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Abstract B —

We describe a calibration and rendering technique for a projector
array that can render a seamless rectangular image on a planar
surface. The projectors utilize an attached camera to
automatically compute the relative pose among them. We
describe calibration of the full system using planar display
surface to achieve registration and intensity blending of
overlapping images. We present an efficient rendering method to
pre-warp images so that they appear correctly on the screen, and
show experimental results.
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1.

A photo-mosaic is a collection of images registered together to
form one large image. The images are either taken from the same
viewpoint in different directions or taken from different
viewpoints of a planar scene [Szeliski97][Chen95]. Can we create
a similar projector mosaicon a display surface by seamlessly
merging output of overlapping projectors? For photo-mosaic, the
images are captured by casually orienting and positioning the
camera. Can we similarly create a large display using casually
aligned projectors? Currently, large displays are generated by
tiling together a two dimensional array of projectors by precisely together a set of projectors. Older systems, such as video walls
aligning them. In most systems, the projected images are abutting[Panoram], use a two dimensional matrix of rear-projectors with
[Panoram]. Some systems allow partial overlap [Trimensions] abutting image edges separated by a small but visible gap. Newer
[ChenOO0][SMural], but special care is still taken to ensure each systems [Trimensions][ComView] use overlapping projectors
projector generates precise rectangular image aligned with world with facility for precise manual electro-mechanical adjustment for
horizontal and vertical, so that the overlap itself is a well-defined image registration and cross-fading. The setting up of these
rectangle. Due to such design constraints, the installation and displays is still quite tedious, requiring precise projector overlap,

Introduction

Figure 1. A casually installed projector array. (Top) a
schematic diagram (bottom) our four projectors prototype,
with viewing camera on the top and resulting projection.

operation of such systems is extremely expensive.
A projector is a dual of a camera, and the image projection

process can be expressed using the well-known pinhole camera

model. Thus far, however, projectors have received little attention
in the computer vision community. Similar to photo-mosaics,

often needing orthogonal projection to the screen. This arguably is
the most prominent drawback of large format display design.
Research into techniques for automating this registration process
is helping alleviate this time consuming setup.

Our goal is to significantly reduce the support and infrastructure

where sophisticated registration techniques in software simplify cost by providing a flexible calibration and rendering technique
the constraints on the process of capturing, we can exploit the that canadaptto a given projector array configuration. Further,
geometric relationship between projectors to simplify the task of our goal is to reduce the time required for setup and registration to
positioning the projectors. Rare examples of such an approach area few seconds. The calibration technique is designed to be very
described in [Raskar99][Surati00]. However, for registration, both simple to use and free of any human interactions. A novelty of the
those systems attempt to create a per-pixel warping function and system here is that we calibrate using blank planes onto which
do not exploit the well-known geometric relationships between calibration patterns are projected.
images of a planar scene. Specifically, in case of projectors, the
projected images are related by a simple planar homography ifthe 1 2 pPrevious Work
display surface is a 3D plane. In this paper, we present a set of
techniques to compute the pixel mapping between uncalibrated The authors in [Raskar99][Surati99][Chen00] have described
projectors by exploiting planar homographies. We then various approaches to build a multi-projector display. [Raskar99]
demonstrate a method for correctly displaying rectangular images provide a general solution to the seamless display problem. They
on a planar surface even under oblique projection. use a series of calibrated stereo cameras to determine the display
surface and individual projector's intrinsic and extrinsic
1.1. Motivation parameters all in a common coordinate frame. The result is an
exhaustive description of the entire display environment.
Large projectors arrays are populadause they allow a practical ~ Although this approach allowed for a general solution, the
solution to generate high-resolution and bright images by tiling computational effort and resources needed to implement this



hinges only on the homography between the single static camera
and multiple source projectors. To obtain a homography, each
projector displays a checkerboard calibration pattern on a blank
planar surface, and four or more point (or line) correspondences
are automatically built and then used to compute the homography
between the projector image and the camera image. This step
repeats for each camera-projector pair relative to the same
physical plane. The outline of our algorithm is described as

follows:

During Pre-processing
For each projector

- Project structured pattern

- Extract the features from pattern and find the camera-
projector pixel correspondences

