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(57) Abstract

In a sequence of frames, the initial frame is selected for encoding at multiple levels of resolution. It becomes a previous tar-
get image and a previous reconstructed image is formed by storing a reconstructed image. After processing the initial frame, each
subsequent frame of the sequence of frames is then selected as the target image. A displacement vector is applied to a correspond-
ing region in the previous reconstructed image to form a predicted image. The displacement vectors are encoded using a binary
tree technique with off-center splits. An error image, which is formed by subtracting pixel values in the predicted image from
corresponding pixel values in the target image is encoded at multiple levels of resolution using a binary tree technique with off-
center splits. In one embodiment, frames are encoded and decoded in an out of display order sequence for subsequent displaying
in the correct display order sequence.
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METHOD AND APPARATUS FOR COMPRESSING AND DECOMPRESSING
A DIGITAL VIDEO SIGNAL

CROSS REFERENCE TO RELATED APPLICATIONS

This application is a Continuation-In-Part of
co-pending U.S. Patent Application Serial No. 07/657,708,
filed February 19, 1991; which is a Continuation-In-Part
of co-pending U.S. Patent Application Serial No.
07/408,085, filed September 15, 1989; which is a Continu-
ation of U.S. Patent Application Serial No. 07/104,457,

filed October 5, 1987, now U.S. Patent No. 4,868,653.
FIELD OF THE INVENTION

This invention relates to video signal process-
ing generally and particularly to systems and methods for
providing and decoding a compressed digital video signal

representative of a full motion color video signal.
BACKGROUND OF THE INVENTION

The system described in the grandparent appli-
cation serial no. 07/408,085 is directed to meeting the
need for providing a compressed digital video signal
representative of a full motion color video signal, which
is suitable for recording or transmission using relative-
ly narrow band media; and for decoding such a compressed

signal to enable display of full motion video images at
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normal video frame rates. Although that system is effec-
tive for encoding and decoding most images, it was dis-
covered that the system had some difficulty with certain
images such as, for example, images containing a large
amount of'fast and/or uncoordinated motion; that is

_motion which does not occur substantially uniformly in
the same direction over relatively large portions of the
image.

It was found that such images were difficult to
encode since the linear fillrtechnique employed by the
system was too gross an encoding method to be used with
images containing substantial amounts of uncoordinated
moving detail. With such images, it is desirable to
encode each individual pixel; however, the system dis-
closed in the grandparent application is often allowed
only an average of one half bit for encoding each pixel.
Therefore, the parent application, serial no. 07/408,085,
added a feature to the system qf the grandparent applica-
tion which enables effective compression and decompres-
sion of selected images such as those having a substan-
tial amount of moving detail.

In accordance with that feature, at least one
selected frame of a sequence of frames of a digital video

signal is encoded at multiple levels of resolution.
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However, it was found that since the selected image was
treated as a still image, there were not enough bits
available to satisfactorily encode the selected image at
full resolution as well as lower levels of resolution.
Accordingly, although the display of the entire sequence
of images, inclu&ing the selected images, was acceptable,
it is still deéirable to improve the image quality of all
of the iﬁages in the entire sequence of images of the
full motion color video signal. Therefore, it is desir-
able to add a feature to the system of the parent appli-
cation which will enable effective compression and decom-
pression of a full motion video signal, while enhancing
the quality of all of the images in the displayed image
sequences. |

The system of the grandparent application
processes each of the images of the sequence of images in
sequential order as they occur within the sequence.
Accordingly, each image is cémpressed and decompressed
based upon the content of the previous image. Although
this scheme of sequential processing enables the satis-
factory compression and decompression of a digital video
signal representative of a full motion color video sig-
nal, it was found that this scheme is prone to accumulat-

ing errors from image to image. That is, an error in
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compressing and/or decoméressing an image may be propa-
gated to subsegquent images. Therefore, it is desirable
to add a feature to that system to enhance the quality of
the displayed images by reducing the accumulation of
errors from image to image in the sequence of images

during compression.

SUMMARY OF THE INVENTION

The present invention is directed to meeting
the need for a compression system for providing a com-
pressed digital video signal representative of full
motion color video signal, which is suitable for record-
ing or transmission using relatively narrow-band media:;
and for a decompression system for decompressing the
signal at speeds least equal to conventional video frame
rates. |

In accordance with an aspect of the invention,
a target image in a sequence of images is divided into a
plurality of blocks of pixels, each block comprising a
predetermined number of pixels. A target region compris-
ing at least one pixel block, is selected from the target
image. The image preceding the target image is analyzed
in order to locate a region of the preceding image which

most closely matches the target region of the target
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image. If no motion has occurred, the preceding and
target regions will have the same coordinates within the
image frame. If motion has occurred, the preceding
region will be offset or translated relative to the
target region by an amount which is represented by a
displacement vector. This displacement vector is encoded
for subsequent use by a decoder in decoding the com-
pressed digital video signal{

In accordance with another aspect of the inven-
tion, a predicted image is formed by applying the dis-
placement vector to a previous reconstructed image. An
error image is formed by subtracting pixel values of the
predicted image from corresponding pixel values of the
target image. The error image is then encoded at multi-
ple levels of resolution. The encoded multiple levels of
resolution are subsequently used by the decoder to form a
reconstructed image for display.

