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Figure 1: ThinSight enables multi-touch sensing using novel hardware embedded behind an LCD. Left: photo manipu-
lation using multi-touch interaction on a regular laptop. Note that: the laptop screen has been reversed and faces
away from the keyboard; fingers are positioned artificially to highlight the sensing capabilities rather than to demon-
strate a particular interaction technique. Top row: a close-up of the sensor data when fingers are positioned as shown
at left. The raw sensor data is: (1) scaled-up with interpolation, (2) normalized, (3) thresholded to produce a binary
image, and finally (4) processed using connected components analysis to reveal the fingertip locations. Bottom mid-
dle: three custom ThinSight PCBs tiled together and attached to an acrylic plate. Bottom right: an aperture cut in the
laptop lid allows the PCBs to be attached behind the LCD to support multi-touch sensing in the centre of the screen.

ABSTRACT

ThinSight is a novel opticakssirg system, fully integttad
into a thin form factor display, capable of detectingtiplé
fingers placed on or near the displayfaoe. We describe
this nev hardwarein detail and demonstrate hoivcan be
embedded behind regular LCD, allowing sensingithout
degradation ofdisplay capability With our approach fin-
gertips and hands are clearly identifiable through tise di
play, allowing zero forcemulti-touch interactionThe ap-
proach of ptical sersing also opensup the possibility for
detecting othephysicalobjecs and visual markers through
the display and some initial experimentsith theseare
described A major advatage of ThinSight over exisng
camera and projector basegtical systems is its ogpact,
thin formfactor malng it easier to delpy. We therefore
envisage usinghis approachto capture rich swsor data
through the display to enabtmth multi-touch and tangible
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interaction. We also discuss other novel capabilities of our
system including interacting with the display from &-di
tane anddirect bidirectional commmication between the
display and mobile devices

ACM Classification: H5.2 [Information interfaces and
presentation]: User Interfac&3raphical user intéaces.

Keywords: Novel hardware, infraredessing,multi-touch,
physical objectsthin form-factordisplays.

INTRODUCTION

Touch input using a single point of contact with spliiy is

a natural and established technique for human computer
interaction. Researchers have shown the novel and exciting
applications that are possible if ftiple simultaneous touch
points can be supporte®,[10, 14, 20, 26, 27]. Various
technologieshave been mposed forsimultaneous sensing

of multiple touch points, some of which extend to detection
of other physical objects (a comprehensive review @s pr
vided later in this paper). These enable intuitireat ma-
nipulation interations.

Systems based on optical sensitd, [L4, 15, 24, 25, 26]
have proven to be particularly powerful in thehriess of
data capturd, and the flexibility they can provide in pro
essing and detecting arbitrapbjects including multiple
fingertips As yet however, such optical systems hawe pr



dominately bee based on cameras and projectors requiring and segmented from plain backgroundo create ithou-
a large optical path in front of or behind the display. etteswhich are rendered digitally and useditteractwith a

ThinSightis a novel optical sensingystemully integrated virtual world.. VideoPIaceo!oesnot detect When'the uses
into a thinform-factor displaysuch as a regular LGRapa- actually making contact with the surfac&he DigitalDesk

ble of detecing multiple fingertips placed on or near the [24 Segments an image of a pointing finggrainst a cl

display surfaceThe systenis based upon custom hardware tered backgroundA microphoneis usedto detect a finger

embedded behind an LCD, which usafsared (IR)sensing tapping the deskThe Visual Touchpad 14] usesa stereo
to detect IRreflective objects such as fingertips near the Camerato track fingertipsThe disparity between thimage

surface,without loss of display capabilitieSeeFigure 1. pairsdetermine the height of finges above the touchpad
In this paper we focus on fully describitigs hardwarend thresold is set to goarsely detecbntact with t.h'e surface.
its assembly within an LCDTheaimis to make this unde ~ PlayAnywhere €] introducesa number ofadditionalim-
lying technology readily available to practitioners, rather @9€ Processing techniques for frgmbjected visiorbased

than presentinghe new multi-touch inteaction techniques ~ SYStems, including a shadédvased touch detection alg
thatwe believethis approactenables. rithm, anovelvisual bar code schempaper traking, and

anoptical flow algorithm folbimanual interetion.

