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(57) Imaging devices often obtain images of a scene 1n which portions of the scene are obscured by particles that are
interposed between the scene and the camera such as those images obtained when looking through falling snow or
through particles stirred up by water currents 1n an underwater domain. An improved system for reducing the effects
of those particles on reconstructed 1images of a scene consists of obtaining a number of 1images of a scene and replacing
mi1ssing elements of the scene, which elements are ones obscured by the particles, with corresponding elements of the
scene obtained from previous or following images 1n which those particular elements of the scene are visible. In this
manner, a reconstructed 1mage of the scene can be obtained 1n which the effects of the particles on the image 1s greatly
reduced.
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Imaging devices often obtain images of a scene in which
portions of the scene are obscured by particles that are interposed
between the scene and the camera such as those images obtained when

looking through falling snow or through particles stirred up by

water currents in an underwater domain. An improved system for
reducing the effects of those particles on reconstructed images of
a 3cene consists of obtaining a number of images of a scene and
replacing missing elements of the scene, which elements are ones
obscured by the particles, with corresponding eslements of the scene
obtained from previous or following images in which those
particular elements of the scene are visible. In this manner, a
recongtructed image of the scene can be obtained in which the

effects of the particles on the image is greatly reduced.
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FIELD OF THE INVENTION
The invention relates to imaging devices wherein the
recorded images are partially obscured by particles which are
interposed between the scenes and the camera with an improved

system for reducing the effect of those particles on reconstructed

images of a scene.

BACKGROUND O 3 NYER \

In many cases, scenes of interest in sequences of images
recorded by an imaging device are partially obscured by particles
which interpose themselves between the scenes and the camera. The
type of imaging devices may be film, television, infra-red, ultra-
violet, X-ray, radar or ultra-sound imagers. Typlcal examples
would be images obtained when looking through falling snow or, in
the underwater domain, looking through organic particles or other
particles stirred up by natural or artificial water currents. The
presence of such particles imposes a severe strain on an operator
trying to identify or monlitor features of the scene as any one who
has driven in a snowstorm during the day, or at night with the
headlights on, can testify.

oome caneras adjust themselves to the average light level
and will, as a result, operate at a gain or sensitivity more
appropriate for looking at the particles than at the scene of
interest when the particles are numerous enough and when their

luminous intensity 13 substantially different from the scene being

observed.
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Another problem occurs when an attempt 18 made to
numerically process these type of images since the presence of
particles which partially obscure an image severely affects the
performance of standard image-processing methods such asg those
based on the Fourier transform. The presence of those particles
introduce high spatial frequency components different from those
present in the scene of interest and those components cannot be
adequately treated by even the most efficient algorithms.

In a first known method of processing an image, each
image is treated separately and the high spatial frequency
components associated with the particles are removed by standard
filtering techniques such as direct convolution or Fourier
transform operations. In a second method, a sequence of images 1is
averaged or filtered using statistical operators until the effect
of the particle is sufficiently attenuated. These two methods can
be considered to be in the general category of linear processing
methods. However, both of these known methods have a number of
drawbacks.

In the case of the convolution methods, there are three
principal limitations. The most important limitation is that these
methods reduce the high frequency components uniformly and
therefore the image of the scene is blurred by a corresponding
amount. A second limitation is that these methods do not allow the
scene, which lies behind the particles, to be observed. These
methods also require substantial computational resources in their

digital implementation which is a third limitation.
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The principal limitation in the case of the averaging
method is that of the averaging process itself since the effect of
the particles on the image is not eliminated but merely
progressively reduced as more images are added together. The
process requires many images to be used resulting in loss of time
resolution due to the long sequence of 1mages. Furthermore, a
definite loss of contrast occurs due to the averaging of light from
all the particles in each image uniformly across the screen.

It is an object of the present invention to provide an
improved method of reducing the effects of particles interposed
between a scene and an imaging device which avoids limitations of
present known methods.

