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Abstract direct pen input on a vertical surface. These conditions

We investigate menu selection in circular and rectangumodel Tablet PC, tabletop, and whiteboard display tech-
lar pop-up menus using stylus-driven direct input on horiniques. The results suggest effective techniques for menu
zontal and vertical display surfaces. An experiment meglacement when user handedness and position are known.
sured performance in a target acquisition task in three dif(e have used this empirical data to inform the design
ferent conditions: direct input on a horizontal display suref an adaptive menu system for pen input to interactive
face, direct input on a vertical display and indirect inputabletop applications that displays pop-up menus to each
to a vertical display. The third condition allows compari-user in an appropriate location according to the user’s
son of direct and indirect techniques commonly used fdrtandedness and position around the table.
vertical displays. The results of the study show that both
left-handed and right-handed users demonstrate a congfs- Background
tent, but mirrored pattern of selection times that is corSeveral models have been proposed to predict the move-
roborated by qualitative measures of user preference. \Wigent time for target acquisition tasks that resemble menu
describe a menu placement strategy for a tabletop displaglection. The well-known keystroke model of Card,
that detects the handedness of the user and displays rddibran and Newell 2] suggests that target selection time
angular pop-up menus. This placement is based on tiethe sum of four subtasks: mental preparation, acquiring
results of our study. the mouse, pressing the button(s), and moving the mouse

) ) ) ) with the hand to the target. Further decomposition sug-
Key words: Pen-input devices, horizontal display, Vergests that movement timaAT") can be predicted using
tical dlsplgy, direct input, indirect input, handednessgiis | aw 5], which is a function of target widthi” and
tabletop display. target distance (or amplitude). The literature argues
that such hand movement most closely follows the Shan-

) ) non formulation of Fitts Law11, 12]:
The emergence of computing devices such as the Tablet

