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ABSTRACT
Recent two-way collaboration prototypes attempt to improve natural
interactivity, correct eye contact and gaze direction, and media sharing using novel configurations of projectors, screens, and video cameras. These systems are often afflicted by video cross-talk where the
content displayed for viewing by the local participant is unintentionally captured by the camera and delivered to the remote participant.
Prior attempts to reduce this cross-talk purely in hardware through
various forms of multiplexing (e.g., temporal, wavelength (color),
polarization) have performance and cost limitations. In this work,
careful system characterization and subsequent signal processing algorithms allow us to reduce video cross-talk. The signals themselves
are used to detect temporal synchronization offsets which then allow
subsequent reduction of the cross-talk signal. Our software-based
approach enables the effective use of simpler hardware and optics
than prior methods. Results show substantial cross-talk reduction in
a system with unsynchronized projector and camera, and with crosspolarizing filters for nominal separation of the video signals.

there are large motions or scene transitions in the cross-talk signal.
Figure 1 shows a video frame with cross-talk and the corresponding
frame with cross-talk reduced using our approach.

Index Terms— video cross-talk, visual echo cancellation, immersive collaboration, synchronization, projector-camera systems.
1. INTRODUCTION
Two-way collaboration systems attempt to provide natural interaction among participants at two different locations. Desired attributes
of these systems include natural frontal view with correct eye contact
and eye gaze, as well as the ability to interact on a shared surface.
This is achieved by both displaying information for each local participant and capturing information to deliver to the remote participant
through the same surface. These systems are often afflicted by video
cross-talk which arises when the video signal to be displayed to the
local user interferes with the local video signal that one desires to
capture with the camera. Prior systems used optics and hardware
to separate the cross-talk signal: [1] used synchronized temporal
multiplexing of the video signals, and [2] used wavelength multiplexing using precision multiple-passband optical filters. A related
prior approach [3] applied to two remote participants working with
shared projected content on white boards, and a portion of the view
of the camera contained the desired local signal, e.g., text or hand
drawings on a white board, and segmentation was applied to classify
each pixel as cross-talk or not. Additional emerging applications in
portable configurations [4] may also require cross-talk reduction.
Our method reduces video cross-talk via algorithms implemented
in software, significantly reducing cost and hardware complexity
compared to conventional hardware and/or physics-based approaches.
Unique aspects of our work include the use of the signals themselves
for synchronization, the careful modeling of the forward path from
projector to camera, including space-varying blur, and a temporal
mixture model for the reconstruction that works well even when

Fig. 1. Cross-talk input and output of the algorithm.

2. PROBLEM SETUP
Figure 2 shows the configuration of the system described in [2], but
using polarizers instead of multiple-passband optical filters for the
signal separation. The figure shows the light paths and the signals
used by the software processing pipeline described in this paper.
The local participant is shown to the left of a holographic diffusing
screen. On the screen is projected the image of the remote participant, as well as any additional information intended to be displayed.
The characteristics of the holographic screen allows viewing of the
local participant by the camera, but in addition there is visual crosstalk that comes from the back-scattered projected light. Even though
orthogonal polarizers in front of the projector and the camera minimize cross talk, the residual cross talk is still visible and objection-
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Fig. 2. Light paths and signals for the experimental system.
able, as seen in the top image of Figure 1. The human visual system
is highly sensitive to structured patterns, and therefore the cross-talk
is more noticeable than, e.g., noise with an equal amount of power.
The projector digital video signal, p(m1 , m2 , l), is also sent to
software to modify the camera video signal, c(n1 , n2 , k), by first
detecting synchronization offset and subsequently generating crosstalk reduced signal ĉd (n1 , n2 , k). The signals p(m1 , m2 , l) and
c(n1 , n2 , k) are unsynchronized, or in other words, the unknown
time difference between l and k is not fixed nor is it an integer. For
example, the camera and projector may operate at different capture
and display frequencies, and even if they are at the same frequency
there can be a time-varying phase (time offset) between them. Therefore, our solution also needs to address the synchronization problem.
3. PROPOSED SOLUTION
Our proposed solution starts conceptually at the back of the screen
(the side towards the camera in Figure 2). The linearity of light
means that the radiance emerging from the back of the screen is,
s(x, y, t) = sp (x, y, t) + sd (x, y, t)