In a sequence of images, according to one embodiment of
the present invention, an image in which the scene of interest 1s
partially hidden by particles can be corrected by replacing missing
elements of the scene, which elements are obscured by the

particles, with corresponding elements from previous or following

images in which those elements are visible.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description of the invention will

be more readily understood when considered 1n conjunction with the
accompanying drawings, 1n which:

Figures 1l(a), 1l(b) and 1(c) 1llustrate one method
according to the present invention of reducing the effect of

particles between a scene and an imaging device when the brightness
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of the particles are known to be either brighter or darker than the
general brightness of the scene;

Figure 2 is a block diagram of circuity which can
implement methods according to the present invention;

Figure 3 illustrates another method according to the
present invention of reducing the effect of particles between a
scene and an imaging device when the contrast between the
brightness of the particles and the scene 1s unknown; and

Figure 4 illustrates a method using the process according
to the present invention to improve the images obtained via a low

blooming imaging device.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The situation in which the scene is not moving with
respect to the camera will be considered first and for a particular
case in which the particles are known to be much brighter than the
scene such as in the case of a snow storm, the snow being
illuminated by security lights. A sequence of two or more images
is obtained and a minimum value of the signal from corresponding
picture elements (pixels) in the images i1is used as a "valid value"
for the signal for that picture element of the scene. The "valid
values" for each pixel are than used to construct an image of the
scene. In the opposite case, where the particles are much darker
than the background, the same technique just described 1s used with
the exception that the maximum value obtained when corresponding

pixels are compared in the images 1s used as a "valid value" for a
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picture element of that portion of a scene. These type of
techniques are illustrated in Figure 1.

In Figures 1(a), 1l(b) and 1(c), camera 1 takes a number
of images of a scene in sequence with four images of the scene
being temporarily stored in four ring buffers or memories 2. When
the particles between the camera 1 and the scene are much brighter
than the scene, the four stored images [frame #1, #2, #3 and #4 as
shown at Figure 1(a)] are compared pixel by pixel 1in circult 3 and
the minimum value obtained for signals from corresponding pixels of
the images is taken as being a "valid value" for that elementary
portion of the scene. These "valid values" for each portion of the
scene are then used as pixels in reconstructing an i1mage of the
scene to form a "corrected image" #1' which can then be displayed on
a monitor 4 as illustrated in Figure 1l(a).

Assuming that N images are used in the processing by
circult 3, once a new image 1s obtained by the camera, the oldest
image is discarded and the newest image 1s then stored 1n the
memory 2 which had previously contained the oldest image. This 1s
illustrated in Figure 1l(b) where the fifth i1mage (frame #5) 1s
stored in the memory previously occupied by frame #1, 1.e. the
oldest image. Then frames #5, #2, #3 and #4 are compared pixel by
pixel in circuit 3 with the minimum value of corresponding pixels
from each being taken as a "valid value" for that portion of the
scene. These new "valid values" for each portion of the scene are
then used to form a new "corrected image" #2' which can be displayed

by display element 4. When the next i1mage (frame #6) 1s obtained
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by camera 1, that image is stored in the memory 2 which had
previously stored the oldest frame, which frame is then discarded.
The oldest frame in this case would have been frame #2. This is
illustrated in Figure 1(c) where frames #5, #6, #3 and #4 are used
to form a newer "corrected image” #3!. In this manner a sequence

of "corrected images"” can be displayed by display element 4 in a
continuous manner.

The number N of images used in the processing for any
given case should be sufficient to produce a clear "corrected
ilmage” of the scene. This 1s, of course, dependent on the amount
of particles hiding the scene and on the nature of their motion
such as when the particles have either a slow or fast motion and
whether thelir motion i1s random or systematic. The minimum number
of images N is two and the ideal maximum is a compromise between
achieving sufficient clarity of the scene while preserving an
adequate response time to changes in the scene. The more images N
used in the processing, the slower the response time will be to
changes in the scene. In practice, the number of images N can be
varied so that a user can adjust the number of images N in order to
achieve the best compromise for any particular situation.

The above description pertained to a case where the
particles are much brighter than the background scene. In the
oprosite case, where the particles are much darker than the
background, the same technique can be used with the exception that

the maximum value obtained from the pixel by pixel comparison of
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the latest N images is used as a "valid value” to form a “corrected
image” of the gcene.

