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MOTION CLUTTER SUPPRESSION FOR
IMAGE-SUBTRACTING CAMERAS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 60/403,389, filed Aug. 15, 2002,
which is herein incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the present invention relate to image
processing. More particularly, embodiments of the present
invention relate to systems and methods for image process-
ing that subtract successive images to provide a resultant
composite image, for purposes such as ambient light can-
celing, motion clutter suppression, or motion detection.

2. Background Information

Within the field of photography and image processing, a
class of operations involves the subtraction of successive
images captured from a camera to obtain a desired effect in
the resultant composite image. For example, image subtrac-
tion is used to capture and emphasize lighting differences
arising from alternate forms of scene illuminations, or to
detect moving objects within a scene.

One example of image subtraction is ambient-light-can-
celing (ALC) photography. A camera captures two succes-
sive images of a scene, one with a camera lamp illuminating
the scene and the other with the camera lamp off, and the two
images are subtracted to form a synthetic image. Assuming
that neither the camera nor the scene has moved between the
two image-capture periods, and that the ambient light, i.e.,
the light coming from sources other than the camera lamp,
has remained relatively constant between the two image
captures, the subtracted image represents what the scene
would look like if it were illuminated by the camera lamp
only, without the ambient light. The subtraction of the two
successive images cancels the effect of the ambient light, but
leaves the effect of the camera lamp.

The process of eliminating ambient light from a camera
image by subtracting two successive images, one image
taken with the camera illuminator on and the other camera
image taken with the camera illuminator off, is described in
U.S. Pat. No. 4,274,735 by Tamura et al., U.S. Pat. No.
4,315,159 by Niwa et al., U.S. Pat. No. 4,490,037 by
Anagnostopoulos et al., U.S. Pat. No. 5,287,183 by Thomas
etal.,, U.S. Pat. No. 6,021,210 by Camus et al., and U.S. Pat.
No. 6,256,067 by Yamada.

Image subtraction, however, is highly sensitive to scene
motion, either to motion of the camera or to motion of
objects within the scene. Indeed, because image-subtraction
is sensitive to image motion, motion detection is a second
key application of image subtraction. If there is motion
between the successive images, all or portions of the two
images become spatially displaced with respect to each
other, and the image subtraction results in residuals around
the edges of the moving objects.

While it is desired to emphasize the effects of motion in
motion-detection applications, it is often desired to mini-
mize motion effects in other applications of image subtrac-
tion. In applications where motion effects of image-subtrac-
tion are undesirable, these motion effects are often called
‘motion clutter.” Motion clutter, for example, is generally
highly undesirable in ambient-light-cancellation applica-
tions.

While the term “camera” typically implies the generation
of images from light, one skilled in the art will appreciate
that the term “camera” is contemplated to include all forms
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of imagers that generate images from any form of physical
wave, including vibrational waves and/or particle wave-
fronts. Waves include, for example, visible and non-visible
light, electromagnetic, radar, x-rays, gamma rays, electron,
magnetic, magnetic-resonance, sonic, ultrasonic, seismic,
surface, body, compression, and longitudinal waves. Particle
wavefronts include nuclear particles (such as electrons,
protons, positrons, neutrinos, etc.) atomic particles, molecu-
lar particles, and other material particles. The concepts
discussed here apply to all wavelengths, visible or invisible,
audible or inaudible. Additionally, the concepts apply to
both single-frame and video modes of camera operation.
Finally, though images are typically considered to be two-
dimensional, the concepts discussed here apply to any
number of image dimensions, including 1, 2, 3, and more.

Ambient-light-cancelling Photography

Camera images formed with multiple light sources on a
scene are conceptually equivalent to the superposition of
multiple images, each formed with individual light sources.
Once an aggregate image is formed however, it is generally
not possible to separate its constituent images. If a special-
ized camera properly captures an appropriate set of con-
stituent images ahead of time, however, the desired synthetic
images can be generated computationally, typically by an
additive or subtractive operation on the constituent images
on pixel-by-pixel basis.

It is known that the effects of ambient light may be largely
reduced or eliminated from a camera’s image by taking two
consecutive images, one with the camera’s controlled illu-
minator on and the other with the camera illuminator off, and
then subtracting the two images to form the composite
ambient-light-cancelled image.

Assuming that the ambient illumination remains approxi-
mately constant during the two image periods, the subtrac-
tion of the off-cycle image from the on-cycle image results
in a net-zero contribution from the ambient light source,
while leaving the full result of the camera’s illumination in
the resultant image.

FIGS. 1-3 illustrate the results of ambient light cancella-
tion achieved using image subtraction. The objective of this
camera 1s to detect (i.e. highlight) objects in the foreground
and ignore (i.e. suppress) objects in the background. In this
example scene, there is a person in the foreground, there is
a house and a parked car in the near background, and there
is a (unrealistically) stationary airplane in the far back-
ground. The ambient illumination is normal daylight. The
camera’s controlled illuminator is a flash attachment.

The first camera image A, 100 shown in FIG. 1, is taken
with a flash attachment on the camera. The second camera
image B, 200 shown in FIG. 2, is taken without a flash. Due
to the daytime condition, the foreground and background
objects are illuminated equally by the ambient daylight. The
flash is not particularly bright with respect to the ambient
daylight, so the person in the foreground is only slightly
highlighted in FIG. 1 in comparison to FIG. 2.

The final output image C, 300 shown in FIG. 3, represents
the “subtracted” or “difference” image, i.e. the image 300 in
FIG. 3 equals the image 100 in FIG. 1 minus the image 200
in FIG. 2. (The difference image C, 300 in FIG. 3 is also
magnified for purposes of displaying the contrast in the
resultant composite image.) The key results of the subtracted
image C, 300 in FIG. 3 are that the objects in the foreground
are highlighted, and the objects in the background are
suppressed.

The person in the foreground now stands out significantly
from the background, making objects in the foreground far
easier to detect with respect to objects in the background.
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Note that the subtracted image C, 300 in FIG. 3 is the same
as if the picture were taken with a flash at night, without
ambient daylight; the illumination from the flash highlights
objects in the foreground.

Motion Detectors

Image-subtraction photography is also used to detect
objects that are moving within a scene. When using image
subtraction to perform motion detection, typically both the
first and second images are illuminated equally. When the
wo images are subtracted, all the stationary objects are
‘cancelled out’ in the composite image, leaving only a
uniform “neutral-gray” response. If an object moves, how-
ever, the images of the object are spatially separated between
the first and second constituent images, so the subtraction
does not result in pure cancellation of the object image;
rather, the subtraction results in a residual ‘ghost’ image
around the edges of the moving object. The existence of the
ghosted image within the otherwise neutral-gray back-
ground allows the moving object to be detected easily within
the subtracted image.

As an object moves, the ghosting effect occurs around the
leading and trailing edges of the object. Edges of an object
are typically characterized by a change, i.e., a gradient, in
the image intensity. As an object moves between two suc-
cessive images, the differences in the leading and trailing
edge locations between the two successive images produce
a difference in intensity that shows up as non-neutral-gray in
the difference image. It is the emergence of the edges of the
moving objects that produces the ghosting effect.

