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(57) ABSTRACT 

A system and method combines videos for display in real­
time. A set of narrow-angle videos and a wide-angle video are 
acquired of the scene, in which a field of view in the wide­
angle video substantially overlaps the fields of view in the 
narrow-angle videos. Homographies are determined among 
the narrow-angle videos using the wide-angle video. Tempo­
rally corresponding selected images of the narrow-angle vid­
eos are transformed and combined into a transformed image. 
Geometry of an output video is determined according to the 
transformed image and geometry of a display screen of an 
output device. The homographies and the geometry of the 
display screen are stored in a graphic processor unit, and 
subsequent images in the set of narrow-angle videos are trans­
formed and combined by the graphic processor unit to pro­
duce an output video in real-time. 
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SYSTEM AND METHOD FOR COMBINING 
IMAGE SEQUENCES 

FIELD OF THE INVENTION 

[0001] This invention relates generally to image process­
ing, and more particularly to combining multiple input image 
sequences to generate a single output image sequence. 

BACKGROUND OF THE INVENTION 

[0002] In digital imaging, there are two main ways that an 
output image can be generated from multiple input images. 
Compositing combines visual elements (objects) from sepa­
rate input images to create the illusion that all of the elements 
are parts of the same scene. Mosaics and panoramas combine 
entire input images into a single output image. Typically, a 
mosaic consists of non-overlapping images arranged in some 
tessellation. A panorama usually refers to a wide-angle rep­
resentation of a view. 
[0003] It is desired to combine entire images from multiple 
input sequences (input videos) to generate a single output 
image sequence (output video). For example, in a surveil­
lance application, it is desired to obtain a high-resolution 
image sequence of a relatively large outdoor scene. Typically, 
this could be done with a single camera by "zooming" out to 
increase the field of view. However, zooming decreases the 
clarity and detail of the output images. 
[0004] The following types of combining methods are 
known: parallax analysis; depth layer decomposition; and 
pixel correspondences. In parallax analysis, motion parallax 
is used to estimate a 3D stricture of a scene, which allows the 
images to be combined. Layer decomposition is generally 
restricted to scenes that can be decomposed into multiple 
depth layers. Pixel correspondences require stereo techniques 
and depth estimation. However, the output image often 
includes annoying artifacts, such as streaks and halos at depth 
edges. Generally, the prior art methods are complex and not 
suitable for real-time applications. 
[0005] Therefore, it is desired to combine input videos into 
an output video and display the output video in real-time. 

