Multi-Display Composition: Supporting Display
Sharing for Collocated Mobile Devices

Kent Lyons, Trevor Pering, Barbara Rosario, Shivgud and Roy Want

Intel Research
2200 Mission College Blvd.
Santa Clara, CA 95054
{kent.lyons, trevor.pering, barbara.rosario, shivasud, roy.want}@intel.com

Abstract. Multi-display composition is a technique that erabseveral mobile
devices to join together over a wireless networfotm a larger logical display.
This logical display can be created inahhoc manner for use when and where
it is needed out of a group of users’ existing f@bomputers. In this work we
present a multi-display composition system andudis@ur implementation that
supports dynamically extending the display acrossvemal devices.
Furthermore, we present findings from a study oflocated groups of
individuals using multi-display composition on twdifferent types of mobile
computers. We found mixed results with respectht effect of the resulting
display area. The use of two devices by a pairaofigpants tended to be rated
more favorably than a corresponding group of foevicks and participants.
Furthermore, while providing additional screen restate for smaller UMPCs,
tablets were rated more favorably when using ostesy. Finally, we discuss
usage themes that emerged from participants’ usethef multi-display
composition system.

1 Introduction

In recent years, personal computing has evolveud fgrimarily desktop activity to a
highly mobile one. Laptop computers are an extrgrpelpular computing platform,
and the tremendous success of mobile phones ieditlhaat the adoption rates that we
observe for smart phones and Mobile Internet Devid¢IDs) will likely continue.
While these mobile devices have ever increasinggasing, storage, and network
capabilities, they also tend to have limited inpatd output. One key challenge for
enabling the full utilization of the capabilitie§ these devices will be overcoming the
limitations of their interfaces. Dynamic ComposaBllemputing is one approach for
overcoming these limitations by enabling the impptumassembly of a logical
computer from the best available nearby wirelesspmments [12] [19].

The display characteristics of a mobile computer ane of the most defining
attributes of the device. The size of the displag implications for both the mobility
and the form factor of the computer. For exampierd are several laptop computers
on the market that offer very similar computing ahifities, but are packaged
differently and offer different screen sizes andotaetions. Tablet PCs often offer
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Fig. 1. Four individual tablet computers, linked only byvireless network, forming a multi-
display composition resulting in a single logicedpday.

similar performance to laptops but are designebeamperated with a stylus. Ultra
Mobile PCs (UMPCs) provide users with significamingouting resources and run
standard desktop operating systems and applicatidowever, these systems are
designed to be more portable and as such have smaher displays. Smart phones
are smaller still and require highly tailored apgtions to accommodate the limited
screen real estate. While in a modern version chedevice the power of the
processor subsystem scales moderately with physiza) the display limitation still

provides the largest differentiating factor in usgperience across these platforms.

In this work, we are exploring how the displaysseleral mobile computers can
be wirelessly joined together to gain more dispdaga. In particular, multi-display
composition is a system that uses the screen séatieeof multiple mobile devices to
form a larger logical display. Originally, this tedique was developed as a
mechanism for overcoming the display size limitasiaf small devices like UMPCs
and smart phones with the intent of providing a Imaism for obtaining enough
screen space on which to run traditional legacktd@sapplications. However, multi-
display composition can also be applied to largebile computers. For example,
Figure 1 shows the formation of a single logicalpthy from four separate tablet PCs
effectively resulting in aad hoc tabletop display.

The contributions of this paper are twofold: Finse present thed hoc multi-
display composition technique which supports rugnlegacy applications on a
logical display formed by dynamically combining thesplay resources of several
mobile computers. Second, we discuss the resud® fa study where groups of
collocated individuals completed several tasks gigsirmulti-display composition of
two or four devices with two different types of nilebcomputers.

