
Vir tual Rear Projection: Do Shado ws Matter?

Jay Summet,GregoryD. Abowd, GregoryM. Corso
�

, JamesM. Rehg
Collegeof Computing& GVU Center, Schoolof Psychology

�

Georgia Instituteof Technology
Atlanta,GA 30332-0170

{summetj,abowd, rehg}@cc.gatech.edu,Gregory.Corso@psych.gatech.edu

ABSTRACT
Rearprojectionof large-scaleuprightdisplaysis oftenpre-
ferredover front projectionbecauseof the lack of shadows
thatoccludetheprojectedimage. However, rearprojection
is not alwaysa feasibleoption for spaceandcost reasons.
Recentresearchsuggeststhatmany of thedesirablefeatures
of rearprojection,in particularshadow elimination,canbe
reproducedusingnew front projectiontechniques.Wereport
on theresultsof anempiricalstudycomparingtwo new pro-
jection techniqueswith traditionalrearprojectionandfront
projection.
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INTRODUCTION
Large scaleinteractive displaysarean importantform fac-
tor which have just recentlystartedto leave the laboratory.
CommercialproductssuchastheLiveBoardandSmartBoard
andresearchprototypes[1,5,6] begin todeliveronthepromise
of Weiser's yard scaledisplaysfor single-user, large inter-
active displays. When investigatinglarge interactive dis-
plays,the traditional implementationmethodhasbeenrear
projection.Currently, it is uneconomicalto produceplasma
andLCD screensat thesizeneededfor wall scaledisplays.
Emerging and future technologysuchas digital wallpaper
[3] or nanotechpaintmayeventuallysolve thisproblem,but
for theimmediatefuture,projectionis thesolutionof choice
for implementinglargescaleinteractivesurfaces.While rear
projecteddisplayscan be larger than plasmaor LCD dis-
plays,they alsohave limitationsdueto costandinstallation
requirements.In somesituationsit would be bene�cial to
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(a)FrontProjection (b) WarpedFrontProjection

(c) Virtual RearProjection (d) RearProjection

Figure1. Taxonomyof Projection Technologies.

replacerearprojecteddisplayswith a front projectedsolu-
tion. Usingfront projectionfor interactive surfacesrequires
that the inherentproblemswith shadows andocclusionsbe
addressed.For example, focus plus context displaysthat
usea front projectorfor their context areahave been“tilted
slightly” so the projectorcanbe ceiling mountedto “keep
the [sitting] userfrom castinga shadow on the projection
screen”[1]. Pre-emptiveshadows [8] eliminatetheblinding
light from a projector, but aremore useful for giving pre-
sentationsthanfor interactive displaysasthey increasethe
occludedareaon thedisplay.

Researchershavebeenworkingto resolvetheocclusionprob-
lem by �lling in the technologicalspacebetweenstandard
front projectionandtruerearprojection.A simplesolution,
calledWarpedFront Projection (WFP) usesa singlefront
projectorwhichis mountedoff of thenormalaxisof thepro-
jection screen,in an attemptto minimize occlusionof the
beamby theuser(Figure1b).

Projectorshave becomeinexpensive enoughso that having
redundantcoverageof anareais now practical.We usethe
term Virtual Rear Projection (VRP) to describethe useof
multiple redundantprojectorsto eliminateshadows. Two
front projectorsaremountedonoppositesidesof thenormal
axis to redundantlyilluminate thescreen(Figure1c). After
a calibrationstepusingcomputervision technologyin the
GVU PROCAMS Toolkit [9], outputfrom eachprojectoris
independentlywarped(aswith WFP)to correctlyoverlapon
the displayscreen.This reducesthe sizeandfrequency of



occlusionssigni�cantly andresultsin “half-shadows” where
theoutputis still visibleat a lower level of contrast.

Although it wasour intuition that occlusionsandshadows
posea problemto usersof upright front projecteddisplays
we wereunableto locatework thatquanti�ed theproblem.
We designeda study to: 1) determinethe extent to which
shadows on a front projectedsurfaceaffect usertask per-
formance;2) investigateuserstrategiesfor copingwith im-
perfectdisplay technology(which allows occlusions);and
3) evaluatetwo of thenew projectiontechnologiesWarped
Front Projection(WFP) andVirtual RearProjection(VRP)
in comparisonto standardFront Projection (FP) andtrue
Rear Projection (RP) in termsof humanperformanceand
preference.We wantedto determineif a passive form of
VRP would besuf�cient to replacetruerearprojection,and
if not, usetheresultsto inform developmentof moreactive
virtual rearprojectiontechnologies[2,4].

