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Description

�[0001] The invention relates to a method and appara-
tus for aligning a plurality of source images.
�[0002] Video and digital cameras provide relatively low
resolution images, covering a limited field of view. Both
the lower resolution and the limited field of view problems
can be overcome by combining several images into an
extended image mosaic.
�[0003] Mosaics can be created from a set of source
images by aligning the images together to compensate
for the camera motion, and merging them to create an
image which covers a much wider field of view than each
individual image. The two major steps in the construction
of a mosaic are image alignment, and the merging of the
aligned images into a large, seamless, mosaic image.
�[0004] Various methods and systems for image align-
ment for constructing mosaics currently exist. Mosaic im-
ages have been constructed from satellite and space
probe images for many years. In these cases the appro-
priate parameters for aligning images are known from
careful measurements of the camera viewing direction
or are determined by manually designating correspond-
ing points in overlapped image regions. A method that
makes use of careful measurement of camera orientation
is described, for example, in Plenoptic Modeling: An Im-
age-Based Rendering System", L. McMillan and G. Bish-
op, SIGGRAPH 95. In this approach the images are taken
from a camera the motion of which is a highly controlled,
complete circle rotation about the optical center. The con-
structed mosaic is created by projecting the images into
a cylindrical imaging plane, thus avoiding the distortions
that may be associated with mosaicing a complete circle
on a single planar image.
�[0005] More generally, alignment is achieved through
image processing techniques that automatically find im-
age transformations (e.g., translation, rotation, scale)
that bring patterns in overlapping images into precise
alignment. Methods based on image processing are de-
scribed in U.S. Patent Application 08/339,491 "Mosaic
Based Image Processing System", filed on Nov. 14 1994,
published as US-A- �639 3163 and in U.S. Patent Appli-
cation No. 08/493 > 632 "Method and System for Image
Combination Using A Parallax-Based Technique" filed
June 22, 1995, published as US-A-�5 963 664.
�[0006] European Patent Application number WO
96/15508 concerns a mosaic based image processing
system that forms a mosaic from a sequence of images
by processing each image in the sequence of images by
first coarsely aligning the image to the previous image in
a mosaic of images and then precisely aligning the image
with the mosaic. The images are coarsely aligned in an
iterative process using a flow field.
�[0007] Systems now exist that can construct mosaics
from video in real time using these image processing
methods. Such a system is described in "Video Mosaic
Displays", P. Burt, M. Hansen, and P. Anandan, SPIE
Volume 2736: Enhanced and Synthetic Vision 1996, pp

119-127, 1996. and in "Real-time scene stabilization and
mosaic construction", M. Hansen, P. Anandan, K. Dana,
G, van der Wal, and P. Burt, ARPA Image Understanding
Workshop, Nov. 1994, pp. 457-465.
�[0008] Various image processing methods currently
exist for merging source images into a seamless mosaic.
The simplest methods digitally feather one image into
another by computing a weighted average of the two im-
ages within the zone in which they overlap. This method
can result in an appearance of double images if the
source images are not precisely aligned over entire the
overlap region or in a visible but blurred seam, if the two
differ significantly in such characteristics as mean inten-
sity, color, �’sharpness, or contrast. A more general meth-
od of merging images to avoid seams makes use of an
image pyramid to merge the images at many different
scales simultaneously. This method was first described
in "A Multiresolution Spline With Applications to Image
Mosaics", P.J. Burt and E. H. Adelson, ACM Transactions
of graphics, Vol. 2, No. 4, October 1983, pp. 217-236
(Burt I).
�[0009] It is also desirable for the merging step in mo-
saic construction also to fill any holes in the mosaic that
are left by lack of any source images to cover some por-
tion of the desired mosaic domain. A method of filling
holes in the mosaic that uses the multiresolution, pyramid
image processing framework has been described in Mo-
ment Images, polynomial fit filters, and the problem of
surface interpolation, P.J. Burt, ICPR 1988, pp. 300-302.
�[0010] Image merging methods used in mosaic con-
struction may also provide image enhancement. For ex-
ample, image "noise" can be reduced within overlap
zones by simply averaging the source images. If some
source images are of better quality than others, or show
aspects of objects in the scene more clearly than others,
then non-linear methods may be used to choose the
"best" information from each source image. Such as
method is described in Enhanced image capture through
fusion, P.J. Burt and R. Kolczynski, ICCV 1993, pp
242-246.
�[0011] Multiple source images may be combined in
ways that improve image resolution within the overlap
regions. Such a methods is described in "Motion Analysis
for Image Enhancement: Resolution, Occlusion, and
Transparency", M. Irani and S. Peleg, Vision Communi-
cations and Image Representation Vol. 4, December
1993. pp. 324-335.
�[0012] These existing methods for mosaic construc-
tion lack several capabilities that are provided by the
present invention:�

• An effective image processing means for simultane-
ously aligning all source images to obtain a best over-
all alignment for use in the mosaic. Current methods
align only pairs of images. In constructing a mosaic
from a sequence of video frames, for example, each
image is aligned to the previous image in the se-
quence. Small alignment errors can accumulate that
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result in poor alignment of overlapping image frames
that occur at widely separated times in the sequence.

• An effective image processing means for merging
all source image to obtain a best overall mosaic. Cur-
rent methods merge image only two at a time. A mo-
saic composed of many image is constructed by
merging in one new image at a time. This method
may not provide best overall quality, and may entail
unnecessary computation.

• An effective image processing means for merging
source images that differ dramatically in exposure
characteristics.

• An effective image processing means for automati-
cally selecting region of each source image to be
included in the mosaic from the overlapped regions

• A system implementation that is practical for com-
mercial and consumer applications.

SUMMARY OF THE INVENTION

�[0013] One aspect of the present invention provides a
computer implemented method of aligning a plurality of
source images comprising the steps of

a) analyzing the source images to select ones of the
source images to align and to form an initial align-
ment of the source images, and
b) analyzing the selected source images to establish
a coordinate system for an image mosaic; Charac-
terized In That

the step of analyzing the source images to select ones
of the source images to align selects images based on
overlap among the source images to optimize a com-
bined match measure over all pairs of overlapping source
images, and
the step of analyzing the selected source images to es-
tablish a coordinate system for the image mosaic selects
an initial image from the selected images to define the
coordinate system, �
wherein the method further includes the step of:�

c) aligning ones of the selected source images to the
coordinate system by selecting subsequent images
based on at least one of (i) image content, (ii) image
quality and (iii) overlap among the source images;
and aligning each of the subsequent selected imag-
es to the coordinate system defined by the initial im-
age.

�[0014] Another aspect of the present invention pro-
vides a system for aligning a plurality of source images
comprising: �

a) selection means for analyzing the source images
to select ones of the source images to align and to
form an initial alignment of the source images Char-
acterized In That: �

the selection means includes means for adjust-
ing the selected images to optimize a combined
match measure of over all pairs of overlapping
source images; and
the apparatus further includes:

b) reference means including means for analyzing
the selected source images to select an initial image
from the selected source images to establish a co-
ordinate system for the image mosaic; and
c) aligning means including at least one of (i) means
for analyzing the source images based on image
content, (ii) means for analyzing the source images
based on image quality and (iii) means for analyzing
the source images based on overlap among the
source images and means for aligning ones of the
selected source images to the coordinate system de-
fined by the initial image.

�[0015] A further aspect of the present invention pro-
vides a computer readable medium containing a program
which causes a computer to align a plurality of source
images, the program causing the computer to perform
the steps of

a) analyzing the source images to select ones of the
source images to align and to form an initial align-
ment of the source images, and
b) analyzing the selected source images to establish
a coordinate system for an image mosaic; Charac-
terized In That

the step of analyzing the source images to select ones
of the source images to align, selects images based on
overlap among the sources images to optimize a com-
bined match measure over all pairs of overlapping source
images, and
the step of analyzing the selected source images to es-
tablish a coordinate system for the image mosaic selects
an initial image from the selected images to define the
coordinate system, �
wherein the method further includes the step of:�

c) aligning ones of the selected source images to the
coordinate system by selecting an initial image, se-
lecting subsequent images based on at least one of
(i) image content, (ii)�image quality and (iii) overlap
among the source images; and aligning each of the
subsequent selected images to the coordinate sys-
tem defined by the initial image.

BRIEF DESCRIPTION OF THE DRAWING

�[0016] The teachings of the present invention can be
readily understood by considering the following detailed
description in conjunction with the accompanying draw-
ings, in which: �
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Figure 1 is a block diagram the overall system; and
Figure 2 is a flow diagram which illustrates the source
image selection.
Figure 3A is a flow-chart diagram which shows an
exemplary image alignment method.
Figure 3B is an image diagram which is useful for
describing the alignment process shown in Figure
3A.
Figure 4 is an image diagram which depicts the re-
gion selection.
Figure 5 is a flow diagram which shows an image
enhancement process.
Figure 6 is a data structure diagram which illustrates
a pyramid construction for image merging.
Figure 7 is a block diagram which is useful for de-
scribing an exemplary embodiment of the invention.
Figure 8 is a flow-chart diagram of a process which
is suitable for use as the front-end alignment process
shown in Figure 7.
Figure 9 is a diagram illustrating images that are
processed by the system which is useful for describ-
ing the front-end alignment process shown in
Figure 7.
Figures 10A and 10B are image diagrams which are
useful for describing the operation of the front-end
alignment process shown in Figure 7.
Figure 11A is a flow-chart diagram of a process which
is suitable for use as the correlation process shown
in Figure 8.
Figure 11B is a graph of an acceptance region which
is useful for describing the operation of the correla-
tion process shown in Figure 11A.
Figure 12 is a diagram of images which is useful for
describing the back-end alignment process shown
in Figure 7.
Figure 13 is a diagram of images which is useful for
describing a first alternative back-end alignment
process suitable for use in the block diagram shown
in Figure 7.
Figure 14 is a diagram of images which is useful for
describing a second alternative back-end alignment
process suitable for use in the block diagram shown
in Figure 7.
Figure 15 is a flow-chart diagram of a process suit-
able for use as the back-end alignment process
shown in Figure 7.

�[0017] To facilitate understanding, identical reference
numerals have been used, where possible, to designate
identical elements that are common to the figures.

DETAILED DESCRIPTION

�[0018] The invention relates to apparatus and a meth-
od for constructing a mosaic image from multiple source
images. The invention provides a practical method for
obtaining high quality images, having a wide field of view,
from relatively lower quality source images. This capa-

bility can have important uses in consumer and profes-
sional "photography," in which a video camera or digital
camera is used to provide photographic quality prints. It
can also be used to enhance the quality of displayed
video.
�[0019] A general process for forming a mosaic image
is shown in Figure 1. This comprises a image source 101,
a sequence of processing steps 102 to 106, and a mosaic
output means 108. There is also an optional means 109
for a human operator to view the results of the processing
steps and interactively control selected steps.

Image Source 101

�[0020] The mosaic construction process begins with a
set of source images. These may include "live" images
from various types of imaging sensors, such as video
cameras, digital still cameras, and image scanners, im-
ages from various storage media, such as video tape
(VCR), computer files, synthetically generated images,
such as computer graphics, and processed images, such
as previously constructed mosaics.�
The mosaic construction process comprises five basic
steps:

Step 1: Source Image Selection 102

�[0021] A set of images to be combined into a mosaic
is selected from the available source images. This may
be done manually or automatically. The selection proc-
ess finds a set of good quality images that cover the in-
tended domain and content of the mosaic.
�[0022] When the mosaic is built from a sequence of
video frames, this selection step may comprise indicating
the first and last frames to be included in the mosaic. This
selection indicates that all intermediate frames should be
used. The start and stop frames may be selected through
control of the video camera itself, as by starting or stop-
ping systematic sweeping motions of the camera, mo-
tions that are then automatically detected by the system.
�[0023] When a mosaic is to built from a collection of
snapshots, it may be desirable for the user to interactively
select each source image.
�[0024] Source selection may also include cutting sub
images out of larger images. For example, a user may
cut out a picture of a person in one source image so that
it may be merged into a new location in another image
of the mosaic.