2 Related Work

Research into alternative display technologiesaksvseveral techniques which could
decouple the size of the display from the sizéhefrhobile device. Technologies such
as electronic ink and organic LEDs may eventuallpva for the mass market
production of displays that have a large area ag hesolution while also being
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easily rolled or folded to fit in a pocket or bagy portability. Micro projectors [1] [2]
and head mounted displays [15] [18] use miniatispldys and optics to create large
images out of very small packages. In additionh@sé novel display technologies,
another approach to gaining more display area amoaile device is to utilize
multiple traditional LCDs. The Nintendo DS portalgl@ming system utilizes a clam—
shell design with two smaller displays. The hingedign offers a small form—factor
to support mobility while not in use. However, whepen, the two displays can be
used to increase the amount of available scrednestate. Similarly, Cheset al.
demonstrated an electronic book reader with twpldys that attach and fold against
each other [3], and Siftables explores the usewéml very small displays [11].

More directly related to multi-client compositiomithe work on ConnecTables [16]
which demonstrated the ability to dynamically litwko mobile computers together to
gain increased screen area. Hinckley's work on Bsorous Gestures [6] and
Stitching [7] brings a similar concept to tabletsPahd explores different mechanisms
for initiating the link between the computers. Thet of related work all relied upon
custom applications to utilize the combined displegsources of the mobile
computers. Furthermore, these only demonstrateemimg two devices together. In
contrast, as we will show with our multi-displayssgm, we provide support to run
legacy applications unmodified across multiple nebiisplays and demonstrate the
use of four displays in our study. Finally, our ustudy, in contrast to Hincklest
al.’s [7], is explicitly focused on the multi-displaaspects of the system and uses
groups of two or four participants with pre-exigtisocial relationships.

3 Multi-Display Composition

Multi-display composition performs its display simgr at the windowing system
level, and as such, is related to a large bodyakwexploring the interplay between
displays and high-speed networks. The X Window &ystand Virtual Network
Computing (VNC) [14] are two well established exdespof systems that support
sending graphical data over the network to a remotaputer system. In this work,
we continue this trend of using network enablegldigs but focus on how it can be
applied to a group oéd hoc mobile devices. The advances in the capabilities o
mobile computers have resulted in the ability tofgen similar types of display
sharing across wireless networks such as WiFi (EBE 802.11n) and on devices
such as laptops and tablets. Even smaller handhsmidh as UMPCs and MIDs, are
gaining enough computational power for this typelisplay sharing.

By using a multi-display composition on mobile dms, several novel usage
scenarios emerge. With a composition in which tispldys of several devices mirror
a single source display, a group of collocatedsusan each use their own device to
access the same information. For example, instdagassing a camera phone
between members of a group of people to view aucag@tphotograph, a multi-display
composition could let every person view the phatnT their own phone similar to
the system created by Clawseral. [5]. Alternatively, several tablet computers can
be placed on a table and used together to formlange aggregate display surface.
With this extended multi-display composition, thiepdays of several mobile devices
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are bound together creating one display which sgfamsomputers. When applied to
a group of four tablets, and hoc tabletop display is formed (Figure 1). These
examples utilize the devices from a group of irdiils to create a larger display
system. It is possible that a single individual raéggo have access to multiple mobile
devices. For example, if Weiser’s vision of ubiqué tabs and pads comes to pass
[20], a single user could form multi-display compiosis using devices found
serendipitously in the environment. We are alrestdyting to see signs of this type of
usage where people use both a laptop and mobileephacombination [7] [9].

Our implementation of multi-display composition lisilt on top of the VNC
remote display sharing protocol [14]. This protoabws a user to see and interact
with the framebuffer of one computer using anotieenote computer connected by an
IP network. We extended the VNC protocol and ciatecustom X server that is
headless and not attached to a physical framebh@Bfedecoupling the display from
the host device, we are able to extend the semwethat the framebuffer can be
arbitrarily re-sized at run-time and shared overribtwork.

This design choice is important in that it allowes &ny legacy X application to be
used in this multi-display environment that can awically grow and shrink as
needed; existing applications do not need to berittew or modified. The
applications are rendered as usual into X's frarffebuand the multi-display
composition system manages all of the issues agsdcivith dynamically adding or
removing devices and distributing the framebuffad applications’ display across
the devices. While we chose X and VNC as the ba$i®ur system, several
alternative implementations could also be explovdtere the display sharing is
implemented at other layers in the windowing systEor example, two alternatives
would be to share and distribute OpenGL [8] or Xhprotocol to multiple devices.
Similarly instead of the custom X server, a modesmpositing windowing system
such as Mac OS X or Windows Vista already hasé¢heired decoupling between the
rendering of windows and graphical information aimel framebuffer.