Since the ghosting appears along the leading and trailing
edges of moving objects, the ghost image emphasizes the
object’s direction of motion. If the surrounding background
of an object is brighter than the object, the leading edge of
the ghost image appears brighter than neutral gray. In the
first image, the area just ahead of the moving object is the
brighter background intensity. In the second image, that area
is replaced by the darker intensity of the object that has
moved into the space. When the two images are subtracted,
the lower (darker) intensity of the second image is sub-
tracted from the brighter (higher) intensity of the first image,
resulting in a net brighter-than-neutral-gray in the difference
image.

Conversely, if the background is darker than the object,
the leading edge of the object appears darker than neutral
gray. Similarly, the trailing edges of dark objects are dark,
and the trailing edges of bright objects are bright.

FIGS. 4-6 illustrate the results of motion detection
achieved using subtraction of successive images. In this
example, the scene is the same as in the above ambient-
light-cancellation example shown in FIGS. 1-3, except that
the car and plane are now in motion. The illumination is
identical for both of the constituent photos. The two suc-
cessive raw (i.e. constituent) images A, 400 and B, 500 are
shown in FIGS. 4 and 5, respectively. The difference image
C, 600, i.c., the image A, 400 in FIG. 4 minus the image B,
500 in FIG. 5, is shown in FIG. 6. The key results of the
subtracted image are that the moving objects have been
highlighted, and the stationary objects have been sup-
pressed.

Note the ghosting effect on the highlighted moving
objects, i.e., the ghosting on the car and the plane. Since the
surrounding backgrounds of both the car and plane are
brighter than the vehicles themselves, the leading edges of
these objects are bright and the trailing edges are dark. It can
thus be deduced from the ghost images that both vehicles are
moving leftward.
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Also note that in image-subtraction, the subtraction pro-
cess results in positive intensities in areas where the ‘added’
image is brighter than the ‘subtracted” image, and results in
negative intensities where the ‘subtracted’ image is brighter
than the ‘added’ image. To accommodate negative intensi-
ties when displaying difference images, the difference image
is customarily drawn with a “neutral gray” value so that all
display intensities are positive and can be interpreted visu-
ally. In areas of the two constituent images where both
intensities are equal, the subtracted output takes the value of
the neutral-gray offset. Brighter-than-neutral-gray regions
indicate that the ‘added’ image is brighter, and darker-than-
neutral-gray regions indicate that the ‘subtracted” image is
brighter.

Image Subtraction Timing

FIG. 7 illustrates the timing for a typical image-subirac-
tion frame capture. Periods A, 71, and B, 72, represent the
shutter periods during which two constituent images A and
B are captured. The durations of the two periods are At, and
Atg, and the overall frame period for the composite image,
73, includes both At, and Aty To achieve the desired
image-subtraction effects, the lighting conditions for the two
images are typically synchronized to their respective shutter
periods.

As shown in FIG. 7, conventional image subtraction
involves the subtraction of two images, where the full-scaled
intensity profile of one captured image is subtracted from the
full-scale intensity profile of the second to form the final
image.

Motion Clutter

In many image-subtraction applications, such as ambient
light cancellation, the ghosting effects of object motion are
undesired. When the ghosting is unwanted, it is referred to
as “motion clutter.” Physically, the desired ghosting effects
in motion detectors and the undesired motion clutter effects
in ambient-light-cancellation applications are identical. The
difference lies only in the desirability of the effect when
images are subtracted.

Motion clutter, like ghosting, is measured in units of
image brightness, i.e., image intensity. In motion detection
applications, the reference level for “zero ghosting” is
neutral gray. At all positions in the image where there is no
moving object, the subtracted image is neutral gray, and
therefore no ghosting exists. As the intensity of the sub-
tracted image moves away from neutral gray, either posi-
tively or negatively, the magnitude of the ghosting increases.
In ambient-light-cancellation applications, the reference
level for “zero motion clutter” is black. The magnitude of
motion clutter is measured as an increase in brightness from
black.

Note that motion clutter is a different phenomenon than
motion blur, though both result from motion in the camera
scene. Blur results from scene motion during the overall
frame period, whether or not image subtraction is per-
formed. Motion blur can be seen on the moving car in FIGS.
4 and 5, where subtraction has not yet been performed.
Motion clutter, i.e., the ghosting phenomenon illustrated in
FIG. 6, on the other hand, only results when images are
subtracted, as it is in motion-detection and ambient-light-
cancellation photography, to form the final image.

In image subtraction, the spatial displacement Ax of a
moving object in two successive camera images is propor-
tional to both the velocity V of the objects in the scene and
the average temporal offset At between the shutter periods of
the two images:

Ax=VxAt (Eq 1)
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This quantity Ax, i.e., the average spatial displacement
between images, is also called the ‘motion clutter width,’
which refers to the width of the ghosting edges that appear
in the motion clutter. It is assumed in the above equation that
there is no appreciable “dead time” between the two image
shutter periods. Dead time between shutter periods further
increases image motion clutter.

If the shutter periods At and At are different, the average
time difference At between two successive shutter periods is
equal to the average of At, and At

Ni=(A1+AL)2 (Eq2)

An example of undesired motion clutter is illustrated in
FIGS. 8-10. In this example, the camera’s objective is to
highlight objects in the foreground. Highlighting of fore-
ground objects is accomplished by ambient light cancella-
tion, 1.e., by image subtraction and using a controlled flash
during one of the image captures. The camera configuration
is the same as that used to generate the images in FIGS. 1-3
(ambient light cancellation). In this new example, however,
the car and the plane in the background are now moving,
while they were still in the example of FIGS. 1-3. Note that
the ghosted images of the moving car and plane now appear
in the composite, subtracted image, shown in FIG. 10.
Furthermore, the ghosted images of the car’s tires are even
brighter than the person in the foreground. In this example,
where the camera’s objective is to highlight objects in the
foreground and suppress images in the background, the
ghosted images of the moving car and plane in the back-
ground are undesirable.

BRIEF SUMMARY OF THE INVENTION

Embodiments of the present invention relate to systems
and methods for suppressing motion clutter while providing
ambient light cancellation in dynamic camera scenes. In
contrast to conventional image-subtraction frame capture
techniques, in which the full-scaled intensity profile of one
captured image is subtracted from the full-scale intensity
profile of the second to form a final image, the present
invention temporally interleaves sub-periods of the constitu-
ent images, and can incorporate more than two images in the
formation of the final composite image. Specifically, the
present invention temporally interleaves the collection of A
and B images within an overall frame exposure period.

Referring to the equations discussed above, to minimize
the magnitude of motion clutter in dynamic camera scenes,
it is necessary to minimize the motion clutter width Ax,
which, as a consequence of Eq 1, means that it is necessary
to minimize the inter-image offset time At. If a single pair of
images is used in the image subtraction, however, reducing
the inter-image offset time results in an equal reduction of
image shutter time At, which in turn reduces the total light
available to generate quality images. To maintain long net
frame illumination periods while simultaneously decreasing
At, and thus minimizing motion clutter, the present invention
temporally interleaves the collection of the A and B images
within the overall frame exposure period.

