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ABSTRACT

A new input device called the PadMouseis describedand
evaluated.The PadMouseconsistsof a two degree-of-free-
dom touchpadmountedon a regular mousebase.Like the
regular mouse the PadMouseallows for spatialpositioning
tasksto be performedby maoving thedevice on aplanarsur-
face.In addition, when coupledwith an interactiontech-
niguewe call Marking Keys, userscanusethe touchpacdto

activate modifiers and commands.An experiment shavs

thatup to 32 modifiers/commandsanbe quickly andaccu-
rately activated using this technique,making it a viable
device for the non-dominantandin two-handeduserinter-

faces.Otherusesfor the PadMouseand designalternatves
are also discussed.
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INTRODUCTION

Severaluserinterfaceresearcherever the pastdecadehav-
ing recognizedthatin the physical world peopleoften use
both handsto cooperatiely perform mary tasks, have
exploredthe possibility of usingboth handssimultaneously
in the computerinterface. In an early study Buxton and
Myers [3] shaved thatin a compoundtask, a one-handed
interface(i.e. the status-quo)vas inferior to a two-handed
interfacewhich split the compoundtaskinto subtaskghat
could be performedin parallel by both hands.Kabbash,
Buxton,andSellen[10] cameto a similar conclusionhow-
ever, they alsoshawved that two handscould be worsethan
oneif an inappropriateinteractiontechniqueis employed,
particularly when cognite load is increased.

Building partly on this empirical work, Bier et al. [1, 2]
developedthe click-through Toolglassand Magic Lenses
interfacewhich utilized both handsfor its operation.More
recently Kurtenbactetal. [13] describedaninterfacecalled
“T3” which effectively integratedthe Toolglassand Magic
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Lensesconceptswith othertwo-handedechniquedor per-

forming direct manipulationoperationsin a 2D drawing

program.Zeleznik,Forsbeg, and Strausg15] incorporated
and extendedsomeof thesetechniquesnto their “Sketch”

3D modelingsystem,demonstratinghe useof two cursors
controlled by tva hands to enhance 3D interaction.

While the existing body of researcthasinvestigateda vari-

ety of two-handednteractiontechniquesthe issueof what

constitutesanappropriaténput device for thenon-dominant
handremainsunexplored. Furthermorethesesystemshave

limited the non-dominanthandto coarsepositioningtasks,
relying on the dominanthand for almost everything else
including selection of tools, commands, and modes.

In this paperwefirst explorethevarioustasksthatcould (or
should)be performedusingthe non-dominanhandwithin a
two-handeduserinterface.We thendescribea new device,
the PadMouse(Figure 1), coupledwith aninteractiontech-
niquecalledMarking Keys. Togethertheseenhanceherole
of the non-dominanhandby allowing it to activate modifi-
ers and commandsn additionto performing spatial posi-
tioning. Finally, we presentthe resultsof an experimentto
investicate the performanceof Marking Keys on the Pad-
Mouse.

Figure 1. The RdMouse



TWO-HANDED INTERACTION

Much recentwork in two-handeduserinterfaced1, 2, 5, 7,

10, 13, 15] has been guided by the theoreticalwork of

Guiard[6]. In his KinematicChainmodelof skilled biman-
ual action, the two handsare thoughtto be two abstract
motorsassembledh a seriallinkage,thusforming acooper-
ative kinematicchain.Threegeneraprinciplesemegefrom

this model:

1. Dominant-to-Non-DominarpatialRefeence:The non-
dominanthandsetsthe frameof referenceelative to which
the dominant hand performs its motions.

2. AsymmetricScalesof Motion: The two handsoperatein
asymmetricspatial-temporascalesof motion. For instance,
whenwriting on a piece of paper the motion of the non-
dominanthand controlling the position of the paperis of
lowertemporalandspatialfrequeng thanthewriting move-
mentsof the dominanthandwhich nonethelesslependn
the non-dominant hanglmosement for spatial reference.

