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Weanalyzethefeedbackloop in Tele-Graf�ti, acamera-
projectorbasedremotesketchingsystemwhichwerecently
developed. We derive the gain throughthe feedbackloop
andthe�nal imagesthatwill beviewedby theusersof the
system.We thenderive the“optimal gain” asthegain that
resultsin the�nal viewedimagesbeingascloseaspossible
to thesumof the imagesactuallydrawn on thepaper. We
alsoproposeawayof usingtheprojectorto compensatefor
insuf�cient ambientlight anddescribehow our analysisis
affectedby: (1) automaticgaincontrol(AGC)and(2) color
imagery. We endby proposinganalgorithmto decompose
the�nal viewedimagesinto estimatesof thedrawn images.

1 Intr oduction
SystemscombiningvideocamerasandLCD projectorsare
becomingmoreandmoreprevalent. The �rst suchsystem
wasPierreWellner'sXerox “DigitalDesk” [Wellner, 1993].
Other suchsystemsinclude the University of North Car-
olina's “Of�ce of theFuture” [Raskaret al., 1998], INRIA
Grenoble's “MagicBoard” [Hall et al., 1999], and Yoichi
Sato's “AugmentedDesk” [Satoet al., 2000]. Recently,
therehasbeena growing bodyof work in thecomputervi-
sionliteratureaimedat usingvideocamerasto improvethe
useof projectorsasdisplaydevices[RaskarandBeardsley,
2001,Sukthankaret al., 2001a,Sukthankaret al., 2001b].

Recentlywe have developed“Tele-Graf�ti, ” a camera-
projector basedremote sketching system [Takao et al.,
2003]. Tele-Graf�ti allows two peopleto communicatere-
motely via hand-drawn sketches.What onepersondraws
at onesite is capturedusinga videocamera,transmittedto
theothersite,anddisplayedthereusinganLCD projector.
SeeFigure1(a)for aschematicdiagramof two Tele-Graf�ti
sitesconnectby a network andFigure1(b) for animageof
a real Tele-Graf�ti system. Seethe accompanying movie
“telegraf�ti-uidemo.mpg” for anexampleof two peoplein-
teractingusingTele-Graf�ti. Also, see[Takaoet al., 2002]
for largerversionsof the�gures in this paper.

Thecombinationof projectorsandcamerasin thesame
systemcaneitherbe bene�cial or a hindrance,depending
onwhatyouwantto do. In hand-trackingsystemsfor desk-
top user-interfaces,the light projectedby theprojectorcan
make simplebackgroundsubtractionalgorithmsinapplica-

ble. Instead,severalgroupshaveusedinfra-redcamerasfor
hand-tracking,a modality unaffectedby the light radiated
by theprojector[Satoet al., 2000,Leibeet al., 2000]. On
the otherhand,the projectorcanbe usedto projectstruc-
turedlight, therebyallowing theestimationof 3D shapeus-
ing the “laser range�nding” principal. By carefully syn-
chronizingthecameraandtheprojector, thestructuredlight
caneven be time-multiplexed with the projectedimageto
make it imperceptibleto humans[Raskaret al., 1998].

A particularproblemin certainapplicationsis feedback.
If theprojectorradiateslight thatis thenimagedby thecam-
era,andtheresultingimagethenpassedbackto theprojec-
tor, potentiallyafterbeingprocessedin onewayor another,
thereis thepotentialfor feedback.It is possiblethatthepro-
jectedimagemaygetbrighterandbrighteruntil thecamera
saturatesresultingin anunusablesystem.Alternatively, the
systemmight oscillatebetweentwo states.Finally, thereis
thepossibilityof “visual echoing”[Takaoet al., 2002]. On
theotherhand,feedbackcanbeusedto helpthesystem,as
is donein [Sukthankaret al., 2001a] for shadow removal.

Camera-projectorbasedcommunicationsystemsareall
susceptibleto feedback.Whenwe �rst gave a demonstra-
tion of Tele-Graf�ti at ICCV [Takaoet al., 2001], thesys-
tem initially suffered from severe feedback,quickly satu-
rated,and becameunusable.At the time we addedextra
lights asa “quick �x”. In this paperwe studythecauseof
thefeedbackandproposeaprincipledsolutionto it.