Step 2: Image Alignment 103

�[0025] The selected source images are desirably
aligned with one another so that each is in registration
with corresponding portions of neighboring images.
Alignment entails finding a geometrical transformation,
or a "warping," which, after being applied to all of the
selected images, brings them into a common coordinate
system. The geometric transform is typically defined in
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terms of a set of parameters. These may be shift, rotate,
dilate, projective, high order polynomial, or general flow
(e.g., piece wise polynomial, with a different set of pa-
rameters at each sample point). Warping techniques are
disclosed in U. S. Provisional Patent Application Serial
No. 60/015,577 filed April 18, 1996 and entitled "Com-
putationally Efficient Digital Image Warping" which is in-
corporated herein by reference in its entirety.
�[0026] Alignment can be done interactively through the
user interface 109, by having the user indicate corre-
sponding points, then finding the transform parameters
that bring these points into registration (or most nearly
into registration according to some least error criterion),
or by specifying the transformation parameters interac-
tively (e.g., with a mouse or other pointing device).
�[0027] Alignment can also be done automatically by
various image processing methods that determine the
warp parameters that provide a best match between
neighboring images. Alignment may combine manual
and automatic steps. For example, an operator may bring
the images into rough alignment manually, then invoke
an automatic process to refine the warp parameters to
provide precise alignment.
�[0028] The alignment process may interact with the
source image selection process 102. Alignment provides
information on the degree of overlap and, in the case of
video, on the velocity of camera motion. Images may be
discarded if their overlap is too large, or new images may
be added if the degree of overlap is too little. Images may
be discarded if camera motion is too large, and thus likely
to result in motion blur. Abrupt changes in camera motion
may be used to signal the intended start and stop of video
sequence used in mosaic construction.
�[0029] This invention presents image alignment meth-
ods that take all frames into account simultaneously.
Rather than the traditional alignment approaches that
align two images by minimizing some error function be-
tween them, this disclosure proposes a method to align
all images simultaneously, or to align any subset of im-
ages, by minimizing the error function which is the sum-
mation of all errors between any overlapping pair of im-
ages.

Step 3. Region Selection 104

�[0030] Subregions of the overlapping aligned source
images are selected for inclusion in the mosaic. The se-
lection process effectively partitions the domain of the
mosaic into subregions such that each subregion repre-
sents the portion of the mosaic taken from each source
image.
�[0031] Selection may be done manually or automati-
cally. Manual selection may be done interactively through
the user interface 109, by drawing boundary lines on a
display of neighboring overlapped images using a point-
ing device such as a mouse. Automatic selection finds
the appropriate cut lines between neighboring images
based on location (e.g., distance to the center of each

source image) or quality (such as resolution or motion
blur).
�[0032] In a more general approach to selection, some
overlapped portions of may be combined through aver-
aging or pattern selective fusion.

Step 4. Image Enhancement 105

�[0033] Individual images may be further processed pri-
or to merging to improve their contrast or sharpness or
to adjust these characteristics to be similar to the corre-
sponding characteristics of their neighboring images. En-
hancement is based on the intensity, color and filtering
operations. Parameters of these operations may be de-
termined manually or automatically.

Step 5. Merging 106

�[0034] In this step, the selected source images are
combined into a single mosaic. This is desirably done in
a way that yields a result that looks like a single image,
without seams or other merging artifacts. Simply copying
pixels from the selected regions of each source into the
mosaic generally does not yield satisfactory results. The
boundary between neighboring segments that differ sub-
stantially in such characteristics as contrast, resolution,
or color may appear as a visible seam in the mosaic.
�[0035] Methods for combining images include feather-
ing, multiresolution merging, averaging and fusion.
Feathering is satisfactory if alignment is good and the
neighboring images have similar properties. Multiresolu-
tion merging combines images at multiple resolution lev-
els in a pyramid/ �wavelet image transform domain. This
is effective to eliminate visible seams over a broad range
of conditions. Averaging is appropriate as a means of
improving signal to noise when the source images within
the overlap region are of comparable quality and are in
precise alignment. Image fusion is a generalization of the
multiresolution merging method in which a selection is
made among source images at each location, scale and
orientation.
�[0036] It is often the case that the source images do
not cover the entire domain of the desired mosaic. There
may be holes left within the mosaic that are not covered
by any of the source images, or there may be regions
around the merged source images that do not extend to
the desired mosaic boundary. These regions may be left
blank (e.g., assigned some uniform color, such as black)
or they may be filled in a way that makes them incon-
spicuous. The latter effect may be achieved by multires-
olution interpolation and extrapolation or by multiresolu-
tion merging with an image "patch" taken from a nearby
piece of one of the source images or a patch that is gen-
erated artificially to appear similar to neighboring image
regions.
�[0037] In some cases it may be desirable to combine
source images in such a way that an object from one
image appears to be in front of a background provided

7 8 



EP 0 979 487 B1

6

5

10

15

20

25

30

35

40

45

50

55

by the other image. This effect is achieved by carefully
cutting the first image along the intended foreground ob-
ject boundary (such as a person’s face) then inserting
the resulting pixels into the other image. Edges may be
blended to avoid aliasing (a jagged appearance due to
image sampling) and images may be combined by more
sophisticated methods that make shadows from one
source appear to fall on background objects in the other.
Boundaries may be identified manually or automatically,
while blending is done automatically.

Step 6. Mosaic Formatting 107

�[0038] Once the mosaic has been completed it may
be further edited or processed to achieve a desired image
format. For example, it may be warped to a new coordi-
nate system, cropped, or enhanced through image
processing techniques. These steps may be performed
automatically or manually through the user interface 109.

Output Means 108

�[0039] The final mosaic composite image may be pre-
sented on a display, printed, or stored in a computer file.
The mosaic may also be made available as a source
image 101, for use in the construction of new mosaics.

User Interface 109

�[0040] A human operator may observe and control any
or all of these processing steps through the user inter-
face. This interface normally includes an image display
device, and a pointing device, such as a mouse or a light
pen. The operator may designate source images, image
regions, and operations on these images through a visual
user interface. The operator may also control parameters
of the operations through slider bars or other real or virtual
"knobs." He may manually assist with image alignment
by designating corresponding points on different images
or by pushing, stretching or rotating images on the screen
using the virtual knobs.
�[0041] In addition to standard user interface methods,
such as a keyboard and a pointing device, this invention
also presents a unique user interface for video input, al-
lowing the user to interface with functions of the system
by moving the video camera in prespecified motions,
each such prespecified camera motion being interpreted
to control some aspect of the mosaicing process.
�[0042] It should be noted that the order of the steps in
the mosaic construction process may be interchanged in
some cases, and some steps may be skipped. For ex-
ample, the enhancement step could be performed after
the segment selection step, or before alignment step or
even before image selection step, or even not be per-
formed at all.

Image Selection

�[0043] The source image selection step 102, may in-
clude additional steps such as those shown in Figure 2.
Source images may be selected on the basis of several
factors, including content, quality, and degree of overlap.
In general, the process of selecting source images is it-
erative, so that some images selected initially may be
discarded later, and images not selected initially may be
added later.

Content Based Selection 201

�[0044] Selection based on image content is normally
done manually. This may include the step of cutting piec-
es out of larger images so they may be inserted into new
images. Such selection and cutting is normally done on
a computer display using a pointing device such as a
mouse.

Quality Based Selection 202

�[0045] Selection based on image quality may be done
manually or automatically. Automatic selection is normal-
ly used if there are a great many source images, as in
mosaic construction from a video signal. This selection
process may avoid images that are degraded, for exam-
ple, due to motion blur or to poor exposure.
�[0046] If the source images are a video sequence, then
one motion blur may be detected by first measuring frame
to frame image displacement. The degree of blur increas-
es in proportion to frame displacement and in proportion
to the exposure time for each frame as a fraction of the
time between frames. Frame to frame displacement may
be provided by the image alignment process 103. In ad-
dition, the exposure time may be known as part of the
information provided with the source video. The image
is noticeably degraded by blur when the product of ex-
posure time and displacement represents a distance that
is large compared to a pixel in the image.
�[0047] An alternative method for detecting motion blur
in a video sequence is to measure the degree to which
the image appears to be blurred in one direction while it
is sharp in others. A simple filter applied to the image
may measure pattern orientation at each pixel position
in the image (this may be a gradient operator or an ori-
ented edge detector). If the resulting orientations when
pooled over extended regions of the image or over the
entire image are unusually clustered in one direction this
may be taken as an indication of motion blur. The orien-
tations may be judged to be unusually clustered by com-
paring the clustering for one image with the clustering for
neighboring overlapped images.
�[0048] A method for determining exposure quality may
measure the energy within a set of spectral frequency
bands of the source image. For a set of images of a given
scene obtained with different exposures, the one with the
largest energy may be taken as the one with the best
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exposure. The energy within a set of spectral bands may
be computed by calculating the variance of the various
levels of a Laplacian pyramid representation of that im-
age. If the energy for several bands is low for one image
compared to that of overlapping images, then the image
may be rejected as likely having poor exposure.

Overlap Based Selection 203

�[0049] Source image frames are preferably selected
to provide an appropriate degree of overlap between
neighboring images. This selection process depends, in
part, on the application and computing resources avail-
able to the mosaic construction system. In general, the
greater the overlap, the simpler it is to achieve good qual-
ity alignment and merging. On the other hand, the greater
the overlap, the more source images are needed to con-
struct a mosaic covering a given area, and hence the
greater the cost in computing resources. The degree of
overlap is provided to the selection system by the align-
ment process 103.

Image Alignment

�[0050] The image alignment step desirably compen-
sates for such factors as camera motion and lens distor-
tion. Camera motion can introduce simple projective
transformation between overlapping images, or can re-
sult in more complex parallax transformation that relate
to the three dimensional distribution of objects in the
scene. Alignment methods currently exist that can ac-
commodate these factors. Here we define a method for
aligning sets of images that are distributed in two dimen-
sions over the mosaic image domain, so that each is
aligned with neighbors above and below as well as to the
left and to the right.
�[0051] Existing methods for aligning pairs of images
provide means for finding geometric transformations
which, when applied to the two images, maximize a
measure of image match or registration over their over-
lapped regions. Various types of match measure can be
used, including cross correlation and least squared error.
�[0052] The new method for simultaneously aligning
three or more source images generalizes the procedure
used for pairs of images by finding a geometric transfor-
mation which, when applied to each of the source images
results in a global best match for all source images. The
global best match is defined as an appropriate combina-
tion of match measures for the pairs of overlapping
source images. In general, the task of finding a global
best alignment is computationally difficult. The new meth-
od introduces practical means for finding the best global
alignment.
�[0053] Figure 3a shows the three stage process for
finding global alignment.

Stage 1: Sequential Construction of Submosaics 301

�[0054] The source images are first assembled into one
or more submosaics in a sequential process. This proc-
ess begins with the selection of one or more source im-
ages to serve as seeds. Then a mosaic is grown from
each seed by adding other source images one at a time.
Each new image is aligned with the existing mosaic in
pairs, then is incorporated in the mosaic. Alternatively, it
is aligned with one of the images that is already in the
mosaic, and the parameters of that alignment as well as
the alignment of the overlapped image are combined
mathematically to obtain parameters for aligning the im-
age to mosaic alignment.
�[0055] A submosaic is typically constructed from a vid-
eo sequence by aligning each new video frame to the
preceding frame. New submosaics may be initiated
whenever there is a significant change in the direction of
camera motion.
�[0056] This processing stage does not provide an over-
all best alignment of the source images, but only an ap-
proximate alignment of subsets of images based on a
subset of the possible alignment of the images in pairs.

Stage 2: Approximate Alignment of Submosaics 302

�[0057] The submosaics are aligned roughly to one an-
other. In practical systems this step may be done man-
ually or may be based on rough camera orientation pa-
rameters that are known from camera orientation sen-
sors, such as gyroscopes. The alignment may also be
based on alignment of pairs of submosaics or on selected
pairs of frames within neighboring submosaics using the
known image processing alignment methods. Precise
alignment between neighboring submosaics is often not
possible. Alignment of pairs of submosaics in Stage 1
can result in the accumulation of small alignment errors
over an extended submosaic. As a result, each submo-
saic may be somewhat distorted relative to neighboring
submosaics.