STUDY SETUP
The studyevaluatedthe effectsof four differentprojection
technologieson a singleuserworking with a largescalein-
teractive surface. Participantswereasked to performinter-
active taskson a rearprojectioncapableSmartBoardwhich
utilizedacontactsensitive�lm (touchscreen)onthedisplay
surfacefor input. Ourstudypresentedparticipantswith four
counterbalancedconditions: FP, WFP, VRP, RP.

Figure 2. Participant during the Box task exhibiting the
edge-of-screencopingstrategy (FP condition).

Projectionintensitywasequalizedfor all conditionsandthe
outputresolutionwasadjustedto provide anapparentreso-
lution of 512x512,covering the entireSmartBoardscreen,
which measures58” (1.47m)diagonally(Figure2). For the
front projectionconditions(FP, WFP, VRP), threematched
projectorswere mounted7'1” (2.16m)high on a uni-strut
beam10' (3.05m)from theSmartBoard.Therearprojection
(RP)conditionuseda projectormountedbehindtheSmart-
Board screen. The projectorusedfor WFP was mounted
to theuser's right (all participantswereright handed)when
facingtheSmartBoard,27degreesoff-axis. Thepairof pro-
jectorsusedfor theVRPconditionhad48degreesof angular
separationasmeasuredfrom thescreen.

Stud y Participants
Ourstudyparticipantswereseventeen(17)collegestudents,
9 malesand8 females,meanageof 21.3( � =1.77),from the

experimentalpool of theSchoolof Psychologyat our insti-
tute. We selectedright-handedparticipantswho exclusively
usedtheir right handfor interactingwith thescreen(without
a penor stylus).

Stud y Tasks
A photographicimagewasusedto evaluatesubjectiveimage
quality, and threetaskswerepresentedto the participants.
Thesetasksexercisethebasicsearching,selecting,dragging
andtracingoptionsthata userperformswith an interactive
surfaceto performsuchUI interactionsasbutton pushing,
slidermovement,icondragging,writing, etc.Althoughthey
did notdirectly simulatetheuseof realapplications,we felt
that thetasksarerelevantfor many standardUI interactions
andhence,many applications.

Box Task (Fast Search, Selection,and Dragging) - Boxes
with 2” sidesappearedpseudo-randomlyin one of 8 po-
tential startingpositionsaroundtheperimeterof thescreen
(Figure3),with a4” targetplacedin thecenterof thescreen.
The userwasinstructedto drageachbox into the targetas
quickly aspossible.

Eachusermovedtenboxesfromeach

Figure 3. Center
targetand the eight
starting positions.

of the eight positions(80 total) for
eachprojectiontechnology. Foreach
box,thesearch/select(acquire)time,
and total time were recorded. For
analysisof thethreefront projection
conditions(FP, WFP, VRP),datafrom
a video camerabehind the Smart-
Boardwasusedto determineif the

boxwasinitially visibleor occluded.

CrossesTask (Accurate Selection)& Spiral Task (Fast
Tracing) - Participantsperformedtwo othertasksdesigned
to measureaccurateselection(no time pressure)and fast
tracing(time pressure)suchasusedwhenwriting. There-
sultsfrom thesetwo tasksdid not showstatisticallysigni�-
cantdifferencesbetweenthefour conditionsandwill not be
discussedfurther dueto spaceconsiderations. Referto our
technical report[7] for moredetails.

RESULTS
Figures4 and5 summarizeour resultsandpresentthepair-
wise T-testsresultingfrom our statisticalanalysis. In our
within-subjectsdesign,participantsexperiencedeachcondi-
tion in a counter-balancedorder. Subjective measureswere
collectedvia questionnaireaftereachcondition,while qual-
itative measureswererecordedby thecomputeradminister-
ing the tasks. We analyzedthe datausinga repeatedmea-
suresANOVA. To correct for a potential violation of the
sphericityassumptionweappliedaGreenhouse-Geissercor-
rectionin all cases.Theindependentvariablewastreatment
condition(FP,WFP,VRP,RP).

SubjectiveMeasures- A maineffectwasfoundfor all sub-
jectivemeasures.[ImageQuality: F(2.224,35.589)= 9.755,
p < 0.001; Preference: F(2.359, 37.745)= 20.812,p <
0.001; Acceptance: F(2.156,34.5) = 17.366,p < 0.001].



