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Correcting Luminance for Obliquely-Projected Displays
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'Hewlett-Packard Co, Cambridge, MA

Abstract-- Oblique projection geometry is a major factor in
display luminance non-uniformity. Feedback from an
arbitrarily-positioned camera is used to find homography
transformations between projector and screen. From this we
determine the ratio of pixel areas to flatten the illumination
field.

. INTRODUCTION

Projection-based products are becoming a competitive
alternative for HDTV display. In most home environments, it is
impractical to orient a projector perpendicularly to the screen.
Oblique projection affords less awkward placement of the
product, and can drastically reduce inadvertent shadows by
viewers. Two important problems need to be solved before
oblique front projection becomes practical: (1) correcting the
image distortion, and (2) eliminating the display luminance non-
uniformity caused by the oblique geometry -- since points on the
screen that are closer to the projector will be brighter than points
farther away. Earlier research [1, 2] has addressed the first
problem, however very little has been reported on approaches for
the second. A recent study [3] measures a single sample screen
of the projector assuming a calibrated camera; with a single
measurement, the response of the projector across all image
levels cannot be known nor properly accounted for.

The method proposed in this paper does not require a
photometrically-calibrated camera, as we only use the camera to
measure geometry. In the case of display walls, one approach,
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[4] accounts for the luminance error caused by areas of overlap
but ignores the problem of oblique projection. For the oblique
projection scenario, the geometric distortion alone can be the
largest contributor to non-uniformity. This paper describes an
efficient method for eliminating this type of non-uniformity
without requiring any measurement of projector output. The
solution presented here can be implemented in commodity
projectors display products.

Il. METHOD FOR CORRECTING OBLIQUE
PROJECTION

This section describes the system for generating an
attenuation array to account for the differences in pixel brightness
due to oblique projection by using a video camera to sense the
geometry of the display and screen. To do this we first need to
determine the transform relating projector coordinates to screen
coordinates. Knowing this transform, we then find the relative
area of a projected pixel. From this we can generate the
attenuation array used to modify all projected pixels so that they
have the same value as the dimmest pixel.

Fig. 1 shows an arbitrary placement of both camera and
projector. Since the camera does not see an undistorted view of
the projection screen, H; , the 3x3 homography transformation
from projector to screen coordinates, cannot be computed in a
single step. We assume that the camera is able to view a
rectangle of known aspect ratio, for instance, the boundaries of a
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Fig. 1. Oblique display due to an off-axis projector with an off-axis camera.
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physical screen. Although the positions of the camera, projector
and screen are all unknown, we can recover ;Hs by composing
sequences of homographies, as described below.

First, we observe that the mapping from projector to camera
coordinates (;H;) can be decomposed into a mapping from
projector to screen (,H,) followed by a mapping from screen to
camera (sHc). This gives us the relationship: Hs = H? oHe.
Both of the homographies on the right hand side of this
equation can be determined from known point
correspondences. The ,H. computation uses the four points
defined by the projection area, where (X, Y.) refer to camera
coordinates:

(Xp1, Yp1) > (Xea, Yer) 5 (Xp2y Yp2) <> (Xc2s Ye2)
(XpSa YpS) A (XC31 st) ; (Xp4v yp4) AN (Xc4= YC4)
The ¢H. computation uses the four points defined by the physical
projection screen;
(XSS- y55) A (X051 st) , (Xsﬁ’ y56) g (XCG’ yCG)
(Xs7- ys7) A (Xc7v yc7) , (Xs& y58) g (XCS’ ycs)
Note that we do not need to know the actual dimensions of
the projection screen -- simply its aspect ratio. This is
because the units of measurement for screen coordinates are
arbitrary, enabling us to use:
(Xs51 Ys5) = (0, @) 5 (Xs6, Ys6) = (1, a)
(Xs7y ys7) = (11 O) ; (Xs& ySS) = (O: 0)
where o is the screen's aspect ratio, expressed as the X
dimension over the Y dimension.

Once ,H. and ;H have been determined (by solving the linear
equations), computing ,Hs requires only a few matrix operations.

If we assume that each pixel is equally illuminated inside the
projector, then the non-uniformity in luminance due to oblique
projection is precisely related to the relative area of the projected
pixel. In other words, pixels that subtend a large area are dim,
while pixels that project onto a small area are bright. This section
describes how we can determine the relative area of a projected
pixel, provided that the homography between projector and
screen (;Hs) is known.

First, we observe that we are only interested in the ratios of
areas between different pixels. This allows us to express the area
of a pixel in any arbitrary units. The ratio of the areas between
two projected pixels is given by the ratio of the Jacobean of the
mapping. For homographies, this reduces to:

S(XpisYpi) _ |h7xpj +hgyp +Ng
S(x

|3

pi+Ypi) |h7xpi +hgYyi +h9|3

where S(Xqi, Ypi) is the area of a projected pixel at location
(Xpi» Ypi)s S(Xpj» Ypy) is the area of a projected pixel at location
(Xpj, Ypj)» and h7, hg, hg are the elements in the third row of
the projector-screen homography matrix, ;Hs.

The goal is to arrive at an attenuation value at each pixel
location so that all pixels will have the value of the dimmest
pixel. (We can only take light away, as opposed to creating more
light) The dimmest pixel is that with the largest pixel area. If
the largest pixel were positioned at (X, Yy, then the above ratio
would be the attenuation value for a pixel at location (X, Yyi). SO
the problem reduces to finding the location of the largest pixel.

For each pixel in projector space (X,, Yp), we define a value

W(Xp, Yp) = [h7 Xp + hg yp + hol.

From the above ratio, it follows that the largest S(x,, y,) will
have the smallest w(xy, y,). We record the smallest w(xp, yp)
as wg, which corresponds to the dimmest projected pixel.
The entries in the attenuation array to correct for oblique
geometry are thus given by:
— 3
Ao(Xp, Yp) = [ Wa / W(Xp, Yp) ]

The attenuation, a,, will have a value of 1 at the location of
the dimmest pixel, and a value less than one everywhere
else.

I1l. RESULTS

The run time system incorporating this attenuation array
would simply multiply input pixels to the projector by the
attenuation value corresponding to the pixel address. The result
of this operation is shown in Fig. 2. In this figure, the relative
luminance is indicated by the closeness of the grid lines.
Because of the nonrectangular shape, appropriate source pixels in
the corrected projection are blanked so that the regions as
indicated are not displayed resulting in a projection that has both
uniform luminance and a rectangular active region.
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Fig. 2. Original uncorrected projection, and the resulting projection with
uniform luminance.
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