Stage 3: Iterative Refinement 303

�[0058] Once a rough overall alignment of all the source
images has been generated that alignment is refined
through an iterative adjustment process. The adjustment
may be performed hierarchically, for example, within a
multiresolution pyramid image processing framework.
Using this method, adjustments are first computed for
low resolution representations of the submosaics. This
improves the large scale alignment of the overall mosaic.
Then the submosaics are decomposed into smaller sub-
mosaics, and the adjustments are repeated for these,
typically at a higher image resolution. This improves over-
all mosaic alignment at an intermediate scale. The small
submosaics are again decomposed into smaller submo-
saics, and the alignment of these is adjusted. These di-
vide and align steps are repeated until a desired precision
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and image resolution is achieved, possibly at the level of
individual source image. The adjusted alignments of in-
dividual frames, and small submosaics may be used to
reconstruct larger submosaics, Stage 2, in a fine-coarse
procedure. Fine-coarse and coarse-fine passes may be
repeated until a desired overall alignment is attained. The
inventors have determined that for most applications, a
single pass will suffice.

Method for Adjusting Alignment

�[0059] The method for adjusting alignments in stage 3
considers the global alignment of a given source image
(or sub mosaic) with all of its neighboring overlapped
images (or submosaics). A match measure is computed
that combines measures over all the pairs of overlapped
neighboring images (submosaics). Then geometric
transformation parameters are found that optimize this
combined match measure. Global alignment may per-
formed for one image (submosaic) at a time, or simulta-
neously for groups of images (submosaics). These tech-
niques are described below as Methods 1 and 2, respec-
tively. In either case the adjustments are cycled system-
atically over all images (submosaics) that make up the
overall mosaic. �
These steps may be defined more explicitly as follows:
�[0060] Given a sequence of N source images (or sub-
mosaics) {Ik}, 0≤k<N-�1, compute a global alignment error
by adding up all alignment errors from all image pairs
which overlap. We define by "alignment" a set of trans-
formations {Tk} such that each transformation Tk warps
the image Ik into the common coordinate framework of
the mosaic. If Wk is the image Ik warped by the transfor-
mation Tk then the overlap is computed between every
pair of aligned images, Wm and Wn. There are N2 such
image pairs. If there is an overlap, then an alignment
error Emn can be calculated. Emn can be, for example,
the sum of squared difference of image intensities in the
overlapping area, cross correlation, or any other measure
of the quality of image alignment. In cases where the
images have no overlap, Emn is zero. The global align-
ment error E is then the sum over all N2 image pairs of
Emn. To avoid the solution where there is no overlap be-
tween any image pair, standard methods are used.
These include the consideration of only those alignments
that have at least some pre-specified area of overlap, or
some pre-specified number of overlapping pairs. The
measure of the match of each image pair may be nor-
malized by dividing the measure by the area of overlap.
�[0061] The mosaic coordinate system is not addressed
in this invention. It can be the coordinate system of one
of the input images, or another coordinate system com-
puted by any other way, or manually selected by the user.
�[0062] As used in this application, a global alignment
is a set of transformations {Tk} which minimize the global
alignment error E. This set of transformations can be
found using a minimization method to minimize the global
alignment error E.

�[0063] Consider, for example a proposed global image
alignment in Figure 3. The error function for this alignment
is computed from all pairs of images that share an over-
lapping region. The shaded region 321 is, for example,
the overlapping region between Frame 311 and Frame
312. Region 322 is the overlap between frames 313 and
314.
�[0064] Even though the exemplary method is defined
using all image pairs, a smaller subset of image pairs
may be used to increase speed of computation, or in
situations where the relevant image pairs can be deter-
mined in advance by some other process. For example,
an alternative to computing the error function for all image
pairs that share an overlapping region is to use only ad-
jacent image pairs. One possible way to define the ad-
jacency between image pairs is to use the "Voronoi Di-
agram" described in "Voronoi Diagrams, a Survey of Fun-
damental Geometric Data Structures", F. Aurenhammer,
(Aurenhanvner) Computing Surveys, Vol 23, 1991, pp
345-405. Using the center of each frame as a nucleus
for a Voronoi cell, we define as "adjacent" those frames
having Voronoi cells which share a common vertex.
�[0065] Simultaneous minimization of the alignment er-
ror for all overlapping regions, or even for the overlapping
regions of only adjacent image pairs, may be computa-
tionally expensive. The inventors have defined several
simplified implementations which reduce the computa-
tional complexity. Method 1- Analytic optimization with
coarse-fine refinement.
�[0066] Match measures are computed first between
pairs of overlapping frames. The match measures are
represented as surfaces for a small range of parameter
values centered on the position of the current expected
optimum match. These surfaces can be described ex-
plicitly by storing their alignment measure, or stored im-
plicitly as a parametric surface. An estimate of the overall
best alignment can then be determined analytically
based on the collection of match surfaces for pairs of
overlapping frames. The source images are warped to
the estimated best match position, and the match sur-
faces are again computed. The process may be iterated
several times to successively improve the overall align-
ment. These steps may be further implemented in
coarse-fine fashion, so that initial alignment is based on
low resolution representations of each source, and final
refinements are based on high resolution representation
of each source.
�[0067] Iteration in this method is desirable because the
pairwise match measure surfaces can be computed for
simple transformations while the global alignment is es-
timated using more complex transformations. For exam-
ple, match measure surfaces may be computed for trans-
lations only, while the global alignment of an image rel-
ative to multiple neighbors may include affine transfor-
mations.
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Method 2 - Local alignment refinement.

�[0068] Once the set of source images are in rough
alignment, the alignment parameters of each image may
be adjusted in turn to optimize its match to its overlapping
neighbors. This is repeated for each source image in turn,
then iterated several times. Further, the process may be
implemented as coarse-fine refinement. Implementation
may be either sequential, with the transformation of one
image adjusted in each iteration, or in parallel, with mul-
tiple overlapping source images being concurrently
aligned with their respective neighborhoods.

Region Selection

�[0069] Each point in the final mosaic may be covered
by several input images. One of these is desirably se-
lected to define the pixel value at that point in the mosaic.
Let SRk be the subregion of the (transformed) image Wk
to be included in the mosaic. There are several methods
that may be used to select the SRs.

Method 1: Proximity

�[0070] The simplest method to select the SRs is by
proximity to the center of the images. Let a mosaic pixel
p be covered by several images Wk . The proximity cri-
terion will select for the value of pixel p to be taken from
that image Wk which has a center that is closest to p.
This tessellation is known as a "Voronoi tessellation",
and the resulting SRs are convex regions. In this in-
stance, the boundary between two adjacent images is
the bisector of the line segment connecting the two image
centers. Voronoi tessellation is described in the
above-identified article by Aurenhammer.
�[0071] For example, when the input images have only
horizontal translations, each input image contributes only
an upright rectangular strip around its center to the final
mosaic.
�[0072] An example for region selection is shown in Fig-
ure 4. Frames 401, 402, 403, and 404 are shown after
alignment. In the constructed mosaic 410 region 411 is
taken from Frame 401, region 412 is taken from Frame
402, region 413 is taken from Frame 403, region 414 is
taken from Frame 404, region 415 is taken from Frame
402, and region 416 is taken from Frame 403.

Method 2: Image Quality

�[0073] The SRs may be selected on the basis of image
quality. The value assigned to pixel p of the mosaic is
taken from that source image which is judged to have
the best image quality at that point. Image quality ratings
may be based on such criteria as contrast or motion blur.
As an example, the gradient magnitude may be used.
This is higher when the image is sharper. Such a selec-
tion criteria is described in US Patent number 5,325,449
entitled "Method for Fusing Images and Apparatus

Therefor", issued June 28, 1994 which is incorporated
herein by reference for its tracking on image gradient
calculations. Using all overlapping images covering a
specific region, that image having highest quality is se-
lected to represent the region.

Method 3: Alignment

�[0074] The degree of alignment is often not uniform
over the overlap region between two images. The cut line
defining the boundary between the SRs for these images
is desirably positioned to pass through the overlap region
along a locus of points where alignment is particularly
good. This minimizes misalignment along mosaic seams,
where it would be most noticeable in the final mosaic. To
find this locus of points, a residual misalignment vector
is estimated at each pixel of the overlap region. A cut line
is then found that partitions the region of overlap such
that the sum of residual misalignment along this line is
minimal. The Voronoi type of tessellation is an approxi-
mation to this criterion when the better alignment is near
the center of images, while alignment degrades towards
image periphery.

Image Enhancement

�[0075] Individual images may be further processed pri-
or to merging to improve their contrast or sharpness or
to adjust these characteristics to be similar to the corre-
sponding characteristics of their neighboring images.� En-
hancement is based on the intensity, color and filtering
operations. Parameters of these operations may be de-
termined manually or automatically.

Merging

�[0076] In practice it may not be desirable to assemble
source images into a mosaic simply by copying the pixel
values from their respective SRs to the mosaic. This may
result in visible seams. Rather, it is desirable to blend the
neighboring image regions together. A particularly effec-
tive means for blending first decomposes the source im-
ages into a set of two or more band pass spatial frequency
components then merges the images in each band sep-
arately over a transition zone that is proportional to the
mean wavelengths in that band. A known implementation
of this method makes use of the Laplacian pyramid image
transform to decompose images into their bandpass
components.
�[0077] For an explanation of the use of Laplacian pyr-
amids in image merging see Burt I referred above. This
publications also describes how to construct a Laplacian
pyramid from an image, and how to construct an image
from a Laplacian pyramid.
�[0078] Briefly, two Laplacian pyramids are created,
both based on an image the size of which is the size of
the final mosaic M. One pyramid, M, is for the fmal mosaic
image M, and the other pyramid, L, is for the current im-
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age. Each source image Ik is first transformed (warped)
by Tk into image Wk that is aligned with the mosaic. The
warped image is then expanded to cover the entire do-
main of the mosaic by padding with pixels of a specified
value or by a more general extrapolation method, de-
scribed below. The Laplacian pyramid L is then computed
for Wk. Values from the pyramid L are copied into their
appropriate locations in the pyramid M, based on the lo-
cation of the segment SRk that will come from the Wk.
After this is done for each image, all elements in the pyr-
amid M that correspond to regions covered by input frame
have assigned values. The final mosaic M is than con-
structed from the Laplacian pyramid M, giving a seamless
mosaic.
�[0079] In one exemplary embodiment of the present
invention the multiresolution merging process is per-
formed not on the source images themselves but on a
gray scale transformed version of the image. In order to
merge images that differ significantly in exposure char-
acteristics, the images are first transformed on a pixel by
pixel basis by an invertible compressive scalar transfor-
mation, such as a log arithmetic transformation. Multires-
olution merging is performed on the scalar transformed
source images, then the final mosaic is obtained by in-
verting the scalar transform for the image obtained
through merging.
�[0080] An example of when this procedure may be
beneficial is the commonly occurring example of merging
images having different gains. Such images may be tak-
en by a video camera having automatic gain control, or
by still camera which applied a different gain for each
image. The gain transformation can be approximated by
a multiplication of the image intensities. In order to make
a smooth gain transformation, better blending is obtained
by applying the logarithmic transformation to the images
before merging. The transformed images are merged,
and the exponent (or antilog) of the blended transformed
images gives the final result.
�[0081] In color images, the above transformation may
be applied only to the intensity component, or to each
color signal component separately, depending on the im-
aging circumstances.

Region Selection in Pyramid

�[0082] An exemplary implementation of the multireso-
lution merging process is presented in Burt I. This imple-
mentation uses a Laplacian pyramid to decompose each
source image into a regular set of bandpass components.
When two images are merged a weighting function for
one of these images, say W1, can be defined by con-
structing a Gaussian pyramid of a mask image that is
defined to be 1 within the region SR1 and 0 outside this
region. Such a Gaussian pyramid provides a weight that
is multiplied by each corresponding sample of the Lapla-
cian pyramid of W1. This weighting follows the propor-
tional blending rule. If there are just two source images,
W1 and W2, and the regions SR1 and SR2 represent com-

plementary portions of the mosaic domain, then multires-
olution merging follows the simple procedure: (1) Build
Laplacian pyramids for W1 and W2. (2) Build Gaussian
pyramids for masks that are within regions SR1 and SR2.
(3) Multiply the Laplacian and Gaussians components
for each source on a sample by sample basis. (4) Add
the resulting product pyramids. (5) Perform the inverse
Laplacian pyramid transform to recover the desired
merged images.
�[0083] In this invention disclosure we introduce two re-
finements of the methods defined by Burt and Adelson.