One embodiment of the present invention provides a
method for suppressing motion clutter that includes accu-
mulating constituent images over multiple sub-periods and
temporally interleaving the sub-periods of the different
constituent images. A composite image is formed from the
subtraction of the accumulated constituent images. The
number of sub-periods equals the factor by which the
magnitude of motion clutter is reduced. A further embodi-
ment involves controlling one or more camera-scene illu-
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minators that are synchronized with the capture of sub-
periods of the constituent images.

Another embodiment of the present invention provides an
apparatus for suppressing motion clutter when forming a
composite camera image from the subtraction of constituent
images. The apparatus includes a containing means for
accumulating each constituent image over multiple sub-
periods where the sub-periods of the different constituent
images are temporally interleaved. In a further embodiment,
the apparatus also includes a control means for one or more
camera-scene illuminators that are synchronized to the cap-
ture sub-periods of the constituent images.

Four additional embodiments of an image-generation
device that use temporally-interleaved constituent images to
achieve motion clutter minimization are provided. All four
embodiments have an image sensor that is capable of
generating an image-sensor output to a physical wave input.
In a first embodiment, the image-sensor output is directed to
one of two constituent-image accumulators by an accumu-
lator-control switch. This is called the double accumulator
configuration. A controller toggles the accumulator-control
switch to direct the image sensor output to either one of the
two constituent-image accumulators multiple times within
an overall frame-capture period. Finally, the constituent
images from the two constituent-image accumulators are
subtracted to form a composite image.

In a second embodiment, the image-sensor output is first
sent to a sub-period accumulator that accumulates the
image-sensor output within individual sub-frame periods.
Output from the sub-period accumulator is directed to one of
two constituent-image accumulators by an accumulator-
control switch. Since this embodiment has three accumula-
tors it is called the triple accumulator configuration. A
controller initializes the sub-period accumulator before each
sub-period and generates an accumulator-control switch
signal that toggles the output of the sub-period accumulator
between the two constituent-image accumulators multiple
times within an overall frame-capture period. The constitu-
ent images from the two constituent-image accumulators are
then subtracted to form a composite image.

In a third embodiment, the image-sensor output is
directed to a single image accumulator that forms the
composite image. This embodiment is called the single
accumulator configuration. An accumulator-control switch
controls whether or not the image-sensor output is added to
or subtracted from the image accumulator. A controller
generates an accumulator-control switch signal that toggles
between addition and subtraction multiple times within an
overall frame-capture period.

Similarly, in a fourth embodiment, the image-sensor out-
put is sent first to a sub-period accumulator that accumulates
the image-sensor output within individual sub-frame peri-
ods. The output of the sub-period accumulator is then
directed to a single composite-image accumulator that accu-
mulates a composite image comprised of added and sub-
tracted sets of sub-images. Since the sub-period accumulator
and composite-image accumulator operate in series, this
embodiment is called the series accumulator configuration.
An accumulator-control switch directs the output from the
sub-period accumulator to be added to or subtracted from
the composite-image accumulator. A controller initializes
the sub-period accumulator before each sub-period and
generates an accumulator-control switch signal that toggles
between addition and subtraction multiple times within an
overall frame-capture period.

All four embodiments may further include at least one
scene illuminator that is connected to its power source
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through a scene illuminator-control switch. The scene illu-
minator-control switch may be synchronized with the accu-
mulator-control switch. This may be accomplished by hav-
ing the controller generate an illuminator-control signal in
response to the accumulator-control switch signal. This
illuminator-control signal may or may not be the same as the
accumulator-control switch signal. Alternatively, this may
be accomplished by having the controller generate an accu-
mulator-control switch signal in response to an externally
generated illuminator-control signal.

In electronic cameras, the accumulators are implemented
on the same electronic circuit chip that contains the photo
sensor. Consequently, embodiments of the present invention
may be implemented on a single electronic chip.

Finally, the effects of head motion and ambient light cause
significant problems in video eyetracking applications. As a
result, embodiments of the present invention may be advan-
tageously used in eyetracking applications.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary first camera image taken with a
flash attachment where all objects in the image are station-
ary, which is used to illustrate the results of ambient light
cancellation achieved using subtraction of successive
images.

FIG. 2 is an exemplary second camera image taken
without a flash attachment where all objects in the image are
stationary, which is used to illustrate the results of ambient
light cancellation achieved using subtraction of successive
images.

FIG. 3 is an exemplary third difference image that results
from subtracting the image in F1G. 2 from the image in FIG.
1, which is used to illustrate the results of ambient light
cancellation achieved using subtraction of successive
images.

FIG. 4 is an exemplary first camera image taken with a
flash attachment where some objects in the image are in
motion, which is used to illustrate the results of motion
detection achieved using subtraction of successive images.

FIG. 5 is an exemplary second camera image taken
without a flash attachment where some objects in the image
are in motion, which is used to illustrate the results of motion
detection achieved using subtraction of successive images.

FIG. 6 is an exemplary third difference image that results
from subtracting the image in F1G. 5 from the image in FIG.
4, which is used to illustrate the results of motion detection
achieved using subtraction of successive images.

FIG. 7 is an exemplary timing diagram illustrating the
timing for a typical image-subtraction frame capture.

FIG. 8 is an exemplary first camera image taken with a
flash attachment where some objects in the image are in
motion, which is used to illustrate undesired motion clutter
resulting from subtraction of successive images.

FIG. 9 is an exemplary second camera image taken
without a flash attachment where some objects in the image
are in motion, which is used to illustrate undesired motion
clutter resulting from subtraction of successive images.

FIG. 10 is an exemplary third difference image that results
from subtracting the image in F1G. 9 from the image in FIG.
8, which is used to illustrate undesired motion clutter
resulting from subtraction of successive images.

FIG. 11 is a timing diagram illustrating temporally inter-
leaved frame-capture timing for image-subtraction using
multiple, sequential pairs of A-type sub-periods and B-type
sub-periods, in accordance with an embodiment of the
present invention.

FIG. 12 is an exemplary first camera image taken with a
flash attachment where some objects in the image are in
motion, which is used to illustrate the net effect of tempo-
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rally interleaving a collection of images in accordance with
an embodiment of the present invention.

FIG. 13 is an exemplary second camera image taken
without a flash attachment where some objects in the image
are in motion, which is used to illustrate the net effect of
temporally interleaving a collection of images in accordance
with an embodiment of the present invention.

FIG. 14 is an exemplary third image that results from the
temporally-interleaved image-subtraction of FIG. 13 from
FIG. 12, in accordance with an embodiment of the present
invention.

FIG. 15 is an exemplary collection of image intensity
profiles taken along a horizontal cut through the middles of
the stationary and moving objects in FIGS. 8-10 and shows
the results of subtracting non-temporally-interleaved
images, in accordance with an embodiment of the present
invention.

FIG. 16 is an exemplary collection of image intensity
profiles taken along a horizontal cut through the middles of
the stationary and moving objects in FIGS. 12-14 and shows
the results of subtracting non-temporally-interleaved images
in accordance with an embodiment of the present invention.

FIG. 17 is a superposition of the exemplary image inten-
sity profiles taken along a horizontal cut through the middles
of the stationary and moving objects in FIGS. 10 and 14 and
shows the differences in the motion clutter from temporal
interleaving, in accordance with an embodiment of the
present invention.

