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We analyzethefeedbacKoopin Tele-Grafti, acamera-
projectorbasedemotesketchingsystemwhichwe recently
developed. We derive the gain throughthe feedbackioop
andthe nal imageshatwill beviewedby the usersof the
system.We thenderive the “optimal gain” asthe gainthat
resultsin the nal viewedimagesbeingascloseaspossible
to the sumof the imagesactuallydravn on the paper We
alsoproposeaway of usingtheprojectorto compensatéor
insufcient ambientlight anddescribehow our analysisis
affectedby: (1) automatiagaincontrol(AGC)and(2) color
imagery We endby proposinganalgorithmto decompose
the nal viewedimagednto estimate®f thedravnimages.

1 Intr oduction

Systemombiningvideo cameragndLCD projectorsare
becomingmoreandmoreprevalent. The rst suchsystem
wasPierreWellner's Xerox “DigitalDesk” [Wellner, 1993.
Other such systemsinclude the University of North Car
olina's“Of ce of the Future”[Raskaretal., 1994, INRIA
Grenobles “MagicBoard” [Hall et al., 1999, and Yoichi
Satos “AugmentedDesk” [Satoet al., 2000. Recently
therehasbeena growing body of work in the computevi-
sionliteratureaimedat usingvideocamerago improve the
useof projectorsasdisplaydevices[RaskarandBeardslg,
2001,Sukthankaetal., 2001a,Sukthankaetal., 20014.

Recentlywe have developed“Tele-Gratfti, ” a camera-
projector basedremote sketching system [Takao et al.,
2003. Tele-Grafti allows two peopleto communicatee-
motely via hand-dravn sketches. What one persondraws
atonesiteis capturedusinga video cameratransmittedo
the othersite, anddisplayedthereusingan LCD projector
SeeFigurel(a)for aschematidiagramof two Tele-Gratfti
sitesconnectby a network andFigure 1(b) for animageof
areal Tele-Grafti system. Seethe accompaging movie
“telegrafti-uidemo.mpg” for anexampleof two peoplein-
teractingusing Tele-Grafti. Also, see[Takaoetal., 2002
for largerversionsof the gures in this paper

The combinationof projectorsandcamerasn the same
systemcan eitherbe bene cial or a hindrance depending
onwhatyouwantto do. In hand-trackingystemdor desk-
top userinterfacesthe light projectedby the projectorcan
male simplebackgroundsubtractionalgorithmsinapplica-
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ble. Instead severalgroupshave usedinfra-redcameragor

hand-trackinga modality unafectedby the light radiated
by the projector[Satoet al., 2000, Leibe et al., 200d. On

the other hand,the projectorcanbe usedto projectstruc-
turedlight, therebyallowing the estimationof 3D shapeus-
ing the “laser range nding” principal. By carefully syn-
chronizingthecameraandtheprojector thestructuredight

caneven be time-multiplexed with the projectedimageto

makeit imperceptibleo humandRaskaretal., 1994.

A particularproblemin certainapplicationds feedbag.
If theprojectorradiatedight thatis thenimagedby thecam-
era,andtheresultingimagethenpassedackto the projec-
tor, potentiallyafterbeingprocesseih oneway or another
thereis thepotentialfor feedbacklt is possiblehatthepro-
jectedimagemaygetbrighterandbrighteruntil thecamera
saturatesesultingin anunusablesystem Alternatively, the
systemmight oscillatebetweenwo states.Finally, thereis
the possibility of “visual echoing”[ Takaoet al., 2004. On
the otherhand,feedbackcanbe usedto helpthe systemas
is donein [Sukthankaetal., 20014 for shadev removal.

Camera-projectobasedcommunicatiorsystemsare all
susceptibldo feedback.Whenwe rst gave a demonstra-
tion of Tele-Grafti atICCV [Takaoetal., 2001], the sys-
tem initially suffered from severe feedback,quickly satu-
rated,and becameunusable. At the time we addedextra
lights asa“quick x". In this paperwe studythe causeof
thefeedbaclkandproposea principledsolutionto it.

