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(54) Resolution improvement from multiple images of a scene containing motion at fractional
pixel values

(57) A high-resolution image (19) is derived from
multiple low resolution images (16) each having an
array of low-resolution pixels. Motion vectors (22) are
derived at each of the unknown high-resolution grid
points (20) for each of the multiple low-resolution
images (16). One motion vector (22) is generated at
each one of the high-resolution grid locations (20A) for
each one of the multiple images (16). The motion vec-
tors (22) at the high-resolution grid points (20) associate
high-resolution grid points (20), whose values are
unknown, with inter-pixel positions (24) on the associ-
ated low-resolution images (16). Low-resolution pixels
are identified that have the closest distance to each
inter-pixel position (24). One or several of the identified
low-resolution pixels having the shortest distance are
used to determine the pixel value at each one of the
high-resolution grid points (20). Pixel intensity values
are then mapped into the high-resolution grid points
(20) according to the selected low-resolution pixels (16).
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Description

Background of the Invention

[0001] The invention relaxes to increasing the qual-
ity of high-resolution images and more particularly to
increasing resolution at fractional pixel positions for a
particular scene (called the reference image) by using
multiple images of the scene.
[0002] Increasing the pixel resolution of an image
beyond the resolution of the imaging sensor via digital
postprocessing using multiple images provides valuable
means of obtaining high quality images with cameras
equipped with inexpensive low resolution sensors, or
exceeding the physical capability of any given sensor
and obtaining higher quality images.
[0003] Different single-image interpolation tech-
niques are used to increase the amount of pixel infor-
mation used to represent an image. Linear interpolation
techniques do not increase the actual information con-
tent of an image but simply increase the number of pix-
els and lines in the image. Nonlinear interpolation
techniques utilize a priori information about the image
structure (e.g., direction of edges, and image object
geometry) and in some instances, may provide better
results than linear interpolation.
[0004] Referring to FIGS. 1 and 2, multiple images
16 of a scene are used to improve image resolution.
The multiple images 16 may be individual shots
acquired by a digital still camera, or successive
frames/fields acquired by a video camera. New image
information is contained in image samples (pixels) 17 of
the different images 16 that are inter-related by relative
motion. This method is described in A.M. Tekalp, M.K.
Ozkan and M.I. Sezan, "High resolution Image Recon-
struction from Lower-resolution image sequences and
space-varying Image Restoration", IEEE International
Conference on Acoustics, Speech and Signal Process-
ing, San Francisco, CA. Vol. III, March 1992, pages 169-
172.
[0005] In this method, a reference image 12 is first
chosen from the multiple images 16. Motion information
includes a motion vector field 14 estimated from a low
resolution image 16 onto the reference low resolution
image 12. Each motion vector field 14 represents the
relative displacement from image 16, at each pixel posi-
tion, onto the reference image 12. Image samples from
image 16 are mapped onto the reference image 12 to
create a high-resolution image 19 using the motion vec-
tors 14. Image 19 is a high resolution version of the
scene captured in the reference image 12. New image
samples 20 derived from the other low-resolution
images 16 are shown by "x" in the high resolution image
19.
[0006] The low-resolution reference image 12 may
not be able to capture image detail faithfully, such as
image detail 10 in the neighborhood of the low-resolu-
tion pixel samples 17 in the reference image 12. This

inability to represent detail is a direct consequence of
the Nyquist Theorem for one and multi-dimensional
sampled signals which states that any detail being at a
frequency equal or higher than half the sampling rate
cannot be faithfully represented in image 12. However,
due to camera motion while electronically capturing the
images 16 or motion in the image taken by the camera
at different times, image detail 10 might be re-con-
structed unambiguously through the additional image
information revealed in one or several of the low-resolu-
tion images 16. The high-resolution image 19 uses the
low-resolution samples 17 from the other images 16 to
re-construct the additional image details 10.