1. Weighted Summation with Normalization

�[0084] If more than two images are used and their re-
spective segments, SRk, exactly cover the mosaic image
domain, without holes or overlap, then the above proce-
dure can be generalized to the merging of any number
of images. The total weighting provided by the Gaussian
pyramids for the subregions sums exactly to one at each
sample position. However, if the SRk do not exactly cover
the mosaic image domain, then the sum of the weights
at each sample position may sum to one. In this case the
images may be combined as in steps 1 to 4 above. Two
new steps are now introduced: (4b) the Gaussian pyra-
mids are summed on a sample by sample basis, and (4c)
each value in the combined Laplacian pyramid is divided
by the corresponding value in the combined Gaussian
pyramid. This has the effect of normalizing the Laplacian
values. The final mosaic is recovered through an inverse
transform, as in Step 5.

2. Simplified Selection

�[0085] A simplified method for constructing the com-
bined Laplacian may also be used in which the weighting
functions for proportional blending are only implicit. In
this procedure the Laplacian pyramids for each source
image are constructed as before. (Step 1). No Gaussian
pyramids are constructed. (No steps 2 and 3.) The La-
placian for the mosaic is then constructed by copying all
samples from all levels of the Laplacian pyramid for each
source image Wk that falls within the domain of the cor-
responding segment SRk to the Laplacian for the mosaic.
(Step 4). The mosaic is obtained through the inverse
transform, as before. (Step 5). This simplified method
can be used when the source image segments, SRk, ex-
actly cover the mosaic domain, so that no normalization
is needed. The inverse Laplacian pyramid transform has
the effect of blurring the selected bandpass components
to provide the proportional blending used by the multires-
olution merging method. It may be noted that the spatial
position of (i, �j) at level one of a Laplacian pyramid con-
structed with an odd width generating kernel are at Car-
tesian coordinates x=i2I and y=j2I. If these coordinates
fall within SRk for a sample within the Laplacian pyramid
for image Wk then that sample value is copied to the
Laplacian for the mosaic.
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�[0086] This simplified method is illustrated in Figure 6.
A one-dimensional case is shown in Figure 6 for clarity
of presentation, but generalization to the two dimensional
case of images is straight forward. Given three aligned
images W1, W2, and W3, the final mosaic is to be con-
structed from image W1 in pixels 0-4, from image W2 in
pixels 5-10, and from image W3 in pixels 11-16.
�[0087] The values of M0 �(x) are assigned as follows:
for pixels x=0... �4, they are taken from the same level at
the Laplacian pyramid generated for image W1, L0�(x),
also for x=0... �4. For pixels x=5... �10, they are taken from
the Laplacian pyramid generated for image W2, L0 �(x), for
x=5...�10. For pixels x=11... �16, they are taken from the
Laplacian pyramid generated for image W3, L0�(x), for
x=11... �16.
�[0088] For the rest of the pyramid, values of Mi �(x) are
taken from the corresponding i-th level of the Laplacian
pyramid for the image that contributes to location 2ix in
the mosaic image M. Therefore, for M1 �(x), values for x=0..
2 are taken from the Laplacian pyramid for image W1,
values for x=3.. �5 are taken from the Laplacian pyramid
for image W2, and values for x=6... �8 are taken from the
Laplacian pyramid for image W3.
�[0089] In this example, as in most practical cases, the
Laplacian pyramid is not constructed until the top level
is only a single pixel. In such cases, the top level of the
pyramid is taken from the same level of the Gaussian
pyramid of the image. G3 is, therefore, composed of val-
ues taken from the Gaussian pyramid of the correspond-
ing images.

Handling Image Boundaries

�[0090] The individual source images W are defined on
the same coordinate system and sample grid as the final
mosaic. However, they generally are smaller than the
mosaic. When a Laplacian pyramid is constructed for
each image Wk it is expedient to extrapolate this image,
at least implicitly, to cover an extended image domain,
up to the entire domain of the final mosaic. This extension
is desirable to ensure that all the samples from the pyr-
amid that contribute to the final mosaic (i.e., those with
non-zero weights, Method 1, or that fall within the domain
of SRk, Method 2) have well defined values.
�[0091] This extrapolation can be done in the original
image or can be done as the pyramid is constructed. If
done in the original image domain the, extrapolation de-
sirably ensures that no point within the segment SRk is
within a distance d of the boundary of the image where
d = D 2M, where M is the top level of the Laplacian pyramid
used in merging and D is a small integer that is related
to the size of the filter kernel used in pyramid construction
(e.g. D = one-half of the linear filter kernel size for a sym-
metric filter having an even number of taps). A simple
method of image domain extrapolation is to replicate the
values of edge pixels. Another method that may be used
in mosaic construction is to copy corresponding pixels
from other source images. If these other images differ

significantly from Wk in exposure characteristics then
they may be gray scale transformed to have similar char-
acteristics to Wk . � Extrapolation may be done during pyr-
amid construction by such methods as described in "Mo-
ment Images, Polynomial Fit Filters, and The Problem of
Surface Interpolation," P.J. Burt, ICPR 1988, pp.
300-302.

Color Images

�[0092] There are several approached to handle color
images. A color image can be represented as a three-di-
mensional image, in any of the accepted color standards
(RGB, YUV, Lab, etc.).
�[0093] Image alignment may be done in one compo-
nent only (Say the intensity Y component), where a reg-
ular monochrome alignment technique can be used. Al-
ternatively, alignment may minimize error functions
which involve more than one component.
�[0094] Image merging can be done for a single com-
ponent as well as, for example, for the intensity Y com-
ponent, while the other two component signals are taken
directly from the merged images. Alternatively, image
merging may be done for each component separately (e.
g. The R, G, and B components, or the L, a, and b com-
ponents), each component being treated as a mono-
chrome image.
�[0095] For a monochrome mosaic, the blurring of the
inter-image seams by splining causes human observers
to be unable to discern that it is composed of sub-images.
Even rudimentary lightness balancing is often not needed
if splining has been done. The fusion of sub-images oc-
curs because, although human vision is quite sensitive
to luminance differences at high spatial frequencies (e.g.,
at seams), it is less sensitive at low spatial frequencies
(e.g., across sub-images). On the other hand, chromi-
nance differences are more effectively perceived at low
spatial frequencies. Therefore, even when the seam is
blurred between two sub-images in a mosaic, a color
imbalance between the images is discernible unless care
is taken to color-correct all of the sub-images after they
are registered and before they are splined together.
�[0096] A method is presented here for achieving color
correction between sub-images in a mosaic, based on
comparisons between the colors in the overlap regions
between the images. For two overlapping images, the
method consists in performing a least-square fit over the
image-overlap region to determine the color-space affine
transformation (among the R, G, B component signals)
that brings the second image closest to the first. The re-
sulting affine transformation is then applied to the entirety
of the second image. Extending the objective function to
more than two overlapping images is done simply by as-
cribing affine transformation to all but one of the images
(these transformations being with respect to the untrans-
formed, or reference image), and then by adding the
squared RGB color differences over all the pixels in all
the overlap regions.
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�[0097] The physics of image creation provides strong
motivation for affine color correction. Under fairly general
and natural circumstances, an affine transformation in
color space compensates for (a) color-space differences
between the two images due to different acquisition sys-
tems; (b) differences in illumination spectrum due to dif-
ferent times of acquisition; and (c) haze and other trans-
lucent media in one image that do not appear in the other.
This is described in a paper by M.H. Brill, published in
MIT RLE Progress Reports No. 122 (1980), 214-221 .
�[0098] The implementation of the algorithm in the con-
text of is outlined below:�

1. Apply the above image-registration algorithm only
to the luminance images, identify and index the over-
lap regions, and apply the luminance-image derived
transformation to all three component color signals.
2. Identify a reference image G1, and do a simulta-
neous least-square adjustment over all the overlap
regions to determine the best color-space affine
transformations between each nonreference image
Gk and the reference image. The objective function
is the sum over all pixels x in all overlap regions (e.g.,
for sub-images i and k) of (AkGk �(X) + bk - AiGi �(x) -
bi)2, where GK �(x) is the column vector of (R, G, B)
at pixel location x in image k, and G; �(x) is the column
vector of (R, �G, �B) at pixel location x in image i. Ak
and Ai are 3x3 matrices, and bi and bk are column
3-vectors. For the reference image 1, A1 = I and b1
= 0. Solving for the affine parameters comprising ma-
trices A and vectors b will involve solving 12 N - 12
simultaneous linear equations in the same number
of unknowns, where N is the number of sub-images
in the mosaic.
3. Perform image splining on R, G, and B color signal
components separately using the above algorithm.
4. Make sure the image mosaic is within a realizable
digital-value range. Do this by adding a constant to
each component signal (e.g. R, G & B) in the image,
that constant being chosen to remove all negative
pixel values. Then scale each component by a con-
stant sufficient to lower the maximum value over the
image to the maximum attainable digital value.

�[0099] If the images are imperfectly registered relative
to the size of represented objects, local pixel averages
can replace the individual pixel values in the objective
function of Step 2 above.
�[0100] If the registration is poor at the pixel level but
image overlap regions can still be identified, step 2 may
be modified to optimize the affine transformations to
match the color signals and inter-component correlation
matrices within the respective overlap regions. The quad-
ratic transformation property of correlation matrices is
described for color recognition in a paper by G. Healey
and D. Slater, published in J. Opt. Soc. Am. A, 11 (1994),
3003-3010. The new objective function is the sum over
all overlap regions (e.g., between sub-images i and k) of

a weighted sum of (Ak Ck Ak
T- A; Ci Ai

T)2and (Ak mk + bk
- Aimi - bi)2 Note: To specify Ak completely, it is desirable
to add an analogous term comparing third moments,
which transform as third-rank tensors. Here mk and Ck
are the 3-vector signal mean and the intersignal 3x3 cor-
relation matrix for pixels within the overlap region of im-
ages i and k, and mi and Ci are similarly defined (still
within the i, k overlap). The resulting least square problem
leads to a nonlinear set of equations in the affine param-
eters. If the computation needed to solve these equations
is too great, a fallback position is to replace the full 3x3
matrix in the affine transformation by a diagonal matrix.
In that event, the least-square equations become linear
in the squares of the matrix elements, and can be readily
solved. In the special case of two overlapping images,
each color component of image G2 is corrected to an
image G2’ which has a mean and variance that match
the mean and variance of the image G1, by the transfor-
mation. 

Here
a = sigma1/sigma2,
b = mean1 - (sigma1/sigma2)�mean2,
mean1 and sigma1 are the mean and standard deviation
of the pixel values in the color signal component of con-
cern for image G1 (the reference image), and mean2 and
sigma2 are similarly defined for image G2 (the inspection
image). In each application, it should be determined
whether this step gives sufficient color correction before
the more elaborate color adjustments are tried.
�[0101] The basis for this alternative method of handling
color images is the use of overlapping image areas to
effect affine color correction among the sub-images in a
mosaic. Although affine color correction has been dis-
cussed for some time in color reproduction and in ma-
chine vision, it has not enjoyed much success because
discovering the correct affine transformation has typically
required either very restrictive spectral assumptions or
the definition of reference colors of correctly segmented
areas in the picture. The presence of an overlap between
the inspection and the reference image obviates these
problems and hence allows the affine correction to be
directly calculated. The approach can be extended tran-
sitively to all other images that are connected to the ref-
erence image by a series of image overlaps.

Interactive View of Alignment

�[0102] After alignment, the images are (optionally) pre-
sented to the user. The mosaic presentation is done sim-
ilar to the presentation in Figure 3B, where all images
are transformed to the common coordinate system. The
viewing is done so that the position of each image within
the mosaic is presented, as well as the original image.