In particularwe presenta steady-statenalysisof the
feedbackn Tele-Grafti. Much of theanalysiss applicable
to othercamera-projectosystems Startingwith photomet-
ric modelsof the projector the cameraandthe paperused
to sketchon, we derivethegainof thesystemthe nal state
thatthe systemcorvergesto, andthe nal imagethat will
be viewed by the users.Basedon this result,we derive the
“optimal gain” asthe gain that resultsin the nal viewed
imagebeingascloseaspossibleto thesumof thetwo orig-
inal, non-feedbackimages.Anothercommonproblemwith
LCD projectorbaseddesktopapplicationds thatthe ambi-
entlight is sometimesery weakcomparedo theprojector
(This wasthe problemat the ICCV demo.) We proposea
way of usingthe projectorto augmenthe ambientlight in
the scene,and derive appropriatesettingsfor this scheme.
We alsobrie y discusshow our analysisis affectedby au-
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Figurel: (a) A schematiadiagramof two Tele-Gra®ti sitesconnectedy a computemetwork[Takaoet al., 2003. (b) Onesitein a
real Tele-Gra®ti system. The camerasat both sitescontinuouslycapturevideo of whatis written on the paper Thevideois digitized,
compressedandtransmittedo the othersitewhereit is projectedontothe paper Sincethe piecesof papercanbe moved,they have to be
trackedin realtime at both sites. We canthenwarp the video appropriatelyto correctlyalign the projectedvideowith the paper Seethe
accompaying movie 2telgraf®ti-uidemo.mpg¥or anexampleof two peopleinteractingusingTele-Gra®ti.

tomaticgaincontrol (AGC) andcolorimagery

The nal “steadystate”imagesviewed by the usersof
Tele-Grafti areaweightedcombinationof theimagesthat
would have beenimagedwith Tele-Grafti switchedoff. In
mary scenariost is desirableto estimatevhatwasactually
drawn on the paperby the systemusers.We endthis paper
by proposingan algorithmto decomposéhe steadystate
imagesnto estimate®f whatwasdravn onthepaper

2 Image Formation Model

We illustrateourimageformationmodelin Figure?2. Light
is projectedby the projector re ected by the mirror onto
thepapemwhereit is combinedwith theambientlight in the
sceneandre ected againto be capturecby thecamera.

2.1 Projector Model

We assumethat if a pixel in the LCD projectoris setto
projectintensity , the radianceof the light
transmittecby the LCD imageplaneis:

@)

where is the gain of the projector;i.e. we assumethat
the responseof the projectoris linear The derivation of
therelationshipbetweenthe radianceof thelight transmit-
ted by the LCD and the irradianceof the light thatis -
nally receved 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
accounthis foreshorteningtherelationshippecomes:

S )

where
is the areaof the projectorlens,

is theirradianceof thelight recevedat the paper
is the distancefrom

the lensto the paper(via the planarmirror, which canbe
ignoredotherwise), is the anglethat the principal ray
malkes with the optical axis, and is the anglethat the
principalray makeswith thenormalof the paper

2.2 Paper Model

We assumehatthe papercanbe modeledasLambertian If
the total ambientincomingirradianceis  andthe albedo
of thepaperis , theradianceof there ectedlight is:

(3)

2.3 CameraModel

Themodelof thecameras similarto the modelof thepro-
jector. If theradianceof thepaperis |, theirradianceof the
light capturecbntheimageplaneof thecameras:

. (4)

where istheareaof thelens, isthedistancebetween
thelensandtheimageplane,and s the anglebetween
the principalray andthe opticalaxis[Horn, 199¢. We also
assumehattheresponsef thecameras linear:

()

where isthegainof thecameraand

2.4 Completelmaging Model

PuttingtogetherEquationq1)—(5),we obtainarelationship
betweenthe intensity of the pixel in the projector  and
theintensityof thecorrespondingpixel in the camera

(6)

where  — and —
. Equation(6) saysthattheimagecapturecdoy theith
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Figure 2: The imageformation model. 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
thatthe projectedlight makeswith the papernormalis . The
total irradianceof the ambientlight that reacheghe paperis
andthe albedoof the paperis . Theradianceof the re ected
lightis , theanglethe re ectedight makeswith the normalis

, theirradianceof thelight reachinghecameras , thegainof
thecamerds , andthepixel intensityin thecameras

camera isthesumoftwoterms.The rst term

is theimageof the paperin theambientlight only; it is the
imagethat would have beencapturedif the projectorwas
notthere. Theseconderm is theimage
createcby thelight originatingfrom the projector

2.5 Photometric Calibration

The responsdunctionsof camerasand projectorsare fre-

guently not linear, as assumedn Equations(1) and (5).

