thehistory that the user 
an a

ess and analyze if ne
-essary. We realized a prototype of this visualizations
heme for the shared whiteboard multimedia le
tureboard (mlb) [7℄ that employs timewarp [2℄ for 
on
ur-ren
y 
ontrol. As depi
ted in Figure 1, the event his-tory is displayed underneath the mlb's shared work-spa
e and visualizes information about events, ob-je
ts, and parti
ipants, provides a replay fun
tion, andallows the user to explore past a
tions and alternativestates.The history is represented as a timeline with an i
onfor ea
h event (see Figure 2). The most re
ent eventis shown on the right, and new events are appendedimmediately. Ea
h i
on on the timeline en
odes dif-ferent information depending on its shape, 
olor, andba
kground: Events issued by the lo
al user have anoutgoing arrow (1), while all remote events show anin
oming arrow (2). Events that are part of a 
on-
i
t sequen
e are marked by a dot that is either red(3) or orange (4) in order to distinguish among dif-ferent 
on
i
t sequen
es. In (3), one remote and onelo
al event 
on
i
t semanti
ally. The user 
an 
hoosewhether he wants to see all 
on
i
ts (5), always thelast 
on
i
t, or a 
on
i
t that o

urred at a 
ertain

Fig. 2. Visualization of the event historytime (see Figure 3 (1)). If the mlb dete
ts a new 
on-
i
t, this is also indi
ated in the workspa
e windowby atta
hing a temporary tool-tip window naming theusers involved, and by highlighting the involved usersin the parti
ipant window (see Figure 1).When sele
ting the i
on of an event that is partof a 
ertain 
on
i
t sequen
e, the entire sequen
e ismarked so that the history 
an be examined by theuser. Also, the 
orresponding obje
t is highlightedin the shared workspa
e so that the user 
an explorewhi
h obje
t belongs to whi
h event. Vi
e versa, alli
ons targeting a 
ertain obje
t are highlighted by awhite ba
kground when the obje
t is sele
ted.A. Exploring Past StatesOur visualization s
heme in
ludes a replay fun
tionfor reviewing the past 
ourse of a
tion. It is 
ontrolledwith a VCR-like interfa
e (see Figure 2): After press-ing play (6), events are replayed in the order givenby the history, and the appropriate state is displayedin the workspa
e window. The replay 
an run eitherin the original time lapse or in a fast-forward mode(7). The skip buttons (8) 
hange the 
urrent posi-tion in the history. The event that was exe
uted lastis marked by a green ba
kground (4 left), its targetobje
t is marked in the workspa
e, and the responsi-ble user is named in a tool-tip window if desired. Allevents not yet exe
uted are displayed with gray i
ons(10), instead of bla
k ones (2).The user 
an also browse through the history bymeans of a slider (9). The slider's position marks thelast event exe
uted. When the slider is moved, the
ontent of the workspa
e is updated a