-  Compute homography between cam-proj

Find usable rectangular display area in the union of projections
- Compute homography between proj and display area
- Compute intensity weights for feathering

During Rendering

. . . For each projector
Figure 2. Keystoned projector generates a quadrilateral on the proj

display plane. A pre-warped image creates a correct view - Warp input image using homography
inside the inscribed rectangle without intensity blending - Modify intensities using computed weights
(bottom left) and with intensity blending (bottom right)

approach introduce their own level of complexity. [Chen00] The preprocessing stage is completely automatic, allowing a quick
provide a mechanism to help reduce mechanical alignment using a@nd easy operation after installation. The rendering exploits using
camera with controllable zoom and focus, mounted on a pan-tilt 3D graphics hardware for real-time execution.

unit. The data collection and computation take over 30 minutes.

[Surati99] presented a solution that also used a camera to establisi2. 1. Configuration and assumptions

the relative geometry of multiple projectors. Using a camera that _ . ) ) i
had been calibrated by looking at a regularly spaced grid (printed First, we review how a pair of homographies can be used to define
on a physical paper) placed in front of the display surface, the r.elatlon_shlp between image coordlnates. .Gllven.two cameras,
subsequent projector imagery can be registered to the grid. Thus,Yiewing points on a 3D planél, the point positions in the two

a user must use a physical large calibration pattern. Although our images are related by3x3 homography matrit, defined up to
approach produces results of better quality, the main difference is Scale. Ifm: andm. are projections of a 3D poimdl which belongs

the use of a very low cost camera and blank planar screen asto I, then
calibration pattern. The major advantage of our method is that it

. . mz ~= Hmy (2.1)
allows fast registration (few seconds compared to several
minutes) without any human interactions. wherem1 andmy are homogeneous coordinates ard means
equality up to scale.
1.3. Projector Mosaic In our projector mosaic system, we aim to seamlessly stitch the N

source images from multiple projectos i =1,...,N. In order to

The purpose of our self-correcting array of projectors is to . ; ! ’
align projector with projector each other, we use one single

generate a rectangular image of known aspect ratio, even when
the individual projectors are aimed at an arbitrarily inclined planar
surface. We created the simple prototype in Figure 1 by taking
four standard commercial projectors and rigidly mounting a low-
cost camera viewing the projections. The system is calibrated with
the technique described in Section 3. The rendering technique, is
described in Section 4, and involves pre-warping of images using
the homography between each projector and display surface, so
that the complete projected image is correct.

2. Methods

Rather than carry out a full calibration for the projector-camera
system, such as computing the intrinsic parameters for both
devices plus their relative pose, our projector mosaic system

Figure 3. Calibration checkerboard projected from different
projectors, one at a time, is viewed by the camera to compute
homography with respect to the projector.



For the simplicity of illustration, we define a set of new 3x3
matrices:Hii = HcHre, i=1,...,N, which specify the geometrical
relationship between the individual projector and final display
coordinate directly. Equation 2.3 enables us to conveniently
determine the pixel mapping between two arbitrary projectors as
follows

-1
Uj~=Hrj Hyri " uj (2.4)

whereu; and uj denote the corresponding pixels in projecRyr
andP;j, respectively.

3. Calibration

To generate seamless projector mosaic, we must ensure, first, that
the projected images are registered with the camera and, second,
that the intensities across the overlap region appear to transition
smoothly.

3.1. Registration

In this subsection, we describe the technique to compute
relationship between projector pixels. The same relationship will

be implicitly used for rendering to ensure that the projected

images are registered. For projector mosaic, we do not need
explicitly calibrate either camera or projectors in order to stitch

the projector images seamlessly. Instead, the homographies
computed with a static observing camera are sufficient.

We first project the checkerboard pattern from each source

projector sequentially and then record the projected image on the
display surface by the single camera (see Figure 3). By extracting
the feature points from the 2D camera images corresponding to
known 2D points from the projector pattern, we can determine the

3x3 homography between the static camera and each projector
based on Equation (2.2).