[0007] Referring to FIG. 2, intersection of dashed
lines 18 indicate locations of the additional sampling
grid points 20 (pixels) that are used to increase the res-
olution in reference image 12 beyond its current resolu-
tion level identified by squares 17. As depicted in FIG. 2,
the samples x from the other low resolution images 16
are mapped, in general, to arbitrary inter-pixel locations
that do not coincide with any high-resolution inter-pixel
location 20. Sample locations 20 constitute a uniform
high resolution sampling grid. Producing new samples
at these locations is the ultimate goal of any resolution
improvement technique since all image display devices
operate on the basis of a uniform sampling grid. The
original low-resolution samples 17 and the new samples
x constitute samples of the higher resolution image over
a non-uniform sampling grid.
[0008] A very complex interpolation process is
required to derive pixel values for the high-resolution
image 19 at uniform grid locations 20 from the non-uni-
formly located samples x. For example, multiple sam-
ples 21 must be concurrently used by a multi-
dimensional digital filter to generate the pixel value at
the high-resolution grid point 20A. Typically, samples at
grid locations 20 cannot capture maximum image
details due to limitations in the size of the digital filters
used for interpolating the samples x to the location 20A.
In addition, there is also no guarantee that there be any
samples x in the region of support of the digital interpo-
lation filter and as a result, no further image quality can
be produced when this occurs.
[0009] Accordingly, a need remains for producing
high-resolution images by using samples taken from
other images while increasing the quality of the high-
resolution image and reducing the complexity of the
process used to generate the high-resolution image.

SUMMARY OF THE INVENTION

[0010] A high-resolution image is derived from mul-
tiple low resolution images each having an array of low-
resolution pixels. The low resolution images provide low
resolution representations of a scene at different
phases. Phase differences are due to the fractional pixel
motion of image content in time. Motion is either
induced by the camera operator purposely (panning or
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zooming) or in an uncontrolled fashion (free motion of
the camera operator's hand). Motion can also be
mechanically induced in the optical apparatus of the
camera. Motion vectors are derived at each unknown
high-resolution grid point. These motion vectors are
either derived from an estimated motion vector field or
from a motion model for which the parameters have
been estimated or made available in some other way
(see detailed description of the invention). Conse-
quently, one motion vector is generated at each one of
the high-resolution grid locations and for each one of
the multiple low-resolution images. Motion vectors
emerge from the reference image and point at the low
resolution images.

[0011] The motion vectors map the unknown high-
resolution sampling grid points to inter-pixel positions
on the associated low-resolution images. For each low
resolution image, low-resolution pixels are identified
that have the closest distance to each inter-pixel posi-
tion. One or several of the identified low-resolution pix-
els having a shortest distance is selected at each one of
the high-resolution grid points. Pixel intensity values are
then mapped back into the high-resolution grid points
according to the selected low-resolution pixels.
[0012] Mapping the pixel intensity values back to
the high resolution grid points in the reference image
comprises interpolating the sample value at the inter-
pixel position from the selected low-resolution pixels
using possibly, the associated motion vectors or motion
parameters. Alternatively, mapping the pixel intensity
values comprises directly mapping the values of the
selected low-resolution pixels back as the pixel value at
the high- resolution grid locations.
[0013] In another embodiment of the invention, a
distance threshold value is selected. A spatial smart
interpolation or an edge adaptive interpolation is used
to derive pixel values at the high-resolution grid loca-
tions that have no pixels with distances less than the
distance threshold value.
[0014] The foregoing and other objects, features
and advantages of the invention will become more read-
ily apparent from the following detailed description of a
preferred embodiment of the invention, which proceeds
with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015]

FIG. 1 is a prior art schematic diagram showing
how motion vectors associated with other images
are mapped back to a reference image.
FIG. 2 is a prior art schematic diagram of a non-uni-
form interpolation technique used for mapping sam-
ples from the other images onto the reference
image. FIG. 3 is a schematic diagram according to
the invention showing how motion vectors corre-
sponding to inter-pixel locations in the reference

image are used to point to pixel locations in the
other images.

FIGS. 4 and 5 are schematic diagrams showing
how pixel intensity values are determined for high-
resolution grid-points.
FIG. 6 is a flow diagram further showing how
unknown intensity values are determined.
FIG. 7 is a block diagram showing a system for pro-
ducing the high-resolution images.