Our VNC server extensions build on the Turbo\ANiplementation of VNC. The
performance of this software has been improved bipgua high-speed vector
optimized JPEG library. Our implementation incoigted these optimizations for the
VNC server into LibVNCServéran open source library that supports the creatfon
custom VNC servers. In turn, this library was lidkagainst our custom X server with
multi-client support. Several types of VNC cliemisre created. The native Linux and
Windows optimized TurboVNC clients were modifiedsigpport the additions needed
for multi-client mode. Furthermore, the Java vearsa the Tight VNC client was
modified to provide solutions for other platforms.

The system is started by one mobile device runtive server. The software
creates a new X session, and a VNC client is agthc¢b this server from the same
device to show the first portion of the desktop.aN'a client connects in legacy VNC
mode, the entire framebuffer is shared. In a nuliéint display composition, this
configuration allows for a single display to be mofed on several other devices.

As additional clients connect in the new extendestien the server dynamically
grows its logical framebuffer by the size of thenwecting device. The client’s

L http://www.virtualgl.org/About/TurboVNC
2 http://libvncserver.sourceforge.net/
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viewport is set to the newly created region to ldigpits portion of the overall
desktop. The user is then free to utilize the nexgen real estate shown on the new
device as if it were part of the original displayhe system can handle an arbitrary
number of displays, limited only by the processiagability of the device acting as
the server and the available bandwidth. We haviedethe system with up to six
displays in a grid over IEEE 802.11a and more devizould likely be supported. The
policy for choosing a direction to grow the displéhorizontally or vertically) and
where to place the incoming display connection usrently programmed into the
server. We have a prototype implementation of ahaeism that allows a user to
manually reposition the viewports of each connededice, and in the future we
want to explore the use of sensors to automaticktgrmine the relative location of
devices [10]. When devices of the same resolutiencannected, the system fully
tiles the space in a grid. Devices with heterogaeabsplay sizes are also placed into
the grid using the resolution of the connectingicketo grow the display as needed.
However in this case, it is likely that there Wil inaccessible portions of the display
(just as when using two monitors of different resioins in a multi-monitor
configuration). Currently these portions of thepthy are rendered, but not visible.
Solutions for managing existing multi-monitor syste would likely be useful to
implement in this system to address this issue.

Finally, we are using the Composition Framework] [[1®] to manage the multi-
display composition. The Composition Framework jmes a mechanism for the
system to discover the devices and sharable seremenected to the same (wireless)
network. It also provides a user interface for nggaimg the sets of connections needed
to form the multi-display composition. Previous Wwaailot testing the interface has
shown that participants could effectively use itteate and manage compositions of
different platform services.

4 Evaluation

As discussed above, we have a generic implementafionulti-display composition
that runs on mobile devices connected to a wirelestsvork. The Composition
Framework supports the formationaxf hoc display compositions, and the geometry
management of the system allows the display to mhjewlly grow and shrink across
several devices as needed. Given the above imptatiem we wanted to explore
how the system might be used and if it effectivelpwed for the sharing of multiple
mobile display resources. We conducted an evaluatiothe composition of a large
logical display and decided to focus on pen-basebilencomputers and how a group
of users might come together to use a set of dswaseanad hoc display. In our
study, participants used the multi-display systémufating a situation where each
person would carry and contribute their own mobaeice to work jointly on a task.
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4.1 Participants

