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ABSTRACT

Touch is a compelling input modality for interaetiv
devices; however, touch input on the small screkm o
mobile device is problematic because a user’s fage
occlude the graphical elements he wishes to wotk.vimn
this paper, we present LucidTouch, a mobile devi
addresses this limitation by allowing the userdatml the
application by touching thback of the device. The key to
making this usable is what we cpeudo-transparencyy
overlaying an image of the user’'s hands onto thees; we
create the illusion of the mobile device itself igpisemi-
transparent. This pseudo-transparency allows users
accurately acquire targets while not occluding slcecen
with their fingers and hand. LucidTouch also supgor
multi-touch input, allowing users to operate thevide
simultaneously with all 10 fingers. We presentiaistudy
results that indicate that many users found towgrhim the
back to be preferable to touching on the front, doe
reduced occlusion, higher precision, and the gitititmake
multi-finger input.

ACM Classification: H5.2 [Information interfaces and
presentation]: User Interface&raphical user interfaces.

General terms: Design Human Factors.

Keywords: portable multi-touch, direct touch, LucidTouch,
transparent devices, bimanual input, pseudo-traespg,
augmented reality.

INTRODUCTION AND MOTIVATION

Many mobile graphical applications require pointingut,
whether it is selecting links in a mobile web brewsr
manipulating windows, icons, and menus in a GUcd&se
designers of mobile devices strive to minimize dverall
size of the device, pointing input is often accasi@d with
small joysticks or 4-directional button sets thidwa users
to move a pointer stepwise across the screen or lirkk to
link. The poor pointing performance of these typs

devices is well known [8]. In part to overcome this
limitation, manufacturers have equipped some mobile

devices with touch screens, usually with input display
devices calibrated for direct-touch input.
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Touch screens offer good pointing performance &ogéd
user interface targets [22], and save device spatie
maximizing the visual display area by superimposiing
control surface over the screen. This has allowes t
creation of devices such as the Sony Cybershot BREC-
digital camera and, more recently, the Apple iPhane
which nearly the entire front surface is occupigdthe
screen and the size of the device is limited onjyitb
display.

Two fundamental problems with direct-touch fingaput
are that the user’s finger occludes the targehénadritical
moment before touching the display (thecclusion
problem) and that the touch area of the finger is mang$im
larger than a pixel of the display (tff&t finger problem
Because of these two issues, a user is often urtable
accurately specify the point of contact with thepdy [19].
For small mobile devices, the occlusion problem is
especially drastic because the hand often covees th
majority of the display. Previous solutions to #es
problems have attempted to provide software orvaarel
aids. These aids generally break the direct-tougbuti
paradigm [12, 19, 27], map multiple points of inpata
single cursor [5, 10], require additional on-scregaphics
[1], or suffer from lack of visual feedback [29].

In this paper, we propose a device whose desigreasés
the occlusion and fat finger problems with fewemwdbacks
than previous solutiond.ucidTouchcombines a behind-
the-display multi-touch input surface with pseudo-
transparentdisplay that overlays a live image of the user’s
hands onto the screen. Figure 1 shows an earlyepbnc
drawing of the proposed device.

Figure 1. Concept sketch of LucidTouch: a pseudo-
transparent device.



LucidTouch

The fundamental problem with a behind-the-displagut

surface is that the display hides the user’'s handking

accurate pointing difficult [29]. Many direct toudhput

devices provide only two input states: out-of-rareyel

dragging, the assumption being that the user’sefingr

stylus provides all the feedback they need in ortter
anticipate the point of interaction [6]. When thents are
behind the display, this visual tracking is notgibke.

As shown in Figure 2, our pseudo-transparency ambro
allows users to see their hands as they are aftegnfu
acquire a target from the back of the device, thnlsing
not only the occlusion problem, but also the latkacking
feedback. In order to overcome the fat finger peabl
simple computer-vision techniques are applied, walig
each finger’s touch points to be visualised prmmntaking
contact the touchpad. As a result, LucidTouch essadst
and intuitive land-on selection, in contrast to thake-off
selection techniques other opaque devices empiy2[@].