We also describeour experiences and experiments with i .
ThinSightso far, showing the capabilities of the approach. Camerebased systems such as those described above obv
ously requiredirect lineof-sight to the objects beirggnsed

Our current prottype has faily low resolution sensing and > ; X X
covers only a portion of the sfplay. Howevereven at the which in some cases can restuskgescenarios. O(_:clusmn
low resolution, fingertips and hands are clearly identifiable Problems are mitigated iRlayAnywhereby mounting the
through theThinSightdisplay, allowing multtouch appit camerzoff-axis. A natural progression is to mount therea
cations to be pdly prototyped by applying simple image era behindthe d|splay.HoI9WaII [15] uses IR _|IIum|r_1ant
and a camera equipped with i&hpassfilter behind adiff u-

processing techniques to the dataother compelling s : A _

pect of our optical gproach is the ability tsenseoutlines sive prOJ_ect|on pandb detect hands and other—ra‘l_ectwe

of IR-reflective objects through the display. Wigmall objects in front The gstemcan acaorately determine the
contact areas by simply thresholding the irdch image.

improvements in resolution, we esageusingdetection of _ = .
such physical objects near the surfafe tangible input. ~ 10ucLight [25] uses reaprojectiononto a holographic
screen, which is also illuminated froreHind with IR light.

ThinSightalso has other novel capahés which we dsé- ¢ ALt _
cuss it supports interactions at a distance using IR pointing A NuMber ofmulti-touchapplication scenarioare enabled
including highresolution imaging capabilitieslan [6] de-

devices, and it enables dsased communication through ] ; -
the display with other electroni@dces. sqnbes_ astralghtf_orward yet powerfL_JIechnlque fqr en-
. o L ) bling highresolution multitouch sensing on reg@rojected
A major advantage oThinSight over existing projected  grfaces based on frustrated total internal reflectzom-
optical systems is itsompact, low profileorm-factor me- pelling multitouch applications have been demonstrated

ing multi-touch and tangiblenteraction techniques more using ths technique.The ReacTable 10] also uses rear
prectical and deployable in realorld settings. We believe projection, IR illuminantand a rear mounteR camera to

that ThinSight provides a glimpse of aufure where new  gnitor fingertips, this time in a horizontal tabletfgpm-

display technologies such as organic LEQBLEDs), will factor It also detects and idéfies objectswith IR-
cheaply incorporateptical sensing pixels alongside RGB refledive markers on thesuface

pixels in a similar manner, resulting ithe widespread

adoption ofthin form-factor multi-touch sensitive dplays. The rich data generated bgrerabased systems qrides

extreme flexibility. However as Wilsosuggestd26] this
RELATED WORK _ _ flexibility comes at a cost, including the computatioded
The area of mukiouch has gained much attenti@eently  mandsof processinghigh resolutionimages,suseptibility
due to widely disseminated research conduttedan et g gjverse lighting conditionand problems of ntn blur.
al. [6] and with the advent of the iPhonH fand Microsoft However perhaps moreniportantly these systems require
Surface 17]. However it is a field with over two deades  the camera to be placed at some distance from the display

of history [3]. Despite this sustained inter¢serehas been o capture the entire sceieniting their portability, pract-
an evident lack of ofthe-shelf solutions for detecting thu  ¢ajity andintroducinga setup and calibration cost

tiple fingersand/or objecton a display surfacedere, we

summarise the relevant research irs thiea and ebcribe Opaque embedded sensing )
the fewcommercially availablesystems. Despite the power of camebased systems, the asmted

drawbacks outlined above have resulted in a number of
Camera-based systems _ parallel research efforts to develop a +wision based
One approach to detecting hutiRuck Bishlayl O pp@dch i€ to érib@d @ Multih a n ¢
and fingers as they interact with a display is to use a videoigych sensor of some kind behind aface that camave an

camera Computer vision lyorithms arehenapplied tohe  jmage projected ontoit. A natural technology for this is
raw image data to calculate the position of the hands or capacitive sensing, where the capacitive coupling to ground
fingertips relative to the displayin early exampleis Vid- introduced by dingertip is detected, typically by monito

eoPlace 11]. Images of theiseb s whol e arm are captured



ing the rate of leakage of charge away from conductive to be detectedThe Philips Entertaiblelf3] takes a different

plates or wires mounted behind the display surface.

