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Abstract

Rear projection is often preferred over front projection for
creating large-scale interactive displays because it does
not suffer from shadows. However, rear projection is not
always feasible due to space and cost reasons. Recently,
Virtual Rear Projection (VRP) techniques have been de-
veloped which coordinate the outputs of multiple over-
lapping projectors to compensate for shadows and occlu-
sions. We present the results of a user study which com-
pares VRP approaches to traditional rear and front pro-
jection. One conclusion from this study is that active com-
pensation schemes are justified by user preference. We
also present new results for configuring projected displays
using markers, which increases their usability in large in-
teractive displays.

1 Introduction

Virtual Rear Projection (VRP) is an exciting new technol-
ogy for large-scale interactive displays. By overlapping
multiple aligned projectors and using visual feedback, it
is possible to eliminate shadows cast by occluders[10, 4]
and suppress light cast on the occluders[11]. These fea-
tures are ideally suited for large interactive displays where
users approach the display surface. We refer to this tech-
nology asvirtual rear projection because it provides some
of the benefits of rear projection displays using inexpen-
sive, flexible front projection technology. Figure 1 illus-
trates the basic concept. In contrast to VRP, conventional
rear projection is costly from a space, display material,
and installation standpoint. In addition, the resulting dis-
play area is constrained by the limited extent of the in-
stalled projection surface.

Recent work on electronic whiteboards[5], digital tape

drawing[1], and focus plus context displays[2] have
demonstrated a variety of applications for large interac-
tive displays. We are particularly interested in deploy-
ing large VRP displays in a classroom setting. While our
work is based on coordinating the outputs of multiple con-
ventional projectors, there has been much recent interest
in customized projector systems. The Everywhere Dis-
plays projector[7] allows interactive displays in the foot to
yard scale to be front projected onto arbitrary planar sur-
faces, greatly increasing their ubiquity. Recently, Raskar
demonstrated a portable projector-camera system to aug-
ment reality[8].

In this paper, we describe two extensions of VRP tech-
nology which are designed to enhance its usability for in-
teractive displays. The first is a user study which bench-
marks the effects of occlusions and shadows on end users
and assesses the relative value of several different VRP
approaches. This study is the first step in an effort to quan-
tify the benefit of sophisticated compensation schemes
under realistic application conditions. We believe this is
the first user-study conducted for VRP technologies.

The second extension of VRP technology described in
this paper is a real-time calibration technique which gives
greater flexibility and ease in defining multiple display
surfaces. Our technique makes it possible to easily co-opt
any existing wall area into multiple displays simply by
placing fiducial markers and pointing a projector-camera
system towards them. In particular, we describe a simple
form of steerable display which can be constructed with
this approach.

2 Study Design

The study described in this paper is designed to: 1) De-
termine the extent to which shadows on a front projected

1



���
���
���
���

����
����
����
����

Projector (P1)

Projector (P2)

Camera (C)

Occluder

Shadow 2 Shadow 1

Display surface (S)

Figure 1: (a) Plan view of VRP system. (b) Passive VRP approach using “half shadows”. Active VRP approaches
include (c) Shadow elimination and (d) Occluder light suppression.

surface affect user task performance. 2) Investigate user
strategies for coping with imperfect display technology
(which allow occlusions). 3) EvaluateWarped Front
Projection (WFP) and Passive Virtual Rear Projec-
tion (PVRP) in comparison to standardFront Projection
(FP) and trueRear Projection (RP) in terms of human
performance and preference.

WFP and PVRP are simple compensation techniques
that do not require real-time feedback control of multiple
projector outputs. Measuring their effectiveness provides
a benchmark which more sophisticated active compensa-
tion schemes can be compared against. One conclusion
from this study is that active compensation schemes are
justified by user preference.

The study compares the four conditions listed below for
a single userworking with a large scale interactive sur-
face. Participants were asked to perform interactive tasks
on a SmartBoard which utilized a contact sensitive film
(touch screen) on the display surface for input. Our study
presented participants with four counterbalanced condi-
tions: FP, WFP, PVRP, RP, which we describe in the
following list:

� Front Projection (FP)- A single front projector is
mounted along the normal axis of the screen. Users
standing between the projector and the screen will
produce shadows on the screen. This is a setup simi-
lar to most ceiling mounted projectors in conference
rooms.