We recruited participants from our organizationir(arily interns) by word of mouth.
None of the participants had any previous expedewith our system, and we
recruited participants so that each person knewfdlis or her group members for at
least one month prior to the study. Each partidipeass compensated with a $50 gift
card for a single 90 minute session. We recruiteg groups of four people, and five
groups of two, for a total of thirty participantsight of the participants were female.
The median age of the participants was 23 (ranffioigp 19 to 31) and they knew
each other a median of 2.75 months (ranging frono 112 months). All of the
participants reported extensive computer use witmealian of 10.5 years of use
(ranging from 6 to 21 years). Twenty-six of the tfpants used a laptop as their
primary computer while the remaining four indicatbey used a desktop. Only five
participants indicated they had used a tablet rttmae once, and only one participant
indicated daily use. All 30 participants had usedhe form of remote display sharing
application (VNC, Windows Remote Desktop, NetMegtihiveMeeting, Citrix, X).
Nine of the participants indicated they used it $tiaring a display remotely with
another individual, fourteen reported using rendigplay sharing to gain access to a
remote system for individual use. Four participamged display sharing for both of
these usages, and three did not specify their usage

4.2 System Configuration

We used two different sets of mobile devices far study: Lenovo X61 Tablet PCs
and Sony Vaio UX71 UMPCs. As indicated above, weruited two different group
sizes (two and four people) and maintained a orm® mapping between the
number of devices and the size of the group. Théds for the groups of four people
were pre-configured in an array of two columns Wy rows (2x2) (Figure 1), while
the devices for the groups of two people were planea single row (2x1). For all of
the configurations, the devices were positioned-fig-side in a landscape orientation
with minimal space between them.

The X61 Tablets have resolution of 1400x1050. T¢téva portion of the display
measures 24.6x18.5cm resulting in a pixel densityapproximately 140 dpi.
Discounting screen real estate used by the systenwindow boarders and the
taskbar, the 2x1 configuration has a total resofutf 2780x970, while the 2x2 has a
resolution of 2780x1940. The UX71 UMPCs have a lrdkm of 1024x600. The
active portion of the display measures 9.9x5.8 @asulting in pixel density of
approximately 260 dpi. Again, discounting screeal estate used by the system, the
2x1 configuration has a total resolution of 2028x5&hile the 2x2 has a resolution of
2028x1040. The devices communicate through a dietic®02.11a wireless access
point.

In addition to the basic multi-display compositisgstem, we implemented a
mechanism to allow users to drag and drop betweertels using the stylus. Even
though the displays logically present a single exay¢he bezels of the devices present
a barrier that one would not be able to cross wiitandard pen-based mechanism. In
particular, it would be impossible to start a doegone device and finish on another.
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Inspired by Rekimoto’s Pick—and—Drop technique [1@} utilized a hardware button
on the device’s bezel to allow a user to enter @anehere they could lift the pen
mid-drag and place it down on another device tisfithe drag operation.

4.3 Tasks

We designed three tasks for the groups of partitgodo perform in our study: a
sorting task of flower photographs, the use of eeagsheet containing nutritional
data, and an analysis of a graph of movie actdref&ses and movie titles (Figure 2).
The primary purpose of the tasks was to have atsired way in which we could
engage the participants with the system. Furthezntbe tasks represented examples
that had the potential to benefit from the systela‘ger aggregate display size given
the scale of the data involved. Finally, these dasfpresent traditional desktop
applications which might be started by an individuhen grown across a set of
collaborators’ devices. While we collected datatle& group’s performance of each
individual task, we were primarily interested iretbverall experience of the group
using the system. As such, the tasks were chosehnegospanned a range of visual
representations of data (images, text, and absgrapthics) as well as in the nature
and amount of required interaction. Furthermore, tdsks were constructed so that
they could be performed in a limited number of wdgsreduce variation and
dependence upon creative user input. For eachdfpesk, three different versions
(one practice, two test) were created to miniméegning effects.

For the flower image sorting task, participants evasked to sort pictures of 32
flowers into six categories using drag and dropeBevindows were displayed with
one window being the source of all images and émeaining six were destinations.
Each window showed image thumbnails, and the intagegd be opened for closer
inspection in a separate window by double clickimgthe thumbnail. A total of 132
images were obtained with each image ranging ie ietween 1600x1200 and
4368x2912 pixels. The images for each category wamdomly shuffled and divided
evenly into three sets. Finally, two representaitivages were manually selected from
each category to serve as examples and were ptbtadidne participants to facilitate
sorting. Participants were also aided by a papetqut which showed the examples
printed in color and the final number of flowers &ach category.