While the use of pseudo-transparency for a singlatpf
input is a valuable contribution, we set out toel@age this
technique to create a multi-touch portable devidecause
portable devices are held while in use, multi-pairect-
touch input from both hands has been limited twim{gsoof
contact. By providing a mechanism to move diredtto
input to the back of the device, we were able tddbu
LucidTouch so that it could receive input from &0
fingers. Figure 2 shows our working prototype and
illustrates how a user operates the LucidTouchagevi

One point worth noting is that by displaying onlget
positions of the fingertips prior to touch, withotite
overhead of pseudo-transparency, we could, in gffec
create severgbuch-cursors As we will discuss, however,
when making multiple points of input, most userdgtu
participants found the pseudo-transparency negeissarder

to understand the correlation between each toudvcand
the particular finger it represented. Without thvertay, they
were unable to accurately control the touch-cursors

Figure 2. The LucidTouch prototype.

The remainder of this paper is organized as follavesfirst
review related work, then present a detailed disionsof
the issues in creating a pseudo-transparent irgace. We
then explain in detail our implementation, and thaspects
of the ideal device we are able to implement withspntly
available off-the-shelf technology. We also discuss
properties and characteristics of LucidTouch which
necessitate rethinking of traditional and multiygadirect-
touch interaction. Finally, we present a trio ofemaction
techniques we have developed and adapted for uskeon
LucidTouch, and the results of a user evaluatitenided to
elicit feedback on pseudo-transparency and on oweln
device. We conclude with a discussion of how toaite on
the design of the system, and list several openareh
guestions.

RELATED WORK

There are several areas of research which are yhighl
relevant to the present paper; we will review eadrn.

Several technologies have recently been demondtrate
which enable the detection of multiple points of
simultaneous contact, and which allow for input digplay
devices to be overlaid, creating a direct touclerfate.
Wilson’s TouchLight system used two cameras located
behind a display to detect the position of usessids [30].
The apparatus is similar to that presented by Mo, used
frustrated total internal reflection to cast toymfints back
towards a single camera [14]. Finally, two capadi
based system&martSkin20] and theDiamondToucH9],
allow the detection of multiple points for tabletepstems.
Forlines and Shen’sDTLens[11] is an example of the
utility of these multi-point direct-touch input.

There are several mobile devices which have enabtedt
touch input with a finger or stylus. Early examptédssuch
devices include the Apple Newton and the PARC TAB
[21], each of which was designed for input witht@us,
treated in a direct-touch manner. Although
commercially available at the time of this writinthe
iPhone has been announced to support two-point, direct
touch input (http://www.apple.com/iphone/). The idevis
intended to be held between the palms of both hamits
input delivered with the thumbs. Although a stepvacds
enabling multi-point input, the form factor of thievice
does not lend itself to more than two simultanetmush-
points, and still suffers from the problem of ocitin while
touching. Several researchers have attempted tcave

the occlusion problem, while allowing input witmders,
though each has had limitations [1, 5, 10, 12 2179,29].

One possible solution to the occlusion problenoisnbve
the input surface to the back of the device, as been
explored in the BehindTouch [15], HybridTouch [28hd
Under the Table [29]. Moving input to the back adevice
introduces a new occlusion problem, since the devic
prevents the user from seeing his hands. This enobs
illustrated by a user study in [29] that found thsgrs could
only accurately land on targets of approximatelyct in
diameter when they were unable to see their fingEng

not



LucidTouch overcomes this limitation by making use
transparent or pseudo-transparent display and
surfaces, allowing users to continue to see thaidh while
touching the display.

See-through devices are similar in concept to sgver
projects inAugmented RealityAR): like AR, we aim to
seamlessly blend real-world and virtual content the
device. Unlike AR, our device is handheld, not head
mounted, and our real-world content is limitedte tiser’s
hands in order to avoid interference with backgtbun
images. An overview of early AR work can be found3].
Ours is not the first system to visualise usersidsausing
video: both J.C. Tang and Minneman’s Video Draw][25
and A. Tang et al.’s Video Arms [24] systems made af
video representations of users’ hands, though gheas
intended to embody a remote user. More similarht® t
LucidTouch is the use of video in th&actaPad
(http://lwww.tactiva.com), which presents a filtergitleo
image of the user's hands on the interaction adsdike
our device, however, the TactaPad is not a diotH
device: the video of the hands is not registeretth Wieir
physical position relative to the display.

The LucidTouch will make use of simultaneous infsatn
both hands. Researchers have previously identifeaeral
advantages to bimanual over unimanual input, inolyd
increased performance [3, 7, 16], reduced cogniibasl
[17], and increased alignment with more “naturaiéigices
[13]. These benefits are generally attributed tirteloser
mimicry of real-world interaction. As explained Buiard,
the non-dominant hand performs gross actions to, laad
providing the spatial frame of reference for, themihant
hand, which performs fine motor tasks within this
established reference frame. Unclear, howevero igtiat
degree these findings will continue to hold true the
LucidTouch: because the device is held betweempdhms
of both hands, only the fingers and thumb activebve on
the device. The roles of the hands naturally adbptethe
user, and how best to leverage those roles, majotiotv
the Guiard model. Although it can be used as aistpr
point, further study is required before these rssalre
directly applied to the LucidTouch.