In particularwe presenta steady-stateanalysisof the
feedbackin Tele-Graf�ti. Muchof theanalysisis applicable
to othercamera-projectorsystems.Startingwith photomet-
ric modelsof theprojector, thecamera,andthepaperused
to sketchon,wederivethegainof thesystem,the�nal state
that the systemconvergesto, andthe �nal imagethat will
beviewedby theusers.Basedon this result,we derive the
“optimal gain” as the gain that resultsin the �nal viewed
imagebeingascloseaspossibleto thesumof thetwo orig-
inal,non-feedback,images.Anothercommonproblemwith
LCD projector-baseddesktopapplicationsis thattheambi-
entlight is sometimesveryweakcomparedto theprojector.
(This wasthe problemat the ICCV demo.) We proposea
way of usingtheprojectorto augmenttheambientlight in
the scene,andderive appropriatesettingsfor this scheme.
We alsobrie�y discusshow our analysisis affectedby au-
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(a) SchematicDiagramof a Two SiteTele-Graf®ti System (b) Imageof a RealTele-Graf®ti Site

Figure1: (a) A schematicdiagramof two Tele-Graf®ti sitesconnectedby a computernetwork [Takaoet al., 2003]. (b) Onesite in a
real Tele-Graf®ti system.The camerasat both sitescontinuouslycapturevideo of what is written on the paper. The video is digitized,
compressed,andtransmittedto theothersitewhereit is projectedontothepaper. Sincethepiecesof papercanbemoved,they have to be
trackedin real time at bothsites.We canthenwarp thevideoappropriatelyto correctlyalign theprojectedvideowith thepaper. Seethe
accompanying movie ªtelegraf®ti-uidemo.mpgºfor anexampleof two peopleinteractingusingTele-Graf®ti.

tomaticgaincontrol(AGC)andcolor imagery.
The �nal “steadystate” imagesviewed by the usersof

Tele-Graf�ti area weightedcombinationof theimagesthat
wouldhavebeenimagedwith Tele-Graf�ti switchedoff. In
many scenariosit is desirableto estimatewhatwasactually
drawn on thepaperby thesystemusers.We endthis paper
by proposingan algorithm to decomposethe steadystate
imagesinto estimatesof whatwasdrawn on thepaper.

2 ImageFormation Model
We illustrateour imageformationmodelin Figure2. Light
is projectedby the projector, re�ected by the mirror onto
thepaperwhereit is combinedwith theambientlight in the
scene,andre�ectedagainto becapturedby thecamera.

2.1 Projector Model
We assumethat if a pixel in the LCD projector is set to
project intensity

����� ���	� 
���
������

, the radianceof the light
transmittedby theLCD imageplaneis:

�

� ������� ��������� �

(1)

where
���

�

is the gain of the projector; i.e. we assumethat
the responseof the projector is linear. The derivation of
therelationshipbetweentheradianceof the light transmit-
ted by the LCD and the irradianceof the light that is �-
nally received by the paperis similar to the derivation of
the relationshipbetweensceneradianceand imageirradi-
ancefor a camera(see[Horn, 1996] Section10.3) except
that the planeof the paperthat the light is projectedonto
is not frontal, unlike the cameraimageplane. Taking into
accountthis foreshortening,therelationshipbecomes:
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where
�

�

�

is theirradianceof thelight receivedat thepaper,
�

� �

is theareaof theprojectorlens,
!

� �

is thedistancefrom

the lens to the paper(via the planarmirror, which canbe
ignoredotherwise),

,0� �

is the anglethat the principal ray
makes with the optical axis, and

.1� �

is the angle that the
principalraymakeswith thenormalof thepaper.

2.2 Paper Model
WeassumethatthepapercanbemodeledasLambertian.If
the total ambientincomingirradianceis

�32
�

andthe albedo
of thepaperis 415

�

, theradianceof there�ectedlight is:
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(3)

2.3 CameraModel
Themodelof thecamerais similar to themodelof thepro-
jector. If theradianceof thepaperis

�

6

�

, theirradianceof the
light capturedon theimageplaneof thecamerais:
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where�
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is theareaof thelens,
=

<

�

is thedistancebetween
the lensandthe imageplane,and

,
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is the anglebetween
theprincipalrayandtheopticalaxis[Horn,1996]. We also
assumethattheresponseof thecamerais linear:
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2.4 CompleteImaging Model
PuttingtogetherEquations(1)–(5),weobtainarelationship
betweenthe intensityof the pixel in the projector
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and
theintensityof thecorrespondingpixel in thecamera
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. Equation(6) saysthattheimagecapturedby theith