Figure 4. Intensity blending (Top) Projection of illuminated
quadrilaterals as recorded in camera coordinates system. The
dots indicate points on checkerboard detected for
homography computation. (Bottom) The intensity weight for
the four projectors. The gray scale indicates the weight in
[0,1]. The weights taper off to zero in the overlap region near  More formally, the homography estimation between camera and
the projector framebuffer boundary. projector can be formulated as maximum likelihood estimation
problem. Givenn corresponding feature points between the
camera image& and projector image, the maximum likelihood

cameraC to record all the projector images. The projector t0  estimate can be obtained by minimizing the following function:
camera mapping as well as relative projector to projector mapping

are then described by the above plane homographies due to the Z
planar display surface used. i=1 || Uj- Haxa Xj | (3.1)

For notation, we choose homogeneous coordinates for both 2D WhereHsxs is the homography from the camera to projector up to
camera coordinateg=(x, ¥, 1)T and for 2D projector coordinates @ scale. With four or more correspondences between camera
ui=(u, v, 1)7, i = 1,..,N, from multiple source projectors. In this  image and projector pattern, the 8 unknown parametendsf
context, the input consists &f projector images captured by the can be computed using the standard least-squares method while

n

single camer& with the known homography matrikici, Hez, ..., more sophisticated techniques can improve its robustness to noise
Hen, satisfying or outliers. The above alignment step is very similar to standard
camera calibration technique with the aid of checkerboard pattern
Ui ~= HeiXc i=1,...,N (2.2) [Zhang99]. The property of projector entails us to estimate

In the final display, the projector mosaic is cropped to a rectangle homography without any human interactions with the active

with a known aspect ratio, say 4:3 (see Figure 2). The display Structured light technique we are using.

coordinates inside this rectangle, which is equivalent to the Further, as mentioned earlier, the relative mapping between any
coordinates of the input image, say a desktop to be displayed, aretwo projectors can be computed by combining Equation (2.4) and
denoted as =(x, y, 1)T. The relationship between the display (3.1).

coordinates and camera coordinates can be described by anothe . ) . I
2D projective matriHs. Obviously, we have [n order to display the final projector mosaic in the way user

i desires, we need to find the maximum rectangle inscribing the
Uj~=Hcixc ~= ( Hci Hrc) xr i=1,...,N (2.3) union of illuminating areas covered by all projectors. Finding
optimal inscribed rectangle for a union of quadrilaterals is a 2D
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Figure 5. Effect of physical shift on resultant intensity
contribution. The first row shows contribution of left
projector and second row shows contribution of right
projector. The bottom row shows result of addition. (i) In the
ideal case with accurate registration. For (ii),(iii) and (iv), we
show effect of gap versus additional overlap. (ii) Blending
with only one projector contribution leads to sharp transition
in overlap region (iii) Blending with half intensities (iv) Our
solution, blending with linear ramps.

In the ideal case, the weights can be easily determined once we
have registered all of the projectors. Some choices are shown in
Figure 5(i). For example, we may allow only a single projector to
illuminate a given point (5(ii)) or allow equal contribution from
all projectors in the overlap region (5(iii)). In practice, due to the
small errors in the registration, perspective distortions, and
nonlinear barrel distortions, the projected images do not match
exactly at their respective edges. In addition, over time, electro-
mechanical vibrations disturb the positions of projectors. Hence,
there is a need to achieve a smooth transition of weights in the
overlap. The intensities in the resulting superimposition then
would have reduced sensitivity to the static calibration and
dynamic registration error.

Our blending algorithm uses a strategy where the weights
assigned to pixels near the edges is near zero (Figure 5(iv)). The
weight for pixels in non-overlap regions is clearly one, and
neighboring pixels in the overlap region are assigned weights
close to one. More specifically, to find the weighm(u)
associated with projectoPy’'s pixel u=(u,v,1), we apply the
simple feathering technique, i.e., we weigh the pixels in each
projector proportionally to their distance to the edge, or more
precisely their distance to the nearest invisible pixel. The
homographies are computed with normalized projector
coordinates so that the u and v coordinates vary betWedj.

problem. The problem can be formulated as a constrained linear Hence, the distance of a pixel to the closest edge in the projector

optimization problem. Since the problem is NP hard, we resort to
a simple heuristic that is very easy in it's implementation but still
yields very satisfactory results.