PC™ large-screen tabletop displays, wall displays, and MT = a+ blogy(A/W + 1)
personal digital assistants has increased the prevalence of
direct pen input. This shift has created a need for suitablgherea andb are constants determined by linear regres-
interaction styles. sion. The logarithmic term is referred to as the index of
With some exceptions, most applications have chosaddifficulty (1 D).
to utilize pen-input devices simply as a replacement for Boritz, Booth and Cowanl] compared mouse-based
mouse input. Although mice and pens (or styli) both promenu selections by left- and right-handed users and found
vide two degrees of freedom for input, the form factoithat angle of approach affected selection times. Mouse
of each device is unique and should be considered whemovement towards the user was slowest. For right-hand-
designing applications. An important distinction is thadominant participants, movement to the right was fastest
pen-input devices can be (and typically are) used as dwith the right hand and movement to the left was fastest
rect input devices (the control or hand space is the sameth the left hand. They found no effect for left-handers.
as the display space), thus introducing an effect of oc- Kurtenbach and Buxtorf] performed an experiment
clusion by the hand holding the device. Occlusion is nd analyze their marking menus. Participants were tested
present with indirect input techniques. with both a stylus and a mouse making selections in cir-
We describe an experimental study comparing directular marking menus. They found slower performance
pen input on horizontal and vertical surfaces, with infor selection of “off axis” menu items than for “on axis”
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menu items. An interaction effect suggested less perfouser and that this variation would have a mirrored pattern.
mance degradation “off-axis” with the stylus. We expected the effect of occlusion to be most preva-
Both neurophysiological studie$,[7] and Fitts Law lent in conditions involving horizontal display surfaces
studies p] suggest that the finer motor control achievedhat utilize direct input. To isolate this effect we included
with the hand results in better performance than motdhree combinations of input technique and display orien-
control with the arm. The findings of Boritz et al. aretation: direct input onto a horizontal display surface, di-
consistent with this literature, because mouse movemei@ct input onto a vertical display surface, and indirect hor-
to the left or right is made with the hand, whereas mous@ontal input to a vertical display. We hypothesized that
movement towards one’s own body is made with the arnihe positional differences in menu selection times would
This is also consistent with the findings of Kurtenbactpe greater on horizontal displays with direct input, such
and Buxton for on- and off-axis mouse movement. 18s tabletop displays and Tablet PCs, and virtually non-
might even explain the interaction effect they found beexistent on vertical displays with indirect input.
tween the axis of movement and input device, because Because we were interested in analyzing pop-up menu
left and right movement with a stylus does not necesselection, we designed an experiment to measure perfor-
sarily align with the axes of the display as well as doeg1ance relative to the “point of activation”. This point is
mouse-based input. defined to be the location that the user selects to initiate
Kurtenbach et al. 70] demonstrate the need and usén€ Pop-up menu. The following null hypotheses were
for automatic handedness detection in a 2D drawing afirectly tested in our experiment:
plicgtion. Thgirsyst_em requires thatthe user hold aStyILﬁ-l Users can acquire targets at the same speed for all
devpe in their dom.mant hand apd a puck in their non- target positions relative to the point of activation.
dominant hand. With their application, users tended to
share the device and frequently passed control between Users can acquire targets at the same speed on both
one another. They report that, when the system did not  vertical and horizontal displays.
adapt to the handedness of the users, the users would only
use the pen device and not the puck. To determine hanld-3 Users can acquire targets at the same speed using
edness, they utilize the relative device positions and use both direct and indirect pen input.
this information to intelligently place pop-up palettes.
Our findings contribute to this literature by providing
specific evidence that selection times in pop-up menus
depend on the position and orientation of menu items
relative to the point of activation of the menu, and that ag with any single experiment, one must forfeit some
this effect depends in a consistently mirrored way on thgwe| of precision, realism or generalizability. The tar-
handedness of the user. We describe an adaptive tegfis acquisition task used in the experiment most closely
nique for the placement of menus that demonstrates thgsemples selection from a circular pop-up menu. We
application of these findings for pen-based input. Thigypect our results do generalize to placement of rectan-
system can detect and adapt to handedness using olylar menus, because target positions in the experiment
one-handed pen input to a tabletop display. The resuligrespond both to items in a circular menu and to typi-
of the study corroborate the usefulness of the techniqyg placement of rectangular pop-up menus relative to the
used both in our system as well as the two-handed vegpint of activation. To achieve a higher level of precision,
sion of the technique implemented by Kurtenbach et &egjistic rectangular menus were not directly tested.
[10]. We did, however, separately collect qualitative mea-
surements of user preference in relation to placement
of rectangular pop-up menus. We expected that user’s
We were primarily interested in pop-up menu selectiomvould prefer menu placements that allow faster menu se-
tasks with a stylus input device on a horizontal displayections.
surface. Three different pilot studies suggested to us thatThe experiment tested the potential utility of an adap-
movement time varies according to the position of the tative interface that models the user’s handedness. Adap-
get relative to the point of activation of the menu. We hytation provides the ability to display menus in an ap-
pothesized that occlusion of the target by the user’s hammopriate location depending on the handedness of each
and by the stylus input device increases mental prepaser. We expected to determine an appropriate adaptation
ration time. We expected that the positional effects obased on the results of the experiment if our hypotheses
acquisition times would vary with the handedness of thevere borne out.

H-4 Left- and right-handed users have the same pattern
of target acquisition speeds, relative to the point of
activation.

3 Experiment
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Figure 1: (a) To begin each trial, each participant was presented with four regions outlined in blue. (b) To start the
trial, the outline of one region changed to a different colour (dashed in this figure, but not in the experiment). (c) The
participant then would point and select that region of the display. (d) This action activated a ring of twelve circles,
with the target circle in red.

3.1 Method displays). In all three conditions, the participant used the
Participants pen-input device provided with the Tablet PC. The Tablet
6 left-handed and 6 right-handed students (7 male, 5 fE€ had a 1 GHz Transmeta Crusoe 5800 processor and
male) between the ages of 19 and 3% & 25, SD = the SmartBoard had an IBM compatible C(_)mputer with
4.4) from a local university participated in our study. & 2:66 GHz Pentium IV processor. Both displays had a
resolution of 1024 by 768 pixels. The software for the
Apparatus experiment was written in Java.
Participants were asked to select targets in one of thr%e