In accordance with a further aspect of the
present invention, the imagesuof the segquence of images
may be processed in a non-sequential order, in order to
minimize errors which accumulate from image to image.
Furthermore, there is flexibility in choosing the image

from which to form a predicted image. For example,
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anomalous images can be excluded from the prediction

process.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further features are shown in
the accompanying drawing in which:

FIGURE 1 is a block diagram of a preferred
embodiment of a method of compressing a full motion color
video digital signal in accordance with the present
invention.

FIGURE 2 is a block diagram of a preferred
embodiment of a method of decompressing the compressed
full motion color video digital signal in accordance with
the present invention.

FIGURE 3 is a block diagram of a preferred
embodiment of a method of compressing images subsequent
to a first key image of a sequence of images of a full
motion color video digital signal in an out-of-sequence
order in accordance with the present invention.

FIGURE 4 is a block diagram of a preferred
embodiment of a method of decompressing images subsequent
to a first key image of a sequence of images in an out of
sequence order and presenting them for display in the

proper sequence in accordance with the present invention.
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FIGURE 5 depicts an exemplary array of blocks
of pixels for which starting displacement vectors are
determined.

FIGURE 6 is a block diagram of a preferred
embodiment of a method of compressing all images up to
and including the first key image of a sequence of images
of a full motion color video digital signal in accordance

with the present invention.

DETAILED DESCRIPTION OF THE PREfERRED EMBODIMENT

Referring now to FIGURE 1, there is shown a
block diagram of a preferred embodiment of a method,
generally designated 100, of encoding a full motion color
video digital signal in accordance with the present
invention. The method comprises the steps of selecting
101 a target image 102 from a sequence of frames of a
digital motion video signal. The target image 102 is an
image, other than the first image of the sequence of
images, which is being compressed and encoded. The first
image of the sequence is defined, for purposes of this
detailed description, as a first target image 103 which
is treated differently as will be subsequently described.
Since the target image 102 is not the first image in the

sequence, a previous target image 104 is provided. In
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one aspect of the preferred embodiment, the previous
target image 104 is the image which immediately precedes
the target image 102 in the sequence of images. In the
block diagram of FIGURE 1, this is represented by the
delay 106. This delay is accomplished by storing the

_target image 102 in a first memory device for a predeter-
mined period of time, preferably one frame period, where-
by the target image becomes the previous target image for
purposes of motion analysis 108. In the case of a full
motion color video signal which is displayed at the rate
of 30 frames per second, the delay 106 represents a delay
of 1/30th of a second. _

In the motion analysis 108, the target image
102 and the previous target image 104 are each resolved
into at least one lower level of resolution. In the
preferred embodiment the target image 102 and the
previous target image 104 are each resolved into four
lower levels of resolution. Each level of resolution,
except the lowest, is divided into a plurality of blocks
of pixels, each block comprising a predetermined number
(m x n) of pixels. Each block is preferably a square
block of 256 pixels where m=16 and n=16. In the pre-
ferred embodiment, the lowest resolution image for both

the target image and the previous target image each
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comprises an array of approximately 16x16 pixels. The
displacement vector is determined for this lowest level
of resolution by determining the direction and magnitude
of motion of the lowest resolution level of the target
image 102 with respect to the lowest resolution level of
the previous tafget image 104. If no motion has oc-
curred, the prévious and present target images will have
the same coordinates within the image frame. If motion
has occurred, the previous target image will be offset or
translated relative to the present target image by an
amount which is represented by a displacement vector.
Except for the fact that it is done at multiple levels of
resolution, the determination of the displacement vectors
within each level of resolution is performed substantial-
ly in accordance with the procedure set forth in the
parent application serial no. 07/657,708, the full text
of which has been incorporated info the present applica-
tion by reference.

The lowest level of resolution is expanded to
the next higher level of resolution which, in the pre-
ferred embodiment, comprises a 32x32 array of pixels.
This next higher level of resolution is divided into four
16x16 blocks which are analyzed and their displaceﬁent

vectors found in accordance with the procedures for
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determining displacement vectors as set forth in the
parent application. The starting point in the search for
the best displacement vectors is based on the displace-
ment vectors determined with respect to the next lower
level of resolution.

Within each level of resolution, except the
lowest level, each 32x32 block is the result of the
expansion of a 16x16 block in the next lower level of
resolution. Each of these 32x32 blocks is divided into
four 16x16 blocks. The starting displacement vector for
each of these 16x16 blocks is the one that gives the best
match among the four nearest 32x32 blocks. For example,
referring to FIGURE 5 consider an overall square array
500 of four included 32x32 blocks 502, 504, 506 and 508
each of which comprises four 16x16 blocks 510 through
540. To find the displacement vector for the 16x16 pixel
block 510 in the upper left hand corner of the included
32x%32 block 502 located in the upper left hand corner of
the overall array 500, a search is made of only the
included 32x32 array 502 in the upper left hand corner of
the overall array of the corresponding resolution level
of the previous target image in order to find an 16x16
region which most closely matches the upper left hand

16x16 block. This is because it is considered that the
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other included 32x32 arrays in the overall array are too
remote to contain a matching 16x16 pixel block.