2



Light: l
Reflected

Gain: g
Projected Light: l

Captured Light: l

Intensity: in

Paper

Light: l
Received

Light: l
Ambient

Albedo: al

Normal
q

Camera i

Gain: g

q

Tele�Graffiti Site i

Mirror i

Projector i
Intensity: in r

ip
i p

i

c
i

c
i

a

m
i

i

i

i
p
i

c

c
i

p
i

Figure2: The imageformationmodel. The projectorat site �

projectsa pixel intensity ����� � with gain ��� � resultingin projected
light radiance	
� � . The irradianceof the projectedlight reaching
the paperafter beingre¯ectedby the mirror is 	��

� andthe angle
that the projectedlight makeswith the papernormal is 
�� � . The
total irradianceof the ambientlight that reachesthe paperis 	��

�

andthe albedoof the paperis ���

� . The radianceof the re¯ected
light is 	��

� , the anglethe re¯ectedlight makeswith the normalis

��

� , theirradianceof thelight reachingthecamerais 	��

� , thegainof
thecamerais �

�

� , andthepixel intensityin thecamerais ���
�

� .

camera
���
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is thesumof two terms.The�rst term
A
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is the imageof thepaperin theambientlight only; it is the
imagethat would have beencapturedif the projectorwas
not there.Thesecondterm

A

<

�
�

415

�

�#AC� � �N����� �

is theimage
createdby thelight originatingfrom theprojector.

2.5 Photometric Calibration
The responsefunctionsof camerasandprojectorsarefre-
quently not linear, as assumedin Equations(1) and (5).
Empirically we found the responsefunction of the Sony
DFW-VL500 camerasthat we usedto be linear [Takaoet
al., 2002] (with gammacorrectionsetto “OFF2.”) On the
otherhand,we found the PanasonicPT-L701U projectors
thatweusedto behighly non-linear. Wethereforeestimated
theirresponsefunctionandcorrectedfor thenon-linearityin
software.See[Takaoet al., 2002] for thedetails.

3 The Final ViewedImages
If we setup a two site Tele-Graf�ti systemasin Figure1,
theprojectedimage
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is setto equaltheimagecapturedat
theothersite
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. If either �
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or �

� 


, theothersite
is ����� . If we now supposetime proceedsin a sequenceof
stepsanddenotetheimagecapturedby thecamerain theith
Tele-Graf�ti siteat time � by
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where
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�

� A

<

�

�

415

�

��AC� �

and

expandingtherecursive term
���

<

*��

�

 

�"�

��"

yields:
���

<�

 

�

" � ���

<�

 # 

"

9

$

�

� ���

<

*%�

�

 # 

"

9

$

�

�

$

*��

�

� ���

<�

 

�%�


�"�;

(8)

From Equation(6) half of the initial conditionsof this re-
currencerelationare:
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where
�L�8� �
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is theimageprojectedby theprojectorin the
ith siteatsystemstartup.Theotherhalf of theinitial condi-
tionsare:
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Thesolutionof the recurrencerelationin Equation(8) is a
pair of fairly complex expressions,onefor � evenandone
for � odd. See[Takaoet al., 2002] for the full details. In
eithercase,in thelimit �'&)( theexpressionsimpli�es to:
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assumingthat $
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keepsincreasinguntil it saturatesthecameraandthe
projectorand
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Notethatthegain $
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��A
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is notaconstant,but
dependsonthepaperalbedo.Thegainis thereforedifferent
for pointson thepaperthathavebeenwritten on compared
to pointsthathave not beenwritten on. The terms

A

<

�

and
AC� �

also vary acrossthe surfaceof the paperbecausethe
angles

,

<

�

,
,H� �

, and
.�� �

vary, albeitvery slowly. Becausethe
variationis soslow, for simplicity we assumethat

A

<

�

and
AC� �

areconstantin theremainderof thispaper.

3.1 Empirical Validation
In our empiricalvalidationwe usea blank pieceof paper.
This is suf�cient to validateEquation(11). Thealbedos415

�

andgains$

�

arethereforetreatedasconstantin thissection.
Thegain $

�

dependson thecameraandprojectorparame-
tersthrough

A
<

�

and
A ��

. It is generallyeasierto changethe
cameraparameters,especiallywith theSony DFW-VL500's
sincetheir parameterscanbechangedover theFirewire in-
terface.Notethatuntil Section6 weassumethatthecamera
AutomaticGainControl is switchedoff.