combinations of input technique and display sun‘ace.rocedure

In the horizontal-direct condition, target selections werd© begin the experiment, participants were asked to com-
made directly on a Tablet PC with a 21 cm by 16 cnPlete a background questionnaire in order to establish ex-
display, mounted horizontally on a table’s surface. PaRerience with pen input, large-screen displays, and pop-
ticipants were instructed to adjust the height of the se&® menus. To ensure an appropriate assignment to each
to suit their comfort. In the vertical-direct condition, par-handedness condition, we utilized the Edinburgh Inven-
ticipants were asked to select targets on a touch-sensitt@y [13] to separate participants into left- and right-
SmartBoard with a 141 cm by 102 cm display. Partichanded groups. In addition to this inventory, participants
ipants were told to stand directly in front of the SmartWere also asked with which hand they used the mouse.
Board at an arm’s length distance, so they could com- To begin each trial, the participant was asked to point
fortably reach the display. For the indirect conditionand select one of four regions of the display, indicated by
participants were asked to select targets using the blaiike border changing to a different colour. Upon selection,
screen of the Tablet PC as the input device, with the ou& ring of twelve circles would pop up surrounding the
put only shown on the SmartBoard display. Participantgoint of contact. One of the twelve circles appeared in red
were seated exactly as they were for the first conditiond the others in white. The participant was then asked to
The SmartBoard monitor was located 173 cm from th@oint and select the red circle as quickly and accurately
participant. The control space to display space ratio (c:d@s possible.

was thus 1:1 (by definition) for both direct input condi- We used a 12 (circle position) x 4 (starting position) x
tions and was measured to be approximately 0.15:1 Bi(display) x 2 (handedness) mixed factorial design. Each
the indirect condition (targets were the same size on aif the twelve circles was 61 mm wide and was displayed
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Figure 2: Users were asked to rate the four possible rectangular menu placements in order of preference in all four
regions of the display. Menus were shown relative to the point of activation (the center of the four menus). The four
rectangular menus were replaced by the integers 1-4 as they were clicked in decreasing order of preference.

so that its center was 350 mm from the point of contagtlacement of menus with the current combination of dis-
of the stylus (see Figur#). Participants performed the play and input technique. First, participants were shown
experiment in each of three different display conditionsfour pop-up menu placements in each region of the screen
a horizontal display with direct input (horizontal-direct),and asked to rank them in order of preference by select-
a vertical display with direct input (vertical-direct), and aing the menus with the stylus (see Fig)e Second, for
vertical display with indirect horizontal input (indirect). each individual menu placement, participants were asked
Participants performed selections in each circle positioto state on a 5-point scale, whether or not they agreed or
and each starting position four times in fully random-disagreed with the following statement:

ized order in all three display conditions for a total of . )

576 trials per participant. The displays were presented | N€ menu placement is suitable for use on this

in counter-balanced order for both left- and right-handed ~ display in an application.

participants. Activation times and target acquisition time§_2 Results

were recorded as well as the positions of each action. Three left-handed and one right-handed participant re-

To maintain a consistent index of difficulty (ID), mea-orted having experience with large-screen displays. All
surements were taken in the control space of the inpPhticipants reported that they had never used a Tablet
device. Thus the resolution was smaller for the verticalpc, one left-handed participant reported sometimes us-

gets are measured in the same space (display or contfghorted rarely using a stylus and the remaining partici-
space), the IDs in each display condition are the samgants reported never using a stylus. All participants re-

However, if the perceived width is measured in display,gried that they sometimes, often or always used pop-up
space, adjusting for the difference in visual angle due tg,enus.

distance from the screen, the ID in the direct conditions is of the six left-handed participants, three reported us-
1.4 times larger (using the Shannon formulation) than ifhg the mouse mostly with their left hand, one reported
the indirect condition. To account for this variation, theusing the mouse mostly with his right, and two reported
analysis was done first with no adjustments and then withsing the mouse only with their right hand. Of the six
data normalized using this ratio. right-handed participants, one reported using the mouse
After each display condition was completed, particimostly with his right hand and the remaining five reported
ipants were asked to answer two questions about thising the mouse only with their right hand. All twelve
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Figure 3: An interaction between position and handedness shows that left-handed participants (left) select targets
more slowly in the bottom-left and top- right of the targets and faster in the top-left and bottom-right. The mirror
effect occurs for right-handed participants (right). Labels represent positional means and circles are shaded linearly
between the fastest (black) and slowest (white) in each condition. Significant pairwise differences (p < .05) are shown
with a thin solid line. The thick dashed line represents the axis of expected best performance and is calculated as the
line with the maximum sum of positional mean selection times, weighted by distance from the axis.