� Warped Front Projection (WFP)- A single front pro-
jector is mounted off of the normal axis of the pro-
jection screen, in an attempt to minimize occlusion
of the beam by the user. The output is warped to
provide a corrected display on the screen. Examples

are new projectors with on-board warping functions,
such as used by the 3M IdeaBoard[3], or the Every-
where Displays Projector[7]. Additionally, the lat-
est version of the nVidia video card drivers includes
a “keystoning” function which allows any Windows
computer to project a warped display.

� Passive Virtual Rear Projection (PVRP)- Two front
projectors are mounted on opposite sides of the nor-
mal axis to redundantly illuminate the screen. Out-
put from each projector is warped (as with WFP) to
correctly overlap on the display screen. This reduces
the number, size and frequency of occlusions.

� Rear Projection (RP)- Using a single projector
mounted behind the screen, so that it is not possible
to occlude the projection beam or cause shadows.

2.1 Equipment Setup

Care was taken to adjust the output of all projectors so
that the intensity on the screen was equal between the dif-
ferent conditions (as measured by a Sekonic Twinmate
L-208 light meter). For all conditions the output reso-
lution was adjusted to provide an apparent resolution of
512x512, covering the entire SmartBoard screen, which
measures 58” (1.47m) diagonally.

For the front projection conditions (FP,WFP,PVRP)
three matched projectors were mounted 7’1” (2.16m)
high on a uni-strut beam 10’ (3.05m) from the Smart-
Board. The rear projection (RP) condition used a projec-
tor mounted behind the SmartBoard screen. The projector
used for WFP was mounted to the user’s right (all partic-
ipants were right handed) when facing the SmartBoard,
27 degrees off-axis. The pair of projectors used for the
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PVRP condition had 48 degrees of angular separation as
measured from the screen.

Two video cameras were used to document each ses-
sion. One camera was mounted behind the SmartBoard
screen and was used to measure occlusions caused by
the user in the front projection cases (FP,WFP,PVRP),
while the other camera recorded the participants’ inter-
action with the display surface.

2.2 Study Participants and Tasks

Our study participants were seventeen (17) college stu-
dents, 9 males and 8 females, mean age of 21.3 (�=1.77),
from the School of Psychology’s experimental pool. Par-
ticipants were selected to be right-handed, and used their
right hand exclusively for interacting with the screen. A
photographic image, used to evaluate subjective image
quality, and three tasks were presented to the participants.
These tasks (especially the second and third) exercise
the basic operations (searching, selecting, dragging and
tracing) that a user performs with an interactive surface,
and are the low level operations needed to perform such
UI interactions as button pushing, slider movement, icon
dragging, etc. Although they do not directly simulate
the use of real applications, we feel that the tasks are
relevant for many standard UI interactions and hence,
many applications.

Accurate Selection Task (Crosses Task) -Twenty
crosses were displayed in a grid over the display surface.
The user was instructed to tap as close to the center of
each cross as possible, taking as much time as necessary.
Accuracy measurements (X and Y offset from the actual
center) were made for each cross.
Fast Search, Selection, and Dragging Task (Box Task)
- Boxes with 2” sides appeared pseudo-randomly in one
of 8 positions around the perimeter of the screen (Figure
2), while a 4” target was placed in the center of the screen.
The user was instructed to drag each box into the target.
The user moved eighty (80) boxes (ten boxes from each
of the eight positions) for each condition.

For each box, the search/select (acquire) time, drag
time, and total time were recorded, as well as the num-
ber of drags/touches needed to move it into the tar-
get. For analysis of the three front projection conditions
(FP,WFP,PVRP), data from the video camera behind the

Figure 2: Target and box starting positions.