Some manufacturersuch as Logitecland Applehave @&-
hanced the standard laptetyle touch pad to detecertain

6overl awpntdetept pprt@3d touch poinl® emi-
ters and detectoare placed on hezelaround the screen.
Breaks intheIR beamsletectfingers and objects

gestures based on more than one point of touch. Howeverrhe need for i ntrinsically integrated sensing

in thesesystemsusingmore than two or threngers typ-
cally resuls in ambiguities in the sensed data, whicim-co
strains the gesturdbey sugoort and limitstheir size co-
siderably Lee et al. [L2] usedcapacitive sensing witla
numberof discretemetal electrodesrranged in a matrix
configurationto support multtouch over a larger area.
Westerman 23] describes a sophisticatedpadtive multi-
touch system which generatesay like images of hand
interacting withan opaquesensng surface, whickcould be
projectedonta A derivative of this workwascommercié
ised by Fingerworks anshay beused in the iPhone.

DiamondTouch{4] is composed of a grid of row andl€o
umn antennasvhich emit signalsthat capacitively caple
with users when they touch the surface. Useesalmo ca-
pacitively coupledo receiverghroughpads ortheir chairs.
In this waythe systemcanidentify which axtenna behind
the display surfacarebeing touchedndby which userA
user touching the surface at two points can produnb-
guities howeverThe SmatSkin [20] system consists of a
grid of cgacitively coupled transmitting and receiving- a
tennas. As a fingerpproaches an intersection poitlis
causes a drop in coupling which is measureddtermine
finger proximity. The system is capable of supportinglmu
tiple points of contact by the samser and generatingni
ages ofcontact regionf the hand.SmartSkinand Da-
mondTouchalso suport physical objects10, 20], but can
only identify an object when a user touches it.

Tactex provig@ another interesting examplef an opaque
multi-touch sensomnvhich uses transducers to meassme
face pressure amultiple touch point$21].

Transparent overlays

The systems above share one major disatdge: they all
rely on frontprojection for display. The displayed image
will theref or e be broken up by
arms, whichcandegrade the user expence. Also, a large
throw distancds requiredfor projectionwhich limits pon-
ability. Furthermore, lpysical objects can only be detected
in limited ways if object detection is supported at all.

One alternative approach to address some of thesisgue
display and portability is to use a transparent sensing ove
lay in conjunction with a selfontained i(e. not projected)
display such as an LCD pan&@ualTouch [L6] uses a off-
the-shelf transparentresistive touchoverlay to detect the
position of two fingersSuch oveéays typically reporthe
averagepositionwhentwo fingers are touchingAssuming
that one finger makes contact first and does sui®-
guentlymove the position of a second touch pog#n be
calallated. The Lemur music controller from JazzMutant
[9] uses a propetary resistiveoverlay technology to track

This previous sections have presentedumber of multi
touch display technologies. Camdrased sstems produce

very rich data but have a number of drawbacks. Opaque

sensing systems camnore accurately detect fingers arfat o
jects, butby their nature rely on prajéion. Transparent
overlays alleviate this prajdon requirement, but the fitle
ity of sensed data is further reducédis difficult, for ex-
ample to support sensing of fingertips, hands abptcts.

A potential solution which addresses afl these requa-
ments is a class of technologies that werrefet o  ais
cally integratedo6 ppsoach Hehindy .

0 i

these is to distribute sensing across the display surface,
where the sensors are integrated with the display elements.

Hudson 8] reports on a prototyp8.70 monochrome -
play where LED pixels double up as light sensors. By-ope
ating one pixel as a sensor whilst its neighbours areilum
nated, it is possible to detdaht reflected from a fingertip
close to the displayHan has demonstrated a Ban senso
using an offtheshelf LED display comgnent [7/]. The
main drawback are the use of visible illuminant during
sensingand practicalities of using LED based displays

SensoLED uses a similar approach with visible light, but

this time based omolymer LEDsand photodiodesA 1 0
sensingpolymerdisplayhas been demonstrate®].[

Toshiba has reported
which can detect the shadows resulting from fitige on
the displg [22]. This uses photosensors and signal preces
ing circuitry integrated directhpnto the LCD glass du
strate.A prototype3 . RE@D has also been demstrated

aotyp2 . 8 0

with the ability to scan images placed on it. Toshiba report

that they eventually hope to reach commercial levels of
performanceTheyhave also very eentlyalluded to a se
ond mode of operation where lighittedfrom the display

allows the system to be usédiaw ambient light cond

t hMay Reseteqted & neprpyopje reflect if, bagk yich 4 py g

tions. It is not clear from the press release if the illuminant

is visble or not.