participants used the stylus input device with their domias possible, further reducing the actual distance between
nant hand. starting positions (see Figudg. Target selection times

Two trials were removed from the data due to systerf¥ere analyzed using a full factorial Analysis of Variance
error in recording selection times and two trials were re(ANOVA) on the remaining three factors.
moved because the end position was recorded to be moreThere was a main effect of display'(2, 20) = 76.4,
than 160 pixels from the target location. We believe thgt < .001). Post-hoc analysis showed that a horizontal
the latter two trials were system error due to the partiadisplay with direct input §/ = 679 ms, SD = 17 ms)
ipants accidentally touching the SmartBoard with somewas marginally faster than the vertical display with direct
thing other than the stylus device. No errors were danput (p = .053) and significantly faster than the verti-
tected in the remaining trials. cal display with indirect inputy{ < .001) and that the

It was not possible to reliably analyze accuracy in ouyertical-direct condition {/ = 707 ms, SD = 22 ms)
experiment. The recorded location of the cursor upon taft@d significantly fasterp( < .001) selection times than
get acquisition is different than the actual location of thdh€ indirect condition {/ = 1007 ms, SD = 45 ms).
stylus tip in both of the direct conditions. This error alsol "eré was no significant main effect of handedness nor
made it impossible to use effective throughput as the d&f target position.
pendent measure as suggested by the ISO 9241 standard) two-way interaction effect between target position
Part 9 @]. and handednes#'(11,110) = 4.1, p < .001) suggested

Before running the experiment, we decided to not inthat the effect of position depends on the handedness of
clude starting position as a factor in the analysis of séh€ participant. Post-hoc analysis revealed pairwise dif-
lection times. We felt that the small distance betweeffrences that are shown pictorially in Figuse There
starting positions was not likely to produce any signifi-¥&s no significant interaction between display and hand-
cant effects in selection times. Furthermore, the experfdness, nor between display and target position.
menter noted that many participants recognized that they A three-way interactionf'(22, 220) = 1.8, p = .017)
could minimize hand movement between trials by activatsuggested that the two-way interaction between target po-
ing the circular targets as close to the center of the scresition and handedness depends on the particular display
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Figure 4: A three-way interaction between display condition, handedness and target position shows a different pattern
of fastest selection times for all three display conditions. In the horizontal-direct condition, movement along the
top-left to bottom-right axis was fastest for left-handed participants (top-left). For right-handed participants in the
same condition, movement along the top-right to bottom-Ieft axis was fastest (bottom-Ileft). For the vertical condition,
the axis of best performance is along a more horizontal axis for both left-handed participants (top-middle) and right-
handed participants (bottom-middle). There are fewer significant differences in the positional means for the indirect
condition. The lines and shading are as in Figure 3.

condition. Post-hoc analysis revealed more significarest was performed to analyze the pairwise preference or-
differences in the horizontal-direct condition and fewederings.

significant differences using indirect input (see Figdire In both the horizontal-direct and vertical-direct condi-
tions in all four regions of the displays, left-handed par-
ticipants rated the bottom-left menu placement as sig-
To account for the discrepancy in perceived target widthificantly less preferred than the bottom-right and top-
between display conditions, the dependent measure @§ht menu placements (< .03), with two exceptions.
throughput was used with normalized indices of diffiin the top-left of the Tablet screen, the bottom-left and
culty. The ANOVA was then rerun on this normalizedpottom-right placements were not statistically different
data. The results of this factorial ANOVA resulted in the(p = 057)’ and in the top_right of the Tablet screen,
same main effects and interactions. the bottom-left and top-right placements were not signif-
icantly different § = .056). In the bottom half of the
vertical-direct display, these participants also rated the
To analyze order of preference for menu placement, Westtom-left menu placement as significantly less prefer-
performed a Kendall's W test for each combination ofpje than the top-left menu placemept £ .026 and
handedness, display condition and region of the dig;— 24).

play. Left-handed participants had consistent prefereﬂceRight-handed participants consistently preferred the

ratings in all four regions of the display in both thep «om-left menu placement to the top-left placement
horizontal-direct condition and the vertical-direct condi—(p — .026), the top-right placemenp(= .024) and the

tion (x*(3,6) > 7.0, W > .50, p < .05). Forright- po40m right placementy(= .023) only in the top-right
handed participants, the only consistent preference WaSgion of the horizontal display.