21 22 



EP 0 979 487 B1

13

5

10

15

20

25

30

35

40

45

50

55

One such possible interaction is by moving the cursor or
other pointing device across the mosaic. The video frame
which contributes to the region in the mosaic that includes
the cursor is displayed in one part of the screen, while
the contributing region as well as the image boundary is
displayed on the mosaic. This interaction allows the op-
erator to examine the quality of the images and their align-
ment. The operator may, for example, delete frames that
have poor quality (e.g. noise of blur), while ensuring that
all images in the mosaic are covered by at least one input
image.
�[0103] One of the effects of the above interaction is to
give the user a new way to view the video. By controlling
the direction and speed in which the pointing device
moves on the mosaic, the user can now control the dis-
play of the video. In particular, the user can control the
forward/�backward video display, as well as its speed
�[0104] Additional user interaction may be desirable to
correct poor alignment. The automatic alignment may
fail, for example, when image overlap is small, when im-
ages have excessive amounts of noise or when the im-
ages have only a few distinguishing features. In such
cases the user may manually align the images, for ex-
ample, by dragging frames with a mouse, or by clicking
on common features that appear in misaligned images.
The system can compute the frame alignment transfor-
mation from this manipulation. Such transformations can
serve as an initial guess for further automatic alignment,
which may now give better results because of an im-
proved initial guess.

Device Control Based on Video Motion Analysis

�[0105] The customary method to activate a data
processing device or a computer program is by pressing
the "on" button or its equivalent, followed by pushing the
"off" button or its equivalent. In some cases, however,
the operation of a device is controlled by the information
it is processing. An example is the "voice activated" an-
swering machines, which turn off the recording of incom-
ing messages when no voice is signals are detected on
the telephone line.
�[0106] The present invention includes the use of a vid-
eo motion analysis module in order to control devices
and computer programs the operation of which is relevant
only when the camera is moving, or when a moving object
is visible in the field of view. Video motion analysis is well
known, as is described in the book Digital Video Process-
ing by M. Tekalp. The motion of the camera, or the imaged
object, are analyzed, and particular motion patterns are
interpreted as instructions from the device to the compu-
ter program.
�[0107] An example application for motion control is in
the creation of panoramic images from second frames
of a video signal or from an image sequence (Video-
Brush). The control of this device can be as follows: im-
age mosaicing takes place only between two periods
where the camera is stationary. In this example, after

image mosaicing is enabled, the process waits until the
camera is stationary (frame to frame motion is less than
a given threshold), starts mosaicing when the camera
motion exceeds a certain threshold, and stops mosaicing
when the camera is stationary again. In addition to the
camera motion which controls the beginning and end of
the mosaic process, the direction of the camera motion
may be used to control the internal details of the mosa-
icing process itself.

Exemplary Embodiment

�[0108] An exemplary embodiment of the invention is
described with reference to Figures 7 through 15. This
exemplary embodiment is a system for real-time capture
of a high resolution digital image stream 714 using a hand
held low resolution digital image source (such as a video
camera 710 and digitizer 712 or digital video camera),
and software running on an unmodified personal com-
puter (not shown). This process is accomplished by com-
bining a highly efficient "front-end" image alignment proc-
ess 716, that processes images as quickly as they are
received to produce an initial mosaic image 718, and a
highly accurate "back-end" image alignment process 720
and merging process 722 that provide a seamless mo-
saic image 724.
�[0109] In order for the overall system to perform its
function the front-end alignment process is desirably ca-
pable of performing continuous frame-to-frame image
alignment during the image capture operation. The end
result of this process is the initial mosaic data structure
718 consisting of a list of overlapping source image
frames, each source image having associated motion
parameters that relate the frame to other frames adjacent
to it in the sequence. If any one of these sets of motion
parameters is missing or incorrect, it may be difficult to
assemble the mosaic because the relationship of one
part of the image sequence to the rest of the image se-
quence may be undefined. Thus, in order to provide re-
liable system function, the front-end alignment process
716 desirably 1) functions in real-time and 2) returns a
correct alignment result for all of the frames with high
probability.
�[0110] The goal of the exemplary front-end alignment
process 716 is to produce a minimal alignment chain
(MAC) that defines the initial mosaic by relating the entire
input image stream. This MAC consists of a sequence
of input images together with alignment parameters that
serially align each image only to the previous image in
the chain. It is minimal in the sense that in contains as
few of the input images as possible for the alignment
process to proceed. This minimal property is desirable
because it reduces the amount of processing and storage
required in back-end alignment process 720 and the
blending process 722.
�[0111] An exemplary embodiment of this front-end
alignment process is illustrated in Figure 8. It involves
two principles of operation: adaptive image sampling and
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adaptive filter selection. Other embodiments may be
based on these or similar principles.
�[0112] Since the MAC logically includes the first and
last image of the input image stream, the process starts
by designating the first captured image as the first com-
ponent of the MAC and the initial reference image (RI).
The RI is used to align each of the incoming images suc-
cessively until either 1) the estimated overlap between
the incoming image and the RI is less than some thresh-
old value (for example, 50% of the image dimension) or
2) an alignment error is detected. The amount of image
overlap selected balances the desire to minimize the
number of images in the MAC and the desire to provide
sufficient overlap for the back-end alignment process to
refine the alignment. Alignment can be performed using
any efficient image-based alignment technique such as
those described above with reference to Figures 1
through 3. For efficiency and robustness, a multiresolu-
tion image correlation technique may be used.
�[0113] In Figure 8, an image is received from the dig-
itized image stream 714 at step 810. The process gen-
erates a pyramid description of the image at step 812
and, at step 814, designates this pyramid as the refer-
ence pyramid. Next, at step 816, the process retrieves
the next frame from the stream 714. At step 818, the
process generates a pyramid description for this image.
At step 820, the process correlates the newly generated
pyramid description of the current image to the pyramid
description of the reference image. At step 822, if the
detected correlation between the images is good, control
passes to step 824 which determines whether the dis-
placement (Ax) between the two images is less than a
threshold. If it is, then the overlap between the current
image and the reference image is larger than is desirable,
so the frame is put into a buffer at step 826, and control
is returned to step 816 to test a new image from the
stream 714. If, at step 824, the displacement is greater
than the threshold then step 828 is executed which adds
the frame to the MAC and designates the pyramid for the
newly added frame as the reference pyramid.
�[0114] If, however, at step 822, there was not a good
correlation between the current image and the reference
image, step 830 is executed which designates the most
recently buffered image as the reference image. Because
this image is buffered, it is assured to have a sufficient
overlap (a displacement less than the threshold). At step
832, the current image is correlated to the new reference
image. If, at step 834, a good correlation is detected, then
the process transfers control to step 824, described
above. Otherwise, step 836 is executed which defines a
new spatial filter for processing the input image. At step
838, a pyramid representation of the newly processed
image is built. At step 840, this pyramid representation
is correlated to the reference pyramid. If, at step 842, a
good correlation is detected, then control transfers to step
824. Otherwise, an image alignment failure has occurred
and the process terminates at step 844.
�[0115] As shown in Figure 8, images that are success-

fully aligned are simply buffered until the displacement
between the current and reference images is exceeded,
indicating that the overlap between the images is less
than a maximum value. When this occurs the current
image is added to the MAC data structure and is desig-
nated the new RI. If no alignment failures are detected,
this process simply proceeds until all images have been
aligned and the complete MAC has been constructed. At
this point the MAC consists of a sequence of input images
including the first and last image of the original input se-
quence and a sequence of alignment parameters that
align each image of the MAC to the preceding image.
Furthermore, the images of the MAC have the property
that each overlaps the preceding image by approximately
the amount determined by the overlap threshold value.
Figure 9 illustrates a possible relationship between the
input image stream 714 and the MAC 718.
�[0116] At some point during the construction of the
MAC the alignment process may fail to return an accept-
able set of alignment parameters. This may occur for a
variety of reasons deriving from the image capture proc-
ess (image noise, dropouts, glare, rapid or irregular cam-
era motion), image content (a moving or occluding ob-
ject), image processing (inappropriate image filtering), or
other uncontrollable environmental factors. Alignment
failure can be detected by a variety of criteria some of
which are specific to the particular alignment process se-
lected. In the exemplary embodiment of the invention,
alignment error is detected at step 822, based on large
residual error after alignment, inconsistent estimates
from different image subregions, or estimated alignment
parameters lying outside of expected range. When one
of these conditions occurs, it is necessary either to modify
the alignment process itself or to change the image to
which alignment is being attempted (RI) in order to pre-
vent breaking the alignment chain.
�[0117] In the exemplary embodiment this adaptation
occurs in two steps. First, as indicated at step 830 of
Figure 8, the most recent successfully aligned image is
designated the RI and added to the MAC. Correlation is
then attempted between the current image and this new
reference. If this correlation succeeds the process pro-
ceeds as described above. We are guaranteed that the
structure so created will fulfill the requirements for a MAC
because the newly designated RI is well aligned to the
previous RI and has an overlap that produces good cor-
relation but is less than a specified maximum overlap
threshold. If alignment to the new RI fails (at step 834)
the process attempts to change the filters used to gen-
erate the image pyramid used in the alignment process.
These new image pyramids (one for the RI and one for
the current image) are used to compute image alignment.
If this alignment succeeds the process continues as de-
scribed above. If alignment fails with the modified filters,
the front end process exits and returns an error condition.
�[0118] The filter selection performed by the exemplary
process is related to an assumption about image content.
Filters that are appropriate for representing lines on a
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whiteboard may not be appropriate for representing pat-
terned wallpaper or the furniture in a room. Therefore,
when alignment failure is detected the assumption is
made that it may be due to a change in the nature of
image content. Filters appropriate for a different type of
image content are therefore substituted in an effort to
achieve more effective image representation and there-
fore more accurate image alignment. Although the ex-
emplary process shows only one filter selection step, it
is contemplated that multiple filter selection steps may
be accommodated by branching back (not shown) from
the no output of decision step 842 to step 834.
�[0119] The frame-to-frame alignment process used in
the exemplary embodiment computes the image dis-
placement yielding the minimum absolute difference
(MAD) between the current and reference images. This
involves summing the difference at each pixel between
the shifted current image and the reference image and
finding the shift that minimizes this difference. This is a
standard technique which approximates the behavior of
sum of squared difference (SSD) minimization methods.
As shown in Figures 10A and 10B, however, in order to
1) compute global image alignment robustly in the pres-
ence of local misalignments and 2) better detect align-
ment failures, the exemplary method computes the MAD
separately for each of a set of image subregions (Figure
10A) as well as for the image as a whole (Figure 10B).
This process allows information about the state of the
alignment process to be derived from comparison of
these various estimates. It also allows rejection of spu-
rious local estimates if they do not agree with the others.
�[0120] The exemplary embodiment of the front-end
correlation process is illustrated in Figure 11A. The ex-
emplary process uses pyramid-based coarse-fine refine-
ment to calculate accurate alignment estimates efficient-
ly. This process first uses an analysis of the agreement
between the individual subregion estimates to decide
whether an acceptable initial estimate of the alignment
parameters has been achieved. The criterion used to de-
termine whether the initial estimate is acceptable com-
bines a measure of the agreement among the estimates
with a measure of the total amount of residual image
difference as represented by the global minimum abso-
lute difference.
�[0121] In Figure 11A, the pyramid representations of
the current and reference images are obtained at step
1110. At step 1112, the variable Pyr Level is set to Max
Level, the highest level of the pyramids. The global and
regional MADs for the reference image and the current
image are calculated at step 1114. At step 1116, the glo-
bal MAD and the number of agreements between the
region MADs and the global MAD are calculated. At step
1118, the global MAD and the number of agreements
(#A) are compared to an acceptance region, R, to deter-
mine if the estimate is acceptable. The acceptance region
is illustrated in Figure 11B.
�[0122] If the global MAD is very low (less than a thresh-
old, Tlow) a minimum number of agreements between the