When searching the corresponding resolution
level of»the previous target image for a block most
closely matching the 16x16 pixel block 512 in the upper
right hand corner of the included 32x32 array 502 in the
upper left hand corner of the overall array, a scan is
made only of the included 32x32 arrays in the upper left
corner, array 502, and the upper right hand corner, array
504, of the overall array 500 in the corresponding reso-
lution level of the previous target image. This scan is
made to find a good starting point for the search since
it is considered most likely that a match will be found
in either one of these included arrays, and less likely
that a match will be found in the more remote lower left
hand and lower right hand iycluded 32x32 arrays.

When searching the corresponding resolution
level of the previous target image for a block most
closely matching the 16x16 block 516 in the lower right
hand corner of the included 32x32 array 502 in the upper
left hand corner of the overall array 500, a scan is made
of each of the four included 32x32 arrays 502, 504, 506
and 508 of the overall array 500 in the corresponding

resolution level of the previous image. Once again, this
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scan is made to find a good starting point for the search
since it is considered likely that a match will be found
in one of these included 32x32 arrays since 16x16 array
516 is included in 32x32 array 502; and 32x32 arrays 504,
506 and 508 border on the 16x16 array 516. This tech-
nique is utilized in order to reduce the amount of searc-
hing required to find corresponding 16x16 pixel blocks in
calculating the displacement vectors for these pixel
blocks.

The above analysis continues until the dis-
placement vectors for each of the 16x16 pixel blocks in
the full resolution image are determined. Each of these
16x16 blocks are then divided into four 8x8 pixel blocks.
The final displacement vector for each of these 8x8
blocks is the one that gives the best match among the
four nearest 16x16 blocks. These displacement vectors
are then encoded 109 for subsequent use by a decoder in
decoding the compressed video signal. At various places,
the set of displacement vectors is "smoéthed“ to reduce
the number of displacement vectors that must be encoded.
Thus, for example, if the displacement vector of a block
is near that of its neighbors, it will be changed to be

the same if the match is not made much worse.



WO 92/21209 ' PCT/US92/03640

-]3=

An off-center splitting technique is used for
dividing the displacement vectors into homogeneous and
non-homogeneous regions. A "homogeneous region" is
defined as an area of blocks all of whose displacement
vectors are quantized to the same value. A pair of
blocks implies two blocks that are horizontally or verti-
cally adjacent, and that border the candidate split.

The object of off-center splitting is to encode
as many displacement vectors as a unit as possible, while
minimizing the number of splits. This is accomplished by
guiding the splitting to encompass large homogeneous
regions. 1In other words, the object is to describe the
displacement vectors having the same values with the
minimal number of bits. The present technique considers
only those blocks that border the candidate split. It
conéiders all possible splits that coincide with block
boundaries except for those that split homogeneous areas,
and calculates a value for each. The split with the
highest value is chosen. The value of the split is
determined in the same manner as that determined for off-
center splitting of pixel biocks described later in this
detailed description. The binary tree technique, de-
scribed in the parent appiication, is then used to effi-

ciently encode the displacement vectors. It should be
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noted that although the binary tree is used to encode the
displacement vectors in the present invention, it is not
used in the analysis as set forth in the grandparent
application.
The displacement vectors resulting from the

motion analysis 108 are also used in performing motion

" compensation 110. In motion compensation 110, the dis-
placement vectors from the motion analysis 108 are ap-
plied to a previous reconstructed image 112 to form a
predicted image 114. Each block of the predicted image
114 is initially taken from the previous reconstructed
image 112. The displacement vectors which are determined
as a result of the motion analysis 108 are applied to the
locations of their respective pixel blocks as they
existed in the previous reconstruéted image to determine
the locations of the image blocks in the predicted image
114. If the value of a displacement vector is not an
integer number of pixels, then the pixel values for that
vector are calculated by interpolation, preferably linear
interpolation. The pixel values of the predicted image
114 are subtracted from corresponding pixel values in the
target image 102 to form an error image 116. At least
one level of resclution of the error image 116 is

selected and encoded by a pyramid encoder 118. The
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pyramid encoder 118 is capable of selecting and encoding
the full resolution level only; the full resolution level
and at least one lowef level of resolution; or at least
one level of resolution lower than the full resolution
level but not the full resolution level. Each selected
level of-resolgﬁion’is encoded substantially in accor-
dance with the method set forth in the parent application
serial no.107/657,708 which application is incorporated
into this detailed description by reference as if fully
set forth herein.