found in the horizontal-direct condition in the top-right

of the display {2(3,6) > 11.6, W = .644, p = .009).  Suitability of Menu Placement

Preferences for the indirect condition were not signifiTo analyze suitability of menu placement, a series of
cantly consistent. A Wilcoxon Signed Ranks post-ho&ruskal-Wallis tests was used. Results showed signif-

Adjustment for Perceived Target Width

User Preference



Top Top Top Top ment and should be considered carefully when choosing
Left Right Left Right between these two method;. The c_onclusmn that can be
l l drawn from the results of this experiment are specific to

target acquisition and may not generalize sufficiently to
inform the choice of input device when designing appli-
cations. However, when the choice to use direct pen input
has already been made, fatigue effects and inhibitory arm
movement will likely occur more frequently on a vertical
Figure 5: Results of suitability ratings suggest a pattern  djsplay than on a horizontal one.
of ratings for left-handed participants (left) that is mir- The interactions involving handedness suggest that H-
rored fO{ f’gm‘ handed participants (right). Arrows indi- 4 s a0 false. These interaction effects were predicted
cate the “is more suitable than™ relation. by our hypotheses and give clear suggestions for optimal
icant differences for both left- and right-handed particplacement of menus and menu items relative to the hand-
ipants in the ranking of menu placements in both thedness of the user. These suggestions are also consistent
horizontal-direct condition and the vertical-direct conwith user preference and suitability ratings, with a few
dition in all regions of the displayx?(3,6) > 9.0, minor exceptions.
p < .05). In the indirect condition, the only significant  The results of this experiment show that there is a dis-
difference in rankings was found for right-handed users igrepancy between left- and right-handed users about the
the top-right of the displayy?®(3,6) = 9.779, p = .021).  fastest target location relative to the point of activation.
A post-hoc Mann-Whitney test was used to determingeft-handed users clearly are faster in the upper-left and
pairwise differences in suitability ratings. In both directlower-right quadrants and right-handed users clearly are
input display conditions and all regions, left-handed partaster in the upper-right and lower-left quadrants. Despite
ticipants tended to follow a consistent pattern of signifisubtle differences between display conditions, this effect
cant pairwise differences in suitability ratings € .05) is consistent for selection times in all display conditions,
that is mirrored for right-handed participants (see Figand for user preference and suitability ratings. This ef-
ure5). There were three additional significant pairwisefect is to be expected, since the faster quadrants require
differences in suitability ratings for right-handed par-only left to right movement of the hand which utilizes a
ticipants. In the horizontal-direct condition, they ratedaster muscle group than do forward and backward arm
the bottom-left menu placement higher than the top-lethotion in the respectively opposite two quadrants. For
menu placement in the top-right of the display= .021)  direct input devices, there is also an additional effect of
and the top-left menu placement higher than the top-righicclusion. Targets appear occluded when underneath the
menu placement in the bottom-right of the display= user’s hand, and so the time to acquire the targets in these
.036). In the vertical-direct condition, right-handed par-positions is increased. The hand and stylus occlude the
ticipants rated the top-left menu placement higher thagisplay the most on the horizontal display with direct in-
the bottom-left placement in the bottom-right region ofout and least on the vertical display with indirect input,
the display p = .027). which may explain the predominance of the positional
33 Discussion differences in the former and their absence in the latter.

The differences in display conditions suggest that null D€sSpite the decreased effect in both vertical display
hypotheses H; H-2, and H3 are false. Slower se- conditions, the optimal menu pllacement _strategy sug-
lection times for the indirect condition suggest that usergeSted by the results of the experiment provides fast menu
have less difficulty selecting targets with a stylus wheselection times in all three qondmons. By providing this
they interact directly with the display. On the horizontaS2M€ strategy on all three d'SP'ayS’ deS'gnerS can account
display, participants were observed resting their hand dR handedness effects and still provide a consistent inter-
the display during the trials. This resting position likelyf@ce for all display devices that utilize pen input.