FIG. 18 is a double accumulator configuration for an
image-generation device that uses temporally-interleaved
constituent images to achieve motion-clutter minimization,
in accordance with an embodiment of the present invention.

FIG. 19 is a triple accumulator configuration for an
image-generation device that uses temporally-interleaved
constituent images to achieve motion-clutter minimization,
in accordance with an embodiment of the present invention.

FIG. 20 is a single accumulator configuration for an
image-generation device that uses temporally-interleaved
constituent images to achieve motion-clutter minimization,
in accordance with an embodiment of the present invention.

FIG. 21 is a series accumulator configuration for an
image-generation device that uses temporally-interleaved
constituent images to achieve motion-clutter minimization,
in accordance with an embodiment of the present invention.

FIG. 22 is an exemplary circuit for a single pixel series
accumulator configuration, in accordance with an embodi-
ment of the present invention.

Before one or more embodiments of the invention are
described in detail, one skilled in the art will appreciate that
the invention is not limited in its application to the details of
construction, the arrangements of components, and the
arrangement of steps set forth in the following detailed
description or illustrated in the drawings. The invention is
capable of other embodiments and of being practiced or
being carried out in various ways. Also, it is to be understood
that the phraseology and terminology used herein is for the
purpose of description and should not be regarded as lim-
iting.

DETAILED DESCRIPTION OF THE
INVENTION

Minimization of Motion Clutter

According to an embodiment of the present invention, a
system to minimize the magnitude of motion clutter in
dynamic camera scenes is described. In order to minimize
this motion clutter, it is necessary to minimize the motion
clutter width Ax, which, as a consequence of Eq 1, means
that is it is necessary to minimize the inter-image offset time
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At. If a single pair of images is used in the image subtraction,
however, reducing the inter-image offset time results in an
equal reduction of image shutter time At, which in turn
reduces the total light available to generate quality images.
To maintain long net frame illumination periods while
simultaneously decreasing At, and thus minimizing motion
clutter, the collection of A and B images are interleaved
temporally within the overall frame exposure period.

FIG. 11 illustrates temporally interleaved frame-capture
timing for image-subtraction using multiple, sequential pairs
of A-type sub-periods 111 and B-type sub-periods 112. In the
FIG. 11 example, the number of sub-period pairs is four, i.e.,

subperiod-pars—3+ 1h€ sequence consists of a high-fre-
quency burst of A-type sub-periods 113, temporally inter-
leaved with a high-frequency burst of B-type sub-periods
114. Similar to traditional single-pair sub-image subtraction,
the A/B illumination conditions are synchronized to the A/B
shutter periods. In the multiple-pair case, however, the two
overall images A and B are formed by the additional step of
adding up all the A-type sub-images and all the B-type
sub-images, respectively. In this way, the constituent images
are accumulated over multiple sub-periods, wherein the
sub-periods of the constituent images are temporarily inter-
leaved. These constituent images comprise image-sensor
output from a physical wave input, including, for example,
light intensity, color, or grayscale.

Referring back to FIG. 7, note that there is no temporal
interleaving in the collection of the constituent images A and
B; the collection of image A is fully complete by the time the
collection of image B begins. With temporal interleaving,
illustrated in FIG. 11, the collections of the two constituent
images overlap in time.

The key purpose of temporally interleaving the collection
of the A and B images in image-subtracting cameras is to
maximally overlap the aggregate shutter periods of the two
constituent images in time. This temporal overlap reduces
the spatial separation of moving objects in the scene
between the two images, thus reducing the motion-clutter
effect. When using temporally-interleaved image-subtrac-
tion, the magnitude of the motion clutter suppression is
reduced by a factor equal to the number N, ..., 10a pasrs OF
A/B sub-pairs. Thus, increasing the number of sub-pairs
increases the effectiveness of motion clutter suppression
proportionately. With an ever-increasing number of A/B
sub-period pairs, the sub-period intervals At may theoreti-
cally be reduced indefinitely, providing an arbitrarily small
motion clutter width Ax, while simultaneously providing a
sufficiently long overall frame exposure period 73 to obtain
a high quality image. (Note, however, that while temporally-
interleaved-frame-capture minimizes motion clutter, longer
overall frame exposure periods are more susceptible to
motion blur.)

FIG. 14, image C, 1400 illustrates the net effect of
temporally interleaving the collection of images A, 1200 of
FIG. 12, and B, 1300 of FIG. 13. The original scene
(illustrated in FIGS. 8 and 9) is the same as that used in the
generation of the non-temporally-interleaved composite
image shown in FIG. 10. In FIG. 14, however, the collection
image A, 1200 and image B, 1300 is temporally interleaved
over a sequence of four A/B sub-pairs; ie,
N,pperiodpairs=4 10 this embodiment. The overall frame
exposure period in FIGS. 12-14 is the same in FIGS. 8-10.
Note that the magnitude of the image clutter, i.e. the inten-
sity of the ghosting around the moving car and plane, is
significantly decreased, in this case by a factor of 4. In
particular, the ghosting of the car tires is highly reduced.

25

40

45

60

65

10

Because the car is in the near background and receives
some illumination from the camera flash, the basic image of
the car remains, although its ghosting has been significantly
suppressed. The image of the airplane in the far background,
which received no light from the flash, has almost disap-
peared, despite its motion.

To further illustrate the motion-clutter minimization effect
of temporally interleaving the collection of the A and B
images prior to image subtraction, FIGS. 15, 16, and 17
show image intensity profiles taken along a horizontal cut
through the middles of the stationary and moving objects,
1.e., through the person, house, car and plane. FIG. 15 shows
the results of subtracting non-temporally-interleaved images
A and B (extracted from the images of FIGS. 8-10). FIG. 16
shows the results of subtracting temporally-interleaved
images A={A +A,+A+A,} and B={B +B,+B,+B,} (ex-
tracted from the images of FIGS. 12-14). The upper panels
in FIGS. 15 and 16 show the intensity profiles of the two
constituent images A, 151, and B, 152, and the bottom curve
in each Figure shows the intensity profile of the subtracted
composite image C=A-B, 153.

The key results of the image subtraction process are
illustrated in the intensity profiles of the subtracted, com-
posite image C, 153, displayed in the bottom panels of FIGS.
15 and 16. As illustrated in these intensity profiles, the
person, house and car all “stand out” significantly, as they
should, in accordance with the ambient-light-cancellation
objective. The intensity profiles of each of these three items,
illuminated by the flash, appear as an “object” with a left
edge, a body, and a right edge. “Standing out” is indicated
by positive image brightness, i.e., image intensity levels
greater than zero, with respect to black, which is indicated
by zero image intensity.

Note that the image intensity profile of the airplane,
however, still stands out, despite receiving negligible light
from the camera’s flash attachment. Though the plane’s
intensity profile has no body (because it received no light
from the flash), it does exhibit motion clutter at its leading
edge, 154, and trailing edge, 155. Ideally, given the ambient-
light-canceling camera’s objective of highlighting only near-
field objects, there would be no image of the plane at all.