SmartBoard was used to determine if the box was initially
visible or occluded. A box which was in a half-shadow
(in the PVRP condition), and visible with a lower level of
contrast, was considered to be unoccluded.
Fast Tracing Task (Spiral Task) -An Archimedes’ spiral
with three revolutions (� = 6�), designed to test non-
linear dragging as an approximation to activities such as
tracing and writing, was presented to the participants who
were instructed to trace it as quickly as possible. While
the user traced sufficiently close to the spiral, their finger
would erase it. If their path deviated significantly from the
spiral it would cease to respond (erase) and they would
have to re-trace from their point of deviation. The error
metric allowed for fast tracing, but was strict enough to
discourage wild gesturing.

3 Results

Tables 1 & 2 summarize our results discussed in the fol-
lowing sections. Results from the subjective measures
(Table 1) indicate significant differences for all four con-
ditions. [Image Quality: F(3,48) = 9.755, p < 0.001;
Preference: F(3,48) = 20.812, p < 0.001; Acceptance:
F(2.156,34.5) = 17.366, p < 0.001]1

3.1 Subjective Measures: Image Quality,
Preference & Acceptance

Image Quality - As expected, rear projection had the
highest reported image quality (“How would you rate the
image quality of the display technology? [ Poor Quality =

1We conducted a repeated-measures ANOVA to analyze our data.
To correct for a potential violation of the sphericity assumption in the
acceptance case we applied a Greenhouse-Geisser correction. Post-hoc
analysis used paired-samples t-tests. Values of p lower than 0.05 were
deemed significant.
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Condition Image Quality Preference Acceptance
Front Projection (FP) 4.52 3.35 3.82

Warped Front Projection (WFP) 3.29 3.18 3.47
Virtual Rear Projection (VRP) 3.70 4.65 4.88

Rear Projection (RP) 5.88 6.18 6.47

Table 1: Mean subjective measures from 7 point scales. RP scores (inbold) are significant when compared to all
other conditions (p<0.05). User preference of PVRP is also significant. The scores of WFP and PVRP (initalics) are
significant in relation to each other in the user preference and acceptance categories. The other scores report trends in
the data that does not fall under the p<0.05 significance criteria.

Condition Box Aquire Time (sec.) Crosses Error Spiral Time (sec.)
Front Projection (FP) 1.25 (0.49) 0.0074 (0.0121) 13.75 (4.10)
Warped Front Projection (WFP) 1.12 (0.26) 0.0082 (0.0033) 13.15 (4.00)
Virtual Rear Projection (VRP) 1.15 (0.28) 0.0084 (0.0088) 13.06 (3.90)
Rear Projection (RP) 1.07 (0.23) 0.0081 (0.0183) 12.27 (3.81)

Table 2: Quantitative measures - Mean (Standard Deviation)

1 2 3 4 5 6 7 = Excellent Quality]”). To control indepen-
dent variables we used the SmartBoard’s rear projection
surface for all conditions. Projecting onto the front of the
surface (as FP, WFP, and PVRP do) causes a “ghosting”
of the image due to multiple reflections from the front
and back faces of the surface and the touch sensitive over-
lay used for input. WFP and PVRP, which both use off-
axis projectors, were at a distinct disadvantage, as the rear
projection display surface is specifically manufactured to
be used in an on-axis configuration, and off-axis projec-
tion results in a visible blurring of the image due to the
“across-the-grain” projection. In the post session inter-
view we found that the factor leading to the image qual-
ity score was primarily the sharpness (or blurriness) of
the image (100%-P: 1-17) with some of the participants
citing intensity or color saturation (29%-P: 4,7,8,13,16)
and shadows (6%- P: 5) as additional factors. Some par-
ticipants mentioned multiple factors and were counted in
each category for factors leading to their image quality,
preference and acceptance rankings.