3. Precedencef the Non-DominantHand: Contritution of
thenon-dominanhandto a cooperatre bimanualtaskstarts
earlierthanthe dominanthand.In the handwritingexample,
the dominanthand startswriting after the paperhasbeen
oriented and positioned by the non-dominant hand.

The two-handedinterfacesdevelopedto date have by and
large adheredto these principles, although perhapsnot
exploiting them to maximum adwantage.In the Toolglass
and Magic Lensesinterface[1, 2] the non-dominanthand
controlsthe spatial position of the Toolglasssheet,setting
up a context for the dominanthandwhich performsprecise
positioninganddrawing tasksin their 2D drawing applica-
tion. In their “T3" conceptapplication, Kurtenbachet al.
[13] use the non-dominanthand for a greatervariety of
tasks:positioningand orienting the artwork, positioninga
Toolglassandcooperatingvith the dominanthandto scale,
orient, and position graphicalobjects.Zeleznik et al. [15]

rely on the non-dominanhandcooperatingwith the domi-
nanthandto translateandrotate3D objects,controlthe vir-

tual camera, and perform ariety of other editing tasks.

I've got tw o0 hands, b ut lost m y hot-ke ys!

A characteristideatureof today’s ubiquitousWIMP (win-

dows, icons,menus andpointer)userinterfaceis the useof

the non-dominanhandto activatecommandsndmodifiers
usingthe keyboard(sometimegeferredto as‘hot-keys’ or

‘keyboardshortcuts’)while the dominanthandoperateghe

mouse.We usethe term “commands”to meanoperations
thatare performedoncewhena key or combinationof keys

is pressede.g.,Control-Cfor Copy, Control-V for Pastein

mary applications)and“modifiers” to meanoperationghat
put the applicationinto a particularmodeonly for the dura-
tion of the keypress(e.g.,on a Mac, holding down the Shift

key allows for multiple selectionsto be made with the

pointer Releasinghe key returnsthe systemto its default

single selection mode).

In high-end2D and 3D graphicsapplicationstherearein
the order of five hundredavailable commandsand modifi-
ers:themostfrequentlyusedonesareusuallyrapidly acces-
sible via hot-keys. Ironically, the speedandfunctionality of

this albeit limited form of two-handedinteractionhas not

beenincorporatedn the morerecenttwo-handednterfaces
discussedn the previous sections.For example,the Tool-

glassand Magic lensesinterface[1, 2] usesthe non-domi-
nant hand only to control the spatial position of the

Toolglasssheetvia a trackballor touchpadwhile the domi-

nanthandselectedools from this sheet.Also, the contents
of the sheetwere selectedfrom a mastersheetusing the

dominanthand.Similarly, Kurtenbactetal!s “T3" applica-
tion [13] relied on the dominanthandto selectthe contents
of the Toolglassvia a Marking Menu[11]. Thus,the domi-

nanthandis requiredto serially selectthetool andthenper-

form the operationwith the tool. The non-dominanthand
merely keepsthe tools within easyreachof the dominant
hand.We believe thata systemin which the non-dominant
hand selectsthe tool or mode which is then usedby the

dominanthandwould be morein line with Guiards Kine-

matic Chainmodel[6] wherethe actionsof the non-domi-
nant hand naturally precedesand sets the stagefor the

actionsof thedominanthand.Oneway to achiese this while

retaining the favourable aspectsof the Toolglassand T3

style two-handedinterfaceswould be to provide the non-

dominanthandwith aninput device that allowed for rapid

activation of commandsand modifiersin addition to per-

forming spatial positioning.

THE PADMOUSE

The PadMouse(Figure 1) is a new input device that inte-
gratesa two degree-of-freedontouchpadwith the ubiqui-
tous two degree-of-freedommouse. This allows for the
input of gesturedby the users middle or index fingeronthe
touchpadwhile theusers handcontrolsthe 2D spatialposi-
tion of the device on the work surface (like a regular
mouse).