It is our hope that, a device which enables muinp
direct-touch interaction on a portable device, vikanable
designers to begin to port these and other interact
schemes to the populous mobile domain.

DESIGN OF SEE-THROUGH DEVICES

LucidTouch is a mobile device that allows for dirémuch
input while minimizing occlusion through pseudo-
transparency. It also supports simultaneous dimath
input from all 10 fingers. In this section, we takecloser
look at the technical aspects of our prototype &mel
different design choices we have explored.

Controlling Transparency

inputWith a see-through display there are up to thrgertaof

visible elements: (1) on-screen elements, (2) thadh
behind the screen, and (3) background scenery ddcat
behind the device. In order to obtain good resug
visibility of all three layers needs to be conteadll In
general, we want best possible visibility of onesr
contents and reconcilability of the hands. Thebilisy of
background scenery, in contrast, is optional if not
hindering.

As has been explored by the augmented reality canitynu
there are two ways of achieving a see-through eftextual
optical see-throughand closed-viewpseudo-transparency
[2]. We tried both.

Our first mock-up used a physically transparentpldig
(Figure 3), which allowed users to see their fisgeithout
the need for a video overlay. What we found, howewas
that it was hard to control the visibility of thierée layers.
With physical transparency, the visibility of eatdyer
depends on its illumination: the more light onenskion a
layer, the more visible it is. Unfortunately, cailing
illumination turned out to be difficult. In partilar, a hand
approaching the LCD prevented illumination fromataag
both the hand and the respective area of the screel
result, the user’'s finger and the respective scrasa
turned dark, leading to a new type of occlusionbfem.
While we believe that it might be possible to sothe
problem by illuminating the LCD and the user’s hawith

an illuminated semi-transparent bi-directional ukr layer
inserted behind the LCD and the user’s hand, itnsoo
became clear that a pseudo-transparent solutiotdvgive

us all the control we needed. In addition, actual
transparency would have required us to also useea s
through tracking device, while pseudo-transparency
allowed us to explore a broader range of trackoigt®ns.
Fundamentally, actual see-through devices do tmvany
anything to be stored behind the screen. Processing
hardware, such as circuit boards and hard drivesstbre
require space outside the sides of the screen ciingathe
mobile form factor. Imaging-based solutions avofds t
issue and allow for a common tablet-like form facto

Figure 3. Our first LucidTouch mock-up created a
physical see-through effect using a modified
overhead-projector LCD. It's main drawback: lack
of illumination led to occlusion when touching the
screen.



Rendering Tracking Feedback

By mounting a camera behind the display to captidteo

of the user’s fingers and hands, we gained completérol
over their appearance and regained an evenly ID.LBYy
adjusting the parameters controlling the compagitihthe
GUI and hands, we developed several methods otreny
hover feedback. For a device that supports a sicghact
point, a simple pointer image will typically be 8cient. In
the case of LucidTouch, there are up to eight atgaints
on the back of the device. While it would be polksito
show simply eight touch-cursor images, we were eomed
that such a display might make it hard for users to
determine which touch-cursor corresponded to which
finger, especially in the case of individual fingemntering
and leaving the tracking range. To help users pné&trthe
tracking feedback, we chose to overlay an imagehef
user's hand (similar to [24 and 25]), in addition t
displaying touch-cursors over each of the fingertipiring
both the hover (tracking) and touching (engageckira)
states. We experimented with various visualisationghe
touch-cursor, eventually deciding on a simple dot t
minimize distraction. To give additional feedbaek the
user, we used colour to depict which touch-curseese
hovering (red) and which were touching (blue).

Figure 4. Left: all touch-cursors are red: no fingers are
touching the device. Right: the three fingers with blue
touch-cursors are touching the display.

There is a multitude of options for rendering thandh in
pseudo-transparency. Given that our current prpeoty
captures an actual camera image, one option waisptay
that camera as is, but this offered more detailntha
necessary. In addition, the camera films the bdeksf the
user's hands, which creates an undesirable effactisers
would expect to see the inside of the hand. Weethes
opted for a solid, but non-textured silhouette lef hand,
which offers enough detail to interpret pointer iposs
while creating a minimum amount of clutter (for a
discussion of how to minimize interference betwisgrers
see [4]).