Preference - Rear projection was the overall favorite
on the preference question(“Please rate the display
technology on the following scale for the tasks per-
formed. [Definite dislike = 1 2 3 4 5 6 7 = Liked very
much]”). When asked to volunteer what factors they con-
sidered when making their preference judgments, about

half of the participants mentioned image quality (65%-
P: 1,3,5,6,7,9,10,12,13,16,17) and an equal number men-
tioned shadows (65%-P: 2,3,4,5,6,8,10,11,13,14,15), or
lack thereof.
Acceptance -The user acceptance question (“Please rate
your willingness to use this display technology on the fol-
lowing scale: [ Absolutely unacceptable = 1 2 3 4 5 6 7
= Completely acceptable]”) was designed to determine if
users would be willing to use a display technology, even if
it was not their first choice (preference). Trends followed
the preference rating question with slightly higher differ-
ences. When asked to volunteer what factors contributed
to their acceptance rating, more than half mentioned im-
age quality (53%-P: 2,3,4,5,6,9,14,16,17), and shadows
(53%-P: 4,6,8,9,11,12,13,14,15). Ease of performing the
task (P: 6,9), touch-screen problems (P: 7,12), unspeci-
fied reasons (P: 10) and “just kind’a a gut reaction” (P: 1)
made up the remainder of responses.

3.2 Quantitative Measures:
Speed & Accuracy

The Box task was specifically designed to generate out-
put that would be likely to fall within (and be hidden by)
the user’s shadow. We measured the difference in acquire
time between occluded and unoccluded boxes, as well as
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observed the behaviors they adopted to compensate for
shadows (see section 3.3). Figure 3 shows the time dif-
ference between occluded and unoccluded boxes, demon-
strating the performance penalty experienced by users un-
der occluding conditions. WFP (with 66 occluded - 4.9%
of all boxes) and PVRP (with 4 - 0.3%) lower the number
of occlusions dramatically in comparison to FP (with 178
- 13.1%). The majority of occluded boxes fell in the bot-
tom left and bottom center quadrants of the screen. How-
ever, the number of occluded boxes was insufficient to
significantly affect the overall task completion time.

Figure 3: Acquire time for occluded vs. unoccluded
boxes.

We found no significant difference between the four
conditions for accurate selection, as measured by the
crosses task.

The Spiral task measured the user’s ability to quickly
trace a curve, exercising muscle motions similar to free
form drawing or writing, in a more controlled setting.
Conditions which eliminated or reduced shadows (RP &
PVRP) had slightly faster mean completion times than
conditions which did not (FP & WFP), but these trends
are not statistically significant.

3.3 Observations

3.3.1 Occlusion & Shadow Coping Strategies

Behavior in the PVRP and RP cases (minimal to no occlu-
sions) were identical, with almost all participants stand-
ing near the center of the screen with feet shoulder-width
apart (“a-frame” stance), moving only their arms to reach
around the screen. When compensating for occlusions in

the FP and WFP conditions, participants generally used
one of the following four strategies. Almost all partici-
pants settled into a single strategy fairly quickly (within
10 boxes).

� Edge of Screen(7 of 17 participants) - Participants
stood at the edge of the screen. Participants 2,9,13,
and 15 would lean inward to move boxes, immedi-
ately returning to their home position to insure that
they were not occluding the next box. Participants
1,8, and 14 stood slightly in from the edge, so they
would occasionally occlude boxes on the left edge.
When unable to find a box, they would sway their
upper body from the waist until the box they were
occluding became visible.

� Near Center(7 of 17 participants) - These partici-
pants would stand near the center of the screen (usu-
ally with their right shoulder directly above the tar-
get). Participants 5, 12 and 16 were short enough
to occlude few boxes, while participants 6,7,10, and
17 would occlude boxes and use the above “sway”
strategy to find occluded boxes.

� Move on Occlusion(3 of 17 participants) - These
participants (P4,P9,P11) would move to a new po-
sition whenever they occluded a box, and stay there
until they occluded another box, at which point they
would move again.

� Dead Reckoning(1 of 17 participants) - Participant 3
stood near the center of the screen so that his shadow
would occlude only a single box (position #5, lower
left). Whenever he did not see a box, he would
blindly select the area in his shadow where the box
should be located (with an impressive degree of ac-
curacy) and drag it to the target. (When performing
the spiral task, participant 3 would “drag through”
his shadow along the curve, also with impressive ac-
curacy.)

