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Abstract

This paper presents a demosaicing approach which
combines the Bayer patterns of multiple overlapping
images. Multiple images of the same subject are taken,
where the camera is free to pan, tilt, and rotate around
its optical axis. The images are spatially registered and
a Bayer pattern mosaic is created by combining each
image’s Bayer pattern. In the region of overlap, each
additional image “fills in” the gaps in the Bayer pat-
tern for each color channel, creating a completely filled
Bayer mosaic. The presented method is implemented
in graphics hardware, which provides hardware acceler-
ation. Results are shown in which increased color chan-
nel resolution is achieved in the overlapping regions of
multiple images.

1. Introduction

Digital cameras are able to provide Bayer patterns
as output. The Bayer pattern is an array of red, green,
or blue output where a single colour is available at each
location. Since only one color component is available
at a given location, the other color components must
be interpolated.

The art of combining multiple pictures of the same
subject matter to obtain higher definition composites
has been previously explored. In a 1993 paper, mul-
tiple differently exposed pictures, in which the camera
moved to include different overlapping subject matter,
and in which the exposure of the camera changed, were
combined together to get images of greater spatial and
tonal resolution [6]. The notion of “being undigital”
with digital cameras was further explored in a sub-
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Figure 1. A VideoOrbit. Two images have been spatially reg-
istered using the VideoOrbits algorithm.

sequent 1995 paper [8], and [9]. However, no previ-
ous work exists in which multiple exposures are regis-
tered to fill in the gaps between their color lattice (e.g.
Bayer) patterns.

Different methods [5, 3, 2, 11] have been proposed
for constructing colour images from the Bayer patterns.
This process is typically called “demosaicing”. Com-
mon methods typically examine color information in
a local region of the Bayer pattern, and use a variety
of methods to interpolate output RGB color values at
each location. Bilinear interpolation, for instance, is
a simple method which can be applied to obtain color
channel values at each array location. Other methods
include detecting color edges.

This paper presents a method which instead uses
the Bayer patterns of multiple images to “fill in” the
gaps in the Bayer pattern. The method presented here
spatially registers the Bayer patterns of multiple im-
ages. Each additional image provides more color chan-
nel samples at any given location. Thus, the gaps in
the Bayer pattern of a single image can be filled with
the Bayer pattern of another, overlapping image. In
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Figure 2. A typical Bayer pattern. R,G,B denote the colour
channels (red (R), green (G) and blue (B)) available at each
location.

the sense that a “mosaic” may be generally considered
as an aggregation of small inlaid elements, the combi-
nation of additional Bayer samples creates a final “mo-
saic” of Bayer color information. This composite mo-
saic then provides a dense set of color channel samples
which can then be used to reconstruct a final output
image.

2. Projective Demosaicing

The approach presented here uses the Bayer pat-
terns of multiple, overlapping images to fill in the gaps
in the colour channels. In order to achieve this, the im-
ages must be registered. We apply a projective image
registration algorithm called VideoOrbits [7].

VideoOrbits' is an image registration algorithm
which calculates a projective coordinate transforma-
tion between pairs of images of a static scene, taken
with a camera that is free to pan, tilt, rotate about
its optical axis, and zoom. The technique solves the
problem for two cases: 1. images taken from the same
location of an arbitrary 3-D scene, or 2. images taken
from arbitrary locations of a flat scene [7].

The projective coordinate transformation is given

by:
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where aq1, ai2, b1, as1, asa, ba, c1, co are the 8
parameters describing the projective transformation,
solved for by VideoOrbits, x,y are the original im-
age coordinates, and xz’,y are the projected coordi-
nates. Denoting the operation of projection as P,

1VideoOrbits is a set of Free/Open Source programs, and may
be downloaded from http://comparametric.sourceforge.net

then the above is represented compactly as [2/,7']T =
P([z,y]T). Figure 1 shows two images registered with
VideoOrbits, where the lower left image has the iden-
tity projection, and the upper right image has been
projected to spatially register it with the lower left.

Our method is as follows:

1. Given a set of overlapping Bayer outputs, perform
standard interpolation on each to create a set of
images, I;.

2. Use VideoOrbits to determine the projective co-
ordinate transformations, P;, which register each
image, I;, with respect to a reference coordinate
system. Typically, one image, Ij is chosen to have
the identity transformation, and the other images
are registered with Ij.

3. Apply each P; to each of the Bayer patterns to
register each with respect to the same coordinate
system. This combines the multiple Bayer pat-
terns to form a final mosaic which has a denser set
of Bayer samples in the region of overlap.