DETAILED DESCRIPTION

[0016] Referring to FIGS. 3-4, instead of mapping
samples from each image 16 back to the reference
image 12, motion vectors 22 associated with each high-
resolution grid point 20, are used to map the high reso-
lution grid point 20 onto the other low resolution images
16. The low resolution image sample located nearest
(according to some pre-defined distance measure) to
the inter-pixel position pointed by one of the motion vec-
tors is identified and used to generate an image inten-
sity value at the high-resolution grid locations 20. It is
possible that several (as opposed to one) "nearest" low
resolution image samples be kept for the purpose of cal-
culating the image intensity at each high-resolution grid
location 20. The motion vectors 22 at high-resolution
grid points 20 are estimated in step 30 of FIG. 6 In one
embodiment, motion vectors 22 are derived from a par-
ametric global motion model such as a translational, aff-
ine or a perspective model requiring two, six and eight
parameters, respectively, using well-known motion
model parameter estimation methods in the literature
such as that given in S. Mann and R. W. Picard, "Video
Orbits of The Projective Group: A New Perspective on
Image Mosaicking," MIT Media Laboratory Technical
Report No. 338, 1995, which is incorporated by refer-
ence, or their variations. The global motion model
parameters are estimated using the low resolution refer-
ence image 12 and another low resolution image 16. A
motion model is estimated between the reference
image 12 and each other low resolution image 16. Alter-
natively, the global motion parameters may be supplied
directly from an auxiliary mechanical/optical apparatus
in the camera. Once the global motion parameters are
available, the global motion model is subsequently used
to determine a pixel displacement vector 22 at each
high resolution sample location 20.
[0017] More specifically, every inter-pixel position
20 in the reference image 12 has displacement vectors
22 pointing at arbitrary pixel or inter-pixel locations in
the other low resolution images 16. If there are N
images 16, N-1 vectors 22 are estimated for each inter-
pixel position 20. The invention maps back the corre-
sponding pixel intensity values in the other low resolu-
tion images 16 to unknown high-resolution grid points
20 in a high-resolution image 19.
[0018] The novel mapping technique produces new
image intensity values at the unknown high-resolution
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grid locations 20 while reducing the computational com-
plexity required to map values from the other images
back to the high-resolution image and subsequently
performing a nonuniform interpolation. The effect of the
mapping is to re-construct unambiguous (non-aliased)
image detail in the vicinity of each new high resolution
sampling grid location 20 and low resolution sample 17.
Note that a low count of low resolution images may
result in using the same low resolution image sample
multiple times.

[0019] In an alternative embodiment, displacement
vectors 22 are estimated for each unknown high-resolu-
tion grid point 20 using the pixel motion information 14
for the original pixels 17 in the reference image 12,
where pixel motion information describes motion
between the reference frame 12 and other low resolu-
tion images 16. In this case, the pixel motion information
can be estimated using well-known optical flow tech-
niques, such as those discussed in J. L. Barron, D. J.
Fleet, and S. S. Beauchemin, "Performance of Optical
Flow Techniques," International Journal of Computer
Vision, Vol. 12. No. 1, 1994, pages 43-77, and in B. K.
P. Horn and B. C. Schunck, "Determining Optical Flow,"
Artificial Intelligence, Vol. 17, 1981, pages 185-203,
which is incorporated by reference. In this case, the
motion vectors 22 are estimated from neighboring
motion vectors estimated for the original pixels 17, using
a multi-channel interpolation filter.
[0020] An example of a multi-channel interpolation
filter for estimating motion vectors 22 from a set of
neighboring motion vectors 17 is the Vector Median Fil-
ter. The Vector Median Filter is defined by J. Astola, P.
Haavisto, Y. Neuvo, "Vector Median Filters", Proceed-
ings of the IEEE, Vol. 78, No. 4, April 1990, pages 678-
689.
[0021] A Vector Median Filter has the property of
identifying the most representative vector from a finite
set of input vectors. The identification of such vector is
done by minimizing the distance from a vector to all the
other vectors in the set. For example, consider three
two-dimensional motion vectors taking the following val-
ues: [1,2], [3,5] and [2,10]. Using the sum of the compo-
nent absolute differences as a distance metric, it can be
calculated that the distance from the first vector to the
second and third vector is equal to 14, the distance from
the second to the first and third vector is equal to 11 and
the distance from the third vector to the first and second
vector is equal to 15.
[0022] The output of the Vector Median Filter is in
this case the vector [3,5] because it is the closest to the
other two vectors (11 is the minimum distance among
14,11 and 15). The motion estimation vectors at the
low-resolution grid points 17 are estimated using a
known optical flow field, or block matching-based
motion estimation method as given in M. Bierling, "Dis-
placement Estimation by Hierarchical Black Marching."
SPIE Vol. 1001 Visual Communications and Image
Processing, 1988, pages 942-951, which is incorpo-