For the Crosses task, most participants would work
around their shadows, usually standing to the left of the
cross they were currently working on. For the Spiral task,
all participants (other than P3) would sway their body out
of the way of the portion of the spiral they were currently
tracing, giving a “tree swaying in the wind” appearance.
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3.3.2 Participant Awareness of Shadow Coping
Strategies & Preference Ratings Factors

About half of the participants (47%-P:2,4,6,8,9,13,14,15)
volunteered that they developed strategies to cope with
occlusions, (“Where their any specific strategies you
used to perform the tasks?”) while others (43%-
P:1,3,7,10,11,12,16,17) only recognized that they had
done so when asked by the interviewer (“Did you have
any problems with shadows in any of the conditions?”
/ “How did you deal with them?”) and one participant
(6%-P: 5) who had only occluded 3 boxes (the average
participant occluded 14.6 boxes) declared that they had
no problems with the shadows.

Interestingly, of the eight participants who volunteered
that they had developed strategies to deal with the shad-
ows, seven (P: 2,4,6,8,13,14,15) stated that shadows were
a factor in their preference ratings, while one (P: 9) only
reported having considered image quality. Of the eight
who only recognized their shadow coping behavior af-
ter being prompted by the interviewer, three (P: 3,10,11)
cited shadows as a factor in their preference ratings,
while five reported using image quality exclusively (P:
1,7,12,16,17).

4 Flexible Placement of Projected
Displays

We have developed a real-time projector-camera calibra-
tion system[9] that could add flexibility to virtual rear pro-
jection. With this system, a user may specify the loca-
tion of the display by placing four fiducial markers to de-
fine the corners of the desired projection area. Through
visual tracking of both the positions of the four mark-
ers and the corners of the the quadrilaterals formed by
each projector’s output, the appropriate warping parame-
ters can be updated in real-time. Recent improvements to
the robustness of our calibration system enable a user to
steer a display to multiple display regions in the spirit of
IBM’s steerable interfaces[6]. The user may move a pro-
jected display to any pre-defined region to have the dis-
play “snap” into place in a stable manner (see Figure 4).
We now describe these improvements and present prelim-
inary results for steerable projected displays.

Figure 4: Left : Initial display calibrated to fit inside re-
gion defined by poker chips.Right: Corrected display
after steering it from a region defined on a front-facing
wall to one defined on a side wall. Note that the view
of Catbert has switched from the front to the side as it is
mapped to the side wall.

4.1 Real-Time Calibration

A key issue for the robustness of the projector-camera
system is the ability to re-calibrate the homography map-
ping the camera’s image to the projected image if either
the camera or the projector are moved. In addition, a ba-
sic question is how to specify the location of the display.
We now describe a real-time calibration system which ad-
dresses both of these concerns.

The system uses a set of four fiducial markers on a dis-
play surface such as a wall or table to define the four cor-
ners of the desired projected area. Since walls tend to
be light colored, we have found that any small dark tar-
get, such as a poker chip, can serve as a good fiducial
marker. By positioning the targets appropriately on the
display surface, the user can identify the desired display
area. We register the display to the defined projection re-
gion by texture-mapping an appropriately warped and po-
sitioned quadrilateral. The parameters used to position
this quadrilateral are calculated by tracking both the posi-
tions of the four markers and the corners of the quadrilat-
eral formed by the projector’s output.

In some applications the positions of the projector or
camera, as well as the positions of the markers, may
change over time. We can view each of these changes
as disturbances that perturb the calibrated relationship be-
tween the cameras, projectors, and display. In this in-
stance, disturbance rejection can be easily accomplished
by tracking the quadrilateral corners and marker positions
in real-time, and updating the warping parameters appro-
priately. Note that the dynamics in this case are extremely
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fast, since the only limit on the speed at which the projec-
tor output can be changed is the overall system bandwidth.