ordingly.Exploring the event history has only e�e
ts on thelo
al view and does not disturb remote users. Whilea past state is displayed, obje
ts 
annot be 
reated ormodi�ed. All remote events re
eived in the meantimeare appended to the history, but their e�e
t is not vis-ible until the replay rea
hes their s
heduled exe
utiontime. An event is marked as new (11) until it is exe-
uted for the �rst time so that the lo
al user is awareof remote users' a
tions. After the latest event wasexe
uted, the lo
al user is able to modify the stateagain.
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Fig. 3. Exploring alternative statesB. Exploring Alternative StatesA user might not only be interested in how the 
ur-rent state 
ame to be but also in alternative states.For instan
e, when several users issue 
on
urrent and
on
i
ting a
tions, it is useful to understand the inten-tions of a 
ertain user. For this purpose, a dominatinguser 
an be sele
ted as depi
ted in Figure 3 (2). Thisdisables the events of all other users, starting fromthe event exe
uted last. In the situation shown inFigure 3, some remote events are disabled, indi
atedby a 
at i
on (3) while enabled events are sunken.Starting the replay or browsing the history will nowapply enabled events only to the workspa
e. Thus,the workspa
e shows the evolution of an alternativestate. Similarly, the evolution of 
ertain obje
ts se-le
ted in the workspa
e 
an be tra
ked while all otherobje
ts remain un
hanged.Moreover, single events 
an be disabled or enabledby swit
hing to the 
hange mode (4) and 
li
king onthe i
ons. In 
ase the exe
ution time of a disabledevent lies before the time of the 
urrent state, theworkspa
e is updated immediately. In some 
ases, itmight also be ne
essary to disable subsequent eventstogether with the one disabled by the user. For in-stan
e, when disabling a 
reate event, all other eventsfor the same obje
t need to be disabled as well.Disabling 
ertain events a�e
ts only the lo
al view,i.e., the 
urrent shared state is not a�e
ted. But itmight happen that the user 
reates a state that she a
-tually prefers. For instan
e, she might not have issueda 
ertain event if she had known about the modi�
a-tions of another user. Or perhaps events were issuedon the basis of a state that su�ered from a short-termin
onsisten
y [2℄. For su
h 
ases, a 
onvenient way toalter the shared state is provided: The state displayedin the user's lo
al view 
an be �nalized by pressing theapply button (5). Then, the lo
al state be
omes thenew shared state for all users and is propagated to allsites.Summing up, i
ons indi
ate whether an event is lo-
al or remote, 
on
i
ting or not, is exe
uted or not, isthe last event exe
uted, is enabled or not, and is se-le
ted or not. Although it would be possible to en
odeeven more information into an i
on su
h as the event's

type (e.g., 
reate, move, et
.) or the responsible user,this would in
rease the representation's 
omplexity.Instead, textual des
riptions for ea
h event are pro-vided via a tool-tip window (see Figure 3 (8)).C. Implementation IssuesFor the mlb, we had two possibilities to implementthe replay me
hanism: Using the event history, paststates 
an be 
al
ulated either on the basis of the 
on-
urren
y 
ontrol algorithm or by employing the mlb'sundo s
heme.In the �rst 
ase, a timewarp is exe
uted when astate older than the 
urrent one is to be displayed(e.g., when moving the slider to the left or when jump-ing to the history's beginning). When moving forwardin time, the respe
tive next state 
an be 
al
ulatedby applying the next event to the 
urrent state at theappropriate exe
ution time. This exe
ution time isdetermined on the basis of the 
urrent time and theo�set between the exe
ution times of the 
urrent andthe next event (divided by the fast forward fa
tor ifin the fast forward mode). The main advantage ofthe timewarp-based approa
h is its easy implementa-tion if the appli
ation uses timewarp for 
on
urren
y
ontrol, as is the 
ase for the mlb. Moreover, it is ap-pli
able to all appli
ations, in
luding real-time appli-
ations. But exe
uting a timewarp is 
ostly in termsof pro
essing power [2℄, whi
h might be 
riti
al whenbrowsing qui
kly through the history.For the mlb, we therefore de
ided to realize the re-play by means of undo and redo operations: Whenmoving ba
kward in time, the last event exe
utedis undone by applying the appropriate undo event,and when moving forward in time, events are redone.Jumping to a position (e.g., to the end of the history)is realized by exe
uting an entire sequen
e of undoor redo events. The mlb generates undo and redoevents semanti
ally, i.e., an undo event restores theattributes 
hanged by the 
orresponding event to theiroriginal state. For instan
e, the undo for a move eventen
odes the original position of the moved obje
t, andthe undo for a delete event holds the 
omplete stateof the deleted obje
t. While this approa
h requiresthat the appli
ation is able to undo all events (as it isthe 
ase for the mlb but might be rather diÆ
ult forreal-time appli
ations), it a
hieves a very good perfor-man
e resulting in smooth state updates even whenskimming qui
kly through the history.Disabling events, when exploring alternative statesas des
ribed above, again 
an be realized either byexe
uting a timewarp on the basis of the 
hanged his-