The illuminated quadrilaterals are specified in camera coordinate
system. We want to compute the largest axis aligned rectangle of

a given aspect ratio inscribed in the uniorNbfuadrilaterals. The
union is a simple polygoh. We assume that at least one vertex of
the rectangle lies on the edgesSince, the aspect ratio is fixed,

the rectangle has 3 degrees of freedom, position of one of the

vertex in 2D and scale of the rectangle. To find the approximate
solution, we discretize the edges bfand solve for the largest

Pi is described by

di(u) =w(u, v) min(u, v, 1- u, 1- v) (3.2)
where,w(u, v) = 1if u 0[0,1] andv O [0,1], = 0 otherwise. This
reduces the weights assignment problem, to a simpl@
function. Further, based on the implicit pixel correspondences
across the multiple projectors, we can ensure that the weight of
pixels illuminating the same display surface adds up to unity.
The pixel weightAm(u) associated with pixal of projectorPn is
evaluated as follows:

rectangle by testing for each possible position of the rectangle
vertex resting on edges df and each possible scale. The test
checks whether the rectangle edges intersect the edges of polygon
L. After we have found the near optimal inscribed rectangle for
projector mosaic, we update the homographies from the display Figure 5 shows the effect of shift on resultant intensity

Am(u) = dm(u) / ( 25 di (Hri Hrm ™ u). i=1,.N  (33)

coordinate system to projector pixels using Equation (2.3).

Figure 2 shows one camera snapshot of the final desktop output

displayed inside the rectangle.

3.2. Intensity Blending

Regions of the display surface that are illuminated by multiple
projectors appear brighter, making the overlap regions very

noticeable to the users, as shown in the top of Figure 7. To make
the overlap appear seamless we use the intensity blending

contribution using various blending techniques. Intensity blending
with linear ramps is more stable in presence of small mis-

registration, whether the mis-registration results in a gap or extra
overlap. As explained later in the rendering process, the weights
are implemented using the commonly used alpha-maps for
transparency in 3D graphics hardware.

Similar feathering techniques are used to mosaic multiple images
taken by a camera into a single panoramic image in order to
increase its insensitivity to static registration error.

technique, commonly known as cross-fading or feathering. We 4. Rendering

create a mask for each projector, which assign an intensity weight

in [0.0, 1.0] for every pixel in the projector. Figure 3 shows one
example of arrangement of four projectors used in our setup. It

can be clearly seen that multiple (more than two) projectors can

overlap at the same illuminated point. Weights of all projected
pixels illuminating the same display surface point should add up
to unity.

The final output is a scaled and seamless version of the
rectangular input image even under obliqgue projection of

individual casually installed projectors. We must pre-warp the

input image, so that when projected on the planar display surface
it appears aligned inside a rectangle with the given aspect ratio.
To achieve this, each projectors warps and projects appropriate

segment of the input image inside the inscribed rectangle. The



calibration (Figure 1). The setup can be used in front or rear
projection mode. The homography between the camera and each
projector is computed using the projected checkerboard, which
allows detection of 48 corresponding features. There are three
main steps in our single click-and-go implementation. The
execution times are as follows. (1) The projection of four different
checkerboards and detection of corner features in each image (8
seconds). (2) Computing homographies and generating intensity
weights (2 second) (3) Generating texture maps for alpha blending
in the rendering program (3 seconds). The resulting rendering is
real time. Our current bottlenecks are synchronization of the USB
camera with projected images. Thus, in the current
implementation, as seen in the video, after the projectors have
been casually installed, there is a ‘warm-up’ time of about 15
seconds before we actually display a seamless image. However,
we believe, a well-integrated should take less than 5 seconds.
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Figure 6. Rendering with pre-warping using homography and
intensity blending. Note the clipped rectangle and intensity
blending using alpha maps from Figure 4.