subregion alignment estimates and the global alignment
estimate are required for the alignment to be judged ac-
ceptable. If the global MAD is in an intermediate range
(between Tlow and a second threshold, Thigh) a larger
number of agreements are required. If the global MAD
is very large (greater than Thigh) then a still larger number
of agreements are required. Agreement between the glo-
bal and subregion alignment estimates is determined by
comparing the difference between the estimates to a third
threshold value. This threshold value is scaled with the
overall magnitude of the displacement so that the toler-
ance is approximately constant in relative magnitude.
�[0123] If the initial estimate is accepted, that is, if the
number of agreements and the global MAD cause the
criterion to be met, then this initial estimate may be re-
fined through a coarse-fine process. In the exemplary
embodiment, this process involves searching at each
higher resolution pyramid levels for a more accurate
alignment estimate. The first step in this search, step
1120, sets the variable Pyr Level to the next lower level.
In the next step, step 1122, the global and subregion
MAD values are calculated within a range around each
of the values (global and subregion) computed at the
previous level. For each subregion and for the image as
a whole the alignment estimate which yields the best (i.e.
lowest value) absolute difference is chosen at step 1124.
If, at step 1126, there are more levels in the pyramids,
control is transferred to step 1120 and the set of displace-
ment values computed in this way is then used to refine
the correlation at the next level. When the last pyramid
level is reached the best global estimate is selected and
returned at step 1128.
�[0124] Different choices can be made about the filters
that are used to generate the pyramid representations
for coarse-fine alignment. These choices are made pri-
marily based on the type of content expected in the input
image sequence. The goal of the selection is to generate
a pyramid structure in which the low resolution pyramid
levels preserve sufficient image structure to allow accu-
rate alignment. For example, if a pyramid (either Gaus-
sian or Laplacian) is generated in the usual way with input
images consisting of relatively thin lines on a white back-
ground (as in the case of an image of writing on a white-
board), the low resolution pyramid levels will show very
little structure because the lines will have very little con-
trast after low-pass filtering.
�[0125] One solution to this problem is to apply a
non-linear pre-filter to the input images. For example, if
the input image may be filtered to extract edge structure,
compared to a threshold on a pixel-by-pixel basis, and
then subjected to a distance transform to spread out the
image structure prior to pyramid generation, then the re-
sulting pyramid will have much more usable content at
low resolution levels. On the other hand, this
pre-processing step may not be effective for outdoor
scene structure which, typically does not contain strong
edges. In order to function robustly in varied environ-
ments (or when the image sequence moves from one
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type of scene structure to another), an adaptive selection
of pre-filter type is made. In the exemplary embodiment
(as shown in Figure 8) a change of pre-filter is made if
alignment fails even after selection of a new reference
image. Alignment is then attempted using this new pyr-
amid. If this also fails the process returns an error con-
dition and exits.
�[0126] Once the front-end process has successfully
computed a MAC, this data structure (the member imag-
es and the linking alignment parameters) is passed to
the back-end alignment process for final alignment. The
goal of the back-end alignment process is to produce a
set of alignment parameters that accurately align each
of the images contained in the MAC to a single mosaic
coordinate system. In general, the coordinate transfor-
mations underlying the alignment process in the
back-end are different from those used in the front-end.
This difference is driven by three factors: 1) the real-time
processing constraints present in the front-end process
are relaxed generally allowing more complex computa-
tion; 2) initial estimates of image-image alignment are
provided as part of the MAC generally allowing stable
computation of more complex models; and 3) the coor-
dinate transformations should precisely map all images
to a single coordinate system, generally requiring more
complex transformation models than are used for
frame-to-frame alignment.
�[0127] The process of constructing the mapping from
each MAC frame to the single mosaic coordinate system
involves 1) choice of the mosaic coordinate system, 2)
choice of a parametric or quasi-parametric image trans-
formation model and 3) computation of each frame’s re-
lationship to the mosaic coordinate system via this se-
lected transformation. In the exemplary embodiment, the
process begins by using the MAC to establish both a
mosaic coordinate system and an initial mapping of each
frame to the coordinate system. This mapping is then
refined through an incremental process in which for each
frame in turn alignment parameters are estimated. An
alternative mechanism is simultaneously to align all
frames to the selected coordinate system as described,
for example, in U.S. Provisional Patent Application no.
60/030,892, entitled "Multi-View Image Registration With
Application to Mosaicing and Lens Distortion Correction"
which is incorporated herein by reference for its teaching
on image registration. The choice of incremental or se-
quential alignment in this instance is driven mostly by a
need for reduction in computational complexity and the
corresponding decrease in processing time. This se-
quential process is referred to below as "frame-to-mosa-
ic" processing.
�[0128] The back-end process is illustrated in Figure
15. As a first step, 1510, the process creates an initial
working mosaic from the MAC. In the exemplary embod-
iment, the alignment parameters provided by the
front-end as part of the MAC are simply translation vec-
tors relating each frame to the previous one. To create
the initial working mosaic the image frames are shifted

in accordance with these translation vectors such that
the position of the upper left corner of each frame with
respect to the mosaic coordinate system is given by the
vector sum of all of the translation vectors up to that point
in the sequence. In other words, the process simply
"deals out" the image frames so that each frame overlaps
the previous as specified by the alignment parameters
in the MAC. In the case of a more general transformation
specified in the MAC, the process may compose the
frame-to-frame transformations to produce an initial
frame-to-mosaic transformation for each frame.
�[0129] Once this initial mapping is established, the
process, at step 1512, selects an image to serve as a
starting point for the sequential frame-to-mosaic align-
ment process. This image defines the coordinate system
of the mosaic. In general this selection can be made
based on a variety of criteria including estimated position,
image content, image quality, and/or user selection. In
the exemplary implementation the process selects the
source image which has a center that is closest to the
centroid of the bounding rectangle of image positions as
defined by the initial working mosaic. This image forms
the initial mosaic. The reason for this selection is to min-
imize distortion of transformed image frames at the edges
of the image following final alignment. In the case of a
more general image-to-image transformation being pro-
vided by the front-end alignment process as part of the
MAC it may be desirable to recompute the initial working
mosaic coordinate system to leave the selected starting
image undistorted.
�[0130] The choice of parametric or quasi-parametric
image-to-mosaic transformation depends both on the na-
ture of the input images and the nature of the mosaic
image to be constructed. This is described in a paper by
J.R. Bergen, P. Anadan, K.J. Hanna and R. Hingorani
entitled "Hierarchical Model-Based Motion Estimation"
European Conference on Computer Vision, May, 1992
which is incorporated herein by reference for its teach-
ings on parametric and quasi-parametric image to mo-
saic transformations. For example, if the images are col-
lected from a camera undergoing predominately rotation-
al rather than translational motion then the images can
be aligned with a projective transformation. However, if
the angular field of view approaches 180 degrees, trans-
forming all of the images to lie on a single flat image plane
will result in extreme distortion of input images lying far
from the center of the mosaic image. In the current em-
bodiment, the image transformation selection is made
explicitly by the user in order to achieve the desired effect.
In principle, however, it could be made automatically
based on analysis of the input images and the types of
transforms needed to align the images to the common
coordinate system.
�[0131] The frame-to-mosaic alignment process begins
at step 1512 by designating the starting frame mapped
to the mosaic coordinate system as the initial mosaic. At
step 1514, the process selects a next frame to be added
to the mosaic. In the exemplary embodiment, frames are
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added in the order in which they occur in the MAC moving
forward and backward from the starting frame. Thus if
the starting frame were frame 10 of a total of frames 1
through 20 the order of assembly may be 10, 11, 12,
13, ... 20, 9, 8, 7, ..., 1. Alternatively, the process may
assemble the frames in some order derived from their
positions in the initial working mosaic (for example, in
order of their increasing distance from the starting frame).
�[0132] For each frame in the sequence, an initial align-
ment to the mosaic coordinate system is computed at
step 1516 by calculating alignment parameters with the
previous frame in the sequence (that is, with the frame
that was previously aligned to the mosaic). We designate
this set of alignment parameters, Tinc, the incremental
transformation. At step 1515, this transformation is com-
posed with the transformation that was used to align the
previous frame to the mosaic, Ti-1, to produce an esti-
mate, Test, of the transformation that will align the current
frame to the mosaic. This process is illustrated in Figure
13. Using the estimated transformation, Test, the process,
at step 1518, defines a region in which the current frame
overlaps the mosaic. This estimate is then refined, at step
1520, by alignment to the overlapping region of the cur-
rent mosaic as shown in Figure 13. After this final align-
ment is computed the newly aligned frame is added to
the working mosaic at step 1522 by warping the new
image to the mosaic coordinate system and extending
the working mosaic image with the warped pixels, as
shown in Figure 14. At step 1524, if the merged image
was the last image to be processed in the MAC then the
process terminates at step 1526. Otherwise, the process
branches back to step 1514 to select the next image to
be merged into the mosaic.
�[0133] The alignment computations involved in the
back-end alignment process can, in principle, be per-
formed using any appropriate computational technique.
In the exemplary embodiment of the invention the
back-end alignment process uses a direct estimation
method to estimate the alignment parameters, using Lev-
enberg-Marquardt iteration in a multiresolution
coarse-fine refinement process. This computational ap-
proach is chosen because it provides accurate and ro-
bust alignment estimates and is applicable over a range
of image alignment models. It is also highly computation-
ally efficient since it does not require explicit searching
or feature extraction.
�[0134] In order to reduce computational complexity the
computation of Tinc at step 1514, as illustrated in Figure
12, is performed only at pyramid level 2. In general, this
initial alignment computation can be carried out at what-
ever level yields an accuracy of estimate suitable to serve
as an starting point for the final alignment of Figure 13.
The final alignment step 1520 is iterated at both pyramid
levels 2 and 1. However, also to reduce computation time,
the iteration at level 1 is performed only over a subset of
the image area. This subset is selected by applying an
"interest operator" to the reference image, thresholding
the output of this operator and performing a non-maxi-

mum suppression operation. The result of this process
is a pixel mask that controls accumulation of values used
in the iteration process.
�[0135] The principle underlying the type of interest op-
erator used is that image points with large values of the
image gradient contribute most strongly to determining
the estimated alignment parameter values. This is true
for many estimation procedures including Leven-
berg-Marquardt, Gauss-Newton and other commonly
used techniques. Consequently, in the exemplary em-
bodiment, the process computes the image gradient
magnitude at pyramid level 1, applies a threshold to this
and then eliminates all points that are less than the
threshold and then further eliminates all points except
the largest values within a window of specified size. The
result of this process is a relatively sparse mask (i.e. one
that admits only a small fraction of images points) but
one that represents areas of the image that contribute
strongly to the alignment parameter estimate.
�[0136] In general, other selection methods can be ap-
plied that achieve this same purpose. It is contemplated,
for example, that the selection criteria may be formulated
so that a fixed number of points are included in the mask
(for example by adaptively varying the threshold) so that
the computational cost of final alignment becomes ap-
proximately independent of input image size.
�[0137] As a final step in the exemplary process, step
722 of Figure 7, the various aligned images are merged
to form the seamless mosaic image 724. Any of the tech-
niques described above may be used to merge the
aligned images to form a single mosaic image.

Conclusion

�[0138] A method is defined for automatically selecting
source image segments for inclusion in the mosaic from
the set of available source images in overlapped regions.
The basic system includes a method which combines a
set of source images into a mosaic comprising the steps
of (i) aligning source images, (ii) enhancing source im-
ages, (iii) selecting source image regions, (iv) merging
regions. Other types of systems are also contemplated,
these include:�

1) A system in which the mosaics are constructed
continuously as video frames are received where the
mosaic may be displayed continuously as video as
the image is constructed.

2) A system that performs the construction on all (or
many) of the source frames at once.

3) A system that allows a user to adjust and edit a
mosaic, and that regenerates the mosaic after each
such edit, or on demand where edits may include
shifting, cutting, pasting, and enhancing the source
images.
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4) A system that generates a first version of a mosaic
at somewhat reduced quality (to reduce computation
and increase speed). Once final component images
of the mosaic are selected by the user, the composite
image is regenerated at higher quality. In this in-
stance, initial generation may use multiple applica-
tions of warps, for example, or incremental alignment
and merging, while the final mosaic repeats these
operations working directly from the source frames.

5) A system that generates the mosaic only when it
is needed where the user specifies a desired frame
of reference, and a mosaic is constructed. In this
instance, the algorithm typically computes all the
alignments first as an incremental or batch process,
then regenerates the mosaic on demand from a de-
sired perspective. (This is done to avoid extra
warps.)

�[0139] It is to be understood that the apparatus and
method of operation taught herein are illustrative of the
invention. Modifications may readily be devised by those
skilled in the art without departing from the invention.

Claims

1. A computer implemented method of aligning a plu-
rality of source images comprising the steps of

a) analyzing the source images to select ones
of the source images to align and to form an
initial alignment of the source images, and
b) analyzing the selected source images to es-
tablish a coordinate system for an image mosa-
ic; Characterized In That

the step of analyzing the source images to select
ones of the source images to align selects images
based on overlap among the source images to opti-
mize a combined match measure over all pairs of
overlapping source images, and
the step of analyzing the selected source images to
establish a coordinate system for the image mosaic
selects an initial image from the selected images to
define the coordinate system,�
wherein the method further includes the step of

c) aligning ones of the selected source images
to the coordinate system by selecting subse-
quent images based on at least one of (i) image
content, (ii) image quality and (iii) overlap among
the source images; and aligning each of the sub-
sequent selected images to the coordinate sys-
tem defined by the initial image.