After a set of projective transformations P; has been
determined (as, for instance, in figure 1) a fully filled,
composite Bayer mosaic is created examining local con-
tributions of all of the input Bayer images. For any
given blank array value, rather than interpolating be-
tween Bayer channels of a single image, we instead
search all of the projected, overlapping input images
for the Bayer value that lies closest to the current array
position. For simplicity, we begin by taking the nearest
neighbouring Bayer value of any of the projected input
images.

2.1. Graphics Processing Unit (GPU) hardware im-
plementation

The proposed algorithm has been implemented on
commodity desktop graphics hardware. Modern graph-
ics hardware now incorporates a Graphics Processing
Unit (GPU) which is designed to perform fast mathe-
matic operations. Additionally, the GPU is now highly
programmable [4]. The VideoOrbits algorithm, used
in the image registration step, has been implemented
completely in graphics hardware, and has been shown
to run faster on the GPU than the CPU[1]2.

A fragment shader program was written in Cg [10] to
implement the Bayer mosaicing on the graphics hard-
ware. In the graphics pipeline, a fragment may be con-
sidered as an output pixel with depth and color infor-
mation. A fragment shader program is essentially a

2Parallel GPU implementations may be obtained through the
OpenVIDIA project at http://openvidia.sourceforge.net
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Figure 3. Overlapping Bayer patterns are registered. In the
area of overlap, there is higher frequency of samples present,
adding detail. (a) shows two overlapping Bayer patterns, and
(b) shows three overlapping Bayer patterns

small, user—defined program which runs on each frag-
ment produced by the graphics card. Our implementa-
tion takes care to ensure that each output fragment cor-
responds to exactly one pixel of the input image with
the identity transformation. This is achieved by tex-
ture mapping the input image I, onto a quadrilateral,
and displaying at the appropriate resolution. For our
purposes, we employ a floating point buffer extension,
which renders the output in an offscreen buffer (stored
in video RAM), and uses full 32-bit IEEE floating point
precision. The projective transformations P; are input
to the fragment shader program. The additional im-
ages I, Io, ... are stored in additional texturing units
which the fragment shader can access.

For each pixel, the fragment shader is given the ap-
propriate texture coordinates [xq,yo]” of Iy which are
to be displayed. This corresponds in our case, to the
image coordinates of Iy. The fragment shader then de-
termines the nearest Bayer values for the other images
as [2],y1]T = Pi([zo,y0]"). The distances of the cur-
rent position to each of the nearest Bayer values from
all overlapping images is compared, and the nearest

Figure 4. Comparison of adding additional Bayer patterns to
created a composite mosaic. (a) shows a single Bayer pattern,
interpolated by taking the nearest neighbour. (b) shows two
Bayer patterns registered, and combined by taking using the
nearest available Bayer value from either Bayer pattern. (c)
shows 3 Bayer patterns registered and combined.



Figure 5. Mosaic contributions. This figure shows the contri-
butions of three images to the final composite mosaic. Here,
each of the three distinct grey levels represents which of the
input image Bayer values is used in the composited Bayer
mosaic.

neighbour is thus chosen. The output of the fragment
shader program is the Bayer value of this nearest neigh-
bour, and this is stored in the floating point buffer,
and read out to main memory to be saved as an image.
Additionally, the final image is rendered to the screen
allows for real-time zoom and pan exploration of the
images (of resolution 2482 x 1648).

3. Results

Figure 3 shows the composite Bayer mosaics cre-
ated from small, rectangular Bayer images which have
been registered. The individual Bayer images overlap
in the centre. It can be seen that in the area of overlap,
greater resolution is obtained. The registration has al-
lowed for the gradient of the lettering to be correctly
filled in by the additional images.

Figure 4 shows a larger area with text present in the
image. It can be seen that as the number of overlapping
images increases, more resolution is obtained.

Figure 5 shows which of three Bayer patterns con-
tributions at each location of a composite mosaic.

4. Conclusion

A demosaicing approach was presented. The ap-
proach combined the Bayer patterns of multiple over-
lapping images. The approach was demonstrated by
using multiple images of the same subject matter taken
by a camera, where the camera was free to pan, tilt, and
rotate around its optical axis. The images are spatially
registered using the VideoOrbits algorithm, and a com-
posited Bayer pattern mosaic was created by combining
each image’s Bayer pattern. In the region of overlap,
each additional image “filled in” the gaps in the orig-
inal Bayer pattern for each color channel, creating a
completely filled Bayer mosaic. The presented method
was implemented in graphics hardware, which provided
hardware acceleration. The results shown demonstrate
that the method can achieve increased color channel
resolution in the overlapping regions of multiple im-
ages.
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