5tory or, as in the 
ase of the mlb, by undoing the
on
erned events.When �nalizing a modi�ed state, we also use theappli
ation's undo fun
tionality: For ea
h disabledevent, the 
orresponding semanti
 undo is 
reated anddistributed to all sites. Thus, the original event his-tory is not modi�ed but new events are appended thatare handled just like regular events: They are dis-played in the history's representation and 
an be an-alyzed or undone if desired. Implementing the propa-gation of a modi�ed state via timewarp instead wouldrequire to notify all remote sites about the events tobe undone so that these 
an exe
ute a timewarp onthe 
hanged history. This is 
onsiderably more 
om-plex than the semanti
 undo approa
h and has thesevere drawba
k that all sites need to store the sameparts of the event history. And in order to redo un-done events at a later point in time, they would haveto be retained by all sites.VI. Dis
ussionWe evaluated our visualization s
heme in prelimi-nary experiments with two users. The task was topla
e furniture from a given set in a small apartment(see Figure 1). In this setting, it is likely that twousers move the same pie
e of furniture and raise asemanti
 
on
i
t. By introdu
ing arti�
ial networkdelays, the probability of 
on
i
ts 
ould be in
reased.The experiments indi
ate that the visualization me
h-anism provides suÆ
ient information to noti
e andanalyze 
on
i
ts. Espe
ially the slider-based brows-ing of the event history together with the possibilityto review the a
tions of a 
ertain user proved to bevery eÆ
ient. In this 
ontext, we plan a feature thatallows to save di�erent versions of the state so thatthe user 
an qui
kly 
ompare them.However, some short
omings were dis
overed aswell. First, the user has to a
quaint himself with thedi�erent visualizations. In an earlier prototype, thehistory was displayed only when a 
on
i
t o

urredor when requested by the user. But we dis
overedthat a permanent view of the history together withimmediate updates and tool-tip des
riptions of i
onsa

elerated the user's learning pro
ess.When the remote users 
ontinue to issue events, an-alyzing the history might be too slow so that the lo
aluser permanently lags behind. An analysis might alsobe diÆ
ult when multiple events 
on
i
t. Further-more, 
hanging the shared state by disabling eventsis problemati
 when several users do this at the sametime. In su
h situations, it is likely that new 
on
i
ts

emerge, and that the resulting state violates the users'intentions on
e more. In order to lower the probabilityfor repeated 
on
i
ts, it is not allowed to disable re-mote events when �nalizing a state. The risk for new
on
i
ts might also be redu
ed by indi
ating whi
husers are 
urrently reviewing the history so that users
an 
oordinate.In sessions with many members and a high a
tiv-ity, the history might be
ome large and diÆ
ult toanalyze. In order to shorten the history, it is possi-ble to �nd a more 
ompa
t representation for someevent sequen
es without losing vital information. Forinstan
e, when 
reating a freehand line on an mlbslide, ea
h point is propagated singly in order toa
hieve good responsiveness. But for later examina-tion, this event sequen
e 
an be substituted with asingle state 
ontaining the 
omplete line whi
h short-ens the history signi�
antly. If the history is still toolong, its granularity 
an be redu
ed by swit
hing toan overview mode (see Figure 3 (6)) where homoge-neous event sequen
es are subsumed and displayed asa single i
on (7). A sequen
e is homogeneous if allevents from a 
ertain user target the same obje
t anddo not raise a 
on
i
t, e.g., subsequent move events.VII. Con
lusions and Future WorkWe have presented a novel visualization s
hemefor 
ollaborative multi-user appli
ations that supple-ments the appli
ation's 
on
urren
y 
ontrol me
ha-nism and provides extensive awareness informationabout semanti
 
on
i
ts in user a
tions, and aboutpast and alternative states. Our graphi
al represen-tation of the event history allows to qui
kly dete
tand analyze 
on
i
ts, whi
h may also help to preventfuture ones. The viability of our approa
h was demon-strated for a shared whiteboard. But the visualizations
heme is generi
, and we plan to integrate it intoother 
ollaborative appli
ations as well. Our maininterest lies in real-time appli
ations, where the rep-resentation should also re
e
t the 
orre
t time lapseof events, and in appli
ations for asyn
hronous 
ollab-oration, where 
on
i
ts o

ur more frequently. So far,no large-s
ale user study was 
ondu
ted but we planto evaluate di�erent 
on
i
t s
enarios.Referen
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