For the nutrition spreadsheet tasks, participarggevasked to perform operations

(a1 ¥ v = [NDBNo
A 8 H |
1. [NDB_No|Shrt_Desc |Carbohydrt Fiber_TD_Si
45 (08189  CEREALS RTE KELLOGG KEL] 796 62 a%
46 (08318 CEREALS RTE KELLOGG KEL| £ 54
00863154 | 01523994..| 02133830)..| 03377449 47 |08082 \CEREALSRTEGENERALMILL 8109 108
48 |08048 CEREALS RTEGENERALMILL 8282 89
e | P 45 [l CEREALSRTEGUAGERQGUAY  78% 71
e B 50 (25004 FORMBARMASTERFOODS U{  47.24 25
u g,‘ ~ E{M 51 (25005 FORM BAR MASTERFOODS U 55.12 28
- 52 (08050  CEREALS RTE GENERAL MILL| 829 a7 L
53 08138  CEREALS RTEMALTO-MEAL | 83 46 |8
05506626 ]. | 06449435 .| 07965805, | 08074238 | oes0B2eT). ||| | = T = = ~
= = || [Aoaa]sea] ke - = ; |
[pir View: imniiafsivindonsiC [i/1 page 32132 fies 6791476 | [ Sum=0 || | |

Fig. 2. Sample study data from the flower image sortirgk tdeft) nutrition spreadsheet task
(center) and movie graph task (right).
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on the U.S. Department of Agriculture’s abbreviatsgreadsheet of nutritional

information [17]. This spreadsheet contained 7520srof data, each representing a
different type of food. The 51 columns of the spisf®et contained various

nutritional data about each food item. The groupsparticipants were asked to

perform several operations on this data includiodirsg, copying rows of data, and

searching for items with specific characteristidspaper form was provided to the

group with the instructions for the task and preddpace to record answers.

For the final task, the group of participants iatsted with a large undirected graph
which contained information about actors, actresaed the movies in which they
performed. The source data is from the IEEE Inf®0€7 contest The data were
filtered and rendered into static images of und@egraphs with two types of nodes.
The first type contained the title of the movie,itthe second type presented the
name of an actor or actress. Edges linked peoplthdomovie(s) in which they
performed. This resulted in graphs with betweera@@ 22 actor nodes, 76 and 95
movie nodes, and 114 and 121 edges. The rendesggkstwere between 3007x2658
and 3194x3572 pixels. The groups of participarisdfiout a paper form asking them
to list all of the movies which contained actorsaotresses in exactly six movies, and
to list the movies which had either two or thretoexshown in the graph.

4.4 Procedure

The study began with the group members filling awgurvey for demographic data
and information about their computer usage. Thdesyswas described, and the
participants were provided with some usages scenafi how the system might be
used and constructed from individuals’ mobile desicNext, a practice session
began. Here a researcher showed the participamsttiause the stylus, how the
system presented a single logical display spreanisadhe devices, and how to use
the cross device drag and drop capability. Eactigizaint was encouraged to interact
with the system to gain some experience. Nextettperimenter explained each of
the three tasks in detail and allowed the grouprtictice each task. This practice
provided further time to become familiar with thgstem and ensured that the
participants understood the tasks they were perfaymAfter answering any
guestions, the practice session came to a conaolusio

At that point, the three tasks were performed anfitst set of devices (either the
UMPCs or the Tablets). The order of tasks was ssde@ndomly, while the order of
devices was counterbalanced across groups. Theipants were given five minutes
to complete as much of each task as quickly andrataly as possible. While five
minutes is a short duration, we chose this amaunéflect our scenario of the group
of individuals joining their displays for a shoenod of time to perform a given task.

After each task, the participants individually cdetpd a questionnaire. The
guestionnaire asked them to list three positivethneke negative aspects of using the
system for the given task. Furthermore, it contibiert questions (on a nine point
scale) from the Questionnaire for User Interacti®atisfaction (QUIS) [4]. In
particular it contained the questions about ther@i/&Jser Reactions and a subset of

3 http://eagereyes.org/InfoVisContest2007Data.html
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guestions related to the display. Additionally, exa¥ questions were created in a
similar style asking for ratings on the abilityparticipate in the task, feedback about
the spacing between group members, etc.