The motivation for the work described in this paper was to

build on the concept of intrinsically integrated sensig.

extend the work above usirigvisible (IR) illuminant to
allow simultaneous display and sensing, arsé current
LCD and IRtechnobgiesto make prottyping practcal in

the near termAnother important aspect is suppfut much

larger thin toucksensitive displays thais providedby in-

trinsically integrated solutions to date, t®y making
multi-touch operation practical.

INTRODUCING THINSIGHT
Imaging through an LCD using IR light
A key element in the construction BhinSightis a device

up to 20 touch points simultaneously. Each point of contactknown as a retroeflective optosensorThis is a sesing

must gply an operating force of greater than 20N in order

nt
Th



element which containsvo componentsa light emiter and
an optically isolatedight detector It is therefore cagble of

both emitting light and, at the same time, detecting ithe i

tensity ofincidentlight. If a reflective object is plced in

front of the optosensqrsome of the emitted light will be

reflected back andill thereforebe detected.

ThinSightis based around 2D grid of retrareflective op-
tosensorswhich are placed behind an LCD panElch

optosensor emits light that psess right through the entire
panel. Any reflective object ifront of the display (such as
a fingertip) will reflect a fraction of the light back, and this

can be detectedrigure 2 depicts thisarrangementBy us-
ing asuitablegrid of retroreflectiveoptosensordlistributed

uniformly behind the display it is therefore possible & d

tect any number of firgrtips on the display surfac&he
raw data gematedis essentially a low resolutiagreyscale
Aii mageo of
frared spectrunBy applying computer vision teniques to

this image, it is possible tgenerate information about the

number and position of multipteuch points.

LCD
panel

<« emitter

< detector

7

optosensor array

Figure 2: The basic construction of ThinSight. An
array of retro-reflective optosensors is placed be-
hind an LCD. Each of these contains two elements:
an emitter which shines IR light through the panel;
and a detector which picks up any light reflected by
objects such as fingertips in front of the screen.

A critical aspect ofThinSightis the use of retroeflective
sensors thatperate in the infraregart of the spectrum, for
a number of reasons:

- Although IR light is attenuated by the layers in the

LCD panel,some stillpasses right througthe dispéy,
as highlighted by §]. This is unaffected by thedis-
playedimage

- A human fingertip typically reflects around 20% of

incident IRlightand i s theref ore
flective objecto.

- IR lightisnotvisibe t o the wuser,
detract from the image being displayatthe panel.

In addition to operatingThinSight in a retroreflective
mode, it is also possible tisablethe onboard IR emitters
and use just the detectors this way, ThinSight can detect
any ambient IR incident on the displa¥hen there is 1@
sonably strong aniént IR illumination, it isalsopossible to

w h @ugh tbeadisplap ia thesie e

detect shadows cast on the touch panel such as thoge resul

ing from fingertips and handby detecting the correspdn
ing changes in incident IRAlthough this mode of opar
tion, which we callshadow modeis not generally as el
able asthe aforemstioned reflective modgit does have a
number ofvery useful quatieswhich wediscusdater.

Further features of ThinSight
ThinSight is not limited to detecting fingertips in tact

with the display; any suitably reflective object will cause IR
awn d

e t .tNet@nly can this be used to determine the location of
the object orthe display, but potentially also its orientation
and shape (within the limits of sensing resolution)r-Fu

l'ight to reflect back

thermore,the underside ofin object may be amented
with a visual marka barcode of sorts) to aid idéigation.

In addjtion to the detection gbassive objects via their
lghaﬁe I8rrsome kind of barcode, it is also possible to embed
a very small infrared transmitter into an object. In this way,

the object can transmit a code representing itstitge its
state, or some other information, and thisadeansmission
can be picked up by the IR det®rs built into ThinSight
Indeed, ThinSightnaturally suppogbi-directional infared
based data transfer witlearbyelectronic device such as

smartphones and PDABata can be transmitted from the

display to a device by modulating the IR light emitt&dith
a large display, its possible to support several simukan

ous bidirectional communication channels, in a spatially

multiplexed fashior{seeFigure3).