rated by reference.

[0023] Yet in another embodiment, a set of local
parametric models can be derived from the motion vec-
tors 14 describing the motion of the low-resolution pix-
els 17 in the vicinity of the high-resolution grid. In this
particular case, the model parameters may vary from
one high-resolution sample value to another. The size of
the pixel neighborhood used to estimate the model
parameters depends on the order of the model. For
example, given the fact that the local motion models are
affine motion models, a finite count (at least six) of low-
resolution pixel correspondences in the vicinity of each
high resolution grid point 20 is used to estimate the
parameters of each affine model. The local motion
model is then used to derive a displacement vector at
the high resolution grid 20. These techniques describe
above are well known to those skilled in the art and are
therefore not described in further detail. Once, the
motion vectors 22 associated with the high-resolution
grid locations 20 are estimated, the intensity values
from the other images 16 obtained using the motion
vectors 22 are mapped back onto the high-resolution
grid points 20.
[0024] Referring to FIGS. 5 and 6, there are N-1
motion vectors 22(1)-22(N-1) associated with each one
of the high-resolution grid points 20 in the reference
image 12. Each motion vector 22 points to an associ-
ated one of the other N-1 images 16 and is estimated in
step 30. Consequently, there are N-1 intensity value
choices for each high-resolution grid point 20. Different
selection criteria are used for selecting the best or a set
of best intensity values for mapping into each high-res-
olution grid point 20.
[0025] Inter-pixel positions 24 are located on each
one of the images 16 for each N-1 inter-pixel position 24
that the vectors 22 point at. A distance is determined to
the nearest integer pixel position 26 (i.e., existing low-
resolution pixel sample) in step 32. A pair (Ai, di) is
derived for each one of the N-1 inter-pixel positions 24
for each high-resolution grid point 20. The value Ai is the
intensity value obtained by spatial interpolation at the
inter-pixel position 24. The value di is the distance
between the nearest pixel position 26 and the inter-pixel
position 24. Spatial interpolation is well known to those
skilled in the art. Nearest-neighbor spatial interpolation,
for example, will produce the value at 26 at the inter-
pixel position 24. Bilinear spatial interpolation, for exam-
ple, will utilize the four nearest pixel values, including
the pixel value at 26, to interpolate the value at inter-
pixel position 24. A value Aj having the smallest dis-
tance, dj, is determined in step 34, and it is subse-
quently mapped into the high-resolution pixel location
20 in step 36. Note that in step 34. several of the closest
pixels (as opposed to the closest only) could be used. In
this case, the interpolation process makes use of the
associated distance values to calculate the sample
value at the high resolution grid point 20. For example,
each distance value can be used to determine a weight-
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ing factor specifying the contribution of the associated
sample value in the final image sample value at grid
point 20. For example, in FIG. 5, the motion vector 22(2)
mapped to the image 16 at time  has an inter-
pixel position 24B closest to the existing pixel position
26B. The distance di between position 24B and 26B is
the smallest distance for any one of the motion vectors
22 at high-resolution point 20A. The pixel intensity value
for grid location 20A is derived using spatial interpola-
tion.