Condition Compared
With:

Image
Quality Preference Acceptance

FP WFP 1.235 0.176 0.353
VRP 0.824 -1.294 -1.059
RP -1.353 -2.824 -2.647

WFP VRP -0.412 -1.471 -1.412
RP -2.588 -3.000 -3.000

VRP RP -2.176 -1.529 -1.588

Figure 4. (Top) Subjective scoresfr om participant ques-
tionnair es. (Bottom) Pairwise comparisons of Image
Quality, Preference,and Acceptancescoresbasedupon
tr eatmentcondition. Positive numbers indicate the con-
dition scored higher than the “compared with” condi-
tion. Statistically signi�cant differ ences(p<0.05)arepre-
sentedin bold.

As expected,rearprojectionhadthehighestreportedimage
quality. In thepostsessioninterview wefoundthatthefactor
leadingto the imagequality scorewasprimarily thesharp-
ness(or blurriness)of the image(100%)with someof the
participantsciting intensity or color saturation(29%) and
shadows (6%) asadditionalfactors. We attribute the poor
showing of VRPandWFP(leftmostbarsin thegraphof Fig-
ure 4) to usingthe SmartBoard's display(designedfor on-
axisprojection)for all conditions,whichwasneededto con-
trol for extraneousvariables.A followup studyhasshown
that WFP andVRP can performmuch betteron a surface
designedfor front projection[7].

Acquisition Time - In theBox taskthedependentvariables,
measuredin milliseconds,were(box)AcquireTimeandTo-
tal Time. A maineffectwasfoundbaseduponthetreatment
conditionfor AcquireTime[AcquireTime: F(2.127,34.036)
= 23.940,p <= 0.001]; no signi�cant differencewasfound
betweenconditionsfor the total taskcompletiontime. We
measuredthedifferencein acquisitiontimebetweenoccluded
andunoccludedboxesandcategorizedthebehaviorspartic-
ipantsadoptedto compensatefor shadows. WFP (with 66
occluded;4.9%of all boxes)andVRP (with 4; 0.3%)lower
thenumberof occlusionsdramaticallyin comparisonto FP
(with 178;13.1%)(Figure5).

Coping Strategies
Behavior in the VRP and RP cases(minimal to no occlu-
sions) were identical for all of the tasks,with almost all
participantsstandingnearthecenterof thescreenwith feet
shoulder-width apart(“A-frame” stance),moving only their
armsto reacharoundthescreen.In theFPandWFPcondi-

Condition Compared
With:

Mean
Diff.
(ms)

Std.
Error
(ms)

Sig.

FP WFP 128 25.1 0.000
VRP 102 24.9 0.001
RP 185 29.2 0.000

WFP VRP -25 13.0 0.072
RP 57 20.8 0.014

VRP RP 82 17.4 0.000

Figure5. (Top) Acquir e times in the Box task with num-
ber of occludedboxesin eachcondition. (Bottom) Pair-
wisecomparisonsof Box Acquir e Time (in milliseconds)
basedupon tr eatmentcondition. Positive numbers indi-
catehow much slower the “condition” is than the “com-
pared with” condition. All statistically signi�cant differ -
ences(p<0.05)arepresentedin bold.

tions,participantsquickly (within 10boxes)adoptedcoping
strategiesto work aroundtheir shadows. Participantsgener-
ally usedoneof thefollowing four strategies:

� Edge of Screen (7 of 17 participants)- Participantsstoodat the edge
of thescreen.Four participantswould leaninward to move boxes,im-
mediatelyreturningto their homepositionto insurethat they werenot
occludingthenext box. (SeeFigure2.) Threeparticipantsstoodslightly
in from theedge,so they would occasionallyoccludeboxeson the left
edge. When unableto ®nd a box, they would sway their upperbody
from thewaistuntil thebox they wereoccludingbecamevisible.

� NearCenter(7 of 17participants)- Theseparticipantswouldstandnear
thecenterof thescreen.Threeparticipantswereshortenoughto occlude
few boxes,while theotherswouldªswayºtheirentireupperbodyto ®nd
occludedboxes.

� Move on Occlusion(3 of 17 participants)- Participantswould move to
a new positionwhenever they occludeda box, andstaythereuntil they
occludedanotherbox atwhichpoint they would moveagain.