ThinSight

Device display

communicating k7] |
with display L
Ry

over IR

Remote w ™
gesture o‘
device

(emitting IR) )
Device

communicating
with display over IR

Figure 3: Data may be transferred between a mo-
bile electronic device and the display, ,and gestur-

a  ify fdmiaQlistaRc® Ssifgsbch &vic® i§ possible

by casting a beam of IR light onto the display.

a Nefhaiy, & devicd WHch dmitstdtifaedfedm of IR ight
may be used a& pointing device, either close to the display
surface like a stylus), or from some distance. Such a poin
ing device could be used to support gestures for new forms

of interaction with a single display or with multiplesdi
plays. Multide pointing devices could beifferentiatedby
modulating the light geerated by eachHigure3).

Wi



THINSIGHT HARDWARE IN MORE DETAIL

LCD technology overview

Before describing hinSightin detall it is useful to unde
stand the castruction and operation of a typical LCD
panel. At the front of the panel the LCD itself, which
comprisesa layer of liquid crystal material sandwichee-b
tween two polarisers. The polarisers are ortimad to each
other, which means that any light whiphsses through the
first will naurally be blocked by the second, resulting in
dark pixels. However, if a voltage is applied across fpe li
uid crystal at a certain pixel locatiothe plarisation of
light incident on that pixel idwisted through 90%s it
passes through the crystal sture. As a resulit emerges
from the crystal with the correct polarisation to pass
through the second polarisdiypically, white light is shone
through the panel from behind by a backlight ed, green
and blue filtes areusedto create a colour gilay. In order

to achieve a low profile construction whilst maintaining
uniform lighting across the entire display and keeping cost
down, the baklightisoftena | ar ge 61 i ght
of a clear acrylic sheet whicsits behind the entire LCD
and which is edgét from one or more sides. The light
sourceis oftena cold cathode fluoseent tube or marray

of white LEDs. To maximize the efficiency and uniformity
of the lighting, additional layers of materialay beplaced
between the backlight and the LCD. Brightnessagmcing
flmérecycl esd v ioptimdd hngleslandgh t
larisations and a diffuser smoothes out any local non
uniformities in light intasity.

The sensing electronics

The prototype ThinSigh board depicted irFigure 4 uses
Avago HSDL-9100retroreflective infrared sasors. These
devices are designed to be used forxjpnity sensingi an

IR LED enits infrared light and an IR photodiode geates

a photocurrent whiclvaries with the amount of indent
light. Both emitter and detector have a centre \emgth of
940nm. With nothing but free space between the HSDL
9100 and an lgect with around 20% reflectivity, the object
can be detected even when it is in excess ofmb@Grom

the device. When mounted behind the LCD panel, the IR
light is attenuated as it passes through the caatibm of
layers from the emitter through to the front of the panel and

then back again to the detector. As a result, with the current

prototypea fingertiphas to be at mostround 10mnfrom
the LCD surfacén order to be eected

The prototype is built using three identical custoade
70x50mmd4-layer PCBs each of which has a 7x5 grid of
HSDL-9100 devices on a regular 10mm pitcis gives a
total of 105 devices covering a 150x70mm area in tine ce
tre of the LCD panel. The pitch was chosen because it
seemed likely that at least one sensor would detect afinge
tip even if the fingertip was placed liretween four adcent
sensors. In practice thieems to work well.

In order to minimize the complexity and cost of thecele
tronics, the IRdetectors arénterfaced directly with digital
I/O lines on a PIC18F2420microcontroller. The amount of

light incident on the sensor is daténedusinga two sage
process: itially the PIC I/O line is driven to a logic 1 to
chargea 6 s eapasiter(C) to the PIC supply voltage.
When enough time has elapsed to ensure that C is fully
chargedthe 1/O line is reconfigured as a digital input and
the second stageegins.C now starts to dischargt arate
which depends on the photocurrent and hence the incident
light. During dischargethe analogue voltage input to the
PIC 1/O line drog monotonicallyuntil it drops below the
digital input lodc O threshold This is detected by the im
crocontroller and the time this took is recordedepreseh

the inddent light level.

It would be possible to connect 8®&tectorso a single i
crocontroller in this way using 35 separate 1/O lineswHo
ever, to further simplify th hardware and to demonstrate its
scalability wewire the photosensors in amatrix. In this
configuration the sensors cannot allusedsimultaneously
but instead are read era row at a time. For our relatiye
small PCB this provides a ttefeld reducton in the number

dt i PlifeCnedddd (1or8t&ad df 855aRdifor larger arrays

the saving will be even morelsiantial.