Thegain $

�

is setin thefollowingway. Weplaceablank
pieceof paperunderthecameraandgrabanimagewith the
projectorswitchedoff. We thensettheprojectorto project
intensity

���/�
�

�-��
/.

andgraba secondimage.We subtract
the �rst imagefrom the secondand estimatethe average
intensity in a small region in the centerof the paper. We
then perform a binary searchover the cameraparameters
until thisaveragevalueequals

��
/.10

$

�

. (Eithertheshutter
or aperturecanbevaried. We usetheaperture.)Naturally,
for eachtrial with new cameraparameterswe graba new
imagewith theprojectorswitchedoff.
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Figure3: Empirical validationof Equation(11). (a) We plot � � � �
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� and ��� � �
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. In bothgraphswecomparethe
empiricallymeasuredresultswith thevaluespredictedby Equation(11). We ®nd closeagreementin bothcasesvalidatingEquation(11).

Our resultsarepresentedin Figure3. We setthe gains
$��

�
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$ and intensities
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to be vari-
ousvaluesandcomparethe�nal measuredimageintensity
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with thatpredictedby Equation(11). Theambient
light image
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is varied independentlyof the gain in
our experimentsby varyingtheamountof ambientlight in
the room usingan arrayof spot-lights. In Figure3(a) we
presentresultsvarying the ambientlight images,keeping
the gains�x ed. In Figure3(b) we presentresultsvarying
thegains,andimplicitly theambientlight imagesalso. In
Figure3(b) we thereforeplot the ratio of the �nal viewed
imageto theambientlight image,a quantitythatshouldbe
constantif Equation(11) is correct.As canbeseenfrom the
graphsin Figure3, thepredictedvaluescloselymatchthose
measuredempirically, therebyvalidatingEquation(11).

4 Choosingthe Optimal Gain
Equation(11) describesthe �nal statethata two siteTele-
Graf�ti systemwill settleinto. It also describesthe �nal
imagecapturedby thecamerasandviewedby theusersof
thesystem.How canwesetthegains$
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and $
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to max-
imize theimagequalityof
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Equation(11) implies that shouldwe want
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the �nal viewed image
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& ( and
thecamerassaturate.Too largea gainalsoleadsto “visual
echoing.” Whenoneof theusers'wavestheir handacross
thepaperthey seemultiple “echoes”of it, transmittedback
from the imageprojectedat the other site. Another side
effect of visualechoingis that,becauseof inevitableerrors
in geometriccalibrationandpapertracking,sketches“run.”
SeeFigure4(a-c)for anexampleof suchvisualechoing.

In practicewe needto �nd a compromisebetweenthese
two extremes. One way to choosethe gainsis to choose
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. It turnsout that it is bestto usetherelative error
betweenthesetwo quantities.If weaddin asimilarexpres-
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In this expressionwe have ignoredthe fact that the gains
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thepaper. Assumethat '
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The rangesof the integralsare
� 
/� �

"10

�

becausethe maxi-
mumvaluethatalbedoscantake is
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[Horn, 1996]. The
equationabove containstwo typesof terms,gains $
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ambientlight images

���

<�

 ! 

"

. Because$

�

� A

<

�

�

4�5

�

�1AC� �

and
�L�

<�

 ! 

" ��A

<

�

�

415

�

�

�
2�

thesequantitiesarerelatedby:

���

<

�

 # 

" �

$

�

�

�
2

�

A �
�

;

(12)

In orderto proceedwe now make the following threesim-
plifying assumptions:(1) we assumethat

�
2�

is constant
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Figure4: (a-c)Visualechoingcausedby usingtoo largea gain 
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acrossthepaper, (2) we assumethat
A ��

is constantacross
the paper, and (3) we assumethat
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is the sameat the
two sites. The �rst of thesethreeassumptionsjust means
that theambientlight is constantacrossthepaperwhich is
veryreasonable.Thesecondassumptionjustmeansthatthe
variousanglesbetweentheprojectedandre�ectedlight, the
paper, the camerathe projectorareall constantacrossthe
paper. This is alsoa reasonableapproximation.The third
assumptioncaneasilybegeneralized,however. Thedetails
areomittedbut it is straightforwardto estimate
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for each
of the two sitesseparatelyfrom Equation(12). The con-
stantrelative valuesof theseexpressionscanthenincluded
anddifferentoptimalgainsderivedfor thetwo sites.