pixels outside the inscribed rectangle remain black, as shown in
figure 6. Note that, the rendering steps as well as the input image
for rendering program for each projector are identical. Hence, we We use a current generation graphics card (ATl Radeon Dual
do not need to explicitly segment the input image before passing Display, cost around US $100) on a PC for rendering and display
on to theN different warping and blending programs. on multiple projectors. The rendering system takes a snapshot of a
windows desktop, loads the resultant image, updates the texture
_ ; ; memory, pre-warps the image and applies the intensity weights
4.1. Pre-warping using homography stored in alpha maps in real time. The rendering technique of
The pre-warping required for the projected image is defined by perspectively correct texture mapping exploits the high quality
the homography between pixel coordinates of the corners of texture filtering available on the graphics cards. As seen in Figure
projector image and pixel coordinates of the projection of the 1, we can skew the projectors with respect to the flat surface and
chosen inscribed rectangle in projector image space. This haswith respect to each other and still correct the image so that it
been already computed Hg for each projector. appears aligned and rectangular with correct aspect ratio. Given
the large number of sample points (48) used for homography

Al h proj r, the rendering pr re-warp the in . . : . . .
t each projector, the rendering process to pre-warp the input computation, we easily achieve subpixel registradoouracy.

image is independent. The input image, typically a full snapshot
of the desktop, is loaded in the texture memory. We then texture It is possible to build a scalable multi-projector system by adding

map a unit rectangle ix-y plane (i.e. with extent$0:1,0:1]).
SinceX; ~= H;j U,, for projectori, we use the projection matrix

Bi=Hy[1]0]

to render the appropriately pre-warped transformation of the input
image. To be precise, we use an orthographic projection matrix,
which is pre-multiplied byH;. The regions outside display
coordinateg0:1,0:1] also appear in projector framebuffer. This

more projectors, even if a single camera cannot view all the
projections. The only requirement is to define the relationship
between any one projector and corresponding (desktop) display
coordinates. This is relatively simple. In our current
implementation, the inscribed rectangle in the viewing camera
defines the relationship. However, any mapping between one of
the camera and display coordinates in an Euclidean frame can be
used. Hence, even if a single camera does not view all the
projections, it is easy to propagate the relationship ),

Corresponds to the region outside the inscribed reCtangle but between neighboring projectdrandjY as |0ng as any one camera

inside the polygorl, union of N illuminated quadrilaterals. We
keep the background color black to avoid contributing to this
region. The3x3 homography matri;; is converted into a&x4
matrix used in traditional graphics pipeline by simply adding a
third row and column for depth buffer calculations. The resultant
depth values are ignored.

The next step is intensity correction for feathering. We load the
per-pixel intensity weight into the alpha channel of a second

can view both the projections.

5.1.

Currently we need to compute radial distortion of the viewing
camera and we ignore the minor radial distortion in the projectors.
Actually, it is possible to estimate the radial distortion of the
camera directly from one or more homographies.

Issues

texture map. However, the colors channels are black. The sameThe techniques are valid only when the assumed pin-hole

unit rectangle is rendered with this texture map modifying the

intensities. The alpha channel acts a transparency function,

multiplying the underlying intensities of the warped input image.

Thus, both operations, warping using homography and the
intensity correction are achieved efficiently using 3D graphics
hardware. Figure 6 shows examples of the result of rendering.

5. Implementation

We implemented the system using four Mitsubishi X-80
projectors (1024x768 pixels) and a single low cost Logitech
Quickcam Pro USB camera (640x480 pixels) for closed-loop

projection model (dual of the pin-hole camera model) is valid.
Projectors typically have a limited depth of field and hence when
they are oblique all pixels may not be in focus. Thus, the imagery
is in focus for only a limited range of angles between the screen
plane normal and the projector optical axis.

We have addressed only the geometric issues but there
fundamental photometric problems. The intensities across the
screen are not uniform when projector image plane is not parallel
to the screen. In addition, due to manufacturing artifacts, there is
visible color non-uniformity within a projector or among

neighboring projectors. The gamma correction, among other
design factor, introduces non-linearity in projector response.



P Our two main contributions are (i) a fast efficient technique to
TOMFINS find registration parameters and intensity weights with calibration
using blank physical planes and (ii) a complete corrective warping
technique using homographies that directly exploits the 3D
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