Display Size and Finger Reach

In order to allow for input from all 10 fingers @mobile
device, LucidTouch is held between the palms ofhbot
hands. This enables freedom of movement for thgefi
behind the display, while positioning the thumbsabthe
display. Although thumb input on the front of thevite
occludes on-screen content, as discussed eartiablieg
input from the front side provides an additionaptih
channel. This can be useful when running applioatio

explicitly designed for touch, such as the predentanode
of Microsoft PowerPoint™. It also allows us to deea
additional dual-sides gestures, and leverage theastics
of touch-side information, as explored in [29].

The holding of a handheld device constrains theamant
of one’s fingers - device size, grip, and inputaa@e
inextricably linked. With our prototype, interaatimccurs
with the fingers while the device is held betweare’s
palms. Before deciding on this particular footprimte
explored three size classes of see-through devieiest,
small devices allow all portions of the screen to beheal
by each of the fingers. This also allows for fulyctional
one-hand usage. Second, on a larger, medium siéded
all parts of the display are within reach of a éngbut no
one finger can reach the entire display. This equire a
hand-off between fingers if objects are moved ertbe
screen. Finally, a large device would require tlseruto
temporarily hold the device with one hand while ttker
hand traverses the back of the device in orderctpise
some targets. Figure 5 illustrates the three sizes.

5. smaller

Figure
LucidTouch, where both hands can reach the entire
display, (b) a medium LucidTouch (as in our
prototype), and (c) a large LucidTouch, temporarily
held in one hand in order to reach the centre of the

Concept images:

@

a

screen.

Input Surface and Semantics

In [29], Wigdor et al. describe the potential fasthners to
assign semantics to input based on which side tfoa
sided device is touched. Having both hands givimoi on
the bottom surface, for example, should have differ
meaning to the system than having both hands tongdhie
same portion of the screen from the top. In the adsthe



LucidTouch, the surface on which touches occur aoul
again have semantic implications to an application.
Additionally, designers should take in to accounattinput

to a particular surface implies the use of a paldicdigit to
make that input: touches to the front of the screea
delivered by the thumb, while touches to the baekmaade
with the fingers. Also, unlike the two-sided touatbie in
[29], the same hand can deliver input to both sedaof the
LucidTouch: as such, interactions requiring cooatéd
actions, such as pinching or rubbing, are possible.

Hardware and Software

Our final prototype was built using pseudo-transpay.

The display is a widescreexenarc 700TStouch screen,
running at 800 x 480 pixels. AogitechQuick CamPro

3000 was extended on a fixed boom and directed to the

back of the screen in order to capture the finfmrsisplay
and to detect touch-cursor locations, Ringerworks

The LucidTouch had several limitations. First, hessathe
resistive touch screen is capable of detecting antyngle
point of contact, only one thumb can touch the ffrafnthe
display at a time. Second, because the camera wasted
such that it faced downward towards the hand, thegée
seen by the user did not accurately approximatee s
through display: the back of the hands were sh@nd, so
movements away from the display (and therefore tdsva
the camera) made the fingers larger, rather thaallem
Third, because of the need to register the camesge and
process alpha levels for various on-screen objebtye
was a noticeable lag (~100ms) in the camera inféigally,
no processing was done in the device itself, hiierat was
tethered to a desktop computer via VGA, USB, andgro
cables, limiting the portability of the device.

Although it allowed us to explore the design spate,
clear limitations of a camera-based solution sugges

iGesturetouch pad, capable of detecting several points of strong need for the alternative imaging device siovied in

contact (http://mww.fingerworks.com), was mounted
behind the display to detect finger touch positichblack
matte, was placed over the iGesture pad in ordesido
background subtraction of the camera image. Thegéma
from the camera and the input from the iGesture \pack
registered with the screen in software. The comptmne
were connected via USB to a desktop computer, ngnni
Windows XP All software was implemented in C++, JNI,
and Java. Figure 6 demonstrates the technologydayf
our prototype, as well as a future vision in whitte
camera is replaced by a flat imaging device pas#ibon
the back of the LucidTouch.

Figure 6. (a) Schematic view of the layers in our
current camera-based LucidTouch prototype, (b)
our envisioned device, in which the camera and
boom are replaced with a micro-array imaging
device capable of capturing an image of the hands.