The above methods can be implemented in real time by
using relatively inexpensive delay line circuitry and rather simple
analog or digital processing as illustrated in Figure 2 (a) and (b)
for a case where four images from camera 1 are used in the
processing. In Figure 2 (a), of these four images, the fourth 1is
aent directly to a first analog-to-digital converter (A/D) Z2 whose
output is applied to a comparison circuit 23. The third image 1is
sent through a one frame delay line 20!! to a second A/D converter
22 whose output is applied to circuit 23. The second 1image la sent
through a two frame delay line 20! to a third A/D converter 22 whose
output is applied to circuit 23 and the first image is sent through
a three frame delay line 20 to circuit 23 via a fourth A/D
converter 22. The delays associated with delay lilnes 20, 20! and
201! muat be equal to a multiple of the time between images TO
within a small fraction of a picture element. In a television
camera. this delay would be multiples of the 1/30" of a second time
between full frames while the precision required would be better
than one part in 300,000 of that delay. Any type of delay element
may be used as long as it provides the required delay with the
required precision. The circuit 23 compares the four frames from
A/D converters 22 pixel by pixel and selects the minimam (or
maximum) signal value for each pixel which value 1s then considered

as a "valid value"” for a pixel for that portion of the scene. The
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valid values are sent via a D/A converter 24 to a display element 4
to reconstruct and display a "corrected image’.

Circuit 30, containing the A/D converters 22, comparison
circuit 23 and D/A converter 24 operates the same as element 3 in
Figure 1, the circuit 23 doing the processing in digital form.
However, the processing can also be accomplished in analog form in
which case the A/D converters and D/A converter can be digcarded.
Figure 2 (b) illustrates another embodiment using a digital
processor 23 in which the A/D converters 22 are inserted before the
delay lines 21, 21! and 21! rather than between the delay lines and
the processing circuit 23. In this case the delay lines would be
ones that operate in digital form such as FIFO memory chips or
charge coupled devices (CCD). The number N of images processed in
circuit 23 can be varied by increasing or decreasing the number of
operating delay lines and assoclated circuity.

However, it is necessary to use a different approach when
it is not known if the particles are brighter or darker than the
background or if this contrast between the particles and background
varies in different portions of the scene. A circuit to accomplish
this is shown in Figure 3 which again shows a system for processing
four images (frames #1, #2, #3 and #4) from camera 1. DBets of
differences between successive images are first taken with the
processing proceeding from the latest pair to the earlier pairs in
order to update the information in as timely a fashion as possible.
The difference between corresponding picture elements in frame #4

and #3 is determined by element 5 and the results applied to a
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threshold device in circuit 6 where it is determined if the
absolute difference i3 between O and a predetermined threshold

ZS. If the absolute difference does not exceed the predetermined
threshold [ﬁ, the picture element in question is deemed to be valid
at 8 and iz stored at 10 for future presentatioen. If the
difference between a picture element in frame #4 and #3 1s greater
than + /Z\, this picture element from frame #4 is considered to be
invalid at 7. The invalid elements are noted and stored in

memory 9. Similarly, the differences between picture elements of
frames #3 and #2 are determined at 5' and if it is determined that a
picture element of frame #3 is valid by 8', then that element is
stored at 10! for future presentation to a display 4. The same
process is repeated between frames #2 and #1 with valid picture
elements from frame #2 being store at 10! and invalid picture
elements being noted and stored at 9. The noted invalid pixels
stored at 9 are checked at 10! and if a valid pixel from frame #3 1is

found for a picture element this valid pixel is atored for future

display. The same procedure is repeated at 10!! to determine if
there is a valid pixel in frame #2 for a picture element that was
considered invalid in both 9 and 9!. Using the other differences

between previous images in this manner, invalid picture elements
from the latest palr are once again checked and if some of them are

now deemed to be valid they are once again stored for presentation

to display 4. This process is repeated until all or at least a
sufficient number of picture elements have been declared valid at

which point they are presented to display 4 which reconatructs a
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‘corrected image” from the "valid values”. The process proceeds
from the latest pair to the earlier pairs in order to update the
information on the scene in as timely a fashion as poasible. Some
uncertainty can remain in the case of slow moving particles and it
may not be possible to decide if a given pixel comes from a
particle or the background. BSpecial operators could be used in
this type of case using prior knowledge about the properties of the
particles such as particle tracking operators and others. These

operators would use available known knowledge about properties of

the particles.