In our prototypeimplementationwe mounteda Synaptics
T1002Dtouchpadon a genericserial/PS2nousebase Two

serialports(or oneserialportandonePS2mouseport) are
requiredto interfaceit to a hostcomputer This is sufficient

for evaluating our design and interaction techniques.A

product would require the integration of the mouseand
touchpad firmwre.

While the PadMousecanforeseablybe incorporatednto a
variety of userinterfacetechniquesin this paperwe focus
onits useasanenhancedlevice for thenon-dominanhand.
In additionto usingthe PadMousefor spatialpositioningin
Toolglassand T3 style interfaces the touchpadon the Pad-
Mouse can be usedto activate commandsand modifiers
using a technique we call Markingeys.

MARKING KEYS

Marking Keys is an adaptationof Marking Menus[11]: a
markbasednteractiontechniquethatallows a userto select
itemsfrom a menuwhich may be singlelevel or hierarchi-
cal. As Kurtenbach11] describesselectionaisingMarking
Menus can be made in tways (Figure 2):

1. menumode:Theuserentersthis modeby pressinga but-
ton on a stylusor mouseand pausingfor a shorttime (less
than1 second)A radial menuthenappearson the display
centeredaroundthe cursorposition. Theuserselectsamenu
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Figure 2a. Selecting’rom a singlelevel markingmenu.ln menu
mode the menuis displayedand the user movesto the desied
item.Users whoare familiar with the menulayoutselectitemsin

mark mode wherno menu is displayed.
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Figure 2b. Selectingrom a hierarchical markingmenu.Thefirst
segmentof the mark selectsa submenwand the secondsegment
selectsthe desiied menu item. In menu mode the current
(sub)mendus displayedand the user movesto the desied item.
Users whoare familiar with the menulayoutselectitemsin mark
mode by making a compound mark.

item by moving the cursorinto the desiredsectorof the
radial menu,the selectedtem is highlighted,and selection
confirmed when the mouse/stylugton is released.

2. markmode:The userentersthis modeby pressinga but-
ton on astylusor mouseandimmediatelymoving the cursor
in thedirectionof thedesiredmenuitem. Insteadof display-
ing theradialmenu,the systemdisplaysanink-trail follow-
ing the cursor Whenthe button is releasedthe menuitem
thatcorrespondso the directionof movementis selectedIf
the userstopsmoving but doesnot releasethe button, the

finger of
tfouchpad

finger on
Idle touchpad

inger o
touchpad

systemassumeshat the useris unsureof the menulayout
and displaysthe menu, effectively providing guidanceby
self-revelationonly whenrequired.Studieshave shavn that
makingselectionsn markmodecanbe 3.5timesfasterthan
when the menu is displayed [11].

Thebeautyof Marking Menusis thata userwhois unfamil-

iar with the menulayout only hasto wait a split second
beforethe menuis displayed.The mark madeto selectan

item from this menuis similar to the markrequiredto make

a selectionwhenin mark mode.Eachtime a usermakesa

selectionin menumode,they arerehearsinghe mark that
would be requiredwhenin mark mode.This helpsthe user
learnthe markings.Oncethe useris familiar with the menu
layout, selectionis achieved very quickly by simply making
a markwithout waiting for the menuto be displayed.Thus,
Marking Menus effectively utilizes self-revelation, guid-

ance,andrehearsato aid the userin makinga smoothtran-

sition from nwice to epert behsiour.

Our Marking Keys interactiontechnique whosebehaiour
is illustratedin Figure 3, retainsthe favourablecharacteris-
tics of Marking Menuswhile introducing several changes
which result in a gesture based alten&td hot-leys:

« Insteadof usinga stylusor mouseto drive a cursorwhich
then makes the required mark, userssimply use their
index fingerto createthe mark on the PadMouses touch-
pad.

* No button pressesarerequired.Rather the menuingsys-
tem is actvatedwhen the users finger first touchesthe
touchpad.If the user pausesfor 0.4 seconds,a radial
menuof optionsis displayedand the systemis in menu
mode.If the userstartsmoving immediatelyafter touch-
ing the pad,the systemis in mark modeandno menuis
displayed.