SUMMARY OF THE INVENTION 

[0006] A set of input videos is acquired of a scene by 
multiple narrow-angle cameras. Each camera has a different 
field of view of the scene. That is, the fields of view are 
substantially abutting with minimal overlap. At the same 
time, a wide-angle camera acquires a wide-angle input video 
of the entire scene. A field of view of the wide-angle camera 
substantially overlaps the fields of view of the set ofnarrow­
angle cameras. 
[0007] The corresponding images of the wide-angle videos 
are then combined into a single output video, using the wide­
angle video, so that the output video appears as having been 
acquired by a single camera. That is, a resolution of the output 
video is approximately the sum of the resolutions of the input 
videos. 
[0008] Instead of determining a direct transformations 
between the various images that would generate a conven­
tional mosaic, as is typically done in the prior art, the inven­
tion uses the wide-angle videos for correcting and combing 
the narrow-angle videos. Correction, according to the inven­
tion, is not limited to geometrical correction, as in the prior 
art, but also includes colorimetric correction. Colorimetric 
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correction ensures that the output video can be displayed with 
uniform color and gain as if the output video was acquired by 
a single camera. 
[0009] The invention also has as an objective the simulta­
neous acquisition and display of the videos with real-time 
performance. The invention does not require manual align­
ment and camera calibration. The amount of overlap, if any, 
between the views of the cameras can be minimized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. lA is a schematic of a system for combining 
input videos to generate an output video according to an 
embodiment of the invention; 
[0011] FIG. lB is a schematic ofa set ofnarrow-angle input 
images and a wide angle input image; 
[0012] FIG. 2 is a flow diagram of a method for combining 
input videos to generate an output video according to an 
embodiment of the invention; 
[0013] FIG. 3 is a front view of a display device according 
to an embodiment of the invention; and 
[0014] FIG. 4 shows an offset parameter according to an 
embodiment of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0015] Method and System Overview 
[0016] FIG. 1 shows a system for combining a set of nar­
row-angle input videos 111 acquired of a scene by a set of 
narrow-angle cameras 101 to generate an output video 110 in 
real-time for a display device 108 according to an embodi­
ment of our invention. 
[0017] The input videos 111 are combined using a wide­
angle input video 112 acquired by a wide-angle camera 102. 
The output video 110 can be presented on a display device 
108. In one embodiment, the display device includes a set of 
projection display devices. In the preferred embodiment, 
there is one projector for each narrow-angle camera. The 
projectors can be front or rear. 
[0018] FIG. lB shows a set of narrow angle images 111. 
Image 111' is a reference image described below. The wide­
angle image 112 is indicated by dashes. As can be seen, and as 
an advantage, the input images do not need to be rectangular. 
In addition, there is no requirement that the input images are 
aligned with each other. The dotted line 301 is for one display 
screen, and the solid line 302 indicates a largest inscribed 
rectangle. 
[0019] The terms wide-angle and narrow-angle as used 
herein are simply relative. That is, the field of view of the 
wide-angle camera 102 substantially overlaps the fields of 
view of the narrow-angle cameras 101. In fact, the narrow­
angle cameras basically have a normal angle, and the wide­
angle camera simply has a zoom factor of2x. Our wide-angle 
camera should not be confused with a conventional fish-eye 
lens camera, which takes an extremely wide, hemispherical 
image. Our wide-angle camera does not have any noticeable 
distortion. Ifwe use a conventional fish-eye lens, then we can 
correct the distortion of image 112 according to the lens 
distortion parameters. 
[0020] There can be minimal overlap between the set of 
input videos 111. In the general case, the field of view of the 
wide-angle camera 102 should encompass the combined field 
of views of the set of narrow-angle cameras 101. In a pre­
ferred embodiment, the field of view of the wide-angle cam-
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era 102 is slightly larger than the combined views of the four 
narrow-angle cameras 101. Therefore, the resolution of the 
output video is approximately the sum of the resolutions of 
the set of input videos 111. 
[0021] The cameras 101-102 are connected to a cluster of 
computers 103 via a network 104. The computers are conven­
tional and include processors, memories and input/output 
interfaces by buses. The computers implement the method 
according to our invention. 
[0022] For simplicity of this description, we describe 
details of the invention for the case with a single narrow-angle 
camera. Later, we describe how to extend the embodiments of 
the invention to multiple narrow-angle-resolution cameras. 
[0023] Wide-Angle Camera 
[0024] The use ofa wide-angle camera in our invention has 
several advantages. First, the overlap, if any, between the set 
of input videos 111 can be minimal. Second, misalignment 
errors are negligible. Third, the invention can be applied to 
complex scenes. Fourth, the output video can be corrected for 
both geometry and color. 
[0025] With a large overlap between the wide-angle video 
112 and the set of narrow-angle videos 111, a transform can 
be determined from image features. This makes our transform 
in planar regions of the scene less prone errors. Thus, overall 
alignment accuracy improves, and more complex scenes, in 
terms of depth complexity, can be aligned with a relatively 
small misalignment error. The wide-angle resolution video 
112 provides both geometry and color correction informa­
tion. 
[0026] System Configuration 
[0027] In one embodiment, the narrow-angle cameras 101 
are arranged in a 2x2 array, and the single wide-angle camera 
102 is arranged above or between the narrow-angle cameras 
as shown in FIG. lA. As described above, the field of view of 
the wide-angle camera combines the fields of view of the 
narrow-angle cameras 101. 
[0028] Each camera is connected to one of the computers 
103 via the network 104. Each computer is equipped with 
graphics hardware comprising a graphics processing unit 
(GPU) 105. In a preferred embodiment, the frame rates of the 
cameras are synchronized. However, this is not necessary if 
the number of moving elements (pixels) in the scene is small. 
[0029] The idea behind the invention is that a modem GPU, 
such as used for high-speed computer graphic applications, 
can process images extremely fast, i.e., in real-time. There­
fore, we load the GPU with transformation and geometry 
parameters to combine and transform the input videos in 
real-time as described below. 
[0030] Each computer and GPU is connected to the display 
device 108 on which the output video is displayed. In a 
preferred embodiment, we use a 2x2 array of displays. Each 
display is connected to one of the computers. However, it 
should be understood that the invention can also be worked 
with different combinations of computers, GPU s and display 
devices. For example, the invention can be worked with a 
single computer, GPU and display device, and multiple cam­
eras. 
[0031] Image Transformation 
[0032] FIG. 2 shows details of the method according to the 
invention. We begin with a set 200 of temporally correspond­
ing selected images of each narrow-angle (NA) video 11 and 
the wide-angle (WA) video 112. By temporally correspond­
ing, we mean that the selected images are acquired at about 
the same time. For example, the first image in each video. 
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Exact correspondence in timing can be achieved by synchro­
nizing the cameras. It should be noted, that set 200 of tempo­
rally corresponding images could be selected periodically to 
update GPU parameters as described below as needed. 
[0033] For each selected NA image 201 and the corre­
sponding WA image 202, we detect 210 features 211, as 
described below. 
[0034] Then, we determine 220 correspondences 221 
between the detected features. 
[0035] From the correspondences, we determine 230 
homographies 231 between images the narrow-angle images 
111 using the wide-angle video 112. Thehomographies allow 
us to transform and combine 240 the input images 201 to 
obtain a single transformed image 241. 
[0036] The homography enables us to determine 250 the 
geometries 251 for a single largest inscribed rectangular 
image 302 that encompasses the transformed image. The 
geometry also takes into consideration a geometry of the 
display device 108, e.g., the arrangement and size of the one 
(or more) display screens. Essentially, the display geometry 
defines an appearance of the output video. The size can be 
specified in terms of pixels, e.g., the width and height, or the 
width and aspect ratio. 
[0037] The homographies 231 between the narrow-angle 
videos and the geometry of the output video are stored in the 
GPUs 105 of the various processors 103. 
[0038] At this point, subsequent images in the set of nar­
row-angle input videos 111 can be streamed 260 through the 
GPUs to produce tie output video 110 in real-time according 
to the homographies and the geometry of the display screen. 
As described above, the GPU parameters can be updated 
dynamically as needed to adapt to a changing environment 
while streaming. 
[0039] In the above, we assume that the scene contains a 
sufficient amount of static objects. In addition we assume that 
moving objects remain approximately at the same distance 
with respect to the cameras. The number of moving objects is 
not limited. 
[0040] Dynamic Update 
[0041] It should be understood, that the homographies, 
geometries and color correction can be periodically updated 
in the GPUs, e.g., once a minute or some other interval, to 
accommodate a changing scene and varying lighting condi­
tions. This is particularly appropriate for outdoor scenes, 
where large objects can periodically enter and leave the scene. 
The updating can also be sensitive to moving objects or shad­
ows in the scene. 
[0042] Feature Detection 
[0043] Due to the different field of views, features in the 
input images can have differences in scale. To accommodate 
for the scale differences, we use a scale invariant feature 
detector, e.g., a scale invariant feature transformation (SIFT), 
Lowe, "Distinctive image features from scale-invariant key­
points," International Journal of Computer Vision, 60(2):91-
110, 2004, incorporated herein by reference. Other feature 
detectors, such as a comer and line (edge) detectors can either 
be used instead, or to increase the number of features. It 
should be noted, that the feature detection can be accelerated 
by using the GPUs. 
[0044] To determine 220 initial correspondences 221 
between the features, we first determine a histogram of gra­
dients (HoG) in a neighborhood of each feature. Features for 
which the difference between the HoGs is smaller than a 
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threshold are candidates for the correspondences. We use the 
L2-norm as the distance metric. 