After all three tasks and questionnaires were cetaglfor the first type of display,
the researcher swapped devices for the final fattheo experiment. The researcher
showed the participants the differences betweercdingputers (how the devices had
different types of pen input, etc.). After answegriny questions, the last three tasks
were performed by the group, again filling out fhest-task questionnaires. At the
conclusion of the study, the participants compledeeé more questionnaire asking
them to rate each device and condition paring pewd (six in total), to subjectively
rate their satisfaction with the devices, and tma®nt on their overall experience.

5 Findings

We analyzed the data collected during the studyminxiag trends about the
participants’ perception of the system in the qitatie measures collected from the
post-task Likert scale questionnaire and the exéstjonnaire. We also report themes
in usage and feedback about the multi-display caitipa system. In particular, we
examine the positive and negative comments recasddtie post—task questionnaire.
This information is further substantiated by theemll comments participants
provided at the end of the study and by the obsensrecorded in the researcher’s
notes during the trials.

5.1 Overall Utility

Overall, the participants rated the extended ndiffplay composition system
positively. Aggregated across all of the data, (nélS Overall User Reaction score
was moderately positive with a mean score of 63I5<1.72) from a range of 1 to 9
with higher values being more positive. Similarbpe absolute rankings of the
devices provided at the end of the experiment ahout helpful the system was for
performing the tasks show similar results with aaméhelpfulness” rating of 7.08
(SD=1.29) (again on the 9 point scale).

Examining these results in more detail revealsedifices based on the type of
device and the size of the group (Figures 3 anérah)the overall QUIS user reaction
score, there was a significant difference foundedasn condition (Kruskal-Wallis,
p<0.001). Further analysis reveals participantsfepred the tablets (M=6.71,
SD=1.47) relative to the UMPCs (M=5.38, 1.70) (Wion Signed Ranks, p<0.001)
and groups of two rated the multi-display composithigher (M=6.72 SD=1.45) than
groups of four (M=5.71 SD=1.76) (Mann-Whitney p<@l). The responses about
device preference from the exit interview followethame pattern with a significant
difference between the conditions (Kruskal-Wallisst, p<0.001). Tablet conditions
again rated more favorably (M=7.09 SD=1.29) thaam ttMPC conditions (M=4.94
SD=2.04) (Wilcoxon Signed Ranks Test, p<0.001), tredgroups of two rated the
task more favorably (M=6.82 SD=1.39) than groupsfair (M=5.62 SD=2.16)
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(Mann-Whitney Test, p<0.001). These trends alsdicoe for our other subjective
measures with the tablets generally rated highen the UMPCs and similarly, the
groups of two rating the system more favorably theoups of four (Figures 5 — 10).

Examining differences between tasks also reveajgifgiant differences. The
overall QUIS user reaction score shows a significdifference based on task
(Friedman, p=0.024). Further analysis shows thezepair wise differences between
the nutrition spreadsheet task and the flower mrajch sorting task as well as
between the nutrition task and the movie graph t@sklcoxon Signed Ranks:
p=0.007 and p=0.010 respectively). The nutritioneapdsheet task was rated least
favorably (photo: M=6.20 SD=1.62, nutrition: M=5.8D=1.63, movie: M=6.20,
SD=1.85). Similar results are true for the helpégs ratings collected with the exit
guestionnaire. There is an overall effect for taghe (Friedman, p=0.005) and
significant differences between the nutrition taski both the photo and movie tasks
(Wilcoxon Signed Ranks: p=0.001 and p=0.003 re$peg). Again the spreadsheet
nutrition task was rated least favorably (photo:6v68 SD=2.49, nutrition: M=5.20
SD=2.43, movie: M=6.27, SD=2.60).