We tackle the problem of incorrect warping due to in-
accurate projection corner and marker detections by in-
specting a buffer of previous detections. The system
only permits an update of the warping parameters if the
buffer of coordinates passes two simple tests: (1) for
each marker and projection corner point, the distance be-
tween the median coordinates in the buffer and the cur-
rently stable coordinates must be greater than a chosen
distance threshold; (2) the variance of the coordinates in
the buffer from the mean coordinate must be less than
a chosen variance threshold. The first test accounts for
noisy coordinate location detections within a small neigh-
borhood due to jittery, yet correct detections. The second
test adequately handles incorrect detections because false
detections should occur sporadically while true positives
should remain fairly constant over time within a small
neighborhood.

4.2 Poker Chip Tracking

The problem of tracking the fiducial markers is challeng-
ing when the projection image is constantly changing,
such as during movie playback, or when room lighting
conditions vary. Basic thresholding is obviously inad-
equate because it assumes the intensity distribution will
not deviate from a model distribution used for picking a
static threshold. We present a simple algorithm for track-
ing fiducial markers that adapts to illumination changes in
real-time.

The algorithm is based on the assumption that the fidu-
cial markers will always be among the darkest objects in
the field of projected light. We tested a number of poten-
tial markers, such as bike reflectors and pieces of black
felt, and found blue poker chips to be a good choice since
they contrast well with most projected images and are
convenient for hand manipulations due to their rigidity
and form factor.

The algorithm performs threshold segmentation across
a user-specified range of threshold intensities centered on
the mean intensity. The system rejects all connected com-
ponents that do not follow two heuristic rules: (1) con-
nected component has square aspect-ratio within a user-
specified tolerance; (2) area of connected component is
within user-specified range. These heuristic rules are

based on the assumption that connected components rep-
resenting the poker chips will have a square aspect-ratio
and occupy a "natural" percentage of the total image area.
All connected components across the range of threshold
images are binned into a grid that divides the image into
40 rows and columns. The mean positions recorded in the
four peaking bins of the histogram are then returned as the
detected poker chips.

4.3 Experimental Results

Previously[9], we reported results of three experiments to
evaluate the ability of the visual feedback loop to compen-
sate for disturbances to the projector and camera positions
and the positions of the fiducial markers. We summarize
these results in Figure 5. Since then, we have improved
the robustness of the system. A user may define mul-
tiple display regions using multiple sets of poker chips
and move the projector to target any region visible to the
camera. This “steerable” feature of our auto-calibration
system is possible due to the improvements to the poker
chip detector, which make it robust to extreme lighting
variations, and also due to the added stability of warp-
ing parameter updates. We tested projector retargeting by
pointing the camera at the corner of a room and defining
a projection region on each of the intersecting walls. Our
system successfully re-warped the output to fit within the
new region when moved from one wall to the next as illus-
trated in Figure 4. The retargeting of the display happened
immediately and in a stable manner (display only moved
once the projector covered all chips and remained static
for one second).

5 Summary

In this paper we reported on an empirical study compar-
ing front projection (FP), warped front projection (WFP),
passive virtual rear projection (PVRP), and rear projection
(RP) and demonstrated a method to control the placement
of projected displays.

We feel the fact that users did not use occlusion cop-
ing strategies when using passive virtual rear projection is
an important indication of the benefits it provides over FP
& WFP. A rear projected display was prefered by users.
Passive virtual rear projection, although ranked lower than
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(a) (b) (c) (d) (e) (f)

Figure 5: (a) and (b): The effect of a change in the marker configuration on the system is shown at two different time
instants. The four markers define an interface by which the user can control the size and location of the display. (c) and
(d): The effect of a change in the projector position is shown at two different time instants. The projector quadrilateral
changes while the display defined by the markers does not. (e) and (f): The effect of a change in the camera position is
shown at two different time instants. The entire image is distorted, but the display continues to fill the region defined
by the markers.

rear projection, was ranked higher than warped front pro-
jection and front projection.

Users preferred rear projection over passive virtual rear
projection, indicating that passive VRP is not yet good
enough to replace rear projection. We plan to continue de-
veloping active virtual rear projection with occluder light
suppression to make it more indistinguishable from true
rear projection.
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