[0045] Projective Transformation 

[0046] The perspective transformation 240 during the com­
bining can be approximated by 3x3 projective transformation 
matrices, or homographies 231. The homographies are deter­
mined from the correspondences 221 of the features 211. 
Given that some of the correspondence candidates could be 
falsely matched, we use a modified RANSAC approach to 
determine the homographies, Fischlier et al., "Random 
sample consensus: A paradigm for model fitting with appli­
cations to image analysis and automated cartography," Com­
mun. ACM, 24(6):381-395, 1981, incorporated herein by ref­
erence. 

[0047] Rather than only attempting to find homographies 
with small projection errors, we require in addition that the 
number of correspondences that fit the homographies are 
larger than some threshold. 

[0048] We determine a homography between each narrow­
angle image 201 and the wide-angle image 202, denoted as 
HNA, wA, where i indexes the set of narrow-angle images, 
andj' indbxes the wide-angle images, if there are more than 
one. We select one of the narrow-angle images 111', see FIG. 
3, as a reference images NA,r. We transform the image i to that 
of the reference image by 

which is the identity matrix. We store each homography 
H-

1
NA,,.wAJ-HNA;.wAj 231 in the GPU of the computer con­

nected to the corresponding camera i. 

[0049] Lens Distortion 

[0050] Most camera lenses have some amount of distortion. 
As a result, straight lines in scenes appear as curves in images. 
In many applications, the lens distortion is corrected by esti­
mating parameters of the first two terms of a power series. If 
the lens distortion parameters are known, than the correction 
can be implemented on the GPU as per pixel look-up opera­
tions. 