Empirically we found the responsedunction of the Sory

DFW-VL500 cameraghat we usedto be linear [Takaoet

al., 2004 (with gammacorrectionsetto “OFF2”) Onthe
otherhand,we found the Panasonid®T-L701U projectors
thatwe usedo behighly non-linear We thereforeestimated
theirresponséunctionandcorrectedor thenon-linearityin

software. See[Takaoetal., 2007 for the details.

3 TheFinal ViewedImages

If we setup atwo site Tele-Grafti systemasin Figurel,
theprojectedmage s setto equaltheimagecapturecht
the othersite . If either or , the othersite
is . If we now supposedime proceedsn a sequencef
stepsanddenotetheimagecapturedy thecamerdn theith
Tele-Grafti siteattime by , Equation(6) becomes:

(7
where is the imageof the paperin
the ambientlight only. Denoting and

expandingtherecursve term yields:

(8)

From Equation(6) half of the initial conditionsof this re-
currenceelationare:

(9)

where is theimageprojectedby the projectorin the
ith siteat systemstartup.Theotherhalf of theinitial condi-
tionsare:

(10)

The solutionof the recurrenceelationin Equation(8) is a
pair of fairly complex expressionspnefor evenandone
for odd. See[Takaoetal., 2007 for the full details. In
eithercasejn thelimit theexpressiorsimpli es to:

(11)

assuminghat f thevalueof
keepsincreasinguntil it saturateshe cameraandthe
projectorand
Notethatthegain is notaconstantput
depend®nthe paperalbedo.Thegainis thereforedifferent
for pointson the paperthathave beenwritten on compared
to pointsthathave not beenwritten on. Theterms  and
alsovary acrossthe surfaceof the paperbecausdhe
angles , ,and vary, albeitveryslowly. Becauseéhe
variationis so slow, for simplicity we assumeahat  and
areconstanin theremaindeof this paper

3.1 Empirical Validation

In our empirical validationwe usea blank pieceof paper
Thisis sufcient to validateEquation(11). Thealbedos
andgains aretherefordreatedasconstantn thissection.
Thegain  dependsnthe cameraandprojectorparame-
tersthrough and . Itis generallyeasietto changethe
camergarametergspeciallywith theSory DFW-VL500's
sincetheir parametersanbe changedver the Firewire in-
terface.Notethatuntil Section6 we assumehatthecamera
AutomaticGain Controlis switchedoff.

Thegain issetin thefollowing way. We placeablank
pieceof paperunderthecameraandgrabanimagewith the
projectorswitchedoff. We thensetthe projectorto project
intensity andgraba secondmage. We subtract
the rst imagefrom the secondand estimatethe average
intensityin a small region in the centerof the paper We
then perform a binary searchover the cameraparameters
until this averagevalueequals . (Eithertheshutter
or aperturecanbe varied. We usethe aperture.)Naturally,
for eachtrial with new cameraparametersve graba new
imagewith the projectorswitchedoff.
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Figure 3: Empirical validationof Equation(11). (a) We plot
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for variousdifferentvaluesof for ®xed

. In bothgraphsve comparehe

empirically measuredesultswith the valuespredictedby Equation(11). We ®nd closeagreemenin bothcasealidatingEquation(11).

Our resultsare presentedn Figure 3. We setthe gains
and intensities to be vari-
ousvaluesandcomparethe nal measuredmageintensity
with that predictedby Equation(11). The ambient
light image is varied independentlyof the gainin
our experimentsby varying the amountof ambientlight in
the room using an array of spot-lights. In Figure 3(a) we
presentresultsvarying the ambientlight images,keeping
the gains x ed. In Figure 3(b) we presentresultsvarying
the gains,andimplicitly the ambientlight imagesalso. In
Figure 3(b) we thereforeplot the ratio of the nal viewed
imageto theambientlight image,a quantitythatshouldbe
constantf Equation(11)is correct.As canbeseerfrom the
graphsin Figure3, the predictedvaluescloselymatchthose
measure@mpirically, therebyvalidatingEquation(11).