There are many types of imaging devices which have what
ig known as low or null blooming. This means that the signal
intensity in an image 1s almost independent from picture element to
picture element of the image detector. In other words, if a
picture element is saturated by an intense signal, the neighbouring
Picture elements are not gignificantly affected. A C.I.D. (Charge
Injection Device) camera is an example of such a low blooming
imaging system. It is possible to considerably improve the
performance of these types of camera by using the above methods so
as to produce an image of a scene which is virtually devoid of the
effects of particles between the camera and scene. It is then
possible to manually or automatically adjust the camera’s gain or
sensitivity to match the level of signal coming from the scene
rather than that coming from the particles. This can be
accomplished as shown in Figure 4 by slaving the automatic gain

control 16 of camera 1 to the image 14 processed by processor 12
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rather than to the raw image from the camera. This technique would
allow, for example, the imaging of a dark road, runway or larmac
during a snowstorm with snow falling in the beams from headlights
of a car or landing lights of an aircraft. The converse is also
true, 1.e. allowing the imaging of a bright scene agalnat a
foreground of dark particles. In the latter case, the imaging
device need not be a low blooming device.

1n the case where the camera is moving with respect to
the scene, steps must be taken to register the images that are used
in the particulate removing process so that each element of the
scene is mapped onto the same element in all of the N images used
in the processing. This mapping cannot be perfect, as can easily
be seen by considering a panning motion since during panning new
elements of the scene would appear on one side in each new image
and some elements of the scene would disappear on the other side.
However, the particle removing process is fully effective for those
elements of the scene that remain in view during the N images.
Other types of motion such as rotation, zooming, backwards or
forwards movement and combinations thereof result in a similar sort
of situation as that effected by panning. However, the residual
visual effects of the particles that appear at the edges are not
particularly objectional to the operator if those motions, such as
panning, are slow enough since the zone around the center of the
display is the area that is of most interest practically all of the
time. The area of the display screen where the particle removal

process is not effected or at least less effective is directly
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related to the speed of motion of the scene on the screen. An
element of the scene must be on the screen for N images in order to
achieve the full effectiveness of the particle removal process.

The limit to the speed of motion of the camera with respect to the
scene is set once it is determined how much of the screen must be
free of particles. Although compromises can vary from situation to
situation, the processes used remain the same. In all cases, the
only parameter that can be varied is the number N of images that
are used in the particle removing process.

Several techniques are known which can determine the
motion of the scene and register a sequence of images. These rest
on the fundamental assumption that the 3cene can be treated as a
rigid object over the time of interest. 1In the present case, this
is the time taken to capture N images. These known techniques are
all based, implicitly or explicitly, on the concept of correlation.
For example, Fourier transform correlation can be used to determine
the amount of scene motion in a panning action and Fourier-Bessel
correlation can be used for combinations of rotations and pannings.
The transforms may be applied to only chosen sub-areas of the acene
rather than to the entire scene in order to relieve the
computational burden. Standard feature search and pyramidal
feature search techniques can also be used as the situation
warrants. Image stretching or distortion during zooming forward or
backward motion, for example, could be corrected by corner sampling
methods. In other words, any method which can determine the image

to image motion with sufficient accuracy in real time will suffice.
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1t should be noted that the registration need not be explicitly
performed. The particle removal process can be carried out if the
pixel to pixel correspondence between images 1is known and these
processes do not reguire that the image themselves be displaced in
the digital memory.

In the case where the process is used to remove the
effects of snow in images from fixed surveillance cameras in which
no scene motion is involved, the process can be performed using
simple delay lines of high precision coupled with a small amount of
digital and/or analog processing. The image may also be digitdlly
recorded and processed when the camera is fixed with respect to the
scene. However, the images must be digitally recorded and
processed in all cases where motion of the camera oOr the scene 18
present.