[0026] The example shown in FIGS. 5 and 6 is for a
resolution improvement of 2X but can be any arbitrary
integer or rational value. If resolution improvement is 4x,
for example, at least sixteen other images are typically
used for best results. As described above, motion vec-
tors 22 can be produced by a parametric motion model
whose parameters are estimated via optical flow esti-
mation or via hierarchical block matching with fractional
pixel refinement. Parametric motion models include aff-
ine and perspective models and are especially useful
when image motion is only due to camera motion.
[0027] FIG. 7 is a block diagram showing the sys-
tem used for generating the high-resolution image 23. A
camera 38 takes multiple low-resolution images 16 of a
scene. One of the images 16 is designated as the refer-
ence image 12. A processor 40 receives and stores the
multiple images 16 into memory 40. The processor 40
performs the mapping of the low-resolution samples in
images 16 into the reference image 12 as described
above to generate the high-resolution image19. The
mapping technique is typically implemented in software
loaded in processor 40 but a hardware implementation
is also possible without deviating from the scope of the
invention.
[0028] Other variations of this technique are possi-
ble. The pairs (Ai,di) and the smallest distance dj are
identified. If dj is greater than a threshold value, T, then
temporal processing (using images 16 taken at other
instances in time) is not used for that particular high-res-
olution grid point 20. The value of the grid point 20 is
then determined using smart spatial interpolation. For
example an edge-adaptive interpolation method, such
as the one proposed in S. D. Bayrakeri and R. M. Mers-
ereau, "A New Method for Directional Image
Interpolation," Proceedings of 1995 International Con-
ference on Acoustics, Speech and Signal Processing,
1995, pages 2383-2386, may be used, which is incorpo-
rated by reference.
[0029] In the motion vector derivation described
above, an additional criterion can be introduced to test
the accuracy of the motion correspondence. Although
the motion vector 22 may point closely to a pixel location
26 (FIG. 5), the vector may be inaccurate due to occlu-
sions. Such occlusions occur for example when a global
motion parameter is used to estimate motion vectors 22
and there is a foreground object over the background
scene which does not move according to the global
motion model. To monitor the occurrence of such cases,

a local motion compensation error is computed, based
on the sum or image sample absolute difference com-
puted over a block of neighboring image pixels 17 in the
referenced image 12 and the vicinity of the target posi-
tion in the selected low resolution image(s) 16. This can
be implemented as a temporal high-pass filter involving
the low resolution pixel values surrounding the high res-
olution grid point and the low resolution pixel values sur-
rounding the target position. A high error value indicates
the motion estimate may be inaccurate. In that case, the
algorithm falls back to smart spatial interpolation. There
are other possible ways of designing this additional
accuracy criterion that make the high-resolution map-
ping described above robust in presence of motion esti-
mation errors.

[0030] Instead of mapping back the value Aj, which
is determined using spatial interpolation (e.g., bilinear),
the value of the nearest pixel is directly mapped back
(i.e., copied) to the associated high-resolution location
20, i.e., implementing nearest-neighbor spatial interpo-
lation.
[0031] A raw Charged Couple Device (CCD) output
can be used especially when the CCD employs a color
filter array (CFA). If this pattern is known, RGB values
(called "raw CCD output") are used directly (over a
sparse set of grid points) before these color values are
filtered to interpolate the image to full RGB resolution. In
that case, each color channel is independently proc-
essed as described above. The motion estimation proc-
ess, however, may be performed on one of the color
fields only (typically the green field). An alternative is to
perform motion estimation in the luminance channel
(that is, a linear or non-linear combination of the red,
green and blue channels) and then use it in processing
the RGB channels.
[0032] An important application of the invention is
for obtaining high-resolution document images by mov-
ing a camera to acquire multiple images and subse-
quently map their content to a higher resolution image.
It is possible to further increase the visual quality of the
improved resolution image by post-filtering. For
instance, a Wiener filter with Gaussian blur point spread
function can be applied to improve image sharpness if
the image is slightly blurred due to sensor integration.
[0033] Having described and illustrated the princi-
ples of the invention in a preferred embodiment thereof,
it should be apparent that the invention can be modified
in arrangement and detail without departing from such
principles. I claim all modifications and variation coming
within the spirit and scope of the following claims.