[0051] Additional Constraints 

[0052] Rather than determining the homographies 231 only 
from the correspondences 221, we can also include additional 
constraints by considering straight lines in images. We can 
detect lines in the images using a Canny edge detector. As an 
advantage, line correspondences can improve continuity 
across image boundaries. Points x and lines 1 are dual in 
projective geometry. Given the homography H between 
image I, and image I,,, we have 

x'=H·x 

where T is the transpose operator. 

[0053] Display Configuration 

[0054] After we have obtained the homographies 231, we 
determine the transformed and combined image 241 in the 
coordinate system of the reference image 111', as shown in 
FIG. 3. 
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[0055] To determine which parts of the input images 111 
are combined and displayed in the output image 110, the 
output image is partitioned according to a geometry of the 
display device 108. FIG. 3 is a front view of four display 
devices. The dashed lines 301 indicate the seams between 
four display screens. 
[0056] The first step locates the largest rectangle 302 inside 
the transformed and combined image 241. The largest rect­
angle can also conform to the aspect ratio of the display 
device. We further partition 301 the largest rectangle accord­
ing to the configuration of the display device. 
[0057] Combining 
[0058] After the homographies and geometries have been 
determined and stored in the GPU s 105, we can transform and 
resize each individual image of the input videos stream 260 in 
real-time. The cropping is according to the geometry 231 of 
the display surface. 
[0059] Therefore, the parameters that are stored in the 
GPUs include the 3x3 homographies used to transform the 
narrow-angle images to the coordinate system of the selected 
reference image 111', the x and y offset 401 for each trans­
formed image, see FIG. 4, and the size (width and height) of 
each transformed input image. The offsets and size are deter­
mined from the combined image 241 and the configuration of 
the display device 108. 
[0060] As described above, each image is transformed 
using the homographies 231. The transformation with the 
homography is a projective transformation. This operation is 
supported by the GPU 105. We can perform the transforma­
tion in the GPU in the following ways: 
[0061] Per vertex: Transform the vertices (geometry) of a 
polygon, and apply the image as a texture map; and 
[0062] Per pixel: For every pixel in the output image per­
form a lookup of input pixels, and the input pixels are com­
bined into a single output pixel. 
[0063] It should be noted that the GPU can perform the 
resizing to match the display geometry by interpolations 
within its texture function. 
[0064] With graphics hardware support of the GPU, we can 
achieve real-time transformation, resizing and display for 
both of the above methods. 
[0065] It should be noted that where input images overlap, 
the images can be blended into the output video using a 
multiband blending technique, U.S. Pat. No. 6,755,537, 
"Method for globally aligning multiple projected images," 
issued to Raskar et al., Jun. 29, 2004, incorporated herein by 
reference. The blending maintains a uniform intensity across 
the output image. 
[0066] Color Correction 
[0067] Our color correction method includes the following 
steps. We determine a cluster of pixels in a local neighbor­
hood near each feature in each input image 111. We match the 
cluster of pixels with adjacent or nearby clusters of pixels. 
Then, we determine an offset and 3x3 color transform 
between the images. 
[0068] We cluster pixels by determining 3D histograms in 
the (RGB) color space of the input images. Although there 
can be some color transform between different images, peaks 
in the histogram generally correspond to clusters that repre­
sent the same part of the scene. We only consider clusters for 
which the number of pixels is larger than some threshold, 
because small clusters tend to lead to mismatches. Before 
accepting two corresponding clusters as a valid match, we 
perform an additional test on the statistics of the clusters. The 
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statistics, e.g., the mean and standard deviation, are deter­
mined using the La*b* gamut map, which uses tie device­
independent CIELAB color space. 
[0069] We determine the mean and standard deviation for 
each cluster, and also for the adjacent clusters. If the differ­
ence is less than some threshold, then we mark the corre­
sponding clusters as a valid match. We repeat this process for 
all accepted clusters in the local neighborhoods of all corre­
sponding features. 
[0070] After the n correspondences have been processed, 
we determine the color transform as: 

r

R1,G1 G1 B1 

i1 

RR, Re, Rs, 

{ 
G' 