These techniques can be used for fixed surveillance
installation, in moving vehicles, aircraft and night-vision
equipment. They may also be used underwater to remove the effects
on images of large marine particles of biological or mineral
origin.

Various modifications may be made to the preferred
embodiments without departing from the spirit and scope of the
invention as defined in the appended claims. For instance,
although the method has been described with respect to a time
sequence of images by a camera, the process 1ltself can operate on
any type of signal such as electrical, magnetic, electromagnetic,

sound, pressure, etc. The examples mentioned are by no means the
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only situations in which the dezcribed processes can be used but

give a glimpse of the potential usefulness of the processes.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE PROPERTY
OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A system for removal of effects of particulate matter
interposed between an imaging device and a scene on 1mages of the
scene, wherein a sequence of images is obtained by the imaging
device and a number of images in the sequence are compared pilxel-
by-pixel, the system having means to determine differences between
signal values for each pixel in one image and signal values for
corresponding pixels in adjacent images, processing means for
selecting a valid value for each pixel from said differences and
means to reconstruct a corrected image from said valid values
wherein the imaging device is a camera which takes a sequence of N
images for processing and said means to determine differences
between signal values is a comparator in which the i1mages are
compared pixel-by-pixel with the N*" image being applied directly
to the comparator and the remaining N-1 images are applied to the

comparator through delay elements.

2. A system as defined in Claim 1, wherelin a most extreme
signal value obtained for corresponding pixels from images of the

scene in the sequence is considered as the valid value for that

portion of the scene.

3. A system as defined in Claim 2, wherein a minimum signal

value obtained for corresponding pixels from images of the scene
in the sequence is considered as the valid value for a pixel

imaging that portion of the scene in the corrected i1mage.
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4 . A system as defined in Claim 2, wherein a maximum signal
value obtained for corresponding pixels from i1images of the scene

in the sequence is considered as the valid value for a pixel

imaging that portion of the scene in the corrected image.

5. A system as defined in Claim 1, wherein said differences
are compared with a predetermined threshold value and only signals
having values such that the said differences are less than said

predetermined threshold value are considered as valid values.

6. A system as defined in Claim 2, 3 or 4, wherein a first
image is applied to the comparator through a (N-1) frame rate of
the video camera delay element with each n*" image, n<N, being

applied to the comparator through a (N-n)" frame rate delay

element.

7 . A system as defined in Claim 2, 3 or 4, wherein a first
image is applied to the comparator through a (N-1) frame rate of
the video camera delay element with each n*" image, n<N, being

applied to the comparator through a (N-n)® frame rate delay

element, the delay elements being high precision delay lines.

8. A system as defined in Claim 2, 3 or 4, wherein a first
image is applied to the comparator through a (N-1) frame rate of
the video camera delay element with each n*" image, n<N, being

applied to the comparator through a (N-n)™ frame rate delay

element, the delay elements being FIFO memory devices.

S. A system as defined in Claim 2, 3 or 4, wherein the

imaging device 1s a video camera and said comparator 1s a digital

" . ‘““-»mmm Al A WA M - - . . e
' e . *
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comparator in which the images are compared pixel-by-pixel and the

most extreme signal value for each pixel is determined with the N

image being applied through an A/D converter directly to the
comparator, a first image being applied to the comparator through
a (N-1) frame rate of the video camera delay element and an A/D
converter with each n*" image, n<N, being applied to the comparator
through a (N-n)™ frame rate delay element and an associated A/D
converter, the most extreme signal value for each pixel from the
comparator being applied through a D/A converter to a display

device.

10. A system as defined in Claim 2, 3 or 4, wherein the
imaging device 1s a video camera which takes the sequence of N
images for processing and the comparator is a digital comparator
in which the images are compared pixel-by-pixel and the most
extreme signal value for each pixel is determined with the N®"
image being applied through an A/D converter directly to the
comparator, a first image being applied to the comparator through
an A/D converter and a (N-1) frame rate of the video camera delay
element with each n*" image, n<N, being applied to the comparator
through an associated A/D converter and a (N-n)" frame rate delay
element, the most extreme signal value for each pixel from the
comparator being applied through a D/A converter to a display

device, the delay elements being charge coupled devices.