The principle difference is the use, in the
present invention, of an off-center splitting technique
for dividing the quantized correction image at each
selected level of resolution into null and non-null
regioné. In the technique of the present invention, an
"AREA" is defined as a rectangular region of blocks of
pixels. The blocks may be null or non-null, where a non-
null block of pixels is one that contains at least one
pixel quantized to a non-zero value. A "homogenous area"
is defined as an area that contains pixel blocks of only
one type, null or non-null. A pair of pixel blocks
implies two blocks that are horizontally or vertically

adjacent, and that border the candidate split.
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The object of off-center splitting is to put as
many pixels as possible in null areas, while minimizing
the number of splits. Stated differently, the object is
to describe the locations of the null blocks wifh the
minimal number of bits. In the process, it is
permissible for a few null blocks to be described as non-
null in order to achieve this objective. The present
technique considers only those blocks that border the
candidate split. As there is no value in splitting
homogenous areas, the technique ignores splits that
border only one kind of block. Otherwise, it considers
all possible splits that coincide with block boundaries,
and calculates a value for each. The split with the
highest value is chosen.

The following statistics are calculated for
each candidate split and are then used in determining the
value of the candidate split. "SAME" is defined as the
number of pairs of blocks of the same type on the same
side of the split. It is desirable that this number be
large. "DIFF" is defined as the number of pairs of
blocks of the opposite type on opposite sides of the
split. It is desirable that this number also be large.
"BONUS" will be a "1" if all blocks on one side of the

split are of the same type; and "2" if all blocks on the
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other side of the split are of the other type. When a
split merits this bonus, it means that a homogenous area
either has been created, or can be created with one more
split. U"NORM" is defined at the total number of blocks
on one side of the split. This term eliminates the bias
that would otherwise result from splitting the smaller
dimension. "OFFCTR" is defined as the number of blocks
separating this split from a centered split. If there
are an odd number of blocks to be split, the choice of
the center is arbitrary. Other thingé being equal, it is
desired that this number be small.

Using the calculated values of the statistics
defined above, the value "VALUE" of the candidate split
is then:

VALUE = (¢c0 * SAME + ¢l * DIFF) / NORM + c2 * BONUS - c3
* OFFCTR

where the c’s are adjustable parameters. The target area
is repeatedly split according to this technique until all
areas are homogenous, or until some minimum size is
reached. When there is minimum size, it may happen that
two inhomogeneous areas result from a split. If such
occurs, it is preferable that such areas be merged to-
gether. It should be noted that in the preferred embodi-

ment this technique never looks ahead or backtracks,



WO 92/21209 PCT/US92/03640

—18-
except for the merges mentioned above. Once a split is
chosen for an area, it is preferably never reconsidered.

The encoded error image is subsequently used by
a decoder in decoding the compressed digital video signal
as will be subsequently described. The encoded error
image is also decoded by a pyramid decoder 120 to form a
reconstructed error image 122 as described in the parent
patent application serial no. 07/657,708. The pixel
values of the reconstructed error image 122 are added to
the corresponding pixel values of the predicted image 114
to form a reconstructed image 124. After a delay 126 of
one frame period, the reconstructed image 124 becomes the
previous reconstructed image 112. 1In the preferred
embodiment, this delay is accomplished by storing the
reconstructed image 124 in a second memory device for one
frame period.

As previously stated, the above description
pertains to all target images 102 in the sequence of
images except the first image. 1In the case of the first
image of the sequence of images, the method comprises
selecting 101 a first target image 103. The first target
image 103 is encoded by the pyramid encoder 118 in accor-
dance with the technigque previously described with re-

spect to encoding the error image 116. The encoded first
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target image is subsequently used by the decoder in
decoding the compressed digital video signal. The en-
coded first térget image is also decoded by the pyramid
decoder 120 and since this is the decoded first target
image 121, it forms a reconstructed image 123 which is
stored in the second memory device to become the previous
reconstructed image 112. The first target image 103 is
also stored in the first memory device thereby becoming
the previéus target image 104. The first target image
103 remains as the previous target image 104 until it is
replaced in the first memory device by the next previous
target image which is a delayed 106 target image 102 as
previously described. It should be noted at this point
that from time to time it may be desirable to compress an
image of the digital motion video signal as a still
image. Such an image is preferably processed as if it
were a first target image 103. Consequently, a first
target image 103 can be either the first image in a
sequence of images of the digital motion video signal or
a selected image which is treated as a still image.

Referring now to FIGURE 2, there is shown a
block diagram of a preferred embodiment of a method,
generally designated 200, of decoding the encoded full

motion color video digital signal in accordance with the
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present invention. 1In accordance with the method 200,
each selected encoded resolution level of the encoded
error image is decoded by a pyramid decoder 202, as
described in parent U.S. Patent Application Serial No.
07/657,708, to form a reconstructed error image 204. The
encoded displacement vectors are decoded using the binary
tree decoding technique described in the parent applica-
tion. Motion compensation 206 is performed by applying
the decoded displacement vectors to é previous recon-
structed image 208 to form a predicted image 210. In the
preferred embodiment, the predicted image 210 is formed
in the same manner as previously described for forming
the predicted image 114 during compreséion. The pixel
values of the predicted image 210 are added to the corre-
sponding pixel values of the reconstructed error image
204 to form a reconstructed image 212. The reconstructed
image 212 is subsequently displayed as part of the se-
quence of images. The reconstructed image is also de-
layed 214 to form the previous'reconstructed image 208.
This delay is accomplished by storing the reconstructed
image 212 in a memory device for a predetermined period
of time, preferably one frame period.