4 Choosingthe Optimal Gain

Equation(11) describeghe nal statethatatwo site Tele-
Grafti systemwill settleinto. It alsodescribeghe nal
imagecapturedby the camerasandviewed by the usersof
thesystem.How canwe setthegains  and to max-
imize theimagequality of ?
Equation(11) implies that shouldwe want and
to contribute equalweight to we should
useagain ; if theuserwill notseetheimage
from theothersite. Ontheotherhand,in thelimit
the nal viewedimage and
the camerasaturate.Too large a gainalsoleadsto “visual
echoing. Whenoneof the users'wavestheir handacross
the paperthey seemultiple “echoes”of it, transmittedback
from the image projectedat the other site. Another side
effect of visualechoingis that,becaus®f inevitable errors
in geometriccalibrationandpapertracking,sketches'run.”
SeeFigure4(a-c)for anexampleof suchvisualechoing.
In practicewe needto nd acompromisebetweerthese
two extremes. One way to choosethe gainsis to choose

them to make as close as possibleto

. It turnsoutthatit is bestto usetherelative error
betweerthesetwo quantities.If we addin a similarexpres-
sionfor , the othersite,we aimto minimize:

In this expressionwe have ignoredthe fact that the gains

and arevariablesand dependuponthe albedoof
the paper Assumethat denoteghe probability that
the albedoof the paperis . We canthengeneralizethe
expressiorin the equationaboveto:

The rangesof the integralsare becausehe maxi-
mumvaluethatalbedoscantake is [Horn,1996. The
equationabove containstwo typesof terms,gains  and
ambientlight images . Because

and thesequantitiesarerelatedby:

— (12)

In orderto proceedwve now make the following threesim-
plifying assumptions:(1) we assumethat is constant
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Figure4: (a-c)Visual echoingcausedy usingtoolargeagain
calibrating : (a) , (b) , (€)
of®ceilluminationis very dark. (¢) The®nal viewedimage

acrosshepaper (2) we assuméhat  is constantacross
the paper and (3) we assumehat — is the sameat the

two sites. The rst of thesethreeassumptiongust means
thatthe ambientlight is constantacrosshe paperwhich is

veryreasonableThesecondassumptiofustmeanghatthe

variousanglesbetweertheprojectedandre ectedlight, the

paper the camerathe projectorare all constantacrossthe

paper This is alsoa reasonabl@pproximation. The third

assumptiortaneasilybe generalizedhowever. Thedetails
areomittedbut it is straightforvardto estimate— for each
of the two sitesseparatelyfrom Equation(12). The con-
stantrelative valuesof theseexpressionganthenincluded
anddifferentoptimal gainsderivedfor thetwo sites.

Even aftermakingtheseassumptionsthe optimal value
clearlystill depend®n theweightingfunction . The
sketcheswve work with aremostly simple“black on white”
line drawings. Thealbedois thereforenearlyalwayseither

, thepaperalbedo,or . Letusthereforeassumehat:

(13)

where is the Dirac deltafunction; i.e. a unit impulse.
It is possibleto continuethe analysiswith otherchoicesof
the weighting function andderive the optimal gain
in otherscenariosWe just needto make a concretechoice
to proceed.Let usdenote , thegain of
thepaper The optimality criterionthensimpli es to:

(14)

See[Takaoet al., 2009 for moredetailsof the derivation.
The minimum value of the expressionin Equation(14) is

easilyfound numericallyto be . Equa-
tion (14)is plottedin Figure5(a)for . Theopti-
mal gainof the paperis therefore . Thegainof thepaper

canbesetusingthe methoddescribedn Section3.1.

. (d) The®nal viewedimage

(d) (e)
, combinedwith theinevitable errorsin trackingthe paperand
with optimalgain andundernormal

with optimalgain andunderstrongambientillumination.