reduced fatigue and increased ability to acquire targets
utilizing wrist movement instead of arm movement. This
beneficial hand position may explain the smaller selectiohhere are two potential methods to compensate for the
times for horizontal displays than for vertical ones. Al-discrepancy between stylus-driven menu selection per-
though direct input appears to be a faster method for séermances for left- and right-handed users in the design
lection, direct input has the disadvantage of occlusion thaff applications. One method is to provide an adaptable
does not exist with indirect input. This occlusion affectdisplay that allows the user to choose the appropriate
many aspects of the user interface besides menu plaggacement according to their preference. Our experiment

Bottom- | Bottom- Bottom- pBottom-
Left Right Left Right

Appropriate Menu Placement



shows that user preference is consistent with better per-
formance, which demonstrates the viability of such an
adaptable interface. The second method is to automati-
cally adapt the display to respond to the handedness of
each user. This method requires a model of the user tha
includes handedness.

Projector

d (N;agnetic
Some software for the Tablet PC already include an op- ey
tion to specify the handedness of the user. There are sev.  g—

eral disadvantages to this approach. In our experiment,

all six of the left-handed participants reported using thgjoyre 6: The tabletop display is projected onto the sur-
mouse only with the left hand’ three of which reportedtyce from above with the Fastrak cube placed underneath
using the mouse with the right hamibrefrequently than  (pe table (left). Force sensing resistors (seen from the top)

with the left. This result is evidence that users have g disributed evenly across the table’s surface (right).
tendency to not alter this particular default setting. Fur-

thermore, in co-located, collaborative applications, cor#.1 Sample Map Application
trol of the input device is frequently passed between sefo demonstrate the use of our technology, we created a
eral users, some of whom may differ in handedness. kample tabletop display application. This application dis-
this environment, the need to specify one’s handedneptays a map of the world containing information about in-
explicitly becomes too great of an overhead for the usetividual countries. To display this information, the user
to benefit from any advantage the system might providemust tap on a country and choose one of six items in a
rectangular pop-up menu. This menu appears down and
) the left for right-handed users and down and to the right
or left-handed users. The menu is oriented to face the
ser, regardless of the side of the table from which it has
een activated.

It may be possible to improve the method of explicitly
specifying handedness for pen-input devices that are ty
ically used by only one person (or very few people), suc
as the Tablet PC or a Wacom digitizing tablet. The resul
of the experiment demonstrate that such and option is
minimum requirement for such applications. In collabo4.2 System Description

rative environments, however, this minimum requirementhe position and orientation of the stylus are obtained
is no longer sufficient. Kurtenbach et all(] demon-  from a Polhemus Fastrak. The table’s surface has been
strate a method of automatically determining handednegsodified with Force Sensing Resistors (FSR) to deter-
for a particular collaborative application that utilizes two-mine the side of the table of the user. This combined
handed input where one hand is used for stylus input. Wgformation provides the input to the user model from
add to this work by demonstrating a technique for autoyhjch handedness can be determined. We describe three

matically determining handedness for one-handed pen igotential methods of obtaining this model and compare
put to a collaborative application on a large-screen tablg¢he accuracy of each.

top display. The computer display is projected from above onto a

In order to determine the user’s handedness, we creake0 cm by 80 cm white laminate surface at a resolution of
a model of each user that includes the position and ori024 by 768 pixels. The magnetic tracker cube is placed
entation of the user’s stylus input device, the side of thenderneath and at the center of the table in order to min-
table at which the user is sitting and the handedness #fize the distance from the stylus to the tracker and thus

the user. We tested three different methods of obtainingaximize accuracy. Eight 61.0 cm x 1.5 ¢cm x 0.5 cm
this user model. FSR strips are placed on the surface of the table. The ta-

e is then covered with white poster board so as not to

bl
Our system is intended to demonstrate the feaSibi“%terfere with the projected image (see Figaye

of an adaptive solution to this problem and does not pur-

port to be the only method of obtaining handedness afdodel 1: Simple Heuristics

orientation information. Other solutions, such as the Diato demonstrate the need for a slightly more complex sys-
mondTouch B] or computer vision could also be used totem, the first model that we explored is simplistic in na-
obtain the necessary information about users at a tabletope. This model determines the handedness of the user
display. Our intention is only to demonstrate how the rebased solely on the azimuth angle of the stylus input de-
sults of the experiment can inform the design of tabletopice. Given the side of the table at which the user is sit-
display systems that utilize pen input, not to promote &ng, if the azimuth angle is betwe®f and180° relative
particular sensing technigue. to this location, the system predicts that the user is right-



handed, and if the angle is betwe&$0° and360°, the Accuracy Results

system predicts that the user is left-handed. The Bayesian network correctly predicted the handedness
Model 2: Neural Network of the user with the highest accuracy/( = 100.0%,

= 0.0%), followed by the neural networkM =

%, SD = 0.2%), and the simple heuristics had the
est accuracyN/ = 97.6%).