Together, these quantitative data show interestesylts. While we originally
aspired to create this system to increase the dajesbof UMPCs, it appears overall
that it provides more benefit for tablets. Alscggh data indicate that more pixels are
not always better. While the use of four deviceferefd more screen area for the
applications, it also meant there were four peofriéng to use the devices
simultaneously, negating some of the advantagbawihg a larger display area.
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5.2 Usage Themes

Given the overall trends in the quantitative data, next turn to the qualitative
information. This data was collected by asking plagticipants to list three positive
and three negative aspects of the system after teakh(for a total of six times per
participant). The data from general comments preditly the participants at the end
of the experiment and observation recorded durhmg study are further used to
examine the usage patterns.

Display Size: One of the first positive comments participanttenfmade was
about having more screen real estate with the sdidfilay composition on the
mobile devices. This aspect of the system was bsigde but the participant
comments and other data reveal several differegswee screen space was used. For
the tasks that primarily utilized a single windoting spreadsheet and the movie
tasks), nearly all of the groups immediately maxei the window to fill all of the
available displays. Participants commented thatltithem see more of the data and
led to less scrolling. This held true even thougbstparticipants thought the space
between displays taken up by the bezel was a wmegasipect. For the photo sorting
task, several groups used the screen space todsputahe windows to minimize
overlapping. A few groups also commented on theaathge of the larger screen for
seeing the larger view of a photograph. These camsrteeld true for both the tablets
and UMPCs: “the screens were small, but did fiteof things for a small screen”.

Awareness: The participants also indicated that they apptedighe awareness of
the group’s activity that the system provided. Tagticipants commented that they
liked the ability to see what the others were dplmging able to quickly check with
other group members about an activity, and to pmimntinformation on the composed
display. Given that only one person could providput at a given time, there was
often the ability for the other group member(sh&dp guide the navigation through
the interface either looking ahead or for confirgnithe proper input. The shared
display was also used for a common frame of referemhere participants would
point to the screen with either the stylus or @dinso that everyone could focus on
the same information. This awareness was used dofirming a selection in the
spreadsheet task, for pointing to a name in theieniagk, and for building consensus
about the type of a given flower in the photographing task. This awareness results
from using the multiple mobile computers as a @nigigical display, and would
likely be absent if other display sharing modelsevgsed.

Collaboration: Many of the participants liked the ability to plebze the task.
Given the time limit of the tasks imposed by thadgt there was an incentive for the
groups to attempt to optimize for efficiency. Inimp so, one common strategy
adopted was to divide the tasks in different wayse participants also leveraged the
fact that the single logical display was spreadsgrseveral physical devices, and
used the device as a unit for dividing the tasktaraction. For example, some of the
groups of two very quickly adopted terminology sash‘mine” and “yours” referring
to either the device or data on the device directlfront of them or in front of their
partner respectively. The division of labor alsb participants manage the physical
area of the display. Several participants commenéggghtively about the difficulty of
reaching to the other side of the display to presdme needed input. While this was
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seen as a problem by some, others commented thatrdlup nature of the task also
provided a solution where “everyone clicked on theosest screen.” And indeed,
observations revealed that sometimes a participantd attempt to reach across all
of the devices and fail to provide the needed inpaita closer person would finish the
interaction. Some groups developed the stratedyawving a person “assigned” either
implicitly or explicitly to a region of the interé®, for example operating the scroll
bar or menus. While the participants commentedsimguthis approach, observations
indicated that these divisions were very flexibhel duid.

Input: Another form of shared interaction which occurspdntaneously in several
groups centered on the functionality for performangrag across device boundaries.
During the flower sorting task which required mainag and drop operations, some
of the groups developed a strategy where one pessaid start the drag, another
would press the button on the tablet bezel toatatihe needed mode, and potentially
a third person (for the groups of four) finishe@ ttirag on another device. Beyond
this split operation, a few of the groups perfornteid task without speaking. The
shared objective and visibility of the operatiomstbe single logical display provided
sufficient information for the group to successfullerform this operation in a very
fluid fashion. Another issue revealed in the uganments and observations related to
the single input nature of the system. The devitesunderlying windowing system,
and applications were not multi-cursor aware. Om mbsistive touch screen of the
UMPC, problems only occurred when multiple peopleched the display. However,
the tablets also tracked pen hover which could earsatic mouse behavior when
more than one person put their pen in the proxirofty device. While the tablets
presented this problem, the overall trend of tH#eta being rated more favorably
continued when participants were asked to rate tudality to provide input to the
system (Figure 7). As multi-touch devices suchhasiPhone become more common,
these issues may become less important.