The images of both the car and plane, because they are
moving, are distorted by motion clutter at their leading edge,
154, and trailing edge, 155. This motion clutter results from
the interacting dynamics of the moving vehicles, the image
capture, and the image subtraction. The purpose of temporal
interleaving is to reduce the magnitude of this motion clutter.
As can be seen by comparing FIGS. 15 and 16, temporal
interleaving significantly reduces the magnitude of motion
clutter.

The intensity curves in the subtracted images (i.e., image
C=image A-image B) go negative at the trailing edges, 155,
of the car and plane. These negative values indicate regions
where image A, which is taken with the flash, is actually
darker than image B, which is taken without the flash. These
negative values result from motion of the car and plane. In
ambient light cancellation photography (in contrast to
motion detection photography), negative intensities are typi-
cally displayed as black, i.e., they are treated as having zero
intensity. In FIGS. 15, 16, and 17, however, the negative
values are shown for purposes of mathematical complete-
1ess.

The advantage of temporally interleaving the constituent
images A and B is illustrated by comparing the magnitude of
the motion clutter in profile 153 in FIG. 15, where there is
no temporal interleaving, to the reduced motion clutter in
profile 153 in FIG. 16, where there is temporal interleaving.
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FIG. 17 shows the superposition of these subtracted-image
profiles, 171. The differences in the motion clutter resulting
from temporal interleaving are highlighted in gray, 172.

The comparison of the temporally-interleaved and non-
temporally-interleaved intensity profiles in FIG. 17 illustrate
wo key points:

One, the intensity profile of the temporally-interleaved
image is different from the non-temporally-interleaved
image only at the leading edge, 154, and trailing edge, 155,
of the moving vehicles. Thus the temporal interleaving
affects only motion clutter; it has no effect (in particular, no
adverse effect) on the desired ambient-light cancellation on
static images.

Two, and more importantly, the temporal interleaving
significantly reduces the magnitude of the motion clutter, as
indicated by the gray regions, 172, in FIG. 17. In the
non-temporally-interleaved (conventional) case, the object’s
leading edge, 154, and trailing edge, 155, clutter patterns
each consist of a single, large intensity peak. Each peak has
a single rising slope and a single falling slope. In contrast,
the motion clutter on each of the leading edge, 154, and
trailing edge, 155, of the temporally interleaved image
appears as a “saw-tooth” pattern, consisting of a series of
interleaved rising and falling slopes that form four smaller
motion-clutter peaks. The spatially interleaved rising and
falling slopes in the intensity curve arise because of the
temporal interleaving of the constituent image captures. In
this example there are four peaks, or four “teeth,” in each
edge’s motion-clutter pattern. The magnitude of the motion
clutter is reduced by a factor of four, because the camera
used four temporally interleaved pairs of A/B sub-periods
(Nsubjeﬁodjazr5:4)'

In another embodiment, if a larger number of A/B sub-
period pairs is used, the magnitude of the motion clutter
decreases proportionately. As the number of pulse pairs is
increased, the number of teeth in the motion clutter’s saw-
tooth pattern increases, and the heights of the individual
teeth decrease proportionately. In the limiting case with a
very large number of sub-period pairs, the saw-tooth pattern
eventually approaches a straight line, completely eliminat-
ing motion-clutter.

By comparison to the large, single peak that results from
conventional, non-temporally-interleaved image subtrac-
tion, the motion-clutter suppression achievable with tempo-
ral interleaving is theoretically limitless. In the case of the
airplane example, the saw-tooth clutter pattern would
approach a horizontal straight line with zero height, and the
image of the plane would disappear completely. In the case
of the car, the leading and trailing edges of the object would
become sloped lines, representing conventional motion blur.
The images of the leading and trailing edge would contain
no residual motion clutter.

Computational Bottlenecks in Image Subtraction

When using a conventional electronic camera sensor and
a computer to perform image subtraction, the process
involves the serial transfer and digitization of the raw
constituent images and the subsequent pixel-by-pixel sub-
traction of the constituent images to form the composite
image. These processes may be excessively time consuming
and may severely limit the speed at which composite images
can be formed. If multiple, temporally-interleaved sub-
period images are generated to minimize motion clutter, the
processing loads of the digitization and subtraction pro-
cesses are further multiplied by the number of sub-period
A/B pairs used.
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One embodiment of the present invention uses dedicated,
special purpose hardware, wherein the accumulations for
each pixel within the image are performed in parallel. This
eliminates the requirement for the camera sensor to (serially)
output multiple sub-period images per frame, and eliminates
the requirement for the computer to (serially) perform all the
additions and subtractions (accumulations) of the sub-period
images. In preferred embodiments, the accumulators are
implemented on the same platform that contains the image
sensor. In electronic cameras, the accumulators are imple-
mented on the same electronic circuit chip that contains the
photo sensor, for example. Thus, the composite image is
fully generated within the camera sensor chip, and it is
available for direct output at the end of the overall frame
exposure period.

Alternate Embodiments of
Image-Subtracting/Motion-clutter-minimizing
Cameras

Following are four alternative embodiments for image-
subtracting cameras, or more generally image-generation
devices, that use temporally-interleaved constituent images
to achieve motion-clutter minimization. Each embodiment
begins with a sensor device that is capable of generating an
image-sensor output in response to a physical wave input.
Typically, the sensor output is a two-dimensional, time-
varying image representation of the wavefront’s energy
distribution as the waves impinge on the sensor surface. The
concepts apply, however, to any number of image dimen-
sions.

Double Accumulator Configuration

FIG. 18 is a double accumulator configuration for an
image-generation device that uses temporally-interleaved
constituent images to achieve motion-clutter minimization
in accordance with an embodiment of the present invention.
The image-generation device contains constituent-image
accumulator A, 1801, and constituent-image accumulator B,
1802, where the output of image sensor 1803 may be
switched, using accumulator-control switch 1804, between
the inputs of the two accumulators during the camera’s
overall frame exposure period. Throughout the overall frame
exposure period, controller 1805 toggles accumulator-con-
trol switch 1804 between A and B states at a high rate, and
switches the output of image sensor, 1803, between the A
and B accumulators, respectively, by controlling accumula-
tor-control switch 1804.

At the end of the overall frame exposure period, accu-
mulator A, 1801, and accumulator B, 1802, each contain a
temporally-interleaved constituent image. The camera forms
the final, composite output image, 1806, by subtracting the
two constituent images with processor 1807. Controller
1805 also controls the image-generation device’s scene
illuminator 1808 by controlling switch 1809 between scene
illuminator 1808 and scene illuminator power 1810. In one
embodiment, the control signal to scene illuminator-control
switch 1809 is identical to the control signal to accumulator
accumulator-control switch 1804. In another embodiment,
the control signal to scene illuminator-control switch 1809 is
not identical to the control signal to accumulator accumu-
lator-control switch 1804. In both embodiments, however,
controller 1805 drives scene illuminator-control switch 1809
in synchronization with accumulator accumulator-control
switch 1804.

Triple Accumulator Configuration

FIG. 19 is a triple accumulator configuration for an
image-generation device that uses temporally-interleaved
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constituent images to achieve motion-clutter minimization
in accordance with an embodiment of the present invention.
The image-generation device contains three image accumu-
lators. Sub-period accumulator 1901 integrates image inten-
sities from image sensor 1803 during each integration sub-
period. At the end of each sub-period, the image from
sub-period accumulator 1901 is instantaneously transferred
and added to either constituent-image accumulator A, 1801,
or constituent image accumulator B, 1802 through accumu-
lator-control switch 1804 controlled by controller 1805. The
image in sub-period accumulator 1901 is re-initialized to
zero by controller 1805 for the next integration sub-period.