IR LED
column drivers

EX ]
SH5 COW. e
n

IR LED row drivers

\€) 2uu7 microsort

Figure 4: Top: the front side of the sensor PCB
showing the 7x5 array of IR optosensors. The tran-
sistors that enable each detector are visible to the
right of each optosensor. Bottom: the back of the
sensor PCB has little more than a PIC microcontrol-
ler, a USB interface and the FETs that drive the
rows and columns of IR emitting LEDs. Three such
PCBs are used in our ThinSight prototype.

During development of the prototype, we found that when
the sensors are arranged in a simple grid, there are some



unwanted current paths between adjacent devireker caused too much attenuation of the IR sigfkahally, we
certain conditonsTo pr event t htwvesm; watsmal llesamthe dhibte reflector behind the LCDkbac
trix6é6 conf i gucoanedtedmeachdetector a tightitoscoiride with the location of every IR emitting and
is used to isolate devices that are not being scanned. The IRlete¢ing element.Accurate alignment of these holes and
emitters are arranged in a sggie passive matrix which  the sasors is of course criticallhe modifications involved
updates in paralleFigure5 shows these arrangemts. removing the LCD panel from the lid of the laptop and then
The PIC firmware collects data from one row of dites carefully disassembling the panel into its constituent parts
at a time to constr utehtras 6 PFOEREING B modified versigppack egethegriby
mittedto the PC over USB via artiial COM port, using an ~ 'e-assembly of the lapp lid, the hinges were reversed,
FTDI FT232Rdriver chip. It is relatively straightforward to ~ 'esulting in 20 ablet P@style of constructiowhich makes
connect muliple PCBs to the same PC, although adjacent °Peration of the prototype more convenient.irdétely we
PCBs must be synchronized to ensure that IR emitted by avould expect ThinSight to be used in additioriafm-
row of devices on one PCB doeet adversely affect sea  [@ctors such as tabiieps.
ning on a neighbouring PCB. In our prototype we achieve Removal of the dfuse and addition of the IR filter (which
this using frame and row synchronisatiogrsils which are  also attenuates visible light to a small extématye a slightly
generated by one of the PCBs (thegesit e d 6 ma s tdetrimétpl effect dn the brightness and viewing angle of
detected by the other two (tedChpaerek Buj not significantly so. We have not yet
evaluated this formally.

E_COL_n- D_COL_n-1 E_COL_n D_COL_n
4 4 :E E
22 K 2 A S
L L
2 1 1 D_ROW._n-1
& E_ROW_n-1
1 Z2R3 8 ZARY 8
. ]ﬂ-l— = ]ﬂT = b ROW n Figure 6: View from behind the display. Three sen-
2 - ° _ROW._| . : 4
2 E_ROW n sor PCBs are held in place via an acrylic plate.
N N
Y _V N —V

Figure 5: Part of the matrix of IR emitters (E_) and
detectors (D_) used by ThinSight. The dashed lines
indicate the emitter/detector pairs that make up
each retro-reflective optosensor. The greyed areas
represent the detector circuitry for each pixel. Row
and column selection lines are used.

Integration with an LCD panel

We constructed theérhinSight prototype presented here e

from a Dell Predion M90 | aptop. This machine has a 170

LCD with a display resolution 01440 by 900 pixels. In Figure 7: Side views of the prototype ThinSight lap-
. . . top i note that the screen has been reversed in a

order to m_ount the three sensing PCBs dlreoﬂwm the 6t abl styled Phe only noticeable increase in

LCD backlight we cut a large rectangular holetire lid of display thickness is due to the acrylic plate which

the laptop. The PCBs are attached to an acrylic plate which  we plan to replace with a much thinner alternative.

screws to the back of the laptop lid on either side of the

rectangular cubutas depicted ifrigure6 andFigure7. THINSIGHT IN OPERATION .
In the previous section we talked about the sensind-har

ware and how this can be integratatb a regular LCD. In
this section, we talk in detail about how the sensing works
in practice to support mutbuch interactions, object sen
ing and communication.

To ensure thate coldcathodedoesnot cause any stray IR
light to emanaterom the acrylic backlight, we placed a
narrav piece of IRblocking film between it and the bac

light. The layer of diffusing film between the LCD itself
and the brightness enhancing film was oged because it