In order to minimize the accumulation of errors

from image to image in a sequence of images, the images
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are processed out-of-sequence in an alternate preferred
embodiment of the present invention. For example, in a
sequence of images comprising images 0, 1, 2, 3, 4, 5, 6,
where image 0 is the initial image, the accumulation of
errors might be minimized by processing the images in,
for example, the out-of-order sequence 0, 1, 3, 2, 4, 6,
and 5; where iﬁage 1 is based on image 0; image 3 is
based on image 0; image 2 is based on image 3; image 4 is
based on 3; image 6 is based on image 3; and image 5 is
based on image 6. Since the images are encoded in the
sequence 0, 1, 3, 2, 4, 6, 5, théy must be decoded in the
same sequence. However, the display order must still be
the sequence 0, 1, 2, 3, 4, 5, 6.

In order to accomplish the out of sequeﬁce
encoding and decoding, while displaying the images in the
proper sequence, a key buffer is defined in memory. The
key buffer will store a decoded key image. A key image
is an image which is used as‘a previous image to which is
added the motion compensation vector quantities to form a
predicted image. The key images in the above sequence
are image 0, image 3 and image 6 since images 1 and 3 are
based on image 0; images 2, 4 and 6 are based on image 3;

and image 5 is based on image 6.
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Hold count information dictates how many frames
an image must be held before it is displayed. This
information is necessary to ensure that the images are
displayed in the proper sequence. For example, the key

and hold count information for the above sequence is as

follows:
Key Frames K K K
Decode Order 0 1 3 2 4 6 5
Hold Count 0 0 1 0 0 1 0

The above table demonstrates that image 0 will
be decoded, stored in the key buffer and also displayed
as the first image in the sequence (hold count is 0).
Next image 1 will be decoded, based upon image 0 which is
stored in the key buffer, and image 1 will be displayed
(again hold count is 0). Next, image 3 will be decoded
based upon image 0 then stored in the key buffer as a key
image (overwriting the previous key image, image O, which
was previously stored). However, the 1 in the hold
information indicates that image 3 will not be displayed,
but will be held in the key buffer for one frame period.
Next image 2 will be decoded, based upon image 3 which is
stored in the key buffer, and image 2 will be displayed.
Next image 3 will be displayed, having been held for one

frame period. Next frame 4 is decoded based upon frame
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3, which is still stored in the key buffer, and dis-
played. Next image 6 is decoded, based upon image 3
which is still in the key buffer. Since image 6 is a key
image, it will be stored in the key buffer. Further,
since the hold information indicates that image 6 is to
be held for one frame period, it will not be displayed
immediately. Next, image 5 is decoded based upon image 6
which is stored in the key bﬁffer, and displayed.
Finally, image 6, which has been held in the key buffer
for one frame period, will then be displayed. As a |
result, the images are decoded in an out of sequence
order but are displayed in the proper sequence.

The alternate preferred embodiment of the
method of the present invention, used for encoding and
decoding images in out of sequence order, and displaying
them in the proper sequence, is depicted in FIGURES 3 and
4. Referring now to FIGURES 3 and 6, the method, gener¥
ally designated 300, of encoding a sequence of images in
a predetermined, out of order'sequence comprises the step
of providing a sequence of images 302 to a sequencer 304.
The desired out of sequence order is provided by means of
a compression order and key signals 306 to the sequencer

304.
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The sequencer 304 selects the target image 308
based upon the compression order supplied by the compres-
sion order and key signals from 306. In the example set
forth above, the sequence of images comprising images 0,
1, 2, 3, 4, 5, 6 will be encoded in the out-of-order
sequence 0, 1, 3, 2, 4, 6, and 5, with the first image
(image 0) being a key image. Therefore, the compressibn
order and key signals from 306 will instruct the
sequencer 304 to select image 0 as the first key image.
The first key image and the images precéding the first
key image are processed as will be subsequently described
in connection with FIGURE 6.

2Also in this example, every third image after
the first image (image 3, image 6, image 9, etc.) is
compressed one frame early and is made a key image.
Accordingly, to display these images in proper ofder, the
key images in this example must be held for one frame
time before display. This information is provided to the
decoder by the sequencer 304 in the form of key and hold
signals. The key signal tells the decoder which images
are kéy images; and the hold signal tells the decoder how
many frame times each key image is to be held before it
is released to the display buffer. Accordingly, in this

example, the key signal will tell the decoder that image
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0 and every third image thereafter in the sequence will
be a key image; and that every third image beginning with
image 3 will held for one frame period before being sent
to the display buffer for subsequent display.

In accordance with the above example, every key
frame is used to predict the previous and next frame, as
well as the next key frame. It should be noted that the
encoding sequence set forth above is exemplary only for
purposes of this detailed description; and other
sequences are to be considered within the scope and
contemplation of the present invention. In the preferred
embodiment, key frames are encoded at full resolution as
well as at least one lower level of resolution. Accord-
ingly, the best frames (that is the fully encoded key
frames) are used for prediction. Consequently, only by
reordering, can two of those three frames be made adja-
cent. It should be noted that reordering is only done
when it makes sense. Some cases where it does not make
sense are, for example, when the frame to be reordered
begins a new scene. It does not make sense for the first
frame of a new scene to predict the last frame of the
previous scene. Another case where reordering does not
make sense is where the frame to be reordered is very

different from the others. However it is encoded, it
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should not be made the basis of three other frames.
Since it will noi be a key image, there is no point in
reordering.