During the overall frame exposure period, controller 1805
toggles between A and B states at a high rate. At the end of
each A sub-period, the sub-period accumulator’s charge is
transferred to accumulator A, 1801, and at the end of each
B sub-period, the sub-period accumulator’s charge is trans-
ferred to accumulator B, 1802. At the end of the overall
frame exposure period, accumulators A and B each contain
a temporally-interleaved constituent image. The image-gen-
eration device forms the final, composite output image,
1806, by subtracting the two constituent images with pro-
cessor 1807.

Controller 1805 also controls the image-generation
device’s scene illuminator 1808 by controlling switch 1809
between scene illuminator 1808 and scene illuminator power
1810. In one embodiment, the control signal to scene
illuminator-control switch 1809 is identical to the control
signal to accumulator accumulator-control switch 1804. In
another embodiment, the control signal to scene illuminator-
control switch 1809 is not identical to the control signal to
accumulator accumulator-control switch 1804. In both
embodiments, however, controller 1805 drives scene illu-
minator-control switch 1809 in synchronization with accu-
mulator accumulator-control switch 1804.

Single Accumulator Configuration

FIG. 20 is a single accumulator configuration for an
image-generation device that uses temporally-interleaved
constituent images to achieve motion-clutter minimization
in accordance with an embodiment of the present invention.
The image-generation device contains composite image
accumulator 2001 for forming an image. Accumulator 2001
1s designed such that the output from image sensor 1803 may
be added to or subtracted from the accumulated image. Prior
to the overall frame exposure period, composite image
accumulator 2001 is reset to an initial value, which may, for
example, be zero or a nominal (gray) level. The initialization
of composite image accumulator 2001 to a reference gray
level may be used to prevent portions of the image from
going below zero when the sub-period image is subtracted
from the composite image.

During the overall frame exposure period, controller 1805
toggles accumulator-control switch 1804 between A and B
states at a high rate, and switches the input state of accu-
mulator 2001 between addition and subtraction accordingly.
At the end of the overall frame exposure period, composite
image accumulator 2001 contains the composite image
1806. Controller 1805 also controls the image-generation
device’s scene illuminator 1808 by controlling switch 1809
between scene illuminator 1808 and scene illuminator power
1810. In one embodiment, the control signal to scene
illuminator-control switch 1809 is identical to the control
signal to accumulator accumulator-control switch 1804. In
another embodiment, the control signal to scene illuminator-
control switch 1809 is not identical to the control signal to
accumulator accumulator-control switch 1804. In both
embodiments, however, controller 1805 drives scene illu-
minator-control switch 1809 in synchronization with accu-
mulator accumulator-control switch 1804.
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Series Accumulator Configuration

FIG. 21 is a series accumulator configuration for an
image-generation device that uses temporally-interleaved
constituent images to achieve motion-clutter minimization
in accordance with an embodiment of the present invention.
The image-generation device contains two image accumu-
lators. Sub-period accumulator 1901 integrates image inten-
sities from image sensor 1803 during each integration sub-
period. At the end of each sub-period, the image from
sub-period accumulator 1901 is instantaneously transferred
to composite image accumulator 2001, where the image
from the sub-period accumulator 1901 may be either added
to or subtracted from the charge previously accumulated in
composite image accumulator 2001. The image in sub-
period accumulator 1901 is re-initialized to zero by control-
ler 1805 for the next integration sub-period.

Prior to the overall frame exposure period, composite
image accumulator 2001 is reset to an initial value, which
may be zero or a reference gray level. The initialization of
composite image accumulator 2001 to a reference gray level
may be used to prevent portions of the image from going
below zero when the sub-period image is subtracted from
the composite image. During the overall frame exposure
period, a controller 1805 toggles accumulator-control switch
1804 between A and B states at a high rate. At the end of
each A sub-period, the sub-period accumulator’s charge is
added to composite image accumulator 2001, and at the end
of each B sub-period, the sub-period accumulator’s image is
subtracted from composite image accumulator 2001. At the
end of the overall frame exposure period, composite image
accumulator 2001 contains composite image 1806.

Controller 1805 also controls the image-generation
device’s scene illuminator 1808 by controlling switch 1809
between scene illuminator 1808 and scene illuminator power
1810. In one embodiment, the control signal to scene
illuminator-control switch 1809 is identical to the control
signal to accumulator accumulator-control switch 1804. In
another embodiment, the control signal to scene illuminator-
control switch 1809 is not identical to the control signal to
accumulator accumulator-control switch 1804. In both
embodiments, however, controller 1805 drives scene illu-
minator-control switch 1809 in synchronization with accu-
mulator accumulator-control switch 1804.

Synchronizing to External Illumination Signals

In the above embodiments of image-generation device
configurations, the controller is described (and shown) as
generating the signal that controls the camera’s illuminator.
In other embodiments, however, the illuminator may be
controlled by a source outside the camera. In this case, the
controller may be configured to take an externally-generated
illuminator-synchronization signal as an input, and to gen-
erate the accumulator-switch-control signal in response to it
(as opposed to generating the illuminator-control signal in
response to the internally generated accumulator-control
switch signal).

Access to Constituent Images

If it is desired to recover the constituent A and/or B
images from the image-generation device, either the
Double-Accumulator or Triple-Accumulator provide access
to the constituent A and B images.

Considerations of Image Dynamic Range

In image-subtraction applications, the intensity range
(i.e., dynamic range) of a subtracted image is often signifi-
cantly less than the intensity range of either of the two
constituent images. In ambient-light-cancellation applica-
tions, for example, the ambient light may be significantly
stronger than the image-generation device’s own controlled
light (as illustrated in the above examples), and the differ-
ence image (i.e. the ambient-light-cancelled image) may be
relatively weak with respect to the two raw ambient-lighted
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images. Using conventional non-temporally-interleaved col-
lection of the two images to be subtracted (or using the
Double-Accumulator or Triple-Accumulator embodiments
of the temporally-interleaved image-generation devices
described above), the accumulators used in collecting the
constituent raw images must contain proportionately more
dynamic range than is required in the composite output
image.

When using temporally-interleaved image-subtraction,
however, the amount of light received during each sub-
period interval is reduced by a factor of the number of A/B
sub-pairs, and the required dynamic range of each sub-
period image is proportionately reduced. In the above-
described single-accumulator or serial-accumulator embodi-
ments of a temporally-interleaved image-subtraction image-
generation device, neither of the two constituent images A
and B is integrated separately and explicitly, so high-
dynamic-range image accumulators are not required. For
image-subtraction applications where the dynamic range of
the constituent images being subtracted significantly
exceeds the required dynamic range of the composite sub-
tracted image, the single-accumulator and serial-double-
accumulator embodiments are preferred over the double-
accumulator and triple-accumulator embodiments, in that
they do not require high-dynamic-range accumulators for
the A and B sub-images.