* Recognitionof the mark is achieved by pausingfor 0.2
secondsafterthe markis made.If avalid markresultsin
the selectionof a command that commandis performed
andthe systemreturnsto anidle state.lf the markresults
in the selectionof a modifier, that modifier is activated
and remainsactive aslong as the finger remainson the
touchpadWhenthefingeris lifted off the pad,the modi-
fier is inactivated and the systemreturnsto its default

Activate
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touchpad touchpad = =
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Figure 3. Statetransitiondiagram illustrating the behaviourof Marking Keys on the PadMouse In MenuModethe menuis displayed;in
Mark Mode only the ink-&il of the mark is displayed. Once in the “Rgn@e Mark” state no menu or marks ardisplayed.



mode. This is where Marking Keys differs from tradi-
tional Marking Menus: in Marking Menus thereis no
mechanisnfor activating modifiers;only commandsan
be selectedThus,Marking Keys mimic the actionof hot-
keys, usinggestureso selectacommandor modifierfrom
a menu instead of pressingeylon a leyboard.

With hot-keys, thereis no built-in mechanisnfor revealing
the assignmenbf keys to functions.Usershave to rely on
on-line help pagesor other documentatiorto discover the
key mappingsThis canbe frustrating,particularlyfor nov-
ice usersUsersof the PadMousewith Marking Keys getall
the functionality of hot-keys with the addedbenefitof self-
revelation, aswell as a built-in spatial positioning device.
Also, theactionsrequiredof the userwhenactvating Mark-
ing Keys are conceptuallyand physically distinct from the
actionsrequiredto control the spatial position of the Pad-
Mouse.As Jacobetal. [9] have shavn, taskswhich arecon-
ceptuallyindependenbenefitfrom input devicesthatallow
thetasksto beperformedseparatelyUsersof the PadMouse
andMarking Keys shouldlik ewise benefitfrom the separa-
tion of the two tasks it is designed to perform.

Our implementationof Marking Keys on the PadMouse
allows usersto activatecommandsndmaodifiersusingsim-

ple marks(i.e., using a single level menu—- Figure 2a) as
well ascompoundnarks(i.e., usingatwo level hierarchical
menu- Figure2b). A questionof interest,therefore,is the
boundson how mary itemscanbein eachlevel, beforethe
useof a mark for item selectionbecomegoo slow or error
prone.Kurtenbachand Buxton [12] exploredthis question
in the contet of usinga stylus or mouseto selectfrom a
Marking Menu. They found that userscould selectfrom

menuswith up to two levels andeightitems per level with

anerror rateunder10%. With menusmorethantwo levels
deepand greaterthan eight items, selectionbecameerror
prone.Otherresearch8] alsoindicatesthatmenuswith up

to eight items resultin acceptableperformance Unfortu-

nately sinceMarking Keys on the PadMouserelieson the
index finger for performingthe marksratherthana mouse
or stylus,this previous body of researcttanonly serne asa
guidelineto us. The rangeandtype of movementafforded
by the index fingeris very differentfrom that afforded by

thewhole hand.Thus,it is possiblethatthe optimalnumber
of itemsthatcanbe selectedusingour techniquewill differ

from thatselectablaisinga mouseor stylus.Furthermoreit

is alsolikely thatthe finger will find marksin somedirec-
tionseasierto performthanothers.In orderto explorethese
issues, we conducted axperiment.

This is thefirst of a seriesof plannedexperimentswith this
device andinteractiontechniqueAt this early stagewe are
mainly concernedwith how usersperform using Marking
Keys on the PadMouse.We are thereforeevaluating this
techniquewithoutincludingthe spatialpositioningcapabili-
ties of the PadMouse.Issuesconcerningthe ability to use
Marking Keys while performingspatialpositioningtasksis
left to be formally evaluatedat a later date;however, a dis-
cussionandinformal obsenationsarepresentedaterin this
paper

EXPERIMENT

Goal

We hadtwo primary goalsfor this experiment.Firstly, we
wantedto determinethe differencesin performancevhen
selectingusing Marking Keys asthe numberof itemsand
levels are increased.Secondly we were interestedin the
issueof whethermarksin certaindirectionsare easierto
perform than others.