B' I 1 

,1 ⇒ A-X GR, Ge, GB, 

Rn Gn Bn 
BR, Be, BB, 

G~ B~ 
OR, De' OB, 

=B ⇒ X 

= A+ ·B 

where the matrix A+ is the pseudoinverse transformed matrix 
A. 
[0071] The above color transform is based on the content of 
the input images. To avoid some colors being overrepre­
sented, we can track the peaks of the 3D histogram that are 
included. Peak locations that are already represented are 
skipped in favor oflocations that have not yet been included. 
[0072] As described above, we have treated each camera, 
processor, video stream and display device in isolation. Apart 
from the homographies and geometry parameters, no infor­
mation is exchanged between the processors. However, we 
can determine which portion of the images should be sent 
over the network to be displayed on some other tiled display 
device. 
[0073] We can also use multiple wide-angle cameras. In 
this case, we determine the geometry, i.e., position and ori­
entation, between the cameras. We can either calibrate the 
cameras off-line, or require an overlap among the cameras, 
and base the geometry based on that. 
[0074] Although the invention has been described by way 
of examples of preferred embodiments, it is to be understood 
that various other adaptations and modifications may be made 
within the spirit and scope of the invention. Therefore, it is the 
object of the appended claims to cover all such variations and 
modifications as come within the true spirit and scope of the 
invention. 

We claim: 
1. A method for combining videos for display in real-time, 

comprising: 
acquiring a set of narrow-angle videos of a scene; 
acquiring a wide-angle video of the scene, in which a field 

of view in the wide-angle video substantially overlaps 
fields of view in the narrow-angle videos; 

determining homographies among the narrow-angle vid­
eos using a set of temporally corresponding selected 
images of each narrow-angle video and a temporally 
corresponding selected image of the wide-angle video; 

transforming and combining the temporally corresponding 
selected images of the narrow-angle videos into a trans­
formed image; 
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determining a geometry of an output video according to the 
transformed image and a geometry of a display screen of 
an output device; 

storing the homographies and the geometry of the display 
screen in a graphic processor unit; and 

transforming and combining subsequent images in the set 
of narrow-angle videos in the graphic processor unit 
according to the homographies and the geometry to pro­
duce an output video in real-time. 

2. The method of claim 1, in which the fields of view in the 
narrow-angle videos are substantially abutting with minimal 
overlap. 

3. The method of claim 1, in which a resolution of the 
output video is approximately a sum of resolutions of the set 
of narrow-angle videos. 

4. The method of claim 1, further comprising: 
acquiring a set of the wide-angle videos; and 
determining the homographies using temporally corre­

sponding selected images of the set of wide-angle vid­
eos. 

5. The method of claim 1, further comprising: 
updating periodically the homographies and in the graphic 

processor unit. 
6. The method of claim 1, in which the set of narrow-angle 

videos are acquired by a set of narrow-angle cameras and the 
wide-angle video is acquired by a wide-angle camera, and 
further comprising: 

connecting each camera to a computer, and in which each 
computer includes the graphic processor unit. 

7. The method of claim 6, in which there is one display 
screen for each narrow-angle video. 

8. The method of claim 1, further comprising: 
detecting features in the temporally corresponding selected 

images; 
determining correspondences between the features to 

determine the homographies. 
9. The method of claim 1, in which the geometry of the 

output video depends on a largest rectangle inscribed in the 
transformed image. 

10. The method of claim 1, in which the geometry of the 
output video includes offsets for the set of narrow-angle vid­
eos and the geometry of the display screen includes a size of 
the display screen. 

11. The method of claim 1, further comprising: 
blending the subsequent images in the set of narrow-angle 

videos during the combining. 
12. The method of claim 1, in which the selected images are 

first images in each input video. 
13. The method of claim 1, further comprising: 
correcting color in the output image according to the tem­

porally corresponding selected image of the wide-angle 
video. 

14. A system method for combining videos for display in 
real-time, comprising: 

a set of narrow-angle cameras configured to acquire a set of 
narrow-angle videos of a scene; 

a set of wide-angle cameras configured to acquire a wide­
angle video of the scene, in which a field of view in the 
wide-angle video substantially overlaps fields of view in 
the narrow-angle videos; 

means for determining homographies among the narrow­
angle videos using a set of temporally corresponding 
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selected images of each narrow-angle video and a tem­
porally corresponding selected image of the wide-angle 
video; 

means for transforming and combining the temporally cor­
responding selected images of the narrow-angle videos 
into a transformed image; 

means for determining a geometry of an output video 
according to the transformed image and a geometry of a 
display screen of an output device; 
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a graphic processor unit configured to store the homogra­
phies and the geometry of the display screen; and 

means for transforming and combining subsequent images 
in the set of narrow-angle videos in the graphic proces­
sor unit according to the homographies and the geom­
etry to produce an output video in real-time. 

* * * * * 
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