Constituent Image Accumulators with Add/subtract
Capabilities

An embodiment of the series accumulator configuration
(FIG. 21) is designed to either add or subtract an incoming
input image. The image accumulators and subtraction
mechanism is implemented in much the same manner as a
combination of a charge pump and an inverse charge pump.
The charge pump operates much as the bucket brigade used
to read the image out. The inverse charge pump uses an
intermediate capacitor and switches to subtract charge from
the accumulator, in much the same manner that a voltage
inverter would.

The circuit shown in FIG. 22 is an embodiment of the
single composite image accumulator with a sub-period accu-
mulator circuit for a single pixel. Capacitor 2201 acts as the
sub-period accumulator. Capacitor 2203 acts as the compos-
ite image accumulator. Capacitor 2202, in combination with
switches 2213 and 2214, act as the image subtraction
mechanism.

At the end of accumulation period A, switch 2211 is
closed and the image charge is moved from image sensor
2221 to sub-period accumulator 2201. Switch 2211 is then
opened and switch 2212 is closed, and the charge is added
to the charge in composite image accumulator 2203.

At the end of accumulation period B, switch 2211 is
closed and the image charge is moved from image sensor to
the aub-period accumulator 2201. Switch 2211 is opened.
Switches 2213 and 2214 are closed to their upper contacts.
The charge moves from the sub-period accumulator 2201 to
capacitor 2202. After the charge has moved, switch 2213 and
2214 are closed to their lower contacts. The charge on 2202
drains from capacitor 2202. This pulls an equivalent amount
of charge from the composite image accumulator 2203.

At the end of the frame period, switch 2215 is closed and
the composite image accumulator is read out.

This is an over simplification of the circuit since the
charge must be moved, rather than simply shared across the
capacitors. However, it illustrates how a charge pump,
similar to a charge pump used for a voltage inverter, can be
used to implement the image subtraction circuit.
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Synchronizing Camera [llumination with Image
Capture

Often, in image-subtraction photography such as the
ambient-light-cancellation application, the camera has a
single illuminator, the illuminator is on during the collection
of one of the constituent images and off during the other
(e.g., on during phase A and off during phase B), and the
exposure times At, and Aty are equal. In the more general
case of image-subtraction, however, the camera may employ
multiple illuminators, alternative illuminators may be acti-
vated during either or both of the A and B phases, the
illumination periods need not be timed to correspond exactly
with the A and B phases, and the shutter periods for the two
phases need not be equal in length.

Multiple illuminators, for example, may be used to
enhance color contrast in a scene. In this case, the camera
may illuminate the scene with one color (or more of one
color) during one phase, and illuminate the scene with
another color (or more of that color) during the second
phase.

The proportions of the alternative lighting contained in
the final composite image may also be controlled by varying
the relative durations of the two exposure periods At, and
Atz. When controlling ambient light content in a composite
image, for example, it may be desirable to suppress only a
portion of the ambient light. In this case, the relative
durations of exposure periods may be adjusted to provide a
composite image that represents the ambient image alone,
the camera-illuminated image alone, or any combination in
between. In fact, if the exposure period for the ambient-
alone constituent image is longer than the ambient-plus-
camera-illuminator constituent image, the effect of ambient
light in the composite image may even be reversed.

Other Means of Combining Constituent Images

In addition to subtracting constituent images, it may be
useful to combine images in other ways. For example, an
image taken with the scene illuminated by a single color may
be added to an image taken with normal illumination to
enhance that color in the scene. Temporally-interleaved
images may then be added as well as subtracted.

Exemplary Implementation of the Present
Invention: Motion-clutter Suppression in Video
Eyetracking

One important use of ambient light canceling (ALC)
photography (i.e., subtracting two successive images, where
one image is taken with controlled illumination and the other
is taken without the controlled illumination) is in the field of
video eyetracking. Typically, a video eyetracker uses an
illuminator such as a light-emitting diode (LED) to illumi-
nate the eye, and it calculates the orientation of the eye by
measuring the location(s) of the pupil and/or the corneal
reflection of the illuminator off the corneal surface of the
eye. From the point of view of the eyetracker’s logic that
analyzes the image of the eye, light from other (ambient)
sources adds ‘noise’ to the camera’s idealized image of the
eye. For example, the camera might ‘see’ the reflection of a
window or a lamp on the surface of the cornea. With
reflections of this type superimposed on the camera’s image
of the eye, the image-processing functions often have dif-
ficulty detecting and measuring the relevant features of the
eye. In this case, ambient-light-cancellation can be used to
preserve the desired, well-controlled image of the eye cre-
ated by the camera’s illuminator, despite the existence of
considerable ambient light.
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In addition, it is desirable to have an eyetracker function
in a similar manner both indoors and outdoors. The ambient
light varies tremendously between these environments. It is
not possible to overcome the ambient infrared light by
increasing the illumination due to eye safety limitations.
Therefore, it is necessary to use ambient light cancellation
methods or redesign the system. Because of the dynamic
range requirements, the preferred embodiment of the system
should be either the single accumulator configuration or the
series accumulator configuration.

The problem of eye motion compounds the ambient light
problem in video eyetracking. When the user moves his
head, the eye moves within the camera’s field of view, and
the resulting motion clutter from the ALC’s image subtrac-
tion severely degrades the camera’s image of the eye. The
use of temporally-interleaved constituent images signifi-
cantly reduces motion clutter in the subtracted image, thus
permitting more accurate and robust eyetracking, even in the
presence of both ambient light and head motion.

Systems and methods in accordance with an embodiment
of the present invention disclosed herein can advantageously
minimize the magnitude of motion clutter in dynamic cam-
era scenes. Systems employing temporally-interleaved
image-subtraction significantly reduce the magnitude of
motion clutter and have no adverse effect on the desired
ambient-light cancellation of static images. Embodiments
containing either double accumulator or triple accumulator
configurations allow constituent images to be recovered.
Embodiments containing either single accumulator or series
accumulator configurations do not require high-dynamic-
range accumulators for the collection of sub-images. Tem-
porally-interleaved image-subtraction is particularly well
suited for reducing the effects of ambient light and head
motion in video eyetracking applications.

The foregoing disclosure of the preferred embodiments of
the present invention has been presented for purposes of
illustration and description. It is not intended to be exhaus-
tive or to limit the invention to the precise forms disclosed.
Many variations and modifications of the embodiments
described herein will be apparent to one of ordinary skill in
the art in light of the above disclosure. The scope of the
invention is to be defined only by the claims, and by their
equivalents.

Further, in describing representative embodiments of the
present invention, the specification may have presented the
method and/or process of the present invention as a particu-
lar sequence of steps. However, to the extent that the method
or process does not rely on the particular order of steps set
forth herein, the method or process should not be limited to
the particular sequence of steps described. As one of ordi-
nary skill in the art would appreciate, other sequences of
steps may be possible. Therefore, the particular order of the
steps set forth in the specification should not be construed as
limitations on the claims. In addition, the claims directed to
the method and/or process of the present invention should
not be limited to the performance of their steps in the order
written, and one skilled in the art can readily appreciate that
the sequences may be varied and still remain within the spirit
and scope of the present invention.