In orderto determinethe limits of performancewe needed
to measureaxpert behaiour. Like Kurtenbachand Buxton
[12], we definedexpertbehaiour to occurwhenthe useris
completelyfamiliar with the layout of the menuandknew
theexactmarkrequiredto selecta particularitem. Research
on Marking Menus[11, 12] hasshavn thatuserseventually
reachthis level of expertise,selectingusing marks alone
(i.e., without displayingthe menu)over 90% of the time.
Thecognitive aspect®f this previouswork is directly appli-
cableto ourtechniqueWhereour techniquediffersis in the
motor skills requiredto performthe mark, andthis is what
we sought to measure.

Method

Subjects

12 right-handedvolunteersparticipatedas subjectsin the
experiment.All usedtheir non-dominanthandto perform
the experiment.

Apparatus

The experimentwas conductedon a Silicon Graphicsindy

workstationwith a 19 inch colour display The PadMouse
wasusedastheinputdevice. Themarkrecognitionsoftware
was identical to that of a commercialimplementationof

Marking Menus and has been extensiely testedin both

experimentalandrealworld settings Theworkstationranin

single-usermode, disconnectedrom all network traffic.

Subjectswere seatedapproximately60 cm in front of the
displaywith their non-dominanhandmanipulatinghe Pad-
Mousewith theindex fingerusedto activate Marking Keys

on the PadMouses touchpad As discusseckarlier the spa-
tial positioningfeatureof the PadMouseavasnot usedin this

experiment.

Task and Stimuli

In this experimentwe simulatethe situationwheresubjects
are completelyfamiliar with the marksthey needto make

for a selection.We achieve this by displayingthe desired
mark on the screerandaskingthe subjectto make a similar

markusingthetouchpadn the PadMouse Sincethe useris

told a priori whatthe desiredmark shouldbe,the cognitive

effort requiredof the useris minimal andconstanfrom trial

to trial, alloving us to measure motor performance.

A trial occurredas follows. The stimulus mark was dis-
playedon screen(Figure4a).Usingtheirindex fingeronthe
PadMouses touchpadthe subjectattemptedo make a sim-
ilar mark. The momentthe subjects finger made contact
with thetouchpadthe stimulusmarkwasremovedfrom the
screemandan ink-trail of the mark the subjectwas making
wasdisplayedinstead At no time wasthe menudisplayed.
Identicalto ourimplementatiorof Marking Keys (Figure3),
the mark wasrecognizedandthe trial endedwhenthe sub-
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Figure 4. Stimulusand responsédor oneexperimentalcondition.
(a) showghedesiledmarkpresentedo the subjectat the start of
a trial. (b) showsthe subjects mark overlaid on the desied
mark on completion of the trial.

ject’s fingerwasstationaryon thetouchpador 0.2 seconds.
Oncethe mark wasrecognizedthe stimulusmark wasdis-
played overlaid with the ink-trail of the mark the subject
made(Figure4b). This senedto reinforcelearningandaid
in correctingerrorsfor futuretrials. If the subjects markdid
not resultin the samecommandor modifier selectionasthe
stimulus mark, the systemowld beep to indicate an error

Design

Guidedby theresultsof previouswork [8, 11, 12] aswell as
our informal useof the device andtechniquewe decidecdto
limit our studyto menusup to two levels deepand up to
eightitemsperlevel aswe felt thatthis would be the upper
limit beyond which performancewnould definitely degrade.
We chose three menu layouts (Figure 5):

1 level, 8 iterrs: this was the simplestlayout studied.The
eight items are laid out in a circle, eachoccuping a 45
degree sector Only simple straight marks are requiredto
select from this menu.