� DeadReckoning (1 of 17 participants)- This participantstoodso that
hisshadow would occludeonly asinglebox. Whenever hedid not seea
box,hewouldblindly selecttheareain hisshadow wheretheboxshould
belocatedanddragit ªblindlyºto thetarget.

Blinding Light Follo wup Stud y
To statisticallycon�rm thatpeopleareannoyedby projected
light cast on their faces,we performeda small followup
study with 10 participants. In a counter-balancedwithin-
subjectsdesign,weusedasingleoff axisprojectorto illumi-
natetheusersface,or not, asthey reada cardat the rearof
theroom.Questionnaireresultswereanalyzedwith apaired
samplest-testwhich showed that the differencein subjec-
tive comfort level (1.4) betweenthe illuminated(mean=5.9

� =1.37)anddark(mean=4.5,� =2.07)conditionswasstatis-
tically signi�cant (p <= 0.025).



DISCUSSION
We found that humansare able to quickly adaptto occlu-
sionsandshadowsfrom front projectionsystemsvia coping
behaviors to maintaintheir level of taskperformance.This
indicatesthat at least for simpletasks,and only consider-
ing ef�ciency, a singlefrontprojectoris suf�cient. However,
our taskswerequite basic,andmorecognitively challeng-
ing tasksmaysuffer from theuseof front projectioncoping
strategies.Secondly, andmoreimportantly, eventhoughper-
formancewascomparable,ourparticipantsstronglydisliked
front projectionwhencomparingit to rearprojection(a sig-
ni�cant subjective ratingdifferencebetween3.35and6.18).
There are veryfew applicationswhere theuser's preference
doesnotplaya strongrole in acceptanceandadoption,and
thesepreferencescorescannotbediscounted.

Ourstudyindicatesthatawarpedfront projectionsystemre-
ducesocclusionsby anaverageof 62%comparedto a front
projectionsystem.It canbe implementedusinga WFPca-
pableprojectorsuchasthe3M IdeaBoardor NEC WT600,
or in softwareusingatraditionalprojectorwith a3D acceler-
atedgraphicscard[9]. We recommendwarpedfront projec-
tion in situationswhere onlya singleprojectoris available.

Of the front projectiontechnologies,virtual rearprojection
hadthehighestuserpreferencescores,eliminateduser'scop-
ing behavior, andvirtually eliminatedocclusions. We rec-
ommendVRPwhentheuserdesiresa rear projection(RP)
solution,but is constrainedby the available space. If the
spaceandresourcesareavailable,a rearprojectionsystem
continuesto providethebestuserexperience.

The twin factsthat 1) userspreferedrearprojectionto our
virtual rearprojection(VRP),and2) thatthey foundblinding
light annoying, motivatefurtherdevelopmentof VRP tech-
nologies.Althoughseeminglyobvious,wehaveempirically
con�rmedthatusersnoticewhenthey arein thebeampathof
a projectorand�nd it moderatelyannoying, motivatingthe
additionof blinding light suppressionto active virtual rear
projectiontechnologies.We expandour taxonomyof pro-
jectiontechnologiesdiscussedpreviouslywith (Figure6):

� Active Virtual RearProjection(AVRP) - Similar to passiveVRP, AVRP
addsa cameraor othersensorwhich determineswhenoneof the pro-
jectorsis occluded.Thesystemthenattemptsto compensatefor thisoc-
clusionby boostingoutputpower from theotherprojector(s)to increase
contrastin theªhalf-shadowº area(s),effectively eliminatingthem[2,4].

� AVRPwith Blinding Light Suppression(AVRP-BLS)- Similarto AVRP,
AVRP-BLSaddstheability to detectandturnoff projectoroutputthatis
shiningon anobjectotherthanthe screen,suchasan interveninguser.
Thisblinding light suppressionallowsusersto comfortablyfacethepro-
jectorswithoutblindinglight or distractinggraphicsbeingprojectedinto
their eyesor ontotheirbodies[2].

We intendto closethegapbetweenfront andrearprojection
by continuingthedevelopmentof active virtual rearprojec-
tion with blinding light suppression.Our eventualgoal is
making virtual rear projection indistinguishablefrom true
rear projection. Our initial AVRP-BLS prototype(Figure
7) updatesthedisplay10 timesa second,demonstratingthe
feasibility but still requiringengineeringwork to reachthe
imperceptiblethreshold.

AVRP AVRP-BLS

Figure6. Additions to projection technologiestaxonomy.

Figure 7. Active Virtual Rear Projection system with
Blinding Light Suppression,with a moving user.
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