2. A method according to claim 1 wherein step a) in-
cludes the steps of

calculating an image coordinate transformation
between one image of the received images and
a previously selected image including the steps
of: �

filtering the one image according to a se-
lected filter characteristic;
generating a measure of correlation be-
tween the filtered one image and the previ-
ously selected image; and
comparing the measure of correlation to a
threshold value and if the measure of cor-
relation is less than the threshold value, se-
lecting a different filter characteristic; and
continuing to filter, correlate and compare
the measure of correlation until the measure
of correlation is greater than the threshold
value or no further filter characteristic is
available for selection; and

if the measure of correlation is greater than the
threshold: �

identifying an overlap region between one
image of the source images and a previous-
ly selected image responsive to the trans-
formation;
determining measure of overlap in the over-
lap region; and
selecting the one image to use in the image
mosaic if the measure of overlap is within a
predetermined range of values.

3. A method according to claim 1or 2, further compris-
ing the step of:�

merging the aligned images to form the image
mosaic.

4. A system for aligning a plurality of source images
comprising: �

a) selection means (716) for analyzing the
source images to select ones of the source im-
ages to align and to form an initial alignment of
the source images Characterized In That: �

the selection means (716) includes means
(1110, 1112, 1114, 1116, 1118, 1120, 1122,
1124, 1126) for adjusting the selected im-
ages to optimize a combined match meas-
ure of over all pairs of overlapping source
images; and
the apparatus further includes:

b) reference means (720) including means
(1512) for analyzing the selected source images
to select an initial image from the selected
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source images to establish a coordinate system
for the image mosaic; and
c) aligning means (720) including at least one
of (i) means (1514, 201) for analyzing the source
images based on image content, (ii) means
(1514, 202) for analyzing the source images
based on image quality and (iii) means (1514,
203) for analyzing the source images based on
overlap among the source images and means
(1516, 1518, 1520, 1522, 1524) for aligning ones
of the selected source images to the coordinate
system defined by the initial image.

5. A system according to claim 4 wherein the selection
means (716) further includes: �

means (836, 838, 840, 842) for calculating an
image coordinate transformation between one
image of the received images and a previously
selected image, including: �

means (836, 838) for filtering the one image
according to a selected one of a set of re-
spectively different filter characteristics;
means (840) for generating a measure of
correlation between the filtered one image
and the previously selected image; and
means (842) for comparing the measure of
correlation to a threshold value
means, (820) responsive to the coordinate
transformation, for identifying an overlap re-
gion between one image of the received im-
ages and a previously selected image;
means (824) for determining a measure of
overlap in the overlap region; and
means (822) for selecting the one image to
use in the image mosaic if the measure of
overlap is within a predetermined range of
values.

6. A system according to claim 7, further comprising
means (103) for merging the aligned images to form
the image mosaic.

7. A computer readable medium containing a program
which causes a computer to align a plurality of source
images, the program causing the computer to per-
form the steps of

a) analyzing the source images to select ones
of the source images to align and to form an
initial alignment of the source images, and
b) analyzing the selected source images to es-
tablish a coordinate system for an image mosa-
ic; Characterized In That

the step of analyzing the source images to select
ones of the source images to align, selects images

based on overlap among the sources images to op-
timize a combined match measure over all pairs of
overlapping source images, and
the step of analyzing the selected source images to
establish a coordinate system for the image mosaic
selects an initial image from the selected images to
define the coordinate system,�
wherein the method further includes the step of:�

c) aligning ones of the selected source images
to the coordinate system by selecting an initial
image, selecting subsequent images based on
at least one of (i) image content, (ii) �image quality
and (iii) overlap among the source images; and
aligning each of the subsequent selected imag-
es to the coordinate system defined by the initial
image.

8. A computer readable medium according to claim 7
wherein step a) includes the steps of:�

calculating an image coordinate transformation
between one image of the received images and
a previously selected image, including the steps
of: �

filtering the one image according to a se-
lected filter characteristics during each iter-
ation;
generating a measure of correlation be-
tween the filtered one image and the previ-
ously selected image; and
comparing the measure of correlation to a
threshold value and if the measure of cor-
relation is less than the threshold value, se-
lecting a different filter characteristic; and
repeating the filtering, correlating and com-
paring the measure of correlation until the
measure of correlation is greater than the
threshold value or no further filter charac-
teristic is available for selection; and

if the measure of correlation is greater than the
threshold: �

identifying an overlap region between one
image of the source images and a previous-
ly selected image responsive to the coordi-
nate transformation;
determining a measure of overlap in the
overlap region; and
selecting the one image to use in the image
mosaic if the measure of overlap is within a
predetermined range of values.

9. A computer readable medium according to claim 7
or 8, the program being arranged to merge the
aligned images to form the image mosaic.

35 36 



EP 0 979 487 B1

20

5

10

15

20

25

30

35

40

45

50

55

10. A computer program which, when run on a suitable
computer system, performs all the steps of the meth-
od of claim 4, 5 or 6.

Patentansprüche

1. Computerimplementiertes Verfahren für das Aus-
richten einer Mehrzahl von Quellbildern, welches die
folgenden Schritte aufweist: �

a) Analysieren der Quellbilder, um einige der
auszurichtenden Quellbilder auszuwählen und
eine anfängliche bzw. erste Ausrichtung der
Quellbilder zu erzeugen, und
b) Analysieren der ausgewählten Quellbilder,
um ein Koordinatensystem für ein Bildmosaik
zu erstellen, dadurch gekennzeichnet, daß

der Schritt des Analysierens der Quellbilder, um ei-
nige der auszurichtenden Quellbilder auszuwählen,
Bilder auf Basis der Überlappung zwischen den
Quellbildern auswählt, um ein kombiniertes Maß
bzw. Ausmaß an Übereinstimmung für alle Paare
von sich überlappenden Quellbildern zu optimieren,
und
der Schritt des Analysierens der ausgewählten
Quellbilder, um ein Koordinatensystem für das Bild-
mosaik zu erstellen, ein anfängliches bzw. erstes
Bild aus den ausgewählten Bildern auswählt, um das
Koordinatensystem festzulegen bzw. zu definieren,�
wobei das Verfahren weiterhin den folgenden Schritt
beinhaltet:�

c) Ausrichten einiger der ausgewählten Quell-
bilder mit dem Koordinatensystem durch Aus-
wählen nachfolgender Bilder auf Basis zumin-
dest entweder (i) des Bildinhalts, (ii) der Bild-
qualität oder (iii) der Überlappung zwischen den
Quellbildern, und Ausrichten jedes der nachfol-
genden ausgewählten Bilder mit dem durch das
anfängliche Bild definierten Koordinatensy-
stem.

2. Verfahren nach Anspruch 1, wobei Schritt a) die fol-
genden Schritte beinhaltet: �

Berechnen einer Transformation von Bildkoor-
dinaten zwischen einem der empfangenen Bil-
der und einem zuvor ausgewählten Bild, wel-
ches die folgenden Schritte aufweist:�

Filtern des Bildes in Übereinstimmung mit
einer ausgewählten Filtercharakteristik,
Erzeugen eines Ausmaßes an Korrelation
zwischen dem einen gefilterten Bild und
dem zuvor ausgewählten Bild und
Vergleichen des Ausmaßes der Korrelation

mit einem Schwellwert, und wenn das Aus-
maß der Korrelation kleiner ist als der
Schwellwert, Auswählen einer anderen Fü-
tercharakterisük, und
Fortsetzen des Fiftems, Korrelierens und
Vergleichens des Ausmaßes der Korrelati-
on, bis das Ausmaß der Korrelation größer
ist als der Schwellwert oder bis keine wei-
tere Filtercharakteristik mehr zur Auswahl
zur Verfügung steht, und

wenn das Ausmaß der Korrelation größer ist als
der Schwellwert:�

Identifizieren eines Überlappungsbereichs
zwischen dem einen Bild aus den Quellbil-
dern und einem zuvor ausgewählten Bild in
Reaktion auf die Transfonnation,
Bestimmen des Ausmaßes der Überlap-
pung im Überlappungsbereich und
Auswählen des einen Bildes zur Verwen-
dung in dem Bildmosaik, wenn das Ausmaß
der Überlappung innerhalb eines vorbe-
stimmten Wertebereichs liegt.

3. Verfahren nach Anspruch 1 oder 2, welches weiter-
hin den folgenden Schritt beinhaltet:�

Verschmelzen der ausgerichteten Bilder, um
das Bildmosaik zu bilden.

4. System für das Ausrichten einer Mehrzahl von Quell-
bildern, welches folgendes beinhaltet:�

a) Auswahlmittel (716) für das Analysieren der
Quellbilder, um einige der auszurichtenden
Quellbilder auszuwählen und eine anfängliche
Ausrichtung der Quellbilder zu bilden, dadurch
gekennzeichnet, daß :

die Auswahlmittel (716) Mittel (1110, 1112, 1114,
1116, 1118, 1120, 1122, 1124, 1126) für das Anpas-
sen der ausgewählten Bilder, um ein kombiniertes
Ausmaß an Übereinstimmung für alle Paare von sich
überlappenden Quellbildern zu optimieren, beinhal-
ten und
die Vorrichtung weiterhin beinhaltet:�

b) Referenzmittel (720), welche Mittel (1512) für
das Analysieren der ausgewählten Quellbilder,
um ein anfängliches Bild aus den ausgewählten
Quellbildern auszuwählen, um ein Koordinaten-
system für das Bildmosaik zu erstellen, beinhal-
ten und
c) Ausrichtungsmittel (720), welche mindestens
entweder (i) Mittel (1514, 201) für das Analysie-
ren der Quellbilder auf Basis des Bildinhalts, (ii)
Mittel (1514, 202) für das Analysieren der Quell-
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bilder auf Basis der Bildqualität oder (iii) Mittel
(1514, 203) für das Analysieren der Quellbilder
auf Basis der Überlappung zwischen den Quell-
bildern oder Mittel (1516, 1518, 1520, 1522,
1524) für das Ausrichten einiger der ausgewähl-
ten Quellbilder mit dem durch das Bild definier-
ten Koordinatensystem beinhalten.

5. System nach Anspruch 4, wobei die Auswahlmittel
(716) weiterhin beinhalten:�

Mittel (836, 838, 840, 842) für das Berechnen
einer Bildkoordinatentransformation zwischen
einem der empfangenen Bilder und einem zuvor
ausgewählten Bild, welche beinhalten:�

Mittel (836, 838) für das Filtern des einen
Bildes in Übereinstimmung mit einer aus
Sätzen jeweils unterschiedücher Filtercha-
rakteristika ausgewählten Filtercharakteri-
stik,
Mittel (840) für das Erzeugen eines Ausma-
ßes der Korrelation zwischen dem einen ge-
filterten Bild und dem zuvor ausgewählten
Bild und
Mittel (842) für das Vergleichen des Aus-
maßes der Korrelation mit einem Schwell-
wert,
Mittel (820), die auf die Koordinatentrans-
formation reagieren, für das Identifizieren
eines Überlappungsbereichs zwischen ei-
nem der empfangenen Bilder und einem zu-
vor ausgewählten Bild,
Mittel (824) für das Bestimmen eines Aus-
maßes der Überlappung im Überlappungs-
bereich und
Mittel (822) für das Auswählen des einen
Bildes zur Verwendung in dem Bildmosaik,
wenn das Ausmaß der Überlappung inner-
halb eines vorbestimmten Wertebereichs
liegt.

6. System nach Anspruch 7, welches weiterhin Mittel
(103) für das Verschmelzen der ausgerichteten Bil-
der, um das Bildmosaik zu bilden, beinhaltet.