2 levels, 16 items: Four possibléefirst level marksleadto a
secondevel menuwhichin turn hasfour items,resultingin
4x4=16itemsin total. All the requiredmarksarealignedto
the horizontalor vertical axes (often referredto ason-axis
layout). Compound marks are required for selection.

2 levels, 64 items: Eight possiblefirst level marksleadto a
secondevel menuwhich in turn haseightitems, resulting
in 8x8=64itemsin total. Compoundmarksarerequiredfor
selection.Both on-axis and off-axis marks are required.
Thislayoutexhaustsall possiblecombinationgor menusup
to two levels deepandup to eightitemsperlevel. The sim-
pler layouts above were included becausethey allow for
higher spatial ariability in the required marks.

A within subjects completely counterbalancedepeated
measuresdesign was used. All subjects performed the
experimentusing all threemenulayouts. The presentation
order of the threelayoutswas completelycounterbalanced
acrossthe subjects.For eachmenu layout, subjectsper-
formed 10 blocks of trials. Eachblock consistedof 1 trial
for eachof the possiblemarksfor that menulayout, pre-
sentedn randomorderwithin the block. Subjectsaveretold
in advancethe menulayoutfor the upcomingl0 blocksand
were also given several practisetrials to familiarize them-
seleswith the task, They wereallowed breaksafter every

eight trials. After the completionof one trial within this
group of eight, the ne trial began after a 0.5 second pause.

The experimentconsistef 10560total trials, computedas
follows:

12 subjectx

3 menulayoutsconsistingof 8+16+64=8&lifferentmarksx
10 blocks of trials for each layout

1 trial per mark per block

= 10560 total trials.

The experimentwas conductedin one sitting and lasted
about an hour per subject.

Results and Discussion

Figure6 comparesubjects’'meantaskcompletiontime and

errorratesfor thethreemenulayouts.Taskcompletiontime

was measuredbeginning when the subjects finger first

touched the touchpad and ending when the masknecog-
nized by the system.This effectively discountedthe time

takento reactto the stimulus,measuringnly the costof the

motor componentRepeatedneasuresnalysisof variance
shavedthatthe numberof itemsandlevelsin the menuhad

a significant effect on both task completion time

(F211=110.91, p<.0001) and error rate (F, 1;=47.75,

p < .0001).

40+

2 levels, 64 items,
(540 ms, 32.8%)

w
T

2 levels, 16 items
(500 ms, 12.0%) @

Err or Rate (%)
N
?

[y
¥

M 1 level, 8 items
(370 ms, 7.3%)

O—t+——t—F+———F+——+—
100 200 300 400 500 600
Task Completion Time (ms)

Figure 6. Comparisorof the threemenulayoutsfor error rates
and meement timeData fiom all 12 subjects and all trials.

From Figure 6, we seethatthe 2 level, 64 item menuhad
considerablyhigher error ratesthan the other two layouts.
However, task completion time was not as drastically
affectedalthoughthedifferencewasstatisticallysignificant.

Onepossiblecauseof thedrasticincreasen errorscouldbe
that marksin somedirectionsare particularly hardto per-
form and datafrom thesetrials is skewing our results.We
thereforetook a closerlook at the performancelifferences
between thearious marks.



For the 1 level, 8 item layout, analysisof varianceshaved
thatthe markdirectionhada significanteffecton errorrates
(F777=2.08,p < .05). A Ryan-Einot-Gabriel-Wlschpos-
thoc testrevealedthat the mark for item 7 (refer to Figure
5a) was significantly harder to perform than the other
marks.

For the 2 level, 16 item layout, analysisof varianceagain
shaved a significant effect for mark direction
(F15165= 3.31, p <.0001). As expected,the easiestitems

werethe four whereboth segmentsof the compoundmark
werein the samedirection (items0-0, 2-2, 4-4, and6-6 in
Figure 5b). The mosterror pronemarkswere thosewhose
first sgmentwasa left or right mark followed by a second
segmentthat wasan up or down mark (items2-0, 2-4, 6-0,
6-4 in Figure 5b).