Figure 6 (b). We now turn our attention to thisiess

Alternative Sensing Technologies

Although none has yet been implemented, a number of
technologies show promise as an alternative to @ambo
mounted camera. We now briefly describe some adethe
technologies.

Capacitive Array

A capacitive array, such as that in [20], can degpesitions

of fingers both on and above the surface of a tpadh
Although the iGestuer pad we used in the LucidTouch
employs such an array, it was tuned by the manufacso

as to detect positions only when the fingers areisdy
touching the surfaceof the pad. Retuning such awsadd
allow for some rudimentary imaging of the fingershimd

the device.

LED Array

An array of IR LED's, alternating between flashiagd
detecting one another’s flashes, could be usethémé the
fingers. IR light reflected by the hand on to tlm+ilashing
LED’s could provide position information. The restbn
of the image would be limited by the density of éneay.

Stereo Cameras

The system seen in [30] provides 3D position infation

of the hands. Small cameras could be embeddee inatly
of the device. In addition to a 2-D image of thadhasuch a
3D imaging solution would also provide depth infatian,

allowing for additional information for designers.

Micro-Imaging Array

A micro-array imaging array, similar to that debed in
US patent application # 10/873,575, is an arrayirgf, 1-
pixel light sensors. Such an array could be emba:étdéhe
back of a device, and provide a 2D map of fingeatmns.

Despite its limitations, our implementation of the
LucidTouch was sufficient to design several intéoac
scenarios, allowing us to begin to validate ourcemt with

a user population, and to begin work on designimguéti-
point, direct touch UI.



INTERACTION DESIGN
In order to investigate interaction with the Lucalith, we
explored the design of interaction techniques ay of the

require a ‘hand off mechanism to seamlessly ttasi
between fingers. Our simple drag technique, shown i
Figure 8, causes small objects being dragged adhess

most common input tasks: entering text and dragging screen to expand as they reach the centre. Iniag,dhey

objects across the screen. We also set about ireplémg a
common bimanual scenario: virtual map navigation.

Text Entry

Although several soft keyboard designs have beepgsed
for stylus or single finger input [28, 31, 32], thbility of
the LucidTouch to detect multiple points of contact
suggests that better performance could be achielked.
iPhone device has been demonstrated with a saftoreof

a two-thumb keyboard [18]. As a starting point, we
implemented a similar keyboard, as shown in Figyrieft.

As has been well explored in text entry researci, f
QWERTY keyboards are much faster than two-thumb
keyboards, in part because fingers move in paralletach
future letters. We wished to leverage this in & kefboard
for the LucidTouch, while maintaining the relatipesitions

of the fingers and keys for touch typists. The Itesuthe
keyboard shown in Figure 7, right: each half of the
keyboard is positioned on the screen above theogpipte
hand. As in touch typing on a physical QWERTY, the
spacebar is intended for use by the thumbs.

Figure 7. Two soft keyboards on the LucidTouch.
Left: a traditional QWERTY keyboard layout. Right:
the QWERTY keyboard reoriented so as to
maintain the usual ‘home row’.

It is not immediately clear which of these two apgmhes is
superior: the first version maintains the visuakipon of
the QWERTY keys, while making it difficult to usd 40
fingers to type. While we hypothesise that the sdco
QWERTY implementation will leverage motor memory of
touch typists, it is visually jarring and does teid itself to
visual search by those familiar with the QWERTY dat;

in the visual space is quite different than in tragitional
layout.

Coordinated Bimanual Input

As we have discussed, multi-point direct input sche
frequently require coordinated actions between tive
hands. The LucidTouch, in particular, may have ecip
need for coordination. Because it falls in to thieldte of
the sizes of transparent devices we describedegadll
areas of the screen are within reach of the findaus no
one finger can reach the whole screen without ntptire
hands. As such, simple screen-wide operations, sich
dragging objects from one side of the screen toother,

provide a sufficiently large target for the otheand to
reach and grab them.

Figure 8. Left: the user selects an object. Right: as
the object is dragged towards the centre, it expands
to support easier hand-off between the fingers.

Map Browser

The map browser application features interactiomilar to
that implemented by Ullmer and Ishii in [26]: theeu
selects either one or two points on the map. If poiat is
selected, and then dragged, the map is translkésghing
the position of the finger constant on the mapwt points
are selected, the map moves, rotates, and trasslitethe
fingers such that the position of both of the firggen the
map remains fixed. Figure 9 illustrates the intdogc

Figure 9. Our map browser application: the map
rotates, translates, and scales to remain under the
user’s fingers.