Physical Aspects:Many participants commented about their positioouad the
table and their ability to view the composition displays. For example, some
participants made comments about the “crowdingeafpte”. Others remarked about
the viewing angle and effectively looking at theplay from the side. It was also
observed that some of the participants, espedialthe groups of four, would stand
up or kneel on their chair to be in a position veh#rey could lean over the table.
While participants commented that their spacindinithe group was less than ideal,
it appears not to have been too negative of arfa€tee quantitative data reveals that
participants rated the spacing favorably overalkE@b0 SD=2.20). The overall trend
of tablets being rated better than UMPCs, and gafptwo having higher scores
continues (Figure 6). Some participants also contetethat some of the text was
small or that the visibility could be improved. ldethe quantitative data again shows
that the UMPC performed worse than the tablet A@u(es 8 and 9). In addition to
the UMPC having fewer pixels and a smaller scréeaaiso has a higher pixel density.
Together, those factors result in the bitmappeadrimétion appearing smaller on these
devices. And while the multi-display system proddmore pixels to see more
content, it did not overcome this problem. Thisada¢veals that an alternative
approach for using multiple devices might be waiploring. In particular, instead
of just expanding the size of the virtual screefiltall of available pixels, the system
could use the extra screen real estate to alsadere@eme magnification of the screen.
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Depending on the number of displays and magniboatipplied, the system could
increase both the number of available pixels as agethe area used for each pixel.

6 Conclusions

Overall, our study provided insight that groupsafticipants were able to effectively
use a multi-display composition involving severalbife devices as a unified display.
The study revealed an interesting trade-off betwibensize of a composite display
and correspondingly the number of participantshimm group. Even though groups of
four had more screen real estate to perform tHestdkey generally rated the use of
the system less positively than the groups of fidere could be a number of factors
leading to this result ranging from the need tordowmte more people, reduced
visibility and the need to provide input to a plogdly larger device.

The trend in our results for the differences betweevices is less surprising. Each
tablet provides a larger individual display whichlikely more usable that a smaller
UMPC display. And while the UMPCs were not the pregd devices, our data
indicates that the system was still usable. Whémgusmaller devices such as UMPCs
or MIDs, an especially rich area for future workllvie to explore how different
configurations of multi-display composition (mirnog and extending) compare to
more traditional collocated collaboration technisjoe the same devices.

The spacing between the individuals in the grougp ghresents an interesting
finding. In previous work by Hincklegt al., which also examined the joint use of two
tablets by two individuals, the participants weeductant to keep the devices in
contact with each other [7]. While we did receiveng negative feedback about the
spacing between group members, the overall ratfogghis issue were positive.
Furthermore, none of the participants asked tora¢pahe devices during our study.
One possibility for the alternate findings is théfedent visual presentation and
functionality of the two systems. It is possiblattspreading the entire desktop across
the computers increased the need or desire to #eemlevices in direct physical
proximity. Secondly, Hincklegt al. used pairs of participants who did not know each
other before the study, whereas in our study ther® a preexisting relationship of at
least one month. Future work will be needed toepathderstand the dynamics of
group interaction with the joint use of mobile dwms.

In conclusion, we have presented multi-display cositipn, a technique for
supporting the collocated display sharing of wisslenobile devices. We described
our implementation of the system and discussed thaan be used to run legacy
applications on a logical display formed from sevenobile computers. Our study
examined a specific usage scenario where a groupplidcated users collaborate
using anad hoc display composed from pen-based computers. Odimfjys indicate
that the system was generally rated favorably andms of two people using tablet
computers provided the most positive results. Wso dbund several interesting
themes of usage relating to the collaborative prestadopted by the groups using
our system and some of the technical challengesstiauld be addressed. Overall,
this work shows multi-display composition provides useful technique for
opportunistically overcoming the display limitateoof mobile devices.
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