Evenaftermakingtheseassumptions,theoptimalvalue
clearlystill dependson theweightingfunction '
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�

"

. The
sketcheswe work with aremostlysimple“black on white”
line drawings. Thealbedois thereforenearlyalwayseither

415

�

�

, thepaperalbedo,or



. Let usthereforeassumethat:
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where
	

 

� "

is the Dirac deltafunction; i.e. a unit impulse.
It is possibleto continuetheanalysiswith otherchoicesof
the weightingfunction '

 

4�5

�

"

andderive the optimal gain
in otherscenarios.We just needto make a concretechoice
to proceed.Let usdenote$

�

�
� A

<

�

�

415

�

�
��A

��

, thegainof
thepaper. Theoptimalitycriterionthensimpli�es to:
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(14)

See[Takaoet al., 2002] for moredetailsof thederivation.
The minimum valueof the expressionin Equation(14) is
easilyfound numericallyto be $

�

�
�

$

�

*��

�
� 
/; �

. Equa-
tion (14) is plottedin Figure5(a)for $

�

�
�

$

�

*��

�

. Theopti-
malgainof thepaperis therefore


�; �

. Thegainof thepaper
$

�

�

canbesetusingthemethoddescribedin Section3.1.

5 Illumination Augmentation
MostLCD projectorsaredesignedto beverybrightbecause
of the quadraticfalloff in brightnesswith the distance

!

� �

betweentheprojectorandtheprojectionsurface.SeeEqua-
tion (2). In Tele-Graf�ti thevalueof

!

� �

is smallerthanthe
valuethatmostprojectorsaredesignedfor. As a result

A ��

is often relatively large. To obtain $

�

�
� 
�; �

, we have to
usea small aperture(or a fast shutter)to make

A

<

�

small
enough.Theresultis that

���

<�

 ! 

" ��A
<

�

�

4�5

�

�

��2 �

, theimage
of thepaperin ambientlight, is verydark.As aresult,the�-
nal imageviewed

���

<�

 

(

"

is alsoverydark.SeeFigure4(d)
for an example. Ideally we would like

���

<�

 

(

"

to have its
brightestpixels to have intensitycloseto

���������

�

�


����

to
maximizethe dynamicrangeof the camera.Assumethat
thepaperis thebrightestobject.Then,to obtain:
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when
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and $
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, weneed:
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If thebrightestpixel in

�L�

<�

 ! 

"

�

��
��

, thebrightestpixel in
���

<�

 

(

"

will be
�


����

anda largefractionof thedynamic
rangeof thecamera(andprojector)will bewasted.

The only way to increase
���

<�

 ! 

"C� A

<

�

�

4�5

�

�

�
2

�

is to
increasetheambientlight

�
2�

becausethealbedo415

�

is �x ed
and

A

<

�

mustto besetto ensurethatthegain $

�

�
� 
�; �

. It
is often impossibleor inconvenientto increasetheambient
illuminationin theroom.Fortunately, aswenow show how,
it is possibleto usethe projectorto provide the additional
illumination. Supposethat insteadof settingthe projected
image

���8� �

to bethecapturedimage
���

<

*��

�

we setit to be:

����� �S���
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(17)

i.e. we effectively add constantadditionalillumination of
intensity

�

. In makingthis change,we effectively change
thegainof theprojectorto besmallerby thefactor
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In(A)

(a) Derivationof theOptimalGain (b) TheBaseIntensity � to Project

Figure5: (a)ChoosingtheGain.Wechoosetheoptimalgains 
 � � and 
�� ��� � to make ��� �

�

�����

ascloseaspossibleto ��� �

�

�������

��� �

��� �

���	�

;
i.e. to minimizeEquation(14). Theminimumvalueis achievedwhen 
 � �

�


 � ��� �

� ��� �

. Herewe plot Equation(14) for 
 � �

�


 � ��� � .
(b) Choosingtheadditionalambientlight � to beprojected.Giventhebrightestpixel in ��� �

�

�����

andassuming
 � �

� � � �

, thegraphabove
(b) of Equation(19)givesthevalueof � to beprojectedusingEquation(17) to obtainthebrightestpixel in ���

�

�

�����

to be �����	��


�

�
� � �2�

�T"

"