FIGURE 3 depicts the method of processing the
images which follow the first key image in the sequence
~of images. If the target image is a key image, as deter-

mined in step 310, it is delayed (step 312) by storing
the target image in a memory device. The stored key
image becomes the previous key image 314. Motion analy-
sis 316 is performed utilizing the target image 308 and
previous key image 314 in order to produce displacement
vectors as previously described with respect to motion
analysis 108 of FIGURE 1. The displacément vectors are
encoded, 317, by the binary tree technique as previously
described, for subsequent use by the decoder in decoding
the compressed video signal. If the target image is not
a key image, it will not be delayed 312 thereby becoming
a previous image 314. Instead, motion analysis 316 will
be performed using the same prévious key image 314 as
before. When the next succeeding key image becomes the
target image 308, it will then be delayed 312 and become
the new previous key image 314, replacing the old

previous key image. This new previous key image will be
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used to perform motion analysis until the next succeeding
previous key image comes along.

Motion compensation 318 is performed by
applying the displacement vectors to a previous recon-
structed image 320 to form a predicted image 322 as
previously desgfibed with respect to motion compensation
110, previous reconstructed image 112 and predicted image
114 of FIGURE 1. The pixel values of the predicted image
322 are subtracted from corresponding pixel values in the
target image 308 to form an error image 324. At least
one level of resolution of the error image 324 is
selected and encoded by a pyramid encoder 326. The
pyramid encoder 326 is capable of selecting and encoding
the full resolution level only; the full resolution level
and at least one lower level of resolution; or at least
one level of resolution lower than the full resolution
level but not the full resolption level. Each selected
level of resolution is encoded as previously described in
connection with the pyramid encoder 118 of FIGURE 1. The
encoded error image is subsequently used by the decoder
in decoding the compressed digital video signal as will
be subsequently described.

If the encoded error image is a key image, as

determined in step 328, it is decoded by a pyramid
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decoder 330 to form a reconstructed error image 332 as
described in the parent patent application serial no.
07/657,708. The pixel values of the reconstructed error
image 332 are added to the corresponding pixel values of
the predicted image 322 to form a reconstructed key image
334. After a delay 336 of one frame period, the recon-
structed key image 334 becomes the previous reconstructed
key image 320. In the preferred embodiment this delay is
accomplished by storing the reconstructed key image 334
in a second memory device for one frame period.

Referring now to FIGURE 6, there is depicted
the method of processing those images which occur in the
sequence of images up to and including the first key
image. The sequencer 304 selects each of these images as
a target image 308 which encoded by the pyramid encoder
326 as previously described in the detailed description
in connection with FIGURE 3. If the target image 308
selected by the sequencer 304 is not the first key image,
this process is repeated. If the target image 308 se-
lected by the sequencer 304 is the first key image, it is
decoded by the pyramid decoder 330, as previously de-
scribed in connection with FIGURE 3, to form a recon-
structed key image 334 which is then stored in the second

memory device to become the previous reconstructed key
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image 320. Since the target image 308 is the first key
image, it is stored in the first memory device thereby
becoming the previous key image 314. Thereafter
processing of the images subsequent to the first key
image is preformed as previous described.

Referring now to FIGURE 4, there is shown a
block diagram of a preferred embodiment of a method,
generally designated 400 of decoding the out of order
sequence of images and presenting them for display in the
proper sequence. In accordance with the method 400, each
selected, encoded resolution level of the encoded error
image is decoded by a pyramid decoder 402 as described in
parent application serial no. 07/657,708, to form a
reconstructed error image 404. The encoded displacement
vectors are decoded using the binary tree technique
described in the parent application. Motion compensation
406 is performed by applying the decoded displacement |
vectors to a previous reconstructed key image 408 to form
a predicted image 410. 1In th; preferred embodiment, the
predicted image 410 is formed in the same manner as
previously described for forming the predicted image 322
during encoding.

The pixel values of the predicted image 410 are

added to the corresponding pixel values of the recon-
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structed error image 404 to form a reconstructed image
412. The reconstructed image 412 is maintained in a hold
buffer 414 for the number of frame periods as indicated
by the hold count. If the hold count is 0, the recon-
structed image 412 is not held in the hold buffer 414 but
is immediately sent to a display buffer (not shown) for
subsequent display. If the hold count is 1, the recon-
structed image 412 is held in the hold buffer 414 for one
frame period then sent to the display buffer for subse-
quent display. If the reconstructed image is a key
image, as determined at 416, it is delayed (step 418) by
storing the reconstructed key image in a memory device.
The stored reconstructed key image becomes the previous
reconstructed key image 408. If the reconstructed image
is not a key image, it will not be delayed 418 and will
not become a previous reconstructed key image 408.
Instead, motion compensation 406 will be performed using
the same previous reconstructed key image 408 as before.
When the next reconstructed kéy image is determined 416,
it will then be delayed 418 and become the new previous
reconstructed key image 408, replacing the old previous
reconstructed key image. This new previous reconstructed

key image will be used to perform motion compensation
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until the next succeeding reconstructed key image comes
along.