5 Illlumination Augmentation

MostLCD projectorsaredesignedo beverybrightbecause
of the quadraticfalloff in brightnesswith the distance
betweertheprojectorandthe projectionsurface.SeeEqua-
tion (2). In Tele-Gratfti thevalueof is smallerthanthe
valuethatmostprojectorsaredesignedor. As aresult

is oftenrelatively large. To obtain , we have to
usea small aperture(or a fastshutter)to make small
enough.Theresultis that , theimage
of thepaperin ambientight, is verydark. As aresult,the -
nalimageviewed is alsoverydark. SeeFigure4(d)
for an example. Ideally we would like to have its
brightestpixels to have intensity closeto to
maximizethe dynamicrangeof the camera. Assumethat
thepaperis the brightestobject. Then,to obtain:

(15)

when and ,weneed:

(16)
If thebrightestpixel in , thebrightestpixelin
will be anda large fraction of the dynamic
rangeof thecamergandprojector)will bewasted.
The only way to increase
increasgheambientlight becaus¢healbedo is x ed
and  mustto besetto ensurehatthegain Lt
is oftenimpossibleor inconvenientto increaseghe ambient
illuminationin theroom. Fortunatelyaswe now shav how,
it is possibleto usethe projectorto provide the additional
illumination. Supposdhatinsteadof settingthe projected
image tobethecapturedmage we setit to be:

is to

(17)

i.e. we effectively add constantadditionalillumination of
intensity . In makingthis change we effectively change
thegainof theprojectorto besmallerby thefactor
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Figure5: (a) Choosingthe Gain. We choosethe optimalgains

(b) Choosingthe additionalambientlight
(b) of Equation(19) givesthevalueof

. We thereforehave to increasethe gain of the
cameraby the factor to keepthe gain
of the overall systemconstant. The value of will
thereforeéncreasdy thisfactorbecausef thechangen the
gainof thecameraandby theamount

becausef the additionalambientlight. To choose to
optimizethedynamicrangeof thecamerave needto solve:

(18)
Thesolutionof this equationis:

(19)
Equation(19), plottedin Figure 5(b) for and

, canbe usedto estimatea suitablebasein-
tensity to projectusing Equation(17) to ensurethat the
overallsystemdoesnot saturateandyetthe maximumpos-
sible dynamicrangeof the cameraand projectorare used.
Exampleimagesof the systemrunning usingthe value of

computedusing Equation(19) areincludedin Figure6.
Notethattheseimageshave theimagequality thatwe have
beenstriving for; they are bright, have excellentcontrast,
and thereis minimal visual echoing. Also note that the
intensity correctionin Equation(17) can easily be imple-
mentedasatablelookup. See[Takaoetal., 2007.

6 Automatic Gain Control

We have analyzedthe Tele-Grafti feedbackloop assum-
ing the camerasare setup with x ed aperturesand shut-
ter speedgo give a constantgain, however Tele-Gratfti is
normally operatedwith the automaticgain control (AGC)
switchedon. How doesusingAGC affect our analysis?
The analysigtself is not affected. The only thing thatis
affectedis our ability to setthegainindependentlylnstead,
AGC operatedy adjustingthe aperture(or shutterspeed)
to enforcethe requirementhat the averageintensity in a

and to male
i.e. to minimize Equation(14). The minimumvalueis achieved when

to beprojected.Giventhe brightestpixel in
to beprojectedusingEquation(17) to obtainthe brightestpixel in
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. Herewe plot Equation(14) for .
andassuming , thegraphabove
to be

certainareaof the image (normally the center)is a x ed

value,theexposure WhenAGC is switchedon, thecamera

gainis adjusteduntil Equation(11)is satis ed,with

equalto the exposure.If theambientlight level is low, this

resultsin alargegain andthesystemhassubstantial

visual echoing. If the ambientlight level is high, the gain
andwhatis written atthe othersite cannotbe seen.

Whenusingautomaticgain control, the only parameter
we canuseto indirectly controlthegainis theamountof ad-
ditional ambientlight provided by the projector In partic-
ular, theoffset is the oneparametewe canuseto change
the gain andtherebythe imagequality. As we increase
the gain of the cameraswill be reducedandtherewill be
lessvisualechoing.Ontheotherhand,asweincrease, the
imagefrom the othersitewill belessvisible.

Using a similar procedureo thatin Section3.1 we can
build a lookup table for the gain asa function of . See
[Takaoet al., 2009 for the detailsandan exampleof such
atable. We canthenusethis tableto setthegainto beary
desiredvalue.Theresultsareshown in Figure?.

In practicewe foundthatthebestwayto run Tele-Gratfti
is to useAGC. If thereis insufcient light therewill bevi-
sual echoing. The valueof shouldthen be adjustedby
handuntil the visual echoingstopsandthe right trade-of
betweerdynamicrangeandlack of echoingis achieved.