�L� �����

�

. We thereforehave to increasethe gain of the
cameraby the factor

���������
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�T"

to keepthe gain
of the overall systemconstant. The value of

���
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 # 

"

will
thereforeincreaseby thisfactorbecauseof thechangein the
gainof thecameraandby theamount
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becauseof theadditionalambientlight. To choose
�

to
optimizethedynamicrangeof thecameraweneedto solve:
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Thesolutionof thisequationis:
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(19)

Equation(19), plotted in Figure 5(b) for $

�

� � 
�; �

and
�L�������

�

� 
����

, canbe usedto estimatea suitablebasein-
tensity

�

to projectusingEquation(17) to ensurethat the
overallsystemdoesnotsaturate,andyet themaximumpos-
sible dynamicrangeof the cameraandprojectorareused.
Exampleimagesof the systemrunningusingthe valueof

�

computedusingEquation(19) are includedin Figure6.
Notethattheseimageshave theimagequality thatwe have
beenstriving for; they arebright, have excellentcontrast,
and there is minimal visual echoing. Also note that the
intensitycorrectionin Equation(17) can easilybe imple-
mentedasa tablelookup.See[Takaoet al., 2002].

6 Automatic Gain Control
We have analyzedthe Tele-Graf�ti feedbackloop assum-
ing the camerasare set up with �x ed aperturesand shut-
ter speedsto give a constantgain,however Tele-Graf�ti is
normally operatedwith the automaticgain control (AGC)
switchedon. How doesusingAGCaffectouranalysis?

Theanalysisitself is not affected.Theonly thing that is
affectedis ourability to setthegainindependently. Instead,
AGC operatesby adjustingthe aperture(or shutterspeed)
to enforcethe requirementthat the averageintensity in a

certainareaof the image(normally the center)is a �x ed
value,theexposure.WhenAGCis switchedon,thecamera
gainis adjusteduntil Equation(11) is satis�ed,with

���

<�

 

(

"

equalto theexposure.If theambientlight level is low, this
resultsin alargegain $

���

�

andthesystemhassubstantial
visual echoing. If the ambientlight level is high, the gain

$

���




andwhatis writtenat theothersitecannotbeseen.
Whenusingautomaticgain control, the only parameter

wecanuseto indirectlycontrolthegainis theamountof ad-
ditional ambientlight providedby theprojector. In partic-
ular, theoffset � is theoneparameterwe canuseto change
the gain and therebythe imagequality. As we increase�

the gain of the cameraswill be reducedandtherewill be
lessvisualechoing.Ontheotherhand,asweincrease� , the
imagefrom theothersitewill belessvisible.

Using a similar procedureto that in Section3.1 we can
build a lookup table for the gain as a function of � . See
[Takaoet al., 2002] for thedetailsandanexampleof such
a table.We canthenusethis tableto setthegainto beany
desiredvalue.Theresultsareshown in Figure7.

In practicewefoundthatthebestwayto runTele-Graf�ti
is to useAGC. If thereis insuf�cient light therewill bevi-
sual echoing. The value of � shouldthen be adjustedby
handuntil the visual echoingstopsandthe right trade-off
betweendynamicrangeandlackof echoingis achieved.

7 Color Imagery
Workingwith color imagessimplymeansthatthereis asep-
arategainfor eachchannel.Assumingthecameraandpro-
jector arereasonablycolor balancedthesegainsare fairly
similar and the analysisabove canbe performedwith the
averageof thethreegains.If thereis substantialdifference
in thegains,obtaininggoodimagequality canbedif�cult.
If wesetup thesystemsothattheaveragegainof thepaper
is


�; �

, thegainof oneof thechannelsmaybemuchlarger;
in extremecasesthegainmaybe

�

�1; 


. In suchcasesone
of thecolor channelsmay saturate.An exampleof sucha
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(a) (b) (d)(c)
Figure6: A 2 siteTele-Graf®ti systemoperatingwith optimalgain 
 � �

� � � �

andadditionalambientlight � providedby theprojector:
(a)= ��� � �

���	�

, (b) = ��� � �

���	�

, (c) = ��� � �

���
�

, (d) = ��� � �

���
�

. Notethesuperiorimagequality of theimagescomparedto Figure4(c-d).