As seen from the foregoing description, use of
the present invention enables effective compression and
decompression of a full motion video signal while
enhancing the quality of all of the images in the dis-
played image sequences.

It will be understood that various modifica-
tions. alternate constructions and equivalents may be
employed without departing from the true spirit and scope
of the invention. Therefore, the above description and
illustration should not be construed as limiting the
scope of the invention, which is defined by the appended

claims.
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1. A method of encoding a sequence of frames

of a digital motion video signal, said sequence of frames

having an initial frame and at least one subsequent

frame, said method comprising the steps of:

a-

selecting the initial frame of saidr
sequence of frames of said digital
motion video signal as a first target
image for processing;

selecting at least one level of reso-
jution of said first target image for
encoding;

forming an encoded target image by
encoding each selected level of reso-
lution;

forming a previous target image by
storing said first target image in
first storage means;

forming a previous reconstructed im-
age by storing a reconstructed image
in second storage means;

selecting a subsequent frame from

said sequence of frames as a target

image;
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providing at least one displacement
vector representing the magnitude and
direction of the displacement between
at least one region in the target

image being processed and a corre-

‘sponding region in said previous tar-

get image;

applying each displacement vector to
a corresponding region in said previ-
ous reconstructed image to form a
predicted image;

encoding said displacement vector;
subtracting pixel values in the pre-
dicted image from corresponding pixel
values in said target image to form
an error image;

selecting at least one level of reso-
lution of said error image for
encoding;

forming an encoded error image by
encoding each selected level of reso-
lution;

forming a new previous target image

by storing said target image being
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processed in said first storage means
in place of the target image stored
in step d4:

forming a new previous reconstructed
image by storing a new reconstructed
image in said second storage means in
place of the reconstructed image
stored in step e; and

repeating steps f through n for each
of the remaining subsequent images in

said sequence of frames.

2. The method in accordance with claim 1

where in the reconstructed image of step e is formed by

decoding each selected jevel of resolution of said

encoded target image.

3. The method in accordance with claim 2

wherein the step of forming a new previous reconstructed

image comprises the steps of:

a-

forming a reconstructed error image
by decoding each selected level of

resolution of said encoded error im-

age;
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b- adding pixel values in said recon-
structed error image to corresponding
pixel values in said predicted image
to form the new reconstructed image;
and

c- forming said new previous recon-
structed image by storing said new
reconstructed image in second storage
means for a predetermined period of

time.

4. The method in accordance with claim 3
wherein the step of providing at least one displacement
vector comprises the steps of:

a- resolving said target image and said
previous target image into at least
one level of resolution lower than
the full resolution level;

b- dividing.each level of resolution
into at least one region;

c- obtaining a displacement vector rep-
resentative of the displacement of
said at least one region of said
lowest level of resolution of said

target image with respect to a corre-
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sponding region of said lowest level
of resolution of said previous target
image;

d- using the displacement vector deter-
mined with respect to the lowest
ljevel of resolution as a starting
point, determining the displacement
vectors for the regions of the next
higher resolution level; and

e- determining the displacement vectors
for the regions of each remaining
ljevel of resolution, including the
full resolution level, using dis-
placement vectors determined with
respect to the next loﬁer level of

resolution as starting points.

5. The method in accordance with claim 4
wherein said predetermined period of time is

substantially equal to one frame period.

6. The method in accordance with claim 1
wherein steps b and 1 comprise selecting the full resolu-

tion level only.
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7. The method in accordance with claim 1
wherein steps b and 1 comprise selecting the full resolu-

tion level and at least one lower level of resolution.

8. The method in accordance with claim 1
wherein steps b and 1 comprise selecting at least one
level of resolution lower than the full resolution level

but not the full resolution level.

9. The method in accordance with claim 1
wherein steps c and 1 each include the steps of:

i- quantizing the pixel values within
the selected level of resolution;

ii- dividing the quantized pixel values
into null and non-null blocks of
pixels; and

iii- wusing binary tree with off-center
splits to encode null blocks with a

minimal number of splits.

10. The method in accordance with claim 1
wherein step i includes the steps of:
i- providing a quantized value for each
displacement vector;
ii- dividing the quantized displacement

vectors into homogeneous regions; and
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using binary tree with off-center
splits to encode the homogeneous
regions with a minimal number of

splits.

11. A method of decoding an encoded digital

motion video signal, said encoded digital motion video

signal comprising a sequence of encoded error images and

associated encoded displacement vectors, each encoded

error image comprising at least one encoded level of

resolution, said method comprising the steps of:

a-

c—

forming a reconstructed error image
by decoding each of said encoded
levels of resolution of each of said
encoded error images in said
sequence;

decoding said displacement vectors;
applying each decoded displacement
vector to a corresponding region in a
previous reconstructed image to form
a predicted image; and

forming a reconstructed image by add-
ing pixel values in said

reconstructed error image to corre-
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sponding pixel values in said pre-

dicted image.