USER EVALUATION

In order to evaluate the LucidTouch and our intéoac
designs, 6 participants were given the opportundy
interact with the device, and were asked targetetdogpen-
ended questions. The goal of this evaluation wasaget
feedback on particular use scenario or to evaluster
performance, but rather to seek initial impressiais
various aspects of the system: the use of pseudo-
transparency, the form factor, the use of touchutign the
front versus the back of the device, and our intéva
techniques. Wherever possible, users were asked to
compare options rather than to give impressionerder to
reduce known effects for participants wishing téegse’

the experimenter. Although a small group, the tepid
consensus and disagreement provided valuable tssigh



Participants Drag & Dock

Six participants between the ages of 26 and 43 wereThere are three canonical tasks in a GUI: sele¢hwving

recruited from other parts of our lab. Five had exignce a cursor to an object), docking (selection + draghe

working with a direct touch device, 1 had neverdusech a  object to a location), and path following (eg: steg

device. Their education level varied from undergestd to ~ through levels of a hierarchical menu). In thisrsoe, we

post-graduate. No compensation was offered. asked users to repeatedly perform a docking talsis. vias
done for two reasons: first, because this includesof the

three canonical tasks (docking and selection); re#co
because it allowed us to evaluate our two-handexd dr
technique, described above.

Procedure

Participants sat at a table with our LucidTouchtgrgpe,
and were asked to lift it between their hands. 8dvask
applications were loaded and explained to the uAthile
performing a required task, users were asked variou Participants were asked to repeatedly perform tkidg
questions. The ordering of scenarios and of camfiti task. We modified the task so that it could be cletegl in

within each scenario was balanced between partitipa two ways: the user could select the object and nitaeethe
dock, or they could select both the object and daerid

move them together, depending on instructions ftom
experimenter. Once the two objects were positistethat
they overlapped, the user deselected them both ttreid
Map Browsing positions were reset to opposite sides of the ayspgtach
The map browsing task, described above, presemtspaof participant was asked to conduct several dockirgegu
the city of Cambridge, Massachusetts to the user.both techniques under each of four conditions:ngjvnput

The tasks were selected for their coverage of thegeired
to build a basic Ul, as well as the need for soraéi+touch
interaction; we will review each in turn.

Participants were asked to find our lab on the n¥ps using only their thumbs on the front of the devitiee
task was included in order to evaluate various etspe the thumb of one hand on the front and the fingershefldack,
LucidTouch for traditional multi-touch interactians or using the fingers of both hands on the backhis final

in the first two condition, they were asked to do this with the vid@age
’ of the fingers on and also with it turned off, #ototal of 8
different task conditions.

The task was presented four times:
participants were asked to manipulate the map usimg
thumb on the front of the device, and then one thomthe
front and one finger on the back (the front-touallyo  Participants were asked to give feedback on their
condition was limited to a single thumb by the heack). preferences for visual feedback, input side, dagkirethod

In the remaining two presentations, all input waadm (either dragging both or just the target objecty general
through the back of the device: with the usual afisu feedback on the LucidTouch device in performing task.
feedback of the fingers and touch-cursors, and thigm
pseudo-transparency disabled, showing only touchecs.
Participants were asked for their preferences fgual
feedback and input surface, and to describe tixpiergence
in using the LucidTouch to navigate the map.

Results

Generally, users claimed to find pseudo-transparenc
helpful: 4 of 6 participants reported difficulty keeping
track of which activation point corresponded to ethi
finger when this feedback was disabled. Their pezfee
Text Entry for whether they wished to have it enabled, howesed

For this task, participants were asked to enteir th@me  their preference for input surface, depended oratle
using the two soft keyboards. This task was indude

order to evaluate various aspects of the LucidTdaclhe
use of soft keyboards. Additionally, by requirifetusers
to select buttons for text entry, we hoped to efieédback
on the use of the device for land-on selection.

Map Browsing

In this scenario, participants were asked to regubatfind
our lab on the map, while reporting preferencestdoich-
face (front or back) and for visualisation.