7 Color Imagery

Workingwith colorimagessimply meanghatthereis asep-
arategainfor eachchannel. Assumingthe cameraandpro-
jector are reasonablycolor balancedhesegainsare fairly
similar andthe analysisabove can be performedwith the
averageof thethreegains. If thereis substantiablifference
in the gains,obtaininggoodimagequality canbe dif cult.
If we setupthesystemsothattheaveragegainof the paper
is , thegainof oneof thechannelanaybe muchlarger;
in extremecaseghe gain may be . In suchcaseone
of the color channelamay saturate.An exampleof sucha
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Figure6: A 2 site Tele-Gra®ti systemoperatingwith optimal gain
. Notethesuperiorimagequality of theimagescomparedo Figure4(c-d).
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Figure7: Finalviewedimageswith automatiaaincontrolturned
on. The®nal viewedimages( ) with gain=0.05,0.50,0.95
areshavn in the second third and fourth rows respectiely. To
obtainthesegains, we computedthe baseintensity to project
usingthelookuptabledescribedn [Takaoetal., 2004.

situationis includedin [Takaoetal., 2007.

8 Image Separation

Whenwe switch on Tele-Grafti the systemquickly con-
vergesto the steadystate:

(20)

Is it possibleto reversethis processanwe recover what
is drawvn on the paperfrom what is imaged? Doing this

(c) (d)
andadditionalambientlight provided by the projector:

correspondso invertingEquation(20). As in Section4 the
dif culty in doingthisisthefactthat is notconstantput
is relatedto through:

— (21)

If the ambientlight canvary completelyindependently
acrossthe paper Equation(20) is not invertible. In Sec-
tion 4 we assumedhat and are constantacrossthe
paper To invert Equation(20) we now make the sameas-
sumption. We alsoassumehat the valueof — hasbeen

estimatedat systemstartup. This caneasily be performed.
We setthe gain of thepaper to a x edvalue. We can
thenmeasurehe averageambientlight imageof the paper

andusetheresultsto compute— from Equation(21).

Once— is known, it is straightforvardto invert Equa-

tion (20), a pair of simultaneousjuadraticequations.For
lack of spacethe readeris referredto [Takaoet al., 2002
for the details. The result, however are closedform solu-
tions for the ambientlight images and in
termsof the nal viewedimages and .

We have implementedhis solutionto theimagesepara-
tion problem,the resultsof which areshawn in Figures8.
We found that wherethe intensity is roughly constantthe
original“drawn” imageis restoredrerywell. At pointswith
highgradienthowever, therearesigni cant artifactscaused
by the “defocussing”effect of several componentsn the
system:the camerathe projector andthe imagewarping.
Defocuseffectsarenotincorporatedn ourimageformation
model. Potentiallya more sophisticatedmage formation
model could be derived. In the meantimewe processhe
resultsin Figures8 with a simplealgorithmto remove most
of the artifacts. We: (1) detectedgesin the nal viewed
images{(2) comparehe magnitude®f theedgesatthetwo
sites,and (3) smooththe edgesat the “weaker” site based
on the assumptiorthatthe edgesoriginatefrom the side at
which they arestronger The resultsof applyingthis algo-
rithm to the resultsin Figure8. Overall the separatedm-
agesnatchtheactualdravnimagesreasonablevell, (espe-
cially consideringhatthe systemwaseffectively setup in
Section4 to make thistaskashardaspossible.)
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Figure8: Theresultsof imageseparationThe®rst columnof eachrow containsthetwo ®nal viewedimagesof the two sitesfrom which
we computethe separatedmagesshavn in the seconccolumn. Thethird columncontainghe actualdravn imagesat the two sites.

9 Discussion

We have performeda steady-statanalysisof Tele-Grafti.
We have showvn how this analysiscanbe usedto derive the
optimal settingsfor the systemandto separatehe steady-
stateimagedo derive estimate®f whatis actuallydravn on
the paper This steady-stat@analysisrequiresa numberof
assumptionsmostnotably that what appearson the paper
doesnot change. One possibledirection for future work
is to perform a “perturbationanalysis”to determinehow
stablethe systemis when somethingnew is dravn on the
paperor someotherchangeoccursin the systemsettings.
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