The second model utilizes a feed forward neural networl‘ggf 9
trained using back propagation to determine the hande%—

ness of the user. The input layer has a node for each O%N
the six degrees of freedom, and a node for the side &f ~onclusion

the table of the user. The output layer has a single node

to represent the user's handedness. The hidden layer HA results of our experiment clearly show that hand-
five nodes. For our particular network, a learning rate ofdness issues are of paramount importance for applica-

0.5 is used. The training corpus is passed through tfiions that utilize pen input. Our findings illustrate that
network 100 times. a single static interface for such devices will neccessar-

. . . ily disadvantage either left-handed or right-handed users.
One disadvantage of the neural network is that it do . ! )
. o ) e demonstrate a dynamic technique to improve pop-up
not utilize a priori knowledge about the environment,

. - : .menu selection for one-handed pen input in a collabora-
Thus, the network relies on training to infer the appropri:. L . o o
) . X ; tive application, without the need for explicitly specifying
ate relationship between input device and the user model. )
: e .~ each user’'s handedness.
It is therefore more difficult to extend the model to in-

clude contextual information or other input devices. 6 Future Work

Model 3: Bayesian Network We describe some of the disadvantages of an adaptable
The third approach models the tabletop display envirorinterface solution to the issue of handedness for pen in-
ment using a Bayesian network trained using a naive aput. Future work will involve an attempt to improve the
gorithm. This network consists of 10 variables, six conmethod of adaptation and to compare existing methods to
tinuous and four discrete. In contrast to the neural neboth this improved adaptable method and the automatic
work, only the x- and y-coordinates and the azimuth anmethod described in this paper.

gle are modeled directly. The elevation angle is used in- At the suggestion of one of the anonymous reviewers,
directly to vary the probability distribution for the actualwe are planning to investigate finger-based target selec-
azimuth angle. The network models both the measureibn. The hand posture when using a pen to point and se-
and actual value for each of these degrees of freedoiect is different than when using the finger. This change
Two discrete variables are used to model handedness angosture may result in varied selection times for targets
location of the user. Variable elimination is used to deterrelative to the point of contact of the finger. Further ex-
mine the most probable value for each of these nodes. perimentation is required to study these differences.

The Bayesian network has several advantages over the
neural network. First, the Bayesian network only require§ Acknowledgments
four of the six degrees of freedom as input. Second, the/e would like to thank Kori Inkpen, Regan Mandryk, and
Bayesian network can more easily be extended to includgolin Swindells for help on pilot experimentation leading
input from other sources of information such as a vide@p to this work, Bill Buxton for his useful suggestions on
camera. Finally, contextual information, such as the locatrafts of the paper and on the experimental design, and
tions of interface components, can more easily be addéle anonymous reviewers for their helpful comments. Fi-
to the Bayesian network. nancial and infrastructure support for this research was
provided by the Natural Sciences and Engineering Re-
search Council of Canada (NSERC), the Canada Founda-

To test the accuracy of the three models, data were Qs for Innovation (CFI), and the New Media Innovation
lected from 2 computer science graduate students (1 leftanire in VVancouver. British Columbia (NewMIC).
handed and 1 right-handed) using the tabletop display.

These users include one of the authors. Users were askegferences
to use the sample map application on all four sides of the{l] J. Boritz. K. S. Booth. and W. B. Cowan. Fitts's law

table. The 10-fold cross-validation techniquif] was studies of directional mouse movement.Graph-
used to separate the training corpus from the test corpus ics Interface '91 pages 216-223, 1991

for the neural and Bayesian networks. Accuracy mea-
sures for each model are given as an average percentaf@] S. K. Card, T.P. Moran, and A. Newell. The
of correctly classified results. keystroke-level model for user performance time
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