7. Computerlesbares Medium, welches ein Programm
enthält, das einen Computer dazu bringt, eine Mehr-
zahl von Quellbildern auszurichten, wobei das Pro-
gramm den Computer dazu bringt, die folgenden
Schritte auszuführen: �

a) Analysieren der Quellbilder, um einige der
auszurichtenden Quellbilder auszuwählen und
eine anfängliche Ausrichtung der Quellbilder zu
bilden, und
b) Analysieren der ausgewählten Quellbilder,
um ein Koordinatensystem für ein Bildmosaik

zu erstellen, dadurch gekennzeichnet, daß

der Schritt des Analysierens der Quellbilder, um ei-
nige der auszurichtenden Quellbilder auszuwählen,
Bilder auf Basis der Überlappung zwischen den
Quellbildern, um ein kombiniertes Ausmaß an Über-
einstimmung für alle Paare sich überlappender
Quellbilder zu optimieren, auswählt und
der Schritt des Analysierens der ausgewählten
Quellbilder, um ein Koordinatensystem für das Bild-
mosaik zu erstellen, ein anfängliches Bild unter den
ausgewählten Bildern auswählt, um das Koordina-
tensystem zu definieren bzw. festzulegen,�
wobei das Verfahren weiterhin den folgenden Schritt
beinhaltet:�

c) Ausrichten einiger der ausgewählten Quell-
bilder mit dem Koordinatensystem durch Aus-
wählen eines anfänglichen Bildes, Auswählen
nachfolgender Bilder auf Basis zumindest ent-
weder (i) des Bildinhalts, (ii) der Bildqualität oder
(iii) der Überlappung zwischen den Quellbildern,
und Ausrichten jedes der nachfolgenden aus-
gewählten Bilder mit dem durch das anfängliche
Bild definierten Koordinatensystem.

8. Computerlesbares Medium nach Anspruch 7, wobei
Schritt a) weiterhin die folgenden Schritte beinhaltet:�

Berechnen einer Bildkoordinatentransformation
zwischen einem der empfangenen Bilder und
einem zuvor ausgewählten Bild, welches die fol-
genden Schritte beinhaltet: �

Filtern des einen Bildes in Übereinstim-
mung mit einer ausgewählten Filtercharak-
teristik während jeder Iteration bzw. jedes
Schrittes,
Erzeugen eines Maßes bzw. Ausmaßes der
Korrelation zwischen dem einen gefilterten
Bild und dem zuvor ausgewählten Bild und
Vergleichen des Ausmaßes der Korrelation
mit einem Schwellwert, und wenn das Aus-
maß der Korrelation kleiner ist als der
Schwellwert, Auswählen einer anderen Fil-
tercharakteristik, und
Wiederholen des Filtems, Korrelierens und
Vergleichens des Ausmaßes der Korrelati-
on, bis das Ausmaß der Korrelation größer
ist als der Schwellwert oder bis keine wei-
tere Filtercharakteristik mehr zur Auswahl
zur Verfügung steht, und

wenn das Ausmaß der Korrelation größer ist als
der Schwellwert:�

ldentifizieren eines Überlappungsbereichs
zwischen einem der Quellbilder und einem
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zuvor ausgewählten Bild in Reaktion auf die
Koordinatentransformation,
Bestimmen eines Ausmaßes der Überlap-
pung im Überlappungsbereich und
Auswählen des einen Bildes zur Verwen-
dung in dem Bildmosaik, wenn das Ausmaß
der Überlappung innerhalb eines vorbe-
stimmten Wertebereichs liegt.

9. Computerlesbares Medium nach Anspruch 7 oder
8, wobei das Programm so ausgestaltet ist, daß es
die ausgerichteten Bilder miteinander verschmilzt,
um das Bildmosaik zu bilden.

10. Computerprogramm, welches, wenn es auf einem
geeigneten Computersystem ausgeführt wird, alle
Schritte des Verfahrens gemäß den Ansprüchen 4,
5 oder 6 ausführt.

Revendications

1. Procédé mis en oeuvre par ordinateur destiné à ali-
gner une pluralité d’images sources comprenant les
étapes :�

a) d’analyse des images sources pour sélection-
ner certaines parmi les images sources pour ali-
gner et pour former un alignement initial des
images sources, et
b) d’analyse des images sources sélectionnées
pour établir un système de coordonnées pour
une mosaïque d’images ; caractérisé en ce
que :

l’étape d’analyse des images sources pour sélec-
tionner certaines parmi les images sources pour ali-
gner des images sélectionnées sur la base d’un che-
vauchement parmi les images sources pour optimi-
ser une mesure de correspondance combinée sur
toutes les paires d’images sources chevauchantes,
et
l’étape d’analyse des images sources sélectionnées
pour établir un système de coordonnées pour la mo-
saïque d’images sélectionne une image initiale à
partir des images sélectionnées afin de définir le sys-
tème de coordonnées,�
où le procédé comporte en outre l’étape :�

c) d’alignement de certaines des images sour-
ces sélectionnées sur le système de coordon-
nées par une sélection d’images suivantes en
se basant sur au moins l’un parmi (i) un contenu
d’image, (ii) une qualité d’image et (iii) un che-
vauchement parmi les images sources ; et un
alignement de chacune des images sélection-
nées suivantes sur le système de coordonnées
défini par l’image initiale.

2. Procédé selon la revendication 1 dans lequel l’étape
a) comprend les étapes :�

de calcul d’une transformation de coordonnées
d’image entre une image parmi les images re-
çues et une image sélectionnée précédemment
comprenant les étapes :�

de filtrage de l’image sélectionnée selon
une caractéristique de filtre sélectionnée ;
de production d’une mesure de corrélation
entre l’image filtrée et l’image sélectionnée
précédemment ; et
de comparaison de la mesure de corrélation
à une valeur seuil, et si la mesure de corré-
lation est inférieure à la valeur seuil, de sé-
lection d’une caractéristique de filtre
différente ; et
de poursuite de la filtration, de la corrélation
et de la comparaison de la mesure de cor-
rélation jusqu’à ce que la mesure de corré-
lation soit supérieure à la valeur seuil ou
qu’aucune caractéristique de filtre supplé-
mentaire ne soit disponible pour une
sélection ; et
si la mesure de corrélation est supérieure
au seuil : �

d’identification d’une zone de chevau-
chement entre une image parmi les
images sources et une image sélec-
tionnée précédemment réactive à la
transformation ;
de détermination d’une mesure de che-
vauchement dans la zone de
chevauchement ; et
de sélection de l’image en question à
utiliser dans la mosaïque d’images si la
mesure de chevauchement se trouve
dans une étendue de valeurs prédéter-
minée.

3. Procédé selon la revendication 1 ou 2, comprenant
en outre l’étape : de fusion des images alignées pour
former la mosaïque d’images.

4. Système destiné à aligner une pluralité d’images
sources comprenant :�

a) un moyen (716) de sélection pour analyser
les images sources afin de sélectionner parmi
les images sources celles à aligner et de former
un alignement initial des images sources, ca-
ractérisé en ce que :

le moyen (716) de sélection comporte un moyen
(1110, 1112, 1114, 1116, 1118, 1120, 1122, 1124,
1126) servant à ajuster les images sélectionnées
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pour optimiser une mesure de correspondance com-
binée sur toutes les paires d’images sources
chevauchantes ; et
le dispositif comportant de plus :�

b) un moyen (720) de référence comportant un
moyen (1512) servant à analyser les images
sources sélectionnées pour sélectionner une
image initiale à partir des images sources sé-
lectionnées pour établir un système de coordon-
nées pour la mosaïque d’images ; et
c) un moyen (720) d’alignement comportant au
moins un parmi : (i) un moyen (1514, 201) ser-
vant à analyser les images sources sur la base
du contenu d’image, (ii) un moyen (1514, 202)
servant à analyser les images sources sur la
base de la qualité d’image et (iii) un moyen
(1514, 203) servant à analyser les images sour-
ces sur la base d’un chevauchement parmi les
images sources et un moyen (1516, 1518, 1520,
1522, 1524) servant à aligner les certaines ima-
ges parmi les images sources sélectionnées sur
le système de coordonnées défini par l’image
initiale.

5. Système selon de la revendication 4 dans lequel le
moyen (716) de sélection comporte de plus :�

un moyen (836, 838, 840, 842) servant à calcu-
ler une transformation de coordonnées d’image
entre la certaine image parmi les images reçues
et une image sélectionnée précédemment,
comportant : �

un moyen (836, 838) servant à filtrer l’image
en question selon une caractéristique sé-
lectionnée à partir d’un ensemble de carac-
téristiques de filtre respectivement
différentes ;
un moyen (840) servant à produire une me-
sure de corrélation entre l’image filtrée et
l’image sélectionnée précédemment ; et
un moyen (842) servant à comparer la me-
sure de corrélation à une valeur seuil ;
un moyen, (820) réactif à la transformation
de coordonnées, servant à identifier une zo-
ne de chevauchement entre une image par-
mi les images reçues et une image sélec-
tionnée précédemment ;
un moyen (824) servant à déterminer une
mesure de chevauchement dans la zone de
chevauchement ; et
un moyen (822) servant à sélectionner
l’image en question à utiliser dans la mo-
saïque d’images si la mesure de chevau-
chement se trouve dans une étendue de va-
leurs prédéterminée.

6. Système selon la revendication 7, comprenant en
outre un moyen (103) servant à fusionner les images
alignées pour former la mosaïque d’images.

7. Support lisible par ordinateur contenant un program-
me qui amène un ordinateur à aligner une pluralité
d’images sources, le programme amenant l’ordina-
teur à effectuer les étapes : �

a) d’analyse des images sources pour sélection-
ner certaines parmi les images sources à aligner
et pour former un alignement initial des images
sources, et
b) d’analyse des images sources sélectionnées
pour établir un système de coordonnées pour
une mosaïque d’images ; caractérisé en ce
que

l’étape d’analyse des images sources pour sélec-
tionner parmi les images sources certaines à aligner,
sélection des images sur la base d’un chevauche-
ment parmi les images sources pour optimiser une
mesure de correspondance combinée sur toutes les
paires d’images sources chevauchantes, et
l’étape d’analyse des images sources sélectionnées
pour établir un système de coordonnées pour la mo-
saïque d’images sélectionne une image initiale à
partir des images sélectionnées afin de définir le sys-
tème de coordonnées,�
où le procédé comporte en outre l’étape :�

c) d’alignement de certaines des images sour-
ces sélectionnées sur le système de coordon-
nées par une sélection d’une image initiale, sé-
lection d’images suivantes en se basant sur au
moins l’un parmi (i) un contenu d’image, (ii) une
qualité d’image et (iii) un chevauchement parmi
les images sources ; et un alignement de cha-
cune des images sélectionnées suivantes sur le
système de coordonnées défini par l’image ini-
tiale.

8. Support lisible par ordinateur selon la revendication
7 dans lequel l’étape a) comprend les étapes : �

de calcul d’une transformation de coordonnées
d’image entre une certaine image parmi les ima-
ges reçues et une image sélectionnée précé-
demment, comprenant les étapes : �

de filtrage de la certaine image selon une
caractéristique de filtre sélectionnée pen-
dant chaque itération ;
de production d’une mesure de corrélation
entre la certaine image filtrée et l’image sé-
lectionnée précédemment ; et
de comparaison de la mesure de corrélation
à une valeur seuil, et si la mesure de corré-
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lation est inférieure à la valeur seuil, de sé-
lection d’une caractéristique de filtre
différente ; et
de répétition de filtrage, de corrélation et de
comparaison de la mesure de corrélation
jusqu’à ce que la mesure de corrélation soit
supérieure à la valeur seuil ou qu’aucune
caractéristique de filtre supplémentaire ne
soit disponible pour une sélection ; et
si la mesure de corrélation est supérieure
au seuil : �

d’identification d’une zone de chevau-
chement entre une certaine image par-
mi les images sources et une image sé-
lectionnée précédemment réactive à la
transformation de coordonnées ;
de détermination d’une mesure de che-
vauchement dans la zone de
chevauchement ; et
de sélection de la certaine image à uti-
liser dans la mosaïque d’images si la
mesure de chevauchement se trouve
dans une étendue de valeurs prédéter-
minée.

9. Support lisible par ordinateur selon la revendication
7 ou 8, le programme étant agencé pour fusionner
les images alignées pour former la mosaïque d’ima-
ges.

10. Programme informatique qui, lorsqu’il tourne sur un
système informatique approprié, effectue toutes les
étapes du procédé selon la revendication 4, 5 ou 6.
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