11. A system as defined in Claim 2, 3 or 4, wherein the

1maging device 1s a video camera which takes the sequence of N
images for processing and the comparator is a digital comparator

in which the images are compared pixel-by-pixel and the most

extreme signal value for each pixel is determined with the NP
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image being applied through an A/D converter directly to the
comparator, a first image being applied to the comparator through
an A/D converter and a (N-1) frame rate of the video camera delay
element with each n'" image, n<N, being applied to the comparator
through an associated A/D converter and a (N-n)® frame rate delay
element, the most extreme signal value for each pixel from the
comparator being applied through a D/A converter to a display

device, the delay elements being FIFO memory devices.

12. A system as defined in Claim 1, 2 or 3, wherein the

imaging device is provided with an automatic gain control whose

input is connected to an output of the processing means.

13. A system as defined in Claim 1, 2 or 3, wherein the
imaging device is a low blooming imaging system with an automatic
gain control whose input 1s connected to an output of the

processing means.

14 . A system as defined in Claim 1, 2 or 3, wherein the
imaging device i1s a charge injection device (C.I.D.) camera with
an automatic gain control whose i1input 1s connected to an output of

the processing means.

15. A system as defined in Claim 4 or 5, wherein the 1maging
device 1s provided with an automatic gain control whose input 1is

connected to an output of the processing means.

16. A system as defined in Claim 4 or 5, wherein the i1maging

device is a low blooming imaging video camera wlith an automatic
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gain control whose input is connected to an output of the

processing means.
17. A system as defined in Claim 4 or 5, wherein the i1maging

device is a C.I.D. camera with an automatic gain control whose

input is connected to an output of the processing means.

18. A system as defined in Claim 1, 2 or 3, whereln a means

is included to register the images so that elements of the scene
in an image are mapped onto corresponding elements 1n other images

1n the sequence.

19. A system as defined in Claim 4 or 5, wherein a means 18
included to register the images so that elements of the scene in
an image are mapped onto corresponding elements 1n other images 1in

the sequence.

20. A method for removing effects of particulate matter
interposed between an imaging device and a scene on 1lmages of the
scene, wherein the imaging device takes a sequence of N 1mages for
processing in which the signal values of pixels in the next to
last image are subtracted from signal values of corresponding
pixels in the last (N)*® image in a subtracter to provide
difference signals which are applied to a threshold circuit to
determine i1if the absolute values of the difference signals are
equal to or less than a predetermined threshold value in which
case the signal value for those pixels i1s considered as being
valid and stored in a memory for output to a display device, the

remaining difference signals whose absolute value 1s greater than

the threshold value, which i1ndicates that the signal values for
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those pixels are invalid, being noted and stored in a further
memory, each of the signal values for pixels in the remaining
images being subtracted from signal values for pixels in the next
image 1in further subtracters in a similar manner to select wvalid
and invalid signal values for the pixels, the valid values being
stored 1n memories, each of the invalid noted signal values being
stored and checked with stored signals in earlier images to
determine 1f a valid signal for that pixel exists 1in an earlier
image, the process proceeding from the latest pair of images to
earlier pairs of i1mages in order to update the information in a
timely fashion with a display device displaying an image from the
stored valid values for the pixels once a sufficient number of the

values has been determined to be valid.

21. A system for removal of effects on images of a scene of
moving particulate matter interposed between an imaging device and
that scene, wherein a sequence of images is obtained by the
1maging device and the system comprises means for determining
differences between signal values for each pixel in one image and
signal values for corresponding pixels in a following image of the
scene 1n the sequence by comparing images in the sequence pixel-
by-pixel, processing means for selecting a valid value for each
pixel from said differences and means for reconstructing a
corrected i1mage from said valid values, wherein signal values for
corresponding pixels imaging a portion of the scene in said
sequence of images have a maximum and a minimum value forming two
signal values, said valid value for a pixel imaging that portion

of the scene i1n the corrected image being selected from one of

sald two signal values.
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