Claims

1. A method for generating a high-resolution image
(19) having samples over an array of high-resolu-
tion grid points (20) derived from multiple low reso-
lution images (16) each having an array of low
resolution pixels (17), comprising:

t=t0+2
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deriving motion vectors (22) of the unknown
high-resolution grid points (20), the motion vec-
tors (22) each associated with one of the multi-
ple low resolution images (16);

associating the unknown high-resolution grid
points (20) with inter-pixel positions (24) on the
associated low-resolution images (16) using
the motion vectors (22);

identifying the low-resolution pixel (17) on each
one of the low-resolution images (16) having
the closest distance to the mapped inter-pixel
positions;

selecting one or several of the identified low-
resolution pixels (17) for each one of the high-
resolution grid points (20) having a shortest
distance; and

mapping pixel intensity values into the high-
resolution grid points (20) according to the
selected low-resolution pixels.

2. A method according to claim 1 wherein mapping
the pixel intensity values comprises interpolating
the intensity sample values at the mapped inter-
pixel positions (24) from the neighboring low-reso-
lution pixels.

3. A method according to claim 1 wherein mapping
the pixel intensity values comprise mapping the
intensity values of the pixel closest to the mapped
inter-pixel positions (24) directly back as the pixel
value at the high-resolution grid locations (20A).

4. A method according to claim 1 wherein the motion
vectors (22) at the high-resolution grid points (20)
are estimated according to one of the following:

using a median vector value of neighboring
motion vectors for existing low-resolution pix-
els;
using a global or local parametric motion
model, such as a translational, an affine or a
perspective model;
fitting the parametric model to pixel motion
information belonging to the low-resolution pix-
els (17) surrounding the high-resolution grid
points (20); and
estimating the motion vectors at the high reso-
lution grid points (20) from the global paramet-
ric motion model.

5. A method according to claim 4 including generating
one motion vector (22) at each one of the high-res-
olution grid locations (20A) for each one of the mul-
tiple low-resolution images (16).

6. A method according to claim 5 including the follow-
ing:

selecting a distance threshold value; and

using a spatial and/or temporal smart interpola-
tion or an edge adaptive interpolation for deriv-
ing pixel values at the high-resolution grid
locations (20A) when the pixel having the
shortest distance to the mapped inter-pixel
position (24) is greater than the distance
threshold value.

7. A method according to claim 5 including computing
a local motion compensation error at every high
resolution sampling grid point according to a sum of
sample intensity differences of pixel values in the
low resolution reference image (12) and in the low
resolution target image and using a spatial and/or
temporal smart interpolation or an edge adaptive
interpolation for deriving pixel values at the high-
resolution grid locations (20A) when the motion
compensation error is high.

8. A method according to claim 5 including the follow-
ing:

generating multiple color channels for each of
the multiple images (16); and
mapping the pixel intensity values for the high-
resolution grid locations (20A) according to a
common motion estimation model derived from
one or several color channels or luminance.

9. A system for generating a high-resolution image
(19), comprising:

a camera (38) generating multiple low-resolu-
tion images (16) each having associated
motion information field that identify relative
camera-scene motion occurring while generat-
ing the multiple low-resolution images (16); and
a processor (40) generating a high-resolution
image (19) from pixels in the multiple low reso-
lution images (16) by identifying according to
the motion information which of the pixels in the
multiple low-resolution images (16) most
closely represents an image intensity at high-
resolution grid points (20) and then mapping
image intensity values into the high-resolution
grid points (20) according to the identified low-
resolution pixels.

10. A system according to claim 9 wherein the proces-
sor (40) selectively varies a resolution factor of the
high-resolution image (19), the processor (40) var-
ying the number of low-resolution images (16) used
for generating the high-resolution image (19)
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according to the resolution factor.

11. A system according to claim 9 including deriving a
median motion vector at each high-resolution grid
point (20) for each one of the low-resolution images
by taking a vector median of motion vectors (22) at
existing low-resolution pixel locations (26) in a refer-
ence one of the multiple low-resolution images (16).

12. A system according to claim 11 wherein identifying
the pixels includes locating the pixel in each of the
low-resolution images (16) that is located closest to
the inter-pixel location defined by the motion vec-
tors (22) and then selecting one or several of the
located pixels that have the shortest distances to
the inter-pixel locations.
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