What is claimed is:
1. An apparatus for generating eye images including an
image-generation apparatus comprising:

an image sensor that generates an output from a physical
wave input; two constituent-image accumulators;

an accumulator-control switch that directs the image-
sensor output to either one of the two constituent-image
accumulators;

a controller for the accumulator-control switch that
toggles the image sensor output between the two con-
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stituent-image accumulators over multiple sub-periods
within an overall frame-capture period, wherein the
sub-periods of the constituent images are temporally
interleaved; and

a processor that subtracts the constituent images from the
two constituent-image accumulators to form a compos-
ite image.

2. The apparatus according to claim 1, further comprising
at least one scene illuminator, wherein the at least one scene
illuminator is connected to its power source through a scene
illuminator-control switch.

3. The apparatus according to claim 2, wherein the scene
illuminator-control switch is synchronized with the accu-
mulator-control switch.

4. The apparatus according to claim 3, wherein the scene
illuminator-control switch is synchronized with the accu-
mulator-control switch by the controller’s generating an
illuminator-control signal in response to the accumulator-
control switch signal.

5. The apparatus according to claim 4, wherein illumina-
tor-control signal generated by the controller comprises the
accumulator-control switch signal.

6. The apparatus according to claim 4, wherein illumina-
tor-control signal generated by the controller does not com-
prise the accumulator-control switch signal.

7. The apparatus according to claim 3, wherein the scene
illuminator-control switch is synchronized with the accu-
mulator-control switch by the controller’s generating the
accumulator-control switch signal in response to an exter-
nally generated illuminator-control signal.

8. An apparatus for generating eve images including an
image-generation apparatus comprising:

an image sensor that generates an output from a physical
wave input;

a sub-period accumulator that accumulates the image-
sensor output within individual sub-frame periods;

two constituent-image accumulators that accumulate con-
stituent images comprised of different sets of sub-
images from the sub-period accumulator;

an accumulator-control switch that directs the output from
the sub-period accumulator to be added to either one of
the constituent-image accumulators;

a controller, wherein the controller initializes the sub-
period accumulator before each sub-period and gener-
ates an accumulator-control switch signal that toggles
the output of the sub-period accumulator between the
two constituent-image accumulators over multiple sub-
periods within an overall frame-capture period,
wherein the sub-periods of the constituent images are
temporally interleaved; and

a processor that subtracts the constituent images from the
two constituent-image accumulators to form a compos-
ite image.

9. The apparatus according to claim 8, further comprising
at least one scene illuminator, wherein the at least one scene
illuminator is connected to its power source through a scene
illuminator-control switch.

10. The apparatus according to claim 9, wherein the scene
illuminator-control switch is synchronized with the accu-
mulator-control switch.

11. The apparatus according to claim 10, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch by the controller’s generating an
illuminator-control signal in response to the accumulator-
control switch signal.
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12. The apparatus according to claim 11, wherein illumi-
nator-control signal generated by the controller comprises
the accumulator-control switch signal.

13. The apparatus according to claim 11, wherein illumi-
nator-control signal generated by the controller does not
comprise the accumulator-control switch signal.

14. The apparatus according to claim 10, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch by the controller’s generating
the accumulator-control switch signal in response to an
externally generated illuminator-control signal.

15. An apparatus for generating eye images including an
image-generation apparatus comprising;

an image sensor that generates an output from a physical
wave input;

an image accumulator that forms a composite image;

an accumulator-control switch that controls whether the
image-sensor output is added to or subtracted from the
image accumulator; and

a controller for the accumulator-control switch that
toggles between addition and subtraction over multiple
sub-periods within an overall frame-capture period,
wherein the sub-periods of the constituent images are
temporally interleaved.

16. The apparatus according to claim 15, further com-
prising at least one scene illuminator, wherein the at least
one scene illuminator is connected to its power source
through a scene illuminator-control switch.

17. The apparatus according to claim 16, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch.

18. The apparatus according to claim 17, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch by the controller’s generating an
illuminator-control signal in response to the accumulator-
control switch signal.

19. The apparatus according to claim 18, wherein illumi-
nator-control signal generated by the controller comprises
the accumulator-control switch signal.

20. The apparatus according to claim 18, wherein illumi-
nator-control signal generated by the controller does not
comprise the accumulator-control switch signal.

21. The apparatus according to claim 17, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch by the controller’s generating
the accumulator-control switch signal in response to an
externally generated illuminator-control signal.

22. An apparatus for generating eye images including an
image-generation apparatus comprising:

an image sensor that generates an output from a physical
wave input;

a sub-period accumulator that accumulates the image-
sensor output within individual sub-frame periods;

a composite-image accumulator that accumulates a com-
posite image comprised of added and subtracted sets of
sub-images;

an accumulator-control switch that directs the output from
the sub-period accumulator to be added to or subtracted
from the composite-image accumulator; and

a controller that initializes the sub-period accumulator
before each sub-period and generates an accumulator-
control switch signal that toggles between addition and
subtraction over multiple sub-periods within an overall
frame-capture period, wherein the sub-periods of the
constituent images are temporally interleaved.
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23. The apparatus according to claim 22, further com-
prising at least one scene illuminator, wherein the at least
one scene illuminator is connected to its power source
through a scene illuminator-control switch.

24. The apparatus according to claim 23, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch.

25. The apparatus according to claim 24, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch by the controller’s generating an
illuminator-control signal in response to the accumulator-
control switch signal.

26. The apparatus according to claim 25, wherein illumi-
nator-control signal generated by the controller comprises
the accumulator-control switch signal.

27. The apparatus according to claim 25, wherein illumi-
nator-control signal generated by the controller does not
comprise the accumulator-control switch signal.

28. The apparatus according to claim 24, wherein the
scene illuminator-control switch is synchronized with the
accumulator-control switch by the controller’s generating
the accumulator-control switch signal in response to an
externally generated illuminator-control signal.

29. A method for generating eye images including a
method for suppressing motion clutter comprising:

accumulating a first image during a first sub-period,

accumulating a second image during a second sub-period,

accumulating a third image during a third sub-period;

accumulating a fourth image during a fourth sub-period;

adding the first image to the third image to derive the first
sub-composite image;

adding the second image to the fourth image to derive the

second sub-composite image; and
subtracting the second sub-composite image from the first
sub-composite image to form a composite image,

wherein the second sub-period is between the first and
third sub-periods, and the third sub-period is between
the second and fourth sub-periods.

30. The method according to claim 29, further comprising
providing illumination during the first and third sub-periods.

31. The method according to claim 29, wherein the first
sub-period is of a different duration than the second sub-
period.

32. A method for generating eye images including a
method for suppressing motion clutter comprising:

capturing a first image during a first sub-period;

capturing a second image during a second sub-period,

calculating a first sub-composite image from the differ-
ence between the first image and second image;

capturing a third image during a third sub-period;

calculating a second sub-composite image from the dif-
ference between the third image and the first sub-
composite image;

capturing a fourth image during a fourth sub-period; and

calculating a composite image from the difference

between the fourth image and the second sub-compos-
ite image.

33. The method according to claim 32, further comprising
providing illumination during the first and third sub-periods.

34. The method according to claim 32, wherein the first
sub-period is of a different duration than the second sub-
period.