All participants were able to complete the task.t@missue
of touch-side preference, 5 of the 6 participantfgrred
making input on the back of the device, while none
preferred the front, and 1 had no preference. @fh2
noted that, if the device were capable of deteatmdfiple-
touchpoints on the front, they would prefer to tsat side
Yior input. Of the 3 participants who preferred toing on
the back, 2 specifically mentioned the issue ofusion as
a deciding factor. When asked about their prefexerfor
visual feedback when touching on the back of tispldy, 3
participants said that they preferred to see theugs-
transparency in addition to the activation poimthjle the
other 3 preferred to see only the activation points

Participants were asked to conduct this task with ttvo
keyboards shown in Figure 7. For each layout, usere
asked to type their names once using both the front
(thumbs) only and back (fingers) only respectivélyhen
entering on the back surface, the inverted keybaead
presented twice: once with the pseudo-transparenc
enabled, and once with it disabled, for a total of
conditions for the task completed by each partitipa
Before entering text, the use of the keyboards was
explained to the participants. The participantsenasked

to give feedback on their preference for input side
keyboard layout, and hand visualisation. They wais®
specifically asked if they were able to intuitivellgcate
keys on the QWERTY and inverted-QWERTY layouts.



Text Entry

In this scenario, participants were asked to etibeir
names using two different soft keyboards, whileorépg
preferences for the keyboard, input side, and Visua
feedback.

All participants were able to complete the task.ild/h
touching on the back, 4 of 6 participants preferttest the
video overlay be present; 2 of these 4 specificadtied that

it was more helpful for this scenario than for thrap
browsing scenario. 5 of 6 participants preferradngj input
on the front of the device while using the QWERBydut,
while 4 of 6 preferred the back while using theeirted
QWERTY. 5 of 6 participants reported that it wasyeto
locate keys on the inverted QWERTY layout onceatl h
been explained to them. The participants were gvepiit
on preference: 3 preferred the QWERTY layout, witie
other 3 preferred the inverted-QWERTY. Without
prompting, 3 of 6 participants expressed a destoe f
physical feedback of touch input.

Drag & Dock

In this scenario, participants were asked to reguiat
perform a docking task, while reporting preferendes
input surface, visualisation, and docking methodn¢bing
objects together or dragging a single object acrbss
screen).

4 of 6 participants preferred that the video owerdé the
hands be present; 4 of 6 shared this preferende tinir
preference in the text entry task, the remainingressed
the opposite preference. 3 of 6 participants prefegiving
input on the back of the device, 2 preferred tloatfrwhile
the remaining participant had no preference. Fakihy
method, 2 participants preferred to drag and hdhdo
single object, 1 preferred to move two objectshi ¢entre
of the display, while the other 3 participants had
preference. Table 1 summarises the results of ignest
common to each of the three tasks.

Table 1. Results for user preference for input
surface and presence or absence of pseudo-
transparency for each task in the experiment.

Pseudo-
Input Surface
Transparency
No
Task Front Back Pref. On Off
Map 33% 50% 17% 50% 50%
QWERTY 83% 17% 0
67% 33%
('gr:/‘\’/eé;e%{ 33% 67% 0
DE;‘Z%E‘ 33% 50% 17% | 67%  33%

Discussion

The results of our evaluation generally fall intorete

categories: selecting a side of the device for hounput,

pseudo-transparency for touches on the back, asdtse
specific to an interaction scenario. We will discesch in
turn.

Touch-Side Preferences

All of the tasks could be completed by giving inputeither
the front or the back of the device. In decidingith
preference for touch side, users generally needed t
consider and balance several factors: occlusioneifwh
touching the front), the capability of multi-tou¢available
only when touching the back), a difference in visadion
(direct-touch on the front, or input on the backhweither
pseudo-transparency or only touch-cursors), arférdifice
in fingers (thumbs for the front, fingers for thadk). In
particular, the issue of occlusion was mentione@ mgers.
The lack of precision of direct-touch input to thent of
the device was well expressed by one user who texbor
that “my fat thumb keeps pressing the wrong button”

The general receptiveness of users to touchindpdlok of
the device is encouraging, especially given that tdsks
included in the study could be completed by giviimgut to
either side. Given the clear advantages of givimmui to
the back of the device for tasks not included is #tudy,
such as selecting small targets or giving multetoinput,
this receptiveness clearly suggests the potemticddoption
of a see-through device.

Pseudo-Transparency

In all 3 tasks, when giving input on the back o tfevice,
participants were presented with two types of uisua
feedback: pseudo-transparency of the fingers witleos
overlay with touch-cursors, or the touch-cursoomal 4 of
6 participants reported difficulty in understandimgpich
touch-cursor corresponded to which finger in theesige of
pseudo-transparency. While completing the tasksf 4
preferred that pseudo-transparency be includedh®two
tasks that required precision pointing (typing aodking).
For the remaining task, only 3 of 6 preferred thatvideo-
overlays be present. 2 of the remaining 3 noted the
precise location of the touch points was not neagstor
the task, while all 3 described the pseudo-trarspar as
making the task more difficult.