For the 2 level, 64 item layout, the situationgetsmorecom-

plex. Likethe 2 level, 16 item layout,the markswhereboth

segmentsof the compoundmarkwerein the samedirection

(items0-0,1-1,2-2,3-3,4-4,5-5,6-6, 7-7 in Figure5c) per-

formedbest,with errorratesunder10%. Previous research
on Marking Menuswith large numbersof itemsandlevels

[12] have found thatwhenthe mark segmentsare confined
to the horizontal or vertical axes (on-axis marks), perfor-

manceis betterthanfor off-axis marks.An analysisof vari-

anceon our datagroupedaccordingto whetherthe mark

segments were on-axis or off-axis shaved a significant
effect for axis (p < .05). Marks whereboth sggmentswere

on-axisperformedbest,followed by thosewhereboth seg-

mentswere off-axis. When one sggmentwas off-axis and

the othersggmenton-axis,performancedegraded A possi-
ble explanationis that these“on-off” and “off-on” axis

marks accountfor all the caseswith the smallestangle
betweenthe two segmentsof the mark (i.e., a 45 degree
turn) which aregenerallydifficult marksto make accurately
If we consideronly the 32 markswherebothsegmentswere

eitheron-axisor off-axis, the error rategoesdown to under
20%.

What constitutesanacceptablerrorratefor taskslik e this?
As Kurtenbach& Buxton [12] point out, “the answer
dependon the consequencesf an error, the costof undo-
ing anerroror redoingthe commandandthe attitudeof the
user’ Like Marking Menus,Marking Keys presentus with

thetypicaltrade-of betweerspeedandaccurag. A redeem-
ing featureof Marking Keys is thatif the errorratewhenin

markmodeis too high, userscanalwaysresortto the slower
but moreaccuratdallbacktechniqueof displayingthemenu
and making a selection.

Comparingour resultsto the prior art, we find that Marking

Keys fareswell. Kurtenbach11] reportsthatuserswith 10
to 30 hoursof practiceare able to selectfrom a six-item
Marking Menuusingamouseat aratebetweer200and400
ms. Nilsen[14] reportsthata selectionfrom a six-itemlin-

earmenuusinga mouserequiredon average790 ms. Card,
Moran, & Newell's [4] Keystroke-Level model indicates
thata“goodtypist” takes120msto executea key-pressona
keyboard,and 400 msto homein on the desiredkey. This
resultsin an approximatefigure of 520 ms for selection
usingkeyboardhot-keys. Our subjectswith only anhourof

practice, geraged 370 ms for an eight-item menu.

This experimenthas demonstratedhat usersof Marking
Keys canquickly activateup to 32 commandandmodifiers
with anerrorrateof under20%. This is probablymorethan
the numberof hot-keys requiredin a typical application.If

we restrict ourseles to single level menuswith a small
number of items, much better performance(speedfaster
than hot-leys, and errors under 8%) is possible.

As mentionedearlier, this is the first of a seriesof planned
experimentsto evaluate this device and interactiontech-
nique. At this stage,we soughtto determinethe limits of

userperformanceavith Marking Keys anddid not confound
the issueby utilizing the spatialpositioningcapabilitiesof

the PadMouse An obvious question therefore js the extent
to which spatialpositioningof the mouseinterfereswith the
ability to make correct marks on the touchpadand vice
versa.nformal obsenrationsof usersof the device in proto-
type applicationgseesectionbelon) do not shav evidence
of interferencebetweenthe finger movementson the touc-
pad and wrist/arm movements controlling the mouse.
Indeed, experiencedusers (including the authorsof this
paper)are able to activate modifiers and commandswith

Marking Keys while simultaneouslyusingthe spatialposi-
tioning capabilities of the device. While it appearsthat
interferencebetweerthe two partsof thedevice is minimal,

a formal experimentalevaluationis requiredfor confirma-
tion and this will be conducted in the near future.