(1)

subtract the estimated signal ĉp (n1 , n2 , k) = f (p(m1 , m2 , l)) from
Equation 2. This section covers the transformation from a single projector frame to the camera signal, and Sections 3.2 and 3.3 cover the
required temporal aspects needed for unsynchronized projectors and
cameras. To obtain good results, all of the photometric, geometric
and optical factors that comprise f () need characterization. Related
work in projector-camera modeling [5, 6, 7, 8] developed inverse
models in order to modify multiple projector input signals to result
in uniform and well-blended signals on a screen. The camera is used
incidentally in these applications to characterize the inverse model
but it is not used during operation. In our case, in addition to the
forward model, we need signal subtraction at the camera to provide
the cross-talk reduced signals to the remote participants. The techniques used in the related works are similar to ours at a high level, but
the technical details differ for each component. In addition, we are
not aware of prior work on space-varying blur modeling or temporal
mixing, as is required to obtain good results for our application.
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Fig. 3. The static portions of the forward model transforming
projector input signals p(m1 , m2 , l) to camera cross-talk signal
ĉp (n1 , n2 , k).
Our model uses static (time-invariant) characterizations of: 1)
color transformation; 2) geometric transformation; 3) space-varying
color gain and offset, and 4) space-varying blur. Figure 3 shows a
block diagram of the transformation. An example of the predicted
cross talk from an input projector frame is shown in Figure 4.

where continuous signal s(x, y, t) represents radiance, composed of
two terms: (1) sp (x, y, t), from the video of the remote participant
displayed by the projector, and resulting in the cross-talk signal in
the camera, and (2) from the desired light sd (x, y, t) coming from
the room, containing the local participant to the left of the screen. At
the camera, because of the polarizer, the two signals are attenuated
differently, but linearity continues to hold because we control the
camera and enforce its linearity by setting the camera gamma to the
identity. The resulting video frames at the camera are given by
c(n1 , n2 , k) = cp (n1 , n2 , k) + cd (n1 , n2 , k).

(2)

Where the functions c(), cp () and cd () are 3-color functions of discrete spatial indices n1 and n2 and discrete temporal index k (color
index not indicated for simplicity).
The algorithm inputs are the corrupted signal c(n1 , n2 , k) and a
short sequence of frames p(m1 , m2 , l) for l ∈ [lmin (k), lmax (k)].
The output is an estimate of the desired cd (n1 , n2 , k). Linearity
allows us to solve the signal subtraction problem for any arbitrary
interfering cross-talk signal. In the related prior approach [3] participants worked with shared content on white boards, and the desired
local signal, e.g., text or hand drawings on a white board covered
only a portion of the board. The authors used image segmentation
to classify pixels as cross-talk or not, and tuning parameters reduced
the misclassification errors. In our problem scenario the entire view
of the camera contains desired signal as well as cross-talk and it is
not possible to segment the cross-talk artifacts for removal.
3.1. Projector-Camera Static Forward Model
We estimate the transformation (forward model f ()) from projector signal p(m1 , m2 , l) to camera cross-talk signal cp (n1 , n2 , k) to

Fig. 4. Digital input sent to projector p(m1 , m2 , l) shown on the left
and the transformed cross-talk signal ĉp (n1 , n2 , k) by applying the
transformation shown in Figure 3 is shown on the right.
Video test patterns including color patches, grid patterns, horizontal and vertical stripes, and uniform white, black and gray level
signals are sent to the projector while the room is dark to estimate
the different parameters of f (). We begin at step space-varying offset and gain in Figure 3. By averaging captured uniform white video
frames and black video frames, we determine the (spatially-varying)
white response, W (n1 , n2 ), and the black response, B(n1 , n2 ), of
the projector-camera system. For input cI (n1 , n2 , k), the output is
given by
cO (n1 , n2 , k)

=

cI (n1 , n2 , k)[W (n1 , n2 ) − B(n1 , n2 )]
+B(n1 , n2 )
(3)

Given this gain offset transformation, the global color transformation is determined next by fitting between measured colors and color
values cI () computed using the inverse of Equation 3. Measured average color values for gray input patches are used to determine 1D

lookup tables applied to the input color components, and measured
average color values for primary R,G,B inputs are used to determine
a color mixing matrix using the known digital input color values.
Computing the fits using the spatially renormalized colors allows
our color model to fit the data with a small number of parameters.
The geometric transformation is determined using a traditional
polynomial mesh transformation model [5].

3.2. Signal-based synchronization
Prior methods have used hardware synchronization [1] or have added
decodable bar-code symbols into the video stream [3]. Here, we use
a signal processing method that has the advantage that it does not
require additional hardware or additional information placed in the
video signal. We find that a method that processes single frames at
a time is sufficient to detect the synchronization offset between the
digital projector stream p(m1 , m2 , l) and the captured camera video
c(n1 , n2 , k). The method consists of applying the forward model to
the projector signal in a buffer of frames to generate the estimate for
the cross talk signal ĉp (n1 , n2 , l) and computing the projection
P
n1 ,n2 d(ĉp (n1 , n2 , l))d(c(n1 , n2 , k))
P
(6)
l̂ = arg max
2
l
n1 ,n2 d(ĉp (n1 , n2 , l))
Where d() is a bandpass filter that detrends and mean-subtracts its
input signals, without which spurious matches may occur. Equation 6 is similar to a bank of matched filters, where the filters are the
estimates d(ĉp (n1 , n2 , l)) for different l values. The value l̂ identifies one of the interfering frames in our unsynchronized system.
3.3. Temporal mixture estimation