Paper Images
under
Ambient Light

Final Viewed Images
with Gain=0.05

Final Viewed Images
with Gain=0.95

with Gain=0.50
Final Viewed Images

Tele�Graffiti Site 1 Tele�Graffiti Site 2

(b=23)

(b=156) (b=148)

(b=35)

(b=3) (b=1)

Figure7: Finalviewedimageswith automaticgaincontrolturned
on. The®nal viewedimages(

���

�

�

�����

) with gain=0.05,0.50,0.95
areshown in the second,third and fourth rows respectively. To
obtain thesegains,we computedthe baseintensity to project �

usingthelookuptabledescribedin [Takaoet al., 2002].

situationis includedin [Takaoetal., 2002].

8 ImageSeparation
Whenwe switch on Tele-Graf�ti the systemquickly con-
vergesto thesteadystate:
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(20)

Is it possibleto reversethis process?Canwe recover what
is drawn on the paperfrom what is imaged? Doing this

correspondsto invertingEquation(20). As in Section4 the
dif�culty in doingthis is thefactthat

$

�

is notconstant,but
is relatedto

���

<�

 # 

"

through:

���

<�

 # 

" �

$

�

�

� 2�

A ��

;

(21)

If the ambientlight
�

2
�

canvary completelyindependently
acrossthe paper, Equation(20) is not invertible. In Sec-
tion 4 we assumedthat

�
2�

and
A ��

areconstantacrossthe
paper. To invert Equation(20) we now make thesameas-
sumption. We alsoassumethat the valueof

���

I

�

U

I

hasbeen
estimatedat systemstartup.This caneasilybeperformed.
We setthe gain of the paper $

�

�

to a �x ed value. We can
thenmeasuretheaverageambientlight imageof thepaper
andusetheresultsto compute

���

I

�

U

I

from Equation(21).

Once
�

U

I

�

�

I

is known, it is straightforwardto invert Equa-
tion (20), a pair of simultaneousquadraticequations.For
lack of space,the readeris referredto [Takaoet al., 2002]
for the details. The result,however areclosedform solu-
tions for the ambientlight images

���

<
�

 ! 

"

and
�L�

<

*%�

�

 # 

"

in
termsof the�nal viewedimages

���

<�

 

(

"

and
���

<

*��

�

 

(

"

.
We have implementedthis solutionto theimagesepara-

tion problem,the resultsof which areshown in Figures8.
We found that wherethe intensity is roughly constantthe
original“drawn” imageis restoredverywell. At pointswith
highgradient,however, therearesigni�cant artifactscaused
by the “defocussing”effect of several componentsin the
system:thecamera,theprojector, andthe imagewarping.
Defocuseffectsarenotincorporatedin our imageformation
model. Potentiallya more sophisticatedimageformation
modelcould be derived. In the meantimewe processthe
resultsin Figures8 with asimplealgorithmto removemost
of the artifacts. We: (1) detectedgesin the �nal viewed
images,(2) comparethemagnitudesof theedgesat thetwo
sites,and(3) smooththe edgesat the “weaker” site based
on theassumptionthat theedgesoriginatefrom thesideat
which they arestronger. Theresultsof applyingthis algo-
rithm to the resultsin Figure8. Overall the separatedim-
agesmatchtheactualdrawn imagesreasonablewell, (espe-
cially consideringthat thesystemwaseffectively setup in
Section4 to make this taskashardaspossible.)
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(c1) (c2)

With Overlaps
Pattern 1

Final Viewed Images Improved Separation Results Actual Drawn Images

(g1) (g2) (h1) (h2)

(d1) (d2) (e1) (e2)

(i1) (i2)

(f1) (f2)

(a1) (a2) (b1) (b2)

Pattern 2
No Overlaps

Pattern 3
Thin Lines

Figure8: Theresultsof imageseparation.The®rst columnof eachrow containsthetwo ®nal viewedimagesof thetwo sitesfrom which
wecomputetheseparatedimagesshown in thesecondcolumn.Thethird columncontainstheactualdrawn imagesat thetwo sites.

9 Discussion
We have performeda steady-stateanalysisof Tele-Graf�ti.
We have shown how this analysiscanbeusedto derive the
optimal settingsfor the systemandto separatethesteady-
stateimagesto deriveestimatesof whatis actuallydrawnon
the paper. This steady-stateanalysisrequiresa numberof
assumptions,mostnotablythat what appearson the paper
doesnot change. One possibledirection for future work
is to perform a “perturbationanalysis” to determinehow
stablethe systemis whensomethingnew is drawn on the
paper, or someotherchangeoccursin thesystemsettings.
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