The clear implication from these results is tharé¢his a
need to vary the pseudo-transparency between, @ssilyly
within, an application, or to otherwise modify trendering
so as to maximize awareness while minimizing
intrusiveness. In particular, we note that the 180ag in
our system may have exaggerated the level of disdra In
tasks requiring precise input locations, our stadggests
that displaying only the touch-cursors prior todoing is
not sufficient, but that, for some tasks, pseudngparency
may be distracting. It may well be, however, thhaist
distraction could be reduced without eliminatinge th
transparency entirely.



Interaction Technique Feedback

It is not surprising that, for the text entry taskers would
prefer touching on the front for the QWERTY keylar
and on the back for the reverse-QWERTY, given that
layouts were optimised for that side. That 3 paréints
expressed frustration at the lack of tactile fee#hia also
unsurprising, but suggests a possible augmentaticthe
LucidTouch: the addition of a touchpad contouredtie
shape of on-screen content to the back of the devight
provide this feedback, while continuing to provige
continuous input surface. The potential for thisitoored
surface is an advantage of a see-through devicege si
providing this contour would not deform the scréeage.

Finally, that user preference was split between tihe
methods of completing the docking task, dragging an
handing-off a single object, or dragging both otgeo the
centre of the display, is encouraging. The firgiresents
openness to a medium-sized device, since some wakks
require a hand-off. The second demonstrates opsrioes
multi-touch portable device, since it requires eattthe
hands to perform a portion of the task.

CONCLUSIONS AND FUTURE WORK

Based on our own experiences in working with and
developing for the LucidTouch, along with the résubf
our user study, it is clear that pseudo-transparenesents

a compelling paradigm for future development. There
remain several open questions, however, which tedsk
addressed before the development of a succesaftbiwh.

First, while there was clearly positive feedbacloir user
evaluation on the usefulness of touching on the lsdiche
display, reactions to the pseudo-transparency wexed.
Particularly noteworthy was that some users pretethe
video image of the hands in some situations, whihing
it could be disabled in others. This suggests thednto
vary the feedback, or to otherwise modify the reimdeof
the fingers on the display. How this should be da=d
when, is left to future research.

Additionally, participants gave mixed feedback dme t
usefulness of the two soft keyboard implementatidvikile
some preferred one over the other, most agreedthbet
were advantages and disadvantages to each desighei-
exploring the benefits of each, and perhaps theldpment
other techniques for text entry, is an open quesfar
future research. Of particular interest may be an
investigation of inverted handwriting or other &&o
recognition, and how the inversion of the input capa
affects user performances and preferences for.input

As we discussed, there are three categories o$pemant
device sizes: a small device, where all fingers resch all
parts of the screen, the medium-sized device, wiadire
points of the screen are reachable while holdirtty Wwoth
hands, but not by all fingers, and finally a largkavice,
where reaching many points of the display wouldunega
hand to be moved. Our implementation fell into skeeond
category, and so our interactions were developedhiat
platform. It may well be the case that interactiamaild be

significantly different when developed for the slaal
device. In particular, we note our earlier discoissf
bimanual input , and our hypothesis that theselteemight
differ when making input with only the fingers.d€curate,
this would imply the need for different bimanuaieiraction
techniques for each size-class of transparent eevic

One of the main limitations of our implementatiohtbe
LucidTouch is that the video image is captured fianove
the hands. Not only does this limit the feeling af
‘transparent’ display, but it also limits the fietd view of
the camera to the area between it and the displsywe
discussed, future technologies might enable theuoap
device to be embedded within the device, with & fief
view extending out and away from its surface. Tadntaén
pseudo-transparency, it would be necessary thadthiice
have a depth of field limited to the area immedjabehind
the display. If this depth of field could be dynaaily
adjusted, however, the device would be capable of
capturing images beyond the display, similar inl fee
looking at a digital camera’s LCD. It would be pibés,
with such a device, to leverage some of the respiits
augmented reality, where a real-world view is ewledn
with digital overlays. This application is left fduture
work.

Finally, the most clear avenue for future researclthe
development of a fully realised pseudo-transpadisylay,
overcoming the limitations of the +, and leveragiudting-
edge technologies. By eliminating some of the tetdgy
artefacts introduced by our prototype, a more thgho
exploration of the concepts of pseudo-transpareseg;
through devices, and multi-touch mobile interactiwould
be enabled.
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