Fig. 5. Blur uncompensated on the left, but compensated on the
right. The images are enhanced for print, but the unenhanced structured artifacts are very visible and objectionable in the videos.
The final space-varying blur step shown in Figure 3 is required
to obtain good results at edges in the cross-talk signal. If the blur
is not applied, objectionable halo artifacts remain visible in the restored signal, as seen in Figure 5, where the left shows results when
the space-varying blur is not modeled (halos of the letter ”a” and
vertical step edge are visible), and the right shows improved results
that incorporate the space-varying blur model.
The parameters of the space-varying blur were determined by
estimating separable blur kernels in the horizontal and vertical directions. Captured horizontal and vertical step edges at different locations in the frames were fit using scaled erf functions. The standard
deviations σ of best fit are also the parameters for the space-varying
Gaussian blurs we apply. The range of values found are σ ∈ [1, 4].
The sparsely sampled blur estimates, 50 points each for horizontal
and vertical estimates, were interpolated to a dense set of horizontal
and vertical blur parameters,σh (n1 , n2 ) and σv (n1 , n2 ).
Direct implementation of space-varying blur,
cb (n1 , n2 ) =

X

G(n1 , n2 , n1 , n2 )cu (n1 , n2 )

(4)

is expensive so we modified (to provide unity gain filters) the efficient method described in [9] where Gaussian filters of arbitrary
width are approximated by a linear combination of space invariant
Gaussian filters of predetermined width. The linear (but shift variant) operation of Equation 4 is now approximated by
cb (n1 , n2 ) ≈

i

αi (n1 , n2 )

l+1)),
ĉp (n1 , n2 , k, α) = αf (p(m1 , m2 , l̂))+(1−α)f (p(m1 , m2 , ˆ
(7)
corresponds to the physical assumption that the projector displays
frame l̂ for a proportion α of the time, and the remaining camera
capture time, 1 − α, the projector displays frame ˆ
l + 1.
To estimate α, we use a total variation measure, elsewhere applied for image denoising and restoration. The total variations of a
differentiable image I(x, y) is defined [10] by
Z
| ∇I(x, y) | dΩ.
(8)
tv(I(x, y)) ≡
Ω

n1 ,n2

X

Lack of synchronization means that the cross-talk signal at the camera may arise from a number of frames projected on the screen during the camera frame integration time. In the following we assume
that the nominal projected video and camera frame rates are the
same, however the approach generalizes to the case of different frame
rates. When the nominal display and camera frame rates are the
same, we assume the cross-talk originates from two consecutive projected frames. The signal-based synchronization identifies one of the
interfering frames, l̂, as having the maximum effect. For simplicity
assume that the two frames p(m1 , m2 , l̂) and p(m1 , m2 , l̂ + 1) produce the cross-talk (we discuss shortly how to identify if it is frames
l̂ and l̂ + 1 or l̂ and l̂ − 1). The forward model for the cross-talk,

X
n1 ,n2

Gi (n1 −n1 , n2 −n2 )cu (n1 , n2 ).

(5)
For our implementation, i = 4, so that four separable convolutions, are followed by pixel-wise linear combination with weights
αi (n1 , n2 ) that are precomputed for efficiency.

Approximating tv using the sum of absolute values of horizontal and
vertical differences of a frame, we determine α by minimizing
α̂ = arg min tv[c(n1 , n2 , k) − ĉp (n1 , n2 , k, α)].

(9)

α

Informal justification of Equation 9 is that signal c(n1 , n2 , k) in
Equation 2 has edges from desired signal cd (n1 , n2 , k) and spatially
uncorrelated edges from cross-talk signal cp (n1 , n2 , k). Minimizing
the total variation finds the signal that leaves only the edges of the
desired signal. Finding α̂ uses a line search of a function computed
using simple image differencing operations. The actual implementation involves two line searches since we do not know whether the
required frames correspond to times ˆ
l and l̂ + 1, or l̂ and l̂ − 1.

The total variation method has been very reliable in our tests.
The center image of Figure 6 shows that estimating the cross-talk
from single frames is not effective (checkerboard and text cross-talk
remain) but the temporal model used in the right image successfully
reduces the cross-talk.

5. CONCLUSIONS
We have shown an effective algorithmic method for projector-camera
synchronization and subsequent reduction in video cross-talk by using system modeling and signal processing. This methodology enables flexible use of cheap optical and system components. We
used closed-loop projector-camera characterization but the methodology also applies to separate characterization of projector-screen
and screen-camera subsystems.
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