APPLICATIONS

We have prototypedthe useof the PadMousewith Marking

Keys within oneof Alias|wavefront's nev 3D modeling/ani-
mation applications,Maya. We usethe spatial positioning
capability of the PadMouseto control the virtual cameran

thenon-dominanhand(Zelezniketal. [15] describesimilar
use of a non-dominanthandinput device) while Marking

Keys is usedto activate frequently used commands(e.g.
“undo”, “redo lastcommand”“copy”), andmodifiers(e.g.,
activation of graphicalmanipulatowidgetsfor objecttrans-
lation, rotation, scaling, etc.). The dominanthand usesa
regular mouseto performoperationsn the 3D sceneusing
thosegraphicalmanipulatowidgets.In the default uniman-
ual interface,the dominanthandhasto constantlyswitch
betweercameramanipulationandobjectmanipulation Our
bimanualinterface has the advantageof having the non-
dominanthand control the cameraso that userscan now

tumble/track/dollyaroundthe 3D scenego getthe bestview

of their work while changingpartsof the scenewith their
dominanthand.Preliminaryfeedbackirom thosewho have

tried this implementation is encouraging.

We have alsoincorporatedhe PadMouseandMarking Keys
in a prototype2D drawing applicationwith a Toolglassand
Magic Lensednterfacesimilar to the“T3” conceptapplica-
tion of Kurtenbachet al. [13]. Here, the spatialpositioning
capability of the PadMousereplacesthe digitizing tablet
puckusedin the“T3” application,while Marking Keys are
usedto selectthe contentsof the Toolglasssheef(the previ-
ous implementation[13] usesthe dominanthandto make
this selection using a Marking Menu).
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Figure 5(a). 1 lgel, 8 item layout

Figure 5(b). 2 level, 16 item layout. The first sggmentof the
mark selectsthe submenuwand the secondsegmentselectsthe
itemfromthat submenuAll the marksare alignedto the hori-
zontal or vertical axes (on-axis layout).

Figure 5(c). 2 level, 64 item layout. The first segmentof the
mark selectsthe submenwand the secondsegmentselectsthe
item from that submenuBoth on-axisand off-axis marksare

included.To avoid clutter, we haveonly labeledonesubmenu.

Theothers are labeledin a similar fashion:first sggmentnum-
ber followed by second@®ent number

FUTURE DIRECTIONS

In this paper we have focusedon the useof the PadMouse
asa non-dominanthanddevice in a two-handeduserinter-
face.Clearly thisis notthe only applicationfor this device.
Other possibleusesinclude using the touchpadto perform
scrolling and other tasks. Zhai, Smith, and Selker [15]
recentlyperformeda comparisorof variousinput devicesin
scrolling tasks.It would be interestingto seehow the Pad-
Mouse #res in such a comparison.

We are also exploring alternatve designsto the PadMouse
for providing command/modifieselectionand spatialposi-
tioning in anintegrateddevice. One designwe have proto-
typed(Figure7) is amousewith 10 keys in anarrangement
designedto facilitate comfortablekey activation without
much finger movement.This designis an evolution of the
ohvious solution of placing a keypad on the back of the
mouse- a designwhereit is impossibleto move themouse
spatiallywhile pressingouttonson the keypad. Preliminary
useof our prototypeindicatesthat someusersfind it diffi-
cult to activate buttonswith the fourth andfifth fingers,but
this could perhapsbe overcome with improved button
designs.Performanceifferencesbetweenthis device and
the PadMousewith Marking Keys will have to beevaluated.

Figure 7. Pototype €n-key mouse

CONCLUSIONS

We have presentedh new input device, the PadMouseand
an associatednteractiontechniquecalled Marking Keys.
This allows usersto perform both spatialpositioningtasks
aswell asactivate commandsand modifier usingthe non-
dominanthand.Our experimentshaved that subjectswere
able to effectively activate up to 32 commands/modifiers
usingthis device andinteractiontechniqueWe believe that
incorporatingadevice like thisin two-handednterfacescan
lead to more facile and efficient human-computemterac-
tion.
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