12. The method in accordance with claim 11
wherein said previous reconstructed image is formed by
storing said reconstructed image in second storage means

for a predetermined period of time.

13. A method of encoding a digital motion
video signal comprising the steps of:

a- selecting a frame of a sequence of
frames of said digital motion video
signal as a target image for
processing;

b- selecting at least one level of reso-
lution of said target image for en-
coding;

c- forming an encoded target image by
encoding each selected level of reso-
lution;

d- determining if said target image is a
key image and if:

(i) said target image is not a key
image, selecting a subsequent

frame of said sequence of frames
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as a target image and repeating
steps a through d until a key
image is determined;

(ii) said target image is a key
image, forming a previous key
image by storing said key image
in first storage means and
forming a previous reconstructed
key image by storing a recon-
structed key image in second
storage means;

e- selecting a subsequent frame from
said sequence of frames as a target
image;

f- providing at least one displacement
vector representing the magnitude and
direction of the displacement between
at least one region in the target
image being processed and a corre-
sponding region in said previous key
image;

g- applying each displacement vector to

a corresponding region in said
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previous reconstructed image to form
a predicted image;

h- encoding said displacement vector;

i- subtracting pixel values in the pre-
dicted image from corresponding pixel
values in said target image to form
an error image;

- selecting at least one level of reso-
lution of said error image for
encoding;

k- forming an encoded target image by
encoding each selected level of reso-
lution; and

l- determining if said target image is a
key image and if:

(i) said target image is not a key
image, repeating steps e throuéh
1;

(ii) said target image is a key
image, forming a new previous
key image by storing said key
image in said first storage
means in place of the key image

stored in step d(ii) and forming
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a new previous reconstructed key
image by storing said recon-
structed key image in said
second storage means in place of
the reconstructed key image
stored in step d(ii), then re-

peating steps e through 1.

14. The method in accordance with claim 13

wherein the step of forming a previous reconstructed key

image comprises the steps of:

a—

forming a reconstructed key error
image by decoding an encoded Xkey
error image;

adding pixel values in said recon-
structed key error image to pixel
values in said predicted image to
form a reconstructed key image; and
forming said previous reconstructed
key image by storing said recon-
structed key image for a predeter-

mined period of time.
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15. The method in accordance with claim 14
wherein the step of providing at least one displacement
vector comprises the steps of:

a- resolving said target image and said
previous key image each into at least
one level resolution lower than the
full resolution level;

b- dividing each level of resolution
into at least one region;

c- obtaining a displacement vector rep-
resentative of the displacement of
said at least one region of said low-
est level resolution of said target
image with respect to a corresponding
region of said lowest level of reso-
lution of said previous key image;

d- using the displacement vector deter-
mined with respect to the lowest
level of resolution as a starting
point,rdetermining displacement
vectors for the regions of the next
higher resolution level; and

e- determining the displacement vectors

for the regions of each remaining
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level of resolution, including the
full resolution level, using dis-
placement vectors determined with
respect to the next lower level of

resolution as starting points.

16. The method in accordance with claim 13
wherein steps b and j each comprises selecting the full

resolution level only.

17. The method in accordance with claim 13
wherein steps b and j each comprises selecting the full

resolution level and at least one lower level of

resolution.

18. The method in accordance with claim 13
wherein steps b and j each comprises selecting at least
one level of resolution lower than the full resolution

ievel but not the full resolution level.

19. The method of claim 13 wherein steps c and

k each include the steps of:
i- quantizing the pixel values within

the selected level of resolution;
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ii- dividing the quantized pixel values
intd null and non-null blocks of
pixels; and
iii- using binary tree with off-center
splits to encode hull blocks with a

minimal number of splits.

20. The method in accordance with claim 13
wherein step h comprises the steps of:
i- providing a quantized value for each
displacement vector;
ii- dividing the quantized displacement
vectors into homogeneous regions; and
iii- using binary tree with off-center
splits to encode the homogeneous re-
gions with a minimal number of

splits.

21. A method of decoding an encoded digital
motion video signal, said encoded digital motion video
signal comprising an out of display order sequence of
encoded error images, and associated encoded displacement
vectors, each encoded error image comprising at least one
encoded level of resolution, said method comprising the

steps:
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forming a reconstructed error image
by decoding each of said encoded
jevels of resolution of each of said
encoded error images in said out of
order sequence;

decoding said displacement vectors;
applying each decoded displacement
vector to a corresponding region in a
previous reconstructed key image to
form a predicted image;

forming a reconstructed image by
adding pixel values in said recon-
structed error image to corresponding
pixel values in said predicted image;
and

storing said reconstructed image in
first storage means for a predeter-

mined time.

22. The method in accordance with claim 21

wherein the previous reconstructed key image is formed by

determining if said reconstructed image is a key image

and if said reconstructed image is a key image forming

said previous reconstructed key image by storing the

reconstructed key image in second storage means.
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